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Summary. Background: The key role played by von Willebrand
factor (VWF) in platelet adhesion suggests a potential impli-
cation in various pathologies, where this process is involved. In
cancer metastasis development, tumor cells interact with
platelets and the vessel wall to extravasate from the circulation.
As a potential mediator of platelet—tumor cell interactions,
VWF could influence this early step of tumor spread and
therefore play a role in cancer metastasis. Objectives: To
investigate whether VWF is involved in metastasis develop-
ment. Methods: In a first step, we characterized the interaction
between murine melanoma cells B16-BL6 and VWF in vitro. In
a second step, an experimental metastasis model was used to
compare the formation of pulmonary metastatic foci in C57BL/
6 wild-type and VWF-null mice following the injection of B16-
BL6 cells or Lewis lung carcinoma cells. Results: In vitro
adhesion assays revealed that VWF is able to promote a dose-
dependent adhesion of B16-BL6 cells viaits Arg-Gly-Asp (RGD)
sequence. In the experimental metastasis model, we found a
significantincrease in the number of pulmonary metastatic fociin
VWEF-null mice compared with the wild-type mice, a phenotype
that could be corrected by restoring VWF plasma levels. We also
showed that increased survival of the tumor cells in the lungs
during the first 24 h in the absence of VWF was the cause of this
increased metastasis. Conclusion: These findings suggest that
VWEF plays a protective role against tumor cell dissemination
in vivo. Underlying mechanisms remain to be investigated.
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Introduction

A tight relationship between the hemostatic system and
malignant disease has been recognized for years [1]. An
hypercoagulable state is often observed in cancer patients,
linked to the capacity of tumor cells to produce directly or
indirectly activators of the coagulation cascade as well as
activators and inhibitors of the fibrinolytic pathway [2].
Therefore, these patients show an increased susceptibility to
develop thromboembolic diseases among which deep vein
thrombosis, pulmonary embolism, or disseminated intravascu-
lar coagulation are the most common [3]. Another mechanism
by which the hemostatic system is linked to cancer development
comes from its ability to regulate angiogenesis by a number of
proteins secreted by the platelet alpha granules or by cryptic
fragments of the coagulation cascade [4].

Among the different players present at the interface
between hemostasis and cancer, blood platelets are of
particular importance: in 1968, Gasic et al. [S] showed that
a reduction in platelet number leads to reduced metastasis
formation in mice. Metastasis spreading is a multi-step process
in which tumor cells separate from a primary tumor, migrate
across blood vessel walls into the bloodstream and disperse
throughout the body to generate new colonies. Since the work
of Gasic, there has been growing evidence that successful
metastasis may depend on the ability of tumor cells to interact
with platelets [6]. The presence of platelets around them could
protect the tumor cells from clearance by the immune system
[7]. Alternatively, platelets may mediate tumor cell arrest and
adhesion to the endothelium, thus facilitating cell extravasa-
tion [8,9]. Among the molecular mechanisms underlying these
platelet—tumor cell interactions, some authors have reported
the implication of platelet P-selectin [10]. Another pathway
may rely on the presence at the tumor cell surface of adhesion
receptors normally found on platelets: integrins oyp,p; and
oB3 [9,11] or a glycoprotein Ib-like receptor [12]. The binding
of tumor cells to platelets would therefore be reminiscent of
platelet aggregation and be mediated by adhesive proteins



520 V. Terraube et al

[13,14]. In that prospect, one of the most attractive candidates
is von Willebrand factor (VWF) whose normal function in
primary hemostasis is to promote platelet adhesion to the
subendothelium and platelet aggregation. The multimeric
structure of VWF enables it to bind several ligands simulta-
neously and binding domains for integrins and platelet
receptors have been identified on its subunits [15]. Direct
interactions between VWF and tumor cells have been
reported, involving oyBs [16], oB3 [17], or glycoprotein Ib
[12]. In addition, it has been shown in a flow system that
VWF was able to form a bridge between platelet integrin
oP3 and an unidentified ligand on human colon carcinoma
cell line LS174T [14]. Finally, in vivo experiments revealed that
injection of rabbit serum against VWF in mice partially
inhibits metastasis development induced by the different
tumor cell lines [13].

