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ABSTRACT A cDNA for endothelial leukocyte adhesion
molecule 1 (ELAM-1) was isolated by transient expression in
COS-7 cells of a subtracted cDNA library from cytokine-
treated human umbilical vein endothelial cells (HUVECs), with
selection of ELAM-1-expressing clones by adhesion of trans-
fected cells to the human promyelocytic cell line HL-60. This
cloning method requires neither antibody nor purified ligand.
ELAM-1-expressing COS cells bind the promyelocytic cell line
HL-60 by a Ca2+-dependent but temperature-independent
mechanism. Although ELAM-1 is homologous to mammalian
lectins, its interaction with HL-60 cells is not inhibited by
simple carbohydrate structures. ELAM-1-expressing COS
cells also bind human neutrophils and the human colon carci-
noma cell line HT-29, but not the B-cell line Ramos. However,
Ramos cells adhere to cytokine-treated HUVECs but not
control HUVECs, confirming the existence of other inducible
adhesion molecules. In addition, the binding of HL-60 cells or
neutrophils to ELAM-1-expressing COS cells is not inhibited by
a monoclonal antibody (60.3) directed to an inhibitory epitope
on CD18, indicating that the ELAM-1 ligand, although un-
characterized, is not a member of the CD11/CD18 family.

Localized adhesion of neutrophils (polymorphonuclear leuko-
cytes, PMNs) to the endothelial lining is essential for their
egress from the vascular space under physiologic conditions
and is a key event in the initiation and maintenance of
numerous PMN-mediated pathological states (1, 2). Recent
studies have delineated two fundamental mechanisms ofPMN
adhesion to vascular endothelium at sites of acute inflamma-
tion (reviewed in refs. 3 and 4). Certain inflammatory media-
tors such as leukotriene B4 and complement fragment 5a act
directly on the PMNs, which become hyperadhesive for
endothelium. PMN adhesion is mediated by a group of cell
surface proteins called leukocyte cell adhesion molecules
(LeuCAMs), or the CD11/CD18 family (3, 5), and monoclonal
antibodies (mAbs) to these cell surface proteins inhibit PMN
adhesion to endothelium both in vitro and in vivo (3, 6, 7). In
an alternative and complementary mechanism, inflammatory
cytokines such as interleukin 1,8 (IL-1,B) and tumor necrosis
factor a (TNF-a), as well as bacterial endotoxin (lipopolysac-
charide), can act directly on endothelial cells in vitro to
substantially augment PMN adhesion (4, 8-10).
With the use of mAbs, a 116-kDa cell surface glycoprotein,

endothelial leukocyte adhesion molecule 1 (ELAM-1), has
been identified that contributes to the adhesion of PMNs to
cytokine-treated, but not untreated, human umbilical vein
endothelial cells (HUVECs) (10). It has recently been cloned
(11) and characterized as a member of a new family of
adhesion molecules related to mammalian lectins, epidermal
growth factor, and complement regulatory proteins (11-13).

Even in the continued presence of cytokines the appearance
of ELAM-1 is transient and parallels the time course of
extravascular PMN accumulation in vivo (4, 9). Moreover,
immunohistologic studies show that ELAM-1 is present in
vivo at inflammatory sites but is absent from the noninflamed
vessel wall (14). Taken jointly, these results suggest that
ELAM-1 is a key mediator ofPMN adhesion to the inflamed
vascular wall in vivo.
We have begun to examine the feasibility of direct expres-

sion cloning of adhesion molecules, using cell adhesion itself
as the functional assay. By using the promyelocytic cell line
HL-60 as the target cell, we have achieved the direct expres-
sion cloning of ELAM-1, as well as its initial functional
characterization. t

MATERIALS AND METHODS
Materials. All reagents were obtained from Sigma except

[35S]cysteine, [35S]methionine, and [methyl-3H]thymidine
(DuPont/NEN) and human serum albumin (HSA) glycocon-
jugates (Accurate Chemicals, Westbury, NY). Homogeneous
recombinant human IL-ll (107 units/mg) and TNF-a (5.3 X
106 units/mg) were from Biogen stocks. mAb 60.3 was the gift
of John Harlan (University of Washington, Seattle; ref. 3).

Cells. HUVECs were isolated and subcultured as de-
scribed (9) and used for adhesion assays or library construc-
tion at passages 3-5. HL-60, U-937, Ramos, COS-7, and
HT-29 cells were obtained from the American Type Culture
Collection and were propagated in RPMI-1640/10% fetal
bovine serum (FBS) with 2 mM glutamine, except COS-7
cells, which were grown in Dulbecco's modified Eagle's
medium (DMEM)/10% FBS with 2 mM glutamine. PMNs
were isolated from anticoagulated blood by gradient centri-
fugation (Lymphocyte Separation Medium, Organon), 3%
dextran sedimentation, and hypotonic lysis (15).
cDNA Library Construction and Subtraction. RNA was

isolated from HUVECs treated with recombinant human
IL-1,B (10 units/ml) for 2.5 hr, and a cDNA library was
constructed in the animal cell expression vector CDM8 (16,
17). To enrich for IL-1f3-induced sequences the library was
screened with a subtracted cDNA probe, generated by two
rounds of hybridization to mRNA from uninduced HUVECs
(18), resulting in a sublibrary of 864 colonies, representing
about 0.09% of the original library.

