Glomerular-specific alterations
of VEGF-A expression lead to distinct
congenital and acquired renal diseases
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Kidney disease affects over 20 million people in the United States alone. Although the causes of renal
failure are diverse, the glomerular filtration barrier is often the target of injury. Dysregulation of
VEGF expression within the glomerulus has been demonstrated in a wide range of primary and
acquired renal diseases, although the significance of these changes is unknown. In the glomerulus,
VEGF-A is highly expressed in podocytes that make up a major portion of the barrier between the
blood and urinary spaces. In this paper, we show that glomerular-selective deletion or overexpression
of VEGF-A leads to glomerular disease in mice. Podocyte-specific heterozygosity for VEGF-A result-
ed in renal disease by 2.5 weeks of age, characterized by proteinuria and endotheliosis, the renal lesion
seen in preeclampsia. Homozygous deletion of VEGF-A in glomeruli resulted in perinatal lethality.
Mutant kidneys failed to develop a filtration barrier due to defects in endothelial cell migration, dif-
ferentiation, and survival. In contrast, podocyte-specific overexpression of the VEGF-164 isoform led
to a striking collapsing glomerulopathy, the lesion seen in HIV-associated nephropathy. Our data
demonstrate that tight regulation of VEGF-A signaling is critical for establishment and maintenance
of the glomerular filtration barrier and strongly supports a pivotal role for VEGF-A in renal disease.

J. Clin. Invest. 111:707-716 (2003). d0i:10.1172/JCI200317423.

Introduction

Glomeruli are highly specialized filtration barriers
between the blood and urinary space. Each day, approx-
imately 180 I of blood passes through these filters in
the average adult human kidney. Although water and
small solutes must pass freely through this barrier, crit-
ical blood proteins such as albumin and blood clotting
factors must not. The filter has a number of unique
characteristics that provide the essential properties for
this renal filtration process and include highly special-
ized glomerular visceral epithelial cells (podocytes), a
fenestrated glomerular capillary endothelial system,
and intervening glomerular basement membrane

(GBM) that is produced by both the podocytes and the
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endothelial cells (1, 2) (Figure 1a). This filtration barri-
er is the target of injury and ultimate scarring in a wide
variety of kidney diseases (3-8).

During glomerular development, the podocytes
express numerous vascular growth factors such as
VEGEF-A, while the glomerular endothelial cells express
the VEGF receptors fetal liver kinase 1 (Flk1) and fms-
like tyrosine kinase 1 (Fltl) (9). In addition, the
podocytes are geographically situated at the develop-
ing vascular cleft adjacent to incoming endothelial cells
(2, 10) (Figure 1b). The location and gene expression
profile of podocytes suggests that they are required to
provide migratory cues to glomerular endothelial cells
to establish the renal filtration barrier. Furthermore,
similar to other fenestrated vascular beds in the body,
podocytes continue to express VEGF-A in the mature
glomerulus. This suggests that VEGF plays a role in
maintaining the filtration barrier either through sur-
vival, proliferation, and/or differentiation cues to the
adjacent specialized endothelia.

It is clear that VEGF is a critical mediator of vasculo-
genesis as heterozygous and homozygous null VEGF-A
mice die with major vascular defects at 11.5 and 9.5 days
after coitus, respectively (11, 12). However, its later role
in specific vascular beds, such as the glomerulus, is less
clear. Although dysregulation of VEGF-A expression
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has been demonstrated in a number of renal diseases,
the significance of these changes is presently unknown.

To determine the role of VEGF-A in the glomerular
filtration barrier, we generated mice with gain or loss
of function of VEGF specifically in the podocyte,
thus avoiding the embryo-lethal effects. The distinct
glomerular-specific haploinsufficient and null phe-
notypes observed in this study demonstrate for the
first time that the “dose” of VEGF is critical in the
establishment and maintenance of later vascular
beds, as it is in vascular formation during earlier
stages of embryogenesis.

By 2.5 weeks of age, mice with podocyte-specific het-
erozygosity for VEGF developed endotheliosis and
“bloodless glomeruli,” the renal lesion seen in
preeclampsia, which progressed to nephrotic syn-
drome, a common glomerular syndrome seen in
humans (13), and end-stage kidney failure by 9-12
weeks. The podocyte-specific homozygotes died at
birth or within 18 hours of birth with hydrops (gener-
alized swelling), kidney failure, and grossly abnormal
glomeruli that lack mature endothelial cells. In con-
trast, overexpression of the 164 isoform of VEGF-A in
podocytes also led to end-stage renal failure due to a
collapsing glomerulopathy, which is the pathologic
lesion seen in HIV-associated nephropathy (HIVAN)
(14). This demonstrates that there is an ongoing
requirement for tight regulation of VEGF signaling
between the podocyte and glomerular endothelium;
disruption in this regulation leads to dramatic and dis-
tinct renal phenotypes that are determined by the
glomerular VEGF dose and suggests that VEGF is piv-
otal in a wide variety of renal diseases.

Methods

Cell-specific gene targeting. Three independent podocyte-
specific Cre recombinase murine lines, A15, GGS8, and
V9, which all demonstrated 100% excision when
crossed to the Z/EG reporter mouse strain (15), were
bred to the floxed VEGF-A mouse (Figure 1c). The
VEGF-A mouse has loxP sites inserted around the third
exon (16). Site-specific recombination between the loxP
sites of the VEGF gene results in a null VEGF allele (16).

To generate homozygous floxed VEGF-Cre recombi-
nase mice, bitransgenic mice carrying both a nephrin-
Cre transgene and one floxed VEGF-A allele were bred
to homozygous floxed VEGE-A mice.

To generate transgenic founders that overexpress the
164 isoform of VEGF-A, a 645-bp fragment of the
VEGF gene, including a Kozak consensus sequence
(nucleotides 78-669 of GenBank accession no.
NMO009505) and initiating ATG, were subcloned into
the Xhol and Xbal sites of a pNXRS vector between a
4.125-kb 5’ fragment of the murine nephrin gene that
is capable of podocyte-specific expression in vivo in the
kidney (17) and a 0.97-kb poly(A) signal from the SV40
polyoma virus (Figure 1le).

Genotyping. Genomic DNA was isolated from mouse
tails as described. The nephrin-Cre transgenic mice

were generated and genotyped as previously described
(17). Floxed VEGF mice were received from Napoleone
Ferrara (Genentech Inc.). Presence of the floxed VEGF
gene was detected by PCR using the oligonucleotide
primers muVEGF 419.F (5"-CCTGGCCCTCAAGTACAC-
CTT-3") and muVEGF 567.R (5-TCCGTACGACG-
CATTTCTAG-3") (both from Sigma-Genosys, The Wood-
lands, Texas, USA), which generate a 148-bp fragment
of the VEGF allele in the presence of the loxP-1 site and
a DNA fragment that is approximately 40 bp shorter
than for the wild-type allele (16).

To identify founder mouse lines that carried the
nephrin-VEGF-164 transgene, Southern blot analysis
was performed. Briefly, the DNA was digested with
EcoRI; the probe used was the 645-bp fragment encod-
ing the VEGF-164 ¢DNA that recognized a 1.3-kb
genomic fragment in the transgenic founders. To esti-
mate transgene copy number, 1 ug, 2 pg, and 5 ug of
genomic DNA from the transgenic founder or wild-type
mice was blotted on Biodyne B membrane (P/N 60207,
Pall Gelman Laboratory, Ann Arbor, Michigan, USA)
and hybridized with the VEGF ¢DNA probe described
above. The signal was quantified using the Quantity
One quantitation software program (4.2.1 version) (Bio-
Rad Laboratories, Hercules, California, USA) according
to the manufacturer’s instructions.

Phenotypic analysis. Urine was collected passively in
an Eppendorf tube from 0-, 3-, 6-, and 9-week-old
mice. A urine dipstick (Chemstrip 5L; Roche Diag-
nostics Corp., Indianapolis, Indiana, USA) was used
to detect the presence or absence of protein and red
blood cells in the urine. The standard colorimetric
assay was performed according to the manufacturer’s
instructions. In addition, 2 pl of urine from trans-
genic or control mice was placed in 18 pl of Laemmli
buffer (18), boiled, and loaded on a 12% SDS-PAGE
gel. An SDS-PAGE low-range protein standard (Bio-
Rad Laboratories Inc., Hercules, California, USA) was
loaded in the first lane of the gel.

Blood samples were taken with a heparinized capil-
lary tube by femoral vein stab after warming. A total of
120 pl of blood was collected and creatinine, urea, and
blood chemistry measurements were recorded using a
Stat Profile M7 (Nova Biomedical Corp., Waltham,
Massachusetts, USA). The CBC (total blood count) was
performed on a Coulter Counter (AcT diff; Beckman
Coulter Canada, Ontario, Canada).

Histologic analysis. Embryonic tissues for histologic
analysis were dissected, fixed in 10% formalin/PBS, and
embedded in paraffin. Sections 4 pm thick were cut.
Sections were stained with H&E, examined, and pho-
tographed with a DC200 Leica camera and Leica
DMLB microscope (Leica Microsystems Inc., Deerfield,
Mlinois, USA). Tissue for electron microscopy was fixed
in 1.5% glutaraldehyde, embedded in Spurr (Canemco
Inc., Saint-Laurent, Quebec, Canada), and sectioned.

In situ bybridization and immunobistochemistry. Kidneys
were dissected from mice on postnatal day 0 and at 1
week, 3 weeks, 6 weeks, or 9 weeks of age. Kidneys were
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washed briefly in RNase-free PBS and fixed overnight
in DEPC-treated 4% paraformaldehyde. These tissues
were then placed in 30% sucrose for 12-24 hours,
embedded in Tissue-Tek OCT 4583 compound (Saku-
ra Finetek USA Inc., Torrance, California, USA) and
snap frozen. Ten-micron tissue samples were cut on a
Leica Jung cryostat (model CM3050; Leica Microsys-
tems Inc.) and transferred to Superfrost microscope
slides (Fisher Scientific Co., Pittsburgh, Pennsylvania,
USA). The slides were stored at -20°C until needed.
Digoxigenin-labeled probes were prepared according
to the Roche Molecular Biochemicals protocol (Roche
Molecular Biochemicals, Mannheim, Germany).
Probes used for in situ analysis were nephrin (19),
Wilms tumor suppressor gene (WT1; a kind gift of J.
Kreidberg, Children’s Hospital, Boston, Massachu-
setts, USA), podocin (a kind gift from C. Antignac,
Institut National de la Santé et de la Recherche Médi-
cale, Paris, France), o-smooth muscle actin (VSMA; a

kind gift from P. Igarashi, Southwestern University,
Dallas, Texas, USA), VEGF-A (kind gift of A. Nagy,
Samuel Lunenfeld Research Institute, Toronto, Cana-
da). Details of the in situ analysis protocol may be
obtained upon request.

Immunostaining was performed with antibodies to
WT1 and PECAM as described (20).

Results

Mice that are beterozygous for VEGF-A in the podocyte develop
endotheliosis and nephrotic syndrome. To determine whether
there is any phenotype resulting from a reduction in
VEGF-A gene dose within the podocyte, we used the
Cre-loxP system. Nephrin-Cre recombinase mice were
generated in our laboratory and are capable of site-spe-
cific recombination in 100% of podocytes at the capil-
lary-loop stage in vivo (17). We generated mice that were
heterozygous for the floxed VEGF-A allele and carried
the nephrin-Cre transgene VEGF-loxP"/-,Neph-Cre"/~
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Figure 1

Expression and genomic targeting of VEGF-A within the glomerular filtration barrier. (a) Transmission electron micrograph of the glomeru-
lar filtration barrier that consists of podocytes (po) and their specialized foot processes (fp), fenestrated endothelium (en), and intervening
GBM. VEGF-A is produced in the podocyte; the VEGF receptors FIk1 and Flt1 are expressed in the adjacent endothelial cells. (b) Develop-
ment of the glomerular filtration barrier. In the S-shape stage, podocyte precursors (po) express VEGF-A. Endothelial cells (en) that express
the VEGF receptors migrate into the vascular (Vasc) cleft and differentiate in direct apposition to podocytes. In the mature glomerulus, the
fenestrated endothelial capillary loops (cap) remain in intimate contact with the VEGF-expressing podocytes (po). Mesangial cells (me) pro-
vide support to the capillary tuft. Urine is formed as blood (bl) is filtered from the capillaries, across the GBM, and through slit diaphragms
that connect adjacent podocyte foot processes (fp). (€) Scheme to generate heterozygous and homozygous podocyte-specific VEGF knock-
out mice. Triangles are 34 bp loxP sites. (d) The Cre recombinase transgene was identified as a 300 bp PCR product. The floxed VEGF allele
measures 140 bp by PCR analysis, whereas the wild-type allele measures 100 bp. MW, molecular weight markers. (e) Transgenic construct
used to overexpress the 164-isoform of VEGF. pA, poly(A). (f) Presence of the transgenic VEGF-164 gene was identified as a 1.3-kb band (*)
by Southern blot analysis. (g) Dot blot analysis of transgene copy number. The transgenic founder mice (164) demonstrated a 30-fold
increase in copy number compared with the wild type.
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Figure 2

Heterozygous VEGF-loxP*/~,Neph-Cre*/~ mice develop nephrotic syndrome and end-
stage renal failure by 9 weeks of age. (a) SDS-PAGE analysis was performed using 2
pl of mouse urine. Lane 1 contains molecular weight markers, lane 2 shows urine
from a VEGF-loxP-/-,Neph-Cre*/~ control aged 9 weeks, and lane 3 shows urine from a
9-week-old sick VEGF-loxP*/~,Neph-Cre*/~ animal. The presence of a large amount of
albumin measuring 66.2 kDa is identified in the sick mouse and demonstrates dam-
age to the kidney filter. In contrast, low-molecular-weight proteins, which are nor-
mally found in mouse urine, are not different. (b) Bar graph showing elevated crea-
tinine (more than ten times higher than normal), elevated urea, and decreased
hemoglobin (Hgb) in VEGF-loxP*/~,Neph-Cre*/~ mice (VEGF-pod*/~) at 9 weeks of age
compared with VEGF-loxP*/~,Neph-Cre~/~ and VEGF-loxP~/~,Neph-Cre*/~ mice (com-
bined for analysis and considered as wild type). (c) Whole-mount image of a kidney
from a sick 9-week-old VEGF-loxP*/~,Neph-Cre*/~ (+/-) mouse compared with that of
a wild-type littermate (+/+). The affected kidney is pale and shrunken. Magnifica-
tion: X60. (d) A wild-type glomerulus. Note the open capillary loops (Cap). x350.
(e) A glomerulus from a heterozygous VEGF-A mouse. All the glomeruli are grossly
distorted morphologically. Note the empty cytoplasmic vacuoles (v) that are present
in podocytes. No patent capillary loops can be seen. Dilated tubules (t) can be seen
and in most places are packed with proteinaceous material, consistent with neph-

not demonstrate any gross signs of renal
failure prior to 7-8 weeks of age.

At 9 weeks of age, the kidneys were pale
and shrunken (Figure 2c). By light
microscopy, the glomeruli looked histo-
logically normal at birth and at 1, 3, and 6
weeks of age. However, by 9 weeks of age,
the glomerular tufts were retracted with
expansion of the mesangial matrix and
were surrounded by podocytes containing
large empty cytoplasmic vacuoles. The
tubules were packed with protein (Figure
2e and data not shown).

Serial transmission EM studies demon-
strated that the first detectable lesion
occurred at 2.5 weeks of age with swelling
of the endothelial cells (endotheliosis) and
hyaline deposits (Figure 3a) that resemble
the pathologic lesions seen in renal biop-
sies from patients with preeclampsia, a
common disease of pregnancy (21). At this
time, the podocytes and endothelial cells
appeared ultrastructurally normal with
well-formed foot processes and fenestra-
tions, respectively. By 6.5 weeks of age, the
GBM was expanded and endothelial fenes-
trations could no longer be identified (Fig-
ure 3b). By 9 weeks of age, the endothelial
cells were necrotic and no podocyte foot
processes could be identified (Figure 3b).

