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Hematogenous metastasis involves adhesive in-
teractions between blood-borne tumor cells and the
vessel wall. By the use of in vitro assays, the adhe-
sion of human melanoma, osteosarcoma, and kid-
ney carcinoma (but not colon carcinoma) cell lines
was shown to involve the cytokine-inducible en-
dothelial cell surface protein inducible cell adhesion
molecule 110 (INCAM-110) and the a4ft, integrin,
molecules normally involved in endothelial-leuko-
cyte interactions. Tumor adhesion to human en-
dothelial cell monolayers was increased 1.9- to 8.2-
fold by endothelial activation with the cytokine
tumor necrosis factor (TNF) and inhibited by the
anti-INCAM-110 monoclonal antibody (mAb) E1/6.
Each of these tumor cells expressed members of
the i,B integrin family of adhesion molecules, and
antibodies to the a4 and ,81 integrin subunits inhib-
ited tumor-endothelial adhesion (48-87% inhibi-
tion). A cDNA encompassing the three N-terminal
Ig-like domains of vascular cell adhesion molecule
1 (VCAM-1) encoded a protein recognized by the
anti-INCAM-110 mAb El/6 and, when captured
onto plastic, supported melanoma cell adhesion by
an a4 integrin-dependent mechanism. In contrast
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to mAb E1/6, a second anti-INCAM-110 mAb Hu8/
4 neither inhibited adhesion to activated endothe-
lium nor bound the first three Ig-like domains of
INCAM-1 1 0/VCAM-1. These data indicate that the
adherence of several human tumors to activated
endothelium is mediated by an interaction of a4t,1
integrin and the N-terminal Ig-like domains of en-
dothelial INCAM-1 10/VCAM-1. Tumor acquisition
of the a' integrin subunit and endothelial expression
of INCAM-1 10 may affect the frequency and distri-
bution of metastasis.

Introduction

The interaction of blood-borne tumor cells with
the vascular endothelium is a key component
of hematogenous metastasis. Increasing evi-
dence suggests that tumor cell adhesion to the
endothelial lining is influenced by endothelial
activation (Dejana et aL., 1988; Rice et aL., 1988)
or tissue-specific differences in endothelium
(Alby and Auerbach, 1984; Pauli and Lee, 1988)
and depends on the expression of specific cell
surface molecules (Rice and Bevilacqua, 1989).
Inducible cell adhesion molecule 110 (INCAM-
11 0),1 a 11 0-kDa glycoprotein found on the sur-
face of cytokine-activated endothelial cells, was
originally defined by its capacity to mediate the
adhesion of metastatic melanoma cell lines
(Rice and Bevilacqua, 1989). More recently, IN-
CAM-110 has also been shown to serve as a
receptor for blood lymphocytes and monocytes
(Rice et al., 1990) and to be expressed on ac-
tivated microvascular endothelium during in-
flammatory and immunological processes (Rice
et aL., 1990, 1991). Another cytokine-inducible
cell surface protein, endothelial-leukocyte
adhesion molecule 1 (ELAM-1; Bevilacqua et al.,

1 Abbreviations: ELAM-1, endothelial leukocyte adhesion
molecule 1; HEC, human (umbilical vein) endothelial cells;
ICAM-1, intercellular adhesion molecule 1; INCAM-1 10, in-
ducible cell adhesion molecule 1 10; mAb, monoclonal
antibody; PCR, polymerase chain reaction; TNF, tumor ne-
crosis factor; Tris-HCI, tris(hydroxymethyl)aminomethane-
HCI; VCAM-1, vascular cell adhesion molecule 1.
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1987, 1989), functions as a receptor for neutro-
phils but can also mediate the adhesion of a
metastatic colon carcinoma (Rice and Bevilac-
qua, 1989). These findings suggest that adhe-
sion molecules on activated endothelium not
only regulate leukocyte movement throughout
the body but also are utilized by circulating tu-
mor cells in binding to the vessel wall.

In the present investigation, we examined tu-
mor cells for surface molecules involved in ad-
hesive interactions with vascular endothelium.
Specifically, we assessed the role of several
members of the #I3 integrin group of cell-matrix
and cell-cell adhesion proteins (Hynes, 1987;
Ruoslahti and Pierschbacher, 1987). Recently,
lymphocyte cell surface a4'3, was shown to
function as a receptor for vascular cell adhesion
molecule 1 (VCAM-1; Elices et al., 1990), a mol-
ecule identified by RNA subtraction cloning
(Osborn et aL, 1989). Here we establish the im-
munological identity of INCAM-1 10 and VCAM-
1. We demonstrate that certain human mela-
nomas and osteosarcomas, but not colon
carcinomas, express the a4fl1 integrin, which
supports their adhesion to activated endothelial
cells. Further, a recombinant fusion protein
containing the three N-terminal Ig-like domains
of endothelial INCAM-11ONCAM-1 is recog-
nized by an antibody that specifically blocks tu-
mor adhesion to activated endothelium. Finally,
this fusion protein supports tumor cell adhesion
by an a4 integrin-dependent mechanism.

