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Abstract

Both P-selectin glycoprotein ligand-1 (PSGL-1) and L-selec-
tin are localized on the microvilli of neutrophils and have
been implicated in the attachment of neutrophils to P-selec-
tin or E-selectin. We directly compared the attachment and
rolling of neutrophils on P-selectin and E-selectin under
flow, with emphasis on the functions of PSGL-1 and L-
selectin. Flowing neutrophils attached more avidly and
rolled at lower velocities on P-selectin than on E-selectin at
matched densities. Studies with purified molecules indicated
that P-selectin and E-selectin bound to a related site on
PSGL-1 that overlapped the epitope for the anti-PSGL-1
mAb PL1. E-selectin bound with lower affinity than P-selec-
tin to this site and also bound to an additional site(s) on
PSGL-1. PL1 abolished adhesion of neutrophils to P-selectin
under shear or static conditions, whereas DREG-56, a mAb
to L-selectin, had no effect on adhesion to P-selectin. PL1
inhibited attachment of neutrophils to E-selectin under flow
but not static conditions. DREG-56 also inhibited attach-
ment of flowing neutrophils to E-selectin, and a combination
of DREG-56 and PL1 nearly eliminated attachment to E-
selectin under flow. These data suggest that PSGL-1 func-
tions cooperatively with L-selectin to mediate optimal at-
tachment of flowing neutrophils to E-selectin but not to P-
selectin. Neutrophils attach more efficiently and with
greater strength to P-selectin, perhaps because of the higher
affinity of P-selectin for the PL1-defined site on PSGL-1.
(J. Clin. Invest. 1995. 96:1887-1896.) Key words: selectin ¢
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Introduction

The selectins are a group of three Ca®*-dependent lectins that
mediate the initial attachment and rolling of leukocytes on the
vessel wall in the presence of the shear forces found in postcap-
illary venules (for reviews see references 1-3). Selectin-medi-
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ated rolling of neutrophils is followed by juxtacrine activation
of (B2 integrins, which promotes stable attachment and then
emigration of neutrophils into tissues at sites of acute inflamma-
tion (4). Rolling of lymphocytes is also mediated by selectins
and, under some circumstances, by a4 integrins (5-9).

Each selectin has an NH,-terminal carbohydrate-recognition
domain characteristic of Ca**-dependent lectins, followed by
an EGF-like domain, a series of short consensus repeats, a
transmembrane domain, and a cytoplasmic tail. L-selectin,
found on circulating leukocytes, binds to inducible ligands on
postcapillary venules and constitutive ligands on high endothe-
lial venules of lymph nodes. E-selectin, expressed transiently by
cytokine-activated endothelial cells, binds to ligands on myeloid
cells and subsets of lymphocytes. P-selectin, stored in the mem-
branes of secretory granules in platelets and endothelial cells,
is rapidly redistributed to the cell surface in response to agonists
such as thrombin, histamine, and oxygen radicals, where it binds
to ligands on myeloid cells and subsets of lymphocytes.

In a flowing environment, selectins must rapidly form bonds
with their ligands to facilitate attachment of leukocytes and then
rapidly release these bonds to allow rolling. Identification of
the physiologically relevant cell surface ligands for the selectins
is critical for understanding the molecular basis for leukocyte
attachment and rolling under shear forces. The selectins bind
weakly to sialylated, fucosylated, and, in some cases, sulfated
oligosaccharides (10). The prototype of these structures is sialyl
Lewis x (sLe*),' a terminal tetrasaccharide attached to many
glycoproteins and glycolipids on human myeloid cells. In ex-
tracts of target cells, however, selectins bind with higher affinity
and/or avidity to oligosaccharides on a limited number of glyco-
proteins. Some of these macromolecules are sialomucins with
clustered, sialylated O-linked glycans (11-15). Other glyco-
proteins display primarily N-linked oligosaccharides (16, 17)
or have carbohydrate chains that are less well characterized
(18). Neutrophil L-selectin, which displays sLe*, has been pro-
posed as a major ligand for E- and P-selectin in part because
it is localized on the tips of microvilli (19). In solution E- and
P-selectin do not bind detectably to L-selectin (20, 21), al-
though some mAbs to L-selectin inhibit rolling of neutrophils
on E- or P-selectin (22-24). A recent study reported that L-
selectin is required for the initial attachment of neutrophils
to E-selectin under shear forces, whereas other unidentified li-
gands mediate the subsequent rolling of neutrophils on E-selec-
tin (22).

We have developed two IgG mAbs (PL1 and PL2) to P-
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glycoprotein ligand-1; sES, soluble E-selectin; sLe*, sialyl Lewis x
(Galf1-4[Fucal-3]GIcNAc); sPS, soluble P-selectin.

Neutrophil Rolling on E-Selectin and P-Selectin 1887



selectin glycoprotein ligand-1 (PSGL-1), a sialomucin on hu-
man leukocytes that binds with high affinity/avidity to P-selec-
tin (25). PL1, but not PL2, abolishes binding of '*I-PSGL-1
to immobilized P-selectin, binding of fluid-phase P-selectin to
leukocytes, and adhesion of neutrophils to P-selectin surfaces
under both static and shear conditions. These data establish that
P-selectin must form bonds with PSGL-1 in order for neutro-
phils to attach to and roll on P-selectin under physiologically
relevant shear stresses, even though PSGL-1 is only one of
many macromolecules on the neutrophil surface that display
sLe*. Significantly, PSGL-1, like L-selectin, is concentrated
on the tips of microvilli, which may enhance iis adhesive func-
tion (25).

PSGL-1 is a homodimer of two disulfide-linked subunits
with relative molecular masses of 120,000. Each subunit dis-
plays at most three N-linked glycans, but many clustered, sialy-
lated O-linked glycans, including poly- N-acetyllactosamine that
carry sLe* (11). Although sialylation (11, 26) and fucosylation
(12) of the O-linked glycans are required for recognition by P-
selectin, the structural basis for high-affinity binding has not
been defined. The ability of Fab fragments of the PL1 antibody
to inhibit binding of PSGL-1 to P-selectin suggests that a small
region on PSGL-1 near the PL1 epitope may constitute the
critical recognition site. PSGL-1 also binds to E-selectin (11,
12, 16). Whether PSGL-1 participates in the rolling of neutro-
phils on E-selectin under shear stresses has not been established.

