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In order to exert their effector functions, lymphocytes
need to be activated. This process requires at least two
stimuli, a primary stimulus, which is mediated via an
immunoreceptor (e.g., the T cell receptor [TCR], the B cell
receptor [BCR], or the Fc receptors [FcRs]), and a costim-
ulatory signal (see Frauwirth and Thompson, this Per-
spective series, ref. 1), which is mediated via so-called
accessory receptors (e.g., CD28 on T cellsand CD19 on B
cells). These two types of signals, as well many others that
are generated by triggering of regulatory receptors
expressed on the lymphocyte surface, are transmitted to
the intracellular compartment, where they initiate cas-
cades of biochemical events that finally produce a cellu-
lar response. How, then, are these externally applied sig-
nals integrated to yield an appropriate immune response?

Here we review the current knowledge about the
membrane-adjacent signaling events that are generat-
ed immediately after triggering of immunoreceptors,
focusing in particular on the functions of one group of
signaling proteins, collectively termed “adapter” or
“linker” proteins. In addition, we offer a (very subjec-
tive) discussion of key unanswered questions related to
the connection of signal-transducing receptors with
the cellular environment.

TRAPs and CAPs

By definition, adapter proteins lack both enzymatic and
transcriptional activities but control lymphocyte acti-
vation by mediating constitutive or inducible protein-
protein or protein-lipid interactions via modular inter-
action domains. Such domains include, for example, Src
homology 2 (SH2), Stc homology 3 (SH3), phosphoty-
rosine-binding (PTB), and pleckstrin-homology (PH)
domains, as well as tyrosine-based signaling motifs
(TBSMs; for details regarding the binding specificities
of these domains, see Figure 1). TBSMs comprise short
peptide sequences containing a core tyrosine residue,
which, upon phosphorylation, mediates a high-affinity
interaction with SH2 or PTB domains. The specificity
of this interaction is determined by the amino acids
flanking the tyrosine residue.

Two groups of adapter proteins can be defined:
adapter proteins that represent integral membrane
proteins (transmembrane adapter proteins, or TRAPs)
and adapter proteins that are preferentially located in
the cytoplasm (cytosolic adapter proteins, or CAPs).
Four TRAPs have been identified and cloned: LAT
(linker for activation of T cells), TRIM (T cell recep-
tor-interacting molecule), SIT (SHP-2-interacting
TRAP), and PAG/Cbp (protein associated with gly-
cosphingolipid-enriched microdomains/Csk-binding
protein). The known TRAPs all have short extracellu-
lar domains, which (except perhaps for SIT) probably
do not bind specific external ligands. In contrast to
the CAPs, most of which possess both modular bind-
ing domains and TBSMs, the cytoplasmic domains of
the TRAPs lack SH2 domains, SH3 domains, and
other modular protein-protein interaction domains
but contain multiple (up to ten) TBSMs. These
sequences become phosphorylated by Src and/or Syk
protein tyrosine kinases (PTKs) after triggering of
antigen receptors (Figure 1).

The main function of TRAPs can be deduced based
on these structural properties. After phosphorylation,
TRAPs serve as anchors for the SH2 domains of intra-
cellular signaling and effector molecules (e.g., phos-
pholipases, lipid kinases, protein tyrosine kinases, pro-
tein tyrosine phosphatases, or CAPs such as Grb2,
Gads, and SLP-76), thus targeting the latter to the plas-
ma membrane. This allows the formation and nucle-
ation of membrane-associated signaling scaffolds,
which are required for the propagation of receptor-
mediated signals to the intracellular environment (for
examples, see Figures 2 and 3).

Adapters in signaling through the TCR

Among the best-characterized membrane-associated
signaling scaffolds in T cells is the Ca?*-initiation com-
plex, which comprises LAT (a TRAP), Gads and SLP-76
(both CAPs), the effector molecules PLCy1 and Itk (a
PTK of the Tec family), and the Grb2/SOS complex,
which activates p21 (2). The current model for Ca?*-
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(a—c) Schematic illustration of the binding characteris-
tics of the protein-protein or protein-lipid interaction
modules expressed by adapter proteins. (a) In general,
SH2 and PTB domains bind to phosphorylated TBSMs,
whose binding specificities are determined by the amino
acids surrounding the core tyrosine (C-terminal in case
of PTB domains, N-terminal in case of SH2 domains).
(b) SH3 domains constitutively interact with proline-
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initiation complex formation and activation in T and
B lymphocytes provides a good example of the mecha-
nisms by which TRAPs operate in signal transduction
(Figures 2 and 3).

