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Abstract

Age-related macular degeneration (AMD) is the primary cause of blindness among the elderly
worldwide. To date, no cure is available, and the available palliative treatments only showed
limited efficacy in improving visual acuity. The etiology of AMD remains elusive but research
over the past decade has uncovered characteristic features of the disease. Known as the hallmarks
of AMD, these features include (A) oxidative stress and RPE cytotoxicity; (B) loss of
macromolecular permeability and hydraulic conductivity: (C) inflammation; (D) choroidal
neovascularization and vascular leakage; and (E) loss of neuroprotection. Recent breakthrough in
understanding the pathogenesis of AMD has spawned an array of novel therapeutic agents
designed to address these hallmarks. Here we review the features of AMD and highlight the most
promising therapeutic and diagnostic approaches based on the patents published from 2008 to
2011. Most likely, a next generation treatment for AMD will be developed from these emerging
efforts.

Introduction

Age-related macular degeneration (AMD) is the primary cause of blindness among people
over 50 years old (1). Globally, 33 million individuals are affected by AMD with the direct
cost estimated at $255 billion (2). In the United States alone, 1.8 million individuals are
afflicted by AMD and the number is estimated to increase to an epidemic level of almost 3
million by 2020 (3). Early AMD is characterized by drusen (yellow spots) and
hypopigmention or hyperpigmentation in the choroid/retinal pigment epithelium (RPE)
layers in the macula (4-5). Late AMD has interconvertible “dry” and “wet” forms. The
advanced form of dry AMD, also called geographic atrophy (GA), is characterized by
extensive loss of the RPE, as well as its neighboring photoreceptors (PR) and
choriocapillaris. Choroidal neovascularization (CNV), which involves abnormal growth of
blood vessels from the choroid into the retina, is a hallmark of wet (or neovascular) AMD.
Although, its etiology remains unknown, AMD is suggested to be a multifactorial disease. A
mixture of sustained oxidative stress, chronic inflammation and genetic predispositions
appear to alter the architecture and the health of the retina, which ultimately leads to dry and
wet AMD. To date, no cure is available for dry AMD, and the palliative treatments for wet
AMD are restricted to anti-neovascularization agents, photodynamic therapy and thermal
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laser (6). Encouragingly, there has been a fivefold increase in the number of patents for
therapeutic agents targeting the disease hallmarks over the past decade (Fig. 1). The current
review highlights the recent patents describing novel therapeutic approaches to address the
hallmarks of AMD.

of AMD and their genetic basis

Recent genome-wide association studies (GWAS) together with cell culture or animal
models are starting to unravel the genetic and pathogenic mechanisms of AMD. These
extensive studies have suggested that the following hallmarks tend to drive the disease
progression, which include: (A) oxidative stress and RPE cytotoxicity; (B) loss of
macromolecular permeability and hydraulic conductivity: (C) inflammation; (D) choroidal
neovascularization and vascular leakage; and (E) loss of neuroprotection. Accordingly,
numerous patents aiming at controlling these critical processes using novel therapeutic
approaches have been filed in recent years.

(A) Oxidative stress and RPE cytotoxicity

Oxidative stress is a critical component in the pathogenesis of AMD. Cigarette smoking,
which poses systemic oxidative stress, has been shown to be a significant risk factor for
AMD (7). PR cells in the retina are continuously bathed with light and oxygen, and therefore
need to be constantly replaced due to the sustained oxidative damage. RPE cells are required
for PR phagocytosis, survival, function and renewal (8). Over a lifetime, the ability of the
RPE cells to perform their task decreases and recycling of the damaged PR cells is impaired.
Accumulation of the debris, in the form of drusen, is thought to ensue, leading to further
damage and death of the RPE and PR cells. The importance of the RPE functional integrity
in AMD has been highlighted by GWAS. Polymorphisms within the age-related
maculopathy susceptibility 2 gene (ARMS?2) increase susceptibility to AMD presumably by
increasing mitochondrial RPE production of super oxide radicals which react with proteins,
DNA, lipids and eventually cause cell death (9—-10). Similarly, mutations within the ATP-
binding cassette transporter 4 (ABCA4) gene are thought to cause accumulation of the
phospholipid conjugate of the all-trans-retinaldehyde, N-retinylidene-N-retinylethanolamine
(A2E) in the lysosomes of the RPE cells (11-13). Although tolerated at low levels,
excessive amounts of A2E can lead to lysosomal dysfunction, the production of lipofuscin,
and potentially drusen under the macula (14). Additionally, low wavelength light can
oxidize A2E into toxic forms; making the compound cytotoxic to the RPE and the retinal as
a whole (15). Besides oxidative stress, other factors may also lead to RPE cytotoxicity. In a
recent report, pathogenic RNA species (Alu RNA) were shown to trigger RPE cytotoxicity
and cause GA (16). On the other hand, oxidative stress not only induces RPE death, but also
leads to immune response in AMD. Modified oxidative products, such as
carboxyethylpyrrole (CEP) (an oxidation fragment of docosahexaenoic acid) and
Malondialdehyde (a common lipid peroxidation product), are believed to cause
inflammatory response in AMD (17-18).