Results

Tumor cells adhere to TNF-activated
endothelium by distinct mechanisms
Activation of human endothelial cell (HEC)
monolayers with tumor necrosis factor (TNF)
increased the adhesion of several types of tu-
mor cells. The adhesive behavior of human mel-
anomas representing different stages of mela-
nocytic differentiation was compared with
normal melanocytes. Melanoma SK-MEL-131
clone 1.36-1.5 demonstrates early (poorly dif-
ferentiated) markers, whereas SK-MEL-23
clones 22.a and 1-15 express intermediate and
late phenotypic markers, respectively (Hough-
ton et al., 1987). Each of the melanoma cell lines
adhered to TNF-activated HEC by an INCAM-
110-dependent mechanism, as demonstrated
by inhibition with anti-INCAM-1 10 monoclonal
antibody (mAb) El /6 (Table 1). These observa-
tions extend previous findings with the meta-
static melanoma cell lines SK-MEL-24 and Hs
294T (Rice and Bevilacqua, 1989). In contrast
to these malignant cells, the adhesion of iso-

Table 1. Effects of endothelial activation and anti-
INCAM-11 0 mAb E1/6 on tumor cell adhesion

Tumor cell line Fold increase 0/0 Inhibition by
in adhesion anti-INCAM-

110

Melanoma
SK-MEL-24 4.7 ± 0.6 (13) 50 ± 8 (3)

Melanoma
Hs 294T 2.0 ± 0.2 (13) 51 ± 9 (5)

Melanoma
SK-MEL-1 31
(clone 1.36-1.5) 8.2 ± 1.0 (3) 74 ± 9 (3)

Melanoma
SK-MEL-23
(clone 22.a) 5.6 ± 1.6 (4) 54 ± 9 (4)

Melanoma
SK-MEL-23
(clone 1-15) 1.9 ± 0.1 (3) 36 ± 7 (3)

Osteosarcoma
MG-63 1.9 ± 0.2 (14) 45 ± 7 (10)

Kidney carcinoma
CAKI-1 2.1 ± 0.0 (2) 29 ± 5 (3)

Colon carcinoma
HT-29 1.9 ± 0.2 (16) NS (6)*

HEC monolayers were treated 4-6 h with TNF and incubated
with mAb El /6 (anti-INCAM-1 10). Tumor cells were applied
for a 30-min adhesion assay. Response to TNF treatment
is expressed as fold increase over basal adhesion. Effect of
anti-INCAM-1 10 mAb E1/6 is expressed as percent inhibi-
tion compared with adhesion to TNF-stimulated HEC in the
presence of control mAb H4/45 (anti-P96) or without mAb
treatment. mAbs were utilized as neat hybridoma super-
natants. Data are given as mean ± SE of indicated number
of experiments (n). None of the tumor cell lines was affected
by control mAb. All values are statistically significant (p
< 0.05, Student's t test) except as noted (NS). The following
levels of basal adhesion to unstimulated HEC monolayers
were observed: -10Y/o of cells applied (SK-MEL-131 [clone
1.36-1.5] and SK-MEL-23 [clones 22.a and 15-1]); -20Yo
(Hs 294T); 30-40Yo (SK-MEL-24, CAKI-1, and HT-29).
* In parallel experiments, colon carcinoma HT-29 adhesion
was inhibited 58 ± 8% (n = 4) by anti-ELAM-1 mAb H18/7.

lated human melanocytes was not increased by
TNF treatment of the endothelial cells (2 ex-
periments, not shown).

