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INTRODUCTION

THE PROLIFERATION of vascular endothelial cells is a require-
ment for organ development and differentiation during
embryogenesis and for tissue repair and reproductive func-
tions in the adult [1]. Angiogenesis is also implicated in the
pathogenesis of a variety of disorders including proliferative
retinopathies, age-related macular degeneration, tumours
and rheumatoid arthritis [1, 2]. In proliferative retinopathies
and age-related macular degeneration, the new blood vessels
may cause retinal detachment or irreversible damage to the
macula, following cycles of leakage, bleeding and clot organ-
isation [2]. Conversely, tumour-associated neovascularisa-
tion, by establishing continuity with the systemic
circulation, allows the tumour cells to express their critical
growth advantage and also facilitates metastatic spread [1].
A correlation has been observed between the density of
microvessels in primary breast carcinoma sections and nodal
metastases and survival [3, 4]. Similarly, a correlation has
been reported between vascularity and invasive behaviour in
several other tumours [5-7]. These findings led several in-
vestigators to conclude that the number of vessels in tumour
sections is an independent predictor of outcome in a variety
of solid tumours [3-7].

The search for potential regulators of angiogenesis has
yielded numerous candidates: acidic-fibroblast growth factor
(aFGF), bFGF (basic FGF), transforming growth factor-
alpha (TGF-ao), TGF-, hepatocyte growth factor, tumour
necrosis factor-alpha (TNF-a), prostaglandin E (PGE,),
angiogenin, interleukin-8 (IL-8) etc. [1]. Although these
molecules are able to promote angiogenesis in certain model
systems, until now it has been difficult to establish a re-
lationship between this activity and the regulation of blood
vessel growth.

In 1983, Senger and associates described the partial puri-
fication of a protein able to induce vascular leakage in gui-
nea pig skin [8]. This protein was named vascular
permeability factor (VPF) and was proposed to be a specific
regulator of the hyperpermeability of tumour blood vessels
[8, 9]. In 1989, Ferrara and Henzel [10] and Ploiiet and as-
sociates [11] independently reported the purification (to
homogeneity) and sequencing of an endothelial cell-specific
mitogen, which they called, respectively, vascular endo-
thelial growth factor (VEGF) and vasculotropin. The sub-
sequent molecular cloning of VEGF and VPF [12-14]
unexpectedly revealed that the activities of VEGF and VPF

are embodied by the same molecule. The finding that
VEGF was potent, diffusible and specific for vascular endo-
thelial cells led to the hypothesis that this molecule might
play a unique role in the regulation of physiological and
pathological growth of blood vessels [10, 12].

Work done by a number of laboratories all over the world
over the last few years has elucidated the role played by
VEGF in the regulation of angiogenesis [15]. The recent
finding that the loss of even a single VEGF allele results in
defective vascularisation and embryonic lethality points to a
fundamental role played by this factor in the development
of the vascular system [16, 17]. Also, VEGF has been
shown to be a key mediator of neovascularisation associated
with tumours and intra-ocular disorders [18, 19].
Furthermore, VEGF-induced angiogenesis resulted in a
therapeutic effect in animal models of coronary [20] or limb
[21] ischaemia and, most recently, in human patients
affected by critical leg ischaemia [22].

