ELAM-1 Mediates Cell Adhesion by Recognition of a
Carbohydrate Ligand, Sialyl-Le*
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Recruitment of neutrophils to sites of inflammation is mediated in part by endothelial
leukocyte adhesion molecule-1 (ELAM-1), which is expressed on activated endothelial
cells of the blood vessel walls. ELAM-1 is a member of the LEC-CAM or selectin
family of adhesion molecules that contain a lectin motif thought to recognize
carbohydrate ligands. In this report, cell adhesion by ELAM-1 is shown to be medi-
ated by a carbohydrate ligand, sialyl-Lewis X (SLe*; NeuAca2,3Gal1,4(Fucal,3)-
GIcNAc-), a terminal structure found on cell-surface glycoprotein and glycolipid

carbohydrate groups of neutrophils.

EUKOCYTES EMIGRATE INTO TIS-
I sues to destroy pathogenic microor-
ganisms during an inflammatory re-
sponse, but they can also destroy normal
tissue in reperfusion injury and septic shock,
and in chronic inflammatory diseases such as
chronic dermatoses (for example, psoriasis)
and rheumatoid arthritis (7). The vascular
endothelium participates in the recruitment
of neutrophils and other leukocytes by the
expression of cell adhesion molecules in
response to interleukin-1 (IL-1) and tumor
necrosis factor—a (2, 3). ELAM-1 is pro-
duced within 2 to 4 hours of cytokine
induction and mediates binding of neutro-
phils at endothelial foci (3). Subsequent
extravasation of neutrophils across the endo-
thelium into the surrounding tissue also
requires the activation and interaction of the
neutrophil integrin receptors LFA-1 and
Mac-1 with their endothelial cell ligands,
ICAM-1 and ICAM-2 (4, 5). The degree to
which these two receptor systems may act
synergistically in neutrophil recruitment and
extravasation is of current interest.
ELAM-1 is a member of the selectin
(LEC-CAM) family of cell adhesion mole-
cules including Mel-14/LAM-1 and GMP-
140/PADGEM, which also mediate leuko-
cyte cell-cell interactions (5, 6). Because the
NH,-terminal domains of all three selectins
have a lectin motif, they are postulated to
recognize carbohydrate ligands (5-8).
We now show that ELAM-1 recognizes a
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carbohydrate ligand, containing the SLe*
sequence. The presence of this structure on
both leukocyte and nonleukocyte cell lines is
sufficient to cause ELAM-1-mediated adhe-
sion to IL-l-activated human endothelial
cells.

A survey of the glycolipids and N-linked
carbohydrate groups of surface glycopro-
teins of neutrophils revealed uncommon ter-
minal sequences with a(1,3)fucose residues
known generically as Lewis X (Le*) and
SLe*, as shown below, where in each case R
is the remainder of the carbohydrate group

9)-

GalP1,4
GIeNAc-R
Fucal,3 Lex
NeuAca2,3Galfl ,4\
GIcNAc-R
Fuca1,3/ Sialyl-Lex (SLeX)

To determine if these structures were rec-
ognized by ELAM-1, we used glycosylation
mutants of Chinese hamster ovary (CHO)
cells, LEC11 and LEC12, which make these
structures (10). These glycosylation mutants
differ from the wild-type CHO cells (CHO-
K1) by their expression of two distinct
a(1,3)fucosyltransferases that allow the syn-
thesis of Le* in both LEC11 and LEC12
cells, and the synthesis of SLe* in LEC11
cells only.
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Fig. 2. Antibodies to SLe* inhibit ELAM-1—
mediated cell adhesion of HL-60 and LECI1
cells. Cell-adhesion assays were performed as in
Fig. 1, except that HL-60 cells were incubated for
20 min at 37°C in the presence or absence of
MADs to carbohydrates before assay (19). MAbs
specific for the carbohydrate epitope SLe* were
CSLEX (IgM; anti-SLe*-1) and SNH-4 (IgG3;
anti-SLe*-2), and those specific for Le* were
SH-1 (IgM; anti-Le*-1) and FH-2 (IgM; anti—
Le*-2).

LEC11 cells adhered to IL-l-activated
human endothelial cells, but neither LEC12
nor wild-type CHO cells adhered (Fig. 1A),
suggesting that the LEC11 unique carbohy-
drate structure, SLe*, may be mediating
adhesion. The binding of LEC11 cells to
activated endothelium was mediated pre-
dominantely through ELAM-1, because a
monoclonal antibody (MAb) to ELAM-1
blocked adhesion (Fig. 1B). Adhesion of the
promyelocytic cell line HL-60 was also pre-
dominantly ELAM-1-dependent (11) (Fig.
1B). The reported contribution of V-CAM—
mediated adhesion of HL-60 cells (12) was
also assessed with MAbs to o, and was
found to be a lesser component for HL-60
cells. Neither HL-60 cells nor any of the
CHO cell lines tested adhered to resting
endothelial cells. Thus, the results suggested
that SLe* was mediating LEC11 adhesion to
ELAM-1.

