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ABSTRACT
The chemokine receptor, CXCR4, is expressed by human melanomas,
and its ligand, CXCL12, is frequently produced at sites of melanoma
metastasis. Herein, we examine CXCR4-enhanced binding of B16 murine
melanoma cells to endothelial cells (ECs) and recombinant adhesion molecules in vitro to determine the role of tumor- and EC-derived adhesion
molecules in tumor metastasis. By flow cytometry, unstimulated primary
lung ECs showed constitutive expression of vascular cellular adhesion
molecule 1 (VCAM-1), whereas skin-derived ECs did not. All B16 cell
lines tested showed constitutive expression of ␣4 and ␤1 integrin chains
but showed no expression of ␤2 integrins. CXCR4-B16 arrest on VCAM1/immunoglobulin-coated plates and tumor necrosis factor ␣-stimulated
ECs under physiological shear stress conditions (1.5 dynes/cm2) was rapid,
resistant to shear stress of 10 dynes/cm2, and showed no evidence of rolling
before arrest. In vitro, CXCR4-B16 cell binding to ECs was blocked by
anti-␤1 and anti-CXCL12 monoclonal antibodies. In vivo, metastasis of
CXCR4-B16 cells to murine lungs was strongly inhibited by anti-CXCL12
and two different anti-␤1 monoclonal antibodies. Finally, CXCR4-B16
exposed to CXCL12 rapidly increased binding affinity for soluble VCAM1/immunoglobulin as detected by a flow cytometric assay. Thus, ␤1 integrins play a critical role in CXCR4-mediated B16 tumor cell metastasis in
vivo and may be a potential target for inhibition of tumor metastasis,
particularly to the lung.

INTRODUCTION
Metastasis of tumor cells to vital organs represents the major source
of mortality in cancer. In melanoma, metastasis occurs in approximately 10% of patients. Half of melanoma metastases go to distant
organs, leading to serious complications, including death. Whereas the
entire process of metastasis is complex (1) and consists of multiple
steps including detachment of tumor cells from the primary tumor and
invasion of blood vessels, interaction of circulating tumor cells with
vascular endothelium is a crucial step that precedes tumor cell extravasation into and invasion of the target organ. Therefore, our studies
focus on the factors involved in the attachment of tumor cells to
vascular endothelium at the site of distant metastasis.
The involvement of adhesion molecules in tumor migration has
been intensively investigated. Integrins, especially the ␤1 integrins,
play important roles in melanoma invasion and metastasis through
enhancement of motility and migration (2). Expression of ␣1, ␣3, ␣4,
␣5, and ␣6 integrins by melanoma cells lines correlated with metastatic potential (3), and in the first study to demonstrate adhesion of
tumor cells under shear stress conditions, the A375M human mela-

