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Abstract

Blood vessels in the developing retina are formed in concert with neural growth, resulting in
functional neurovascular network. Disruption of the neurovascular coordination contributes to
the pathogenesis of retinopathy of prematurity (ROP), a potentially blinding retinal neovascular
disease in preterm infants that currently lacks an approved drug therapy in the USA. Despite
vasculopathy as predominant clinical manifestations, an increasing number of studies revealed
complex neurovascular interplays among neurons, glial cells and blood vessels during ROP.
Coordinated expression of glia-derived vascular endothelial growth factor (VEGF) in spatio-
temporal gradients is pivotal to the formation of well-organized vascular plexuses in the

healthy retina, whereas uncoordinated VEGF expression triggers pathological angiogenesis with
disorganized vascular tufts in ROP. In contrast with VEGF driving both pathological and
physiological angiogenesis, neuron-derived angiogenic factor secretogranin Il (Scg3) stringently
regulates ROP but not healthy retinal vessels in animal models. Anti-VEGF and anti-Scg3
therapies confer similar high efficacies to alleviate ROP in preclinical studies but are distinct

in their disease selectivity and safety. This review discusses neurovascular communication among
retinal blood vessels, neurons and glial cells during retinal development and ROP pathogenesis
and summarizes the current and emerging therapies to address unmet clinical needs for the
disease.
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Introduction

Retinopathy of prematurity (ROP), the leading cause of blindness in children, was first
described in 1942 as “retrolental fibroplasia” and characterized by pathological retinal
neovascularization (RNV) [1]. The disease primarily affects premature infants weighing
approximately 1250 grams or less born before 31 weeks of gestation. In 2010, an estimated
184,700 out of 14.9 million preterm babies globally developed ROP of any stages,
including 20,000 of these babies suffering from severe visual impairment or blindness and
another 12,300 developing mild or moderate visual impairment [2]. The pathophysiology
of ROP can be separated into two phases. In Phase I, hyperoxia-induced vaso-obliteration
occurs immediately following premature birth and is further exacerbated by supplemental
oxygen used to improve survival of preterm infants suffering from respiratory distress
syndrome. In Phase 11, withdrawal of supplemental oxygen coupled with vaso-obliteration
and downregulated expression of angiogenic factors in the developing retina with increased
retinal metabolic demands creates relative hypoxia that induces angiogenic factors and
pathological RNV.

The major clinical hallmark of ROP is abnormal retinal vasculature, which is mainly
manifested as pathological RNV and intravitreal neovascularization (IVNV) (Fig. 1A and
B), retinal folding, arterial tortuosity, vein dilation (Fig. 1C), and retinal or vitreous
haemorrhage. Despite vascular manifestations, accumulating evidence indicates a crucial
role of the neural retina in ROP progression. The standard treatment for ROP is laser
ablation of the peripheral avascular retina, which scarifies the peripheral visual fields

to save the central vision. Vascular endothelial growth factor (VEGF) inhibitors are

applied for the clinical treatment of ROP, but their safety remains a major concern

[3-7]. In spite of treatment, children with low birth weight suffer from ongoing visual
impairments, suggesting disruption of normal retinal neuronal development to some extent
[8]. Animal models of oxygen-induced retinopathy (OIR), which mimic the key pathological
vascular and neuronal features of human ROP, exhibit significant retinal dysfunction and
structural abnormalities in the inner retinal thickness, persistent ectopic synapses, prolonged
cellular apoptosis and retinal gliosis even after full peripheral revascularization [9]. Hence,
therapeutic strategies for ROP need to not only address vasculopathy but also restore

retinal structure and functions. The aim of this review is to discuss intricate roles of

neurons and glial cells during normal retinal development and pathological angiogenesis

in ROP, elaborate neurovascular crosstalk, summarize the current and emerging therapies
and propose strategies to promote the recovery and development of the immature injured
retina.
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Neurovascular development of the retina

Retinal structure

Cells in the vertebrate retina are organized and structured into different layers that work
in parallel and combination to produce complex visual outputs and maintain homeostasis
(Fig. 2). Photoreceptors are located above the retinal pigment epithelium (RPE), which is
the outermost layer of the retina, and are beneath the inner retinal layers of bipolar cells,
amacrine cells and horizontal cells. Rods and cones are the two types of photoreceptors

to sense light and transmit visual signals to bipolar cells, and this process is modulated

by horizontal cells [10]. Retinal ganglion cells (RGCs) in the innermost layer of the retina
receive signals from bipolar and amacrine cells and project axons into the visual centres
in the brain through the optical nerve [10]. Miller cells are the dominant glial cells in

the vertebrate retina, spanning the entire thickness of the retina and contacting all retinal
neuronal somata and processes [11]. The processes of astrocytes and microglia constitute the
perivascular glia limitans in the mature retina [12].

