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lycolipids Support E-Selectin-Specific Strong Cell
ethering under Flow
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common carbohydrate epitope, the sialyl Lewis x (sLex)
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This study provides functional evidence that glyco-
phingolipids constitute ligands for E-selectin but not
-selectin. Chinese hamster ovary (CHO) cells express-

ng E-selectin (CHO-E) or P-selectin (CHO-P) were per-
used over a2,3-sialyl Lewis X (a2,3-sLex) presented as
he hexaosylceramide glycosphingolipid adsorbed in a
onolayer containing phosphatidylcholine and choles-

erol. CHO-E cells tethered extensively and formed slow,
table rolling interactions with a2,3-sLex glycosphingo-
ipid but not with the comparable a2,6-sLex glycosphin-
olipid. Tethering/rolling varied with wall shear stress,
electin density, and ligand density. In contrast, a2,3-
Lex glycosphingolipid supported only limited, fast
HO-P cell rolling. As calculated from a stochastic
odel of cell rolling, the step size between successive

ond releases from the a2,3-sLex glycosphingolipid was
maller for CHO-E than CHO-P cells, whereas the oppo-
ite effect was observed for the waiting time between
hese events. Detachment assays revealed stronger ad-
esive interactions of CHO-E than CHO-P cells with
2,3-sLex glycosphingolipid. These findings indicate that
lycosphingolipids expressing an appropriate oligosac-
haride mediate cell tethering/rolling via E-selectin but
ot P-selectin. © 2001 Academic Press

Key Words: sialyl Lewisx; selectins; shear.

E-, L-, and P-selectin comprise a family of adhesion
roteins that mediate the initial tethering and rolling
f leukocytes on stimulated endothelium during an
nflammatory response. Each selectin recognizes a
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ligosaccharide (1), but emerging data indicate that
ach selectin functionally binds to that epitope (or
losely related fucosylated sialylated epitopes) in its
wn particular biochemical context. Therefore, specific
riteria must be met for a receptor to be considered a
otential natural selectin ligand. As proposed by Varki
2), the potential ligand must be present in the proper
lace at the proper time; removal or absence of the
igand should prevent interactions; and the ligand
hould bind with appropriate selectivity and affinity.
o human counter-receptor that convincingly satisfies
ll of the aforementioned criteria has been identified
or E-selectin, although a2,3-sialylation of a terminal
al, and fucosylation of a GlcNAc, such as found on

Lex (1, 3, 4), appear to be important for E-selectin
inding (5–7). While many glycoconjugates have been
eported to bind E-selectin (8–14), it remains unclear
hich of these are functional ligands in vivo.
Growing evidence suggests that glycosphingolipids,

n addition to or rather than glycoproteins, may be
atural ligands for E-selectin on normal human neu-
rophils. E-selectin-dependent neutrophil binding is re-
istant to numerous proteases (9, 12, 15), and purified
r synthetic glycosphingolipids bearing the sLex

pitope support adhesion of transfected cells express-
ng E-selectin on their surface (6, 16–18). While stud-
es performed under static conditions can provide ini-
ial insight into which molecules bind to selectins,
ynamic experimental systems where rolling can occur
rovide data that are more relevant to the flow envi-
onment of the vasculature. Rolling is a complex pro-
ess in which selectin-ligand bonds are constantly be-
ng formed (kon) and broken (koff) under the influence of
ydrodynamic forces. A recently developed stochastic
odel of cell rolling treats the individual distances

step sizes) between successive bonds and the time
ntervals between these bond breakages (waiting
imes) as random variables, from which the koff of teth-
ring may be calculated if the dissociation kinetics is



known (19). The k , and therefore step size and wait-
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off

ng time, reflect the strength of the bond to applied
orces: longer step sizes and shorter waiting times cor-
espond to higher koff values, and thus weaker ligand-
ounter-receptor bonds and faster rolling velocities. Al-
hough koff rates have been determined for other
electin binding pairs (20–25) and step sizes and wait-
ng times for unknown neutrophil ligands and
-selectin (19), such analysis between E-selectin,
-selectin, and an immobilized glycosphingolipid has
ot been previously reported.
In this study, we directly compare the ability of gly-

osphingolipids to support adhesion of E-selectin or
-selectin transfected cells. More specifically, we dem-
nstrate that mixed polar lipid extracts (PLE) isolated
rom human peripheral blood neutrophils, as well as a
ynthetic a2,3-sLex-bearing glycosphingolipid, prefer-
ntially support E- but not P-selectin-mediated adhe-
ion under static conditions. These observations pro-
ided motivation for comparing the interactions of
hinese hamster ovary cells expressing E-selectin

CHO-E) or P-selectin (CHO-P) with the well-defined
2,3-sLex glycosphingolipid construct under flow and
stablishing comparative kinetic binding parameters
etween the selectins and the glycosphingolipid target.

