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ABSTRACT

Introduction: Retinal neurodegeneration causes irreversible vision loss, impairing quality of life. By
targeting neurotoxic conditions, such as oxidative stress and ischemia, neuroprotectants can slow or
stop sight loss resulting from eye disease. Despite limimted clinical use of neuroprotectants, there are
several promising compounds in early clinical trials (pre-phase Ill) which may fulfil new therapeutic
roles. Search terms relating to neuroprotection and eye disease were used on ClinicalTrials.gov to
identify neuroprotective candidates.

Areas covered: Research supporting neuroprotection in eye diseases is focused on, ranging from
preclinical to phase Il, according to the ClinicalTrials.gov database. The compounds discussed are
explored in terms of future clinical applications.

Expert opinion: The major challenge in neuroprotection research is translation from basic research to
the clinic. A number of potential neuroprotectants have progressed to ophthalmology clinical trials in
recent years, with defined mechanisms of action — saffron and CoQ10 - targeting mitochondria, and
both CNTF and NGF showing anti-apoptotic effects. Enhancements in trial design and patient cohorts in
proof-of-concept trials with enriched patient populations and surrogate endpoints should accelerate
drug development. A further important consideration is optimising drug delivery to improve indivi-
dualised management and patient compliance. Progress in these areas means that neuroprotective
strategies have a much improved chance of translational success.
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1. Introduction

The complex and intricate structure of the retina predisposes its
physiology to disruption from a wide range of pathological
factors. Retinal disease may arise from a myriad of causes includ-
ing age, diabetes, high myopia, hypertension, genetic predispo-
sitions, and external environmental factors. Diseases such as
glaucoma, diabetic retinopathy, and age-related macular degen-
eration (AMD), all impair vision and severely quality of life by very
different mechanisms; however, the neurodegeneration of ret-
inal cells is common to all pathologies.

With very few exceptions, once neurons are lost, they are
lost forever [1], and cannot be replaced. Neuroregeneration —
restoration of lost neurons - is extremely difficult, and such
research is in its infancy. For the foreseeable future, slowing or
avoiding neuronal death (neuroprotection) is the most effec-
tive way to treat retinal disease, with the identification and
application of neuroprotective agents having become a focal
point of modern medicine. As the understanding of the cel-
lular intricacies of neurons expands, the identification of com-
pounds able to support the healthy function of neurons is
accelerated. This presents an ever-changing clinical landscape,
as novel compounds are identified and tested as treatment for
various disorders.

The present review highlights four promising neuroprotec-
tive agents which have yet to reach clinical phase Il trials,

discusses their mechanisms of action, and details their use in
clinical trials. In order to identify appropriate neuroprotective
agents for this review, the database on www.clinicaltrials.gov
was searched, with ‘eye disease’ and ‘retina disease’ being
entered into the ‘condition or diseases’ field and ‘neuroprotec-
tion’ and ‘neuroprotectant’ being entered into the ‘other
terms’ field. Once a compound was identified, it was then
searched for within the clinical trials database to determine
whether or not it had reached phase Ill for a given disease.
Only compounds which were yet to reach clinical phase llI
were included in the present review. As such, some highly
promising compounds, such as nicotinamide, which has
demonstrated efficacy in retinal vein occlusion and thyroid
eye disease (and entered phase 3 trials) are beyond the
scope of this review.

2. Nerve growth factor (NGF)

Nerve growth factor (NGF) was discovered by Rita Levi-Montalcini
in the 1950s and is the best-characterized member of the neuro-
trophin family, which also includes brain derived neurotrophic
factor (BDNF), neurotrophins 3 (NT-3), 4/5 (NT-4/5) and 6 (NT-6)
[2]. NGF plays a key role in the maturation and development of the
central nervous and peripheral systems. It acts directly on periph-
eral sensory and sympathetic neurons promoting survival, differ-
entiation, functional activity and maintaining their phenotypes.
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Article highlights