The retina has dual blood supplies: i) the central retinal artery enters the eye from the optical
nerve head, expands radially toward the periphery on the retinal surface, penetrates into the
inner retina and forms three layers of vascular plexuses and ii) the choriocapillaris supports
the RPE and photoreceptors in the outer retina with oxygen and nutrients through diffusion
(Fig. 2). As aresult, the inner retina is vascularized, whereas the outer retina is avascular. In
humans, primary retinal vessels form at the nerve fibre layer/RGC layer interface. Sprouts
from the primary plexus veins penetrate into the retina and establish two deep laminar
networks on either side of the inner nuclear layer (INL) [13]. In mice, the retinal vessels
develop in a similar way as in humans, but the process begins postnatally, which makes it
plausible to elicit OIR after birth [14]. While retinal vascularization is not complete until
38-40 weeks of gestation in humans [13], the choroidal vasculature is fully developed by
22 weeks with mature and fenestrated endothelial cells (ECs) [15], implying that retinal
oxygenation in preterm infants mainly depends on the choroidal circulation. However,

the absence of autoregulation of choroidal blood flow and the immature retina devoid

of well-developed antioxidant systems in preterm babies favour retinal hyperoxygenation
and peroxidation. This results in vasoconstriction and hyperoxia-induced vaso-obliteration
during the supplemental oxygen in Phase | of ROP and could further develop into vaso-
proliferative retinopathy in hypoxic Phase Il [16]. Several clinical studies reported that the
severity of ROP and the level of visual impairment are inversely correlated with choroidal
thickness [17-19], whereas such findings were not confirmed by others [20, 21]. Therefore,
a causal relationship among choroidal thickness, ROP severity and visual impairment needs
to be further investigated in clinic.

Neurovascular interaction

The development of the retinal vasculature is a complex process during which ECs, neurons
and glial cells, including Mdiller cells, astrocytes and microglia, interact and functionally
depend on each other. The neuroretina, but not astrocytes, acts as a primary oxygen

sensor that ultimately controls retinal vascular development by regulating an angiogenic
astrocyte template [22]. RGC axons guide the formation of an astrocytic network, which
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subsequently directs retinal vasculature development [23]. RGCs are crucial to normal
retinal vascularization as the loss of ganglion cells in Math5~~ mice blocks the development
of the primary retinal vessels [24]. RGCs can sense changes in neuronal metabolic

demands through G protein-coupled receptor-91 prior to hypoxia-inducible factor (HIF)-1a
stabilization and induce the expression of pro-angiogenic factors, so that the vascular supply
meets retinal demands [13]. On the other hand, RGCs also produce the anti-angiogenic
protein semaphorin 3E to prevent the misdirection of the developing vessels and ensure
coordinated retinal vascular sprouting and network formation [25].

Astrocytes play an important role in physiological RNV and appear in the immature and
avascular retina before vascular development [26]. Hypoxic astrocytes secrete angiogenic
factors that drive the radial migration of ECs into the hypoxic area toward the peripheral
retina [14, 27], and in turn RNV and oxygen supply promote astrocytic differentiation

in the developing retina [28]. Selective ablation of platelet-derived growth factor receptor
alpha (PDGFRa) in astrocytes severely impaired astrocyte patterning and subsequent
retinal angiogenesis [29]. Although EC migration, proliferation and maintenance are widely
considered to be regulated by VEGF released from glial fibrillary acidic protein (GFAP)-
immunopositive astrocytes during retinal development [12-14], data from genetically
engineered mice suggest a controversial role of astrocyte-derived VEGF in physiological
RNV. Two initial studies reported that mice with the conditional deletion of the VEGF

gene in astrocytes have minimal or no impairment on retinal vasculature development [30,
31]. However, a recent study showed that selective elimination of VEGF in neonatal retinal
astrocytes has no effect on proliferation or radial migration of astrocytes but completely
blocks radial migration of ECs and retinal vessel development [32]. Another study reported
that selective deletion of HIF-2a, a transcription factor to promote VEGF expression, in
astrocytes significantly interferes with the development of astrocyte networks and reduces
retinal vascular development [33]. Because of these conflicting results, the role of astrocyte-
derived VEGF in physiological RNV remains elusive.