BIOLOGICAL ACTIVITIES OF VEGF

VEGF is a potent mitogen (EDsy 2—-10 pM) for micro-
and macrovascular endothelial cells derived from arteries,
veins and lymphatics, but it is devoid of consistent and ap-
preciable mitogenic activity for other cell types [10, 11, 23].
Consequently, VEGF is regarded as an endothelial cell-
specific mitogen. These in vitro findings have been corrobo-
rated by i situ ligand autoradiography studies on tissue sec-
tions, which have demonstrated that high-affinity VEGF
binding sites are localised on the vascular endothelium of
large or small vessels, but not to other types [24, 25].
VEGF promotes angiogenesis in tridimensional in witro
models synergistically with bFGF [26]. Also, VEGF induces
sprouting from rat aortic rings embedded in a collagen gel
[27]. VEGF is also able to induce a strong angiogenic re-
sponse in a variety of in wive models [11, 12, 28-30].
Furthermore, VEGF induces expression of urokinase-type
and tissue-type plasminogen activators (PA) and also PA in-
hibitor 1 (PAI-1) in cultured endothelial cells [31].
Moreover, VEGF increases expression of interstitial col-
lagenase in human umbilical vein endothelial cells [32].
Other studies have shown that VEGF promotes expression
of urokinase receptor in vascular endothelial cells [33]. As
previously noted, VEGF is known also as VPF based on its
ability to induce vascular leakage in guinea pig skin [8, 9].
Dvorak and colleagues proposed that an increase in micro-
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vascular permeability is a crucial step in angiogenesis associ-
ated with tumours and wounds [9]. According to this hy-
pothesis, a major function of VEGF in the angiogenic
process is the induction of plasma protein leakage. This
effect would result in the formation of an extravascular
fibrin gel, a substrate of endothelial and tumour cell growth.
Recent studies have also suggested that VEGF may be a fac-
tor which induces fenestrations in endothelial cells. Topical
administration of VEGF resulted in the development of
fenestrations in the endothelium of small venules and capil-
laries, even in regions where endothelial cells are not nor-
mally fenestrated [34). VEGF also induces dose-dependent
vasodilatation i virro {35], and produces transient tachycar-
dia and hypotension when injected systemically [36]. Such
effects appear to be mediated primarily by endothelial cell-
derived nitric-oxide (NO) [35, 36].

ORGANISATION OF THE VEGF GENE AND
PROPERTIES OF THE VEGF ISOFORMS

The human VEGF gene is organised in eight exons, sep-
arated by seven introns, and its coding region spans ap-
proximately 14 kilobases (kb) [37, 38]. The human VEGF
gene has been recently assigned to chromosome 6p21.3
[39]. cDNA sequence analysis of a variety of human VEGF
clones had initially indicated that VEGF may exist as one of
four different molecular species, having, respectively, 121,
165, 189 and 206 amino acids (VEGF,5,, VEGF, s,
VEGF g9, VEGF2¢) [12, 13, 37, 38]. Alternative exon spli-
cing of a single VEGF gene is the basis for this molecular
heterogeneity. VEGF 45 lacks the residues encoded by exon
6, while VEGF,,, lacks the residues encoded by exons 6
and 7. VEGF g9 has an insertion of 24 amino acids highly
enriched in basic residues and VEGF,,, has an additional
insertion of 17 amino acids. VEGF 45 is the predominant
isoform secreted by a variety of normal and transformed
cells. Transcripts encoding VEGF,,; and VEGF,g, are
detected 1n the majority of cells and tissues expressing the
VEGF gene [37, 38]. In contrast, VEGF,y¢ is a very rare
form [38]. Recently, the genomic organisation of the murine
vegf gene has been described [40]. Similar to the human
gene, the coding region of the murine wegf gene encom-
passes approximately 14 kb and is comprised of eight exons
interrupted by seven introns. Analysis of the exons suggests
the generation of three isoforms: VEGF 5y, VEGF ¢4 and
VEGF,3:. However, a fourth isoform comparable to
VEGF,y is not predicted, since an in-frame stop codon is
present in the region corresponding to the human VEGF,e
open reading frame. Analysis of the 3’ untranslated region
of the rat vegf gene has revealed a number of sequence
motifs that are known to be involved in the regulation of
mRNA stability [41].