Lymphocyte activation is initiated by triggering of
immunoreceptors (TCR, BCR, FcRs) by their natural
ligands (e.g., antigen/MHC in the case of T cells).
Immediately thereafter, Src PTKs (Lck, Fyn, and Lyn)
become activated by a mechanism that is still not
completely understood, as discussed below, and in
turn phosphorylate tandem tyrosine residues within
specialized signaling motifs termed ITAMs (im-
munoreceptor tyrosine-based activation motifs; Bil-
ladeau and Leibson, this Perspective series, ref. 3).
ITAMs are present in the cytoplasmic domains of the
immunoreceptor-associated signal-transducing sub-
units such as CD3y, -8, and -€, the TCR{-chains, and
the BCR-associated signaling molecules Igo. and Igf3
(CD79a and CD79b). Dually phosphorylated ITAMs
provide the docking sites for the tandem SH2
domains of the Syk family PTKs ZAP-70 (in T cells)
and Syk (in B cells), which are thereby targeted to the
cell membrane and subsequently become activated
through phosphorylation by Src PTKs.

In T cells, one major substrate for ZAP-70 is LAT,
which recruits several key signaling molecules to the

phorylation (8). However, the most
recent analysis of Gads-deficient mice
suggests that phosphorylation of SLP-76
may be independent of binding to LAT
(9). In any case, phosphorylated SLP-76
provides the binding site for the SH2
domain of the tyrosine kinase Itk, to generate a mem-
brane-associated complex consisting of LAT, Gads,
SLP-76, and Itk (10).

Recruitment of Itk into this complex occurs in paral-
lel with the binding of another key effector molecule,
PLCy1, to one of the remaining TBSMs in LAT (5).
Thus, PLCY1 is also integrated into the Ca?*-initiation
complex, where it becomes activated by dual phospho-
rylation, mediated by ZAP-70 and Itk (Figure 3; see also
ref. 11). Activated PLCY1 cleaves the membrane-associ-
ated phosphoinositide PIP,, thus generating the sec-
ond messengers IP; and DAG. IP; causes mobilization
of Ca?* from intra- and extracellular stores, thus rais-
ing intracellular Ca?* levels, whereas DAG represents a
classical activator of conventional and novel protein
kinase C (PKC) isotypes (Figure 2).

Among the PKC family members that are expressed
in T cells, PKCO stands out, since it seems to exert
nonredundant functions that are essential for T cell
activation. For example, PKCB is required for activation
of the transcription factors NF-xB and AP-1 (12, 13).
Moreover, PKCO appears to localize selectively into the
center of the mature immunological synapse (IS; see
Dustin, this Perspective series, ref. 14) during antigen
stimulation (15). The elucidation of the molecular
events underlying targeting of PKCB to the IS is of par-
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ticular interest, especially because DAG is known to
recruit all PKC isotypes to the plasma membrane.

Most recently it has been demonstrated that DAG
also recruits the nucleotide exchange factor RasGRP
(an activator of p21%) to the membrane (16). The iden-
tification of this novel pathway for p21' activation
may help to explain the observation that in Jurkat T
cells lacking SLP-76, the association of LAT with the
Grb2/SOS complex (the best-studied activator of
p21) is, by itself, not sufficient to activate p21%s (17).
However, it is also not known whether binding of Ras-
GRP to DAG alone is sufficient to activate p21%s, or
whether DAG and the LAT/Grb2/SOS complex coop-
erate in its induction.

In B cells, essential components of the Ca?*-initiation
complex include PLCY2, Btk (a Tec family PTK), and
SLP-65, a CAP also known as BLNK. SLP-65 is clearly
required for both the translocation of PLCY2 from the
cytosol to the plasma membrane and its subsequent
phosphorylation or activation. However, when
expressed in SLP-76-deficient Jurkat T cells, SLP-65
cannot rescue TCR-mediated signaling. In marked con-
trast, expression of LAT, Gads, and SLP-76 rescues BCR
signaling in an SLP-65-deficient B cell (18-20). The
most plausible explanation for these surprising obser-
vations is that some still-unidentified TRAPs, perhaps
related to LAT, act in B cells to bind SLP-65 and to
nucleate the Ca?*-initiation complex, forming a struc-
ture similar to the LAT/Gads/SLP-76 complex in T
cells. One experiment that could help to shed light on
the function of SLP-65 would be to test whether expres-
sion of a LAT-SLP-65 chimera can rescue signaling in
SLP-76-deficient Jurkat T cells.