noma line bound to recombinant VCAM-1,3 presumably through a ␤1
integrin (4).
Because integrins constitutively exhibit low affinity for their ligands, other cell surface receptors, such as chemokine receptors, must
usually be engaged first to increase the affinity as well as avidity of
integrins for their ligands (5, 6). Chemokine receptors comprise four
homologous families of seven-transmembrane-spanning, G proteincoupled receptors that activate key intracellular signaling pathways
controlling cell shape, migration (chemotaxis), and proliferation (7).
One of their functions is to increase leukocyte integrin affinity and
avidity (5), leading to firm adhesion of leukocytes to vascular endothelium at sites of inflammation (8).
Recent work has shown that several chemokine receptors play
critical roles in organ-selective cancer metastasis (9, 10). CCR7 is
expressed by several cancers, including melanoma, and mediates
enhanced metastasis to regional draining LNs (11, 12). Another receptor, CXCR4, is widely expressed in breast, prostate, and lung
cancers as well as in melanoma and appears to promote metastasis of
tumor cells to distant organs such as the lung (13, 14). CXCL12, the
only known CXCR4 ligand, is expressed by stromal cells, including
fibroblasts, and ECs (15) and is abundantly expressed in several
tissues that are frequent sites of melanoma metastasis (13).
The mechanism by which CXCR4 expression enhances tumor
metastasis is still unclear. In static assays, activation of CXCR4 by its
ligand, CXCL12, appears to be able to trigger adhesion of a variety of
tumor cell lines to extracellular matrix substrates such as fibronectin
(16 –18) and to vascular ECs (14). In vivo, tumor cells must be able to
adhere to ECs despite the shear force exerted by vascular blood flow.
To date, the ability of CXCR4 to trigger adhesion of cancer cells to
ECs under shear stress conditions has not been investigated.
Because a CXCR4 inhibitor (T22 peptide) dramatically reduced
pulmonary metastasis of CXCR4-expressing B16 melanoma cells in
vivo (14), we sought to address two related questions in this study.
First, when is CXCR4 function required in the metastatic process?
Second, is CXCR4 activation sufficient to provide the necessary
signal to convert integrins from a resting to active conformation,
leading to tumor cell arrest under shear stress conditions? We now
demonstrate that CXCR4 is required at an early step in metastasis and
that, indeed, CXCR4 activation stimulates firm adhesion of B16
melanoma cells to both recombinant VCAM-1 and ECs under shear
stress in a ␤1 integrin-dependent manner. These studies provide a
mechanistic link between recent findings that indicate that chemokine
receptors facilitate organ-selective metastasis and earlier findings that
demonstrated a role for ␤1 integrins in cancer dissemination.
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described previously (14), murine B16 cells were sequentially transduced with
cDNA encoding either human CXCR4 (a gift from Dr. E. Berger; National
Institute of Allergy and Infectious Diseases) in the pLNCX2 retroviral vector
(Clontech, Palo Alto, CA) or pLNCX2 alone (empty vector) and then with
cDNA encoding firefly (Photinus puralis) luciferase. For convenience, the
CXCR4-luciferase B16 cell line is hereafter called CXCR4-B16, whereas the
control vector-luciferase-transduced cell line is called pLNCX2-B16. CXCR4and pLNCX2-B16 cells (14) were cultured in DMEM (Life Technologies, Inc.,
Gaithersburg, MD) with 10% heat-inactivated FCS (cDMEM) and supplements, including puromycin and G418. Human DMECs (Emory University
Department of Dermatology, Atlanta, GA) were derived from neonatal foreskin and cultured as described previously (19). Human LMECs (CloneticsCambrex, East Rutherford, NJ) were grown in EGM-2 MV (CloneticsCambrex). Mouse antihuman CXCR4 mAb (clone 44716.111), anti-human
CXCL12 mAb (clone 77014.111), human TNF-␣, VCAM-1/Ig, E-selectin, and
P-selectin/Ig chimeras were purchased from R&D Systems (Minneapolis,
MN). Purified rat antimouse mAbs against ␤1, ␤2, ␤7, ␣4, ␣L, and ␣V integrin
and FITC-conjugated mouse antihuman CD106 (VCAM-1) were purchased
from BD-PharMingen (San Diego, CA). The CXCR4 antagonist peptide T22
[NH2-RRWCYRKCYKGYCYRKCR-COOH, (14, 20)] and an inactive control peptide (ALA, described in Ref. 20) were synthesized by Synpep (Dublin,
CA). Chemokines were purchased from Peprotech (Rocky Hill, NJ). A mAb
(B16MAB-1) against an uncharacterized cell surface antigen found on B16
cells was raised by immunizing hamsters with lysates of B16 cells. Hybridoma
culture supernatants (Rockland Immunochemicals, Gilbertsville, PA) were
screened for cell surface binding activity against B16 cells by flow cytometry.
One clone (B16MAB-1) showed uniform binding to B16 cells but lacked
binding to NIH 3T3 cells and murine LN immunocytes.
Flow Cytometry. B16 cells or ECs were first incubated with specific mAb
(10 g/ml) for 30 – 60 min at 4°C in 0.1% BSA/PBS, washed twice, and then
incubated with FITC-conjugated secondary antibody (1:100) for 30 min at
4°C. Flow cytometric analysis was performed using FloJo software (TreeStar
Inc., San Carlos, CA).
Soluble VCAM-1 Binding Assay. CXCR4-B16 or pLNCX2-B16 cells
were placed in suspension (cDMEM, warmed to 37°C) and exposed to chemokine (500 ng/ml) in the presence of VCAM-1/Ig (or P-selectin/Ig as a
control). As a positive control, Mn2⫹ (2 mM) was added to the suspension to
increase integrin affinity for VCAM-1. VCAM-1/IgG or P-selectin/IgG chimera (2 g/ml) was then added to the suspension. After 45 s, cells were fixed
for 10 min with 4% paraformaldehyde at room temperature. The cells were
washed and resuspended in 0.1% BSA/PBS and incubated with a FITCconjugated antihuman IgG antibody at 4°C for 30 min before flow cytometric
analysis.
Dynamic Flow Assay. Cell suspension plates (35 mm; Model # 430588;
Corning Inc.) were coated with human VCAM-1/IgG chimera (1 g/ml)
overnight at 4°C in Tris-buffered saline (6). Plates were then briefly rinsed
with PBS, co-coated with 1 g/ml CXCL12 or CCL19 or no chemokine in
PBS for 2 h at 4°C, and blocked with 1% BSA/PBS for 1 h at 4°C. Calceinacetomethyl-labeled (Molecular Probes, Eugene, OR) CXCR4-B16 or
pLNCX2-B16 cells (2.5 ⫻ 105 cells/ml in cDMEM) were injected at 1.5