Native VEGF is a basic, heparin-binding, homodimeric
glycoprotein of 45 kDa [42]. These properties correspond
to those of VEGF,45. VEGF ), is an acidic polypeptide that
fails to bind to heparin [43]. VEGF, 39 and VEGF,¢ are
more basic and bind to heparin with greater affinity than
VEGF,¢s [43]. VEGF,;; is a freely soluble protein;
VEGF 45 is also secreted, although a significant fraction
remains bound to the cell surface and the extracellular
matrix (ECM). VEGF 3¢ and VEGF,;¢ are almost comple-
tely sequestered in the ECM [44], but may be released in a
soluble form by heparin or heparinase. Also, these long
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forms may be released by plasmin following cleavage at the
COOH terminus [43, 44). Plasminogen activation and gen-
eration of plasmin have been shown to play an important
role in the angiogenesis cascade [45]. Thus, proteolysis of
VEGTF is also likely to occur in vivo. Generation of bioactive
VEGF by proteolytic cleavage may be especially important
in the micro-environment of a tumour where the increased
expression of proteases, including plasminogen activators, is
well documented [45]. Recent studies have shown that the
bioactive product of plasmin action is comprised of the first
110 NH,-terminal amino acids of VEGF [46]. However,
loss of heparin binding, whether it is due to alternative spli-
cing or plasmin cleavage, results in a substantial loss of
mitogenic activity for vascular endothelial cells: compared
with VEGF,¢s, VEGF,»,; or VEGF, |, demonstrate 50-100-
fold reduced potency when tested in an endothelial cell
growth assay [46].

REGULATION OF VEGF GENE EXPRESSION

Several mechanisms have been shown to be implicated in
the regulation of VEGF gene expression. Among these, oxy-
gen tension plays a major role. VEGF mRNA expression is
induced by exposure to low pQ, in a variety of normal and
transformed cultured cell types [47-50]. In glioblastoma
multiforme and other tumours with a significant necrotic
component, VEGF mRNA is highly expressed in ischaemic
tumour cells that are juxtaposed to areas of necrosis (47],
suggesting that local hypoxia is a major inducer of VEGF
gene expression within the micro-environment of a tumour.
Furthermore, Stone and associates have proposed that hy-
poxic upregulation of VEGF mRNA in neuroglial cells plays
an important physiological role in the development of the
retinal vasculature [51].

A 28-base sequence has been identified in the 5 promoter
of the human VEGF gene which mediates hypoxia-induced
transcription [52]. Such a sequence reveals a high degree of
homology and has protein binding characteristics similar to
the hypoxia-inducible factor 1 (HIF-1) binding site within
the erythropoietin gene [53]. HIF-1 has been purified and
cloned as a mediator of transcriptional responses to hypoxia
[54]. It has been shown that accumulation of adenosine,
which occurs under hypoxic conditions, is involved in
the hypoxic induction of the VEGF gene [55]. Activation of
C-SRC has also been shown to participate in the hypoxic
upregulation of the VEGF gene [56]. However, transcrip-
nonal activation is not the only mechanism leading to
VEGF upregulation in response to hypoxia [57, 58].
Increased mRNA stability has been identified as an import-
ant post-transcriptional component. Sequences that mediate
increased stability have been identified in the 3’ untranslated
region of the VEGF mRNA. Also, various cytokines or
growth factors are able to upregulate VEGF mRNA ex-
pression. Epidermal growth factor (EGF), TGF- or kerati-
nocyte growth factor (KGF) resulted in a marked induction
of VEGF mRNA expression in culture keratinocytes [59].
Treatment of quiescent cultures of several epithelial and
fibroblastic cell lines with TGF-§ resulted in induction of
VEGF mRNA and release of VEGF protein in the medium
[60], suggesting that VEGF may function as a paracrine
mediator for indirect-acting angiogenic agents such as TGF-
B [60]. Furthermore, IL-1B induces VEGF expression in
aortic smooth muscle cells {61]. Both IL-1a and PGE, have
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been shown to induce expression of VEGF in cultured
synovial fibroblasts, suggesting the participation of such
inductive mechanisms in inflammatory angiogenesis [62].
IL-6 has also been shown to induce significantly VEGF ex-
pression in several cell lines [63]. Claffey and colleagues
have also shown that cell differentiation plays an important
role in the regulation of VEGF gene expression [64].