Intriguingly, a recent study showed that the SH2
domain of SLP-65 can interact directly with a con-

Figure 2

Schematic illustration of the mem-
brane-proximal signaling events in B
(left) and T cells (right). (1) Activa-
tion of raft-associated Src PTKs
upon engagement of the immunore-
ceptor. (II) Recruitment of the BCR
and TCR to the rafts. (Ill) Recruit-
ment of Syk PTK to dually phospho-
rylated ITAMs. (d) Phosphorylation
of members of the Ca2*-initiation
complex. (IV) Phosphorylation-
dependent assembly of the Ca2*-ini-
tiation complex. Note that it is not
yet clear whether the Ca2*-initiation
complexin B cells involves a LAT-like
TRAP. (V) Generation of the second
messengers DAG and IP;3 via cleav-
age of PIP; by activated PLCy. (VI)
Alteration of the actin cytoskeleton
and regulation of adhesion and
migration via SLP-76/SLP-65-asso-
ciated adapter and effector mole-
cules. (VIl) Negative regulation of
Src PTK activation via the TRAP PAG
and the Src kinase inhibitor Csk.

Adhesion?
Migration?
Actin-cytoskeleton?

served TBSM in the cytoplasmic domain of Igo.
Remarkably, this TBSM is located outside the ITAM
(21). These data might indicate that BCR signaling sub-
units themselves can perform functions that, in T cells,
are relegated to the {-chain and LAT. If so, there may be
no need for a LAT equivalent; Igat itself could both bind
Syk and mediate the formation of the Ca?*-initiation
complex. However, very recent data from our laborato-
ries (V. Horejsi et al., unpublished observations) indi-
cate that a novel LAT-like protein does indeed play a
role in BCR signaling.

TRAPping Csk

Given the continued uncertainties regarding the mech-
anism by which the TCR initially activates Src PTKs,
recent hints that PAG plays a key role in this process are
of great interest (22, 23). In contrast to previously
described TRAPs, PAG is expressed as a constitutively
tyrosine-phosphorylated protein in nonstimulated T
cells, where it recruits the tyrosine kinase Csk, the
major negative regulator of Src PTK, to the plasma
membrane. The association between Csk and PAG is
mediated through the SH2 domain of Csk and at least
two TBSMs (B. Schraven, unpublished data) within the
cytoplasmic domain of PAG. Thus, it seems as if one
task of PAG may be to bring Csk to its substrates, the
Src PTKs. The latter kinases are thereby inactivated
through phosphorylation of their C-terminal negative
regulatory tyrosine residues.

An attractive hypothesis emerging from this finding
is that Src PTKs in resting T cells are subjected to tonic
inhibition by Csk, which is trapped at the plasma mem-
brane by constitutively tyrosine-phosphorylated PAG
(24). Indeed, at least one of the two Csk-binding TBSMs
of PAG becomes dephosphorylated after T cell activa-
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Figure 3
Detailed illustration of the Ca2*-initiation complex of T

cells. The central unit of this complex is the TRAP LAT,
which recruits the Gads/SLP-76 complex and PLCY1 to the
lipid rafts after phosphorylation by ZAP-70. The tyrosine
kinase Itk binds with its SH2 domain to phosphorylated
SLP-76 and is thus also brought into the vicinity of PLCYy1.
ITK ZAP-70 and Itk now phosphorylate and activate PCLy1,
which, in turn, hydrolyzes PIP, and generates the second-
messenger molecules DAG and PIP;. Note that Gads and
SLP-76 constitutively interact with each other via the SH3
domain of Gads and a proline-rich region in SLP-76.

signaling molecules and initiate signaling
cascades (e.g., formation of the Ca?*-initia-
tion complex) and leading to cellular activa-

Gads

SLP-76 tion even in the absence of TCR-mediated
stimuli. Alternatively, partial activation of
Src PTKs could lower the signaling thresh-
Downstream signaling pathways (e.g. PKC, p217, MAPK) I olds that are required to activate T cells.
Such “preactivated” T cells could respond to
0 SHz-domain © Ph.domain © SH-domain stimuli that,. under normal conditions,
would rather induce anergy or T cell unre-

> Pro-rich region OTyrosine based signaling motif ‘ Catalytic domain

tion (22). This dephosphorylation, which is followed by
a partial release of Csk from PAG and from the plasma
membrane, could represent one mechanism by which
Src PTKs become activated after triggering of the TCR.
Candidate protein tyrosine phosphatases (PTPases) that
might act on phosphorylated PAG include receptor-type
PTPases, such as CD45 or CD148, and cytosolic PTPas-
es, such as SHP-1, SHP-2, and the Csk-associated PTPas-
es PEP and PTP-PEST. Once the relevant enzyme has
been defined, it will be important to learn whether TCR
triggering stimulates its activity directly or targets it to
the subcellular compartment in which PAG resides,
namely the lipid rafts discussed below. It will also be
important to determine whether the PTPase controls
the phosphorylation of more than one TBSM within
the PAG cytoplasmic domain, perhaps regulating PAG’s
association with other SH2 domain-containing signal-
ing molecules. Considering that PAG carries a total of
ten TBSMs in the cytoplasmic domain, such additional
interactions seem very likely. An additional function of
PAG may be based on the interaction of its C-terminus
with cytoplasmic adapter EBPS0, which mediates con-
nection to the ezrin-radixin-moesin family proteins and
thus to the actin cytoskeleton (25).