Taken together, these different reports converge toward a
potentially important role for VWF in metastasis development.
However, most of these arguments remain indirect and we
therefore decided to use VWF-deficient mice to directly
determine VWF involvement in this process. We first studied
the interaction of VWF with a murine transplantable tumor
cell line, the melanoma B16-BL6 and we then developed an
experimental metastasis model using the two different tumor
cell lines.

Material and methods

Mice

The VWF-deficient mice [18] and wild-type mice used in this
study were on a C57BL/6 background and were used between 6
and 10 weeks of age. Housing and experiments were carried
out as recommended by the French regulations and Experi-
mental Guidelines of the European Community.

Proteins

Purified plasma-derived human VWF was a gift from Dr
Mazurier, LFB, Lille, France. For in vitro adhesion studies, the
following recombinant human VWF were used: wild-type
VWF (WT-VWF), VWF deleted of Cl and C2 domains
(VWF-AC), VWF deleted of Al domain (VWF-AA1), VWF
deleted of A2 domain (VWF-AA2), and VWF mutated in the
RGD sequence of the C1 domain (VWF-RGG). Construction,
expression and purification of the different VWF variants have
been described previously [19-24]. Purified proteins were
dialyzed against 125 mm NaCl, 25 mm Hepes (pH 7.4), and
stored at —80 °C. The cDNA encoding murine VWF was
amplified by RT-PCR using total mouse lung RNA prepared
from Balb/c mice (Sigma, Saint-Quentin-Fallavier, France).
The cDNA was cloned into the pNUT-vector using Spel (5)
and Notl (3). The assembled cDNA contains an optimized
Kozak sequence, but lacks 5" or 3 untranslated regions. The
entire insert has been sequenced. The murine VWF construct
was expressed in stably transfected baby hamster kidney cells,

and purified from serum-free conditioned medium using the
standard chromatographic methods.

Antibodies

A monoclonal antibody (Mab9) directed against the Cl1
domain of human VWF was used. This Mab inhibits
interactions between VWF and oyy,B3 and between VWF and
o B3 [25,26].

For functional assays, we used monoclonal antibodies
directed against different murine integrin subunits: a hamster
anti-CD61 (clone 2C9.G2; Becton Dickinson, Le Pont-de-
Claix, France), and a hamster anti-CD51 (clone H9.2B8,;
Becton Dickinson). Both these antibodies have been described
as function-blocking antibodies, although the latter showed
only low affinity [27]. We also used a rat anti-CD41 (clone
MWReg30; Becton Dickinson). Control isotypes were used as
negative controls. For flow cytometry analysis, the rat anti-
CD41 (same clones as above) and the isotype control (rat
IgG1) had been purchased directly coupled to fluorescein. For
the anti-CD61 and anti-CD-51 antibodies, we used a mouse
cocktail anti-Armenian and Syrian hamster IgG conjugated to
phycoerythrin (Becton Dickinson).

Cell culture

The B16-BL6 murine melanoma cell line and the Lewis lung
carcinoma (LLC) murine cell line were both cultured in
Dulbecco’s modified eagle medium (DMEM) (Sigma) con-
taining 10% fetal calf serum (FCS) from Biowest (Abcys,
Nuaillée, France), penicillin, streptomycin, and glutamine
from Gibco (Invitrogen, Cergy-Pontoise, France), in 5%
CO,.

Cell adhesion assays

Microtiter plates (Greiner, MERCK Eurolab, Strasbourg,
France) were coated overnight at 4 °C with human plasma or
purified recombinant VWF (2 pg mL™"), or with bovine serum
albumin (BSA), heated 1h at 70 °C (20 pgmL™). In
one experiment, the wells were coated with either human or
murine recombinant VWF at different concentrations. The
wells were then rinsed in adhesion buffer (10 mm Hepes,
140 mm NaCl, 5.56 mm glucose, 5.4 mm KCl, 2 mm CaCl,,
1 mm MgCl,, 1 mm MnCl,, pH 7.4). B16-BL6 cells were
harvested with 0.5 mm EDTA, washed and resuspended in
adhesion buffer containing 3% BSA, and 20 000 cells were
added to the wells with or without various inhibitors. The cells
were allowed to attach for 2 h at 37 °C. The cell suspension
was then removed by aspiration and wells were rinsed twice
with adhesion buffer. Cell adhesion was quantified by the
measuring cellular phosphatase by addition of 130 uL para-
nitro-phenol-phosphate (PNPP) (3 mg mL™" in 50 mwm acetate
buffer, pH 5.5, 0.1% triton) as substrate. The reaction was
stopped by addition of 70 pL 1 N NaOH and the reaction
product was measured at 405 nm. Non-specific adhesion was
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measured in wells coated with BSA. Given values are corrected
for non-specific binding.

