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Abstract

Pathological retinal neovascularization (RNV) is a common micro-vascular complication in
several retinal diseases including retinopathy of prematurity, diabetic retinopathy, age-related
macular degeneration and central vein occlusion. The current therapeutic modalities of RNV are
invasive and although they may slow or halt the progression of the disease they are unlikely to
restore normal acuity. Therefore, there is an urgent need to develop treatment modalities, which
are less invasive and therefore associated with fewer procedural complications and systemic side
effects.

This review article summarizes our understanding of the pathophysiology and current treatment of
RNV in ischemic retinopathies; lists potential therapeutic targets; and provides a framework for
the development of future treatment modalities.
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Pathological retinal neovascularization (RNV) is a common micro-vascular complication in
several retinal diseases including retinopathy of prematurity, diabetic retinopathy, age-
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of RNV are invasive and although they may slow or halt the progression of the disease they
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are unlikely to restore normal acuity. Therefore, there is an urgent need to develop treatment
modalities, which are less invasive and therefore associated with fewer procedural
complications and systemic side effects.

This review article summarizes our understanding of the pathophysiology and current
treatment of RNV in ischemic retinopathies; lists potential therapeutic targets; and provides
a framework for the development of future treatment modalities.

Introduction

Retinal angiogenesis or neovascularization (RNV) is a cardinal feature in several diseases of
retina as in retinopathy of prematurity (ROP), diabetic retinopathy (DR), age-related
macular degeneration (AMD), and retinal vein occlusions. AMD and DR are common
leading causes of legal blindness in >50 years old people and populations at working age,
respectively [1,2]. The prevalence of DR and AMD is expected to increase in the next few
decades due to significant increases in the number of population with obesity and diabetes as
well as the number of aged population [3,4]. Patients with retinal neovascularization usually
loss their daily activity independence, and this places a substantial economic burden on the
family, the community, and the society as a whole. Thus, it is important to develop new and
effective modalities to treat or prevent the development RNV. During the last decade, there
was noticeable improvement in understanding of the underlying molecular and cellular
mechanisms of RNV. This understanding was essential in the identification and introduction
of new therapeutic intervention to suppress this process.

Eye is unique in having certain avascular tissues such as cornea, lens, vitreous and outer
retina. Avascular feature of these ocular tissues is essential for the normal vision. Cornea,
retina, and choroid are the most commonocular tissues to be invaded by pathological NV.
The normal vascular pattern of the ocular tissue is firmly controlled by the delicate balance
between the pro-angiogenic and angiostatic molecules. For example, contributing factors to
pathological neovascularization such as hypoxia, ischemia, and inflammation have been
shown to disrupt the normal balance in the retinal expression of vascular endothelial growth
factor (VEGF) and pigment epithelium-derived factor (PEDF). VEGF and PEDF are known
to be the key angiogenic and angiostatic factors in retina respectively (Fig. 1) [5-11].
Because of absence of pericytes and basement membrane, the new vessels become more
fragile and leaky leading to hemorrhage and edema, which interrupt light transmission
ending by vision loss. Although the pathogenesis of RNV had been heavily studied, the
exact underlying mechanism is not yet well understood. This lack of understanding led to
absence of effective therapeutic strategy for RNV at present despite laser treatment
demonstrates some favorable therapeutic effects on retinal and choroidal NV. Here, we
discuss the underlying mechanism of RNV and the current and future potential therapeutic
targets which may represent efficient clinical agents and strategies.

Retinal neovascularization

Pathological RNV leads to diminution of vision and blindness. News vessels distort normal
retinal architecture, cause significant damage to retinal tissue and vascular leakage.
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Furthermore, RNV is associated with breakdown of inner limiting membrane allowing the
new vessels to sprout into the vitreous. This ultimately leads to fibrosis and retinal
detachment. Endothelial cells of the normal retinal vessels have tight junctions that maintain
normal inner blood—retinal barrier (BRB)function [12]. During RNV, the new retinal vessels
become deficient in such endothelial tight junctions leading to retinal vascular
hyperpermeability and inflammation that disrupt normal retinal tissue/function [13]. In the
BRB, the main physical barrier is formed by retinal endothelial cells, but pericytes and
retinal glia were found to contribute to the maintenance of the BRB as well [14-16].
Therefore, In addition to the loss of endothelial cell tight junction, loss of retinal pericytes
during DR abrogates structural vascular integrity and contributes to retinal vascular leakage
[12,17].

In retina new blood vessel develop by two distinct processes; one is vasculogenesis which
refers to de novo new vessel formation from the angioblasts or endothelial precursor cells
(EPC), and angiogenesis, which is the sprouting of new blood vessels from pre-existing
ones. Although during the normal embryonic development retinal vessels develop mainly by
vasculogenesis [18,19], angiogenesis also contributes to the embryonic vascular
development and dependent on activation of VEGF receptor 2. In human fetal retina central
retinal vessels form by vasculogenesis whereas peripheral retinal vessels in the inner retina
and outer plexus capillaries develop by angiogenesis [20,21]. The undifferentiated and
differentiated angioblasts have been reported in retinas of experimental animals in the first
few postnatal weeks, suggesting that vasculogenesis also contributes to the postnatal
remodeling of retinal vasculature [22]. Although pathological retinal NV such as DR, AMD
and ROP is dependent mainly on the angiogenesis as a major form of new vessels formation,
recent studies suggest that endothelial progenitor cells (EPCs) or vasculogenesis, is also
contributing to the pathological RNV [22-26]. Consistent with the role of vasculogenesis in
pathological RNV, EPCs isolated from adult peripheral blood have been shown to
differentiate ex vivo to an endothelial phenotype [18], to incorporate into newly formed
blood vessels and to express several of the known endothelial cell markers, such as LDL
receptor and fetal liver kinase-1 (flk-1) [22,23,26,27]. Furthermore, EPCs were also noticed
in the preretinal neovascular capillary tufts in pathological RNV induced by laser-induced
venous occlusion and VEGF overexpression [23]. In addition to retinal NV, EPC derived
from adult hematopoietic stem cells also contributed to the formation of laser-induced
choroidal neovavscularization (CNV) [28]. Inhibition of stromal-derived factor-1 (SDF-1),
which is key factor in recruiting EPCs to areas of neovascularization has been found to
significantly reduce the size of the CNV lesions [26]. Taken together these findings suggest
inhibition of the recruitment of circulating EPCs as a potential therapy for RNV. Moreover,
enhancing recruitment of EPCs to ischemic retina during the early stage of DR may prevent
the hypoxia-induced signaling pathway that leads to RNV.

