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Abstract

We investigated the interaction of different human tumor types
with resting and IL-1-activated human umbilical vein endothe-
lial cells under laminar flow conditions using a parallel plate
flow chamber. Three tumor cell lines (the HT-29M colon carci-
noma, the OVCAR-3 ovarian carcinoma, and the T-47D breast
carcinoma) showed limited adhesion to unstimulated endothe-
lial cells at any of the shear stress levels tested, while rolling
and massive adhesion of tumor cells were observed on IL-1-ac-
tivated endothelial cells. Three other tumor cell lines (the
A375M and A2058 melanomas and the MG-63 osteosarcoma)
did not adhere on resting endothelial cells at high shear stress
(> 1.5 dyn/cm?) and started to adhere with decreasing shear
stress; the number of adherent cells increased steeply on IL-1-
activated endothelial cells, but no cell rolling was observed even
at the highest shear stress. These mechanisms of tumor cell
interaction with endothelial cells were analyzed in detail using
the HT-29M colon carcinoma and the A375M melanoma. In-
cubation of activated endothelial cells with a monoclonal anti-
body against E-selectin inhibited rolling and adhesion of HT-
29M, but had no effect on the adhesion of A375M cells; mono-
clonal antibody against vascular cell adhesion molecule-1
reduced the adhesion of A375M cells and had no effect on
HT-29M. The selective interaction of these two molecules with
tumor cells was confirmed by measuring the adhesion of tumor
cells on immobilized soluble proteins. On E-selectin—coated
surfaces, HT-29M cells rolled during perfusion experiments
without subsequent adhesion, while A375M cells did not ad-
here. On vascular cell adhesion molecule-1-coated surfaces,
HT-29M cells neither adhered nor rolled, while A375M cells
adhered massively without rolling. Under flow conditions,
therefore, cells from different tumor types interact with the
endothelial surface by different mechanisms, depending on ad-
hesion molecules expressed on the tumor and endothelial cell
surface. (J. Clin. Invest. 1993. 92:3038-3044.) Key words: cell
adhesion ¢ cell rolling « endothelial cells ¢ tumor cells * shear
stress
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Introduction

Blood-borne tumor cells tend to metastasize through the mi-
crocirculation. Their initial arrest and attachment to vascular
endothelium precedes their extravasation from the blood
stream and is a crucial step in the metastatic cascade (1, 2).
Tumor cell extravasation is equivalent, in many respects, to the
entry of normal circulating cells into inflammatory tissue (3,
4). Asdocumented by intravital microscopy, during inflamma-
tion, leukocytes begin to interact with the endothelium by first
rolling along the vascular wall, then adhering to endothelial
cells (EC)! (5-7). Firmly adherent leukocytes then transmi-
grate through the endothelium. This recruitment of circulating
leukocytes into inflammatory sites is regulated by specific rec-
ognition of EC (8, 9).

To study the role of these mechanisms, in vitro perfusion
systems have been used to simulate the physiological condi-
tions of blood motion in postcapillary venules, the site of major
leukocyte infiltration during inflammation, in a dynamic flow
environment. Thus, leukocyte rolling and adherence on cul-
tured EC has been reproduced in vitro and the roles of adhe-
sion molecules that mediate these interactions have been iden-
tified (10-13). The initial rolling of leukocytes along the vascu-
lar wall is mediated by selectins and the firm adhesion by
integrins.

So far, tumor cell adhesion to cultured EC has been studied
almost exclusively in static conditions and different adhesion
structures on the tumor cell surface have been proposed as
mediators of tumor-EC interactions (1, 14, 15). Adhesion of
tumor cells is significantly augmented on EC activated by cyto-
kines (16-18). This results from the induction, or enhanced
expression, of adhesion molecules on EC, as described for the
adhesion of leukocytes on EC (19). Two of these molecules,
E-selectin and vascular cell adhesion molecule-1 (VCAM-1),
appear to play a pivotal role in the tumor-EC interaction,
though tumor types of different histological origin use different
adhesion mechanisms. For example, selectin-carbohydrate in-
teractions support the adhesion of colon-related carcinomas
(20-23), while VCAM-1-integrin interactions mediate the ad-
hesion of melanomas (20, 24). Studies of tumor cell-EC inter-
actions under static conditions, however, cannot document the
dynamic characteristics of this interaction and the effects of
physical forces (such as shear stress) in the microcirculation.

