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During metastasis, tumor ceUs adhere to vascu-
lar endothelia. E-selectin is an adhesive protein
expressed by cytokine-activated endothelium
that can support adhesion of colon cancer ceUs
through the recognition ofspecfic carbobydrate
ligands. Using a series of colon carcinoma ceU
lines that displayed E-selectin adhesiveness and
an increased metastatic capacity in cytokine-
treated mice, we examinedpossible inhibition of
cytokine-dependent experimental lung metasta-
sis by a soluble form of E-selectin, the recombi-
nant fusion protein E-selectin-immunoglobulin.
We found that E-selectin-immunoglobulin bound
to the surfaces of HT-29 colon carcinoma ceUs
and blocked theformation of cytokine-inducible
experimental lung metastases; control L-selectin-
immunoglobulin also bound to HT-29 ceUs but
had no effect on tumor ceU lung colonization.
E-selectin-immunoglobulin wasfound to interfere
with E-selectin-dependent adhesion ofHT-29 ceUs
to activated vascular endothelium and to block
the retention ofthese ceUs in the lung, a process
that implies tumor ceU adhesive interactions
with the host vasculature. Our results demon-
strate that E-selectin-immunoglobulin inhibits
adhesion and formation of lung metastases by
colon carcinoma ceUls and suggest that impair-
ment of tumor cell-endothelium adhesion might
represent a therapeutic approach to the meta-
static diffusion of tumors. (Am J Pathol 1997,
151:233-243)

Adhesion of blood-borne tumor cells to the endothe-
lial lining of vessel walls is thought to facilitate the
arrest of metastatic cells in the microvasculature and
colonization of organs.1-3 A growing body of evi-
dence indicates that cancer cells may adhere to
vascular endothelium through the same molecules
that sustain adhesion of leukocytes at sites of inflam-
mation. In particular, recent reports indicated that
certain types of tumor cells can interact with E-, P-,
and L-selectin, a superfamily of adhesion molecules
that support binding of leukocytes to the endothe-
lium through the recognition of specific carbohydrate
ligands.4-8 E- and P-selectin can be expressed by
activated vascular endothelium, whereas L-selectin
is present on most leukocytes; P-selectin is also
found on activated platelets.4-8 Several observa-
tions showed that colon carcinoma cells could ad-
here to activated endothelium through E-selec-
tin.9-17 Subsequently, colon carcinoma cells were
found to bind to P- and L-selectin15; in addition,
P-selectin could support adhesion of lung cancer
and neuroblastoma cells.18 It was also demonstrated
that colon cancers expressed certain carbohydrate
structures, such as sialyl Lewisx (sLex; NeuAca2-
3GalP1-4[Fuca1-3]GlcNac-)19,20 and sialyl Lewisa
(sLe'; NeuAca2-3Gal,31-3[Fuca1-4]GlcNac-),21
which were known to act as ligands for the selec-
tins.22 30 In addition, sLex was found to be ex-
pressed in greater amounts on highly metastatic co-
lon carcinoma lines than on their less metastatic
counterparts.3132 Finally, a monoclonal antibody
against sLea-related structures inhibited lung reten-
tion of colon carcinoma cells injected intravenously
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into nude mice.33 Taken all together, these observa-
tions suggested that the selectins may play a role in
the metastatic spread of tumor cells.

Several studies reported that soluble forms of
the selectins could inhibit adhesion of leuko-
cytes34 and their extravasation at sites of inflam-
mation.35-3 In particular, an E-selectin-immuno-
globulin fusion protein (E-selectin-lg) was found to
impair the accumulation of leukocytes in inflamed
lung tissue.36 Anti-inflammatory effects have also
been reported with recombinant P-selectin-Ig36,37
and L-selectin-lg.36,38 39 In this study, we used the
soluble fusion protein E-selectin-lg to inhibit adhe-
sion and formation of experimental lung metasta-
ses by colon carcinoma cells. Experiments were
performed using a series of human colon carci-
noma cell lines that adhered to E-selectin and
produced experimental lung metastases in mice
stimulated with interleukin (IL)-1, a treatment that
is known to induce the expression of E-selectin in
tissues.40 The data demonstrate that E-selectin-lg
can impair adhesion and organ colonization by
colon carcinoma cells and expand our under-
standing of the participation of E-selectin in tumor
metastasis.