For inhibition assays, EDTA or Mab9 was added to the
wells with the cell suspension at concentrations from 0.01 to
25mm, or 0.1 to 1.5 pugmL™", respectively. Antibodies
directed against integrin subunits (80 pg mL™") were preincu-
bated with cells 30 min at room temperature.

Flow cytometry

B16-BL6 cells (10°) in 100 pL of PBS-1% BSA were incubated
with antibodies directed against o, oy, or Bz or with the
corresponding control isotypes (10 pg mL™") for 30 min at
4 °C. The cells were then washed twice with PBS-BSA,
resuspended in 100 pL of the same buffer and if needed, further
incubated with secondary antibodies coupled to phycoerythrin
at 10 pgmL™" for 15min at 4 °C. After two additional
washing steps, the cells were resuspended in 500 pL. PBS-BSA.
The samples were analyzed on a FACSCalibur flow cytometer
(Becton Dickinson). Data for 10 000 events were collected and
analyzed with the CELLQUEST software.

Subcutaneous injection of B16-BL6 or LLC cells

Wild-type and VWF-deficient mice were anesthetized and their
back was shaved. A 30-gauge needle was used to inject
2.5 x 10° B16-BL6 or 5 x 10° LLC cells in 200 pL serum-free
medium, subcutaneously into the dorsal skin of mice. The
longest and the shortest diameters of tumors were measured
daily with a digital caliper, during 12-14 days, then the mice
were sacrificed. The volume of tumors was calculated using the
formula V = (LW?)n/6, where L and W are, respectively, the
longest and the shortest diameters [28].

Experimental metastasis model

Subconfluent and low-passaged tumor cells were washed with
PBS, detached by 0.5 mm EDTA, washed in serum-containing
medium and then resuspended in cold serum-free medium. The
cells were kept on ice until transplanted in mice. B16-BL6 cells
(5 x 10* cells in 200 pL) or LLC cells (1.5 x 10° cells in 200 pL)
were injected into the lateral tail vein. In one experiment,
recombinant human VWF (10 pg) was added to the B16-BL6
cells just before injection in the VWF-deficient mice. After
14 days, the mice were euthanized, the lungs were removed and
rinsed in 0.9% sodium chloride. The lungs were separated into
individual lobes and the number of metastatic colonies on the
surface was counted by an investigator unaware of mouse
genotype.

Labeling of cells with ('?*|)-iododeoxyuridine and
quantitative analysis of the distribution of tumor cells after
the introduction in the circulation

Melanoma B16-BL6 cells (10° cells) were plated on 100-mm
dishes, and grown for 24 h in DMEM containing 10% FCS.
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Then, 1 pCi mL™" 5-('*I)-iodo-2"-deoxyuridine (ICN Phar-
maceuticals France SA, Orsay, France) was added to the
medium and the cells were incubated for an additional 24 h
[29]. After one wash with PBS, the cells were detached as
described above. ('*°I)-iododeoxyuridine-labeled tumor cells
were resuspended in cold serum-free medium, and 2 x 10 cells
were injected into the lateral tail vein of mice. After 15 min, 1,
4, or 24 h, the mice were anesthetized by peritoneal injection of
tribromoethanol (0.15 mL/10 g body weight) and 500 pL
blood was collected by retro-orbital puncture into 10 pl
0.5 M EDTA. The mice were then euthanized and the lungs,
liver and spleen were collected, rinsed in PBS, and placed in 70%
ethanol. To eliminate free iodine liberated by dead tumor cells,
the organs were washed extensively in 70% ethanol during
4 days. Residual radioactivity in blood and organs was
measured with a gamma counter (1260 multigamma II; LKB,
Wallace, Turku, Finland). In order to take into account
radioactivity decay, two 200 pL aliquots of cell suspension
were kept in parallel with the organs and blood samples and
counted at the same time, thus allowing the determination of the
injected dose. Data are presented as percent of the injected dose.