Neutrophils may attach to and roll differently on P- and E-
selectin if the selectins bind to different ligands on neutrophils
or in a different manner to the same ligands. Indeed, Lawrence
and Springer (27) reported that neutrophils attach similarly to
P- and E-selectin under flow conditions, but form much stronger
rolling adhesions on E-selectin than on P-selectin, as measured
by lower velocities and greater resistance to detachment by
increasing shear stress. A concern in interpreting these experi-
ments is that the authors compared the rolling of neutrophils
on E-selectin coated on plastic with an earlier study in which
they studied the rolling of neutrophils on P-selectin incorporated
into planar membranes (28).

In this study, we directly compared the attachment and
rolling of neutrophils on P-selectin and E-selectin under flow,
with emphasis on the functions of L-selectin and PSGL-1. Each
selectin was studied at a range of site densities when coated on
plastic or expressed on the surface of Chinese hamster ovary
(CHO) cells. In both formats, flowing neutrophils attached more
efficiently and with greater adhesive strength to P-selectin than
to E-selectin. Studies with mAbs suggested that PSGL-1 must
function cooperatively with L-selectin to mediate optimal at-
tachment of flowing neutrophils to E-selectin but not to P-
selectin.

Methods

Materials. O-sialoglycoprotein endopeptidase (OSGE) from Pasturella
hemolytica (5 mg glycophorin A cleaved/mg protein/h, EC 3.4.24.93A)
was obtained from Cedarlane Laboratories Ltd. (Hornby, Ontario, Can-
ada). N-formyl-Met-Leu-Phe (FMLP), cytochalasin D, 2-deoxy-D-glu-
cose, and Histopaque® 1077 were purchased from Sigma Chemical Co.
(St. Louis, MO). FITC goat anti—mouse IgG/IgM F(ab’), was pur-
chased from Caltag Laboratories (San Francisco, CA).

Proteins. Human platelet P-selectin was purified as described pre-
viously (29). Recombinant soluble forms of P-selectin (sPS) and E-
selectin (SES) were produced and characterized as described previously

1888 K. D. Patel, K. L. Moore, M. U. Nollert, and R. P. McEver

(11, 30). sES was a generous gift from Dr. David E. Lyons (Amgen,
Inc., Thousand Oaks, CA).

Antibodies. The anti—-human P-selectin mAbs S12, W40, G1, and
G3 (all IgG,-«) were prepared and characterized as described previously
(31-33). G1 and G3, but not S12 and W40, block binding of P-selectin
to leukocytes (32, 34). G1, but not S12, blocks binding of P-selectin
to PSGL-1 (11). The anti—human E-selectin mAbs CL2 and CL37
(1gG,-«) were kindly provided by C. Wayne Smith (Baylor College of
Medicine, Houston, TX) (35). CL2, but not CL37, blocks binding of
leukocytes to E-selectin. The anti—human L-selectin mAb DREG-56
(IgG,) was a gift from Takashi Kei Kishimoto (Boehringer Ingelheim
Pharmaceuticals, Inc., Ridgefield, CT) (36). The anti—human CD18
mAb IB4 (IgG,4-«) was a gift from Samuel D. Wright (The Rockefeller
University, New York) (37). FITC-Leu 8 (anti—L-selectin) and PE-
Leu 15 (anti-CD11b) were purchased from Becton Dickinson Immuno-
cytometry Systems (San Jose, CA). The anti—human PSGL-1 mAbs
PL1, PL2, and PL3 were prepared as described previously (25). PL1,
but not PL2, abolishes binding of 'I-PSGL-1 to P-selectin, binding of
fluid-phase P-selectin to leukocytes, and adhesion of neutrophils to P-
selectin CHO cells under both static and flow conditions. PL3 competes
with PL2 for binding to purified PSGL-1 and does not block binding
of PSGL-1 to P-selectin. The LPS levels in purified PL1 and PL2
were quantified with a Limulus amebocyte lysate kit (QCL-1000 kit;
BioWhittaker, Inc., Walkersville, MD) using endoxin from Escherichia
coli strain 0111:B4 as standard. At a concentration of 15 ug/ml, PL1
and PL2 each contained <1 pg/ml (0.03 EU/ml) of LPS.

Monoclonal antibody production. mAbs to human E-selectin were
produced using previously cited methods (38), using sES as the immu-
nogen. Two mAbs, designated ES1 and ES2 (both IgG,-«), were puri-
fied and further characterized. Both mAbs bound specifically to E-selec-
tin CHO cells but not P-selectin CHO cells, and both recognized a
single 110-kD protein in extracts of E-selectin CHO cells, but not P-
selectin CHO cells, as assessed by Western blotting under nonreducing
conditions. ES1, but not ES2, abolished binding of neutrophils to E-
selectin CHO cells, but not P-selectin CHO cells, under both static and
flow conditions. Neither mAb bound to leukocytes, indicating no cross-
reaction with L-selectin.

Preparation of E-selectin and P-selectin substrates. Selectins diluted
in HBSS were incubated at 4°C overnight in 12- or 35-mm tissue culture
plates (Corning Inc., Corning, NY). The plates were washed twice with
HBSS and then blocked at 22°C for 2 h with HBSS/1% HSA.

¢DNA constructs and transfections. CHO cells were transfected
with P-selectin or E-selectin cDNA in the vector pBK-EF using Lipofec-
tamine™ (Gibco BRL, Gaithersburg, MD) (25). Several dozen stably
transfected clones expressing various densities of each selectin at con-
fluence were selected as described previously (25). A portion of the
cells from each clone was frozen. In addition, 10 clones expressing P-
selectin and 10 clones expressing E-selectin at various matched densities
were continuously maintained for use in adhesion experiments.

