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Abstract

Age-related macular degeneration (AMD) is a disease of the outer retina, characterized most
significantly by atrophy of photoreceptors and retinal pigment epithelium accompanied with or
without choroidal neovascularization. Development of AMD has been recognized as contingent on
environmental and genetic risk factors, the strongest being advanced age. In this review, we
highlight pathogenic changes that destabilize ocular homeostasis and promote AMD development.
With normal aging, photoreceptors are steadily lost, Bruch's membrane thickens, the choroid thins,
and hard drusen may form in the periphery. In AMD, many of these changes are exacerbated in
addition to the development of disease-specific factors such as soft macular drusen. Para-
inflammation, which can be thought of as an intermediate between basal and robust levels of
inflammation, develops within the retina in an attempt to maintain ocular homeostasis, reflected
by increased expression of the anti-inflammatory cytokine 1L-10 coupled with shifts in
macrophage plasticity from the pro-inflammatory M1 to the anti-inflammatory M2 polarization. In
AMD, imbalances in the M1 and M2 populations together with activation of retinal microglia are
observed and potentially contribute to tissue degeneration. Nonetheless, the retina persists in a
state of chronic inflammation and increased expression of certain cytokines and inflammasomes is
observed. Since not everyone develops AMD, the vital question to ask is how the body establishes
a balance between normal age-related changes and the pathological phenotypes in AMD.
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1. Introduction: Aging, Homeostasis, and Age-related Macular
Degeneration

Age-related macular degeneration (AMD) is a degenerative disease of the photoreceptors
and retinal pigment epithelium (RPE) in the human macula. Early stages of the disease
feature deposition of extracellular debris, known as drusen, from the basal side of the RPE
into Bruch's membrane. From this point on, the disease may either progress to one of two
forms, known as geographic atrophy (GA) and neovascular AMD (nAMD). Patients with
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GA AMD exhibit areolar loss of the photoreceptors and RPE in the macula, whereas patients
with choroidal neovascularization (CNV) experience breakthrough of choroidal neovascular
vessels across Bruch's membrane, RPE, the neuroretinal layers in some cases, deposition of
exudates, and hemorrhaging (Coleman et al., 2008).

Late-stage AMD is a leading cause of central blindness in industrialized nations (Congdon et
al., 2004; Pascolini et al., 2004) and as of 2010 is responsible for approximately 5% of all
blindness globally (Pascolini and Mariotti, 2011). Additionally, it is projected that AMD
will afflict 3 million Americans over the age of 50 by the year 2020 (Friedman et al., 2004).
It is important to note that AMD is a multifactorial disease with no one single cause. Known
risks factors for development of AMD are many (AREDS, 2000): age, smoking status
(Cackett et al., 2011; Kabasawa et al., 2011; Seddon et al., 1996), obesity and dietary fat
consumption (Seddon et al., 2003a; (Seddon et al., 2003b; Seddon et al., 2006), and genetic
polymorphisms, particularly the genes CFH, C2, C3, and ARMSZ/HRTAI (Chen, 2010).
Additionally, much remains to be learned regarding the factors that lead to development of
GA versus neovascularization. Only 10-15% of patients experience CNV and yet this form
of the disease accounts for approximately 80% of all severe visual loss and blindness in
AMD cases (Jager, 2008). As far as treatment strategies go, there has been success with
intravitreal injection of anti-vascular endothelial growth factor (VEGF) to deter CNV, but
there are no robust methods to treat patients suffering from GA AMD. In the latter cases,
patients are encouraged to adopt lifestyle changes, including daily administration of the
AREDS2 formulation (AREDS2, 2013).

The association of AMD with aging begs the same line of questioning geared towards all
age-related disease. What is it about aging that makes individuals susceptible to diseases
they never faced in their youth? Perhaps more poignantly, why is it that not all aging
individuals experience age-related pathologies? In the case of AMD, what differentiates the
anatomical, physiological, and biochemical changes common to every member of the elderly
population from changes that cause disease and changes that do not? To these questions, we
suggest that AMD be viewed as a disease very much to do with dysregulation and
dysfunction of homeostatic processes that change as a function of age. These processes
include imbalances that arise within the photoreceptor/RPE/choriocapillaris/choroid system
(Bhutto and Lutty, 2012; Curcio et al., 2009) in addition to immunological and
inflammatory imbalances resulting from the age-related increase in prevalence of the para-
inflammatory state (Xu et al., 2009). Furthermore, we intend to distinguish some of the ways
in which AMD can be viewed as a disease in which the aging process goes a few steps
further than it should. The penultimate section frames these issues from a clinical/
translational standpoint, exploring some of the ways in which this knowledge and the gaps
in knowledge may be leveraged in order to treat patients suffering from AMD.

