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he vast majority of AMD patients have the

nonexudative or dry form of the disease, charac-

terized by a constellation of clinical features,

including drusen, disturbances of the retinal

pigment epithelium (pigment clumping and/or
dropout), and geographic atrophy (GA) of the macula. As
defined by the Age-Related Eye Disease Study (AREDS),
the severity of AMD can be classified into three categories:
early, intermediate, and advanced.

While drusen alone, particularly those of smaller size,
do not seem to be associated with vision loss, at least one
large druse measuring 125 um in diameter is sufficient for
the diagnosis of intermediate AMD. Dry AMD may
remain static or progress slowly to produce a greater num-
ber and distribution of drusen with areas of GA. The
increase in size or area of drusen or pigment abnormalities
(focal hyper- or hypopigmentation of the retinal pig-
ment epithelium [RPE]) predicts the likelihood of
developing vision-threatening lesions in AMD, which
include central GA and neovascularization, the advanced

forms of AMD.!

CURRENT TREATMENT

OPTIONS FOR DRY AMD

Antiangiogenic therapies have been developed to treat wet
AMD. While drugs such as ranibizumab (Lucentis,
Genentech) and bevacizumab (Avastin, Genentech) have
revolutionized the care of patients with neovascular AMD,
under the best of circumstances, treatment converts the

neovascular form of AMD back to dry AMD. There is no

Philip J. Rosenfeld, MD, PhD, is professor of ophthalmology at the
Bascom Palmer Eye Institute at the University of Miami Miller School
of Medicine in Florida. He receives significant research support from
Potentia and Alexion, and he has a minimal advisory relationship with
Potentia. John Legarreta, BFA, is a medical student at the School of
Medicine and Biomedical Sciences, State University of New York at
Buffalo. He has no financial interest in any products mentioned in this
article. Dr. Rosenfeld can be reached at prosenfeld@med.miami.edu.

NOVEMBER 0O DECEMBER 2009 | RETINAL PHYSICIAN

evidence to suggest that these antiangiogenic drugs have
any beneficial effect on the underlying degenerative process
known as dry AMD. Currently, there is no proven drug
treatment for dry AIMID; however, the cessation of smoking
and treatments based on nutritional recommendations and

supplements can slow disease progression. Nutrient-based
treatments for AIVID were evaluated in the AREDS trial.?

There 1s no evidence to
suggest that antiangiogenic
drugs have any beneficial
etfect on the underlying

degenerative pI’OCGSS.

TARGETING THE CAUSE OF AMD

The overall goal of treatment for dry AMD is to target the
underlying cause of the disease and halt, or at least slow,
the loss of vision. This approach has been hampered by two
major issues. First, there are no reliable in vitro systems for
testing the efficacy of any drug for dry AMD, and second,
no true animal model exists for AMD. A well-developed
macula is only found in primates and birds, and while
numerous attempts have been made to develop nonprimate
models for AMD, and these models highlight various
pathological features of human AMD, none of these ani-
mal models truly replicates the disease process seen in
humans. The only model that may be useful for potential
drug testing is the naturally occurring monkey colonies that
have been found to develop drusen.’
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The second issue that has hampered drug development
is the uncertainty surrounding the best molecular pathway
to target for the treatment of dry AMD. However, several
different strategies have evolved. These strategies have tar-
geted three major therapeutic areas of investigation: preser-
vation of photoreceptors and the RPE (neuroprotection),

A potential endpoint might
be to demonstrate that a

drug for dry AMD is able to

decrease the need for
retreatment in wet AMD.

prevention of oxidative damage, and suppression of
inflammation. Each strategy is supported by varying
degrees of scientific evidence and will have to await valida-
tion based on clinical trial outcomes.

CLINICAL TRIAL ENDPOINTS IN DRY AMD

The most obvious study endpoint for dry AMD therapies
would be the preservation of visual acuity; however, stud-
ies using visual acuity as an endpoint will take many years
to complete. To decrease the time required to show a
benefit from a drug, surrogate endpoints have been devel-
oped that might indicate a positive outcome without wait-
ing the years required to show visual acuity benefit.