ATERIALS AND METHODS

Monoclonal antibodies. Murine IgG1 monoclonal antibodies
mAbs) 68-5H11 (anti-E-selectin) and AK-4 (blocking anti-P-selectin)
ere purchased from PharMingen (San Diego, CA). Mouse IgG1

unction-blocking anti-E-selectin mAb (BBIG-E4) was from R&D
ystems (Minneapolis, MN). Irrelevant mouse IgG1 (MOPC-21) was
btained from Sigma (St. Louis, MO). R-phycoerythrin-conjugated
orse anti-mouse IgG was from Vector Laboratories (Burlingame,
A).

Preparation of polar lipid extracts (PLE). Peripheral blood neu-
rophils (.98% purity) were isolated from venous blood of human
olunteers by Percoll density gradient centrifugation (12), and polar
ipids were extracted using established methods (26). Briefly, gran-
locytes were homogenized in ice-cold water, glycolipids were ex-
racted in chloroform-methanol-water (4:8:3), precipitated proteins
ere removed by centrifugation, and polar lipids were partitioned

nto the upper phase of chloroform-methanol-water (4:8:5.6). The
esulting PLE was redissolved in chloroform-methanol-water (4:8:3).

Preparation of adhesion molecule-coated surfaces. PLE from neu-
rophils corresponding to 8 3 106 cells or 6 pmol/well of a standard
ipid (synthetic a2,3-sLex or a2,6-sLex glycosphingolipids) were ad-
orbed as an artificial membrane to microwell dishes from 50 ml of
.5 mM phosphatidylcholine (PC) and 2 mM cholesterol (Avanti Polar
ipids, Alabaster, AL) (27). After 1 h the wells were washed and
locked with 2.5% bovine serum albumin (BSA, Sigma) in Hepes-
MEM for 15 min at 37°C to prevent nonspecific adhesion.
The synthetic sialyl Lewis X glycosphingolipid a2,3-sLex and its

2,6-linked NeuAc isomer (a2,6-sLex glycosphingolipid) were gener-
us gifts of Dr. Brian Brandley (Glycomed, Inc., Alameda, CA) (6).
he glycolipids were used at final concentrations of 0.63 to 10 mM in
ethanol containing 25 mM PC and 25 mM cholesterol. Two micro-

iters of solution containing a2,3-sLex or a2,6-sLex glycosphingolip-
ds or the diluent alone was placed in a 5 mm circle in the center of

butanol/ethanol prewashed 35 mm diameter polystyrene suspen-
ion culture dish (Corning, Corning, NY) and allowed to evaporate. If
43
esulting coated region contained 0.38 3 105 to 6.14 3 105 sLex

lycosphingolipid molecules/mm2. Assuming 15% stable adsorption
17), the coated glycosphingolipid concentration appears to be in the
hysiological range (16). Dishes were blocked with 1% BSA in Dul-
ecco’s phosphate buffered saline (PBS) for 2 h at 4°C prior to use.
urthermore, soluble E- and P-selectin (R&D Systems) were coated
n 35 mm polystyrene tissue culture dishes (Corning) at an optimal
oncentration of 0.33 mg/ml as described previously (28).