dynes/cm2 into a parallel plate flow chamber (Glycotech, Gaithersburg, MD)
that had been placed over the adhesion molecule- and/or chemokine-coated
suspension plate.
For dynamic flow assays using ECs, LMECs at passage 5– 6 were cultured
to confluence in 35-mm tissue culture plates (Model # 430165; Corning Inc.)
and treated with TNF-␣ (10 ng/ml for 4 h at 37°C) before introduction of tumor
cells. In some cases, ECs were exposed to 500 ng/ml recombinant CXCL12 or
CCL19 for 15 min at 20°C as described previously (21), and unbound chemokine was washed away. Where indicated, LMECs were treated with antiCXCL12 antibody or isotype control (100 g/ml for 30 min at 37°C). All
unbound antibody was washed off before infusion of B16 cells. When used,
PTX (Calbiochem, San Diego, CA) was incubated with B16 cells at a concentration of 100 ng/ml for 2 h at 37°C to block Gi protein-coupled signaling.
Where indicated, tumor cells were also treated with anti-CXCR4 mAb, hamster anti-mouse/rat ␤1 integrin mAb (Ha2/5; BD-PharMingen), rat anti-mouse
␤1 integrin (HMb1-1; BD-PharMingen), anti-B16 mAb, or isotype at 10 g/ml
for 30 min at 37°C and washed once before resuspension and infusion.
For dynamic assays on recombinant molecule-coated plates as well as on
LMECs, tumor cells were introduced into the chamber under a constant shear
stress of 1.5 dynes/cm2 without allowing cells to settle at any time during the
assay. Ten min after flow was initiated, arrested cells were digitally photographed (without flow being decreased) in 4 – 6 random fields (each
field ⫽ 1.18 mm2) with excitation at 488 nm and emission at 513 nm using
sufficient exposure time (⬃1 s) to allow distinction between moving cells,
which appeared as dim streaks, and stationary cells. Cells were then enumerated with the software program IPlab (Scanalytics, Fairfax, VA).
In Vivo Metastasis Assays. CXCR4-B16 and pLNCX2-B16 cells in exponential growth phase were harvested by trypsinization and washed twice in
PBS before injection. Cell viability was ⬎95% as determined by trypan blue
dye exclusion. CXCR4-B16 or pLNCX2-B16 cells (4 ⫻ 105 cells in 200 l of
PBS) were then injected into the tail veins of mice. T22 and ALA peptides in
sterile PBS were administered via an i.p. route using 4 g peptide/mouse daily
for the indicated duration of treatment as described previously (14). Mice were
euthanized after 14 days for gross inspection of lungs and luciferase quantification of metastasis by luciferase activity (14). In experiments shown in Fig.
6, CXCR4-B16 cells were resuspended in 0.1% BSA/PBS and treated with a
hamster antirat ␤1 integrin mAb (Ha2/5; BD-PharMingen), a rat antimouse ␤1
integrin mAb (9EG7; BD-PharMingen), or, as negative control, a hamster
anti-B16 mAb (B16MAB-1) or rat IgG (10 g/ml) for 30 min at 37°C before
injection into the parallel plate flow chamber.