Increased adhesion to activated endothelium
was also observed with nonmelanoma tumor
cell lines. Binding of the human osteosarcoma
MG-63, kidney carcinoma CAKI-1, and colon
carcinoma HT-29 cell lines was increased 1.9-
to 2.1-fold by TNF treatment of HEC monolay-
ers. As with the melanomas, the adhesion of
osteosarcoma and kidney carcinoma cells was
inhibited by anti-INCAM-1 10 mAb E1/6 (Table
1). In contrast, colon carcinoma cell adhesion
was not affected by mAb El /6 but was inhibited
by anti-ELAM-1 mAb H18/7 (Rice and Bevilac-
qua, 1989). Thus, melanoma, osteosarcoma,
and kidney carcinoma cell adhesion was sup-
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Figure 1. Autoradiogram of gel (SDS-PAGE)
specificities of mAbs to lysates of 1251-labele
vated HEC (left). mAb E1/6 has been previousl
to recognize INCAM-1 10 (Rice and Bevilacqua
mAb 4B9 to recognize VCAM-1 (Carlos et al., 1 '
on right is crossover immunoprecipitation with
by (anti-INCAM-110) mAb E1/6. mAb Hu 5/3
human ICAM-1 (Luscinskas et al., 1991).

ported by endothelial INCAM-110,
binding of colon carcinoma cells was
dependent.

Immunologic identity of endothelial
INCAM-110 and VCAM-1
Recently, a cDNA encoding VCAM-1
lated from cytokine-activated endoth
by RNA subtraction cloning (Osbol
1989). This cDNA encodes a protein vy
like domains that can support the ad
lymphoid cell lines after expression in C
In a separate study, a mAb (4B9) th,
nized cells transfected with this cDNA
the adhesion of lymphocytes to vas
dothelial cells (Carlos et al., 1990). Ad
lymphocytes to VCAM-1 is similar to
served for INCAM-1 10 (Rice and Be
1989; Rice et al., 1990). Immunopre
with anti-INCAM-1 1 0 mAb E1/6 or an
1 mAb 4B9 yielded a 110-kDa polyp
from surface-iodinated, TNF-activate(
sates (Figure 1). Depletion of lysates
El/6 (anti-INCAM-110) removed th
species that reacts with mAb 4B9 (an'
1) (Figure 1) and vice versa (not sho'
gesting that these mAbs recognize ep
the same structure. A third mAb, Hu8,
against TNF-treated HEC, also recogi
same 1 10-kDa protein (INCAM-1i10I\

Further evidence of the immunologic identity of
INCAM-1 10 and VCAM-1 was obtained by the
demonstration that the anti-INCAM-1 10 mAbs
E1/6 and Hu8/4 reacted with COS cells trans-
fected with a cDNA encoding a seven-Ig-like-
domain construct of VCAM-1, the predominant
endothelial surface form (Polte et al., 1990; Cy-
bulsky et al., 1991; immunostaining, not shown).

Tumor cell surface expression of fi, integrin
^>W!-t- subunits

COX Because endothelial INCAM-11 ONCAM-1 me-
uI diates lymphocyte adhesion via the integrin a4f1

(Elices et al., 1990), we assessed the involve-
ment of this and other3,B integrin molecules in

comparing human tumor cell binding to vascular endothe-
d TNF-acti- lium. The f1 subunit can associate with several
ly described distinct a subunits as heterodimeric structures
390). Shown (Hemler et al., 1990). Flow cytometric analysis
preclearing using the anti-:1 mAb A-1A5 demonstrated
recognizes comparable levels of expression on the surface

of melanomas SK-MEL-24 and Hs 294T, human
melanocytes, the osteosarcoma MG-63, and the
colon carcinoma HT-29 (not shown).

whereas As shown in Table 2, human osteosarcoma
ELAM-1 cells expressed substantial amounts of the a2,

a3, a4, and aC5 integrin subunits, as did each of
the melanomas, with the exception of SK-MEL-
24, which expressed little or no a 5. Human me-
lanocytes also expressed thea 2, a3, and a5 sub-
units, but, in contrast to the melanoma cells,

was iso- did not express a 4. The colon carcinoma HT-29,
elial cells which failed to recognize INCAM-110, ex-
rn et al., pressed a2 and a( but not a4 or a5.
,ith six Ig-
hesion of
,OS cells.
at recog-
inhibited
;cular en-
lhesion of
that ob-

3vilacqua,
cipitation
ti-VCAM-
)eptide(s)
d HEC ly-
with mAb
e protein
ti-VCAM-
wn), sug-
itopes on
/4, raised
nized the
/CAM-1).