One surrogate endpoint is the prevention of disease
progression from dry to wet AMD. This endpoint was first
used in the study investigating anecortave acetate (Retaane,
Alcon) for the treatment of dry AMD. While the drug
failed to prevent progression of dry to wet AMD, the study
demonstrated the feasibility of this study design. Another
strategy is to assume that a treatment for dry AMD might
also affect the underlying stimulus for neovascularization in
wet AMD. If true, then a potential endpoint might be to
demonstrate that a drug for dry AMD is able to decrease
the need for retreatment with antiangiogenic therapy in wet
AMD or improve the visual acuity outcome. This study
design has not been tested.

A feature of dry AMD that could serve as a surrogate
endpoint is the area of drusen in the macula. While drusen
area as measured by fundus photography has already been
explored as an endpoint in the failed laser-to-drusen trials,"*
the change in drusen volume in response to pharmacotherapy
is a novel clinical trial endpoint that has not been
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explored previously. Spectral-domain optical coherence
tomography has the potential to reliably and reproducibly
identify drusen in the macula and provide truly automated
volume quantification. The most likely surrogate clinical
trial endpoint, based on a symposium held in Washington,
DC, and sponsored by the National Eye Institute and the
Food and Drug Administration, is an endpoint that
assesses a drug’s effects on the growth of GA, since GA is a
feature of dry AMD that directly causes loss of photorecep-
tors and the RPE.

DRUGS TO PROMOTE SURVIVAL OF
PHOTORECEPTORS AND THE RPE

No matter what the underlying cause of AMD, drugs that
can preserve viable photoreceptors and maintain the RPE
should preserve vision. One strategy to promote survival of
photoreceptors and the RPE is to protect cells against
ischemia and improve the choroidal circulation in patients
with dry AMD. Two studies are currently using this strat-
egy. In Europe, an ongoing multicenter, randomized,
placebo-controlled study is investigating the use of an off-
label, generic drug known as trimetazidine (Vastarel MR,
35 mg tablet), a drug currently used for the treatment of
angina pectoris. Trimetazidine improves myocardial glucose
utilization by stopping fatty acid metabolism, and it is con-
sidered to have cytoprotective effects in ischemic condi-
tions. Other uses for this drug include the treatment of
vertigo, tinnitus, and vision loss and visual field loss due to
vascular causes. The primary goal of this study is to slow
the conversion of dry AMD to wet AMD.

Another drug being investigated for its vasodilatory
effect is Alprostadil, also known as prostaglandin E1
(PGE1). The presumed rationale is based on the belief
that improved circulation would slow the progression of
AMD. This multicenter, randomized, placebo-controlled
study is ongoing in Europe.

Another strategy to preserve the macular function is to
prevent apoptosis by using neuroprotective agents. Ciliary
neurotrophic factor (CNTF), a potent neuroprotective
agent, has been shown to inhibit photoreceptor apoptosis in
an animal model of retinal degeneration® and is being
investigated as a treatment for dry AMD. Using encapsu-
lated cell technology that permits CNTF-producing trans-
fected cells to be implanted into the vitreous cavity,
Neurotech Pharmaceuticals (Lincoln, RI) has developed a
sustained-release platform that produces CNTF for a year
or longer. The phase 2 study is completed and data analysis
is currently under way. Other neuroprotective agents cur-
rently under investigation for dry AMD include a brimoni-
dine tartrate intravitreal implant (Allergan, Irvine, CA) and
topical tandospirone (Alcon, Fort Worth, TX).

