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Activation and lntegrin 

&b/slap- - chimeras responded equally to 
phorbol 12-myristate 13-acetate (PMA) and Positive Regulation of T Cell 
calcium ionophore (Fig. 1, A and B). However, 
stimulation with monoclonal antibody (rnAb) to 
C D ~ E(anti-CD3&) alone, or anti-CD~E plus 

Adhesion by the Adapter 
anbbody to CD28 (anti-CD28) mAbs, revealed 
a dramatic decrease m the proliferation of fib/ 
slapP T cells compared tofib/slapt T cells 
at both 24 hour and 48 hour time points (Fig 1. 
A and B) Usmg the same stimulation condi- 
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of exogenous IL-2 only partially rescued the 

The molecular adapter FybISlap regulates signaling downstream of the T cell proliferative defect in &b/slapP T cells 
receptor (TCR), but whether it plays a positive or negative role is controversial. Tbese data demonstrate that FybISlap is an 
We demonstrate that FybISlap-deficient T cells exhibit defective proliferation important positive regulator of T cell activation 
and cytokine production in  response t o  TCR stimulation. FybISlap is also re- and proliferation and of cytokine production. 
quired in  vivo for T cell-dependent immune responses. Functionally, FybISlap To investigate whether the requirement for 
has no apparent role in the activation of known TCR signaling pathways, F-actin FybJSlap in T cell activation and proliferation 
polymerization, or TCR clustering. Rather, FybISlap regulates TCR-induced in- in vitro translated into a defective immune re- 
tegrin clustering and adhesion. Thus, FybISlap is the first molecular adapter t o  sponse in vivo, we immunized the chimeric 
be identified that couples TCR stimulation t o  the avidity modulation of integrins mice with the T cell-dependent (TD) antigen 
governing T cell adhesion. 4-hydroxy-3-nitrophenylacetyl-ovalbumin 

(W-OVA) (15). Whereas ,fib/slap+ chime-
Engagement of the TCR by antigen initiates (7). FybJSlap binds to the Src family kinase ras produced high titers of NP-specific imrnu- 
intracellular signaling cascades that result in Fyn, the adapter protein Slp-76, which is re- noglobulin G1 (IgGI) Ab, the IgGl response 
T cell activation, differentiation, acquisition quired for thymocyte development, TCR-depen- was completely absent in&b/slapP chimeras 
of effector function, or apoptosis (1). Dramat- dent mitogen-activated protein kinase (MAF'K) (Fig. IF). Moreover, in mice infected with 
ic changes to the cytoskeleton and transcrip- activation and calcium flux (8-lo), and Ens/ vesicular stomatitis virus (VSV), virus-specific 
tion are the outcomes of these cascades, but VASP protems (6), whlch are modulators of the IgG titers showed a gene-dosage dependent 
the molecular mechanisms that link TCR cytoskeleton The functional role of FybISlap decrease in f i b/slapt and fib/slapP chime-
stimulation to downstream pathways are not has remamed controversial because overexpres- ras as compared to &b/slapi - controls (15) 
well understood Signals from cell surface sion studies have shown FybJSlap to be either a The block in antibody production was due to 
receptors are coupled to distal signaling path- positive regulator (4, 7, 11) or a negative regu- a defect in T cells and not B cells, because 
ways by adapter proteins, molecules that con- lator (5, 12) of m t e r l e h - 2  (IL-2) production, fvb/slap- -, fj/b/slap+ , and j'jh/slap+ ' 
tain multiple protein-protein interaction do- depending on the experimental system used. mice produced comparable 2,4,6-trinitrophenyl 
mains. Several adapter molecules have been To elucidate FybJSlap's biological role in T (TNPFspecific IgG3 after immunization with 
identified that have positive effects on TCR cell function, we used R a g 2  blastocyst the T cell-independent (TI) polyvalent antigen 
signaling, including Grb2, LAT, GADS, and complementation to generate gene-targeted chi- TNP-Ficoll (Fig. IG). We conclude that FybI 
Slp-76 (2, 3). Others, such as c-Cbl and Cbl- meric mice lacking FybISlap expression in ma- Slap is essential for the delivery of effective T 
b, have a negative regulatory function. ture T and B lymphocytes (13). Fyb/slapP cell help and for the generation of functional 