Table 2. Tumor cell surface expression of integrin
a subunits

Mean fluorescence intensity

Cell type a2 a3 a4 a5

Melanoma SK-MEL-24 15.10 45.53 68.00 1.19
Melanoma Hs 294T 24.26 12.46 14.04 10.37
Melanocyte 6.99 72.41 -0.76 14.65
Osteosarcoma MG-63 8.33 59.90 19.07 16.83
Colon carcinoma HT-29 3.86 12.92 -3.26 -3.56

Cells were labeled with mAbs against a subunits followed
by fluorescein-conjugated anti-immunoglobulins, and ex-
pression was assessed by flow cytometry. Primary antibod-
ies were utilized as ascites at saturating concentrations (1/
1 000 dilution, anti-a2 3'5; 10 jig/ml, anti-a4 mAb 163H.1). Data
are expressed as relative mean fluorescence values after
subtraction of background determined by use of a nonbind-
ing primary antibody control.
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Antibodies to the ,1 and a4 integrin subunits
inhibit the adhesion of melanoma and
osteosarcoma cells to TNF-activated HEC

In tumor-endothelial adhesion assays, an anti-
:, heteroserum inhibited SK-MEL-24 melanoma
cells by 79 ± 6% (SE, 4 experiments) but failed
to block the binding of the colon carcinoma HT-
29. Hs 294T melanoma cells were inhibited by
55 ± 5% and MG-63 osteosarcoma cells by 48
± 6%. Treatment with preimmune goat serum
did not affect the adhesion of any of the tumor
cell lines (not shown).

In studies of individual a subunits, the a4 in-
tegrin was found to be active in tumor-endo-
thelial interactions (Figure 2). mAb 163H.1 (anti-
a') inhibited the adhesion of SK-MEL-24
melanoma (69 ± 9%), Hs 294T melanoma (56
± 6%), and MG-63 osteosarcoma (57 ± 5%) to
TNF-activated HEC (4-7 experiments). As with
the anti-f1 heteroserum, however, the anti-a4
mAb did not significantly inhibit HT-29 colon
carcinoma adhesion (7 ± 60/o, 3 experiments).
In addition, inhibition of these cell lines was not
observed with mAbs to a 5 (Figure 2), a2 or a!3
(2-5 experiments, not shown). Thus, antibodies
to both 31 and a4 blocked the adhesion of mul-
tiple tumor cell lines that bind to endothelial IN-
CAM-1 10 but not the colon carcinoma cell line
HT-29, which binds to ELAM-1.
Because the fl, integrins can function as re-

ceptors for matrix proteins such as fibronectin,
the interaction of tumor cells with subendothe-
lial matrix was also examined. All the tumor cell
lines showed fl1 integrin-dependent binding to
subendothelial matrix. Anti-:1 heteroserum in-
hibited the melanoma cell lines SK-MEL-24 and
Hs 294T by 87 ± 3% (6 experiments) and 52
± 1% (2 experiments), respectively. MG-63 os-
teosarcoma adhesion was inhibited by 55%
(single experiment). Although anti-f1 hetero-
serum failed to block the adhesion of HT-29 co-
lon carcinoma cells to activated endothelium, it
did inhibit the binding of these cells to suben-
dothelial matrix by 46 ± 6% (6 experiments).
Unlike adhesion to activated endothelial mono-
layers, the anti-a4 mAb 163H.1 caused little or
no inhibition of melanoma Hs 294T adhesion to
subendothelial matrix (8 ± 2%, 3 experiments).
Furthermore, this anti-a4 mAb did not block the
binding of Hs 294T cells to purified fibronectin
(not shown). Anti-a5 mAb did inhibit Hs 294T
adhesion to both subendothelial matrix (24
± 5%, 3 experiments) and purified fibronectin
(87 ± 40/o, 2 experiments). Anti-a4 mAb 163H.1
did block the adhesion of SK-MEL-24 cells to
subendothelial matrix 46 ± 13% (5 experi-
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Figure 2. Anti-a' monoclonal antibody inhibits tumor cell
adhesion to activated HEC. Tumor cells pretreated with
anti-a4 or a' mAbs were applied to TNF-activated HEC
monolayers for a 30-min adhesion assay as described in
Methods. Results are expressed as percent adhesion of un-
treated (no antibody) tumor cells to TNF-activated endo-
thelial cell monolayers. Bars represent mean ± SE of 2-4
experiments, each performed with quadruplicate wells.

ments), but did not affect the binding of osteo-
sarcoma MG-63 (not shown).
On TN F-activated endothelial monolayers, the

effect of combinations of mAbs directed against
tumor cell surface a4 and endothelial cell surface
INCAM-1 1 ONCAM-1 was also assessed. Little
or no enhancement of activity was observed
when mAb E1/6 (anti-INCAM-110) and mAb
1 63H.1 (anti-a4) were tested in combination (not
shown), consistent with a direct interaction be-
tween tumor cell a4f1 and endothelial INCAM-
1 1 ONCAM-1.

