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ABSTRACT Selectins mediate rolling, the initial step of
leukocyte adhesion to endothelial cells [Springer, T. A. (1995)
Annu. Rev. Physiol. 57, 827-872 and Butcher, E. C. (1991) Cell
67, 1033-1036]. In this study we show that L-selectin trigger-
ing of Jurkat cells using different antibodies or glycomimetics
resulted in activation of the src-tyrosine kinase p56'°k; ty-
rosine phosphorylation of intracellular proteins, in particular
mitogen-activating protein kinase and L-selectin; and associ-
ation of Grb2/Sos with L-selectin. This association correlated
with an activation of p21Ras, mitogen-activating protein
kinase, Rac2, and a transient increase of O synthesis.
Stimulation of the Ras pathway by L-selectin requires func-
tional p56'%, since p56'**-deficient Jurkat cells (JCaM1.6) do
not show tyrosine phosphorylation, association of L-selectin
with Grb2/Sos, and activation of Ras upon L-selectin trigger-
ing. Transfection of JCaM1.6 cells with p56'* reconstitutes
the observed signaling events. Genetic inhibition of Ras or
Rac2 prevented Rac2 stimulation and O3 synthesis, respec-
tively. The specificity and the physiological significance of the
observed signaling cascade is indicated by stimulation of
L-selectin-transfected P815, L-selectin-positive CEM or pe-
ripheral blood lymphocytes resulting in the same activation
events as in Jurkat cells. Our results point to a signaling
cascade from L-selectin via p56'%, Grb2/Sos, Ras, and Rac2 to
03 .

Adhesion of leukocytes has been shown to be crucial in the
regulation of the immune response, during infections, or in
recirculation of lymphocytes to lymphatic organs (1-3). Rolling as
the first step in this process has been demonstrated to be mediated
by transient interactions of selectins with their glycoprotein
ligands on endothelial cells and leukocytes, respectively (4, 5). An
important function of L-selectin for rolling has been shown in
studies employing L-selectin knock-out mice (6), monoclonal
antibodies (7, 8), L-selectin-IgG chimera (9), and certain poly-
saccharides (10-12), demonstrating that the deficiency or inhi-
bition of L-selectin reduces leukocyte adhesion.

However, it is unknown whether L-selectin ligands also
induce activation of intracellular signaling events. Several
indications point to an active signaling function of the cyto-
plasmic domain of L-selectin being important for rolling and
lymphocyte homing: Partial deletion of the intracellular do-
main of L-selectin prevents leukocyte rolling without affecting
ligand recognition, implying that binding of L-selectin to its
ligand is not sufficient for leukocyte rolling (13). Furthermore,
triggering neutrophils via L-selectin using various antibodies or
sulfatides mobilizes intracellular Ca2", increases tumor necro-
sis factor « and interleukin 8—mRNA expression (14), induces
O; generation (15, 16), enhances tyrosine phosphorylation,
and activates mitogen-activating protein kinase (MAPK) (17).
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In this study we describe intracellular signaling events upon
L-selectin triggering in T-lymphocyte lines, peripheral blood
lymphocytes (PBL), and L-selectin transfectants. Using differ-
ent L-selectin antibodies or glycomimetics we provide evidence
for a signaling cascade from L-selectin via the tyrosine kinase
p56'°k, Grb2/Sos, Ras, and Rac2 to the activation of MAPK
and the synthesis of O;. Using genetically p56'°t-deficient
Jurkat cells, N17Ras transfected Jurkat cells, and Rac2 anti-
sense oligonucleotides a signaling cascade of the activated
molecules is suggested.