The aim of this study was to investigate the interaction of
human tumor cells with vascular endothelium under dynamic
flow conditions. The adhesion of tumor cells to human umbili-

1. Abbreviations used in this paper: EC, endothelial cells; HUVEC,
human umbilical vein EC; VCAM-1, vascular cell adhesion molecule-
1.



cal vein endothelial cell (HUVEC) cultures was studied using a
parallel plate flow chamber recently used to investigate the leu-
kocyte-endothelial interaction in vitro in well-defined laminar
flow conditions (10, 12). The adhesion of six human tumor
lines of different histological origin was investigated at different
shear stresses. The specific adhesion mechanisms involved in
this process were evaluated using two representative tumor
types, the colon carcinoma HT-29M and the melanoma
A375M, already described as adhering on cytokine-activated
EC preferentially through selectin- or integrin-mediated path-
ways (16, 22, 25). We also investigated the selective interaction
of tumor cells with E-selectin and VCAM-1 molecules immo-
bilized on artificial surfaces using the same flow chamber.

Methods

Cell cultures. The human tumor cell lines used were the HT-29M colon
carcinoma (26), the OVCAR-3 ovarian carcinoma (27), the T-47D
breast carcinoma (28), the A375M and A2058 melanomas (29, 30),
and the MG-63 osteosarcoma (25). Tumor cells were cultured as de-
scribed in the respective references. For adhesion assays, tumor cells
were harvested by brief exposure to 0.25% trypsin and 0.02% EDTA,
washed twice, and resuspended at a concentration of 10 cells/ml in
Eagle’s minimal essential medium containing 0.1% bovine serum albu-
min, referred to as test medium. HUVEC were isolated from the hu-
man umbilical vein and grown in culture as previously described (16,
31). Cells were grown in M199 medium supplemented with 10% fetal
calf serum and 10% human serum. HUVEC purity was assessed by
indirect immunofluorescence microscopy using rabbit anti-human
Factor VIII antigen. HUVEC at passage 3-4, plated on 40 X 22-mm
plastic coverslips (Thermanox; Nunc, Naperville, IL) coated with gela-
tine, were used for adhesion assays 2 d after reaching confluence. All
culture reagents were purchased from Gibco-Europe (Paisley, Scot-
land).

Reagents and antibodies. Human recombinant IL-1 ( Escherichia
coli 117-269, specific activity = 107 U/mg) was kindly provided by Dr.
D. Boraschi (Sclavo, Siena, Italy). Monoclonal antibodies to VCAM-1
(clone 4B2) and to E-selectin (clone 13D5) and recombinant soluble
proteins, VCAM-1 and E-selectin, were obtained through the courtesy
of Dr. A. Gearing (British Biotechnology Ltd., Oxford, England). The
antibodies were isotype (IgG1)-matched and were purified from hy-
bridoma supernatants using protein A affinity chromatography (32).
The soluble E-selectin and VCAM-1 were produced by deletion of the
transmembrane and cytoplasmatic domains of full-length protein. The
proteins were expressed from the pPGW IHG vector in Chinese hamster
ovary cells and purified on mAb affinity columns, as described (33).
The purified protein was detected by a specific ELISA (British Biotech-
nology Products) and shown to be biologically active in cell binding
assays (32).