Yet another strategy is to interfere with the normal
visual cycle and preserve vision by decreasing the accumula-
tion of toxic metabolites, such as lipofuscin and the retinal
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Table 1. Drugs to Preserve Photoreceptors and the Retinal Pigment Epithelium

Drug Mechanism of Action Sponsor Disease Clinical Clinical Trial
Study Phase Identifier
Trimetazidine (Vastarel MR, 35 mg):  Anti-ischemic agent with cytoprotective  Institut de AMD: Phase 1 ISRCTN99532788
oral effects Recherches Geographic (ongoing)
Internationales atrophy and
Servier drusen
Alprostadil (Prostaglandin E,; PGE1):  Vasodilatory effect ucB AMD: Phase 2 NCT00619229
intravenous Geographic (ongoing)
atrophy
NT-501: encapsulated ciliary Neuroprotection: rescues Neurotech AMD: Phase 2 NCT00447954
neurotrophic factor (CNTF) photoreceptors from degeneration Pharmaceuticals; Geographic (ongoing),
intravitreal implant NEI atrophy NCT00277134
(completed)
Brimonidine tartrate: intravitreal Neuroprotection: alpha-2 adrenergic Allergan AMD: Phase 2 NCT00658619
implant receptor agonist Geographic (ongoing)
atrophy
Tandospirone (AL-8309B): Neuroprotection: 5-HT1A receptor Alcon AMD: Phase 2 NCT00890097
ophthalmic topical solution agonists (selective serotonin Geographic (ongoing)
1A receptor agonist) atrophy
Fenretinide: oral Visual cycle inhibitor: retinol analog Sirion AMD: Phase 2 NCT00429936
inhibits binding of retinol to RBP Therapeutics Geographic (ongoing)
atrophy
ACU-4429: oral Visual cycle inhibitor: Nonretinoid Acucela Healthy Phase 1 NCT00703183
inhibits isomerization of retinol volunteers (completed)
RN6G (anti-Amyloid $ antibody): Neuroprotection: binds and Pfizer AMD: Phase 1 NCT00877032
systemic eliminates amyloid  and prevents Geographic (ongoing)
cytotoxic effects atrophy

fluorophore A2E. This strategy is being pursued by Sirion
Therapeutics (Tampa, FL) with the use of fenretinide —
N-(4-hydroxyphenyl) retinamide — for the treatment of
dry AMD. Fenretinide binds retinol-binding protein in the
circulation and prevents uptake of retinol by the RPE, thus
downregulating photoreceptor metabolism. The phase 2
study investigating fenretinide for the treatment of GA
is fully enrolled and in its second year of follow-up.

Downregulation of photoreceptor activity is also being
investigated using the drug ACU-4429 (Acucela, Bothell,
WA). ACU-4429 is a small nonretinoid molecule that
functions as a modulator of the isomerase (RPE65) required
for the conversion of all transretinol to 11-cis-retinal in the
RPE. By modulating isomerization, ACU-4429 slows the
visual cycle in rod photoreceptors and decreases the
accumulation of A2E. The ongoing phase 1 study has
shown so far that the drug is safe and well tolerated in
healthy volunteers. A phase 2 study for treatment of dry
AMD is currently being planned.

A novel strategy for the preservation of photoreceptors
and the RPE borrows a therapeutic strategy used for the
treatment of Alzheimer’s disease. An antibody against amy-
loid 3 has completed a phase 1 study as an intravenous
treatment for GA in AMD patients. This antibody, known
as RN6G (Pfizer, New York, NY'), was shown to decrease
the amount of amyloid f in the eye from a mouse model
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of AMD when given as a systemic therapy.” A phase 2
study is currently under way.

The therapies under investigation that seek to preserve
photoreceptors and the RPE are summarized in Table 1.

