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Abstract: A fine control of �2 integrin (CD11/
CD18)-mediated firm adhesion of human neutro-
phils to the endothelial cell monolayer is required
to allow ordered emigration. To elucidate the mo-
lecular mechanisms that control this process, in-
tracellular protein tyrosine signaling subsequent to
�2 integrin-mediated ligand binding was studied by
immunoprecipitation and Western blotting tech-
niques. The 72-kDa Syk-kinase, which was ty-
rosine-phosphorylated upon adhesion, was found
to coprecipitate with CD18, the �-subunit of the �2
integrins. Moreover, inhibition of Syk-kinase by
piceatannol enhanced adhesion and spreading but
diminished N-formyl-Met-Leu-Phe-induced che-
motactic migration. The enhancement of adhesive-
ness was associated with integrin clustering, which
results in increased integrin avidity. In contrast,
piceatannol had no effect on the surface expression
or on the affinity of �2 integrins. Altogether, this
suggests that Syk-kinase controls alternation of �2
integrin-mediated ligand binding with integrin
detachment. J. Leukoc. Biol. 74: 260–269; 2003.
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INTRODUCTION

The ordered extravasation of human polymorphonuclear neu-
trophils (PMN) plays a critical role in host defense and inflam-
mation. It is a multistep process that includes margination,
initial capturing of free-flowing leukocytes, leukocyte rolling
along the vessel wall, firm adhesion, transendothelial diapede-
sis, and chemotactic migration to sites of inflammation where
PMN finally exert their defense functions [1]. Leukocyte ad-
hesion molecules of the �2-integrin family (CD11/CD18) play
an important role in this recruitment process by binding to
specific ligands and allowing firm adhesion of PMN to, e.g.,
endothelial cells or other substrates [2]. The �2 integrins are
heterodimeric molecules, which consist of an �-subunit and a
noncovalently bound �-subunit, which span the plasma mem-
brane once [3]. Among the integrin family, which is classified
according to the associated �-subunit, the �1 (CD29), �2

(CD18), and �3 (CD61) integrins are expressed on the cell

surface of human PMN [2, 4, 5]. Members of the �2-integrin
family represent the most abundant integrins on PMN, which
are designated by the different �-subunits as lymphocyte-
function-associated antigen 1 (LFA-1; CD11a/CD18), Mac-1
(CD11b/CD18), and gp150/95 (CD11c/CD18) [2]. There are
currently no data to show the expression of the fourth �2

integrin (CD11d/CD18) on human PMN [6].
The �2 integrins mediate PMN adhesion by binding to

specific ligands: LFA-1 is critically involved in PMN emigra-
tion by binding to the intercellular adhesion molecules 1 and
2 (ICAM-1, -2) on endothelial cells [7, 8], allowing firm adhe-
sion, shape change, spreading, and subsequent emigration of
PMN. Mac-1 is also known as a receptor for ICAM-1 [9], but
several reports suggest a subordinate role of Mac-1 for PMN
adhesion to endothelial cells as compared with LFA-1 [10, 11].
Mac-1 serves as the receptor for complement factor C3bi,
fibrinogen, fibrin, and collagens [12–14]. gp150/95 binds C3bi
and fibrinogen as well [15, 16], but the physiological impact of
these interactions seems less important as a result of the low
surface expression on PMN when compared with the high
abundance of Mac-1 [17]. Thus, the �2 integrins mediate a
variety of extracellular cell–cell and cell–substrate interac-
tions of PMN during the inflammatory response.

Although much progress has been made in understanding
the adhesive functions of the �2 integrins, the question of how
controlled detachment of the �2 integrins is achieved is still
incompletely understood. A fine control of the �2 integrin-
mediated adhesion and de-adhesion is required to allow shape
change and spreading as well as locomotion, e.g., migration of
PMN on the endothelial cell monolayer to the intercellular
junction between neighboring endothelial cells where PMN
eventually transmigrate into the extravascular space: During
this step, strong adhesion has to alternate with integrin detach-
ment to allow locomotion of the PMN on its endothelial sub-
strate while resisting blood flow. As integrins transduce signals
into the cell [18] and thereby contribute to the activation of
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various PMN functions [19] and to the induction of PMN
apoptosis [20, 21], these molecules seem to control PMN in
inflammation by integrating adhesion and signaling at the
molecular level. The first evidence that �2 integrins by them-
selves are involved in the initiation of cellular responses by
exerting an intracellular signaling capacity upon ligand bind-
ing was obtained by the finding that tumor necrosis factor �
(TNF-�)-induced superoxide anion production in human PMN
depends on �2 integrins [22]. Subsequently, activation of dif-
ferent signaling components has been reported upon �2 inte-
grin-mediated adhesion including tyrosine phosphorylation of
the adaptor protein c-Cbl, Syk-kinase, and the Src kinases Fgr
and Lyn, respectively [23–26].

The present study was undertaken to investigate the hypoth-
esis that �2 integrin-mediated signal-transduction events,
which are elicited upon ligand binding of the �2 integrins, may
contribute to the control of the binding cycle of the �2 integrins
in human PMN. To elucidate these intracellular events that
control firm �2 integrin-mediated adhesion and de-adhesion,
intracellular protein tyrosine phosphorylation following ligand
interactions of the �2 integrins was studied by Western blotting
and immunoprecipitation techniques. Furthermore, the cell-
surface expression and the affinity state of the �2 integrins
were investigated by flow cytometry, and the subcellular local-
ization of the �2 integrins was analyzed by confocal micros-
copy. Allowing PMN adhesion to immobilized fibrinogen, a
native ligand of the �2 integrins Mac-1 and gp150/95, induced
the ligand interactions of the �2 integrins. The role of Syk-
kinase for �2 integrin-mediated signaling was analyzed using
the Syk-kinase inhibitor piceatannol. Studying �2 integrin-
mediated adhesion and spreading of PMN on immobilized
fibrinogen as well as chemotactic migration in response to the
chemoattractant formyl-Met-Leu-Phe (fMLP) elucidated the
physiological relevance of Syk-kinase-dependent integrin sig-
naling.

MATERIALS AND METHODS

Isolation of human PMN

Human blood was collected from healthy donors by venipuncture using a
heparinized (10 units/ml) syringe. Erythrocyte sedimentation was performed in
the presence of 40% (v/v) autologous plasma. The leukocyte-rich plasma was
layered onto a discontinuous Percoll gradient as described [27] and centrifuged
at 600 g for 20 min. The PMN-containing band was collected and washed in
Dulbecco’s phosphate-buffered saline (PBS). Cells were resuspended in
HEPES buffer (20 mM HEPES and 0.9% NaCl) supplemented with 0.1% (w/v)
glucose. PMN viability was �97%, as judged by a trypan blue exclusion test.
Purity was �99%, as analyzed by microscopy using Hemacolor™ staining
(Merck, Darmstadt, Germany).