MATERIALS AND METHODS

Cell Culture and Stimulation. All reagents were purchased
from Sigma, if not otherwise cited. The human T-cell lines Jurkat,
p56'k-deficient JCaM1.6 (18, 19), or p56'°k-reconstituted
JCaM1.6 (19) (a kind gift from A. Weiss, University of California,
San Francisco), L-selectin positive or negative CEM cells, and
P815 cells were grown in RPMI 1640 medium as described (20).
L-selectin-negative CEM cells (CEM ™) were obtained from L-
selectin-positive CEM cells (CEM™) by spontaneous loss of
surface L-selectin after long-term culture and repeated sorting by
FACS (Becton Dickinson). PBL were prepared using Ficoll-
Histopaque. Transfection of mouse mastocytoma P815 cells with
the human L-selectin expression vector pZip-L-sel (P815.L-Sel) or
control vector pZip (P815.control) (kindly provided by T. F.
Tedder, Duke University) was performed as described (20). For
activation, cells (2 X 10°/20 ul or 20 X 10%/100 wl per sample for
cell lysates or immunoprecipitations) were washed twice in sterile
Hepes/saline (H/S; 132 mM NaCl/20 mM Hepes/5 mM KCl/1
mM CaCl,/0.7 mM MgCl,/0.8 mM MgSO,) and stimulated at
37°C with NaNs-free, low endotoxin, monoclonal mouse anti-
human L-selectin antibody Dreg56 (2 pg/ml, PharMingen),
Dreg200 (5 ug/ml, kindly provided by T. K. Kishimoto, Boehr-
inger Ingelheim, Ridgefield, CT), Fucoidan (200 pg/ml), or sialyl
Lewis® (100 pg/ml; Oxford Glycosystems, Oxford, U.K.). All of
these reagents have been shown to recognize L-selectin (14-17,
21-26).

Immunoprecipitation and Immunoblotting. Cell stimulation
was terminated by lysis in 25 mM Hepes (pH 7.4), 0.1% SDS,
0.5% sodium deoxycholate, 1% Triton X-100, 125 mM NaCl, 10
mM each NaF, Na3VO,, and sodium pyrophosphate, and 20
pg/ml of aprotinin/leupeptin (RIPA buffer) for total cell lysates
and for immunoprecipitation of L-selectin or Vav. For MAPK
tyrosine phosphorylation, kinase activity and co-immunoprecipi-
tation of Sos, Grb2, Shc, and L-selectin, cells were lysed in the
same buffer as above with 3% Nonidet P-40 as detergent (TN3
buffer). Agarose-coupled or -uncoupled antibodies to Lck or Fyn,
phosphotyrosine 4G10, and Sos were from Upstate Biotechnol-
ogy, to human By-integrin from Immunotech (Hamburg, Ger-

Abbreviations: MAPK, mitogen-activating protein kinase; PBL, pe-
ripheral blood lymphocyte; IP, immunoprecipitate; GAP, GTPase-
activating protein; MBP, myelin basic protein; H/S, Hepes/saline.
TTo whom reprint requests should be addressed.
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many), to Ras (Y13-259) and to a viral epitope (25-9) from the
American Type Culture Collection, to Rac2 from Santa Cruz
Biotechnology, to CD20 from PharMingen, and to p42/44MAPK
from Zymed. All control immunoprecipitates (IPs) were per-
formed with polyclonal or monoclonal rabbit, mouse, or rat Ig.
After lysis and a centrifugation step (20,000 X g 15 min) proteins
were immunoprecipitated (3 ug antibody). IPs were immobilized
by anti-mouse- or anti-rabbit-coupled agarose, washed six times
in lysis buffer, and resuspended in SDS sample buffer. Proteins
were separated by SDS/PAGE, transferred to Immobilon filters
(Millipore), and blotted with the appropriate antibody. Immu-
noblots were developed by horseradish peroxidase-conjugated
protein G (Bio-Rad) and a chemoluminescence kit (Amersham).
To test for equal amounts of immunoprecipitated protein blots
were stripped (45 min in 20 mM Tris, pH 6.8/2% SDS/70 mM
2-mercaptoethanol at 70°C) and reprobed, or an aliquot of the IPs
was analyzed by Western blotting. Association of Sos, Grb2, Shc,
or L-selectin was tested by co-immunoprecipitation and blotting
the IPs with the corresponding antibody.

