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Abstract

E-selectin was evaluated for its ability to support neutrophil
adhesion under conditions of flow. At a wall shear stress of 1.85
dyn/cm2, neutrophils were found to attach to E-selectin ex-
pressed on the apical surface of L cell monolayers. The initial
intercellular contact was most often evidenced by neutrophils
rolling on the monolayer at a mean rate of - 10 ,um/s. Anti-E-
selectin monoclonal antibody, CL2 /6, inhibited this interaction
by > 90%. Rolling neutrophils often transiently stopped, but in
contrast to the behavior on stimulated endothelial cells, they
remained spherical in shape and did not migrate on or beneath
the monolayer. A possible contribution of neutrophil L-selectin
to this interaction was indicated by the findings that anti-L-se-
lectin monoclonal antibody, DREG-56, inhibited E-selectin-
dependent adhesion under flow by > 65%, and there was a
highly significant correlation between surface levels of L-selec-
tin and E-selectin-dependent adhesion under flow. E-selectin
also appeared to support neutrophil adhesion to IL-lfl-stimu-
lated endothelial cells under conditions of flow, but it accounted
for only n 30% of the level of adherence, in contrast to L-selec-
tin which accounted for > 65%. Thus, both L-selectin and E-se-
lectin can support neutrophil adhesion at wall shear stresses
that preclude intercellular adhesion molecule-I-dependent ad-
hesion, and they participate in neutrophil adherence to stimu-
lated endothelial cells under conditions of flow. (J. Clin. Invest.
1993. 92:2719-2730.) Key words: adhesion * CD18 * intercellu-
lar adhesion molecule-I * neutrophils * selectins

Introduction

Intravital microscopy has revealed neutrophils rolling along
the endothelial lining ofpostcapillary venules ( 1-8). This phe-
nomenon is particularly evident during the early stages of an
acute inflammatory process, where rolling neutrophils often
stop, change shape, and migrate through the endothelium.
Leukocyte rolling may represent a necessary phase for efficient
localization of the neutrophils at inflammatory sites, but the
molecular mechanisms that account for this phenomenon
have not been completely defined. Lewinsohn et al. (9) and
Jutila et al. ( 10) provided evidence that L-selectin expressed on
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neutrophils participates in the accumulation of these leuko-
cytes at sites ofacute inflammation. Kishimoto et al. ( 1 ) pro-
posed that L-selectin was necessary for the initial adhesion to
endothelium and is subsequently downregulated as adherent
neutrophils are stimulated to emigrate. In support of this con-
cept, we found that mAbs against L-selectin reduced by > 60%
attachment of neutrophils to activated endothelial cell mono-
layers under conditions of flow, and there was a direct correla-
tion between adhesion at a wall shear stress of 1.85 dyn/cm2
and the levels of L-selectin on the neutrophil surface ( 12-14).
Anti-L-selectin mAbs used in a rabbit model of inflammation
(15), and polyclonal antibodies against L-selectin in a rat
model ( 16) reduced the quantity of rolling neutrophils in post-
capillary venules. Recombinant soluble L-selectin also exhib-
ited antiinflammatory activity through some unknown mecha-
nism when administered to mice systemically (17). Appar-
ently L-selectin-mediated adhesion, under conditions of flow,
complements the function ofCD I 8-integrins in that L-selectin
contributes to the initial adhesion and CD1 8-integrins support
transmigration of adherent neutrophils.

Adhesion of previously unstimulated neutrophils to endo-
thelial cell monolayers in vitro occurs only if the endothelial
cells have been stimulated (e.g., with TNFa or IL-13) ( 12, 13,
18). The newly upregulated factor(s) on the endothelial cell
with which L-selectin interacts are unknown. In addition to
stimulating increased synthesis of intercellular adhesion mole-
cule- 1 (ICAM- 1)1 ( 19, 20), cytokine treatment of endothelial
cells induces expression of the two other members of the selec-
tin family P-selectin and E-selectin (21, 22), and a L-selectin
ligand (23). In the present report we address the hypothesis
that E-selectin can support the initial adhesion of neutrophils
to activated endothelial cells under conditions of flow in vitro
at wall shear stresses beyond which ICAM- 1 /CD1 8 mecha-
nisms can function. E-selectin appears on the cell surface
within 2 h after cytokine stimulation (21 ), and has been shown
to support neutrophil adherence under static (21 ) and non-
static (i.e., rotating, agitation) conditions in vitro (23). In ad-
dition, anti-E-selectin has been found to reduce neutrophil ac-
cumulation in inflammatory sites in rats (24, 25) and monkeys
in vivo (25). No evidence has been published, though, showing
that E-selectin can catch neutrophils flowing past endothelial
cells at venular wall shear rates.

Methods

Isolation ofneutrophils. Neutrophils were purified from citrate antico-
agulated, dextran-sedimented venous blood samples of healthy adult

1. Abbreviations used in this paper: HUVEC, human umbilical vein
endothelial cells; ICAM- 1, intercellular adhesion molecule- 1; L-
ELAM, L cells transfected with cDNA for human E-selectin; L-ICAM,
L cells transfected with cDNA for human ICAM-1; sLex, sialyl Lewis
X.
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donors over Ficoll-Hypaque gradients and were suspended in Dul-
becco's PBS (GIBCO, Grand Island, NY), pH 7.4, containing 0.2%
dextrose as previously described ( 13). Isolated neutrophils were main-
tained at 40C for up to 4 h at a concentration of 107/ml. Neonatal
neutrophils were isolated from cord blood. Placentas from vaginal de-
liveries of healthy mothers in the absence of general anesthetics and
with Apgar scores of > 8 at 1 and 5 min were collected in the delivery
suites. Venous blood was collected, citrate anticoagulated, diluted with
equal amounts of PBS, dextran sedimented, and isolated as described
above. Hematological staining (NeatStain, Biochemical Sciences,
Bridgeport, NJ) revealed that > 95% of the isolated polymorphonu-
clear leukocytes were neutrophils. Of these cells typically > 99% were
viable (excluded tryphan blue) and practically all possessed unstimu-
lated spherical geometry.

In some experiments, neutrophils were activated by stimulation
with chemotactic tripeptide FMLP (10 nM) at room temperature for
15-25 min. At the end ofthe activation period the cell suspension was
either diluted 10 times with culture medium M 199 (preheated to 370C
and pH of 7.4 in tissue culture incubator) or washed twice in PBS to
remove the stimulant, and incubated an additional 10 min without
stimulant. With either method the abrupt decrease in the concentra-
tion of the chemotactic factor caused a reversal in neutrophil shape
from bipolar to slightly ruffled and spherical. This step was important
since bipolar neutrophils are at a disadvantage when compared with
unstimulated spherical neutrophils for adhesion and especially rolling
under conditions of flow.