The recognition of PAG’s ability to recruit Csk to the
plasma membrane in resting T cells and the regulation
of this process by a PTPase could provide useful insights
into the molecular mechanisms underlying autoim-
mune diseases. Activities of PTPases are known to be
controlled in part by the redox status within the cell
(26). Alterations of the redox potential may enhance the
activity of the PTPase acting on PAG. This could result
in release of Csk from the plasma membrane and, con-
sequently, could enhance the constitutive activity of Src
kinases, allowing them to phosphorylate intracellular

sponsiveness. Conversely, pharmacological
inhibition of the PTPase acting on PAG
could be beneficial in clinical disorders such
as autoimmune diseases, transplant rejection, graft-ver-
sus-host disease, and even some types of cancer. Analy-
sis of PAG-deficient mice should allow for a deeper
understanding of the signaling function of the
PAG/Csk complex. It is tempting to speculate that these
mice will possess constitutively activated T cells and
may be prone to autoimmune disease or lymphomas.

Adapting via membrane rafts

Recent data suggested that the Ca?*-initiation complex
only operates when one key component, LAT, is target-
ed to particular membrane microdomains called gly-
cosphingolipid-enriched microdomains (GEMs), deter-
gent-resistant membranes (DRMs), detergent-insoluble
glycolipid-rich membranes (DIGs), or membrane (lipid)
rafts (4, 27). Rafts are small areas of the cell membrane
that can be distinguished from the rest of the plasma
membrane by their unique lipid and protein composi-
tion. They are enriched in lipids containing long satu-
rated fatty acid residues (mainly glycosphingolipids),
cholesterol, and glycosylphosphatidylinositol-anchored
proteins. Several cytoplasmic proteins attach to the
inner leaflet of these rafts via covalently bound fatty
acid residues (28-30).

Besides PAG and LAT (which are both expressed in T
cells as palmitoylated proteins), a number of important
signaling molecules are present in rafts. Among these
are heterotrimeric G proteins and certain Src family
PTKs possessing N-terminal double acylation. In addi-
tion, the cytoplasmic side of rafts is enriched in the sig-
naling phospholipid PIP,, which represents the major
substrate for another key component of the Ca?*-initia-
tion complex, PLCY. In contrast, most other transmem-
brane proteins are excluded from rafts. Exceptions
include certain receptor molecules, such as CD4, CD8,
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CD44, and CD36, which are palmitoylated on cytoplas-
mic membrane-proximal cysteine residues.

The integrity of rafts is maintained by lateral interac-
tions of their saturated fatty acid residues, which, com-
pared with the rest of the unsaturated fatty acid-rich
membrane, form a more organized, less fluid, liquid-
ordered phase (28). Cholesterol seems to further
enhance the stability of these structures due to its inter-
action with bulky glycosphingolipids (28). Thus, rafts
are probably formed spontaneously, simply as a result
of phase separation of the specific lipids from the bulk
of the membrane. Because it has been notoriously dif-
ficult to demonstrate rafts on the surface of living cells,
some concern has arisen that rafts are simply in vitro
artifacts obtained from membrane lysates. However,
several lines of evidence now strongly suggest that rafts
exist under physiological conditions (29-33).

Rafts appear to play an essential role in initiation of
immunoreceptor signaling (30-33). The currently
emerging model holds that the ITAMs of the
immunoreceptor-associated signal-transducing com-
ponents (CD3Y, -6, -€, and -, Igat and 1gP, or the y- and
B-chains of FceRI) remain nonphosphorylated in the
absence of external stimuli because the immunorecep-
tor complexes are excluded from, or perhaps peripher-
ally attached to, rafts where Src PTKs are located. This
localization provides an independent mechanism to
suppress basal TCR activity, in parallel with the pro-
posed tonic inhibition of Src PTKs by the PAG/Csk
complex described above. As a result of their interac-
tions with natural ligands (or after cross-linking by anti-
bodies), aggregates of immunoreceptors form and now
merge with rafts (Figure 2), bringing them into prox-
imity with Src PTKs (29).