Diabetic retinopathy

Diabetic retinopathy (DR) is a leading cause of blindness in people of the working age. The
clinical course of retinopathy, anatomical changes, its pathogenesis and current treatment are
described, followed by an overview of the emerging drug therapies for the potential
treatment of this sight-threatening complication of diabetes. DR develops nearly in all
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patients with type 1 diabetes and more than 60% of patients with type 2 diabetes during the
first two decades of disease [29]. Hyperglycemia triggers endothelial cell dysfunction and
increases leukostasis leading to breakdown of the BRB and vascular hyperpermeability. This
leakage results in diabetic macular edema, the most common cause of decreased visual
acuity in diabetic patients. Later, capillary degeneration and ischemia develop which leads
to uncontrolled neovascularization in attempt to compensate for the lack of blood flow [30-
32] The current treatment modalities include timely laser photocoagulation, vitrectomy and
repeated intraocular injections of anti-VEGF or steroids, are invasive and limited by
considerable side effects and they may prevent progression of DR but do not restore the
visual acuity. DR is classified clinically into two stages: non-proliferative (NPDR) and
proliferative (PDR). NPDR is characterized by microaneurysms, ‘dot and blot” or ‘splinter’
hemorrhages, and intraretinal microvascular abnormalities (IRMA, a form of intraretinal
NV). Moreover, ‘cotton wool’ spots are also characteristic feature of NPDR, representing
the non-perfused area which leads to inner retina ischemia. In addition to the changes in
NPDR, PDR is characterized by RNV which develops to overcome the inner retina ischemia
(Fig. 2). However, the new vessels are abnormal, fragile, leaky resulting in edema and
hemorrhage into the vitreous. This leads to fibrous tissue proliferation and the subsequent
tractional retinal detachment, which eventually causes blindeness in the late stage of PDR.
Therefore, targeting retinal NV is very important strategy to improve the visual acuity in
diabetic patients.

Of Note, hypoxia and HIF-1a signal pathways are crucial for the RNV during normal
vascular development and pathological RNV (Fig.3) [33,34]. The development of RNV in
DR is preceded by molecular and cellular changes that occur during early course of diabetes.
Hyperglycemia triggers oxidative stress and pro-inflammatory signal pathways that leads to
apoptosis of pericytes and endothelial cells. This leads to capillary degeneration and retinal
ischemia that triggers hypoxia inducible factor-1a (HIF-1a) dependent VEGF expression and
finally RNV [35-37](Fig.4).

Blood Retinal Barrier

Retinal functional/structural integrity is partially dependent on the presence of intact blood-
retinal barrier (BRB). The integrity of BRB is important for normal retinal micovascular
homeostasis and preventing leakage of harmful molecules into the retina. There are inner
and outer BRB, breakdown of which contributes to the deteriorated visual function during
DR and AMD respectively. The inner BRB (iBRB) consists of endothelial cells which rest
on a basal lamina and supported tight junctions and the foot processes of glial cells as well
as pericytes [14-16,38]. The outer BRB (0BRB) is formed by TJ between retinal pigment
epithelium (RPE) cells which rest upon the Bruch's membrane. Neural retina is separated
from the fenestrated choriocapillaris by Bruch’s membrane and nutrients are transported
from the blood to the outer retina via the 0BRB [39].

Interplay of retinal endothelial and glial cells during RNV

Molecular and physical Cross talk between ganglion cells, glial, and endothelial cells is a
key factor in retinal vascular development. In particular, reciprocal feedback between
endothelial cells and glial cells is crucial for proper vascular patterning. Hypoxia-induced
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VEGF expression in retinal glial cells plays a key role in formation of new retinal vessels
[40]. The capacity of Mdiller cells to preserve the integrity of BRB function has been shown
to be significantly reduced during hypoxic insult [41]. Pigment epithelium derived growth
factor (PEDF) is secreted by Muller cells under normal conditions secrete [42] and
counteracts the permeability and angiogenic actions of VEGF. Under hypoxia, Miiller cells
expression of PEDF is decreased leading to unopposed action of VEGF and hence vascular
hyperpermeability and angiogenesis [43].

Selective ablation of Muller cells led to an imbalance between VEGF-A and PEDF and
impaired retinal function due to photoreceptor apoptosis, blood-retinal barrier breakdown
and intraretinal neovascularization. These findings support the thought that Mdller glial
dysfunction a key player in retinal neurovascular pathologies during ischemic retinopathies
[44]. In the future, supplying glial cells may be a strategy that will allow the inhibition of
pathological NV and vascular repair in avascular retina areas. The delivery of recombinant
PEDF allows for the recovery of Miller cells, and thus creates the conditions favorable for
the survival of nerve cells in loss of retinal homeostasis [45].

GROWTH FACTORS AND RETINAL NEOVASCULARIZATION
1. ANGIOGENIC FACTORS

The role of growth factors in the pathogenesis of pathological RNV is well established and
was first proposed by Michaelson in 1954. Michaelson suggested that development of retinal
vasculature is controlled by a retinal vasoformative factor, formation of which is dependent
on the retinal metabolic needs [46]. Subsequent studies showed that the same vascular
growth factor is also involved in the pathological RNV. There are several growth factors that
found to contribute to RNV over the last two decades for instance VEGF, bFGF, IGF-1,
PEDF, angiopoieteins, and epithelium growth factor (EGF). The next section will cover in
detail some of these factors.

Vascular endothelial growth factor—There are several extensive series of clinical and
preclinical investigations have confirmed the central role of VEGF in promoting ocular NV
[47-54]. For example, clinical studies have reported increased ocular levels of VEGF in
patients with retinopathy of prematurity [55], diabetic macular edema (DME) [56-59], and
retinal vein occlusion [47]. Similarly, there was a significant increase in the macular
expression of VEGF in patients with AMD [60] as well as in choroidal neovascular
membranes [61-63].

VEGF is the key retinal growth factor which implicated in the normal and pathological
retinal new vessels formation. It is a 46-kDa homodimeric with four isoforms (VEGF121,
VEGF165, VEGF189, and VEGF206). They are produced via alternative mRNA splicing
from the same gene [64]. The biological effects of VEGF require two receptors, VEGF-R1
(FIt-1) and VEGF-R2 (Flk-1/KDR).

The major sources of VEGF in retina are RPE and Muller cells while, endothelial cell is the
main target of VEGF’s biological effect [65,66]. However, VEGF still can be produced by
other cell types such as pericytes, astrocytes and ganglion cells [66—68]. Therapeutic laser
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photocoagulation decreases the levels of VEGF in the vitreous and aqueous humor of
patients with PDR by 75% [47], suggesting the importance of retinal levels of VEGF for the
development/regression of RNV. Similarly, the levels of VEGF Increased during diabetic
macular edema (DME) and found to be correlated with the disease severity [59]. These
findings indicate that VEGF is involved in the development of both vascular leakage and
RNV during DR.

