VASCULARISED VITREORETINOPATHY:
THE ROLE OF GROWTH FACTORS

M. E. BOULTON, D. FOREMAN and D. McLEOD

Manchester

Vascularised vitreoretinopathies, otherwise desig-
nated vasoproliferative retinopathies (VPRs),' are
common disorders affecting the retinal circulation
and constitute a major cause of visual impairment
and blindness in the Western world. VPRs may be
induced by a local disorder such as retinal vein
occlusion, or by systemic disease which ultimately
affects the ocular circulation such as proliferative
diabetic retinopathy (PDR). The underlying feature
of all VPRs is retinal capillary closure and non-
perfusion which results in inner retinal ischaemia and
subsequent preretinal neovascularisation.>

THE ROLE OF GROWTH MODULATORS IN
VASOPROLIFERATIVE RETINOPATHIES

The concept of diffusible, chemical agents as
inducers and perpetuators of VPRs was advanced
by Michaelson over 40 years ago.* Studies using in
vitro assays have led to the identification and
characterisation of a large number of factors which
stimulate angiogenesis (see reviews™ '). However,
these mitogens (usually polypeptides) are produced
by a variety of cell types with a wide spectrum of
biological activity. Furthermore, the majority of
these growth modulators are general mitogens and
are not usually specific for vascular cells. Although
most of these mitogens are designated growth
factors, this is probably a misnomer since they not
only affect cell proliferation but also regulate
migration, turnover of extracellular matrix, produc-
tion of adhesion molecules, differentiation and a
variety of other intrinsic biological activities. A
number of growth modulators have been implicated
in preretinal neovascularisation, in particular fibro-
blast growth factor (FGF), platelet-derived growth
factor (PDGF), epidermal growth factor (EGF),
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insulin-like growth factor I (IGF-I), insulin-like
growth factor binding proteins and transforming
growth factor beta (TGF-B) (Table I). However, a
relative newcomer to the field of ocular angiogenesis
is vascular endothelial growth factor (VEGF)®
VEGTF, also known as vascular permeability factor
owing to its ability to increase blood vessel perme-
ability, is a heparin binding polypeptide with a target
cell specificity allegedly confined to vascular
endothelial cells*'° However, recent studies demon-
strate that VEGF is an autocrine growth factor for
human retinal pigment epithelial cells.'' Molecular
cloning has revealed the existence of four species of
VEGF (comprising 121, 165, 189 and 206 amino acids
respectively) which are encoded by the same gene
and arise from alternative splicing of mRNA.'" The
four resulting polypeptides have strikingly different
secretion patterns, suggesting multiple physiological
roles for this family of proteins. VEGF is structurally
related to PDGF, exhibiting an 18-20% amino acid
sequence homology.!” Expression of VEGF is
observed in a wide variety of untransformed (includ-
ing retinal) and transformed cell types both in vivo
and in vitro.""'? VEGF expression is commonly
associated with vascularisation, thus highlighting a
prominent role for VEGF in angiogenesis.

GROWTH FACTOR RECEPTORS

The induction of DNA synthesis and other biological
effects of growth factors depend upon their interac-
tion with specific, high-affinity receptors within cell
membranes. The function of a growth factor is
therefore to activate receptors rather than to
participate directly in the intracellular mechanisms
determining cell behaviour. Consequently, growth
factor receptors not only confer cell-type specificity
for growth factors but also define the biochemical
identity of the subsequent intracellular events. The
molecular characteristics of a variety of different
growth factor receptors reveal that they fall into
defined families based on their structure and
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Table I. Angiogenic growth factors and their actions
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Endothelial cells in vitro

Angiogenesis Endothelial
Growth factor (in vivo) Migration Proliferation cell specific
Acidic FGF v/ 1 i No
Basic FGF 4 1 1 No
EGF 4 1 1 No
IGF-I 4 1 1 No
PDGF 4 1 1 No
TGF-B 4 No N\ No
VEGF 4 T 1 ?

v/, yes; 1, stimulatory; |, inhibitory.

biochemical actions. The most important receptor
families in the context of the growth factors which
are believed to have a role in the VPRs use the
tyrosine kinase receptors (i.e. FGF, PDGF, VEGF,
IGF-I and EGF)®!? or the serine/threonine kinase
receptors (i.e. TGF-B).'* An additional aspect of
target cell specificity is that each growth factor may
react with more than one receptor. Five receptors for
FGF, two PDGF receptors and three TGF-3
receptors have so far been identified.”*"'> Finally,
receptor regulation adds a further level of control;
the rate of receptor synthesis and degradation will
determine receptor density and thus the level of the
cellular response from its associated ligand."?