Antibodies

The monoclonal antibody (mAb) directed against phosphotyrosine residues was
obtained from Upstate Biotechnology [Lake Placid, NY; clone 4G10; immu-
noglobulin G (IgG)2b]. The anti-Syk mAb 4D10 (IgG2a) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The anti-c-Cbl mAb (clone 17)
was obtained from Transduction Laboratories (Lexington, KY). The mAb IB4
(mouse anti-human CD18, IgG2a) was isolated from hybridoma supernatants
(American Type Culture Collection, Manassas, VA; 10164-HB) by protein
A-Sepharose. Purity was tested by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE), and the saturating concentration was determined
by flow cytometry. The anti-CD18 mAb 7E4 (IgG1) was obtained from Immu-
notech (Marseille, France). The anti-CD18 mAb 6.5E was provided courtesy of
Dr. Martyn K. Robinson (Celltech, Slough, UK) [28]. The anti-CD18 mAb
CBRM1/5, which binds to an activation-specific neoepitope of Mac-1, was a
generous gift of Dr. Timothy A. Springer (Harvard University, Boston, MA)
[29]. The fluorescein isothiocyanate (FITC)-conjugated rabbit anti-mouse IgG
as well as the RPE-conjugated anti-human CD11b mAb (clone 2LPM19c) were
obtained from Dakopatts (Glostrup, Denmark). The nonbonding, isotype-
matched control mAb of the IgG1 subclass and the peroxidase-conjugated goat
anti-mouse IgG were purchased from Sigma (Deisenhofen, Germany). The
isotype-matched control mAb of the IgG2a and IgG2b subclasses were obtained
from Calbiochem (La Jolla, CA).

Integrin engagement

Engagement of �2 integrins was induced by adhesion of PMN to immobilized
fibrinogen as described previously [24]. Briefly, 500 �l aliquots of PMN
(5�106/ml) in HEPES buffer were seeded onto Petri dishes (2 cm diameter)
coated with human fibrinogen at a final concentration of 250 �g/ml at 4°C
overnight, followed by two extensive washes. Adhesion was induced at 37°C in
the presence of 1.2 mM Ca2� and 1 mM Mg2� alone or by additional treatment
with 1 mM Mn2�. In the absence of divalent cations, only minimal adhesion
was observed (data not shown). After aspiration of the supernatant, PMN
stimulation was terminated by addition of 90 �l 1� Laemmli buffer [2% (w/v)
SDS, 6% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, and a trace amount of
bromphenol blue in 200 mM Tris-HCl, pH 6.8], supplemented with 10 mM
sodium orthovanadate. For negative control, PMN were kept in suspension
under the experimental conditions used for adherent cells. The stimulation of
suspended PMN was terminated by addition of 3 vol of 3� Laemmli buffer,
and samples were subjected to SDS-PAGE.

Immunoprecipitation

PMN (2.5�107) were lysed for 10 min on ice with 500 �l modified radio
immunoprecipitation assay (RIPA) buffer [50 mM HEPES, 150 mM NaCl, 1
mM EDTA, 0.1% SDS, 0.5% deoxycholic acid, 100 mM sodium fluoride, 5 mM
diisopropylfluorophosphate (DFP), 10 mM sodium vanadate, 2 mM phenyl-
methylsulfonyl fluoride (PMSF), 10 mM tetrasodium pyrophosphate, 10 mM
p-nitrophenyl phosphate, 10 �g/ml antipain, 2 �g/ml aprotinin, 2 �g/ml
chymostatin, 2 �g/ml leupeptin, 1 �g/ml pepstatin, pH 7.5]. Cell lysates were
precleared by centrifugation (12,000 g, 4°C, 10 min). The supernatant was
subjected to 10 �g primary mAb coupled to 75 �l protein A-Sepharose for 1 h
at 4°C under gentle rotation. After washing twice with lysis buffer, immuno-
precipitates were eluted by boiling samples in 90 �l 1� Laemmli buffer for 6
min at 100°C and were subjected to SDS-PAGE.

Immunodepletion

PMN (4�106) were lysed for 10 min on ice with 80 �l immunodepletion buffer
[50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 0.05% SDS, 0.5% deoxycholic
acid, 1% Nonidet P-40 (NP-40), 100 mM sodium fluoride, 5 mM DFP, 2 mM
PMSF, 10 �g/ml antipain, 2 �g/ml aprotinin, 2 �g/ml chymostatin, 2 �g/ml
leupeptin, 1 �g/ml pepstatin, pH 7.5]. Cell lysates were precleared by cen-
trifugation (12,000 g, 4°C, 10 min). The supernatant was subjected to 10 �g
primary anti-Syk mAb (or the isotype-matched mAb for negative control)
coupled to 75 �l protein A-Sepharose for 1 h at 4°C under gentle rotation. The
supernatant was collected by centrifugation, and after addition of 3 vol of 3�
Laemmli buffer, the samples were immediately heated for 6 min at 100°C and
subjected to SDS-PAGE.

SDS-PAGE and immunoblotting

Total cell lysates, immunoprecipitates or immunodepletates, were subjected to
SDS-PAGE on gels containing 10% (w/v) acrylamide under reducing condi-
tions [30]. Separated proteins were transferred to nitrocellulose filters using a
semidry technique at 150 mA for 1.5 h. All blots were tested for loading of
equal amounts of protein in each lane by Ponceau S staining. Prior to
incubation for 1 h with a final concentration of �1 �g/ml primary mAb in
Tris-buffered saline (TBS) supplemented with 0.1% bovine serum albumin
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(BSA), filters were blocked by treatment with 3% ovalbumin in TBS for 1 h.
After three washes in TBS containing 0.05% Tween-20, filters were incubated
for 1 h with the peroxidase-conjugated goat anti-mouse IgG (final dilution,
1:1000) in TBS supplemented with 0.1% BSA and subsequently washed as
described above. Detection was performed by chemiluminescence using an
enhanced chemiluminescence kit (Amersham Life Sciences, Braunschweig,
Germany) and subsequent autoluminography by exposure to X-ray films
(XOMAT-AR, Kodak, Germany).

Adhesion assay

PMN (2.5�104/100 �l) were seeded onto 96-well microtiter plates coated with
human fibrinogen as described above for integrin engagement. After 30 min,
unattached PMN were rinsed away by washing wells twice with PBS. Computer
micrographs of adherent cells were generated using a Nikon microscope and a
10� objective. Adherent cells in the visual field (�0.74 mm2) were counted
off-line. The obtained results were confirmed by measuring adhesion of the
identical samples using the crystal violet assay. For this assay, PMN were fixed
with 1% glutaraldehyde in PBS and stained with 0.1% crystal violet. Plates
were photometrically measured at 570 nm after lysis in 0.5% Triton X-100
overnight at room temperature. Experiments were done in triplicates. Blanks
were measured in the absence of cells to determine background extinction.