Importantly, several specific transforming events result in
the upregulation of VEGF gene expression. A mutated form
of the murine p53 tumour suppressor gene has been shown
to induce VEGF mRNA expression and potentiate phorbol
ester stimulated VEGF mRNA expression in NIH 3T3 cells
in transient transfection assays [65]. Similarly, oncogenic
mutations or amplification of ras lead to VEGF upregulation
[66, 67]. This effect is blocked by treatment with inhibitors
of ras farnesyl transferase. Also, overexpression of v-raf [67]
and v-Src [68] leads to VEGF upregulation. Therefore, sev-
eral unrelated alterations in cellular regulatory pathways
result in VEGF upregulation, suggesting that this event may
be a final common pathway necessary for uncontrolled pro-
liferation n vivo.

THE VEGF TYROSINE KINASE RECEPTORS

Two VEGF receptor tyrosine kinases (RTKs) have been
identified [69-74]. The Flt-1 and KDR (kinase domain
region) receptors bind VEGF with high affinity. Flk-1, the
murine homologue of KDR, shares 85% sequence identity
with human KDR [72]. Both Flt-1 and KDR/Flk-1 have
seven immunoglobulin (Ig)-like domains in the extracellular
domain (ECD), a single transmembrane region and a con-
sensus tyrosine kinase sequence which is interrupted by a
kinase-insert domain [69-74]. Flt-1 has the highest affinity
for thVEGF 45, with a Ky of approximately 10-12 pM [69].
KDR has a Ky of 75-125 pM [70]. An alternatively spliced
soluble form of Flt-1, lacking the seventh Ig-like domain,
transmembrane sequence and cytoplasmic domain, has been
identified in human umbilical vein endothelial cells [75].
This soluble Flt-1 receptor is able to inhibit VEGF-induced
mitogenesis and may be a physiological negative regulator of
VEGTF action [75]. Very recent studies have shown that the
second Ig-like domain contains major ligand binding deter-
minants in Flt-1 and KDR [76]. Deletion of such a domain
in Flt-1 completely abolishes VEGF binding. Introduction
of the second domain of KDR in such a mutant restored
VEGF binding, but with the ligand specificity of KDR [76].

VEGF has been shown to induce the phosphorylation of
at least 11 proteins in bovine aortic endothelial cells [77].
PLC-y and two proteins that associate with PL.C-y were
phosphorylated in response to VEGF [79]. Furthermore,
VEGF induces phosphorylation of phosphatidylinositol 3-
kinase, ras GTPase activating protein (GAP) and several
others. However, these studies did not identify which VEGF
receptor(s) are involved in these events.

Several studies have shown that the Flt-1 and KDR pro-
teins have different signal transduction properties [78, 79].
Flk-1/KDR undergoes strong ligand-dependent tyrosine
phosphorylation in intact cells [73, 74, 78]. In contrast, Flt-
1 reveals a weak or undetectable response [69, 78, 79].
VEGF stimulation results in weak tyrosine phosphorylation
that does not generate any mitogenic signal in transfected
NIH 3T3 cells expressing Flt-1 [79]. These findings are in
agreement with other studies showing that placenta growth
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factor (PIGF), a VEGF-related molecule (see below), which
binds with high affinity to Flt-1 but not to Flk-1/KDR,
lacks direct mitogenic or permeability-enhancing properties
or the ability to stimulate effectively tyrosine phosphoryl-
ation in endothelial cells [80]. Therefore, interaction with
Flk-1/KDR is a critical requirement to induce the full spec-
trum of VEGF biological responses. These findings have
been supported by recent studies where receptor-selective
VEGF mutants were generated [81]. Those mutants which
bind selectively to Flk-1/KDR are fully active endothelial
cell mitogens. In contrast, mutants that bind to Flt-1 but
not to KDR have a substantially reduced ability to promote
endothelial cell growth [81].

The expression of Flt-1 and KDR is restricted to the vas-
cular endothelium. A 1kb fragment, essential for endo-
thelial-specific expression, was identified in the 5' flanking
region of the Flt-1 prompter [82]. Similar to VEGF, hy-
poxia has been proposed to play an important role in the
regulation of VEGF receptor gene expression. Exposure of
rats to hypoxia leads to upregulation of both Flt-1 and
KDR genes in the lung vasculature [83]. However, in vitro
studies have yielded unexpected results. Although hypoxia
increases the VEGF receptor number in cultured retinal
capillary endothelial cells [84], the expression of KDR is
not induced, but paradoxically shows a downregulation
[85]. It has been suggested that the hypoxic upregulation of
KDR observed 1z vivo is not direct, but requires an uniden-
tified paracrine mediator released from ischaemic tissues
[86]. Also, recent studies have shown that both TNF-a [87]
and TGF-p [88] have the ability to inhibit expression of the
KDR gene in cultured endothelial cells.