N-terminal domains of INCAM-1 1O/VCAM-1
are active in tumor cell adhesion
To further evaluate the interaction of tumor cell
surface a4f1 with INCAM-1 1 ONCAM-1, a cDNA
clone was constructed that encodes the three
N-terminal Ig-like domains of INCAM-1 10/
VCAM-1 fused to the Fc portion of human IgGl.
This dimeric receptor:immunoglobulin fusion
protein was recognized by anti-INCAM-1 10
mAb E1/6 (immunostaining, not shown) and se-
creted from transfected COS cells. When cap-
tured onto plastic, the N-terminal INCAM-1 10/
VCAM-1 receptor:lg supported the adhesion of
human melanoma cells (Figure 3). Adhesion was
inhibited by mAb E1/6 (anti-INCAM-1 10), or by
pretreatment of the melanoma cells with anti-
a4mAb 163H.1 (Figure 3). In addition, treatment
of Hs 294T melanoma cells with anti-fl1 serum
blocked adhesion to the INCAM-1 1 O/VCAM-1
fusion protein 92 ± 4% (single experiment). A
similarly constructed ELAM-1 receptor:immu-
noglobulin (Walz et al., 1990) did not support
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Figure 3. N-terminal domains of INCAM-110/VCAM-1
support adhesion of Hs 294T melanoma. A fusion protein
consisting of the three N-terminal Ig-like domains of INCAM-
11 0NCAM-1 coupled to the Fc portion of human 1g was
captured onto wells precoated with goat antibody directed
against human Fc. Certain wells were treated with anti-IN-
CAM-1 10 or control mAb supernatants. Control mAb did
not inhibit adhesion (not shown). Tumor cells were treated
with anti-a4 mAb 163H.1, anti-a3 mAb, or without antibody
for 30 min (25°C) before adhesion. Bars represent mean
± SE of quadruplicate wells, after subtraction of background
adhesion (wells coated with goat whole serum; 58 ± 17
cells/mm2). Hs 294T melanoma adhesion was unaffected
by treatment with anti-a3 mAb (5 ± 100/% inhibition, 3 ex-
periments). In contrast, colon carcinoma HT-29 adhesion
was supported by the ELAM-1 receptor:lg (803 ± 69 cells/
mm2) but not the INCAM-1 1 0NCAM-1 fusion protein (-51
± 67 cells/mm2).

melanoma adhesion (-2 ± 3 cells/mm2). These
data indicate an interaction between the tumor
cell surface a!4f1 integrin and the three N-ter-
minal Ig-like domains of INCAM-1 1 ONCAM-1.
Comparison of the anti-INCAM-1 10 mAbs El /

6 and Hu8/4 provided further evidence of this
interaction. Unlike mAb E1/6, mAb Hu8/4 failed
to inhibit the adhesion of melanoma Hs 294T
cells to either the N-terminal INCAM-110/
VCAM-1 receptor:lg (single experiment, not
shown) or to TNF-activated HEC monolayers
(-12 ± 7% inhibition, 3 experiments). Further,
although mAb Hu8/4 did recognize COS cells
transfected with a seven-Ig-like-domain form of
INCAM-1 1 ONCAM-1, it did not bind the N-ter-
minal domains of this molecule. Taken together,
these data suggest that the interaction of the
three N-terminal Ig-like domains of endothelial
INCAM-11ONCAM-1 and the tumor surface
a4f1 integrin is sufficient to promote adhesion.

Discussion

In cancer patients, endothelial activation may
occur in a variety of settings. A known response
to malignancy is the production of cytokines
such as TNF by host inflammatory cells (e.g.,

macrophages) (Old, 1985; Beutler and Cerami,
1987). Tumor cells themselves also produce cy-
tokines such as TNF (Spriggs et al., 1987) that
could be released into the systemic circulation
or act locally when blood-borne cells are ar-
rested mechanically in the microvasculature.
Tissue damage, localized infection, or sepsis
also involve cytokine production and endothelial
activation. The expression of endothelial IN-
CAM-1 10 and ELAM-1 as a result of cytokine-
mediated activation could promote tumor cell
interactions with the vessel wall and thereby
affect the frequency and distribution of meta-
static lesions.
The interaction of tumor cell a4'31 and endo-

