
Coordination of Receptor Signaling in Multiple
Hematopoietic Cell Lineages by the Adaptor
Protein SLP-76

Martha S. Jordan1,2 and Gary A. Koretzky1,2,3

1Abramson Family Cancer Institute, University of Pennsylvania, Philadelphia, Pennsylvania 19104
2Department of Pathology and Laboratory Medicine, University of Pennsylvania, Philadelphia, Pennsylvania
19104

3Department of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104

Correspondence: koretzky@mail.med.upenn.edu

The adaptor protein SLP-76 is expressed in multiple hematopoietic lineages including T
cells, platelets, and neutrophils. SLP-76 mediated signaling is dependent on its multiple
protein interaction domains, as it creates a scaffold on which key signaling complexes are
built. SLP-76 is critical for supporting signaling downstream of both immunoreceptors and
integrins. The signaling molecules used both upstream and downstream of SLP-76 are
similar among these receptors and across cell types; however, important differences exist.
Appreciating how SLP-76 coordinates signal transduction across different cell and receptor
types provides insights into the complex interplayof pathways critical for activation of cells of
the immune system that are essential for host defense.

Adaptor proteins are an important compo-
nent of many signaling systems both within

and beyond the immune system. Unlike enzy-
mes that catalyze the chemical reactions req-
uired for signal propagation, adaptor proteins
are molecular platforms on which other pro-
teins assemble. Although lacking enzymatic
function, adaptor proteins regulate signaling
by stabilizing or restricting molecular interac-
tions required for proper enzyme activation
and for localizing these key effector molecules
appropriately within the cell.

Src homology 2 (SH2) domain-containing
leukocyte protein of 76 kDa (SLP-76) is an
adaptor present in a number of hematopoietic
cell lineages including T cells, platelets, neutro-
phils, mast cells, macrophages, and NK cells.
There are two SLP-76 homologs: SLP-65/B
cell linker protein (BLNK), and cytokine-
dependent hematopoietic cell linker (CLNK),
also known as mast cell immunoreceptor signal
transducer (MIST). BLNK is expressed in B cells
and monocytes, and CLNK is expressed in mast
cells, activated T cells, and NK cells. SLP-76 was
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first identified in T cells as a substrate of T-cell
receptor (TCR) stimulated protein tyrosine kin-
ases (PTKs) through “pull down” experiments
using immobilized growth factor receptor-
bound protein 2 (Grb2) (Jackman et al. 1995).
Since then, SLP-76 has been shown to be crit-
ically important in the development of T cells
and for propagating signals downstream of
not only the TCR but also additional receptors
present on hematopoietic cells.

A MODEL FOR SLP-76 FUNCTION
FOLLOWING IMMUNORECEPTOR
ENGAGEMENT

TCR stimulation results in activation of Lck, a
member of the Src family of PTKs, leading to
phosphorylation of immunoreceptor tyrosine-
based activation motifs (ITAMs) present within
the CD3 chains of the TCR. Phosphorylated
ITAMS recruit the Syk PTK ZAP-70, which is
responsible for tyrosine phosphorylation of sev-
eral proteins including the adaptors linker for
activation of T cells (LAT) (Zhang et al. 1998)
and SLP-76 (Bubeck Wardenburg et al. 1996).
Phosphorylation of these adaptors is a critical
step in the assembly of the LAT/SLP-76 signal-
ing complex and is necessary for the recruit-
ment and activation of additional proteins
including phospholipase C g1 (PLCg1), the
phospholipase responsible for hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP2)
and generation of the critical second messen-
gers inositol trisphosphate (IP3) and diacylgly-
cerol (DAG).

Initial insights into the role of SLP-76 in
TCR signaling arose from overexpression stud-
ies performed in the Jurkat T-cell line, demon-
strating that increased expression of SLP-76 led
to enhanced TCR signaling. The complemen-
tary loss-of-function studies including the gen-
eration of SLP-76 deficient Jurkat cells (J14)
(Yablonski et al. 1998) and SLP-76 deficient
mice (Clements et al. 1998; Pivniouk et al.
1998) revealed the essential role of SLP-76 in
T-cell biology. Although TCR stimulation of
J14 cells still results in Lck and ZAP-70 acti-
vation, TCR ligation fails to result in activation
of key signaling components including PLCg1

(Yablonski et al. 1998), resulting in diminished
Ca2þ flux, protein kinase C-u (PKCu) acti-
vation, Erk phosphorylation, and decreased
activity of several transcriptional reporter con-
structs, including nuclear factor of activated T
cells (NFAT) and activator protein-1 (AP-1)
(Yablonski et al. 1998; Herndon et al. 2001).
In vivo, SLP-76 deficiency results in a complete
failure to generate mature T cells. T-cell devel-
opment in mice deficient for SLP-76 is blocked
at the transition from the DN3 (CD42CD82,
double negative) to DN4 stage (Clements et al.
1998; Pivniouk et al. 1998), a transition that
requires signaling from the pre-TCR. Many of
the biochemical defects described in J14 cells
have now been shown in T cells from mice
that generate a normal T-cell repertoire before
excision of endogenous SLP-76 through cre-
lox technology (Maltzman et al. 2005).