Recently, the link between the gene polymorphism of VEGF promoter and microvascular
complications of diabetes was studied in a group of 267 UK diabetic Caucasian patients. The
study suggested the VEGF-460 genotype, as an independent predictive factor for PDR, but
not for diabetic nephropathy [69]. VEGF-460 genotype enhances the activity of VEGF
promoter by 70% in comparison to wild type. Animal models of DR also demonstrated
upregulation of VEGF expression which correlated with the early retinal vascular
hyperpermeability [70]. This increase in vascular permeability was successfully prevented
by specific VEGF-neutralizing soluble FIt/F(c) construct (VEGF TrapA(40) [71]. These
coincidental VEGF upregulation and the breakdown of BRB were also observed in the
relative long-term experimental diabetes [72]. Oxygen-induced retinopathy (OIR) (Fig.5) is
an accepted animal model to study the molecular and cellular mechanisms of pathological
RNV. The elevated retinal levels of VEGF during OIR have been correlated with the
progression of NV [73]. The crucial role of VEGF in the pathogenesis of RNV has been
further proved by the observation of a significant reduction in RNV in animals treated with a
single intravitreal injection of the soluble VEGF receptor Flt or Flk chimeric proteins, which
interferes with VEGF signaling via binding to VEGF with the same affinity as the native
receptors [49,50]. Furthermore, Intravitreal injection of a neutralizing anti-VEGF aptamer,
which specifically binds to VEGF 165 demonstrated remarkable inhibition of leukostasis
and subsequent pathological RNV in OIR rats without interruption of the physiological NV
[74]. On the other hand, both pathological and physiological RNV were significantly
inhibited by VEGFR-1/Fc fusion protein, which blocks all VEGF isoforms. Recent studies
reported that targeting KDR activation causes significant inhibitory effects on RNV and
other ocular diseases associated with NV [75,76]. Taken together all these findings support
the key role of VEGF in physiological and pathological RNV.

Erythropoietin (EPO)—EPO is produced mainly by the adult kidney to facilitate tissue
oxygenation via regulation the erythrocyte mass in circulation [77,78]. EPO stimulates
endothelial cell proliferation and migration, and enhance its survival through antiapoptotic
mechanism suggesting EPO as a proangiogenic factor [79-81]. Several studies showed that
EPO plays a role in the formation of RNV [78,82-84]. Tissue oxygen supply plays
important role in regulating the EPO secretion and expression of its receptor in a variety of
tissues including retina [82,84,85]. Retinal hypoxia induced simultaneous increase of EPO
and VEGF expression [82] via activation of hypoxia-inducible factor 1 (HIF-1). Secretion of
EPO is also regulated by several other stressors, such as hypoglycemia, increased
intracellular calcium, inflammation and oxidative stress [85]. There is a positive cross talk
between EPO and VEGF, which enhances endothelial cell proliferation [80]. For example,
rhEPO significantly enhanced the expression of VEGF and VEGF receptors (KDR/flk-1 and
flt-1) in endothelial cells. Additionally, rhEpo-induced endothelial cell proliferation was

Expert Rev Ophthalmol. Author manuscript; available in PMC 2015 January 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Al-Shabrawey et al.

Page 7

inhibited by anti-VEGF antibody. These findings suggest that EPO might be involved in
hypoxia-induced VEGF expression [80]. In addition to its pro-angiogenic effect in retina,
EPO demonstrated neuroprotective effects. It prevents ischemia-induced apoptosis of the
photoreceptor and retinal ganglion cells [85]. In human, EPO found in high amount in the
vitreous of patients with PDR compared to the non-diabetic patients [84,86]. Interestingly,
EPO levels were significantly higher in active PDR in comparison to quiescent PDR.
Simultaneous inhibition of both EPO and VEGF showed synergistic inhibitory effect on
patients’ vitreous induced-endothelial proliferation and RNV in a murine model of OIR [84].
Thus, targeting more than one pro-angiogenic pathway may produce substantially greater
clinical benefit. Recent study showed that single intravitreal injection of EPO (50ng/eye)
protects against retinal vascular regression at the early stage of DR in streptozotocin-induced
diabetic rats. This was associated with reduction in the levels of EPO receptor and VEGF
suggesting that EPO may play a primary role against the progression of diabetic retinopathy
by reducing blood vessel degeneration at a very early disease stage [87].

Insulin-like growth factor—Insulin-like growth factor is growth is involved in multiple
biological effects in a variety of tissues. This includes cell growth, differentiation and
transformation [88]. IGF-1 production in liver is regulated by growth hormone (GH). The
expression of IGF-1 and IGF-IR mRNA was reported to localize mainly in the neuroretinal
layers, RPE, and choriocapillaries and retinal endothelial cells of human retina [89].
Decreased retinal levels of IGF-1 were reported to be associated with impaired retinal
vessels formation suggesting the important role of IGF-1 in normal retinal vascular
development [90]. Consistent with these findings, low retinal level of IGF-1 was noticed in
ROP and this leads to cessation of vessel growth, retinal hypoxia, and subsequent VEGF
production and NV [91]. Therefore, sufficient level of IGF-I is after birth leads to normal
vessel development and prevention of ROP [92]. The key role of IGF-1 in retinal NV has
been confirmed by using IGF-transgenic mice in which vascular features of retinopathy
were noticed. For example, pericytes loss and basement membrane thickening of retinal
capillaries were noticed in 2 month-old IGF-1 transgenic mice, while, dilatation of venules,
abnormalities of intraretinal microvascular, and RNV were noticed in mice of 6 months of
age and older [93]. Retinal NV was attributed to IGF-1-induced upregulation of VEGF in
retinal glial cells.

Angiopoietin—Angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) are members of a
novel family of angiogenic factors that elicit their biological effects via binding to
endothelial receptor tyrosine kinase (RTK), Tie-2 [94]. The angiopoietin-Tie2 system plays
a crucial role in vascular homeostasis by regulating the cross talk between endothelial cells
and pericytes as well as regulating VEGF signaling [94]. Ang-1 is a pericyte-derived signal
that regulates endothelial cell maturation and integrity of endothelial cell barrier function
[95]. Overexpression of retinal Ang-1 has been shown to significantly reduce VEGF-
induced retinal vascular hyperpermeability, and to suppress the RNV in OIR and laser-
induced CNV [96]. Interestingly, there was no changes in the normal retinal or choroidal
vasculatures or retinal function as evaluated by electroretinography in the transgenic mice
[96]. Therefore, Ang-1 has been suggested as a potential therapeutic target for DME and
RNV.
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Ang-2 is an endogenous inhibitor of the Ang-1/Tie-2 vascular function [94]. It plays a
central role in both physiological and pathological angiogenesis [97-99]. Ang-2-deficient
mice showed impairment of the development of superficial and deep retinal vasculatures
which develop by vasculogenesis and angiogenesis respectively [97]. Consistent with the
central role of the Ang-2/Tie-2 signaling in retinal NV the colocalization of Tie2, VEGF and
Ang-2, was noticed in fibrovascular membrane of patients with ROP [100]. The expression
of Ang-2 in retina of mouse model of OIR was correlated with the extent of angiogenesis
and reached the peak at P17, the time of maximal RNV [101]. Additionally, RNV was
significantly reduced by intraperitoneal injection of Tie-2 antagonist, muTek delta Fc. This
was associated with a remarkable downregulation of matrix metalloproteinase-9 (MMP-9),
suggesting that MMP plays a role in Ang-2-induced RNV [98].