2. The Aging Paradigm

On the street, it is relatively simple to categorize individuals into one of a few subsets based
on perceived biological age, including childhood, adulthood, and old age. Childhood, from
infancy through adolescence, is very much a continuation of the developmental processes
that begin during fertilization and terminate only when the body has reached maturity. It is
from this point on that we call someone an adult, though there is no gold standard for
distinguishing a 20-year-old from a 30-year-old, nor a 30-year-old from a 40-year-old. At
least this does not hold true for everyone: there are the 30-year-olds who look 50 and 60-
year-olds who look 40. However, we believe most people would agree that there is a high
degree of variability when it comes to correlating biological age with chronological age
using a purely observational method.
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Further investigation into the philosophical nature of aging and how biological and
chronological age are related led us to the work of noted Gerontologist Aubrey Nicholas
Jasper De Grey. De Grey posits that biological aging stems from the body's need to undergo
metabolism. Metabolism involves interactions between reactive chemical species, which
lead to production of damaging toxins such as reactive oxygen species (ROS). The body is
unable to protect itself fully from these damaging agents, and over time, accumulation of the
toxin-induced damage leads to age-related pathology or diseases (Zealley and de Grey,
2012).

De Grey notes seven damaging events and has conceptualized how to deal with them in his
goal of eliminating the phenomenon of age-related pathology. These include accumulation
of extracellular debris, tissue stiffening, accumulation of intracellular debris, cell death
resistance (loss of homeostatic balance of cell populations, a key finding in T lymphocyte
populations observed in age-related immunosenescence), mitochondrial defects, cell
overproliferation (as seen in cancer), and cell loss (mediated by apoptosis, autophagy, or
necrosis) (Zealley and de Grey, 2012). Throughout the next sections focusing on the
anatomical, physiological, and immunological changes observed in AMD, we draw on these
facets to provide a framework with which to separate the many age-related and pathological
changes seen in AMD (Figure 1).

3. The Aging Paradigm in AMD

3.1. Extracellular Drusen Formation

Drusen typically appear with age and fall into several categories depending on their
appearance (Figure 2). Under the ophthalmoscope, hard drusen appear to be yellow dots,
usually smaller than 63 um in diameter, and have sharp borders. Soft drusen, which are not
considered a part of normal aging, are larger, typically greater than 125 ym in diameter, and
may have either sharply defined borders or fuzzy, indistinct borders. Basal linear deposits
are composed of primarily membranous material in the inner collagenous layer of Bruch's
membrane that is a critical component of soft drusen. Basal laminar deposits are comprised
of fibrous long-spacing collagen and amorphous, basal linear-like material located between
RPE and its basal lamina (Green, 1999). Of these different types, only hard drusen are
considered to be a consequence of normal aging (Figure 3).

Hard drusen are observed in both aging retina and AMD retina. the Copenhagen City Eye
Study (2005) provided evidence that hard drusen do not significantly increase the risk of
developing AMD, as only 2.9% of patients over a 14-year period ever developed GA or
CNV (Buch et al., 2005). This same study indicated much higher rates of AMD progression
in individuals with baseline soft distinct drusen (26.7%), and higher rates of GA (34.4%)
and CNV (53.1%) in patients with soft drusen. Furthermore, soft drusen were not found
outside the macula, whereas hard drusen were present in both the macula and periphery of
the retina (Rudolf et al., 2008). Rudolf et al. (2008) identified no significant differences in
RPE coverage, a measure of RPE health, between macular and peripheral areas with hard
drusen, though they did find the presence of basal laminar deposits exclusively within the
macula. Clinical grading systems take into account only the presence of macular hard drusen
despite their occurrence in both the macula and periphery. Differential localization of soft
and hard drusen, specifically with respect to the macula, underscores the dichotomous nature
of the druse. It does not, unfortunately, indicate whether drusen and their compositional
differences are causes or symptoms of AMD. Soft drusen are homogenous lesions that tend
to cover large areas of the macula when present (Figure 2). Hard drusen may be present in
both the macula and the periphery.

Prog Retin Eye Res. Author manuscript; available in PMC 2014 November 01.
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On the molecular level, drusen can be considered ocular landfills. However, the chemical
composition of hard drusen depends on their location in the retina (Rudolf et al., 2008).
Major druse constituents include cellular debris, lipids and lipoproteins (Curcio et al., 2005;
Li et al., 2005; Wang et al., 2010a), aggregates of age-related amyloid deposits (Isas et al.,
2010; Luibl et al., 2006), and at least 129 proteins including vitronectin, serum albumin,
apolipoprotein E, and TIMP3 (Crabb et al., 2002; Wang et al., 2010a). In contrast to normal
drusen, AMD drusen show more intense immunoreactivity against TIMP3 protein (Kamei
and Hollyfield, 1999) and significantly higher immunoreactivity towards
carboxyethylpyrrole (CEP) protein adducts, biomarkers of oxidative stress that are also
noted in photoreceptor layers (Gu, 2003). The prevalence of amyloid assemblies and
calcification is higher among macular hard drusen than peripheral drusen (Rudolf et al.,
2008). Thus, there are two major differences in drusen due to normal aging in comparison to
AMD, namely that soft drusen are found exclusively within the macula and that hard and
soft drusen have different molecular components.