In T cells, LAT is targeted to the rafts via palmitoyla-
tion of two cysteine residues within its cytoplasmic
domain (4). Mutation of these palmitoylation sites
blocks T cell activation; or, more precisely, it fails to res-
cue the signaling defect in the LAT-deficient Jurkat
variant, JCaM2 (27). Moreover, elegant studies have
shown that experimental targeting of SLP-76 to the
rafts restores signaling in this LAT-deficient T cell line,
indicating that one of the major tasks of LAT is to
bring SLP-76 to the rafts (7). This hypothesis is sup-
ported by the fact that the major substrate of PLCYI,
PIP,, is also a major component of the rafts (34). All
these findings suggest that rafts are preassembled
packages of several molecules involved in initiation of
immunoreceptor signaling pathways, ready to be used
by triggered immunoreceptors.

A number of questions concerning the nature of
rafts and their roles in immunoreceptor signaling and
other physiological processes remain. For example, it
is not clear whether rafts exhibit a uniform homoge-
neous composition, or whether there exist different
types of rafts. If, indeed, the buoyant fractions collect-
ed from the density gradients represent a mixture of
diverse raft species differing in their composition, itis
possible that some may be enriched in CD4, others in
PAG, and still others in LAT. Preparations of rafts are
often heterogeneous in their density, but this has not
been systematically explored, and it may reflect only

the mixing of membranes originating from different
subcellular compartments. Another unsettled ques-
tion concerns the real size, half-life, dynamics, and
cytoskeletal association of rafts on the cell surface
under physiological conditions. Recently, rafts were
directly visualized (on smooth muscle cells) by single-
molecule microscopy as relatively large (0.5-2 pm), sta-
ble, and apparently anchored structures (35); other
biophysical methods have indicated much smaller
dimensions for rafts on leukocytes (36).

Although it is now generally accepted that rafts
obtained by detergent solubilization and density gradi-
ent ultracentrifugation are not a gross artifact, it remains
unclear how closely their composition corresponds to
that in native membranes. It seems likely that some of
their components are selectively removed during deter-
gent lysis. On the other hand, the use of extremely mild
detergent or even mechanical disruption of membranes
in the absence of any detergents may produce fragments
in which genuine rafts are contaminated by adjacent
nonraft areas of the membrane. An important area of
further research is the identification, perhaps by pro-
teomics approaches, of additional proteins residing
more or less specifically in rafts. For example, there may
be additional LAT- and PAG-like TRAPs. The abundance
of heterotrimeric G proteins in rafts is also mysterious.
Are they associated there with particular seven-trans-
membrane domain receptors, or do rafts serve as storage
compartments for these important signaling proteins?
Finally, the existence of rafts raises the possibility that
other types of membrane microdomains exist in which
other specific sets of molecules are sequestered. Such
hypothetical microdomains might be more difficult to
discover if they lacked the pattern of detergent-solubili-
ty and -insolubility characteristic of rafts.

Adapting for adhesion and modifications

of the actin cytoskeleton

The CAP SLP-76 apparently plays several roles in the
propagation of TCR signals. Not only does this adapter
help recruit Itk, thus activating PLCy1 and Ca?* signal-
ing as discussed above, but it may also regulate lym-
phocyte adhesion and cytoskeletal changes in activated
T cells. Upon T cell activation, SLP-76 interacts via its
SH2-domain with the cytosolic adapter SLAP-130 (SLP-
76-associated phosphoprotein of 130 kDa; also known
as FYB, for Fyn-binding protein; or, as recently suggest-
ed, ADAP, for adhesion- and degranulation-promoting
adapter protein) (37-39). SLAP-130 interacts constitu-
tively with yet another CAP, SKAPSS (Src kinase-asso-
ciated phosphoprotein of 55 kDa), in T cells, and with
a related signaling protein termed SKAP-HOM or
SKAPSSR in other hematopoietic cells (38, 40, 41). The
interaction between SLAP-130 and SKAPSS5/SKAP-
HOM seems to be of high stoichiometry and to involve
a proline-rich region of SLAP-130 and the C-terminal
domains of SKAPSS or SKAP-HOM (42).

