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Vascular endothelial growth factor (VEGF) binding to
the kinase domain receptor (KDR/FLK1 or VEGFR-2)
mediates vascularization and tumor-induced angio-
genesis. Since there is evidence that KDR plays an
important role in tumor angiogenesis, we sought to
identify peptides able to block the VEGF–KDR inter-
action. A phage epitope library was screened by affinity
for membrane-expressed KDR or for an anti-VEGF
neutralizing monoclonal antibody. Both strategies led
to the isolation of peptides binding KDR specifically,
but those isolated by KDR binding tended to display
lower reactivities. Of the synthetic peptides correspond-
ing to selected clones tested to determine their inhibi-
tory activity, ATWLPPR completely abolished VEGF
binding to cell-displayed KDR. In vitro, this effect led
to the inhibition of the VEGF-mediated proliferation
of human vascular endothelial cells, in a dose-depend-
ent and endothelial cell type-specific manner. Moreover,
in vivo, ATWLPPR totally abolished VEGF-induced
angiogenesis in a rabbit corneal model. Taken together,
these data demonstrate that ATWLPPR is an effective
antagonist of VEGF binding, and suggest that this
peptide may be a potent inhibitor of tumor angiogenesis
and metastasis.
Keywords: angiogenesis/antagonist peptides/KDR/phage-
display/vascular endothelial cell growth factor

Introduction

Angiogenesis, the formation of blood vessels by sprouting
from pre-existing ones, is essential for the growth of
solid tumors beyond 2–3 mm in diameter and for tumor
metastasis (Folkman, 1995a,b; reviewed in Bouck et al.,
1996). The generation of new capillaries involves a
multistep process, which includes dissolution of the mem-
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brane of the originating vessel, endothelial cell migration
and proliferation, and formation of a new vascular tube
(Cliff, 1963; Schoefl, 1963; Ausprunck and Folkman,
1977). Suppression of any one of these steps would inhibit
the formation of new vessels and therefore affect tumor
growth and generation of metastases. Indeed, it has been
estimated that the elimination of a single endothelial cell
could inhibit the growth of 100 tumor cells (Thorpe and
Burrows, 1995). Moreover, endothelial cells are genetically
stable and therefore unlikely to mutate into drug-resistant
variants (Young, 1989; Kerbel, 1991; Boehm et al., 1997).
Since they line the inside of blood vessels, they are easily
accessible to circulating drugs. This feature suggests that
anti-angiogenic therapies targeting endothelial cells may
provide a promising mechanism for cancer treatment.

So far, several angiogenic factors have been identified
(reviewed in Folkman, 1995a; Hanahan and Folkman,
1996), including the particularly potent vascular
endothelial growth factor (VEGF), also known as VPF
or vasculotropin (reviewed in Ferrara, 1993; Ferrara and
Davis-Smyth, 1997). Unlike other angiogenic factors,
VEGF acts as an endothelial cell-specific mitogen during
angiogenesis (Terman et al., 1992; Ferrara, 1993). Anti-
bodies raised against VEGF have been shown to suppress
tumor growth in vivo (Kim et al., 1993), indicating that
VEGF antagonists could have therapeutic applications as
inhibitors of tumor-induced angiogenesis.

