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Osteopontin (Eta-1) and Fibroblast Growth Factor-2
Cross-Talk in Angiogenesis$

Daria Leali,* Patrizia Dell’Era,* Helena Stabile,* Barbara Sennino,* Ann F. Chambers,"
Antonella Naldini,* Silvano Sozzani,* Beatrice Nicd® Domenico Ribatti ¥ and Marco Presta*

The cytokine/extracellular matrix protein osteopontin (OPN/Eta-1) is an important component of cellular immunity and inflam-
mation. It also acts as a survival, cell-adhesive, and chemotactic factor for endothelial cells. Here, subtractive suppression hy-
bridization showed that serum-deprived murine aortic endothelial (MAE) cells transfected with the angiogenic fibroblast growth
factor-2 (FGF2) overexpress OPN compared with parental cells. This was confirmed by Northern blotting and Western blot
analysis of the conditioned media in different clones of endothelial cells overexpressing FGF2 and in endothelial cells treated with
the recombinant growth factor. In vivo, FGF2 caused OPN expression in newly formed endothelium of the chick embryo cho-
rioallantoic membrane (CAM) and of murine s.c. Matrigel plug implants. Recombinant OPN (rOPN), the fusion protein GST-
OPN, and the deletion mutant GSTARGD-OPN were angiogenic in the CAM assay. Angiogenesis was also triggered by OPN-
transfected MAE cells grafted onto the CAM. OPN-driven neovascularization was independent from endotheliak, 85 integrin
engagement and was always paralleled by the appearance of a massive mononuclear cell infiltrate. Accordingly, rOPN, GST-OPN,
GST-ARGD-OPN, and the conditioned medium of OPN-overexpressing MAE cells were chemotactic for isolated human mono-
cytes. Also, rOPN triggered a proangiogenic phenotype in human monocytes by inducing the expression of the angiogenic cyto-
kines TNF-a and IL-8. OPN-mediated recruitment of proangiogenic monocytes may represent a mechanism of amplification of
FGF2-induced neovascularization during inflammation, wound healing, and tumor growth. The Journal of Immunology, 2003,

171: 1085-1093.

ngiogenesis plays a key role in different physiological

and pathological conditions, including embryonic devel-

opment, wound repair, inflammation, and tumor growth

(2). The local, uncontrolled release of angiogenic growth factors

and/or alterations of the production of natural angiogenic inhibi-

tors, with a consequent alteration of the angiogenic balance (2), are

responsible for the uncontrolled endothelial cell proliferation that

takes place during tumor neovascularization and in angiogenesis-

dependent diseases such as diabetic retinopathy, psoriasis, and
rheumatoid arthritis (3).

Osteopontin (OPN),® also known as early T lymphocyte activa-

tion-1 (Eta-1), is a phosphorylated acidic RGD-containing glyco-
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protein (4—6) that binds certain CD44 variants and integrin recep-
tors, including «,B; (5). OPN exists both as an immobilized
extracellular matrix (ECM) component and as a soluble molecule
implicated in inflammation, cell-mediated immunity, tissue remod-
eling, and tumor metastases (5, 7). OPN acts as a cytokine that
plays important roles in monocyte/macrophage functions (5, 7).
Experiments performed on OPN-null mice implicate OPN in Thl
cell-mediated immunity during infection, autoimmune demyelinat-
ing disease, rheumatoid arthritis, wound healing, and bone resorp-
tion (8—11). On the other hand, OPN exerts cell-adhesive and che-
motactic activities for endothelial cells that are protected from
apoptosis via a, B integrin-induced NF-«B activation (12). Also,
OPN up-regulation occurs in endothelial cells treated with IL-1,
INF-vy, glucocorticoids, or vascular endothelial growth factor
(VEGF) (13, 14), during angiogenesis in vitro (15), and during
endothelium regeneration in balloon-injured artery (16). Thus, ex-
perimental evidence suggests that OPN may affect angiogenesis by
acting directly on endothelial cells and/or indirectly via mononu-
clear phagocyte engagement.

Fibroblast growth factor-2 (FGF2) is one of the best-character-
ized modulators of angiogenesis (17, 18). FGF2 plays an important
role in mediating neovascularization during tumor growth, wound
healing, inflammation, and atherosclerosis (19). FGF2 is produced
by various tumor and normal cell types, including cellsinvolved in
inflammation and immunity such as mononuclear phagocytes (20,
21), CD4" and CD8* T lymphocytes (22, 23), and endothelial
cells (24).

FGF2 is thought to exert its proangiogenic effect on endothelial
cells via a paracrine mode consequent to its release by other cells
and/or mobilization from proteoglycans of ECM. On the other

OPN; ARGD-OPN, RGD deletion OPN mutant; SSH, subtractive suppression hy-
bridization; VEGF, vascular endothelial growth factor.
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hand, FGF2 may also play an autocrine role in endothelium, lead-
ing to the deregulation of endothelial cell behavior (25), as ob-
served for Kaposi's sarcoma (26) and hemangiomas (27). Mouse
aortic endothelial (MAE) cells express undetectable levels of
FGF2 (28). We generated FGF2-overexpressing pZipFGF2 MAE
cells by stable transfection of parental MAE cells with aretrovira
expression vector harboring a human FGF2 cDNA (25). Transfec-
tants are characterized by transformed morphology, increased sat-
uration density, invasive and morphogenic behavior in three-di-
mensional gels, and the capacity to induce opportunistic vascular
lesions (25, 28). An FGF2-overexpressing subclone (FGF2-T-
MAE cells) was isolated from these lesions; it retained several of
the in vitro properties of pZipFGF2-MAE cells, but showed a
higher tumorigenic capacity when reinjected into nude mice (29).
Also, various FGF2-up-regul ated transcripts encoding for proteins
involved in the modulation of cel cycle, differentiation, stress re-
sponse, and cell adhesion were identified in FGF2-T-MAE cells (30).