The function of the SLP-76/SLAP-130/SKAPSS
(-HOM) signaling complex is not yet known, but pre-
liminary evidence supports the view that it is involved
in regulation of cellular adhesion and migration. One
recent study demonstrated that SLAP-130 and SKAP-
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HOM become tyrosine-phosphorylated after plating of
macrophages onto fibronectin-coated plates (43). This
observation is consistent with the finding that
macrophages of SHP-1-deficient mice, which are
hyperadhesive, express constitutively phosphorylated
SLAP-130 and SKAP-HOM (44). Additional studies
revealed that, as in macrophages, triggering of P, inte-
grins on human T cells induces tyrosine phosphoryla-
tion of SLAP-130 (45). Changes in ;-mediated tyrosine
phosphorylation of SKAP5S5 and SKAP-HOM remain
to be investigated.

Finally, recent studies demonstrated that a virulence
factor of Yersinia enterocolitica, the PTP YopH, dephos-
phorylates SKAP-HOM and SLAP-130 when expressed
in macrophages (the hosts of Yersiniae) (43, 46). Inter-
estingly, macrophages infected with Yersiniae are
known to adhere and to migrate relatively poorly. The
biochemical function of YopH establishes that patho-
genic microorganisms can alter immune responses by
modifying the signaling properties of adapter pro-
teins. It will be of major interest to determine whether
mice lacking the expression of SLAP-130 and
SKAP55/SKAP-HOM show an altered sensitivity
toward particular bacteria (in particular, those like
Listeria monocytogenes, that persist in macrophages) and
to investigate whether other microorganisms (e.g.,
Helicobacter pylori) use similar mechanisms to circum-
vent the host immune response.

The possibility that the SLP-76/SLAP-130/SKAP5S
(-HOM) complex is involved in regulation of cellular
adhesiveness might also provide new clues to the prop-
agation of TCR-mediated signals that lead to the high
avidity state of integrins. The initial adhesion between
antigen-presenting cells (APCs) and T cells is mediated
in part by integrins such as lymphocyte function asso-
ciated antigen-1 (LFA-1), CD 11a, which interacts with
its counter-receptor intracellular adhesion molecule-1
(ICAM-1), CD54. On resting lymphocytes, the avidity
of LFA-1 toward ICAM-1 is low. However, shortly after
engagement of the TCR, the avidity of LFA-1 becomes
strongly upregulated through a process that has been
described as “inside-out” signaling. It is thought that
the switch of LFA-1 from the low avidity state to the
high avidity state is a prerequisite for the activation-
dependent membrane reconstruction that precedes
efficient signal transduction. While intracellular sig-
naling molecules such as cytohesin-1 (a guanine
nucleotide exchange factor for small G proteins called
ADP-ribosylation factors) play an important role in
LFA-1 avidity regulation, it is unclear how the crosstalk
is initiated between the TCR and the intracellular sig-
naling cascades, leading to the high avidity state of
LFA-1 (47). It is tempting to speculate that the SLP-
76/SLAP-130/SKAPS55(-HOM) complex plays a role in
this process. Indeed, the recent description of SLAP-
130-deficient mice supports this view. Thus, in SLAP-
130-deficient T cells, TCR triggering apparently fails
to induce the high avidity state of integrins (48, 49).
The phenotypes of SKAPS5- and SKAP-HOM-defi-
cient mice are now awaited with curiosity.

Active modification of actin filaments has been
shown to be essential for antigen recognition as well as

for effective T cell activation. For example, the initial
TCR clusters that form at the nascent immunological
synapse are likely to be sites of extensive actin nucle-
ation. Indeed, actin structures in these contact regions
can respond rapidly to receptor engagement, and mod-
ification of the actin cytoskeleton appears to directly
regulate T cell shape changes associated with TCR clus-
tering and with T cell migration and contact with APC.
An interesting field of research focuses on the question
of which intracellular signaling pathways that are ini-
tiated after triggering of immunoreceptors induce
changes of the cytoskeleton.

Whether members of the Ca?*-initiation complex,
such as SLP-76, are involved in TCR-mediated reor-
ganization of the actin cytoskeleton is controversial.
A study by Bubeck-Wardenburg et al. suggests that
SLP-76 nucleates the formation of a ternary complex
comprising SLP-76, Vav, and the adapter protein Nck
(the latter two bindings with their SH2 domains to
phosphorylated TBSMs of SLP-76) (50). Vav is a gua-
nine nucleotide exchange factor (GEF) for small
GTP-binding proteins of the Rho family like Racl
and CDC42, which mediate actin cytoskeletal
rearrangements, whereas Nck mediates associations
with downstream effectors of Rac and CDC42, such
as the serine threonine kinase p21-activated kinase 1
(PAK1 ) or the Wiskott-Aldrich syndrome protein
(WASP) (51, 52). Activation of PAK1 in turn activates
LIM kinase, which phosphorylates an inhibitory
residue on cofilin preventing cofilin-mediated disas-
sembly of actin filaments.