Molecular marker analysis confirmed the
disappearance of differentiated podocytes
with a complete absence of WT1, nephrin,
and VEGF-A in the majority of glomeruli
of terminally ill mice (Figure 4, g and h, and
data not shown). On occasion, a single cell

rotic syndrome. Magnification: X3735.
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(Figure 1, ¢ and d). They were born in the expected
mendelian frequency but developed end-stage kidney
failure by 9-12 weeks of age.

Physical examination of mice at this stage showed
that 30/30 of the VEGF-loxP*/~,Neph-Cre*/~ mice had
lethargy and decreased skin turgor. Urinalysis was per-
formed and showed 3.0 g/l of protein (defined as
“nephrotic range” proteinuria) and 250 red blood
cells/pl of urine by dipstick analysis. SDS-PAGE analy-
sis demonstrated massive albuminuria in all of these
VEGF-loxP"/~,Neph-Cre”~ mice (Figure 2a), which is
pathognomonic for damage to the filtration barrier.
Blood chemistry showed mice to have severely decreased
renal function with an elevated serum creatinine that
measured 200 uM, more than ten times the normal
value, markedly elevated urea, and a normochromic,
normocytic anemia consistent with end-stage kidney
failure (Figure 2b). Of note, fragmentation of red blood
cells was not observed on the blood smear. The mice did

could be identified that stained positively
for these markers (Figure 4h). These mark-
ers were all present at birth and at 3 and 6
weeks of age (Figure 4, d-f and data not
shown). The level of VEGF-A mRNA was consistently
lower in the heterozygous VEGF glomeruli than in con-
trol glomeruli at the same developmental stage (Figure
4d). VSMA is not normally found in 9-week-old mesan-
gial cells unless they are “activated” in glomerular
injury; in the heterozygotes, occasional VSMA-positive
cells were identified in the glomeruli (Figure 4i).

VEGF-A is required in the podocyte to establish the glomeru-
lar filtration barrier. In order to investigate the pheno-
type resulting from a complete absence of VEGF-A in
the glomerulus, mice that were null for VEGF-A specif-
ically in the podocyte (VEGF-loxP**,Neph-Cre*/~ mice)
were generated (n = 15). These mice were born at the
expected mendelian frequency but died at birth or
within 18 hours of birth. Some of these mice were born
with hydrops that can be seen in infants with congeni-
tal nephrotic syndrome (22).

Light microscopy demonstrated that all of the null
VEGF-A glomeruli were small with no or few distin-
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Figure 3

Heterozygous VEGF-loxP*/~,Neph-Cre*/~ mice demonstrate
endotheliosis and loss of fenestrations. (a) At 2.5 weeks of
age, wild-type glomerular capillary loops (c) are open and
contain numerous red blood cells. In contrast, podocyte-
specific VEGF-A heterozygotes (+/-) demonstrate bloodless
glomeruli, and the capillary loops are filled with swollen
endothelial cells, demonstrating endotheliosis, the classic
renal lesion of preeclampsia. In addition, large subendo-
thelial hyaline deposits (*) can be seen. (b) At 6.5 weeks of
age, wild-type filtration barriers (+/+) are characterized by
fenestrated endothelial cells (en) and well-formed podocyte
foot processes (fp). In the podocyte-specific heterozygotes
(+/-), the fenestrations are lost at 6.5 weeks of age, and by
9 weeks of age, the endothelial cells appear necrotic and no
podocyte foot processes can be identified.

guishable glomerular capillary loops. Additionally,
podocytes were present but tended to pile up in sever-
al layers and lacked well-formed slit diaphragms, the
specialized intercellular junctions found between foot
processes (Figure Sa and data not shown).
Immunohistochemical analysis with an antibody to
PECAM that recognizes a cell surface receptor on
endothelial cells was performed. Although endothe-
lial cells were present in most immature glomeruli,
they were markedly reduced in number and mature

glomeruli lacked endothelial cells altogether (Figure
5b). BrdU labeling was performed; labeled endothelial
cells were easily identified in the vascular clefts of
wild-type S-shape stage glomeruli but were never
observed in podocyte-specific VEGF-A null glomeruli
(data not shown).

EM studies demonstrated widespread but not com-
plete effacement of podocyte foot processes (not
shown). Small capillary loops with a GBM could be
identified in some glomeruli. However, this GBM failed

VEGF—IOXP*”'{‘,Neph- Cre-

VEGF-loxP+* Neph-Cre™-
9wk PO

L 1
WT PQ

Neph-VEGF,, PO

VEGF

WT1

VSMA

Figure 4

Digoxigenin-labeled in situ analysis of wild-type and mutant glomeruli. (a-c) Capillary loop-stage glomeruli from a newborn VEGF-loxP~~,
Neph-Cre*/~ control mouse demonstrate expression of VEGF-A and WT1 in podocytes, while VSMA is expressed in mesangial cells, which are
found inside the glomerulus and are required to support the capillary structure. (d-f) At birth (P0), capillary loop-stage glomeruli from a het-
erozygous VEGF-loxP*/~,Neph-Cre*/~ mouse demonstrate normal levels of expression of WT1 and VSMA, while VEGF expression is consistently
reduced at the mRNA level compared with the wild-type controls. (g-i) By 9 weeks of age, the heterozygous VEGF mice are clinically unwell. At
this time, most glomeruli demonstrate a complete absence of markers of podocyte differentiation (i.e., no VEGF or WT1; both are absent). In
h, a single WT1-positive cell can be identified (arrow). (i) VSMA is not usually present in glomeruli at 9 weeks; however, occasional VSMA-pos-
itive cells can also be identified and likely represent “activated” mesangial cells (arrow). (j-1) In the null VEGF-loxP*/*,Neph-Cre*/~ glomeruli at
birth, no VEGF is seen in glomeruli as predicted due to podocyte-specific excision of both VEGF alleles. WT1 is present in differentiated podocytes.
In contrast, VSMA is absent, demonstrating a defect in migration and/or differentiation of mesangial cells into the glomerulus. (m-o) In the
nephrin-VEGF-164 mouse, both VEGF and WT1 are expressed in podocytes present within collapsed glomeruli. VEGF is markedly upregulated.
In addition, VSMA and mesangial cells are present but appear to surround the collapsed glomerulus in a crescent shape. Magnification: x350.
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Figure 5

VEGF-null glomeruli do not form filtration barriers or fenestrations within endothelial cells. (a) The wild-type (+/+) glomerulus (arrow) has a lacy
appearance due to open capillary loops. The VEGF-null glomeruli (-/-) fail to develop fully and lack visible capillary loops. Magnification: x350.
(b) Immunohistochemical staining for WT1 (green), a marker for podocyte cells, and PECAM (red), a marker for endothelial cells, shows a reduced
number of endothelial cells in immature (capillary loop-stage) VEGF-null glomeruli. In mature glomeruli, no endothelial cells remain. Magnifica-
tion: X300. (c) Transmission EM of the filtration barrier in a wild-type (+/+) glomerulus clearly demonstrates fenestrated endothelium at the late
capillary-loop stage, whereas no fenestrations are observed in endothelial cells (en) found in corresponding late capillary loop-stage VEGF-null
glomeruli. In mature VEGF-null glomeruli, the basement membrane is seen (arrow), but the endothelial cells are missing. Magnification: x20,000.
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to fuse (data not shown). Endothelial cells were seen
only rarely in capillary loop glomeruli and always lacked
fenestrations (Figure 5¢). In contrast, fenestrations were
easily observed in endothelial cells of capillary
loop-stage wild-type glomeruli (Figure 5c). Capillary
loops in fully differentiated (mature) glomeruli demon-
strated an absence of endothelial cells (Figure 5c).

In situ analysis showed that the podocytes that were
present expressed markers of differentiation appropri-
ately, including WT1 (Figure 4k), nephrin, and podocin
(data not shown), although VEGF-A was absent due to
genomic excision of the VEGF gene (Figure 4j). Of note,
VSMA, a marker for mesangial cells, was absent from
mutant glomeruli, although some desmin staining
could be identified (Figure 4] and data not shown).

Upregulation of VEGF-A in podocytes leads to a collapsing
glomerulopathy and death at 5 days of age. Given the dis-
tinct phenotypes observed when the dosage of VEGF is
reduced by excising one or both alleles from the
podocyte, we next sought to determine the effect of
increasing the level of VEGF within the podocyte and
its effect on the adjacent endothelium. Transgenic
founder lines that overexpressed the 164 isoform of
VEGF-A (nephrin-VEGF-164) under regulation of a
4.125-kb podocyte-specific promoter from the murine
nephrin gene (Figure le) were identified by Southern
blot analysis (Figure 1f). Two independent founder
mice were used for analysis. By dot blot analysis, each
of these founder mice demonstrated a 30-fold increase
in the VEGF copy number (Figure 1g).

The transgenic mice appeared normal at birth but
became growth-retarded within 2 days. By 5 days of age,

the mice were clinically unwell and demonstrated albu-
minuria by dipstick analysis.

Grossly, the kidneys appeared normal in size, were
hyperemic, and demonstrated cortical hemorrhages
(Figure 6, a and b). Light microscopy showed global
collapse of the glomerular tuft and dilation of proxi-
mal tubules that were packed with protein (Figure 6d
and data not shown). Complete collapse of the capil-
lary loops was illustrated by silver methenamine stain-
ing that recognizes the GBM (Figure 6f).

The few visible patent capillary loops were larger in
diameter (Figure 6h) and multiple endothelial cell
nuclei were visible within them (Figure 6, h and j) that
were not seen in wild-type glomeruli (Figure 6, g and 1).
Although multiple endothelial cell nuclei could be
identified within the few remaining patent glomerular
capillary loops by EM, virtually all of the loops were col-
lapsed and no endothelial cells could be identified. In
addition, podocytes were abnormal and could be seen
detaching from the GBM (data not shown).

In situ analysis confirmed that the majority of cells
within the collapsed tufts were podocytes that contin-
ued to express WT1 (Figure 4n) and nephrin (not
shown) and very high levels of VEGF-A that were upreg-
ulated five- to tenfold (Figure 4m and data not shown).
Although mesangial cells were present as indicated by
the presence of VSMA (Figure 40), they were situated in
a crescent shape at the periphery of the glomerulus.

Discussion
VEGF-A is a critical mediator of angiogenesis and vas-
culogenesis (11); both heterozygous and homozygous
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knockout mice die during embryogenesis due to major
vascular defects. This demonstrates a dosage sensitivi-
ty for VEGF during development in the whole embryo
(11). Other studies have shown that VEGF-A is required
for the establishment and maintenance of endothelial
fenestrae in vitro (23, 24).

Given the expression pattern of VEGF-A in develop-
ing and mature podocytes, which are located in direct
apposition to fenestrated endothelial cells, and the fact
that VEGF-A expression is associated with a variety of
renal diseases, we hypothesized that VEGF-A is required
in developing podocytes to establish and maintain the
filtration barrier. To test this hypothesis, we used the
Cre-loxP system to manipulate levels of VEGF-A expres-
sion specifically within the podocyte. The mice devel-
oped distinct haploinsufficient, null, and overexpres-
sion phenotypes. Thus, similar to vascular development
in the early embryo, tight regulation of VEGF signaling
is essential in the establishment of later vascular beds
such as the glomerulus. In addition, sequential reduc-
tion in VEGF-A levels led to a loss of fenestrations or
failure of fenestrations to form, definitively demon-
strating for the first time a role for VEGF-A in mainte-
nance of endothelial fenestrations in vivo. Finally, the
distinct and dramatic renal phenotypes observed with
each alteration of VEGF level suggest that VEGF sig-
naling is pivotal in glomerular health and establish its
role in the pathogenesis of glomerular disease.

Complete loss of VEGF-A in the glomerulus was
100% fatal in the perinatal period. The null VEGF-
loxP**,Neph-Cre”/~ mice died within 18 hours of birth
with generalized swelling (hydrops) and a failure of the
glomerular filtration barrier to form. Although occa-
sional endothelial cells were identified in mostbutnot

Figure 6

Mice that overexpress the 164 isoform of VEGF-A in their podocytes
develop collapsing glomerulopathy. (a and b) Whole-mount images
of VEGF-overexpressing kidneys at 5 days. The kidneys demonstrate
many surface hemorrhages. () A glomerulus stained with H&E from
a wild-type littermate. (d) A glomerulus from a transgenic VEGF-over-
expressing mouse demonstrates global collapse of the capillary tuft
toward the vascular pole of the glomerulus. A single patent capillary
loop that appears dilated is identified (Cap). In addition, Bowman’s
space (BS) is enlarged. (e) A 5-day-old wild-type glomerulus is
stained with silver methenamine that recognizes basement mem-
branes (black). Note the intricate pattern of GBM that lines the cap-
illary loops between endothelial cells and podocytes. (f) In contrast,
a transgenic glomerulus demonstrates complete collapse of the cap-
illary network. (g) A high-power view of the capillary loops (Cap) in
a wild-type glomerulus. (h) In contrast, the few patent capillary loops
identified at 5 days of age in the transgenic mice demonstrate
increased diameter and multiple endothelial cell nuclei (arrowheads).
(i) A wild-type capillary loop at 5 days of age. Note the fenestrated
endothelium (arrow). Although a portion of an endothelial cell body
is identified (arrowhead), glomerular endothelial cell nuclei are dif-
ficult to find on EM sections. (j) In a transgenic patent capillary loop
at 5 days of age, three endothelial cell nuclei are easily identified
(arrowheads). Magnification in a and b: x60; in cf: x225; in g and
h: x1,000. In i, bar = 2,000 nm; in j, bar = 5,000 nm.

all capillary loop-stage (immature) glomeruli, all of
these endothelial cells lacked fenestrations. Upon
glomerular maturation, no endothelial cells remained.
The variability in this phenotype is likely due to the
time of genomic excision of the VEGF-A floxed allele.
VEGEF starts to be expressed during the S-shape stage
of glomerulogenesis, whereas nephrin-Cre-mediated
excision takes place slightly later during the capillary
loop stage (17). Thus it appears that transient expres-
sion of VEGF is sufficient to direct a reduced number
of incoming endothelial cells but insufficient to main-
tain survival and proliferation of these cells. In addi-
tion, our results suggest that there is a threshold level
required for VEGF to establish fenestrations that is not
reached in VEGF-null glomeruli. VSMA, a marker of
glomerular mesangial cells during glomerular devel-
opment, was also absent from null glomeruli, demon-
strating that mesangial cell differentiation and/or
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migration is dependent upon successful establishment
of a glomerular capillary system.

In contrast, initial development of the glomerular fil-
tration barrier was unaffected in the heterozygous
VEGF-loxP*/-,Neph-Cre*~ mice. However, by 2.5 weeks of
age, marked swelling of the glomerular endothelial cells
led to the appearance of bloodless glomeruli and
endotheliosis, the pathognomonic lesion seen in
preeclampsia. Although preeclampsia is a common and
potentially fatal disease that affects 7-8% of all preg-
nancies, the pathogenesis of this disorder is poorly
understood. Patients typically develop proteinuria, and
renal biopsies performed early in the disease demon-
strate endotheliosis that progresses to glomeruloscle-
rosis in a subset of patients (21). By 9 weeks of age, all
of the podocyte-specific VEGF heterozygotes developed
end-stage kidney failure due to a severe form of
glomerulosclerosis  with loss of differentiated
podocytes and endothelial cells. Although alterations
in circulating levels of VEGF have been implicated in
preeclampsia (25), the significance of these changes is
unknown and has not been studied in tissues of affect-
ed organs such as the kidney. Our results suggest that
downregulation of VEGF signaling within the
glomerulus may be involved in the renal lesion of
preeclampsia. Because the primary defect in preeclamp-
sia is believed to lie in the placenta and/or trophoblast,
itis interesting to speculate that some as-yet-unidenti-
fied factor that is generated by the placenta leads to
downregulation of VEGF-A expression within the
glomerulus and endotheliosis, and suggests future
areas of potential investigation.