Cells and culture. COS cells were transfected with plasmids ex-
ressing E-selectin or P-selectin in the pCDM8 vector (generous gifts
f Dr. Stuart Sweidler, Glycomed, Inc.) as previously described (27).
electin expression on the COS surface was confirmed by flow cy-
ometry (data not shown). Additionally, confluent HUVECs (pas-
aged twice) were stimulated with 10 ng/ml TNF-a (R&D Systems)
or 4 h and harvested nonenzymatically (29) for flow cytometric
rocessing (30).
CHO cells stably transfected with full-length E-selectin or
ith phosphatidylinositol glycan-linked extra-cellular domain of
-selectin, kindly donated by Dr. Christine L. Martens (Affymax,
alo Alto, CA), were maintained in DMEM/F-12 medium (Gibco)
upplemented with 5% fetal bovine serum. CHO-E and CHO-P cells
ere harvested by non-enzymatic means (1 mM EDTA at room

emperature (RT)). This method yielded CHO-E cells expressing two
o three times as much surface selectin (percent mean relative fluo-
escence (%MRF) 5 205 6 18) as either CHO-P cells (%MRF for
-selectin 5 100) or 4 h TNF-a stimulated HUVECs (%MRF for
-selectin 5 63.1 6 38.1), as measured by flow cytometry (n $ 3)

30). Therefore, in order to directly compare the results of experi-
ents, “low expression” CHO-E cells, with surface selectin density

qual to or lower than that found on stimulated HUVECs or CHO-P
ells, were generated by harvesting with 0.05% trypsin-EDTA for 10
in at 37°C (Gibco) (%MRF 5 55.9 6 17.4, Fig. 2A, inset). Cells

106/ml) in 0.1% BSA in PBS with Ca21 and Mg21 were stored at 4°C
ntil use. For flow assays, cells were prewarmed to 37°C for 5 min
efore perfusion.

Static and dynamic adhesion assays. For static adhesion assays,
0,000 selectin-transfected COS cells were added per lipid-coated
ell and allowed to incubate for 75 min at 37°C. Nonadherent cells
ere removed by centrifugation, and adherent cells were quantified
y measuring released lactate dehydrogenase activity (A340/min 3
03) after detergent lysis (27).
In dynamic adhesion assays, cell interactions with the

lycosphingolipid-coated surfaces were quantified using a parallel
late flow chamber and a videomicroscopy/digital image processing
ystem (28, 30, 31). Attachment assays were performed by perfusing
ells (106/ml) for 10 min at wall shear stresses ranging from 0.5 to 1.2
yn/cm2, thereby mimicking the fluid mechanical environment of the
icrocirculation and postcapillary venules (32). Tethered cells were

efined as those that interacted with the substrate for at least 2 s.
olling velocity was computed as the displacement by the centroid of

he cell divided by the time interval of observation (28).
Controlled detachment assays were performed by perfusing cells

106/ml) into the flow chamber and allowing them to settle on the
ubstrate under quiescent conditions for 3 min before step-wise
ncreasing the wall shear stress from 0.2 to 32 dyn/cm2 every 30 s.
dherent cells were defined as those cells remaining in the field of
iew during the perfusion period relative to the number in the field
uring the static incubation (9, 31). Additional cells that tethered
rom the fluid stream onto the field of view during low shear stresses
ere included in the analysis of adherent cells. Rolling velocities
ere obtained from cells remaining bound at the end of each 30 s
eriod.
For inhibition experiments, CHO cells were pretreated for 15 min

t RT with mAbs (10 mg/ml), which were kept present during the flow
ssays. In selected experiments the addition of 5 mM EDTA in the
ow medium was used to assess the role of divalent cations in cell
inding.



Data analysis of total tethering versus shear stress. Increasing
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he shear stress increases the cell flux and thus the number of cells
vailable to bind to the substrate in attachment assays. It is there-
ore necessary to decouple the convective effects from the binding
inetics of the process (33–35). Briefly, the effective rate of tethering
was shown experimentally to be a linear function of time that could

e described by R 5 dCs/dt, equal to the slope of the linear regres-
ion of a total cell tethering (Cs, cells/mm2) versus time (t, min) plot
34). The value of R was divided by the steady cell flow rate within a
eight h near the dish surface to obtain an expression for the nor-
alized effective rate of tethering (NR 5 R/cQ9), where c is the

teady cell concentration and Q9 is the volumetric flow rate in h. The
alue of h, set equal to one CHO-E cell diameter (34, 35), was
easured as 14.5 6 0.6 mm (n 5 21) by image processing. The flow

ate through h was defined as Q9 5 upwh, where up is the cell
ranslational velocity near the dish surface (measured as 417 to 1062
m/s for 0.5 to 1.2 dyn/cm2, respectively), and w is the flow channel
idth (0.5 cm). c is obtained by (33, 35): c 5 (Cout 2 R) x/uph 1 Co,
here ut is the cell settling velocity (measured as 0.13 6 0.02 mm/s)
nd Co is the bulk cell concentration (106 cells/ml).