Isolation of ELAM cDNA Clones by Cell-Cell Adhesion.
COS cells were transfected with the sublibrary by sphero-
plast fusion (17) and were screened for the ability to bind

Abbreviations: ELAM-1, endothelial leukocyte adhesion molecule
1; PMN, polymorphonuclear leukocyte (neutrophil); LeuCAM, leu-
kocyte cell adhesion molecule; IL-1,f, interleukin 1,3; TNF-a, tumor
necrosis factor a; FBS, fetal bovine serum; HSA, human serum
albumin; HUVEC, human umbilical vein endothelial cell; mAb,
monoclonal antibody.
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HL-60 cells 48 hr posttransfection. HL-60 cells were labeled
with carboxyfluorescein diacetate (19) and resuspended at
106 per ml in RPMI-1640/1% FBS. COS cell monolayers in
100-mm tissue culture dishes were washed and then incu-
bated with 6 ml of HL-60 cells for 15 min at room tempera-
ture, nonadherent cells were removed with three or four
washes of RPMI-1640/1% FBS, and the dishes were exam-
ined for clusters of adherent HL-60 cells by fluorescence
microscopy. Regions containing clusters of HL-60 cells were
picked and lysed with 0.6% SDS/10 mM EDTA, pH 8.0, for
plasmid rescue (17), and the DNA was used to transform into
Escherichia coli strain MC1061/p3. Colonies were regrown
for a second round of spheroplast fusion, and after the second
round, individual colonies were transfected into COS cells to
identify an expressing clone, designated ELAM/CDM8.
Adhesion Assays. HUVECs were grown to confluence in

48-well cluster plates and pretreated with saturating amounts
of cytokine (IL-1,3, 10 units/ml, or TNF-a, 10 ng/ml, unless
otherwise stated) for 4 or 24 hr. Both cytokines gave similar
results. COS cells (107 per ml in 20 mM Hepes, pH 7.05/137
mM NaCl/5 mM KCI/0.7 mM Na2HPO4/6 mM dextrose)
were transfected by electroporation (280 V, 960 ,F, Bio-Rad
Gene Pulser) with 20 ,g of ELAM/CDM8 DNA or CDM8
control DNA and 200 ,ug of sonicated salmon sperm DNA
and, after 10 min, washed, resuspended in medium, and
plated directly at 105 cells per cm2 in 48-well plates. Cells
were confluent after 48 hr and were used after 48 or 72 hr.
Based on control experiments, 5-25% of the transfected cells
expressed protein. Target cells (except PMNs) were labeled
for 24-48 hr with [3H]thymidine or [35S]methionine (0.5
,Ci/ml; 1 ,Ci = 37 kBq) and washed twice to remove excess
label. All target cells were resuspended in RPMI-1640/1%
FBS at 2-3 x 106 per ml. Adhesion assays were performed as
described (10). Briefly, confluent monolayers were washed
once with RPMI-1640/1% FBS, and 250,ul of target cells was
added. After a 15- to 20-min incubation at room temperature,
cell monolayers were washed twice, centrifuged in an in-
verted configuration, and washed once more. Adherent cells
were assessed visually and quantified either by scintillation
counting or, for adherent PMNs, by endogenous myeloper-
oxidase content by standard assays. For inhibition assays,
target cells were preincubated for 10 min at room temperature
with mAb 60.3 (50 ,g/ml), cells were added to washed
monolayers, and the assays were performed as above.

Biosynthetic Labeling. Confluent monolayers of HUVECs,
cytokine-treated or untreated, or COS cells transfected with
ELAM/CDM8 or control CDM8 were washed, incubated in
cysteine-free medium for 45 min, and incubated with
[35S]cysteine in cysteine-free RPMI-1640/10%o dialyzed FBS
for 2 hr at 37°C. Monolayers were washed thoroughly, and
the cells were harvested nonenzymatically and extracted at
4°C with either 2% (vol/vol) Triton X-100 or 2% (vol/vol)
Triton X-114. Triton X-100 extracts were fractionated by
wheat germ lectin chromatography; bound proteins were
eluted with 0.3 M N-acetylglucosamine, concentrated by
acetone precipitation, and subjected to SDS/PAGE in 4-20%
gradient gels. Triton X-114 extracts were phase-separated
(20), and membrane proteins associated with the detergent-
rich phase were acetone-precipitated and subjected to two-
dimensional gel electrophoresis (21).