* NGF treatment appears to offer beneficial neuroprotection in a range
of diseases including glaucoma, ocular ischaemia, and retinitis pig-
mentosa, via mechanisms of promotion of cell survival

o Saffron seems to behave as a potent antioxidant in human trials,
making it an interesting candidate for reducing conditions of oxida-
tive stress in AMD

* CoQ10 has demonstrated a broad range of efficacy in neuroprotective
applications, yet its applications in clinical trials have been limited, it
is therefore hoped that it will be further investigated in the near
future

o CNTF treatment may dramatically reduce patient discomfort asso-
ciated with treatment of AMD by utilizing Encapsulated Cell
Technology

¢ Encapsulated Cell Technology (namely NT-501) could improve treat-
ment for a range of eye diseases and will hopefully become an
established method of drug administration within a few years

This box summarizes key points contained in the article.

NGF exerts its action through two classes of transmembrane
receptors, the high-affinity tropomyosin tyrosine kinase receptor
(TrkA) and the low-affinity p75™'™" [3].

NGF and its receptors are expressed in the anterior and poster-
ior segments of the eye, in both physiological and pathological
states, where they exercise different specific tissue functions.
Changes in NGF expression and its receptors in these segments
of the eye are correlated with the onset or severity of ocular
pathologies in both animal models and patients.

The neuroprotective mechanisms of NGF modifying events
occurring in retinal diseases, such as apoptosis, oxidative stress,
synaptic plasticity, etc. remain unclear, though it is possible that
this ability is associated with NGF's inhibition of oxidative stress,
achieved via the phosphatidtlinositol-3-kinase (PI3K)/AKT survi-
val pathway [4]. NGF also plays a key role in controlling intracel-
lular calcium levels as it mediates the presynaptic uptake of
calcium that stimulates the presynaptic release of the neuro-
transmitter, fundamental for synaptic plasticity [5].

The potential neuroprotective role of NGF has been shown
in several studies, which have shown that the local adminis-
tration of NGF on the eye affects not only the ocular surface
but is also able to reach the optic nerve, retina, and brain [6,7].
NGF improved optical nerve survival and prevented retinal
ganglion cell (RGC) functions loss, which are both present in
glaucoma. The effects of topically administered NGF were
studied in both animal models and patients with glaucoma.
The neuroprotective action of NGF has been seen to be able
to inhibit apoptosis of RGCs and degeneration of the optic
nerve, as well as improve visual functionality. NGF promoted
RGC recovery, reduced retinal cell damage, as well as pro-
tected from axon loss of the optic nerve resulting from
damage caused by elevated intraocular pressure (EIOP)
although, there is currently no evidence of NGF's action on
the change of the IOP, suggesting other mechanisms of action
[8,9]. In addition, long-term NGF treatment improved visual
field up to 90 days after discontinuation of treatment, with the
neuroprotective effects being noted to extend to promotion
of axonal regeneration, and neuronal growth and plasticity
[10]. Furthermore, other findings have shown that NGF acts
on the mechanisms of RGC degeneration following ocular

ischemia and retinitis pigmentosa [11,12]. The topical applica-
tion of NGF twice daily for 3 weeks in a partial optic nerve
transection (pONT) rat model showed neuroprotective effects
on retinal neurons as it protected RGCs from secondary
degenerative processes, which are among the major concerns
in optic neuropathies. NGF administration reduced apoptosis
of RGC in vivo and thus increased the RGC population in the
lower retina, which is primarily affected by this disease. In
addition, NGF inhibits astrocytic activity in the optic nerve
and promotes axonal survival after pONT [13]. Visual acuity
and electrofunctional parameter improvements were detected
after topical treatment with NGF in an AMD patient after
3 months [14], and in five children with optic glioma and
optic nerve atrophy [15]. NGF has been approved for treat-
ment of patients with retinitis pigmentosa and stage Il clinical
trial has been completed in order to study the safety and
tolerability of NGF to administer [16].