Stochastic model of cell rolling. Employing the method of Zhao et
l. (19) allowed for characterization of the CHO-E and CHO-P cell
olling on a2,3-sLex glycosphingolipid. Briefly, the step size and
aiting time, and thus their respective average values h# and t2 were

onsidered to be random variables. The stationary distribution of
olling velocity can be manipulated to obtain the variance of velocity
n
2 for exactly identical cells (19)

s n
2 5

h# 2

t2
S 1 1

s h
2

h# 2D 1
Dt ,

here sh
2 is the variance in the step size h# and Dt is a chosen time

indow. Over a population of cells displaying some heterogeneity s n
2

s fl
2 1 s cc

2 , where s fl
2 is the variance due to temporal fluctuation (as

first order approximation equal to the velocity variance of the
dentical cell population above) and s cc

2 is the variance due to cell–
ell heterogeneity. Multiplying by Dt gives (19):

s n
2 3 Dt 5

h# 2

t2
S 1 1

s h
2

h# 2D 1 s cc
2 3 Dt. [1]

The y-intercept of the linear regression of the data [1] and mean
elocity can be used to calculate h# and t2 if a value is assumed for the
oefficient of variation for step size (sh/h# ) (19).

Statistics. Data are expressed as mean 6 SEM. Statistical sig-
ificance of differences between means was determined by ANOVA.
f means were shown to be significantly different, multiple compar-
sons by pairs were performed by the Tukey test. Values of P , 0.05
ere considered statistically significant.

ESULTS

ynthetic a2,3-sLex Glycosphingolipid and Polar
Lipid Extracts from Neutrophils Preferentially
Support E-Selectin over P-Selectin-Mediated
Cell Adhesion under Static Conditions

Fucosylated and sialylated gangliosides on neutro-
hils have been posited to be functional ligands for
-selectin (12–14). Therefore, static adhesion assays
ere performed to compare the ability of fucosylated
nd/or sialylated glycosphingolipids to support E- or
-selectin-mediated cell adhesion in vitro. As shown in
44
ig. 1A, synthetic sialyl Lewis x (sLex) glycosphingo-
ipid with a terminal a2,3-linked sialic acid supported
-selectin mediated cell adhesion, whereas the same
tructure bearing a terminal a2,6-linked sialic acid
ailed to do so. E-selectin-mediated cell adhesion was

FIG. 1. Adhesion of E- but not P-selectin transfected COS cells to
olar lipids from human neutrophils and synthetic a2,3-sLex glyco-
phingolipid. (A) COS cells expressing E- or P-selectin were incu-
ated in microwells coated with human neutrophil PLE or the indi-
ated synthetic glycosphingolipids. After centrifugal removal of
onadherent cells, adhesion was quantified by released lactate de-
ydrogenase activity (DA340/min 3 103) from lysed adherent cells. (B)
dhesion of E-selectin (filled circles) or P-selectin (open circles)-

ransfected COS cells to wells adsorbed with the indicated amount of
uman neutrophil PLE corresponding to 600,000 cells/ml was deter-
ined as described in A.



also supported by a mixture of polar lipids extracted
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rom human peripheral blood neutrophils. In addition,
reatment of the PLE with neuraminidase, but not the
rotease trypsin, eliminated binding (data not shown),
ndicating adhesion was dependent on a protease-
esistant, sialic acid-containing neutrophil membrane
omponent(s) such as a glycosphingolipid(s). Compared
o E-selectin, P-selectin demonstrated attenuated ad-
esion to sLex glycosphingolipids, and notably failed to
upport any adhesion to the glycosphingolipid targets
xtracted from neutrophils (Figs. 1A and 1B). Control
ells transfected with plasmid alone did not bind to any
lycospingholipid-absorbed surface (data not shown).
e next determined the detailed characteristics of E-

nd P-selectin-mediated cell adhesion under flow using
pecific, synthetic glycosphingolipid targets displaying
he sLex epitope.