In the present paper to gain further insight into the molecular
mechanism of FGF2-triggered endothelial cell activation, we per-
formed a subtractive suppression hybridization (SSH) analysis on
serum-deprived, growth-arrested FGF2-T-MAE transfectants and
parental MAE cells. Experimental conditions were chosen to min-
imize possible differences in gene expression profiles related to the
different proliferative status of the two cell types. This approach
allowed the identification of OPN as a major FGF2-up-regulated
transcript in endothelial cells. Thein vitro findings were confirmed
in vivo where OPN elicits a potent angiogenic response by causing
the recruitment of proangiogenic monocytes. Our results demon-
strate the cross-talk among angiogenic growth factors and cyto-
kines during angiogenesis and point to OPN up-regulation as a
monocyte-mediated mechanism of amplification of growth factor-
induced neovascularization.

Materials and Methods
Reagents

Eukaryotic-produced mouse recombinant OPN (rOPN) and neutralizing
anti-mouse OPN Ab were obtained from R&D Systems (Minneapolis,
MN). Affinity-purified goat polyclona anti-OPN Ab was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal anti-
phosphoserine Ab was obtained from Chemicon International (Temecula,
CA). Mouse OPN and its RGD deletion mutant (ARGD-OPN) were ex-
pressed in Escherichia coli as GST fusion proteins (31). Recombinant 18-
kDa FGF2 was purified from transformed Escherichia coli as previously
described (32). PMA, epiderma growth factor (EGF), and insulin were
obtained from Sigma-Aldrich (St. Louis, MO). The 165-aa VEGF isoform
(VEGF,45) was purchased from Calbiochem (San Diego, CA). Recombinant
FGF4 was a generous gift from C. Basilico (New York University Medica
Center, New York, NY). SCH 221153 and SCH 216687 were obtained from
C. Kumar (Schering-Plough Research Ingtitute, Kenilworth, NJ).

Cdll cultures

The BALB/c mouse aortic endothelial 22106 cell line (MAE cells) and the
microvascular brain endothelial 10027 cell line (microvascular brain
endothelial (MBE) cells) were obtained from R. Auerbach (University of
Wisconsin, Madison, WI). They were grown in DMEM (Life Tech-
nologies, Gaithersburg, MD) added with 10% FCS. FGF2-transfected
pZipFGF2-MAE and pZipFGF2-MBE cells were described previously (25,
33). FGF2-T-MAE cells represent a highly tumorigenic pZipFGF2-MAE
cell subclone (29). The transfectants were grown in DMEM added with
10% FCS in the presence of 500 pg/ml of G418 sulfate antibiotic
(Sigma-Aldrich).

Subtractive suppression hybridization

SSH was performed as previously described (30). Briefly, 2 X 108 MAE
and FGF2-T-MAE cells grown in complete medium were starved for 48 h
in serum-free medium and used for poly(A)* RNA extraction. Forward
SSH (subtraction of FGF-T-MAE/MAE) and reverse SSH (subtraction of
MAE/FGF-T-MAE) were performed with 2 ug of poly(A)* mRNA from
the two cell populations. Eleven strongly positive clones, among several
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differentially expressed clones hybridizing with cDNA from the forward
subtracted library, were partially sequenced using DY Enamic Direct Cycle
Sequencing kit (Amersham Pharmacia Biotech, Arlington Heights, IL) ex-
ploiting the T7 promoter contained in pCRII-Topo vector (Invitrogen, San
Diego, CA). Sequences were read with an automated DNA sequencer (PE
Applied Biosystems, Foster City, CA) and compared with GenBank.

Murine OPN cDNA cloning and transfection

Two micrograms of poly(A)* RNA derived from FGF2-T-MAE cells were
subjected to reverse transcription using a First Strand cDNA synthesis kit
(MBI Fermentas) and an 18-mer oligo(dT) primer. To obtain the entire
OPN coding sequence, 1/10th of the reaction was subsequently amplified
by PCR using the Advantage-HF PCR kit (Clontech, Palo Alto, CA) using
primers based on the published murine OPN mRNA sequence (GenBank
accession no. J04806): forward, 5'-GTCTTCTGCGGCAGGCATTCTC
GG; reverse, 5'-TGAGCAGTTAGTATTCCTGCTT. The PCR product
was cloned in pSTBlue-1 vector using the Perfectly Blunt Cloning Kit
(Novagen, San Diego, CA) and were introduced in TOP10F" competent
cells (Invitrogen). Two positive colonies were sequenced. They were iden-
tical and showed an A— G substitution at position 365 compared with the
published sequence, leading to a Gly— Glu substitution at amino acid po-
sition 99. Since our sequence (GenBank accession no. AF515708) was
identical with that of several established sequence tags present in GenBank,
we cloned our OPN cDNA in the eukaryotic expression vector pBABE
Puro (34), thus generating the pBABE-OPN/Puro expression vector. MAE
cells (2.5 X 10° cells/100-mm plates) were then transfected with Lipo-
fectamine (Life Technologies) containing 10 ng of pBABE-OPN/Puro or
the empty vector. After 72 h, puromycin (4 wg/ml; Sigma-Aldrich) was
added to cell cultures. Puromycin-resistant clones were tested for OPN
expression by RT-PCR and Western blotting of the cell supernatants.