VEGF was purified initially from the conditioned media
of folliculostellate cells and from a variety of tumor cell
lines (Ferrara and Henzel, 1989; Plouët et al., 1989;
Myoken et al., 1991). It is a member of the cystine-knot
family of growth factors, which also includes platelet-
derived growth factor (PDGF). Recently, a number of
VEGF structural homologs have been identified: VEGF-B,
VEGF-C, VEGF-D and placenta growth factor (PlGF)
(Klagsbrun and D’Amore, 1996; reviewed in Ferrara,
1999). The human gene encoding VEGF is organized
into eight exons, separated by seven introns. Alternative
splicing of mRNAs for the VEGF gene results in the
generation of five different molecular species, having 121,
145, 165, 189 or 206 amino acid residues in the mature
monomer (Houck et al., 1991; Tisher et al., 1991). Only
VEGF165, which lacks the residues encoded by exon 6, is
the mature and active form of VEGF. It binds to heparin
and cell surface heparan sulfate proteoglycans, and can
be expressed as a free or a cell membrane-bound form
(Houck et al., 1992). Two tyrosine kinase receptors have
been identified for which VEGF acts as a high affinity
ligand: an fms-like tyrosine kinase-1 (Flt-1 orVEGFR-1)
and a kinase domain receptor (KDR/Flk-1 or VEGFR-2)
(Matthews et al., 1991; Terman et al., 1991; De Vries
et al., 1992; Millauer et al., 1993). Although Flt-1 binds
VEGF with 50-fold higher affinity than KDR (De Vries
et al., 1992), most of the VEGF angiogenic properties
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Fig. 1. CHO-KDR cells express a functional KDR. (A) Scatchard
analysis of VEGF binding. The ratio of bound to free VEGF
molecules (B/F) was plotted against bound VEGF concentration.
(B) Effect of heparin. VEGF binding to CHO-KDR cells was
measured in the presence of various amounts of heparin. (C) Effect of
PlGF. VEGF (100 ng/ml) binding to CHO-KDR cells was tested in the
absence (white bars) or presence (gray bars) of heparin (1.8 µm/ml),
and compared with PlGF (50 ng/ml) or PBS (control). Data
correspond to the mean and standard deviations of triplicate samples.
All binding experiments were performed twice and gave similar
results.

(mitogenicity, chemotaxis and induction of morphological
changes) are mediated by interaction with KDR
(Waltenberger et al., 1994). Therefore, the interaction
between VEGF and KDR is the most appropriate to
interrupt in order to inhibit angiogenesis.

The screening of phage-displayed libraries is a powerful
technique for identifying peptides mimicking protein sur-
faces (Smith, 1985; Hoess, 1993; Felici et al., 1995).
Since each peptide is physically linked to a genetic
particle, clones specifically binding a target molecule can
be selected by consecutive cycles of in vitro ‘biopanning’
and in vivo ‘amplification’. New agonists and antagonists
for cell membrane receptors have been identified success-
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fully using this process (Cwirla et al., 1990; Cortese et al.,
1996), for example, RGD-containing peptides that bind
either the GPIIb/IIIa receptor on platelets (O’Neil et al.,
1992) or the α5β1 integrin (Koivunen et al., 1993).
The selected peptides were able to antagonize integrin-
mediated cell adhesion.

In this study, we have attempted to identify peptides
blocking the binding of VEGF to KDR. A random peptide
library displayed on filamentous phages (Cortese et al.,
1996) was screened using two parallel strategies. In
the first, the peptide repertoire was screened with cells
expressing recombinant KDR (Plouët et al., 1997), and in
the second with a monoclonal antibody raised against
VEGF. Since this antibody blocked VEGF-dependent
endothelial cell proliferation, we postulated that its antigen-
binding site mimics all or part of the VEGF interaction
surface with KDR. Both strategies led to the isolation of
peptides that compete with VEGF binding to KDR,
including a peptide, ATWLPPR, which specifically inhib-
ited human endothelial cell proliferation in vitro. Moreover,
it totally abolished VEGF-induced angiogenesis in vivo.
ATWLPPR, as a specific antagonist of VEGF–KDR inter-
action, may represent an effective anti-tumor agent.

Results

CHO-KDR cells express a VEGF-binding KDR

In order to find peptides binding KDR, we first looked
for a receptor that we could use to perform panning
techniques. Chinese hamster ovary (CHO) cells expressing
a recombinant KDR at their membrane surface were tested
for their ability to bind VEGF in a variety of conditions.
Figure 1A shows that the dissociation constant of VEGF
on CHO-KDR cells was 334 pM. Heparin was able to
increase the binding of VEGF to CHO-KDR cells, the
optimal concentration being 1.8 µg/ml (Figure 1B), and
PlGF did not modify VEGF binding to CHO-KDR cells
(Figure 1C). Taken together, all these data suggested that
the KDR expressed by recombinant CHO cells exhibited
the same characteristics as the endothelial receptor for
binding to VEGF.

