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SUMMARY: Because of its central role in pathological angiogenesis, vascular endothelial growth factor (VEGF) has become a
major target for anti-angiogenic therapies. We report here the construction of a heterodimeric antagonistic VEGF variant
(HD-VEGF). In this antagonist, binding domains for the VEGF-receptors KDR/Flk-1 and Flt-1 are present at one pole of the dimer,
whereas the other pole carries domain swap mutations, which prevent binding to either receptor. As HD-VEGF can only bind to
monomeric receptors, it does not lead to signal transduction. Moreover, it antagonizes VEGF and possibly other members of the
VEGF family, which are KDR/Flk-1 and Flt-1 ligands. We show here that HD-VEGF is a potent inhibitor of VEGF-mediated
proliferation and tissue factor induction in endothelial cell cultures, requiring only a 20-fold and a 4-fold excess, respectively, to
block the activity of wtVEGF completely. A 4-fold excess of HD-VEGF over wtVEGF was also sufficient to abrogate vascular
permeability as determined in the Miles assay in vivo. Furthermore, HD-VEGF inhibited fetal bone angiogenesis in an ex vivo
assay. Thus, HD-VEGF blocks KDR- and Flt-1-mediated VEGF activities that are crucial in the angiogenic process and is therefore
a promising, multipotent compound in the treatment of angiogenesis-related diseases. (Lab Invest 2002, 82:473–481).

A ngiogenesis, the sprouting of new blood vessels
from pre-existing ones, is involved in many patho-

physiological conditions like wound healing, rheuma-
toid arthritis, diabetic retinopathy, and psoriasis (Folk-
man and Klagsbrun, 1987a; Hanahan and Folkman,
1996). The pivotal role of angiogenesis in tumor biol-
ogy is widely recognized. Tumors depend on a vas-
cular bed not only for supply of oxygen and nutrients,
but also for the capacity to metastasize (Folkman and
Klagsbrun, 1987b). Microvessel density correlates
with poor prognosis in a number of solid tumor types
(Takahashi et al, 1995; Viglietto et al, 1995) and,
conversely, inhibition of angiogenesis in various ani-
mal tumor models leads to inhibition of tumor growth
or even regression of tumors (Asano et al, 1995;
Benjamin and Keshet, 1997; Borgström et al, 1996;
Cheng et al, 1996; Kim et al, 1993; Leenders, 1998;
Millauer et al, 1996). Because angiogenesis in the
normal adult is restricted to the menstrual cycle,
anti-angiogenic therapy can be considered as tumor-
specific, with few, if any, possible side effects at
distant sites in the body.
Vascular endothelial growth factor-A (VEGF-A) can

stimulate a number of biological responses in endo-

thelial cells such as proliferation, migration, vascular
permeability (VP), and production of proteases and
their receptors, creating the prime conditions under
which angiogenesis can occur (Claffey et al, 1995;
Pötgens et al, 1994). VEGF activities are mediated by
two tyrosine-kinase receptors, Flt-1 and KDR/Flk-1,
whereas neuropilin has been identified as an isoform-
specific co-receptor (Neufeld et al, 1999; Soker et al,
1996). The roles of KDR/Flk-1 and Flt-1 in mediating
the cellular responses to VEGF have not yet fully been
elucidated. Knocking out either KDR/Flk-1 or Flt-1
leads to embryonic lethality although the underlying
defects are different (Fong et al, 1995; Shalaby et al,
1995). In pathological angiogenesis, blocking KDR/
Flk-1 by a dominant-negative strategy or by anti-KDR
antibodies is effective in abrogating angiogenesis in
tumor xenograft models (Millauer et al, 1996; Witte et
al, 1998). The role of Flt-1 in pathological angiogenesis
is less clear. Flt-1 phosphorylation in adult endothelial
cells is difficult to demonstrate. However, ribozymes
that target Flt-1 are effective in halting angiogenesis
(Weng and Usman, 2001), and overexpression of
placenta growth factor (PlGF), a Flt-1 selective ligand,
leads to marked tumor progression (Hiratsuka et al,
2001). In vitro, Flt-1 induces tissue factor expression
and migration in endothelial cells (Clauss et al, 1996;
Park et al, 1994; Shibuya, 2001) and monocytes
(Barleon et al, 1996). An additional important role for
Flt-1 in cancer is shown by the recent finding that via
this receptor VEGF suppresses maturation of, and
antigen presentation by, dendritic cells (DCs) thus
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leading to an impaired anti-tumor response by these
cells (Gabrilovitch et al, 1998; Oyama et al, 1998).
Blockade of Flt-1 might, therefore, result in attenua-
tion of VEGF-induced immune suppression and a
possible relief of immune escape by the tumor. Taken
together, blockade of both VEGF receptors simulta-
neously is likely to be important when attempting to
block angiogenesis.