Materials and Methods

Antibodies and Selectin-Ig Fusion Proteins

Monoclonal antibody (MAb) anti-sLea was pur-
chased from Signet (Dedham, MA); anti-sLex MAb
was produced in ascites fluid using CSLEX1 hybrid-
oma cells (American Type Culture Collection, Rock-
ville, MD). The following MAbs were generated by
immunization of mice with cytokine-activated human
endothelial cells: anti-E-selectin MAbs H 18/7 (IgG2a,
blocker of adhesion)41 and H4/18 (IgGl, nonblocker
of adhesion),42 anti-VCAM-1 MAb E1/6 (IgG1),9 and
anti-ICAM-1 MAb E1/7 (IgG2a).43 Unless otherwise
stated, MAbs were used as affinity-purified or am-
monium-sulfate-precipitated immunoglobulins. For
adhesion blocking studies and immunobinding stud-
ies, MAbs were diluted in Dulbecco's modified Ea-
gle's medium (DMEM; Gibco BRL, Grand Island, NY)
containing 1% fetal calf serum (FCS; Hyclone, Lo-
gan, UT).

E- and L-selectin-lg fusion proteins are recom-
binant chimeric molecules containing extracellular
regions of E-selectin and L-selectin, respectively,
coupled with the Fc portion of human IgGl.44'45
Each selectin-Ig contains the lectin domain, epi-
dermal growth factor domain, and two (L-selectin-
1g) or six (E-selectin-lg) complement regulatory

repeats of the parent molecules. These fusion pro-
teins were prepared by transfecting BHK cells with
cDNAs encoding E-selectin-lg or L-selectin-lg in
pNUT vector (kindly donated by Dr. R. MacGilli-
vray, University of British Columbia, Vancouver,
British Columbia, Canada).46 Transfected cells
were seeded in plastic roller bottles (Corning,
Corning, NY) and grown in DMEM/F12 medium
(Gibco) added to ITS culture supplement (Becton
Dickinson, Bedford, MA). Culture media of BHK
cells were collected and replaced every 2 days. E-
and L-selectin-lg secreted into growth media were
purified by affinity column chromatography using
protein A Sepharose (Pharmacia Biotech, Piscat-
away, NJ) and prepared as stock solutions in Dul-
becco's phosphate-buffered saline containing cal-
cium and magnesium (DPBS). Protein purity was
assessed by SDS-polyacrylamide gel electro-
phoresis followed by silver staining; protein con-
centration was determined using the bicinchoninic
acid reagent (Pierce, Rockford, IL). Stock solu-
tions were tested for the presence of endotoxin
using a quantitative chromogenic Limulus amebo-
cyte lysate assay (Whittaker Bioproducts, Walkers-
ville, MD).

Cells and Culture Conditions
Primary cultures of human umbilical vein endothelial
cells were obtained from Clonetics Corp. (San Di-
ego, CA). Cells were grown in Medium 199 (Gibco)
containing 20% FCS, 50 ,ug/ml endothelial cell
growth supplement, and 100 jig/ml heparin (Sigma
Chemical Co., St. Louis, MO) and subcultured (1:3
split ratio) using trypsin/versene (Gibco). For use in
adhesion experiments, cells (passages 2 to 4) were
grown to confluence in Nunclon Terasaki MicroWell
plates (Nunc, Naperville, IL) coated with 0.1% gela-
tin (Fisher, Pittsburgh, PA).

The human colon carcinoma cell lines HT-29, LS
180, LS 174T, T84, COLO 320, Caco-2, and the
human melanoma cell line Hs 294T were obtained
from American Type Culture Collection and main-
tained in culture as recommended. BHK cells were
grown by using DMEM/F12 medium containing 10%
FCS and subcultured using versene (Gibco). In
preparation for adhesion and immunostaining exper-
iments, human tumor cells were harvested using
trypsin-versene and suspended at 1 x 106 cells/ml
in DMEM/1% FCS. For lung colony formation and
lung retention experiments, tumor cells were sus-
pended in DPBS at 5 x 106 and 2 x 106 cells/ml,
respectively.
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Isolation of a Colon Carcinoma Variant,
Caco-2(E+), by Panning on Immobilized
E-Selectin