3.1.1. Reticular pseudo-drusen (RPD)—RPD are a type of drusenoid deposit found
subretinally (Querques et al., 2011; Schmitz-Valckenberg et al., 2010; Spaide and Curcio,
2010), and are apparent internal to the RPE by optical coherence tomography (Zweifel et al.,
2010b). Prospective studies have reported that RPD is a high risk factor for AMD (Klein et
al., 2008; Knudtson et al., 2004; Wang et al., 2003; Zweifel et al., 2010a). However, further
studies on RPD are required to confirm their pathogenic role in AMD.

Membrane Stiffening

Bruch's membrane is a heterogeneous structure comprised of extracellular matrix that links
the retina and the choroid (Figure 2). Its five layers include the inner basal lamina of the
RPE basement membrane, the outer collagenous zone, the elastic zone, the inner
collagenous zone, and the outer basal lamina of the choriocapillary basement membrane
(CC). It is across these five layers that nutrients including glucose, amino acids, lipids, and
oxygen diffuse in order to sustain the retina's high metabolic activity. Bruch's membrane
diffusional capacity is likely a function of anatomical thickness and biochemical
composition. This capacity is instrumental in keeping a stable balance between influx of
nutrients and efflux of waste materials to maintain retinal health. These properties are likely
intimately related to the turnover of extracellular matrix (ECM) within Bruch's membrane.

3.2.1. Age-related physiology—Age-related changes that are independent of AMD-
induced changes include: increasing thickness of Bruch's membrane (Figure 2) (Ramrattan
et al., 1994), lipid accumulation (Pauleikhoff et al., 1990), decreased amino acid diffusion
(Hussain et al., 2002), decreased elasticity in response to hydrostatic pressure (Moore et al.,
1995; Ugarte et al., 2006), and diminished diffusional capacity of various sized dextran
macromolecules (Hussain et al., 2010b) and, in bovine Bruch's membrane, low density
lipoprotein (Cankova et al., 2011). The decreases in diffusional capacity are significantly
higher in the macula than in the periphery, showing a >95% reduction in the dextran
diffusion rate between a 90-year old and a 9-year old macular Bruch's membrane but only a
56% decrease in the periphery (Hussain et al., 2010b).

3.2.2. ECM Turnover

3.2.2.1. TIMP3: One of the key observations made in Bruch's membrane is increased
expression of the TIMP3 protein with advancing age (Kamei and Hollyfield, 1999). TIMP3
is found within the extracellular membrane (ECM) of epithelial cells in eyes, lungs, and
kidneys (Macgregor et al., 2009). In AMD, it is highly expressed in Bruch's membrane,
drusen, and some retinal ganglion cells (Fariss et al., 1997; Macgregor et al., 2009). TIMP3
has several regulatory functions;: ECM remodeling by inhibiting matrix metalloproteinases
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(Brew and Nagase, 2010); inhibiting angiogenesis via VEGFR-2 (Qi et al., 2003); promoting
apoptosis via TNF receptor 1, Fas, and TNF-related apoptosis inducing ligand receptor 1
(TRAIL-R1) in cancer cell lines and /n vivo (Ahonen et al., 2003; Brew and Nagase, 2010).
Most importantly for AMD, TIMP3 is more highly expressed in Bruch's membrane of AMD
patients than in that of age-matched controls, though TIMP3 is undetectable in areas that
have undergone RPE atrophy (Kamei and Hollyfield, 1999). Excess TIMP3 expression
could boost its anti-angiogenic function and deter CNV. On the other, enhanced expression
might prevent ECM remodeling and contribute to the thickening of Bruch's membrane,
though this hypothesis may be speculative due to a lack of evidence for differences in
Bruch's membrane thickness between AMD and age-matched healthy eyes (Spraul et al.,
1996). Several studies have found an association with the 7/MP3 single-nucleotide
polymorphism (SNP) rs9621532 and development of AMD (Chen et al., 2010b; Yu et al.,
2011) and our own study of 7/MP3 suggests that the moderate protection from CNV offered
by rs9625132 could be due to lower 7/MP3transcription in individuals with the minor allele
(Ardeljan et al., 2013a). An additional layer of complexity exists regarding the generally
accepted phenomenon that ECM in basal lamina has the capacity to sequester growth factors
which may be released during ECM remodeling. It is not clear what factors reside within the
ECM.