Histology analysis

Following the metastasis experiment, lungs were fixed in 10%
buffered formalin and subsequently embedded in paraffin.
Sections were stained with hematoxylin and eosin and evalu-
ated for the presence of histological differences in the pulmon-
ary tumor deposits between wild-type and VWF-deficient mice.

Data analysis and statistics

Data are presented as mean + SD. Statistical analysis was
performed using either the Student’s unpaired r-test or the non-
parametric Mann—Whitney U-test, as indicated in the figure
legends, with the STATVIEW program (Statview version 5,
SAS Institute Inc, Cary, NC, USA).

Results

In vitro characterization of melanoma cells interaction with
VWF

We first tested whether B16-BL6 melanoma cells were able to
adhere to VWF. B16-BL6 cell adhesion on VWF was time-
dependent and increased until it reached a plateau after 1 h
(data not shown). After 2 h, B16-BL6 cells were well spread
and adhesion on VWF (Fig. 1A) was significantly higher than
on BSA (Fig. 1B). The presence of manganese in the adhesion
buffer was an absolute requirement for these cells to adhere to
VWF. We next compared adhesion of B16-BL6 cells to
recombinant human or murine VWF coated at different
concentrations. Both types of VWF were similarly efficient in
mediating tumor cell adhesion (Fig. 1C), suggesting that
adhesion involves an evolutionary conserved region of the
protein.
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Fig. 1. B16-BL6 melanoma cell adhesion on VWEF: B16-BL6 cells

(2 x 10% were allowed to adhere for 2 h at 37 °C on microtiter plates
coated with human plasma VWF (2 pg mL™") (A) or BSA (20 ug mL™)
(B). Non-adherent cells were removed by washing wells with adhesion
buffer and cells were photographed at an original magnification of x100.
(C) Recombinant human (closed squares) or murine VWF (open squares)
coated at different concentrations was used as adhesion substrates for B16-
BL6 cells. Non-adherent cells were removed by washing wells with adhe-
sion buffer. Optical density at 405 nm is proportional to the phosphatase
activity liberated by adherent cells.
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Fig. 2. B16-Bl6 melanoma cell adhesion on recombinant variants of
VWE: B16-BL6 cells (2 x 10*) were allowed to adhere for 2 h at 37 °C on
microtiter plates coated with purified human plasma VWF or various
purified recombinant human VWF (2 pg mL™"): wild-type VWF (WT-
VWEF), VWF deleted of A1 domain (VWF-AAL1), deleted of A2 domain
(VWF-AA2), deleted of C1 and C2 domains (VWF-AC), and VWF
mutated in the RGD sequence (VWF-RGG). Non-adherent cells were
removed by washing wells with adhesion buffer. Optical density at 405 nm
is proportional to the phosphatase activity liberated by adherent cells. n =
3 experiments; *P < 0.05 (unpaired Student’s ¢-test).