RPE lysosomal dysfunction is also directly associated with AMD. Polymorphisms in the
CST3 gene which encodes Cystatin C (a potent inhibitor of lysosomal proteinases) has also
been shown to be highly prevalent amongst patients with AMD (19). The mutations appear
to lead to an impairment of lysosomal enzyme present in RPE cells where it is required for
rod outer segments recycling. Inhibition of cathepsin S, a lysosomal cysteine protease, has
also been shown to lead to accumulation of debris, further reinforcing the importance of
lysosomal integrity for RPE function (20).
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(B) Loss of macromolecular permeability and hydraulic conductivity

Bruch’s membrane (BrM) is the inner layer of the choroid, separating it from the RPE layer.
Functional integrity of the BrM is critical to a healthy retina. The BrM maintains the blood
retinal barrier and caters to the nutritional needs of the RPE and outer part of the sensory
retina. It maintains a two way traffic where metabolic waste from the RPE is discarded
across into choroid and nutrients from choriocapillaris diffuse across to the RPE (21). With
age, this hydraulic conductivity of BrM is thought to be impaired due to the clogging and
thickening of the membrane. Several polymorphisms that precipitate the structure’s decline
and increase susceptibility to AMD have been identified. Mutations in the ApoE gene which
encodes a lipid transport protein involved in low-density cholesterol modulation are thought
to result in the accumulation of lipoproteins between the RPE and the BrM thereby
disrupting the functional integrity of the structure (22). Similarly, missense mutations in
fibulin 5 gene which encodes an extracellular protein required elastin fiber assembly may
lead to increased thickening of BrM that occurs in AMD (23).

(C) Inflammation

Chronic inflammation is hypothesized to play an important role in AMD pathogenesis (24).
Accumulation of drusen at the base of the retina appears to elicit an inflammatory response
which causes bystander damage to RPE cells. This leads to further drusen production and
with it, an amplified and sustained inflammatory response that exacerbates PR degeneration
and results in severe loss of visual acuity. Several clues as to the importance of sustained
inflammation in the pathogenesis have been unraveled. A number of inflammation-related
genes that predispose individuals to AMD have been identified (25). Most prominent among
them are polymorphisms in several members of the complement pathway including
complement factor H (CFH), complement factor B, complement components 2, 3 and 7 and
complement factor | (26-30). The complement pathway is an evolutionary ancient defense
mechanism against pathogens. Activation of the complement pathway leads to the formation
of the membrane attack complex (MAC) which causes target cell lysis and chemokine
release, which in turn can recruit inflammatory cells and increase vascular permeability (31).
Among the complement factors, CFH was recently discovered as a major peroxidation
product Malondialdehyde binding protein which protects against oxidative stress-induced
inflammatory response (32). Toll-like receptors (TLRs) regulate activation of the innate
immune response in response to bacterial, viral and parasitic ligands (33). TLR3 has been
recently implicated in GA with specific loss-of-function single-nucleotide polymorphisms
(SNPs) in TLR3 shown to provide protection against AMD (34). Another large association
study has implicated variants of toll-like receptor 4 (TLR4) to AMD susceptibility. TLR4
has been demonstrated to play a significant role in pro-inflammatory signaling pathways,
likely contributing to the inflammation observed in AMD pathogenesis (35). Mutations in
these genes and additional pro-inflammatory genes such as IL-8 predispose individuals to
acute and chronic forms of inflammation, which renders those individuals higher risk for
AMD (36).

(D) Choroidal neovascularization and vascular leakage

As the BrM and RPE cells slowly degenerate, apoptotic RPE cells and infiltrating
inflammatory cells produce several angiogenic factors that cause abnormal sprouting of
blood vessels from the choroid into the retina through a process called CNV, which disrupts
the retinal architecture and leads to the breakdown of the blood retinal barrier. Indeed,
although affecting only 20% of the AMD population, CNV is responsible for 80% of all
blindness resulting from AMD. Vascular leakage in CNV further exacerbates the trauma to
the retina and RPE, leading to accelerated PR apoptosis and activation of inflammatory
cascades which can irreversibly impair vision.
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Several factors that promote novel blood vasculature have been implicated in the
pathogenesis of AMD. Prime among them, vascular endothelial growth factor (VEGF) has
been shown by several clinical and animal studies to play a pivotal role in the development
of wet AMD. Several population studies have also uncovered significant association
between polymorphisms in the VEGFA gene and the risk of AMD (37-39). The ability of
VEGF to induce vascular leakage and inflammation by triggering increased production and
permeability of capillary endothelial cells has been established in a variety of human
pathological situations. In AMD, increased levels of VEGF are thought to induce retinal
vascular leakage and neovascularization. Anti-VEGF agents, including bevacizumab and
ranibizumab, have been approved by FDA and demonstrated efficacy in treating CNV in
neovascular AMD. Because of its crucial role in the pathogenesis of wet AMD and
promising results from therapies targeting this factor, close to 50% of the novel AMD
therapies aim to regulate the expression of angiogenic molecules in AMD.

(E) Loss of neuroprotection

Therapies

In addition to providing the PRs with nourishment and discarding waste, the RPE cells
express several neurotrophic factors that nourish and sustain the neurosensory retina.
Several of those factors have been identified including platelet-derived growth factor
(PDGF), pigment-derived epithelial factor (PEDF), VEGF and brain-derived neurotrophic
factor (BDNF) (40-43). BDNF is expressed by the RPE and Miiller glia cells in the retina
and has been shown to play an important role in retinal neuron survival. BDNF promotes PR
survival following experimental retinal detachment or light-induced oxidative damage (44).
PEDF is also expressed by RPE cells, and has both neuroprotective and anti-angiogenic
properties (45). Production of PEDF is thought to be initiated by the action of L-DOPA, an
intermediate product of melanin synthesis on the ocular albinism type 1 (OA1) receptor
(46). Similar to BDNF, PEDF limits PR damage induced by oxidative stress and also
maintains retinal structural integrity after retinal detachment. A Met72Thr (rs1136287)
variant in the PEDF gene has been associated with increased susceptibility to AMD in a
Taiwanese cohort (47). More recently, nicotine has been shown to increase the VEGF/PEDF
ratio in RPEs, suggesting a possible mechanism for CNV in smokers with AMD (48).