DRUGS TO PREVENT INJURY FROM OXIDATIVE
STRESS AND MICRONUTRIENT DEPLETION
In AMD, oxidative stress and the depletion of essential
micronutrients are considered to be driving forces in disease
progression. This disease paradigm assumes that AMD is
caused by a lifelong exposure to free radicals — a by-
product of high oxygen consumption in the neural retina
and RPE — combined with exposure to environmental
toxins, such as those derived from smoking, in conjunction
with inadequate levels of naturally occurring antioxidants.
These exposures and deficits result in the accumulation of
cellular debris — particularly oxidized lipids, which pro-
mote inflammation and may be directly toxic to the
macular tissues — resulting in the clinical manifesta-
tions known as AIMD. This paradigm is supported by epi-
demiologic studies showing that diets rich in antioxidants
decrease the risk of AMD, while smoking was associated
with an increased risk of AMD."

Support for this nutrient-based paradigm was provided
by the AREDS trial. This multicenter, NEI-sponsored
study evaluated the effect of pharmacological doses of zinc
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and/or a formulation containing nutrients with antioxidant
properties (vitamin C, vitamin E, and beta-carotene) on the
rate of progression to advanced AMD and on visual acuity.
The use of these vitamins and micronutrients reduced the
risk of developing advanced AMD by about 25%.> The
overall risk of moderate vision loss was reduced by 19% at
five years. The theory of oxidative damage as a cause for
AMD has also been supported by the findings that individ-
uals have an increased risk of developing AMD if they carry
a specific genetic polymorphism in mitochondrial DNA
(A4917G), an organelle important for oxidative metabo-
lism, and in nuclear DNA within the 5-upstream region of
a genetic locus important for DNA repair (ERCC6). DNA
damage can be caused by oxidative stress.""

The AREDS?2 trial, now under way, is designed to eval-
uate the effect of dietary xanthophylls (lutein/zeaxanthin)
and/or omega-3 long-chain polyunsaturated fatty acids
(LCPUFA), known as docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA), on the progression to advanced
AMD (www.areds2.org). These micronutrients are
believed to function not only as antioxidants, but also as
anti-inflammatory and antiangiogenic agents, according
to epidemiologic and laboratory studies. In addition,
AREDS2 will investigate the effects of eliminating beta-
carotene and the effects of reducing zinc in the original
AREDS on the development and progression of AIMD.

A topical antioxidant called OT-551 (Othera
Pharmaceuticals, Exton, PA) was being explored as a
treatment for dry AMD. OT-551 (4-cyclopropanoyloxy-
1-hydroxy-2,2,6,6-tetramethylpiperidine HCI) is a small
lipophilic molecule that readily penetrates the cornea.
OT-551 is converted by ocular esterases to TEMPOL-H
(TP-H), the active metabolite that is a potent free-radical
scavenger that does not penetrate the cornea. In animal stud-
ies, topical therapy has resulted in excellent ocular bioavail-
ability, with significant levels of TP-H achieved in the retina.

The drug OT-551 was shown to possess anti-
inflammatory and antiangiogenic properties, as well as
antioxidant properties. O'T-551 was also shown to protect
against oxidative damage in vitro, protect against light
damage in vivo,” suppress photoreceptor cell death in animal

models, and block angiogenesis stimulated by growth fac-
tors. Based on these preclinical data, OT-551 was being
investigated as a therapy for GA in AMD. This two-year,
phase 2 trial, known as the OMEGA (OT-551
Multicenter Evaluation of Geographic Atrophy) study, was
stopped after 18 months, due to an apparent lack of effi-
cacy in preventing the enlargement rate of GA in AMD.

The therapies under investigation that seek to prevent
injury from oxidative stress and micronutrient depletion are
summarized in Table 2.

DRUGS TO SUPPRESS INFLAMMATION

Genetic association studies using different populations have
shown that inflammation appears to be the driving force
behind AMD.™ In 2005, four groups identified a genetic
polymorphism in complement factor H (CFH), which was
associated with an increased risk of developing AMD."
The documented risk-conferring single-nucleotide poly-
morphism (SNP) was a thymine (T) to cytosine (C) substi-
tution at nucleotide 1277 in exon 9, which results in a
tyrosine-to-histidine change at amino acid position 402
(Y402H) of the CFH protein.