Substrate preparation. HUVEC monolayers were activated by 4-h
incubation at 37°C with IL-1 (20 U/ml) in M199 medium with 10%
fetal calf serum. Untreated and IL-1-treated HUVEC monolayers were
washed twice with test medium after incubation and before use for
adhesion experiments. Antibodies directed to adhesion proteins were
added directly to stimulated or untreated HUVEC monolayers (1:50
final concentration), and cell monolayers were used for adhesion ex-
periments after 30 min incubation at 37°C. Adhesion surface (Ther-
manox coverslips) was coated with soluble proteins by adding 100 ul of
protein (5 ug/ml) on a marked area of the coverslip and incubating
overnight at 4°C. After two washes in phosphate buffer saline, coated
surfaces were incubated for 1 h with phosphate buffer saline containing
1% of bovine serum albumin and then used for the adhesion assay.
Control coverslips were coated with adhesion buffer only, following the
same procedure.

Experimental apparatus. Adhesion experiments used a parallel
plate laminar flow chamber similar to that described in detail by
Lawrence et al. (10, 12). Briefly, one side of the chamber consists of a
coverslip with cultured HUVEC, the other side is a flat surface ma-

chined from polymethylmethacrylate. The two surfaces are separated
by a 250-um thick silicon rubber gasket, leaving a rectangular adhesion
surface of 30 X 13 mm. An inlet and an outlet channel are machined in
the chamber to distribute the fluid uniformly along the entrance side of
the adhesion surface.

After assembling with the HUVEC monolayer, the chamber is
placed on the stage of an inverted phase-contrast microscope with a
thermostated hood to maintain the temperature at 37°C. The micro-
scope is connected with a video recording system (Panasonic, Osaka,
Japan). Test medium is pumped from a test tube through the chamber
at controlled flow rates using a syringe pump. The wall shear stress on
the HUVEC surface as a function of flow rate was calculated using
Poiseuille’s equation, as described previously for this flow chamber
(12), and using the cell suspension viscosity measured at 37°C (0.8 cP).

Adhesion assay. After loading the flow chamber with a coverslip,
fresh medium was initially perfused at 3.0 dyn/cm? for 5 min for equili-
bration. Tumor cell suspension (10° cells/ml) was then perfused
through the chamber at 3.0 dyn/cm?. To measure cell adhesion at
different wall shear stresses (from 3.0 to 0.3 dyn/cm?), experiments
were performed using step-down changes in flow rate, according to the
protocol described in Fig. 1. The number of tumor cells firmly attached
on the adhesion surface was measured at 1-min intervals during perfu-
sion. After 12 min of perfusion, the flow rate of the cell suspension was
raised to increase wall shear stress from 0.3 to 3.0 dyn/cm? to measure
the number of cells rolling on the surface and their mean velocity. At
this high flow rate, tumor cells rolling on the adhesion surface are easily
distinguishable from cells freely flowing in the suspension that move
much faster.

Image acquisition and analysis. All adhesion experiments were
video taped for subsequent quantification of adherent and rolling cells.
Images were digitized from the video tape recorder using a personal
computer (Apple Macintosh IIfx; Apple Computer Corp., Cupertino,
CA) and processed using general purpose image analysis software

~ (Image, v. 1.43; National Institutes of Health, Bethesda, MD). Firmly

attached cells were identified and counted using an averaging tech-
nique. Briefly, an image was obtained by averaging screen pixels in four
images sequentially digitized within a 4-s interval (multiframe acquisi-
tion). The result of this procedure is that cells not firmly attached to the
surface, such as rolling cells and cells flowing in the suspension, are not
visible on the image, and only cells remaining in the same position
throughout the acquisition interval are shown. The difference between
two images acquired using the single- and multiframe techniques is
reported in Fig. 2. The single-frame image (4) shows both adherent
and not firmly adherent cells, while in the multiframe image (B), only
firmly attached cells are shown.