Oxidative stress and RNV—Oxidative stress refers to the imbalance between reactive
oxygen species (ROS) generation and the ability to scavenge ROS by endogenous
antioxidative systems such as superoxide dismutase (SOD), catalase and glutathione
peroxidase (GSH). Free radicals and ROS cause irreversible damage to cell membrane,
DNA, lipids, proteins, and carbohydrates and disruption of cellular homeostasis [102]. High
content of polyunsaturated fatty acids (PUFA) and oxygen uptake and glucose oxidation
account for the high susceptibility of retina to oxidative stress compared to other tissues
[103]. Accumulated evidences suggest oxidative stress as a key player in the pathogenesis of
DR and its resistance to recover even after good glycemic control is reestablished (the
metabolic memory phenomenon) [104]. Retina has several sources of ROS which include
NADPH oxidase, advanced glycation end products (AGEs), mitochondrial oxidase, aldose
reductase/polyol pathway, uncoupling of endothelial nitric oxide synthase (eNOS)and
activation of PKC [105-111].

In preterm infants ROS generation increased and anti-oxidant systems is highly stressed and
incompletely developed. This was correlated with increased retinal VEGF expression and
RNV [112,113]. In OIR, NADPH was activated and ROS were increased in the retina and
that correlated to the apoptosis of endothelial cells, which contributed to avascular retina
[114] and to the subsequent RNV which was blocked the NADPH oxidase inhibitor,
apocynin [107]. ROS generation is increased by VEGF stimulation, and activates VEGFR2
downstream signaling [115,116]. Thus, blocking ROS production attenuates RNV via
regulating both VEGF expression and VEGFR2 downstream signaling pathway in OIR.
Furthermore, our recent studies demonstrated that inhibition of NADPH oxidase or deletion
of its catalytic subunit, NOX2 prevents the early inflammatory response and vascular
hyperpermeability in experimental model of DR [106,108,117].

Luteolin a natural flavonoid and a potent candidate from Platycodon grandiflorum, which is
widely used in Asian traditional herbal medicine [118] and has anti-oxidative activity [119].
Luteolin was found to inhibit hypoxia-induced VEGF expression and RNV in OIR without
toxicity via inhibition of ROS generation [120,121]. Anti-oxidants that can inhibit the
oxidative processes can protect retinal cells from ischemic/hypoxic insults, a crucial factor
in inducing RNV during ischemic retinopathy. In particular, treatment using anti-oxidants
such as vitamin E and lutein, inhibition of NADPH oxidase or related signaling pathways,
and administration of catalase and SOD are possible therapeutic regimens for RNV
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[107,122]. It has recently been observed that mice with targeted deletion of superoxide
dismutase 1 (Sod1~/~) mice show many of the features of AMD, including spontaneous
development of choroidal NV [123,124]. Treatment of Sod1~/~ mice with antioxidants
significantly reduced ischemia-induced RNV [125]. Antioxidants also significantly
suppressed NV in each of 3 experimental models of ocular NV, ischemia-induced RNV,
VEGF-induced subretinal NV, and choroidal NV [125]. Inhibition of angiogenesis by
antioxidants such as N-acetyl-L-cysteine (NAC) has been demonstrated both in vitro and in
vivo. [126] suggesting use of antioxidants to inhibit pathological RNV via targeting VEGF
signaling.

Lipid Metabolites in Retinal Neovascularization—Lipid metabolism and signaling is
dysregulated in many vascular diseases such as diabetic retinopathy, retinopathy of
prematurity and age-related macular degeneration. Arachidonic acid can be metabolized into
eicosanoids via different enzymatic pathways including lipoxygenase (LOX),
cyclooxygenase (COX) pathways into leukotrienes, hydroxyeicosatetraenoic acids (HETES),
and prostaglandins [127] which have been shown to promote angiogenesis [128,129].
Lipoxygenases are dioxygenases that catalyze oxygenation of arachidonic acid and other
PUFAs. According to the site of oxygen insertion within arachidonic acid lipoxygenases are
classified as 5-, 8-, 12-, or 15-LOX.

RNV during OIR was associated with decreased 15-LOX-1 expression, and retinal 15-
LOX-1 levels were negatively correlated with the progression of RNV. RNV in OIR was
significantly inhibited in the intravitreous injected Ad-15-LOX-1 mice. This was associated
with significant decrease in the levels of VEGF-A suggesting that 15-LOX-1 may be a novel
therapeutic target for ocular neovascularization diseases [130]. Moreover, 15-LOX-1
overexpression on retinal endothelial cells inhibited hypoxia-induced angiogenesis via
blocking hypoxia-induced upregulation in VEGF family [131].

Diets enriched in ®-3 polyunsaturated fatty acids (PUFAS) significantly reduced
pathological RNV in OIR, via suppression of microglial-derived tumor necrosis factor-a
[132]. The protective effect of dietary w-3 PUFAS against retinopathy was abrogatedin 5-
lipoxygenase (5-LOX)-deficient mice. This protective effect was attributed to oxidation of
the ®-3 PUFA lipid docosahexaenoic acid to 4-hydroxy-docosahexaenoic acid (4-HDHA)
by 5-LOX. 4-HDHA has direct inhibitory effect on endothelial cell proliferation via
PPARydependent mechanism suggesting -3 PUFAs as a treatment for RNV either by itself
or as a supplement to the current anti-VEGF therapy. Moreover, cyclooxygenase inhibitors
such as aspirin and ibuprofen (but not LOX inhibitors, for instance zileuton) might be used
without losing the protective effect of dietary o-3 PUFA [133].

Our recent studies [134,135] also demonstrated the potential role of 12/15-LOX in the
development of ischemic retinopathy and RNV via disrupting the balance in the retinal
levels of VEGF and PEDF as well as inducing early inflammatory response. In the same
studies we showed that RNV in OIR as well as PDR in human were associated with high
levels of 12-L.OX expression and its lipid products 12- and 15-HETES, There was also
significant increase in the amount of 5-HETE. Meanwhile inhibition of the LOX pathway by
pharmacological inhibition with baicalein or 12-LOX deletion significantly abrogated RNV.
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Taken together our and others’ studies lipoxygenase pathway could be a novel therapeutic
target to prevent or at least ameliorate the RNV during ischemic retinopathies.

Role of inflammation and Immune Response in Ischemic Retinopathy

Retinas from diabetic humans or animals and high glucose-treated retinal cells demonstrated
inflammatory response such as increased leukostasis, and hyperpermeability and this was
correlated with the development of RNV [32,135,136]. The inflammatory response in retina
during ischemic retinopathy has been liked to activation of NFkb signaling pathway with
subsequent upregulation of cytokine levels such as IL-6, IL-1 and adhesion molecules such
as ICAM-1 and VCAM-1 [106,108,117]. This suggests a crucial role of the early
inflammatory response in the pathogenesis of microvascular dysfunction during DR
including RNV. In addition to inflammatory response, it seems that immune response also
might be implicated in the pathogenesis of ischemic retinopathy in particular the eye is an
immune-privileged site. For example, the autosomal dominant neovascular inflammatory
vitreoretinopathy (ADNIV) is a familial blinding disease in which the patient’s eye is
infiltrated by T-cell (CD4and CD8 positive cells). Therefore, targeting T cells is suggested
as a therapeutic modality to treat the ADNIV [137]. Furthermore, toll-like receptors (TLRs)-
induced activation of the immune system is implicated in angiogenesis including oxygen-
induced RNV [138]. Cytolytic immune attack was also suggested for treatment of exudative
(wet) macular degeneration through using a fusion protein (ICON) composed of factor VII,
the natural ligand for tissue factor, conjugated to the Fc domain of a human 1gG1
immunoglobulin. It binds to the tissue factor expressed on neovascular endothelia leading to
destruction of the neovascular tissue [139].