Src and MAPK Assays. The activity of src or MAPK was
determined by autophosphorylation or by phosphorylation of
myelin basic protein (MBP), respectively. Src kinases p56'
and p59%" or MAPK were immunoprecipitated, washed four
times in TN3 buffer, twice in kinase buffer (25 mM Hepes, pH
7.0/150 mM NaCl/10 mM MnCl,/1 mM NazVO,/5 mM
DTT/0.5% Nonidet P-40) for src kinases or twice in Tris-
buffered saline (pH 7.3) and once in kinase buffer (25 mM
Hepes, pH 7.4/2 mM DTT/10 mM MgCl,) for MAPK. The
reaction was initiated by addition of 10 uCi [3?P-y]-ATP
(DuPont/NEN) and ATP (10 uM) in kinase buffer supple-
mented with MBP (20 pg/ml) for MAPK and incubated at
30°C for 20 min (Lck and Fyn kinases) or 10 min (MAPK). The
reaction was stopped by 5X SDS sample buffer. Samples were
separated by SDS/PAGE and analyzed by autoradiography.

Ras and Rac2 Activation. Cells were metabolically labeled for
4 h with 1 mCi/ml [*P;] (1 Ci = 37 GBq) in phosphate-free
DMEM/10% FCS, activated via L-selectin and lysed in 0.1%
SDS, 0.5% deoxycholate, 1% Triton X-100, 450 mM NaCl, 10
mM NaF, 25 mM Hepes (pH 7.4), 20 mM MgCl,, and 20 pug/ml
aprotinin/leupeptin. Ras or Rac2 were immunoprecipitated by
Ras Y13-259 or Rac2 antibodies followed by the addition of
anti-rat- or anti-rabbit-coupled agarose. IPs were washed eight
times in lysis buffer, resuspended in 20 ul EDTA (1 mM),
incubated for 20 min at 68°C, and eluted nucleotides were
separated on a thin layer chromatography polyethyleneimine-
cellulose plate (Merck) with 0.75 M KH,PO4 (pH 3.5), followed
by autoradiography.

Inhibition of Ras or Rac2. Jurkat cells were transiently
transfected with 40 wg transdominant inhibitory N17Ras
(pEF-N17ras) or control vector (pEF) and 8 ug of a CD20
expression vector (pRc/CMV-cd20). The ratio of 5:1
(N17ras:cd20) permits expression of N17Ras in all CD20*
cells. Thirty-six hours after transfection, CD20" cells were
sorted by magnetic beads as described (20). Rac2 was inhibited
by incubation of the cells for 18 h with 10 uM phosphorothio-
ate antisense oligonucleotides (5'-ACTTGATGGCCTGCA-
3") (27, 28). Control samples were incubated with a random
mix of nucleotides (10 uM, 5'-TGGCTATGCCACATG-3").

0 Measurement. Cells (1-2 X 10 cells per 100-ul sample)
were stimulated with 2 ug/ml Dreg56 and lysed in 2% Nonidet
P-40, 125 mM NaCl, 25 mM Tris (pH 8.0), 10 mM each EDTA,
NaF, and sodium pyrophosphate, and 5 ug/ml cytochrome c.
Lysates were transferred to cuvettes, covered with mineral oil,
and the absorbance at 550 nm was determined. The change of
absorption reflects a reduction of cytochrome ¢ by generated
O3 ions (29, 30). Lysis of cells permits determination of
cellular O3 synthesis, including O3 released to the extracel-
lular space.

Guanine Nucleotide Exchange and GTPase-Activating Pro-
tein (GAP) Assays. Recombinant Ras (500 fmol) was incu-
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bated with 1 pmol GDP for 30 min in 20 mM Tris"HCI (pH 7.4),
1 mM MgCl,, 1 mM DTT, 100 mM NacCl, 50 ug/ml BSA, 1 mM
Na3;VOy, (Ras loading buffer). Washed L-selectin or Sos IPs, 5
wCi [*?P-a]-guanosine 5'-[y-thio]triphosphate (GTP)/sample
(DuPont/NEN) and 1 pmol GTP were added to Ras and
incubated at 30°C for 15 min. The agarose was pelleted and an
aliquot of the supernatant was filtered through a 0.45-um
nitrocellulose filter (Costar). Filters were washed with of 25
mM TrissHCI (pH 7.5), 12 mM MgCl,, 100 mM KCI, and 0.5
mM DTT and filter bound counts were determined by liquid
scintillation counting. To measure GAP activity, Ras (500
fmol) was preloaded with 5 pCi [3?P-y]-GTP in Ras loading
buffer for 30 min, GAP-IPs were added and incubated at 30°C
for 15 min, agarose beads were pelleted, an aliquot of the
supernatant filtered, washed, and counted as described.