3.2.2.2. Gelatinase: Gelatinases are matrix metalloproteinases that are responsible for
degradation of gelatin components of ECM, and are thus one of the big players in Bruch's
membrane turnover. The gelatinases found in Bruch's membrane are matrix
metalloproteinase (MMP) 9 and MMP2. MMP9 and MMP2 are zymogens, which require
cleaving to be activated. As the eye ages, MMP9 and MMP?2 are increasingly expressed in
aging maculae, but only in their inactive forms (Guo et al., 1999). AMD tissues displayed
significantly elevated levels of inactive MMP9, significantly reduced levels of inactive
MMP2, and activated MMP9 and MMP2 (Hussain et al., 2011). This could potentially be
due to sequestration of MMP9 and MMP2 into high molecular weight aggregates, which
were shown to exhibit reduced gelatinase activity and likely contribute to age-related
thickening of Bruch's membrane (Hussain et al., 2010a). It has been previously suggested
that ECM turnover in Bruch's membrane is intimately dependent on the ratio of MMP to
TIMP activity (Fariss et al., 1997; Kamei and Hollyfield, 1999). Considering lower levels of
active MMP9 and MMP2 in AMD retinas and overexpression of TIMP3, it is certainly
possible that the interplay of these factors contribute to disease insult.

3.2.3. Lipid Homeostasis—In addition to the transport of multi-molecular complexes
required for retinal nutrition, previous studies have analyzed the importance for smooth fluid
transport across Bruch's membrane in order to maintain retinal health (Starita et al., 1995;
Starita et al., 1996; Starita et al., 1997). Disruption to this flow of nutrients, fluids, and
debris is very likely a driving agent in the pathology of AMD. As the retina ages, lipid
accumulation in Bruch's membrane is observed but there are differences between the
composition of macular and peripheral lipids (Gulcan et al., 1993). For instance,
significantly higher accumulation of esterified cholesterol occurs in the macular Bruch's
membrane than in peripheral Bruch's membrane (Curcio et al., 2001), making this a possible
discrepancy for why AMD affects the macula and not the periphery. Accumulation of
lipoproteins results in formation of a lipid wall on the inner surface of Bruch's membrane
(Curcio et al., 2011). Clearly, not all eyes accumulate lipid to the same extent. Otherwise, it
would be seemingly impossible to determine why, if all eyes accumulate lipids in increasing
quantities as a function of age, AMD is not observed in most individuals.

A recent study suggested that contribution to deposits could come from circulating low-
density lipoprotein in a rat model (Yin et al., 2012), but much evidence from human tissue
samples concludes that Bruch's membrane lipids come from RPE (Curcio et al., 2011;
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Ebrahimi and Handa, 2011). RPE contribution to Bruch's membrane lipid deposits is thought
to be highly similar to the formation of atherosclerotic plaques in cardiovascular disease
(Curcio et al., 2009, 2010). One mouse model relying on ApoB expression develops early
AMD-like features including lipid deposition in Bruch's membrane (Fujihara et al., 2009)
whereas another featuring knockout of LDL receptor resulted in AMD-like disease marked
by accumulation of Bruch's membrane lipid deposits and VEGF expression, both of which
did not occur in wild-type mice (Rudolf et al., 2005).

An oxidized derivative of cholesterol (oxysterol) known as 7-ketocholesterol (7KCh) has
been reported in lipoprotein deposits in Bruch's membrane, CC, and RPE cells (Moreira et
al., 2009). 7KCh had been previously identified in atherosclerotic plaque formation in
cardiovascular disease (Rodriguez and Larrayoz, 2010). With aging, the deposition and
oxidation of 7KCh exists at an equilibrium mediated by macrophage phagocytosis (Tabas,
2010). However, equilibrium disruption in macrophage populations (see 4.2) results in
7KCh accumulation in Bruch's membrane and CC, potentially contributing to AMD
development (Rodriguez and Larrayoz, 2010). Sterculic acid, a 7KCh inhibitor, can
effectively suppress laser-induced CNV in the rat (Huang et al., 2012).

3.3. Intracellular Debris

3.3.1. Oxidative Stress—Oxidative stress is a principle pathogenic element in AMD. It is
widely accepted that environmental factors such as smoking significantly increase the risk of
developing AMD (Seddon et al., 1996) and incorporating antioxidants and zinc into the diet
reduces this risk (AREDS, 2001). Extracellular accumulation of peroxidized lipids has been
observed in Bruch's membrane of aged donors (Spaide et al., 1999). In vitreous specimens
obtained post-mortem from 38 donors free of AMD, antioxidant capacity was inversely
correlated with age, thickness of Bruch's membrane, photoreceptor density, and fundus
autofluorescence (Berra et al., 2002). Serum markers of oxidative stress, including
malondialdehyde (MDA), protein carbonyl (PC), and 8-Hydroxy-29-deoxyguanosine (8-
OHdG), as well as measures of total oxidative stress (TOS) and total antioxidant capacity
(TAC), were assessed in recent clinical studies; oxidative stress markers as well as TOS are
significantly elevated in AMD patient serum with respect to age-matched health controls
(Totan et al., 2009; Venza et al., 2012). Furthermore, TOS in the serum increased with age
whereas TAC decreased, albeit to a greater magnitude in AMD patients with respect to
controls (Venza et al., 2012). Young and old RPE isolated from rats share only
approximately 50% of their proteomic profiles, and much of qualitative and quantitative
differences concern proteins involved in the oxidative stress pathways, including but not
limited to catalase, glutathione peroxidase 1, superoxide dismutase (Gu et al., 2012).