RESULTS AND DISCUSSION
Isolation of a cDNA Encoding Functional ELAM-1. Direct

expression cloning using a combination of transient expres-
sion vectors and specific mAbs has become an established
technique for the cloning of cell surface molecules (17, 22).
To extend the range of direct expression cloning methods,
and to obviate the need for mAb generation, we examined the
feasibility of using a functional assay to clone cell surface
molecules involved in cell-cell adhesion. Because ELAM-1

is absent from normal endothelium but strongly induced by
cytokines (10, 11), a preliminary subtraction was performed
to generate a sublibrary highly enriched for IL-lB-induced
sequences. This sublibrary was transfected into COS-7 cells
by spheroplast fusion, and cells expressing adhesion mole-
cules for HL-60 cells were identified by rosette formation. In
the first round of panning, 20 rosettes per plate were picked
at random and plasmids were rescued into E. coli MC1061/
p3. A second round of panning and rescue was performed in
the same way. For the third round, individual clones were
transfected, and from this screen a full-length cDNA express-
ing a functional ELAM-1 was obtained. The cDNA, desig-
nated ELAM/CDM8, was capable of supporting the adhe-
sion of both HL-60 cells and human PMNs (see below).

In parallel experiments, miniprep DNA was prepared from
24 randomly chosen colonies of the sublibrary, and inserts
were examined for size and complexity. Two contained insert
DNA of 3 kilobases that hybridized to a 4-kilobase mRNA
present only in IL-1,8-induced HUVECs. These two inserts
also hybridized to ELAM/CDM8, indicating that the ELAM
mRNA represented one of the major cytokine-induced mes-

sages in HUVECs. The complete DNA sequence of the
ELAM was obtained (23) from these three overlapping
clones. Two of the inserts were subcloned into Not I-digested
pNN11. The insert from ELAM/CDM8 was sequenced di-
rectly. Sequence was obtained from both DNA strands. The
sequence of ELAM/CDM8 (Fig. 1) confirmed its identity
with that of ELAM-1. However, our sequence includes 24
additional bases of 5' untranslated region and also differs at
5 nucleotides. One (C -+ T) results in a single amino acid
difference (His-477 -- Tyr-477; numbering as in ref. 11). The
other differences are in the 3' untranslated region.
To date, the cloning of cell surface molecules by direct

expression and functional assay has been achieved only when
the cognate ligand has been defined and available as a

homogeneous protein. Examples include the use of interleu-
kin 6 to clone its receptor (24) and the use of lymphocyte
function-associated antigen 1 (LFA-1) to clone intercellular
adhesion molecule 2 (ICAM-2) (25). However, to our knowl-
edge, the cloning of a cell surface protein by functional assay
in the complete absence of information about its cognate
ligand has not been reported.

Functional Studies of ELAM-l-Mediated Adhesion. Using
HL-60 binding to either ELAM-1-transfected or control
CDM8-transfected COS cells, we performed a series of
functional studies (Fig. 2). HL-60 adhesion occurs at 4°C,
indicating that the ELAM-1 pathway is temperature-
independent. In addition, HL-60 binding is Ca2+-dependent
(Fig. 2). When low levels of the Ca2+-selective chelating
agent EGTA were present, adhesion was restored only in the
presence of excess Ca2". Because ELAM-1 has an N-
terminal domain related to mammalian lectins and is homol-
ogous to the murine lymphocyte homing receptor, which has
established lectin-like activity, the effects of simple carbo-
hydrates on HL-60 binding were also examined. Neither
mannose 6-phosphate nor fucoidan, at concentrations known
to inhibit the homing receptor-mediated binding of lympho-
cytes to high endothelial venules (26), inhibited the ELAM-
1-HL-60 interaction (Fig. 2). In addition, no inhibition was

seen with 10 mM galactose, galactose 1-phosphate, galactose
6-phosphate, fucose, mannose, or N-acetylglucosamine (data
not shown). For some lectin-based cell-cell interactions,
diffusible sugars are not inhibitory, and carbohydrates cou-

pled to a protein carrier such as albumin are required for
inhibition (27). However, HSA-fucose, HSA-mannose, or

HSA-galactose (100 ,uM) did not inhibit adhesion (data not
shown). The results suggest that if the adhesive function of
ELAM-1 is dependent upon lectin-like activity, it is most
likely restricted to a complex carbohydrate structure that
cannot be mimicked by simple sugars.
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1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~100I TrcACATCA~AAACTCCTATA'CTGACCTGAGACAGAGGCAGCAGTGATACCCACCTGAGAGATCCTGTGTTTGAACAACTGCTTCCCAAAACGGAAAGTAT10
101 TTCAAGCCT2AACCTTTGGGTGA00AGAACTCTTGAAGTCATGATTGCTTCACAGTTTCTCTCAGCTCTCACTTTGGTGCTTCTCATTAAAGAGAGTGGA200

M I A S Q F L S A L T L V L L I K E S G

201 GCCTGGTCTTACAACACCTCCACGGAAGCTATGACTTATGATGAGGCCAGTGCTTATTGTCAGCAAAGGTACACACACCTGGTTGCAATTCAAAACAAAG 300
A W S V /N T S/ T E A M T V D E A S A Y C Q 0 R V T H L V A I 0 N K E