Flow Cytometry. To analyze L-selectin expression, cells were
labeled with Dreg56 and a fluorescein isothiocyanate—anti-
mouse Ig. Expression was determined using a FACSort (Bec-
ton Dickinson).

RESULTS

L-Selectin Triggers Tyrosine Phosphorylation by Activation of
p56'k. To test whether L-selectin functions as a signaling molecule
in lymphocytes we stimulated p56'*-expressing or -deficient
Jurkat cells via L-selectin. Similar expression of L-selectin in
Jurkat, JCaM1.6, and JCaM1.6+Lck cells was confirmed by flow
cytometry. L-selectin stimulation of Jurkat cells resulted in rapid
tyrosine phosphorylation of several intracellular proteins (Fig.
1A4). Tyrosine phosphorylation was confirmed by immunopre-
cipitation of several tyrosine phosphorylated proteins with the
anti-phosphotyrosine antibody 4G10 after stimulation of Jurkat
cells via L-selectin (data not shown). Genetic p56'* deficiency
almost completely prevented L-selectin-induced tyrosine phos-
phorylation (Fig. 1A4); reconstitution of p56!° restored tyrosine
phosphorylation (Fig. 14). The specificity of tyrosine phosphor-
ylation was analyzed in CEM™ or CEM™~ and in P815.L-Sel or
P815.control cells (Fig. 1B). Dreg56 treatment resulted in ty-
rosine phosphorylation in L-selectin-positive cells only (Fig. 1B).
L-selectin expression in CEM™* and P815.L-Sel cells was proved
by flow cytometry (data not shown). The physiological signifi-
cance of L-selectin-mediated tyrosine phosphorylation is indi-
cated by the finding that PBL responded to L-selectin triggering
with a similar tyrosine phosphorylation. To further investigate
L-selectin-induced tyrosine phosphorylation we used Fucoidan
(100 pg/ml), sialyl LewisX (100 pg/ml), and Dreg200 (5 pg/ml)
as stimuli (Fig. 1C). All stimuli induced a similar tyrosine pattern
of proteins in Jurkat and JCaM1.6+Lck cells, whereas JCaM1.6
cells did not respond (Fig. 1C). Crosslinking of Dreg56 or
Dreg200 using a secondary antibody did not change tyrosine
phosphorylation compared with stimulation without crosslinking
(not shown).

Because tyrosine phosphorylation in lymphocytes can be ini-
tiated by src kinases, we tested the activity of p56! and p59%™ by
measuring the autophosphorylation of the kinases (Fig. 1D). We
detected an increase in p56'* activity (Fig. 1D), but not of p59%™
(data not shown), upon L-selectin stimulation in Jurkat and
JCaM1.6+Lck cells. No signal was obtained in JCaM1.6 cells.

Stimulation via L-Selectin Induces Tyrosine Phosphoryla-
tion of L-selectin. Using immunoprecipitation and Western
blotting two of the tyrosine phosphorylated proteins, were
identified as L-selectin (Fig. 24) and MAPK (Fig. 34). Ty-
rosine phosphorylation of L-selectin was dependent on expres-
sion of p56'k, since it was absent in JCaM1.6 cells (Fig. 24).
To exclude non-specific immunoprecipitation and tyrosine
phosphorylation of L-selectin a “non-specific” IP using a
mouse antibody recognizing the human B-lymphocyte antigen
CD20 was included. In addition, Jurkat cells were treated with
the 25-9 and a human B;-integrin antibody, which recognize
antigens not expressed on Jurkat cells, followed by immuno-
precipitation with Dreg56. No tyrosine phosphorylation of
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Fic. 1. L-selectin triggering induces tyrosine phosphorylation de-
pendent on expression of p56!°k. Jurkat, JCaM1.6, JCaM1.6+Lck cells,
CEM*, CEM™, P815.L-Sel, P815.control, or PBL cells were stimu-
lated via L-selectin with Dreg56 or as indicated (4-C). L-selectin
triggering induced tyrosine phosphorylation of several proteins in
Jurkat, JCaM1.6+Lck, CEM™, P815.L-Sel, or PBL cells. No tyrosine
phosphorylation was detected in JCaM1.6 cells, CEM~, or
P815.control cells (A-C). (D) L-selectin stimulation activates p56'° in
Jurkat and JCaM1.6+Lck cells peaking 1 min after stimulation. No
activity was seen in JCaM1.6 cells. An aliquot of the IPs was analyzed
by Western blotting with anti-p56!¥ to test for equal amounts of p56!k
in all IPs (small panels). Cells for non-specific IPs (n.s.) were stimu-
lated with Dreg56 and incubated with an agarose-coupled rabbit
antibody. All experiments were repeated at least three times.