Site density determinations. Site densities of P- and E-selectin on
plastic and on confluent transfected CHO cells were determined using
radiolabeled mAbs directed at nonoverlapping epitopes on P-selectin
(G1, G3, S12, W40) or E-selectin (CL2, CL37) as described previously
(25). In calculating the site densities on CHO cells, the surface area of
the cell monolayer was assumed to be identical to that of the culture
dish; the site densities may be lower if the surface area of the monolayer
exceeded that of the dish. Site densities were identical when measured
in 48-well plates or in 35-mm dishes. For each cell adhesion experiment
with protein-coated plastic, selectins were coated at several different
concentrations in both 48-well plates and 35-mm dishes. Site density
measurements were performed on the 48-well plates, and the measure-
ments were used to select 35-mm plates with matched densities of
P-selectin and E-selectin for the experiment. For each cell adhesion
experiment with transfected CHO cells, the 20 stably transfected cell
lines were individually plated in both 48-well plates and 35-mm dishes.
Site density measurements were performed in the 48-well plates when
the cells reached confluence; these measurements were performed on
the day before the experiment or on the day of the experiment. The



measurements were used to select 35-mm plates with confluent CHO cell
monolayers expressing matched densities of P-selectin and E-selectin for
the experiment.

Cell isolation. Neutrophils were isolated from healthy human donors
as described previously (39). HL-60 cells were maintained in RPMI
1640/20% FCS supplemented with 4 mM L-glutamine, 100 IU/ml peni-
cillin, and 100 ug/ml streptomycin. HL-60 cells were treated with OSGE
(10 pl/5 X 10° cells, 1 h, 37°C) in Ca®*/Mg?**-free HBSS supple-
mented with 1% HSA, 1 mM CaCl,, and 0.02% NaN,.

Adhesion of neutrophils to P- and E-selectin under flow conditions.
Fluid shear stresses present in the microvasculature were simulated in
a parallel-plate flow chamber as described previously (23, 25). Neutro-
phils (106/ml) in HBSS/0.5% HSA were perfused through the chamber
at the desired wall shear stress. Neutrophil rolling was allowed to equili-
brate for 4 min on CHO cells and for 8 min on selectin-coated plastic
before data acquisition. Experiments comparing control and test neutro-
phils were performed in parallel chambers on the same culture dish.
Neutrophil interactions were visualized with a X40 objective (field of
view of 0.032 mm?) using phase-contrast video microscopy. Interactions
were quantified using a computer imaging system (Sun Microsystem,
Mountain View, CA; Inovision, Durham, NC). The number of adherent
or rolling neutrophils was measured by digitizing image frames and
determining the number of cells that were firmly adherent or rolling as
described previously (23). Detachment of neutrophils was determined
by allowing neutrophils to adhere to the surface under static conditions,
then initiating flow at a wall shear stress of 1 dyn/cm?. The wall shear
stress was increased incrementally every 30 s and the number of neutro-
phils remaining adherent was determined. All experiments were per-
formed at 22°C unless indicated otherwise. In certain experiments, cells
were preincubated for 10 min with 5-10 pg/ml of anti—PSGL-1, anti-
CD18, or anti—L-selectin mAb and rolling was assayed in the continuous
presence of the mAb. In some experiments, cells (10°/ml in HBSS/
0.5% HSA) were treated with 2 uM cytochalasin D or DMSO diluent
for 10 min at 37°C, followed by sham or FMLP treatment (0.1 uM,
10-15 min, 37°C). In other experiments, cells (10%/ml in HBSS/0.5%
HSA) were incubated with 50 mM 2-deoxyglucose and 0.06% NaN,
for 60 min at 22°C in HBSS/0.5% HSA (25). All inhibitors remained
present during the adhesion assays. In additional studies, neutrophils
were fixed with 1% paraformaldehyde in HBSS for 20 min at 4°C,
washed twice in HBSS, and resuspended in HBSS/0.5% HSA.

Adhesion of neutrophils to P- and E-selectin under static conditions.
Transfected CHO cells were grown to confluence in 24-well dishes. The
monolayers were washed once with HBSS and then neutrophils (250
ul, 5 X 10° cells) in HBSS/0.5% HSA were added. After 15 min at
37°C, nonadherent neutrophils were removed by gentle washing and the
number of adherent neutrophils was quantitated using a myeloperoxidase
assay as described previously (32).

Flow cytometry. For direct immunofluorescence staining, 10° cells
were stained with 20 ul of FITC-Leu8 or PE-Leul5. For indirect immu-
nofluorescence, 10° cells were incubated with 50 ul of mAb at a concen-
tration of 10 ug/ml. Bound antibody was detected with FITC-conjugated
goat anti—mouse IgG/IgM. Each incubation was for 30 min at 4°C in
HBSS/HSA/Ca, between which the cells were washed with HBSS/
HSA/Ca. After the last wash, the cells were fixed with 1% paraformal-
dehyde and analyzed using a Becton-Dickinson FACScan® flow cyto-
meter. Binding of platelet-derived P-selectin to neutrophils or HL-60
cells was measured by flow cytometry as described previously (13, 25).

Results

Neutrophils attach more efficiently to P-selectin than to E-
selectin under flow conditions. We used a parallel-plate, dual-
chamber flow system to directly compare the attachment and
rolling of neutrophils on P-selectin and E-selectin under physio-
logical shear stresses. Comparable site densities of P-selectin
and E-selectin were coated on plastic or expressed on the surface
of transfected CHO cells. Site densities were measured before

Table I. Measurement of Selectin Site Densities*

Site density (sites/um?)