We used this technique to assess the number of cells rolling on the
adhesion surface. Two images were digitized at the same perfusion
time, one using single-frame and the other multiframe acquisition. We
then counted rolling cells as the number of cells appearing in the single-
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Figure 1. Wall shear stress levels during perfusion experiments. The
number of cells firmly adhering to the surface was measured at 1-min
intervals from 0 to 12 min. The number of rolling cells and their

mean velocity were estimated between 12 and 15 min of perfusion at

3.0 dynes/cm?.
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Figure 2. Digitized images of tumor cells firmly adherent and rolling on IL-1-activated HUVEC. The image in (4) was digitized using single-
frame acquisition, and both adherent and nonadherent cells are shown. The image in (B) was digitized using the averaging technique (multi-
frame). Cells not firmly attached are indicated by arrows in 4 but are not shown in B, which only includes firmly attached cells. Flow direction is

indicated by direction of the arrows.

frame but not in the multiframe image. Rolling velocity of tumor cells
was measured as the distance traveled by a cell in 5 s. Rolling velocity in
wum/s was calculated from screen pixel coordinates using exact enlarge-
ment of the images measured by a reference grid and a micrometer
eye-piece (Nachet Italia SRL, Milan, Italy). More than 30 cells in each
experiment were used to calculate mean rolling velocity. Two images
were compared by simultaneous display on the monitor screen. Mea-
sured parameters are expressed as mean+SE.

Results

Adhesion of tumor cells on HUVEC. The adhesion behavior of
human tumor cells to HUVEC under flow conditions is sum-
marized in Table I. The number of rolling and adhering cells

per unit surface area were measured after 12 min of perfusion,
as described in Fig. 1. Two adhesion patterns were observed,
depending on the different tumor types. The colon carcinoma
(HT29M), the ovarian carcinoma (OVCAR-3), and the breast
carcinoma (T-47D) cells showed little interaction with resting
HUVEC, whereas they rolled and then attached on IL-1-acti-
vated HUVEC. In contrast, the melanoma A375M and A2058
and the osteosarcoma MG-63 cells already showed some adhe-
sion on resting HUVEC and massive adhesion on IL-1-acti-
vated HUVEC, but no cell rolling was observed throughout the
perfusion.

The kinetics of cell rolling and adhesion to HUVEC during
perfusions, at different shear stress levels, was investigated in

Table I. Effect of IL-1 on Rolling and Adhesion of Human Tumor Cell Lines on HUVEC under Flow Conditions

Tumor line Origin Resting HUVEC IL-1-activated HUVEC
HT-29M Colon carcinoma Low rolling (1) Low adhesion (7) Rolling (124) Adhesion (566)
OVCAR-3 Ovarian carcinoma No rolling (0) Low adhesion (4) Rolling (27) Adhesion (185)
T-47D Breast carcinoma Low rolling (3) Low adhesion (18) Rolling (15) Adhesion (241)
A37T5M Melanoma No rolling (0) Adhesion (102) No rolling (0) Adhesion (475)
A2058 Melanoma No rolling (0) Adhesion (198) No rolling (0) Adhesion (712)
MG-63 Osteosarcoma No rolling (0) Adhesion (65) No rolling (0) Adhesion (1136)

Tumor cell rolling and adhesion on HUVEC were evaluated after 12 min perfusion as shown in Fig. 1. Number in parentheses are the mean
number of cells per square millimeter, measured in two to six experiments.
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Figure 3. Rolling of HT-29M and A375M tumor cells on untreated
and IL-1-treated HUVEC. Mean numbers of cells rolling and at-
tached on the EC surface were evaluated at 3.0 dyn/cm?. Values are
means of three to six experiments. 5, HT-29M; m, A375M.

detail using the HT-29M colon carcinoma and the A375M
melanoma. HT-29M colon carcinoma adhesion to HUVEC
under flow conditions is illustrated in Figs. 3-5. Few tumor
cells interacted with unstimulated HUVEC and some cells
rolled on HUVEC (Fig. 3). On average, only 7+5 cells/mm?
adhered firmly to the endothelium after 12 min of perfusion
(Fig. 5). On HUVEC stimulated with IL-1, a large number of
HT-29M cells rolled and firmly adhered to the endothelium, as
documented in the four images shown in Fig. 4. More than 120
cells/mm? on average were rolling on the HUVEC surface at

