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SUMMARY

Glaucoma refers to a collection of progressive optic neuropathies that
can lead to irreversible damage to retinal ganglion cells and their
axons, and eventual loss of vision if left untreated or treated unsuccess-
fully. The main goal in glaucoma therapeutics is to prevent functional-
ly significant visual impairment. Glaucoma is the second leading cause
of blindness worldwide, accounting for approximately 12.5% of all
global blindness. The cost of intraocular pressure (IOP)-lowering treat-
ment is estimated to reach S5 billion annually in the U.S. alone by 20T1.
With expected increases in disease prevalence and the number of
patients seeking treatment for the disease, there remains a great need
for novel products that offer significant improvements in efficacy, dura-
tion of action and side effect profile. Most glaucoma patients will be
prescribed multiple drops of varying classes of compounds to control
their disease. There is much interest in developing compounds with
novel and complementary mechanisms of action, which are discussed
herein.

INTRODUCTION

Glaucoma refers to a collection of progressive optic neuropathies
that can lead to irreversible damage to retinal ganglion cells (RGC)
and their axons and eventual loss of vision if left untreated or treat-
ed unsuccessfully. Because the disease is largely asymptomatic,
many people are unaware they have glaucoma until loss of vision
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occurs. The main goal in glaucoma therapeutics is to prevent func-
tionally significant visual impairment, which is generally assessed by
standard automated perimetry. Unfortunately, by the time visual
field deficits appear in this test, 20-40% (1) of the RGCs may already
be damaged (2). A significant unmet need in glaucoma therapeutics
is the validation of techniques to measure structural and functional
changes in the eye; techniques that allow sensitive, specific and
reproducible detection of small changes that can be reliably predic-
tive of glaucoma and indicate progression for use clinically and in
clinical trials.

Glaucoma is the second leading cause of blindness worldwide,
accounting for approximately 12.5% of all global blindness (3). It is
estimated that about 8.4 million people will be bilaterally blind from
glaucoma in 2010 (4). Primary open-angle glaucoma (POAQG) is the
most prevalent form of the disease, although in some regions of Asia
angle closure glaucoma is more prevalent. An epidemiological study
of POAG indicated that nearly 70 million people worldwide, 1-4% of
the population over 45 years of age, might be affected (5). An esti-
mated 2.2 million Americans have glaucoma (6), and an equal num-
ber may have the disease without knowing it. As the population ages
and life expectancy increases, estimates target greater than 3 mil-
lion cases of POAG in the U.S. by 2020. This is a large market that
will experience change over the next few years due to a string of
patent expirations, notably Pfizer's prostaglandin agonist Xalatan
(latanoprost) in 2011 (7). Competing therapeutics for glaucoma
include topical drops, penetrating and nonpenetrating surgical
techniques (8), and implants or shunt devices (9). Newer treatment
methods include canaloplasty (10), the iStent (11), Ex-PRESS mini
glaucoma shunt (12) and Trabectome (13). The cost of IOP-lowering
treatment is estimated to reach $5 billion annually in the U.S. alone
by 2011 (14). With an expected increase in disease prevalence and
treatment-seeking rates, there remains a need for novel products
that offer significant improvements in efficacy, duration of effect and
side effect profile.

CURRENT THERAPIES

Topical drops, generally small molecules acting at receptors or act-
ing as mediators in signaling pathways, are the most common initial
treatment prescribed for glaucoma. The two main mechanisms of
action of common glaucoma therapeutics are to: 1) reduce IOP by
decreasing aqueous humor production (B-blockers, a,-adrenocep-
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Table I. Current medical therapies for glaucoma.

C.A. Rasmussen and PL. Kaufman

Target Examples

Mechanism of action

Side effects

Aqueous humor formation

Timolol maleate, betaxolol HCl,
carteolol HCl, levobunolol HCl,
metipranolol

B-Adrenoceptor blockers

Block sympathetic nerve endings in the
ciliary epithelium, causing a decrease in
aqueous humor formation by the ciliary
processes

Transient stinging or burning, low blood
pressure, low heart rate, bronchospasm

a-Adrenoceptor blockers Clonidine, apraclonidine,

brimonidine tartrate

Inhibit cAMP formation, as well as activate
presynaptic a.,-adrenoceptors to

regulate noradrenaline release, reducing
aqueous humor production and increasing
uveoscleral outflow

Dry mouth, conjunctival redness,
dry eye, fatigue, allergic
conjunctivitis

Carbonic anhydrase
inhibitors

Dorzolamide, brinzolamide

Inhibit carbonic anhydrase and bicarbonate
production in ciliary process, decreasing
aqueous humor formation

Transient burning or stinging, bitter taste,
conjunctival redness

Aqueous humor outflow
(conventional)

Cholinergics Pilocarpine HCl, carbachol

Increase in outflow through contraction
of ciliary muscle

Unwanted accommodation, blurred
vision, cataract, poor vision in dim light,
headache

Aqueous humor outflow
(uveoscleral)

Prostaglandins Latanoprost, travoprost,

bimatoprost, unoprostone

Stimulate prostaglandin FP receptors,
leading to an increase in MMP activation
and ECM remodeling of ciliary body

Transient burning or stinging, irritation,
eyelash growth, iris pigmentation
changes (increase in brown pigment)

MMP, matrix metalloproteinases; ECM, extracellular matrix.

tor agonists, carbonic anhydrase inhibitors); or 2) increase aqueous
humor outflow through the uveoscleral pathway (prostaglandin
agonists, a.,-adrenoceptor agonists) (Table I). The most commonly
prescribed drugs in these classes act on different parts of the ciliary
body: B-blockers act on B-adrenoceptors in the ciliary processes
(reducing aqueous humor production) and prostaglandin analogues
effectively bind and activate prostaglandin F (FP) receptors in the cil-
iary smooth muscle (increasing uvescleral outflow) (15, 16) (Fig. 1).