Although glomerular defects were not observed prior
to 2.5 weeks of age, it is quite possible that earlier
endothelial and/or podocyte defects exist that we were
unable to detect. Furthermore, the dramatic loss of
podocytes by 9 weeks of age suggests that upon stimu-
lation with VEGF-A, endothelial cells “signal back” to
the podocyte, and that endothelial cell damage disrupts
these reciprocal signals, emphasizing the importance
and dependence of reciprocal interactions between
these two cell types.

In addition to its paracrine role in the glomerulus, it
is possible that VEGF-A has an autocrine function that
is required for podocyte survival. Presently, it is con-
troversial whether Flk1 is expressed even at low levels
in podocytes. However, we have crossed our nephrin-
Cre recombinase mice with floxed Flk1 mice (a kind
gift of J. Rossant’s lab at The Samuel Lunenfeld
Research Institute). By 4 weeks of age, these mice have
no phenotype that demonstrates an absence of
Flkl-dependent autocrine signaling within the
podocyte. VEGF-A is required for breast cancer cell sur-
vival in vitro; in this setting, VEGF-A appears to signal
in an autocrine fashion through the VEGF coreceptor,
neuropilin-1,in the absence of Flk1 (26). As neuropilin-1
is expressed in the podocyte, additional studies that
target neuropilin-1 in the podocyte are required to
definitively answer this question.

Previous studies that have globally reduced the
expression of VEGF-A in the mouse by using neutral-
izing antibodies (16, 27) or expressing only the 120 iso-
form of VEGF-A (28) have reported glomerular defects
that are different from those seen in our study. The
intraperitoneal injection of neutralizing antibodies to
human recombinant VEGF in postnatal day 1-3 mice
led to mesangiolysis and an arrest in postnatal kidney
development. Similarly, the postnatal administration
of a soluble chimeric VEGF receptor (Fltl) led to
hypocellular glomeruli with mesangial deposits and
mesangial cell vacuolization (16). In addition, the
authors observed a decrease in the number of glomeru-
lar capillaries and fewer endothelial cell fenestrations
(16). In the developing kidney, VEGF-A is expressed
both in podocytes and in tubular epithelial cells and
adjacent metanephric mesenchymal cells (29). The dif-
ferences seen between previous studies and the present
one are most likely due to alteration of VEGF levels in
multiple cell populations within the kidney and to a
variable reduction of the VEGF dose, which may be
more difficult to control with a circulating antibody or
receptor. In addition, endogenous VEGF-A levels were
upregulated in podocytes in a study by Kitamoto et al.
(27).In our model, there is a complete absence of VEGF
in podocytes. The glomerular phenotype was more
severe in our null mice than in mice treated with block-
ing antibodies or the soluble Flt receptor, suggesting
that the localized delivery of VEGF from the podocyte
across the heparan sulfate-rich GBM to the VEGF
receptors that face the GBM (30) is critical forits func-
tion in vivo.

More recently, Carmeliet and colleagues have report-
ed that mice that express only the secreted 120 isoform
of VEGF-A develop glomerulosclerosis by 6 weeks of
age (28). Although endothelial cells are lost, the
podocytes are reportedly normal. In our experiments,
all isoforms of VEGF-A are lost from the kidney and
the phenotype differs from the VEGF-120 mice.
Together, these results clearly emphasize the impor-
tance of isoform-specific functions of VEGF-A within
the glomerulus. Genomic targeting experiments that
will address the role of the different VEGF isoforms
within the podocyte are underway.

Given the exquisite sensitivity to VEGF dosage
reduction in glomerular development and function,
we also sought to determine the phenotype resulting
from overexpression of the 164 isoform of VEGF-A
specifically in the podocyte. The 164 isoform is secret-
ed and bound by heparan sulfate in the GBM. These
transgenic mice developed a dramatic glomerular phe-
notype and rapidly succumbed to end-stage renal fail-
ure. At the time of death, the majority of their
glomeruli demonstrated global collapse of the tuft as
seen in collapsing glomerulopathy and HIVAN (14).
Why do the capillaries collapse? At birth and from 1-5
days of age, the glomeruli are present and filter urine.
At this time, the patent glomerular capillary loops
have greater diameters and a greater number of
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endothelial cell nuclei than do wild-type capillaries.
Other studies have shown that treatment of endothe-
lial cells with increasing doses of VEGEF-A leads to coa-
lescence of endothelial cells and the formation of larg-
er endothelial tubes, a process that has been termed
“hyperfusion” (31, 32). In the absence of increased
glomerular capillary flow, this would lead to a fall in
intraluminal capillary pressure and collapse. Of clini-
cal relevance, the tat protein from HIV has been shown
to signal through Flk1 in endothelial cells in Kaposi
sarcoma (33-35), and the podocyte has been identified
as a reservoir for the HIV virus (36). Taken together,
these results present a possible explanation for the
similarity between the capillary collapse seen in the
VEGF-A overexpression model and HIVAN.

It has been hypothesized that damage to the
podocyte ultimately leads to the capillary collapse
seen in HIVAN and other forms of collapsing
glomerulopathies (37-40). However, our results
demonstrate that capillary collapse can occur in the
absence of dedifferentiation or dysregulation of
podocytes. In fact, the capillaries also collapse in het-
erozygous VEGF-loxP"-,Neph-Cre”~ mice after the
endothelial cells are lost, and in this case, the differ-
entiated podocytes are lost. Thus, it is evident that a
single mechanism or phenotype cannot explain all
cases of capillary collapse in glomerular disease.

In summary, our results demonstrate an exquisite
dosage sensitivity for VEGF-A in the developing
glomerulus. Numerous clinical studies have docu-
mented that alterations in glomerular VEGF-A expres-
sion are associated with glomerular disease (41-44).
Our results demonstrate that dysregulation of VEGF-
A is not only associated with but also plays a patho-
genic role in initiating glomerular injury. The Cre-loxP
system and transgenic approach allowed us to engineer
mice with three different doses of VEGF within the
podocyte based on the allele copy number. Each VEGF
level was associated with a distinct mechanism that led
to one of three important glomerular phenotypes.
These results provide insight into the molecular mech-
anisms that underlie a variety of common and clinical-
ly important human diseases, including preeclampsia
and HIV, and suggest potential future avenues for ther-
apeutic intervention. In addition, it is clear that inter-
actions between podocytes and endothelial cells are
critical during development of the glomerular filtra-
tion barrier and continue in the filtering glomerulus.

Finally, these results provide a note of caution for
clinical trials aimed at altering VEGF levels. Although
the podocyte has not been specifically targeted in these
therapies, careful monitoring of renal function with a
particular emphasis on the glomerular filtration barri-
er should be included in the clinical protocols.
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i Iniroduction

Vascular endothelial growth factor (VEGF), an important regulator of endothelial
cell physiology, was identified some 10 years ago and has, since then, been recog-
nised as the major growth factor relatively specifie for endothelial cells (reviewed in
Ferrara and Davis-SmvTi 1997). VEGF is a dimeric glycoprotein, closely related
to placenta growth factor (PHGF). Both VEGY and PIGF are distantly related in
structure to the platelet-derived growth factors A and B (PDGF A and PDGF B)
(Heroin et al. 1993). Three novel growth factors belonging to the family of VEGF,
PIGF and the two PIDGFs were recently discovered. These growth factors, termed
vascular endothelial growth factor B/VEGF-related factor (VEGE-B/VRE)
{GrivimonD et al. 1996; OLoFssoN et al. 1996a), vascular endothelial growth factor
C/VEGF-related protein (VEGF-C/VRP) (Jouxov et al. 1996; LeE et al. 1996)] and
c-fos-induced growth factor (FIGF) (Orianoma et al. 1996} share structural fea-
tures typical of the VEGF/PDGF growth factor family. The prominent structural
similarities between VEGF-related growth factors, several of which target endo-
thelial cells, and FIGF suggest the possibility that FIGF also targets endothelial
cells, despite its identification as a fibroblast growth factor. Based on these criteria,
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we propose that the name FIGF should be changed to VEGF-D to indicate its
structural and functional relatedness to the other VEGFs.

The rapidly expanding list of growth factors belonging to the VEGF-family is
surprising, but underscores the complexity of regulation of endothelial cell fonc-
tions and the heterogeneity among different subpopulations of endothelial cells. In
this review, we will summarise known structural and functional properties of the
novel VEGFs, i.e. VEGF-B, VEGF-C and VEGF-D.

2 ldentification and Properties of VEGF-B/VRF

A serendipitously found partial, mouse complementary deoxyribonucleic acid
{cDBNA) clone, encoding a VEGF-related peptide, was used to isolate full-length
mouse and human ¢DNA clones from an adult mouse-heart ¢cDNA library and
from a human tumour cell cODNA library, respectively {Crorsson et al. 1996a}. The
full-length ¢DNAs encoded a homologue of VEGF and, in analogy with the no-
menclature of the POGEs, the new protein was denoted VEGEF-B. Independently,
another group of researchers found the same gene when attempting to identify the
gene for multiple endocrine neoplasia type | (MENU). The protein encoded by this
gene was designated VEGF-related factor (VRF, Grimvmonp et al. 1996},

The roouse and buman genes for VEGF-B are almost identical, and both span
about 4 kb of DNA. The genes are composed of seven exons and their exon-intron
organisation resembles that of the VEGF and PIGF genes (Fig. 1) (GrimMMOND
et al. 1996; Ororsson et al. 1996b; Townson et al. 1996). Presently, two isofoerms of
VEGF-B, generated by alternative splicing of mRNA, have been recognised
(GrivmonD et al. 1996; Ovorsson et al. 1996b; Townsown et al. 1996). These two
secreted forms of VEGF-B have 167 (VEGF-Byg7) and 186 (VEGF-B g} amino
acid residues, respectively. The isoforms have an identical N-terminal domain of
115 amino acid residues, excluding the signal sequence, while the C-termuinal do-
mains differ. The common N-terminal domain is encoded by exons -5, Differential
use of the remaining three exons gives rise to the two sphice 1soforms. By the use of
an alternative splice-acceptor sife in ¢xon 6, an insertion of 101 bp introduces a
frame shift and a stop of the coding region of YEGF-B,47 cDINA (see Fig. 1). Thus,
the two VEGF-B isoforms will have different C-terminal domains which are un-
refated to each other. In VEGF and PIGF, several isoforms are encoded by the use
of alternative splice-acceptor sites and different combinations of exons in the genes,
but the corresponding transcripts are translated using the same reading frarne. The
use of partially overlapping, but different reading frames is fairly uncommon
among higher eukaryotes.

The different C-terminal domains of the two splice isoforms of VEGF-B affect
their biochemical and cell biological properties. The C-terminal domain of VEGF-
Big7 is structurally reiated to the corresponding region in YEGY, with several
conserved cysteine residues and stretches of basic amino acid residues {(see Sect. 5.
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Fig. 1. Exon-intron organization of g
exons are shown as hoxes and th
hoxey denote sequences encoding C

enes of the vascular endothelial growth factor (VEGT) family. The
ngths (bp} are indicated; the non-coding portions are whire; grey
and N-terminal peptides; black boxes denote sequences encoding the
VEGF homelogy domain. The striped box indicates the exon encoding past of the heparin-binding region.
in cysteine motifs encoded by the different exons are shown. The structures of the genes are from
Tiscuer et al. 1991, Ororsson et al. 1996b, Ciuov et al. 1997 and DiPaima et al. 1997, The figure was
modified from Cuirov et al. 1997

Thus, this domain is highly hydrophilic and basic and, accordingly, VEGF-B 4, will
remain cell-associated on secretion, waless the producing cells are treated with
heparin or high salt concentrations. The cell-associated molecules binding VEGF-
likely that the cell-association of this isoform occurs via its unigue basic C-terminal
region, as noted for the highly basic splice variants of VEGF. This suggestion is
further supported by the observation that a fusion protein of glutathione-S-
transferase and the unigque C-terminal domain of VEGF-Bie; binds tightly to a
heparin-Sepharose column (B. Clofsson and the authors, unpublished observation).
The C-terminal domain of the second splice isoform, VEGF-Bg, has vo
significant similarity with known amino acid sequences in the databases. The hy-
drophobic character of this domain, with several conserved alanine, proline, serine
and threonine amino acid residues contrasts with the properties of the hydrophilic
and basic C-terminal domain in VEGF-Big,. This is supported by the observation
that VEGI-B, g does not remain cell-associated on its secretion. Recent evidenc
suggests that this isoform is proteolytically processed, which regulates the biolog-
ical properties of the protein {OrorssoN et al. 1998 and unpublished data).
Isoforms of both human and mouse VEGF-B lack the consensus sequence for
N-hioked glycosylation (NXT/S), unlike the other growth factors of the PDGF/
VEGF-family. However, VEGF-B,g4 is U-glycosylated, presumably in the unique
C-terminal domain rich in serine and threonine residues (OLoFssoN et al. 1996b).
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The VEGF-B isoforms are produced as disulphide-linked homodimers and,
under reducing conditions, the apparent molecular masses of secreted VEGE-Byer
and VEGF-Bge isoforms are 21 kDa and 32 k¥Da, respectively (OLoFsson et al.
1996a,b). The secreted 32 kDa form of VEGF-Bg is O-glycosylated, while the
unmodified intracellular form of VEGF-Bgs has an apparent molecular mass of
26kDa.

It 1s well documented that VEGF can form naturally occurring heterodimers
with PIGF (DiSaLvo et al. 1995} and such heterodimers mught display functional
properties distinet from those of both VEGF and PIGF homodimers. Analysis of
both isoforms of YEGF-B showed that disulphide-linked heterodimers with VEGF
are generated when both are co-expressed in recipient cells (OrorssoN et al
1996a,b), but it has not been cstablished whether naturally occurring VEGF-
VEGF-B heterodimers exist. Homodimers of VEGF 45 are secreted from cells in a
soluble form, while heterodimners of VEGE-B s~ VEGF remain cell-associated. In
contrast, heterodimers of VEGF-Bygs and VEGF are freely secreted into the cell-
culture medium. Thus, VEGF-B 57 appears to determine the release of the he-
terodimers from cells, and heterodimerization of VEGEF with either of the two
isoforms of VEGF-B might, therefore, control the release and bicavailability of
VEGF-VEGF-B heterodimers (Ororsson et al. 1996a.b). 1t is presently vokonown
whether the VEGF-B polypeptides perform their in vivo function as homodimers,
as heterodimers with VEGF, or as both.

The ability of VEGF-B isoforms to affect the release of VEGF-VEGEF-B he-
terodimers from the producing cells is intriguing, since the two growth factors are
co-expressed in many tissues, most prominently in the heart {OrorssoN et al
1996a). The almost identical patterns of expression of the two VEGF-B isoforms,
predominantly in embryonic and adult muscle tissues {(myocardiom and skeletal
muscle}, makes it unlikely that differential expression of VEGF-B isoforms would
countribute to a genetically controfled ruechanism involved in the release of VEGE-
VEGF-B heterodimers.

Conditioned mediom from 293 cells transfected with an expression vector
generating VEGF-Bigy stimulated thymidine incorporation into DNA 1o homan
urnbilical vein endothelial cells (HUVECs) and bovine capillary endothelial (BCE)
cells. This suggested that VEGF-B is an endothelial cell mitogen and that it may be
angiogenic in vive (OLorssoN et al. 1996a). However, the possibility remains that at
feast part of the mitogenic activity is contributed by VEGF-VEGF-B beterodimers,
as recombinant VEGF-Bige homodimers have no detectable mitogenic activity on
endothelial cells (Ororsson et al. 1998).