2,3-sLex Glycosphingolipids Support Strong E-
Selectin-, but Weak P-Selectin-Mediated Tethering

CHO-E cells expressing either “low” or “high” levels
f E-selectin relative to activated HUVECs were per-
used over polystyrene surfaces coated with input con-
entrations from 0.38 3 105 to 6.14 3 105 molecules
ynthetic sLex glycosphingolipid/mm2 at 1 dyn/cm2.
HO-E cell tethering exhibited concentration depen-
ency of both the coated a2,3-sLex glycosphingolipid
nd E-selectin expression (Figs. 2A and 2B). Maximal
dhesive interactions for both high and low expression
HO-E cells occurred at an a2,3-sLex glycosphingolipid

nput concentration of 1.54 3 105 molecules/mm2.
Cell tethering was specific since use of an anti-E-

electin blocking mAb abolished binding (Fig. 3). Fur-
hermore, these interactions have an absolute require-
ent for divalent cations as evidenced by abrogation of

ttachment upon addition of 5 mM EDTA to the per-
usion medium (data not shown). Neither CHO-E nor
HO-P cells interacted with control substrata ad-
orbed with a2,6-sLex glycosphingolipid or with the
arrier lipids alone (PC and cholesterol, data not
hown).
CHO-P cells demonstrated a markedly reduced abil-

ty to tether to the a2,3-sLex glycosphingolipid com-
ared to CHO-E cells (Fig. 3). Although total tethers of
HO-P cells to the substrate were low, they were spe-

ific and divalent cation-dependent, since addition of
n anti-P-selectin mAb or 5 mM EDTA to the flow
edium abolished tethering (data not shown).
Moreover, substantial differences were observed in

he pattern of adhesive interactions. CHO-E cells
olled on the a2,3-sLex glycosphingolipid coated sur-
ace (1.54 3 105 molecules/mm2, 1 dyn/cm2) at an aver-
ge velocity of #5 mm/s (Fig. 3, inset) and demon-
trated slow, stable interactions. Under the same
onditions, CHO-P cells rolled at ;200 mm/s with in-
eractions that were transient in nature (Fig. 3, inset).
45
lthough CHO-P rolling was rapid, the rolling velocity
as substantially lower than the hydrodynamic veloc-

ty of a free-flowing cell (;950 mm/s). There was no
tatistical difference in the rolling velocities of high
ersus low expression CHO-E cells over the ligand
oncentrations examined at 1 dyn/cm2.

ormalization of Shear Stress-Dependent Tethering

To examine the effects of shear on cell tethering,
HO-E cells were perfused over dishes coated with
.54 3 105 a2,3-sLex glycosphingolipid molecules/mm2

t shear stresses ranging from 0.5 to 1.2 dyn/cm2. Since
he extent of cell tethering increased linearly with the
erfusion time (Fig. 4, inset), the effective rate of teth-
ring R was calculated as described under Materials
nd Methods. Our data show that there was a trend of
teady increase for the total amount and thus the ef-
ective rate of tethering of low expression CHO-E cells
s shear stress increased from 0.5 to 1.0 dyn/cm2 (Fig.
A). However, by increasing the shear stress (flow
ate), the cell flux and thus the number of cells avail-
ble to bind to the coated substrate increase. To de-
ouple the binding kinetics from the convective prop-

FIG. 2. Effect of a2,3-sLex concentration on tethering of CHO
ells expressing (A) high levels and (B) low levels of E-selectin.
HO-E cells were perfused over polystyrene dishes coated with a2,3-
Lex glycosphingolipid at the indicated input concentrations at 1
yn/cm2. Tethered cells were those that interacted with the sub-
trate for at least 2 s. Values are mean 6 SEM (n 5 3–8). Inset,
epresentative FACS profiles of CHO cells expressing P- or
-selectin. FI, fluorescence intensity. (a) IgG control, (b) CHO-P, (c)

ow expression CHO-E, and (d) high expression CHO-E.