SLP-76 was defined initially as having
three functional domains: the amino-terminal
acidic domain, the central proline rich region
(PPR), and the carboxy-terminal SH2 domain
(Fig. 1). The amino terminus contains three
tyrosines at amino acids 112 (113 in humans),
128, and 145 that become phosphorylated after
TCR stimulation. When mutated at all three
tyrosine residues (Y3F mutant), SLP-76 loses
nearly all of its ability to support PLCg1 and
PKCu activation, Ca2þ flux, and Erk phosphory-
lation (Musci et al. 1997b; Yablonski et al. 1998;
Herndon et al. 2001). Mutation of this domain
also leads to the dysregulation of actin polymer-
ization and polarized actin cap formation fol-
lowing TCR stimulation (Bubeck Wardenburg
et al. 1998). Loss of these functions has been
associated with the inability of the Y3F SLP-76
mutant to associate with Vav1, the adaptor non-
catalytic region of tyrosine kinase (Nck), and
IL-2-inducible T-cell kinase (Itk), the proteins
shown to bind to these phosphorylated tyro-
sines. In cell lines, mutation of tyrosines 112
and/or 128 abrogates the inducible association
of SLP-76 with the guanine nucleotide exchange
factor (GEF) Vav1 and Nck, two proteins in-
volved in actin reorganization (Wu et al. 1996;
Raab et al. 1997; Bubeck Wardenburg et al.
1998). Mutation of Y145 results in the loss of
binding to Itk, a Tec family tyrosine kinase
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important for PLCg1 activation (Su et al. 1999;
Bunnell et al. 2000). Based on these protein/
protein associations, original models posited
that loss of Vav1 and Nck binding primarily
result in decreased actin reorganization, whereas
loss of Itk association leads to defective PLCg1
activation. As discussed later, further investiga-
tions have shown that the role of these proteins
is more complex than originally described.

To determine the in vivo consequence of
mutating these three tyrosines, SLP-762/ –

mice were reconstituted with wild-type (WT)
or a Y3F mutant SLP-76 (Myung et al. 2001;
Kumar et al. 2002). Expression of the Y3F
SLP-76 transgene partially relieves the DN3 thy-
mic block, enabling double positive (CD4þ

CD8þ, DP) thymocytes to develop; however,
progression to the mature single positive
(CD4þCD82 or CD42CD8þ, SP) stage is dra-
matically impaired. The T cells that do arise
fail to proliferate or form actin caps in response

to TCR stimulation in addition to those bio-
chemical defects observed in Y3F-expressing
J14 cells (Myung et al. 2001; Kumar et al. 2002).

The central PRR of SLP-76 contains a novel
SH3-domain binding motif (RxxK) that is
responsible for the constitutive association of
SLP-76 with the carboxy-terminal SH3 domain
of the adaptor Gads (Asada et al. 1999; Liu et al.
1999; Berry et al. 2002). Gads also contains an
SH2 domain that mediates its interaction with
phosphorylated LAT (Asada et al. 1999; Liu
et al. 1999). LAT is constitutively located in
glycolipid-enriched membrane (GEM) micro-
domains present within the plasma membrane,
and the relocalization of SLP-76 from the cyto-
sol to the GEMs and into the LAT-nucleated
complex requires its interaction with Gads
(Singer et al. 2004; Bunnell et al. 2006). Disrup-
tion of the SLP-76/Gads interaction results in
diminished Ca2þ flux, IP3 generation, and acti-
vation of Erk, PLCg1, and NFAT (Musci et al.

Vav1 Nck ltk PLCγ1 14-3-3

Lck GADS ADAP HPK1 CD6

pY

SAM P1

N CpY pY pSer376

Phosphorylation

Acidic region Proline rich region SH2

Figure 1. The domains of SLP-76 regulate its function. SLP-76 contains multiple regions that dictate its
localization and association with other signaling molecules (adaptors in orange and kinases in green). The
amino terminus contains three tyrosines that become phosphorylated after TCR ligation and function
together to regulate the activity of Itk and activation of PLCg1. This region also contains a critical SAM
domain. The proline-rich region constitutively binds Gads as well as PLCg1 and Lck, which lie within a PRR
subdomain termed P1. Serine 376 in the PRR is a target for HPK1 phosphorylation that appears to allow for
the subsequent binding of 14-3-3 family members. The carboxyl terminus of SLP-76 harbors an SH2
domain that associates with phosphorylated ADAP, CD6, and HPK1. The interaction of the SH2 domain
with HPK1 regulates its kinase activity.
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1997b; Yablonski et al. 2001; Singer et al. 2004).
In vivo, transgenic expression of a Gads-binding
mutant allows for DP thymocyte development
and progression of some thymocytes to the SP
stage, but development is far from normal, as
the thymic size is only 20% of that seen in WT
SLP-76 reconstituted mice (Myung et al. 2001;
Kumar et al. 2002). The smaller thymic size is
at least in part because of the requirement of
this region for proper positive selection (Jordan
et al. 2007). Peripheral T cells in Gads-binding
mutant mice are only weakly activated down-
stream of the TCR, as shown by their decreased
ability to up-regulate activation markers, flux
Ca2þ, and proliferate (Myung et al. 2001; Kumar
et al. 2002). The ability to retain SLP-76 func-
tion above that seen in the Y3F mutant and in
the face of disrupted SLP-76 localization may
be because of retention of SLP-76 phosphoryla-
tion under these circumstances (Yablonski et al.
2001).