In some experiments, isolated neutrophils at I07 cells/ml were in-
cubated with neuraminidase (Boerhinger-Mannheim Biochemicals,
Indianapolis, IN) at 0.1 U/ml for 30 min at room temperature,
washed, and resuspended in PBS. Control neutrophils used in these
experiments were exposed to similar steps without exposure to neur-
aminidase.

Monoclonal antibodies. The mAbs used in these studies include
preparations of IgG, IgM, and F(ab')2 fragments. The anti-CD18
mAbs, R15.7 (IgGl ) (26) and TSl / 18 (IgGl ) (27), were prepared as
previously described. An mAb to L-selectin, DREG-56 (IgG 1), was
prepared as previously described (28). CL2/6 (IgG1), anti-human
E-selectin was prepared as previously described (29). F(ab')2 frag-
ments of CL2/6 were used in antibody inhibition assays (30). Anti-
sialyl Lewis X (sLex) mAb (IgM) was prepared from CsLeX cell line
obtained from American Type Culture Collection (Rockville, MD).
All mAbs used in this study were titered using flow cytometry (FAC-
Scan, Becton Dickinson & Co., Mountain View, CA) to determine the
concentration that saturated surface binding sites of unstimulated and
stimulated cells as previously described ( 12, 13). TS I / 18, R15.7, and
DREG-56 were used at 10 ,ug/ml and CL2/6 F(ab')2 was used at 20
,ug/ml.

Preparation ofhuman umbilical vein endothelial cells. Human um-
bilical vein endothelial cells (HUVEC) were harvested and character-
ized as to acetylated LDL binding and factor VIII expression according
to established techniques as previously described (31 ). Primary venu-
lar endothelial cells from 5-10 umbilical cords were pooled and plated
in M199 containing 10% FCS and 10% BSA (Hyclone Laboratories,
Logan, UT), 5% penicillin-streptomycin (GIBCO) 5% Fungizone
(GIBCO), 0.1 mg/ml heparin (Sigma Chemical Co., St. Louis, MO),
and endothelial cell growth factor (Sigma), and maintained for 3-4 d
at 37°C, 5% CO2 humidified atmosphere. Visually confluent mono-
layers on gelatin (0.1%, Sigma) and fibronectin (5 jig/cm2, Calbio-
chem Corp., San Diego, CA) coated 24 x 50-mm rectangular glass
coverslips (special order from Bellco, Vineland, NJ) were prepared
from first passage cells harvested with 0.05% trypsin and 0.02% EDTA
in PBS (GIBCO). HUVEC were pretreated with IL-1,B (Calbiochem)
at 3 U/ml for 4 h in ELISA and at 5 U/ml for 3 h in adhesion assays.

Transfection ofL cells. Human E-selectin cDNA (generous gift of
Dr. B. Seed, Harvard Medical School, Boston, MA) was subcloned into
the mammalian expression vector pMRB101 (32), which contains a
human cytomegalovirus promoter and the Escherichia coli gpt gene. L
cells were transfected by electroporation and selected for resistance to

mycophenolic acid (33). Cells stably expressing E-selectin were se-
lected by three rounds of staining with the CL2 anti-E-selectin mAb
followed by fluorescence-activated cell sorting ofthe highest 10% ofthe
population. L cells stably transfected with ICAM-1 were a generous gift
of Drs. A. deFougerolles and T. A. Springer (Center for Blood Re-
search, Boston, MA).

Adherence assay under conditions offlow. Neutrophil adhesion to
IL- I #-stimulated endothelial cells was assessed as previously described
( 18, 34). Briefly, passage one HUVEC were grown to confluency on
gelatin-fibronectin-coated coverslips, stimulated with IL-1I# (5 U/ml)
for 3 h, rinsed in serum-free medium (M 199), mounted in parallel
plate flow chambers, and perfused for 5-10 min with M199 (rinse
step). Neutrophils were placed at room temperature for 15-25 min,
then stimulated with FMLP, and/or incubated with mAb when indi-
cated. The concentration of the mAbs was maintained throughout the
experiment. The neutrophil suspensions were passed through the
chamber at a wall shear stress of 1.85 dyn/cm2, and the interaction of
neutrophils with the endothelial monolayer was observed under phase-
contrast microscopy (Diaphot-TMD, Nikon Inc., Garden City, NY)
for 10 min and recorded on video tape. A minimum of 10 digitized
frames (Perspective Systems, Inc., Houston, TX) of different fields of
view from the last minute of the videotaped experiments (9-10 min in
neutrophil perfusion period) were used to determine the number of
neutrophils that remained in contact with the monolayer. Neutrophils
adherent on the luminal surface of the monolayer possessed spherical
geometry and appeared as phase-bright objects whereas those migrated
to the subluminal space were flattened and appeared as phase dark
objects as previously documented (34). Adhesion was defined as the
total number of neutrophils in contact with endothelium (rolling or
stationary on the luminal surface and migrated to the subluminal
space). The number of migrated neutrophils represented those adher-
ent neutrophils that had migrated and the ratio ofmigrated neutrophils
to total adherent neutrophils was used in calculation of the percent of
adherent neutrophils transmigrated.

Adhesion assays with monolayers of L cells transfected with cDNA
for human E-selectin (L-ELAM) were carried out essentially as de-
scribed in endothelial cell experiments with the modification that,
since L-ELAM monolayers contained phase-bright refractile bodies,
the field of view was maintained at the same location (in the middle of
the flow chamber) throughout the 10-min neutrophil perfusion period.
Entire experiments were recorded on videotape and analyzed using
digitized background subtraction imaging techniques, where the initial
frame of the monolayer was digitized and continuously subtracted
from the image of the field of view. Under these conditions the neutro-
phils adherent or rolling on the monolayer appeared as phase-bright
objects against a gray back ground. The number of the neutrophils
adherent (rolling and stationary) at the end of the 10-min neutrophil
perfusion period was used as the adhesion value and converted to neu-
trophils per square millimeter.

Monolayers were preincubated with CL2/6(Fab')2 at 20 jig/ml for
30 min at 37°C, 98% humidity, 5% CO2 incubator. Anti-E-selectin
mAb was also maintained in rinse media and neutrophil suspension.
All flow experiments were performed at 37°C.