L-selectin was detected after incubation of Jurkat cells with
these antibodies for 1 min or after treatment with antibody
storage buffer (Fig. 2.4) or sterile H/S (not shown). Tyrosine
phosphorylation of L-selectin could also be observed in CEM *
and P815.L-Sel cells and was not detected in CEM ~ or
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F1G.2. (A) L-selectin stimulation induces tyrosine phosphorylation of
L-selectin in Jurkat and JCaM1.6+Lck cells only. Cells were stimulated
with Dreg56 for the indicated times, L-selectin was immunoprecipitated,
and analyzed for tyrosine phosphorylation. Tyrosine phosphorylation of
L-selectin was also observed in CEM™* (B), P815.L-Sel (B), or PBL cells
(O) stimulated with Dreg56 and after activation of Jurkat cells with
Fucoidan, sialyl LewisX, or Dreg200 (C). Stimulation of Jurkat cells with
25-9, anti-human Bs-integrin (87), buffer (b.), CEM~, or P815.control
cells with Dreg56 did not result in tyrosine phosphorylation (4 and B).
Non-specific IPs (n.s.) using an irrelevant mouse anti-CD20 antibody
showed no L-selectin IP (4). The small blots display aliquots of the IPs
blotted with Dreg56 showing similar amounts of L-selectin in all IPs.
These blots confirm expression of L-selectin in CEM™ and P815.L-Sel
cells (B). All experiments were repeated three times.

P815.control cells (Fig. 2 B). In addition, triggering of PBL with
Dreg56 resulted in tyrosine phosphorylation of L-selectin (Fig.
2C), which could also be induced by triggering Jurkat and
JCaM1.6+Lck cells with Fucoidan, sialyl Lewis X, and Dreg200
(Fig. 2C) and was absent in JCaM1.6 cells (data not shown).

MAPK Is Tyrosine Phosphorylated and Activated upon
L-Selectin Triggering. L-selectin stimulation resulted in ty-
rosine phosphorylation of MAPK in Jurkat and JCaM1.6+Lck
cells, whereas no tyrosine phosphorylation was detected in
JCaM1.6 cells (Fig. 34). MAPK activity was measured by phos-
phorylation of MBP and showed an ~7-fold increase in Jurkat
and JCaM1.6+Lck cells after activation with the indicated stim-
ulus (Fig. 3B). No activation was measured in JCaM1.6 cells.
Stimulation of Jurkat cells via CD3 or phorbol 12-myristate
13-acetate (PMA) served as positive controls (Fig. 3B). Activa-
tion of MAPK was also observed in PBL, CEM™*, or P815.L-Sel
cells upon stimulation with Dreg56. CEM ™ or P815.control cells
did not respond to Dreg56 (Fig. 3C).

The Ras Pathway Is Stimulated by L-Selectin. The phos-
phorylation and activation of MAPK points to a stimulation of
the Ras pathway upon L-selectin triggering (31, 32). L-selectin
stimulation by Dreg56 induced an =~6-fold increase in Ras
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F1G. 3.  L-selectin triggering using the indicated stimuli induces
tyrosine phosphorylation or activation of MAPK in p56'*-positive
Jurkat, JCaM+Lck, CEM™, P815.L-Sel, or in PBL cells. Shown is a
phosphotyrosine blot of MAPK IPs (B) or autoradiographies of in
vitro kinase assays (B and C). The increase in MAPK activity upon
stimulation via CD3 (OKT3, 10 ug/ml) or by PMA (10 ng/ml) served
as a positive control (B). No increase of MBP phosphorylation is
detected in CEM ™ and in P815.control cells (C). Non-specific controls
(n.s.) represent IPs using a mouse anti-CD20 antibody. Equal amounts
of MAPK are shown in the lower panels of all parts by Western blotting
of aliquots of the IPs with an anti-MAPK antibody.

