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ABSTRACT

The purpose of this review was to discuss the major recent advances in the field
of ophthalmology, particularly as it pertains to glaucoma. We reviewed literature
using MEDLINE and PubMed databases with the following search terms:
“glaucoma,” “melatonin,” “trabecular outflow pathway,” “adenosine,” “rho kinase,”
“norepinephrine,” and “matrix metalloproteinases.” We also reviewed pertinent
references from articles found in this search. We looked at various studies concerning
the clinical trials of glaucoma therapeutics, and therapeutic potential of putative
ocular drug delivery systems in glaucoma. Challenges of assuring safety and efficacy
of the newer medicines and techniques are pertinent in this regard. However, more
research is needed to better elucidate the mechanism of various investigational drug
products and drug delivery devices in glaucoma.
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CURRENT UNDERSTANDING

Glaucoma is a frequent, pathophysiologically heterogeneous
ophthalmologic condition characterized by a typical visual
field loss pattern from peripheral to central. As a chronic
progressive optic neuropathy, it can lead to severe disability
and blindness. Glaucoma is classified according to whether
it is congenital or acquired. It is further sub-divided into
open-angle or closed-angle, depending on how the aqueous
outflow is impaired. Glaucoma is usually associated with
an increase in intraocular pressure (IOP) above the normal
value, which is usually estimated at 21 mm Hg (mean 15.5,
range 10-21). Patients with statistically normal IOP who
develop the characteristic changes associated with open-
angle glaucoma are said to have low tension or normal
pressure glaucoma. Finally, primary or secondary types
are identified depending on the presence of underlying
contributory factors. The pathophysiology of glaucoma
is not fully understood till date. The trabecular outflow
pathway is the primary draining tissue for the aqueous
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humor in the eye. It consists of 3 structures, the trabecular
meshwork (TM), juxtacanalicular tissue, and Schlemm’s
canal. In a healthy eye, IOP is maintained within a narrow
range through dynamic regulation of trabecular outflow
resistance. In a glaucomatous eye, elevated IOP is due to
an abnormally high resistance to outflow in the trabecular
outflow pathway.' The causes of increased outflow resistance
are not fully understood, but it has been hypothesized to
involve an increase in the contractile tone and stiffness of
the TM and changes in extracellular matrix composition
and/or a change in the conductance of Schlemm’s canal
(Figures 1 and 2).2 There is a significant need for glaucoma
drugs that specifically target the physiologic cause of
elevated IOP and thereby enhance trabecular outflow.
Currently, the management of glaucoma is focused on
controlling the IOP by pharmacological and surgical
measures to avoid these consequences. The tissues of the
trabecular outflow pathway are avascular and rely on the
aqueous humor to supply nutrients, growth factors, and
antioxidants. The most widely prescribed glaucoma drugs,
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Figure 2: Open angle glaucoma and closed angle
glaucoma. Blue arrow shows the direction of flow of
aqueous humor in anterior chamber of the eye.

the prostaglandin analogs (PGAs), lower IOP by increasing
the aqueous drainage through the unconventional uveoscleral
outflow pathway. The older, non-PGA drug classes, the beta
blockers, alpha agonists, and carbonic anhydrase inhibitors,
lower IOP by decreasing the production of aqueous humor.
By shunting the aqueous humor through the uveoscleral
pathway or decreasing the aqueous production, the
commonly used glaucoma medications actually decrease
the outflow of aqueous humor through the diseased TM.
Thus, while protecting the optic nerve from damage by
lowering IOP, current medications may be allowing further
degradation of the trabecular outflow pathway. Glaucoma
has also been reported to be associated with a dysregulation
of'the circadian system,’ as well as a high incidence of sleep
disorders,** depression, and anxiety.® However, because of
the higher incidence of all these conditions in older age, they
have not received much clinical or scientific attention and
remain often undertreated. Recently, there has been evidence