Evaluation of OPN mRNA expression in endothelial cells

Steady state levels of OPN mRNA were evaluated by Northern blotting of
poly(A)™ RNASs (5.0 ug/sample) using a murine OPN probe according to
previously described procedures (30). In some experiments OPN expres-
sion was evaluated by RT-PCR analysis. To this purpose, RNA was ex-
tracted (35), and 2.0 ng of total RNA was retrotranscribed with Ready-
To-Go You-Prime First Strand Beads (Amersham Pharmacia Biotech).
Then, 1/10th of the reaction (2.0 ul) was amplified in afina volume of 25
wl using the primers for murine OPN (forward, 5'-TGTGTCCTCTGAAG
AAAAGGATGAC; reverse, 5'-TCTGTGGCATCAGGATACTGTTCA;
product size, 350 bp) and murine GAPDH (forward, 5'-CATGGCCTTC
CGTGTTCCTAG,; reverse, 5'-TTGCTGTGAAGTCGCAGGAG; product
size, 176 bp) at a 0.4-uM final concentration in the same test tube. PCR
was performed for one cycle at 95°C (1 min) and 18 cycles at 94°C (30 9),
60°C (30 s), and 72°C (30 ). Aliquots (5 ul) were separated on a 2.0%
agarose gel and visualized by ethidium bromide staining.

Conditioned medium preparation and Western blot analysis

To assess the levels of OPN protein released by the different cell lines, cell
cultures were grown under serum-free conditions for 1-3 days. Condi-
tioned media were collected and clarified by centrifugation. Western blot
analysis was performed on 3-10 pg of total protein using polyclonal anti-
mouse OPN Abs.

Purification of murine OPN

Purification of OPN released by FGF2-T-MAE cells was performed as
previously described (36) with minor modifications. Briefly, FGF2-T-MAE
cellswere seeded in 15-cm dishes at 65,000 cells/cm?. After 24 h cellswere
washed twice with DMEM and maintained for 72 h in serum-free DMEM.
Fourteen liters of conditioned medium harvested from 800 dishes was then
precipitated with 70% ammonium sulfate. Pellet (900 mg of total protein)
was resuspended in 50 mM MES/NaOH (pH 6.5), dialyzed against 25 mM
MES/NaOH (pH 6.5), and loaded onto an SP-Sepharose column. The flow-
through was sequentially incubated with 130 mM sodium citrate and 61
mM barium chloride (15 min each). After centrifugation, the pellet was
eluted with 10 ml of 200 MM sodium citrate. Then, 2-ml aliquots (~1.0 mg
of total protein) were loaded onto a Mono-Q fast protein liquid chroma-
tography column, and OPN was eluted with a 0.1-1.0 M NaCl linear gra-
dient. Fractions were probed for OPN content by Western blotting (40
wl/fraction) and for cell-adhesive capacity (2.5 wl/fraction). Purified OPN
(100 pg/ml, corresponding to peak fractions 15-16 of the chromatographic
column shown in Fig. 2A) was ~85% pure or better, as shown by Coo-
massie blue staining of the SDS-PAGE gel (Fig. 2B). For evaluation of
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OPN phosphorylation, 500-ng aliquots of rOPN and purified OPN were im-
munoprecipitated with anti-OPN Ab and probed with anti-phosphoserine Ab
in a Western blot.

Cell adhesion assay

Aliquots (100 ul) of 100 mM NaHCOg, pH 9.6, containing 2.5 ul of the
Mono-Q FPLC column fractions were added to polystyrene nontissue cul-
ture microtiter plates. After 16 h of incubation at 4°C, wells were washed
with cold PBS and overcoated for 1 h at 37°C with 1.0 mg/ml BSA. Next,
MAE cells were seeded onto coated wells (25,000 cells/well) for 2 h at
37°C. Then wells were washed with 2 mM EDTA/PBS. Adherent cells
were fixed in 3.7% paraformaldehyde/0.1 M sucrose in PBS and stained
with methylene blue/Azur |1 (1/1, v/v). After solubilization in 10% acetic
acid (100 wl/well), plates were read with a microplate reader at 595 nm.

Chicken embryo chorioallantoic membrane assay

Gelatin sponges (Gelfoam, Upjohn, Kalamazoo, MI) cut to 1 mm® were
placed on top of the CAM of fertilized White Leghorn chicken eggs on day
8 of incubation (37). The sponges were loaded with rOPN, GST-OPN, or
GST-ARGD-OPN dissolved in 3 ul of PBS or with a 3-ul suspension of
OPN-transfected MAE cells in PBS (18,000 cells/sponge) (37). Sponges
containing vehicle alone or 1 ug of rFGF2 were used as negative and
positive controls, respectively. On day 12, blood vessels entering the
sponge within the focal plane of the CAM were counted by two observers
in a double-blind fashion at x50 magnification. Next, al CAMs were
processed for light microscopy to assess the angiogenic response by a
morphometric method of point counting (37). The microvessel density was
expressed as the percentage of the total number of intersection points oc-
cupied by blood vessels. The planimetric method was aso used for the
quantitation of the mononuclear cell infiltrate around blood vessels at the
boundary between the sponge and the surrounding CAM mesenchyme. In
some experiments CAM fragments underneath the sponges were collected
24 h after implantation and snap-frozen in liquid nitrogen. Extracted total
RNASs (2.0 ng) were retrotranscribed, and 1/10th of the reaction was an-
ayzed by PCR using the primers for chicken OPN (forward, 5'-AACAGC
CGGACTTTCCTGACAT,; reverse, 5'-CACCTCAGGGCTGTGAATCTT;
product size, 398 bp) and chicken GAPDH (forward, 5'-CTGAAGGGTGGT
GCTAAGCGT; reverse, 5'-TCATACCAGGAAACAAGCTTGACG; prod-
uct Size, 610 bp) as described above. PCR was performed for one cycle at 95°C
(2 min) and 23 cycles a 94°C (30 s), 64°C (30 s), and 72°C (45 ). Aliquots
(5 wl) were separated on a 1.4% agarose gel and were visualized by ethidium
bromide staining.

Immunohistochemistry

For OPN immunodetection in the CAM, athree-layer avidin-biotin-immu-
noperoxidase system was used (38) on deparaffinized 8-um sections incu-
bated with goat polyclona anti-OPN Ab. A preimmune rabbit serum re-
placing the primary Ab served as a negative control. For OPN
immunodetection in the FGF2/Matrigel plug (39), FGF2 (1.0 wg/ml) and
heparin (100 wg/ml) were mixed with unpolymerized liquid Matrigel at
4°C to afina volume of 400 wl, then injected s.c. into the flank of female
C57BL/6 mice, where it quickly polymerized. Matrigel with PBS alone
was used as the negative control. Gels were collected after 7 days, and
frozen 5-um sections were processed for OPN immunostaining as de-
scribed above.