Despite their close structural similarities, the receptor-binding properties of
VEGF-B differ from those of VEGF. Using soluble VEGF receptor (VEGEFR)
extracellular-domain fusion proteins, we have established that VEGF-B binds to
VEGFR-1 with high affinity, but not to VEGFR-2 or -3 (OLoFssON et al. [998).
The affinity for VEGFR-1 and not VEGFR-2 is not surprising, considering that
certain receptor-specific epitopes defined for VEGF (KevT et al. 1996) predict this
reactavity. Thus, the acidic residues in icop 2 of VEGFE, important for binding to
VEGFR-1, are almost identical in VEGF-B. However, analysis of several VEGF-B
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routants in which these acidic residues have been replaced by alanine residues show
that the corresponding residues of VEGF-B has some effect for VEGFR-1 binding
{Ororsson et al. 1998). Conversely, the basic residues in loop 3 of VEGF, im-
portant for VEGFR-2 binding, are not present in VEGFEF-B. The selective binding
of VEGF-B and PIGF to VEGFR-1 suggests that the two growth factors may be
differentially expressed functional homologues.

The expression of VEGF-B during most of murine development suggests that
YEGF-B has a role during the establishment of the vascular system. Resolts from
the knockout studies of VEGF have shown that VEGF-B is unable to compensate
for the loss of even a single allele of VEGF (Carmerar et al. 1996; Frrrara et al.
1996}. Given that VEGF-B does not bind VEGFR-2, this is not surprising, and the
functions of YVEGF and VEGF-B are, thus, clearly distinct. Furthermore, the role
of VEGF-B may extend beyond the vascular system as it is expressed ecarly during
the development of the central nervous systern. VEGF-B expression was detected in
8-day-oid embryos in structures most likely corresponding to parts of the neural
tube (LAGERCRANTZ et al. 1996). On day 11.5-12.5 p.c., VEGF-B was strongly
expressed in the developing heart (OrofFssoN et al. 1996a and unpublished obser-
vations}, Later, on day 14 p.c., VEGF-B is expressed in most tissues of the embryo,
although most promineuntly in heart, spinal cord and cerebral cortex. Cn day 17,
most of the in situ hybridization signal is concentrated in the heart, brown fat and
spinal cord (LaceErcraNnTZ et al. 1996},

One of the unique features of VEGF expression is its upregulation under
hypoxic conditions {GoLpserc and ScHNEIDER 1994, STEiN et al. 1995) and by a
variety of other stimuli, including several growth factors and cytokines (Fpuk-
ENZELLER et al. 1992, Garripo et al. 1993; Perrovaara ¢t al. 1994; Frank et al.
1993; ConeN et al. 1996). The reguiation of VEGF-B mRNA s apparently very
different, as neither hypoxia nor several growth factors alter the level of expression
of this gene (Ensionm et al. 1997).

The VEGF-B gene was localised to chromosome 1113, proximal to the cyclin
D1 gene, which is amplified in a number of human carcinornas (PaavomMeN et al.
1996). The amplification of cyclin D1, however, was not accompanied by amphifi-
cation of VEGF-B in several mammary carcinoma ceil lines studied (PAAvVONEN
et al. 1996).

3 Identification and Properties of VEGF-C/VRP

A factor stimulating tyrosine phosphorylation of Fit4 (subsequently referred to as
VEGFR-3), a receptor tyrosine kinase closely related to VEGFR-1 and VEGFR-2,
was identified in conditioned medium from PC-3 prostatic adenocarcinoma cells.
Receptor-affinity chromatography using the VEGFR-3 extracellular domain led to
the punfication of the stimulating factor. The partial amino acid sequence was
obtained from the purified factor and a 5’ fragrment of the cDNA encoding it was
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amplified by serial polymerase chain reactions (PCR) using degenerate priroers. A
full-length ¢DNA was then cloned from a library prepared from PC-3 cells, using
the labelied PCR-amplified 5 fragment as a probe (Jourov et al. 1996). The full-
length ¢BNA encoded a novel homologue of VEGF and was subsequently denoted
VEGF-C. Independently, an expressed sequence tag (EST) was identified in the
database as being homologous with VEGF. Using the partial EST clone as the
probe, a full-length VEGF-C cDNA clone was isolated. The protein encoded by
this ¢cIXNA was designated VEGF-related protein (VRP) (Leg et al. 1996},

The human VEGF-C cDNA encodes a protein of 419 amino acid residues,
with a predicted molecular mass of 46.9 kDa. However, the newly synthesised
VEGF-C product is a pre-pro-protein, consisting of an N-terminal signal sequence
foliowed by an N-terminal peptide, the VEGF-homology domain, and a C-terminal
pro-peptide (Joukov et al. 1996). VEGF-C is secreted as a disulphide bonded
homodimer, and most of it is proteoiytically processed from the precursor poly-
peptide, which contains three putative N-glycosylation sites; two of these remain in
mature, fully processed VEGF homology domain. Based on cur resulis, we propose
the VEGF-C proteolytic processing model schematically presented in Fig. 2. This
model resembles the model for the proteolytic processing of PDGF, especially of
PDGE-B (Ostvan et al. 1988, 1992} in that: (1) the proteolytic cleavages occur
after the formation of disulphide-bonded precursor dimers, (2} both N- and C-
terrainal peptides may be subject to cleavage, and (3) a vadety of processed forms
are secreted. However, there are several important differences between PDGEF-B
and VEGF-C, concerning both their processing and the structures of the mature
growth factors.

The homologous part of VEGF-{ is about 33% identical with VEGF4s, 27%
with VEGF-B ¢y 25% with PIGF-1 and 22-24% with PDGF-A and PDGE-B.
Fully processed VEGF-C binds to and activates both VEGFR-3 and VEGFR-2. A
single class of high-affinity sites was observed in porcine aortic endothelial (PAE)/
VEGFR-3 cells (Kg=135 pM) and PAE/VEGFR-2 cells (K;=410 pM). These
values are of similar magumitude to the affinities reported for the VEGF-VEGFR-2
interaction {TERMAN et al. 1992; WALTENBERGER et al. 1994). VEGF-C and VEGF
displace each other from VEGFR-2, indicating that the sarae region of this receptor
is involved in the binding of both ligands. Surprisingly. none of the three basic
residues reported to be critical for YVEGFR-2 binding by YEGF (KevT et al. 1996}
are conserved in VEGF-C. VEGF-C also dose-dependently stmulated autophos-
phorylation of VEGFR-3 and VEGFR-2, but 1 agreement with previous reports
(Ler et al. 1996}, we could not detect binding to VEGFR-1 (Jouxov et al. 1996,
1997).

The human and mouse VEGF-C genes both comprise over 40 kb of genomic
DNA and consist of seven exons, all containing coding sequences (Fig. 1). The
VEGF-C gene was localised to human chromosome 434, close to the human
aspartylgivcosaminidase gene (Paavonen et al. 1996). The VEGF homology do-
main of VEGF-C is encoded by exons 3 and 4. Exons 5§ and 7 encode cysteine-rich
motifs of the type C(G)C(IMCRC, and exon 6 encodes C{10¥CXCXC motifs typical
of a silk protein (Crmov et al. 1997). The upstream promoter sequences contain
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Fig. 2. Schematic model of the proteolytic processing of VEGF-C. The regions of VEGF-C polypeptide
are marked as follows: 8§ signal sequence; grey box VEGF-homology domain; open boxes N-terminal
and C-terminal peptides. Cystetne residues are shown as dack ovals, the cysteine residues wn the C-
terminal pro-peptide arce not marked for clarity. Putative sites of A-linked glycosylation are indicated by
Y. The major proteolytic cleavage site between residues 1228 is indicated by an arrew. This cleavage
oceurs as early as during secretion of the protein from the ceflular compartment and it creates the major
essed forms consisting of disulphide-linked 29/31-kDa polypeptides. Disuiphide bouds are marked as
the dashed lines indicate the detection of both covalent or non-covalent interactions. The proposed
structure of the alternatively processed VEGF-C is indicated with a question mark. Several intermediate

forms are omitted to simplify the scheme. The figure wad adopted from Jouxov et al. (1997)

conserved putative binding sites for Sp-1, AP-2 and nuclear factor xB (NF-xB)
transcription factors, but no TATA bex, and show serom-stimulated promoter
activity when transfected into cells. The VEGF-C gene structure is, thus, assembied
from exons encoding pro-peptides and distinet ¢ysteine-rich domains in addition to
the VEGF homology domain, showing both similarities and distinct differences
compared with other members of the VEGF/PDGF gene family.

VEGF-C mRNA was detected in Northern-blot analyses of many embryonal
and adujt tissmes. In adult humans, the VEGF-C mRNA is expressed most
prominently in heart, placenta, ovary, small intestine and the thyroid gland. Tu-
mour cells express, almost exclusively, a 2.4-kb mRNA form, suggesting that it
correspoends to the described VEGF-C ¢DNA clone obtained from the PC-3 tu-
mour cell line (Jouxov et al. 1996). The identity of another 2.0-kb mRNA, hy-
bridizing with the VEGF-C probe in analysis of many tissues remains (o be
determined. Two VEGF-C ¢cDNA clones were obtained that contained 152-bp and
$57-bp deletions, corresponding to exon 2 or exons 2-4, respectively (Lze ot al.
1996; Cuov et al. 1897) Due to the shift of the reading frame, which occurs 15
amino acid residues downstream of these deletions, the predicted proteins encoded
by the two deleted c3NAs contain either no or only part of the core cysteine knot
region similar to that in VEGF.
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Also the mouse VEGF-C c¢DNA was cloned and shown to encode a protein of
415 amine acid residues, which is 85% identical with human VEGF-C and similarly
processed (KUK et al. 1996). In in situ hybridization, mouse VEGF-C mRNA was
detected in 8.5-day-old embryos in the cephalic mesenchyme, along the somites, in
the tail region and extraembryonally in the alfantois. In embryos 12.5 days p.c.,
VEGF-C mRMNA was particularly prominent in regions where the lymphatic vessels
are generated from embryonic veins, sach as perimetanephric, axillary and jugular
areas. The signal was also detected between the developing vertebrae, in the lung
mesenchyme, in the neck region and 1o the developing forehead. The developing
mesenteriom, which is rich in lymphatic vessels, also showed strong VEGF-C ex-
pression (Kukx et al. 1996). The distribution of the VEGFR-3 mRNA follows a
somewhat siruilar teraporal and spaual pattern (Kamainew ef al. 1995; Kukx et al
1996). This suggests a paracrine mode of ligand-receptor interaction, with VEGF-
C expressed in mesenchymal cells adjacent to the VEGFR-3 positive endothelia. —
The juxtaposed VEGFR-3 and VEGF-C expression patierns suggest that VEGF-C
functions in the formation of the venous and lymphatic vascular systems during
embryogenesis. Constitutive expression of VEGF-C in adult tissues further suggests
that this growth factor is also involved in the maintenance of functions of, for
example, differentiated lymphatic endothelium, where VEGFR-3 is expressed
{(KawpaweN et al. 1993, 1995; Kukk et al. 1996).

VEGE-C expression was detected n embryos as early as day 7 pe. {(Kukk
et al. 1996). This was striking, considering the appearance of VEGFR-3 mRNA
first onn day 8.5 of gestation (Kareainen et al. 1995}, This suggests a possible role of
YVEGF-C during earlier stages of embryonic development. Such a function might be
exercised through the ability of VEGF-C 1o function as a ligand for VEGFR-2,
which s expressed in presumptive progenitors of yolk-sac blood islands as early as
day 7 p.c. Interestingly, VEGFR-2 is essential for the development of both hae-
matopoietic and endothetial cell lineages (CArRMELIET et al. 1996; FERRARA et al.
1996). We, therefore, investigated the effect of VEGF-C on VEGFR-2 positive cells
isolated froro the primiuve streak of gastrulating quail embryos. VEGF binding
triggers endothelial differentiation of these cells, whereas haemopoictic differenti-
ation appears to be mediated by binding of a so-far unidentified VEGFR-2 ligand.
We could show that, like VEGF (Eicumanm et al. 1997), VEGF-C also triggers
endothelial differentiation of these celis, presumably via VEGFR-2 (BicHMANN
et al. 1998). These results indicate that VEGF and VEGF-C can act in a redundant
manner via VEGFR-2.

Our results demonstrate that proteolytic processing allows VEGF-C to bind to
and activate VEGFR-2Z and increases its affinity and activity towards VEGFR-3
(Joukov et al. 1997}, The biosynthesis of VEGF-C as a precursor may prevent
unwanted angiogenic effects via VEGFR-2 and allow VEGF-C 1o signal prefer-
entially via VEGFR-3. In certain circunstances, proteolytic processing would re-
lease mature VEGF-C, which is able to signal via both VEGFR-3 and VEGFR-2,
It is also possible that activation of both VEGFR-3 and YEGFR-2, either as homo-
or as heterodirners, is necessary to elicit a complete biological response to VEGF-C.
Similarly, heterodimers of VEGFR-! and VEGIR-2 could be important for the
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biclogical activities of VEGF. In the case of VEGF-C, proteolytic processing might
provide a regulatory mechanism that provides the possibility for fine tuning of the
biclogical functions of this growth factor.

The major secreted VEGEF-C form contains the C-terminal pro-peptide, which
has an unusual structure with tandemly repeated cysteine-rich motifs and is linked
via disulphide bonds with the N-terminal peptide. The possible function of this,
apparently in itself an inactive C-terminal half of VEGF-C, is unknown. i has
domains of striking similarity to a secretory silk protein and contains short motifs
homologous with the epidermal growth factor (EGF)-like domains of other se-
creted proteins, such as fibpllin, laminin and tenascin. All of these proteins are
known to participate in protein—protein or protein—cell surface interactions. One
can, thus, speculate that partially processed VEGF-C may stay associated with the
extracellular matrix via its C-terminal pro-peptide (Fig. 2). Cleavage of the N-
terminal pro-peptide in certain conditions by, as yet, unknown proteases would
then release the active VEGF-C.

Like VEGF, VEGF-C also stimulates the migration of endothelial celis and
increases vascular permeability, albeit at concentrations higher than required for
VEGF (Joukov et al. 1996; LEg et al. 1996). About 50-fold higher concentrations of
VEGF-C were required to induce the proliferation of blood vascular endothehal
cells. These activities are probably mediated through VEGFR-2 activation (Park
ct al. 1994; WALTENBERGER et al. 1994}, The lower specific activity of VEGEF-C in
these assays may depend on its lower affinity for VEGFR-2 and on its inability to
bind VEGFR-1, precluding the formation of VEGFR-1-VEG¥FR-2 heterodimers,
which may be required for maximal biological responses to VEGE {WALTENBER-
GER ¢t al. 1994, DiSaLvo ct al. 1995; Cao et al. 1996; Crauss ct al. 1996).