ANALYSIS OF THE FLK-1/KDR, FLT-1 AND VEGF
GENE KNOCKOUTS

Recent studies have demonstrated that both Flt-1 and
Flk-1/KDR are essential for normal development of embryo-
nic vasculature. However, their respective roles in endo-
thelial cell proliferation and differentiation appear to be
distinct [89, 90]. Mouse embryos homozygous for a tar-
geted mutation in the Flt-1 locus died i utero between day
8.5 and 9.5 [89]. Endothelial cells developed in both
embryonic and extra-embryonic sites, but failed to organise
in normal vascular channels. Mice, where the Flk-! gene
had been inactivated, lacked vasculogenesis and also failed
to develop blood islands [90]. Haematopoietic precursors
were severely disrupted and organised blood vessels failed to
develop throughout the embryo or the yolk sac, resulting in
death e utero between day 8.5 and 9.5 [90]. However, these
findings do not necessarily imply that VEGF is equally
essential, since other ligands might potentially activate the
two receptors and thus replace VEGF action. Very recent
studies [16, 17] have provided direct evidence for the role
played by VEGF in embryonic vasculogenesis and angiogen-
esis. Unexpectedly, inactivation of the vegf gene resulted in
embryonic lethality in heterozygous mouse embryos,
between day 11 and 12. The VEGF +/— embryos were
growth retarded and also exhibited a number of develop-
mental anomalies. The yolk sac revealed a substantially
reduced number of nucleated red blood cells within the
blood islands. Significant defects in the vasculature of sev-
eral other tissues and organs were also observed. In situ hy-
bridisation confirmed expression of VEGF mRNA in
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heterozygous embryos. Thus, the VEGF +/— phenotype
appears to be due to gene dosage and not to maternal
imprinting. While several heterozygous phenotypes have
been described [91], this may be the first report that the
loss of a single allele can be lethal. Therefore, VEGF and its
receptors are essential for blood island formation and angio-
genesis such that even reduced concentrations of VEGF are
inadequate to support a normal pattern of development.

ROLE OF VEGF IN TUMOUR ANGIOGENESIS
Expression of VEGF and 1ts receptors in human tumours

In situ hybridisation studies, performed by several investi-
gators, have demonstrated that the VEGF mRNA is mark-
edly upregulated in the majority of human tumours
examined. These include lung [92], thyroid [93], breast
[94], gastro-intestinal tract [95, 96], kidney and bladder
[97], ovary [98] and uterine cervix [99] carcinomas, angio-
sarcoma [100] and several intracranial tumours [47, 101-
103]. The VEGF mRNA is expressed in tumour cells but
not in endothelial cells. In contrast, the mRNAs for Fli-1
and KDR are upregulated in tumour endothelial cells [95,
96, 101]. This distribution is consistent with the hypothesis
that VEGF is primarily a paracrine regulator [42]. An
exception may be angiosarcoma, where the VEGF and Flt-1
mRNA are found to be co-expressed in angiosarcoma cells,
raising the possibility that, in this malignancy, VEGF may
be an autocrine factor [100]. Freeman and associates have
suggested that lymphocytes infiltrating the tumour may also
contribute bioactive VEGF [104]. Immunohistochemical
studies have localised the VEGF protein not only to the
tumour cells but also to the vasculature [95, 101]. This dis-
crepancy indicates that tumour-secreted VEGF accumulates
in the target cells. Ultrastructural studies have localised
VEGF bound to tumour endothelial cells to the abluminal
plasma membrane and to the recently described vesiculova-
cular organelles (VVO), cytoplasmic structures which are
thought to be involved in macromolecular transport across
the tumour endothelium [105].