Rolling velocity measurements. Tapes from experiments on L-
ELAM monolayers were used in the analysis ofrolling velocity. Record-
ings from 5 to 10 min in neutrophil perfusion were used in a digital
imaging program which grabbed and digitized two frames 1-5 s apart
and subtracted the later image from the earlier one. The program was
set to show all null values as gray, positive values as white, and negative
values as black. When there was no change in the image and the two
frames were identical, the subtracted image would appear as a uniform
gray screen. When neutrophils, which appeared as phase-bright objects
in the original recording, moved from one location to a another, the
initial location would appear as a dark spot (since the final image was
darker than the initial image in that location) and the second location
would appear as a bright spot (since the final image was brighter than
the initial image in that location). An example of this analysis is shown
in Fig. 2 A. This Figure is the collection of five of subtracted images
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made at intervals of 1, 2, 3, 4, and 5 s. The average displacement ofthe
neutrophil was measured in pixels, divided by time interval between
the frames, and converted to micrometers per second. The average of
the rolling velocities was used as representative ofthe rate ofrolling for
that experiment.

Data presentation. Results are presented as means±1 SD, and n
represents the number of separate experiments. Statistical assessments
were made using paired two-tailed Student's t test on adhesion values,
except when indicated. An unpaired two-tailed Student's t test was used
to compare percent inhibitions.

Results

E-selectin-dependent neutrophil adhesion under conditions
offlow
Murine L cells, transfected with human E-selectin cDNA (L-
ELAM cells), when grown to confluent monolayers, exhibited
E-selectin expression levels comparable to those of the IL- 1I3-
stimulated (3 h) HUVEC monolayers (optical density val-

ues±SD: HUVEC, 1.619±0.201; L-ELAM, 1.445±0.195, n
= 3). Immunofluorescence studies of confluent monolayers
revealed a similar distribution of E-selectin, though stimulated
HUVEC monolayers were somewhat more uneven than L-
ELAM with randomly distributed endothelial cells that were
clearly brighter than average. Association of isolated neutro-
phils with confluent L-ELAM cell monolayers at a wall shear
stress of 1.85 dyn/cm2 closely resembled that of the IL-1-
stimulatedHUVEC monolayers. On L-ELAM, 619±61 neutro-
phils/mm2 were either rolling or stationary on the luminal sur-
face, n = 16; on IL- If3-stimulated HUVEC monolayers,
657±55 neutrophils/mm2 were counted, n = 16. Monolayers
of the parent L-cells showed extremely low adhesiveness for
unstimulated or stimulated neutrophils (5.4±1.3 neutrophils/
mm2 were associated with the monolayer; n = 10). Pretreat-
ment of L-ELAM cell monolayers with anti-E-selectin mAb
almost completely blocked adhesion (Fig. 1 A), indicating that
the interactions of neutrophils with these cells is essentially
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Figure 1. Adhesion of neutrophils to L-ELAM cell monolayers under conditions of flow. (A) Confluent monolayers of L-ELAM cells were as-

sembled onto parallel plate flow chambers, rinsed for 10 min with M199 at a wall shear stress of 1.85 dyn/cm2, and perfused for 10 min with
neutrophil suspensions in the presence of mAbs. Neutrophils associated with the monolayers (per mm2) were determined by digital analysis of
video tapes of each experiment. Monolayers were incubated with anti-E-selectin mAb for 30 min before assembly onto the flow chamber.
Anti-E-selectin mAb was maintained in the rinse media and cell suspension. Neutrophils (106 cells/ml) were incubated with anti-L-selectin
mAb for 15 min at room temperature. Neutrophil activation was accomplished by incubation with 10 nM FMLP at room temperature for 25
min, at which time activated neutrophils were either diluted to 1 nM with M 199 and perfused through the flow chamber (FMLP) or washed
twice with PBS and resuspended in RPMI-1640 for 5-10 min before perfusion through the flow chamber (FMLP- Washed). *P < 0.01 as com-

pared with control neutrophils and $P < 0.01 as compared to activated neutrophils. Number of separate determinations in parenthesis. (B)
Photograph of adhesion and rolling of isolated neutrophils to L-ELAM cell monolayer under conditions of flow as described in A above. In
contrast to neutrophil-endothelial cell interactions, neutrophils adherent on the surface of the L-ELAM cell monolayers remained spherical and
either rolled or remained stationary on the luminal surface of the monolayer. Images are presented from top to bottom and are 20 s apart. The
direction of flow is from left to right.
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E-selectin dependent. Few neutrophils associated with human
ICAM- 1-transfected L cell monolayers (L-ICAM-1) at this
wall shear stress (20.2 neutrophils/mm2 were counted, n = 2).
Expression levels ofICAM- 1 in L-ICAM cell monolayers were
similar to that of the IL- 1-stimulated (3 h) HUVEC mono-
layers (optical density values±SD: HUVEC, 1.694±0.140; L-
ICAM, 1.594±0.152, n = 5).

E-selectin has been shown to recognize sLeX, an abundant
carbohydrate residue on the neutrophil surface (35, 36). Prein-
cubation of neutrophils with neuraminidase causes enzymatic
cleavage of the sialic acid residues from the neutrophil surface,
without activating the cells as indicated by the finding that
surface levels of L-selectin on these cells were not changed (Ta-
ble I). Adhesion of neuraminidase-treated neutrophils to L-
ELAM cell monolayers was found to be diminished by
73.2±9.9% (n = 5, P < 0.01 ) compared to control neutrophils
exposed to all steps of neuraminidase treatment without expo-
sure to the enzyme.

Adhesion of isolated neutrophils to L-ELAM monolayers
involved rolling and stopping (Fig. 1 B). The neutrophil popu-
lations identified in this system included (a) neutrophils roll-
ing on the luminal surface, (b) neutrophils attached and sta-
tionary on the luminal surface, and (c) neutrophils passing
through the chamber without contacting the monolayer. These
three populations were in dynamic exchange. As new neutro-
phils adhered to the monolayer, some would roll and move
downstream with the flow, and others would stop at the point
of adhesion or shortly thereafter; stationary neutrophils would
suddenly roll and rolling neutrophils would stop. At times, sta-
tionary or rolling neutrophils would detach from the mono-
layer and move away with the flowing fluid. The total number
ofadherent neutrophils was evaluated as the sum ofthe rolling
and stationary cells and comprised < 1% of the neutrophils
which passed through the chamber.