In order to better uunderstand the funciion of VEGF-C, in vivo, its ¢cDNA was
expressed via a human keratin promoter in the basal cells of siratified squamous
epitheliz (Jerrscu ot al. 1997). Histological examination of the {ransgenic mice
showed that the dermis was atrophic and its connective tissue was replaced by large
lymphatic vessels. In ultrastructural analysis, these vessels were shown to have
overlapping endothelial junctiouns, anchoring filaments in the vessel wall, and a
discontinuous or even partially absent basement membrane. The endotheliun: was
also characterised by positive staining with monoclonal antibodies to desmoplaking
I and II, expressed in lymphatic, but not in vascular, endothelial cells (ScumMELZ
et al, 1994). VEGFR-3 and VEGEFR-2, and the Tie-1 endothehal-receptor tyrosine
kinase mRNAs were detected in endothelial cells lining the abnormal vessels. The
VEGF-C—receptor interaction in trapsgenic mice apparently transduced a mito-
genic signal because, in contrast to littermate controls, the lymphatic endothelium
of the skin from voung transgenic mice showed increased IDNA synthesis. In flu-
orescent ncrolymphography, a typical honeycomb-like network with similar mesh
sizes was detected in both control and transgenic mice, but the diameter of the
vessels was approximately twice as large in the transgenic mice. Thus, the endo-
thelial proliferation induced by VEGF-C led 1o hyperplasia of the superficial
tymphatic network, but did not induce the sprouting of new vessels. Also, a rel-
atively specific lymphangiogenic response was obtained when recombinant VEGF-
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C was apphed to the differentiated chick choricallantoic membrane (On et al.
1997).

These effects of VEGF-C overexpression were unexpectedly specific, particu-
larly as VEGF-C is also capable of binding to and activating VEGFR-2 of blood
vessel endothebal cells. In vivo, the specific effects of VEGFE-C on lymphatic en-
dothelial cells may reflect a requirement for the formation of VEGFR-3-VEGFR-2
heterodimers for endothelial cell proliferation. Such possible heterodimers may
help to explain how three homologous VEGFEs exert partiaily redundant, yet
strikingly specific, biological effects. Thus, VEGF-C induces specific lymphatic
endothelal proliferation and hyperplasia of the lympbatic vasculature in vivo.
Further studies should establish the role of VEGF-C in lymphangiomas and in
tumour metastasis via the lymphatic vasculature as well as in various other dis-
orders involving the lymphatic system and their treatment.

Both VEGF and VEGF-C are potent vascular-permeability factors. Surpris-
ingly, we have found that the recombinant mature VEGE-C, in which Cys156 was
replaced by a Ser residue, is a selective agonist of VEGFR-3 (Jouxov et al. 1998).
This mutant, designated ANACIS6S, bhinds and activates VEGFR-3, but neither
binds VEGFR-2 nor activates its autophosphorylation and downstream signalling
to the ERK/MAPK. pathway. Unlike VEGF-C, ANAC1S6S neither induces vas-
cular permeability in vive nor stimulates migration of bovine capiliary endothelial
cells in culture. These data point out the critical role of VEGFR-2-mediated signal
transduction for the vascular permeability activity of VEGF-C, and strongly sug-
gest that the redundancy of biological effects of YEGF and VEGF-C is caused by
thetr ability to bind to and activate VEGFR-2. However, the possibility exists that
there are additional receptors for VEGE and VEGF-C, that are responsible for
vascular permeability. The ANACI56S mutant may provide a valuable tool for the
analysis of VEGF-C effects mediated selectively via VEGFR-3. The ability of
ANACIESS S to form homodirners also emphasises differences in the structural re-
quirements for VEGYF and VEGF-C dimerization.

Serum and its component growth factors, PDGF, EGF and transforming
growth factor-p (TGF-B), and tumor promoters were found to sumulate VEGF-C,
but not VEGF-B, aRNA expression (EnAoLm et al. 1997). Serum induction of
VEGF-C mRBNA occurred independently of protein synthesis; with a slight increase
of the mRNA half-life, whereas VEGF-B mRNA was very stable. Hovewer, hyp-
oxia, Ras oncoprotein and motant p53 tumouvr suppressor, which are potent in-
ducers of VEGF mRNA did not increase VEGF-B or VEGF-C mRNA levels. We
have also stadied the regulation of VEGF-C by angiogenic pro-inflammatory cy-
tokines. Interleukin (1L)-1 induced a concentration- and a time-dependent increase
in VEGF-C, but not in VEGF-B, mRNA steady-state levels in human lung fi-
broblasts, mainly due to increased transcription (Ristimaxi et al. 1998). Tumour
necrosis factor alpha (TNFa) and TL-1 also elevated VEGF-C mRNA steady-state
levels, whereas the IL-1{ receplor antagonist and dexamethasone inhibited the effect
of TL-1. Hypoxia, which is an important inducer of VEGF expression, had no effect
on VEGF-B or VEGF-C mRNA levels (Envmonm et al. 1987). 1L-1 and TNFg also
stimulated the production of VEGF-C protein by the fibroblasts (RisTiMax: et al.
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1998). Our data suggest that in addition to VEGF, VEGF-C may also serve as a
iymphangiogenic or angiogenic stimulus at sites of cytokine activation. In partic-
ular, these results raise the possibility that certaln pro-inflammatory cytokines
regulate the lymphatic vessels indirectly via VEGF-C.

4 fdentification and Properties of VEGF-D/FIGF

A partial cDNA for FIGF was first isolated from a differential-display screening of
murine fibroblast mRNAs from cells with or without a targeted inactivation of the
c-fos locus (OrLanpini et al. 1996). The full-length murine ¢cDMNA clone was found
to encode a protein of 358 amino acid residues, including a hydrophobic putative
signal sequence, with significant similarities to the PDGF/VEGY family of growth
factors {see Sect. 5). FIGF was shown fo stiraulate mitosis of fibroblasts in a dose-
dependent manner. However, based on the strong structural similarities to the
PDGF/VEGF farmily of growth factors, we propose that FIGF should be renamed
to VEGEF-D to highlight this relationship and to get a rational nomenclature of the
novel VEGFs. VEGF-TJ can be viewed as having a VEGF homology domain and
tong N- and C-termunal extensions. The fact that VEGF-I is most closely refated to
VEGF-C is apparent for two reasons (see Scct. 5y first, the VEGF homology
domain of VEGF-I¥ is much more closely related to that found in VEGF-C than to
those of the other family members; second, of the other factors in the VEGF family,
only VEGF-C has long N- and C-terminal extensions similar to those in VEGF-D.
The presence of these extensions in VEGF-C and VEGF-D., thus, defines a new
subfamily of the VEGFs.

The similarity between VEGF-D and VEGF-C exists also at the functional
fevel, as receptor-binding studies dernonstrated that VEGF-D and VEGF-C exhibit
sitnifar receptor specificities (Acnen et al. 1998). This protein is likely to be pro-
cessed in a similar fashion to VEGF-C {data not shown). A region of VEGF-D
corresponding to the fully processed, matare VEGF-C can bind to the extracellular
domain of VEGFR-2 and induce tyrosine phosphorylation of both VEGFR-2 and
VEGFR-3, When expressed in insect cells, the full-length VEGF-D was not pro-
teolytically processed; this protein was unable to activate VEGFR-3 and activation
of VEGFR-2 was, at best, marginal. Given that VEGF-D can also activate
VEGFR-3, it is possible that VEGF-D could be involved in the regulation of the
growth and/or differentiation of lyvruphatic endothelinm just Jike VEGF-C.

The notion that VEGF-D and VEGF-C may have similar biological functions
is further supported by their similar expression patterns. For example, both genes
are strongly expressed in heart, muscle and small intestine, whereas expression was
undetectable in peripheral blood leucocytes, brain and liver {Joukov et al. 1996;
LeE et al. 1996; AcHEN et al. 1998). Nevertheless, the expression patterns are not
identical. A second VEGF-D transcript was detected only in skeletal muscle.

Like VEGF-C, human VEGF-D was also mitogenic for bovine aortic endo-
theltal cells. This response is jikely to involve VEGFR-2. Mouse VEGF-D has
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previously been reported 1o induce proliferation and morphological alterations of
cultured fibroblasts, but the receptors responsible for mediating these effects have
not been identified (OrLanpiNg et al. 1996). It would be of interest to determine
whether or not the cultured fibroblasts used for such studies expressed VEGFR-2
or VEGFR-3. A summary of the receptor-binding properties of known members of
the VEGF family of growth factors is iltustrated in Fig. 3.

5 Primary Structures of VEGF-Related Growth Factors

Seven polypeptides with significant similarities to VEGF and two PDGFs have
been discovered so far. A multiple amino acid sequence alignment of human
VEGF, PIGF, VEGF-B, VEGF-C, VEGF-D and the two PDGFs show that a
central core of the proteins is well conserved during evolution (Fig. 4A). A major
part of this core region is located between the eight invariant cysteine residues,
shown to be involved in inter- and intramolecular disulphide bonding of VEGF and
the two PIDGEs. This region is encoded by the two well-conserved exons, E3 and
E4, in the corresponding genes of the VEGFs (see Fig. 1). The overall amino acid
sequence identity in this region varies between 20% and 56% in pairwise com-
parisons of available amino acid residues. Outside this central core, the overall
amino acid identities are much weaker, although individual pairs of these proteins
display higher sequence similarities. The receptor binding epitopes in these group of
growth factors, at least for VEGF (Kevr et al. 1996) and the two PDGFs (HeLpIN
et al. 1993), are confined within the central core defined by the eight invariant
cysteine residues. Thus, this region defines a structural and functional minimal
domain. Determination of the three dimensional structures of VEGEF (MuLier

H
H
N
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Fip. 3. Interactions of VEGF-related growth factor with their receptors. A schematic iflustration of the
receptor-binding characteristics of VEGF-related growth factors with soluble Flt-1 (sFlt-1), Flt-1 (V£-
GFR-1), KDR/FIk-1 (VEGFR-2), Flt-4 (VEGFR-3) and with heparin sulphate proteoglycans (HSAG) and
neuropilin (SOKER et al. 1998}
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VEGF 165
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Fig. 44, B. Amino acid sequence alignment of VEGF-related growth factors. A. Multipie amino acid
sequence alignment of three novel VEGFs, e.g. VEGF-B, VEGF-C and VEGF-D and a comparison with
VEGF, placenta growth factor (PIGF) and the rwo platelet-derived growth factors (PDGFs) as well as
with the interesting viral homologue of the poxvirus orf virus (LyTTis et al. 1994). The amino acid
sequences were aligned using the Crystal algorithm, and the alignment was refined manually. The boxed
residues are within two distance units using the PAM 250 matrix. B. An unrooted phylogenetic tree of the
VEGF-related growth factors based on the amino acid sequence alignment in A

et al. 1997) and PDGEF-B (Oerner et al. 1992) by X-ray crystallography have also
shown that this region forms distinct domains with remarkable structural simi-
laritics.

A phylogenetic analysis of the amino acid sequences of these growth factors
shows that they can be grouped into three separate subfamilies, consisting of
VEGF, PIGF, VEGF-B, and VEGF-C and D, and the two PDGFs, respectively
(Fig. 4B).

6 Perspectives

The discovery of three novel members of VEGF family increases our understanding
of the compiexity of the regulatory signals for endothelial cells and promotes new
areas of research in vascular biology. Many of the already-established experimental
models and approaches used in VEGF studies might obvicusly be applied to studies
of the novel VEGFs. However, not only endothelial functions should be taken into
consideration here, as recent results show that VEGF might induce certain bio-
logical effects via the targeting of non-endotheliai cells (Mipy and Prouger 1994;
GaARRILOVICH et al. 1996},

The main questions regarding the biclogical roles of the novel VEGFs are not
answered yet. In this regard, different molecular genetic and transgenic approaches,
including gene targeting, are of great importance. Studies on VEGF-C have shown
that it acts as a specific growth factor for endothelial cells of lymphatic vessels
(JeLtscn et al. 1997). Studies on VEGF-B and VEGF-D are likely to provide
additional information on the role of these growth factors in endothelial cell
function and physiclogy.
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Important issues also concern the analysis of tissue-specific regulation of
VEGF-B, VEGF-C and VEGF-D expression by hypoxia, various growth factors
and other agents or conditions known to regulate VEGF expression. Similarly, the
function of the different splicing forms of VEGF-B, VEGF-C and VEGF-I should
be explored. Such alternatively spliced isoforms of these growth factors might
possess different functions in vivo, e.g. due to the differences in their receptor
specificity/affinity, bioavailability, stability and proteolytic processing, and their
ability to form heterodimers with other VEGF family mmembers. The latter property
might be of particular importance, as heterodimers of the various growth factors
might express biological properties distinct from those of the corresponding ho-
modimers. Finally, the discovery of VEGF-B, VEGF-C and VEGF-D highlights
the structural simtarities of VEGF family polypeptides and may simplify the search
for novel homologous molecules.

Acicnowledgements. We kindly thank all of our coworkers and coliaborators for outstanding contribu-
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The developroent of & vascular supply is a fundamental requirement for organ
development and differentiation during embryogenesis as well as for wound healing
and reproductive functions in the aduit (FoLkmAaN 1995). Angiogenesis is also
implicated in the pathogenesis of a variety of disorders: proliferative retinopathies,

Department of Cardiovascular Research, Genentech, Inc., 460 Point San Bruno Boulevard, Scuth San
Francisco, CA 94080, USA
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age-related macular degeneration, tumors, rheumatoid arthritis and psoriasis
{(FoLkMAN 1995; Garner 1994).

The search for positive regulators of angiogenesis has yielded several candi-
dates, including fibroblast growth factors a and b (aFGF, bFGF), transforming
growth factors alpha and beta (TGF-u, TGF-8), hepatocyte growth factor (HGE),
tumor necrosis factor alpha (TNF-a), angiogeunin, interleukin-8 (FL-8), etc.
(Foreman and Smna 1992; Risau 1997). However, in spite of extensive research,
there is still significant debate as to their role as endogenous mediators of angio-
genesis. The negative regulators identified so far include thrombospondin (Goop
et al. 1990; DiPwmrro 19973, the (6-kilodalion N-terminal fragment of prolactin
(FerraRrA et al. 1991), angiostatin ({O’ReiiLy et al. 1994) and endostatin (O’ReLy
et al. 1997).

This chapter discosses the molecular and biological properties of the vascular
endothelial growth factor (VEGF) proteins. Over the last few years, several addi-
tonal members of the VEGF gene family have been identified, inchuding VEGF-B,
VEGF-C, Placenta growth factor {PIGF) and VEGF-D. This chapter focuses pri-
marily on VEGF, also referred to as “VEGF-A”. For a description of the other
members of the family, the reader is referred to the appropriate chapters in this
book. Work done by several laboratories over the last few vears has elucidated the
pivotal role of VEGF and its receptors in the regulation of normal and abnormal
angiogenesis (FErrARA and Davis-SmyTH 1997). The finding that the loss of even a
single VEGF allele results in embryonic lethality points to an irreplaceabie role
played by this factor in the development and differentiation of the vascular system
{Fernara et al. 1996; CarmeLier ef al. 1996). Furthermore, VEGF-induced an-
giogenesis has been shown to resuit in a therapeutic effect in animal models of
coronary or limb ischemia and, most recently, in a human patient affected by
critical leg ischemia {FErRRARA and Davis-Smyrts 1997},

1 Biological Activities of Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) is a mitogen for vascular endothelial
cells derived {rom arteries, veins and lymphatics, but is devoid of consistent and
appreciable mitogenic activity for other cell types (FErragA and Davis-Smvra
1997). VEGF promoties angiogenesis in tri-dimensional in vitro models, inducing
confluent microvascular endothelial cells to invade collagen gels and form capillary-
like structures (Pepper ¢t al. 1992). Alse, VEGF induces sprouting from rat aortic
rings embedded in a collagen gel (Nicosia et al. 1994). VEGF also elicits a pro-
nounced angiogenic response in a variety of in vivo models, including the chick
choricallantoic membrane (LsUnNG et al. 1989), the primate iris (ToLENTING et al.
1996} eic.