Surface Gl CL2 S12 CL37
P-selectin CHO 172+3 — 18018 —
E-selectin CHO — 98+1 — 63+6
sPS 18711 — 2874+256 —
sES — 248+20 — 106+6

* Site densities were determined for P- and E-selectin expressed on
CHO cells and for sPS and sES coated on plastic. Measurements were
made using either blocking mAbs (G1 and CL2) or nonblocking mAbs
(S12 and CL37) to P- and E-selectin. The data represent the mean+range
of duplicate determinations and are representative of at least four inde-
pendent experiments in which site densities were measured with both
blocking and nonblocking mAbs. Similar results were obtained when
the anti—P-selectin blocking mAb G3 was used instead of G1 and when
the nonblocking anti—P-selectin mAb W40 was used instead of S12.
Immobilized platelet-derived P-selectin also displayed many more epi-
topes for nonblocking mAbs than for blocking mAbs.

each experiment to ensure that matched densities of P-selectin
and E-selectin were used (see Methods). In preliminary studies,
we compared site densities measured with either inhibitory or
noninhibitory mAbs to P-selectin and E-selectin (Table I). On
CHO cells, similar site densities were measured using either
inhibitory or noninhibitory mAbs to P-selectin qr E-selectin.
On plastic, similar site densities were also measured with inhibi-
tory or noninhibitory mAbs to E-selectin. However, P-selectin
coated on plastic displayed many more epitopes for noninhibi-
tory mAbs than for inhibitory mAbs, presumably because the
latter epitopes on many P-selectin molecules are obscured by
the interaction with the plastic. In all cell adhesion experiments,
site densities were measured with inhibitory mAbs, since these
epitopes are likely to reflect regions of the selectins that directly
participate in neutrophil recognition.

In both plastic and CHO cell formats, neutrophils attached
to and rolled on P-selectin and E-selectin at a range of shear
stresses characteristic of postcapillary venules (Fig. 1). More
neutrophils attached to a selectin coated on plastic than to the
same selectin expressed on CHO cells at matched densities.
Attachment was always followed by rolling. Attachment of neu-
trophils was completely inhibited by buffer containing EGTA
or by buffer containing an inhibitory mAb, but not a noninhibi-
tory mAb, to the appropriate selectin (data not shown). Thus,
attachment and rolling of neutrophils were dependent on the
selectin, whether presented on plastic or on CHO cells.

Neutrophils attached much more efficiently to P-selectin
than to E-selectin at comparable site densities (Fig. 1). At a
wall shear stress of 2 dyn/cm?, neutrophils attached avidly to
P-selectin at densities as low as 10—25 sites/m?, and the num-
ber of attached cells reached maximum at relatively low densi-
ties (=~ 50 sites/um?). In contrast, higher densities of E-selectin
were required to support neutrophil attachment (Fig. 1, A and
B). Neutrophil attachment reached a maximum at an E-selectin
density of ~ 300 sites/um® (data not shown). Neutrophils
attached more efficiently to P-selectin than to E-selectin over a
range of shear stresses (Fig. 1, C and D). At comparable selec-
tin densities, more neutrophils attached to P-selectin than to E-
selectin on both protein-coated surfaces and on transfected CHO
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Figure 1. Neutrophils attach more efficiently
to P-selectin than to E-selectin under flow
conditions. sPS or sES was immobilized at
various site densities on 35-mm tissue culture
dishes (A and C), and CHO cells expressing
P- or E-selectin at various site densities were
grown to confluence on 35-mm tissue culture
dishes (B and D). The dishes were inserted
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cells. At higher site densities, however, the superior attachment
to P-selectin was evident only at shear stresses >2 dyn/cm?.

Neutrophils roll at lower velocities on P-selectin than on
E-selectin. We examined the rolling velocities of neutrophils
that attached under shear forces as a measure of their adhesive
strengths to P- or E-selectin. The velocities of 50 randomly
selected neutrophils rolling on P- or E-selectin at comparable
site densities were determined. At a selectin density of 200
sites/um® and a wall shear stress of 2 dyn/cm?, virtually all
neutrophils rolled very slowly on P-selectin coated on plastic
(Fig. 2 A). In contrast, neutrophils rolled with heterogeneous
velocities on E-selectin, and most cells rolled at substantially
higher velocities than on P-selectin. On transfected CHO cells
expressing 230 sites/um’ of each selectin, the velocities of
neutrophils rolling on P-selectin were somewhat more heteroge-
neous than on P-selectin coated on plastic, but the neutrophils
still rolled significantly slower on P-selectin than on E-selectin
(Fig. 2 B). In both formats, rolling velocities decreased as the
site densities of P- and E-selectin were increased, but the aver-
age velocity on P-selectin was always lower than on E-selectin
at a given site density (data not shown). For both P- and E-
selectin, there was less variation in the rolling velocities of
individual neutrophils on protein-coated plastic than on
transfected CHO cells.

Shear stress readily detaches neutrophils that adhered stati-
cally to P- or E-selectin expressed on CHO cells but not coated
on plastic. We allowed neutrophils to settle on selectin surfaces
in the absence of flow, then subjected the adherent cells to
progressively increasing wall shear stresses. Upon initiation of
flow, the neutrophils began to roll. The percentage of rolling
cells that remained adherent as a function of wall shear stress
was determined as an alternative measure of adhesive strength.
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Resistance to detachment increased as a function of site density
for both selectins, and neutrophils tended to be more resistant
to detachment when adherent to P-selectin than to E-selectin at
comparable site densities (data not shown). However, the most
striking finding was that neutrophils adherent to either selectin
coated on plastic were resistant to detachment even at shear
forces >30 dyn/cm? (Fig. 3). In contrast, neutrophils adherent
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Figure 3. Neutrophils adherent to P- and E-selectin coated on plastic
are more resistant to detachment by shear forces than neutrophils adher-
ent to P- and E-selectin CHO cells. sPS or sES was immobilized at the
indicated site density on 35-mm tissue culture dishes, and CHO cells
expressing P- or E-selectin at the indicated site density were grown to
confluence on 35-mm tissue culture dishes. Neutrophils (10%/ml) in
HBSS/0.5% HSA were allowed to bind to the selectin surfaces for 5
min under static conditions. Flow was initiated at 0.25 dyn/cm? for 30
s to remove loosely adherent cells and the number of adherent cells
remaining was taken to be 100% bound. Similar numbers of cells bound
to immobilized sPS or SES or to P- or E-selectin CHO cells. Shear was
increased every 30 s and the number of neutrophils bound to the selectin
was quantified and the percent remaining was determined. The data are
representative of five independent experiments.

to P- or E-selectin expressed on CHO cells detached at much
lower shear stresses, with complete detachment at shear stresses
of ~ 15 dyn/cm? at all site densities examined (Fig. 3 and data
not shown). The rolling velocities of neutrophils on selectin-
coated plastic reached a plateau despite further increases in
shear stress, whereas the velocities of neutrophils on selectin-
transfected CHO cells continued to increase until they detached
from the monolayer (data not shown).