Tissue culture dishes (10 cm diameter; Corning)
were coated with recombinant protein A (10 ,tg/ml,
40C, 12 hours) (Chemicon, Temecula, CA) using a
solution of 50 mmol/L carbonate/bicarbonate
buffer, pH 9.5. After three washes with DPBS,
plates were incubated at room temperature for 1
hour with a solution of 1% bovine serum albumin
(BSA; Boehringer Mannheim Corp., Indianapolis,
IN) in DPBS (DPBS/1% BSA) containing 5 ,tg/ml
recombinant E-selectin-lg and then washed again.
Caco-2 cells suspended at 1 x 106 cells/ml in
DPBS/1% BSA were added to these plates and
incubated for 45 minutes at 40C. After removal of
nonadherent cells by washing, fresh culture me-
dium was added and adherent cells were allowed
to grow for several days. When cultures were ap-
proximately 70% confluent, cells were harvested
by treatment with versene (370C, 5 minutes),
washed, and applied at 4°C for 45 minutes to a
fresh plate coated with E-selectin-lg. E-selectin-
adherent Caco-2 cells (Caco-2(E+)) were the re-
sult of six consecutive rounds of panning and
growth.

Tumor Cell Surface Staining with Anti-
Carbohydrate MAbs and Selectin-Ig Fusion
Proteins

Tumor cells (1 x 106 cells) were incubated at 40C
for 45 minutes with DMEM/1% FCS containing
MAbs anti-sLea or anti-sLex, or fusion proteins E-
selectin-Ig or L-selectin-lg. All antibodies and fu-
sion proteins were used at concentrations in ex-
cess of those required to obtain binding saturation
(1:100 dilution ascites fluid containing anti-sLex
MAb, 10 ,tg/ml anti-sLea MAb, and 1 mg/ml selec-
tin-Ig fusion proteins). Cell surface binding of anti-
carbohydrate MAbs or selectin-Ig fusion proteins
was revealed using fluorescein-conjugated anti-
immunoglobulin antibodies and quantitated by
flow cytometry. Specific staining of tumor cells was
expressed as mean fluorescence intensity and
compared with the staining of tumor cell samples
incubated with an irrelevant primary MAb or with
the nonbinding CD8-lg fusion protein followed by
the appropriate fluorescein-conjugated anti-immu-
noglobulin antibody.

Tumor Cell Adhesion to Immobilized E-
Selectin
Nunclon Terasaki Microwell plates were coated with
protein A and then incubated at room temperature
for 1 hour with 5 ,tl of DPBS/1% BSA containing 5
,ug/ml recombinant E-selectin-lg. After washing, 5 x
103 tumor cells were added to each microwell and
incubated at 370C for 30 minutes. Nonadherent cells
were removed by washing with DPBS, and the ad-
herent cells per unit area of microwells were enumer-
ated with the aid of an ocular reticle. In each exper-
iment, a CD8-lg fusion protein was used as a
negative control. The specificity of tumor cell-selec-
tin interactions was assessed by inhibition studies
using anti-E-selectin MAbs.

Experimental Lung Colony Formation in IL-
1-Stimulated Nude Mice
Athymic BALB/c mice (male, 3 to 4 weeks old; Si-
monsen Labs, Gilroy, CA) were injected via the lat-
eral tail vein with DPBS containing 1 ,ug of recombi-
nant human IL-1 (specific activity, 3 x 108 U/mg of
protein, D10 assay; kindly donated by Dr. P. Lo-
medico, Hoffman-La Roche, Nutley, NJ). Control an-
imals received DPBS only. After 5 hours, single-cell
suspensions of tumor cells (containing 5 x 106
cells/ml in DPBS) were injected intravenously into all
animals (0.2 ml per mouse). Mice were sacrificed 8
weeks later, or earlier if moribund. Metastatic nod-
ules on lung surfaces were visualized by intratra-
cheal injection of India ink47 and counted with the aid
of a dissecting microscope. Extrapulmonary organs
with suspect metastatic lesions were removed, fixed
in 10% buffered formalin, and processed for histo-
logical examination.
To evaluate the effect of E-selectin-Ig fusion protein

on experimental lung colony formation, suspensions of
HT-29 tumor cells were incubated at 4°C for 45 minutes
with DPBS containing E-selectin-lg or the control fusion
protein L-selectin-lg and then injected into mice. Be-
fore injection, tumor cells were assessed for viability by
using the trypan blue exclusion assay.