The third primary region of SLP-76 is its
carboxy-terminal SH2 domain, which induci-
bly associates with adhesion and degranulation-
promoting adapter protein (ADAP) and the
serine-threonine kinase hematopoietic progen-
itor kinase 1 (HPK1) (Musci et al. 1997a; Sauer
et al. 2001). Early studies in Jurkat cells gave lit-
tle insight into the function of the SH2 domain,
other than the finding that its absence led to
only modest decreases in PLCg1 and Erk activa-
tion (Yablonski et al. 2001). Additional studies
showed a requirement for this domain in the
activation of HPK1, although the cellular conse-
quences of this function are unclear (Liou et al.
2000; Sauer et al. 2001). Transgenic expression
of an SH2 SLP-76 mutant on a SLP-762/ – back-
ground allows for the generation of mature T
cells that show nearly normal Ca2þ flux and
Erk activation but diminished proliferation
(Myung et al. 2001; Kumar et al. 2002). These
characteristics are similar to those seen in
mice deficient in ADAP, which is known to be
required for the up-regulation and activation
of integrins (Griffiths et al. 2001; Peterson
et al. 2001). Based on these similarities, the pri-
mary role of this domain was assumed to be that
of supporting of ADAP function in integrin
activation.

NEW INSIGHTS INTO HOW THE
STRUCTURE OF SLP-76 MEDIATES ITS
FUNCTION

Over the past several years, further investigation
into the structure of SLP-76 has led to more
sophisticated models of how SLP-76 operates.
These studies include analysis of mice express-
ing double or single mutations in the amino-
terminal tyrosines of SLP-76, identification of
additional regions within the amino terminus
and PPR, and further in vivo analysis of the
SH2 domain (Table 1).

The Amino Terminus: SLP-76 Tyrosines and
the SAM Domain

To understand how the individual amino-
terminal tyrosines of SLP-76 contribute to its
function, knockin mice bearing mutations at
both tyrosines 112 and 128 or tyrosine 145
alone were generated (Jordan et al. 2008).
Unlike Y3F transgenic mice that have a paucity
of mature thymocytes, both Y112/128F and
Y145F mice produce mature thymocytes and
peripheral T cells, although positive and nega-
tive selection is severely defective, as revealed
by crossing the tyrosine mutants to mice
expressing TCR transgenes. Biochemically, T
cells from both SLP-76 mutant strains show
impaired but not absent Ca2þ flux, actin poly-
merization and phosphorylation of PLCg1
and Erk, with Y145F thymocytes consistently
demonstrating a more severe phenotype both
biochemically and developmentally. The simi-
larity between Y112/128F and Y145F mice
clearly demonstrate that there is coordinate reg-
ulation of multiple signaling pathways down-
stream of the amino-terminal tyrosines of
SLP-76 in terms of PLCg1 activation as well as
actin reorganization.

This in vivo observation of coordinate regu-
lation of actin polymerization and PLCg1 func-
tion is largely supported by mechanistic studies
performed in cell lines. In Jurkat cells, the
amino-terminal tyrosines of SLP-76 are impor-
tant for the relocalization of Nck and its binding
partner WASP, an actin regulatory protein, to
the T cell:APC interface. These tyrosines also
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direct the membrane recruitment of Vav1 and
activated Cdc42, a GTPase required for WASP
activation and a target of Vav1 GEF activity
(Zeng et al. 2003). Such studies suggested that
the coordinated recruitment of Vav1 and Nck
and the subsequent activation of their targets
or binding partners were sufficient for actin
regulation. However, studies in Itk2/ – T cells
revealed that recruitment of activated WASP,
Cdc42, and Vav1 to the T cell:APC interface

is also dependent on Itk and specifically its
SH2 domain, which interacts with Y145 of
SLP-76. It was further shown that Itk is impor-
tant for establishing/stabilizing the interaction
between SLP-76 and Vav1 (Labno et al. 2003;
Dombroski et al. 2005). These studies support
a model in which all three tyrosines of SLP-76
and their respective binding partners func-
tion together to properly regulate TCR-induced
actin polymerization.

Table 1. Summary of signaling and developmental defects reported for primary T cells expressing mutant forms
of SLP-76.

Domain Mutation name

Defective

signaling Developmental defects

Defects in peripheral

T-cell function

Amino
terminus

DSAM-SLP-761 Ca2þ flux, pErk Thymic size, DP! SP, (þ) and
(2) selection

Proliferation, IL-2
production, SLP-76
clustering

Y3F2 pSLP-76,
pPLCg1, Ca2þ

flux

Thymic size, DN3! DN4,
DP ! SP

CD69/CD25 up-
regulation,
proliferation, TCR
clustering

Y112/128F3 pSLP-76, pVav1,
pPLCg1,
Ca2þ, pErk,
actin

DP ! SP, (þ) and (2) selection,
Nur77 upregulation

Not reported

Y145F3 pPLCg1, Ca2þ,
pErk, actin

DP ! SP, (þ) and (2) selection,
Nur77 up-regulation, �CD8SP
with memory/innate markers

Not reported

PRR Gads Binding
Mutant2,4

pPLCg1, Ca2þ Thymic size, DP! SP, (þ)
selection

CD69/CD25
up-regulation,
proliferation, TCR
clustering

P15� pPLCg1, Ca2þ,
pErk

n.d. n.d.