The remarkable resistance to detachment of neutrophils ad-
herent to selectin-coated plastic resembled that previously ob-
served for 32 integrin—dependent adhesion of activated neutro-
phils (28). However, the adherent cells remained round and
refractile to light, suggesting that they were not activated. Fur-
thermore, conditions that suppress (2 integrin function did not
diminish the resistance to detachment of neutrophils adherent
to P- or E-selectin coated on plastic. These conditions included
fixation of the neutrophils, chilling to 4°C, use of Mg**-free
buffer, treatment of neutrophils with the metabolic inhibitors
NaNj, and 2-deoxyglucose, or infusion of an inhibitory mAb to
2 integrins (data not shown). Finally, infusion of EGTA or
of inhibitory mAbs to the appropriate selectin rapidly detached
adherent cells from selectin-coated plastic under shear stresses,
indicating that the cells adhered by mechanisms requiring selec-
tins rather than integrins (data not shown). The resistance of
neutrophils to detachment from immobilized selectins may re-
flect an adhesive contribution from the plastic. We performed
all subsequent experiments on selectin-expressing CHO cells,
since they seemed more likely to represent physiologically rele-
vant surfaces.

Purified PSGL-1 interacts differently with E-selectin than
with P-selectin. We previously developed two anti—PSGL-1
IgG mAbs, termed PL1 and PL2. PL1, but not PL2, completely
blocks binding of purified PSGL-1 to P-selectin and abolishes
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Figure 4. Effects of mAbs and fluid-phase selectins on binding of PSGL-
1 to immobilized E-selectin. A fixed concentration of '*I-PSGL-1 was
incubated for 1 h in microtiter plates coated with HSA or with sES (50
ul, 25 pg/ml) in the presence of (A) buffer, 5 mM EDTA, 10 ug/ml
of anti—E-selectin mAb (ES1 or ES2), 10 ug/ml of anti—-PSGL-1 mAb
(PL1, PL1 Fab fragments, PL2, or PL3), or (B) increasing concentra-
tions of either fluid-phase sPS or sES. The data in A represent the
mean=SD of the indicated number of independent experiments, each
performed in quadruplicate. The data in B represent the mean+SD of
quadruplicate wells and are representative of two independent experi-
ments.

adhesion of neutrophils to P-selectin under both static and shear
conditions (25). E-selectin binds near the P-selectin—binding
site on PSGL-1, because fluid-phase E-selectin inhibits binding
of '®I-PSGL-1 to immobilized P-selectin (11). However, the
IC50 is ~ 50-fold higher for fluid-phase E-selectin than for P-
selectin, suggesting that E-selectin binds with lower equilibrium
affinity to this site (11). To determine whether PSGL-1 partici-
pates in the adhesion of neutrophils to E-selectin, we first exam-
ined whether the anti—-PSGL-1 mAbs affected binding of puri-
fied PSGL-1 to E-selectin. '*I-PSGL-1 bound in a Ca**-depen-
dent manner to immobilized E-selectin (Fig. 4 A). The binding
was blocked by ES1, an inhibitory mAb to E-selectin, but not
by ES2, a noninhibitory mAb to E-selectin. PL1 only partially
inhibited binding of PSGL-1 to E-selectin, although the inhibi-
tion was consistent. In multiple experiments, PL1 IgG or Fab
fragments reduced binding by ~ 40% (Fig. 4 A). PL2 and PL3,
two anti—PSGL-1 mAbs that compete for the same binding site,
did not inhibit binding to E-selectin and did not further block
binding when used in combination with PL1 (Fig. 4 A). Fluid-
phase E-selectin (20 uM) completely inhibited binding of '*I-
PSGL-1 to immobilized E-selectin (Fig. 4 B). Fluid-phase P-
selectin also inhibited binding in a concentration-dependent
manner, although inhibition was still incomplete at the highest
concentration tested (50 uM). These data, coupled with previ-
ous results on the binding of PSGL-1 to immobilized P-selectin
(11, 25), indicate that PSGL-1 does not interact identically
with P-selectin and E-selectin. The results suggest that both P-
selectin and E-selectin bind to a site that is near the epitope for
PL1, although E-selectin binds with lower affinity than P-selec-
tin to this site (11). A less likely possibility is that PL1 indi-
rectly alters the conformation of the recognition site for P- and
E-selectin. PL1 completely inhibits binding of PSGL-1 to P-
selectin, suggesting that it identifies the dominant recognition
site for P-selectin (25). In contrast, PL1 only partially inhibits
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Figure 5. PSGL-1 is required for optimal attachment of neutrophils to
E-selectin under flow conditions but is not essential for attachment under
static conditions. CHO cells expressing P- or E-selectin at =~ 200 sites/
um? were grown to confluence on 35-mm tissue culture dishes. Neutro-
phils (10%/ml) in HBSS/0.5% HSA were preincubated with PL1, PL2
(5 pg/ml), or buffer for 10 min. Adhesion of neutrophils was measured
under (A) static conditions or (B) flow conditions (1.5 dyn/cm?). In
certain experiments, neutrophils (10/ml) were chilled to 4°C or pre-
treated with a mixture of 50 mM 2-deoxyglucose (DOG) and 0.06%
NaN; in HBSS/0.5% HSA for 60 min at 22°C. The data represent the
mean*range of the number of rolling neutrophils in two randomly
selected x40 fields and are representative of at least three independent
experiments.

binding of PSGL-1 to E-selectin, suggesting that PSGL-1 has
one or more additional recognition sites for E-selectin. Fluid-
phase P-selectin binds weakly to one or more of these sites, as
reflected by its ability to partially inhibit binding of '*I-PSGL-
1 to immobilized E-selectin. However, these sites do not con-
tribute measurably to binding of '*I-PSGL-1 to immobilized
P-selectin in the presence of PL1 (25).