to target AMD

The current review summarizes the recent inventions designed for AMD treatment available
through the World Intellectual Property Organization (WIPO) (http://www.wipo.int/
patentscope/search/en/search.jsf), an agency of the United Nations dedicated to developing a
balanced and accessible international intellectual property (IP) system (Table 1). The WIPO
database lists the patents of the 184 member states including the United States of America.
Encompassing patents published from 2008 to 2011, our current research screened for
patents that selectively remedied to one or more of the hallmarks of AMD. For inclusion in
the current report, the invention had to meet one of three criteria. The invention had to show
efficacy in a stringent /n vitro model of AMD using RPE or endothelial cell lines.
Alternatively, the invention had to demonstrate /n vivo efficacy in established animal
models of AMD. Finally, if the invention had been tested in phase I clinical trials with
promising results, its patent was included. Since abundant literature is currently available for
therapeutic agents undergoing clinical trials, the current review primarily focuses on novel
preclinical therapeutic agents emerging from recent cutting edge scientific developments.
For further reading on the current and completed clinical trials on wet and dry AMD, please
refer to the articles listed (49-52).
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(A) Limiting oxidative stress and RPE damage

As noted above, excessive formation of A2E can lead to RPE and PR cytotoxicity. Several
compounds have been tested for their ability to either abate or reverse the process. Primary
amine compounds administrated directly to the eye were shown to effectively reduce the
formation of A2E in a light-induced model of macular degeneration, (PCT/US2010/059426)
[101]. Optical coherence tomography analysis demonstrated that the primary amines
significantly alleviated retinal degeneration as described by the limited disruption in retinal
morphology and a 30% increase in 11-cis-retinal in the treated mice. The primary amines are
thought to sequester free all-trans-retinal that escaped via the photoreceptor outer segments
of the retina without adversely affecting normal retinoid cycle. By eliminating the excess
all-trans-retinal, the primary amines prevent its conversion to pathogenic derivatives such as
AZ2E, thereby mitigating retinal degeneration. Similar compounds targeting precursors of
AZ2E include Compound A by NEURON SYSTEMS (PCT/US2010/059719) [102],
Fenretinide by Revision therapeutics (App#: 10181656) [103], Zinc N-acetyltaurinate by
TRI-INOV (PCT/FR2009/050297) [104], compound 4 by ACUCELA INC (PCT/
US2008/011421) [105], and hammerhead ribozymes or short hairpin RNAs against RHO
opsin (PCT/US2010/033107) [106]. In addition, an intriguing therapeutic approach aimed at
restoring an optimal acidic pH to compromised lysosomes in the RPE is also being
investigated. The agent is thought to slow the progress of AMD by lowering lysosomal pH
and thereby enhancing the activity of degradative enzymes (PCT/US2007/021211) [107].

(B) Enhancing BrM hydraulic conductivity and macromolecular permeability

Functional integrity of the BrM is essential to retinal homeostasis. With age, the BrM
thickens and gets clogged. The ensuing loss in hydraulic conductivity leads to decreased
choroidal perfusion and loss of RPE and PR cells. Accordingly, several approaches are
being devised to maintain the BrM structural and functional integrity. One current pathway
currently being investigated involves the use of activators of CD36, a type B scavenger
receptor that is expressed in RPE cells (PCT/CA2009/000200) [108]. Stimulation of CD36
is thought to enhance the phagocytosis of oxidized lipids and consequently inhibit their
deposition in the BrM. Using ApoE~~ mice which show impaired lipid metabolism and
develop clogging of the BrM and impaired functionality under high lipid diet, the authors of
the patent demonstrated that treatment with the CD36 activator EP80317 could prevent BrM
thickening (53). Similar therapeutic modalities being considered include intravitreal
injection of small leucine-rich repeat proteoglycans such as decorin which stabilize and
reorganize the extracellular matrix of BrM (PCT/US2010/058856) [109].

Other avenues being explored to enhance hydraulic conductivity of the Bruch’s membrane
involve direct unclogging of the BrM. For instance, elimination of Ap amyloid plaque
associated with the pathogenesis of AMD is currently being tested (PCT/I B2008/000486)
[110]. Using aged human apolipoprotein E4 knock-in mice on a high-fat cholesterol
enriched diet, the authors show that treatment with anti-Af amyloid antibody
immunotherapy confers visual protection and prevents thickening of the BrM (54).
Likewise, a peroral therapy using inhibitors to the protein tyrosine kinase, Syk, have been
used to cause a significant reduction in AB amyloid plaque formation (PCT/
US2009/036119) [111].

As the BrM and RPE fail, the transport of metabolites to PRs is drastically diminished. To
maintain PR homeostasis, agents aiming at improving RPE transepithelial transport are also
being considered. The use of antagomiRs to miR-204 and miR-211 (PCT/US2009/055000)
[112] to increase epithelial permeability and gene therapy to promote RPE survival in a
microenvironment with limited nutritional content (PCT/US2010/031211) [111] is also
being explored (55).
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Polymorphisms in the complement cascade are thought to confer heightened susceptibility to
AMD due to chronic retinal inflammation. Accordingly several therapeutic agents targeting
complement proteins are currently being developed. One of the most promising agents
involves a MASP-2 inhibitory agent (PCT/US2010/052954) [114]. MASP-2 is the protease
responsible for activating C4 and C2 to generate the C3 convertase C4b2b (56). Using a
laser-induced model of AMD, the authors of the invention report a significant inhibition of
CNV in mice pre-treated with a single injection of anti-MASP-2 monoclonal antibody.
Additional antibodies targeting C5 (PCT/US2010/039448) [115], C3b (PCT/
EP2010/056129) [116] and factor D (PCT/US2008/064526) [117] that mitigate the adverse
effects of the complement system are being pursued and have demonstrated promising
preliminary results. In addition to depleting antibodies, endogenous inhibitors of the
complement pathway are also being used. For instance, a recombinant form of complement
factor H is currently being tested as a treatment for AMD (PCT/US2007/014602) [118]. The
recombinant protein, CR2-FH, comprises two domains. The CR2 fraction allows for
targeted delivery of the molecule to the sites of complement activation, and the FH portion
is responsible for specifically inhibiting complement activation of the alternative pathway.
Using laser photocoagulation in a mouse model of AMD, the inventors showed that CR2-fH
delivered directly to the eye reduces the spread of retinal lesion (57). The use of gene
therapy to curtail complement-mediated inflammation is another avenue being considered.
CD59 is a membrane-bound glycoprotein that blocks the assembly of functional MACs and
thus protects cells from complement-mediated lysis (58). Using subretinal injections of an
adenoviral vector encoding human CD59, the inventors were able to achieve expression of
the protein by the mouse RPE cells, and more importantly the protection of those RPE cells
from human MAC deposition /n vivo (PCT/US2009/000947) [119].