VEGF is a member of a superfamily of homodimeric
growth factors, encompassing platelet-derived growth
factor (PDGF)-A and B, PlGF, VEGF-B, VEGF-C,
VEGF-D, and VEGF-E (Achen et al, 1998; Andersson
et al, 1995; Joukov et al, 1996; Meyer et al, 1999;
Neufeld et al, 1999; Olofsson et al, 1996; Park et al,
1994). These factors share a common motif, the
cystine knot, which consists of eight spatially con-
served cysteines that are involved in intra- and inter-
molecular disulphide bonds. Two cysteines, the sec-
ond and fourth in the knot, interact intermolecularly,
leading to the antiparallel conformation of the dimer
(Andersson et al, 1992; Pötgens et al, 1994). In PDGF,
three exposed domains, loops 1 to 3, are involved in
receptor binding (Andersson et al, 1992; Andersson et
al, 1995). Alanine-scanning mutagenesis in the corre-
sponding domains in VEGF revealed that charged
amino acid residues in two exposed domains of VEGF,
in analogy to the PDGF situation called loop 2 and
loop 3, are involved in binding to Flt-1 and KDR/Flk-1,
respectively (Fuh et al, 1998; Keyt et al, 1996).

In the present work, we have exchanged loop 1,
loop 2, and loop 3 of VEGF with the corresponding
domains of PDGF-B. We show that homodimers of the
loop 1-mutated molecule have wild-type affinity for the
Flt-1 receptor but more than 100-fold reduced affinity
for the KDR/Flk-1 receptor. Conversely, homodimers
of the loop 2 mutated molecule had near wild-type
affinity for KDR/Flk-1 but no affinity for Flt-1. Using
this information, a heterodimeric VEGF variant (HD-
VEGF) was generated that has retained at one pole the
ability to bind both VEGF receptors KDR/Flk-1 and
Flt-1 but lost the ability to bind these receptors at the
other pole of the dimer (Fig. 1A). This protein potently
antagonizes the effect of wtVEGF in proliferation as-
says, tissue factor induction assay, the Miles VP
assay, and in an ex vivo fetal bone vascular outgrowth
assay.

Results

Design and Construction of the Heterodimeric
VEGF-Mutant

The structural homology between PDGF and VEGF
predicts that the exposed loops 1, 2, and 3 may be
swapped between these proteins without affecting
folding. Indeed, VEGF homodimers in which loop 1,
loop 2, or loop 3 had been replaced by the corre-
sponding loops of PDGF-B could be readily prepared
in the baculovirus expression system (not shown).
VEGF-L1 (in which loop 1 of VEGF had been substi-
tuted by loop 1 of PDGF-B) did not bind to predimer-
ized KDR (as a KDR-Fc fusion protein consisting of the

extracellular domain of KDR fused to the Fc region of
human IgG), although it did bind efficiently to Flt-1-Fc
(Fig. 2A). This result was confirmed in receptor com-
petition assays: VEGF-L1 competed for 125I-VEGF
binding to Flt-1-expressing fibroblasts as efficiently as
wtVEGF (Fig. 2C), whereas, based on the ED50 values,
it had more than 50-fold reduced affinity for the
KDR/Flk-1 receptor (Fig. 2B). Conversely, swapping
loop 2 led to a 100 to 300-fold decrease of Flt-1 affinity
(Fig. 2C), whereas this mutation had only a minor
effect on KDR/Flk-1 binding in competition assays
(Fig. 2B). Despite the affinity-decrease of VEGF-L2 for
Flt-1 on 3T3 cells, we still found binding of VEGF-L2 to
predimerized Flt-1-Fc (Fig. 2A) indicating the presence
of a strong cooperativity in this interaction. Substitu-
tion of loop 3 in VEGF led to a 6 to 10-fold reduction
of affinity for KDR/Flk-1 in competition studies,
whereas affinity for the Flt-1 receptor was not affected
(not shown). As VEGF-L1 had lost affinity for KDR/
Flk-1, and VEGF-L2 had lost affinity for Flt-1, a VEGF-
L1/VEGF-L2 heterodimer would have one mutant
pole, which cannot bind to either KDR/Flk-1 or Flt-1,
and one wild-type pole, with wild-type affinity for both
receptors (see Fig. 1A). To construct this heterodimer,
the L1 mutation was combined with a C4S mutation in
one subunit, whereas the L2 mutation was combined
with a C2S mutation in the other subunit. These C to S
mutations block homodimerization of the subunits but
allow heterodimer formation when expressed by the
same cell (Pötgens et al, 1994; see also Fig. 1A). As
expected, SF9 insect cells secreted VEGF-C2SL2 and