To identify this region, we performed adhesion assays using
the recombinant human VWF, mutated or deleted of structural
domains (Fig. 2). We first compared cell adhesion on human
plasma VWF and on recombinant wild-type VWF. The results
showed that B16-BL6 cells adhere similarly on both types of
VWEF, validating the use of recombinant VWF. Deletion of A1l
or A2 domain had no significant effect on melanoma cell
adhesion, suggesting that neither a glycoprotein Ib-like protein
nor any VWF ligand binding to the Al or A2 domains is
involved in this interaction. In contrast, deletion of C domains
(C1-C2) resulted in a significant decrease of B16-BL6 cell
adhesion (> 75% inhibition, P = 0.025). To assess the potential
implication of the RGD sequence present in the C1 domain of
VWF, we used a recombinant VWF-RGG as adhesion
substrate. The results showed a complete absence of B16-BL6
cell adhesion on VWF-RGG, suggesting the implication of an
integrin as counter-receptor for VWF on the melanoma cells. To
confirm this hypothesis, different inhibitors were used (Fig. 3A).
Firstly, we performed adhesion assays in the presence of EDTA
as calcium is necessary for integrin function. Increased doses of
EDTA resulted in increased inhibition of B16-BL6 cell adhesion
to VWF and a nearly complete inhibition with 2.5 mm EDTA
(Fig. 3A). Next, we used Mab9, an antibody directed against
human VWF that blocks its interaction with oyp,P3 or o, Bs. A
concentration of 1.5 ug mL™" of Mab9 led to total inhibition of
melanoma cell adhesion to VWF. We also performed adhesion
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Fig. 3. B16-Bl6 melanoma cell adhesion on VWF in the presence of var-
ious inhibitors and expression of the various integrin receptors on these
cells: (A) B16-BL6 cells (2 x 10%) were allowed to adhere for 2 h at 37 °C
on microtiter plates coated with human plasma VWF in the presence of
EDTA (2.5 mm) or an Mab to VWF (Mab9) (1.5 pg mL ™). Alternatively,
cells were preincubated for 30 min at room temperature with antibodies to
murine integrin subunits (Bs, o, or ayrp) (80 pg mL™") and were allowed to
adhere to VWF for 30 min at 37 °C. Given values are represented as % of
control adhesion measured without inhibitor and set at 100%. n = 3
experiments. (B) 10° B16-BL6 cells were stained for o, Bs,0r oy and
analyzed by flow cytometry. White: isotype control. Grey: antibody
directed against the indicated integrin subunit.
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assays using antibodies directed against integrin subunits o, oy
and ;. For this particular experiment, we shortened the
adhesion time to 30 min to focus only on the early stage of
adhesion. Using the anti-B3 antibody, we observed about 65%
inhibition of cell adhesion to VWF. No significant inhibition of
adhesion was observed using anti-a, or oy, antibodies (Fig. 3A)
but the anti-a,, was described as a very low affinity antibody [27],
whereas the inhibitory activity of the anti-oqy, is not clearly
established [30]. In parallel, we tested the expression of these
different integrin receptors on B16-BL6 cells by flow cytometry
and found that there was a clear expression of both a, and 5 but
no expression of oy could be detected (Fig. 3B). Taken
together, these observations strongly point to o, 3 as the VWF
receptor on the B16-BL6 tumor cells.

VWE is not implicated in tumor growth

To assess the role of VWF in tumor growth, B16-BL6 or LLC
cells were injected subcutaneously in the dorsal skin of wild-
type and VWF-deficient mice. The majority of mice from both
genotypes developed a visible tumor within a few days: in each
experiment one or two mice of each genotype did not develop
any tumors during the whole duration of the experiment.
Tumor size of wild-type and VWF-deficient mice increased
regularly, and after 12 days, the tumor volume obtained with
LLC cells reached 520.13 + 144.91 mm® for the KO mice and
395.70 + 90.95 mm® for the wild-type mice, (P = 0.45). For
the B16-BL6 cells, the tumor volume measured after 14 days
reached 866.7 + 203.1 mm® for the KO mice and 575.3 +
99.9 mm?® for the wild-type mice (P = 0.18). These results
demonstrate that despite a tendency for bigger tumors in the
null-mice, VWF deficiency had no significant impact on tumor
growth (Fig. 4).

Increased metastatic potential of tumor cells in VWEF-deficient
mice

The role of VWF in metastasis formation was tested in
an experimental pulmonary metastasis model. Injection of
B16-BL6 tumor cells in the tail vein of mice resulted in the
development of dark metastatic colonies on the lungs.
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Fig. 4. Growth rate of subcutaneously transplanted LLC or B16-BL6
tumor cells: LLC (5 x 10°) or B16-BL6 (2.5 x 10°) cells were injected
subcutaneously in the dorsal skin of wild-type (closed squares) (n = 11—
13) and VWF-deficient (closed circles) (n = 8-9) mice. tumor volume was
measured daily by calipation. Data represent mean £+ SD. No significant
difference was observed in tumor growth rate between the two genotypes.
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Fig. 5. Effect of VWF deficiency on experimental pulmonary metastasis
formation: B16-BL6 melanoma cells (5 x 10%) or LLC cells (1.5 x 10°)
were injected intravenously in wild-type (VWF +/+) and VWF-deficient
(VWF-/-) mice by tail-vein injection. Lungs were isolated after 14 days
and fixed. (A) Number of pulmonary nodules in VWF + /+ and VWF-/—
mice in two independent experiments using B16-BL6 cells: Experiment 1:
n = 15for VWF+/+ and n = 13 for VWF-/—, P = 0.0046; Experiment
2:n =16 for VWF +/+ and n = 14 for VWF—/—, P = 0.041. For the
LLC experiment, n = 15 for VWF +/+ and n = 13 for VWF-/—, P =
0.0006 (Mann—-Whitney, U2-tailed). With both cell types, the number of
pulmonary nodules was significantly higher in VWF-deficient mice. (B)
Representative examples of lungs with metastatic pulmonary foci of B16-
BL6 melanoma cells and LLC cells in VWF+/+ and VWF—/— mice