METHODS OF STUDYING THE ROLE OF
GROWTH FACTORS IN THE
VASOPROLIFERATIVE RETINOPATHIES

In the absence of a practical animal model with
which to study preretinal neovascularisation,
research into the role of growth factors in the
VPRs has relied either on the analysis of intraocular
samples removed during closed microsurgery in
diabetic patients (i.e. vitreous fluid or preretinal
membranes) or on in vitro studies.” Although cell
culture provides invaluable information on growth
factor production and responsiveness by isolated
retinal cells, the results obtained are difficult to
equate with, and extrapolate to, the in vivo situation.
The following review will concentrate on the growth
factors and their receptors identified in samples from
patients with PDR.

VITREOUS LEVELS OF GROWTH FACTORS
IN THE VASOPROLIFERATIVE
RETINOPATHIES

Studies to date have clearly demonstrated that the
levels of many potent angiogenic factors are elevated
in vitreous from patients with VPRs when compared
with vitreous from patients without any preretinal
vasoproliferation. The growth factor accumulation
may derive from one or more of a variety of sources
including the (ischaemic) retina, the blood circulation
(via a breach in the blood-retinal barrier) or the
fibrovascular membranes themselves (as indicated by
growth factor mRNA expression in the membranes’).

Growth modulators whose intravitreal levels have
been shown to be elevated in PDR include IGF-I,
bFGF, VEGF and TGF-B.'®*" The levels of these
growth factors in PDR appear to correlate with both
the activity of neovascularisation and the type of
diabetes. Vitreous levels of bFGF are higher in eyes
with active neovascularisation than in eyes with
fibrotic proliferations,’®?" and this also appears to
be true for IGF-I, TGF-8 and VEGF.1920 Further-
more, a recent study has suggested that growth factor
levels in the vitreous correlate with the type of
diabetes,”® bFGF being prominent in non-insulin-
treated diabetes mellitus and IGF-I and TGF-B
prominent in insulin-treated diabetes mellitus. To
what extent IGF-I is active in the vitreous is open to
debate, since significant levels of IGF binding proteins
(IGFBPs) can be found in the vitreous.!”-?! These
IGFBPs bind to IGF-I, producing an inactive com-
plex, and thus control its biological activity.* A recent
report infers that FGF activity in the vitreous may also
be modulated, in this instance by soluble forms of a
high-affinity FGF receptor.”> Thus, it has to be
acknowledged that the mere presence of a growth
factor in the vitreous does not necessarily imply a
pathophysiological role for that factor; its biological
effect may be neutralised. By the same token, rapid
metabolism of a growth factor may account for its low
concentration while concealing its true role.

PRERETINAL LOCALISATION OF GROWTH
FACTORS AND THEIR RECEPTORS

Immunocytochemical studies have localised bF GF,24
IGF-1,” EGF and TGF-o,*° PDGF?’ (Fig. 1), TGF-B
(Fig. 2) and VEGF (Fig. 3) to normal retina and to
preretinal fibrovascular membranes. The intensity of
staining for these growth factors in preretinal
membranes was generally higher than that in the
normal retina. The staining pattern has varied
between individual membranes, whether diffuse or
localised to cells within the membrane, but no
significant correlation has been found between
immunostaining and cell type. Furthermore, the
receptors for EGF/TGF-a and for PDGF have
been co-localised to areas of growth factor staining
in preretinal membranes and are generally localised
to the vessels.2®?’
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Fig. 1. Photomicrograph demonstrating immunostaining
for PDGF in a diabetic preretinal membrane and associated
retina. Immunohistochemistry was undertaken as previously
described?® In brief, 4 wm’ thick wax-embedded sections
were dewaxed, incubated with 0.1% chymotrypsin and an
anti-human PDGF-AB antibody (Upstate Biotechnology)
applied for 1 hour. After washing, sections were exposed to
an anti-rabbit IgG conjugated to biotin (Dako). Samples
were subsequently incubated with an avidin-biotin alkaline
phosphatase reaction complex and antibody binding visua-
lised using a naphthol phosphate/fast red substrate mixture.
Immunostaining patterns for PDGF exhibited intense
staining located throughout the membrane (arrow). X120.