FybISlap is an adapter protein expressed in T chimeras displayed normal numbers and differ- immune responses to TD antigens in vivo. 
cells and myeloid cells that contains a proline- entiation of thymocytes and B cells; however, To identify the molecular mechanism that 
rich region, tyrosine phosphorylation sites, an the relative numbers of CD4' T cells in the accounts for the functional defects in fib/ 
EVHI-binding domain, and an SH3-like do- lymph nodes and CD4+ and CD8+ T cells in slapP - T cells, we analyzed signaling path- 
main (4-6). It is expressed as two isoforms of the spleen were reduced in&b/slap- - chime- ways downstream of TCR stimulation FI b/ 
120 kD and 130 kD, which differ in expression ras as compared to fib/slapt chimeric con- slap' - and fjb/slapP T cells exhibited 
pattern between thymocytes and mature T cells trols (13). These results indicate that lympho- comparable calcium fluxes after anti-CD~E 

cyte development is normal in the absence of crosslinking (Fig 2A) (14) Moreover, stim- 
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peripheral T cells (Fig. 2B) (14). Thus, de-
spite the requirement of FybISlap for T cell 
activation and proliferation, the major signal-
ing pathways downstream of the TCR appear 
intact in the absence of FybISlap. 

Overexpression studies have suggested a 
role for FybISlap in cytoskeletal rearrangement 
downstream of the TCR (6). In addition, Fybl 
Slap co-localizeswith EnaNASP proteins that 
have been shown to control cytoskeletal reor-
ganization, cell motility. and cell adhesion (6, 
16-18). Clustering of the TCRlCD3 chains af-
ter T cell stimulation is required for efficient T 
cell activation and is dependent on the actin 
cytoskeleton (19). To further explore the mo-
lecularmechanism by which FybISlap regulates 
T cell activation and immune responses, we 
investigated whether FybISlap was involved in 
TCR-inducedCD3 clusteringor actin polymer-
ization (14). The extent of TCR-mediated anti-
gen receptor clustering was comparable be-
tweenfih/slap+'- and.fib/slapp' T cells after 
anti-CD~Estimulation(Fig. 2, C and D). TCR-
induced F-actin clusteringwas also comparable 
between .fib/slap+' and .fLhLrlapp'- T cells 
(Fig. 2, C and D). Thus, FybISlap is not re-
quired for TCR-triggered antigen receptor clus-
tering and actin polymerization. 

In addition to clusteringof the TCR itself, a 
second cytoskeleton-dependent process trig-
gered by the TCR is the clustering of integrin 
receptors leading to T cell adhesion (20). Ad-
hesion of T cells via integrin receptors is critical 
for T cell development, migration, and activa-
tion, and integrins such as LFA-1 have been 
demonstratedto be important for in viho T cell 
proliferation (21, 22). In resting T cells, inte-
grins are maintained in a relatively inactive 
state. TCR ligation initiates a poorly understood 
process of "inside-out" signaling that induces 
ligand binding (23. 24). Inside-out signaling 
and integrin binding are required to stabilizethe 
interaction between T cells and antigen-present-
ing cells and to form the immune synapse (25). 
TCR-induced clustering of the P2 integrin 
LFA-1 in the cell membrane increases integrin 
avidity for its ligand, intercellular adhesion 
molecule-l (ICAM-I). and is an important 
mechanism for the induction of lymphocyte 
adhesion (20). To examine whether FybISlap 
plays a role in integrin clustering, we assessed 
LFA-1 distribution on the cell surface after 
CD3&stimulation (14). The proportion offib/ 
slap-'- T cells that exhibited LFA-1 clusters 
after stimulation was markedly reduced com-
pared tofihLs1up"- T cells (Fig. 2, C and D). 
The clusteringdefect in FybISlapdeficient cells 
is not due to a change in clustering kinetics, 
becausefib/slap-'- T cells also exhibit defec-
tive clustering at 15 min or 45 min, whereas 
maximal clustering of fihb~lap+'- T cells is 
seen at 30 min. Thus, FybISlap plays a specific 
role in coupling TCR stimulation to LFA-1 
lateral mobility in the membrane. 