Accumulate evidence that correlates inflammatory/immune response to the ischemic
retinopathy led to proposing several anti-inflammatory/immunosuppressive drugs to treat
DR. For example, minocycline, corticosteroids and aspirin and salicylates are new suggested
therapeutic modalities to treat DR.

ANGIOSTATIC FACTORS

Retinal angiogenesis is normally regulated by the delicate balance between angiogenic
stimulators and inhibitors. Several studies demonstrated that the disruption of this balance is
implicated in pathological angiogenesis [8,140,141]. Therefore, restoration of the balance by
either providing angiostatic factors or inhibitors of angiogenic factors or both leads to
inhibition of angiogenesis. There is agreement that this approach is a useful strategy in the
prevention and treatment of pathological RNV. The presence of naturally occurring
angiogenesis inhibitors in the vitreous fluid has been documented and suggested to be
responsible for maintaining the avascular status of the vitreous body [142,143]. There are
several angiogenic inhibitors have been identified in retina. Active antiangiogenic factors in
the retina include endothelial cell specific inhibitors such as angiostatin, endostatin, and
plasminogen kringle5 (K5), serine proteinase inhibitors such as PEDF, antagonists of
angiogenic factor such as soluble soluble VEGFR-1 (Flt-1), thrombospondin-1 (TSP-1),
interferon a, interferon g, and tissue inhibitor of metalloproteinases (TIMPs). Additionally,
VEGF: PEDF ratio in the retina correlates with the progression of RNV in ischemic
retinopathy [8,141,144]. Recent study by Mohan et al., reported that the mean vitreous and
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plasma levels of VEGF and EPO in patients with PDR were significantly higher than those
in subjects without diabetes. Conversely, the vitreous and plasma levels of PEDF were
significantly lower in the PDR patients compared to control subjects. Moreover, the protein
expression of the VEGF and EPO in the retinal tissue was significantly higher in PDR and
diabetes without complication groups compared to the controls. Moreover, the protein
expression of PEDF was significantly lower in retinal tissues from diabetes patients without
complications and in patients with PDR in comparison to the control group [145].

Pigment epithelium-derived factor—In 1987 Tombran-Tink and Johnson has
identified the PEDF for the first time in human retinal RPE cells conditioned media [146].
PEDF is a 50-kDa glycoprotein which has similar sequence and structure homology to the
family of serine proteinase inhibitor (Serpin). However, PEDF has not been shown
inhibitory effect on known proteinases [147]. It demonstrated neurotrophic function by
maintaining the normal development, structure and function of retinal neurons [146,148-
151]. In addition to its neurotrophic function, PEDF also showed anti-angiogenic activity
[152-154]. Ocular avascular tissues such as vitreous, cornea, and aqueous humor have high
levels of PEDF in comparison to vascular tissues [155]. Several studies have confirmed the
negative correlation between the levels of PEDF and pathological RNV in different
experimental models of ischemic RNV [8,144,156]. In addition to inhibitory effect of PEDF
on RNV, PEDF also has negative effect on retinal vascular permeability [157,158].
Furthermore, the correlation between the imbalance in VEGF/PEDF levels in the retina and
ocular fluid and the pathogenesis of RNV was also evaluated in patients with DR and
proliferative sickle cell retinopathy. In PDR levels of PEDF were significantly decreased
and VEGEF levels were significantly increased in the vitreous and aqueous humor, in
comparison with the control subjects with normal blood glucose levels [145,159-161].
Interestingly restoration of PEDF levels in retina or vitreous of rats or patients was noticed
after laser photocoagulation of retina [162,163] suggesting that therapeutic effect of laser
photocoaugulation is partially attributed to the up-regulation of PEDF expression in the eye.

Peroxisome proliferator-activated receptor gamma (PPARy)—Peroxisome
proliferator-activated receptor gamma (PPARY) is a member of a ligand activated nuclear
receptor superfamily which plays a central role in several biological functions, such as
glucose metabolism, adipogenesis and angiogenesis [164,165]. Previously PPARY signaling
pathway was shown to inhibit diabetes-induced vascular injury in retina [166] through
inhibition of NF«B signaling pathway which includes leukocyte adhesion [167,168]. Our
previous work on experimental diabetes and OIR showed that inhibition of NADPH oxidase
or deletion of its catalytic subunit NOX2 results in increase PPARy while and this was
correlated to the decrease in the inflammatory response during DR and abrogation of RNV
in OIR [117].

PPARYy pathway was found to be involved in the attenuation of progression of DR by herbal
and traditional natural medicines or their active components [169] and also in the
antiangiogenic effect of the omega3-PUFAs on RNV in OIR independent of vascular
endothelial growth factor [170]. Moreover, PPARyligands have been shown to inhibit
VEGF-induced choroidal angiogenesis in vitro and CNV in vivo [171]. These findings
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suggest that PPARY ligands could be therapeutic strategy to prevent the development of
RNV.

Treatment of Retinal Neovascularization
1. LASER THERAPY OF RNV

Laser therapy has been used successfully to reduce the risk of vision loss in posterior
segment neovascularization such as ARMD and PDR. Laser photocoagulation therapy is
used to treat choroidal neovascularization (CNV) in patients with exudative AMD. It has
been a major advancement in treatment of exudative AMD. It involves the selective heating
of ocular tissues through the absorption of a specific wave length of light by ocular
pigments. This leads to thermal damage and denaturation of proteins and other large
molecules and ROS are generated within the target vasculatures [172,173]. Photodynamic
therapy (PDT) is a selective and localized therapy for CNV which causes oxidation of
tissues by a photodynamic reaction. For this purpose, a photosensitizing dye such as
verteporfin is first delivered to the target tissue followed by locally photo-excitation using a
specific wavelength of light delivered via an ophthalmic laser. This leads to generation of
ROS which induces platelet activation and thrombosis which ultimately reduces vascular
permeability and causes involution of the lesion [174]. Another type of laser therapy for
CNV is feeder vessels photocoagulation (FVP) which targets small number of intrachoroidal
(feeder vessels) that supplies the entire CNV complex. This requires high speed idocyanine
green angiography to localize the feeder vessels followed by delivery of laser energy to
block the feeder vessels [175].

Panretinal photocoagulation (PRP) involves application of multifocal laser burns on retinal
periphery sparing the macula. It reduces the risk of vision loss in the majority of patients
with PDR. PRP is indicated for treatment of PDR that exhibits remarkable preretinal or disc
NV with hemorrhage and some visual acuity may be already have been compromised. It
involves inducing multifocal laser burns in the peripheral retina sparing the macula.
Vitrectomy is often performed with PRP in patients with vitreous hemorrhage and or
traction retinal detachment [176-178]. The underlying mechanism of inhibiting further
retinal NV by PRP is still not well known. However there are several hypotheses such as
direct destruction of retinal tissues responsible for producing angiogenic factors, reduction
in metabolic demands of retina which reduces the relative hypoxia and generation of retinal
anti-angiogenic molecules such as PEDF or TGFb. These thoughts have been supported by
reduction of VEGF levels in vitreous, aqueous and plasma following PRP therapy [47,179].