e
e
s
l
s
f

E

h

at 1 dyn/cm2 on surfaces adsorbed with 1.54 3 105

a
l
E
u
a
v
s
b
c
t
c
t
o

m
a
m
a
o
a
n
w
r
w

R

a
e
g
s
t
E
c
c

s
g
p
q
i
t
C
I
M
V

c
o
o
n
m

Vol. 284, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
rties of the process, we calculated the normalized
ffective rate of tethering NR by dividing R by the
teady cell flow rate near the surface (33, 35). NR for
ow expression CHO-E cells decreased with increasing
hear stress (Fig. 4B). Similar results were obtained
or high expression CHO-E cells (data not shown).

stimation of Step Size and Waiting Times
from Rolling Velocities

The rolling velocity means and variances of low and
igh expression CHO-E cells and CHO-P cells observed

FIG. 3. CHO-E and CHO-P cell tethering on a2,3-sLex glyco-
phingolipid. CHO-E and CHO-P cells were perfused over a2,3-sLex

lycosphingolipid-adsorbed surfaces (1.54 3 105 molecules/mm2 in-
ut concentration) at 1 dyn/cm2 and the total number of tethers was
uantified in the absence (open bars) or presence of a function block-
ng E-selectin mAb (closed bars). *P , 0.05 with respect to un-
reated cells, **P , 0.05 with respect to untreated low expression
HO-E cells. Values are mean 6 SEM (n 5 3–8). ND, not done.

nset, average rolling velocities were computed as described under
aterials and Methods. *P , 0.05 with respect to CHO-E cells.
alues are mean 6 SEM of 15–65 cells.

FIG. 4. Normalization of shear stress-dependent tethering. (A)
oated dish (1.54 3 105 molecules/mm2 input concentration) at shear
f cell tethering and are mean 6 SEM (n 5 4). Inset, CHO-E cell te
f time (R2 5 0.996), representative of the tethering for both high
ormalized effective rate of cell tethering, NR, was calculated from
ean 6 SEM (n 5 4).
46
2,3-sLex glycosphingolipid molecules/mm2 were ana-
yzed using a model developed by Zhao et al. (19).
xperimental data fit the model [1] well, with R2 val-
es near or greater than 0.9 (Fig. 5, representative of
ll data). Based on the calculated mean velocities and
ariances and assuming the coefficient of variance step
ize sh/h# 5 0.5 (19), the value of h# was determined to
e ;0.3 mm for both low and high expression CHO-E
ells and ;8 mm for CHO-P cells. Average waiting
imes (t2) were 0.11 and 0.04 s for CHO-E and CHO-P
ells, respectively. These values are in agreement with
he observation that CHO-E cells rolled much slower
n this substrate than CHO-P cells.
For comparison, neutrophils were perfused over im-
obilized E- or P-selectin, and their rolling velocities

t 2 dyn/cm2 were analyzed using the same stochastic
odel (at 1 dyn/cm2, neutrophils did not roll, presum-

bly due to a high selectin concentration). The step size
f neutrophil-E-selectin was determined to be ;0.4 mm
nd the waiting time was ;0.16 s. Calculations for
eutrophil-P-selectin rolling revealed that the step size
as ;0.5 mm and the waiting time was ;0.04 s. The

olling velocity of neutrophils on E- versus P-selectin
as measured as 6.0 and 12.5 mm/s, respectively.

esistance to Detachment by Shear Stress

Detachment assays were performed to compare the
dhesive strength of interactions between high or low
xpression CHO-E cells or CHO-P cells and a2,3-sLex

lycosphingolipids. CHO-E cells were much more
hear stress resistant than CHO-P cells (Fig. 6A), and
he extent of cell detachment was dependent on
-selectin density. The increase in adhesion of CHO-E
ells at low shear stress (up to 1 dyn/cm2) was due to
ell tethering from the fluid stream, a phenomenon

O-E (low) cells were perfused over an a2,3-sLex glycosphingolipid
esses ranging from 0.5 to 1.2 dyn/cm2. Values represent the extent

ring to a2,3-sLex glycosphingolipid at 1 dyn/cm2 is a linear function
d low expressing CHO-E cells at different shear stresses. (B) The

data in A as described under Materials and Methods. Values are
CH
str
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ore frequent for high than for low expression CHO-E
ells. Complete cell detachment of low-expression
HO-E cells was achieved at 16–32 dyn/cm2, whereas
nly a few high expression CHO-E cells detached even
t this level. In marked contrast, ;95% of the CHO-P
ells were removed at the lowest shear stress tested.
one of the three cell types adhered to the control

arrier lipid-coated dishes, with essentially complete
ell removal at 0.2 dyn/cm2.