3. Saffron

Saffron is a spice commonly used in many cuisines, consisting
of red dried stigmas of Crocus sativus L., a flowering plant that
belongs to the family of Iridaceae [17]. Numerous reported
therapeutic properties of saffron have encouraged its use in
traditional medicine across a variety of clinical applications for
a long time [18]. Among the 150 metabolites that saffron
contains, two of particular therapeutic relevance are crocin
and safranal [19]. Crocin is glycolysed to crocetin,
a carotenoid dicarboxylic acid which possesses antioxidant
activity through hydroxyl radical scavenging, being reported
to result in antiaging effects [20,21].

Saffron also has a protective role against free radicals as it
modulates enzymes such as superoxide dismutase, glu-
tathione-S-transferase, and catalase, involved in oxidative
stress [22]. The neuroprotective effects of saffron, studied in
various pathologies, especially of the central nervous system,
are attributable to crocin due to its antioxidant effect [23,24].
Also, the presence, among its metabolites, of many antioxi-
dants (such as vitamin B12 and lycopene) and carotenoids
[20], plays a key role in its neuroprotective action against
oxidative stress, which is the cause of many neuronal disorders
[25,26]. It is reported to have anti-depressive, and anti-
hypertensive properties [27,28]. The therapeutic role of saffron
is further enhanced by its antidiabetic abilities, anti-cancer,
and anti-inflammatory properties afforded by its ability to
regulate genes that release pro-inflammatory cytokines, the
ability to modulate the NF-kB pathway, and to suppress cell
death by blocking TNF-a (tumor necrosis factor) released by
microglial cells [29-32]. Saffron is also able to inhibit the
increased activity of caspase, Bcl-2 and Bax resulting from
retinal damage [33]. It has been noted that saffron can protect
damaged retinal photoreceptors following their exposure to
continuous bright light, preventing their death and maintain-
ing their functions and morphology [34].

The therapeutic potential of saffron has been demon-
strated in patients with AMD, an age-related multifactorial
disease of central retina, and the primary cause of blindness
in developed countries. Falsini’s Phase Il study [35] showed



Table 1. Neuroprotective potential of saffron in retinal diseases.
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Disease investigated Mechanisms of action Participants Saffron concentration References
Bilateral early AMD Retinal flicker sensitivity improvements 25 20 mg/day [40]
Macular function and vision improvements
Reducing neurodegenerative processes
Early/moderate AMD Stabilize the function of the photoreceptors 100 20 mg/day [37]

Prevent cell loss

Improvement in amplitude and response in analysis with the fERG

that short-term oral saffron administration (20 mg/day) for
90 days in patients with bilateral early AMD led to a significant
improvement in flicker generated by photoreceptors and
bipolar cells in focal electroretinogram (fERG), and in retinal
function and vision, compared to patients treated with pla-
cebo. These results were then affirmed by a subsequent study
in which it was observed that saffron administration induced
an improvement in macular function from baseline extended
to a long-term follow up (over a 15 month) [36]. This finding
suggests that saffron may stabilize the function of the photo-
receptors and prevent cell loss even in patients with early/
moderate AMD, having also been shown to improve ampli-
tude and response in fERG analysis (results summarized in
Table 1) [37]. The antioxidant and neuroprotective potential
of saffron has also been demonstrated by its ability to act
directly on gene expression [38], showing efficacy in reducing
neurodegenerative processes both in animal models and in
humans. In a comparative study between two groups of
patients with AMD, treated with two different protocols, it
was shown that treatment with saffron appeared to be more
effective than classical antioxidant protocol as it had reduced
the activation of metalloproteins which lead to disorganiza-
tion of the extracellular matrix in retinal damage. In addition,
visual function remained stable in patients treated with saffron
compared to those treated with AREDS (a mixture of antiox-
idants), implicating that the neuroprotective properties of
saffron extend beyond that of an antioxidant [39].