VEGF induces expression of the serine proteases urokinase-type and tissue-
type plasminogen activators (PA), and also PA inhibitor 1 (PAI-1) in cultured
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bovine microvascular endothelial cells (Pepper et al, 1991). Moreover, VEGF in-
creases expression of the metalloproteinase mnterstitial collagenase in human um-
bilical-vein endothelial cells (HUVECQ), but not in dermal fibroblasts (Unemaory
et al. 1992). Other studies have shown that VEGF promotes expression of the
urokinase receptor (uPAR) in vascular endothelial cells (ManprioTa et al. 1995).
Additionaily, VEGF stimulates hexose transport in cultured vascular endothelial
cells (PEXALA et al. 1990).

VEGF is known also as vascualar permeability factor {VPF)}, based on its ability
to induce vascular leakage in the guinea-pig skin (Dvorax et al. 1993). Dvorak
and colleagues proposed that an increase 1o microvascular permeability is a crucial
step in angiogenesis associated with tumors and wounds (Dvoraxr 1988). Ac-
cording to this hypothesis, a major function of VPF/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 substraie for endothelial and tunmor cell
growth (Dvorak et al. 1987). Recent stodies have also suggested that VEGY may
induce fenestrations in endothelial cells (Rorerts and PALADE 1995, 1997). Topical
administration of VEGF acutely resulted in the development of fenestrations in the
endothelium of small venules and capillaries, even in regions where endothelial cells
are not normally fenestrated, and was associated with increased vascular perme-
ability (Roserts and Patapg 1995, 1997).

MeLper ot al. (1996) have shown that VEGF promaotes expression of VCAM-1
and HCAM-1 in endothelial cells. This induction results in the adhesion of activated
natural killer (NK) cells to endothebal cells, mediated by specific interaction of en-
dothelial VCAM-1 and ICAM-1 with CD18 and VLA-4 on the surface of NK cells.

VEGF has been reported o have certain regulatory effects on blood cells.
Crauss et al. (1990) reported that VEGF may promote monocyte chemotaxis,
while Broxmever et al. (1995) have shown that VEGF induces colony formation
by mature subsets of granulocyte-macrophage progenttor cells. These findings may
be explained by the common origin of endothelial and hematopoietic cells and the
presence of VEGF receptors in progenitor ceils as early as hemangioblasts in biood
islands in the yolk sac. Furthermore, GasriLovick et al. (1996) have reported that
VEGF may have an inhibitory effect on the maturation of host professional anti-
gen-presenting celis, such as dendrntic cells. VEGE was found to inhibit immature
dendritic cells, without having a significant effect on the function of mature cells.
These findings led to the suggestion that VEGF may also facilitate tumor growth by
allowing the tumor to avoid the induction of an immune response (GABRILOVICH
et al. 1996).

VEGF induces vasodilatation in vitro in a dose-dependent fashion (Ku et al.
1993, Yang et al. 1996) and produces trapsient tachycardia, hypotension and a
decrease in cardiac output when injected intravenously in conscious, instrumented
rats {YANG et al. 1996). Such effects appear to be caused by a decrsase in venous
return, mediated primarily by endothelial cell-derived nitric oxide {(NQO), as assessed
by the requirement for an intact endothelium and the prevention of the effects by
N-methyl-arginine (Yang et al. 1996). Accordingly, VEGE has no direct effect on
contractility or rate in the isolated rat heart in vitro (YANG et al. 1996). These

Samsung Bioepis Exhibit 1012 - Page 669
Biocon Exhibit 1012 - Page 669



4 N, Ferrara

hemodynamic effects, however, are not unigue to VEGF: other angiogenic factors,
such as aFGF and bFGF, also have the ability to induce NO-mediated vasodila-
tation and hypotension (CUEvVas et al. 1991, 1996}

3 Organization of the VEGF Gene
and Characteristics of the VEGYF Proteins

The human VEGF gene is organized in eight exons, separated by seven introns. The
coding region spans approximately 14 kb (Houck et al. 1991; Tiscuer et al. 1991}
The human VEGF gene has been assigned to chromosome 6p21.3 (VincenTI et al.
1996). 1t is now well established that alternative exon splicing of a single VEGF
gene results in the generation of four different molecular species, having respec-
tively 121, 165, 189 and 206 amino acids following signal sequence cleavage
(VEGF (py, VEGF 45, VEGF g0, VEGF 060, VEGF 145 lacks the residues encoded by
exon 6, while VEGF,; lacks the residues encoded by exons 6 and 7. Compared
amino acids, highly enriched in basic residues; and VEGF 5 has an additional
insertion of 17 amino acids {(Houck et al. [991). Analysis of the VEGF gene
promoter region reveals a single major transcription start which lies near a cluster
of potential Spl factor binding sites.

VEGF,q¢ is the predominant molecular species produced by a variety of
normal and transformed cells. Transcripts encoding VEGF;, and VEGF g are
detected in the majority of cells and tissues expressing the VEGE gene (Houck
et al. 1991). In contrast, VEGFye is a very rare form, so far identified only in a
human fetal jiver complementary deoxyribonucleic acid (¢DNA) library (Howck
et al. 1991). The genomic organization of the murine VEGF gene has been also
described (Srmva et al. 1996). Similarly to the human gene, the coding region of the
murine VEGF gene encompasses approximately 14kb and is comprised of eight
exons interrupted by seven introns. Analysis of exons suggests the generation of
three isoforms: VEGF;44, VEGF 44 and VEGF ;g Therefore, murine VEGFs are
shorter than human VEGF by one amino acid. However, a fourth isoform com-
parable with VEGF 6 is not predicted, since an in-frame stop codon is present the
region corresponding to the human VEGF o4 open reading frame. Analysis of the
3" untraoslated region of the rat VEGF messenger ribonucleic acid (mRNA) has
revealed the presence of four potential polyadenylation sites (Levy et al. 1996). A
frequently used site is about 1.9kb further downstream from the previously re-
ported transcription termination codon {(Cownw et al. 1990). The sequence within
this 3" untranslated region reveals a number of sequence motifs that are known to
be involved in the regolation of mRNA stabality (Levy et al. 1996},

MNative VEGF is a basic, heparin-binding, homodimeric glycoprotein of
45,000Da (Ferrara and Henzer 1989). These properties correspond to those of
YEGF, 45, the major isoform (Houck et al. 1992). VEGF |, is a weakly acidic
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polypeptide that fails to bind to heparin (Houck et al. 1992). VEGF g0 and
VEGF g6 are more basic and bind to heparin with a greater affinity than VEGF ¢
(Howuck et al. 1992). Such differences in the iscelectric point and the affinity for
heparin may affect the bioavailability of VEGF profoundly.

VEGF,2; is a freely diffusible protein; VEGF g5 18 also secreted, although a
significant fraction remains bound to the cell surface and the extracellular matrix
{ECM). Tn contrast, VEGF z¢ and YEGF,44 are alimost completely sequestered in
the ECM (Parg et al. 1993). However, these isoforms may be released 1 a soluble
form by heparin or heparinase, suggesting that their binding site is represented by
proteogiyeans containing heparin-like moweties. The long forms may also be re-
leased by plasmin following cleavage at the carboxy (COOH) terminus. This action
generates a bicactive proteolytic fragment with a molecular weight of ~34,0000a
{Houck et al. 1992).

Plasminogen activation and generation of plasmin have been shown to play an
important role in the angiogenesis cascade. Thus, proteolysis of VEGF is likely also
to occur in vivo., KEyT ct al. (1996a) have shown that the bicactive product of
plasmin action is comprised of the first 110 amino (NH)-terminal amino acids of
VEGF. These findings suggest that the VEGF proteins may become available to
endothelial cells by at least two different mechanisms: as freely diffusible proteins
{(VEGF 2. VEGF4s) or following protease activation and cleavage of the longer
isoforms. However, loss of heparin binding, whether it is due to alternative splicing
of RNA or plasmin cleavage, results in a substantial loss of mitogenic activity for
vascular endothelial cells: compared with VEGF 45, VEGF 5, or VEGF 3 which
demonstrate a 50- to 100-fold reduced potency when tested i endothehial cell
growih assay (Kevr et al. 1996a).

It has been suggested that the stability of YVEGF-heparan-sulfate-receptor
complexes contributes to effective signal transduction and stimulation of endo-
thelial cell profiferation (Revr et sl 1996a). Thus, VEGF has the potential
to express structural and functional heterogeneity to vield a graded and con-
trolled Biological response. Very recently, Povtorak et al. (1997) provided evidence
for the existence of an additional, alternatively spliced molecular species of VEGF.
A VEGF isoform containing exons I-6 and & of the VEGF gene was
found to be expressed as a major VEGF mENA form in several cell lines de-
rived from carcinomas of the fomale reproductive system. This mRNA is predicted
to encode a VEGF form of 145 amino acids (VEGF45). Recombinant VEGF 45
induced the proliferation of vascular endothelial cells, albeit at much lower
potency than VEGF55. VEGF 45 binds to the kinase domain region (KDR)
receptor, alse denoted VEGF receptor-2 (VEGFR-2) on the surface of
endothelial cells. It also binds to heparin with an affimity similar to that of
VEGF155.

Recently, MuLLER et al. (1997) determined the crystal structure of VEGF ata
resolution of 2.5A. Overall, the VEGF monomer resembles that of platelet-derived
growth factor (PDMGF), but its N-terminal segment is helical rather than extended.
The diraerization mode of VEGF is similar to that of PDGF and very different
from that of TGF-B. Functional analysis of the binding epitopes for two receptor-
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blocking antibodies reveal different binding determinanis near each of the VEGEFR-
2 binding hot spots.

4 Regulation of VEGF Gene Expression

4.1 Oxygen Tension

Among the mechanisms that have been proposed to participate in the regulation of
VEGF gene expression, oxygen tension plays a major role, both in vitro and in vivo.
VEGF mRNA expression is rapidly and reversibly induced by exposure to low pOs in
a variety of normal and transformed cultured-cell types (MincHENKO et al. 1994;
Srima et al, 1995), Also, ischemia caused by occlusion of the left anterior descending
coronary artery results in a dramatic increase in VEGF RNA levels in the pig and rat
myocardivm, suggesting that VEGF may mediate the spontansous revascularization
that follows myocardial ischemia {Banar et al. 1994b; HasnimoTto et al. 1994).
Furthermore, hypoxic upregulation of VEGF mRNA in neurogiial cells, secondary
o the onset of neuronal activity, has been proposed to play an important physio-
fogical role in the development of the retinal vasculature (STonE et al. 1993).

Similarities exist between the mechanisms leading to hypoxic regulation of
VEGF and eryibropoietin {(Epo) (GoLpeera and ScHNEIDER 1994). Hypoxia-
inducibility is conferred on both genes by homelogous seguences. By deletion and
mutation analysis, a 28-base sequence has been identified in the 5 promoter of the
rat and human VEGF gene, which mediates hypoxia-induced transcription {LEvy
etal. 1995; Liu et al. 1995). Such a sequence reveals a high degree of homology and
similar protein-binding characteristics as the hypoxia-inducible factor 1 (HIF-1)
binding site, within the Epo gene (Mapan and Currin 1993} HIF-1 has been
identified as a mediator of transcriptional responses to hypoxia and is a basic,
heterodimeric, helix-loop-helix protein (Wang and Semenza 1995). When reporter
constructs containing the VEGF sequences that mediate hypoxia-inducibility were
co-transfected with expression vectors encoding HIF-1 subunits, reporter gene
transcription was much greater than that observed in cells transfected with the
reporter alone, both in hypoxic and normoxic conditions (ForsyTHE et al. 1996).

However, transcriptional activation is not the only mechanism leading to
VEGEF upregulation in response to hypoxia Jrepa et al. 1995; Levy et al. 1996).
Increased mRINA stability has been identified as a significant post-transcriptional
component. Sequences that mediate increased stability were identified in the 37
untranslated region of the VEGF mENA.

4.2 Cytokines

Various cytokines or growth factors may upregulate VEGF mRNA expression.
Epidermal growth factor (EGF), TGF-B or keratinocyte growth factor (KGF)
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result in a marked induction of VEGF mRNA expression (Frank et ai, 1995) EGF
also stimulates VEGF release by cultured glioblastoma cells (GoLpman et al. 1893).
In addition, treatment of guiescent cultures of epithelial and fibroblastic cell lines
with TGF-B resulted in induction of VEGEF mENA and release of VEGF protein in
the medium (PERTOVAARA ¢t al. 1994). Based on these findings, it has been pro-
posed that VEGF may function as a paracrine mediator for indirectly acting an-
giogenic agents, such as TGF-B (Pertovaars et al. 19%4). Furthermore, IL-1-§
induces VEGE expression in aortic simooth muscle cells (i et al. 1995}, Both IL-1-o
and prostaglandin E-{PGE;, have been shown to induce expression of VEGF in
cultured synowvial fibroblasts, suggesting the participation of such tnductive mech-
anisms in inflammatory angiogenesis {BenN-Av et al. 1995). IL-6 has also been
shown to significantly induce VEGF expression in several ceil lines {(Conen et al.
1996). IGF-1, a mitogen implicated in the growth of several malignancies, has also
been shown to induce VEGF mRNA and protemn in coltured colorectal carcinoma
cells (Warren et al. 1996). Such induction was mediated by a combined increase in
the transcriptional rate of the VEGF gene and in the stability of the mRNA.

4.3 Differentiation and Transformation

Cell differentiation has been shown to play an important rele in the regulation of
VEGF gene expression (CLAFFEY et al. 1992). The VEGF mRNA is upregulated
during the conversion of 3T3 pre-adipocvtes into adipocytes or during the ry-
ogenic differentiation of C2C12 cells. Conversely, VEGF gene expression is re-
pressed during the differentiation of the pheochromocytoma cell Hue PCL2 into
non-malignant, neuron-like cells.

Specific transforming events also result in induction of VEGF gene expression.
A mutated form of the murine p53 tumor-suppressor gene has been shown to resalt
in induction of VEGF mRNA expression in NIH 373 cells in transient transfection
assays (Kieser et al. 1994). Likewise, oncogenic mutations or amplification of ras
fead to VEGF upregulation (Rax et al. 1995; GrugeL et al. 1995). Interestingly,
expression of oncogenic ras, either constitutive or transient, potentiated the
induction of VEGF by hypoxia (Mazure et al. 1996). Moreover, the von Hippel-
Lindau (VHL) tumor-suppressor gene has been recently troplicated in the regula-
tion of VEGF gene expression (SiMeisTeR et al. 1996; ILworouros et al. 1996;
(GNARRA cf al. 1996).

The VHL tumor-suppressor gene is inactivated in patients with VHL disease
and 1o most sporadic clear cell renal carcinomas. Although the function of the VHL
protein remains to be fully elucidated, it is known that such a protein interacts with
the elongin BC subunits in vivo, and regulates RNA polymerase-II elongation
activity i vitro by inhibiting formation of the elongin ABC complex. Human renal
cell carcinoma cells, either lacking endogenous wild-type VHL gene or expressing
an inactive mutant, demonstrated altered regulation of VEGF gene expression,
which was corrected by introduction of the wild-type VHL gene. Most of the
endothelial cells” mitogenic activity released by tumor cells expressing the mutant
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VHL gene was neutralized by anti-VEGF antibodies (SieMuister et al. 1996). These
findings suggest that VEGF is a key mediator of the abnormal vascular prolifer-
ations and solid turnors characteristic of VHL syndrome.

Irroruros et al. (1996) have shown that one function of the VHL protein is to
provide a negative regulation of a series of hypoxia-inducible genes, including the
VEGY, PDGF-B chain and the glucose transporter GLUTI genes. In the presence
of a mutant VHL, mRNAs for such genes were produced under both normoxic and
hypoxic conditions. Reintroduction of wild-type VHL resulted in inhibition of
mRNA production under normoxic conditicns and restored the characteristic
hypoxia-inducibility of those genes (Iuiorouros et al. 1996). In addition, GNARRA
et al. (1996} have shown that VHL regulates VEGF expression at a post-tran-
sciptional level and that VHL inactivation in target cells causes a loss of VEGF
suppression, leading to formation of a vascular stroma. Interestingly, despite
fivefoid differences in VEGF mRNA levels, VHL overexpression did not affect
VEGF transcription initiation.