Although immunohistochemistry is a widely
accepted technique for demonstrating the presence
of antigenic determinants, it does not necessarily
demonstrate the site of synthesis. Interestingly,
mRNA for VEGF, IGF-I, TGF-B, EGF and bFGF
have all been localised to cells within preretinal
membranes.”?® However, Malecaze er al*® used
reverse transcriptase—polymerase chain reaction
(RT-PCR) to determine growth factor expression in
14 neovascular membranes and reported that VEGF
was the only growth factor consistently expressed in
all the membranes.

Fig. 2. Photomicrograph demonstrating immunostaining
for TGF-B in an excised diabetic preretinal membrane.
Sections were immunostained as described in Fig. 1 using a
pan-specific anti-TGF-B primary antibody (R&D Systems).
Immunostaining for TGF-f3 in the membrane was diffuse,
but the highest intensity of staining was localised to vascular
cells (arrows). X120.
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Fig. 3. Photomicrograph demonstrating immunostaining
for VEGF in a diabetic preretinal membrane and associated
retina. Sections were immunostained as described in Fig. 1
using an anti-human VEGF primary antibody (R&D
Systems). Immunostaining patterns for VEGF are similar
to those shown for PDGF with intense staining located
throughout the membrane (arrows) and to the inner retinal
vessels underlying the membrane (*). X120.

The presence of growth factors, their receptors
and their mRNA within diabetic retina and pre-
retinal membranes is strong support for a paracrine/
autocrine role for growth factors in the genesis and
perpetuation of neovascular membranes.

EFFECT OF SCATTER RETINAL
PHOTOCOAGULATION ON INTRAOCULAR
GROWTH FACTORS

The exact mechanism of new vessel regression
following retinal photocoagulation remains unclear
despite empirical success in treating the VPRs with
laser. However, a number of hypotheses have been
put forward:

1. Destruction of ischaemic inner retina decreases the
production of angiogenic factors.?’

2. Destruction of outer retinal tissue makes more
oxygen and nutrients available to the remaining
retina from the choroid.*

3. Disruption of the outer blood-retinal barrier
facilitates outward diffusion of angiogenic fac-
tors.”!

4. Photocoagulation injury stimulates the production
of an ‘inhibitory’ factor which induces regression
of new vessels.??

While little is known about the expression of
growth factors in the retina following laser photo-
coagulation, it is likely that growth factor profiles will
change owing to the associated wound healing
process. Unfortunately, most investigations in this
area have necessarily been undertaken in normal
retinas. Zhang et al®® found that retinal pigment
epithelium (RPE) cells in laser-treated regions of the
rat retina immunostained for both aFGF and bFGF
from 4 to 80 days following laser treatment, while
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RPE cells in non-lasered regions were always
negative. Similarly, in our laboratories, variations in
immunostaining for growth factors in the lasered
eyes of miniature pigs were observed in the RPE and
outer nuclear layer only within the burn area.* IGF-
I and EGF staining intensity in the RPE decreased
by 4 days but had returned to normal by 21 days
following laser treatment while bFGF and TGF-B
staining in the RPE remained constant. Staining
intensity for growth factors in the outer nuclear layer
in the burn area was significantly increased for IGF
and TGF-B by 4 days and for bFGF and EGF by 7
days. By 42 days after laser treatment immuno-
reactivity for all growth factors returned to the level
seen in the control retina.** Immunostaining for
TGF-3 and VEGF has also been examined in
diabetic eyes following photocoagulation. Lutty et
al® observed that the TGF-B immunoreactivity
present in normal retina was absent in the photo-
coagulated scars, whilst immunoreactivity appeared
to be increased in adjacent retinal areas. We have
observed that the retinal VEGF immunoreactivity
normally present in diabetic eyes is reduced in
lasered diabetic retinas.

Vitreous levels of growth factors following retinal
laser photocoagulation have been studied in the
rabbit and miniature pig. Intravitreal TGF-3, levels
decreased 2 and 14 days after laser treatment in
rabbit eyes compared with non-lasered control
eyes.’® By contrast, we have shown a significant
increase in intravitreal TGF-f; levels at 4 and 7 days
after laser in the miniature pig when compared with
normal eyes and eyes 21 days after laser treatment.*
The discrepancy between these two studies is
probably a reflection of inter-species differences:;
rabbits have a largely avascular retina while the pig
inner retina is fully vascularised. Intravitreal levels of
IGF-I also increased at 4 and 7 days after laser
treatment in the pig model while levels of bFGF and
EGF were unaffected**