Electron microscopy

CAM fragments were fixed in ovo in 3% phosphate-buffered glutaralde-
hyde, dehydrated in serial acohols, postfixed in 1% phosphate-buffered
0s0,, and embedded in Epon 812. Ultrathin sections were cut in a plane
perpendicular to the surface of the CAM and were stained with uranyl
acetate, followed by lead citrate. Finally, the sections were examined under
a Zeiss 9A electron microscope (New York, NY).

Monocyte isolation

Human monocytes were obtained from buffy coats of healthy blood donors
by density gradients on Ficoll/Percoll as previously described (40). When
indicated, cells wereincubated for 4 h in the absence or the presence of 100
nM rOPN in serum-free RPMI. Then conditioned medium was collected
and evaluated for its angiogenic activity in the gelatin sponge/CAM assay
(3.0 wl/implant). Fresh medium with or without 100 nM rOPN was used as
the negative control. In parallel, monocytes were incubated in fresh me-
dium with 100 nM rOPN. After 4 h, total RNA was extracted, and 2.0 ug
was retrotranscribed. Then, 1/10th of the reaction was analyzed by PCR
using the primers for human IL-8 (forward, 5'-CGATGTCAGTGCATA
AAGACA; reverse, 5-TGAATTCTCAGCCCTCTTCAAAAA; product
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size, 225 bp), human TNF-« (forward, 5'-GTCTCCTACCAGACCAAGG
TCAACC; reverse, 5'-CAAAGTAGACCTGCCCAGACTCG; product
size, 205 bp), and human GAPDH (forward, 5-ACGGATTTGGTCG
TATTGGG; reverse, 5'-TGATTTTGGAGGGATCTCGC; product size,
250 bp) as described above in independent test tubes. For IL-8 and
GAPDH, PCR was performed for one cycle at 95°C (1 min) and 23 cycles
at 94°C (30 ), 58°C (30 s), and 72°C (20 s). For TNF-a, PCR was per-
formed for one cycle at 95°C (1 min) and 23 cycles at 94°C (30 s), 64°C
(30 s), and 72°C (23 s). Aliquots (5 ul) were separated on a 2.0% agarose
gel and visualized by ethidium bromide staining.

Monocyte migration assay

Monocyte migration was evaluated using a chemotaxis microchamber
technique (NeuroProbe, Pleasanton, CA) using uncoated polycarbonate fil-
ters (5-um pore size; NeuroProbe) as previously described (40). Briefly,
chemotactic stimuli (either conditioned media or recombinant proteins)
were placed in the lower chamber in RPM| medium with 1.0% FCS. Cells
(75,000 cells/well) resuspended in the same medium were added in the
upper chamber. Then, the chamber was incubated at 37°C in air with 5%
CO,for 90 min. At the end of the incubation, filters were removed and
stained with Diff-Quik (Baxter, Rome, Italy). Five high power oil immer-
sion fields were counted.

Results
FGF2 overexpression up-regulates the production of
biologically active OPN in endothelial cells

The gene expression profile of growth-arrested FGF2-overexpress-
ing FGF2-T-MAE cells was compared with that of parental MAE
cells by SSH. To this purpose, both cell types were maintained
under serum-free conditions for 48 h before poly(A)™ RNA ex-
traction. Severa differentially expressed clones were found to be
up-regulated in FGF2-T-MAE cells. Partial sequencing of 11
strongly positive clones identified murine OPN as the most repre-
sentative transcript (nine clones), whereas the other two clones
were assigned to Moloney leukemia virus long terminal repeat
elements harbored by the pZipFGF2 expression vector (our un-
published observations). In agreement with the SSH data, Northern
blot analysis of poly(A)* RNAs and Western blotting of the se-
rum-free conditioned medium confirmed the dramatic increase in
the levels of OPN mRNA and protein in FGF-T-MAE cells com-
pared with parental cells (Fig. 1). Semiquantitative Western blot
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FIGURE 1. OPN up-regulation in FGF2-overexpressing endothelial
cells. Parental MAE and MBE cells and their corresponding FGF2 trans-
fectants were grown under serum-free conditions for 48 h. Then, poly(A)™
RNAs (5.0 ng/lane) were probed with a murine OPN probe in a Northern
blot (A). Uniform loading of the gel was confirmed by rehybridization of
the stripped filter with a GAPDH probe (not shown). In parallel, condi-
tioned media (10 ng) were analyzed by Western blotting using affinity-
purified polyclonal anti-mouse OPN Abs (B).
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analysis indicated that FGF2-T-MAE cells secrete ~1.0 ug
OPN/24 h/10° cells. Immunoreactive OPN appeared as a broad
band with an apparent molecular mass spanning from ~48 to 65
kDa (Fig. 1B) in al the cell lines studied, possibly due to post-
trandational modifications of the protein (including glycosylation
and phosphorylation, see below and Refs. 4—6 and 41).

FGF2-T-MAE cells were originated by in vivo selection of
FGF2-overexpressing pZipFGF2-MAE cells (29). To confirm that
the observed OPN up-regulation does not merely reflect subclonal
heterogeneity, OPN expression wasinvestigated in MAE, pZipFGF2-
MAE, and FGF2-T-MAE cdlls grown under serum-free conditions, in
two independent clones of FGF2-transfected MAE cells (pZipFGF2—
2-MAE and pZipFGF2—-3-MAE cdlls), in MAE cdlls infected with a
murine retrovirus harboring the human FGF2 cDNA ($FGF2-MAE
cells), aswell asin parental murine MBE cells and their FGF2-trans-
fected counterpart (pZipFGF2-MBE cdlls) (25, 33). Asshown in Fig.
1, FGF2 overexpression was pardleled by asignificant increasein the
levels of OPN mRNA and protein in dl transfectants.