Lck6 pPLCg1, Ca2þ,
pErk

Thymic size, DN3! DN4,
DP ! SP

CD25 up-regulation,
proliferation, IL-2
production

SH2 R448K2,7 pSLP-76 Ser376,
pPKD,

DN3 ! DN4, DP! SP, (þ)
selection

CD69/CD25
up-regulation,
proliferation, IL-2
production

1. Shen et al. 2009.

2. Myung et al. 2001.

3. Jordan et al. 2008.

4. Jordan et al. 2007.
�Data reported for cell lines.

5. Yablonski et al. 2001.

6. Kumar et al. 2005.

7. M. S. J. unpublished data.
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Similar to actin regulation, cell line studies
also support the notion that PLCg1 regulation
is controlled by multiple SLP-76 binding part-
ners. Such studies revealed that the amino-
terminal tyrosines of SLP-76 are required for
Itk kinase activity and that the majority of cata-
lytically active Itk is associated with SLP-76
(Bogin et al. 2007). However, Vav1 also regulates
Itk and PLCg1 activation as well as the inter-
action between SLP-76 and PLCg1 (Reynolds
et al. 2002). These data, when considered
with the role of Itk in mediating Vav1/SLP-76
interactions, suggest that these molecules must
be involved in coordinate regulation of one
another and that they function together to sup-
port many if not most of the signaling pathways
following TCR engagement. In generating a
unified model of SLP-76 function using data
from primary T cells and cell lines, it is impor-
tant to acknowledge that unlike in Jurkat cells
where mutation of the amino-terminal tyro-
sines result in loss of SLP-76 associations with
Vav1, Nck, and Itk, introduction of these muta-
tions into primary T cells does not (Jordan et al.
2008). Thus, it appears that formation of the
signaling complex in primary cells results from
numerous intermolecular interactions. It re-
mains likely, however, that the SLP-76 tyrosines
are still critical for binding to Vav1, Nck, and Itk,
and that these associations are essential for opti-
mal function of each of the SLP-76-associated
proteins.

Although several similarities exist between
Y112/128F and Y145F mutant mice, there are
also distinct differences. TCR stimulation of
thymocytes from Y112/128F but not Y145F
mice fails to result in phosphorylation of Vav1
following TCR stimulation, whereas mutation
of Y145 but not Y112/128 results in the selec-
tion of CD8SP thymocytes that have character-
istics shared by memory and/or innate-like T
cells (Jordan et al. 2008). Two distinct features
of these CD8SP cells are their capacity to pro-
duce copious amounts of IFNg directly ex
vivo and their expression of high levels of eome-
sodermin, a transcription factor found at ele-
vated levels in memory CD8þ T cells. Because
Itk deficiency also leads to increased develop-
ment of this thymic subset, it is likely that

SLP-76-dependent activation of Itk regulates
their development (Atherly et al. 2006; Brous-
sard et al. 2006). How tyrosine 145 of SLP-76
plays a role in the regulation of eomesodermin
is unclear, but insight into this question will
likely be informative in understanding T cell
fate decisions both in the thymus and in mem-
ory T-cell development.

The generation of SLP-76 tyrosine mutant
mice led to experiments addressing whether
the two mutations could complement one an-
other functionally in vivo when coexpressed.
Double-mutant mice (mice expressing one
Y112/128F and one Y145F allele) were analyzed
for T-cell development and for signaling down-
stream of the TCR (Jordan et al. 2008). Thymo-
cyte development in double-mutant mice is
phenotypically and functionally normal, with
no increase in CD8SP memory/innate-like T
cells, as seen selectively in Y145F mice. Bio-
chemically, expression of both mutant alleles
restores Vav1 phosphorylation, a selective defect
seen in Y112/128F thymocytes, and PLCg1
phosphorylation, a defect shared by both line-
ages. These data demonstrate that downstream
of the TCR, active Vav1, Nck, and Itk do not
have to be present on the same SLP-76 molecule
to support wild-type signal transduction. How-
ever, given the plethora of data indicating that
these proteins coordinately regulate one an-
other, it is likely that formation of a signaling
complex consisting of at least two SLP-76 mol-
ecules forms following TCR ligation. Such a
complex may be dependent on LAT, which has
been shown to oligomerize after TCR stimula-
tion because of its inducible association with
Grb2 (Houtman et al. 2006). The precise stoi-
chiometry of the LAT/SLP-76 complex has yet
to be defined.

The amino terminus of SLP-76 also con-
tains a sterile-a motif (SAM) located just prox-
imal to tyrosines 112, 128, and 145 at amino
acids 12–78. This motif was identified several
years ago, but only recently has its function
begun to be appreciated. SAM domains typi-
cally mediate protein/protein interactions
that may or may not involve other SAM do-
mains. Currently, it is not known what interac-
tion(s) the SAM domain of SLP-76 mediates,
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but knockin mice with a mutation in this motif
demonstrate its importance in thymocyte
development (Shen et al. 2009). Thymocytes
from DSAM-SLP-76 mice transition through
the DN stages of development relatively nor-
mally, but diminished numbers are present at
the DP and SP stages, consistent with defects
in both positive and negative selection. Follow-
ing TCR engagement, T cells from these mice
show decreased Ca2þ flux and Erk activation
accompanied by weak clustering of SLP-76.
Mechanistically, the underlying cause of these
observed defects is not known, but they are at
least partially independent of the SLP-76/Gads
interaction, as mice bearing mutations in both
of these domains show severe developmental de-
fects of thymic subsets (Shen et al. 2009).