These data indicate an exacerbated response occurs in AMD versus normal aging. Treatment
with antioxidants and omega-3 fatty acids has been reported to preserve RPE health /n vitro
as well as prevent retinal degeneration in animal models (Cao et al., 2010; Tuo et al., 2012;
Tuo et al., 2009). Tissue damage from oxidative stress results from an imbalance of pro- and
anti-oxidants. Oxidative stress is highly intertwined with inflammation, as the latter is
capable of generating reactive oxygen species and the former may activate NF-kB-regulated
inflammatory genes (Han et al., 2001; Li et al., 2012).

3.3.2. Lipofuscin—Lipofuscin granules are byproducts of photoreceptor outer segment
turnover and are seen within both healthy and pathological RPE (Sparrow et al., 2012).
Lipofuscin in RPE accumulates throughout life (Feeney, 1978), and is readily detectable
after age 40 but not necessarily earlier (Feeney-Burns et al., 1980). Lipofuscin pigments are
generated from random non-enzymatic reactions of retinaldehyde in photoreceptors
throughout life and enter RPE via phagocytosis, from which point pigment-containing
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phagosomes fuse with lysosomes. However, the random nature of lipofuscin pigment
generation results in compounds that evade lysosomal digestion and thus accumulate within
the RPE. In a study of 145 normal individuals ranging from 15-80 years, lipofuscin
fluorescence was found to increase linearly through age 70, at which point it declined,
potentially due to age-related atrophy of the tissue (Delori et al., 2001). Delori et al. (2001)
noted that lipofuscin fluorescence matched the spatial distribution of rods and therefore
reflected the pattern of age-related loss of photoreceptors, but could not predict areas of
photoreceptor degeneration, suggesting a correlation but unable to prove causation.
Lipofuscin levels, though increasing with age, were statistically indistinguishable between
AMD and healthy RPE from age-matched eyes (Feher et al., 2006), a result that may be
affected by the fact that cells in AMD eyes are dying and so lipofuscin is lost or formation is
slowed. One pilot study has provided evidence that increasing fluorescence from lipofuscin
may be due to overlap of RPE cells and thus only appear to be due to increased sequestration
of lipofuscin within RPE (Rudolf et al., 2013).

One of the principle lipofuscin fluorophores, A2E, has been experimentally shown to
mediate apoptosis in blue-light exposed RPE cell culture (Sparrow et al., 2000) as well as
induce activation of the complement system /n vitro (Sparrow, 2010; Zhou et al., 2006;
Zhou et al., 2009), providing a link to AMD pathogenesis. This link likely hinges more
significantly on genetic predisposition as well as on other pathogenic changes than it does
on any specific accumulation of lipofuscin in AMD versus normal aging.

3.3.3. Advanced Glycation End Products (AGEs)—AGEs are oxidative protein
modifications resulting from the Maillard nonenzymatic glycation reaction that have been
associated with aging and age-related diseases (Baynes, 2001). AGE accumulation has been
observed in age-associated inclusions in the human brain (Kimura et al., 1998), aged
neurons in the hippocampus (Jono et al., 2002), intervertebral disc tissue (Pillin et al., 2007),
inversely correlated with age-related loss in bone density (Odetti et al., 2005). AGEs have
been associated with pathogenesis of a variety of age-related diseases including rheumatoid
arthritis and osteoarthritis (DeGroot et al., 2001) as well as osteoporosis (Hein et al., 2003).
One study reported increases in AGE immunoreactivity co-localized with lipofuscin in the
brain of both patients with Alzheimer's disease as well as age-matched controls but not in
young, healthy brain tissue (Horie et al., 1997). Within the eye, AGE accumulation— i.e.
carboxymethyllysine—has been detected in Bruch's membrane, drusen, RPE, and choroidal
extracellular matrix in healthy donor eyes (Crabb et al., 2002; Farboud et al., 1999) and in
aging vitreous samples from both men and women after age 50 (van Deemter et al., 2009).
AGEs have also been detected in AMD tissues (Hammes et al., 1999; Handa et al., 1999;
Howes et al., 2004). Serum levels of the AGEs pentosidine and N-epsilon-
carboxymethyllysine (CML) have been identified in significant quantities in AMD patients
(Ni, 2009). CML and pentosidine both increase with age in Bruch's membrane (Glenn et al.,
2007; Handa et al., 1999). Recently, it was suggested that AGEs may be generated from
bisretinoids within RPE (Yoon et al., 2012). Accumulation of AGEs within Bruch's
membrane has been shown to alter the RPE proteome, potentially reducing the monolayer's
degradative capacity (Glenn et al., 2012).