To examine whether the defect in LFA-I 

clustering seen infib/sIap-I- T cells has func-
tional relevance for integrin-mediated adhesion, 
we stimulatedflbslap+'  and hb/slap-l- T 
cells with anti-CD~Eand assayed adhesion to 
plates coated with recombinant mouse ICAM-1 
(mlCAM-1) and human ICAM-2 (hICAM-2) 
(26). Adhesion to hICAM-2 was performed 
using a parallel plate flow chamber that produc-
es a reproducible force on adherent cells and 
quantifies the strength of cell adhesion. Fyb/ 
s l a p p '  T cells stimulated with anti-CD~E 
were defective in adhering to rnICAM-1 and 
hlCAM-2 (Fig. 3, A and B). TCR-induced ad-
hesion mediated by other integrins was also 
defective in fib/sIappl T cells. This was the 
case with adhesion to fibronectin, mediated by 
several integrinsincludinga 5 p1and avP3, and 
adhesion to mouse vascular cell adhesion mol-
ecule-l (mVCAM-l), mediated by a 4  integrins 
(Fig. 3, C and D). The cell surfaceexpressionof 
LFA-1 (CD1la), CD18, CDl lc, a 4  integrin, 
LFA-2, ICAM-1, L-selectin, platelet endotheli-
a1 cell adhesion molecule-1 (PECAM-I), and 
CD30 was not reduced infib/slap-I- T cells 
compared tofih/slap+/- controls. In all cases, 
treatment with PMA, magnesium, or manga-

nese induced comparable adhesion to con-
trols, indicating that the defect in TCR-in-
duced adhesion is due to a block in inside-out 
signaling between the TCR and integrins and 
is not due to an intrinsic defect of the inte-
grins (Fig. 3, A through D). Thus, in the 
absence of FybISlap, communication be-
tween the antigen receptor and multiple inte-
grins is impaired, inhibiting the coupling of 
TCR signaling to T cell adhesion. 

In conclusion, we have shown both in viho 
and in vivo that FybISlap is a critical positive 
regulator of T cell activation and function. Fyb/ 
s1ap-l- T cells are defective in TCR-mediated 
activation, proliferation, and cytokine produc-
tion. In vivo, &b/slap-'- chimeric mice display 
impaired immunity to TD antigens. Functional-
ly, FybISlap has no apparent role in the activa-
tion of known TCR signaling pathways, TCR 
clustering, or F-actin formation. Rather Fybl 
Slap conhols communication between the TCR 
and integrins and regulates integrin clustering 
and integnn-mediated adhesion in response to 
TCR stimulation. Thus, FybISlap is the first 
molecular adapter to be identified that couples 
TCR signaling to integrin activation, inside-out 

Fig. 1.FybISlap is a critical 
regulator of T cell activa-
tion. (A and B) Prolifera-
tion of purified lymph 
node T cells. Cells were yj
stimulated with plate-
bound anti-CD~E(0.75 p d  
ml or 0.25 (Ig/ml). anti-
CD~E(0.25 pg/ml) and 
soluble anti-CD28 (1 c (0.75) (O 25) CD28 lono (0.75) (0 25) CD28 lono 

ml), or with PMA (50 ngl 

nglml). Proliferation was 
ml) plus ionomycin (100 

determined by [3H]thymi-
dine incorporation after 24 
hours (A) or 48 hours (B). 
(C and D) Cytokine pro-
duction. T cells were stim- CD28 lono CD28 lono 
ulated as in (A) for 48 E 