PSGL-1 is required for optimal attachment of neutrophils
to E-selectin under flow conditions but is not essential for at-
tachment under static conditions. Although PL1 only partially
inhibited binding of purified PSGL-1 to E-selectin, we won-
dered whether the recognition site for E-selectin identified by
the antibody might contribute to the adhesion of neutrophils to
E-selectin. Therefore, we examined the effects of PL1 and PL2
on neutrophil attachment to E-selectin CHO cells under both
static and shear conditions (Fig. 5). Under static conditions,
neither PL1 nor PL2 inhibited adhesion of neutrophils to E-
selectin CHO cells (Fig. 5 A). In contrast, PL1, but not PL2,
significantly inhibited attachment of neutrophils on the same E-
selectin CHO cells at a shear stress of 1.5 dyn/cm? (Fig. 5 B).
PL1 also inhibited attachment of neutrophils that were rendered
metabolically inactive by chilling to 4°C or treatment with NaN,
and 2-deoxyglucose (Fig. 5 B). Monovalent Fab fragments of
PL1 inhibited attachment, indicating that the effects of PL1
were not due to redistribution of PSGL-1 by bivalent IgG (data
not shown). Finally, PL1 inhibited attachment and rolling of
fixed neutrophils on E-selectin, suggesting that the mAb did
not inhibit rolling indirectly through cell signaling (data not
shown).

PL1 always abolishes rolling of neutrophils on P-selectin
(25). In contrast, PL1 did not completely inhibit rolling of
neutrophils on E-selectin. In multiple experiments with CHO
cells expressing E-selectin at a variety of site densities, PL1
blocked rolling of neutrophils on E-selectin CHO cells by
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Figure 6. Effect of anti—L-selectin mAb on attachment of neutrophils
to P- and E-selectin under flow conditions. CHO cells expressing P-
selectin or E-selectin at ~ 200 sites/um? were grown to confluence on
35-mm tissue culture dishes and inserted into a parallel-plate flow cham-
ber. Neutrophils were incubated with PL1, PL2, and/or DREG-56 (5
ug/ ml), or buffer for 10 min. The cells (10%/ml) were perfused through
the flow chamber at 1.5 dyn/cm? for 4 min before data acquisition and
the number of rolling neutrophils was quantitated. The data represent
the mean=*range of the number of rolling neutrophils in two randomly
selected x40 fields and are representative of at least four independent
experiments. nd, not done.

73.8+19.5% (mean=*SD, n = 22). The variable degree of inhi-
bition did not correlate with the density of E-selectin on the
CHO cells, and higher concentrations of PL1 did not further
inhibit rolling. In all experiments, PL1 substantially inhibited
attachment of neutrophils to E-selectin under shear stresses, but
had no effect on adhesion under static conditions. Taken to-
gether, these data suggest that bonds between E-selectin and
the site on PSGL-1 that overlaps the PL1 epitope play an im-
portant role in attachment of neutrophils to E-selectin under
shear forces. However, other ligands for E-selectin, and/or other
recognition sites for E-selectin on PSGL-1, also contribute to
attachment under flow. These alternative ligands are particularly
important as mediators of adhesion in the absence of shear
stress.

Effects of anti—L-selectin mAb and cell activation on attach-
ment of neutrophils to P-selectin and E-selectin under flow
conditions. Previous studies have suggested that neutrophils
require L-selectin to attach to E-selectin under shear forces,
but not under static conditions (22). To determine whether
L-selectin functions cooperatively with PSGL-1 in mediating
attachment of flowing neutrophils to E- or P-selectin, we prein-
cubated the cells with PL1, PL2, or DREG-56, a mAb to L-
selectin that partially inhibits rolling of neutrophils on P- or E-
selectin in some experimental systems (22-24). As demon-
strated previously (25), PL1, but not PL2, abolished rolling
of neutrophils on P-selectin (Fig. 6). Under these conditions,
DREG-56 did not affect rolling on P-selectin. In contrast, PL1
and DREG-56 each partially inhibited rolling of the same neu-
trophils on E-selectin, and a combination of both mAbs further
inhibited rolling (Fig. 6). When used alone, DREG-56 inhibited
neutrophil rolling on E-selectin by 70.1+12.9% (mean+SD, n
= 11). Flow cytometric analysis indicated that the antibody-
treated cells did not shed L-selectin or increase surface expres-
sion of CD11b, suggesting that they were not activated (data not
shown ). Furthermore, the cells remained round and refractile to
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light. Similar results were observed when the neutrophils were
pretreated with the metabolic inhibitors, NaN; and 2-deoxyglu-
cose, or when the neutrophils were fixed before analysis (data
not shown). These results suggest that L-selectin does not sig-
nificantly contribute to neutrophil attachment to P-selectin under
these conditions. However, L-selectin functions cooperatively
with PSGL-1 to mediate attachment of flowing neutrophils to
E-selectin.

We next asked whether neutrophils that shed L-selectin after
activation could attach to P- and E-selectin under flow. Acti-
vated cells develop asymmetric shapes that may interfere with
attachment under shear forces. Therefore, some cells were
treated with cytochalasin D, an inhibitor of actin polymeriza-
tion, to maintain their round shapes. Because the effects of
cytochalasin D are rapidly reversible, the agent was maintained
in the cell suspensions for the duration of the experiments.
Resting or FMLP-activated neutrophils, in the presence of cyto-
chalasin D or control diluent, were perfused over P- or E-selec-
tin CHO cells. Flow cytometry with mAbs to L-selectin revealed
that FMLP induced shedding of 95% of the L-selectin from
the cell surface, in the presence or absence of cytochalasin D.
However, the binding of PL1 and PL2 to activated neutrophils
was unaltered, indicating that PSGL-1 remained on the cell
surface (data not shown). Furthermore, flow cytometry indi-
cated that activated neutrophils retained functional PSGL-1-
dependent binding sites for platelet-derived P-selectin (data not
shown). Treatment of resting neutrophils with cytochalasin D
did not affect attachment to P- or E-selectin, indicating that
most actin filaments are not required for attachment under flow
(Fig. 7 and reference 25). In contrast, neutrophils activated in
the presence or absence of cytochalasin D failed to attach to
either selectin under shear conditions (Fig. 7). The activation-
induced shedding of L-selectin coincided with the loss of cell
attachment, consistent with a requirement for L-selectin for
flowing neutrophils to attach optimally to P- and E-selectin.
However, DREG-56, unlike cell activation, did not inhibit at-
tachment to P-selectin (Fig. 6). Therefore, other activation-
induced changes may also impair attachment of flowing neutro-
phils to selectins.
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Figure 8. PSGL-1 is essential for attachment of HL-60 cells to P-selectin
and is required for optimal attachment of HL-60 cells to E-selectin
under flow conditions. CHO cells expressing P-selectin or E-selectin at
~ 200 sites/um* were grown to confluence on 35-mm tissue culture
dishes and then inserted into a parallel-plate flow chamber. (A) HL-60
cells were treated with OSGE or buffer. (B) HL-60 cells were preincu-
bated with PL1, PL2 (10 pg/ml), or buffer for 10 min. The cells (2
X 10%/ml) were perfused through the flow chamber at 1.5 dyn/cm? for
4 min before data acquisition and the number of rolling HL-60 cells
was determined. The data represent the mean=*range of the number of
rolling cells in four randomly selected %20 fields and are representative
of two (A) or five (B) independent experiments.