A correlation has been noted between VEGF expression
and microvessel density in primary breast cancer sections
[106]. A postoperative survey indicated that the relapse-free
survival rate of patients with VEGF-rich tumours was sig-
nificantly worse than those with VEGF-poor tumours [106].
A similar correlation has been described in gastric carci-
noma patients [107]. VEGF-positivity in tumour sections
correlated with vessel involvement, lymph node metastasis
and liver metastasis. Furthermore, patients with VEGF-
positive tumours had a worse prognosis than those with
VEGPF-negative tumours [107].

Inhibition of VEGF acrion in vivo

The availability of high-affinity monoclonal antibodies,
capable of inhibiting VEGF-induced angiogenesis in vivo
and in vitro [108], made it possible to test the hypothesis
that VEGF may play a role in tumorigenesis. In a study
published by Kim and associates in 1993, such antibodies
were found to exert a potent inhibitory effect on the growth
of three human tumour cell lines inoculated subcutaneously
in nude mice, including G55 glioblastoma multiforme,
A673 rhabdomyosarcoma and SK-LLMS-1 leiomyosarcoma
[18]. The growth inhibition ranged between 70% and
> 95%. The density of blood vessels was significantly lower
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in sections of tumours from antibody-treated animals com-
pared with controls. Furthermore, neither the antibodies
nor VEGF had any effect on the i vitro growth of the
tumour cells. These findings provided the first direct dem-
onstration that inhibition of the action of an endogenous en-
dothelial cell mitogen may result in suppression of tumour
growth in viwo. Subsequently, several other tumour cell lines
were found to be inhibited in vivo by this treatment [109].
Recently, intravital microscopy techniques, by providing a
non-invasive 1imaging of the tumour vasculature, have
directly demonstrated a dramatic suppression of tumour
angiogenesis in anti-VEGF treated animals [110].

It has been shown that VEGF is a major mediator of the
n vivo growth of human colon carcinoma HM7 cells in a
nude mouse model of liver metastasis {109]. Similar to
human tumours, in this model the expression of Flk-1
mRNA was markedly upregulated in the vasculature associ-
ated with liver metastases. Treatment with anti-VEGF
monoclonal antibodies resulted in a dramatic decrease in
the number and size of metastases. Most of the tumours in
the treated group were under 1 mm in diameter and all
were under 3 mm. Also, neither blood vessels nor Flk-1
mRNA expression could be demonstrated in such metas-
tases. Similarly, administration of anti-VEGF neutralising
antibodies inhibited primary tumour growth and metastasis
of A431 human epidermoid carcinoma cells in SCID mice
[111] or HT-1080 fibrosarcoma cells implanted in BALB/c
nude mice [112]. An additional verification of the hypoth-
esis that VEGF action is required for tumour angiogenesis
has been provided by the finding that retrovirus-mediated
expression of a negative dominant Flk-1 mutant suppresses
the growth of glioblastoma multiforme and other tumours »
vivo [113, 114].

Further evidence that VEGF action is necessary for effec-
tive tumour angiogenesis has been recently provided in an
in vivo model of embryonic stem (ES) cell tumorigenesis
[17]. ES cells are able to form highly vascularised teratocar-
cinomas when injected into nude or syngeneic mice. VEGF
null ES cells were dramatically impaired in their ability to
form tumours into nude mice. Figure 1 illustrates the
weight of tumours derived from VEGF +/—, VEGF — /—
or ES cells where both alleles of the ¢-mp! gene have been
inactivated. Figure 1 documents the substantial difference
in the density of CD34-positive vascular elements between
c-mpl — /— and VEGF — /— tumours. Thus, even in a pluri-
potent system such as the ES cells, which is expected to
have the potential to activate alternative pathways, VEGF is
required for in vivo growth.

