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Several chemokines, belonging to both the CXC and
C classes, act as positive or negative regulators of
ngiogenesis. We sought to investigate the role of
XCL13, B cell-attracting chemokine 1 (BCA-1), also
nown as B-lymphocyte chemoattractant (BLC), on
ndothelial cell functions. We tested the effect of
XCL13 on HUVEC chemotaxis and proliferation in

he presence of fibroblast growth factor (FGF)-2 and
ound that such chemokine inhibits FGF-2-induced
unctions, while is not active by itself. To test whether
ther FGF-2-mediated biological activities may be af-
ected, we evaluated the ability of CXCL13 to rescue
UVEC from starvation-induced apoptosis, as FGF-2

s a survival factor for endothelial cells, and found
hat CXCL13 partially inhibits such rescue. Multiple
echanisms may be responsible for these biological

ctivities as CXCL13 displaces FGF-2 binding to endo-
helial cells, inhibits FGF-2 homodimerization, and in-
uces the formation of CXCL13–FGF-2 heterodimers.
ur data suggest that CXCL13 may modulate angio-
enesis by interfering with FGF-2 activity. © 2001

cademic Press

Key Words: angiogenesis; chemokine; FGF-2; endo-
helial cells.

Several members of the chemokine family, belonging
o both the CXC and CC classes, are known modulators
f angiogenesis. The presence of ELR residues preced-
ng the CXC motif, critical for the biological activities of
XCL8 (IL-8) in neutrophils, has been correlated with

he angiogenic function of CXC chemokines (1, 2). In
ontrast, NON-ELR CXC chemokines are reported to
e potent inhibitors of angiogenesis both in vitro and in

1 To whom correspondence and reprint requests should be ad-
ressed at Laboratorio di Patologia Vascolare, Istituto Dermopatico
ell’Immacolata–IDI, 00167, Via Monti di Creta 104, Rome, Italy.
ax: 39-06-66462430. E-mail: m.napolitano@idi.it.
19
ules have been described (7, 8).
Angiostatic chemokines inhibit growth factor-in-

uced cell functions rather than showing a direct effect
n these cells. CXCL4, platelet factor 4 (PF4), a well-
tudied CXC chemokine, interferes with FGF-2 bind-
ng and dimerization (9), inhibits FGF-2-induced DNA
ynthesis and entry into S phase (10) and prevents
21WAF1 downregulation in endothelial cells (11).
urthermore, CXCL4 inhibits vascular endothelial
rowth factor (VEGF) binding to its receptors on endo-
helial cells by affecting the interaction with heparan
ulfates and by directly interacting with VEGF (6).
owever, since CXCL4 still retains its activity when

ts heparin binding sites are mutated, other unknown
echanisms of action are likely to be present (6). Even

f the characterization of chemokine receptors involved
n mediating the angiostatic activity is still under in-
estigation, it has been demonstrated that the chemo-
ine CXCL10, also known as interferon-inducible pro-
ein 10 (IP-10) inhibits endothelial cell proliferation by
ompeting for FGF-2 binding to heparan sulfates (5)
nd by engaging its chemokine receptor CXCR3 (12).
CXCL13 (BCA-1) is a B cell chemoattractant (13, 14)

nd is highly induced in chronic Helicobacter pylori-
astritis and in gastric MALT lymphomas (15). More-
ver, CXCL13 transgenic mice develop lymph node-like
tructures that contain B and T cell zones, high endo-
helial venules and stromal cells (16). CXCL13 was
reviously described as a ligand of the chemokine re-
eptor CXCR5 (13, 14), a B cell homing receptor, and
ecently, it has been shown to bind with low affinity to
he chemokine receptor CCR10 (17) and to displace
XCL10 binding to CXCR3 (18).
In this report we have identified a novel biological

unction for CXCL13 as an inhibitor of FGF-2-induced
hemotaxis, proliferation, and rescue from apoptosis of
ndothelial cells that may have a role in the interplay
etween inflammation and angiogenesis.
0006-291X/01 $35.00
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Cell culture and reagents. Human umbilical vein endothelial
ells (HUVEC) were obtained from Mascia Brunelli s.r.l. (Milan,
taly) and cultured in endothelial cell basal medium (EBM-2) sup-
lemented with 2% fetal bovine serum (FBS) and human epidermal
rowth factor (hEGF), hFGF-2, hVEGF, insulin growth factor 1
R3-IGF-1) (Biowittaker Italia s.r.l., Caravaggio, Italy). Human re-
ombinant (hr) CXCL13 and macrophage inflammatory protein 1
MIP-1a) CCL3 were purchased from Pepro Tech (London, UK) and
rFGF-2 from Endogen (Woburn, MA).