HYPOXIC CONTROL OF GROWTH FACTORS

Retinal capillary non-perfusion and inner retinal
hypoxia are features common to all the VPRs. While
it has been postulated that hypoxia promotes the
release of growth factors from the ischaemic retina,
which then stimulate preretinal angiogenesis from
adjacent vessels,' low oxygen levels at the vitreo-
retinal interface may also modulate growth factor
activity and cell responsiveness in preretinal
membranes. [n vitro studies have shown that (a)
hypoxia modulates cell proliferation;’’” with reduced
mitosis at very low oxygen levels, (b) hypoxia
increases production of IGF-I’ and VEGF,383 (c)
hypoxia decreases production of bFGF and TGF-$,%0
(d) hypoxia up-regulates bFGF and EGF receptors,"!
and (e) hypoxia increases the responsiveness of
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several cell types to exogenous growth factors.*!
Thus it appears that hypoxia can ‘prime’ cells, which
otherwise are relatively quiescent, to proliferate
more actively in the presence of an external stimulus
such as a growth factor.

Recent studies have emphasised the potential
importance of VEGF in retinal neovascularisa-
tion.'*4>* Both VEGF mRNA and protein are
up-regulated in human retinas undergoing neovascu-
larisation® (Foreman, unpublished) and in a mouse
model for proliferative retinopathy.'> This induction
of VEGF is believed to be a response to hypoxia.
This is supported by the observation of increased
VEGF mRNA expression in the retina of both
monkeys and rabbits following experimentally
induced retinal ischaemia.**** Furthermore, ischae-
mia-induced retinal neovascularisation in mice is
suppressed by administration of soluble VEGF-
receptor chimeric proteins, further emphasising the
importance of VEGEF in retinal neovascularisation.*

INTRAOCULAR ADMINISTRATION OF
GROWTH FACTORS

Given the correlation between high intravitreal
growth factor levels and the VPRs, and the localisa-
tion of growth factors to preretinal membranes,
many researchers have attempted to induce preret-
inal neovascularisation by intraocular administration
of growth factors. Intravitreal injection of bFGF into
cats and rabbits resulted in increased DNA synthesis
in retinal venular and capillary endothelial cells*>*°
with a preferential response in the venular endothe-
lial cells compared with that in capillaries.* Further-
more both bFGF and IGF-I induced retinal
fibrovascular proliferation when injected into the
vitreous cavity of rabbits.*’ The same study also
examined the effect of slow-release chambers con-
taining either bFGF or IGF-I on the retina. Both
growth factors induced areas of vascular proliferation
in the vicinity of the implants.*’ It is interesting to
note that exogenous TGF-3, has been used clinically
to close full-thickness macular holes but without any
sign of overt neovascularisation.** There is also
recent evidence to indicate that intravitreal injection
of VEGF (165) into Cynomolgus monkeys results in
the development of iris neovascularisation together
with retinal microaneurysms and increased prolifera-
tion of retinal vessel endothelial cells as evidenced by
immunostains to proliferating cell nucleus antigen.*

These injection studies further emphasise the
importance of growth factors in eliciting a neovas-
cular response in the retina. However, it has to be
conceded that the concentrations of growth factors
(achieved by injection) in the vicinity of the target
cell receptors, and the state of receptor regulation,
are unknown and might be non-physiological.
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CONCLUSIONS

It is becoming increasingly clear that retinal vascular
homeostasis is dependent on the balance of a variety
growth factors within the eye and that subtle changes
in growth factor levels can release vascular endothe-
lial cells from their normal quiescent state to actively
participate in new vessel formation. VEGF is
prominent among the growth factors apparently
involved in preretinal neovascularisation, although
other factors may be responsible for the associated
fibrosis. Hypoxia is a potent modulator of growth
factor production and cell responsiveness in vitro and
may have a role in retinal angiogenesis. It is
conceivable that blocking growth factor action in
the VPRs will be an alternative therapeutic approach
to scatter photocoagulation in the future. Strategic
approaches might include the use of neutralising
antibodies to the growth factors or their receptors,
genetically engineered peptides that bind to recep-
tors without initiating any intracellular metabolic
events, soluble receptors that compete with target
cell membrane receptors for ligand binding, and
receptor antagonists and antisense nucleotides that
prevent growth factor expression by the secreting
cells.

Our studies are supported by the Wellcome Trust, Guide
Dogs for the Blind Association, British Diabetic Associa-
tion, the Manchester Royal Eye Hospital Research
Endowments, Fight for Sight and the North Western
Regional Health Authority.
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