thelial INCAM-1 10 provides a novel and selec-
tive mechanism for tumor cell arrest and ex-
travasation during hematogenous metastasis.
Because INCAM-1 1 0 is also expressed by cer-
tain nonvascular cells, such as follicular den-
dritic cells within organized lymphoid tissues
(Freedman et al., 1990; Rice et aL, 1990), this
molecular interaction could also support several
extravascular adhesive events. a4 is found in
distinct structural forms (Hemler et al., 1990)
and can bind an alternatively spliced domain of
fibronectin (Wayner et al., 1989; Guan and
Hynes, 1990) through a site different from that
which recognizes INCAM-1 1ONCAM-1 (Elices
et al., 1990). Rapidly emerging information sug-
gests the importance of a4'3, in multiple im-
munological events, including human T-cell ac-
tivation (Groux et al., 1989; Nojima et al., 1990),
cytolytic function and homotypic aggregation
(Bednarczyk and McIntyre, 1990; Campanero
et al., 1990), the binding of natural killer cells to
activated endothelium (Allavena et al., 1991),
and the adhesion of murine lymphocytes to
Peyer's patch high endothelial venules (Holz-
mann et al., 1989). By analogy, additional roles
for tumor cell a4 in cancer should be assessed.

In the present study, tumor cell surface a4'3,
integrin was found to mediate the increased
adhesion of melanoma and osteosarcoma cells
to cytokine-activated endothelium via an inter-
action with INCAM-1 1 ONCAM-1. However, the
anti-a4 mAb 163H.1 inhibits neither the adhe-
sion of melanoma Hs 294T or osteosarcoma
MG-63 to subendothelial matrix nor Hs 294T
binding to purified fibronectin. In an earlier
study, Hs 294T and SK-MEL-24 melanomas
demonstrated increased adhesion to cytokine-
activated endothelial cells in suspension (Rice
et al., 1988). In addition, quantitative immu-
noassays have revealed that TNF-activation of
endothelial monolayers does not result in an in-
crease in exposed fibronectin (not shown),
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consistent with the finding that short-term cy-
tokine treatment does not cause endothelial cell
retraction (Rice et al., 1988). Taken together,
these observations strongly suggest that the
increased adhesion of tumor cells to activated
endothelium in this investigation does not in-
volve a molecular interaction of a'#, and matrix
fibronectin. The a4f,/fibronectin interaction
may, however, play a role in the binding of cer-
tain tumor cells to matrix (Mould et al., 1990),
consistent with our findings with the melanoma
SK-M EL-24.
Anti-INCAM-1 10 mAb Ei/6, shown to block

both lymphocyte (Rice et al., 1990) and tumor
cell adhesion (Rice and Bevilacqua, 1989), rec-
ognized a recombinant fusion protein containing
the three N-terminal Ig-like domains of INCAM-
1i10/VCAM-1, whereas the nonblocking mAb
Hu8/4 did not. Further, this portion of INCAM-
1 1 ONCAM-1 was sufficient to support adhesion
by an a 4 integrin-dependent mechanism, al-
though additional domains of this molecule may
further enhance tumor-endothelial interaction.
A similar interaction of another integrin with a
member of the immunoglobulin gene superfam-
ily has been demonstrated with CDi 1 a/CD18
(LFA-1) and intercellular adhesion molecule 1
(ICAM-1) (Staunton et al., 1990). The location
of the active sites of both INCAM-1 10 and
ICAM-1 at their distal extracellular domains may
increase accessibility to their counterreceptors
and thereby enhance adhesive function (Staun-
ton et al., 1990).
The utilization of several distinct adhesive

mechanisms could help stabilize tumor cell ar-
rest at the vessel wall during metastatic spread.
Although the increased adhesion to activated
endothelium of the melanoma, osteosarcoma,
and kidney carcinoma cells studied here ap-
pears to be largely INCAM-110 dependent,
other molecular interactions may also contrib-
ute. Although these cells do not appear to be
affected by anti-ELAM-1 mAb, nor do they ex-
press its known carbohydrate ligand sialyl-Lex
(flow cytometric analysis, not shown), the po-
tential synergism of INCAM-110 and other
(perhaps yet undefined) molecules in supporting
tumor adhesion deserves further study. It has
previously been shown that colon carcinoma
cells can adhere to ELAM-1 (Rice and Bevilac-
qua, 1989) and can express sialyl-Lex (Walz et
al., 1990; Corless and Bevilacqua, unpublished
observation), suggesting the involvement of this
endothelial adhesive mechanism in colon car-
cinoma metastasis. Interestingly, small cell lung
cancer cells have been reported to express the
aLO2 (LFA-1) and aMf2 (Mo 1) integrins (Feldman

et aL., 1991), counterreceptors for another cy-
tokine-inducible endothelial surface protein,
ICAM-1. The potential utilization of individual or
combinations of endothelial adhesive mecha-
nisms may be a common route by which several
tumors escape the bloodstream.
The acquisition (or loss) of specific adhesion