2. ANTI-VEGF THERAPY

There is a strong evidence from animal studies demonstrated that VEGF is an optimal target
for treatment of many ocular diseases in which neovascularization and increased vascular
permeability is the key for its pathogenesis, including PDR. Four anti-VEGF pharmacologic
agents are now commercially available and being in use in trials for treatment of diabetic
macular edema (DME) and PDR. Pegaptanib (Macugen, OSI/Eyetech, Melville, NY, USA)
is a modified 28-base RNA aptamer, which binds to VEGF 165 isoform inhibiting its
vascular permeability effects [180]. Pegaptanib was tested in vitro which showed

Expert Rev Ophthalmol. Author manuscript; available in PMC 2015 January 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Al-Shabrawey et al.

Page 13

significance inhibition of VEGF induced vascular permeability [181]. It was also tested in
OIR model, which showed inhibition of the pathological RNV without affecting the
physiological NV [74]. Pegaptanib emerged as the first antiangiogenic drug which provide a
significant statistically and clinically improvement in treatment of patients with neovascular
AMD based on result of (VISION) trial. Many trials were done to test the safety and
tolerability of the anti-VEGF in improving visual acuity in patients with macular edema
[182,183]. It was found that pegaptanib is well tolerated at all administrative dose with
transient adverse events due to injection procedure rather than the safety of the drug. On the
other side, pegaptanib showed improvement in both DME and PDR patients in the form of
increase in the visual acuity, beside reductions in central retinal thickness, with less need for
macular laser photocoagulation [184].

Bevacizumab—(Avastin; Genetech, San Francisco, CA, USA) another anti-VEGF is a full
length humanized monoclonal antibody, that is 93% of human origin and 7% murine [185].
It binds to all VEGF isoforms and inhibits VEGFR1 and VEGFR2 [186]. Bevacizumab has
been approved by FDA for treatment of metastatic colorectal cancer and is being in phase 111
trials for treatment of advanced breast and renal cancer [187,188]. Due to the comparatively
low cost and the availability of bevacizumab it was studied very well in the field of DME
and PDR [189]. Bevacizumab showed promising results in decreasing leakage in
neovascular lesions resulting in improvements in both visual acuity and central macular
thickness [184]. Bevacizumab showed systemic side effects in cancer therapy such as
arterial thromboembolism, hemorrhage, gastrointestinal perforation and hypertensive crisis
[188,190]. Moreover, local delivery in the eye causes tractional retinal detachment (TRD)
with the possibility of systemic drug absorption and side effects [191]. Therefore, long-term
and well-designed studies involving multiple dosing are still needed.

Ranibizumab—(Lucentis; Genetech, Inc. South San Francisco, Calif) is fragmented
humanized monoclonal antibody that also binds to all VEGF isoforms. Lucentis was
approved by FDA for treatment of neovascular AMD [192]. Many trials were done in
patients with choroidal neovascularization (CNV) secondary to AMD which shows that
ranibizumab is well-tolerated in intravitrous injection with improvement in the visual acuity
[193]. A recent trial of ranibizumab has shown a great success in treatment of DME for at
least 2 years. In this study ranibizumab treatment of recurrent or persistent DME only as
frequently as every 2 months for a period of 18 months resulted in maintenance of the
excellent visual benefit that had been obtained after 6 months of a fixed regimen of
ranibizumab injections. It was also associated with significant improvement in visual acuity
of patients treated previously only with focal/grid laser photocoagulation [194].

The most recent anti-VEGF therapy the VEGF Trap- Eye (Regeneron Pharmaceuticals, Inc.,
Tarrytown, New 6 Journal of Ophthalmology York, NY, USA and Bayer Healthcare
Pharmaceuticals, Berlin, Germany). VEGF Trap- Eye is a 115 kDA recombinant protein
consisting of the VEGF-binding domains of human VEGFR-1 and VEGFR-2 fused to the Fc
domain of human immunoglobulin-G1 [195]. Animal studies have shown that intravitreal
injection of VEGF Trap-Eye has a promising results comparing to other anti-VEGF
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treatments, including higher binding affinity to VEGF-A and related proteins and longer
half-life in the eye currently Trap-Eye is in phase Il clinical trials [196,197].

Limitations of anti-VEGF therapy

Prevention of recurrence of RNV and retinal edema requires repeated laser therapy and
administration of anti- VEGF [193,198-201] in particular, the ischemic and inflammatory
triggers of these conditions are chronic and relatively obstinate [202-204]. Therefore, to
prevent progression of new vessel formation or edema, therapeutic intervention should be
able to continually block or target the pro-inflammatory and ischemic signaling. Efficient
therapeutic approaches can be achieved via, repeated or less frequent administration of short
or longer acting agents respectively or sustained delivery of a therapeutic agent. Moreover, it
is important to facilitate effective access of the therapeutic agents to the affected tissues
particularly the retina is difficult to be accessed. There are some limitations for both
systemic and topical administration of therapeutic agents to guarantee effective amount to
access retinal tissues. While, blood-retinal barriers represent limitation for the systemic
agents as discussed before, there are several anatomical and metabolic barriers for topically
applied agents to reach the retina. To overcome these limitations, therapeutic agents are
currently injected intravitreally. However, intravitreal injection can be associated with,
significant risk of retinal tear/detachment [205,206], endophthalmitis [207] and cataract
[205,206]. Therefore, approaches like use of long acting medical agents or sustained release
delivery are necessary to reduce the incidence of intravitreal injection complications. For
example, VEGF Trap-Eye (Regeneron) which binds all isoforms of VEGF-A, VEGF-B and
placental growth factor [208] has higher affinity to VEGF than bevacizumab [195] and
effective at low concentration. This results in slower clearance and in turn less frequent
intravitreal injection. VEGF Trap-Eye is currently in Phase 11 clinical trials [209].

There are several other factors in addition to VEGF are involved in the pathogenesis of RNV
and CNV. For example, erythropoietin (Epo), insulin-like growth factor-1 (IGF-1),
angiopoietin and stroma-derived factor-1 (SDF-1) have been proven to play important role
and therefore, they became potential therapeutic targets to treat ocular NV.