Prostaglandin analogues are the most frequently used first-line top-
ical drop agents. Prostaglandin analogues are hormones that are
synthesized, released and act locally, and are thought to play a role
in the normal regulation of aqueous outflow. They are produced by
human trabecular endothelial and ciliary muscle cells in culture and
are released by various ocular tissues during many types of ocular
inflammation (17). Expression of cyclooxygenase-2 (COX-2), a key
enzyme involved in prostaglandin synthesis, is lower in the ciliary
epithelium in POAG patients (18). Stimulating endogenous FP
receptors in the tissues of the monkey outflow pathway increases the
production of matrix metalloproteinases MMP-1, -2 and -3 (19), and
decreases levels of collagen I, Il and IV (20) in the interbundle
spaces of the ciliary muscle (CM) and the sclera, resulting in an
increase in uveoscleral outflow. Prostaglandin analogues are well
tolerated and their side effect profile compares favorably with other
drops. The prostaglandin analogue with the largest market share
(Pfizer's Xalatan, latanoprost) is reported to have annual sales of
$1.6 billion. The patent expires in 2011, sparking a number of gener-

288

ic market entries, most of which have minor formulation changes
aimed at boosting efficacy.

Formulation modifications

Conventional topical eyedrops have poor bioavailability. It is esti-
mated that only 1-7% of the active ingredient is absorbed into the
eye (15). Corneal permeability is hindered by solution drainage,
lacrimation and tear turnover, tear evaporation and conjunctival
absorption. Nasolacrimal drainage and conjunctival absorption
can lead to systemic side effects from topical drops. Newer formu-
lations aim to increase ocular contact time through manipulation
of solution viscosity with polymers, collagen shields, gels, nanopar-
ticles, microemulsions and liposomes. Nanoparticles for oph-
thalmic use are often small polymeric colloidal particles in which
the therapeutic agent is either encapsulated in a polymer
(nanocapsule) or dispersed in the polymer matrix (nanosphere)
(21). An advantage is that they can be engineered to be relatively
cell-specific (22). Liposomes can be produced from natural phos-
pholipids and cholesterol. They are used to encapsulate drugs
inside the cavity or between the bilayers, depending on the
hydrophilicity or the hydrophobicity of the drug. Microemulsions
use dispersions of water and oil with surfactant and cosurfactant in
order to stabilize the areas of interface between the components.

Formulation changes can result in better corneal penetration,
increased bioavailability and longer-lasting therapeutic effects,
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Figure 1. Aqueous humor formation and outflow relevant structures in the eye. Courtesy: National Eye Institute, National Institutes of Health

(http://www.nei.nih.gov/photo/).

which canin turn result in less frequent dosing, better patient adher-
ence and increased efficacy in controlling IOP. Several large studies
have reported that even moderate decreases in IOP can halt or slow
progression of the disease. The Early Manifest Glaucoma Trial Group
(EMGT) reported that the progression hazard ratio increases by 1%
for each T mmHg of higher IOP (23). The Ocular Hypertension
Treatment Study (OHTS) found a 9.5% risk over 5 years to convert
from ocular hypertension to POAG if untreated (24). Reducing IOPs
is also critical to slow disease progression for those with normal-ten-
sion glaucoma (25). Formulation changes that result in greater IOP-
lowering efficacy or patient compliance/adherence are highly
sought after in glaucoma therapeutics.

Preservatives

The most common preservative in topical drops is the detergent
quaternary ammonium compound benzalkonium chloride. While
familiar to industry and possessing good antimicrobial properties, it
has been associated with tear film and corneal surface irregularities
(26). Ocular surface disease (OSD) refers to a constellation of disor-
ders that affect the ocular surface (eyelids, conjunctiva and the mul-
tilayered corneal surface). Symptoms include burning, redness, irri-
tation, fatigue, fluctuating visual acuity, infection and possible loss
of vision. As many as 59% of patients with POAG or ocular hyperten-
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sion report symptoms of OSD in at least one eye (27). Symptom
severity is positively correlated with the number of IOP-lowering
medications used and is commonly attributed to benzalkonium
chloride (28). For the preservative-sensitive subset of patients, fixed-
dose combination drops that reduce exposure by combining two
active ingredients in one bottle, alternative preservatives or preser-
vative-free drugs have been shown to reduce symptoms (29).
Patients switching from latanoprost to benzalkonium chloride-free
travoprost showed no significant decrease in hyperemia after 1
month, but showed significant decreases at 3 and 12 months com-
pared with baseline (P < 0.05) (30). That reductions in symptoms
can take 12 or more weeks may be the reason that shorter-term
studies have not shown a difference between preservative and pre-
servative-free groups. Also, not all symptoms of OSD are due to sen-
sitivity to preservatives.

In addition to preservative-free unit-dose packaging or bottles with
inherent antimicrobial properties (surface coatings and one-way
valves), a number of companies are developing alternative classes of
preservatives with better side effect profiles: sodium perborate
(GenAqua), ionic-buffered preservative system (SofZia; e.g., used in
Travatan-Z; Alcon), stabilized oxychloro complex (SOC/Purite) and
polyquaternium-1 (Polyquad) (31). Global regulatory differences
(between the FDA, EMEA, Japanese and Australian agencies) and
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patient population preferences for the types of preservatives used in
multiple-dose vials can make formulation decisions difficult.

Interestingly, benzalkonium chloride can have a beneficial effect
beyond its strength as a preservative. It can enhance corneal perme-
ability by disrupting cell-cell junctions, increasing the amount of drug
that enters the anterior chamber (32). It is unclear to what extent
these disruptions contribute to OSD in susceptible patients, but the
effects may depend somewhat on the active ingredient benzalkonium
chloride is paired with. In several in vitro and ex vivo studies, benz-
alkonium chloride alone in commercial formulation concentrations
produced more cell death and inflammation than benzalkonium
chloride with prostaglandin analogues (33-35). The authors suggest
that the prostaglandin active ingredient may have a cytoprotective
effect that can mitigate some of the deleterious corneal effects of
benzalkonium chloride. More data correlating human and animal in
vivo and in vitro data are needed to assess long-term effects.