3.0 dyn/cm? (Fig. 3). The mean velocity of rolling HT-29M
cells on IL-1-activated HUVEC averaged 6.4+3.4 um/s. In
addition to rolling, HT-29M cells also firmly adhered to
IL-1-stimulated HUVEC within a few seconds from the begin-
ning of perfusion and the number of adherent cells rose con-
stantly with decreasing shear stress. As shown in Fig. 5, when
flow rate was stepped down (at 3, 6, and 9 min perfusion time)
the number of adherent cells concomitantly rose, suggesting
that shear stress changes promote adhesion. By the end of the
perfusion, a large number of adherent cells was observed
(566+67 cells/mm? on average, [Fig. 5]).

To study whether rolling and adhesion of HT-29M cells to
IL-1-activated endothelium were mediated by E-selectin or by
VCAM-1, we performed adhesion experiments after incubat-
ing IL-1-activated HUVEC with mAb against these two pro-
teins. Treatment of stimulated HUVEC with mAb against E-
selectin completely prevented rolling and adhesion of HT-29M
cells (Figs. 3 and 5) at all shear stress levels and very few cells
came into contact with the endothelium during perfusion.
When IL-1-stimulated HUVEC were treated with mAb
against VCAM-1, the number of HT-29M cells rolling and ad-
hering were comparable to the counts for IL-1-activated HU-
VEC alone (Figs. 3 and 5).

The results of adhesion experiments with A375M mela-
noma cells are reported in Figs. 3 and 6. There was virtually no
adhesion on resting HUVEC monolayers at high shear stress
(> 1.5 dyn/cm?), but cells began to adhere to unstimulated
HUVEC at 0.6 dyn/cm? (Fig. 6). After 12 min of perfusion the
mean number of firmly attached cells reached 102+49 cells/

Figure 4. Digitized images of HT-29M cells adhering and rolling on IL-1-treated HUVEC. The four panels were digitized sequentially ( 3-s in-
tervals between consecutive images). Black arrows indicate HT-29M cells firmly attached to the endothelium monolayer. White arrows indicate
HT-29M cells rolling over the endothelial surface. Arrows also indicate the direction of flow.
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Figure 5. Adhesion of HT-29M cells on untreated and IL-1-treated

HUVEC. Adhesion was measured at different wall shear stresses dur-
ing perfusion (from 3.0 to 0.3 dyn/cm?), as reported in Fig. 1. Values
are the mean of three to six experiments.

mm?. Unlike the HT-29M cells, A375M cells did not roll on
the surface of HUVEC (Fig. 3). On HUVEC stimulated with
IL-1, melanoma cells started to adhere even at the highest shear
stress and, by the end of perfusion, a large number was adher-
ing (on average 475+65 cells/mm?, Fig. 6). During the whole
experiment, A375M cells showed only firm adhesion to the
HUVEC, with no rolling on the cell surface (Fig. 3).

The effect of mAb against E-selectin and VCAM-1 on adhe-
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Figure 6. Adhesion of A375M cells on untreated and IL-1-treated
HUVEC. Adhesion was measured at different wall shear stresses dur-
ing perfusion (from 3.0 to 0.3 dyn/cm?), as reported in Fig. 1. Values
are the mean of three to six experiments.
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sion of A375M cells to IL-1-activated HUVEC were also stud-
ied. When the activated HUVEC were incubated with mAb
against VCAM-1, adhesion was significantly prevented and, by
the end of the perfusion, an average of only 103+59 cells/ mm?
adhered (Fig. 6). On the contrary, mAb against E-selectin had
no effect on adhesion of A375M cells (Fig. 6).