3. RUBOXISTAURIN MESYLATE

Microvascular complications in diabetes is linked to a member of the serine threonine
kinases family, protein kinase C beta (PKC-B), which shown to be involved in leukostatasis,
increase in vascular permeability, basement membrane thickening and neovascularization
[210-214]. Ruboxistaurin mesylate (LY 333531, Eli Lilly & CO), is orally bioavailable
competitive inhibitor of ATP which binds to PKC-f [215]. Although phase 11 results
indicated no significant effect and their primary endpoint was not achieved, ruboxistaurin
mesylate has been shown to reduce retinal vascular leakage in patients with DME [216].
Although an approvable letter was issued by FDA for ruboxistaurin in 2006, the medication
is not yet clinically available [217].
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The scientific breakthrough, Interference RNA (iRNA), discovered by Fire and Mello et al.
in 1998 [218] provided a major milestones in VEGF therapy. The first data out of human
SiRNA clinical trials was released by Sirna Therapeutics (formally Ribozyme
Pharmaceuticals) in which they showed that single dose of siRNA -027, an anti-VEGFR1
SiRNA stabilized the visual acuity of patients with AMD [219]. Sirna-027 has shown to
reduce the levels of VEGFR1 mRNA in cultured endothelial cells and mouse model of RNV
suggesting that VEGFRL1 plays a key role in RNV and Sirna-027 could potentially reduce
ischemic retinopathy [220].

5. SOMASTATIN

The ability of GH and IGF-1 to induce endothelial cell proliferation in DR has made both a
target of therapeutic intervention. Somatostatin is a natural occurring hormone produced in
the retina which can directly inhibit GH and IGF-1 [221]. Retinal NV was inhibited in a
transgenic mouse model expressing an antagonist gene for GH and in mice treated with a
GH inhibitor (MK678) in an ischemic model [222]. Therefore, inhibiting the GH-IGF
pathway may serve as a therapeutic target in preventing RNV.

6. LISINOPRIL

There is strong evidence suggesting that renin-angiotensin system (RAS) system modulates
microvascular function through the production of VEGF [223-225]. Lisinopril is an
angiotensin-converting enzyme (ACE) inhibitor that has been shown to reduce the risk of
developing DR in type 1 diabetic patients and slowing of the disease in patients with pre-
existing DR [226]. Therefore, targeting RAS may serve as a potential therapeutic strategy
for RNV.

7. MATRIX METALLOPROTEINASE (MMP) INHIBITORS

MMPs are known to play key roles in angiogenesis such as endothelial cell migration and
tube formation and its inhibition may prevent neovascularization. Prinomastat (AG3340) is a
selective inhibitor of MMP developed initially by Agouron Pharmaceuticals, Inc. [227,228].
In vivo studies showed that administering AG3340 intraperitoneally inhibits hypoxia
induced RNV in mouse model of OIR [229].

8. ANTI-INFLAMMATORY DRUGS

8.1 Glucocorticoids (Corticosteroids)—One of the recent breakthroughs in the
treatment of diabetic macular edema is the intravitreal triamicinolone acetonide (IVTA).
Corticosteroids have shown to inhibit proliferation, migration and tube formation in vascular
endothelial cells [230,231] and inhibit VEGF expression and inflammatory responses in
various cell types [232-234]. These findings have laid the basis for several clinical studies
with triamicinolone to prevent the development of PDR and RNV. However there are
significant side effects which might develop with using the IVTA. For example, infectious
endophthalmitis, subconjunctival hemorrhage, cataract formation and increased intraocular
pressure were reported after IVTA [235]. Furthermore, viral retinitis was also reported
following IVTA in patients with predisposing medical comorbidities [236].
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8.2. Nonsteroidal Anti-inflammatory Drugs (NSAIDs)—Aspirin and sodium
salicylates prevent prostaglandins generation via inhibition of cyclo-oxygenase enzyme
(COX2). COX-2 is found to be elevated in the hypoxic and diabetic retina. [237,238].
Nepafenac, a COX-1/2 inhibitor, is metabolized to amfenac when penetrated through the
cornea and inhibit RNV in OIR through decreasing the production of VEGF [239]. It has
also been found that capillary leukostasis and degeneration in retinas of experimental
diabetic rodents can be prevented by administration of aspirin or sodium salicylate [240].

8.3. Minocycline—Minocyclin is a chemically modified tetracycline which demonstrated
neuroprotective effect in cerebral ischemia and brain injuries [241,242]. It also inhibits the
degeneration of retinal capillaries in experimental diabetic mice. Therefore it is expected to
elicit beneficial effect again RNV [243]. Oral doxacyclin increases RPE FasL expression
and reduces circulating and tissue-associated sFasL causing inhibition of ocular
neovascularization [244].

PEDF gene therapy using an adenovirus has shown success in preventing RNV in transgenic
mice with increased VEGF expression and OIR mice model [153]. Currently, clinical trials
are underway by GenVec to develop PEDF adenovirus (adPEDF) therapies for AMD
through intravitreal and periocular delivery of adenovirus type 5.

10. ANGIOSTATIN AND ENDOSTATIN

Angiostatin and endostatin, are two naturally occurring anti-angiogenic proteins. Patients
with high levels of VEGF and low endostatin levels were found to have a significantly great
risk of progression of PDR after vitreous surgery [245]. Similarly, Moreover intravitreal
injection of viral vector expressing mouse angiostatin suppressed RNV in Sprague-Dawley
rat model of pre-retinal neovascularization induced by laser-induced retinal vein occlusion
[246].

Expert opinion

The ultimate goal in treating ischemic retinopathies is to prevent the development of
pathological RNV. The current treatment modalities including timely laser
photocoagulation, vitrectomy and repeated intraocular injections of anti-VEGF or steroids,
are invasive and limited by considerable side effects. Furthermore, they may prevent
progression of ischemic retinopathy but do not restore the visual acuity. Identification of
novel/effective therapeutic intervention depends on further elaboration of the underlying
pathophysiology of the RNV. The central role of VEGF as a major player in RNV has been
clinically confirmed and was the foundation for introducing the anti-VEGF therapy to treat
RNV. However, there are several other new factors have been proven at least experimentally
to contribute to the regulation of retinal microvascular function in health and disease. These
new players include but not limited to PEDF, ephrin/Eph receptor, renin-angiotensin system,
matrix metalloprotinases, IGF, PKC-b and stromal-derived factor (SDF-1)/CXCRA4. Lipid
metabolites and oxidative stress have been also shown to contribute to the RNV during DR
and ROP. Pro-inflammatory pathways also play important role in pathogenesis of RNV
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during ischemic retinopathies. For example, many patients have evidence of retinal
subclinical inflammation at the time they are diagnosed with diabetes. This means that pro-
DR mechanisms arise early during the course of diabetes, although the nature of these
mechanisms is not clearly evident. Hence, it is important to shift investigative efforts to
focus on elucidating the mechanisms initiating and promoting the early changes in retinal
function so that more effective therapeutic approaches may be developed with the goal of
preventing (or at least minimizing) the development of DR or its progression to PDR. An
understanding of the underlying mechanisms of RNV, as well as counterbalancing events,
may ultimately disclose targeted therapeutic approaches with the potential to minimize the
RNV and its retinal complications.