Analysis of cell morphology

PMN were subjected to morphological analysis 30 min after the onset of
adhesion in the presence of immobilized fibrinogen following the experimental
procedure described for the adhesion assay. PMN were analyzed before the
removal of unattached cells on a Nikon microscope using an HMC 40/0.6
objective.

“Under-agarose” assay

Tissue-culture dishes (Becton Dickinson, Plymouth, UK; 8.5 cm diameter)
were filled with an agarose solution containing 0.4% agarose and 0.04% BSA
in PBS supplemented with 1.2 mM Ca2� and 1 mM Mg2�. After solidification,
two 1.2-mm diameter holes were cut into the gel 2.4 mm apart from each other
using a template. After thermoequilibration at 37°C, one hole was filled with
10 �l PMN suspension (5�104/sample); the second hole was filled with 10 �l
50 nM fMLP as chemoattractant. PMN were allowed to migrate in response to
the stimulus through the agarose gel for 2 h at 37°C. The results were analyzed
by light microscopy using a Nikon microscope with an HMC 10/0.25 objective.
In the absence of a stimulus, no site-directed migration of PMN was observed
(data not shown).

“Boyden”-chamber assay

PMN (1�106/sample) were allowed to transmigrate in a Boyden-chamber for
1 h at 37°C through Transwell filters (6.5 mm diameter, 3 �m pore size;
Corning Costar, Cambridge, MA) in response to 10 nM fMLP. Transmigrated
PMN were harvested from the lower chamber in the presence of 5 mM EDTA
and counted under the microscope. The assay was done in duplicates.

Cell-surface expression of CD antigens

PMN (5�105/100 �l) were incubated with a saturating concentration of 10
�g/ml primary mAb for 1 h on ice and washed twice. After incubation for 1 h
with the secondary FITC-conjugated rabbit anti-mouse IgG (final dilution of
1:20) on ice and in the dark, samples were subjected to flow cytometry
(FACscan, Becton Dickinson). In each sample, 104 cells were counted and
analyzed off-line using CellQuest™ software.

Analysis of integrin clustering

Prior to the staining procedure, PMN were fixed with 3% paraformaldehyde,
washed twice, and treated with 1% BSA in PBS for 30 min at room tempera-
ture. Subsequently, PMN were incubated with a final concentration of 10 �g/ml
RPE-conjugated anti-CD11b mAb 2LPM19c for 1 h at room temperature and
in the dark. After washing twice, PMN were subjected to confocal microscopy
(LSM 410/Axiovert 135 M, Zeiss, Oberkochen, Germany).

Reagents

Antipain, aprotinin, BSA, chymostatin, crystal violet, DFP, deoxycholic acid,
human fibrinogen, fMLP, leupeptin, NP-40, ovalbumin, pepstatin, Percoll,
p-nitrophenyl phosphate, PMSF, Ponceau S, protein A-Sepharose, sodium
fluoride, SDS, sodium orthovanadate, tetrasodium pyrophosphate, Triton
X-100, TNF-�, and Tween-20 were obtained from Sigma. Piceatannol was
obtained from Calbiochem. Buffers were obtained from Biochrom (Berlin,
Germany). Electrophoresis calibration standards for molecular mass determi-
nation were purchased from Pharmacia (Freiburg, Germany).

Statistical analysis

Data shown represent mean � SD where applicable. Statistical significance was
determined using Student’s t-test; P 	 0.05 was considered statistically
significant.

RESULTS

To study the question whether �2 integrins (CD11/CD18) by
themselves may control their binding cycle, i.e., alternation of
ligand binding and detachment, by evoking signal-transduction
events in human PMN, intracellular protein tyrosine phosphor-
ylation subsequent to �2 integrin-mediated adhesion was stud-
ied by Western blotting and immunoprecipitation techniques.
Extracellular ligand interactions of �2 integrins were allowed
in the presence of 1.2 mM Ca2�, 1 mM Mg2�, and 1 mM Mn2�

by incubating PMN on immobilized fibrinogen, a native ligand
of the �2 integrins Mac-1 (CD11b/CD18) and gp150/95
(CD11c/CD18). When compared with suspended PMN, adhe-
sion of PMN immobilized fibrinogen-induced intracellular pro-
tein tyrosine phosphorylation within 10 min after the onset of
adhesion (Fig. 1): The proteins that became tyrosine-phospho-
rylated showed apparent molecular masses of 120 kDa, 78
kDa, 72 kDa, 68 kDa, and 56 kDa, respectively. Western
blotting using an anti-Syk-kinase mAb revealed that Syk-
kinase showed the same molecular mass as the 72-kDa protein,
which became tyrosine-phosphorylated upon adhesion to im-
mobilized fibrinogen. Immunoprecipitation of Syk-kinase using
an anti-Syk-kinase mAb revealed that the 72-kDa protein was
identical to Syk-kinase as demonstrated by blotting the Syk-
kinase immunoprecipitates for phosphotyrosine residues or
Syk-kinase, respectively. This was confirmed by the analysis of
phosphotyrosine immunoprecipitates in a Western blot for
Syk-kinase. Moreover, immunodepletion of Syk-kinase from
whole-cell lysates resulted in a loss of this protein in the cell
lysate, further confirming the specificity of the observed effect.
Together, this shows that �2 integrin-mediated firm adhesion
induces tyrosine phosphorylation of Syk-kinase in human
PMN.

To find out whether Syk-kinase may be associated with the
�-subunit of the �2 integrins, CD18 was immunoprecipitated
using the specific anti-CD18 mAb 7E4 or 6.5E, respectively
(Fig. 2A). The analysis of the precipitates in a Western blot for
Syk-kinase showed that Syk-kinase coprecipitated with CD18
in suspended and in adherent PMN, suggesting that Syk-kinase
is constitutively associated with the �-subunit of the �2 inte-
grins. However, adherent PMN showed a slightly higher degree
of Syk-CD18 association when compared with suspended cells,
suggesting that adhesion may promote association between
CD18 and Syk. For control, association of CD18 with c-Cbl was
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studied, a 120-kDa protein that was previously shown to be-
come tyrosine-phosphorylated upon �2 integrin-mediated ad-
hesion of human PMN [24]. The Western blot for c-Cbl re-
vealed that c-Cbl was only detectable in the whole-cell lysate
analyzed for positive control, but it was absent from the im-
munoprecipitates of CD18 (Fig. 2B). This shows that Syk-
kinase but not c-Cbl is specifically associated with CD18, the
�-subunit of the �2 integrins.