Identification of peptides binding specifically to

KDR

Since this receptor was able to bind VEGF, we tried to
find peptides able to mimic this interaction and that bind
KDR in the same conditions. A random 7mer library
composed of 2 � 109 independent clones was screened
by binding to CHO-KDR cells. At the end of the selection,
24 clones were isolated and analyzed. DNA sequencing
showed that seven independent peptides had been selected
(K1–K7), with no sequence homology (Table I).

The binding of each selected clone to KDR was tested
by enzyme-linked immunosorbent assay (ELISA) on
CHO-KDR cells. All the clones gave an ELISA signal
significantly higher than that of the control bacteriophage
(Figure 2A). However, ELISA signals were detectable
only for phage concentrations �1013/ml, suggesting that
the selected peptides could bind KDR specifically, but
with low affinity.
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Fig. 2. Selected phage-displayed peptides bind to KDR specifically in
ELISA. Clones selected by KDR binding (1013 p.f.u./ml) (A) or by
anti-VEGF antibody binding (1012 p.f.u./ml) (B) were compared with
M13 phage particles (control). Results are representative of three
independent assays.

Table I. DNA sequence of the peptides selected by binding to
CHO-KDR cells or to the anti-VEGF antibody

Selection on CHO-KDR cells Selection on anti-VEGF antibody

K1 YLTMPTP V1 ATWLPPR
K2 WPTPPYA V2 NPRALNY
K3 TPHNTVS V3 ANLFKAK
K4 SLPAHAR V4 YHSSFQA
K5 HSSLQTP V5 ILDNYKL
K6 YSIPKSS V6 LPPNPTK
K7 ALQPRYL V7 YAIMPLV

An anti-VEGF antibody blocking VEGF–KDR

interaction

In order to find peptides binding KDR with a higher
affinity, we decided to screen the peptide library using
an alternative strategy. Peptides mimicking the antigen-
binding site of many monoclonal antibodies have been
isolated successfully from phage-displayed libraries
(reviewed in Felici et al., 1995). Screening our repertoire
with an anti-VEGF antibody neutralizing its biological
activity on endothelial cells would allow us to identify
peptides mimicking the KDR-binding site on VEGF, and
therefore able to block the VEGF–KDR interaction. We
first checked if the human anti-VEGF antibody V-4758
could inhibit the proliferation of endothelial cells. Calf
pulmonary aortic endothelial (CPAE) cells were used as
model cells for VEGF-dependent proliferation. As shown
in Figure 3, the anti-VEGF antibody exerted a dose-
dependent inhibitory activity on the proliferation of these
cells, and a complete abolition of cell division was
achieved in the presence of 30 µg/ml antibody. At the
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Fig. 3. The anti-VEGF antibody blocks CPAE cell growth. CPAE
cell growth was measured in cultures supplemented with various
concentrations of anti-VEGF antibody and compared with untreated
cultures. Data represent means and standard deviations of proliferation
inhibition for triplicate samples and are representative of two
independent experiments.

same concentration, this antibody had no inhibitory effect
on the growth of NIH 3T3 fibroblast cells (not shown).
These results confirmed that the anti-VEGF antibody could
block VEGF–KDR interaction by binding VEGF at the
KDR-binding site.

Identification of peptides specifically binding the

anti-VEGF antibody

The peptide library was then screened by binding to the
anti-VEGF antibody. At the end of the selection, 24 clones
were isolated and analyzed. DNA sequencing showed that
seven independent peptides had been selected (V1–V7)
with no consensus motifs, although an LPP motif was
found in two of them (V1 and V6) (Table I).

When tested for binding to KDR by ELISA on
CHO-KDR cells, all the selected clones gave strong
ELISA signals, confirming that they were able to bind the
cell receptor (Figure 2B). Furthermore, they showed higher
reactivity than the peptides selected by KDR binding,
using phage concentrations 10 times lower. This suggests
that they had a higher affinity for the receptor. Interestingly,
the best reactivities were observed for V1 and V6.