Figure 1.
A, Model of antagonism of a heterodimeric antagonistic VEGF variant (HD-
VEGF). Normally, wtVEGF dimerizes KDR receptors via binding domains
involving loop 1 (L1) on opposite sides of the symmetrical dimer, whereas
loop 2 (L2) is involved in binding Flt-1 receptors. HD-VEGF can bind
monomeric receptors only and thus will not give rise to receptor (homo- or
hetero-) dimerization and subsequent activation but will compete with wtVEGF
for receptor binding. B, Amino acid sequences of the mutated regions.
Underlined, italic sequences represent the receptor binding loops 1 and 2 from
platelet-derived growth factor (PDGF)-B. Shown are amino acids 28 to 74
(numbering is according to the mature protein).
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VEGF-C4SL1 as monomers, whereas co-production of
these HD-VEGF-constituents led to secretion of het-
erodimers (Fig. 3).

Analysis of Activity of VEGF Mutants

HD-VEGF and the homodimeric mutant constituent
proteins were tested for their capacity to induce
proliferation. VEGF-L1 and HD-VEGF were not able to
induce proliferation in HUVEC, unlike VEGF-L2 (Fig.
4A). To test whether HD-VEGF could inhibit wtVEGF,
we incubated HUVE cells with 10 ng/ml wtVEGF and
increasing concentrations of HD-VEGF. A 20-fold ex-
cess of HD-VEGF over wtVEGF completely inhibited
proliferation whereas addition of the composing sub-
units VEGF-C2SL2 or VEGF-C4SL1 alone had little or
no effect (Fig. 4B).

We then tested these mutants for their ability to
induce tissue factor (TF), as measured by the proco-
agulant assay. Also in this assay, VEGF-L1 and HD-
VEGF were unable to induce TF while VEGF-L2
showed a little activity at higher concentrations (data
not shown). To test whether HD-VEGF also inhibited
wtVEGF-induced TF up-regulation, we activated
HUVECs with 10 ng/ml wtVEGF in the presence of
increasing concentrations of HD-VEGF. A 4-fold ex-
cess of HD-VEGF was already sufficient to block the
activity of wtVEGF completely in this assay. This
inhibition was specific for HD-VEGF, because VEGF-
C1S, an inactive control protein, had no such effect
(Fig. 5).

One of the properties that distinguishes VEGF from
other angiogenic factors such as basic fibroblast
growth factor (bFGF), is its ability to induce vascular
permeability (VP). We tested the activities of the dif-
ferent mutant proteins in the Miles VP assay. The
VEGF-L1 homodimer showed no activity, whereas,
although at higher concentrations than wtVEGF,
VEGF-L2 was slightly active. Again, HD-VEGF was
inactive (Fig. 6A). HD-VEGF inhibition of wtVEGF-
induced VP is shown in Figure 6B. Injection of a 4-fold
excess HD-VEGF over wtVEGF reproducibly led to a
complete abrogation of extravasation of Evan’s Blue.
This inhibitory effect was again specific for HD-VEGF,

Figure 2.
Receptor binding of mutants of vascular endothelial growth factor (VEGF),
containing domain swap mutations of loop 1 or loop 2. A, Binding of VEGF
(mutants) to predimerized receptors as described in the text. Fifty or 250 ng of
VEGF (mutant) was allowed to bind to immobilized KDR-Fc or Flt-1-Fc.
Nonbound (nb) and bound (b) proteins were subjected to electrophoresis
through 12% SDS-PAGE gels, blotted onto Hybond and immunostained with
an anti-VEGF antibody. It is important to note that nonbound represents only
10% of the total unbound protein, due to gel loading limitations, leading to an
underestimation of the true quantities. B and C, Competition by wtVEGF
(—�—), VEGF-L1 (—�—), and VEGF-L2 (—E—) of radiolabeled VEGF for
binding to 3T3 cells stably expressing KDR (B) or Flt-1 (C). Procedures are
described in the text.