To study the biological relevance of the observed signaling
pathway, PMN were treated with different concentrations of
piceatannol, an inhibitor of Syk-kinase, before the induction of
adhesion in the presence of immobilized fibrinogen and diva-
lent cations. As demonstrated in a Western blot for phospho-
tyrosine residues (Fig. 3A), a final concentration of 10 �M
piceatannol inhibited tyrosine phosphorylation of Syk-kinase
in adherent PMN to some extent when compared with vehicle-
treated, adherent control cells. Tyrosine phosphorylation of
Syk-kinase was almost completely absent at a final concentra-
tion of 30 �M piceatannol. However, the tyrosine phosphory-
lation of other proteins also decreased, suggesting that they
may be downstream of the Syk in the signaling pathway.

The treatment of PMN with final concentrations of 1, 3, 10,
or 30 �M piceatannol significantly promoted adhesion of PMN
up to �660% of the values measured in vehicle-treated control
cells (100%) in a dose-dependent manner (Fig. 3B). Also,
spreading of PMN on immobilized fibrinogen within 30 min
after the onset of adhesion, which was analyzed by light mi-
croscopy, was enhanced in the presence of 30 �M piceatannol
when compared with vehicle-treated cells (Fig. 3C). Thus,
inhibition of Syk-kinase not only enhanced �2 integrin-medi-
ated adhesion of PMN but also promoted spreading over im-
mobilized fibrinogen, suggesting that Syk-kinase plays a role in
the control of �2 integrin-mediated adhesion of human PMN. In
contrast, inhibition of Syk-kinase by piceatannol decreased
TNF-�-induced (300 U/ml) adhesion and spreading of PMN to
immobilized fibrinogen (data not shown), which may show that
Syk has a dual function in regulating integrin adhesiveness.

Next, the role of Syk-kinase in migration was studied in an
under-agarose assay. PMN were treated with 30 �M piceatan-
nol or vehicle before fMLP-induced chemotactic migration
(Fig. 4A). Within 2 h after the onset of the experiment, a
substantial migration of PMN was observed in response to 50

Fig. 1. The 72-kDa protein was identical to Syk-kinase. Human PMN were lysed immediately (S0) or were incubated for 10 min at 37°C in the presence of 1.2
mM Ca2�, 1 mM Mg2�, and 1 mM Mn2� in suspension (S) or were allowed to adhere to immobilized fibrinogen (A). Western blots (WB) of whole-cell lysates,
immunoprecipitates of Syk-kinase (IP syk), phosphotyrosine residues (IP P-Tyr), immunodepleted cell lysates using an anti-Syk-kinase mAb (IDsyk), an
isotype-matched control mAb (IDC), and whole-cell lysates without mAb (ID–). For negative control, immunoprecipitation was performed in the absence of
whole-cell lysates with lysis buffer alone (–) or in the presence of whole-cell lysates using an isotype-matched control mAb (IPC). Blots shown are representative
of three independent experiments.

Fig. 2. Syk-kinase but not c-Cbl was as-
sociated with CD18. Human PMN were
kept in suspension (S) or were allowed to
adhere to immobilized fibrinogen (A) for
10 min at 37°C in the presence of 1.2 mM
Ca2�, 1 mM Mg2�, and 1 mM Mn2�.
Whole-cell lysates (C) or immunoprecipi-
tates (IP) of CD18 using the mAb 7E4 or
6.5E were analyzed in Western blots (WB)
using an anti-Syk-kinase mAb (�-Syk; A)
or an anti-c-Cbl mAb (�-c-Cbl; B). For
negative control, immunoprecipitation was
performed in the absence of whole-cell
lysates with lysis buffer alone (–). Blots
shown are representative of three indepen-
dent experiments.
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nM fMLP. The fMLP-induced response was almost com-
pletely absent in the presence of piceatannol. This demon-
strates that the Syk-kinase inhibitor abolished the chemo-
tactic migration of PMN. In additional experiments, the
effect of the inhibition of Syk-kinase by piceatannol on
migration was studied in a Boyden-chamber using 10 nM
fMLP as chemoattractant (Fig. 4B). Within 1 h after the
onset of the experiment, 6.4.% of the PMN added (100%)
transmigrated spontaneously without further stimulation as
measured for control. In contrast, fMLP induced transmi-
gration of 61.1% of PMN. This effect was significantly
impaired upon inhibition of Syk-kinase by piceatannol,

which decreased fMLP-induced transmigration to 37.5%.
The presence of the function blocking anti-CD18 mAb IB4
decreased migration to 28.3 � 5.0% of total cells added
(n
7), demonstrating that PMN migration in the Boyden-
chamber assay was partially dependent on CD18 (data not
shown). Coapplication of piceatannol and the anti-CD18
mAb IB4 had no further effect and resulted in 26.8 � 10.9%
of migration, demonstrating that there was no additive effect
on inhibition of Syk-kinase and CD18 (data not shown).
Altogether, these experiments suggest that the inhibition of
tyrosine phosphorylation of Syk-kinase by piceatannol de-
creases chemotactic migration of PMN.

Fig. 4. Inhibition of Syk-kinase profoundly dimin-
ished chemotactic migration. (A) PMN (5�104/sam-
ple) were treated with 30 �M piceatannol or vehicle
for 30 min at 37°C, and cells were allowed to migrate
from a hole in the agarose gel to a second hole in the
distance of 2.4 mm filled with 50 nM fMLP (X) in the
presence of 1.2 mM Ca2� and 1 mM Mg2�. The
results were analyzed after 2 h by light microscopy.
Data are representative of three independent experi-
ments. (B) PMN (1�106/sample) were treated with 30
�M piceatannol or vehicle for 30 min at 37°C, and
cells were allowed to transmigrate in a Boyden-cham-
ber for 1 h at 37°C through Transwell filters in re-
sponse to 10 nM fMLP in the presence of 1.2 mM
Ca2� and 1 mM Mg2�. Spontaneous transmigration
was measured in the absence of a chemotactic stim-
ulus (control). Transmigrated cells were harvested and counted under the microscope. Transmigration was calculated as transmigrated cells in percent of total cell
number (100%). N 
 3; mean � SD; *, P 	 0.05.