DNA sequence analysis of the selected clones

highlights a common LPP/A motif

In order to identify the residues responsible for this
increased affinity for KDR, a multiple alignment analysis
on all selected sequences was performed. Table II shows
that three consensus groups, corresponding to the under-
lined residues, could be identified. Group A was composed
of four clones and was characterized by the motif
YX(I/T) (M/P)P, the tyrosine residue always occurring in
the first position. Two peptides of this group, K1 and V7,
shared a strong sequence homology, with three identical
residues that are particularly hydrophobic. Group B was
characterized by a longer motif, HSSLQPRXL. Interest-
ingly, two pairs of two clones obtained from different
selection strategies showed significant homologies: K5
and V4 containing HSSXQ, and K7 and V2 with the
PRXL motif. A shorter consensus LP(A/P) was found in
group C. Interestingly, this group contained the two clones
with the LPP motif, extended with the K4 clone that has
a similar motif LPA. The peptide sequences were also
compared with the primary sequence of VEGF (Table II).
Alignment of the individual selected clones or of the
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Table II. DNA sequence analysis of the selected clones

Multiple alignment of the selected clones
(A) (B) (C)

K1 YLTMPTP K5 HSSLQTP V1 ATWLPPR
V7 YAIMPLV V4 YHSSFQA K4 SLPAHAR
K6 YSIPKSS K7 ALQPRYL V6 LPPNPTK
K2 WPTPPYA V2 NPRALNY

Alignment with the VEGF primary sequence

10 20 30 40 50 60

APMAEGGGQNHHEVVKFMDVYQRSYCHPIETLVDIFQEYPDEIEYIFKPSCVPLMRCGGC

70 80 90 100 110

CNDEGLECVPTEESNITMQIMRIKPHQGQHIGEMSFLQHNKCECRPKKDR

consensus motifs with VEGF did not produce any signifi-
cant homology, suggesting that the selected peptides
mimicked a discontinuous binding site.

V1 inhibits the binding of VEGF to KDR

Since the selected peptides were all able to bind KDR,
we examined whether they were able to block VEGF
interaction with the receptor. Synthetic peptides based on
the amino acid sequence of the selected clones were
synthesized. They were then tested in competition with
VEGF for binding to CHO-KDR cells, using a fixed
peptide concentration (2.1 � 10–4 M). Two peptides only,
V1 and to a lesser extent K4, showed an inhibitory effect
on VEGF binding to KDR at this concentration (Figure 4).
Figure 5 compares the dose-dependent inhibition of VEGF
binding to CHO-KDR cells by VEGF itself (A) or by V1
(B). V1 could nearly block VEGF binding at a 320 µM
concentration, its IC50 being estimated at 8 � 10–5 M. On
the contrary, V5 tested in the same conditions did not
modify VEGF binding. The other peptides binding to the
anti-VEGF antibody did not show any inhibitory effect
of VEGF binding to KDR at this concentration (data
not shown).

V1 specifically inhibits the proliferation of vascular

endothelial cells

Since the selected peptides could block VEGF binding to
KDR, and since endothelial cell proliferation is dependent
on VEGF, we tested whether they could inhibit prolifer-
ation of endothelial cells in vitro. CPAE cell cultures
supplemented with 2.1 � 10–4 M synthetic peptides were
compared with untreated cultures for cell growth
(Figure 6). After 24 h of incubation, CPAE cell prolifer-
ation in the presence of V1 was reduced by 60%. Surpris-
ingly, the V6 peptide, which had no effect on VEGF
binding to KDR, showed a similar effect. The other
peptides also had an inhibitory effect on cell division, but
exhibited lower reactivity (~15%). For all peptides, the
inhibitory effects on cell proliferation could be maintained
at similar levels in 48 and 72 h cultures by daily
supplementation of the peptides (data not shown).

The ability of V1 to block VEGF-induced proliferation
of human endothelial cells was also examined. As shown
in Figure 7A, V1 suppressed the mitogenic activity of
VEGF in a dose-dependent manner, whereas V5 had no
inhibitory effect. To check the specificity of the interaction
between V1 and KDR, the same experiment was repeated
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Fig. 4. Synthetic peptides compete with VEGF for KDR binding.
Peptides selected by KDR binding (A) or by anti-VEGF binding (B)
were tested in competition with VEGF for binding to CHO-KDR cells
at the concentration of 2.1 � 10–4 M and in the presence of heparin
(1.8 µg/ml). Data represent the means and standard deviations of
triplicate samples. Similar results were obtained in three independent
experiments.

using KDR anti-idiotypic antibodies (AIAs). AIAs were
generated and found to be selective agonists for KDR,
since they promoted endothelial cell proliferation in vitro
(data not shown). Figure 7B shows that unlike V5,
V1 could suppress the AIA-dependent cell proliferation,
indicating that the V1 effect was mediated by a direct
interaction with KDR.