Although VEGF is expressed by RGCs, astrocytes, retinal pigment epithelial cells and
photoreceptor cells, Mdiller cells are the primary cells that produce VEGF in the retina
[34]. Interestingly, Muller cell-derived VEGF does not seem to be critical to ocular
vasculogenesis, as mice with the conditional VEGF knockout in the cells have no apparent
defects in retinal and choroidal vasculature [35]. Muller cells share the ability of astrocytes
to play a major role in the formation of barrier properties in retinal vessels [36].

Proper formation of the retinal vasculature also requires an adequate resident microglial
population. Resident microglial cells are located in two horizontal bands and often
closely associated with blood vessels [37]. Depletion of resident retinal microglia reduces
developmental vessel growth and density, which can be restored by intravitreal microglial
injection [38].

Neurovascular abnormalities in ROP

ROP is a two-phase disease: Phase | (vaso-obliteration) is initiated at birth and ends at
the withdrawal of supplemental oxygen treatment during approximately 32—34 weeks of
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gestation and Phase Il (vaso-proliferation) immediately follows Phase | and is primarily
characterized by pathological RNV and IVNV (Fig. 1A and B) [39]. To mimic the vascular
changes in ROP, Smith et al. developed the first mouse model of OIR in 1994 [40], which
has become one of the most commonly used animal models for studying the pathology and
treatment of ROP. In this model, neonatal mice and their nursing mothers are exposed to
75% oxygen from postnatal day 7 (P7) to P12 and returned to room air at P12. Flat-mounted
retinas of OIR mice at P17 exhibit a central zone of vaso-obliteration and pathological RNV
at the border between the vascular and avascular zones. To establish rat animal model of
ROP, Penn et al. exposed neonatal rats to fluctuating oxygen cycles between 50% and 10%
every 24 h for 14 days at birth [41]. The rat model of OIR displays delayed physiological
RNV in the peripheral retina and pathological RNV in vascularized areas.

Although the hallmark of ROP is abnormal retinal vasculature, increasing evidence supports
a critical role for the neural retina in the disease pathogenesis. Retinas with OIR show
changes in Mller cells, astrocytes and microglial cells preceding vascular changes [42, 43]
and persistent ectopic synapses between rods and rod-bipolar cells [9]. The formation of
ROP-like blood vessels is completely prevented in the retina following N-methyl-D-aspartic
acid (NMDA)-induced neuronal cell loss [44]. Therefore, investigating the dysregulated
crosstalk among retinal neurons, neuroglia and vessels may provide novel strategies for
promoting physiological revascularization, preventing pathological RNV and restoring
visual function of retinas in ROP infants.

RGCs are particularly susceptible to transient, mild and systemic hypoxia [45] and act as
sensors of ischaemic stress. Hypoxia significantly hindered neurite outgrowth and reduced
cell viability of RGC-5 /n vitro [45]. The hypoxia-evoked RGC loss is partially mediated by
increased amounts of tumour necrosis factor-a (TNF-a) and interleukin-1p (1L-1B) derived
from activated microglial cells (Fig. 3) [46]. Additionally, hypoxia-mediated induction of
neuronal nitric oxide synthase [47] and lysophosphatidic acid receptors under oxygen stress
[45] also promote RGC loss. Neurovascular crosstalk between RGCs and ECs governs

the progression of retinopathy through different pathways. In hypoxic retinas, accumulated
succinate stimulates G protein-coupled receptor-91 (GPR91) primarily expressed in RGCs,
modulates the production of various angiogenic factors, including VEGF, angiopoietin-1
(Ang-1) and angiopoietin-2 (Ang-2), and contributes to vessel growth in the settings of
both normal retinal development and OIR (Fig. 3) [48]. However, a marked increase in the
expression of the suppressor of cytokine signalling 3 (SOCS3) in the RGC layer and INL of
OIR retinas inhibits the STAT3-mediated VEGF secretion from neurons and glial cells and
limits pathological RNV [49].