While not all patients need to use preservative-free or benzalkonium
chloride-free formulations, these changes do appear to benefit a subset
of glaucoma patients. Treatment decisions will depend on individual
patient reactions to preservative-containing drops. Some patients will
benefit from switching to alternative preservatives or preservative-free
medications, but the beneficial effects may not be seen for 3 months.

TOPICAL DROPS IN THE PIPELINE

Most glaucoma patients will be prescribed multiple drops of varying
classes of compounds to control their IOP. There is much interest in
developing compounds with a longer duration and novel mechanism
of action that would be stand-alone products or additive with the
prostaglandins.

Cytoskeletal agents

The newest class of compounds in the glaucoma armamentarium aims
to increase conventional or trabecular outflow by directly targeting the
extracellular matrix (ECM) and the actin cytoskeleton of the trabecular
meshwork (TM) and CM. This pathway may account for 50-75% of
aqueous humor outflow (36). Muscarinic agonists (e.g., pilocarpine)
were the first class of compounds to target the TM, even if indirectly.
These compounds contract the CM, creating traction on the scleral spur
that in turn expands and in essence relaxes the TM, reducing resistance
to outflow (37). In contrast, cytoskeletal agents affect the structural and
functional biology of the TM itself by altering the dynamics of cell-cell
and cell-matrix adhesions and contractility, thereby also relaxing and
expanding the TM and reducing resistance. Together, CM- and TM-cen-
tered control of TM contraction/relaxation may function in synchrony to
provide fine control of outflow resistance (36).

ECM synthesis and degradation is a dynamic process that can be
manipulated to advantage to increase outflow, regardless of what the
percentages of outflow through pathways in the juxtacanalicular
meshwork and the inner wall of Schlemm’s canal may be. Altering
the actin microfilament system (by cytochalasins, latrunculins, etc.) or
acto-myosin contractility (by myosin light chain kinase or rho-associ-
ated protein kinase inhibitors, or by overexpression of caldesmon)
reduces outflow resistance in live monkeys and in human/monkey
organ cultured perfused anterior segments. Morphological studies
show that the common effect of these agents is the relaxation of TM,
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juxtacanicular tissue and inner wall of Schlemm'’s canal cells, as well
as the TM overall. Cellular relaxation leading to a “relaxed” tissue
configuration may be a geometrically/biomechanically critical event
and may be a fundamental endogenous control mechanism for out-
flow resistance, providing validation of this as a therapeutic target for
resistance reduction in glaucomatous eyes (38). Several compounds
in this class are currently in phase I and Il clinical trials.

Fixed-dose combination

Fixed-dose combination drops containing two or more active mole-
cules are a fast-growing segment in the IOP-lowering topical drop
medication market. The first fixed-dose combinations all contained
a B-blocker (timolol), but newer iterations contain prostaglandins or
have been specifically developed to be used in conjunction with
prostaglandins. Fixed-dose combinations can reduce the number of
instillations per day, reduce the washout effect from subsequent
drops, reduce exposure to preservatives and decrease patient incon-
venience with multiple bottles and waiting times between drop
instillations. Combination drugs may be advantageous in patients
who need a large decrease in IOP. For many patients, fixed-dose
combinations improve adherence and offer a better IOP-lowering
effect than the individual compounds, but this is not always the case
(39-42). Combinations currently approved by the FDA in the U.S. are
Cosopt (Merck), which combines timolol and dorzolamide (a topical
carbonic anhydrase inhibitor) and Combigan, which combines brin-
zolamide and timolol maleate. Fixed-dose combinations with
prostaglandin  analogues  —travoprost/timolol  (DuoTrav),
latanoprost/timolol (Xalacom), bimatoprost/timolol maleate
(Ganfort)- have been approved in Europe and elsewhere but are still
in clinical trials in the U.S. Clinical trials for triple combination drops,
bimatoprost/brimonidine tartrate/timolol ophthalmic solution
(Triple Combination Therapy), are not yet recruiting.

Novel prostanoid FP and EP receptor agonists

Commercially available prostaglandins act on the prostanoid FP
receptor, which is a receptor for prostaglandin F, (PGF, ). A novel
PGF,, compound in phase Il clinical trials for ocular hypertension is
PF-3187207, which is thought to contain a nitric oxide (NO)-donating
element that increases its efficacy in reducing IOP (43, 44). Other
prostaglandin analogues target the prostanoid EP, and EP, receptors.
While the prostanoid EP, receptor agonist butaprost appears to lower
IOP by increasing uveoscleral outflow (45), other EP, receptor agonists
(e.g., taprenepag isopropyl [formerly known as PF-04217329]) appear
to be additive to latanoprost, suggesting that there may be a different
mechanism of action with this class of compounds. Similarly, the
selective prostanoid EP, receptor agonist 3,7-dithia-PGE, lowered IOP
in monkeys. Total outflow facility was increased, but there was no
effect on uveoscleral outflow or aqueous flow. Increased trabecular
outflow facility was thought to account for a substantial proportion of
the ocular hypotensive activity (46). The prostanoid EP, receptor ago-
nist PF-04475270, a prodrug of CP-734432, lowered IOP in dogs after
single and multiple days of dosing by up to 45% at 24 hours post-dose
relative to vehicle (47).

Adenosine agonists
Adenosine A, receptor agonists, as well as A, receptor antagonists,

show potential for development as IOP-lowering therapies. Aqueous
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adenosine levels are positively correlated with IOP in ocular hyperten-
sive individuals and could possibly serve as an endogenous modulator
of IOP (48). IOP is decreased and outflow facility increased in monkeys
following topical application of adenosine A, receptor agonists (49). In
bovine organ cultured anterior segments, the outflow facility increase
produced by the adenosine A, receptor agonist cyclohexyladenosine is
also associated with MMP activation (50). A selective adenosine A
receptor agonist, INO-8875, which is now in clinical trials, reportedly
has a favorable pharmacokinetic profile and increases outflow facility
in pig organ cultured anterior segments (51). Knockout of adenosine A,
receptors reduces IOP in the living mouse, likely through a reduction in
inflow (52). Several observations obtained with isolated cells have
suggested that adenosine A, receptors physiologically increase inflow
of aqueous humor by activating Cl™ channels of the nonpigmented cil-
iary epithelial cells at the aqueous surface of the ciliary epithelium.
Nucleoside-based derivatives are promising adenosine A, receptor
antagonists for study in multiple animal models (53). The adenosine
A,, receptor agonist OPA-6566 is also under development for the
treatment of glaucoma. The compound is thought to lower IOP by
stimulating aqueous humor outflow via the trabecular meshwork
through activation of adenosine A, receptors.