To see if this effect was specific for endothelial cells,
we tested the effect of V1 on NIH 3T3 fibroblast growth.
V1 peptide did not modify the proliferation of these cells,
confirming that it blocks VEGF-dependent cell growth
only (Figure 8).

V1 inhibits corneal angiogenesis in vivo

A rabbit corneal pocket assay was used to determine
whether V1 could inhibit angiogenesis in vivo. The neo-
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Fig. 5. V1 can abolish VEGF binding to KDR. Various concentrations
of VEGF (A) or of V1 peptide (B) were tested in competition with
radioactively labeled VEGF for binding to CHO-KDR cells. As an
uninhibitory control, V5 was tested in the same conditions. Data
represent the mean and standard deviations of triplicate samples.
Similar results were obtained in two different experiments.

Fig. 6. V1 inhibits CPAE cell proliferation. CPAE cell growth was
measured after 24 h of incubation in the presence of synthetic peptides
selected by antibody binding (A) or by KDR binding (B) and
compared with untreated cultures. Data represent means and standard
deviations of proliferation inhibition for triplicate samples and are
representative of three independent experiments.

vascularization in corneal implants containing VEGF in
the presence or absence of peptides was measured
(Figure 9A and B). When compared with the vehicle
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Fig. 7. V1 inhibits the proliferation of human endothelial cells
induced by VEGF or by AIA in a dose-dependent manner. HUAE
cell cultures were grown in the presence of VEGF (A) or anti-
idiotypic antibodies (B), and were supplemented daily with various
concentrations of V1 or V5. Cells were counted after 5 days. Data are
means of proliferation inhibition percentages for triplicate samples.

Fig. 8. V1 acts specifically on endothelial cells. CPAE and NIH 3T3
fibroblasts were cultured with or without V1 peptide, and the changes
in cell proliferation were measured after 24 h. Data represent the
means and standard deviations of proliferation inhibition percentages
for triplicate samples, and similar results were obtained in two
independent experiments.

alone, V1 and V5 did not improve the generation of new
blood vessels. VEGF induced a significant angiogenic
response, which was not modified by the addition of V5.
This stimulatory effect was totally abolished by V1,
demonstrating that V1 could inhibit VEGF-induced
corneal angiogenesis.

Discussion

Previous studies have demonstrated that anti-angiogenic
therapy is a promising approach for the treatment of
cancer (Folkman, 1995a,b). Solid tumor growth and tumor
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Fig. 9. V1 inhibits corneal angiogenesis in vivo. The neovascu-
larization in implants containing V1, V5 or PBS (vehicle), in the
presence or absence of VEGF was assessed 12 days after insertion in
rabbit corneal pockets. (A) A representative photograph of each
implant group. (B) Angiogenic score means and standard errors
measured for eight implant groups.

metastasis are dependent on tumor vascularization.
Moreover, clinical studies of patients with a variety of
solid tumors have shown a direct correlation between
the density of tumour vessels and an adverse prognosis
(Weidner et al., 1991; Albo et al., 1994). VEGF and its
signal transducing tyrosine kinase receptor VEGFR-2
(KDR/flk-1) are major mediators of tumor-induced angiog-
enesis (Terman et al., 1992; Ferrara, 1993). Also, VEGF
is different from other growth factors because it acts as
an endothelial cell-specific mitogen during angiogenesis
(Leung et al., 1989; Plouët et al., 1989; Ferrara, 1993).
Previous studies have shown that blocking the VEGF–
VEGF receptor pathway using antibodies results in murine
and human tumor regression (Kim et al., 1993; Cheng
et al., 1996). We report here the identification of peptides
antagonistic for VEGF by use of a phage-displayed
peptide library.