that glaucoma leads to an impairment of the photo-dependent
melatonin production with alterations in circadian rhythms.
In the current review, we will present the state of knowledge
on the impact of glaucoma on the melatonergic system
and possible links to circadian desynchronization, sleep
disorders, and depression. The implications indicating that
glaucoma may also be a psycho-chronobiological disease
and their consequences for research and clinical therapy
are discussed. Fortunately, several new drug classes that
target the trabecular outflow pathway have entered clinical
development. Adenosine Al receptor agonists represent
another new drug class that targets the trabecular outflow
pathway. The drug class with the longest history in the
clinic is the class of selective rho kinase inhibitors. Rho
kinase is a serine/threonine kinase whose activity increases
actomyosin contraction in smooth muscle cells, including
the smooth muscle-like cells of the TM. Adenosine Al
agonists are thought to increase the trabecular outflow by
reducing the cell volume and increasing the expression of
matrix metalloproteinases.” The newest class of trabecular
outflow drugs is the dual action rho kinase/norepinephrine
transporter (ROCK/NET) class. ROCK/NET inhibitors are
single molecules that act through a dual mechanism of action,
simultaneously inhibiting rho kinase to increase trabecular
outflow and inhibiting the NET to reduce the production of
aqueous humor.®® In the current review, we will present the
state of knowledge on the newer and emerging therapeutic
areas of Glaucoma.

METHODS

Medline searches were performed using “glaucoma,”
“melatonin,” “trabecular outflow pathway,” “adenosine,” “rho
kinase,” “norepinephrine,” and “matrix metalloproteinases.”
As search terms, available literature from 1980 onward was
screened for relevance, and additional material was added
from the bibliography of applicable papers.
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RESULTS

Glaucoma is a progressive optic neuropathy that is a leading
cause of irreversible blindness worldwide.!® Elevated IOP
is commonly associated with glaucoma, and multiple
longitudinal studies have demonstrated that lowering IOP
in patients can slow optic nerve degeneration and preserve
vision.!! By shunting the aqueous humor through the
uveoscleral pathway or decreasing the aqueous production,
the commonly used glaucoma medications actually decrease
the outflow of aqueous humor through the diseased TM.
Although PGAs often provide adequate efficacy as an
initial therapy, nearly half of all patients started on PGA
monotherapy ultimately require 1 or more non-PGA drugs
to be added to their treatment regimen. This is the primary
reason why half of all prescriptions are still written for non-
PGA products.'? IOPs continue to rise over time because
the function of the trabecular outflow pathway continues
to deteriorate over time. Therefore, evolution of newer
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pharmacotherapeutics has led to the emergence of various
classes of anti-glaucoma agents like melatonin receptor
agonists, adenosine 1 receptor agonists, rho kinase inhibitors,
ROCK/NET inhibitors, newer drug delivery systems, IOP
monitoring devices, and neuroprotective drugs such as alpha2
adrenergic agonists, b-adrenergic antagonists, prostaglandin
F2alpha agonists, carbonic anhydrase inhibitors, and tumor
necrosis factor-alpha (TNF-a) inhibitor etanercept, as well
as the investigational drug MRZ-99030.

Melatonin and its implication in glaucoma

The relationship between glaucoma and melatonin in
particular seems to be bidirectional, as (i) glaucoma
(particularly the death of ipRGC) can affect the rhythm
of pineal melatonin production, which in turn, can affect
the circadian system activity, and (ii) retinal melatonin
could be involved in the pathogenesis of glaucoma.
Pharmacologically, there is already an indication for
melatonergic treatment in MDD, SAD, and sleep disorders.
As we have pointed out, current data implies that glaucoma
patients, too, could benefit from melatonergic treatment
on multiple levels: (i) there are direct positive effects of
melatonin on the core etiopathology of glaucoma: melatonin
has been proven to directly reduce IOP significantly through
the putative MT3 receptor'® and, thus, may have clinical
potential for treating elevated IOP. Furthermore, the
antioxidant potency of melatonin in ocular tissue and the
neuroprotective role of melatonin in glaucoma could be of
use in the management of the disease.!*!3 (ii) Indirect positive
effects can be achieved by a melatonin-dependent positive
influence on systemic blood pressure during the night.'®!”
(ii1) Melatonin treatment can positively influence comorbid
circadian misalignment and sleep disorders. Continuous
retinal ganglion cell degeneration in glaucoma supports the
hypothesis of this condition being the main ophthalmologic
disease affecting the photic input to the circadian system
and thereby circadian rhythms. Taking into account that
glaucoma is more common in older age individuals and that,
in older patients, the ability of the pineal gland to produce
melatonin is already decreased and the day—night amplitude
in melatonin secretion is physiologically lowered,'® we can
assume that melatonin treatment may be of advantage for a
high number of glaucoma patients.