AGEs communicate to cells via the aptly named receptors, receptor for advanced glycation
end products (RAGE), AGE Receptor 1 (R1), AGE R2, and AGE R3. RAGE is a member of
the immunoglobulin superfamily activated by multiple ligands including AGEs, amyloid-b,
S100B/calgranulin, Mac-1, and others (Ma et al., 2007; Xu et al., 2009). Expression of the
AGE receptors is elevated in RPE adjacent to basal laminar deposits with respect to those
adjacent to normal Bruch's membrane (Howes et al., 2004; Yamada et al., 2006). RAGE
activation by AGEs has been shown to activate NF-kB (Ma et al., 2007; Schmidt et al.,
1995), vascular endothelial cell adhesion markers, and pro-inflammatory factors such as

Prog Retin Eye Res. Author manuscript; available in PMC 2014 November 01.



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

1duasnuey Joyiny vd-HIN

Ardeljan and Chan

Page 8

IL-6 (Miyata et al., 1996; Schmidt et al., 1994; Schmidt et al., 1995). Amyloid- has been
shown to stimulate microglia chemotaxis and TNF-a expression (Miyata et al., 1996; Yan et
al., 1999).

3.4. Mitochondrial Defects

Age-related damage to mitochondrial DNA (mtDNA) (Barron et al., 2001) has been
associated with development of AMD in patients (Karunadharma et al., 2010; Kenney et al.,
2010). Animal and /n vitro studies have provided the basis for mechanistic insight into this
phenomenon. Human RPE treated with H,O, show preferential mtDNA damage over
nuclear DNA damage as measured by real-time PCR (Ballinger et al., 1999). Age-related
increases in an oxidative DNA damage marker and down-regulated expression of DNA
repair enzymes such as 8-oxoguanine-DNA glycosylase 1 (OGG1), mutY homolog (MYH),
and thymine DNA glycosylase were observed in rodent RPE and choroid (Wang et al.,
2008). Ultrastructural changes occurring in the RPE as a function of both age and AMD
include a decrease in the number and area of mitochondria, a loss of cristae and matrix
density, proliferation of peroxisomes and lipofuscin granules, though only peroxisomal
proliferation was significantly enhanced in AMD (Feher et al., 2006). Feher et al. (2006)
hypothesized that alterations in mitochondrial membranes, evidenced by findings of
membrane destruction, was a part of aging in the eye and that damage to mitochondria,
though present in both aged and AMD retinas, was more severe in AMD retinas. Further
evidence is required in order to confirm or refute this hypothesis.

Genome-wide association studies have associated an insertion-deletion polymorphism in
what was believed to be a mitochondrial-associated protein age-related maculopathy
susceptibility 2 (ARMS2), with development of AMD (Fritsche et al., 2008). However,
ARMS?2 was later shown distributed throughout the cytosol and not in any specific
association with mitochondria (Wang et al., 2009b). AMD RPE was shown to have
diminished DNA repair systems, increases in mtDNA damage, and an increased prevalence
of mitochondrial heteroplasmic mutations (Lin et al., 2011). Polymorphisms in DNA repair
enzymes have been suggested as candidate contributors to AMD susceptibility but these data
are largely inference-based with little to no experimental support (Blasiak et al., 2012;
Blasiak and Szaflik, 2011).

Several studies have analyzed mitochondrial haplotypes and associated haplotype J with risk
of developing AMD in both Austrian and Californian case-control cohorts (Kenney et al.,
2013b; Mueller et al., 2012). Functional studies /n vitro featuring introduction of
mitochondria with either haplotype J or H into ARPE-19 cells without mitochondrial DNA
resulted in significantly lower levels of ATP and higher levels of lactate in J-receiving lines,
illustrating clear metabolic differences resulting from the haplotype (Kenney et al., 2013a).
Such severe metabolic changes occurring within the RPE could be pertinent drivers of
pathology. For instance, RPE with reduced levels of ATP, a model of aged RPE /in vitro,
exhibit reduced autophagy as well as reduced outer segment phagocytic capacity and in
increase in oxidative load (Schutt et al., 2012). Loss of the RPE's key role as homeostatic
agent in the retina throws the entire system out of balance. Of note, patients with the
MELAS A to G 3243 mtDNA point mutation have pigmentary changes in the macula
similar to those seen in AMD (Sue et al., 1997), though very few AMD cases feature this
mutation (Jones et al., 2004).

3.5. Abnormal Signaling and Regulation

Classical regulators of cell proliferation and differentiation include the MAPK and PI3K/Akt
signaling pathways (Chang and Karin, 2001; Manning and Cantley, 2007). MAPK and Akt
have been previously implicated in regulating RPE cell viability and proliferation /n vitro,
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but more convincing /n vivo studies have surfaced within the last year. It was shown that
extracellular signal-regulated kinase-1/2 (ERK1/2) is overly active in GA AMD ocular
tissue sections and that ERK1/2 mediates RPE damage in a GA mouse model driven by
intracellular accumulation of A/zRNA in murine RPE (Dridi et al., 2012; Kaneko et al.,
2011; Tarallo et al., 2012). In the CclZ/~/Cx3cr1™"~/Crb1" we have observed that a
MAPK-dependent pathway drives tissue pathology in that anti-inflammatory treatment is
able to reduce ameliorate retinal degeneration which is mirrored by reduced MAPK activity
(Ardeljan et al., 2013b). Thus, while involvement of these intracellular signaling pathways
are not proliferative per se, they are indicative of a stress response in the cells mediated by
factors classically identified in the cell growth pathways.