There are only limited examples of the direct screening
of peptide libraries with a cellular receptor, the main
difficulty being the removal of clones binding non-specific
determinants. To select peptides binding cell-displayed
uPAR (urokinase plasminogen activator receptor),
Goodson et al. (1994) performed multiple rounds of
biopanning using either recombinant Sf9 insect cells or
COS-7 cells. In this study, we performed two rounds of
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negative selection against non-recombinant cells at the
end of the selection process. This resulted in an efficient
removal of non-specific clones since all the isolated phage
clones could bind KDR specifically on ELISA.

Another possible approach is to screen peptide libraries
using antibodies blocking the interaction between receptor
and ligand. This assumes that the antibody-binding site on
the ligand contains residues interacting with the receptor.
Using anti-basic fibroblast factor (bFGF) antibodies
blocking the binding to its receptor, Yayon et al. (1993)
successfully isolated peptides able to inhibit bFGF-induced
proliferation of vascular endothelial cells. However, the
use of bFGF as a therapeutic target is limited by the fact
that it acts on a broad spectrum of cell types and that the
in vivo expression of its receptor by endothelial cells is
controversial. In contrast, VEGF is a secreted endothelial
cell-specific mitogen whose receptors are expressed almost
exclusively on vascular endothelial cells and is therefore
of greater therapeutic interest (Millauer et al., 1993; Peters
et al., 1993). To isolate VEGF antagonists, we used a
7mer random peptide library displayed on bacteriophage
M13 and performed two selections, one based on binding
to KDR and the other on binding to an anti-VEGF blocking
antibody. This allowed us to compare the sequences
selected by the two strategies, and to identify residues
responsible for the antagonist activity.

Library screening for binding to KDR was performed
on CHO cells expressing a recombinant receptor at the
membrane surface, and we demonstrated that this molecule
could bind VEGF similarly to the natural receptor. Indeed,
the affinity of the recombinant receptor was comparable
to the constant measured on endothelial cells (Terman
et al., 1992; Klasgsbrun and D’Amore, 1996). Also,
heparin was able to increase VEGF binding to CHO-KDR
cells. This phenomenon was bimodal, lower heparin con-
centrations improving the binding of VEGF and higher
concentrations having an inhibitory effect, and reproduces
the effect of heparin on VEGF binding to natural KDR
(Gitay-Goren et al., 1992, 1993). In accordance with
previous work, PlGF did not modify VEGF binding to
KDR-expressing cells (Terman et al., 1994). The reactivity
of the peptides selected for KDR binding was relatively
low, and only one of them could compete with VEGF for
KDR binding at concentrations in the 10–4 M range.
Furthermore, none were potent at suppressing the growth
of endothelial cells in vitro, suggesting that the selected
peptides bound KDR in regions distant from the VEGF-
binding site and therefore interfered poorly with the
VEGF–KDR interaction.

Library screening for antibody binding was an indirect
way to isolate peptides antagonistic for VEGF–KDR
interactions, but nevertheless led to the identification of
the most potent peptide. The V1 peptide (ATWLPPR)
showed the highest reactivity in ELISA and the highest
inhibitory effect on endothelial cell growth. Importantly,
V1 inhibited VEGF-induced proliferation of human endo-
thelial cells without influencing the growth of non-endo-
thelial cells, and was able to inhibit VEGF-induced
angiogenesis in vivo in a rabbit corneal model. This
suggests that the effect of V1 was mediated by the direct
binding to KDR. Recently, Soker et al. (1998) have
identified a new receptor for VEGF that is expressed by
endothelial and tumor cells. This receptor is identical to
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human NRP-1, a receptor for the collapsin/semaphorin
family that mediates neuronal cell guidance. When co-
expressed in cells with KDR, NRP-1 enhanced the binding
of VEGF to KDR. Conversely, inhibition of VEGF binding
to NRP-1 inhibited its binding to KDR and its subsequent
mitogenic activity on endothelial cells. In fact, NRP-1
might be acting as a co-receptor that enhances the VEGF-
induced activities mediated by KDR. To see whether V1
reacts specifically with KDR, we tested the binding of V1
to KDR in competition with KDR AIAs. We found that
V1 was able to block the proliferation of endothelial cells
induced by these antibodies, showing that its inhibitory
effect was due to a specific interaction with KDR.