E-selectin supports neutrophil rolling under conditions of
flow
In six experiments analyzed for the rolling phenomenon over a
1-5-s time frame, 47.8±6.0% of the adherent neutrophils were
rolling (Fig. 2, A and B). The average velocity of rolling for the
rolling population was 10.6±1.7 ,um/s, and under phase-con-
trast optics, these cells resembled solid translucent spheres rol-
ling on the luminal surface of the monolayer. As these spheres
were turning, the internal granules would transiently come to

Table I. Effect ofNeuraminidase Treatment
on Neutrophil L-Selectin and sLe'

Monoclonal Control Neuraminidase-treated Percent
antibody neutrophils neutrophils reduction

Anti-L-selectin 416±47 443±55 -5±3
Anti-sLex 2805±519 62±12 97±1

Neuraminidase treatment of isolated neutrophils. Isolated adult neu-
trophils were incubated with 0.1 U/ml neuraminidase at room tem-
perature and 107 cells/ml for 30 min, then washed, and resuspended
at 107 cell/ml. The effect of this treatment on L-selectin and sLex
expression levels was measured by flow cytometry techniques em-
ploying mAbs directed against these adhesion molecules. Mean fluo-
rescence values± 1 SD for seven separate experiments are given.

the plane of focus. The magnitude ofthe E-selectin-dependent
adhesive interactions between the rolling leukocytes and L-
ELAM cell monolayers is evident when compared with the
calculated rolling velocity of a solid noninteracting sphere of 8
,um in diameter rolling on a plane surface (Fig. 2 C). Assump-
tions included no slippage between the sphere and the planar
surface and no slippage between the sphere and the laminar
flow stream immediately above it, which would make the axial
velocity equal to the laminar flow stream at 8 kim from the
coverglass surface. Because the Reynolds number was < 4, we
used the analytical solution for fluid velocity in a rectangular
geometry with half-channel height of 1.016 X l0-4 m, channel
width of 3.175 X 103 m, flow rate of 1.154 X 10-8 m3/s, and
viscosity of 0.007 poise at 370C and calculated a velocity of
2068 gm/s for the center of the noninteracting rolling sphere.

The rolling phenomenon did not appear to be simply a
physical event which would occur in the absence ofE-selectin-
dependent interactions of neutrophils with L-ELAM mono-
layers. The adhesive interactions must be of sufficient strength
to withstand the drag force generated by the flowing fluid. Ef-
forts to measure the velocity of rolling of spherical glass beads
of 10.3 jim in diameter in the flow chamber clearly illustrated
this point. At a wall shear stress of 1.85 dyn/cm2 the glass beads
did not roll but flowed in a narrow region close to the midline
ofthe chamber. The wall shear stress had to be reduced to 0.02
dyn/cm2 before glass beads were moving slow enough to be
captured by the camera. The average flowing velocity of these
particles was 102.2±4.3 jim/s. This observation was in agree-
ment with experiments using parent L-cells, L-ICAM cells, or
unstimulated HUVEC monolayers where flowing neutrophils
would pass over the monolayer at high velocities without signifi-
cant contacting of the luminal surface.

E-selectin-dependent neutrophil adhesion to endothelial
monolayers
Although the results presented above are consistent with the
idea that the E-selectin alone can support neutrophil adhesion
under flow, it is not known whether E-selectin does so in the
complex environment of the activated endothelial cell. We
have shown previously that rolling adhesion of neutrophils oc-
curs on IL- 13- or LPS-stimulated endothelial cell monolayers,
but a high percentage of this adhesion is apparently L-selectin
dependent (12, 13). Anti-E-selectin pretreatment of the HU-
VEC monolayer caused a moderate but significant reduction in
adhesion (Fig. 3 A). This inhibition was much lower than that
observed on L-ELAM cell monolayers where adhesion was al-
most completely E-selectin dependent. H 18 /7 a second anti-
E-selectin mAb, provided by Dr. M. A. Gimbrone of Harvard
Medical School, Boston, MA, resulted in a similar reduction in
adhesion (adhesion to CL2/6 F(ab')2-treated endothelial cell
monolayers was 67.8% of control, n = 14, and adhesion to
H18/7 F(ab')2-treated monolayers was 69.4% of control, n
= 2). Pretreatment of neutrophils with anti-L-selectin caused
a more substantial reduction in adhesion than anti-E-selectin
(P < 0.01 unpaired two tailed t-test against anti-E-selectin per-
cent inhibition) (Fig. 3 A). Adhesion was not reduced further
when anti-L-selectin-treated neutrophils were allowed to con-
tact anti-E-selectin-treated endothelial cell monolayers.

Adherent neutrophils on HUVEC monolayers were either
rolling or stationary and, as seen with L-ELAM cells, these two
populations of leukocytes were in active exchange with the
flowing population. However, an important difference was
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Figure 2. Rolling velocity of isolated human
neutrophils on L-ELAM monolayers at a
wall shear stress of 1.85 dyn/cm2. Experi-
ments were performed as described in Fig.
1. (A) Two frames, from video recordings of
each experiment, were digitized. The second
frame was then subtracted from the first one
to yield a background subtracted image,
where the dark spots represent the original
position of the cell and the bright spots indi-
cate the new location ofthe cell at times 1-5
s later. The set of subtracted images shown in
this photograph were acquired at time inter-
vals of 1, 2, 3, 4, and 5 and are arranged from
left to right with the cells flowing downward.
The distance between these locations was
then calculated and divided by the time in-
terval between the two frames to give the
rolling velocity in gm/s. The minimum and
maximum rolling velocities measured were
0.2 and 84 am/s. (B) The ratio of rolling
population of neutrophils (measured as ex-
plained in A) to total neutrophils associated
with the monolayer (sum of the rolling and
stationary populations as measured in Fig. 1)
was used to calculate the percent rolling and
is compared with the average velocity of these
cells. Experiments were performed with con-
trol neutrophils, activated neutrophils
(FMLP+), anti-CD1 8-treated activated
neutrophils (FMLP+, Anti-CD18+) as de-
scribed in Fig. 1. (C) Schematic diagram of
the rolling noninteracting sphere. A hard
sphere of 8 gm in diameter was used in cal-
culation of the rolling velocity with the as-
sumptions of no slippage between the top of
the sphere and the flow stream at that height
and no slippage between the sphere and the
coverglass. *P < 0.05 as compared with con-
trol and chemotactic stimulation; tP < 0.05
as compared with control.

significantly reduced the number of transmigrated neutrophils
as did anti-L-selectin mAb ( 12, 14), it did not influence the
percent of the adherent cells that transmigrated. Anti-E-selec-
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Treatment

Neutrophils HUVEC
Monolayers

Control mAb ---

--- Anti-E-selectin

Anti-L-selectin ---

Anti-L-selectin Anti-E-selectin

FMLP ---

FMLP Anti-E-selectin

A

*(n=14)

- H I* (n=6){~~~~~n=A)
Figure 3. Adhesion of isolated adult neutro-

* (n=8) phils to HUVEC monolayers at the wall
shear stress of 1.85 dyn/cm2. (A) Confluent
HUVEC monolayers were stimulated with

Em(n=8) IL-1I# at 5 U/ml for 3 h in tissue culture in-
I * I I *I * , I I I I cubator, then assembled onto parallel plate
o 10 20 30 40 50 60 70 80 90 100 flow chambers, rinsed for 10 min with M199