RESULTS
Early, but not Late, Treatment with T22 Blocks CXCR4-Mediated Metastasis. We demonstrated previously that the CXCR4
inhibitory peptide, T22, blocked pulmonary metastasis of CXCR4B16 cells when this CXCR4 inhibitor was used daily throughout the
course of the 14-day metastasis assay (14). To determine whether
short-term treatment with T22 was also effective in blocking metas-

Fig. 1. Early treatment of mice with T22 blocks pulmonary metastasis. A and B, groups of mice (n ⫽ 5 mice/group) were injected with CXCR4-B16 melanoma cells and treated
with either PBS, the CXCR4 inhibitor (T22), or a control peptide (ALA) for the indicated number of days. After 14 days, the mice were euthanized, and the lungs were harvested for
luciferase-based quantification of metastasis (B). RLU, relative light units.

6752

Downloaded from cancerres.aacrjournals.org on January 21, 2021. © 2003 American Association for Cancer
Research.

CXCR4-B16 ARREST UNDER FLOW CONDITIONS

metastasis assay could reduce tumor burden, T22 was given daily
either during the entire 2-week treatment period or just for the second
week (Fig. 1B). Treatment during the second week yielded the same
metastatic burden as PBS (mock) treatment; both were ineffective
compared with daily T22 treatment in reducing metastasis. Thus, early
treatment of CXCR-B16 cells with T22 is essential for protecting
mice against lung metastasis, suggesting that CXCR4 promotes metastasis at a relatively early time point after i.v. inoculation.
Adhesion Molecule Profile of B16 Cells and Microvascular ECs.
Chemokine receptor-triggered adherence of leukocytes involves cell
surface integrins and their cognate receptors on ECs. Thus, we characterized the adhesion molecule profile of B16 cells and two types of
microvascular ECs. Both pLNCX2-B16 and CXCR4-B16 cells expressed the ␤1 and ␣4 integrin chains but not the ␤2, ␤7, or ␣L
(CD11a) chains (Fig. 2A). E-selectin ligands were also not detectable
after exposure of B16 cells to an E-selectin/Ig chimeric protein (data
not shown). Cultured LMECs expressed more VCAM-1 [a major Ig

Fig. 2. Adhesion molecule expression profile of B16 cells and LMECs. A, CXCR4-B16
cells were stained with anti-␤1, ␣4, ␤7, ␤2, and ␣L mAb or with human E-selectin/Ig
chimera (R&D Systems) and FITC-labeled anti-human IgG. B, untreated and TNF-␣treated (10 ng/ml for 4 h at 37°C) DMECs and LMECs were removed from culture plates
with trypsin and EDTA, stained with anti-VCAM-1 mAb, and analyzed by flow cytometry.

tasis, we modified our in vivo assay and gave the drug only for the first
2 days of the 14-day waiting period after i.v. injection of CXCR4-B16
and pLNCX2-B16 cells. In one group of animals, the CXCR4 antagonist peptide T22 was administered i.p. shortly after tumor inoculation
and again 24 h later. In another group of CXCR4-B16-injected mice,
T22 was given daily for 14 days. Administration of T22 for the first
2 days was clearly as effective as giving T22 daily for the entire
2-week course with regard to protection against CXCR4-mediated
pulmonary metastasis (Fig. 1A).
To determine whether T22 treatment during the last 7 days of the