Rho kinase inhibitors in glaucoma

Rho kinase is involved in the modulation of aqueous humor
outflow facility. Rho kinase, a critical downstream effector
of rho GTPase is recognized to control the formation of
actin stress fibers, focal adhesions, and cellular contraction
in the eye. The therapeutic potential of rho kinase inhibitors
was initially demonstrated in preclinical studies using the
rho kinase inhibitor Y-27632, which was shown to relax
precontracted TM tissue ex vivo,' increase trabecular
outflow in perfused enucleated porcine eyes,” and lower IOP
in live rabbits upon topical ocular application.?! According

to clinical trial registries in the U.S., Europe, and Japan,
different selective rho kinase inhibitors have been tested in
human clinical trials.?> The most studied compound of this
class is Aerie Pharmaceuticals” AR-12286. One AR-12286
clinical study demonstrated that Rho kinase inhibition can
be used successfully in combination with PGAs to achieve
a greater IOP lowering than PGA therapy alone.? In patients
with elevated IOP, a fixed-dose combination of 0.5%
AR-12286 and 0.004% travoprost achieved IOP reductions
of 9-12 mmHg when dosed once daily in the evening and
produced a reduction in diurnal IOP that was 2 mmHg
greater than travoprost alone. The incidence and severity
of hyperemia for the fixed-dose combination was similar
to travoprost monotherapy. Given that ophthalmologists
often need to prescribe non-PGA drugs as add-on therapy
to PGAs, it is important that the Rho kinase mechanism of
action is compatible with the PGA mechanism of action.
In addition, clinical development has begun for PG324, a
fixed-dose combination product that combines AR-13324
with latanoprost. Phase 2 clinical study results have recently
been published for another selective Rho kinase inhibitor,
K-115, from Kowa.?* In patients with elevated IOP, twice-
daily dosing of 0.4% K-115 achieved IOP reductions
of 3.1-4.5 mmHg. A 65% incidence of transient, mild
hyperemia was reported for this concentration.

Adenosine Al receptor agonists in glaucoma

Outflow resistance is generated in the TM, of which the
extracellular matrix (ECM) is continuously being remodeled
by members of the matrix metalloproteinases (MMPs) family.
MMP-1, -2, -3,-9,-12, and -14, as well as their endogenous
tissue inhibitors of MMPs (TIMP-2), are constitutively
secreted by TM cells MMP-1, -2, -3, -9, and -14, and
TIMP-2 have been described to play a modulatory role in
IOP homeostasis in the healthy human eye. MMP expression
by TM cells was shown to be upregulated in response to
increased IOP, thereby restoring aqueous outflow resistance
and counteracting IOP elevations (Figure 4). However,
adjustment of the MMP/TIMP balance is unable to cope with
major IOP elevations and both primary open angle glaucoma
(POAG) and PEXG (primary angle closure glaucoma) patients
exhibit increased total protein levels (i.e., pro- and active) of
MMP-2 and MMP-3, yet reduced MMP-2 activity, in their
aqueous humor, suggesting that this feedback mechanism
is still operational, but overwhelmed. Adenosine Al
agonists are thought to increase the trabecular outflow by
reducing the cell volume and increasing the expression of
matrix metalloproteinases. The clinical study results from
a 28-day Phase 2 trial have recently been presented for the
adenosine A1 agonist trabodenoson (INO-8875) [Inotek].?
In patients with elevated IOP, twice-daily dosing of 500 mg
trabodenoson produced IOP reductions of 4.9-6.5 mmHg.
A transient, mild hyperemia was observed, although the
incidence of hyperemia was not reported. Several other
adenosine receptor-targeted therapies include ACN-1052
(Acorn Biomedical) and CF-101 (Can-Fite BioPharma),
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Figure 3: Emerging pharmacotherapeutic strategies of
glaucoma.
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Figure 4: Intraocular pressure (IOP) is kept under
control by an matrix metalloproteinases (MMP)-based
feedback mechanism, regulating outflow resistance
of the trabecular meshwork (TM). (a) Homeostatic
ECM turnover in the TM is actualized by constitutive
expression of MMP-1, -2, -3, -9, -12, and -14, as well
as TIMP-2 (b) Mechanical distortions, provoked by
IOP elevations, are sensed by TM cells via ECM-
integrin interactions and result in the upregulation of
MMP-2, -3, and -14 secretion, while reducing TIMP-2,
via an mTOR-mediated intracellular signaling cascade.
Note: Outflow resistance is largely generated in the
juxtacanalicular portion of the TM (JCT); however,
MMP production and function are not exclusive to the
JCT portion of the TM, as is depicted in the drawing,
but may also occur on the cells of the corneoscleral
portion of the meshwork (CSM). SC: Schlemm’s canal.

but unlike the Inotek compound these drugs are aimed at
the adenosine A3 receptor. Targeting this signaling pathway
reduces IOP by inhibiting aqueous humor production of the
ciliary epithelium. These compounds are also formulated for
oral rather than topical dosing, a choice that may provide a
greater duration of action and less IOP fluctuation.