301 A4GAGATTG0GTACCTAAACT0CCATATTGGCTATTCACCAAGTTATTACTGGATTGGAATCAGAAAAGTCAACAATGTGTGGGTCTGGGTAGGAACCCA400
E I E V L N S I L S Y S P S V Y W I G I R K V N N V W V W V G T Q

401 GA5ACCTCTGACAG0AGAAGCCAAGAACTGGGCTCCAGGTGAACCCAACAATAGGCAAAAAGATGAGGACTGCGTGGAGATCTACATCAAGAGAGAAAA500
K P L T E E A K N W A P G E P N N R O K D E D C V E I Y I K R E K

501 GATGTGGGCATGTGGAATGTGAGAGGTGCAGCA0GAAGAAGCTTG0CCTATGCTACAGCTGCCTGTACCAATACATCCTGCAGTGGCCACGGTGAAT600
D V G M W N D E R C S K K K L A L C Y T A A C T /N T S/ C S G H G E C

601 GTGTAGAGACCATCA7TAATTACACTTGCA0GTGTGACCCTGGCTTCAGTGGACTCAAGTGTGAGCAAATTGTGAACTGTACAGCCCTGGAATCCCCTGA700
V E T I N /N V T/ C K C D P G F S G L K C E 0 I V /N C T/ A L E S P E

701 GCATGGAAGCCTGGTTTGCAGTCACCCACTGGGAAACTTCAGCTACAATTCTTCCTGCTCTATCAGCTGTGATAGGGGTTACCTGCCAAGCAGCATGGAG 800

H G S L V C S H P L G /N F S/ V /N S S/ C S I S C D R G Y L P S S M E

801 ACCATGCAGTGTATGTCCTCTGGAGAA9GGAGTGCTCCTATTCCAGCCTGCAATGTGGTTGAGTGTGATGCTGTGACAAATCCAGCCAATGGGTTCGTGG900
T M 0 C M S S G E W S A P I P A C N V V E C D A V T N P A N G F V E

901 AATGTTTCCAAAACCCTGGAAGCTTCCCATGGAACACAACCTGTACATTTGACTGTGAAGAAGGATTTGAACTAATGGGAGCCCAGAGCCTTCAGTGTAC 1000
C F 0 N P G S F P W /N T T/ C T F D C E E G F E L M G A 0 S L 0 C T

1001 CTCATCTGGGAATTGGGACAACGAGAAGCCAACGTGTAAAGCTGTGACATGCAGGGCCGTCCGCCAGCCTCAGAATGGCTCTGTGAGGTGCAGCCATTCC 1100
S S G N W D N E K P T C K A V T C R A V R 0 P Q /N G S/ V R C S H S

1101 CCTGCTGGAGAGTTCACCTTCAAATCATCCTGCAACTTCACCTGTGAGGAAGGCTTCATGTTGCAGGGACCAGCCCAGGTTGAATGCACCACTCAAGGGC 1200
P A G E F T F K S S C /N F T/ C E E G F M L Q G P A Q V E C T T Q G Q

1201 AGTGGACACAGCAAATCCCAGTTTGTGAAGCTTTCCAGTGCACAGCCTTGTCCAACCCCGAGCGAGGCTACATGAATTGTCTTCCTAGTGCTTCTGGCAG 1300
W T Q Q I P V C E A F Q C T A L S N P E R G Y M N C L P S A S G S

1301 TTTCCGTTATGGGTCCAGCTGTGAGTTCTCCTGTGAGCAGGGTTTTGTGTTG1AGGGATCCAAAAGGCTCCA4TGTGGCCCCACAGGGGAGTGGGACAAC1400
F R Y G S S C E F S C E Q G F V L K G S K R L 0 C G P T G E W D N

1401 GAG1AGCCCACATGTG5AGCTGTGAGATGCGATGCTGTCCACCAGCCCCCGAAGGGTTTGGTGAGGTGTGCTCATTCCCCTATTGGAGAATTCACCTACA1500
E K P T C E A V R C D A V H Q P P K G L V R C A H S P I G E F T V K

1501 AGTCCTCTTGTGCCTTCAGCTGTGAGGAGGGATTTG1ATTACATGGATCAACTCAACTTGAGTGCACATCTCAGGGACAATGGACAGAAGAGGTTCCTTC1600
S S C A F S C E E G F E L H G S T Q L E C T S Q G Q W T E E V P S

1601 CTGCCAAGTGGTAAAATGTTCAAGCCTGGCAGTTCCGGGAA1GATCAACATGAGCTGCAGTGGGGAGCCCGTGTTTGGCACTGTGTGCAAGTTCGCCTGT1700
C 0 V V K C S S L A V P G K I /N M S/ C S G E P V F G T V C K F A C