The OPN/a, 35 integrin interaction mediates endothelial cell
adhesion (12), and OPN phosphorylation contributes to integrin bind-
ing (42). On thisbasis, OPN protein was purified from FGF2-T-MAE
cell-conditioned medium by Mono-Q FPLC chromatography (Fig. 2,
A and B). Then chromatographic fractions were tested for the capacity
to mediate the adhesion of parenta MAE cdlls to nontissue culture
plastic. OPN immunoreactivity and cell adhesive activity coeluted
from the column (Fig. 2, A and B). Neutralizing anti-murine OPN Ab
and the sdlective o, B4/, Bs integrin antagonist SCH 221153, but not
the inactive analog SCH 216687 (43), fully inhibited the cell adhesive
capacity of purified OPN (Fig. 2C). Purified OPN also cross-reacted
with anti-phosphoserine Abs (Fig. 2D).
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FIGURE 2. Purification of murine OPN. A, OPN was purified from the
serum-free conditioned medium of FGF2-T-MAE cells (see Materials and
Methods). Mono-Q FPLC fractions (@) were tested (2.5 ul/well) for the
capacity to mediate the adhesion of MAE cells to nontissue culture plastic
(O). B, Ten-microliter aliquots of fractions 14—17 were run on SDS-PAGE.
Then total proteins were highlighted by Coomassie blue staining of the gel
(a) or transferred to a nitrocellulose membrane and probed with anti-OPN
AbinaWestern blot (b). C, Polystyrene nontissue culture microtiter plates
were coated with purified OPN (fraction 15). Then, MAE cell adhesion was
evaluated in the absence of any competitor (a), 10 wg/ml of neutralizing
anti-OPN Ab (b), 30 uM of the o B4/, Bs integrin antagonist SCH 221153
(c), or of the inactive analog SCH 216687 (d). Data are the mean = SD of
three determinations (+#, p < 0.01). D, Eukaryotic-produced rOPN (b; 500
ng) and purified OPN (c) were immunoprecipitated (1PPT) with anti-OPN
Ab (a-OPN). Immunoprecipitates (b and ¢) and nonimmunoprecipitated
rOPN (a) were then probed in a Western blot (WB) with the same anti-
OPN Ab and with anti-phosphoserine Ab (a-P-ser).
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Recombinant FGF2 up-regulates OPN production in
endothelial cells

FGF2-overexpressing MAE cells release limited amounts of FGF2
(~100 pg/96 h/10° cells) that acts on the same cells via an extra-
cellular mechanism of autocrine stimulation (28). On this basis, we
evaluated the capacity of exogenous human recombinant FGF2
(rFGF2) to modulate OPN expression in MAE cells. Asillustrated
in Fig. 3A, rFGF2 increased steady state levels of OPN mRNA, as
assessed by semiquantitative RT-PCR analysis. This was followed
by a significant production of OPN protein that accumulated in the
conditioned medium 6 h after stimulation and reached a plateau at
24 h (Fig. 3B).

As shown in Fig. 3C, FGF4 was similar to FGF2 in the ability
to induce a significant increase in the levels of secreted OPN pro-
tein; PMA and EGF were less effective, whereas VEGF, 55 and
insulin were ineffective.

Next, we evaluated the effect of rFGF2 on endothelial cell OPN
production in vivo. To this purpose, rFGF2 was delivered onto the
CAM of the chick embryo via a gelatin sponge implant or was
administered s.c. in BALB/c mice viaa Matrigel plug, two exper-
imental models widely used to study the proangiogenic activity of
FGF2 (39, 44). As shown in Fig. 4B (inset), rFGF2 causes up-
regulation of OPN mRNA expression in the CAM that was par-
aleled by a significant increase in OPN immunoreactivity of the
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FIGURE 3. Recombinant FGF induces OPN up-regulation in MAE
cells. MAE cells were incubated under serum-free conditions with 100
ng/ml of rFGF2. At different time points, RNA was extracted and RT-PCR
was performed using specific murine OPN primers. Murine GAPDH prim-
ers were used for the loading controls. Data are expressed as the OPN/
GAPDH ratio of the intensity of the corresponding PCR bands (A). In
parallel, conditioned media collected at different time points from control
(—) or rFGF2-treated (+) cell cultures were analyzed by Western blotting
using affinity-purified anti-mouse OPN Abs (B). C, Cells were incubated
under serum-free conditions for 48 h with the indicated stimuli (all at 100
ng/ml). At the end of incubation, conditioned media were collected and
analyzed by Western blotting using affinity-purified polyclonal anti-mouse
OPN Abs.
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FIGURE 4. Recombinant FGF2 induces endothelial OPN up-regulation
in vivo. A-D, Gelatin sponges adsorbed with vehicle (A), 1.0 ug of rFGF2
(B and D), or 1.0 ug of VEGF,¢5 (C) were loaded onto the CAM of 8-day
embryos. CAM fragments underneath the gelatin sponges were decorated
with affinity-purified goat polyclonal anti-OPN Ab on day 12 or assessed
by RT-PCR for OPN expression on day 9. OPN immunoreactivity is evi-
dent in newly formed blood vessels (arrowheads) of rFGF2-treated CAMs
(B) and limited to the basement membrane of the chorionic epithelium and
stromain control (A) and VEGF,gs-treated (C) CAMs. No specific signal
was observed in rFGF2-treated CAMs in which the primary Ab was re-
placed by preimmune rabbit serum (D). RT-PCR for OPN expression was
performed using specific chicken OPN primers in CAMs treated with ve-
hicle (=), rFGF2 (F), or VEGF, 45 (V; inset in D). Chicken GAPDH prim-
erswere used for theloading controls. E and F, Control and FGF2/Matrigel
plugs were implanted s.c. into the flank of female C57BL/6 mice, After 7
days gels were collected and frozen, and 5-um sections were processed for
OPN immunostaining and nuclear counterstaining. Note the strong OPN
signal present in the endothelium lining the numerous blood vessels
(arrows) of FGF2/Matrigel plugs (F) that were absent in control plugs
(E). Infiltrating mononuclear cells were also evident in FGF2/Matrigel
plugs (F).

newly formed endothelium (Fig. 4B). No OPN mRNA up-regula-
tion and blood vessel OPN immunoreactivity was instead observed
in VEGF,g-treated CAMs compared with controls (Fig. 4). A
strong OPN immunoreactivity was also associated with the newly
formed blood vessels infiltrating the rFGF2/Matrigel plugs in
mice, which was rarely observed in control plugs (Fig. 4, Eand F).