5-Year view

There is urgent need to improve the current pharmacological treatment modalities to
improve the outcome of the retinal neovascular diseases. For treatment of RNV, the major
challenge is to deliver effective amount of the drug over prolonged periods. Therefore, it is
essential to develop an efficient drug delivery system to facilitate the transport of a relatively
short lived drug from the anterior to the posterior eye segments or to provide local posterior
or universal retinal concentrations of drug over long time periods (months to years). We
believe that drug delivery will play an essential role in developing future anti-angiogenic
therapy that offers substantial advantages over the current therapeutic strategies. There are
several emerging methods to improve drug delivery to the posterior eye segment such as
viral vectors, stem cell therapy and cellular delivery. Of note, improving local and targeted
delivery of angiostatic agents should eliminate systemic drug administration and related side
effects. Additional promising approach is to target master regulators of RNV such as
HIF-1a or protein kinase CK2. Drug combination is another promising approach similar to
drug therapy of cancer and AIDS. Combination therapy has additive effect and better
outcome than the monotherapy. One of the promising strategies to prevent the development
of RNV is the use of anti-inflammatory drugs. Moreover, Dietary supplement with
antioxidants, lutein and o-3 PUFA is another avenue of RNV therapy. Since injury of glial
cells play crucial role in the development of pathological RNV, glial cells transplantation is
also a potential therapeutic modality in the future.
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Key Issues

« Pathological retinal neovascularization which detrimentally affect vision
function is a cardinal feature in several retinal diseases, such as diabetic
retinopathy, age-related macular degeneration, retinopathy of prematurity (ROP)
and retinal vein occlusions

» Pathological RNV in DR, AMD and ROP occurs mainly through angiogenesis.
However endothelial progenitor cells (EPCs) or vasculogenesis, are also
involved in this process. Both angiogenesis and vasculogenesis are dependent
on the activation of VEGF signaling mechanism.

» Hypoxia is the main driving force for both physiological and pathological vessel
formation in retina through HIF-1a-dependent VEGF expression

»  Although the role of VEGF as a primary mediator of RNV has been clinically
validated, several other growth factors contribute to RNV and suggested as
potential therapeutic targets to prevent RNV including EPO, IGF-1, PKC-f,
PEDF, angiopoietin, RAS. Lipid metabolites and oxidative stress have been also
shown to contribute to the RNV during DR and ROP

e The presence of an intact blood-retinal barrier (BRB) is essential for the
structural and functional integrity of the retina. Vision is adversely affected in
clinical conditions associated with BRB breakdown such as DR or AMD

e Muiller cell dysfunction contributes to retinal neuronal and vascular pathologies
during ischemic retinopathies

» Retinal angiogenesis is normally regulated by the delicate balance between
angiogenic stimulators such as VEGF and inhibitors such as PEDF. The
disruption of this balance is implicated in pathological RNV. Therefore,
restoration of the balance is crucial to inhibit RNV

« VEGEF is an optimal target for treatment of many ocular associated with
neovascularization and increased vascular permeability

»  Four anti-VEGF pharmacologic agents are now commercially available and
being in use in trials for treatment of diabetic macular edema (DME) and PDR;
Pegaptanib (Macugen), Bevacizumab (Avastin), ranibizumab (Lucentis) and
VEGF Trap- Eye

e The current treatment modalities of RNV including timely laser
photocoagulation, vitrectomy and repeated intraocular injections of anti-VEGF
or steroids, are invasive and limited by considerable side effects

e The major challenge for treatment of RNV is to deliver effective amount of the
drug over prolonged periods. Therefore, Drug Delivery will play an essential
role in developing future anti-angiogenic therapy such as viral vectors, cellular
delivery, and stem cell therapy that offers substantial advantages over the
current therapeutic strategies.

Expert Rev Ophthalmol. Author manuscript; available in PMC 2015 January 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Al-Shabrawey et al.

Page 32

»  Future potential therapeutic intervention to prevent/treat pathological RNV is
the use of drug combination, anti-inflammatory drugs, glial cells transplantation,
stem cell therapy or dietary supplement with antioxidants, lutein or ®-3 PUFA

*  The development of RNV in DR is preceded by molecular and cellular changes
that occur during early course of diabetes including inflammation, apoptosis of
pericytes and endothelial cells, leakage, capillary degeneration and retinal
ischemia. Therefore, it is important to shift investigative efforts to focus on
elucidating the mechanisms initiating and promoting the early changes in retinal
function so that more effective therapeutic approaches may be developed with
the goal of preventing (or at least minimizing) the development of DR or its
progression to PDR
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Fig. 1. Changes in the retinal levels of VEGF and PEDF during ischemic retinopathy
Immunofluorescence reaction (A) using a specific antibodies to VEGF and PEDF shows

intense VEGF and less PEDF immunoreactivity in retina of diabetic rats compared to the
control. Note, the immunoreactivity of VEGF and PEDF was localized mainly in
perivascular glial cells (arrows).This pattern was confirmed by Western blotting (B). Scale
Bar is 20 pm.
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Fig. 2. Vascular changes in retina of patients with proliferative diabetic retinopathy (PDR)
A, Extensive capillary non perfusion (CNP), leakage from NV (at disc and elsewhere) and

staining of venous walls is consistent with severe retinal ischemia. B, there is extensive pan-
retinal photogoagulation (PRP) and more pronounced reduction in leakage from NV
following laser. C, PDR with extensive CNP, multiple micro aneurysms surround areas of
CNP and leakage from islands of NV. D, there is blocked fluorescence from areas of pre-
retinal hemorrhage, leakage from islands of NV, intraretinal fluorescein leakage with likely
retinal edema and numerous micoaneurysms surround areas of CNP.
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Fig. 3. Hypoxia derives normal and pathological retinal angiogenesis
Flat mount retina of normal mouse labeled with vascular marker (A). There is marked

capillary free zone around retinal arteries (arrowhead), while retinal veins are surrounded by
dense capillary network (arrows). This was attributed to high oxygen tension in arteries and
low oxygen tension in veins. The low oxygen tension in veins causes formation of the dense
capillary network around them. Retinal sections from normal mouse or mouse with OIR (B).
These mice were injected intraperitoneally with a hypoxyprobe which binds to tissue with
low oxygen tension. Retinal section were then incubated with a specific antibody against the
hypoxyprobe followed by Oregon green labeled secondary antibody. Note the intense
hypoxyprobe immunoreactivity in OIR which was localized mainly in the inner nuclear
layer (arrows). Magnification of the reactive area demonstrateed that hypoxia is localized
mainly in Muller cells (insert). The hypoxic condition of the retina was associated with
marked RNV compared to the normal retina (C).
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Fig. 4. Cascade of events that leads to RNV in DR
The figure shows a proposed cascade of events which proceeds RNV in DR. Hyperglycemia

induces oxidative stress and inflammatory response followed by accelerated death of retinal
microvascular cells (pericytes and endothelial cells). This leads to development of acellular
capillaries and retinal ischemia that triggers upregulation of VEGF expression and
downregulation of PEDF and subsequent RNV.
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Fig. 5. Mouse model of oxygen-induced retinopathy
To develop a model of pathological RNV, mice were exposed to high oxygen (75%) during

the period between postnatal day7-12 (p7—p12) followed by room air for additional 5 days
(p17). During high oxygen exposure period retinal vessels undergo vasobliteration and
capillary dropout occurs in central retina (encircled area). This leads to relative hypoxia
during room air exposure period. The relative hypoxia leads to overexpression of VEGF and
subsequent RNV which reach maximum by p17 (arrows).
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