Fig. 3. Inhibition of Syk-kinase
enhanced adhesion and spreading.
Human PMN were treated with in-
dicated concentrations of piceatan-
nol (pic) or vehicle (v) for 30 min at
37°C before induction of adhesion
to immobilized fibrinogen at 37°C
in the presence of 1.2 mM Ca2�, 1
mM Mg2�, and 1 mM Mn2�. (A)
Antiphosphotyrosine Western blot
of whole-cell lysates of vehicle- or
piceatannol-treated PMN (10 �M
or 30 �M) 10 min after the onset of
adhesion. Blot shown is representa-
tive of three independent experi-
ments. (B) Adhesion of PMN to im-
mobilized fibrinogen after treatment
with piceatannol or vehicle in per-
cent of the vehicle-treated control
(100%). The number of adherent
PMN was determined 30 min after
the onset of adhesion by counting
adherent cells under the micro-
scope. Mean � SD; n
 6; *, P 	
0.05. Measuring adhesion with the
crystal violet assay gave similar re-
sults (data not shown). (C) Photomi-
crographs of PMN 30 min after the
onset of adhesion. Data are repre-
sentative of three independent ex-
periments.
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To elucidate the mechanism by which inhibition of tyrosine
phosphorylation of Syk-kinase enhanced �2 integrin-mediated
adhesion and spreading of PMN and thereby down-regulated
their mobility, the expression of CD18 on the cell surface of
PMN treated with piceatannol or vehicle was studied by flow
cytometry (Fig. 5A). For positive control, PMN were stimu-
lated with 100 nM fMLP, which induced a substantial increase
of CD18 expression on the cell surface when compared with the
expression of CD18 on unstimulated cells. In contrast, treat-
ment of PMN with 30 �M piceatannol had no effect on CD18
expression on the cell surface. This was also true for concen-
trations of 1, 3, and 10 �M piceatannol (Fig. 5B). Piceatannol
also had no effect on fMLP-induced up-regulation of CD18
expression (data not shown). Thus, enhanced adhesion and
spreading of PMN after inhibition of tyrosine phosphorylation
of Syk-kinase were not a result of an altered expression of �2

integrins.
Next, the affinity state of �2 integrins after treatment of PMN

with piceatannol was investigated by use of the mAb
CBRM1/5, which is directed against activation-specific neo-
epitopes on �2 integrins [29]. For positive control, PMN were
stimulated with 100 nM fMLP. As expected, fMLP substan-
tially enhanced the number of activated �2 integrins on PMN
when compared with unstimulated cells (Fig. 6A). In contrast,
the affinity state of the �2 integrins was not affected by the
Syk-kinase inhibitor piceatannol when compared with vehicle-
treated cells. This was true for unstimulated cells and for cells

that were stimulated with 1, 3, 10, 30, or 100 nM fMLP after
pretreatment with 30 �M piceatannol for 30 min (Fig. 6B). This
shows that enhanced adhesive interactions of the �2 integrins
upon inhibition of Syk-kinase are not a result of an up-regu-
lation of the affinity state of the �2 integrins.

Finally, the effect of piceatannol on the clustering of the �2

integrins was investigated by confocal microscopy. PMN were
treated with 30 �M piceatannol or vehicle before incubation of
PMN in suspension or induction of adhesion on immobilized
fibrinogen for 30 min. Cell-surface expression of CD18 was
analyzed using the RPE-conjugated anti-CD11b mAb
2LPM19c (Fig. 7). Ligand binding of the �2 integrins induced
the well-known clustering of the �2 integrins in adherent PMN
when compared with suspended PMN, which showed a random
surface expression of CD18. When compared with vehicle-
treated cells, inhibition of tyrosine phosphorylation of Syk-
kinase induced enhanced clustering of the �2 integrins in
suspended and adherent PMN. Thus, inhibition of Syk-kinase
may promote PMN adhesiveness by enhancing the clustering of
the �2 integrins which is known to result in increased integrin
avidity.

DISCUSSION

Leukocyte adhesion molecules of the �2 integrin family,
which mediate the firm adhesion of human PMN to the

Fig. 5. Inhibition of Syk-kinase had no effect on CD18 expression. Expression of CD18 on the cell surface as measured by flow cytometry. (A) PMN were treated
with 10 �g/ml nonbonding, isotype-matched control mAb (isotype control) or with the anti-CD18 mAb 7E4 without stimulation (unstimulated) or after stimulation
with 100 nM fMLP for 10 min, respectively. Samples were labeled with the secondary FITC-conjugated rabbit anti-mouse IgG in a final dilution of 1:20 (upper
panel). PMN were treated with 30 �M piceatannol or vehicle for 30 min at 37°C and were stained as described above (lower panel). Data are representative of
three independent experiments. (B) PMN were incubated for 30 min at 37°C with indicated concentrations of piceatannol or vehicle, respectively. Data represent
mean fluorescence intensity in percent of vehicle-treated control (100%) and were stained as described above. N 
 4; mean � SD; n.s., not significant.
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endothelial cell monolayer during the inflammation re-
sponse, are known to transduce signals into the cell by
evoking intracellular protein tyrosine phosphorylation [24 –
26]. In this study, the 72-kDa protein, which became ty-
rosine-phosphorylated upon �2 integrin-mediated adhesion,
was identified as Syk-kinase by immunoprecipitation exper-
iments. Tyrosine phosphorylation of the 72-kDa protein was
also observed upon antibody cross-linking of CD18 [24],
demonstrating that clustering of CD18 causes phosphoryla-
tion of Syk. Furthermore, coimmunoprecipitation experi-
ments revealed that the Syk-kinase was associated with
CD18, the �-subunit of �2 integrins. These findings are
consistent with other studies, which have shown that ligand
binding of �2 integrins leads to the formation of protein
complexes containing the �-subunit of �2 integrins, Syk-
kinase, and the Src-kinases Fgr and Lyn [25, 26]. The
present study, however, provides evidence for a direct as-
sociation of Syk-kinase and the �2 integrins. Moreover, we
found that both molecules are constitutively associated in
suspended and adherent cells. Similar results were obtained
in the macrophage cell line BAC1, where CD18 and Syk-
kinase were found to be constitutively associated [31].
Moreover, another report presented evidence that the bind-
ing of Syk-kinase to the cytoplasmic domain of the �-sub-
unit of the �1, �2, and �3 integrins is mediated by a
phosphotyrosine-independent interaction via the tandem N-
terminal Src homology 2 domains of Syk [32]. However,
these results are in contrast to the above-mentioned study
[25], where an association of Syk-kinase and CD18 was only
found in TNF-�-stimulated, adherent PMN but not in PMN
that were exposed to immobilized fibrinogen in the absence
of TNF-�. This discrepancy may be a result of the fact that

different detergents were used for the immunoprecipitation
experiments, which may affect the stability of the protein
complexes: In the present study, the immunoprecipitation
was performed with modified RIPA buffer with 0.1% SDS
and 0.5% deoxycholate in the absence of Triton X-100,
whereas 0.2% Triton X-100 was used in the above-men-
tioned study [25]. In the present study, we observed that
adherent PMN showed a slightly higher degree of Syk-CD18
association when compared with suspended PMN, suggest-
ing that ligand binding may promote this interaction. Fur-
thermore, we showed that the 120-kDa adaptor protein
c-Cbl, which is tyrosine-phosphorylated upon �2 integrin
engagement [24], was not associated with the �-subunit of
�2 integrins, confirming the specificity of the observed
effect. However, the fact that c-Cbl regulates Syk-kinase
negatively [33] and acts as a substrate of Src-kinase [34, 35]
suggests a signaling pathway in which the Syk-kinase con-
nects the �2 integrins and Src-kinases via c-Cbl. Although
it is known that tyrosine phosphorylation via Src kinases
initially activates Syk-kinase, the majority of Syk-phosphor-
ylation is generated by transphosphorylation, a mechanism
described for Syk-kinase-mediated Fc receptor signaling
and designated as an activation loop phosphorylation chain
reaction [36]. Moreover, this step was previously reported to
be essential for the propagation of Syk-kinase-mediated,
downstream signaling events [37]. However, the activation
loop chain reaction requires that the Syk molecules come
into a critical vicinity to each other. As the present study
provides evidence that Syk is associated with CD18, clus-
tering of �2 integrins, which is a consequence of �2 inte-
grin-mediated adhesion [23], fulfills this requirement. This
suggests that ligand binding of the �2 integrins and subse-