1701 CCTGA1GGATGGACGCTCAATGGCTCTGCAGCTCGGACATGTGGAGCCACAGGACACTGGTCTGGCCTGCTACCTACCTGTGAAGCTCCCACTGAGTCCA1800
P E G W T L /N G S/ A A R T C G A T G H W S G L L P T C E A P T E S N

1801 ACATTCCCTTGGTAGCTGGACTTTCTGCTGCTGGACTCTCCCTCCTGACATTAGCACCATTTCTCCTCTGGCTTCGGAAATGCTTACGGAAGCAAAGAA 1900
I P L V A G L S A A G L S L L T L A P F L L W L R K C L R K A K K

1901 ATTTGTTCCTGCCAGCAGCTGCCAAAGCCTTGAATCAGATGGAAGCTACCAAAAGCCTTCTTACATCCTTTAAGTTCAAAAGAATCAGAAACAGGTGCAT 2000
F V P A S S C Q S L E S D G S Y 0 K P S Y I L*

2001 CTGGGGAACTAGAGGGATACACTGAAGTTAACAGAGACAGATAACTCTCCTCGGGTCTCTGGCCCTTCTTGCCTACTATGCCAGATGCCTTTATGGCTGA 2100

2101 AACCGCAACACCCATCACCACTTCAATAGATCAAAGTCCAGCAGGCAAGGACGGCCTTCAACTGAAAAGACTCAGTGTTCCCTTTCCTACTCTCAGGATC 2200

2201 AAG2AAGTGTTGGCTAATGA3GGGAAAGGATATTTTCTTCCAAGCAAAGGTGAAGAGACCAAGACTCTGAAATCTCAGAATTCCTTTTCTAACTCTCCCT2300

2301 TGCTCGCTGTAAAATCTTGGCACAGAAACACAATATTTTGTGGCTTTCTTTCTTTTGCCCTTCACAGTGTTTCGACAGCTGATTACACAGTTGCTGTCAT 2400

2401 AGAArGGAATAATAATTATCCAGAGTTTAGAC.GAAAAAAATGACTAAAAATATTATAACTTAAAAAATGALAGATGTTGAATGCCCACAGGCAAATGCAT 2500

2501 GGAGGGTTGTTA2TGGTGC0A0TCCTACTGAATGCTCTGTGCGAGGGTTACTATGCACAATTTAATCACTTTCATCCCTATGGGATTCAGTGCTTCTTAA2600

2601 AGAGTTCTT0AGGATTGTGATATTTTTACTTGCATTGAATATATTATAATCTTCCATACTTCTTCArTCAATACAAGTGTGGTAGGGACTTAAAAAACTT2700

2701 GTAAATGCTGTCAACTATGATATGGTAAAAGTTACTTATCTAGATTACCCCCTCATTGTTTATTAACAAATTATGTTACATCTGTTTTAAATTTATTTC 2800

2801 A2A90GGG0AACTATTGTCCCCTAGCAAGGCATGATGTTAACCAGAATAAAGTTCTGAGTGTTTTTACTACAGTTGTTTTTTGAAAACATGGTAGAATTG2900

2901 GA30AGTA0A0CTGAATGGAAGGTTTGTATATTGTCAGATATTTTTTCAGAAATATGTGGTTTCCACGATGAAAAACTTCCATGAGGCCAAACGTTTTGA3000

3001 ACT3ATAAA1GCATA0A0GCAAACACACAAAGGTATAATTTTATGAATGTCTTTGTTGGAAAAGAATACAGAAAGATGGATGTGCTTTGCATTCCTACAA3100

3101 AGATGTTTGTCAGATA2GATATGTAAACATAATTCTTGTATATTATGGAAGATTTTAAATTCACAATAGAAACTCACCATGTAAAAGAGTCATCTGGTAG3200
3201 AT33TTTAA0CGAATGAGAGTCTAATAGTTATTCCCTATTTGTTTTCTTCTGTATGTTAGGGTGCTCTGGAAGAGAGGAATGCCTGTGTGAGCAAGCATT3300

3301 TATG3TTATT4TATAGCAGATTTAACAATTCCAAAGGAATCTCCAGTTTTCAGTTGATCACTGGCAATGAAAAATTCAGTCAGTAATTGCCAAAGCTG3400
3401 CTCTAGCCTTGAGGAGTGTGAGAATCAAAACTCTCCTACACTTCCATTAACTTAGCATGTGTTGAAAAAAAAGTTTCAGAGAAGTTCTGGCTGAACACTG 3500

3501 GCAACAACAAAGCCAACAGTCAAAACAGAGATGTGATAAGGATCAGAACAGCAGAGGTTCTTTTAAAGGGGCAG3AAAACTCTGGGAAATAAGAGAGAAC3600
3601 AACTACTGTGATCAGGCTATGTATGGAATACAGTGTTATTTTCTTTGAAATTGTTTAAGTGTTGTAAATATTTATGTAAACTGCATTAGAAATTAGCTGT 3700

3701 GTGA3ATACCAGTGTGGT0TGTGTTTGAGTTTTATTGAGAATTTT0AATTATAACTTAAAATATTTTATAATTTTTAAAGTATATATTTATTTAAGCTTA3800

3801 TGTCAGACCTATTTGACATAACACTATAAAGGTTGACAATAAATGTGCTTATGTTTAAAAAAA 3863

FIG. 1. Nucleotide sequence of the ELAM-1 cDNA and predicted amino acid sequence of the protein. Nucleotide numbers are given at left
and at right. The putative signal sequence and transmembrane sequence are underlined, and potential N-glycosylation sites are boxed.