Percent of Control Adhesion at a wall shear stress of 1.85 dyn/cm2, and
perfused for 10 min with neutrophils suspen-
sions (106 cells/ml) in presence or absence
of mAbs. Adherent neutrophils per mm2
were determined by digital analysis of video
tapes of each experiment. Monolayers were
incubated with anti-E-selectin mAb for 30
min, 37°C, before assembly onto the flow
chamber. Anti-E-selectin mAb was main-
tained in the rinse media and cell suspen-
sions. Neutrophils (I0' cells/ml) were incu-
bated with anti-L-selectin mAb for 15 min
at room temperature. Neutrophil activation
was accomplished by incubation with 10 nM
FMLP at room temperature for 15 min. *P
< 0.01 as compared with control neutrophils;
*P < 0.01 as compared to activated neutro-
phils. Number of separate determinations in
parentheses. (B) Photomicrographs of neu-
trophil-endothelial cell interactions. Images

are 40 s apart and show the adhesion, activa-
tion, and transmigration of adherent neutro-

phils to activated endothelial cells and are

arranged from left to right starting from top
- ~~~~~~~~~~~~~row.

tin apparently reduced the number ofextravasated neutrophils
simply by reducing the number of adherent cells on the lu-
minal surface (Fig. 4). In contrast, anti-CD 18 and anti-
ICAM-1 mAbs have been shown to reduce the percentage of
the adherent cells transmigrated by blocking transendothelial
migration without influencing the quantity of the neutrophils
adherent on the luminal surface of the endothelium ( 12, 13,
18, 34).

Possible neutrophil determinants ofE-selectin-dependent
adhesion under conditions offlow
Effects of anti-L-selectin mAb. Kishimoto et al. (29) and
Picker et al. (32) have provided evidence for participation of
E-selectin and neutrophil L-selectin in a common adhesion
under static conditions. We have recently shown that a major
component of neutrophil-endothelial cell adhesion under con-
ditions of flow (wall shear stress of 1.85 dyn/cm2) is supported
by a L-selectin-dependent mechanism ( 12, 13). We, therefore,
assessed the possible contribution of L-selectin under experi-

mental settings where adhesion is primarily E-selectin depen-
dent. Pretreatment of isolated neutrophils with anti-L-selectin
mAb (DREG-56) markedly inhibited adhesion to L-ELAM
monolayers under conditions of flow (Fig. 1 A). Incubation of
neutrophils with anti-L-selectin at 37°C did not appear to acti-
vate the cells since it did not elicit shape change, loss ofL-selec-
tin from cell surface, upregulation ofCD 1 lb/CD 1 8, change in
light scatter in flow cytometry, Ca++ flux in fura-2-loaded cells
or chemiluminescence after cross-linking of DREG-56 (data
not shown).

Adhesion ofneonatal neutrophils. We have recently found
that neonatal neutrophils have reduced adhesion to activated
endothelial cells under conditions of flow ( 14). Neonatal cells
adhered and rolled on E-selectin cell monolayers at signifi-
cantly lower levels than paired adult cells with adhesion levels
of 52.8±5.5% of the adult neutrophils (P < 0.001, Fig. 5 A),
and the adhesion of neonatal neutrophils was significantly
correlated with their surface levels ofL-selectin (37). L-selectin
on neonatal and healthy adult neutrophils was assessed using

2724 Abbassi et al.



o Total Adhesion
* Transendothelial Migration

--- Anti-E-selectin

0 100 200 300

Adhesion (neutrophil per mm2)

El Percent Migration

/./../.._
0 10 20 30 40 50 60 70 80 90 100

Percent of Adherent Neutrophils Migrated

Figure 4. Transendothelial migration of isolated neutrophils under
conditions of flow. Endothelial cell monolayers were stimulated with
IL-I: (5 U/ml, 3 h), placed in parallel plate flow chamber, rinsed
with M199 at a wall shear stress of 1.85 dyn/cm2, and perfused for
10 min with neutrophils suspensions in the presence ofmAb when
indicated. Adherent and transmigrated neutrophils were determined
by analysis of video tapes ofeach experiments. Monolayers were in-
cubated with anti-E-selectin mAb for 30 min in tissue culture incu-
bator before assembly onto the flow chamber. Anti-E-selectin mAb
was maintained in the rinse media and cell suspension (n = 14).

flow cytometry. A highly significant correlation was obtained
when adhesion to L-ELAM monolayers was plotted against
anti-L-selectin binding (Fig. 5 B).

In a second set ofexperiments comparing the neonatal and
adult neutrophils, neuraminidase treatment of the neutrophils
resulted in marked reduction in adhesion to L-ELAM mono-

layers (Fig. 6) without affecting the surface level of neutrophil
L-selectin. While these results are consistent with the interpre-
tation that sLex is necessary for adhesion ofneutrophils to E-se-
lectin under conditions of the flow, additional observations
indicate that most surface sLex may not be involved. Fig. 7
shows a plot of CSLEX (anti-sLex) binding to neutrophils
against adhesion under flow. The correlation is weaker than
that seen between anti-L-selectin binding and adhesion
(Fig. 5 B).

Effects ofchemokinetic stimulation ofneutrophils. We have
previously shown that chemotactic stimulation of neutrophils
reduces neutrophil adhesion to cytokine-stimulated endothe-
Iial cell monolayers under conditions of flow. As shown in Fig.
1 A, this is also true for adult neutrophils on L-ELAM mono-

layers. After incubation with chemotactic peptide FMLP (10
nM) for 25 min ( 13), the concentration ofFMLP was reduced
either by diluting it to I nM or by washing the cells to reduce
FMLP to very low concentrations. This drop in the chemotac-
tic stimulus resulted in the activated neutrophils changing
from a bipolar shape to a spherical shape capable of rolling on
monolayers. Under these conditions adhesion under flow was
reduced by - 60%. The residual adhesion that occurred (Fig.

A) was not dependent on CD 18-antigens since pretreatment of
these neutrophils with anti-CD 18 did not further reduce the

adhesion. However, anti-E-selectin significantly reduced the
adhesion ofFMLP-stimulated cells. Thus, the surface receptors
which mediated adhesion ofactivated neutrophils to L-ELAM
cell monolayers were apparently different from CD 1 8-integrins
or L-selectin (since L-selectin is shed from the neutrophil sur-

--I

face).
4W0 Fig. 8 A shows additional experiments on the effect of che-

motactic stimulation on adhesion to L-ELAM cell monolayers
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Figure 5. Adhesion of neonatal and adult neutrophils to L-ELAM cell
monolayers under conditions of flow. Confluent monolayers of L-
ELAM cells were assembled onto parallel plate flow chambers, rinsed
for 10 min with M199 at a wall shear stress of 1.85 dyn/cm2, and
perfused for 10 min with neutrophil suspensions. Neutrophils asso-

ciated with the monolayer (per mm2) were determined by digital
analysis of video tapes of each experiment. (A) Comparison of the
adhesion level of neonatal neutrophils with that of the adult neutro-