Flow cytometric analysis. CXCR5 expression by FACS analysis
as performed as previously described (19, 20). Briefly, 3 3 105 cells
ere permeabilized with 0.2% Triton X-100/PBS for 2 min on ice,
ashed with ice cold 0.1% BSA/PBS, and incubated for 30 min with
nti-human CXCR5 (R & D, Abingdon, UK) or control IgG (BD,
rembodegem, Belgium). A fluorescein isothiocyanate-conjugated
oat anti-mouse IgG (DAKO, Glostrup, Denmark) was used as sec-
ndary antibody, and samples were then analyzed by flow cytometry
FACScan, BD, Mountain View, CA).

Chemotaxis assay. Chemotaxis was performed by using a 48-well
icrochamber (Neuroprobe, Cabin John, MD) and 8-mm pore-size

olycarbonate filters (Costar, Cambridge, MA) coated with murine
ollagen type IV (Becton–Dickinson, Bedford, MA) (21). Briefly,
UVEC, passages 4–6, were cultured for 48 h in RPMI 1640 me-
ium supplemented with 15% FBS, then detached and resuspended
n migration medium (MM): RPMI 1640, 0.01% BSA, 25 mM Hepes
t 106/ml. After 4 h incubation at 37°C, the chemotaxis assay, in
riplicate wells, was stopped and cells were fixed on the filters and
tained using Diff Quik (Dade AG, Dudingen, Switzerland). Six
andom fields were counted at 4003 magnification and migration
ndex (MI) was calculated by dividing the number of migrated cells in
he presence of chemoattractants by the cells migrated in migration
edium alone. Percentage of inhibition was calculated by dividing

he number of cells which migrated in response to FGF-2 1 CXCL13
y those responding to FGF-2 3 100.

Cell proliferation assay. DNA synthesis was assessed by the level
f [3H]thymidine incorporation. Briefly, HUVEC (2 3 103/well) were
eeded in 24-well plates, and quiesced for 24 h in serum- and growth
actor-free EBM-2. Medium was then replaced with 0.5% FBS
BM-2 containing FGF-2 (0.12 nM) in the presence or absence of
XCL13 (50 nM), and cell proliferation was evaluated after 3, 5, or 7
ays. At these time points [3H]thymidine (1 mCi/ml) (Amersham–
harmacia Biotech, UK) was added to the wells and cells pulsed for
dditional 4 h, then washed and treated with 10% Trichloroacetic
cid for 1 h at 4°C. After solubilization with 0.2 M NaOH, radioac-
ivity was analyzed by liquid scintillation counter (Packard). Each
ample was assessed in triplicate and data represent the mean of
hree experiments 6 SE. Fold induction of [3H]thymidine incorpora-
ion was calculated by dividing the values (cpm) of treated samples
y the values of control samples (medium alone).

Cell survival. HUVEC (4 3 104 cells/well) were plated in 6-well
lates and were synchronized by culturing for 48 h in starvation
edium (SM: 2% FBS EBM-2 medium). Cells were then incubated in
M either in the presence or in the absence of FGF-2 (0.6 nM) and
XCL13 (10–30 nM) for 16 to 120 h. Floating and trypsinized ad-
erent cells were mixed together and stained with an hypotonic
ropidium-iodide (PI) solution containing 50 mg/ml PI, 0.01% Triton
-100 and 0.01% Sodium Citrate (pH 6.8), for 4 h in the dark at 14°C
nd then analyzed by flow cytometry (FACScan, BD, Mountain View,
A). The percentage of inhibition of FGF-2-induced rescue from
poptosis was calculated on hypodiploid and normal diploid DNA
ontent values.

Binding and dimerization experiments. HUVEC (4 3 104 cells/
ell) were seeded on 24-well plates in triplicates and grown in

omplete EBM-2 medium for 24 h. After two washes with cold bind-
20
ng buffer (BB: RPMI 1640, 2% BSA, 10 mM Hepes, pH 7.4), cells
ere incubated with 0.125 nM 125I-FGF-2, 1000 Ci/mmol specific
ctivity (Amersham–Pharmacia Biotech) for 2.5 h at 14°C in BB in
he presence or absence of unlabeled CXCL13 (4 to 400 nM). Cells
ere then washed with BB, lysed with PBS 2% SDS, radioactivity
as counted in a gamma counter and data analyzed using the
raphPad Prism and LIGAND programs. The range of IC50 was

alculated out of four independent experiments performed.
FGF-2 dimerization experiments were performed as previously