Proangiogenic activity of OPN

OPN is endowed with endothelia cell adhesive capacity (see
above) and represents a chemotactic stimulus for different cell
types, including endothelia cells (45). On the other hand, OPN is
devoid of any mitogenic activity for endothelial cells (46). Indeed,
[*H]thymidine incorporation in serum-deprived MAE cells (754 +
11 cpm/well) was not affected by eukaryotic-produced murine
rOPN administered at doses ranging between 1.0 and 1,000 ng/ml
(from 550 = 155 to 844 + 80 cpm/well) compared with cells
treated with 30 ng/ml rFGF2 (4630 = 573 cpm/well). Because of
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the hypothesized direct and/or indirect involvement of OPN in
angiogenesis (see introduction), we investigated the impact of
rOPN on the devel oping endothelium of the CAM, an assay widely
used to evaluate pro- and antiangiogenic compounds (47). Macro-
scopic observation showed that rOPN induces a strong angiogenic
response in the CAM (Fig. 5C), similar to rFGF2 (Fig. 5A). No
vascular reaction was instead detectable in the embryos treated
with PBS (Fig. 5B).

Histological quantitation of microvessel density within the gel-
atin implants confirmed the proangiogenic activity of rOPN (Table
1). However, in keeping with the chemotactic activity of OPN for
mononuclear phagocytes (7), implants adsorbed with rOPN
showed a massive mononuclear cell infiltrate at histological and
ultrastructural levels (Fig. 6, A-E). Infiltrating mononuclear cells
were also observed in rFGF2-treated CAMSs, even though at a
lower number than in rOPN-treated CAMs, but wererarely seenin
control CAMs (Fig. 6 and Table I).

Compared with the application on the CAM of large amounts of
recombinant proteins in a single bolus, the use of cell implants
overexpressing the corresponding gene alows continuous delivery
of the protein when produced by a limited number of cells, thus
mimicking more closely the events that may occur in vivo (48). On
this basis, MAE cells were transfected with an expression vector
harboring the murine OPN cDNA previously cloned from the
FGF2-T-MAE poly(A)* RNA population (see Materials and
Methods). Selected MAE-OPN A4, A6, and B5 transfectants re-
leased significant amounts of OPN compared with MAE-V2 and
V13 mock cells (Fig. 7A, inset). No significant differences were
observed among the various clones and parental cellsin their rates
of growth, in agreement with the incapacity of rOPN to stimulate
the proliferation of parental MAE cells. Also, OPN overexpression
did not confer to MAE cells the capacity to grow in vivo when
injected s.c. in nude mice (our unpublished observations).

OPN transfectants exerted a strong angiogenic response when
grafted onto the CAM, similar to that exerted by rOPN (Fig. 7A).
Again, neovascularization was paralleled by a significant increase

A45

40
35

30-

blood vessels/implant

o
TN -

rOPN (ng/implant)

FIGURE 5. Recombinant OPN stimulates angiogenesis in the CAM.
Vehicle (PBS), 1 ug of rEGF2, or increasing concentrations of rOPN were
delivered onto the CAM. After 4 days, blood vessels entering the implant
were counted under a stereomicroscope. Data are the mean = SD of 10
embryos (A). Implant and surrounding CAM specimens were dissected ex
ovo and placed on a dark background. Images were then captured with a
digital camera using a sidelight. Digitized 24-bit color images were then
converted to 8-bit gray scale images, and their contrast was increased by
25% to highlight blood vessels using the Paint Shop Pro software (version
7.00; Jasco, Easton, MD). Note the highly vascularized appearance of
rOPN implant (C) compared with the control sponge (B).
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Table |. Effect of rOPN on CAM vascularization®

Mononuclear

Microvessel Density Cell Infiltrate
Intersection points Area Cells/field

Treatment (mean = SD) (% of total) (mean = SD)
PBS 0 0 10+2
rFFGF2 30x4° 20.8 =7
rOPN 24+ 6° 16.7 125+ 2P

2 Gelatin sponges adsorbed with vehicle, rFGF2, or rOPN (both at 1.0 p.g/embryo)
were implanted onto the CAM of 8-day embryos (10 animals/group). Histological
sections of the CAMs were analyzed on day 12 for evaluation of microvessel density
and of the mononuclear cell infiltrate around blood vessels at the boundary between
the sponge and the surrounding CAM mesenchyme.

Pp < 0.01 vs control (by Student's t test).

in the mononuclear cell infiltrate (Fig. 7B). No neoangiogenesis
and mononuclear cell infiltrate were observed in the CAMs grafted
with parental or mock-transfected MAE cells. Accordingly, the
conditioned medium of OPN-overexpressing clones was endowed
with a significant chemotactic activity for freshly isolated human
monocytes compared with the conditioned medium of mock-trans-
fected and parental cells (Fig. 7C).