PMA'
hours (C) or 24 hours (D). 
Levelsof lL-2 (C)and IFN-y 
(D) production were deter-

a 

mined by ELISA. (E) Activa- -
tion marker up-re ulation. CD25 
Purified fib/slap+g (solid 
Line) and fibislap-'- (dot-
ted line) T cells were stim-
ulated as indicated for 48 
hours (CD25, top) or 24 
hours (CD69, bottom) and CD69 
analyzed by flow cytom-

- A 

1.5 

etry. (F) Impaired response 2 1.2 2 1.2-
to TD antigen.Fyb/slapcl- 9 0.9 m> 0 9  

(sobd squares) and fib/ o o 
slap-'- (open squares) (10.6 orn 0.6 
chimeric mice (two mice %0.3 g0.3 
per genotype) were immu- - w---
nized with NP-OVA intra- 'do 67 614 421 628 'do d5 d7 dl4 
peritoneally (ip), and se-
rum anti-NP lgCl titers were determined by ELISA. Each curve represents one individual mouse. One 
result representative of two independent experiments is shown. (G) Normal response to TI antigen. 
Fyb/slap+'+ (X), fyb/slap+/- (solid squares) and fyblslap-'- (open squares) chimeric mice (two mice 
per genotype)were immunized with TNP-Ficoll ip, and lgC3 titers were determined by ELISA. Each curve 
represents one ~ndividualmouse. 
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Fig. 2. Nonnal TCR prox- 
imal signaling but im- 
paired integrin clustering 
in the absence of Fybl 
Slap. (A) Calcium mobili- 
zation. Freshly isolated 
INDO-1 loaded peripher- 
al T cells from fyb/ 
slap+'- and fyb/slap-I- 
mice were stimulated A time 
with anti-CDb. Ca2+ c 
flux was measured by 
flow cytometry. The x 
axis shows real time 
Ca2+ release followed for ryh/s/ap*b 
180 s, and the y axis 
shows the intracellular 
Ca2+ concentration. Ar- 
rowheads indicate the 
time of addition of cross- 1 
linking antibody. (B) Ac- 
tivation of Erkl and ErW @wsia+[ 
Purified fyb/slap++ and 
fyb/slap-I- T cells were 
activated with hamster 
anti-CD~E alone or in D 
conjunction with ham- . 
ster antLCD28 for 2, 5, 
(shown) or 10 min. Ac- 
tive Erkl and Erk2 were 1 40 
detected using a phos- 40 
phospecific Ab (p-ERK). 20 
Levels of total Erkl and 
Erk2 protein are shown in 4*C 37% 4°C 37°C 4°C 37°C 
the lower panel Normal 
Erk activation was confirmed using in vitro kinase assays. (C) TCR-induced CD3 clustering, actin 
polymerization, and LFA-1 clustering. T lymphocytes were incubated with anti-CD~E and then with 
biotinylated cross linker at 4OC (control) or 37OC. Cells were cytospun onto slides and fixed with 3.7% 
PFA. TCR-CD3 clustering was visualized using fluorescein isothiocyanate (FITC)-labeled streptavidin and 
fluorescence microscopy. F-actin was visualized with tetramethyl rhodamine isothiocyanate (TRITC)- 
phalloidin, and LFA-1 with a FlTC Ab to  LFA-1. Representative images after activation for 30 min at 3PC 
are shown. (D) TCR-induced CD3 clustering, F-actin polymerization, and LFA-1 clustering. Cells were 
stimulated as in (C). Clustering was quantified using a fluorescent microscope (10 fields counted per 
treatment). Cells were considered to have clustered receptors if the staining pattern showed receptors 
polarized to one side of the cell. 