escribed (9) with some modifications. Briefly, 2 ng 125I-FGF-2 plus
0 ng unlabeled FGF-2 were incubated for 1 h at room temperature
ith or without heparin (0.03 UI/ml) in the absence or presence of 5-

o 100-fold molar excess of CXCL13 in PBS in a final volume of 35 ml.
hen, 3.5 ml of the chemical crosslinker DSS (5 mg/ml) (Pierce,
ockford, IL) was added and the samples incubated for 30 min at
oom temperature. Boiled samples were loaded on a 10% SDS–
AGE, the gels dried and subjected to autoradiography at 280°C for
–16 h using Hyperfilm (Amersham–Pharmacia Biotech).

Statistics. Results were analyzed by one-way ANOVA. Post hoc
ests according to the Student–Newman–Keuls method allowed the
ssessment of statistically significant differences among groups. A
alue of P , 0.05 was considered statistically significant. Results
re reported as mean values 6 SE.

ESULTS

XCL13 Effect on Chemotaxis

We first tested the effect of CXCL13 on HUVEC
hemotaxis and found that this molecule had no effect
y itself in a wide range of concentration (1–100 nM)
not shown). As often NON-ELR CXC chemokines be-
ave as inhibitors of growth factor functions on endo-
helial cells, we tested CXCL13 for such activity. We
herefore performed HUVEC chemotaxis in the pres-
nce of FGF-2 (0.6 nM) with increasing amounts (0 to
0 nM) of CXCL13 (Fig. 1). We here show that the
GF-2-induced chemotaxis was inhibited by about 20%
t 1 nM and by 40–50% at 5, 10, and 30 nM of CXCL13.
he chemokine CCL3 (MIP-1a), used as an irrelevant
hemoattractant, had no effect on FGF-2-induced che-
otaxis (not shown).

FIG. 1. Endothelial cell chemotaxis. HUVEC chemotaxis in re-
ponse to FGF-2 (0.6 nM) was inhibited, by up to 50%, by treatment
ith 1–30 nM CXCL13. FGF-2 alone induced the migration of 29 6
.7 cells/field. Results represent means 6 SE of three to five inde-
endent experiments.
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XCL13 Effect on Proliferation

We next investigated whether CXCL13, similarly to
ther angiostatic chemokines, may affect not only che-
otaxis but other growth factor-induced cell functions.
e therefore analyzed the CXCL13 effect on FGF-2-
ediated DNA synthesis in HUVEC.
Figure 2 shows that the addition of CXCL13 (50 nM)

nhibited FGF-2-induced [3H]thymidine incorporation
y HUVEC up to about 50% at different time points,
hile CXCL13 had no effect per se.

XCL13 Effect on Starvation-Induced Apoptosis

To better characterize the activity of CXCL13 on
GF-2 functions we next investigated whether this
olecule may modulate cellular apoptosis in the pres-

nce of such growth factor. In fact, serum-starved
UVEC undergo apoptosis that may be rescued by the
ddition of growth factors such as FGF-2. Our results
how that CXCL13, at 10 nM, partially inhibited FGF-
-induced HUVEC survival, as measured by FACS
nalysis of propidium iodide-stained nuclei (Fig. 3).
aximal inhibition, of about 25% (P 5 0.025), was

eached 24 h following treatment, then declining at
ater time points. Similar results were obtained by
sing a cell death ELISA kit (not shown).

GF-2 Binding on HUVEC and Heterodimers
Formation

We then sought to characterize the mechanisms in-
olved in the angiostatic activity of CXCL13. At first
e performed heterologous displacement experiments

n order to investigate whether FGF-2 binding to cells
ould be affected by this chemokine.

FIG. 2. Effect of CXCL13 on FGF-2-induced proliferation of
UVEC. CXCL13 (50 nM) strongly inhibits DNA synthesis of
UVEC at 5 and 7 days following stimulation with 0.12 nM FGF-2.
esults are means of three independent experiments 6SE each
erformed in triplicate. Shown is fold induction of [3H]thymidine
ncorporation following treatment with FGF-2, CXCL13, and FGF-