ROCK/NET inhibitors in glaucoma

The newest class of trabecular outflow drugs is the dual
action ROCK/NET class. ROCK/NET inhibitors are single
molecules that act through a dual mechanism of action,

simultaneously inhibiting Rho Kinase to increase trabecular
outflow and inhibiting the NET to reduce the production of
aqueous humor.® Aerie Pharmaceuticals’ AR-13324 is the
first compound of this class to be tested in the clinic and has
replaced AR-12286 as Aerie’s lead trabecular outflow drug.
In a 7-day clinical trial in patients with elevated IOP, once-
daily A.M. dosing of AR-13324 (0.01%, 0.02%, or 0.04%)
produced IOP reductions ranging from 5.6 to 7.2 mmHg.?
The morning dosing regimen produced transient, mild to
moderate hyperemia with an incidence of 29% for the 0.02%
concentration (the top of the dose-response curve) on day 7.
The 0.01% and 0.02% concentrations of AR-13324 have
been advanced to a 28-day Phase 2b study to evaluate the
efficacy and tolerability of AR-13324 when dosed once-daily
in the evening. In addition, clinical development has begun
for PG324, a fixed-dose combination product that combines
AR-13324 with latanoprost.

Two other additions to the development pipeline are in early-
phase clinical trials. One of these is a dose-ranging study of
the mixed prostaglandin agonist ONO-9054 (Ono Pharma).
Another dose-escalation trial is under way for SYL040012
(Sylentis). The Sylentis compound is an RNAi-based
compound designed to target the same b-adrenergic pathway
targeted by timolol. Instead of acting as a traditional receptor
antagonist, however, SYL040012 blocks the pathway by
inhibiting biosynthesis of the receptor protein.

Newer drug delivery systems in glaucoma

One of the greatest hurdles in controlling IOP by means of
medical treatment in glaucoma patients is that of compliance:
the combination of the chronic nature of treatments, the
lack of symptoms, and the age of the affected population is
a recipe for poor compliance. Recent estimates suggest that
60% of patients fail to maintain a daily medication regimen.?”’
One approach to this problem is to take the task out of the
hands of the patient by employing sustained-release or
other depot forms of existing drugs. A number of strategies
employing this approach to drug delivery are currently in
development.

The possibilities were wide-ranging, and included:

a. A polymer, like a contact lens that would contain drug
and sit under the eyelid and release the medication over
several months (from Amorphex Therapeutics, LLC)

b. Use of microneedles to inject medication into a specific
spot for it to be most effective (Clearside Biomedical,
Inc.)

c. Implantable extended-release devices using engineered
highly-precise microparticles and nanoparticles (Envisia
Therapeutics)

d. Delivery devices or technology to allow a constant
delivery of medication over months or years (pSivida
and SKS Ocula, LLC)

e. Polymer-based intraocular delivery technologies that
would allow customizable sustained release of all
therapeutic classes (GrayBug).
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f.  Drops that allow medication to get into the eye more
easily (Kala Pharmaceuticals)

g. Tear duct plugs that release medication (Ocular
Therapeutix).

IOP monitoring devices

Diurnal variations of IOP have been thought to play an
important role in progression of the disease for some time.
Office visit assessments provide a single measure of IOP, so
they cannot provide a comprehensive picture of daily IOP
fluctuations. The arrival of continuous monitoring devices
designed to provide a round-the-clock IOP measurement is
a welcome step forward.