Fig. 3. Rapid binding of soluble VCAM-1/Ig to CXCL12-stimulated CXCR4-B16
cells. Top panel, CXCR4-B16 and pLNCX2-B16 cells were exposed to CXCL12 and
soluble VCAM-1/Ig for 45 s, fixed, and stained with FITC-labeled antihuman IgG
antibody. Bottom panel, CXCR4-B16 cells were exposed to soluble VCAM-1/Ig in the
presence of the indicated chemokine (500 ng/ml) or no chemokine (PBS). After 45 s, cells
were fixed and stained with antihuman IgG antibody to detect bound VCAM-1/Ig.
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CXCL12 (Fig. 5A). With exogenously added CXCL12, adhesion of
CXCR4-B16 cells was ⬃5-fold greater than that of pLNCX2-B16
cells. In both cases, adherent cells were resistant to washing at shear
stress up to 10 dynes/cm2 (data not shown). To determine whether

Fig. 4. CXCR4-B16 cells arrest efficiently to VCAM-1/Ig-coated plates under shear
stress conditions. CXCR4-B16 and pLNCX2-B16 cells were injected at 1.5 dynes/cm2
into a parallel plate flow chamber in which the bottom plate had been coated with
VCAM-1/Ig and the indicated chemokines. After 10 min, adherent cells were photographed (6 low-power fields/condition) and counted (mean ⫾ SD). ⴱ, P ⬍ 0.001 versus
CXCR4-B16 binding on CXCL12-/VCAM-1-Ig-coated plates.

superfamily receptor for ␣4␤1 integrin (very late antigen 4)], compared with DMECs under both resting and TNF-stimulated conditions
(Fig. 2B). Thus, ␤1, but not ␤2, integrins are expressed by B16
melanoma cells, and a major ␤1 integrin ligand, VCAM-1, is readily
expressed by cytokine-stimulated lung-derived ECs.
CXCL12 Enhances Binding of CXCR4-B16 Cells to Soluble
VCAM-1. To determine whether CXCL12 directly enhanced the
binding of ␤1 integrin to VCAM-1, CXCR4-B16 and pLNCX2-B16
cells were exposed to soluble VCAM-1-human IgG chimera (VCAM1/Ig) or a P-selectin/Ig fusion protein (as a negative control) in the
presence and absence of chemokines. CXCR4-B16 cells clearly demonstrated increased binding of soluble VCAM-1/IgG chimera compared with CXCL12-stimulated pLNCX2-B16 (Fig. 3, top histogram)
within 45 s of the addition of CXCL12. The addition of CXCL12, but
not CCL19 (an unrelated chemokine), to CXCR4-B16 cells stimulated
enhanced binding of VCAM-1/Ig chimera (Fig. 3, bottom histogram),
whereas the addition of CXCL12 did not affect binding of VCAM1/Ig to pLNCX2-B16 cells (data not shown). Mn2⫹-treated B16 cells
uniformly increased binding of VCAM-1/Ig (data not shown). Therefore, CXCL12 rapidly enhances ␤1 integrin affinity for VCAM-1.
CXCL12 Enhances Arrest of B16-CXCR4 Cells on VCAM-1/
Ig-Coated Plates. Like leukocytes, tumor cells that adhere to vascular ECs are subject to shear forces in vascular channels. To determine
whether CXCR4-CXCL12 interaction mediates the arrest of CXCR4B16 cells on VCAM-1 under physiological flow conditions, CXCR4B16 or pLNCX2-B16 cells were infused over plates co-coated with
VCAM-1/Ig and either CXCL12 or a control chemokine, CCL19.
CXCR4-B16 cells arrested 5 times more efficiently on plates coated
with VCAM-1 and CXCL12 than on plates coated with VCAM-1/Ig
and CCL19 (P ⫽ 0.001; Fig. 4). CXCR4-B16 cells also arrested more
efficiently than pLNCX2-B16 cells on VCAM-1/CXCL12-coated
plates (P ⬍ 0.001). Interestingly, CXCR4-B16 cells demonstrated no
appreciable rolling before rapid binding to VCAM-1/Ig in real-time
recordings (data not shown). Thus, under dynamic adhesion conditions, CXCR4 expression enabled more efficient arrest of tumor cells
to VCAM-1 in the presence of CXCL12.
CXCL12 Mediates Adhesion of B16-CXCR4 Cells to Stimulated LMECs under Physiological Shear Stress. We used a dynamic, in vitro model of B16 tumor cell adhesion to LMECs under
shear stress conditions to model the shear forces faced by tumor cells
when they adhere to vascular ECs during the metastatic process.
CXCR4-B16 cells (versus pLNCX2-B16 cells) arrested ⬃3 times
more efficiently to LMECs, even in the absence of exogenously added