activity in Jurkat and JCaM1.6+Lck cells peaking 1 min after
stimulation, whereas JCaM1.6 cells did not show any increase
in Ras activity (Fig. 44), suggesting that the tyrosine kinase
p56'°k controls Ras activation. Triggering P815.L-Sel or CEM ™
cells with Dreg56 elicited an activation of Ras, whereas CEM ™~
or P815.control cells did not respond, indicating the specificity
of the activation (Fig. 4B). Stimulation of Ras in a p56'-
dependent manner was also observed upon incubation with
Dreg200, Fucoidan, and sialyl Lewis* pointing to the physio-
logical significance of Ras activation (Fig. 4C, data not shown).

Ras and Sos Associate upon L-Selectin Stimulation. Because
Ras is activated by guanine nucleotide exchange factors (GEF)
(33), we tested in co-immunoprecipitation experiments the
physical association of Sos, Grb2, or L-selectin. L-selectin
associates with Sos and Grb2 upon activation (Fig. 54 and B).
The formation of this complex seems to be dependent on the
function of p56'°%, since it could not be detected in JCaM1.6
cells (Fig. 5 A and B). The association of L-selectin and
Grb2/Sos was confirmed by an increase of GDP/GTP ex-
change activity in L-selectin-IPs by a functional assay (Fig. 5C).
We were unable to detect any significant association of the Shc
protein with L-selectin IPs (data not shown). Ras can be either
activated by increased activity of guanine nucleotide exchange
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F1G. 4. L-selectin triggering with Dreg56 or the indicated stimulus
activates Ras in Jurkat, JCaM1.6+Lck, CEM*, and P815.L-Sel cells.
Deficiency of p56'k in JCaM1.6 cells (A) or of L-selectin (B) prevent
Ras activation after L-selectin triggering. Results are representative of
three experiments.

factors or by a decrease of p120GAP protein activity (33).
However, L-selectin triggering did not change the high basal
GAP activity measured by hydrolysis of [3?P-y]-GTP.Ras,
whereas PMA induced a 60% reduction of GAP activity as
described (34). Thus, L-selectin triggering seems to translocate
Grb2/Sos from the cytoplasm to the cell membrane bringing
Sos in close contact to Ras resulting in Ras activation.
L-Selectin Triggering Activates Rac2 and Synthesis of Oy
via Ras. Because Rac2 is a downstream target of Ras (35),
Rac2 activity was determined. GTP binding to Rac2, repre-
senting Rac2 activation, increased ~8-fold after L-selectin
triggering (Fig. 64). Activation of Rac2 was inhibited by
transient transfection of N17Ras (Fig. 6B Left), which has been
shown by us and others to block endogenous Ras (20, 36).
Controls showed that N17Ras expression efficiently prevented
stimulation of endogenous Ras by L-selectin (Fig. 6B Right).
Rac2 has been shown in lymphocytes (27) to regulate the
synthesis of O, . L-selectin induced a rapid and transient O5
synthesis peaking 1 min after stimulation in Jurkat and
JCaM1.6+Lck cells, which was completely absent in JCaM 1.6
cells (Fig. 6C). Likewise, inhibition of Ras by transient trans-
fection of N17Ras prevented L-selectin stimulated O, synthe-
sis (Fig. 6C). To test the involvement of Rac2 in L-selectin
mediated O; release, Rac2 protein expression was inhibited by
more than 90% using antisense oligonucleotides (Fig. 6C
Inset). Stimulation of these Rac2-depleted Jurkat cells via
L-selectin failed to induce a release of O, , whereas treatment
of cells with a control oligonucleotide did not affect Rac2
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L-selectin associate upon stimulation via L-selectin in Jurkat or
JCaM1.6+Lck cells. Association was revealed by co-immunoprecipita-
tions and blotting Sos- or Grb2-IPs with anti-L-selectin or vice versa. No
association of Sos, Grb2, and L-selectin was detected in JCaM1.6 cells. All
blots were reprobed with the immunoprecipitating antibody (small pan-
els). Non-specific IPs (n.s.) were performed with anti-CD20 as above. The
blots are representative of three experiments. (C) Exchange activity in
L-selectin IPs increases upon L-selectin triggering. L-selectin IPs were
incubated with recombinant GDP. Ras and [3?P-a]-GTP. Increase in
binding of [3?P-a]-GTP to Ras reflects exchange activity.