Adhesion of tumor cells on soluble proteins. To investigate
in more detail how E-selectin and VCAM-1 mediate the inter-
action of flowing tumor cells with the vascular wall, we studied
the adhesion of HT-29M and A375M cells on plastic surfaces
coated with these adhesion proteins. These perfusions followed
the same protocol as for HUVEC (Fig. 1). Rolling and adher-
ent tumor cells were measured between 12 and 15 min of per-
fusion time at a wall shear stress of 3.0 dyn/cm? (Table II). No
cell adhesion to uncoated surfaces due to unspecific cell bind-
ing was observed for either tumor cell line.

A large number of HT-29M cells rolled on the E-selectin
coated surfaces, as observed on activated endothelial surface,
though, unlike on HUVEC, almost all cells in contact with the
surface rolled continuously throughout perfusion without firm
attachment (Table II). Mean velocity of rolling cells on E-se-
lectin averaged 5.4+2.0 um/s, comparable to the HT-29M cells
on activated HUVEC. HT-29M cells, on the other hand, did
not adhere or roll on the VCAM-1-coated surface, at any wall
shear stress (Table II).

A375M melanoma cells neither rolled nor adhered on the
E-selectin coated surface but they adhered largely on VCAM-
1-coated surfaces (Table IT). As shown for HUVEC, all cells in
contact with the VCAM-1-coated surface were firmly at-
tached, with no rolling. Rolling of HT-29M cells on immobi-
lized E-selectin and adhesion of A375M cells on immobilized
VCAM-1 were both blocked by incubating the protein-coated
surfaces with the respective mAb (data not shown).

Discussion

The interaction of blood-borne tumor cells with vascular endo-
thelium is a key component of hematogenous spread. To ad-
here to the vessel wall, tumor cells that come into contact with
the microvasculature must resist the tractive forces of the flow
of plasma and circulating cells that tend to detach them from
the wall (34). Studies of the mechanisms involved in the pro-
cesses of adhesion must, therefore, take account of the physical
forces acting on individual cells.

We investigated the adhesive properties of different human
tumor cells under physiological flow conditions such as those

Table II. Number of Rolling and Adherent Tumor Cells on
Protein-coated Surfaces

HT-29M A375M
Substrate Rolling Adherent Rolling Adherent
cells/mm?* cells/mm’®
E-selectin 316 (281-352) 2(1-3) 0 1(0-3)
VCAM-1 0 1 (0-3) 0 481 (319-628)

Coverslips were coated with soluble proteins and used for perfusion
experiments as described in Fig. 1. Tumor cell adhesion was evaluated
after 12 min perfusion. Cell rolling was evaluated at 3.0 dyn/cm?.
Results represent the mean (range) of three to four experiments.



in postcapillary venules (11, 35, 36). Only few colon carci-
noma (HT-29M), ovarian carcinoma (OVCAR-3), and breast
carcinoma (T-47D) cells adhered to resting HUVEC at the
shear stress values tested during the perfusion experiments
(0.3-3.0 dyn/cm?). However, melanoma (A375M and
A2058) and osteosarcoma (MG63) cells adhered to nonacti-
vated HUVEC at low shear stresses (< 0.6 dyn/cm? for
A375M melanoma). This suggests these tumor cells have ad-
hesion structures on their surface that promote the interaction
with resting EC. Glycosphyngolipid-glycosphyngolipid has
been recently suggested as the main mediator of the initial ad-
hesion of murine melanoma variants to nonactivated EC
under flow conditions (37).