Fig. 3. FybISlap is required for TCR- A Irvb/s/ap+b B I rvb/s/ap+b 
induced integrin-mediated adhesion. 0 rvb/s/ap-/- fyb/slap-/- 
(A) T cell adhesion to  mlCAM-1. Puri- 71 

fied fyb/slap + I -  and fyb/slap-I- T cells % 
were cultured on plates coated with E 

s 
mlCAM-1. Adherent cells were counted 
by trypan blue exclusion. Adhesion of B 
untreated samples to  mlCAM-1 was 
10% of cells plated for both control and " 
fyb/slap-I- cells, indicating that loss of 
FybISlap did not affect baseline adhe- ae O 

sion. (B) Adhesion of T cells to  hlCAM-2 
under shear stress. Purified fyb/slap+I- 
and fyb/slap-I- T cells were treated as C Irvb/s/ap+A D 
indicated and allowed to  settle on hl- 71 250 0 fyb/slap-/- 

r80 
CAM-2 in a parallel plate flow chamber 8 , 
for 10 min at 37OC. Shear stress was S y 60 
then applied and the percentage of cells 1 E 
remaining attached after each shear 8 Q 40 

stress interval determined. For both (B) I ' S 
and (D), adhesion at 10 dynes/cm2 of 50 2 20 

shear stress is shown, and comparable s 
results were obtained at 4 dynes/cm2 of 8 O FN FN BSA BSA $ 0  

shear force. (C) T cell adhesion to fi- C D ~  PMA C D ~  
bronectin. Purified fyb/slap+I- and fyb/ 
slap-'- T cells were cultured on plates coated with fibronectin or BSA (control) and adhesion 
assays carried out as in (A). Adhesion of untreated cells to  fibronectin was 10% of cells plated for 
both groups. (D) Adhesion of T cells to  mVCAM-1 under shear stress. Adhesion assays were 
performed as described in (B). 

signaling, and T cell adhesion. These data also 
demonstrate that integrin clustering can be ge- 
netically uncoupled from actin reorganization 
and define a previously unknown FybISlap-reg- 
ulated signaling pathway that specifically links 
TCR stimulation to changes in integrin avidity. 
On the basis o f  these studies and other work 
implicating FybtSlap in vasoactive mediator re- 
lease (27), we propose that FybISlap be redes- 
ignated Adhesion and Degranulation promoting 
Adapter Protein (ADAP). 
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hibits uncoupling of TCR-stimulated protein 
tyrosine kinases (PTKs) from signals critical for 
cellular activation (2), we examined TCR-stim- 
ulated biochemical events in purified SLAP- 
130IFyb-'- lymph node and splenic T cells. 
The earliest detectable biochemical event fol- 
lowing engagement of the TCR is activation of 
members of several families of PTKs. SLAP- 
130IFyb-'- T cells exhibit TCR-induced phos- 
phorylation of SLP-76 and PLCy-1 (Fig. 1A) 
similar to control cells. Downstream of PTK 
activation, MAPK up-regulation and calcium 
elevation are required elements in TCR-depen- 
dent cellular activation. Unlike SLP-76-defi- 
cient Jurkat cells, SLAP-130IFyb-'--purified 
T cells display TCR-dependent MAPK phos- 
phorylation with kinetics comparable to con- 
trols (Fig. 1B). We found no decrease in TCR- 
mediated calcium elevation either by ratiomet- 
ric flow cytometric assay (Fig. 1C) or by mi- 
croscopic digital imaging (14) of individual T 
cell fka-2 fluorescence (15). From these data, 
we conclude that SLAP-130IFyb does not reg- 
ulate TCR signaling either at the level of PTK 
activation or in the coupling of PTK activity 
with key cytoplasmic biochemical events. 