Angiogenic activity of rOPN is independent of «, 35 integrin
interaction

Indirect experimental evidences suggest a role for OPN/«, B35 in-
tegrin interaction in angiogenesis (14, 45). To assess this hypoth-
esis we took advantage of the fact that deletion of the RGD se-
quence in OPN abolishes integrin engagement in endothelial cells
(45). Accordingly, MAE cells adhere and spread on plastic coated
with a GST-OPN chimera, but not with the GST-ARGD-OPN mu-
tant. Also, the GST-ARGD-OPN mutant does not appear to exert
a significant chemotactic activity for MAE cells (data not shown).
On this basis, the GST-ARGD-OPN mutant was compared with
GST-OPN for its angiogenic capacity in vivo. As shown Fig. 8A,
the GST-ARGD-OPN mutant retains angiogenic activity in the
CAM assay analogous to that exerted by GST-OPN and rOPN.
Again, a significant mononuclear cell infiltrate was observed in
CAMs treated with GST-ARGD-OPN or GST-OPN (Fig. 8B) that
also exerted a chemotactic activity in vitro for human monocytes
(Fig. 8C). No angiogenic and chemotactic activities were instead
exerted by control GST (our unpublished observations). Thus, en-
dothelia «, 35 integrin engagement does not appear to be respon-
sible for the angiogenic response triggered by OPN.

Recombinant OPN induces a proangiogenic phenotype in human
monocytes

Monocytes play a important role in angiogenesis (49-51). The
mononuclear cell infiltrate constantly observed in OPN-treated
CAMs may therefore be responsible, at least in part, for the neo-
vascular response triggered by this cytokine. Indeed, semiquanti-
tative RT-PCR analysis demonstrates that incubation with 100 nM
rOPN causes up-regulation of the proangiogenic cytokines TNF-«
(52) and IL-8 (53) in freshly isolated human monocytes (Fig. 9,
inset). Also, an ~2-fold increase in the levels of proangiogenic
IL-6 (54) was demonstrated by ELISA in the conditioned medium
of rOPN-treated monocytes compared with controls (our unpub-
lished observations). Thus, OPN deeply affects the angiogenic po-
tential of human monocytes. Accordingly, the conditioned medium
of rOPN-treated human monocytes induces neovascularization
when applied to the CAM (Fig. 9). No significant angiogenic re-
sponse was elicited by fresh medium added with the same dose of
rOPN, corresponding to 18 ng/embryo and therefore 5 times lower

OPN IN ANGIOGENESIS

CAMs. CAMs were treated as described in Fig. 5. Then, histological sec-
tions of gelatin sponge implants were stained with H&E. A collagenous
matrix containing numerous capillaries (arrows) and a moderate mononu-
clear cell infiltrate are present among the trabeculae of rFGF2-treated
sponges (B). No neovascularization and infiltrate are instead observed in
control sponges (A). Numerous capillaries (arrows) and an intense mono-
nuclear cell infiltrate are evident in rOPN-treated implants (C). Mononu-
clear cells frequently encircle microvessels located at the boundary be-
tween the rOPN-loaded sponges and the surrounding CAM mesenchyme
(D). E, Mononuclear cells (m) and a lymphocyte (ly) are recognizable at
ultrastructural level around a capillary () beneath the chorionic epithelium
(ch) in an rOPN-treated CAM.

than the minimal angiogenic dose (see Fig. 5A) or by the condi-
tioned medium of untreated monocytes (Fig. 9). These data point
to arole for mononuclear cell infiltrate in mediating the angiogenic
activity exerted in vivo by OPN.

Discussion

In the present paper OPN has been identified as an FGF2-up-reg-
ulated transcript by SSH performed on quiescent, serum-deprived
endothelial FGF2-T-MAE cells compared with parental cells. OPN
up-regulation was confirmed on various independent FGF2-over-
expressing clones originating from murine endothelia cells. The
increased OPN production by FGF2 transfectants is possibly due
to an extracellular mechanism of action of the released growth
factor that interacts with its tyrosine kinase receptors (25, 28). In
agreement with this hypothesis, treatment of parental MAE cells
with rFGF2 led to a significant increase in OPN production and
release, similar to that observed for FGF2 transfectants. OPN up-
regulation was a so observed in MBE cells, murine microvascular
endothelial cellsisolated from s.c. implants, and immortalized bo-
vine adrenal gland microvascular endothelial cells treated with
rFGF2 (our unpublished observations). In keeping with areceptor-
mediated mechanism of action, the tyrosine kinase FGFR inhibitor
tyrphostin 23 (55) prevented OPN induction by rFGF2 (our un-
published observations). Additional experiments are required to
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FIGURE 7. Angiogenic activity of OPN-overexpressing MAE cells. Parental, mock-transfected MAE-V2 and MAE-V 13, and OPN-transfected MAE-
OPN A4, A6, and B5 cells were grafted on the CAM via a gelatin sponge implant (18,000 cells/embryo). On day 12, blood vessels entering the sponge
were counted (A). Mononuclear cell infiltrate was assessed on histological sections of the CAMs by a planimetric method of point counting (B). One-
microgram aliquots of serum-free conditioned media of the different cell types were evaluated for their chemotactic activity on freshly isolated human
monocytes (C), whereas 10-ug aliquots were probed with anti-OPN Ab in a Western blot (inset in A).

elucidate the role of FGFR signaling in OPN up-regulation by
endogenous and exogenous FGF2.

In agreement with the in vitro findings, rFGF2 caused OPN
up-regulation in vivo in newly formed blood vessels of the chick
embryo CAM and in s.c. murine Matrigel plugs. This extends pre-
vious observations about OPN expression by endothelial cells in
different pathological conditions (16, 45, 56). Interestingly, we did
not observe OPN up-regulation in VEGF,gs-treated CAMS, in
keeping with the incapacity of this growth factor to increase OPN
production in MAE cells. At variance, VEGF has been shown to
increase OPN mRNA expression in human dermal microvascular
endothelial cells (14). Endothelial cell heterogeneity may explain
this apparent discrepancy.