Since complement is a system of serum proteins that
comprise an important arm of the innate immune system,
association studies have definitively linked AMD to the
immune system. Also, two independent studies reported
the association of the complement factor 3 gene with
AMD,"” as well as the complement factor B/component 2
gene.” An association between the complement factor 1
gene and AMD has been reported too.” Less robust associa-
tions have been reported between AMD and SERPING1,
which regulates the first component of complement (C1),”
and between AMD and C7 and mannose binding lectin 2
(MBL2) loci.?* Protective alleles associated with the com-
plement pathway have also been reported. Two of the five
CFH-related genes (CFHR1-5), which lie within the regu-
lators of complement activation (RCA) locus on chromo-
some 1q32, known as CFHR1 and CFHR3, are considered
to be protective against AMD.”

These genetic association studies would imply that
inhibition of complement activation would be a reasonable

Table 2. Drugs to Prevent |njury From Oxidative Stress and Micronutrient Dep|elion

antiangiogenic agent

Drug Mechanism of Action Sponsor Disease Clinical Clinical Trial
Study Phase Identifier

AREDS2: + AREDS formulation + Antioxidant + micronutrient NEI AMD: Drusen Phase 3 NCT00345176

High/Low Zinc + Beta-carotene + supplementation (ongoing)

Lutein/zeaxanthin + Omega-3

long-chain PUFAs (DHA/EPA): oral

0T-551 (piperidine derivative): Antioxidant, anti-inflammatory Othera AMD: Phase 2 NCT00485394,

topical (downregulates nuclear factor Pharmaceuticals/ Geographic (Study stopped ~ NCT00306488
kappa B: NF-kB), and NEI Atrophy October 2009) (stopped)
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strategy for the treatment of AMD. However, after a lifetime
of complement-mediated damage, such a strategy might
have no effect on disease progression later in life. One drug
being investigated is POT-4 (Potentia Pharmaceuticals,
Louisville, KY), a cyclic peptide comprised of 13 amino acids,
that is derived from compstatin. POT-4 binds reversibly to
complement component 3 (C3) and prevents its proteolytic
activation to C3a and C3b and the subsequent release of all
downstream anaphylatoxins, as well as the formation of
terminal membrane attack complex. As a C3 inhibitor,
POT-4 inhibits all three major pathways of complement
activation. POT-4 has unique slow-release properties due to
the formation of an intravitreal gel at higher doses, which
should permit less frequent intravitreal injections to achieve
prolonged complement inhibition.

The phase 1 dose-escalation study, known as Assessment
of Safety of Intravitreal POT-4 Therapy for Patients with
Neovascular AMD (ASaP), was performed on patients
with advanced neovascular lesions with the intention to

pursue POT-4 as a treatment for dry AMD. To date, POT-4
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appears safe up to a dose of 1.05 mg, with evidence of
efficacy at the higher doses.

Another complement inhibitor under investigation is
eculizumab (Soliris, Alexion Pharmaceuticals), a humanized
monoclonal antibody derived from a murine antihuman C5
antibody. Eculizumab specifically binds the terminal com-
plement protein C5, thereby inhibiting its cleavage to C5a
and C5b during complement activation. The strategic block-
ade of the complement cascade at C5 prevents the release
of the downstream anaphylatoxin C5a and prevents the for-
mation of the cytolytic membrane attack complex.

Eculizumab is FDA-approved for the intravenous
treatment of another complement-mediated disease known
as paroxysmal nocturnal hemoglobinuria. At the Bascom
Palmer Eye Institute, we are performing a phase 2 inves-
tigation with eculizumab for the treatment of patients
with dry AMD, known as the COMPLement Inhibition
with Eculizumab for the Treatment of Non-Exudative
Age-Related Macular Degeneration (COMPLETE)
Study. Patients with GA or high-risk drusen are being