In addition to curtailing chronic inflammation arising from constitutive activation of the
complement cascade, novel approaches to temper the cellular immune responses that
exacerbate AMD are being developed. Among the most interesting is the use of Daclizumab,
a humanized monoclonal antibody to IL-2 Ra is currently undergoing clinical trials for wet
AMD (PCT/US2010/053734) [120]. The antibody selectively inhibits T cell mediated
immune responses and has demonstrated promising results when used in combination with
anti-VEGF agents (59). In addition to the adaptive immune system, additional agents
targeting the innate immune system are being considered. Loss-of-function polymorphisms
in the toll-like receptor 3 (TLR3) have been shown to protect against geographic atrophy.
Accordingly, antibody antagonists to TLR3 have been developed and have been shown to
significantly decrease the production of inflammatory cytokines when used with human
umbilical vein endothelial cells subjected to TLR3 ligand poly(1:C) (PCT/US2010/032964,
PCT/US2009/059383) [121,122]. Additional RNA-based TLR3 antagonists are also being
tested for efficacy in GA (PCT/US2009/001106) [123].

Immunomodulation is also being considered as a possible avenue for limiting retinal damage
leading to AMD. Three compounds notably copaxone, naltrexone, and tryptase beta type
inhibitor have demonstrated significant efficacy. Copaxone is a random chain (polymer) of
four amino acids, namely glutamic acid, lysine, alanine and tyrosine which has been shown
to downregulate the immune responses and was particularly successful at mitigating
multiple sclerosis (60). In a trial involving dry AMD study patients, systemic injections of
copaxone led to an average reduction of 53.6% in total drusen area (PCT/IL 2007/000798)
[124]. Similarly, other immune modulators including the opioid antagonist, naltrexone
(PCT/1B2008/002412) [125], and a tryptase B-like inhibitor (PCT/US2009/068625) [126]
by SANOFI have been shown to curtail the progression of AMD in patients and animal
models respectively. Compounding the rest, agents targeting global mediators of

Pharm Pat Anal. Author manuscript; available in PMC 2013 September 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cunnsamy et al.

Page 7

inflammatory responses are also currently being targeted. For instance, STAT3, a
transcription factor required for the expression of several inflammatory molecules including
tumor necrosis factor a (TNF-a), IL-6, IL-12, and MCP-1 is currently being investigated as
a therapeutic target in a diabetic retinopathy model (61). Using a diabetic mouse model, the
inventors were able to show that intravitreal delivery of the STAT3 inhibitors could decrease
expression of pro-inflammatory and pro-angiogenic genes in a diabetic model of retinal
edema (PCT/US2008/077510) [127]. In the same line, inhibitors to lysyl oxidase (LOX),
proteins responsible for the modification of the extracellular matrix have been shown to
significantly decrease infiltration of immune cells and the degree of neovascularization in
laser-induced CNV mouse model (PCT/US2010/023359) [128]. In contrast, a separate study
found increased laser-induced CNV in mice lacking lysyl oxidase-likel gene, highlighting
the need for additional studies exploring the role of the protein in the pathogenesis of AMD
(62).

(D) Inhibiting choroidal neovascularization and vascular leakage

As PR and RPE cells degenerate with increasing age, the retinal microenvironment is
thought to become hypoxic and inflammation prone. CNV occurs in response to these
insults, when the RPE cells secrete several angiogenic factors such as VEGF that promote
the migration and proliferation of vascular endothelial cells. These cells form vascular tubes
which invade and disrupt the base of the retina as they give rise to new blood vessels. The
infiltrating blood vessels often leak and bleed, causing hemorrhage, swelling and eventually
the development of scar tissue. Because these events namely (a) the production and response
to VEGF; (b) the sprouting of new blood vessels from vascular endothelial cells; and (c)
vascular leakage may distort central vision most severely and cause blindness, a lot of effort
is currently being poured into inhibiting CNV as exemplified by the fact that nearly half of
the agents being developed are geared at curtailing this process.

(a) Restricting VEGF production and signaling—Several agents are currently being
pursued to selectively target VEGF. Short interfering RNAs (siRNAs) to downregulate the
expression of the molecule have demonstrated beneficial effects in animal models of AMD
(PCT/US2010/059090, PCT/IN2009/000671) [129, 130]. In addition, several small
molecule inhibitors selectively blocking VEGFR signaling have also been tested for their
efficacy at inhibiting AMD. They encompass several classes of molecules including receptor
tyrosine kinase inhibitors such as sirolimus (PCT/US2010/033639) [131], Temsirolimus
(PCT/JP2010/056498) [132], Everolimus (PCT/US2008/073520) [133], pazopanib (PCT/
US2010/042211) [134], Axl antagonists (PCT/US2010/043248) [135], and Sorafenib (App
# 08425559) [136]. Moreover, specific small molecules inhibitors to the Hedgehog pathway
(App #09163654) [137] and the Wnt pathway (PCT/US2008/076255) [138] were also
shown to decrease VEGF expression in CNV animal models.

One interesting therapy currently being pursued involves the generation of a VEGFR1
vaccine (63). Using a peptide derived from human VEGF receptor 1 and 2 (PCT/
JP2010/003871) [139], the inventors were able to generate cytotoxic T-lymphocytes (CTLS)
against the molecule. Moreover, patients receiving the treatment have already shown
significantly enhancement in visual acuity.