14 days after cell injection. (C) Histological analysis of lung metastasis in
VWF + /+ and VWF—/— mice after injection of B16-BL6 melanoma cells.
After fixation, lungs were paraffin embedded, sectioned, and stained with
hematoxylin/eosin. Both pleural and parenchymal (asterisks) metastases
can be observed and the presence of local hemorrhage is visible in some
tumor nodules (arrow). Although not visible on the picture, hemorrhage
was also present in wild-type mice.

Similar observations were performed after injection of LLC
cells with the notable difference that the metastatic colonies
appeared white (Fig. 5B). Both wild-type and VWF-deficient
mice developed pulmonary metastatic foci, showing that
VWEF is not absolutely required for hematogenous metasta-
sis. However, for both cell types, VWF deficiency resulted in
a significantly increased number of metastatic foci as shown
in Fig. 5A,B. Two independent experiments performed with
B16-BL6 cells are represented in Fig. 5SA. Each point
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represents the number of metastatic colonies counted on the
lungs of one mouse. In the first experiment, an average of
67.7 £ 9.5 metastatic foci was counted in VWF+/+ mice
(range 17-129), and 111.00 £ 6.6 in VWF—/— mice (range
77-144) (P = 0.046). In a second experiment, we counted
an average of 34.5 £ 8 metastatic foci in VWF+/+ mice
(range 5-86), and 57.7 + 4.3 in VWF—/— mice (range 34—
84) (P = 0.041). For LLC cells, we counted an average of
41 £ 0.6 foci in VWF+/+ mice (range 1-9), and
20.5 + 4.5 in VWF—/— mice (range 2-61) (P = 0.0006).

These results suggest that the absence of VWF leads to an
increased metastatic potential of the melanoma B16-BL6 and
the LLC cells in mice. To compare the microscopic organiza-
tion of the pulmonary foci between wild-type and VWF-
deficient mice, we performed histological analysis of the lungs
metastases after injection of B16-BL6 cells (Fig. 5C). No
obvious qualitative difference was visible between the two
genotypes. The presence of both parenchymal and pleural
metastases was observed in lungs of wild-type and
VWEF-deficient mice. Some nodules had large necrotic areas
associated with local hemorrhage in both genotypes.

In order to investigate whether restoring VWF plasma
levels would rescue the observed phenotype, we co-injected
B16-BL6 cells with human recombinant WT-VWF (10 pg) in
VWEF-deficient mice. After 2 weeks, we could not detect any
statistical differences in the number of metastatic colonies in
VWEF-deficient mice injected with VWF compared with WT-
mice (P = 0.6), whereas it was statistically different from
VWF-deficient mice not injected with VWF (P = 0.03)
(Table 1).

Early fate of tumor cells

To assess the early fate of circulating tumor cells in mice, B16-
BL6 melanoma cells labeled with (‘**I)-iododeoxyuridine were
injected IV in wild-type and VWF-deficient mice. As the label
from dead cells is rapidly excreted from the body, the residual
radioactivity corresponds to live cells exclusively. This method
revealed that within 15 min the majority of melanoma cells had
disappeared from the circulation as only about 1% of B16-BL6
cells remains in blood of wild-type and VWF-deficient mice
(data not shown). In contrast, about 70-85% of melanoma
cells were found in the lungs within 15 min (Fig. 6), regardless
of the mouse genotype. In the same time, radioactivity was
around 3.5% in liver and 0.3% in spleen. The absence of VWF