During the hyperoxic phase in the mouse model of OIR, the cell density of astrocytes
decreases to a half of the normal value (400 astrocytes/mm?2) due to apoptosis in the central
avascular zone and increases only after P17 when OIR regresses [50]. The lowest astrocyte
densities are found within the angles between the large vessels of the central avascular
area between P14 and P17 [50]. In contrast, a higher density of astrocytes was observed
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in the peripheral vascularized zone, but astrocyte density is minimally altered at vascular
tufts [50]. Although the processes of astrocytes contact and intertwine with each other to
form a network-like structure during ROP, the astrocyte network is sparse and features long
processes and a reduced association with blood vessels via the end-feet [51].

In the rat OIR model, VEGF mRNA expression is the highest in Maller cells, scattered
astrocytes and amacrine cells [52]. VEGF produced by astrocytes is responsible for
stabilizing retinal vessels and exerts protective effects in high-oxygen environments.
Deletion of astrocyte-derived VEGF dramatically increases hyperoxia-induced obliteration
and causes the collapse of normally stable main arteries and veins [30], whereas another
study showed that such deletion has no effect on hyperoxia-induced vaso-obliteration but
suppresses pathological RNV in OIR mice [31]. The apparently inconsistent results of

the vaso-obliteration between these two similar mouse models are yet to be resolved.
Interestingly, intravitreal administration of astrocytes or astrocyte-conditioned media rescues
endogenous astrocytes from degeneration within the vaso-obliterated zone, accelerates
revascularization of normal retinal plexuses and reduces pathological RNV/IVNV, which
may be partially attributed to VEGF and basic fibroblast growth factor (bFGF) in the
astrocyte-conditioned media (Fig. 3) [42].

Muller glial cells

Microglia

Muiller cell gliosis, which is characterized by upregulation of GFAP expression, indicates
that Miller cells have become ‘activated’ or ‘reactive’ in response to pathological alteration
of the retina and is associated with virtually every disease of the retina [11]. The number

of gliotic Mdiller cells increases across the entire retina of OIR mice, and these cells are
generally localized in the ischaemic central retina rather than the perfused peripheral retina
[53]. Hypoxic Miiller cells develop a proangiogenic phenotype via activation of HIF-1a
and HIF-2a signalling pathways. The expression of HIF-1a/HIF-2a is increased in hypoxic
Mdiller cells [34], and disruption of HIF-1a/HIF-2a expression in the cells attenuates the
overproduction of VEGF (Fig. 3) [54, 55]. Miller cell-derived VEGF plays a critical role in
ischaemia-induced RNV and vascular leakage (Fig. 1D). In OIR mice, conditional deletion
of the VEGF gene in Mller cell significantly inhibits proliferative RNV and attenuates

the breakdown of the blood-retina barrier [35]. The expression of angiopoietin-like 4
(ANGPTL4), a potent proangiogenic factor independent of VEGF, is also upregulated by
HIF-1a in hypoxic Mller cells (Fig. 3) [53, 56]. Inhibition of ANGPTLA4 reduces the
angiogenic potential of hypoxic Mller cells, which is additive with inhibition of VEGF
expression [56].

Microglia are resident macrophages in the retina and play an important role in the
maintenance of the neuroretinal homeostasis. Increased number of activated microglial

cells switching from ramified to amoeboid cell morphology were observed within the
superficial retinal layer of the central avascular zone in OIR mice after the initiation of the
hyperoxic phase from P8 to P12 and subsequently in hypoxic phase from P16 to P18 (Fig.
3) [37]. In the peripheral RNV area, activated ameboid microglia are attached to OIR-related
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vascular tufts, implicating that activated microglial cells may be involved in neovascular tuft
formation [57].

Activated microglial cells produce IL-1p, which sustains the activation of microglia

and induces microvascular injury through the release of the proapoptotic/repulsive factor
semaphorin 3A (Sema3A) from adjacent neurons in the early hyperoxic stages of OIR (Fig.
3) [58]. Hypoxia-exposed microglia in vitro and activated microglia in OIR retinas express
interleukin-17A (IL-17A), which interacts with interleukin-17 receptors (IL-17Rs) on
Muiller cells and RGCs and promotes the secretion of VEGF, thereby inducing vasculopathy
(Fig. 3) [59]. On the other hand, exosomes from microglial cells exert protective effects
against OIR by attenuating neovascularization and photoreceptor injury, which may result
from inhibition of hypoxia-induced expression of inositol-requiring enzyme la (IREla) in
photoreceptors by extremely high levels of microRNA-24-3p [60].