To test the possibility that ELAM-1-
mediated adhesion of LEC11 and HL-60
cells occurred by recognition of an SLe*
ligand, we treated both cell lines with a
panel of MAbs to SLe* and Le* before

Fig. 1. ELAM-1—dependent adhe- CHO-K1 LEC11 _LEC12 HL-60 LEC11
sion of LEC11 and HL-60 cell lines - b I 1 '
to IL-1B—activated endothelial cells 1A B

(A) Binding of wild-type CHO-K1
and CHO glycosylation mutants
LEC11 and LEC12 to human um-
bilical cord vein endothelial cells
(11) before and after activation
with IL-1B. (B) Blocking MAbs to
endothelial cell adhesion mediated
by ELAM-1 (anti-ELAM-1;
H18/7) and V-CAM (anti-ay;
P4C2) were used to examine the
relative contribution of these mole-
cules to adhesion of HL-60 cells
and LECI11 cells.
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HL-60 cells and LEC11 cells by up to 90%,

effect on adhesion. In separate experiments,

min at 37°C) reduced their adhesion to

of liposomes containing SLe* gly-

incubation with activated endothelial cells Fig. 3. Liposomes containing gly- HL-60 I : HL-60 . Jurkat ]
: : A -
(Fig. 2). MAbs to SLe* blocked adhesion of ~ <olipids with the SLe" ligand block 1 1
binding of HL-60 cells but not ) 60 |
~ > S Jurkat cells to IL-1B—activated en- 6 %
whereas MAbs to Le* only inhibited adhe-  gothelial cells. Before the binding = % % { B
sion slightly. Prior treatment of activated assays (11), activated endothelial T 40l B g 0l B K B
endothelial cells with MAbs to SLe* had no ~ cells were incubated with liposomes F % 313 &z sl
(20) containing a glycolipid (5 pg/ 2 1R 2 1B B B B
ml) with terminal structures repre- & 54 S < 0l B RIS
treatment of HL-6Q cells or LE.C}I cells senting  SLe*  (S-diLe*), Le* % : % ;§§ §§ §§
with Clostridium perfringens neuraminidase to  (diLe*), or other related structures SR RS ] BRIk KRS
destroy SLe* (Sigma type X;1.6 U/ml for 90 as listed in Table 1. Jurkat cells were L1g 07 SR . 0= PR IL-1B
used as a control to assess the ability Liposomes - - O g % T - - -+ antioy
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activated endothelial cells (70 to 8_5%), colipids to influence V-CAM medi-

whereas the same treatment had negligible ;ted adhesion. V-CAM adhesion

effect on the ELAM-1-independent adhe-  was inhibited with a MADb to a, (11).

sion of Jurkat cells. Thus, ELAM-1-mediat-

ed adhesion of HL-60 and LECI11 cells is

through recognition of cell-surface carbohy- LEC11 cells, Jurkat cells bind to IL-1—

drate groups that contain SLe*.

activated endothelial cells predominantly

SLe* structures are found to terminate the  through the V-CAM (endothelial cell)—
carbohydrate groups of both glycoproteins VLA-4 (Jurkat cell) adhesion pair (13). Jur-
and glycolipids (9). To investigate the po-  kat cell adhesion was not inhibited by lipo-
tential for an SLe* ligand to competitively ~ somes containing SLe*, but was completely
block ELAM-1-mediated cellular adhesion, inhibited by a MAb to the a subunit of the
we incorporated selected glycolipids with integrin molecule VLA-4. Thus, SLe* lipo-
terminal sequences containing SLe*, Le*, some inhibition of HL-60 cells and LEC11
and closely related structures (Table 1) into  cells is not a steric effect attributed to bind-
liposomes and exposed them to activated ing of liposomes to endothelial cells. In-
endothelial cells at 4°C (Fig. 3). Subsequent  stead, SLe* liposomes inhibit adhesion of
challenge with HL-60 cells revealed that HL-60 cells through a direct competition
liposomes containing glycolipids with SLe*  with the ligand binding site of ELAM-1.
(S-diLe*) inhibited adhesion up to 90%, Identification of a carbohydrate ligand for
whereas liposomes that contained glycolip- ELAM-1 is an example of protein-carbohy-
ids with Le* (di-Le*) or other related carbo-  drate recognition mediating cell-cell interac-
hydrate structures were minimally inhibito-  tions. SLe* is expressed on blood cells of the
ry. Comparable results were obtained with myeloid lineage, but not erythrocytes or
LEC11 cell adhesion. When the same exper-  most lymphocytes, consistent with the selec-
iment was done at 37°C, HL-60 cell adhe- tive adhesion of myeloid cells to ELAM-1
sion was reduced by liposomes containing  (9). As documented for the LEC11 glycosy-
glycolipids with the SLe* structure (S-diLe*, lation mutants, expression of SLe* is most
70%), and also to a lesser extent by lipo- likely regulated by the expression of a spe-
somes containing Le* (diLe*, 40%), sug- cific a(1,3)fucosyltransferase (10, 14). SLe*
gesting that Le* may also interact with is also expressed on a subset of human NK

ELAM-1, but with lower affinity.

cells (15) and a variety of lung and colon

In contrast to adhesion with HL-60 and  carcinomas (16). Thus, ELAM-1 might also

Table 1. Glycoplipids tested for liposome inhibition of ELAM-1-mediated cell adhesion in Fig. 3.