phils. Neonatal cells adhered at 52.8±5.5% ofthe paired adult neu-

trophils (P < 0.001). (B) Adhesion of neonatal and adult neutrophils
as a function of L-selectin expression. L-selectin expression was as-

sessed by anti-L-selectin mAb (DREG-56) binding levels using flow
cytometric techniques. Anti-L-selectin binding is expressed in units
of fluorescence. A significant correlation exists between adhesion and
L-selectin expression of neutrophils with coefficient of correlation of
0.742 and P < 0.001.
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A marked reduction in the number of cells adherent to L-ELAM
Neonatal _ * cell monolayers (Fig. 1 A), we observed a reduction in the

average velocity ofrolling to 2.2±0.6 Atm/ s (P < 0.05 compared
Adult to the velocity of rolling of control cells) without affecting the

Neonatal ratio of the rolling cells to adherent cells (Fig. 2 B). To address
the question whether this lower velocity was due to upregula-

Adult § tion of the CD18-integrins, the effects of preincubating acti-
vated neutrophils with mAb R15.7 (anti-CD18) was mea-

A200 400 600(8eu lom sured. The anti-CD18-treated, activated neutrophils had a roll-
ing velocity of 15.4±3.0 Am/s, which is significantly higher

B than that of the control or activated leukocytes. In addition,
Neonatal * there was an increase in the ratio ofthe rolling cells to adherentNeonatal * cells which was also statistically significant when compared
Adult with control or activated cells. As noted above, anti-CD 18 pre-

Olt treatment of the activated neutrophils did not influence the
Neonatal number of neutrophils associating with the L-ELAM mono-

Adult _ layers (Fig. I A). These observations are consistent with our
0 200 400 600 800 1000 1200 previously reported data showing rolling velocities on

IL- 1-stimulated HUVEC monolayers were significantly lower
Anti-sLeX Binding Level for activated neutrophils ( 12, 38), while those for CD 1 8-defi-

C cient neutrophils were significantly elevated ( 12).
Neonatal I * The ligand recognized by CD18 intergrins on the L cell

Adult

____________________ monolayer is not known. We were unable to detect murine
Adult _ ICAM- I on these cells by ELISA using mAb YNI / 1.7 (anti-

Neonatal murine ICAM- 1 ), a result consistent with earlier studies (29),
but in experiments without shear stress, FMLP-stimulated neu-

Adult trophils were consistently more adherent to L cell monolayers
0 30 60 90 120 150 180 210 2io than unstimulated neutrophils (unstimulated neutrophils,

Anti-L-selectin Binding Level

Figure 6. Effect of neuraminidase treatment of isolated neonatal and
adult neutrophils on adhesion to L-ELAM monolayers under wall
shear stress of 1.85 dyn/cm2 (A), and sLex (B), and L-selectin (C)
cell surface levels. (A) Isolated neutrophils were perfused through the
flow chamber as described in Fig. 1. Neuraminidase treatment was
accomplished by incubation of the isolated neutrophils ( IO' cells/ml)
with neuraminidase at 0.1 U/ml for 30 min at room temperature at
which time the cells were washed with PBS and resuspended in PBS
at IO' cells/ml and stored at 4VC. Control cells for these experiments
were also stored at room temperature for 30 min and washed with
PBS. (B and C) sLex and L-selectin expression levels of these cells
were accomplished using flow cytometric analysis techniques of anti-
sLeX and anti-L-selectin binding intensity to washed and neuramini-
dase-treated neonatal and adult neutrophils and are expressed in units
of fluorescence. Open bars, neonatal neutrophils; solid bars, adult
neutrophils; hatched bars, FMLP-activated neonatal neutrophils; and
crosshatched bars, FMLP-activated adult neutrophils. *P < 0.01 as
compared to paired adult adhesion; t as compared to unstimulated
neonatal adhesion, and § as compared to unstimulated adult adhesion.

1200-

1000-

L. 800-

o 600-
,-

w
c

o 400
.0
"0r

EJC

EJ

EJ

C

CCg

Co

C
C C

C

C

1000

C

C

C

2000 3000

where adult and neonatal neutrophils were compared. Neona-
tal cells again adhered at much lower levels than the adult cells
before activation (P < 0.01). Chemotactic activation brought
adhesion of both adult and neonatal neutrophils to the same
low level which was significantly below their corresponding
prestimulated values (P < 0.01 ). L-selectin surface levels were
also significantly reduced following activation (Fig. 8 B). How-
ever, chemotactic stimulation under conditions shown to signif-
icantly reduce L-selectin levels and adhesion (Figs. 1 A and 8),
did not significantly reduce CSLEX (anti-sLex) binding.

Effects ofchemotactic stimulation on neutrophil rolling. In
addition to the fact that neutrophil stimulation leads to a

Anti-sLeX Binding Level

Figure 7. Adhesion of neonatal and adult neutrophils to L-ELAM cell
monolayers at the wall shear stress of 1.85 dyn/cm2 as a function of
sLeX expression. Confluent monolayers of L-ELAM cells were assem-
bled onto parallel plate flow chamber, rinsed for 10 min with M 199
at a wall shear stress of 1.85 dyn/cm2, and perfused for 10 min with
neutrophil suspension in M 199 (106 cells/ml). Adherent neutrophils
per mm2 were determined by digital analysis of video tapes of each
experiment. sLe' expression was assessed by anti-sLex mAb binding
levels using flow cytometric techniques and is expressed in units of
fluorescence. Some correlation apparently exists between adhesion
and sLex cell surface levels of neutrophils with coefficient of correla-
tion of 0.408 and P < 0.05.
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Figure 8. Effect of chemotactic stimulation of isolated neonatal and
adult neutrophils on (A) adhesion to L-ELAM monolayers under
conditions of flow and (B) L-selectin cell surface levels. (A) Isolated
neutrophils were perfused through the flow chamber as described in
Fig. 1. Neutrophil activation was accomplished by incubation with
10 nM FMLP at room temperature for 15 min. Activated neutrophils
were diluted with M199 (370C, and pH 7.4) to 106 cell/ml concen-
tration (1 nM FMLP) and perfused through the flow chambers for
10 min. The 10-fold reduction in FMLP concentration caused neu-
trophils to revert to a spherical configuration. (B) L-selectin expres-
sion levels were assessed via flow cytometric analysis of the binding
of anti-L-selectin mAb (DREG-56, in fluorescence unit) to control
and activated neutrophils. Open bars, neonatal neutrophils; solid
bars, adult neutrophils; hatched bars, FMLP activated neonatal neu-
trophils; and crosshatched bars, FMLP activated adult neutrophils.
*P <0.01 as compared to paired adult adhesion; tas compared to
unstimulated neonatal adhesion, and Oas compared to unstimulated
adult adhesion.

4±2% adhesion; FMLP, 10 nM; 19±3%, n = 4, P < 0.01) a
finding that is consistent with the interpretation that some mu-
rine cell surface component is recognized by CD1 8-integrins.