Photoreceptors and the inner retina

Photoreceptors, including rods and cones, can detect and convert photons into electric
impulses that are transmitted by neurons to form visual perception in the brain. In the
vertebrate retina, rods mediate low-light vision, while cones mediate daylight and colour
vision [61]. Photoreceptors are also involved in retinal physiological angiogenesis, as
photoreceptor-specific knockdown of platelet-derived growth factor B (PDGFB) inhibits
retinal vascular network formation in wild-type mice [62]. ROP, even in mild cases,
primarily and persistently affects the structure and function of photoreceptors [63] and has
more adverse effects on rods than cone cells [64]. The impairment of rod photoreceptor
function varies significantly with the severity during the acute phase of ROP [65]. Lower
immature rod sensitivity is associated with higher retinal VEGF expression [66] and can
predict development of retinal vascular abnormalities in rat ROP models, implying that
aberrant rods may instigate blood vessel abnormalities [67].

Postreceptor cells, including the cells of the inner nuclear and RGC layers that are supplied
by the retinal vasculature, are also affected by ROP. In a rat ROP model, postreceptor
sensitivity of the retinoelectrography is low at a young age and recovers simultaneously

with the resolution of retinal vascular abnormalities [66, 68]. Low postreceptors sensitivity is
significantly correlated with high VEGF and Sema3A expression [66].

Current therapies for ROP

Cryotherapy and laser therapy

Cryotherapy and laser photocoagulation ablate the peripheral avascular retina, convert it to
nonfunctional scar tissue and inhibit the growth of abnormal blood vessels. The standard
treatment for ROP shifted from cryotherapy to laser photocoagulation in Western countries
in the 1990s since clinical studies proved that laser therapy is safer and at least as effective
as cryotherapy [69, 70]. For threshold ROP, laser-treated eyes exhibit better structural

and functional outcomes and less myopia than those treated with cryotherapy [71, 72].
Portability, ease of use, precise delivery and minimal postprocedural adnexal inflammation
[73] are further advantages of laser therapy, whereas the common complications of laser
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therapy include corneal and iris burns, anterior segment haemorrhage and acute pressure rise
[74].

Anti-VEGF therapy

VEGF was initially discovered as a vascular permeability factor and subsequently
characterized as a potent endothelial mitogenic factor that stimulates proliferation, migration
and tube formation of ECs, thereby driving angiogenesis [39]. It was subsequently
characterized as a neurotrophic and neuroprotective factor with an important role in
neurogenesis [75]. At least five retinal cell types, including RPE, astrocytes, Miller cells,
vascular endothelial cells and ganglion cells, have the capacity to produce and secrete
VEGEF [76]. In vitro studies have demonstrated that Muller cells and astrocytes are major
contributors to VEGF secretion under hypoxic conditions [76].

VEGF levels are closely correlated with the progression of ROP, as patients with vascularly
active stage 4 ROP demonstrate increased VEGF levels in the vitreous [77]. In OIR mice,
VEGF expression is downregulated in the retina after 6 h of exposure to 75% oxygen in
Phase | [78], upregulated in response to relative hypoxia in Phase 11 and remains elevated
during the development of neovascularization [79]. During proliferative vasculopathy in
ROP, VEGF is mainly expressed by Miller glia and neurons of the ganglion cell layer

after degeneration of astrocytes [35, 80]. It was reported that Mdller cell-derived VEGF

is a significant contributor to pathological RNV in OIR mice [35], whereas the role of
astrocyte-derived VEGF in the vascular pathology of OIR remains elusive [30, 31].

To date, six VEGF inhibitors have been approved for clinical therapy of neovascular diseases
in adults, including ranibizumab, pegaptanib, brolucizumab, conbercept, aflibercept and
bevacizumab. The former five are approved for ocular diseases, such as wet age-related
macular degeneration and/or diabetic retinopathy, whereas the latter two are approved

for cancer therapy. These agents are often used for off-label treatment of ROP [39].
Compared with traditional laser therapy, the administration of anti-VEGF agents is relatively
convenient, requires minimal anaesthesia, has the potential to improve peripheral vision and
produces less refractive error [81]. After a randomized, multi-centre Phase 3 clinical trial,
ranibizumab was recently approved for ROP therapy in Europe [82].