ELAM-1 Biosynthesis. In the absence of an antibody, we presence of proteins of apparent Mr 96,000 and 110,000 in
chose to use lectin chromatography to demonstrate ELAM-1 ELAM-1-transfected COS cells, and IL-1i8-treated (4 hr)
biosynthesis. ELAM-1 is very cysteine-rich and was readily HUVECs, respectively, but not in appropriate controls (data
labeled relative to other proteins with [35Slcysteine. More- not shown), consistent with previously reported data (11).
over, fractionation of labeled, Triton X-100-extracted cells by Labeled transfected COS cells and cytokine-treated HU-
wheat germ lectin chromatography readily demonstrated the VECs were also extracted with Triton X-114 and subjected to
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FIG. 2. Functional studies. The percentage of HL-60 cells bound
to ELAM-1-expressing COS cells (mean + SEM) is indicated. For
divalent cation studies, both cell types were washed three times with
Hanks' balanced salt solution without Ca2+ and Mg2+. HL-60 cells
were preincubated for 15 min at 23°C with additives (2 mM Ca2+ or

Mg2+ and 0.5 mM EGTA) prior to assay. Other assays were performed
in RPMI-1640/10% FBS. For carbohydrate studies, both cell types
were preincubated for 15 min at 23°C with 10 mM mannose 6-
phosphate or 25 ,ug of fucoidan per ml. For temperature-dependence
studies, both cell types were preincubated for 60 min at 4°C.

two-dimensional gel electrophoresis. ELAM-1 was extracted
into Triton X-114, as expected for a typical membrane
protein, and was readily detected upon two-dimensional
electrophoresis (Fig. 3). ELAM-1 can be resolved into sev-

eral closely related species, with acidic isoelectric points of
about 5.0. The observed charge and size heterogeneity prob-
ably reflects ongoing carbohydrate processing (11).
The Ligand for ELAM-1 Is Not a LeuCAM. LeuCAMs are

heterodimers with a common subunit, CD18, and distinct
a subunits, CD11a, CD11b, and CD11c, for LFA-1, Mac-1,
and gp150,95, respectively. mAbs to inhibitory epitopes
either on the individual a chains or on the common (3-chain
effectively inhibit adhesion of activated PMNs to HUVECs
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FIG. 3. Two-dimensional gel electrophoresis of Triton X-114
extracts of [35S]cysteine-labeled COS-7 cells (A and B), either
transfected with ELAM/CDM8 (A) or with CDM8 control (B), or

HUVECs (C and D) either treated for 4 hr with IL-1,8 (10 units/ml)
(C), or untreated (D). ELAM-1 (arrowheads) was present only in
transfected COS cells or cytokine-treated HUVECs. Molecular
weights (x 10-3) are indicated at left, and approximate isoelectric
points are indicated at top.

in vitro (3, 5, 28). They also inhibit significantly the adhesion
of unactivated PMNs to cytokine-treated HUVECs (3, 5, 28,
29), indicating that LeuCAMs are also involved in PMN
adhesion under conditions where the ELAM-1 pathway is
operative. To examine the contribution of LeuCAMs to
ELAM-1-dependent adhesion, we performed adhesion as-

says in the presence or absence of mAb 60.3, which binds a

common inhibitory epitope on all three LeuCAMs. In our

assays mAb 60.3 inhibited the binding of PMNs to cytokine-
treated (4 hr) HUVECs by about 70% but had no effect on the
binding ofPMNs to COS cells transfected with ELAM-1 (Fig.
4A). mAb 60.3 had no effect on the binding of HL-60 cells to
either cytokine-treated HUVECs or ELAM-1-transfected
COS cells (Fig. 4B), although the mAb bound to HL-60 cells
as assessed by flow cytofluorometric analysis. Our results
provide direct evidence that LeuCAMs are not obligate
ligands for ELAM-1 and that ELAM-1 is recognized by an as

yet undefined structure on the leukocyte surface.
ELAM-1-Mediated Adhesion of Other Cell Types. ELAM-