A number of different technologies in development can
provide continuous IOP monitoring. One approach uses
implantable microsensors that transmit pressure data to a
handheld external device (Implandata Ophthalmic Products).
Another implantable device, the iSense (AcuMEMs), is
also in development. Both the Implandata and AcuMEMs
systems would be implanted during cataract surgery or
another surgery to allow access to the anterior chamber.
An alternative technology employs a contact lens with an
embedded strain gauge (Triggerfish; Sensimed AG) to record
continuous 24-hr changes in ocular surface tension. While
this metric is distinct from a true measure of IOP, it provides
an indirect means to monitor the fluctuations associated with
IOP. Using this device, a recently published study showed a
nocturnal peak in tension occurs in about 70% of all patients
with diagnosed or suspected POAG.? These continuous
measurement devices will likely have a significant impact
on the therapy of POAG going forward.

Targeting neuroprotection

While current therapies, surgeries, and the growing list of
devices focus on lowering IOP as the path to successful
glaucoma therapy, there have also been some advances in
more direct approaches to treatment and prevention of the
glaucomatous neuropathology that leads to visual loss. A key
point in understanding the pathology underlying POAG is that,
while lowering IOP shows a strong correlation with minimizing
disease progression, the connection is not absolute: patients with
normal pressures can show visual field loss, while the visual
fields in others with high [OPs may remain intact. Increasingly,
then, the focus of clinicians and researchers has turned to
addressing the pathological consequences of the disease.

A growing body of evidence suggests that many of the drugs
that are used to treat elevated IOP also have neuroprotective
effects.’® For example, there is ample evidence that
inflammatory cytokines from neighboring microglia are
important contributors to retinal degeneration, and recent
studies suggest that a2 adrenergic agonists can minimize
cytokine release, perhaps through activation of brain-derived
neurotrophic factor, or other neurotrophic pathways.

A clinical study in patients with normal-tension glaucoma
has suggested that brimonidine (Alphagan) has an effect
beyond lowering IOP.** Similarly, b-adrenergic antagonists,
prostaglandin F2a agonists and carbonic anhydrase inhibitors
all have established neuroprotective actions that may provide
a therapeutic benefit beyond their IOP-lowering action.?%-¢

Interest in neuroprotection is evident from clinical studies
of the glutamate receptor antagonist memantine, animal
studies of other glutamate antagonists, and experimental
trials with other drugs with known neuroprotective
effects.’”3¥ Promising animal studies suggest other avenues
of addressing the goal of neuroprotection. For instance, the
TNF-a inhibitor Etanercept has been shown to effectively
prevent RGC loss in a rodent glaucoma model.* The
established association between retinal degeneration seen
in POAG, b-amyloid deposition and the more global
neurodegeneration of Alzheimer’s disease may provide a
route for basic scientific advances as well as new clinical
approaches.* One compound that has shown the ability to
reduce b-amyloid aggregation in animal models of glaucoma,
MRZ-99030 (Merz Pharmaceuticals GmbH), is currently
the subject of clinical trials to assess the safety of a topical
formulation (NCT01714960 at clinicaltrials.gov).

DISCUSSION

The past 150 years have produced a plethora of [OP-lowering
drugs with a variety of mechanisms of action, most of
which remain available and in common usage. Given the
accelerated rate of discovery over the past 15 years, the future
is likely to produce any number of new drugs to complement
our current pharmamentarium. There remain several unmet
needs in glaucoma pharmacology. Despite five drug classes,
there is no clear choice for adjunctive therapy to PGAs most
of the remaining drug classes are relatively inefficacious
in combination with the prostaglandins. Adherence is low
with glaucoma medications; absolving the patient of the
responsibility of daily dosing would be impactful in the
management of this chronic disease. Moreover, developing
drugs for glaucoma that work by mechanisms other than IOP
reduction is an unmet need. Accomplishing this will require
that we better understand the pathophysiology of glaucoma
on the molecular level. In particular, drugs that protect the
optic nerve from damage so-called neuroprotection would
be useful in the management of glaucoma. Human trials
of memantine for optic neuroprotection have been bitter
failures, but other potential neuroprotective drugs are in
varying stages of development. These issues are currently
being addressed by both industry and academia, and the next
150 years may bring new discoveries that will continue to
improve the lives of patients with glaucoma.

CONCLUSION

Overall, the dual-action nature of many current glaucoma
therapies seems to be a serendipitous consequence of
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redundant ocular signaling physiology, but it is likely
that future approaches will focus on the mitigation of
the retinal pathology that’s the hallmark of open-angle
glaucoma. Whatever the route to neuroprotection, this
one-two punch of reduced IOP and diminished retinal
cell loss is a goal that is in sight, and would be a major
step forward in preserving visual function in patients
with POAG.
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