PSGL-1 is essential for attachment of HL-60 cells to P-
selectin and is required for optimal attachment of HL-60 cells
to E-selectin under flow conditions. To further examine whether
flowing myeloid cells could use PSGL-1 to attach to P- or E-
selectin in the absence of L-selectin, we studied HL-60 cells.
These cells lack L-selectin, but adhere to both E- and P-selectin
under static conditions (32, 40). The enzyme OSGE, which
cleaves sialomucin-like proteins (41), removes the PL1 epitope
but not the PL2 epitope from PSGL-1 (25). Treatment of HL-
60 cells with OSGE eliminates static adhesion to P-selectin but
not to E-selectin (13, 42). Fig. 8 demonstrates that HL-60 cells
rolled on both P- and E-selectin CHO cells at a shear stress of
1.5 dyn/cm?, indicating that HL-60 cells do not require L-
selectin to attach under shear forces. Rolling on P-selectin was
completely blocked by treating the HL-60 cells with OSGE or
by infusion of mAb PL1, but not PL2. These treatments also
inhibited rolling on E-selectin (Fig. 8). In multiple experiments,
PL1 inhibited rolling on E-selectin by 68.1+10.5% (mean=SD,
n = 7). In parallel experiments, OSGE and PL1 abolished static
adhesion of HL-60 cells to P-selectin, but had no effect on static
adhesion of HL-60 cells to E-selectin (data not shown). Thus,
flowing HL-60 cells use a region of PSGL-1 recognized by PL1
and altered by OSGE to attach to P- and E-selectin in the
absence of L-selectin. Under static conditions, HL-60 cells re-
quire this portion of PSGL-1 to adhere to P-selectin but not to
E-selectin.

Discussion

Our results indicate that (a) flowing neutrophils attach with
greater efficiency and roll at lower velocities on P-selectin than
on E-selectin, () purified PSGL-1 interacts differently with P-
selectin than with E-selectin, and (¢) PSGL-1 functions cooper-
atively with L-selectin to mediate attachment of neutrophils to
E-selectin under flow but not static conditions.

At physiological hydrodynamic parameters, more neutro-
phils attached to P-selectin than to E-selectin at matched site
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densities. Neutrophils that attached under shear forces also
rolled at lower velocities on P-selectin than on E-selectin. These
differences were observed with selectins coated on plastic as
well as with selectins expressed on transfected CHO cells. The
greater attachment to P-selectin indicates that neutrophils
formed more initial bonds with P-selectin than with E-selectin.
The slower rolling velocities on P-selectin indicate that, after
attachment, neutrophils continued to form more bonds with P-
selectin than E-selectin and/or that the bonds dissociated at a
slower rate.

Lawrence and Springer (27) observed previously that neu-
trophils adherent to E-selectin coated on plastic resisted detach-
ment by increasing shear forces. By comparing this result with
an earlier study of the rolling of neutrophils on P-selectin incor-
porated into planar membranes (28), they concluded that flow-
ing neutrophils attached with similar efficiency to P-selectin
and E-selectin, but rolled with greater adhesive strength on E-
selectin than on P-selectin (27). In direct comparisons, we in-
stead found that flowing neutrophils attached more efficiently
and with greater adhesive strength to P-selectin than to E-selec-
tin. Furthermore, shear stress readily removed neutrophils ad-
herent to both P- and E-selectin when expressed on CHO cells
but not when coated on plastic. The mechanism by which plastic
strengthens static adhesion of neutrophils to immobilized selec-
tins is obscure, but is unlikely to be physiologically relevant.
We therefore used selectin-expressing CHO cells for all other
experiments described in this study.

We showed previously that the anti—-PSGL-1 mAb PL1
abolishes adhesion of neutrophils to P-selectin under both static
and shear conditions (25). Thus, PSGL-1 must bind to P-selec-
tin for neutrophils to attach to and then roll on P-selectin under
flow. However, the interactions of flowing neutrophils with E-
selectin are more complex. In previous competitive binding
experiments with purified molecules, E-selectin appeared to
bind PSGL-1 at or near the principle recognition site for P-
selectin, although with lower affinity (11, 25). The results are
consistent with a model in which each subunit of PSGL-1 con-
tains one epitope for PL1 that overlaps a common recognition
site for P- and E-selectin. In this study, we found that PL1 only
partially inhibited binding of purified PSGL-1 to immobilized
E-selectin, suggesting that each subunit of PSGL-1 has one or
more additional binding sites for E-selectin. The number and
relative affinities of these sites are unknown. PL1 substantially
inhibited the attachment of flowing neutrophils to E-selectin,
indicating that the PL1-defined site on PSGL-1 is a major medi-
ator of neutrophil attachment under shear stress. Flowing neu-
trophils may attach less efficiently to E-selectin than to P-selec-
tin, at least in part, because of the lower affinity of the PL1-
defined recognition site for E-selectin than for P-selectin.
Whether this lower affinity is due to a slower on-rate and/or a
faster off-rate for binding requires further study. PL1 did not
inhibit all attachment of flowing neutrophils to E-selectin, indi-
cating that other recognition sites for E-selectin on PSGL-1 or
on other molecules contribute to attachment under flow.