Interestingly, V6, which shared the LPP motif in com-
mon with V1, significantly inhibited the proliferation of
endothelial cells but did not affect the binding of VEGF
to KDR. In contrast, the K4 peptide contained an LPA
motif and could partially inhibit VEGF binding to KDR,
but had a minor effect on endothelial growth. This suggests
that the presence of an alanine residue instead of a proline
may account for its lack of reactivity, and that the LPP
motif is essential for peptide antagonist activity.

Alignment of the individual selected clones with the
primary sequence of the VEGF did not produce any
homology. In particular, no LPP motif could be found.
This suggests that the KDR-binding site on VEGF is
discontinuous and that the selected peptides may contain
residues distant in the VEGF primary sequence, but in
close proximity in the folded molecule. This is in accord-
ance with the crystal structure of VEGF that has been
resolved recently (Muller et al., 1997a). Mutational
analysis revealed that two spots of residues involved in
KDR binding are located at each pole of the VEGF
monomer, which may constitue a functional binding site
in the dimer (Muller et al., 1997b). We are currently
investigating whether residues corresponding to the
selected motifs are accessible at the surface of the VEGF
dimer and in close proximity in the folded molecule.

Angiogenesis is involved in a variety of human diseases.
The VEGF–KDR interaction has been shown to play a
role in cancer, but also in diabetic retinopathy (Pierce et al.,
1995), psoriasis (Detmar et al., 1994), hemangioblastoma
(Wizigmann-Voos et al., 1995) and Kaposi’s sarcomas in
AIDS patients (Albini et al., 1996). Thus, identification
of VEGF antagonists may have potential applications in
the treatment of a variety of human diseases. Moreover,
for therapeutic use, small molecules are preferred since
their reduced size makes them more amenable to trans-
lation into organic molecules. Peptides provide leading
molecules for the design of inexpensive drugs that can be
administered orally.

Our results demonstrate that the ATWLPPR peptide is
an effective antagonist of VEGF and an inhibitor of
angiogenesis. This peptide could be a potent inhibitor of
tumor angiogenesis, and could be of a more general
interest in diseases in which angiogenesis is involved. In
this context, in vivo anti-tumor chemotherapy assays using
this peptide must be investigated.

Materials and methods

Cell lines
KDR-expressing cells (CHO-KDR) were obtained by transfecting
glycosaminoglycan-deficient pgsA 745 CHO cells (Esko, 1991) with the
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psV-7d expression vector (Plouët et al., 1997). CHO cells and the
CHO-KDR cell line were grown routinely in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal calf serum
(FCS), 50 U/ml penicillin, 50 µg/ml streptomycin and 2 mM L-glutamine.
CPAE cells were kindly provided by Dr Binétruy (CNRS UPR 9079,
Villejuif, France) and grown in minimum Eagle’s medium (MEM)
supplemented with 20% (v/v) FCS, 50 U/ml penicillin, 50 µg/ml
streptomycin and 2 mM L-glutamine. Human umbilical artery endothelial
(HUAE) cells were grown routinely on gelatinized dishes in EGM
supplemented with antibiotics and 15% (v/v) FCS. Stock HUAE cultures
were maintained by addition of 1 ng/ml VEGF every other day. The
NIH 3T3 fibroblast cell line was grown routinely in MEM supplemented
with antibiotics and 10% (v/v) FCS.

Library screening with anti-VEGF antibody
Biopanning was adapted from the Ph.D.-7 kit standard procedure (New
England Biolabs, Beverly, MA). Anti-human VEGF monoclonal antibody
(V-4758; Sigma, St Louis, MO) was used to coat microtiter plates at
10 µg/ml. Three rounds of selection were performed with non-specific
elution of bound phages in pH 2.2 acidic buffer. To analyze the selected
clones, overnight cultures of Escherichia coli (strain ER2537) were
diluted 1:100, infected with single clones, grown for 5 h with shaking
at 37°C, and the culture supernatant containing phage particles was
harvested. This phage stock was used to perform ELISA binding assays
and to determine the peptide-encoding sequence as described in the
Ph.D.-7 kit guidelines.

Library screening with CHO-KDR cells
The selection procedure was adapted from Watters et al. (1997). Four
rounds of biopanning were performed by incubating 1011 phage par-
ticles with 2 � 106 CHO-KDR cells. The last amplified eluate was then
absorbed twice on 2 � 106 non-recombinant CHO cells to enrich for
phage clones specifically binding KDR.