Effect of E-Selectin-Ig Fusion Protein on HT-
29 Tumor Cell Clonogenicity in Agar
HT-29 colon carcinoma cells were incubated at 40C
for 45 minutes with control medium or with medium
containing 1 mg/ml E-selectin-Ig. Tumor cells were
then suspended at 1 x 104/ml in DMEM/21% FCS
containing 0.3% agar (Sigma). Single-cell suspen-
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Table 1. Carbobydrate Expression and E-Selectin Adhesiveness of Human Colon Carcinoma Cells

Carbohydrate expression*
Cell line

HT-29
LS 180
LS 174T
T84
COLO 320
Caco-2
Caco-2(E+)

sLea

52
67
38
64
3
9
3

sLex

62
85
96
87
3
16
68

Adhesivenesst

978 + 50
958 + 70
645 ± 32
1095 + 58

10 ± 30
55 ± 21

1050 ± 110
* Tumor cell suspensions were incubated at 40C for 30 minutes with MAbs anti-sLe0 or anti-sLex. Binding of anti-carbohydrate antibodies

was revealed by reaction with fluorescein-conjugated anti-immunoglobulin antibodies and quantitated using flow cytometry analysis. Values
are percentages of tumor cells that reacted specifically with anti-sLea or anti-sLex MAbs. Similar results were obtained in two additional
experiments.

t Protein A-coated microwells were incubated at room temperature for 1 hour with DPBS/1% BSA containing 5 jig/ml E-selectin-lg.
Tumor cells were added and allowed to adhere at 370C for 30 minutes. After removing nonadherent cells by washing with DPBS, the
adherent cells per mm2 were enumerated microscopically. Values are mean + SE of quadruplicate determinations in a representative
experiment. Two additional experiments yielded similar results. In the same study, anti-E-selectin MAb H18/7 abolished adhesion of all
colon carcinoma cell lines. Tumor cell adhesion to the control CD8-Ig fusion protein was lower than 30 cells/mm2.

sions were layered on dishes coated with a 1% agar
solution and maintained in regular growth conditions
for 7 days. Colonies of tumor cells grown in semisolid
agar were enumerated and used to calculate cloning
efficiency.

Effect of E-Selectin-lg Fusion Protein on HT-
29 Tumor Cell Adhesion to Endothelial
Monolayers
Endothelial monolayers grown to confluence in Nun-
clon Terasaki Microwell plates were activated by
incubation at 370C for 4 hours with growth medium
containing 200 U/mI recombinant human IL-1. Sus-
pensions of HT-29 colon carcinoma cells were incu-
bated at 40C for 45 minutes with control medium or
with medium containing 1 mg/ml E-selectin-lg or L-
selectin-Ig fusion proteins. Five microliters of tumor
cell suspensions were then applied to microwells
and incubated at 370C for 30 minutes. After removal
of nonadherent cells by washing, adherent tumor
cells were fixed with 2.5% glutaraldehyde in DPBS
and counted. To evaluate possible inhibition of tumor
cell binding by MAbs specific for endothelial adhe-
sion molecules, endothelial monolayers were prein-
cubated at 40C for 30 minutes with media containing
anti-E-selectin, anti-VCAM-1, or anti-lCAM-1 MAbs,
using concentrations of immunoglobulins in excess
of those required to obtain saturation in an immuno-
binding assay.

Effect of E-Selectin-lg Fusion Protein on
Lung Retention of 1251-Labeled HT-29 Colon
Carcinoma Cells
Subconfluent cultures of HT-29 colon carcinoma
cells were metabolically labeled by growth for 24

hours in medium containing 0.5 pLCi/ml 5-[1251]iodo-
2'-deoxyuridine (specific activity, 2000 Ci/mmol; Am-
ersham Corp., Arlington Heights, IL) and then har-
vested. Cells were washed twice by centrifugation
and suspended in medium with or without 0.5 mg/ml
E-selectin-lg. After a 45-minute incubation at 40C,
0.2 ml of tumor cell suspensions were injected intra-
venously into control or IL-1-treated mice. Animals
were sacrificed 24 hours after tumor cell inoculation.
Lungs were removed, washed extensively with 70%
ethanol, and processed for count of radioactivity.
Triplicate samples of tumor cell suspensions were
retained and counted for input radioactivity.