4. CoenzymeQ

Coenzyme Q (also known as ubiquinone) is a quinone that
performs an essential function within the inner mitochondrial
membrane, forming a critical link in the electron transport
chain in the process of oxidative phosphorylation [41]. Its
role is so vital that it is conserved across all aerobic organisms,
with only the length of the isoprene tail varying, which in
humans is 10 units long (CoQ10) [42]. However, CoQ10 pos-
sesses utility beyond facilitation of oxidative phosphorylation,
as it can transition between its fully oxidized state (ubiqui-
none), partially reduced free radical state (ubisemiquinone),
and fully reduced state (ubiquinol). CoQ10 is thus an excellent
antioxidant and free radical scavenger, thereby performing
crucial functions to support not only mitochondrial health
but the health of the cell as a whole [43].

Genetic CoQ10 deficiency manifests heterogeneously as
a diverse range of symptoms, reflecting the universal impor-
tance of the molecule throughout the body [44], though many
of these symptoms can be effectively treated with oral CoQ10
supplements [45]. Beyond cases of clinical CoQ10 deficiency,
there is evidence to suggest that administration of CoQ10 may

afford beneficial health effects. The potential health benefits
of CoQ10 have been widely explored as a dietary supplement
in areas of physical fitness [46], enhancing fertility [47,48],
antiaging [49,50], diabetes [51,52], and heart failure [53]. The
mechanisms of these therapeutic effects are understood to
center around an enhancement of oxidative phosphorylation,
and an increased capacity to deal with oxidative stress. Based
on these promising applications of CoQ10, it is not surprising
that attention has turned to utilizing it as a neuroprotectant
[54], in which the enhancement of mitochondrial function, and
antioxidant activity are particularly beneficial.

Diabetic retinopathy is the most common cause of blind-
ness in adults of working-age worldwide [55]. Diabetic hyper-
glycemia damages pericytes, cells that regulate and protect
capillaries. The subsequent retinal microaneurisms generate
ischemic conditions and oxidative stress [56]. As this pathol-
ogy develops, VEGF-driven neovascularization attempts, and
fails, to reduce the ischemia. This proliferative neovasculariza-
tion process can eventually result in sight-threatening compli-
cations, such as retinal detachment [57]. Furthermore,
hyperglycemia causes glucose to be processed via the polyol
pathway, consequently decreasing antioxidants, disturbing
macrophage activity, and generating reactive oxygen species,
which can result in the buildup of pathological conditions
within the retina [58]. Based on the mitochondrial enhancing
and antioxidant properties of CoQ10, there is a strong founda-
tion to suggest its potential therapeutic efficacy within dia-
betic retinopathy.

Phase Il double-blind, randomized, placebo-controlled clin-
ical trials have been conducted investigating the potential
therapeutic effects of ubiquinone when applied in non-
proliferative diabetic retinopathy (NPDR) [58,59]. Patients
were orally administered 400 mg of CoQ10 daily for
12 weeks to 6 months (in different studies; Table 2).
Significant improvements to the fluidity of submitochondrial
particles of platelets, membrane fluidity of erythrocytes, and
ATP hydrolysis, were noted in patients that received CoQ10
compared to patients that received placebo treatment. These
promising results may indicate that CoQ10 could delay the
progression of NPDR to proliferative diabetic retinopathy, by
improving blood supply and metabolism within the retina,
thereby potentially alleviating ischemic conditions. Further
clinical studies are warranted investigating the utility of
CoQ10 in delaying the onset of proliferative diabetic retino-
pathy in NPDR patients.

Table 2. Dose regimen for CoQ10 trials.