The SLP-76 PRR: The P1 Domain and Ser376
Phosphorylation

In addition to the Gads-binding site, other
important regions within the PRR of SLP-76
have recently been described. Defined as a
region necessary for the basal association of
SLP-76 with PLCg1, the P1 domain (amino
acids 157–223) was shown to be important
for activating several pathways downstream of
SLP-76, including PLCg1 and Erk phosphoryla-
tion, IP3 production, and NFAT activation
(Yablonski et al. 2001). Further studies showed
that the critical aspect of this region probably
lies more in its role as a “molecular spacer”
rather than mediating an essential protein/pro-
tein interaction (Gonen et al. 2005). However,
manipulation of this domain can lead to loss
of SLP-76/Vav1 associations and/or SLP-76-
associated Itk kinase activity, both of which
are associated with decreased PLCg1 activation
(Beach et al. 2007).

Other residues within the PRR have been
identified as either additional regions of pro-
tein/protein interaction or sites of phosphory-
lation. Amino acids 185–194, just proximal to
the Gads-binding domain, mediate a consti-
tutive interaction with the SH3 domain of Lck
(Sanzenbacher et al. 1999). The importance of
this region was recognized through in vivo
expression of a SLP-76D185-194 mutant on

a SLP-762/ – background. Mice bearing this
mutation have a severe DN3 block and very
few peripheral T cells that show only residual
function (Kumar et al. 2005). Despite these dra-
matic defects, it is unclear how the loss of Lck
binding to SLP-76 leads to this phenotype. It
is possible that disruption of SLP-76/Lck pre-
vents proper phosphorylation of Itk by Lck
(Heyeck et al. 1997). Recently, serine 376 within
the PRR was shown to be phosphorylated by the
kinase HPK1, one of the binding partners of the
SLP-76 SH2 domain. Phosphorylation at this
site results in decreased TCR signal transduc-
tion. Although the mechanism has yet to be
defined, early studies suggest that 14-3-3 family
members, which are recruited to SLP-76 follow-
ing Ser376 phosphorylation, may play a role (Di
Bartolo et al. 2007; Shui et al. 2007).

The SLP-76 SH2 Domain: ADAP Dependent
and Independent Functions

Because of its association with ADAP, the SLP-76
SH2 domain has been implicated in TCR-
induced integrin activation. For full activation,
integrins must undergo both affinity and avidity
changes. These changes are governed by engage-
ment of other cell surface receptors, such as the
TCR, that lead to conformational changes in
integrins and integrin clustering. These changes
increase integrin affinity and avidity, respec-
tively, for ligands and are referred to as “inside-
out” signaling. Support for a role for SLP-76
in inside-out signaling comes from studies
performed in cell lines, which showed that
mutation of ADAP at sites of SLP-76/ADAP
interaction diminish the ability of T cells to
adhere to integrin-coated surfaces (Wang et al.
2004; Kliche et al. 2006). Until recently, data
linking the SLP-76 SH2 domain was based on
mutational analysis of ADAP. New data in pri-
mary T cells now reveal that mutation of the
SLP-76 SH2 domain itself inhibits TCR-induced
inside-out signaling (Baker et al. 2009). These
data also reveal a role for this domain in signal-
ing directly downstream of integrin engagement
(discussed later).

The molecular mechanism for SLP-76 me-
diated inside-out signaling to integrins is thus
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likely ADAP dependent. In addition to its in-
ducible interaction with SLP-76, ADAP is
constitutively present in a trimolecular complex
with Src kinase-associated phosphoprotein
of 55 kDa (SKAP55), via a direct interaction,
and Ras-proximity-1 (Rap1)-GTP-interacting
adapter molecule (RIAM), via a tertiary interac-
tion. On TCR stimulation, this ADAP/RIAM/
SKAP55 complex associates with the small
GTPase Rap1 and is responsible for the relocal-
ization of activated Rap1 to the membrane,
where it aids in promoting clustering and affin-
ity modulation of integrins, a step necessary for
their full activation (Kliche et al. 2006; Mena-
sche et al. 2007). It has been shown that neither
ADAP (Kliche et al. 2006) nor the SLP-76 SH2
domain (unpubl. data) regulates Rap1 activa-
tion. However, recent data indicate that SLP-
76 is involved in the activation of this GTPase,
although the domain requirements have not
been identified (Horn et al. 2009).

Recent in vivo studies comparing the func-
tion of primary T cells harboring a SLP-76
SH2 domain mutation to ADAP-deficient T
cells suggest that some SH2 domain functions
are ADAP independent. Specifically, PKD
phosphorylation, a target of PKCu, and phos-
phorylation of SLP-76 on Ser376, an HPK1
target, is dependent on the SLP-76 SH2 domain
but not ADAP (M.S.J. unpubl. data). These
findings indicate that the pathways down-
stream of the SLP-76 SH2 domain and ADAP
are not linear, and they may help explain why
activation of NFkB targets is more defective in
the absence of a functional SLP-76 SH2 domain
versus in the deficiency of ADAP (M.S.J.
unpubl. data).