ROLE OF VEGF IN INTRA-OCULAR
NEOVASCULAR SYNDROMES

Diabetes mellitus, occlusion of central retinal vein or pre-
maturity with subsequent exposure to oxygen can all be as-
sociated with intra-ocular neovascularisation [115]. The
new blood vessels may lead to vitreous haemorrhage, retinal
detachment, neovascular glaucoma, and eventual blindness
[2]. Diabetic retinopathy is the leading cause of blindness in
the working population [116]. All of these conditions are
known to be associated with retinal ischaemia [115]. In
1948, Michaelson proposed that a key event in the patho-
genesis of these conditions is the release by the ischaemic
retina of a diffusible angiogenic factor(s) (factor X) respon-
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Figure 1. Embryonic stem (ES) cell tumorigenesis in nude mice. (a) Tumour weight; (b), (c), haematoxylin and eosin staining
and immunostaining for CD34, (d, e) of tumour sections derived from c-mpl—/— (b, d) and VEGF —/— (c, e) ES cells.
Histology shows representative sections of teratomas, containing glial tissue, blood vessels (arrowheads) and glandular epi-
thelium. For injection in nude mice, cells were injected in the dorsal area. Values shown in (a) are means + SEM of tumour
weight determined 4 weeks after cell injection. Comparison of tumour weight of c-mpl — /— group with those of the VEGF + /+
clones revealed P values < 0.005. For immunohistochemistry, a rabbit polyclonal antiserum raised against murine CD34 was
used. Primary antibody was detected with streptavidin-biotin. Reprinted with permission from Nature 1996, Vol. 380, pp.
439-442. Copyright © 1996 Macmillan Magazines Ltd.

sible for retinal and iris neovascularisation [117]. Recently,
elevations of VEGF levels in the aqueous and vitreous
humour of eyes with proliferative retinopathy have been
described [19, 118, 119]. In a large series, a strong corre-
lation was found between levels of immunoreactive VEGF
in the aqueous and vitreous humours and active proliferative
retinopathy [19]. Thus, although the involvement of other
factors cannot be ruled out, the VEGF levels in eye fluids
correlate well with ocular angiogenesis {120]. More direct
evidence for a role of VEGF in intra-ocular neovascularisa-
tion has been provided in a primate model of iris neovascu-
larisation and in a murine model of retinopathy of
prematurity. In the former, intra-ocular administration of
anti-VEGF antibodies dramatically inhibits the neovasculari-
sation that follows occlusion of central retinal veins [121].

Similarly, soluble Flt-1 or Flk-1 fused to an IgG suppresses
retinal angiogenesis in the mouse model [122].
Neovascularisation is also a major cause of visual loss in
age-related macular degeneration (AMD), the overall lead-
ing cause of blindness [123]. A significant percentage of
AMD patients (approximately 20%) manifest the neovascu-
lar (exudative) form of the disease. In this condition, new
vessels stem from the extraretinal choriocapillary. Leakage
and bleeding from these vessels lead to damage to the
macula and ultimately to loss of central vision. Due to
proximity to the macula, laser photocoagulation or surgical
therapy are of very limited value. Very recent studies have
the of
VEGF in surgically resected choroidal neovascular mem-

documented immunohistochemical localisation
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Figure 2. Amino acid sequence of VEGF,s; and VEGF-related molecules: VEGF-B, VEGF-C, PIGF,;, and one of the two
VEGF-like sequences identified in the genome of the parapoxvirus orf virus. The conserved cysteine residues are boxed.

branes from AMD patients [124], raising the possibility that
VEGTF is also the mediator of neovascularisation in AMD.