Number of CoQ10-treated Dose of CoQ10  Duration of  Reference
patients (controls) (daily) treatment

24 (25) 400 mg 12 weeks [58]

40 (20) 400 mg 6 months [59]
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5. CNTF

Ciliary neurotrophic factor (CNTF) is a 22.9-kDa polypeptide,
expressed in glial cells of the peripheral and central nervous
systems [60]. It has been observed to promote survival in the
broad range of neuronal cells which express the CNTF receptor
[61], and encourage neurite outgrowth [62]. Notably, the action of
exogenous CNTF binding to its receptor has been found to exert
neuroprotective effects on photoreceptors [63,64] and RGCs [65—-
65-68]. In fact, research suggests that following injury to the eye,
the release of CNTF from retinal astrocytes is upregulated (indi-
cated by western blot and immunohistochemistry) to facilitate
neuronal repair [69-71]. It is thus unsurprising that CNTF has
been one of the most popular neuroprotective candidates for
the development of novel eye therapies.

CNTF has a promising track record for demonstrating neu-
roprotection in various in vivo models of retinal disease. In Li
et al. (2010) [72], CNTF was intravitreally administered to
a transgenic rat model of cone photoreceptor death (mimick-
ing late-stage retinitis pigmentosa and AMD). This treatment
reversed and prevented the loss of cone outer segments (an
indication of the early stages of cone cell degeneration).
Protection was seen to persist with the long-term release of
CNTF from implanted microdevices, lending credence to
potential human applications. Pease et al. (2009) [66], showed
that in a rat model of laser-induced glaucoma, intravitreal
injection of a viral vector for CNTF reduced RGC loss by 15%.

A total of nine clinical trials involving CNTF in eye disease are
listed on the ClinicalTrials.gov database, predominantly having
taken place in the 2010s; these are listed in Table 3. Rather than
administer discrete doses, clinical trials have opted for implants
which release CNTF over the course of months to years, with all
of these utilizing Neurotech Pharmaceuticals’ NT-501, a CNTF
Encapsulated Cell Technology [73]. Many trials have terminated
in phase | or phase Il, which in a large proportion of cases likely
reflects ongoing development and application of the NT-501
drug delivery technology.

Of particular note within the CNTF trials are the significant
improvements found in a phase Il double-blind randomized sham-
controlled trial for dry AMD [74]. Zhang (2011) et al. demonstrated

Table 3. CNTF clinical trials: a summary of clinical trials involving CNTF.

that patients who received a high dose of CNTF outperformed
a lower dose group, which outperformed the sham group in tests
of visual acuity after receiving treatment for 1 year. The authors
noted that the slowing of visual acuity decline was most effective
in patients that began the trial with better vision.

Following a successful phase | trial, a randomized sham-
controlled patient-blinded study is currently underway, investigat-
ing the efficacy of CNTF in glaucoma. The endpoints of this trial are
visual field assessment at 6 months, with visual acuity and contrast
sensitivity, and optic nerve structure measured at 6, 12, and
24 months (NCT02862938). The study is estimated to complete
in December 2020. In addition, a series of trials sponsored by
Neuortech Pharmaceuticals (NCT00447993, NCT00447980,
NCT01530659) have investigated the efficacy of using CNTF
implants within retinitis pigmentosa patients. Most notably,
a trial that was expected to end in 2019 (though results have yet
to be published) investigated whether cone photoreceptor cells in
the implant-treated eye were preserved by CNTF compared to the
sham-treated-eye, which was assessed at 6-monthly intervals up
to 36 months post-implant.

6. Conclusions

In this review, we described potential neuroprotective com-
pounds, their mechanisms of action and protective effects on
retinal neurons, to shed light on neuroprotective strategies
which may one day be used in the clinic. All compounds
discussed have of course already demonstrated neuroprotec-
tion in vivo in animals and have shown promise in early clinical
trials. However, there is a clear hurdle in progressing neuro-
protectants toward the clinic, with the typical pattern being
that excellent in vivo efficacy cannot be replicated in human
trials. While the research surrounding all four of the potential
neuroprotective compounds discussed is promising, it does
not guarantee that they will prove successful when applied
to phase Il trials and beyond.