However, VEGF is of pivotal importance to both physiological and pathological
angiogenesis. Compared to neovascular diseases in adults with quiescent and mature healthy
vessels, ROP in preterm infants with the developing retina is a unique disease because

of concurrent physiological and pathological RNV [39]. Indeed, VEGF binds to OIR

and healthy retinal vessels in neonatal mice equally well but minimally to healthy adult
vessels [83, 84]. As a result, intravitreal aflibercept in high doses not only delays vascular
growth but also alters retinal structure and function in neonatal mice and dogs [83, 85—

87]. Clinical trials of ROP also indicated that intravitreal bevacizumab is associated with
significant abnormalities in the fovea/macula [3-5]. The adverse effects of anti-VEGF on the
retina could result from direct inhibition of retinal neurons due to the blockade of VEGF
neurotrophic activity or indirect actions of anti-angiogenesis that limit blood supply to the
developing retina.
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Additional safety concern is the leakage of intravitreally injected VEGF inhibitors from the
eye into the circulation owing to the immature blood-retinal barrier in ROP infants. A recent
study reported that serum levels of VEGF in ROP patients decreased for 2 months after
intravitreal injections of bevacizumab [6]. The effects of lowering systemic VEGF levels on
developing organs of premature infants have raised safety concerns. Clinical studies found
that ROP infants treated with bevacizumab have a higher risk of severe neurodevelopmental
disabilities than those treated with laser therapy [7]. A recent study also reported that
aflibercept via single intravitreal injection can affect body weight gain, the fellow eye and
renal vessels in the mouse OIR model [88]. In conclusion, although anti-VEGF agents

are effective for ROP therapy, the dosage should be selected individually based on eye

and infant size, and further studies are needed to evaluate the long-term safety of these
treatments on ocular structure and function and their delayed systemic adverse effects. As a
result, anti-VEGF drug has not been approved for ROP therapy in the USA.

HIF regulation and related therapies

VEGF expression is regulated by HIF transcription factor family, of which HIF-1 and 2 are
the most characterized [89, 90]. In the presence of oxygen, HIF-1a is hydroxylated on prolyl
residues via prolyl hydroxylase domain enzymes (PHDs) and sequestered for ubiquitination
and proteasomal degradation by binding to the von Hippel-Lindau E3 ligase complex [90,
91]. During hypoxia, unhydroxylated HIF-1a accumulates in the cytosol and translocates
into the nucleus, where it dimerizes with constitutively expressed HIF-1p subunit to form a
complex, binds to hypoxia-responsive elements (HRES) of target genes and activates their
transcription. HIF-2a is regulated in a similar manner [90].

During retinogenesis, HIF-1a. and HIF-2a in retinal progenitor cells respond to hypoxia in
avascular retina, upregulate the expression of pro-angiogenic mediators, including VEGF
and play essential roles in the capillary development of the inner plexiform layer (IPL)
and outer plexiform layer (OPL), respectively [32, 92, 93]. In Phase I of ROP, hyperoxia
downregulates HIF-1, thereby suppressing the expression of VEGF and other pro-angiogenic
factors with subsequent vaso-obliteration. In Phase Il, the withdrawal of supplemental
oxygen and the poorly vascularized retina with increasing metabolic demands create

a perfect hypoxic environment for HIF-1 upregulation and excessive VEGF production
that drives pathological RNV [57]. While HIF-1a demonstrated a rapid but transient
accumulation in the inner retina of OIR mice, expression of HIF-2a is relatively delayed
but sustains in the retina until the end of the ischaemic stage at P17 [94]. It was reported
that HIF-2a. promotes RNV in OIR mice by upregulating the expression of VEGF and
erythropoietin (EPO) [94, 95].

An effective strategy to mitigate ROP is to lower oxygen saturation targets in premature
infants in Phase | for reducing the risk of vasculopathy in Phase Il, but this manipulation
simultaneously increased the mortality rate [96]. An alternative approach is to mitigate

the effects of hyperoxia in Phase | using small-molecule HIF stabilizers without lowering
supplemental oxygen, thereby preventing or minimizing the progression to the proliferative
stage of the disease [97-100]. Sears et al. first demonstrated that stabilizing hepatic HIF
activity specifically with dimethyloxalylglycine (DMOG), a PHD inhibitor, induced the
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expression of VEGF and EPO during the hyperoxic phase and prevented OIR in mice in the
hypoxic phase [97]. PHD inhibitors were subsequently confirmed to prevent OIR, preserve
retinal function and structure in multiple animal models with undetectable adverse effects
[98-100]. The findings support a low-dose, intermittent approach to prevent OIR with PHD
inhibitors. Despite the promising results, this pharmaceutical approach for ROP prevention
is yet to be investigated in clinical trials.