(b) Inhibiting vascular sprouting—The proliferation, migration and tube formation by
vascular endothelial cells is essential to neovascularization. Thus, several of the agents
currently under development aim to inhibit this process. Some of the agents currently being
pursued include antibodies targeting several cellular molecules required for angiogenesis
such as Delta like 4 (DII4) (PCT/EP2010/064695, PCT/US2007/017546) [140, 141], a5pl
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integrin (PCT/US2010/028291) [142], CD44v6 (PCT/EP2010/003523) [143] and
fibromodulin (PCT/US2010/033724) [144].

Other non-antibody molecules targeting vascular sprouting are also under testing and have
been shown to cause significant regression of the blood vessels. They include f bronectin
receptor a5pl inhibitors (PCT/EP2008/065596) [145], disintegrins (PCT/US2010/061738)
[146], antagonists of Leucine-rich a-2-glycoprotein 1 (PCT/GB2010/001681) [147],
aspirin-triggered lipoxins (App#10003357) [148], bizelesin (PCT/US2009/005744) [149],
curcumin-analogs (PCT/US2009/060726) [150], carboxyamidotriazole (PCT/
US2007/025041) [151], angiotensin 11 receptor blockers (PCT/JP2008/073504) [152],
inorganic selenium (PCT/AU2008/001469) [153] and polyoxyethylene/polyoxypropylene
copolymers (PCT/US2008/009603) [154].

microRNAs have also been shown to be effective targets for regulating the growth of new
blood vessels (64). Overexpression of miR-27a has been shown to disrupt angiogenesis in
both in vivoand in vitro models of capillary tube formation (PCT/AU2010/000698) [155].
In contrast, using a laser-induced CNV mouse model, our group has demonstrated that
inhibition of miR-23 and miR-27 by intravitreal injection of the locked-nucleic-acid
modified anti-miRs led to about 50% repression in CNV (patent application pending) (65).
Thus, in addition to the agents described above, the selective modulation of miRNAs could
provide a viable form of therapy for treating wet AMD.

(c) Limiting macular edema and promoting vascular repair—In addition to the
growth of new vessels into the retina, macular edema characterized by the extravasation of
fluids from nascent blood vessels further causes deterioration in visual acuity owing to the
disruption of retinal neurons. Accordingly, several therapies to limit the disruption of the
blood retinal barrier and macular leakage have been devised. The use of mesenchymal
precursor cells, in combination with anti VEGF therapy, has shown significant efficacy at
eliminating severely leaky vessels (PCT/US2009/003902) [156]. Mesenchymal precursor
cells (MPCs) are capable of differentiating into several cell types including perivascular
mesenchymal precursor cells (66). Using Cynomolgus Monkeys in a laser-induced choroidal
neovascularization model, the authors demonstrated that intravitreal injection of a single
dose of allogeneic MPCs in combination with the anti-VEGF monoclonal antibody,
Lucentis, can functionally stabilize the new vessels and reduce the severity of leaky vessels
compared to the antibody alone. Similarly, CD33/CD14 monocytes have also been tested for
the ability to affect vascular repair and have shown promising results (PCT/
US2010/000477) [157].

A recent surprising discovery regarding a previously considered inflammatory cytokine
might further open additional avenues for treating macular edema. Interferon gamma (IFNy)
is a cytokine produced by several immune cells with inflammatory and regulatory functions
in innate and adaptive immunity. Interestingly, it appears that subretinal injection of the
cytokine enhances transport of fluid from the neuroretina towards the choroidal side of the
RPE, thereby clearing excess fluid from the subretinal space (PCT/US2009/053808) [158]
(67). The cytokine has been tested in rodent model of retinal detachment and is under
clinical trial (NCT01376362). Several other molecules that showed promising results in
macular edema treatment based on animal and cell culture studies include modified
glucocorticoids (PCT/EP2009/058572) [159], Rimcazole (PCT/GB2009/002700) [160],
Danazol (PCT/US2010/039461) [161], and alpha connexin c-terminal peptide (PCT/
US2008/067944) [162].

Lastly, fibrotic damage in the wake of CNV has also been shown to severely impair retinal
function. Inhibitors to the lysl oxidase enzymes which can modulate the cross-linking of
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collagen and elastin in the extracellular space leading to fibrosis have demonstrated
significant success in a laser-induced CNV model (PCT/US2010/023359) [163].

(E) Restoring neuroprotection—Neurotrophins are molecules produced typically by
nerve cells that regulate the survival, growth and development of various cells. The RPE
cells produce an array of these molecules and with progressive AMD, their expression
significantly decreases as the retinal cells undergo cell death. Among these molecules,
PEDF appears to be essential for the prevention of AMD. Accordingly, strategies to restore
the level of this molecule in the retina are currently being investigated. One approach
showing promising results in visual acuity improvement involves the use of encapsulated
cell technology (ECT) where ECT devices embedded with PEDF expressing cells are
implanted in the vitreous cavity (PCT/US2010/051602) [164] (68). Similarly, ECT devices
in the form of microbeads embedded with cells producing glucagon-like peptide 1
(neuroprotector) and endostatin (anti-angiogenic agent) are also being tested for neuronal
protection against AMD (PCT/EP2010/002899) [165]. In addition to directly implanting
PEDF secreting cells in the vitreous cavity, other avenues for increasing the local levels of
PEDF are being explored. One of the ways involves the use of OAL receptor agonists which
have been shown to elevate the production of PEDF (PCT/US2009/041021) [166].

BDNF is also produced by the retina and is similarly essential to retinal homeostasis. Its use
as a therapeutic agent has been explored using a light-induced model of retinal degeneration
in mice. In this model, retinal degeneration is induced by light damage to retinal PRs
following a lengthy exposure to a strong source of light. Excessive absorption of photons by
the visual pigment rhodopsin leads to PR cell death (69). The patent stated that topical
application of this neurotrophin can significantly promote survival of retinal cells and
decrease light-induced impairment of the retinal as measured by electroretinogram (ERG)
(PCT/IB2010/003220) [167].