Fig. 6. Inhibition of Syk-kinase had no effect on expression of activation-specific neoepitopes on �2 integrins. (A) PMN (2�106/sample) were left untreated for
negative control (unstimulated) or were stimulated for 10 min with 100 nM fMLP. Expression of activation-specific neoepitopes on CD18 was detected by flow
cytometry using 10 �g/ml anti-CD18 mAb CBRM1/5 and the secondary FITC-conjugated rabbit anti-mouse IgG in a final dilution of 1:20. Original fluorescence
histograms are shown. (B) PMN were treated for 30 min at 37°C with 30 �M piceatannol and were stimulated with 1, 3, 10, 30, or 100 nM fMLP for 10 min. Data
represent CBRM1/5-positive cells in percent of total cell number (100%). Mean � SD; n
4; *, P 	 0.05, versus unstimulated control; n.s., not significant.
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quent integrin clustering may suffice to initiate the Syk-
mediated signaling pathway. To elucidate the functional role
of �2 integrin-mediated activation of Syk-kinase, we used
the Syk-kinase-specific inhibitor piceatannol [38, 39]. How-
ever, piceatannol has been found to inhibit the activity of
other kinases, i.e., focal adhesion kinase and Scr-kinase
[40], but this was only true for concentrations that were far
beyond the concentration of 30 �M, which was used in our
study. We found that the concentration of 30 �M piceatan-
nol inhibited tyrosine phosphorylation of Syk-kinase almost
completely. However, tyrosine phosphorylation of other pro-
teins also decreased in the presence of piceatannol. This is
also true for Syk-deficient neutrophils, which show de-
creased phosphorylation of c-Cbl, Pyk2, and Vav1 [41],
suggesting that these proteins are downstream of Syk in the
signaling pathway.

By means of adhesion assays, we found that the inhibition
of Syk-kinase by piceatannol induced a profound increase of
PMN adhesion and spreading on immobilized fibrinogen
when adhesion was induced by divalent cations in the
absence of soluble mediators. In contrast, TNF-�-stimulated
adhesion and spreading of PMN on immobilized fibrinogen
were substantially decreased upon inhibition of Syk-kinase
with piceatannol. This is in accordance with a previous
study where Syk-deficient BAC1 cells failed to spread on
ICAM-1 in response to various proinflammatory mediators

[31]. Decreased TNF-�-induced adhesion was also observed
in Syk-deficient neutrophils exposed to immobilized fibrin-
ogen [41]. Thus, Syk-kinase seems to exert the opposite
effect upon costimulation by �2 integrin-mediated adhesion
and soluble mediators when compared with the role of
Syk-kinase upon induction of �2 integrin-mediated adhe-
sion in the absence of soluble mediators. This would suggest
a dual function of Syk-kinase, but the molecular mechanism
underlying this effect is still elusive. We found that inhibi-
tion of Syk-kinase inhibited migration of PMN in response to
10 and 50 nM fMLP. In a recent report, Mocsai et al. [42]
observed that migration of Syk-deficient PMN was only
inhibited in response to 300 nM fMLP but not at higher
concentrations. The authors concluded that fMLP-induced
migration was not affected in Syk-deficient PMN. This con-
clusion is probably not correct, as high concentrations of
fMLP (�100 nM) induce profound chemokinesis. Thus, the
results by Mocsai et al. [42] probably show that chemoki-
nesis is independent of Syk. Moreover, they used filters with
a pore size of 8 �m, which is comparably large for detecting
chemotactic migration of PMN. Finally, the chemotactic
migration of PMN in this assay system only partially de-
pends on CD18. Altogether, this may suggest the experi-
mental design used by Mocsai et al. [42] is probably not
suitable to measure chemotaxis of PMN.

However, we found that Syk-kinase negatively regulates
clustering of �2 integrins, which is known to control the
avidity of the �2 integrins [43]. This finding is consistent
with data obtained from K562 cells, which show that LFA-
1-mediated cell adhesion to ICAM-1 is predominantly reg-
ulated by receptor clustering and that affinity alterations do
not necessarily coincide with strong ICAM-1 binding [44].
Thus, avidity regulation of integrins seems to represent the
pivotal mechanism for the control of leukocyte adhesion.
Other studies propose specialized membrane regions, called
rafts, serving as platforms for signaling molecules such as
Src family members, G-proteins, phosphatidylinositol-3 ki-
nase, and adaptor proteins [45, 46]. Clustering of membrane
rafts was suggested to regulate LFA-1-mediated adhesion in
T cells [47]. It is interesting that clustering and not only
ligand binding of �2 integrins by itself are known to initiate
the signaling process in human PMN [23]. Together, this
supports the concept that clustering of �2 integrins by
immobilized ligands may critically approach signaling mol-
ecules, e.g., constitutively �2 integrin-associated Syk-ki-
nase, which induces signaling events that control adhesion-
dependent cell functions. Integrin clusters have been found
to be highly motile in stationary fibroblasts [48]. In contrast,
the integrin clusters were stationary and only moved in the
tail of the migrating cell, suggesting that the dynamics of
integrin clustering are important for the control of cell
motility [48]. Our study suggests that Syk-kinase promotes
the dynamic turnover of integrin clusters of human PMN in
the absence of soluble mediators and therefore may be
critical to ensure the migratory capacity of PMN, which
represent an important function for their role in host de-
fense.

Fig. 7. Inhibition of Syk-kinase induced clustering of the �2 integrins.
PMN were treated for 30 min at 37°C with 30 �M piceatannol or vehicle
and were kept in suspension (S) or were allowed to adhere to immobilized
fibrinogen (A) for 30 min at 37°C in the presence of 1.2 mM Ca2�, 1 mM
Mg2�, and 1 mM Mn2�. PMN were stained with 10 �g/ml PE-conjugated
anti-CD11b mAb 2LPM19c. Samples were analyzed by confocal micros-
copy. Original bar 
 10 �M. Data are representative of three independent
experiments.