Endothelin antagonists

Endothelin, produced by endothelial cells, is a potent vasoconstric-
tor. Two receptors for endothelin-1(ET-1), ETA and ETB, mediate vaso-
constriction through the regulation (increase) of intracellular calci-
um levels (54). ET, and ET receptors are found on both the ciliary
body and trabecular meshwork and may contribute to contractility
and outflow resistance, in turn affecting IOP (55). Endothelin is also
associated with vascular dysregulation and altered ocular blood
flow, which may lead to ischemic damage to the optic nerve head
and retinal ganglion cells. ET-1 may mediate ECM remodeling, pos-
sibly contributing to increased collagen deposition, reduced aque-
ous humor outflow facility and progressive damage to the optic
nerve head (56). Several ET-1receptor antagonists have been tested
in animals and humans. In glaucomatous monkeys, avosentan (SPP-
301), an ET, receptor antagonist, significantly reduced IOP (57). In a
clinical trial, a dual ETA/ETB receptor blocker, bosentan, significant-
ly increased blood flow to the retina, choroid and optic nerve head,
but had no effect on IOP (58).

The ET-1 pathway appears to show promise as a target for a variety
of glaucoma therapies. Current endothelin-based clinical trials are
studying the effects of endothelin antagonists on IOP in pulmonary
hypertension patients (59), ocular blood flow in glaucoma patients
(60) and optic nerve head blood flow autoregulation (61).

Anecortave acetate

Patients with noninfectious posterior uveitis are usually treated with
topical glucocorticoids administered several times daily or the syn-
thetic corticosteroid fluocinolone acetonide in an implant (Retisert;
Bausch & Lomb). Patients with a retinal vein occlusion that is caus-
ing macular edema may be treated with an implant containing the
corticosteroid dexamethasone (Ozurdex; Allergan). Intraocular
steroid injections are often used to treat diabetic and age-related
retinal diseases. These treatments cause a significant increase in IOP
in about one-third of the general population, with a substantial

THOMSON REUTERS - Drugs of the Future 2011, 36(4)

NOVEL THERAPEUTIC APPROACHES FOR GLAUCOMA

increase (> 15 mmHg) in about 5% (62, 63). An anterior juxtascleral
depot of anecortave acetate (Retaane; Alcon), an angiostatic cor-
tisene, has been reported to reduce IOP in patients with steroid-
induced glaucoma (64, 65). A clinical study to evaluate if prophylac-
tic anterior juxtascleral depot administration of anecortave acetate
could prevent Retisert-induced elevated |IOP did not meet its clinical
target, but the search for steroid-induced glaucoma treatments is
continuing. Recently, researchers developed both ovine and bovine
animal models for glucocorticoid-induced ocular hypertension (66)
and are working on a novel treatment strategy using a glucocorti-
coid-inducible adenovirus-based vector that overproduces MMP-1
only in the presence of dexamethasone. In primary human trabecu-
lar meshwork cells, during sequential off and on cycles, MMP-1
expression was only detected in the presence of dexamethasone (the
on cycle). The goal is a single-administration therapy that is only
active when a patient is on steroid treatment (67).

Protein Wnt signaling pathway

The Wnt signaling pathway consists of a network of proteins involved
in multiple physiological processes in adult animals, including the reg-
ulation of hippocampal neural stem cell behavior, cell growth and
apoptosis (68). Wnt signaling pathway components are found in the
cornea, trabecular meshwork, ciliary body, lens epithelium and retina
of the adult eye (69). Secreted frizzled-related protein 1 (sFRP-I,
SFRPI) is a modulator of Wnt. When Wnt binds to sSFRP-1, it inhibits the
Whnt pathway. sSFRP-1expression is elevated in glaucomatous trabecu-
lar meshwork cells compared to normal trabecular meshwork cells
(70). Overexpression of SFRP-1in mouse eyes by intravitreal injection
of an adenoviral vector encoding sFRP-1 produced a viral titer/sFRP-1
expression-dependent increase in IOP. This increase was inhibited
when eyes were cotreated with a selective inhibitor of glycogen syn-
thase kinase-3 (GSK-3), a downstream suppressor of Wnt signaling.
Similarly, IOP was elevated in mice after overexpression of the canon-
ical Wnt pathway inhibitor Dickkopf-related protein 1 (Dkk-1), and
treatment with sFRP-1 protein resulted in downregulated B-catenin
levels and decreased outflow facility in perfusion cultured human
anterior segment (69). These data indicate that Wnt signaling plays a
role in regulating IOP, that increased expression of sFRP-1in the TM
appears to be associated with elevated IOP, and that restoring Wnt
signaling in the TM may be a novel disease intervention strategy for
treating glaucoma.

GENE TRANSFER STRATEGIES

Gene transfer is another proposed strategy for producing long-term
IOP-lowering effects. The aim in this case is to up- or downregulate
a biochemical or physiological process, i.e., to reprogram target cells
to express or repress gene products that will have long-term effects
on trabecular outflow, uveoscleral outflow, agqueous humor forma-
tion or retinal ganglion cell survival.

Nonviral gene transfer methods

Both viral and nonviral gene transfer methods have proponents.
Nonviral gene delivery methods can be categorized as mechanical,
physical and chemical. They have some important advantages over
virus-based vectors, including low immunogenicity, a large capacity
for DNA size, ease of manipulation and low-cost production (71). In
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general, nonviral vectors are less efficient in gene delivery —it can
take larger amounts of vector to get the same response as with a
viral vector. Most also have a relatively short therapeutic duration
(e.g., naked DNA), whereas viral vectors offer the possibility of
effects/efficacy lasting several years (72-74). There are some limita-
tions as to which cell types can be transfected easily by nonviral
methods (including human cultured TM cells), but advances are rap-
idly being made in this field.