Table 3. Drugs to Suppress Inflammation

Drug Mechanism of Action Sponsor Disease Clinical Clinical Trial
Study Phase Identifier
POT-4 (compstatin derivative): Inhibits complement component 3 Potentia Wet AMD: Phase 1 NCT00473928
intravitreal deposit of cyclic peptide Advanced (ongoing)
neovascular
lesions
Eculizumab (Soliris): intravenous Monoclonal antibody against Alexion Dry AMD: Phase 2 NCT00935883
antibody complement component 5 Geographic (ongoing) (ongoing)
atrophy and
drusen
ARC1905: intravitreal aptamer Aptamer against complement Ophthotech Wet AMD: In Phase 1 NCT00709527
component 5 combination (ongoing)
with Lucentis
FCFD4514S Fab derived from a monoclonal Genentech/Roche Dry AMD Phase 1 NCT00973011
antibody against complement (ongoing)
factor D
JPE1375 Peptidomimetic antagonist against Jerini Ophthalmic Dry AMD Preclinical None
complement factor C5a receptor
TA106 Antigen-binding fragment from a Taligen Dry AMD Preclinical None
monoclonal antibody against Therapeutics
complement factor B
Complement factor H protein Supplementation with wild-type Optherion Dry AMD Preclinical None
complement factor H protein
Glatiramer acetate (Copaxone): Induces glatiramer acetate—specific New York Dry AMD: Phase 1, 2/3 NCT00541333
subcutaneous suppressor T-cells and downregulates  Eye and Ear Drusen (ongoing),
inflammatory cytokines Infirmary; Kaplan NCT00466076
Medical Center (ongoing)
Fluocinolone acetonide: Medidur Glucocorticoid-mediated suppression  Alimera Dry AMD: Phase 2 NCT00695318
intravitreal implant of inflammation Sciences Geographic (ongoing)
atrophy
Sirolimus (rapamycin): Sirolimus-mediated suppression of NEI Dry AMD: Phase 1/2 NCT00766649
subconjunctival inflammation Geographic (ongoing)
atrophy
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randomized 2:1 to receive intravenous infusions of
eculizumab or placebo.

Ophthotech’s ARC-1905 (Princeton, NJ), an anti-C5
aptamer, is another complement inhibitor being tested in
AMD. ARC-1905 is being administered by intravitreal
injection. The phase 1 dose-escalation study was performed
in combination with ranibizumab therapy for the treatment
of wet AMD. Genentech/Roche are developing an

Several different strategies
are being mvestigated, but it
will take years before we
knowif any of them are

successful.

anti-Complement Factor D antibody Fab (FCFD4514S),
which is in a phase 2 trial. Another phase 1 study using
ARC1905 for dry AMD is currently under way.

Another complement inhibitor in preclinical studies is
JPE1375 (Jerini Ophthalmic, New York, NY), a small,
peptidomimetic molecular antagonist against the C5a
receptor, which prevents binding of C5a, thus inhibiting the
biological activity of C5a. Additional complement
inhibitors are being pursued in preclinical studies by several
companies, but details are not yet available.

More generalized immune suppression for the treatment
of dry AMD is being pursued with the use of subcutaneous
glatiramer acetate (Copaxone, Teva Pharmaceuticals, Kfar-
Saba, Israel), intravitreal sustained-release fluocinolone
acetonide (Iluvien implant, Alimera Sciences, Alpharetta,
GA), and subcutaneous sirolimus (rapamycin), a macrolide
fungicide with immunosuppressive properties.

The therapies under investigation that seek to suppress
inflammation are summarized in Table 3.

SUMMARY

Several different strategies are being investigated, but it will
take years before we know if any of them are successful.
While we await positive outcomes, these clinical trials will
produce a wealth of natural history data on the progression
of dry AMD and provide us with extensive experience
using several different imaging modalities to track disease
progression. With this experience, our clinical trial designs
will improve over time and the appropriate clinical trial
endpoints should become obvious. With all the drugs in
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development, there is a good chance that a treatment
breakthrough should occur within the next decade. RP
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