Willeke et al. Syk controls the binding cycle of �2 integrins 267



ACKNOWLEDGMENTS

Deutsche Forschungsgemeinschaft (SFB366/C3) supported
this study.

REFERENCES

1. Springer, T. A. (1994) Traffic signals for lymphocyte recirculation and
leukocyte emigration: the multistep paradigm. Cell 76, 301–314.

2. Arnaout, M. A. (1990) Structure and function of the leukocyte adhesion
molecules CD11/CD18. Blood 75, 1037–1050.

3. Hynes, R. O. (1992) Integrins: versatility, modulation, and signaling in
cell adhesion. Cell 69, 11–25.

4. Bohnsack, J. F., Akiyama, S. K., Damsky, C. H., Knape, W. A., Zimmer-
man, G. A. (1990) Human neutrophil adherence to laminin in vitro. J. Exp.
Med. 171, 1221–1237.

5. Lawson, M. A., Maxfield, F. R. (1995) Ca2�- and calcineurin-dependent
recycling of an integrin to the front of migrating neutrophils. Nature 377,
75–79.

6. Danilenko, D. M., Rossitto, P. V., Van der Vieren, M., Trong, H. L.,
McDonough, S. P., Affolter, V. K., Moore, P. F. (1995) A novel canine
leukointegrin, alpha d beta 2, is expressed by specific macrophage sub-
populations in tissue and a minor CD8� lymphocyte subpopulation in
peripheral blood. J. Immunol. 155, 35–44.

7. Dustin, M. L., Springer, T. A. (1988) Lymphocyte function associated
antigen-1 (LFA-1) interaction with intercellular adhesion molecule-1
(ICAM-1) is one of at least three mechanisms for lymphocyte adhesion to
cultured endothelial cells. J. Cell Biol. 107, 321–331.

8. de Fougerolles, A. R., Stacker, S. A., Schwarting, R., Springer, T. A.
(1991) Characterization of ICAM-2 and evidence for a third counter-
receptor for LFA-1. J. Exp. Med. 174, 253–267.

9. Diamond, M. S., Staunton, D. E., de Fougerolles, A. R., Stacker, S. A.,
Garcia-Aguilar, J., Hibbs, M. L., Springer, T. A. (1990) ICAM-1 (CD54):
a counter-receptor for Mac-1 (CD11b/CD18). J. Cell Biol. 111, 3129–
3139.

10. Lu, H., Smith, C. W., Perrard, J., Bullard, D., Tang, L., Shappell,
S. B., Entman, M. L. (1997) LFA-1 is sufficient in mediating neutro-
phil emigration in Mac-1-deficient mice. J. Clin. Invest. 99, 1340 –
1350.

11. Lub, M., van Kooyk, Y., Figdor, C. G. (1996) Competition between
lymphocyte function-associated antigen 1 (CD11a/CD18) and Mac-1
(CD11b/CD18) for binding to intercellular adhesion molecule-1 (CD54).
J. Leukoc. Biol. 59, 648–655.

12. Wright, S. D., Rao, P. E., Van Voorhis, W. C., Craigmyle, L. S., Iida, K.,
Talle, M. A., Westberg, E. F., Goldstein, G. W., Silverstein, S. C. (1983)
Identification of the C3bi receptor of human monocytes and macrophages
by using monoclonal antibodies. Proc. Natl. Acad. Sci. USA 80, 5699–
5703.

13. Wright, S. D., Weitz, J. I., Huang, A. J., Levin, S. M., Silverstein, S. C.,
Loike, J. D. (1988) Complement receptor type 3 (CD11b/CD18) of human
polymorphonuclear leukocytes recognizes fibrinogen. Proc. Natl. Acad.
Sci. USA 85, 7734–7738.

14. Walzog, B., Schuppan, D., Heimpel, C., Hafezi-Moghadam, A., Gaehtgens,
P., Ley, K. (1995) The leukocyte integrin Mac-1 (CD11b/CD18) contrib-
utes to binding of human granulocytes to collagen. Exp. Cell Res. 218,
28–38.

15. Loike, J. D., Sodeik, B., Cao, L., Leukona, S., Weitz, J., Detmers, P. A.,
Wright, S. D., Silverstein, S. C. (1991) CD11c/CD18 recognizes a domain
at the N-terminus of the A-alpha chain of fibrinogen. Proc. Natl. Acad. Sci.
USA 88, 1044–1048.

16. Bilsland, C. A. G., Diamond, M. S., Springer, T. A. (1994) The leukocyte
integrin p150,95 (CD11c/CD18) as a receptor for iC3b: activation by a
heterologous � subunit and localization of a ligand recognition site to the
I domain. J. Immunol. 152, 4582–4589.

17. Arnaout, M. A., Spits, H., Terhorst, C., Pitt, J., Todd, R. F. (1984)
Deficiency of a leukocyte surface glycoprotein (LFA-1) in two patients
with Mo1 deficiency. Effects of cell activation on Mo1/LFA-1 surface
expression in normal and deficient leukocytes. J. Clin. Invest. 74, 1291–
1300.

18. Clark, E. A., Brugge, J. S. (1995) Integrins and signal transduction
pathways: the road taken. Science 268, 233–239.

19. Walzog, B., Seifert, R., Zakrzewicz, A., Gaehtgens, P., Ley, K. (1994)
Cross-linking of CD18 in human neutrophils induces an increase of
intracellular free Ca2�, exocytosis of azurophilic granules, quantitative

up-regulation of CD18, shedding of L-selectin, and actin polymerization.
J. Leukoc. Biol. 56, 625–635.

20. Coxon, A., Rieu, P., Barkalow, F. J., Askari, S., Sharpe, A. H., von
Andrian, U. H., Arnaout, M. A., Mayadas, T. N. (1996) A novel role for the
�2 integrin CD11b/CD18 in neutrophil apoptosis: a homeostatic mecha-
nism in inflammation. Immunity 5, 653–666.

21. Walzog, B., Jeblonski, F., Zakrzewicz, A., Gaehtgens, P. (1997) �2 inte-
grins (CD11/CD18) promote apoptosis of human neutrophils. FASEB J.
11, 1177–1186.

22. Nathan, C., Srimal, S., Farber, C., Sanchez, E., Kabbash, L., Asch, A.,
Gailit, J., Wright, S. D. (1989) Cytokine-induced respiratory burst of
human neutrophils: dependence on extracellular matrix proteins and
CD11/CD18 integrins. J. Cell Biol. 109, 1341–1349.

23. Walzog, B., Offermanns, S., Zakrzewicz, A., Gaehtgens, P., Ley, K. (1996)
�2 integrins mediate protein tyrosine phosphorylation in human neutro-
phils. J. Leukoc. Biol. 59, 747–753.