The full function of the SLP-76 SH2 domain
may not be solely based on ADAP and HPK1
interactions. This domain can also associate
with the cytoplasmic tail of the T-cell surface
receptor CD6 (Hassan et al. 2006). Studies
have shown that engagement of CD6 costimu-
lates TCR-driven IL-2 production and that
mutation of the tyrosine on CD6 that mediates
its interaction with SLP-76 abolishes CD6
costimulation (Hassan et al. 2006). How this
mutation affects in vivo function awaits further
investigations.

SLP-76 SIGNALING IN OTHER
HEMATOPOIETIC CELLS

Initial insight into the function of SLP-76 was
based solely on its role in TCR signaling. Sub-
sequent evaluation of signal transduction in
platelets and neutrophils has shown that SLP-
76 is important for supporting signals down-
stream of immunoreceptors present on non-T
cells and provided the first evidence for the
role of SLP-76 downstream of integrins. Experi-
ments examining the molecular basis of SLP-76
function in various lineages allow for interesting
comparisons between the requirements of sig-
nal propagation downstream of a variety of
receptor systems.

GPVI and FcgR Signaling in Platelets and
Neutrophils

Platelets use multiple cell surface receptors to
maintain hemostasis, including the collagen
receptor GPVI and integrins of the b1 and b2
families. Acting as a first line of defense, neutro-
phils rely on FcgRs for recognition of IgG-
opsonized particles or soluble IgG immune
complexes and integrins, including the b2
integrin Mac-1 (CD18/CD11b), for adhesion
to extracellular matrix proteins. GPVI associates
with the Fcg chain and thus propagates signals
in a manner similar to that of the FcgR present
on neutrophils. Like TCR signaling, the FcgR
cascade relies on phosphorylation of ITAMs
present within the Fcg chain by Src family
members (Lyn and/or Fyn, Hgr, and Fgr for
platelets and neutrophils and Lck for T cells)
followed by recruitment of Syk (ZAP-70 in T
cells) to these phosphorylated motifs. Activated
Syk is required for subsequent phosphorylation
of PLCg2, a critical activator of downstream
effector functions. Ligation of GPVI in platelets
and FcgR in neutrophils results in actin re-
organization, cell spreading, degranulation,
aggregation in the case of platelets, and produc-
tion of reactive oxygen intermediates (ROI) in
the case of neutrophils. All of these functions
are dependent on SLP-76, as platelets and neu-
trophils from SLP-76-deficient mice either fail
completely or show greatly reduced responses
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when these events are interrogated (Clements
et al. 1999; Newbrough et al. 2003). Although
the molecular mechanism defining how SLP-
76 contributes to PLCg activation and several
other SLP-76-dependent pathways have been
best described in T cells, many of the same effec-
tor molecules, including Vav and Tec family
members, have also been shown to be impor-
tant for signaling downstream of platelet and
neutrophil FcgRs (reviewed in Bezman and
Koretzky 2007). Similar to signaling down-
stream of the TCR, LAT is phosphorylated fol-
lowing GPVI stimulation and is required for
optimal platelet degranulation following stimu-
lation with convulxin, a selective GPVI agonist
(Gibbins et al. 1998; Judd et al. 2002). In T cells,
Gads is largely required for development and
peripheral T-cell function; however, in platelets,
the role for Gads is more complex. For some
GPV1-mediated functions such as convulxin-
induced degranulation, Gads is completely dis-
pensable (Judd et al. 2002). In contrast, Gads is
required for optimal GPVI-induced aggregation
(Hughes et al. 2008). Therefore, although sig-
naling through a SLP-76/LAT axis is common
between the TCR and GPVI, their differential
requirement for Gads in certain functions indi-
cates that downstream integration of signals for
these receptors can be distinct.

Integrin Signaling in Platelets and Neutrophils

Signaling downstream of integrins is also de-
pendent on SLP-76 and has been described
best in platelets and neutrophils (Fig. 2). Similar
to the TCR, engagement of FcgRs can induce the
integrin affinity and avidity changes required for
full integrin activation.

Once activated, ligation of integrins such as
aIIbbIIIa on platelets and Mac-1 on neutro-
phils by fibrinogen or polyRGD (an engineered
tri-peptide integrin binding motif ) results in
“outside-in” signaling from the integrin. Simi-
lar to the TCR and FcgR, integrin outside-in
signaling uses Src and Syk protein tyrosine ki-
nases as well as SLP-76 and many of its associ-
ated molecules for signal propagation. Exactly
how integrins, which lack ITAMs, couple to
Syk is an area of active investigation. Coupling

may be through a direct ITAM-independent
interaction (Woodside et al. 2001) or may rely
on associations with ITAM-bearing receptors,
such as the Fcg chain or DAP12, as suggested
from recent studies performed in mice deficient
in these ITAM-bearing proteins (Mocsai et al.
2006). Under normal circumstances, integrin
ligation results in cell spreading, ROI produc-
tion, and degranulation of intracellular com-
ponents; however, these functions are greatly
impaired in platelets and/or neutrophils lack-
ing SLP-76 (Judd et al. 2000; Judd et al. 2002;
Newbrough et al. 2003). The decreased func-
tions observed in vitro correlate with altered
neutrophil and platelet-dependent functions
in vivo, as mice lacking SLP-76 within the mye-
loid compartment show defective integrin-
dependent accumulation and degranulation of
neutrophils as measured by a model of LPS-
induced dermal inflammation (Clemens et al.
2007). Moreover, mice bearing particular SLP-
76 mutations within their platelets fail to form
stable thrombi in a model of arterial thrombosis
(Bezman et al. 2008). These data demonstrate
the importance of SLP-76 in these non-T-cell
compartments.