Viral gene transfer methods

Viral delivery systems have high transfection efficiencies but a limit-
ed loading capacity and can be difficult to produce in large scale.
Newer engineered vectors have dramatically reduced the risk of
insertional mutagenesis, but some risk of inflammatory and
immunogenic effects remains. The eye is a good target for virus-
mediated gene delivery, with its immune privilege, easily accessible
and translucent media, which allows visual localization of the trans-
fer process. Several different viral vectors have been investigated for
the ocular delivery of genes, including adenovirus (Ad), herpes sim-
plex virus (HSV), adeno-associated virus (AAV) and lentivirus (FIV,
EIAV). Long-term green fluorescent protein (GFP) expression was
monitored serially and noninvasively in the outflow pathways for
over 1year using a GFP.FIV construct (75, 76) in cats and monkeys
(72). Until recently, AAV vectors had not been reported to transduce
the TM. It was discovered that the vector was in fact able to enter the
cell, but host downregulation of DNA replication did not occur. Self-
replicating AAV vectors, referred to as scAAV, appear to be the
answer to this and have demonstrated the ability to transduce the
TM (77). Expression was documented for over 2 years using an
scAAV-based vector with a GFP transgene marker attached (73).
Eyes remained quiet and IOP was unaffected. These results demon-
strate that transgenes can be safely delivered to specific sites in the
eye relevant to glaucoma.

FIV is capable of producing long-term transgene expression in a
large animal model and of transducing multiple ocular cell types,
including terminally differentiated cells. FIV vectors are also subject
to restriction factors (e.g., TRIM5 alpha) that are specific to primates
(human and nonhuman). This could limit their usefulness in human
gene therapy applications, as it might take a high dose to saturate
the receptors and allow expression (78). The strategy of introducing
elements of the prostaglandin biosynthesis and response pathways
is being pursued using FIV. Vectors were injected, singly and in com-
bination, into the anterior chambers of cats. Individual elements
were a codon-optimized COX-2, the FP receptor and PGF synthase.
Animals were monitored for 5 months for adverse effects and
changes in IOP. The vectors were well tolerated and IOP remained
decreased for the duration of the study. The greatest IOP lowering
was seen with the COX-2/FP receptor combinations (79).

While AAV vectors account for only ~4% of human clinical trials (80),
they are the most common vector used in ocular trials (81). AAV does
not elicit the immune responses that Ad or HSV vectors do, is not
associated with any human disease and provides long-term expres-
sion. AAV is also relatively easy to manipulate and able to carry a
reasonably sized payload. AAV vectors are currently in phase Il clini-
cal trials for the inherited ocular condition Leber’s congenital amau-
rosis (LCA), an autosomal recessive blinding disease. LCA patients
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show a loss of retinal and visual function early in life, with a progres-
sive degeneration of retinal cellular structures (82). Versions of an
AAV-RPEGS vector have been used by three separate groups in trials
with LCA patients that have lasted up to 1.5 years after injection. No
serious adverse events, systemic transmission of vector or humoral
responses to vector or transgene were reported. Some efficacy was
noted in some of the patients (82-84). The positive safety profile in
these studies could help facilitate regulatory approval for the use of
AAV vectors to treat other ocular conditions. The National Eye
Institute (NEI) has an ocular gene therapy unit devoted to studying
and developing the therapeutic potential of AAV vectors (85).

Different serotypes exist for AAV with different tropisms and there
are now hybrid “pseudotyped” rAAV vectors. In the latter, an rAAV
plasmid is packaged in a capsid from a different serotype of AAV.
These hybrids have different times of onset, as well as tropism, mak-
ing it easier to choose a vector for a particular application (86). The
majority of 71 clinical trials using rAAV for gene delivery have used
serotype 2 (80). This prompted the EMEA to issue a reflection paper
on issues surrounding the use of AAV vectors, pointing out the diffi-
culty of selecting a suitable animal model and encouraging exten-
sive studies of biodistribution, which can depend on the route of
administration (87).

Gene regulation

Regulation of transgene expression will be critical for gene therapy
applications for glaucoma. A number of systems have been devel-
oped to effectively turn a transgene off or on in the presence or
absence of a transactivator protein. Transactivator proteins most
commonly used are mifepristone, ecdysone, rapamycin and tetracy-
cline (88). Using the tetracycline system nomenclature, if transgene
expression is allowed only in the absence of tetracycline, the system
is called TetOff, whereas if it is allowed in the presence of tetracy-
cline, the system is called TetOn. The first gene regulation system
used in ocular studies of large animals was the rapamycin-depend-
ent system (89). This approach expresses the two critical domains of
a transcription factor as separate polypeptides. These interact only
in the presence of a dimerizer, such as rapamycin. This system was
well tolerated in a 2-year study in primates, where no neutralizing
antibodies against the viral capsid proteins were seen in serum and
histopathological study of the retina did not show anything other
than minor scar tissue at the injection site. One drawback is the need
to inject the two vectors so that they both transduce the same cells
in the retina. Oral administration results in low bioavailability (10%),
so high doses are needed for it to function well. Also, rapamycin has
shown some immunosuppressive activity, although newer ana-
logues are being developed (90).

The tetracycline (or its derivative doxycycline) regulatable system is
attractive because the drugs used to induce transcription are well-
known antibiotics with few side effects. Doxycycline and tetracycline
have been widely used in patients and their pharmacological and
toxicological characteristics are well documented. The serum half-
life of doxycycline has been calculated to be 14-22 hours. Prolonged
administration of doxycycline can result in side effects that include
renal toxicity, dose-dependent photosensitivity and the possibility of
raising resistance to the antibiotic itself. However, doxycycline at
doses of 40 mg/day or less has not been shown to induce antibiot-
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ic-resistant organisms. Also, it may be possible to use 4-epidoxycy-
cline, a hepatic metabolite of doxycycline that has less antibiotic
activity and yet was as effective as doxycycline in switching trans-
gene expression on or off (90). Repeated induction cycles of trans-
gene expression in the monkey retina using a tetracycline-inducible
system via rAAV vector administration were sustained over 5 years,
during which time no antibodies directed against the transactivator
(rtTA) could be detected in the eye or in the serum (88). One issue
with the tetracycline “on” system is that there is some “leak” and
background levels of transgene expression can be problematic if too
high. The second generation of tetracycline-responsive promoter
elements shows tighter control of background levels (91, 92).