molecules may facilitate tumor spread. Tumor
cells can express antigens not found on their
normal counterparts, an observation well doc-
umented with melanomas (Houghton et al.,
1987). For example, molecules immunologically
related to the lIb-Illa integrin complex, normally
involved in platelet aggregation, are present on
human metastatic melanomas but not benign
melanocytes (Boukerche et aL., 1989; McGregor
et aL., 1989). Melanoma expression of ICAM-1,
a protein normally involved in a number of leu-
kocyte adhesive interactions, also correlates
with metastatic potential (Johnson et al., 1989),
as can the expression of specific lectin struc-
tures by several tumor types (Raz and Lotan,
1987; Raz et aL., 1989). As demonstrated in this
and other studies (Albelda and Buck, 1990), hu-
man melanocytes do not express the a4 subunit.
In addition, recent observations suggest that
the a'41, integrin is found in a greater percentage
of human metastatic melanomas in situ than in
benign melanocytic lesions (Albelda et al.,
1990). Similarly, neither osteoclasts nor osteo-
blasts express the a4 subunit (Horton and Da-
vies, 1989), whereas we found that osteosar-
coma cells express this integrin and adhere to
endothelial INCAM-110. These observations
support the hypothesis that tumor cell acqui-
sition of the a4 integrin subunit can accompany
malignant transformation.

Increased tumor cell adhesion to vascular en-
dothelium may promote their escape into target
organs. In a recent study, interleukin-1 treat-
ment of athymic nude mice was shown to in-
crease the number of metastases after injection
with human melanoma cells (Giavazzi et aL.,
1990). We have demonstrated a similar effect
utilizing C57BU6 mice and B16-F10 melanoma
cells (Fidler, 1975; Taichman and Bevilacqua,
unpublished observation), which bind endothe-
lial INCAM-1 10 (Rice and Bevilacqua, 1989).
Taken together, these observations suggest
that localized or widespread expression of en-
dothelial adhesion molecules, such as INCAM-
110 and ELAM-1, may support tumor metas-
tasis. Knowledge of the expression of these
endothelial molecules and their tumor cell
counterreceptors, such as the a41' integrin, in
cancer patients may provide insight into the
settings and patterns of metastasis.
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Methods

Cells
HEC were grown to confluence in microtiter wells (Rice et
al., 1988). Human osteosarcoma (MG-63, R. Taichman,
Harvard Dental School, Boston, MA), colon (HT-29), and
kidney carcinoma (CAKI-1) (American Type Culture Collec-
tion, Rockville, MD) and melanoma (SK-MEL-24 and Hs
294T, American Type Culture Collection; SK-MEL-23 and
SK-MEL-1 31 clones; A. Houghton, Memorial Sloan-Kettering
Cancer Center, New York, NY) cell lines as well as human
newborn foreskin melanocytes (R. Byers, Massachusetts
General Hospital, Boston, MA) were maintained as adherent
cultures.

Antibodies
mAbs El /6 (IgG1; Rice and Bevilacqua, 1989), H18/7 (IgG2a;
Bevilacqua et al., 1987), and H4/45 (IgG1; Bevilacqua et al.,
1987) recognize INCAM-1 10, ELAM-1, and p96 (a 96-kDa
surface molecule constitutively expressed on HEC), re-
spectively. mAbs recognizing the human integrin subunits
a2 (clone P1 E6; IgGl), a3 (clone PlB5; IgG1), and a' (clone
P1 D6; IgG3) were obtained from Telios Pharmaceuticals
(San Diego, CA). mAb A-i A5 and a goat heteroserum react
with the human #I integrin subunit (Elices et al., 1990) (M.
Hemler, Dana Farber Cancer Institute, Boston, MA). mAb
163H.1 (IgGl) was raised against a human T-cell leukemia
(by B.M. Longenecker) and blocks its adhesion to bone
marrow stromal cells. mAb 163H.1 was shown to bind a4
integrin positive (but not negative) tumor cells and to pre-
cipitate the a4 subunit in association with fl, from lysates
of K-562 erythroleukemia cells transfected with a cDNA en-
coding a4 (Elices et al., 1990; not shown). mAb Hu8/4 (IgG 1),
raised against TNF-activated endothelium, immunoprecip-
itated the same 1 10-kDa polypeptide as anti-INCAM-1 10
mAb E1/6. mAb 4B9 (IgGi) recognizes VCAM-1 (Carlos et
al., 1990) (J. Harlan, Univ. of Washington, Seattle, WA).