Results

Colon Carcinoma Cells Adhere to E-Selectin
and Produce Cytokine-Dependent
Experimental Lung Metastases
As shown in Table 1, colon carcinoma cell lines
HT-29, LS 180, LS 174T, and T84 expressed the
E-selectin carbohydrate ligands sLea and sLex on
cell surfaces. These two oligosaccharide antigens
were barely detectable on surfaces of COLO 320
cells; Caco-2 cells also failed to react with antibodies
directed against these carbohydrate epitopes. By
contrast, a high expression of sLex was observed in
Caco-2(E+) cells, a variant that we isolated by pan-
ning of Caco-2 tumor cells in culture dishes coated
with purified recombinant E-selectin. All colon carci-
noma cell lines that showed a high cell surface ex-
pression of E-selectin ligands (HT-29, LS 180, LS
174T, and T84 lines) adhered in high numbers to
recombinant human E-selectin immobilized on cul-
ture dishes. This group included Caco-2(E+) cells;
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Table 2. Effect of IL-1 Injection on Experimental Lung Colony Formation by Human Colon Carcinoma Cells

Control mice* IL-1-treated mice

Cell line Number of nodulest Incidencet Number of nodules Incidence

HT-29 4 (1-40) 11/11 86 (20-190)§ 9/9
LS 180 8 (1-37) 8/8 39 (10-139)§ 8/8
LS 174T 4 (1-15) 5/5 45 (11-190)§ 8/8
T84 5 (1-63) 9/9 65 (5-320)§ 9/9
COLO 320 0 (0-4) 3/7 0 (0-2) 1/6
Caco-2 1 (0-4) 3/8 0 (0-1) 1/10
Caco-2(E+) 0 (0-1) 1/9 12 (5-20)§ 9/9

* Animals were given DPBS or IL-1 5 hours before injection of tumor cells.
t Median number of lung colonies per animal and range in parenthesis.
t Number of mice with lung colonies/number of mice injected.
§ Significantly different from number of nodules in control mice (P < 0.01; Mann-Whitney U-test).

notably, these cells were found to be specifically
adhesive for E-selectin, as they were found to bind to
E- but not to P- or L-selectin (data not shown). As
reported in Table 1, COLO 320 and parental Caco-2
cell lines, which did not express either sLea or sLex
on cell surfaces, did not bind to E-selectin. In parallel
studies, all colon carcinoma cell lines that adhered to
purified human E-selectin also bound to COS cells
transfected with a cDNA encoding the murine homo-
logue of human E-selectin40 (data not shown).
As shown in Table 2, the E-selectin-adherent co-

lon carcinoma cell lines (HT-29, LS 180, LS 174T,
T84, and Caco-2(E+) variant) produced higher num-
bers of lung colonies in cytokine-treated than in un-
stimulated mice. By contrast, COLO 320 and paren-
tal Caco-2 cells, which did not bind to E-selectin, did
not display an increased metastatic capacity in cy-
tokine-treated compared with unstimulated mice.

E-Selectin-lg Fusion Protein Inhibits
Formation of Experimental Lung Metastases
and Adhesion of Colon Carcinoma Cells
Immunofluorescence studies showed that E-selec-
tin-Ig fusion protein present in the solution phase of
the assay stained specifically HT-29 colon carci-
noma cells (Figure 1). Solution-phase L-selectin-lg
showed a comparable or even higher level of bind-
ing to HT-29 cell surfaces and therefore was consid-
ered as a suitable control for E-selectin-lg in inhibi-
tion studies.