A significant issue with inducible promoters is that an immune
response can develop against the proteins involved in transgene
regulation, especially in large animal models. In a study in monkeys,
humoral and cellular immune responses against the transactivator
involved in the tetracycline “on” system (rtTA) were seen, which
resulted in a loss of transgene regulation and expression. A later
study by the same group showed that the immune response was
largely due to the route of administration. Comparing anti-rtTA anti-
bodies in the serum of monkeys that received an i.m. or regional i.v.
dose, the regional i.v. group showed good transgene regulation with
no detectable antibodies against the rtTA transgene product in naive
immunocompetent animals, while the i.m. group mounted an
immune response and lost expression (93).

RNA interference (RNAI)

RNAI is a way of silencing the activity of a specific gene of interest. It
is a useful strategy in situations where suppressing the expression of
a single protein will address the symptoms or pathology of the dis-
ease and is being used in 10 clinical trials (80). Briefly, RNAi post-
transcriptional gene silencing is triggered by double-stranded (ds)
RNA molecules called short interfering RNAs (siRNAs). siRNAs bind
to a nuclease-containing multiprotein complex called RISC (RNA-
induced silencing complex) and then pair with the complementary
target MRNA. The RISC complex cleaves the target mRNA strand,
which results in degradation of the mRNA molecule, effectively pre-
venting its translation into protein (94). RNAI therapies can be effec-
tive at lower concentrations than small molecules, which potentially
means lower doses and fewer adverse effects. While dsRNAs longer
than 30 nucleotides can trigger immune responses, siRNAs are
smaller (19 and 25 nucleotides are thought to be the optimal size)
(95) and do not seem to trigger cellular toxicity (96). Appropriate
target identification is critical in RNAI therapeutics. Some compa-
nies develop proprietary targets, as well as therapeutics. Quark
Pharmaceuticals designed the synthetic siRNA molecule PF-
4523655 (RTP-801Ti-14) to inhibit its proprietary target RTP801, to
treat wet age-related macular degeneration (AMD). Sylentis also
has a product in development (SYL-040012) to treat ocular hyper-
tension/glaucoma, targeting a f,-adrenoceptor gene involved in
aqueous humor production. A phase | trial has been completed and
recruitment is under way for a phase I/Il clinical trial.

Challenges remain in advancing RNAI therapeutics. In vivo delivery
is the most problematic aspect of RNAIi therapeutic development.
Effects can be transient, as unmodified, naked siRNAs are quickly
degraded by endo- and exonucleases and RNases present in many
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tissue microenvironments. Delivery to the eye bypasses contact with
serum, high in RNases, but it is not clear whether RNases are pres-
ent in human aqueous humor, although even if enzyme degradation
occurs, it may only take a small amount of siRNA to silence the gene
(94). Off-target effects are difficult to predict with this emerging
technology. While some off-target effects may be the result of for-
mulation issues (e.g., lipid-based transfection reagent) rather than
the siRNA itself (97), careful consideration of species differences
during preclinical testing is essential. It remains to be seen if
species-specific surrogate sequences will need to be designed for
preclinical toxicity testing done in parallel with human-specific
sequences. In other development aspects, siRNA-based drugs are
attractive. Since an RNA synthesizer manufactures the strands of
RNA, production scale-up is easier. SiRNAs directed against proto-
oncogene c-Jun, apoptotic protease-activating factor 1 (APAF-1) or
BAX have been used to investigate gene function in apoptosis of
RGCs (98). As with other novel strategies, RNAi may be as beneficial
in modeling diseases, studying the effects of silencing-specific genes
in vitro and in vivo, as it is in treating them.

Encapsulated cell therapy

A novel delivery strategy for ciliary neurotrophic factor (CNTF), a com-
pound used to treat degenerative retinal diseases, is encapsulated cell
therapy (ECT). ECT implants allow controlled, continuous delivery of
biologics directly to the back of the eye. The implants contain cells that
are genetically modified to produce the desired therapeutic factor. To
avoid immune reaction, the cells are encapsulated within a semiper-
meable, hollow-fiber membrane that can be anchored to the sclera
but within the vitreous cavity. The CNTF protein is released to ocular
tissues, but the modified RPE cells are immunologically isolated from
the patient (99). ECT is currently in phase Il and Ill clinical trials for the
treatment of geographic atrophy associated with atrophic (dry) AMD
and retinitis pigmentosa (100). This same strategy might prove to be
effective for glaucoma, although clinical trial endpoints that are diffi-
cult and time-consuming to meet can be deterrents to companies with
potential neuroprotective compounds.

Constraints and challenges

Gene therapy constraints and challenges include developing tissue-
specific promoters; determining the degree and extent of
immune/inflammatory responses with subsequent injections should
they be needed; developing vectors with multiple cloning sites so
that multiple elements of a pathway can be combined in a single
injection; identifying which preclinical screening tests could provide
a quantitative predictor of immune responses (humoral or cell-
mediated cytotoxic responses); development of analytical methods
for assessing the quality and activity of the delivery vectors; defining
a maximum tolerated dose; biodistribution (e.g., are detected vector
sequences due to migration of immune cells that engulfed the vec-
tor or vector spread to other organs by moving through the vascular
system?); determining how vectors are cleared from the eye in the
absence of either an inflammatory response or significant immune
response; and the need for dosing levels and timing of systemic cor-
ticosteroids.

Despite the many constraints and challenges, the nature of the eye
as a target (immune privilege), the small surface area of the TM tis-
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sue to be transduced and the small amount of vector needed to do
so, the safety demonstrated by the LCA clinical trials using AAV vec-
tors, the number of current ocular gene therapy clinical trials and the
number of gene therapy trials worldwide will all positively impact
the feasibility of developing this technology.