CD I Ib/CD 1 8 has been found to bind to a wide array ofappar-
ently unrelated proteins, and its avidity is enhanced by chemo-
tactic stimulation (39).

Discussion

In this report we have shown that E-selectin expressed on a cell
monolayer can support neutrophil rolling under conditions of
flow with wall shear stresses that preclude ICAM-1 -dependent
adhesion. This conclusion is primarily based on the observa-
tion that isolated human neutrophils adhered and rolled on
human E-selectin-transfected murine L cell monolayers at a
wall shear stress of 1.85 dyn/cm2, but failed to interact with
ICAM- 1 -transfected L cells at the same wall shear stress, even
though ICAM-1 expressing L cells has been shown to support
activated neutrophil adhesion under static conditions (40).
These observations serve to point out the possible significance
of fluid flow forces on the relative contribution of these two
adhesion molecules in the interaction of neutrophils with endo-

thelial cell monolayers. Endothelial cells simultaneously ex-
press on their apical surface both E-selectin and ICAM- 1 in the
first few hours after stimulation with TNFa, IL- 1I3, or LPS (34,
40, 41). Under static conditions, both endothelial E-selectin
and ICAM- 1 support neutrophil adhesion equally well, but
under flow at physiologic shear stresses, ICAM- 1 seems unable
to catch neutrophils. Lawrence et al. ( 18) and Smith et al. (34)
found that mAb R6.5 (anti-ICAM-1) was without effect on
adhesion of neutrophils to IL- 1 /-stimulated endothelial mono-
layers at a wall shear stress of 2.0 dyn/cm2, and purified
ICAM-1 in a planar membrane did not support rolling at this
flow rate (42).

While these results indicate that E-selectin is capable of
supporting neutrophil adhesion under flow, they do not show
that E-selectin serves this function when expressed on endothe-
lial cells. In this regard, there were some potentially important
differences in experimental results between the condition with
artificial presentation of E-selectin on L cell monolayers, and
the results with cytokine-stimulated endothelial cell mono-
layers. The first was that while anti-E-selectin precluded adhe-
sion to L-ELAM, anti-E-selectin mAbs diminished neutrophil
adhesion to IL-l1/-stimulated endothelial cell monolayers by
only - 30%. This finding contrasts to the results with anti-L-
selectin mAb, where inhibition is consistently> 60% in studies
with both human (13, 14) and canine cells (12). Our current
studies indicate that, while endothelial E-selectin is involved,
the interaction between neutrophils and stimulated endothelial
cells occurring at physiologic wall shear stresses is more com-
plex than could be predicted by the results with L-ELAM cell
monolayers.

Another important difference between the results on L-
ELAM and activated HUVEC was the finding that though roll-
ing was the initial behavior of adherent neutrophils in both
settings, leukocytes on L-ELAM monolayers retained a spheri-
cal shape and rolled with only transient stopping, while leuko-
cytes on endothelial cells most often stopped after rolling,
changed shape, and a high percentage migrated beneath the
monolayer. This difference suggests that though E-selectin ex-
pressed on the apical surface of a cell monolayer may be able to
initiate neutrophil adhesion under flow, it is insufficient to acti-
vate the behaviors neutrophils need for diapedesis. While some
apparent contradictions exist in the literature regarding the role
of E-selectin in transendothelial migration of neutrophils (29,
43-46), our experiments fail to provide any evidence that E-se-
lectin is directly involved.

Given the results in the present report, it is now clear that
each member of the selectin family is capable of supporting
neutrophil rolling, a phenomenon that has been known for
many years to occur in venules at inflammatory sites. Neutro-
phils roll in vitro on isolated P-selectin in an artificial planar
membrane (42) at 5-10 .m/s when the wall shear stress is 1.8
dyn/cm2, and on L-ELAM cell monolayers at 10,m/s
when the wall shear stress of 1.85 dyn/cm2. On IL-1lp-
stimulated HUVEC monolayers, isolated neutrophils roll at
- 10,um/s when the wall shear stress is - 2 dyn/cm2. The
need for an adhesive mechanism initiating the rolling attach-
ment is clearly shown by the observations with flowing glass
beads where rolling did not occur even at the very low shear
stress of 0.02 dyn/cm2. E-selectin-dependent rolling was par-
ticularly evident in adhesion to L-ELAM monolayers where a
high percentage of cells was rolling during the 1-5-s analysis
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periods. Comparing the calculated velocity of a rolling nonin-
teracting sphere at a wall shear stress of 1.85 dyn/cm2 ( 2,000
,gm/s) and the measured velocity of rolling neutrophils on L-
ELAM monolayers (- 10 ,um/s) demonstrates the contribu-
tion ofthe E-selectin-dependent pathway in resisting the forces
generated by the flowing fluid. An additional contribution to
the adhesive interaction between neutrophils and L-ELAM
monolayers occurred when neutrophils were stimulated with a
chemotactic factor prior to passing them over the L-ELAM
monolayer. Though this stimulation greatly reduced the num-
ber of leukocytes interacting with the monolayer, the rolling
velocity of those that did interact was significantly reduced.
The diminished velocity was most likely coupled to upregu-
lated CD 18 integrin function since the effect of chemotactic
stimulation was prevented by anti-CD 1 8 mAb, R 15.7. These
mechanisms may be operative at the endothelial interface in
the transition of neutrophil behavior from rolling to stationary
adhesion.

In our previous studies, optimum adhesion of neutrophils
to endothelial cells under flow occurred only when previously
unstimulated neutrophils were passed over IL- 1 f or LPS stimu-
lated endothelial cells ( 12-14, 18, 34). Greater than 60% ofthe
adhesion appeared to be the result of neutrophil L-selectin as
evidenced by the findings that mAbs to L-selectin cause > 60%
inhibition, mAbs against the f2-integrins (CDl la/CD 18 and
CDl lb/CD 18) were without effect, chemotactic stimulation
under conditions shown to shed surface L-selectin caused
> 60% inhibition of adhesion, and a high degree of correlation
was found between the levels of L-selectin on the surface of
partially stimulated neutrophils and their adhesion under flow
( 13). An adhesive function for neutrophil L-selectin has also
been argued to occur in vivo ( 16, 17), and the surface levels of
neutrophil L-selectin appear highly correlated with the extent
of neutrophil rolling on cytokine-stimulated venules ( 13, 14).
By using these same experimental protocols with L-ELAM
monolayers, we have obtained in the present studies data that
are remarkably similar to those on cytokine stimulated endo-