7. Expert opinion

A number of potential neuroprotective molecules have pro-
gressed to ophthalmology clinical trials in the last few years,

Condition(s) Phase Participants Status NCT

Achromatopsia /1 5 Completed 2015 NCT01648452
AMD (dry) 1] 51 Completed 2009 NCT00447954
Glaucoma | 1 Completed 2014 NCT01408472
Glaucoma Il 54 Estimated completion: 2020 NCT02862938
Ischemic optic neuropathy | 11 Completed 2014 NCT01411657
Retinitis pigmentosa | 10 Completed 2006 NCT00063765
Retinitis pigmentosa (early stage) Il 68 Completed 2010 NCT00447980
Retinitis pigmentosa (early stage) Il 30 Completed 2019 NCT01530659
Retinitis pigmentosa (late stage) Il 65 Completed 2009 NCT00447993

e

I

* [59] Rodriguez-Carrizalez AD, Castellanos-Gonzalez JA, Martinez-Romero EC, et al. The antioxidant effect of ubiquinone and combined therapy on mitochondrial
function in blood cells in non-proliferative diabetic retinopathy: A randomized, double-blind, phase lla, placebo-controlled study. Redox Rep. 2016;21:190-195.

This study revealed a significant improvement in mitochondrial health following application of CoQ10 to human patients

* [72] Emerich DF, Thanos CG. NT-501: An ophthalmic implant of polymer-encapsulated ciliary neurotrophic factor-producing cells [Internet]. Curr. Opin. Mol. Ther.

2008. p. 506-515.

This paper details the development of the NT-501 implant, which hopefully will play a pivotal role in the application of neuroprotectants in the near future
** [73] Zhang K, Hopkins JJ, Heier JS, et al. Ciliary neurotrophic factor delivered by encapsulated cell intraocular implants for treatment of geographic atrophy in age-

related macular degeneration. Proc Natl Acad Sci U S A. 2011;108:6241-6245.

CNTF administered by NT-501 implant presents a viable and effective method of treating dry AMD, for which there is currently no effective treatment



including the growth factors NGF and CNTF and natural neuro-
protectants CoQ10 and Saffron. Until recently, the biggest hurdle
in this area of research was the translation of results from basic
research to patients. However, there has been increasing recogni-
tion of the need to use multiple experimental models and para-
digms to test neuroprotective preclinical efficacy, resulting in
more potential molecules reaching clinical phase trials. The
mechanism of action of saffron and CoQ10 is targeting the mito-
chondria, with both CNTF and NGF showing anti-apoptotic effects.

The action of saffron allows it to play an important antioxidant-
neuroprotective role against oxidative stress, which has been seen
to play a key role in the progression of primary open-angle
glaucoma (POAG) [75,76]. NGF has been observed to reliably
promote not only survival but also the recovery of damaged
RGCs. The clinical application of CoQ10 in a broad variety of
pathologies, many of which being shown as therapeutic [77],
should help to encourage its progression to a phase IIl clinical
trial in NPDR. CNTF has shown excellent in vivo neuroprotective
efficacy and has demonstrated successful therapeutic efficacy in
phase II. Neurotech began two parallel phase lll trials in 2017 using
their NT-501 CNTF ECT (the same technology in their dry AMD
trial) for macular telangiectasia (NCT03316300 & NCT03319849),
with results expected in 2022. If these trials prove successful, they
may pave the way for other NT-501-based treatments to progress
to later clinical trials.

A major challenge now, however, is optimizing the delivery of
adequate therapeutic levels of neuroprotective drugs to the target
site, with poor solubility and unpredictable systemic absorption
often associated with variable uptake. Furthermore, sustained
delivery systems should improve individual management and
issues surrounding compliance. Another key factor is trial design
and choice of patient cohorts in these chronic diseases with a wide
spectrum of manifestations. Proof-of-concept trials with enriched
populations could aid development of therapies using surrogate
endpoints to provide rapid results and build confidence in drug
efficacy before embarking on expensive, large-scale multicenter
trials. Progress in all these areas means that neuroprotective stra-
tegies have a much-improved chance nowadays of translational
success.
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