1-expressing COS cells bind human peripheral blood PMNs
(Fig. 4) and the promyelocytic cell lines HL-60 (Fig. 4) and
U-937 (data not shown). Lymphocytes and lymphocytic cell
lines show increased binding to cytokine-treated HUVECs
(30, 31). Fig. SA compares the binding ofHL-60 and the B-cell
line Ramos to cytokine-treated HUVECs. HL-60 cells bind
well to HUVECs 4 hr after cytokine treatment but show
substantially reduced binding at 24 hr, in agreement with the
time course of ELAM-1 induction, and with previously
published data (10, 11). In contrast, the increased binding of
Ramos 4 hr after cytokine treatment does not diminish but is
increased at 24 hr. Consistent with these observations,
ELAM-1-expressing COS cells bind HL-60 cells but not
Ramos cells (Fig. SB). Since Ramos binding is not inhibited
by mAb 60.3 (data not shown), thus eliminating a role for the
intercellular adhesion molecule/lymphocyte function-
associated antigen 1 (ICAM/LFA-1) pathway in this inter-

B. HL-60
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FIG. 4. Effects of mAb 60.3 on PMN and HL-60 binding. (A)
PMN adhesion. In the absence of antibody (open bars), PMNs
showed low, basal binding to control HUVECs or COS-7 cells but
bound well to cytokine-treated (TNF-a-induced) HUVECs or

ELAM-1-transfected COS cells. mAb (hatched bars) did not affect
basal binding of PMNs to either cell type but significantly inhibited
PMN adhesion to induced HUVECs. In contrast, 60.3 had no effect
upon PMN adhesion to COS cells expressing ELAM-1. (B) HL-60
adhesion. In the absence of mAb 60.3 (open bars), HL-60 cells also
showed low, basal binding to control HUVECs or COS cells and
bound well to induced HUVECs or ELAM-1-transfected COS cells.
mAb 60.3 (hatched bars) had no effect upon HL-60 adhesion to either
cell type. Results are expressed as mean + SEM.
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FIG. 5. Adhesion of HL-60, Ramos, and HT-29 cells to HUVECs
(A) and COS-7 cells (B). (Left) HL-60 cells bound well to HUVECs
treated with TNF-a for 4 hr (hatched bar) but showed diminished
binding to cells treated for 24 hr (black bar). HL-60 cells bound well
to ELAM-1-transfected COS cells (hatched bar). (Center) Ramos
cells bound well to HUVECs treated with TNF-a for either 4 or 24
hr but did not bind to ELAM-1-transfected COS cells. (Right) HT-29
colon carcinoma cells showed a small but significant increase in
adhesion to 4-hr-treated HUVECs but little adhesion to 24-hr-treated
HUVECs. HT-29 cells bound to ELAM-1-transfected COS cells
(lower right). Results are expressed as mean + SEM.

action, the results provide direct evidence not only for the
existence of other adhesion molecules for lymphocytic cell
lines but also for their interaction with non-LeuCAM ligands.
Two recent studies indicate that certain established cell

lines derived from solid tumors show increased binding to
cytokine-treated endothelium (32, 33). In one of these reports
a series of colon carcinoma lines, including HT-29, was found
to adhere maximally at 4-6 hr after cytokine treatment, with
reduced adhesion at 24 hr, a time course consistent with
ELAM-1-mediated binding (32). We therefore examined the
binding of HT-29 cells to cytokine-treated HUVECs and to
ELAM-1-transfected COS cells. Consistent with the pub-
lished results, HT-29 cells showed a small but consistent
increase in adhesion to cytokine-treated HUVECs at 4 hr,
with diminished binding at 24 hr (Fig. SA). HT-29 cells
showed increased adhesion to ELAM-1-transfected COS
cells (Fig. SB), indicating that the adhesion of HT-29 cells to
cytokine-treated HUVECs is mediated, at least in part, by
ELAM-1. These data are consistent with the suggestion (32,
33) that circulating tumor cells derived from solid tumors may
subvert the host inflammatory response and perhaps enhance
their metastatic spread, by using induced leukocyte adhesion
molecules such as ELAM-1 at sites of inflammation.

In summary, we have demonstrated that cell adhesion
molecules such as ELAM-1 can be cloned by direct expres-

sion and functional assay, without requiring the generation of
specific mAbs or even knowledge of the cognate ligand. The
availability ofthe gene for ELAM-1 should allow us to rapidly
dissect its role in PMN adhesion in vitro and to begin to
understand its role in extravascular PMN accumulation at

sites ofacute inflammation under both physiologic and patho-
logic conditions.

Note Added in Proof. We have also cloned by direct expression a
previously unreported endothelial cell adhesion molecule for lym-
phocytes, vascular cell adhesion molecule 1 (VCAM-1; ref. 34).

We thank Brian Seed for the CDM8 expression plasmid and E. coli
MC1061/p3, Mark Wysk and Janice DeMarinis for help with DNA
sequencing, Jeff Browning for the myeloperoxidase assay method,
Donna MacDonald for typing the manuscript, and Michael Gimbrone
and Kay Case for initial help with HUVEC isolation.

1. Harlan, J. M. (1985) Blood 65, 513-525.
2. Malech, H. L. & Gallin, J. I. (1987) N. Engl. J. Med. 317, 687-694.
3. Harlan, J. M., Schwartz, B. L., Wallis, W. J. & Pohlman, T. H.