Rolling velocities acquired during detachment as-
ays varied with both E-selectin expression and wall
hear stress (Fig. 6B). High expression CHO-E cells
upported slower rolling that was less sensitive to

FIG. 5. Calculation of step size and waiting time using a stochas-
ic model of rolling. High expression CHO-E cells (n 5 12) rolling on
2,3-sLex glycosphingolipid-coated dishes (1.54 3 105 molecules/mm2

nput concentration) at 1 dyn/cm2 were monitored for 2 s. Individual
oints were calculated from smaller time intervals Dt from the same
s total observation period. A least-squares linear regression al-

owed determination of step size and waiting time of E-selectin-a2,3-
Lex glycosphingolipid mediated rolling.

FIG. 6. CHO-E and CHO-P cell detachment from a2,3-sLex glycos
ssays using CHO-E and CHO-P cells. CHO-E and CHO-P cells were
olecules/mm2 input concentration) for 30 s, at which time flow wa

tep-wise every 30 s from 0.2 to 32 dyn/cm2. Percent adhesion is indic
tatic incubation period. Values are mean 6 SEM (n 5 3). (B) Effect o
ere as in A. Values are mean 6 SEM (n 5 12–20 cells).
47
owever, differences in behavior were only noticeable
tarting at 2 dyn/cm2.

ISCUSSION

In this study we demonstrated that glycosphingolip-
ds favor attachment of E-selectin over P-selectin ex-
ressing cells under both static and flow conditions.
amely, in static adhesion assays, PLE from normal
uman peripheral blood neutrophils containing vari-
us fucosylated and/or sialylated glycolipid structures
upported sialic acid-dependent E-selectin-, but not
-selectin-mediated cell adhesion. This finding adds to
he growing line of evidence that neutrophil glyco-
phingolipids function in cell–cell adhesion and could
ct as the natural ligand(s) for E-selectin (6, 9, 12,
5–18). Furthermore, a defined synthetic glycosphin-
olipid bearing a2,3-sLex also preferentially supported
-rather than P-selectin-mediated binding. These re-
ults from static adhesion experiments provided moti-
ation for subsequent dynamic adhesion assays simu-
ating in vivo flow characteristics.

Because of the crude nature of the neutrophil PLE,
ow-based assays of selectin-glycosphingolipid binding
ere performed using a synthetic glycosphingolipid

tructure to isolate adhesion to a single target counter-
eceptor, forming a well-defined receptor-ligand pair
rom which adhesion characteristics could clearly be
scertained. This system revealed that the sLex epitope
isplayed on a glycosphingolipid clearly distinguishes
etween E- and P-selectin in supporting rolling in a
odel of heterotypic cell–cell recognition and adhe-

ion. Consistent with previous reports (16, 18), tether-
ng and rolling of both types of CHO cells were

ngolipid. (A) Comparison of resistance to shear stress in detachment
rfused over a2,3-sLex glycosphingolipid-adsorbed plates (1.54 3 105

topped for 3 min. Flow was then resumed, increasing shear stress
d relative to the number of cells in the field of view at the end of the
ear stress on CHO-E cell rolling velocities. Experimental conditions
phi
pe

s s
ate
f sh
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phingolipid, and the interactions were specific and
ivalent cation-dependent. Tethering occurred ran-
omly on the substrate, suggesting that the glycolipid
oating was fairly uniform and stable, which was ver-
fied by fluorescence microscopy (data not shown). Fur-
hermore, CHO-E cell tethering was a function of shear
tress, cell surface selectin density, and the concentra-
ion of immobilized a2,3-sLex glycosphingolipid. How-
ver, CHO-E cell rolling velocity was not dependent on
ny of these factors at shear stresses ,2 dyn/cm2. It is
ossible that the densities of 2,3-sLex glycosphingolipid
nd/or E-selectin in our experiments were too high to
bserve differences in rolling velocity at these low wall
hear stresses, since it is more sensitive at low selectin-
igand densities, most likely due to the fewer number of
onds (36). When shear stress was increased to $2
yn/cm2 in detachment assays, rolling velocities be-
ame dependent on E-selectin density, demonstrating
relatively high strength of adhesion.
In contrast, CHO-P cells tethered much less effi-