3.5.1. Epigenetic Change—Epigenetic modifications are instrumental in regulating gene
expression and are one of the principle mechanisms by which germ layers and tissues
develop distinct phenotypes along the developmental time course. One study monitored risk
factors for stage and severity of AMD in monozygotic twins with discordant disease and
found that in such pairs, the twin who smoked more cigarettes or had lower dietary vitamin
D also had more severe or advanced AMD phenotype (Seddon et al., 2011).
Hypomethylation of the IL-17RC promoter exists in monozygotic twins with discordant
disease corresponding to increased mRNA and protein expression in AMD macular lesions
(Park et al., 2012; Wei et al., 2012). Hypermethylation of the AMD-associated glutathione
S-transferase isoform mul (GSTM1) and mu5 (GSTMD5) corresponding with reduced
expression (Guven et al., 2011; Hunter et al., 2012) has also been reported in AMD patients.
In mouse RPE, microsomal glutathione S-transferase (MGST1) has been shown to decrease
in expression as a function of age to almost undetectable levels by 18 months (Maeda et al.,
2005). These changes result in priming of the environment such that cells are less able to
handle oxidative stress and more susceptible to pro-inflammatory signals. Though data in
this field is limited, developing methods to alter the gene regulation of all involved
inflammatory factors would be certain to aid in the battle against AMD and most other
human disease.

3.6. Cell Loss/Tissue Degeneration

3.6.1. Retinal Pigment Epithelium (RPE)—The RPE is a main homeostatic agent in
the retina. RPE cells are polarized (Figure 2); the apical side of the RPE is in contact with
the photoreceptors and is responsible for constitutive phagocytosis and recycling of
shedding outer segments, recycling of all-trans-retinol to 11-cis retinal for use in the visual
cycle, as well as providing nutrients to the retina, whereas the basal side is responsible for
transporting nutrients and waste materials between the retina and the choroidal blood flow
(Kinnunen et al., 2012). RPE pigmentation is essential for focusing clear images on the
retina.

Much of the present article includes intimate discussion of RPE-related functions due to the
primary role RPE plays in retinal health. The RPE has been implicated as the direct source
of drusen lipids due to evidence of bidirectional ApoE and/or B-mediated trafficking of
neutral lipids from both the apical RPE to and from the photoreceptors as well as from the
basal RPE to the choroidal circulation (Curcio et al., 2011). Furthermore, a recent report
revealed that RPE grown in a monolayer deposit basal debris that react with complement
(Johnson et al., 2011). According to this experimental system, one would expect that
deposition of these lipid-dense materials is a normal physiological process. Absent other cell
types, the debris accumulates over time, allowing for the possibility that in AMD the typical
debris clearance processes deteriorate over time and at an accelerated rate from what occurs
with normal aging. In this light, disease pathology is more so the result of faulty debris
removal systems rather than of degeneration of RPE. Prime candidates include immune cells
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such as macrophages and microglia (see sections 4.2 and 4.3), which, once attracted to the
site for clearance purposes, could then become perpetrators of the disease. Perhaps the
biggest caveat with most data concerning the RPE is that the majority of /n vitro studies use
ARPE-19 cells, which lack important properties of primary RPE including but not limited to
hexagonal shape, high trans-epithelial resistance, and apical-basolateral polarity (Ablonczy
etal.,, 2011; Kannan et al., 2011). Ablonczy et al. (2011) suggest, however, that ARPE19
cells may mimic aged RPE in their properties.

3.6.2. Neural Retina—Normal aging of the human eye results in remodeling of rod and
On-cone bipolar cells as well as horizontal cells of the human retina. The dendritic fibers are
significantly elongated and denser, changes that are most pronounced in the peripheral retina
and not in the central retina (Eliasieh et al., 2007). The authors speculate that remodeling
occurs in response to age-related decline in neuronal synapses, representing the systems'
ability to maintain visual capability despite cell death with age. Similar outgrowth of rod
bipolar cell and horizontal cell dendrites is observed in mice beginning at 12 months of age
and continuing through old age (Terzibasi et al., 2009). These changes have been induced in
mouse models of retinal detachment, likely as the systems' attempt to maintain retinal
circuitry in response to injury (Lewis et al., 1998). Pathogenic changes in AMD-affected
retinas include retraction of photoreceptor dendrites into the outer nuclear layer, an event
which spurs dendritic outgrowth from post-synaptic bipolar cells in the periphery (Sullivan
et al., 2007), suggesting that similar processes occur in both aging and AMD to the
peripheral neurosensory layers.