Table 1 Number of metastatic colonies in VWF-deficient mice after
restoration of VWF plasma level (n = 4-6)

Pulmonary metastatic
foci median (range)

VWE+/+ 141 (123-165)

VWF-/— 268 (108-407)

VWF-/- injected
with WT-VWF

134 (70-231)
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Fig. 6. Effect of VWF deficiency on the initial arrest and survival of
125]Jabeled B16-BL6 cells: B16-BL6 cells labeled with 5-('*°I) iodo-2’-
deoxyuridine were injected in the lateral tail vein of wild-type (black
bars) and VWF-deficient (grey bars) mice. The mice were euthanized

at different time-points and the amount of radioisotope in the lungs

was measured with a gamma counter. The data are presented as percent
of injected dose (2 x 10° cells/49 000 cpm). n = 4-5 mice per time point.
*P = 0.13. **P = 0.0078 (Unpaired Student’s #-test).

did not influence the initial arrest of tumor cells in any of the
organs tested. The number of viable melanoma cells in blood
and organs decreased regularly in a time-dependent manner.
Four hour after injection, there seemed to be a trend toward a
larger number of tumor cells in the lungs of VWF-deficient
mice compared with the wild-type mice, but this difference was
not statistically significant (VWF—-/—: 52.3% + 3.4, VWF+/
+:43.0% + 4.4, P = 0.13). However, after 24 h, it became
clear that more B16-BL6 cells were present in the lungs of
VWEF-deficient mice compared with the wild-type mice
(VWF—/=:9.96% =+ 0.59, VWF+/+: 6.10% + 092, P =

0,0078), suggesting that the absence of VWF favors the
increased sustained adherence and/or survival of tumor cells
in vivo (Fig. 6).

Discussion

Hematogenous tumor cell metastasis is a multifaceted process
that depends on numerous cellular and molecular interactions
within the vasculature. To metastasize successfully, circulating
tumor cells must first arrest within the vasculature by adhering
to blood vessel walls. So far, the mechanisms underlying this
initial tumor cell-endothelial attachment have remained
obscure. The present study originated from the possibility that
VWEF might participate in tumor cell-subendothelial interac-
tions through a mechanism similar to that of platelet—
subendothelial interactions in which VWF is a major player.
As some tumor cells can form aggregates with platelets, VWF
could mediate the adhesion of such heterotypic aggregates to
the vascular endothelium via its direct association with the
platelets and/or tumor cells. Interestingly, the data presented in
this study, using VWF-deficient mice, suggest that although
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VWEF can indeed be considered as a determinant of the
metastatic potential of the murine melanoma cell line B16-BL6,
it appears to impede metastasis by reducing the sustained
adherence and/or survival of tumor cells in lung vasculature.

The cell lines used in this study (B16-BL6 and LLC) were
selected for different reasons: (i) they are both from a C57BL/
6 genotype, similar to the VWF-deficient mice, (ii) they are
highly metastatic, and (iii) fibrinogen deficiency as well as
inhibitors of coagulation has previously been reported to
inhibit their metastatic potential [28,31]. In order to test
whether VWF could also interfere with this potential, we first
decided to test its direct interaction with the B16-BL6 cell line.
In vitro adhesion assays showed that B16-BL6 cells were able
to adhere and spread on VWF and that murine or human
VWF was similarly efficient in supporting that adhesion. The
use of recombinant VWF (deleted of structural domains or
mutated) allowed us to pinpoint the melanoma cell-binding
site on VWF to the RGD sequence in the C1 domain. We
next tried to identify the counter-receptor for VWF on the
B16-BL6 cells. The calcium requirement, the identification of
RGD as the binding site as well as the total inhibition of the
interaction with Mab 9 to VWF suggested the involvement of
an integrin receptor, most likely oy,Ps or oyfs. The use of
blocking antibodies confirmed the implication of a Bs-integrin
but did not allow concluding as to which one was really
interacting with VWF in this system because of the lack of
good inhibitory antibodies. The absolute requirement for
Mn?" during adhesion assays indicates a major role for o s,
in accordance with the ability of Mn”"-activated o,B; to
support M21 human melanoma cell arrest when perfused over
VWEF [17]. These functional observations were supported by
the fact that by FACs, we were able to detect o, and [;
subunits at the surface of B16-BL6 cells but no oy could be
found. Taken together, these different arguments support the
idea that o, 5 is the likely counter-receptor for VWF on B16-
BL6 tumor cells.