Other therapies investigated in clinical trials

A number of other pharmacologic interventions have been investigated in clinical trials

for ROP, including EPO [101], the combination of insulin-like growth factor 1 and insulin-
like growth factor-binding protein 3 [102], vitamin E [103], vitamin A [104], omega-3
polyunsaturated fatty acids [105] and propranolol [106]. Whereas most of these therapies
conferred limited efficacy in clinical trials [101, 103-105, 107], oral propranolol is effective
to reduce ROP progression at high doses but is associated with potential safety concerns
[108, 109]. Propranolol 0.2% eye micro-drops for topical administration was reported
recently to be well-tolerated and appeared to effectively reduce the ROP progression in

a Phase I1B trial [106]. Further randomized, controlled multicentre trials are required to
confirm the safety and efficacy of propranolol for ROP therapy.

Secretogranin Ill (Scg3) antagonist as an emerging therapy

Compared to neovascular diseases in adults, such as wet age-related macular degeneration,
proliferative diabetic retinopathy and cancer, developing drug therapies for ROP encounters
two unique challenges: i) concurrent physiological and pathological angiogenesis [39] and
ii) susceptibility of the developing retina to adverse side effects of pharmacological reagents.
Anti-Scg3 therapy was recently developed to tackle the challenges.

Scg3 predominantly expressed in neurons, endocrine and neuroendocrine cells is a member
of the granin family that regulate the biogenesis of secretory granules [110]. In contrast
with the VEGF family, Scg3 shares minimal sequence homology to other proteins,
including other granins. Scg3™~ mice exhibit a normal gross phenotype, including viability,
fertility, locomotor behaviour or obesity, implicating that Scg3 is not essential for the
secretion of neurotransmitters and vital hormones [111]. By applying a novel technology
of comparative ligandomics, we recently discovered that Scg3 is a disease-restricted pro-
angiogenic factor that selectively binds to diabetic versus healthy retinal vessels [112].
Scg3 preferentially induced angiogenesis and retinal vascular leakage of diabetic but not
healthy mice, suggesting that the putative Scg3 receptor is markedly upregulated in diabetic
vessels while minimally expressed on normal vessels [112, 113]. Recently, we developed

a unique in vivo endothelial ligand binding assay and quantitatively confirmed that the
binding of Scg3, but not VEGF, to retinal vessels of OIR vs. healthy mice markedly
increases by sevenfold and is fully blocked by Scg3-neutralizing antibody [83]. Functional
immunohistochemistry visualized that vessel-bound Scg3 predominantly colocalizes with
neovascular tufts and disorganized neovessels in OIR retinas with minimal Scg3 signals
detected on well-organized healthy vessels [83]. In contrast, VEGF bound equally to both
healthy and OIR neovessels in the developing retina [83].
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The differential disease binding selectivity of Scg3 and VEGF has profound implications for
disease-targeted therapy. Scg3 selectively binds to upregulated Scg3 receptor(s) stationarily
expressed on OIR ECs without cross-reaction with healthy ECs that have low or absent
receptor expression, and therefore, Scg3 antagonists should target OIR but not healthy
vessels with minimal adverse side effects on healthy vessels. By contrast, VEGF lacks such
disease selectivity, and anti-VEGF drugs adversely affect healthy vasculature with collateral
side effects as elaborated in the section above.

To investigate the difference in disease-targeted therapy, we developed Scg3-neutralizing
monoclonal antibodies (mAbs) and validated their high efficacy to alleviate OIR in mice
[86, 112]. Preclinical studies confirmed that anti-Scg3 mAbs have a superior safety profile
over aflibercept [86]. To facilitate the translation, one of the optimal anti-Scg3 mAbs

was converted into humanized antibody Fab fragment (hFab). Both anti-Scg3 hFab and
aflibercept ameliorate pathological RNV, neovascular tufts, retinal arterial tortuosity and
vein dilation in OIR mice with similar high efficacies. However, anti-Scg3 hFab selectively
blocks pathological but not physiological angiogenesis in OIR mice, whereas aflibercept
indiscriminately inhibits both types of angiogenesis [83]. Dose-response curves of efficacy
and toxicity revealed that the therapeutic window of anti-Scg3 hFab is at least 10X wider
than that of aflibercept. No abnormality of the retinal structure and function in OIR