L-selectin has been proposed to mediate attachment of
flowing neutrophils to both P- and E-selectin (19). Consistent
with this model, mAbs to L-selectin partially inhibit rolling of
neutrophils on both P- and E-selectin in some systems (19, 23,
24). Lawrence et al. (22) reported that flowing neutrophils
attached poorly to E-selectin—coated plastic if they were incu-
bated with the anti—L-selectin mAb DREG-56 or if they shed
L-selectin in response to activation. Such treatments had no
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effect if neutrophils first attached to E-selectin under static con-
ditions and then were subjected to shear stress. The authors
concluded that L-selectin is required for optimal attachment to
E-selectin under shear conditions, but not for subsequent rolling
on E-selectin. We observed that anti—PSGL-1 mAb PL1 abol-
ished attachment of flowing neutrophils to P-selectin (25) and
significantly inhibited attachment to E-selectin (this study).
Thus, L-selectin alone does not mediate optimal attachment of
neutrophils to either P- or E-selectin under shear stress. We
also found that HL-60 cells lacking L-selectin rolled on both
P- and E-selectin, and rolling was inhibited by PL1. Therefore,
HL-60 cells can use PSGL-1 to attach to either P- or E-selectin
under flow without a requirement for L-selectin. HL-60 cells
roll even though flow cytometric analysis indicates that the
number of PSGL-1-dependent binding sites for P-selectin is
lower on HL-60 cells than on neutrophils (Moore, K. L., unpub-
lished observations).

Unlike HL-60 cells, flowing neutrophils require the coopera-
tive function of L-selectin and PSGL-1 to attach optimally to
E-selectin. It is less clear whether flowing neutrophils use L-
selectin for optimal attachment to P-selectin. In our experi-
ments, DREG-56 consistently failed to inhibit attachment of
flowing neutrophils to P-selectin, but inhibited attachment of
the same neutrophils to E-selectin. A combination of PL1 and
DREG-56 blocked attachment of flowing neutrophils to E-selec-
tin more effectively than either individual antibody. Upon acti-
vation with FMLP, neutrophils shed L-selectin and failed to
attach under shear to either E- or P-selectin, even in the presence
of cytochalasin D to maintain their round shapes. It is unknown
whether the inability of the cells to attach reflects activation-
induced changes other than the shedding of L-selectin. We at-
tempted to remove L-selectin from the cell surface with chymo-
trypsin (19, 22), but even very low concentrations of the en-
zyme also eliminated the PL1 and PL2 epitopes on PSGL-1
(Patel, K. D., unpublished observations).

L-selectin may augment attachment of flowing neutrophils
by presenting a weak carbohydrate ligand for E-selectin (and
perhaps P-selectin) (19). L-selectin may also indirectly pro-
mote neutrophil attachment to E-selectin through cis interac-
tions with another ligand for E-selectin (22). PSGL-1 is a candi-
date for such a ligand. Both L-selectin and PSGL-1 are localized
on the microvilli of resting neutrophils (19, 25, 43, 44). PSGL-
1 carries many O-linked glycans, some of which might interact
with L-selectin. L-selectin may promote clustering of PSGL-1
on microvilli, enhancing its avidity for E-selectin. DREG-56
might disrupt such clustering, impairing rapid bond formation
with E-selectin under flow. It is unknown whether PSGL-1 is
organized differently in the membrane of HL-60 cells, which
lack L-selectin.

In the absence of flow, DREG-56 (27) and PL1 (this study)
did not inhibit adhesion of neutrophils to E-selectin, suggesting
that other E-selectin—ligand interactions dominate under these
conditions. It is unclear whether these are the same interactions
that maintain rolling adhesions under continuous shear. Bonds
might develop between E-selectin and the recognition site(s)
on PSGL-1 that is unaffected by PL1. If this site(s) is essential
for adhesion, it must be proximal to the sites cleaved by OSGE,
since treatment of HL-60 cells with the enzyme does not affect
static adhesion to E-selectin (42 and Patel, K. D., unpublished
observations). Bonds might also form with other neutrophil
ligands for E-selectin such as the 150-kD E-selectin ligand-1
(17, 21). Whatever additional interactions form, neutrophils



still roll with less adhesive strength on E-selectin than on P-
selectin, as reflected by their higher rolling velocities on E-
selectin.

The cytoskeleton may regulate some adhesive functions of
selectins or their ligands. Cytochalasin treatment of L-selectin—
transfected cells inhibits their adhesion to endothelial cells ex-
pressing carbohydrate ligands for L-selectin (45). In contrast,
we found that neutrophils treated with cytochalasin D attached
normally to both E-selectin and P-selectin under shear. These
data suggest that most actin filaments are not required for L-
selectin and/or PSGL-1 to mediate attachment of resting neutro-
phils to E- or P-selectin under flow. In other studies, however,
we observed that activation of neutrophils reduced their adhe-
sion to P-selectin even under static conditions (46). The weak-
ened adhesion was associated with a redistribution of PSGL-
1-dependent binding sites for P-selectin to the uropods of the
cells. Both the reduced adhesion and the redistribution of bind-
ing sites were prevented when the neutrophils were pretreated
with cytochalasin D (46), suggesting that activation regulates
the function of PSGL-1 through cytoskeletally dependent mech-
anisms.

The physiological significance of the superior attachment
efficiency and adhesive strength of neutrophils rolling on P-
selectin relative to E-selectin remains to be determined. We
demonstrated previously that a specific recognition site for P-
selectin on PSGL-1 is essential for flowing neutrophils to attach
to and roll on P-selectin (25). The current study indicates that
a similar site on PSGL-1 functions cooperatively with L-selectin
to mediate attachment of flowing neutrophils to E-selectin. After
attachment, other binding sites for E-selectin on PSGL-1 and/
or on other molecules maintain adhesion. Differential mecha-
nisms for attachment of neutrophils to P- and E-selectin may
also allow differential signaling of the adherent cells (47-50).
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