Generic IUPAC Structure
nLcs nLcs GalBl—4GlcNAcB1—3Galpl -54GlcNAcB1-3Galp1—-4Glcfl1—1Cer
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have a role in the adhesion of other cell types
that carry the SLe* ligand.

Because ELAM-1 is believed to be in-
volved in the recruitment of leukocytes to
sites of inflammation in both acute and
chronic pathological conditions in vivo (1,
17) and may establish metastasis of certain
carcinomas (18), blocking ELAM-1 func-
tion may be of therapeutic value. As shown
by the inhibition of ELAM-1-mediated cell
adhesion by liposomes containing SLe*
(Fig. 3), a strategy for inhibiting leukocyte
adhesion aimed at the carbohydrate ligand
could be a viable alternative to current ap-
proaches with MAbs to cell adhesion mole-
cules.
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Recognition by ELAM-1 of the Sialyl-Le*
Determinant on Myeloid and Tumor Cells

GERD WALZ,* ALEJANDRO ARUFFO,*T WALDEMAR KOLANUS,

MICHAEL BEVILACQUA, BRIAN SEED

Endothelial leukocyte adhesion molecule-1 (ELAM-1) is an endothelial cell adhesion
molecule that allows myeloid cells to attach to the walls of blood vessels adjacent to
sites of inflammation. ELAM-1 recognizes the sialyl-Lewis X (sialyl-Le*) determinant,
NeuAca2-3Galp1-4(Fucal-3)GlcNAc-, a granulocyte carbohydrate also found on the
surface of some tumor cell lines. Binding of myeloid cells to soluble ELAM-1 is
inhibited by a monoclonal antibody recognizing sialyl-Le* or by proteins bearing
sialyl-Le*, some of which may participate in humoral regulation of myeloid cell
adhesion. Stimulated granulocytes also release an inhibitor of ELAM-1 binding that
can be selectively adsorbed by monoclonal antibody to sialyl-Le*.

NTEGRAL MEMBRANE ADHESION PRO-

teins of a nascent family share a com-

mon extracellular domain organization
consisting of an NH,-terminal lectin-like
segment, an epidermal growth factor
(EGF)-related element, and multiple com-
plement receptor motifs (1, 2). One member
of this family, ELAM-1 (3), mediates the
adhesion of myeloid cells to endothelial cells
activated by interleukin-1 (IL-1), tumor ne-
crosis factor, or substance P (4).

To identify the ELAM-1 domains neces-
sary for cell adhesion, we first localized the
binding sites for two monoclonal antibodies
(MAb) to ELAM-1 (anti-ELAM-1): H18/
7, which blocks leukocyte adhesion to acti-
vated endothelium, and H4/18, which does
not. Progressive deletion from the COOH-
terminus showed that the lectin plus EGF-
repeat elements were required for expression
of H18/7 binding, whereas H4/18 reactivity
required the first three complement-related
repeats as well (Fig. 1). A restriction frag-
ment exchange between ELAM-1 cDNA
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and the related Leu-8 (LECAM-1) cDNA
(2) showed that H18/7 bound to a determi-
nant encoded in the first 75% of the lectin
domain, and that the equivalent determi-
nants for MAbs to Leu-8 (anti-Leu-8) and
TQ1 were similarly encoded in the first 75%
of the LECAM-1 lectin domain (Fig. 1).
To study the possible lectin-carbohydrate
interactions suggested by epitope mapping,
we prepared a soluble ELAM-1 protein
chimera (ELAM-Rg) consisting of the
ELAM-1 extracellular domain joined to the
hinge and CH2 and CH3 domains of hu-
man immunoglobulin G1 (IgGl) (5-7) as a
disulfide-linked dimer from supernatants of
transfected COS-7-m6 cells (Fig. 1).
When plastic dishes coated with goat an-
tibodies to human IgG were incubated with
supernatants containing ELAM-Rg, the
treated plastic acquired the ability to specif-
ically bind granulocytes and the myeloid cell
lines HL-60 and THP-1. Other myeloid
cells and some carcinoma cells bound to the
ELAM-1—coated plastic, whereas dishes
coated with CD8 fusion protein (5) showed
negligible affinity for all cells tested (8).
Adhesion to ELAM-1 correlated with the
presence of the CD15 [Le* or lacto-N-fu-
copentaose III (9, 10)] determinant, but not
with the determinants associated with
CD17 [lactosyl ceramide (11)], CD65
[VI®NeuAclII*FucnorLenOsegCer (12)], or
sulfatides (13). However, the correlation
with CD15 was imperfect, and digestion of
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