Figure 3.
Western blots of reducing (upper part) and nonreducing 12% PAGE gels
containing recombinant baculovirus-derived VEGF mutants. All proteins mi-
grate at ~23 kDa on reducing gels (arrow). The doublet appearance is due to
partial glycosylation (data not shown). Note that the subunits of HD-VEGF
(VEGF-C2SL2 and VEGF-C4SL1) migrate as ~23 kDa monomers on nonreduc-
ing gels, whereas co-production of these subunits by SF9 cells leads to the 45
kDa dimer, indicating efficient heterodimerization of the subunit components.
In the control lane, heparin-purified proteins from media, conditioned on
mock-infected cells, were loaded.
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because a number of other VEGF-mutants, as well
as a mixture of its monomeric subunits
([C2SL2]�[C4SL1]), did not inhibit wtVEGF activity
(Fig. 6B).

Finally, to test whether HD-VEGF was able to inhibit
angiogenesis, we used an ex vivo fetal bone angio-
genesis assay that has previously been shown to
depend largely on endogenously produced VEGF
(Deckers et al, 2000). When fetal metatarsals are
explanted, platelet-endothelial cell adhesion molecule
(PECAM)-1 positive cells are located in the perichon-

drium, the layer of cells surrounding the metatarsal.
Upon culture, these endothelial cells form PECAM-1
positive tube-like structures, a process which can be
stimulated by VEGF and inhibited by neutralizing anti-
VEGF antibodies (Deckers et al, 2000). HD-VEGF
significantly inhibited the formation of the tube-like
structures in a dose dependent manner, as demon-
strated by PECAM-1 staining (Fig. 7).

Discussion

In PDGF, three receptor-binding domains designated
loop 1, 2, and 3 are present (Andersson et al, 1995).
We argued that the resemblance in tertiary structure
between PDGF and VEGF could be taken further to
predict the receptor binding determinants in VEGF,
which led to the loop swapping experiments de-
scribed here. Loop 1 is then defined as ranging from
Phe36 to Ile46, loop 2 as ranging from Asp63 to Pro70,
and loop 3 as ranging from Lys84 to His90 (numbering
according to the mature VEGF sequence, Muller et al,
1997). The involvement of loops 2 and 3 in receptor
binding were confirmed by alanine-scanning experi-
ments (Keyt et al, 1996). These led to the identification
of a positively charged surface in loop 3, which is
essential for binding to KDR/Flk-1 and a negatively
charged surface in loop 2, which is responsible for
binding to Flt-1 and, to a lesser extent, to KDR/Flk-1
(Fuh et al, 1998; Keyt et al, 1996). In agreement with
this latter finding, our VEGF-L2 had an only 3-fold
reduced affinity for KDR/Flk-1.

Figure 4.
A, Induction of proliferation of HUVEC by VEGF and VEGF mutants. Experi-
mental procedures are explained in the text. Note that homodimeric VEGF-L2
(—‚—) displays an activity similar to that of wtVEGF (—�—), whereas
homodimeric VEGF-L1 (—�—) and HD-VEGF (—�—) do not display
detectable activity. B, Specific inhibition of wtVEGF induced HUVEC prolifera-
tion by HD-VEGF. HUVE cells were incubated with increasing amounts of
HD-VEGF (—�—), VEGF-C4SL1 (—�—), VEGF-L2 (—E—), or VEGF-C2SL2
(—‚—) before activation with 10 ng wtVEGF. Elevated proliferation of cells in
response to VEGF-L2 is caused by the proliferation-inducing capacity of this
mutant (see also 4A). Values on the Y-axis represent absorption, measured
after immunodetection of incorporated BrdU.

Figure 5.
Specific inhibition of wtVEGF-induced tissue factor (TF) expression by HD-
VEGF. HUVE cells were incubated with 20 ng/ml VEGF and increasing
concentrations of HD-VEGF (—�—) or VEGF-C1S as a control protein
(—�—). TF-expression was measured in a blood coagulation assay as
described in the text. Note that VEGF-C1S had no effect on wtVEGF-induced
tissue factor expression, whereas only a 4-fold excess of VEGF-C2SL2/C4SL1
sufficed to block TF expression almost completely.
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Previous reports suggesting an involvement of loop
1 in receptor binding are confined to the identification
of an interaction between Ile46 and KDR/Flk-1 (Fuh et
al, 1998), whereas other mutations in this region had

no effect or even led to increased affinity for KDR/
Flk-1 (Keyt et al, 1996).