As shown in Table 3, HT-29 tumor cells sus-
pended in medium that contained E-selectin-lg dis-
played a reduced lung-colonizing capacity upon in-
jection into cytokine-treated mice. This inhibitory
effect was dependent on the concentration of E-
selectin-Ig in suspension medium, being maximal by
using this fusion protein at 0.5 mg/ml; by contrast,
L-selectin-lg used at the same concentration had no
effect. E-selectin-lg did not affect HT-29 cell coloni-
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Figure 1. Flow cytometric analysis of HT-29 tumor cell staining by
fusion pr-oteins E-selectin-Ig (A) or L-selectin-Ig (B). HT-29 tumor cells
were incubated at 40Cfor 45 minutes with medium containing indi-
catedfusion pr-oteins at 1 mglml. Binding of selectin-Igs was revealed
by reaction with fluorescein-conjugated anti-immunoglobulin anti-
bodies and quantitated using flow cytometric analysis. Specific stain-
ing of tumor cells was expressed as mean fluorescence intensity and
compared with the staining of tumor cell samples incubated with the
nonbinding CD8Ig fusion protein followed byfluorescein-conjugated
anti-immunoglobulin antibody. EF andL-selectin-Ig bound specifically
to 36 and 75%, respectively, of HT-29 cells. Two additional experi-
ments gave similar results.
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Table 3. Inhibition of Experimental Lung Colony Formation by E-Selectin-Ig Fusion Protein

Cells and fusion
proteins

HT-29
Plus E-selectin-lg

0.25 mg/ml
0.5 mg/ml
1.0 mg/ml

Plus L-selectin-lg
0.5 mg/ml

Hs 294T
Plus E-selectin-lg

0.5 mg/ml

Control mice*
Number of nodulest

1 (0-11)

ND
ND

3 (0-21)

ND
15 (3-90)

ND

Incidencet

4/7

ND
ND
5/6

ND
8/8

ND

IL-1-treated mice

Number of nodules

30 (10-90)

12 (4-43)
4 (1-15)§
3 (0-27)§

25 (5-80)
70 (9-160)

60 (14-150)

Tumor cells were suspended in control media or in media containing E- or L-selectin-Ig fusion proteins at indicated concentrations. Cell
suspensions were incubated at 4°C for 1 hour and then injected into mice. Incubation with selectin-Ig fusion proteins did not affect tumor
cell viability, as assessed by trypan blue exclusion assay. ND, not determined.

* As in Table 2.
t As in Table 2.
t As in Table 2.
§ Significantly different from number of nodules produced by untreated HT-29 cells in IL-1-stimulated mice (P < 0.01; Mann-Whitney U-

test).

zation of the lung in unstimulated mice. In addition,
this fusion protein did not impair the lung-colonizing
capacity of Hs 294T cells, a melanoma cell line that
binds to VCAM-1 but not to E-selectin.9
To evaluate possible effects of E-selectin-lg on

tumor cell growth, we tested the clonogenic capacity
of E-selectin-lg-treated HT-29 cells. These cells dis-
played a 34.3 ± 5% cloning efficiency in control
medium and a 33.1 ± 6% cloning efficiency in me-

dium containing E-selectin-lg (two experiments),
showing that this fusion protein does not affect the
proliferative capacity of HT-29 cells. By contrast, we
found that E-selectin-lg interfered significantly with
HT-29 cell adhesiveness to vascular endothelia. As
shown in Figure 2, HT-29 cells displayed increased
adhesion to cytokine-activated endothelial monolay-
ers by comparison with unstimulated monolayers.
Cell adhesion to activated but not to unstimulated
endothelia was significantly inhibited by the pres-
ence of E-selectin-lg; control L-selectin-lg had no

effect. Antibody inhibition studies showed that HT-29
cell adhesion to activated endothelial monolayers
was largely mediated by E-selectin but not by
VCAM-1 or ICAM-1, adhesion molecules of the im-
munoglobulin superfamily known to be expressed by
cytokine-activated endothelium.9,43,48,49 In parallel
studies, E-selectin-lg was found to inhibit adhesion
of HT-29 cells to tissue culture dishes coated with
immobilized E-selectin (data not shown).

Arrest and survival of tumor cells within the lung
microvasculature represent a prerequisite for estab-
lishing experimental lung metastases. As tumor cell
adhesive interactions with vascular endothelia are

thought to play an important role in these process-
es, 3,50 we examined the effect of E-selectin-lg fu-

sion protein on the arrest of HT-29 tumor cells in the
lung vasculature. As shown in Figure 3. HT-29 cells
showed an increased lung arrest in cytokine-treated
compared with unstimulated mice; lung retention in
cytokine-treated animals was found to be substan-
tially impaired by the presence of E-selectin-lg in
tumor cell suspension media.