1 CXCL13.
21
ndeed able to compete with 125I-FGF-2 (0.125 nM)
inding to HUVEC with an IC50 5 12–25 nM (Fig. 4A).
We then tested whether CXCL13 could affect FGF-2

imer formation that is required to induce FGF recep-
or dimerization and activation (22). As both FGF-2
nd CXCL13 have heparin binding sites and heparin is
nown to modulate growth factor activities (23), we
nalyzed the CXCL13/FGF-2 interaction in vitro both
n the absence (Fig. 4B, lanes 1–4) and in the presence
Fig. 4B, lanes 5–8) of heparin. Interestingly, CXCL13
nduced a dose-dependent decrease of FGF-2 ho-

odimers (MW 5 34 kDa) only in the presence of
eparin. A scanning densitometric analysis of the 34-
Da band showed that the decrease in the ho-
odimeric form was 13, 33, and 75% at 175, 875, and

500 nM CXCL13 (Fig. 4B, lane 6–8), respectively,
hen compared to the levels of homodimers in the
bsence of chemokine (Fig. 4B, lane 5). Furthermore, a
olecular weight species of about 28 kDa, likely rep-

esenting CXCL13/FGF-2 heterodimers (Fig. 4B, right
anel) was induced upon addition of increasing
mounts of CXCL13 to the reaction. Differently from
XCL13, the CC chemokine CCL3 (3500 nM) had no
uch activity (not shown). In the presence of heparin,
e retained the upper part of the gel and observed,

nterestingly, that CXCL13 induced the formation of
ery high molecular weight complexes unable to enter
he SDS gel, in a dose–response manner (Fig. 4B, right
anel). In contrast, in the absence of exogenously
dded heparin, similarly to what has been described
or CXCL4 (9), a slight increase in the FGF-2 ho-

odimer (34-kDa species) formation but no appear-
nce of the CXCL13/FGF-2 heterodimer (28-kDa spe-
ies) was observed (Fig. 4B, left panel). The amount of
XCL13 required to alter dimer formation was higher

han the biologically active concentrations of CXCL13
n HUVEC, possibly due to crosslinker efficiency.

FIG. 3. FGF-2-induced rescue of HUVEC from apoptosis. Inhib-
tory effect of CXCL13. CXCL13 (10 nM) partially inhibits FGF-2-
nduced rescue from apoptosis of 24-h serum-starved HUVEC (P 5
.025). Ten experiments by FACS analysis of propidium-iodide
tained nuclei were performed at 24 h, 4 to 8 at the other time points.
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XCR5 Expression on HUVEC

Since CXCR5 is regarded as the high affinity recep-
or for CXCL13, we analyzed whether HUVEC may
xpress such molecule. As shown in Fig. 5, a shift in the
uorescence intensity of subconfluent cells treated
ith a specific antibody was observed, showing the
resence of the CXCR5 receptor on HUVEC.

ISCUSSION

Angiogenesis, the generation of newly formed vessels
rom the preexisting ones, is under the control of a
alance of positive and negative regulators (24).

FIG. 4. CXCL13 inhibition of FGF-2 binding to HUVEC and of
GF-2 homodimer formation. (A) Representative competition bind-

ng experiment showing that CXCL13 inhibits 125I-FGF-2 binding to
ndothelial cells. Unlabeled CXCL13 (4–400 nM) induced displace-
ent of FGF-2 (0.125 nM) binding with an IC50 5 12–25 nM. Similar

esults were obtained in four independent experiments. (B) Chemical
rosslinking was evaluated both in the absence (lanes 1–4) and in
he presence (lanes 5–8) of heparin (0.03 UI/ml). The addition of
ncreasing amount of CXCL13 to 2 ng 125I-FGF-2 plus 20 ng unla-
eled FGF-2, in a 35 ml volume, induced a strong inhibition of FGF-2
omodimers (MW approx. 34 kDa, indicated by the arrow) and the
ormation of CXCL13-FGF-2 heterodimers (MW approx. 28 kDa) in
he presence, but not in the absence of heparin. Also shown is the
25I-FGF-2 monomer (MW approx. 17 kDa). CXCL13 (nM): lanes 1
nd 5, 0; lanes 2 and 6, 175; lanes 3 and 7, 875, lanes 4 and 8, 3500.
similar effect was obtained in four different experiments. In the

resence of heparin, CXCL13 induced the formation of very high-
olecular-weight complexes (right panel, top of the gel). Both stack-

ng and resolving gels were processed and shown in lanes 5–8.
22
enesis we sought to clone and characterize novel mol-
cules belonging to this superfamily that may affect
ndothelial cell functions. Our analysis of dEST data-
ases for chemokines possessing the CXC motif yielded
cDNA with a high degree of similarity with CXCL8

GenBank Accession No. AF029894). While such factor
as described as a specific B cell chemoattractant,
amed BCA-1/BLC/CXCL13, and shown to bind to the
XCR5 chemokine receptor (13, 14), we characterized

ts putative function on endothelium.
The NON-ELR motif present in CXCL13 predict an

nhibitory role for this molecule on endothelial cell
unctions, as other angiostatic chemokines that affect
rowth factor-mediated activities on endothelium (2).
his inhibition was previously described for example

or the NON-ELR chemokines CXCL10 and CXCL9
Mig) that negatively regulate CXCL8- and FGF-2-
nduced endothelial cell chemotaxis and angiogenesis
n vivo (2, 3).