protein expression and O, synthesis after L-selectin triggering
(Fig. 6C). Co-incubation of cell lysates with superoxide dis-
mutase (200 units/ml), which specifically degrades O, (29),
prevented L-selectin induced cytochrome ¢ reduction demon-
strating the specificity of O, synthesis.

DISCUSSION

The interaction of L-selectin with its endothelial ligands has
been shown to play a fundamental role in immune homeostasis
by recruiting leukocytes to inflammatory sites (1, 2, 5) and
mediating lymphocyte homing (3, 4).

We describe a signaling cascade in lymphocytes upon L-selectin
triggering via activation of p56'°%, tyrosine phosphorylation of the
L-selectin molecule, physical association of L-selectin with Sos/
Grb2, and stimulation of Ras, MAPK, and Rac2 to O, synthesis.
Using different L-selectin positive and negative cell lines, L-
selectin transfectants, and control antibodies, we confirm the
specificity of the observed signaling events initiated by L-selectin.
The physiological significance is indicated by experiments apply-
ing PBL and different ligands of L-selectin. A signaling cascade is
demonstrated using genetically deficient cells, transdominant
inhibitory mutants, and antisense oligonucleotides.

To establish the specificity of cellular activation via L-selectin
triggering we first transfected the mouse mastocytoma cell line
P815 with an expression vector of ~Auman L-selectin or a control
vector and stimulated the cells with the human-L-selectin
antibody Dreg56. Second, we compared signal transduction
events in L-selectin negative and L-selectin positive CEM cells
upon L-selectin stimulation. These experiments show the ac-
tivation of the same signaling molecules in P815.L-Sel or in
CEM™" as in Jurkat cells or PBLs, whereas the negative
controls did not respond to L-selectin triggering.

Furthermore, treatment of Jurkat cells with two antibodies
recognizing epitopes not expressed in Jurkat cells (anti-25-9
and anti-human-B;-integrin), with antibody storage buffer or
H/S, did not induce tyrosine phosphorylation of L-selectin
indicating a specific stimulation of Jurkat cells by Dreg56.
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F1G. 6. (A) L-selectin triggering stimulates Rac2. Rac2 was immuno-
precipitated from [*?Pj]-labeled, Dreg56-treated Jurkat cells and the
increase of GTP binding was analyzed by autoradiography. (B) Inhibition
of endogenous Ras by N17Ras prevents Rac2 and Ras activation upon
L-selectin triggering. Transfection of the vector did not affect L-selectin-
induced Rac2 or Ras stimulation. Rac2 or Ras activity in CD20* sorted
cells was determined as above. (C) L-selectin triggering leads to synthesis
of O3 in Jurkat and in JCaM1.6+Lck cells. Genetic deficiency of p56'°k,
inhibition of Ras with N17Ras or of Rac2 by antisense oligonucleotides
prevents O, synthesis. Mean values are = SD.

In conclusion, the experiments using L-selectin transfectants,
L-selectin positive /negative CEM cells, and the control antibodies
show a specific activation after stimulation with Dreg56.

To show that activation of intracellular signaling molecules by
L-selectin is not restricted to cell lines, we stimulated PBL via
L-selectin and detected tyrosine phosphorylation or activation of
L-selectin or MAPK similar to Jurkat, CEM™, or P815.L-Sel cells.