It has been proposed that the activation of PAK1
and the subsequent reorganization of the cytoskele-
ton require simultaneous binding of Vav and Nck to
phosphorylated SLP-76, thus bringing Vav in prox-
imity with the GTPases Racl and CDC42, which in
turn activates PAK1 (50). This model was supported
by the finding that overexpression of either molecule
enhances TCR-mediated F-actin formation resulting
in reorganization of the actin cytoskeleton and cap
formation. However, another recent study proposed
that while PAK1 activation depends on the presence
of ZAP-70, it does not require LAT, SLP-76, and Nck
(53). Rather, it was suggested that yet another GEF for
Rho GTPases, BPIX, is involved in TCR-mediated acti-
vation of PAK1. Formation of a ternary complex com-
prising PAK1, BPIX, and the adapter protein PKL,
which mediates binding to the integrin-associated
protein paxillin, may be required to activate PAK-1. If
this is true, this would be the first experimental evi-
dence for a TCR- and PTK-mediated signaling path-
way in T cells that acts independently of SLP-76 and
LAT. The identification of the signaling components
interposed between activated ZAP-70 and the pax-
illin/PKL/BPIX/PAK1 complex represents one of the
major tasks for future research. It is tempting to spec-
ulate that this signaling pathway also involves a
TRAP, perhaps PAG. In addition, since it has been
suggested that SLAP-130 might also be involved in
TCR-mediated reorganization of the cytoskeleton, the
analysis of SLAP-130-deficient mice might help to
shed further light on this matter.
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Adapters and disease

The analysis of mice made deficient in the expression
of adapter proteins has greatly facilitated our under-
standing of membrane-proximal signaling events in
lymphocytes. In addition, recent studies have also
identified human diseases that are caused by the loss
of expression or function of particular adapter pro-
teins. For example, lack of SLP-65 expression results in
an almost complete block of human B cell develop-
ment at the pro- to pre-B cell stage (54). This causes a
severe antibody deficiency of all Ig isotypes — a phe-
notype that is nearly identical to that of patients suf-
fering from Bruton agammaglobulinemia (or X-linked
agammaglobulinemia [XLA]), an immunodeficiency
caused by defects in expression or function of the pro-
tein tyrosine kinase Btk. The similar B cell defects
observed in SLP-65- and Btk-deficient patients pro-
vide further support for the observation that SLP-65
and Btk cooperate in the formation of the Ca?*-initia-
tion complex, which is indispensable to mount a
humoral immune response (55-57).

SLP-65 is also critically important for the latent per-
sistence of the Epstein-Barr virus (EBV) in human B
cells. EBV is the causative agent of infectious
mononucleosis and is associated with numerous
malignancies including Burkitt lymphoma, Hodgkin
disease, and nasopharyngeal carcinoma. Following
EBV infection, expression of and signaling from the
virally encoded latent membrane protein 2A (LMP2A)
was found to trigger survival of the infected B cells
(58, 59). This LMP2A survival signal can substitute
for that of the BCR, allowing BCR-negative B cells to
colonize peripheral immune organs (58, 59). Howev-
er, transgenic expression of LMP2A in an SLP-
65-deficient background fails to generate BCR-nega-
tive B cells, showing that SLP-65 is an indispensable
downstream effector of LMP2A in vivo. Analysis of
the underlying signaling pathways demonstrated that
EBV infection of human B cells leads to constitutive
association of SLP-65 with Syk, causing constitutive
tyrosine phosphorylation of one particular SLP-65
isoform. This triggers permanent activation of some
SLP-65-regulated signaling molecules, such as the
proto-oncoprotein CrkL (N. Engels et al., unpub-
lished observations).

Another genetically determined disease that arises
from the loss of an adapter protein is X-linked lym-
phoproliferative syndrome (XLP) (60). The most
prominent characteristic of XLP is an abnormal
response of the immune system against EBV infections,
which can eventually result in death from fulminant
infectious mononucleosis. The protein affected in XLP
is a small CAP called SLAM-associated protein (SAP),
which consists of only a single SH2 domain followed
by a 26-amino acid C-terminal tail with no similarity
to any known protein. It binds to TBSMs within the
cytoplasmic domains of at least two receptors: with
high affinity (and independently from tyrosine phos-
phorylation) to the costimulatory receptor SLAM
(CD150) on activated T cells, and with a lower affinity
and in a tyrosine phosphorylation-dependent manner
to the 2B4 (CD244) receptor on NK cells (60).