Structure/Function Studies of SLP-76 in
Platelets and Neutrophils

Mice reconstituted with bone marrow progeni-
tor cells from SLP-76-deficient mice expressing
mutant forms of SLP-76 have been critically
important in determining the domain require-
ments of SLP-76 in non-T-cell immunoreceptor
and integrin function. Using this system, it was
shown, similar to their essential role in TCR sig-
nal transduction, that the amino-terminal tyro-
sines of SLP-76 are critical for downstream
propagation of GPVI as well as integrin initiated
signaling (Abtahian et al. 2006). Y3F-expressing
platelets fail to degranulate in response to
GPVI, and diminished platelet spreading and
neutrophil ROI production is observed in
Y3F-expressing cells stimulated through their
integrin receptors. Studies in individual amino-
terminal tyrosine knockin mice revealed that
aIIbbIIIa signaling, as measured by platelet
spreading, is diminished in mice harboring
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Figure 2. SLP-76 supported TCR and integrin signaling. (A) SLP-76 mediated signaling downstream of the TCR.
TCR ligation initiates activation of Lck that phosphorylates ITAMs present on the CD3 chains of the TCR.
ZAP-70 is recruited, activated, and phosphorylates LAT and SLP-76. Phosphorylated LAT associates with
PLCg1 and Gads and in doing so, recruits SLP-76 to the membrane. Phosphorylated SLP-76 associates with
Vav1, Nck, and Itk, which together activate PLCg1 and initiate Ca2þ flux and actin polymerization. SLP-76
also regulates the activation of Erk, PKCu, and Rap1. Association of SLP-76 with the ADAP/SKAP55/RIAM
complex promotes inside-out signaling by localizing active Rap1. Conformational changes mediated by
inside-out signaling enable high affinity binding of integrins to their receptors. (B) Outside-in signaling in
neutrophils. Integrin ligation activates associated Src kinases in neutrophils. Syk may be recruited to an
integrin-associated ITAM-bearing receptor or may directly associate with the integrin b chain tail. Activated
Syk phosphorylates SLP-76 and initiates PLCg2 activation, leading to cytoskeletal reorganization and cellular
adhesion in a LAT- and Gads-independent manner.
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mutations in tyrosines 112 and 128 of SLP-76,
whereas platelet spreading in Y145F mutant
mice is normal (Bezman et al. 2008). In con-
trast, GPVI signaling is strikingly more depend-
ent on tyrosine 145 than on tyrosines 112 and
128 for most functions except cell spreading,
where both mutants show similar defects. This
latter observation of defective Y112/128F sprea-
ding may reflect a role for integrin outside-in
signaling, which follows GPVI inside-out sig-
naling. It is interesting to note that Vav phos-
phorylation is defective in Y145F platelets and
preserved in Y112/128F platelets, the opposite
of what is observed in T cells bearing these
mutations (Jordan et al. 2008). Therefore, al-
though signals transduced downstream of dif-
ferent receptors may use identical or similar
proteins, the exact details of how transduction
pathways are integrated appear to differ be-
tween cell types and receptor classes.

Another intriguing difference between the
requirements for the amino-terminal tyrosines
of SLP-76 in T cells versus platelets was re-
vealed through complementation experiments.
As noted earlier, mice expressing one Y145F
and one Y112/128F allele functionally comple-
ment one another in trans in T cells (Jordan
et al. 2008). This is not the case for GPVI signal-
ing, as dual expression of each mutant allele
results in a functional response that is only mar-
ginally better than the response from Y145F pla-
telets (Bezman et al. 2008). Similar results are
seen in neutrophils from these mice. Both
Y145F and Y112/128F neutrophils display
defective FcgR and integrin signal transduction,
and coexpression of each mutant allele does lit-
tle to rescue these defects (Lenox et al. 2009).
One clue as to why complementation occurs
in T cells and not platelets and neutrophils
may lie in the differential requirement for
Gads in signaling downstream of the TCR ver-
sus GPVI. LAToligomerizes following TCR liga-
tion (Houtman et al. 2006). Thus, the association
of SLP-76 with LAT via Gads may allow for trans-
activation of those molecules associated with
SLP-76 due to their ability to be in close proxim-
ity to one another. The fact that Gads is not
required for all GPVI functions suggests that the
association of SLP-76 with LAT can be regulated

differently in T cells versus platelets. It is possible
that this difference somehow precludes comple-
mentation. Additionally, whether LAT oligomer-
izes in platelets and whether SLP-76 is affected
by this oligomerization remain to be determined.
A related possibility that has been posited to
explain the discrepancy in complementation is
the difference in the number of ITAMs present
in the TCR versus the GPVI/FcgR signaling
complex (Bezman et al. 2008). The TCR/CD3
complex consists of ten ITAMs compared with
the two associated with the Fcg chain. An
increased number of ITAMs may result in the
assembly of a larger molecular signaling com-
plex, allowing for greater opportunity for trans-
complementation.