Flow cytometry and immunostaining
Flow cytometry was performed on tumor cells exposed to
primary mAbs (45 min, 4°C), followed by fluorescein-con-
jugated anti-mouse immunoglobulin (45 min, 4°C) and fixed
(1% paraformaldehyde in phosphate-buffered saline; Rice
et al., 1990). Immunoperoxidase staining was done on fixed
COS cells (50:50 vol/vol acetone:methanol; 5 min, 40C), ex-

posed to mAb (1 h, 25°C), followed by biotinylated horse
anti-mouse IgG (1 h, 250C), avidin-biotin peroxidase com-

plexes (Vector Labs, Burlingame, CA), and 3-amino-9-ethyl-
carbazole as chromogen.

Immunoprecipitation
Lysates of 1251-labeled TNF-activated HEC, precleared with
a nonbinding mAb, were incubated with primary mAb (4h,
40C), followed by goat anti-murine IgG coupled to Sepha-
rose-4B (Organon Teknika, West Chester, PA; 2-4h), which
had been pretreated with unlabeled lysates. Antigens spe-
cifically bound to sepharose beads were extensively washed
and analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE; 5-12% linear gradient; Cy-
bulsky and Gimbrone, 1991).

Construction of soluble INCAM-1 1O/VCAM-1
cDNA sequences encoding the three N-terminal Ig like do-
mains of VCAM-1 (Osborn et al., 1989) were amplified by

the polymerase chain reaction (PCR) and the use of a cDNA
library from interleukin-1 -stimulated HEC linearized with Mlu
1 (Aruffo et al., 1990). A forward primer, encoding sequences
upstream of the signal peptide and including an Xho site
(5'-GCG ACT AGT CTC GAG CTT AAA ATG CCT GGG AAG
ATG GTC-3'), and a reverse primer, containing a Hincil re-
striction site (5'-CAC CGT CGA CTC ACC TGC TTC AAC
AATTAA TOC CAC CTC-3'), were synthesized. PCR products
were digested with Xho and Hincil and ligated to Xho 1-
Scal cut vector containing the genomic sequence of the
hinge, CH2, and CH3 domains of human IgG1 (Aruffo et al.,
1990). The resulting construct was transfected into COS
cells and the fusion protein, consisting of two chains of the
three N-terminal Ig-like domains of VCAM-1 complexed to
the Fc portion of human IgGl, was secreted into culture
supernatant (Aruffo et al., 1990), which was concentrated
(-3x, Centriprep Concentrator; Amicon, Danvers, MA;
typically 0.3-1.5 qg/ml fusion protein) for use in adhesion
assays (described below). SDS-PAGE analysis of metabol-
ically labeled (35S cysteine/methionine), protein A-purified
proteins secreted from transfected COS cells revealed a
single major band at -80 kDa under reducing conditions,
and at -170 kDa under nonreducing conditions. These
findings suggest the formation of homodimeric structures.
Approximately 10% of the total protein in serum-free con-
ditions was the INCAM-1 1 ONCAM-1 receptor globulin.

Adhesion assays
Adhesion of tumor cells to confluent HEC monolayers or
subendothelial matrix was performed as described (Rice et
al., 1988). Briefly, 2-10 x 1 4 fluorescent-labeled tumor cells
were applied to TNF-treated (200 U/ml complete medium;
4-6h, 370C) HEC or subendothelial matrix (exposed by non-
enzymatic removal of endothelial cells with 2 mM EDTA, 30
min, 370C) for 30 min at 250C. Wells were inverted and
centrifuged (removing nonadherent cells), and bound cells
were quantified. In certain studies, HEC and/or tumor cells
were preincubated with mAbs (30 min, 25°C).
The recombinant INCAM-1 1 ONCAM-1 coupled to human

1g (described above) was captured onto HL-A tissue culture
wells (Nunc, Naperville, IL) precoated with goat anti-human
IgG (Fc fragment; Cat. #0101-0121) or goat whole serum
as control (Organon Teknika, Malvern, PA; 10 Ag/ml in 50
mM tris(hydroxymethyl)aminomethane-HCI [Tris-HCI], pH
8.2; 1 h, 250C) and washed (50 mM Tris-HCI). Coated wells
were incubated with supernatant containing the INCAM-
1 1ONCAM-1 receptor:lg fusion protein (1 h, 250C) and
washed with medium, 1 x 1 05 tumor cells were applied (10
min, 250C), wells were washed to remove nonadherent cells,
and bound cells were fixed (2.5% glutaraldehyde, 5 min)
and counted by microscopy. Similarly, adhesion to fibro-
nectin was studied with HL-A bacteriologic plastic wells
(Nunc) coated with purified human serum fibronectin (Telios
Pharmaceuticals; 100,g/ml, 2-3 h, washed with 50 mM
Tris-HCI).
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