Additional compounds have been screened for their protection of light-induced retinal
degeneration. Systemic treatment with the Benzopyran derivative, BP3, was shown to
prevent apoptosis or degeneration of retinal PR cells. (PCT/I E2009/000055) [168]. In ralO
mice which display autosomal recessive retinal degeneration, daily intravitreal injections of
BP3 was further shown to lead to enhanced survival of PR cells. Additional compounds
notably 7-B-hydroxyethyltheophylline (PCT/I E2009/000054) [169] and Norgestrel (PCT/
| E2009/000053) [170] showed similar protective effects using the light-induced model of
retinal degeneration.

In addition to pharmacological treatments, gene therapy is also being considered as an
option for neuroprotection. Recently, it was reported that histone deacetylase 4 (HDACA4) is
required for normal development of rod PR and bipolar interneurons and is HIF-la
dependent (70). RNA interference to decrease the expression levels of HDAC4 led to
neuronal cell death by apoptosis. In contrast, transgenic overexpression of HDAC4 in PR
cells in retinal degeneration mice (ra/"~) led to prolonged PR survival. Accordingly, the
inventors suggest the use of retroviral infection with HDAC4 as a means to combat AMD
(PCT/US2009/053730) [170].

Novel diagnostic tools

With respect to diagnostics, several novel agents are currently in the pipeline. The first set of
diagnostic tools is designed to screen for pathogenic polymorphisms. As mentioned above,
several AMD susceptibility genes have been identified and their availability to patients
would allow them to adjust controllable environmental factors to decrease their disease
susceptibility. One of the embodiments includes gene chips which identify nucleotide
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variants associated with AMD (PCT/US2010/041720, PCT/US2010/033052) [172, 173].
The next stage in therapy enhancement which is already underway involves analyzing how
specific polymorphisms can specifically predict drug efficacy. One ongoing study involves
examining how polymorphisms in specific genes translate to efficacy of the anti-angiogenic
drug (PCT/US2010/021615) [174]. In a study examining the efficacy of Lucentis against
individual polymorphisms, the authors demonstrated that the Ala69Ser polymorphism in the
ARMS?2 gene is potentially associated with Lucentis efficacy. A similar invention
attempting to correlate attributes unique to the patients ranging from obesity and vitamin
intake to drug efficacy is also underway (PCT/US2009/040919) [175].

The second set of diagnostic tools is to use serum biomarkers for predicting whether the
patient is at risk for developing AMD and for evaluating progress of therapy. One of the
diagnostic kits evaluates the serum levels of several complement proteins. The inventors
report that low serum or plasma protein levels of complement Factor H and high serum
levels of complement factor polypeptides Bb, C3a, C5a are predictive of increased
susceptibility to develop AMD (PCT/US2010/043964) [176]. Similarly, other inflammatory
makers namely IP-10 and exotaxin have demonstrated tremendous ability to discriminate
between AMD and control individuals (PCT/US2010/032801) [177]. Interferon y—inducible
protein-10 (IP-10) serves as a chemoattractant to lymphocytes and monocytes, while eotaxin
is a chemoattractant for eosinophils. The concentration of both cytokines was highly
elevated in patient at very early and late stages of AMD (71). Since the cytokines offer an
early predictive tool, they can provide a larger window of opportunity for treatment.
Furthermore, serum levels of advanced glycation endproducts (AGEs) namely
carboxyethylpyrrole (CEP) adducts, carboxymethyllysine (CML), and pentosidine are also
being used as predictive biomarkers (72). Oxidative protein modifications like CEP and
CML are elevated in BrM of AMD patients, and were found to induce neovascularization /in
vivo. The authors of the invention found that plasma levels of CML together with
pentosidine discriminate between AMD and control subjects with 92% accuracy and that
pentosidine in combination with CEP adducts can discriminate with 95% accuracy (PCT/
US2010/034398) [178].

Novel delivery methods

One active area of research involves develop novel delivery methods for AMD drugs.
Current ocular drug delivery approaches include systemic, topical, intravitreal and subretinal
administration of the drug. Topical administration has limited penetration, suffering from
rapid tear washout and poor patient compliance. On the other hand, intravitreal or subretinal
drug delivery may lead to retinal detachment and hemorrhage. Since the drugs are rapidly
dispersed at the site of injection, repetitive injections are often needed. Accordingly,
inventions to allow localized delivery, increasing half-life and sustained release of the drugs
are being actively sought currently. Several delivery systems are being optimized to fit these
functions. Particulate delivery systems primarily involve nano and micropaticles that are
loaded with the therapeutically active agents that can be released at precise locations in a
sustained fashion. Such an embodiment includes currently developed ranibizumab loaded
microparticles that can be directly injected into the vitreous humor of the eye. The
microparticles consist of a polymeric matrix into which ranibizumab particles are embedded.
Because this method leads to sustained drug release by the microparticles which average 50
microns in size, only a limited number of these particles need to be injected at intervals of
up to 12 months (PCT/US2010/051068) [179]. In contrast to these drug delivering methods,
a new generation of nanoparticles has been developed that can directly cause regression of
retinal vascular lesions and prevent light-induced PR damage in mouse models (73-74). The
nanoparticles are made of cerium oxide which has been shown to limit oxidative stress,
decrease the generation of free radical production, and prolong cell longevity (PCT/
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US2009/041675, PCT/US2006/016050) [180, 181]. Besides microparticles, liposome
mediated delivery of siRNAs to VEGFR1 have also shown significant promise in restricting
CNV (PCT/US2010/059995) [182].