DNA and amino acid sequence analysis
Peptide sequences were analyzed with the GCG software package
(Wisconsin). A multiple sequence alignment performed by ‘Pileup’
analysis was used to determine the groups of related peptides. ‘Gap’
analysis was used to find an optimal alignment between the consensus
motifs and the VEGF primary sequence.

ELISA of the phage-displayed peptide binding to
CHO-KDR cells
Exponentially growing CHO-KDR cells were seeded in 96-well microtiter
plates at 7 � 104 cells/well and left overnight at 37°C. Cells were fixed
with paraformaldehyde [4% in phosphate-buffered saline (PBS)] for
15 min at room temperature and washed with PBS. Wells were then
filled with PBS–glycine 0.2%, kept for 15 min at room temperature and
then washed with PBS. Phage particles (1012 or 1013/ml) were added to
each well and incubated for 2 h at room temperature. Wells were washed
with PBS and the amount of bound phage was detected with peroxidase-
conjugated anti-M13 phage serum (Pharmacia Biotech, Uppsala,
Sweden).

Competition assay of binding to CHO-KDR cells
CHO-KDR cells were seeded in 24-well plates at a density of 5 � 105

cells/well. After 24 h, subconfluent plates were transferred to 4°C, and
all subsequent operations were performed at 4°C. Cells were washed twice
with PBS and incubated with [125I]VEGF (30 000 c.p.m.; Amersham,
Buckinghamshire, UK) in binding buffer (DMEM supplemented with
20 mM HEPES pH 7.4 and 2 mg/ml gelatin). Various concentrations of
unlabeled human recombinant VEGF (Pharmingen, San Diego, CA),
heparin (Sigma, St Louis, MO), PlGF (R&D Systems, Minneapolis,
MN) or peptides (Neosystem, Strasbourg, France) were added in a final
volume of 0.3 ml. After 3 h, cells were washed five times with binding
buffer and solubilized by the addition of 0.5 M NaOH. The amount of
radioactivity bound to the cells was counted in a gamma counter
(LKB 1261 Multigamma). The receptor affinity and the number of binding
sites per cell were determined by Scatchard’s analysis (Scatchard, 1986).

Cell proliferation assay
To test the anti-VEGF antibody neutralizing effect, CPAE cells were
plated into 96-well tissue culture plates at a density of 500 cells/well.
After 24 h, various concentrations of anti-VEGF antibody were added.
The cells were cultured for an additional day and cell proliferation was
measured using the cell proliferation ELISA kit from Boerhinger
(Indianapolis, IN). Cells were incubated with bromodeoxyuridine (BrdU)
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for 4 h at 37°C, and the incorporation of BrdU into newly synthesized
DNA was quantified by immunoassay as described by the manufacturer.
To investigate the peptide effect, after 24 h of CPAE cell growth,
2.1 � 10–4 M synthetic peptides were added daily to the culture medium.
Cell proliferation was assessed after 24, 48 or 72 h as described above.
HUAE cells were seeded at 5000 cells/well in 12-well plates in medium
containing 2 ng/ml VEGF or 100 ng/ml immunopurified KDR anti-
idiotypic antibodies (Ortega et al., 1997), and supplemented daily with
various concentrations of V1 or V5 peptide. Cells were trypsinized and
counted after 5 days using a Coulter counter.

Rabbit corneal pocket assay
Slow releasing implants of hydrogel (2 � 1 mm) were rehydrated with
2 µl of PBS containing 25 µg of bovine serum albumin and 2 pmol of
VEGF in the presence or absence of 30 nmol of peptide. These implants
were inserted in New Zealand rabbit (Elevage du Trottis, Esperce,
France) corneal stroma 2 mm away from the limbus (Favard et al.,
1991). Neovascularization was assessed on day 12 by direct examination
with a slit lamp and scored according to a four-grade scale (grade 1,
�1 mm long neovessels; grade 2, 1 mm long neovessels; grade 3,
1–2 mm long neovessels; grade 4, neovessels extending to the implant).
Means and standard deviations were determined on eight implant groups
for each condition.
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