(1987) in Leukocyte Emigration and Its Sequelae, ed. Movat, H.
(Karger, Basel), pp. 94-104.

4. Bevilacqua, M. P., Wheeler, M. E., Pober, J. S., Fiers, W., Men-
drick, D. L., Cotran, R. S. & Gimbrone, M. A., Jr. (1987) in
Leukocyte Emigration and Its Sequelae, ed. Movat, H. (Karger,
Basel), pp. 79-93.

5. Anderson, D. C. & Springer, T. A. (1987) Annu. Rev. Med. 38,
175-194.

6. Vedder, N. B., Winn, R. K., Rice, C. L., Chi, E. Y., Arfors, K. E.
& Harlan, J. M. (1988) J. Clin. Invest. 81, 939-944.

7. Simpson, P. J., Todd, R. F., III, Fantone, J. C., Mickelson, J. K.,
Griffin, J. D. & Lucchesi, B. R. (1988) J. Clin. Invest. 81, 624-629.

8. Gamble, J. R., Harlan, J. M., Klebanoff, S. J., Lopez, A. F. &
Vadas, M. A. (1985) Proc. Natl. Acad. Sci. USA 82, 8667-8671.

9. Bevilacqua, M. P., Pober, J. S., Wheeler, M. E., Cotran, R. S. &
Gimbrone, M. A., Jr. (1985) J. Clin. Invest. 76, 2003-2011.

10. Bevilacqua, M. P., Pober, J. S., Mendrick, D. L., Cotran, R. S. &
Gimbrone, M. A., Jr. (1987) Proc. Natl. Acad. Sci. USA 84,
9238-9242.

11. Bevilacqua, M. P., Stengelin, S., Gimbrone, M. A., Jr., & Seed, B.
(1989) Science 243, 1160-1165.

12. Siegelman, M. H., Van der Rijn, M. & Weissman, I. L. (1989)
Science 243, 1165-1172.

13. Johnston, G. I., Cook, R. G. & McEver, R. P. (1989) Cell 56,
1033-1044.

14. Cotran, R. S. & Pober, J. S. (1988) in Endothelial Cell Biology, eds.
Simionescu, N. & Simionescu, M. (Plenum, New York), pp. 335-
347.

15. Boyum, A. (1968) Scand. J. Clin. Lab. Invest. 21, Suppl. 97, 77-89.
16. Gubler, U. & Hoffman, R. J. (1983) Gene 25, 263-269.
17. Seed, B. & Aruffo, A. (1987) Proc. Natl. Acad. Sci. USA 84,

3365-3369.
18. Davis, M. M. (1986) in Handbook ofExperimental Immunology, ed.

Weir, D. M. (Blackwell, Oxford), Vol. 2, Chap. 76, 1-13.
19. Brenan, M. & Parish, C. R. (1984) J. Immunol. Meth. 74, 31-38.
20. Bordier, C. (1981) J. Biol. Chem. 256, 1604-1607.
21. O'Farrell, P. H. (1975) J. Biol. Chem. 250, 4007-4021.
22. Aruffo, A. & Seed, B. (1987) Proc. Natl. Acad. Sci. USA 84,

8573-8577.
23. Maxam, A. M. & Gilbert, W. (1980) Methods Enzymol. 68,499-580.
24. Yamasaki, K., Taga, T., Hirata, Y., Yawata, H., Kawanishi, Y.,

Seed, B., Taniguchi, T., Hirano, T. & Kishimoto, T. (1988) Science
241, 825-828.

25. Staunton, D. E., Dustin, M. L. & Springer, T. A. (1989) Nature
(London) 339, 61-64.

26. Stoolman, L. M., Tenford, T. S. & Rosen, S. D. (1984) J. Cell Biol.
99, 1535-1540.

27. Aizawa, S. & Tavassoli, M. (1987) J. Clin. Invest. 80, 1698-1705.
28. Arnaout, M. A., Lanier, L. & Faller, D. V. (1988) J. Cell Physiol.

137, 305-310.
29. Luscinskas, F. W., Brock, A. F., Arnaout, M. A. & Gimbrone,

M. A., Jr. (1989) J. Immunol. 142, 2257-2263.
30. Cavender, D. E., Haskard, D. O., Joseph, B. & Ziff, M. (1986) J.

Immunol. 136, 203-207.
31. Dustin, M. L. & Springer, T. A. (1988) J. Cell Biol. 107, 321-331.
32. Dejana, E., Bertocchi, F., Bortolami, M. C., Regonesi, A., Tonta,

A., Breviario, F. & Giavazzi, R. (1988) J. Clin. Invest. 82, 1466-
1470.

33. Rice, G. E., Gimbrone, M. A., Jr., & Bevilacqua, M. P. (1988) Am.
J. Pathol. 133, 204-210.

34. Osborn, L., Hession, C., Tizard, R., Vassallo, C., Luhowskyj, S.,
Chi-Rosso, G. & Lobb, R. (1989) Cell 59, 1203-1211.

Cell Biology: Hession et al.