NEUROPROTECTION

Compounds that might have a neuroprotective effect are of intense
interest as glaucoma therapeutics.

The incidence of disease progression in normal-tension glaucoma
patients and in patients with seemingly well-controlled IOP impli-
cates mechanisms independent of IOP in glaucomatous degenera-
tion. This has led to expanded research into treatments targeting the
cellular basis of apoptosis. Although, as yet, there has been no proof
of clinical efficacy for any neuroprotective compound in glaucoma
(107, 102), a number of targets have been identified.

B-Amyloid

Recent studies have implicated B-amyloid (AB) in the apoptotic cas-
cade responsible for retinal ganglion cell death in glaucoma (103).
AB levels are decreased in glaucomatous eyes, which is thought to
be consistent with AB retinal deposition (104). AB, injected intravit-
really in a rodent model, caused atrophy of large RGCs and a signif-
icant increase in the percentage of smaller RGCs. There is evidence
that RGC morphological changes, specifically shrinkage and atro-
phy, are associated with cell death in glaucoma (105). This neuronal
damage was thought to be due to a chronic glial response. In a rat
ocular hypertension model, AR was increased and colocalized with
apoptotic RGCs. Intravitreal injection of AB peptides resulted in a
dose- and time-dependent increase in RGC apoptosis. Intervention
by targeting different elements of the AB pathway resulted in a
reduction in RGC apoptosis. A combination of treatment elements
affecting multiple stages in the pathway was the most effective at
blocking apoptosis (resulting in a reduction of ~80%) (106). This has
potential as a new therapeutic strategy for protecting RGCs in glau-
coma. Local delivery of these elements would make it easier to meet
the desired profile of a neuroprotectant, which is to reach the optic
nerve head and/or ganglion cells at therapeutically meaningful lev-
els with minimal off-target effects.

Memantine

Memantine, approved by the FDA for the treatment of Alzheimer’s dis-
ease and used for Parkinson'’s disease in Europe, is a low- to moderate-
affinity, noncompetitive NMDA receptor antagonist that binds to the
receptor molecule for glutamate on the cell surface, preventing gluta-
mate from attaching to the cell (107). Without glutamate, calcium can-
not enter the nerve cells, which are thus protected from toxic levels of
calcium. This process does not interfere with the normal functioning of
the cell, making memantine an attractive compound.

Phase Ill clinical trials investigating memantine as a neuroprotectant
in glaucoma were conducted. The trials enrolled 2,200 patients
worldwide and followed them for 4 years. It is estimated that the tri-
als cost approximately $80 million, spanning a 7-year period (108).
Patients were heterogeneous, having diverse types of glaucoma, at
varying stages, with multiple IOP-lowering treatment strategies,
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including surgery. The trials failed to meet the primary functional
endpoint of visual field progression, as assessed by full-threshold
examinations performed every 6 months. That memantine did not
meet the study endpoint criteria may say as much about the study
design and endpoints themselves as it does for the efficacy of the
compound. It has been suggested that future neuroprotection trials
attempt to enroll a more homogeneous population (same glaucoma
diagnosis, similar levels of optic nerve and visual field damage, IOP
limits and glaucoma treatments) to better assess efficacy and bene-
fit to subgroups, although this could prolong recruitment (109, 110).
Biologically and clinically relevant endpoints need to be developed
that can be used in both animal and human trials (109). A key issue
is the current inability to translate laboratory evidence of neuropro-
tection into clinical evidence of neuroprotection (111). While the FDA
currently requires visual function as the primary endpoint, new end-
point criteria based on advances in clinical imaging technologies
may be forthcoming (see below) (112).

Another novel method of determining the efficacy in neuroprotec-
tion may be magnetic resonance imaging (MRI), which allows visu-
alization of the lateral geniculate nucleus (LGN) and assessment of
shrinkage of visual structures along the geniculo-cortical pathway.
The LGN is atrophied in both human (113) and experimental models
(114) of glaucoma, demonstrating that there is central neural degen-
eration in glaucoma away from the retina and optic nerve head, and
that this has potential as a biomarker (113, 115).

Clinically, cost/benefit decisions for neuroprotective agents would
need to consider that any neuroprotective therapy will likely be
required for life, be adjunctive to current IOP-lowering treatments (in
cost as well), and initially be reserved for patients still progressing
after current therapeutic strategies have been exhausted. As with
any treatment decision, a careful, individualized review of a patient’s
overall medical situation, taking into account ocular and systemic
contraindications, would be necessary. Opinion varies widely among
ophthalmologists about the advisability of life-long systemic thera-
py, especially for patients whose disease appears to be stable on
existing therapeutics.

It has been suggested that, given the variability of ganglion cell
receptor profiles, axonal length and position within the globe,
apoptotic triggers will vary (116). It may be that a combination of
antagonists/agonists acting directly on multiple receptors (not only
NMDA receptors) will be most effective for treating glaucoma (108).
A combination of administration methods (intravitreal and/or con-
tinuous infusion to the visual cortex) was used to deliver brain-
derived neurotrophic factor (BDNF) in a cat optic nerve crush
model. Animals that received BDNF via both routes showed
increased ganglion cell survival and improved pattern elec-
troretinographic (PERG) responses compared to animals that
received only intravitreal BDNF (117, 118). In addition to BDNF, ciliary
neurotrophic factor (CNTF) and glial cell line-derived neurotrophic
factor (GDNF) are being investigated for their role in the pathogen-
esis of glaucoma and as potential neuroprotective treatments (119).