iently and rolled much faster than CHO-E cells even
nder modest flow conditions. To ensure that the
HO-P cells used in our experiments were capable of
ustaining stable interactions when the appropriate
igand (e.g., PSGL-1) is present, CHO-P cells were per-
used over a confluent neutrophil monolayer (.6000
eutrophils/mm2) plated on a 35 mm tissue culture
ish. CHO-P cells successfully tethered to and rolled on
he surface-adherent neutrophils with a mean velocity
pproximately ten times slower than that on a2,3-sLex

lycosphingolipid (data not shown). Therefore, the low
umber of interactions between CHO-P cells and the
lycolipid-coated substrate was the result of a reduced
nteraction of P-selectin with a2,3-sLex glycosphingo-
ipid, and not any failure of the CHO-P cells to bind
ative ligand. Furthermore, reduced CHO-P interac-
ions were not the result of a lower surface selectin
ensity compared to CHO-E cells, in that CHO-E cells
ith expression higher and lower than that of CHO-P

howed much more robust tethering/rolling on a2,3-
Lex glycosphingolipid.
Previous work has shown that cell binding decreases
ith increasing shear stress (16, 37). In our study, the

aw data of tethering versus shear stress did not reveal
his result over the entire shear range tested, implying
hat convective effects could be obscuring the shear
tress dependence. Since more cells are delivered to the
ow chamber with the higher flow rates corresponding
o increased shear stresses, a normalization method is
rucial in order to deconvolute the effects of binding
inetics and transport properties (33, 35). A decrease
n the effective rate of tethering as shear stress in-
reased became apparent only after applying the cor-
ection for convective effects.

In addition to examining the basic tethering interac-
ions, we also studied the fundamental selectin-a2,3-
48
hastic model. The intrinsic random nature of rolling,
eflected by fluctuation in rolling velocity observed over
selected time window, was captured by the average

tep size h# and waiting time t2 between these steps (19)
nd could be attributed to cell topology, receptor dis-
ribution, and/or the inherent stochastic nature of the
ctual ligand-counter-receptor binding (19). Neutro-
hil h# and t2 on E-selectin were found to agree with
hose reported in the literature (19), and those for
HO-E-a2,3-sLex glycosphingolipid rolling determined

n this study. For neutrophil rolling on P-selectin, t2

as essentially equal to that for CHO-P-a2,3-sLex gly-
osphingolipid but h# was much smaller. This discrep-
ncy is attributted to the fact that the glycosphingo-
ipid lacks the sulfated residues that enhance
-selectin binding. Altogether, these findings are in
oncert with published data showing that E-selectin
ediates slower rolling of neutrophils than P-selectin

21, 22, 37). Furthermore, if the dissociation kinetics of
ond breakage were known to be first order, the disso-
iation rate constant koff would be the reciprocal of t2.
owever, we predict that the binding occurring in our

ystem involves multiple bond clusters, in which the
elationship between koff and t2 would be more com-
lex.
This study is the first to directly compare the abili-

ies of E-selectin and P-selectin to bind a sLex-bearing
lycosphingolipid under flow conditions. Taken to-
ether with the results of static adhesion assays in-
olving both synthetic glycosphingolipids and neutro-
hil PLE, the data indicate that glycosphingolipids are
referential ligands for E-selectin, in accord with pre-
ious work suggesting that glycolipids are the natural
igands for this selectin (13, 14). However, the glyco-
ipid conjugate used in these perfusion experiments
as very simple. The results are not meant to suggest

hat this construct is the naturally occurring leukocyte
igand for E-selectin but rather that an sLex-decorated
lycolipid can support selective adhesion to E-selectin.
t is probable that the ligand is a more complicated
ipid structure and has additional binding and/or non-
inding epitopes that may critically effect dynamic
dhesive interactions such as rolling (18). It is also
ossible that the E-selectin ligand is an unusual
rotease-insensitive glycoprotein. Regardless, the data
resented herein support the notion that efforts to
dentify the natural E-selectin ligand on normal hu-

an leukocytes should include glycosphingolipids in
he analysis. Identification of the ligand would provide
rational basis for developing effective novel therapeu-

ic agents against inflammation.
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