5 The VEGEY Receptors

Two classes of high-affinity VEGF binding sites on the surface of bovine endo-
thelial cells were described initially, with K values of 10 pM and 100 pM (Vais-
AN et al. 1990; Prouer and Moukapiri 1990). Lower affinity binding sites on
mononuclear phagocytes were subsequently described (Suen et al. 1993). It has
been suggested that such binding sites are involved in mediating the chemotactic
effects of VEGF for monocytes (Crauss et al. 1999),

Ligand autoradiography studies on fetal and adult rat tissue sections demon-
strated that high-affinity VEGF binding sites are localized to the vascular endo-
thelium of large or small vessels in situ {Jakeman et al. 1992, 1993). VEGE binding
was apparent not only on proliferating, but also on quicscent endothelial cells
(Jaxeman et al. 1992, 1993). Also, the earliest developmental identification of high-
affinity VEGF binding was in hemangioblasts in the blood islands in the yolk sac
{JAREMAN ef al. 1993).

6 The YEGFR-! and VEGFR-I Tyrosine Kinases

6.1 Binding Characteristics

Two VEGF receptor tyrosine kinases (RTKs) have been identified. The VEGFR-1
{(fms-like-tyrosine kinase) (D Vrigs et al. 1992) and VEGFR-2 (KDR; TERMAN
et al., 1992) receptors bind VEGF with high affinity. The murine homologue of
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VEGFR-2 (also denoted fetal liver kinase-1; Fik-1), shares 85% sequence identity
with human KDR (Matrusws et al. 1991). Both VEGFR-1 and VEGFR-2 have
seven immunoglobulin (Jg)-like domaing in the extracellolar domain (ECD), a
single transmembrane region and a consensus tyrosine kinase sequence, which is
interrupted by a kinase-insert domain {Sumuva et al. 1990; TerMan et al. 1991;
MarrHews et al. 1991). VEGFR-1 has the highest affinity for thVEGF 45, with a
K, of approximately 10-20pM (or Vrigs et al. 1992). VEGFR-2 has a scraewhat
lower affinity for VEGF: the K4 has been estimated to be approximately 75-125pM
{TerMAN ¢t al. 1992),

A cDNA coding an alternatively spliced soluble form of VEGEFR-1 VEGFEFR-
1), lacking the seventh Ig-like domain, the transmembrane sequence and the cy-
toplasmic domain, has been identified in HUVEC (Kenpart et al. 1996). This
sYEGFR-1 receptor binds VEGE with high affinity (K4 10-20pM) and is able to
inhibit VEGF-induced mitogenesis and may be a physiological negative regulator
of VEGF’s action (KeNpaLL et al. 1996},

An additional member of the farily of RTKs with seven Ig-like domains in the
ECD 1s VEGEFR-3 (also denoted Fit-4; Pasusora et al. 1992; GAavLianD et al. 1992;
FinnerTY et al. 1993) which, however, is not a receptor for VEGF, but rather binds
a newly identified hgand called VEGF-C or VEGF-related peptide {VRP) (see
Chapt. 3}

Recent studies have mapped the binding site for VEGF to the second immu-
noglobulin-like domain of VEGFR-1 and VEGFR-2. Deletion of the second do-
main of VEGFR-1 completely abolished the binding of VEGF. Introduction of the
second domain of VEGFR-2 into an VEGFR-1 mutant lacking the homologous
domain restored VEGF binding. However, the higand specificity was characteristic
of the VEGFR-2Z. To further test this hypothesis, chimeric receptors, where the first
three or just the second Ig-like domains of VEGFR-] replaced the corresponding
domains i VEGEFR-3, were created. Both swaps conferred upon VEGEFR-3 the
ability to bind VEGF with an affinity nearly identical to that of wild-type VEGFR-
{. Furthermore, transfected cells expressing these chimeric VEGFR-3 receptors
exhibited increased DNA synthesis in response to VEGF or PIGF (Davis-SmyTa
et al. 1996).

An apphication of these structure-function studies is the generation of inhibi-
tors of VEGF activity. The first three Ig-like domains of VEGFR-1 fused to a
heavy chain Fc potently inhibits VEGF bioactivity across species. The Fc may
confer sufficient half-life and stability when injected systemically (CaamMow and
AsarENAZE 1996}, Therefore, this agent may be a useful tool in determining the role
of endogenous VEGF in several in vivo models.

6.2 Signal Transduction
VEGF has been shown to induce the phosphorylation of at least 1 proteins in

bovine aortic endothelial cells (Guo et al. 1995). Phospholipase C (FLC)-y, and two
proteins that associate with PLC-y were phosphorylated in response to VEGF.
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Furthermore, immunoblot analysis to search for mediators of signal transduction
that contain SH2 domains demonstrated that VEGF induces phosphorylation of
phospbatidyl inositol 3-kinase, ras GTPase activating protein {GAP) and several
other proteins. These findings suggest that VEGF promotes the formation of
muitimeric aggregates of VEGF receptors with proteins that contain SH2 domaiuns.
These studies, however, did not identify which VEGF receptor{s) are involved in
these events. Receuntly, it was suggested that NO mediates, at least in part, the
mitogenic effect of VEGF on cultured microvascular endothelium isclated from
coronary venules (MorBiDELLY et al. 1996). The proliferative effect of YEGF was
reduced by pre-treatruent of the cells with NO-synthase inhibitors, Exposure of the
cells to VEGF induced a significant increment in cyclic guanosine monophosphate
(cGMP) levels. These findings suggest that VEGF stimulates proliferation of post-
capillary endothelial cells through the production of NO and ¢cGMP accumulation.

Several studies have indicated that VEGFR-1 and VEGFR-2 bave different
signal transduction properties (WALTENBERGER et al. 1994; SgrrHARAM et al. 1995).
Porcine aortic endotbelial cells lacking endogenous VEGF receptors display
chemotaxis and mitogenesis in response to VEGF when transfected with a plasmid
coding for VEGFR-2 (WALTENBERGER ¢t al. 1994). In contrast, transfected cells
expressing VEGFEFR-1 lack such responses {WALTENBERGER ¢t al. 1994; SERTHARAM
et al. 19935). VEGFR-2 undergoes strong ligand-dependent tyrosine phosphoryla-
tion in intact ceils, while VEGFR-1 reveals a weak or undetectable response
{WALTENBERGER ¢t al. 1994; SEETHARAM et al. 1993). In addition, VEGF stimu-
fation results in weak tyrosine phosphorviation that does not generate any mito-
genic signal in transfected NIH 373 cells expressing VEGFR-1 {SEETHARAM ¢t al.
1995). These findings agree with other studies showing that PIGFE, which binds with
high affinity to VEGFR-1, but not to VEGFR-2, lacks direct mitogenic or per-
meability-enhancing properties or the ability to effectively stimulate tyrosine
phosphorylation in endothelial cells (PARK et al. 1994).

It scems, then, that interaction with VEGFR-2 is a critical requirement to
induce the full spectram of VEGT biological responses. In further support of this
conclusion, VEGF mutants that bind selectively to VEGFR-2 are fully active en-
dothelial-cell mitogens (KevyT et al. 1996b). These findings led to cast doubt on the
role of VEGFR-1 as a truly signaling receptor. However, more recent evidence
indicates that VEGFR-1 indeed signals, ajthough our understanding of these events
is fragmentary. CunmiNGHaM et al. (1995) have demonstrated an interaction be-
tween VEGER-1 and the p85 subunit of phosphatidyl inositol 3-kinase (Cumn-
MINGHAM ¢t al. 1993), suggesting that p8&5 couples VEGFR-1 to intraceihular signal
transduction systems and implicate elevated levels of phosphatidyl inositol (3,4,5)
P3 levels in this process {CunmiNcHaMm et al. 1993). Also, members of the Sre
family, such as #Fyn and Yes, show an increased level of phosphorylation following
VEGF stimulation in transfected cells expressing VEGFR-1, but not VEGFR-2
{WALTENBERGER ¢t al. 1994). Fuarthermore, it has been shown that a specific bio-
logical response, the migration of monocytes in response to VEGF (or PIGF), is
mediated by VEGFR-1 (Barvron et al. 1996).
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6.3 Regulation

The expression of VEGFR-1 and -2 genes is largely restricted to the vascular
endothelivm. The promoter region of VEGFR-1 has been cloned and characterized
and a 1-kb frapment of the 5 flanking region, essential for endothelial-specific
expression, was wdentified (Morisuita et al. 1995). Likewise, a 4-kb 5" flanking
sequence has been identified in the promoter of the human VEGFR-2 that confers
endothelial cell-specific activation {PAarTeRsON et al. 1995).

Similarly to VEGF, hypoxia has been proposed to play an important role in the
regulation of VEGF-receptor gene expression. Exposure of rats to acute or chronic
hypoxia led to pronounced upregulation of both VEGFR-1 and VEGFR-2 genes in
the lnong vasculature (Tuper et al. 1995). Also, VEGFR-1 and -2 mRENAs were sub-
stantially upregulated throughout the heart, following myocardialinfarctionin therat
(L3 et al. 1996). However, in vitro studies have yielded unexpected results. Hypoxia
increases VEGF receptor number by 50% in cultured bovine retinal capillary endo-
thelial cells, but the expression of VEGFR-2 is not induced although, paradoxically,
shows an initial downregulation {Taxaa et al. 1996). Broat et al. (1996} have pro-
posed that the hypoxic upregulation of VEGFR-2 observed in vivo is not direct, but
requires the release of an anidentified paracrine mediator from ischemic tissues.

Recent studies have provided evidence of a differential transcriptional regu-
lation of the VEGFR-1 and VEGEFR-2 gencs by hypoxia (Gersgr et al. 1997).
When HUVEC were exposed to hypoxic conditions, in vitro, increased levels of
VEGFR-1 expression were observed. In contrast, VEGFR-2 mRNA levels were
unchanged or slightly repressed. Promoter deletion analysis demonstrated that a
430-bp region of the VEGFR-I proraoter was required for transcaptional activa-
tion in response to hypoxia. This region includes a heptamer sequence matching the
HIF-1 consensus binding site previously found in other hypoxia inducible genes.
The element mediating the hypoxia response was further defined as a 40-bp se-
quence. including the putative HIF-1 binding site, but was not found in the
VEGFR-2 promoter. These findings indicate that, unlike the VEGFR-2 gene, the
VEGFR-1 receptor gene is directly upregulated by hypoxia via a hypoxia-inducible
enphancer element located at position —=976 to —937 of the VEGFR-1 promoter
{Gerger et al. 1997). Also, recent studies have shown that both TNF-g (PATTERSON
et al. 1996} and TGF-B (MaNDRIoTA et all 1996} have the ability to inhibit the
expression of the VEGFR-2 gene in cultured endothelial cells.

7 Reole of VEGY and its Recepiors in Physiological Angiogenesis

7.1 Distribution of VEGF, VEGFR-1 and VEGFR-2

The proliferation of blood vessels is crucial for a wide variety of physiological
processes, such as embryonic development, normal growth and differentiation,
wound healing and reproductive functions.
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During embryonic development, VEGF expression is first detected within the
first few days following implantation in the giant cells of the trophoblast (BreiER
et al. 1992; JakemaN et al. 1993}, At later developmental stages in the mouse or rat
embryos, the VEGF mRNA is cxpressed in several organs, including heart, ver-
tebral coluran, kidney and along the surface of the spinal cord and brain. In the
developing mouse brain, the highest levels of mRMNA cxpression are associated with
the choreid plexus aud the ventricular epithelium (Breigr et al. 1992). In the
human fetus {16-22 weeks), VEGF mRNA expression is detectable in virtually all
tissues and is most abundant in lung, kidney and spleen (StiFren et al. 1994},

Insite hybridization studies have shown that the VEGFR-2 mRBNA is expressed
inn the yolk sac and intraembryonic mesoderm and later on in angioblasts, endo-
cardiurn and small and large vessel endothelium (QuinN et al. 1993; Mo LAUER et al.
1993). These findings strongly suggested a role for VEGFR-2 in the regulation of
vasculogenesis and apgiogenesis. Other studies have demonstrated that expression of
VEGEFR-2 mRINA is first detected in the proximal-lateral embryonic mesoderm,
which gives rise to the heart (Yamacucui et al. 1993). VEGFR-2 is then detectable in
endecardial celis of the heart primordia and, subsequently, in the major embryonic
and extraembryonic vessels (Yamacucut et al. 1993), These studies have indicated
that VEGFR-2 may be the earliest marker of endothelial-cell precursors. The VE-
GFR-1 mRNA is selectively expressed in vascular endothelial cells, io both fetal and
adult mouse tissues { PETERS et al. 1993}, Similarly to the high-affinity VEGF binding,
the VEGFR-1 mRNA is expressed in both proliferating and quiescent endothelial
cells, suggesting a role for VEGFR-1 in the maintenance of endothelial cells (Prrers
et al. 1993},

VEGE expression is also detectable around microvessels in areas where en-
dothelial cells are normally quiescent, such as kidney glomerulus, pituitary, heart,
lung and brain (FERRARA et al. 1992; Mownacoct et al. 1993). These findings raised
the possibility that VEGEF may be required not only to induce active vascular
proliferation but, at least in some circumstances, also for the maintenance of the
differentiated state of blood vessels (FErrARA et al. 1992). In agreement with this
hypothesis, Arow et al. (1995) have shown that VEGF acts as a survival factor, at
ieast for the developing retinal vessels. They propose that hyperoxia-induced vas-
cular regression in the retina of neonatal animals is a consequence of inhibition of
VEGF production by glial cells. Accordingly, intraccular administration of VEGF
to newborn rats at the onset of hyperoxia was able to prevent cell apoptosis and
regression of the retinal vasculature {ALonN et al. 1995},

7.2 The VEGFR-1, VEGFR-2 and VEGF Gene Knockouts in Mice

Recent studies have demonstrated that both VEGFR-1 and VEGFR-2 are essential
for normal development of embryonic vasculature. However, their respective roles
in endothelial-cell proliferation and differentiation appear to be distinct {Fong et
al. 1995; SuarARy et al. 1995). Mouse embryos boraozygous for a targeted muta-~
tion in the VEGEFR-1 locus died in utero between day 8.5 and day 9.5 (Fona et al.
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1995). Endothelial cells developed in both embryonic and extraembryonie sites, but
failed to organize in normal vascular channels. Mice in which the VEGFR-2 gene
had been inactivated lacked vasculogenesis and also failed to develop blood islands.
Hematopoietic precursors were severely disrupted and organized blood vessels
failed to develop throughout the embryo or the volk sac, resulting in death in utero
between day 8.5 and day 9.5 (SHALABY et al. 1995).

However, these findings do not necessarily imply VEGF as being equally es-
sential, since other ligands might potentially activate the VEGFR-1 and -2 and,
thus, substitute VEGF’s action. Very recent studies (CARMPUET et al. 1996; FE-
rRARA ¢t al. 1996} have generated direct evidence for the role plaved by VEGE
embryonic vasculogenesis and angiogenesis. Inactivation of the VEGF gene in mice
resulted in embryonic lethality in heterozygous embryos, between day 11 and
day 12. The VEGF+/ - embryos were growth retarded and also exhibited a
number of developmental anomalies. The {orebrain region appeared significanily
underdeveloped. In the heart region, the outflow region was grossly malformed; the
dorsal aortae were rudimentary, and the thickness of the ventricular wall was
markedly decreased. The yolk sac revealed a markedly reduced number of nucle-
ated red blood cells within the blood islands. Also, the vitelline veins failed to fuse
with the vascular plexus of the yolk sac. Significant defects in the vasculature of
other tissues and organs, including placenta and nervous system, were observed. In
situ hybnidization confirmed expression of VEGEF mRNA in heterozygous em-
bryos. Thus, the VEGF + /- phenotype appears to be due to gene dosage and not to
maternal imprinting.