Discussion

During metastatic dissemination, tumor cells inter-
act with several normal cells of the host, such as
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Figure 2. Effect of E-selectin-Ig fusion protein on HT-29 colon carci-
noma cell adhesion to IL-1-activated endothelium. Confluent endothe-
lial monolayers were activated by incubation at 37°Cfor 4 hours with
growth medium containing 200 Ulml IL-1 (D1O units). Suspensions of
colon carcinoma cells were incubated at 4°C for 45 minutes with
control medium or with medium containing E- or L-selectin-Ig at 1
mg/ml and then allowed to adhere at 37°C for 30 minutes onto
endothelial monolayers. In the same study, MAbs specific for the en-

dothelial molecules E-selectin, VCAM-1, or ICAM-1 inbibited cytokine-
dependent HT-29 tumor cell adhesion by 97, 4, and-5%, respectively.
Values are means of quadruplicate samples + SE in a representative
experiment. Two additional experiments gave similar results. *Signifi-
cantly different from the adhesion of untreated cells to activated
endothelium (P < 0.01; Student's t-test).
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Figure 3. Effect of E-selectin-Ig fusion protein on the arrest of HT-29
colon carcinoma cells in the lungs. HT-29 colon carcinoma cell cul-
tures were metabolically labeled by growth for 24 hours in medium
containing 0.5 ,uCi/ml 541'25IIiodo-2-deoxyuridine. Suspensions of
radiolabeled tumor cells were incubated at 4°Cfor 45 minutes with
control medium or with medium containing 0.5 mg/ml E-selectin-Ig
and then injected intravenously into control or IL-1-treated mice.
Radioactivitypresent in the lungs was counted 24 hours after injection
of labeled tumor cells. Results are expressed as number of tumor cells
present in the lungs. Values are means ofquadruplicate samples + SE
in a representative experiment. Two additional expernments gave sim-
ilar results. *Significantly different from the lung arrest of untreated
cells in IL-1-stimulated mice (P < 0.01; Student's t-test).

platelets, leukocytes, and endothelial cells.1' 50-52

These interactions may result in immunological de-
struction of blood-borne tumor cells, thus reducing
the efficiency of the metastatic process. However,
contact with certain host tissue components may

also offer biological advantages to metastatic
cells. For example, adhesion to vascular endothe-
lium is thought to promote tumor cell arrest in the
microvasculature, therefore facilitating coloniza-
tion of organs.2350 Several observations have im-
plicated a role of the endothelial adhesion mole-
cule E-selectin in metastatic dissemination. For
example, it was demonstrated that colon carci-
noma cells can bind to vascular endothelium
through E-selectin.9 1753 Separate studies found
that the E-selectin ligand sLex was expressed in
abundance on colon cancers but not on most nor-

mal colonic epithelial cells. 19,20 The observations
that the carbohydrate sLea is also highly ex-

pressed on surfaces of colon carcinoma cells21
and can serve as a ligand for E-selectin22-27
strengthened the emerging concept that E-selec-
tin might participate in the metastatic spread of
cancers. However, direct evidence of a role of
E-selectin in metastasis has not been provided. In
addition, very few studies have sought to impair
the metastatic spread of cancer cells by using

inhibitors capable of interfering with tumor cell
adhesion to E-selectin.33'54

In this study, we showed that E-selectin-Ig, a
recombinant fusion protein that was found to bind
to the surfaces of colon carcinoma cells, blocked
cancer cell formation of experimental lung metas-
tases. We suggest that the blocking effect of E-
selectin-Ig can be due to impairment of adhesive
interactions established by tumor cells with E-se-
lectin present on host vasculature. Indeed, we
found that E-selectin-lg was able to inhibit E-se-
lectin-dependent adhesion of colon carcinoma
cells to activated endothelial monolayers; in addi-
tion, E-selectin-lg blocked colon cancer cell reten-
tion in the lung, a process that is thought to involve
attachment of tumor cells to the host vascula-
ture.2'3'50 Taken together, our findings indicate
that inhibition of tumor-cell/E-selectin adhesive in-
teractions can affect the colonization of organs by
colon carcinoma cells. Previous observations sug-
gested that P- and L-selectin may play a role in the
metastatic spread of certain types of tumor cells,
including colon cancers, by mediating tumor cell
adhesive interactions with the host's platelets and
leukocytes.15'18 In the present study, we demon-
strate that a soluble form of L-selectin did not
impair lung colonization by HT-29 colon carcinoma
cells (although it bound to the surfaces of these
tumor cells). This result is consistent with our pre-
vious observation showing that HT-29 tumor cells
were not able to adhere to L-selectin and did not
display L-selectin-dependent aggregation with
leukocytes.'5 The possibility that different mem-
bers of the selectin family act cooperatively in the
metastatic diffusion of colon carcinoma cells de-
serves further attention.