As previously observed under static conditions, cytokine
activation of HUVEC increased tumor cell adhesion (16-18).
This increase is mediated by the induction, or enhanced ex-
pression, of adhesion molecules on EC (19). All the tumor cell
lines investigated under flow conditions adhered to IL-1-acti-
vated HUVEC already at the highest shear stress level tested,
and adhesion increased as shear stress decreased. However, two
different mechanisms characterized the adhesion of tumor cells
to activated HUVEC. Colon, breast, and ovarian carcinoma
cells adhered on EC surface with rolling, whereas melanoma
and osteosarcoma cells adhered to activated HUVEC without
rolling. Leukocyte rolling on the EC surface has been well docu-
mented in vivo and in vitro (4, 6, 9, 11). Rolling velocity in
vivo ranges from 10 to 20 um/s and depends linearly on shear
stress (5). Our estimated mean rolling velocity for HT-29M
cells (~ 6 um/s at 3.0 dyn/cm?) corresponds well to the values
measured for leukocytes. It would thus appear that for some
tumor cell types, rolling on the EC surface is a prerequisite for
subsequent firm adhesion, as for polymorphonuclear leuko-
cytes (12). Atthe same time, other tumor cell types seem to use
different mechanisms of interaction to adhere to the EC in the
presence of flow, without requiring rolling.

In line with our observation, it has been reported that dif-
ferent tumor types use different adhesion pathways. A specific
role has been proposed for E-selectin in the adhesion of colon
carcinomas, including HT-29M, to activated EC (20, 21),
whereas VCAM-1 appears preferentially to mediate the adhe-
sion of melanomas (20, 22, 24). We used mAb against these
two adhesion proteins to clarify the mechanisms of HT-29M
and A375M cell adhesion under flow conditions. E-selectin
played a major role in mediating rolling and subsequent adhe-
sion of HT-29M colon carcinoma cells, since its inhibition by a
mADb anti E-selectin completely prevented both processes, but
anti E-selectin had no effect on the adhesion of A375M mela-
noma cells that adhered on EC without rolling. These results
extend previous observations on the specific role of selectins in
the rolling phase of cell adhesion (12). In contrast, VCAM-1 is
certainly involved in adhesion of A375M melanoma cells,
since its inhibition by mAb against VCAM-1 prevented their
firm adhesion to activated EC, thus suggesting it has a specific
role in the stable binding of circulating cells to the EC surface.

That these two classes of adhesive proteins specifically medi-
ate two different aspects of tumor cell adhesion is further con-
firmed by our observations on tumor cell interactions with im-
mobilized soluble proteins under flow conditions. HT-29M co-
lon carcinoma cells rolled on E-selectin—coated surfaces but
not on surfaces coated with VCAM-1. A375M melanoma cells
adhered on VCAM-1 without rolling, but neither adhered nor
rolled on E-selectin coated surfaces. Thus, under flow condi-

tions, E-selectin has a selective role in cell rolling and VCAM-1
in firm adhesion. All the tumor cell types that rolled on acti-
vated HUVEC under flow (Table I) preferentially adhered on
the E-selectin—coated surface in static conditions, whereas tu-
mor cells that firmly attached on HUVEC without rolling in
flow preferentially adhered on VCAM-1-coated surface in
static conditions (Giavazzi, R., unpublished observation). The
adhesion of HT-29M cells to the E-selectin—coated surface
under static conditions contrasts somewhat with the lack of
adhesion under flow conditions (Table II). Our interpretation
is that HT-29M cells bind weakly but continuously to E-selec-
tin, so that when the forces induced by motion of the fluid act
on the cells, they continuously move on the surface without
detachment. This implies that adhesion of tumor cells to im-
mobilized protein is quantifiable under static conditions,
whereas when they are subjected to flow, they continuously roll
without firm adhesion.

In conclusion, our results indicate that the interaction of
human tumor cells with EC under flow conditions involves
rolling and firm adhesion, depending on the respective adhe-
sive properties of the endothelial and tumor cells. Thus, some
tumor cell types roll and subsequently adhere on the endothe-
lial surface using selectin-mediated molecules (i.e., E-selectin),
while others adhere without rolling using integrin-mediated re-
ceptors on EC (i.e., VCAM-1). Since specific adhesion mecha-
nisms play a major role in tumor cell interactions with the
vascular endothelium, it would be useful to characterize these
processes to shed more light on the metastatic potential of tu-
mor cells and the organ preference of metastasis.
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