Brimonidine

The commonly prescribed hypotensive agent brimonidine, an o~
adrenoceptor agonist, is thought to have some neuroprotective prop-
erties/effects. It can induce the release of several neurotrophins
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(BDNF, CNTF and basic fibroblast growth factor [oFGF]), which may
prevent apoptosis (120-122). While there is currently insufficient evi-
dence to say that a.,-adrenoceptor agonists are neuroprotective clini-
cally, this is under investigation. An intravitreal implant containing bri-
monidine tartrate is now in a phase Il clinical study for the evaluation
of safety and effects on visual function in patients with glaucomatous
optic neuropathy. Brimonidine is also in a clinical study to determine
its effects on retinal blood flow autoregulation (123). Ocular blood flow
disturbances may play a role in the pathogenesis of glaucoma and are
therefore of interest for glaucoma therapeutics. Changes in posture
can affect retinal blood flow (124). Normally, the vasculature automat-
ically dilates and constricts as needed to maintain a steady rate of
blood flow. Patients with normal-tension glaucoma do not always
autoregulate blood flow —when lying down, blood flow increases (125).
Some patients taking brimonidine were able to maintain a steady
blood flow rate similar to control subjects (123, 126).

FUTURE DIRECTIONS
Biomarkers

Another brimonidine clinical trial is aimed at studying the relation-
ship between the IOP-lowering efficacy of topically administered bri-
monidine and a.,-adrenoceptor polymorphisms. Responses to treat-
ment with brimonidine show much interindividual variability. Some
of this could be due to corneal differences influencing the pharmaco-
kinetic properties of the drug, but polymorphisms of the a-adreno-
ceptor could also have an effect. This trial highlights a significant
unmet need in glaucoma therapeutics —the identification of bio-
markers. Although investigation into the association of AR and RGC
degeneration in glaucoma is preliminary, it is possible that serum
levels of AB oligomers could be a biomarker for the RGC dysfunction
or for treatment efficacy (127). Serum antibodies have potential as
biomarkers. Elevated serum antibodies to rhodopsin, retinal antigens
and heat shock proteins have been detected in patients with normal-
tension glaucoma, suggesting that immunoregulation and autoim-
mune mechanisms play a role in glaucoma, particularly in normal-
pressure glaucoma (128, 129). MRI used to measure atrophy of the
LGN associated with glaucoma has shown potential as a biomarker
in animal and human studies (113, 114).

Patient adherence

A number of clinical trials currently recruiting patients are investigat-
ing ways of increasing adherence to topical drop therapies (130, 131).
Over time, most patients will need more than a single class of topical
drop to control their disease (132). Patient adherence with topical drop
therapies decreases with increased complexity and frequency of dos-
ing regimens. Estimates of nonadherence range from 24% to 59%
(133-135). Patients diagnosed with glaucoma had better adherence to
topical drop therapy than those diagnosed as glaucoma suspects
(136). An area of interest in glaucoma therapeutics is the development
of strategies to monitor patient adherence and prompt patients at the
appropriate dosing times (137). In a report on barriers to adherence
(138), four main problem areas and their contribution to poor adher-
ence were identified: situational/environmental (49%), regimen fac-
tors (32%), individual patient factors and medical provider factors
(19%). Surprisingly, older age was not a consistent risk factor for poor
adherence to medication regimens. Strategies for increasing adher-
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ence include simplifying medication regimens, lowering costs and bet-
ter patient education about the risks of skipping doses. Other things
noted to improve adherence are good family/social support, regular
physician visits and teaching patients to pair medication administra-
tion with specific activities (139).

IOP monitoring

More comprehensive monitoring of IOP may have some predictive
value in disease progression (140). Studies of IOP range indicate that
office visit IOP measurements do not reflect the true extent of a
patient’s IOP fluctuation and risk of disease progression (23).
Measurement of IOP over a 24-hour span in glaucoma patients
shows that peak IOP and a larger fluctuation in IOP values may be
found outside of office hours (141, 142). Current home measurement
of IOP with hand-held devices varies in accuracy across patients.
Several measurement devices are in development that use contact
lenses or sensors to provide continuous IOP measurement and
remove some of the patient variability. Until reproducible, accurate
measurements can be collected, it will not be known how much this
information will add to the treatment decision-making process.

Models for neuroprotective drugs

Current in vitro and in vivo models of glaucomatous neurodegenera-
tion parallel putative aspects of the disease process (e.g., ischemia,
biomechanics of the optic nerve), but do not accurately model the
complex neurodegenerative process. In the case of neuroprotection,
although animal and cell models have shown benefits for neuropro-
tective strategies, effective translation to humans has not been made.
There are a number of reasons for this: the models may not be similar
enough to the human disease; the pathophysiology of the animal
model may be fundamentally different from humans; the variability in
humans is much greater than in animal models; and the timing of
interventions is different (110). Additionally, earlier and more accurate
methods for measuring disease progression are needed.

Clinical trial endpoints

The current gold standard clinical trial endpoints in glaucoma are
changes in IOP and visual field progression for assessment of clini-
cal IOP-lowering efficacy and functional changes in the optic nerve.
Approximately 20-40% of RGCs may be lost before visual field
defects are detected (1), and it may take 5 or more years to detect
progression (143). This lengthens the time and increases the costs of
clinical trials (143), hindering introduction of new therapeutics to the
market. Advances in the sensitivity and specificity of optic nerve
head and retinal nerve fiber layer imaging technologies may allow
their use as outcome measures in clinical trials, provided they are
shown to be predictive of function that is clinically relevant to a
patient (112). The three main technologies used for detecting struc-
tural changes are scanning laser polarimetry, confocal scanning
laser ophthalmoscopy and optical coherence tomography. In this
rapidly evolving field, changes in technology, compatibility issues
and global regulatory differences have limited longitudinal data col-
lection. Nevertheless, examples of structural change preceding visu-
al field change have been reported using all three of the commer-
cially available ocular imaging instrument platforms (144-147). The
same imaging instruments used in the clinic can be used in experi-
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mental animal models. There is significant value in maintaining con-
tinuity in imaging techniques throughout basic research, preclinical
testing, clinical trials and post-marketing surveillance.

CONCLUSIONS

Treatment strategies for glaucoma will continue to see an increase in
specificity for the individual patient, i.e., their type of glaucoma,
underlying mechanisms, comorbid conditions, genetic makeup and
speed of progression. Novel targets will continue to be in demand,
as glaucoma is a life-long condition that requires a multifaceted,
additive approach to medical treatment.
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