Fig. 5. Adherence of B16 cells to TNF-␣-stimulated LMECs under shear stress
conditions. A, calcein-labeled CXCR4-B16 and pLNCX2-B16 cells were injected at 1.5
dynes/cm2 in the flow chamber containing a monolayer of TNF-␣-activated LMECs. In
two cases, tumor cells were pretreated with PTX before introduction into the flow
chamber. Where indicated with a ⫹ symbol, LMEC monolayers were treated with
anti-CXCL12 or isotype control mAb before introduction of B16 cells. Exogenous
exposure of LMECs to recombinant CXCL12 before introduction of B16 cells is indicated
by the ⫹ sign in the row labeled CXCL12. B, CXCR4-B16 cells (left six columns) or
pLNCX2-B16 (far right column) cells were injected into the parallel plate flow chamber
as described in A. Before injection into the flow chamber, CXCR4-B16 cells were treated
with isotype control mouse IgG (mIgG) and rat IgG (rIgG), anti-CXCR4 mAb, rat
antimouse ␤1 mAb (clone 9EG7; BD-PharMingen), or anti-B16 mAb (B16MAB-1) for 30
min at 37°C. The first column on the left indicates nontreated CXCR4-B16 cells (No tx).
In both A and B, adherent cells were counted (n ⫽ 6 random fields/condition; mean ⫾ SD)
10 min after initiation of flow. C, CXCR4-B16 and pLNCX2-B16 cells were injected into
the flow chamber containing LMECs (as described above) at the indicated shear stresses
for 10 min. The mean ⫾ SD of adherent cells is shown.
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Fig. 6. Inhibition of CXCL12 or CD29 blocks pulmonary metastasis of
CXCR4-B16 cells. A and B, CXCR4-B16 and pLNCX2-B16 cells were injected i.v. into the tail vein of mice that had been pretreated with anti-CXCL12
mAb or mouse IgG (250 g/mouse; n ⫽ 4 animals/condition). After 14 days,
mice were euthanized, and the lungs were examined visually (A) or by luciferase activity (B; mean ⫾ SD). C, the indicated B16 tumor cell lines were
treated with a hamster anti-rat ␤1 integrin mAb (Ha2/5; BD-PharMingen),
anti-mouse ␤1 integrin mAb (9EG7), anti-B16 mAb (B16MAB-1), or rat IgG
for 30 min at 37°C before i.v. injection into mice. Fourteen days after inoculation, mice (5 mice/condition) were euthanized, and the lungs were assessed
for metastasis by luciferase activity (expressed as mean ⫾ SD). One of two
experiments with similar results is shown.