To test whether Dreg56 induced signaling events can also be
initiated by other stimuli of L-selectin we used the L-selectin-
antibody Dreg200 and the glycomimetics Fucoidan or sialyl
LewisX, which have been shown to interact with L-selectin (12,
23-25). All stimuli resulted in similar tyrosine phosphorylation
or activation of proteins, in particular L-selectin, MAPK, and
Ras. Because the four stimuli activate the same signaling
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molecules, our results suggest a physiological function of the
observed signaling cascade initiated by L-selectin. Further-
more, the results also underline the specificity of the activation
via L-selectin, because the four stimuli are different in molec-
ular structure and binding characteristics.

To show the activation of an intracellular signaling cascade by
L-selectin we applied JCaM1.6 cells, transdominant inhibitory
N17Ras, and Rac2 antisense oligonucleotides. The data suggest
first, that p56'** functions upstream of Ras and Rac 2, second, that
Ras is upstream of Rac2 and O; synthesis and third, that O;
synthesis is regulated by Rac2 upon L-selectin triggering. The
failure to show tyrosine phosphorylation in JCaM1.6 cells is due
to a signaling defect and not due to a lower surface expression of
the L-selectin molecule as tested by flow cytometry.

The efficiency of N17Ras transfection and the purification
process is shown by the almost complete suppression of Ras
activation in N17Ras-transfected cells upon L-selectin trigger-
ing. The specificity of the inhibition of endogenous Ras by
N17Ras has been previously shown by us (20). In conclusion,
these experiments point to a signaling cascade from L-selectin
via p56', Ras, and Rac2 to the synthesis of O3.

Since Ras can be activated by translocation of Sos to the
membrane bringing the protein in close contact with Ras (37, 38),
the observed association of Sos and L-selectin after L-selectin
triggering may enable Sos to stimulate Ras. The association of the
proteins correlates with the tyrosine phosphorylation of L-
selectin. L-selectin contains only one tyrosine residue in the
intracellular domain without a typical Src homology 2 domain-
binding motif (39); thus, the mechanism of Sos and L-selectin
association remains to be elucidated. Because no association of
L-selectin and Sos could be detected in p56'*-deficient JCaM1.6
cells, the expression of p56 seems to be required for the
translocation of Sos upon L-selectin triggering. However, the
exact function of p56'* for the association of Grb2/Sos with
L-selectin has to be determined.

An active signaling function of the L-selectin molecule
described in this study is supported by experiments demon-
strating that stimulation of neutrophils with anti-L-selectin
antibodies or sulfatides increases cytosolic free calcium and
tumor necrosis factor a or interleukin 8—-mRNA expression
(14, 16). In accordance with our results in lymphocytes,
activation of neutrophils via L-selectin by F(ab’), of Dreg56,
Dreg200, Dreg55, or sulfatides induced tyrosine phosphory-
lation of cellular proteins, an activation of MAPK and a
transient O, generation (15-17).

Our results show that L-selectin activates an intracellular
signaling cascade, which may mediate several potential biological
functions of the L-selectin molecule. The activation events may be
linked to rolling of leukocytes, which is supported by the finding
that partial deletion of the intracellular receptor domain or
cellular treatment with cytochalasin B abrogates leukocyte rolling
in vivo without affecting ligand recognition (13). A function of
p56'* in rolling of leukocytes is supported by our preliminary
experiments showing an almost complete absence of rolling in
JCaM1.6 cells in a Fucoidan-coated flow channel, whereas Jurkat
and JCaM1.6+Lck cells exhibited similar rolling on Fucoidan in
vitro. However, a requirement of the identified intracellular
signaling events for the ability of leukocytes to roll on endothelial
cells in vivo has to be tested.

Some of the observed signaling events after triggering of Jurkat
cells via L-selectin resemble signaling pathways involved in T-cell
antigen receptor/CD3 signaling (33, 34, 40). L-selectin may
therefore function as costimulus for antigen-mediated cell pro-
liferation or differentiation. This hypothesis is supported by
experiments showing an association of L-selectin with the CD3-
zeta-chain and a synergistic effect of T-cell antigen receptor-
induced cell proliferation by L-selectin triggering (41).

In summary, our results show a signaling cascade in lym-
phocytes upon L-selectin triggering from L-selectin via the
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tyrosine kinase p56' to Sos, Ras, MAPK, and Rac2 resulting
in synthesis of O;. This signaling cascade might be important
for the biological functions of the L-selectin molecule.
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