TCR signaling results in transactivation of 
several gene products, including the surface 
antigens CD25 and CD69. We stimulated 
purified SLAP-130IFyb-'- T cells with anti- 
CD3 for 18 hours, and assessed expression of 
both markers. Up-regulation of CD25, and to 
a lesser extent, of CD69, was markedly re- 
duced in SLAP-l3O/Fyb-/- T cells com-

.. . 

Tin 

D +/+ 

a 
-C 

I 

--.. 

Following the engagement of lymphocyte sur- 
face receptors, adapter proteins play critical 
roles in regulating second messenger signaling 
cascades (I). T cell receptor (TCR) signaling 
(2) and murine thymocyte development (3, 4) 
require the presence of the hematopoietic adapt- 
er SLP-76 (SH2 domain containing Leukocyte 
Phosphoprotein of 76 kD). SLP-76 likely func- 
tions as a scaffold for multimolecular complex- 
es that coordinate signaling. However, it is not 
filly understood how SLP-76 couples TCR- 
stimulated protein tyrosine kinase (PTK) 
activity with downstream signals. SLP-76 
associates in a TCR-inducible fashion with 
SLAP-130/Fyb, another hematopoietic-spe- 
cific adapter (5, 6). Although SLAP-1301 
Fyb has been implicated in T cell migration 
and rearrangement of the actin cytoskeleton 
(7, 8), overexpression studies seeking to 
define a functional role for SLAP-130IFyb 
in TCR signaling have been inconclusive 
(5, 6). 

To address the role of SLAP-130IFyb in 
TCR signaling, we generated SLAP-130IFyb- 
deficient mice (9-12). SLAP-130IFyb mutant 
animals are born at expected Mendelian fre- 
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quencies; the mice are viable, fertile, and show 
normal growth. Hematopoietic cellularity is 
normal with the exception of modest thrombo- 
cytopenia, a 50% reduction in splenic T cells, 
and mildly decreased thymocyte number (13). 
We found no differences between wild-type 
and SLAP-130IFyb-deficient mice in subsets 
of thymocytes expressing developmental mark- 
ers or coreceptors (13). Thus, SLAP-130IFyb, 
unlike SLP-76, appears dispensable for orderly 
progression of T cell development. 

Because a SLP-76-deficient T cell line ex- 

Fig. 1. Proximal signal- 
ing occurs in the ab- 
sence of SLAP-130/Fyb, 
but early activation anti- 
gen expression is im-
paired. (A) Purified 
splenic T cells (9-72) 
were left unstimulated, 
or treated with soluble 
anti-CD3& (500A2, 5 
pglml ~ h a k i n ~ e n )  for 
indicated minutes, or 
with pervanadate (PV) 
(1 mM NaVO, 1% 

1B:phospho-ERK
H,O,) for 2 min. Cellu- 
lay rysates were pre-
pared in 1% NP-40, and 
were subjected to im- 
munopr&ipitation with 
anti-SLP-76 or anti-PLCyl (Upstate Biotechnology), followed by Western blotting with indicated 
antisera. In (B), cells were left unstimulated or treated with anti-CD~E (500A2, 5 pglml) for the 
indicated times. Resolved cell lysates were interrogated with anti-phospho-ERK (New England 
Biolabs). For (C), purified lymph node T cells (9) were loaded with Indo-1 and stained with 
anti-CD~E at 30°C followed by stimulation with goat anti-hamster (10 pglml). lntracellular 
calcium elevations after TCR stimulation ("anti-CD3") or ionomycin ("lono") were detected by 
ultraviolet laser flow cytometry. (D) Purified splenic T cells were cultured with platebound 
anti-CD~E(2C11, 5 pglml) for 18 hours, stained with anti-CD69 or anti-CD25 (Pharmingen), and 
analyzed by FACS. 

www.sciencemag.org SCIENCE VOL 293 21 SEPTEMBER 2001 2263 

mailto:koretzky@mail.med.upenn.edu