To dissect the contributions of loops 1 to 3 to
VEGF-receptor binding further, we have substituted
these domains with the corresponding loops from
PDGF-B, alone or in combination with a mutation of
one of the cysteines involved in dimerization. Domain
swapping of loop 1 with the corresponding domain of
PDGF-B led to a complete loss of activity in prolifer-
ation assays, procoagulant assays, and in the Miles
VP assay. Because VEGF-L1 selectively bound Flt-1
and not KDR, this demonstrates that KDR/Flk-1 and
not Flt-1 regulates these activities, at least in HUVEC.
This is further supported by our observation that also
the VEGF-L3 mutant, in which only KDR/Flk-1 binding
is compromised, was unable to up-regulate TF ex-
pression and had severely reduced Miles activity (data
not shown; and Fig. 6A). The KDR/Flk-1-dependence
of TF expression is in agreement with a previous
report on VEGF-E, which is a selective ligand for
KDR/Flk-1 and induces TF expression to a similar
extent as wtVEGF (Meyer et al, 1999).

Although the affinity of VEGF-L2 for KDR/Flk-1 was
decreased only three fold, this mutant displayed di-
minished activity in the TF assay. Still it had wild-type
activity in the proliferation assay as shown in Figure 4.
However, we noted that the proliferative activity of
VEGF-L2 on HUVEC depended strongly on the batch
of HUVEC used, being lower than wild-type VEGF in
other batches. It is possible that different receptor
expression profiles are responsible for this observa-
tion. Higher KDR/Flk-1 expression levels might then
compensate for the somewhat lower affinity of
VEGF-L2 for KDR/Flk-1 in proliferation assays but not
in TF assays.

The affinity of the VEGF-L2 mutant for the KDR/
Flk-1 receptor was only slightly decreased, whereas
affinity for the Flt-1 receptor was reduced more than
100-fold. We combined the receptor-selective mu-
tants VEGF-loop 1 and VEGF-loop 2 in a heterodimer,
HD-VEGF, with one intact receptor-binding interface
and one interface that was predicted to bind neither
KDR/Flk-1 nor Flt-1, thus leading to the broadly an-
tagonistic VEGF variant that is displayed in Figure 1A.
Indeed, HD-VEGF inhibited wtVEGF-induced effects
in all assays tested. When this work was in progress,
Siemeister et al (1998) reported on a heterodimeric
VEGF-loop2/loop3 mutant. This heterodimer inhibited
VEGF-induced KDR/Flk-1 phosphorylation and endo-
thelial cell proliferation with lower antagonist activity
compared to our mutant, because 100-fold excess
was needed to completely block proliferation,
whereas ours needed only 20-fold excess. This differ-
ence in potency might be because of the use of a loop
3 swap instead of a loop 1 swap, because in our hands
VEGF-L3 had only a slightly decreased affinity for
KDR/Flk-1 and showed significant residual activity in
the Miles assay. In a recent paper, a similar VEGF-L3
mutant was created (Stacker et al, 1999). In this
mutant, the loop 3 domain was swapped with the
corresponding domain of PlGF. Interestingly, this mu-
tant showed loss of KDR binding and did not induce

Figure 6.
Vascular permeability (VP) induction in the Miles assay and its specific
inhibition by HD-VEGF. The assay was performed as described in the text.
Shown is a representative example of three assays. A, VP-inducing activity of
25 ng of the indicated proteins. L1 � VEGF-L1, L2 � VEGF-L2, L3 � VEGF-L3,
control � DMEM/BSA. Note the complete absence of activity of VEGF-L1,
whereas VEGF-L2 showed reduced activity in this assay. The activity of
VEGF-L3 at higher concentrations is not shown in this picture. B, Inhibition of
wtVEGF-induced VP by VEGF mutants. Guinea pigs were injected intracutane-
ously with 25 ng or 100 ng of the indicated proteins before injection of 25 ng
wtVEGF at the exact spots of the primary injections. L1 � VEGF-L1, L2 �
VEGF-L2, [C2SL2]�[C4SL1] represents a 1:1 combination of the monomeric
subunits; 100 ng of HD-VEGF, but not of the other (combination of) mutants,
inhibited VEGF-induced VP completely. Preinjection of BSA represents a
negative vehicle control.