Analysis of the role of the PRR region of
SLP-76 in non-T cells has also revealed differ-
ences in the requirements of this domain for
downstream signal transduction of various re-
ceptors, specifically integrins versus GPVI/
FcgRs. In T cells, mutation of the residues of
the PRR that mediate the interaction of SLP-76
with Gads results in greatly diminished but not
absent TCR-mediated functions. GPVI signaling
in platelets is also dependent on the SLP-76/
Gads interaction domain, although Gads itself
can be dispensable under some circumstances,
as discussed above (Hughes et al. 2008). In con-
trast, studies on platelets and neutrophils from
chimeric mice expressing mutations in the
Gads-binding site have shown that integrin
function appears normal in the absence of a
SLP-76/Gads interaction, as the mutant plate-
lets spread normally on integrin ligand-coated
surfaces and mutant neutrophils produce co-
pious amounts of ROI following integrin sti-
mulation (Abtahian et al. 2006). How SLP-76
functions when it is unable to bind to Gads is
unknown. It has been suggested that either
SLP-76 does not need to relocalize to the mem-
brane after integrin stimulation or that SLP-76
utilizes other protein interactions to achieve
proper localization (Abtahian et al. 2006).
Recent studies of integrin outside-in signaling
in T cells have begun to help answer some of
these questions.

The integrin studies performed in plate-
lets and neutrophils have paved the way for
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subsequent studies in T cells. Interestingly, how-
ever, findings in T cells may also provide new
insights to foster our understanding of integrin
signaling in myeloid derived lineages. Similar to
what is seen following TCR stimulation, inte-
grin stimulation of T cells leads to the formation
of SLP-76 microclusters that localize with phos-
phorylated signaling proteins such as ZAP-70
and Lck (Nguyen et al. 2008; Baker et al. 2009).
Unlike TCR stimulation, integrin-induced SLP-
76 clustering does not require LAT or the
Gads-binding region of SLP-76 (Baker et al.
2009). These results are consistent with the
requirements of SLP-76 domains for integrin
activation in platelets and extend our under-
standing, indicating that SLP-76 clustering
downstream of integrins is mediated by pro-
teins other than Gads or by domains outside
of the Gads-binding region.

Additional studies investigating the role of
the SLP-76 SH2 domain in integrin-mediated
signals show that this domain is required for
both integrin-induced SLP-76 clustering and
outside-in mediated integrin adhesion. Studies
in ADAP-deficient T cells reveal that ADAP
is required for these same functions, suggest-
ing that perhaps ADAP plays a role in SLP-
76 membrane localization following integrin
stimulation. Interestingly, ADAP is not req-
uired for SLP-76 clustering post-TCR ligation
(Baker et al. 2009). Whether these findings are
applicable to platelets and neutrophils remains
to be determined, but these data do provide
yet another example of differential regula-
tion of SLP-76 and the signaling pathways it
supports.

ADDITIONAL ROLES OF SLP-76

In this article, we discussed only a subset of cell
types and receptor systems in which SLP-76
plays a role. In addition to the lineages consid-
ered above, mast cells use SLP-76 to transduce
signals downstream of Fc1RI. SLP-76-deficient
mast cells have impaired cytokine release, de-
granulation, and Ca2þ flux, and these mice are
resistant to IgE-induced passive systemic ana-
phylaxis (Pivniouk et al. 1999). Structure/func-
tion analysis has revealed that the functional

hierarchy of the domains of SLP-76 in mast cells
is similar to that seen in T cells (Wu et al. 2004).
Very recently, mice deficient in SLP-76 were also
shown to be resistant to serum-induced arthri-
tis, a disease that is dependent on functional
mast cells and neutrophils, which highlights
the in vivo importance of SLP-76 in these line-
ages (Lenox et al. 2009).

SLP-76 also impacts systems beyond hema-
topoietic cells. The subcutaneous hemorrhag-
ing observed in most SLP-76-deficient fetuses
and the blood-filled peritoneum seen in surviv-
ing pups was initially attributed to defective
platelet function. However, this phenotype was
shown subsequently to be the result of improper
vascular development with a failure of blood
and lymphatic vessels to separate normally
(Abtahian et al. 2003). The exact means by
which SLP-76 controls this separation has yet
to be determined.

In the years since the identification and ini-
tial characterization of SLP-76 as a substrate of
TCR-stimulated PTKs, much has been learned
about the details of how this protein functions,
both in T cells and other immune lineages. It is
likely that this key adaptor protein has yet other
roles, perhaps as a regulator of signals initiated
by additional cell surface receptors. Insights
gleaned from studies of how SLP-76 regulates
immune cell development and function have
provided important information about the
complexities of signaling in these lineages, and
they have also taught us a great deal about
more general principles of how signal transduc-
tion cascades are integrated by adaptor proteins.
We anticipate that future studies of SLP-76,
using mice in which expression of mutant
variants of this protein can be more tightly
regulated temporally and in a lineage specific
manner, will teach us much more about the int-
ricate processes of cell differentiation and fate
decisions and more globally about how the
immune system uses various strategies for opti-
mal host defense.
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