Ocular implants are also being tapped as novel avenues for localized and sustained drug
delivery. As described above, ECT devices consist of semipermeable membranes packed
with genetically modified cells that can achieve therapeutic delivery of macromolecules
including PEDF and CNTF. One disadvantage with the ECT devices is their retrieval.
Accordingly, other implants currently being tested include biodegradable polymeric
vehicles. Consisting of hyaluronic acid or PLGA, these biodegradable implants are loaded
with therapeutic agents such as bevacizumab or rapamycin that can be delivered
subconjunctivally or intravitreally (PCT/US2009/050373, PCT/US2010/059995) [183,
184].

Conclusion remarks and future perspective

Although the etiology of AMD remains unclear, extensive research during the past decade is
starting to uncover the mechanism of AMD pathogenesis. Accordingly, we have witnessed
an explosion of novel therapeutic and diagnostic agents devised to address the diverse
hallmarks of AMD. For instance, to combat the heightened oxidative stress in AMD, a set of
inhibitors are being developed to selectively prevent the formation and promote the
clearance of A2E and its precursors. To maintain the functional integrity of BrM, activator
of scavenger receptor CD36 and anti-Ap amyloid antibody have been effectively used to
prevent BrM thickening in mouse models of AMD. To mitigate the adverse effect of
complement pathways which are causative of the chronic inflammation in AMD,
complement inhibitors and complement factor H recombinant protein are being tested for
AMD treatment in mouse models and have shown promising preliminary results. In the
wake of the success of anti-VEGF therapy in CNV in wet AMD, numerous radical
approaches devised to target specific aspects of wet AMD are being developed. New anti-
angiogenic small molecules and antibodies, mesenchymal progenitor cells, VEGF receptor
vaccines, microRNAs, and immunomodulators promise superior outcomes in the treatment
of wet AMD, either when used alone or in combination with the existing FDA-approved
anti-VEGF agents. In addition, novel diagnostic tools, including gene chips to detect disease
gene polymorphisms, and serum biomarkers, such as IP-10 and CEP, are being devised for
early detection of AMD susceptibility and evaluation of drug efficacy. Novel delivery
technologies, including nanoparticles and biodegradable ocular implants, represent the next
generation delivery system to ensure localized and sustained drug effects. Considering the
promising preclinical data of these novel agents and technologies, a next generation
treatment for AMD is on the horizon.

Looking into the future, several therapeutic opportunities still remain untapped. The
implementation of stem cell technology appears to still lag behind when it comes to
treatment of AMD. Currently, we are aware of only one such study looking into the
therapeutic use of stem cell technology for the treatment of AMD (PCT/US2010/057056)
[185]. Moreover, it is now obvious that single drug therapies tackling only one of the
hallmarks of AMD are not sufficient for long-term treatment. There is a greater need for
combination therapies and the use of bispecific antibodies is breaking new ground into this
emerging field (PCT/EP2010/064695, PCT/EP2010/057246) [186, 187]. Additionally, with
a wider variety of therapies, it becomes important to fine tune the selection of agents to
attain maximum efficacy with individual patients. In this instance, correlating efficacy of
each therapeutic agent to unique polymorphisms or sets of polymorphisms would
significantly improve the personalized medicine. To our knowledge, there is no study
looking at the efficacy of combination therapies geared toward unique sets of
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polymorphisms. Finally, as with most diseases, there is still a dearth of reliable molecular
biomarkers that would allow early preventive action. Still, with the momentum of a decade
of intense research, it is most likely that a cure is in the works and with it, a much brighter
outlook for patients with AMD.
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Defined Key Terms

Age-related Macular
Degeneration (AMD)

Drusen

Retinal pigement
epithelium (RPE)

Geographic Atrophy
(GA)

Choroidal
Neovascularization
(CNV)

Genomewide
association study
(GWAYS)

Oxidative stress

Complement system

Neur otrophins

A currently incurable eye disease that is the major cause of
blindness and vision impairment in the elderly population. The
condition primarily impairs the central portion of the retina
and can present itself in “dry” and “wet” forms

Extracellular deposits consisting of complex waxy amyloid
mix of molecules that accumulate between the RPE and Bruch
membrane

Pigmented cell layer between neurosensory retina and choroid
that is essential to photoreceptor cell homeostatsis. RPE cells
provide nourishment and other essential molecules to sustain
the retina, and recycle visual cycle byproducts from
photoreceptor cells

An advanced form of “dry” age-related macular degeneration,
which involves breakdown or wasting away of RPE cells and
the overlying photoreceptor cells, and loss of visual acuity

The invasion of retina by abnormal blood vessels originating
from the choroid: a condition characteristic of the “wet” from
age-related macular degeneration

A genetic epidiemology approach that involves sequencing the
DNA of individuals to identify nucleotide sequence variations
such as single nucleotide polymorphisms (SNPs) that associate
with disease

Cellular stress resulting from exposure to reactive oxygen
intermediates generated by the heightened metabolic activity
or constant exposure to high levels of irradiation

Liver-derived small proteins that protect against pathogens by
causing the lysis of the foreign organisms, and by recruiting
cellular mediators of the immune system. Chronic activation of
the complement system is thought to partially drive AMD

Molecules that regulate the survival, growth and development
of various cells. Brain-derived neurotrophic factor (BDNF)
and pigment-derived epithelial factor (PEDF) are
neurotrophins produced by the RPE that sustain and protect the
neurosensory retina
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Executive summary

With an increasingly aging population, there is a dire need for the development of new
therapies for treatment of AMD. The current table summarizes the potential therapeutic
reagents covered.

Limiting oxidative stressand RPE damage
»  Blocking formation of A2E and its precursors.
» Enhancement of RPE lysosomal activity.