thelial cell monolayers. These results raise the possibility that
neutrophil L-selectin is involved in the adhesion of neutrophils
to E-selectin.

Kishimoto et al. (29) and Picker et al. (32) have raised the
possibility that L-selectin and E-selectin contribute to a com-
mon adhesive pathway, explained by two interesting findings.
L-selectin on neutrophils is decorated with sLeX (32), a puta-
tive natural ligand for E-selectin (36), and L-selectin is not
randomly distributed on the surface of neutrophils. Rather,
L-selectin appears to be concentrated on the tips of surface
projections from unstimulated neutrophils (32), a position
that is particularly advantageous for early contact with coun-
terreceptors on the surface of endothelial cells. The results in
the present report are consistent with the idea that L-selectin
and E-selectin interact under flow conditions, and thereby ac-
count for a significant portion of the adhesion seen between
neutrophils and L-ELAM cell monolayers at the wall shear
stress used in these experiments. The following results support
this interpretation: (a) Anti-E-selectin mAb, CL2/6, was al-
most completely inhibitory indicating that the primary adhe-
sion in this setting is E-selectin dependent. (b) Pretreatment of
the neutrophil with neuraminidase under conditions that al-
most abolished binding of CsLeX mAb (without affecting the
levels ofL-selectin on the neutrophils) prevented this adhesion.

This finding is also consistent with a primarily E-selectin-de-
pendent mechanism since sialic acid is a necessary residue for
high affinity binding of sLex by E-selectin (36). (c) Anti-L-se-
lectin mAb inhibits this adhesion by 70%. The basis for this
inhibition is unlikely to be due to the antibody's ability to block
the lectin function of L-selectin since there was no evidence
that L-selectin recognized a carbohydrate structure on the con-
trol L cells or L-ICAM cells, and since neuraminidase pretreat-
ment ofthe neutrophils also reduced neutrophil adhesion to an
equal or greater degree. Two possible explanations are that
when DREG-56 is bound to the neutrophil, it physically
hinders E-selectin's ability to bind to sLe' on L-selectin, or it
activates the neutrophil to induce the same mechanism of re-
duced adhesion as chemokinetic stimulation (see below). How-
ever, as pointed out in the results, we have been unable to show
that DREG-56 signals the neutrophil for altered behavior.

Stimulation of neutrophils with different chemotactic fac-
tors ( 1 1-14, 29, 47, 48) under conditions that induce shedding
of L-selectin from the neutrophil surface (without a significant
reduction ofCsLeX mAb binding) inhibited adhesion to both
L-ELAM or activated HUVEC to the same degree as the anti-
L-selectin mAb. The observation that removal of L-selectin
can be accomplished without significant reductions in cell sur-
face sLeX may be accounted for by the fact that L-selectin con-
tains only a small percentage oftotal cell sLex (32). It must be
pointed out that the use of FMLP stimulation to manipulate
neutrophil adhesion is difficult to interpret since the activation
may be superimposed on potential activation of the neutro-
phils by the M 199 in which the cells are suspended. This cul-
ture medium contains micromolar ATP, a concentration that
has been found to activate neutrophils via their P2 purinorecep-
tors (49-51 ). In addition, the loss of L-selectin may only be a
marker of activation, with coincident loss of some other rele-
vant ligand for E-selectin accounting for the reduced adhesion.
However, given the findings that anti-L-selectin gives essen-
tially the same degree ofreduced adhesion as the FMLP stimu-
lation under the current experimental conditions, and anti-E-
selectin reveals an L-selectin-independent mechanism for ad-
hesion of neutrophils to both L-ELAM and activated HUVEC,
it remains a reasonable interpretation that FMLP, C5a, and
platelet-activating factor each reduce adhesion of neutrophils
under conditions of flow by reducing the surface levels of L-se-
lectin (1 1-14, 29).

A fifth issue possibly supporting direct interaction between
L- and E-selectin is the result using neonatal neutrophils. These
cells have reduced surface levels of L-selectin ( 14), and show a
reduced level of adhesion to L-ELAM cell monolayers that is
proportional to the surface level of L-selectin. The correlation
between surface L-selectin and adhesion under flow was much
stronger than the correlation between total surface levels of
sLex and adhesion. It remains possible that another ligand for
E-selectin (e.g., CD66) (52) changes in unison with L-selectin
on neonatal cells, and our analysis only creates the illusion that
L-selectin is involved. The fact that the reduction in adhesion
of neonatal neutrophils to activated HUVEC was of the same
degree as to L-ELAM suggests that similar mechanisms are
involved.

The results in this report are consistent with the interpreta-
tion that most ofthe adhesion ofneutrophils to cytokine-stimu-
lated HUVEC monolayers under conditions of flow in vitro
involves L-selectin and E-selectin. There appears to be at least
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three patterns of interactions involving these selecting: L-selec-
tin-dependent, E-selectin-independent adhesion; L-selectin-
independent, E-selectin-dependent adhesion; and interactions
of E- and L-selectin. In our experimental model with cytokine-
stimulated HUVEC monolayers, the first of these patterns
seems to be most evident. Anti-L-selectin was much more in-
hibitory of neutrophil adhesion to activated endothelial cells
under flow than anti-E-selectin suggesting that neutrophil L-
selectin may recognize a structure on the activated endothelial
cells that was not present on the L-ELAM monolayer. The
relative contribution of the L-selectin-dependent component
ofthis adhesion is consistently greater than the L-selectin-inde-
pendent component. Watson et al. (17) found that a soluble
recombinant form ofL-selectin exhibited antiinflammatory ac-
tivity in mice, and proposed that this effect was due to competi-
tion for a ligand expressed on activated endothelial cells at the
site of inflammation. In our model using E-selectin-trans-
fected L cells, interaction ofE- and L-selectin seems to be most
evident. In contrast, the experimental strategies that restricted
L-selectin's contribution to adhesion under flow were not as
effective in this E-selectin based adhesion as anti-E-selectin
mAb, suggesting that neutrophil L-selectin with its associated
sLex cannot account for all of E-selectin's ability to catch flow-
ing neutrophils. Other sLex bearing antigens, such as CD66,
can be responsible for this L-selectin-independent adhesion
(52). It remains to be seen which ofthese patterns will predomi-
nate in vivo in different vascular beds.
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