Figure 7.
Effect of HD-VEGF on endothelial sprouting. Fetal mouse metatarsals were
cultured in the presence of indicated concentrations of HD-VEGF for 14 days.
Shown is a platelet-endothelial cell adhesion molecule (PECAM)-1 staining of
metatarsals, cultured under the conditions as described in the text. Note the
strong reduction in vascular outgrowth by HD-VEGF.
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proliferation but retained a wild-type capacity to in-
duce VP in the Miles assay. Although this result
conflicts with other reports on VP regulation, it indi-
cates that the role of the different receptors in VEGF
signaling is not yet fully understood. Nevertheless,
because VEGF-L1 is inactive in VP assays, a VEGF
antagonist mutation of loop 1 is to be preferred above
mutation of loop 3.

Neuropilin-I is a co-receptor for the larger VEGF
isoforms (Soker et al, 1996). The domain in VEGF that
is responsible for neuropilin binding was identified as
the basic domain encoded by the exon 7. This gives
neuropilin specificity toward the larger VEGF splice
variants. Although we have not determined affinities
for neuropilin, all our mutants are based on VEGF165
and are thus predicted to have an affinity for neuropi-
lin, similar to that of wtVEGF. Apparently, binding to
neuropilin by our mutants can not compensate for the
loss of KDR/Flk-1 or Flt-1 binding.

In a recent paper (Dias et al, 2000), it was shown
that certain leukemic cell lines and primary leukemias
express VEGF as well as KDR/Flk-1 and Flt-1. Inter-
estingly, an anti-KDR monoclonal antibody inhibits
VEGF-induced proliferation of these cells, suggesting
the existence of an autocrine loop involving the VEGF-
VEGFR system. VEGF-induced MMP-9 expression
and cell migration could only partially be inhibited by
this antibody, whereas an anti-Flt-1 antibody had an
additive adverse effect on these activities. It is tempt-
ing to speculate that HD-VEGF, neutralizing both KDR
and Flt-1 receptors, might not only be an anti-
angiogenic compound, but might also inhibit directly
the growth of tumors in which autocrine loops of
VEGF-VEGFRs play a role. A potential additional ad-
vantage of HD-VEGF is that it might relieve the Flt-1-
mediated immunosuppressive effect of VEGF (ie, inhi-
bition of tumor-antigen presentation by dendritic
cells), resulting in improved anti-tumor immune re-
sponse. We are currently testing these hypotheses.

In recently published work, a novel KDR-selective
VEGF mutant (VEGF-kdrsel) was created that had
wild-type affinity for KDR/Flk-1 (Gille et al, 2001; Li et
al, 2000), unlike our VEGF-L2 mutant of which the
affinity was reduced 3 to 4 times. It will be worthwhile
to investigate whether substitution of our VEGF-
C2SL2 subunit by a VEGF-C2Skdrsel subunit in HD-
VEGF leads to higher KDR/Flk-1 affinity and thus
increased antagonistic potential.

In conclusion, we have created a heterodimeric
VEGF variant with one wild-type and one mutated
receptor binding interface. This molecule acts as a
potent antagonist for both the two VEGF receptors
KDR/Flk-1 and Flt-1. Therefore, it should not only
inhibit the activities of VEGF, but also the activities of
other KDR/Flk-1 or Flt-1 ligands such as PlGF,
VEGF-B, C, D, and E. HD-VEGF inhibits wild-type
VEGF-activities in a number of in vitro and in vivo
assays. Obviously, therapeutic application of such a
molecule will require technical solutions to serious
potential pitfalls, such as immunogenicity and biologic
half-life. We have currently accomplished in vivo ex-
pression of HD-VEGF in animals via a gene-

therapeutic approach. Studies to test its efficacy as a
therapeutic anti-angiogenic agent, not only in tumor
treatment but also in other angiogenesis-dependent
disorders like rheumatoid arthritis and diabetic reti-
nopathy, are underway.