Enhancing Bruch’s membrane hydraulic conductivity and macromolecular
permeability

e Modulation of Bruch’s membrane extracellular matrix.
»  Clearance of clogging molecules such as oxidized lipids and AB amyloid.
» Enhancement of RPE transepithelial transport and response to nutritional stress.
Anti-inflammatory and immunosuppr essive agents
» Inhibition of complement system.
»  Suppression of adaptive and innate cellular immune responses.
«  Small molecule-mediated antagonism to inflammatory mediators.
Inhibiting choroidal neovascularization and vascular leakage
» Blocking VEGF production and signaling.
» Inhibiting vascular sprouting.
» Limiting macular edema and promoting vascular repair.
Restoring neur opr otection
» Topical release of neurotrophic factors to promote photoreceptor survival.
» Inhibition of photoreceptor cell apoptosis by gene therapy.
Novel diagnostic tools
» Identification of risk conferring SNPs by genome sequencing.
» Identification of predictive serum biomarkers.
Novel modes of delivery

» Nano and micropaticles-mediated treatment and delivery of therapeutically
active agents.

» Encapsulated cell technology (ECT) devices.
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Figure 1.
Chronological increase in patent publication involving age-related macular degeneration.
[source: World Intellectual Property Organization (WIPO) database]
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Table 1

Highlighted potential therapeutic agents for age-related macular degeneration.
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Table 1A

Hallmark of AMD

Agent class

Agent

PCT or APP #

Oxidative stress and RPE cytotoxicity

Small molecule

Primary amine compounds

PCT/US2010/059426 [101]

Compound A

PCT/US2010/059719 [102]

Fenretinide

App#: 10181656 [103]

Zinc N-acetyltaurinate

PCT/FR2009/050297[104]

Compound 4

PCT/US2008/011421[105]

Adenosine receptor agonist

PCT/US2007/021211[107]

L oss of macromolecular per meability and
hydraulic conductivity

SiRNA RHO opsin PCT/US2010/033107 [106]
Activators of CD36 PCT/CA2009/000200 [108]
Small molecule | Decorin PCT/US2010/058856 [109]

Syk (RTK inhibitor)

PCT/1B2008/000486 [110]

Antibody Anti-AB plague antibody PCT/US2009/036119 [111]
Antagomirs Anti-miR-204 and -211 PCT/US2009/055000 [112]
Gene therapy Gluconeogenesis PCT/US2010/031211 [113]

Inflammation

Small molecule

Recombinant protein, CR2-FH

PCT/US2007/014602 [118]

TLR3 antagonists

PCT/US2010/032964 [121]

PCT/US2009/059383 [122]

PCT/US2009/001106[123]

Copaxone

PCT/IL2007/000798 [124]

Naltrexone

PCT/1B2008/002412[125]

Tryptase beta-like inhibitor

PCT/US2009/068625 [126]

STAT3 inhibitors

PCT/US2008/077510 [127]

Lysyl oxidase inhibitors

PCT/US2010/023359 [128]

MASP-2 inhibitory agent

PCT/US2010/052954 [114]

L oss of neuroprotection

Anti C5 PCT/US2010/039448 [115]
Antibody C3b PCT/EP2010/056129 [116]

Factor D PCT/US2008/064526 [117]

CD25 PCT/US2010/053734 [120]
Genetherapy | CD59 PCT/US2009/000947 [119]

PEDF PCT/US2010/051602 [164]
ECT devices

Glucagon-like peptide and endostatin

PCT/EP2010/002899 [165]

Small molecule

OAL receptor agonists

PCT/US2009/041021 [166]

BDNF

PCT/1B2010/003220 [167]

Benzopyran derivative, BP3

PCT/IE2009/000055 [168]

7-B-hydroxyethyltheophylline

PCT/IE2009/000054 [169]

Norgestrel

PCT/IE2009/000053 [170]

Gene therapy

HDAC4

PCT/US2009/053730 [171]

Pharm Pat Anal. Author manuscript; available in PMC 2013 September 13.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Cunnsamy et al.

Page 22

Table 1B

Hallmark of AMD:
Choroidal

VEGEF production and
signaling

Small molecule

neovascularization and Agent class Agent PCT or APP #

vascular leakage
Sirolimus PCT/US2010/033639[131]
Temsirolimus PCT/JP2010/056498[132]
Everolimus PCT/US2008/073520[133]
pazopanib PCT/US2010/042211[134]

AxI antagonists

PCT/US2010/043248[135]

Sorafenib

App # 08425559[136]

Hedgehog inhibitor

App # 09163654[137]

Vascular sprouting

Whnt inhibitor PCT/US2008/076255[138]
VEGF PCT/US2010/059090[129]
siRNA
PCT/IN2009/000671[130]
Vaccine VEGFR1 vaccine PCT/JP2010/003871[139]
Dll4 PCT/EP2010/064695[140]
PCT/US2007/017546[141]
Antibody
CD44v6 PCT/US2010/028291[142]
Fibromodulin PCT/US2010/033724[144]

Small molecule

Fibronectin receptor a5pl inhibitors

PCT/EP2008/065596[145]

Disintegrins

PCT/US2010/061738[146]

a-2-glycoprotein 1 Antagonists

PCT/GB2010/001681[147]

Aspirin-triggered lipoxins

App#10003357[148]

Bizelesin

PCT/US2009/005744[149]

Curcumin-analogs

PCT/US2009/060726[150]

Carboxyamidotriazole

PCT/US2007/025041[151]

Angiotensin 1l receptor blockers

PCT/JP2008/073504[152]

Inorganic selenium

PCT/AU2008/001469[153]

Polyoxyethylene/polyoxypropylene copolymers

PCT/US2008/009603[154]

Antagomirs/miRNA mimic

miR-27 and miR-23

PCT/AU2010/000698[155]
and patent pending

Macular edema and
vascular repair

Cell therapy

Mesenchymal precursor cells

PCT/US2009/003902[156]

CD33/CD14 monocytes

PCT/US2010/000477[157]

Small molecule

IFNy

PCT/US2009/053808[158]

Modified glucocorticoids

PCT/EP2009/058572[159]

Rimcazole

PCT/GB2009/002700[160]

Danazol

PCT/US2010/039461[161]

Alpha connexin c-terminal peptide

PCT/US2008/067944[162]

Inhibitors to the lysl oxidase

PCT/US2010/023359[163]
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