LMEC-derived CXCL12 was essential for CXCR4-B16 arrest,
LMECs were pretreated with a neutralizing anti-CXCL12 mAb,
which resulted in significant inhibition of CXCR4-B16 cell arrest. An
isotype control mAb did not block CXCR4-B16 binding (Fig. 5A). As
expected, pretreatment of CXCR4-B16 cells with PTX blocked binding, indicating that a Gi-coupled receptor was involved in the arrest of
CXCR4-B16 cells.
To determine whether ␤1 integrins were critical for the arrest of
B16 cells under flow conditions, CXCR4-B16 cells were pretreated
with anti-␤1 integrin antibody and then injected into the flow chamber
containing TNF-␣-stimulated LMECs. Adherence of the tumor cells
was subsequently blocked by ⬎90% (Fig. 5B), which was similar to
the decrease in binding observed when the B16 cells were treated with
anti-CXCR4 mAb (Fig. 5B). CXCR4-B16 cells treated with a surfacebinding antibody (B16MAB-1) showed no significant decrease in
adhesion to LMECs (Fig. 5B), suggesting that the inhibitory effect of
the anti-␤1 mAb was specific. Although the epitope for B16MAB-1
binding has not yet been characterized, it is unlikely to be ␤1 integrin
because LN immunocytes, the majority of which express ␤1 integrins,
did not express the antigen recognized by B16MAB-1 (data not
shown). Thus, CXCR4-mediated arrest of B16 cells on activated ECs
requires the participation of ␤1 integrin.
Adhesion mediated by CXCR4 was dependent on shear stress
because far fewer cells adhered at 4 versus 1.5 dynes/cm2 (Fig. 5C),
and no rolling or adherence of CXCR4-B16 cells on LMECs was
observed at 10 dynes/cm2 (data not shown), consistent with other
studies demonstrating optimal adherence of tumor cells and leukocytes at shear stresses less than 3 dynes/cm2 (4, 22, 23). Prior to
adhesion, rolling behavior of tumor cells was not observed at shear
stresses ranging from 1 to 10 dynes/cm2. In static assays, CXCR4-B16
arrested 5 times more efficiently compared with pLNCX2-B16 on
LMECs (data not shown), demonstrating that without shear stress,