In our study we show that chemotaxis, proliferation
nd survival of HUVEC, regarded as important steps
n the angiogenic process, were not affected by CXCL13
er se. Therefore we tested the ability of CXCL13 to
odulate FGF-2 functions on these cells.
FGF-2 is involved in the control of myelopoiesis,
egakaryocytopoiesis (25, 26), neurite outgrowth, dif-

erentiation, and survival (27). Further, such a mole-
ule is a known modulator of endothelial cell chemo-
axis, proliferation, differentiation, and survival in fact

FIG. 5. Expression of CXCR5 on HUVEC. Flow cytometry of
XCR5 expression on HUVEC. Stainings with a specific monoclonal
ntibody anti-CXCR5 (solid line) and control antibody (dotted line)
re shown. Fluorescence intensities (FL1-H) are indicated on the X
xis and counts on the Y axis.
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escued by the addition of FGF-2 (28).
In this study we show that CXCL13 inhibited FGF-

-induced chemotaxis, proliferation and survival of en-
othelial cells, thus behaving as a novel angiostatic
hemokine.

FGF-2 exerts its biological functions as a ho-
odimer, binding to specific cell surface tyrosin kinase

eceptors and heparan sulfate proteoglycans (HGSP)
22, 23). HGSPs can act stabilizing the FGF-2 dimer
ormation and allowing a proper interaction of FGF-2
ith high affinity receptors on the endothelium. Simi-

arly, chemokines bind both to high affinity receptors
s well as to proteoglycans and a role for HGSP in the
nteraction between chemokines and their specific re-
eptors has been proposed (29). Proteoglycans are
hought to present chemokines on endothelial cells to
irculating leukocytes contributing to the formation of
gradient critical for trans-endothelial migration and

ecruitment to sites of inflammation (30).
Our results show that CXCL13 displaced FGF-2

inding to endothelial cells in a dose-dependent man-
er. Examples from well-known angiostatic chemo-
ines such as CXCL4 and CXCL10 indicate that they
ind heparan sulfate molecules with intermediate af-
nity and that inhibit growth factor-induced endothe-

ial cell activation, competing for their binding sites on
uch cells (5).
The displacement by CXCL13 of FGF-2 binding

o HUVEC and the heparin-dependent inhibition of
he FGF-2 homodimer formation, represent potential
echanisms responsible of the angiostatic activity

hown by this chemokine. The appearance of the
XCL13/FGF-2 heterodimers in the presence of hepa-

in is similar to what was described for CXCL4 (9)
uggesting that, at least in vitro, the formation of com-
lexes between angiostatic chemokines and growth
actors may be heparin-dependent.

The direct involvement of chemokine receptors in
egulating angiogenesis is still not well clarified. Re-
ently, Salcedo et al. (31) showed the presence of
XCR3 on microvascular endothelial cells and Romag-
ani et al. (12) provided evidence that CXCR3 expres-
ion on microvascular endothelial cells is limited to the
/G2-M phase of cell cycle. The authors (12) show that
he antiproliferative activity of the CXCR3 ligands
XCL10, CXCL9, and CXCL11 was blocked by the use
f an anti-CXCR3 neutralizing antibody, pointing at a
irect involvement of such chemokine receptor in the
ngiostatic activity. A recent study demonstrated that
XCL13 competes for CXCL10 binding to CXCR3

ransfectants, induces chemotaxis of such cells and
hat these biological activities are inhibited by anti-
XCR3 antibodies (18) indicating that CXCL13 may be

egarded as a novel ligand for CXCR3.
In our studies we show that CXCR5 is expressed by
UVEC, therefore the biological activities we described
23
XCR3, abundantly expressed by endothelial cells, or
XCR5. In conclusion, we have reported that CXCL13

nhibits FGF-2-induced chemotaxis, proliferation, and
escue from apoptosis possibly through binding of
XCL13 with both FGF-2 and FGF-2 binding sites on
ndothelial cells.
The identification and characterization of a novel
odulator of FGF-2 activities may have important

herapeutic implications due to the role of FGF-2 in
rocesses such collateral blood vessel development in
esponse to ischemia, tumor growth and wound repair.
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