Up to 28 phosphorylated residues can be present in OPN that are
differently induced by phorbol ester and cytokines. Interestingly,
phosphorylation may affect receptor binding and biological activ-
ity of OPN (see Ref. 41 and references therein). Accordingly, our
data indicate that OPN is produced in a phosphorylated, cell-ad-

hesive form by FGF2-overxpressing MAE cells. Immobilized
OPN mediates endothelial cell adhesion via o, 35 integrin engage-
ment (45) and favors endothelial cell survival (12). In contrast,
soluble OPN does not support endothelial cell survival and is un-
able to stimulate endothelia cell proliferation (46). Indeed, phos-
phorylated OPN purified from FGF2-T-MAE cell-conditioned me-
dium mediates MAE cell adhesion when immobilized to the
substratum, and rOPN does not stimulate MAE cell proliferation
when given as a soluble molecule. The lack of mitogenic activity
of OPN for endothelia cells is supported further by the lack of
effect of OPN overexpression on in vitro and in vivo growth prop-
erties of MAE transfectants.

Here we demonstrate that OPN exerts a potent angiogenic ac-
tivity in vivo despite its inability to stimulate endothelia cell pro-
liferation in vitro. Also, the capacity of GST-ARGD-OPN to elicit
a full angiogenic response indicates that endothelial o, 35 integrin
engagement and cell adhesion are not responsible for the proan-
giogenic activity of OPN. Even though we cannot rule out the
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FIGURE 8. Angiogenic activity of ARGD-OPN mutant. Gelatin sponges adsorbed with vehicle (PBS), rOPN, GST-OPN, or GST-ARGD-OPN (500
ng/implant) were implanted onto the CAM (n = 10). After 4 days, blood vessels entering the sponge were counted (A). Mononuclear cell infiltrate was
assessed on histological sections of the CAMs by a planimetric method of point counting (B). Increasing concentrations of rOPN (@), GST-OPN (O), and
GST-ARGD-OPN (A) were evaluated for their chemotactic activity on freshly isolated human monocytes (C).
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FIGURE 9. Angiogenic activity of OPN-treated human monocytes. Hu-
man monocytes (m¢) were incubated for 48 h in the absence ([J) or the
presence (M) of 100 nM rOPN in serum-free RPMI. Then conditioned
media were evaluated for their angiogenic activity in the CAM (3.0 ul/
implant). Fresh medium with or without 100 nM rOPN was used as a
negative control. #*, p < 0.01 vs control. Inset, Monocytes were incubated
for 4 h in the absence or the presence of 100 nM rOPN. Then RNA was
extracted, and RT-PCR was performed using specific human TNF-a and
IL-8 primers. Human GAPDH primers were used for the loading controls.

possibility that an integrin-independent interaction(s) with endo-
thelial cells may contribute to OPN-driven neovascularization, our
data suggest that the activity of OPN is due at least in part to an
indirect mechanism of action consequent to the recruitment of
proangiogenic monocytes. Severa experimental evidences support
this hypothesis.

OPN-induced angiogenesis was always paralleled by the recruit-
ment of a massive mononuclear cell infiltrate. Accordingly, rOPN,
GST-OPN, and GST-ARGD-OPN induced a chemotactic response
on isolated human monocytes. Also, the angiogenic response elic-
ited by OPN-overexpressing MAE cells was paralleled by a sig-
nificant mononuclear cell infiltrate, and their conditioned medium
was chemoattractant for isolated human monocytes. No neovascu-
larization and mononuclear cell infiltrate were observed in CAMs
treated with control GST or with parental or mock-transfected
MAE cells, thus confirming the specificity of the response. Our
data are in keeping with the ability of OPN to cause macrophage
recruitment at the site of injection after s.c. administration (57).
Also, the capacity of GST-ARGD-OPN to exert monocyte che-
moattraction in vitro and in vivo indicates that this occurs via an
RGD-independent mechanism of action, possibly consequent to
OPN/CD44 receptor interaction (58).

Monocyte/macrophage functions are deeply affected by OPN (5,
7). Experiments performed on OPN-null mice implicate OPN in
Th1 cell-mediated immunity during infection, autoimmune demy-
elinating disease, rheumatoid arthritis, wound healing, and bone
resorption (8—11). All these conditions are characterized by mono-
nuclear phagocyte involvement and neovascularization that is im-
paired in OPN null mice (10, 59). Monocytes express a variety of
angiogenic growth factors (49-51). Among them, TNF-a plays a
pivotal role in mediating macrophage-induced angiogenesis (52).
Here, in keeping with a putative role for recruited mononuclear
phagocytes in OPN-triggered angiogenesis, rOPN induces the ex-
pression of TNF-a as well as of the proangiogenic chemokines

OPN IN ANGIOGENESIS

IL-8 (53) and IL-6 (54) in human monocytes. Accordingly, the
conditioned medium of rOPN-treated monocytes caused a strong
angiogenic response in the CAM.

FGF2 induces neovascul arization in the CAM and in the murine
Matrigel plug assay (37, 39). In both assays endothelium of the
newly formed blood vessels cross-reacts with anti-OPN Abs. Also,
amononuclear cell infiltrate is present in the mesoderm of FGF2-
treated CAMs compared with controls. The presence of this infil-
trate, even though less massive than in OPN-treated CAMs, sug-
gests that the recruitment of proangiogenic monocytes may
contribute at least in part to the angiogenic activity of FGF2. This
hypothesis is supported by the presence of a mononuclear cell
infiltrate also in neovascularized FGF2/Matrigel plugs (see Fig. 4).
In keeping with these observations, Abs to either IL-1 or TNF-«
can blunt the angiogenic response to FGF2 (49).

In conclusion, our data demonstrate that FGF2 causes OPN up-
regulation in endothelial cells in vitro and in vivo. This results in
the recruitment of proangiogenic monocytes. OPN up-regulation
thus may represent a mechanism of amplification of growth factor-
induced neovascularization in different physiopathological condi-
tions, including inflammation, wound healing, and tumor growth.
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