Materials and Methods

Construction of Recombinant Baculoviruses

All enzymes for DNA manipulations and culture media
for growth of insect cells were purchased from Life
Technologies (Breda, The Netherlands) unless otherwise
stated. The isolation and cloning in pBluescript of the
coding region of VEGF165 cDNA has been described
previously (Pötgens et al, 1994). Using the helper phage
M13K07, single stranded template DNA for mutagenesis
was prepared according to standard protocols. Mu-
tagenesis was performed using the Amersham Sculptor
Kit (Amersham, Buckinghamshire, England). Oligonucle-
otides to introduce the C2S and C4S mutations were
described previously (Pötgens et al, 1994). The VEGF-
C1S mutant was created by mutagenesis using oligonu-
cleotide 5'-cgcagctactcccatccaatc-3'. The loop 1 do-
main was substituted for the corresponding loop of
PDGF-B in two sequential steps with the 45-mer B1
(5'-accctggtggacatctcccggcgcctcatagatgagatcgagtac-
3') and the 45-mer B2 (5'-cggcgcctcatagatcgcacc-
aacgccaacttcaagccatcctgt-3'), using the B1 mutant as a
template. This procedure resulted in plasmid pBS-
VEGF-L1. The loop 2 mutation was introduced using the
51-mer 5'-gggggctgctgcaataaccgcaacgtgcagtg-
ccgccccactgaggagtcc-3', resulting in pBS-VEGF-L2.
When required, C2S and C4S mutations were combined
with the L1 or L2 mutations to yield clones pBS-VEGF-
C2SL2 or pBS-VEGF-C4SL1. Inserts were cloned as
SalI-XbaI fragments in SalI-XbaI-cut vector pFastBacI
(Invitrogen, Carlsbad, California). Recombination of
transfer vector and baculovirus genome via directed
transposition was allowed to take place in the E.coli
strain DH10-BAC. Positive clones, identified by blue-
white screening, were used for isolation of recombinant
baculoviral DNA, which was subsequently transfected
into SF9 insect cells using Insecticin reagent (InVitrogen).
After 5 days, conditioned media were assayed for VEGF
(mutant) content by western blotting, using a rabbit
anti-VEGF antibody. Viral stocks were generated by
infecting SF9 cells at a multiplicity of infection (MOI) of
0.1 and collecting conditioned media 5 days later. To
confirm the presence of the desired mutations, DNA was
isolated from virus stocks and PCR-sequenced using
the Amersham cycle sequencing kit (Amersham). Figure
1B shows the amino acid sequences of the mutated
regions.

Production and Purification of Mutant VEGF

SF9 cells were seeded at a density of 105 cells/cm2 in
Grace Insect medium, supplemented with 10% fetal
bovine serum and penicillin/streptomycin. Cells were
infected with recombinant viruses with an MOI of 1.
For production of HD-VEGF, SF9 cells were co-
infected with VEGF-C2SL2 and VEGF-C4SL1 baculo-

Leenders et al

478 Laboratory Investigation • April 2002 • Volume 82 • Number 4



viruses, both at an MOI of 5. After 3 days, medium was
collected and mixed with 50 �l of heparin-Sepharose
slurry/ml (Pharmacia, Uppsala, Sweden). VEGF or its
mutants were allowed to bind for 2 hours at 4° C. After
washing with PBS, bound proteins were eluted using
PBS/1.5 M NaCl and stored at �80° C. Protein con-
centrations were measured in a VEGF ELISA (Santa
Cruz Biochemicals, Santa Cruz, California). Because
mutant VEGFs were not efficiently recognized in this
ELISA, concentrations of these were measured by
western blotting using a known amount of wtVEGF165

as a reference and a rabbit polyclonal anti-VEGF
antiserum.

Receptor Binding Assays

Direct binding of VEGF or mutants thereof to pre-
dimerized Flt-1 or KDR was determined by using the
extracellular domains of the respective receptors,
fused to the Fc region of human IgG1 (KDR-Fc and
Flt-1-Fc). Baculoviruses encoding these fusion pro-
teins were a kind gift from Dr. Martiny-Baron, Freiburg,
Germany. KDR-Fc or Flt-1-Fc was immobilized on
protA-Sepharose (Pharmacia) by incubating 15 ml
conditioned SF9-medium, containing approximately 2
�g/ml KDR-Fc or Flt-1-Fc with 0.2 ml protA-
Sepharose slurry for 3 hours at 4° C. Beads were
washed twice in PBS and VEGF or mutants were
allowed to bind to the immobilized receptors overnight
at 4° C in binding buffer (0.1% BSA in serum free
DMEM). Beads were pelleted and washed three times
in PBS. Supernatants and beads (nonbound and
bound fractions, respectively) were subjected to elec-
trophoresis through 12% SDS-PAGE gels. After west-
ern blotting, VEGF (mutants) were detected using a
polyclonal rabbit antiserum (Pötgens et al, 1994).