CXCR4 activation also results in enhanced binding of tumor cells to
LMECs.
Neutralizing Anti-CXCL12 or Anti-␤1 Integrin mAb Prevents
CXCR4-Mediated Pulmonary Metastasis. Based on the in vitro
results above, we postulated that EC-derived CXCL12 is required for
activation CXCR4, leading to downstream activation of ␤1 integrin
and subsequent firm binding of tumor cells to EC adhesion molecules
such as VCAM-1. To determine whether blockade of CXCL12 can
suppress metastasis of B16 cells, mice were given a single dose of
either neutralizing anti-CXCL12 mAb or an isotype-matched mouse
IgG isotype (i.p.) 20 min before i.v. injection of tumor cells. As shown
in Fig. 6A, anti-CXCL12 mAb blocked the formation of lung metastasis compared with isotype, as evidenced by the gross appearance of
the lungs (Fig. 6A) and by luciferase quantification (P ⬍ 0.001; Fig.
6B). No gross metastasis in other organs (brain and liver) was observed. Therefore, neutralization of CXCL12 is effective in preventing CXCR4-mediated pulmonary metastasis.
To determine whether ␤1 integrin was necessary in the formation of
CXCR4-mediated pulmonary metastasis in vivo, we pretreated B16CXCR4 cells with two different blocking antibodies against ␤1 integrin before tail vein injection. Both anti-␤1 mAbs blocked CXCR4B16 metastasis, whereas rat IgG isotype control mAb did not.
Pretreatment of tumor cells with the B16MAB-1 mAb also did not
inhibit metastasis (Fig. 5B), suggesting that the inhibitory effect of the
␤1 integrin mAbs on metastasis was not due to nonspecific effects
(Fig. 6C). Thus, ␤1 integrin is required for CXCR4-mediated pulmonary metastasis in vivo.
DISCUSSION
Herein, we demonstrate that the role of CXCR4 in promoting
metastasis comes at an early period after intravascular dissemination
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of tumor cells. Furthermore, we demonstrate that CXCR4 activation
rapidly increases affinity of ␤1 integrin for VCAM-1, stimulates
adhesion of B16 cells to ECs at 1.5 dynes/cm2, and promotes pulmonary metastasis in a ␤1 integrin-dependent manner. Whereas substantial evidence already suggested that ␤1 integrin expressed by melanoma cells contributes to melanoma adhesion, invasion, motility, and
metastasis (4, 24 –26), our data now provide a link between chemokine receptors, ␤1 integrins, and their shared role in promoting adherence of tumor cells to vascular ECs.
␤1 integrin was, indeed, critical to adhesion of the CXCR4-B16 to
stimulated LMECs as shown in Fig. 5B. Rapidly enhanced binding of
soluble VCAM-1/Ig after addition of CXCL12 suggested that direct
increases in the affinity of ␤1 integrin for VCAM-1 may contribute to
increased adhesion of the tumor cells to activated, CXCL12-expressing, LMECs. Under flow conditions, anti-␣4 integrin antibodies (data
not shown) and anti-␤1 integrin antibodies were both highly effective
in blocking CXCL12-mediated adhesion of CXCR4-B16 cells to
immobilized recombinant VCAM-1 (Fig. 5), suggesting that ␣4␤1 is
the primary ␤1 integrin required for B16 cell adhesion. Although not
directly addressed in this study, previous work demonstrated that
activation via a chemokine receptor (CCR6) could alter the surface
distribution of ␤1 integrin on arresting T cells (6). Therefore, it is
possible that activation through CXCR4 regulates both the affinity
and avidity of ␤1 integrin for VCAM-1.
The vascular adhesion molecule, VCAM-1, has previously been
reported to play a significant role in B16 melanoma metastasis. At
baseline, VCAM-1 expression is low but detectable in several organs
of mice, including the lungs (27). Activation in vivo with TNF-␣ (28)
or lipopolysaccharide (27) dramatically stimulates VCAM-1 expression and increases B16 melanoma pulmonary metastases (28). In
experimental spontaneous metastasis of B16 melanoma cells after
orthotopic implantation, VCAM-1 expression at various vascular beds
correlated with the occurrence of metastases (29). Some tumorderived cytokines (e.g., interleukin 18) appear to up-regulate
VCAM-1 expression by hepatic ECs (30), and treatment of mice with
an interleukin 18-binding protein reduces VCAM-1 expression in the
hepatic microvasculature as well as B16 murine melanoma metastases
in the liver.
Based on the inhibition of CXCR4-B16 metastasis by anti-CXCL12
mAb (Fig. 6, A and B), we propose that CXCL12, produced either by
the pulmonary ECs themselves or accumulated on the lumenal surface
of pulmonary ECs via transendocytosis (31), is a critical modulator of
tumor cell adhesion through its receptor, CXCR4, on ␤1 integrinexpressing melanoma cells. The absence of selectins or selectin ligands by melanoma cells does not affect the capture of these cells
from the bloodstream because very late antigen 4, in contrast to other
integrins, can mediate both transient binding (tethering) as well as
firm adhesion (32).
Because tumor cells are frequently larger and less deformable than
RBCs or leukocytes, physical size constraints have been proposed to
lead to the entrapment of metastatic cells in the smaller capillaries of
organs such as the lung or liver (33). Unlike leukocytes that appear to
roll, arrest, and spread on ECs according to the well-described multistep model of leukocyte recruitment (34), tumor cells may be forced
to stop (in some cases) when they are physically restricted by the
diameter of the capillary vessels. Our results in shear stress-free, static
assays on LMECs, however, demonstrated that CXCR4-expressing
B16 cells showed significantly increased ␤1 integrin-dependent adhesion compared with control cells that lack CXCR4 (14),4 despite the
close contact of all tumor cells with the EC monolayer. Thus, whether
4

A. R. Cardones, unpublished data.

adhering to ECs in the presence or absence of shear stress, B16
melanoma cells demonstrate higher adhesion to the ECs when they
express CXCR4.
In summary, we demonstrate that expression of CXCR4 by B16
cells facilitates adhesion of these tumor cells to activated LMECs via
␤1 integrin-dependent mechanisms under both static and shear stress
conditions through endogenous CXCR4 ligand. Neutralization of
CXCL12 or inhibition of CXCR4 early in the course of metastasis had
dramatic effects in decreasing metastasis. Late treatment with CXCR4
inhibitors may not effectively block metastatic growth, raising the
possibility that enlarging metastatic tumor cells may have already lost
dependency on CXCR4 for growth. Thus, anti-CXCR4 therapy may
have clinical utility in blocking metastasis but may not be useful for
the treatment of established metastatic disease.
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