VEGF-RELATED GENES

Over the last few years, three VEGF-related genes have
been identified from mammalian sources. The encoded fac-
tors are known as placenta growth factor (PIGF), VEGF-B
and VEGF-C/VRP. In addition, two sequences in the gen-
ome of the parapoxvirus orf virus show homology to VEGF.
Figure 2 shows the alignment of the amino acid sequences
of these molecules with the sequence of VEGF,qs. The
structural homology to VEGF suggests that these molecules
may play a role in the regulation of blood vessel growth.
The first VEGF-related factor identified was PIGF. This
factor may exist as one of two isoforms which arise from
alternative splicing of mRNA [125]. These isoforms are
known as PIGF,;, and PIGF,s,, respectively. It has been
shown that PIGF binds to high-affinity Fit-1 but not KDR
[80]. PIGF demonstrated minimal or absent activity when
tested in vascular endothelial cell growth assays, further sup-
porting the hypothesis that binding to KDR is a require-
ment for mitogenesis. However, PIGF was able to
potentiate the bioactivity of low, marginally efficacious, con-
centrations of VEGF [80]. Interestingly, naturally occurring
heterodimers between VEGF and PIGF have been identified
in the conditioned medium of a rat glioma cell line [126].
In agreement with previous studies, the PIGF homodimer
demonstrated minimal activity on endothelial cells.
However, the VEGF:PIGF heterodimer was active, although
its potency was approximately 7-fold lower than the VEGF
homodimer [126].

Similar to the VEGF receptors, Flt-4 is a RTK with
seven Ig-like domains in the ECD [127]. The expression of
Flt-4 mRNA, which is initially localised to angioblasts and

venules in the early embryo, becomes restricted to the lym-
phatic endothelium at later stages of development, thus
suggesting a role for Flt-4 in the regulation of lymphangio-
genesis [128]. A ligand selective for Flt-4 has been recently
identified by two groups and has been named VEGF-C
[129] or VEGF-related peptide (VRP) [130]. VEGF-C/VRP
is a secreted protein with 399 amino acid residues and has a
32% identity to VEGF. VEGF-C/VRP has been reported to
stimulate the growth of human lung endothelial cells, albeit
at 100-fold less potency than VEGF, 45 [130].

A newly identified member of the VEGF gene family is
VEGF-B [131]. This molecule consists of 188 amino acids,
including the signal peptide. VEGF-B has been reported to
stimulate the growth of human and bovine vascular endo-
thelial cells. Interestingly, VEGF-B is distributed primarily
in the skeletal muscle and myocardium and is co-expressed
with VEGF ({131]. VEGF-B and VEGF are also able to
form heterodimers, when co-expressed [131].

Two sequences having homology to VEGF have been
identified in the genome of two different strains of orf virus,
a parapoxvirus that affects goats, sheep and occasionally
humans [132]. The lesions of goats and humans following
orf virus infection are characterised by extensive microvascu-
lar proliferation in the skin, raising the possibility that the
product of the viral VEGF-like gene is responsible for such
lesions.

CONCLUSION
The recent findings that heterozygous mutations inactivat-
ing the VEGF gene and homozygous mutations inactivating
the Fli-1 or Flk-1/KDR genes result in profound deficits in
vasculogenesis and blood island formation, leading to early
intra-uterine death, emphasise the pivotal role played by the
VEGF/VEGF-receptor system in the development of the
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vascular system. Knockout mouse studies of the VEGF-re-
lated genes may elucidate whether these molecules also play
an important role.

Recombinant VEGF or gene therapy with the VEGF gene
may be used to promote endothelial cell growth and collat-
eral vessel formation. This would represent a novel thera-
peutic modality for conditions that are frequently refractory
to conservative measures and unresponsive to pharmacologi-
cal therapy. The high expression of VEGF mRNA in
human tumours, the presence of the VEGF protein in ocu-
lar fluids of individuals with proliferative retinopathies as
well as the localisation of VEGF and AMD lesions, strongly
supports the hypothesis that VEGF is a key mediator of
angiogenesis associated with various pathological conditions.
Therefore, anti-VEGF antibodies or other inhibitors of
VEGF action may be of therapeutic value for a variety of
malignancies as well as for other angiogenic disorders.
Although the safety of such treatment has not yet been
established, it is tempting to speculate that an anti-VEGF
therapy may have low toxicity, possibly limited to inhibition
of wound healing and ovarian and endometrial function,
since endothelial cells are essentially quiescent in most adult
tissues. Recently, a humanised version of a high-affinity
anti-VEGF monoclonal antibody, which retains the same
affinity and efficacy as the original murine antibody, has
been generated and may be used in future clinical trials for
several possible indications (I.. Presta, Genentech, U.S.A.).
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