Previous observations showed that colon carcino-
ma55 and other types of tumor cells56-59 produced
higher numbers of metastases in cytokine-stimulated
mice than in untreated animals. By using a series of
colon carcinoma cell lines showing a different adhe-
siveness to E-selectin, we demonstrate here that
formation of IL-1-inducible lung colonies by colon
carcinoma cells is correlated with their adhesion to
E-selectin. In cancer patients, endothelial activation
and expression of adhesion molecules, including E-
selectin, might occur for several reasons. For exam-
ple, both malignant cells and macrophages within a
solid tumor may produce tumor necrosis factor and
other cytokines,60 65 which could activate vascular
endothelium in downstream vasculature. In addition,
tumor cells lodged in microvessels may be able to
activate adjacent endothelium. Finally, vascular en-
dothelium might be activated by various pathophys-
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iological insults, including infections, that occur in
cancer patients as well as in healthy individuals.66

It is known that colon cancers frequently metasta-
size to extrapulmonary sites (mostly the liver) and
only to a lesser extent to the lungs.67 Although our
studies are focused on colon carcinoma cell coloni-
zation of the lung, it should be noted that most of the
colon carcinoma cell lines studied here colonized
also lymph nodes, skeletal muscles, and subcutane-
ous tissues; however, their extrapulmonary dissemi-
nation was not increased by stimulation of mice with
IL-1 (data not shown). This noninducible pattern of
extrapulmonary dissemination might be due to a dif-
ferential expression of E-selectin in tissues as a con-
sequence of the intravenous route of cytokine admin-
istration. In this regard, a previous observation
showed that IL-1 injected intravenously into mice
induced a high expression of E-selectin in heart and
lungs but not in extrapulmonary organs, such as
spleen.40 In cancer patients, however, induction of
E-selectin expression may well occur in vascular
endothelia of extrapulmonary organs and, therefore,
mediate tumor cell extravasation at these sites. This
possibility is supported by a recent study showing
that transgenic mice constitutively expressing E-se-
lectin in liver developed massively infiltrating hepatic
metastases after injection with an E-selectin-binding
tumor cell line.68

In different models of metastatic cells, specific
changes of glycoconjugates have been associated
with the expression of a high metastatic capaci-
ty.47'69-71 Particularly relevant to the present study
are the E-selectin carbohydrate ligands sLex and
sLea, components of cell surface glycolipids and
glycoproteins that are highly expressed by colon
cancers.19-21 In this study, all the colon carcinoma
lines that expressed sLea and sLex were found to
adhere to E-selectin and to produce high numbers of
lung colonies in IL-i-stimulated mice; the E-selectin-
adhesive Caco-2(E+) variant, which also produced
experimental lung metastases in cytokine-treated
mice, failed to display sLea but expressed sLex.
Previous studies suggested a role of sLex 31,32 and
sLea-related structures33 in the metastatic diffusion
of colon cancers. These carbohydrates may partici-
pate in the metastatic process by mediating tumor
cell adhesion to E-selectin expressed by activated
vascular endothelia.

Over the past few years, several molecules have
been used to block the adhesive function of E-selec-
tin in vivo, eg, anti-E-selectin MAbs,35 72-74 pep-
tides,75 soluble E-selectin,35 and E-selectin-lg fusion
protein.36 Taken all together, these studies have
contributed substantially to the demonstration of a

role of E-selectin in inflammation; in addition, they
have provided basic information for the rational de-
sign of protocols using E-selectin adhesion-blocking
agents as anti-inflammatory therapeutic agents. In
this study, we extended the use of an E-selectin
inhibitor to a metastasis model. Our data suggest
that blockers of E-selectin-dependent adhesion can
impair the metastatic spread of cancer cells. Inhibi-
tors capable of interfering with the interplay between
tumor cell carbohydrates and endothelial E-selectin
might represent a therapeutic approach to meta-
static diffusion.
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