24. Willeke, T., Behrens, S., Scharffetter-Kochanek, K., Gaehtgens, P., Wal-
zog, B. (2000) �2 integrin (CD11/CD18)-mediated signaling involves
tyrosine phosphorylation of c-Cbl in human neutrophils. J. Leukoc. Biol.
68, 284–292.

25. Yan, S. R., Huang, M., Berton, G. (1997) Signaling by adhesion in human
neutrophils–activation of the p72syk tyrosine kinase and formation of
protein complexes containing p72syk and Src family kinases in neutrophils
spreading over fibrinogen. J. Immunol. 158, 1902–1910.

26. Yan, S. R., Fumagalli, L., Berton, G. (1996) Activation of SRC family
kinases in human neutrophils. Evidence that p58C-FGR and p53/56LYN

redistributed to a Triton X-100-insoluble cytoskeletal fraction, also en-
riched in the caveolar protein Caveolin, display an enhanced kinase
activity. FEBS Lett. 380, 198–203.

27. Hjorth, R., Jonsson, A. K., Vretblad, P. (1981) A rapid method for
purification of human granulocytes using Percoll. A comparison with
dextran sulfate. J. Immunol. Methods 43, 95–101.

28. Robinson, M. K., Andrew, D., Rosen, H., Brown, D., Ortlepp, S., Stephens,
P., Butcher, E. C. (1992) Antibody against the Leu-CAM �-chain (CD18)
promotes both LFA-1-dependent and CR3-dependent adhesion events.
J. Immunol. 148, 1080–1085.

29. Diamond, M. S., Springer, T. A. (1993) A subpopulation of Mac-1 (CD11b/
CD18) molecules mediates neutrophil adhesion to ICAM-1 and fibrinogen.
J. Cell Biol. 120, 545–556.

30. Laemmli, U. K. (1970) Cleavage of structural proteins during assembly of
the head of bacteriophage T4. Nature 227, 680–685.

31. Vines, C. M., Potter, J. W., Xu, Y., Geahlen, R. L., Costello, P. S.,
Tybulewicz, V. L., Lowell, C. A., Chang, P. W., Gresham, H. D.,
Willman, C. L. (2001) Inhibition of beta 2 integrin receptor and Syk
kinase signaling in monocytes by the Src family kinase Fgr. Immunity
15, 507–519.

32. Woodside, D. G., Obergfell, A., Talapatra, A., Calderwood, D. A., Shattil,
S. J., Ginsberg, M. H. (2002) The N-terminal SH2 domains of Syk and
ZAP-70 mediate phosphotyrosine-independent binding to integrin � cy-
toplasmic domains. J. Biol. Chem. 277, 39401–39408.

33. Ota, Y., Samelson, L. E. (1997) The product of the proto-oncogene
c-cbl: a negative regulator of the Syk tyrosine kinase. Science 276,
418 – 420.

34. Ojaniemi, M., Martin, S. S., Dolfi, F., Olefsky, J. M., Vuori, K. (1997)
The proto-oncogene product p120cbl links c-Src and phosphatidylino-
sitol 3�-kinase to the integrin signaling pathway. J. Biol. Chem. 272,
3780 –3787.

35. Tanaka, S., Amling, M., Neff, L., Peyman, A., Uhlmann, E., Levy, J. B.,
Baron, R. (1996) c-Cbl is downstream of c-Src in a signalling pathway
necessary for bone resorption. Nature 383, 528–531.

36. El-Hillal, O., Kurosaki, T., Yamamura, H., Kinet, J. P., Scharenberg,
A. M. (1997) Syk kinase activation by src kinase-initiated activation loop
phosphorylation chain reaction. Proc. Natl. Acad. Sci. USA 94, 1919–
1924.

37. Zhang, J., Billingsley, M. L., Kincaid, R. L., Siraganian, R. P. (2000)
Phosphorylation of Syk activation loop tyrosines is essential for Syk
function. An in vivo study using a specific anti-Syk activation loop
phosphotyrosine antibody. J. Biol. Chem. 275, 35442–35447.

38. Geahlen, R. L., McLaughlin, J. L. (1989) Piceatannol (3,4,3�,5�-tetrahy-
droxy-trans-stilbene) is a naturally occurring protein-tyrosine kinase in-
hibitor. Biochem. Biophys. Res. Commun. 165, 241–245.

39. Olivier, J. M., Burg, D. L., Wilson, B. S., McLaughlin, J. L., Geahlen, R. L.
(1994) Inhibition of mast cell Fc epsilon R1-mediated signaling and
effector function by the syk-selective inhibitor, piceatannol. J. Biol. Chem.
269, 29697–29703.

268 Journal of Leukocyte Biology Volume 74, August 2003 http://www.jleukbio.org



40. Law, D. A., Nanizzi-Alaimo, L., Ministri, K., Hughes, P. E., Forsyth, J.,
Turner, M., Shattil, S. J., Ginsberg, M. H., Tybulewicz, V. L., Phillips,
D. R. (1999) Genetic and pharmacological analyses of Syk function in
�IIb�3 signaling in platelets. Blood 93, 2645–2652.

41. Mocsai, A., Zhou, M., Meng, F., Tybulewicz, V. L., Lowell, C. A. (2002)
Syk is required for integrin signaling in neutrophils. Immunity 16, 547–
558.

42. Mocsai, A., Zhang, H., Jakus, Z., Kitaura, J., Kawakami, T., Lowell, C. A.
(2003) G-protein-coupled receptor signaling in Syk-deficient neutrophils
and mast cells. Blood 101, 4155–4163.

43. van Kooyk, Y., Figdor, C. G. (2000) Avidity regulation of integrins: the
driving force in leukocyte adhesion. Curr. Opin. Cell Biol. 12, 542–
547.

44. van Kooyk, Y., Vliet, S. J., Figdor, C. G. (1999) The actin cytoskeleton
regulates LFA-1 ligand binding through avidity rather than affinity
changes. J. Biol. Chem. 274, 26869–26877.

45. Simons, K., Ikonen, E. (1997) Functional rafts in cell membranes. Nature
387, 569–572.

46. Harder, T., Simons, K. (1997) Caveolae, DIGs, and the dynamics of sphin-
golipid-cholesterol microdomains. Curr. Opin. Cell Biol. 9, 534–542.

47. Krauss, K., Altevogt, P. (1999) Integrin leukocyte function-associated
antigen-1-mediated cell binding can be activated by clustering of mem-
brane rafts. J. Biol. Chem. 274, 36921–36927.

48. Smilenov, L. B., Mikhailov, A., Pelham, R. J., Marcantonio, E. E., Gun-
dersen, G. G. (1999) Focal adhesion motility revealed in stationary fibro-
blasts. Science 286, 1172–1174.

Willeke et al. Syk controls the binding cycle of �2 integrins 269