mice treated with anti-Scg3 hFab was detected. Furthermore, the normal phenotype of
vascular and retinal development of Scg3-knockout mice attests to the optimal vascular and
neuronal safety of anti-Scg3 hFab [83]. These findings suggest that anti-Scg3 hFab has the
potential to be developed as the next-generation disease-targeted anti-angiogenic therapy
to stringently inhibit pathological but not physiological angiogenesis in ROP. However, the
safety and efficacy of this emerging therapy are yet to be fully investigated in clinical trials.

Conclusions

Funding.

During retinal vascular development, growth factors derived from neurons and glia
stimulate endothelial migration, proliferation and development into three layers of retinal
plexuses. Although ROP is mainly manifested by vascular symptoms, including pathological
IVNV/RNV and tortuosity and dilation of retinal vessels, these abnormalities are
increasingly recognized as a result of neurovascular dysregulation with profound therapeutic
implications. Hypoxia-induced overexpression of angiogenic factors, such as VEGF, from
neurons and glia drives pathological RNV, and many of these factors play important roles in
both physiological and pathological RNV in ROP. Recently discovered neuron-derived Scg3
is a disease-selective angiogenic factor that stringently regulates diseased but not healthy
retinal vessels. Therefore, anti-Scg3 selectively inhibits pathological but not physiological
angiogenesis with minimal adverse effects on healthy vessels, as opposed to anti-VEGF
drugs that block both types of angiogenesis with safety concerns. These examples highlight
that investigation of neurovascular communication is of therapeutic importance to ROP.
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Fig. 1.

V:jscular characteristics of ROP. A Flat-mount retinas of healthy and OIR mice stained

with Alexa Flour 488-conjugated isolectin B4. Scale bar= 100 pum. Arrowheads indicate
pathological retinal neovascularization. B Retinal sections of healthy vs. OIR mice stained
with anti-CD31 monoclonal antibody and Hoechst. Scale bar= 50 pum. Arrowheads indicate
normal superficial, intermediate and deep retinal plexuses. Arrows indicate pathological
neovascularization in the superficial layer. C Fluorescein angiography images of healthy vs.
OIR mice. The arrowhead indicates a tortuous artery. The arrow indicates a dilated vein. D
Images showing the leakage of fluorescent Evans blue dye from retinal vessels in healthy
and OIR mice. Arrowheads indicate the leaking sites in the OIR retina. Scale bar= 100 um.
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Fig. 2.

Cgllular organization of the neuronal and vascular retina. There are six major types of
neurons in the retina: rod and cone photoreceptors, bipolar cells, retinal ganglion cells,
horizontal cells and amacrine cells. These neurons form complex neural circuities to detect
light, generate electric impulse and transmit visual signals. Three basic types of glial cells
are present in the human retina: Muller cells, astrocytes and microglia. The processes

of astrocytes and microglia contribute to the blood-retina barrier together with pericytes
and endothelial cells of the superficial, intermediate and deep vascular plexuses. Retinal
pigmental epithelial cells are at the outer most layer of the retina, beneath which are
choroidal vessels.
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Fig. 3.

Ngurovascular interactions in ROP. Phase 1: Vaso-obliteration. Activated microglia
transform from ramified to amoeboid shapes. The tumour necrosis factor-a (TNF-a) and
interleukin-1p (IL-1B) secreted from activated amoeboid microglia induce pronounced
retinal ganglion cell (RGC) loss and further stimulate the secretion of semaphorin 3A
(Sema3A) from adjacent neurons to mediate microvascular injury. Vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor (bFGF) from astrocytes minimize
vascular damage. Phase 2: Vaso-proliferation. Accumulated succinate stimulates G protein-
coupled receptor-91 (GPR91) on RGCs to facilitate the production of proangiogenic factors,
such as VEGF, angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2). Stabilized HIF-1a in
hypoxic Miller cells promotes the expression of VEGF and angiopoietin-like 4 (ANGPTL4)
to induce neovascularization and vascular leakage. Furthermore, interleukin-17A (IL-17A)
from amoeboid microglial cells targets interleukin-17 receptors (IL-17Rs) in Miller cells
and RGCs to enhance the production of VEGF.
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