Initially it was proposed that SAP acts as a negative
regulatory adapter protein that inhibits signaling via
SLAM by preventing binding of the cytosolic PTPase
SHP-2 to the receptor. However, more recent data sug-
gest that SAP fulfills a positive regulatory function,
facilitating the activation of NK cells through the 2B4
molecule (60). The latter model of SAP function could
help to understand the pathophysiology of XLP, since
it suggests that one molecular mechanism underlying
this disease is a failure to eliminate EBV-infected B lym-
phoblasts by NK cells. However, additional studies are
required to completely understand the function of SAP
during B cell and NK cell activation and its role in XLP.

Where do we go next?

Above, we have focussed on adapter proteins whose
functions are already understood to some extent, but
many other TRAPs and CAPs for which functional
data are scarce are expressed in leukocytes. Clearly, one
major goal for the future will be to elucidate the sig-
naling function of all these polypeptides. However,
work on the best-studied of the adapter proteins sug-
gests a number of other crucial questions. For exam-
ple, although their central roles in T cell activation are
well established, it is still not known which intracellu-
lar signaling cascades are controlled by the various
modular binding domains and TBSMs of SLP-76 or
LAT. Reconstitution of SLP-76/LAT-deficient mice
with mutated forms of these adapter proteins (or,
indeed, CAPs such as SLAP-130 and the SKAPs) could
help shed light on the signaling pathways controlled
by the various signaling motifs.

Further, in many cases, it remains to be determined
which TBSMs in intracellular and transmembrane sig-
naling molecules are required for biological activity.
Thus, among the cytoplasmic domains of the four
known TRAPs, there are at least 32 TBSMs; the recent-
ly identified cytosolic protein BCAP, which is proposed
to link the BCR with the phosphatidylinositol 3-kinase
pathway, may contain 31 such sites (61). Because these
TBSMs may be phosphorylated by more than one class
of PTK, the detailed pattern of tyrosine phosphoryla-
tion could provide a sensitive indication of the signal-
ing cascades induced by immunoreceptor stimulation.

A recent report (62) offers an intriguing example of
how qualitatively different externally applied signals
can be translated on the molecular level to produce a
specific cellular response. The electrophoretic mobili-
ty of tyrosine-phosphorylated TCRE has long been
known to differ between T cells stimulated with ago-
nistic peptide ligands and those stimulated with an
altered peptide ligand, consistent with differential
phosphorylation under these two conditions. This
altered migration in SDS-PAGE correlates with the
ability of a given peptide ligand to induce activation of
ZAP-70. By using polyclonal antisera with specificity
for the six tyrosine residues that are expressed in the
three ITAMs of {, Kersh et al. (62) demonstrated that
ITAM phosphorylation and the subsequent activation
of ZAP-70 depend on the quality of the peptide bind-
ing to the TCR. It seems reasonable to assume that this
holds true not only for { but also for the tyrosine phos-
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phorylations of TBSMs within other signaling mole-
cules, especially the various TRAPs.

Most likely, these phosphorylation patterns are regu-
lated not only by the quality of the antigen binding to
the immunoreceptor, but also by signals that are trans-
mitted via accessory receptors. The ligands for these
accessory receptors are differentially expressed on vari-
ous cells or environments. Hence, the functional
response of a lymphocyte is only partially determined
by its genetically fixed programs but is also greatly influ-
enced by the environment in which it is located. Thus,
different patterns of tyrosine phosphorylation may arise
on membrane-associated and intracellular signaling
molecules, depending on the combination of signal-
transducing receptors that are activated in a given envi-
ronment. Under particular circumstances, for instance,
environmental factors could make the lymphocyte
unresponsive to an antigen that would otherwise acti-
vate the cell. One example might be the gut, which har-
bors millions of T cells that do not respond toward the
multitude of nutritive antigens.

One great challenge in the future will be to visualize
different patterns of phosphorylations and/or protein-
protein interactions under various conditions of cellu-
lar activation. This could be achieved, for example, by
producing antibodies that specifically detect the phos-
phorylation of individual TBSMs in a given signaling
protein and/or by studying the dynamics of protein-
protein interactions in living cells, for instance by using
high-resolution microscopy, fluorescence energy trans-
fer analysis, etc. Alternatively, different phosphoryla-
tion patterns of a signaling protein could be deter-
mined by applying modern mass spectrometry
methods, as recently described (63).

In any case, future research aimed at elucidating the
function of adapter proteins will require methods that
allow analysis of signaling transduction processes with-
out destroying the cells. Such techniques are needed to
address other important questions, for example,
whether signaling proteins such as LAT or PAG induce
distinct signaling cascades in different membrane
compartments or in cells that are at different stages of
activation or development.
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