While several heterozygous phenotypes have been described (BraNDON et al.
1995), this may be the first example of embryonic lethality following the loss of a single
allele of a gene that is not maternally imprinted. Therefore, VEGF and its receptors
are essential for blood island formation and angiogenesis, such that even reduced
concentrations of VEGF are inadeguate to support a normal pattern of development.
However, inactivation of the PIGF gene does not result in embryonic lethality, even in
the homozygous state (Carmenier and Corien 1997). PIGEF-/— mice are viable and
fertile, although they may have some impairment of wound healing.

8 Role of VEGF in Corpus Luteum Anglogenesis

The development and endocrine function of the ovarian corpus luteurn {CL) are
dependent on the growth of new capillary vessels. Although several molecules have
been implicated as mediators of CL angiogenesis, at present, there is no direct
evidence for the involversent of any. The VEGF mRNA is temporally and spatially
related to the proliferation of blood vessels in the rat, mouse and primate ovary and
in the rat uterus, suggesting that VEGF is a mediator of the cyclical growth of
blood vessels that occurs in the female reproductive tract (PriLures et al. 1990;
RAVINDRANATH et al. 1992; Syweikr et al. 1993; CurLmvan-Bove and Koos 1993).
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Very recently, the hypothesis that VEGF is a mediator of CL angiogenesis has
been examined in a rat model of hormonally induced ovulation (FErrARA et al.
1998). Treatment with Flt (1-3)1gG resolted in virtually complete suppression of
CL angiogenesis. This effect was associated with inhibition of CL development and
progesterone release. Failure of maturation of the endometrium was also observed.
Areas of ischemic necrosis were demonstrated in the CL of treated animals; how-
ever, no effect on the pre-existing ovarian vasculature was observed. These findings
demoustrate that, in spite of the redundancy of potential mediators, VEGF is
essential for CL angiogenesis. Furthermore, they have implications in the control of
fertility and the treatment of ovariau disorders characterized by hypervascularity
and hyperplasia, such as policystic ovary syndrome.

9 Role of VEGF in Pathological Angiogenesis

9.1 Tumor Angiogenesis

In 1945, Arcire and CHALKLEY, on the basis of microscopic observations of the
vascular developroent of tumor xenografts in transparent chambers in mice, pro-
posed that the growth of solid tumors is dependent on the development of a new
vascular supply derived from the host (Avcire and CHALKLEY 1945). In 1971,
ForgmAaN proposed inhibition of angiogenesis as a novel strategy to treal cancer
(FoLkmarn 1971). Since then, extensive research has been devoted to the identifi-
cation of tumor angiogenesis factor{s).

Many tumor cell lines secrete VEGF in vitro (FErRrRARA et al. 1992). In situ
hybridization studies have demonstrated that the VEGF mRNA is markedly up-
regulated in the vast majority of human tumors examined so far. These mclude:
fung (Voum et al. 19972.b), breast (Brown et al. 1995a; Yossut ot al. 1996), gas-
trointestinal tract (Brown et al. 1993b; Suzuki et al. 1996), kidney (Brown et al.
1993a), bladder (Brown et al. 1993a), ovary (Ouson ct al. 1994), endometrium
{Guipi et al. 1996) and uterine cervix {Guipi et al. 1995) carcinomas, angiosarcoma
{HasummoTo et al. 1995), germ cell tumors (VigListTO et al. 1996) and several
intracranial tumors, including gliobastorna multiforme (Sawaikr et al, 1992; Prate
et al. 1992; Parcrips et al. 1993) and sporadic, as well as VHL syndrome-associated
capiilary hemangioblastoma (BerkmMan et al. 1993; Wrzicman~ Voos et al. 1995),
In glioblastoma multiforme and other tumors with significant necrosis, the ex-
pression of VEGF mRNA is highest in hypoxic tumor cells adjacent to necrotic
areas {(SHwrmKy et al. 1992; PLate et al. 1992; Panws et al. 1993). A correlation
exists between the degree of vascularization of the malignancy and VEGF mRNA
expression (BerxMaN et al. 1993; Wiziamann Voos et al. 1995; Guipt et al. 1995).
In virtually all specimens examined, the VEGF mENA was expressed in tumor
cells, but not in endothelial cells. 1o contrast, the mRNAs for VEGFR-1 and -2
were upregulated in the endothelial cells associated with the tumor (Brown et al.

Samsung Bioepis Exhibit 1012 - Page 680
Biocon Exhibit 1012 - Page 680



Vascular Endothelial Growth Factor: Molecular and Biological Aspects 15

1993b; PLaTE et al. 1993). These findings are consistent with the hypothesis that
VEGF is primarily a paracrine mediator (FErRrARA et al. 1993).

Immunohistochemical studies have localized the VEGF protein not only to the
tumor cells, but also to the vasculature (Prate et al. 1992; Brown et al. 1993b).
This localization indicates that tumor-secreted VEGF accumulates in the target
cells {(Qu et al. 1995). Interestingly, recent studies have suggested that the angio-
genesis mediated by the human immunodeficiency virus (HIV-1) Tat protein
(Avsrvi et al. 1996a) requires activation of VEGFR-2 (Austv et al. 1996h). Tat
induces growth of Kaposi’s sarcoma (KS) spindle cells and has been implicated in
the vascularity of the K8 lesions {Avsini et al. 1996b).

Elevations in VEGF levels have been detected in the serum of some cancer
patients (Konpo et al. 1994). Also, a correlation has been noted between VEGF
expression and microvessel density in primary breast cancer sections {(Tor et al,
1996¢). A post-operative survey indicated that the relapse-free survival rate of pa-
tients with VEGF-positive tumors was significantly worse than that of VEGF-
negative, suggesting thai expression of VEGF is associated with stimulation of
angiogenesis and with early relapse in primary breast cancer (GasearmNi et al.
1997). A similar correlation bas been described in gastric-carcinoma patients
(Magpa et al. 1996). VEGF-positivity in tumor sections was correlated with vessel
involvement, lymph node metastasis and liver metastasis. Furthermore, patients
with VEGF-positive tumors had a worse prognosis than those with VEGF-negative
tumors {(MAEDA et al. 1996).

The availability of specific monoclonal antibodies capable of inhibiting VEGF-
induced angiogenesis in vivo and in vitro (KM et al. 1992) made it possible to
generate direct evidence for a role of VEGF in tumorigenesis. In a study published
by Kuv et al. {1993}, such antibodies were found to exert a potent inhibitory effect
on the growth of three human tumor cell lines injected subcutaneocusly in nude
mice, the SK-LMS-1 {eiomyosarcoma, the G55 glioblastoma multiforme and the
A673 rhabdomyosarcomsa. The growth inhibition ranged between 70% and more
than 95%. Subsequently, other tumor cell lines were found to be inhibited in vivo
by this treatment (WarreN et al. 1995; MzuLnyx et al. 1996; Asano et al. 1995;
BORGSTROM et al. 1998a}.

In agreement with the hypothesis that ishibition of neovascularization is the
mechanism of tumor suppression, the density of blood vessels was significantly
lower in sections of tumors from antibody-treated animals thao in controls. Fur-
thermore, neither the antibodies nor VEGF had any effect on the in vitro growth of
the tumor cells (Kiv ot al. 1993). Intravital videomicroscopy technigues have al-
lowed @ more direct verification of the hypothesis that anti-VEGF antibodies in-
deed block tumor angiogenesis (Borastrom et al. 1996). Non-invasive imaging of
the vasculature revealed a nearly complete suppression of tumor angiogenesis in
anti-VEGF treated animals compared with controls, at all time points examined
(BoRGSTROM et al. 1996).

VEGF is a mediator of the in vive growth of human colon carcinoma HM7
cells in a nude mouse model of liver metastasis (WARREN et al. 1995). Treatment
with anti-VEGEF monoclonal antibodies resulted in a dramatic decrease in the
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nomber and size of metastases. Similarly, administration of anti-VEGF neutraliz-
ing antibodies inhibited primary tumor growth and metastasis of A431 human
epidermoid carcinoma cells in severe combined imrune deficient (SCID) mice
(Mzinyi et al. 1996) or HT-1080 fibrosarcoma cells implanted in BALB/c nude
mice (Asano et al. 1995).

Recently, Borgstrowm et al. (1998b) have shown that a combination {reatment
that mcludes anti-VEGF monoclonal antibody and doxorubicin results in a sig-
nificant enhancement of the efficacy of cither agent alone and led, in some cases, to
complete regression of tumaors derived from MCF-7 breast carcinoma cells in nude
mice.

Intravital fluorescence microscopy and video imaging analysis have also been
applied to address the important issue regarding the effects of VEGF on perme-
ability and other properties of tumor vessels (Yuan et al. 1996). Treatment with
anti-VEGYF mounoclonal antibodies was initiated after tumor xenografts had al-
ready been established and vascularized, and resulted in time-dependent reductions
in vascular permeability (Yuan et al. 1996). These effects were accompanied by
striking changes in the morphology of vessels, with dramatic reduction in diameter
and tortuosity. This reduction in diameter is expected to block the passage of blood
clements and eventually stop the flow in the tumor vascular network. A regression
of blood vessels was observed after repeated administrations of anti-VEGF anti-
body. These findings suggest that tumor vessels require constant stimulation with
VEGF in order to maintain not only their proliferative properties, but also some
key morphological features (Yuan et al. 1996).

An independent verification of the hypothesis that the VEGF action is required
for tumor angiogenesis has been provided by the finding that retrovirus-mediated
expression of a dominant negative VEGFR-2 mutant, which inhibits signal trans-
duction through wild-type VEGFR-2, suppresses the growth of giicblastoma
multiforme and other tumor cell lines in vivo {(MuwLAUER et al. 1994).

9.2 Amgiogenesis Associated with Other Pathological Conditions

Diabetes mellitus, occlusion of central retinal vein or prematurity with subsequent
exposure to oxygen can all be associated with intraccular necvascularization
{Garner 1994). The new blood vessels may fead to vitreous hemorrhage, retinal
detachment, neovascular glaucoma and eventual blindoess (Garner 1994}, Dia-
betic retinopathy is the leading cause of blindness in the working population (OLk
and L 1993). All of these conditions are known to be associated with retinal
ischemia (Patz 1980). In 1948, MwuasisoN proposed that a key event in the
pathogenesis of these conditions was the release by the ischemic retina of diffusible
angicgenic factor(s) (“factor X’} responsible for retinal and iris neovascularization
into the vitreous {(MICBAELSON 1948). VEGF, by virtue of its diffusible nature and
hypoxia-inducibility, was an attractive candidate as a mediator of intraocular
neovascularization. Accordingly, elevations of VEGF levels in the aqueous and
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vitreous of eyes with proliferative retinopathy have been described {AisLLo et al.
1994; Apamis et al. 1994; MALECAZE et al. 1994).

In a Jarge series, a strong correlation was found between levels of immunore-
active VEGF in the aqueous and vitreous humors and active proliferative ret-
inopathy. VEGF levels were undetectable or very low { <0.5ug/ml) in the eyes of
patients affected by non-neovascular disorders or diabetes without proliferative
retinopathy (AigiLo et al. 1994). In contrast, the VEGY levels were in the range 3—
10ng/ml in the presence of active proliferative retinopathy associated with diabetes,
occlusion of central retinal vein or preroaturity. In agreement with these findings,
in situ bybridization studies have demoustrated upregulation of VEGF mRNA in the
retina of patients with proliferative retinopathies secondary to diabetes, central ret-
inal vein occlusion, retinal detachment or intraccuolar tumors {(Pe’sr et al. 1996).

More direct evidence for a role of VEGF as a mediator of intraocular nec-
vascularization has been generated in a primate model of iris neovascularization
and in a murine model of retinopathy of prematurity (Mirier et al. 1994; Pigres et
al. 1995). In the former, intraocular administration of anti-VEGF antibodies dra-
matically inhibits the neovascularization that follows occlusion of central retinal
veins (Apamis et al. 1996). Likewise, soluble VEGFR-1 or VEGFR-2 fused to an
IgG suppresses retinal angiogenesis in the mouse model (AigLLo et al. 1995).

Neovascularization is also a major causc of visual loss in ape-related macular
degeneration (AMD), the overall leading cause of blindness {Garner 1994). Most
AMED patients demonstrate atrophy of the retinal pigment epithelia and charac-
teristic formations called “drusen”. A significant percentage of AMD patients
{(~20%) manifest the neovascular (exudative) form of the disease. In this condition,
the new vessels stem from the extraretinal choriocapiilary (Garner 1994). Leakage
and bleeding frorn these vessels may lead to damage to the macula and, ultimately,
to loss of central vision. Because of the proximity of the lesions to the macula, laser
photocoagulation or surgical therapy are of very limited value. Very recent studies
have documented the immunohistochemical localization of VEGF in surgically
resected choroidal neovascular membranes from AMD patients (Loegz et al. 1996;
Kvanra et al. 1996). These findings suggests a role for VEGF in the progression of
AMD-related choroidal neovascularization, raising the possibility that a pharma-
cological treatment with monoclonal antibodies or other VEGF inhibitors may
constitute a therapy for this condition.

Two independent studies have suggested that VEGF is involved in the
pathogenesis of rheumatoid arthritis (RA), an inflamamatory disease in which an-
giogenesis plays a significant role (Kocn et al. 1994; Fava et al. 1994). The RA
synovium is characterized by the formation of pannus, an extensively vascularized
tissue, which invades and destroys the articular cartilage (Fasssenper and Siv-
LinG-ANNENFELD 1983). Levels of immunoreactive VEGF were found to be high in
the synovial fluid of RA patients, while they were very low or undetectable in the
synovial fluid of patients affected by other forms of arthritis or by degenerative
joint disease (Kocn et al. 1994; Fava et al. 1994). Furthermore, anti-VEGF anti-
bodies significanily reduced the endothelial cell chemotactic activity of the RA
synovial fluid (Koou et al. 1994).
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Tt has been shown that VEGF expression is jocreased in psoriatic skin
(DerMar et al. 1994). Increased vascularity and permeability are characteristic of
psoriasis. Also, VEGF mRNA expression has been examined in three bullous
disorders with subepidermal blister formation, bullous pemphigoid, erythema
muitiforme and dermatitis herpetiformis (Brown et al. 1995b).

Angiogenesis is also important in the pathogenesis of endometricsis, a con-
dition characterized by ectopic endometrium implants in the peritoneal cavity.
Recently, elevation of VEGF in the peritoneal floid of patients with endometriosis
has been reported (McLaren et al. 1996; Swirren et al. 1996). Immunohisto-
chemistry indicated that activated perttoneal fiuid macrophages, as well as tissue
macrophages within the ectopic endometrium, are the main source of VEGF in this
condition. {(McLaren et al. 1996; SriFren et al. 1996). VEGF upregulation has
also been implicated in the hypervascularity of the ovarian stroma that charac-
terizes Stein-Leventhal syndrome (KAMAT et al. 1993). Morcover, Sato et al. (1995}
proposed that VEGF may be responsible {or the characteristic hypervascularity of
Graves’ disease. Thyroid-stimulating hormone (TSH), insulin phorbol ester, di-
butiryi cAMP and Graves’ 1gG were found to stimulate VEGF mRINA expression
in cultured human thyroid follicles (Sato et al. 1995).

16 VEGF and Therapeutic Angiogenesis

The availability of agenis able to promote the growth of new collateral vessels
would be, potentially, of major therapeutic value for disorders characterized by
inadequate tissuc perfusion, and right constituie an alternative to surgical re-
construct