Alternatively, VEGF (mutants) were tested for their
capacity to compete with wtVEGF for binding to
cellular receptors as described previously (Clauss et
al, 1996). Briefly, monolayers of 3T3-fibroblasts, stably
transfected with either full length Flk-1 or Flt-1 cDNA,
were incubated with 2 ng 125I-VEGF and increasing
amounts of VEGF or VEGF mutants. After binding for 3
hours at 4° C, cells were washed three times with
PBS/0.1% gelatin, detached with trypsin/EDTA
(Gibco, Breda, The Netherlands) and the resulting cell
suspension was counted in a gamma counter (Cobra;
Canberra Packard, Frankfurt, Germany).

Procoagulant Assay

Expression of TF by HUVECs in response to VEGF
treatment was measured in the procoagulant assay as
described previously (Pötgens et al, 1994). In short,
HUVECs were incubated in six well dishes (Costar,
Acton, Massachusetts) for 5 hours with the agent of
study in PMB medium (EMEM, containing 15% new-
born calf serum, 50 �g/ml polymyxin B, 2 mM

L-glutamine, and 40 �g/ml gentamycin). Endothelial
cells were collected, washed, and suspended in 100
�l Veronal buffer (7 mM Veronal, 4 mM Na-acetate, 130
mM NaCl, pH 7.4). After mixing cells with 100 �l 20 mM

CaCl2 and 100 �l pooled normal human plasma at
37° C, the time needed for fibrin clot formation was
recorded. Experiments were always performed in
duplicate.

Proliferation Assay

The proliferative response of HUVE cells toward VEGF
or its mutants was measured using a BrdU incorpora-
tion kit according to the manufacturer’s directions
(Boehringer Roche, Mannheim, Germany). HUVE cells
were plated at a density of 5000 cells/well in flat
bottom 96-well dishes in EMEM containing 10%
pooled human serum and 20% new born calf serum
(NCS; Life Technologies). The next day, medium was
replaced by 100 �l EMEM containing 0.5% NCS and
factors to be tested. After 1 day of incubation, BrdU
was added and cells were cultured further for 1 day.
Subsequently, the cells were fixed and incorporated
BrdU was quantified by immunodetection according
to the manufacturer’s protocol.

Miles VP Assay

Anesthetized Hartley guinea pigs were shaved and
injected intramuscularly with 0.2 ml of Phenergan
(2.5% promethazine; Aventis, Strasbourg, France) to
reduce mast-cell induced background VP. After 10
minutes, the animals were injected intracardially with 2
ml of a 0.5% Evans Blue solution in 0.9% NaCl. After
a further 10 minutes, 25 ng VEGF (mutants) was
injected intracutaneously in the flank in a volume of 50
�l DMEM containing 1% BSA. Inhibition of wtVEGF-
induced VP was measured by intracutaneous injection
of 25 or 100 ng of VEGF mutants, or BSA as a negative
control, before injecting 25 ng wtVEGF in the same
spots. After extravasation of the Evans Blue dye
(10–20 minutes) the animal was photographed. Exper-
iments were performed in triplicate.

Metatarsal Angiogenesis Assay

Fetuses were removed from 17-day pregnant Swiss
3T3 mice and metatarsals were aseptically dissected
(Deckers et al, 2000). The metatarsals (six for each
experimental condition) were cultured in 24 wells
plates (Greiner, Longwood, Florida) in 150 �l �-MEM
supplemented with 10% heat inactivated FCS (Integro
B.V., Zaandam, The Netherlands) and penicillin/strep-
tomycin (Gibco). After 72 hours, medium was replaced
by 250 �l fresh medium with or without test com-
pounds. Metatarsals were cultured for a further 14
days with one change of medium after 7 days. Then,
cultures were fixed in Zinc-Macrodex formalin (ZnMF)
fixative (0.1 M Tris acetate [pH 4.5], 0.5% ZnCl2, 0.5%
ZnAcetate, 5% dextran and 10% formalin) for 15
minutes at room temperature and subsequently im-
munostained for PECAM-1 (Deckers et al, 2000). Anti-
PECAM-1 was a kind gift of Dr. P. Leenen (Erasmus
University, Rotterdam, Netherlands).
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