Once we had established the capacity of VWF to interact
with B16-BL6 cells, we used that same cell line in an
experimental metastasis model using wild-type and VWEF-
deficient mice. We observed an increased number of pulmonary
metastasis in the absence of VWF, a finding that was
consistently repeated in the subsequent experiments. These
unexpected results were confirmed with a second tumor cell
line, the LLC cells, proving that they were not because of some
specific and unique characteristics of the melanoma cell line. In
contrast, tumor growth after subcutaneous inoculation of
tumor cells, either LLC or melanoma, was not significantly
affected by the absence of VWF.

Based on the ability of VWF to interact with tumor cells
[14,16] as well as previous in vivo studies in mice [13], inhibition
of VWF was expected to lead to an inhibition of metastasis
formation. Indeed, using a polyclonal antibody to murine
VWE, a 50% inhibition of tumor metastasis had been observed
in wild-type mice injected with the different tumor cell lines [13].
Such apparent discrepancies between genetic ablations of genes
and inhibition studies with pharmacological agents are not
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unheard of. For example, early work performed with antibod-
ies suggested a pro-angiogenic role for o, integrins while later
results obtained in genetically altered mice did not support this
hypothesis and even suggested an antiangiogenic role for these
integrins [32]. Furthermore, in vivo experiments performed with
antibodies, particularly polyclonal antibodies, can be very
delicate to interpret. In the initial study with VWF, a number of
antibodies of the polyclonal repertoire will still be able to bind
to VWF without inhibiting its interaction with tumor cells.
Such VWF-antibodies complexes, if bound to tumor cells, may
facilitate the removal of these cells by the immune system,
therefore leading to the observed metastasis inhibition.

The first step in understanding our metastasis results was to
determine whether the observed phenotype was the direct or
indirect consequence of the absence of VWF. Indeed, the
absence of VWF is known to lead to the absence of Weibel-
Palade bodies and to the mistargeting of the other proteins
usually found in this compartment, among which P-selectin,
tissue-type plasminogen activator, CD63, interleukin-8, end-
othelin [33], and recently the tie-2 ligand angiopoietin-2 [34].
As a result, the VWF-deficient mice can display unexpected
phenotypes such as reduced inflammatory responses because
of an impaired P-selectin expression [35]. Therefore, in order
to test whether the absence of VWF was directly responsible
for the increased metastasis, we studied metastasis formation
in VWF-deficient mice injected simultaneously with B16-BL6
cells and VWE. Restoration of VWF plasma levels in these
mice led to a correction of the phenotype and to a number of
metastatic colonies similar to that found in wild-type mice,
confirming the direct protective role of VWF in metastasis
formation. Thus, it appears that the capacity of tumor cells to
bind VWF, far from being an asset for their extravasation,
could be detrimental and either lead to their clearance from
the circulation or impair their sustained adherence in the lung
tissues. To gain some insight in this mechanism, we have
injected radiolabeled tumor cells in mice and followed their
survival during the first 24 h. The following conclusions could
be drawn from that experiment: (i) In both genotypes, 99% of
the cells have left the circulation after 15 min suggesting that
cellular extravasation is not a VWF-dependent step; (ii) At
early time-points (15 min and 1 h), similar numbers of cells
were present in the lungs or other organs of mice of both
genotypes. These observations suggest that the initial arrest of
tumor cells in the organs tested was not influenced by VWF,
and that there was no premature clearance of tumor cells from
the circulation; (iii) At later time-points (4 and 24 h), increased
numbers of viable cells were found in the lungs of VWF-
deficient mice. Indeed at 24 h, there was a 40% increase of live
cells in the absence of VWEF, similar to the 40% increase in
B16-BL6 metastatic colonies in VWF-deficient mice after
2 weeks (Fig. 5A).

In conclusion, it appears that VWF can induce the death of
tumor cells in the hours following their arrest in the lungs.
Whether cell death is occurring because cells are prevented
from consolidating their implantation in the lung tissues or
through other mechanisms remains to be investigated.
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