As rod photoreceptors age in the mouse, their transcriptional profiles change, with
significant differences emerging in expression of genes related to angiogenesis,
transcriptional regulation, and apoptosis (Parapuram et al., 2010). As the human retina ages,
it tends to lose peripheral photoreceptors and RPE at about equal rates (Gao and Hollyfield,
1992), but specifically within the macula, loss of photoreceptors is not seen in cones but is
seen in rods, which feature a 30% reduction in density (Curcio et al., 1993). An
immunohistochemical study of young, old, and AMD-afflicted retinas suggested that signs
of nonfoveal macular cone degeneration are present as early as age 22 and are similar to
anomalies found in regions of AMD retinas adjacent to areas of overt degeneration (Shelley
et al., 2009). Cones tend to surround AMD disciform scars, whereas rods are absent from
these locations (Shelley et al., 2009), corroborating the observation that rods are
preferentially lost in AMD (Curcio et al., 1996), but also suggesting that cones exhibit
enhanced capacity to survive following age-related damage. No doubt many of these age-
related changes in the human and mouse are due to conserved changes in genetic regulation
as a function of age. It is within this framework of changing regulation that one must tease
out not which age-related pathways are responsible for disease, but rather which are
permissive of disease.

3.6.3. Retinal cell apoptosis

3.6.3.1. Endoplasmic reticulum (ER) stress: ER stress may result from misfolded/
unfolded proteins, viral infection, energy/nutrient deprivation, or imbalance of redox status
of a cell. Misfolded/unfolded proteins activate the unfolded protein response (UPR), a
pathway that promotes suppression of translation, upregulates ER-associated chaperones,
and activates ER-associated protein degradation systems to remove debris. When this
system fails, such as in the case of prolonged ER stress, apoptosis is activated through the
functions of C/EBP homologous protein (CHOP), the interplay between mitochondria and
the Bcl-2 family, cytosolic Caspase-12, and JNK signaling (Jing et al., 2012).
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Though direct evidence of protein misfolding in AMD does not exist, findings of amyloid-
in drusen arouse suspicion (Crabb et al., 2002). Consequently, ER stress in AMD could very
well result based on the variety of risk factors present in the aging retina, particularly the
combination of high metabolic activity, intense light exposure, lipofuscin accumulation in
the RPE, age-related declines in antioxidant capacity, impaired choroidal hemodynamics,
and sub-RPE drusen deposits (Sauer et al., 2008). Groups have proposed that ER stress
could result in chronic oxidative stress that leads to complement dysregulation and AMD
(Libby and Gould, 2010), and furthermore that ER stress spurs angiogenesis in NAMD
(Salminen et al., 2010). ER stress has been shown to affect genes that regulate cell fate,
including anti- and pro-apoptotic factors including Bax and Bcl-2 (Galehdar et al., 2010;
McCullough et al., 2001). Nonetheless, the majority of publications addressing ER stress in
the pathogenesis of AMD are largely speculative reviews or /n vitro studies of RPE. We
need /n vivo data confirming the ER's relevance to AMD.

3.6.3.2. Autophagic stress: Autophagy, one of the cell lysosomal systems, is activated by
several AMD-related pathological conditions, including hypoxia, oxidative stress, UPR, or
inflammation (Kaarniranta et al., 2010). Autophagic markers have been identified in both
large drusen in AMD human eyes as well as in small drusen and sub-RPE spaces in healthy,
age-matched tissue (Wang et al., 2009a). Furthermore, Wang et al. (2009a) provided
evidence that observed increases in damage to mitochondrial DNA that result from age are
capable of reducing the lysosomal capacity of cultured ARPE-19 cells and lead to enhanced
exocytosis of incompletely digested intracellular material, the components of which were
reactive with complement cascade factors and identified in AMD donor drusen. /n vitro
studies of ARPE-19 cells also revealed that lysosomal inhibition by chloroquine caused
vacuolation of cells and accumulation of dense intracellular debris (Chen et al., 2011b),
implicating the RPE's debris removal systems as vital to cell viability. Human RPE treated
with lysosomal inhibitor aluminum chloride or peroxidized lipids accumulate lipofuscin and
showed marked decreases in autophagic activity (Krohne et al., 2010). Dysfunction of
autophagic mechanisms may lead to increases in protein-misfolding and oxidative stress,
contributing to the overall para-inflammatory state and driving the system towards a
pathological equilibrium. We have also shown enhanced apoptosis in cultured RPE cells
under inflammatory stimuli and oxidative stress (Wang et al., 2012).

3.6.4. Choriocapillaris/Choroid—The CC is a microvascular fenestrated capillary bed
within the inner choroid. The basement membrane of the choriocapillaris is the outer basal
lamina of Bruch's membrane. A principle function of Bruch's membrane is to exchange
nutrients, oxygen, and waste with the outer retina (Figure 2). The choroid is a macrovascular
tissue with overlapping function to the CC and which supplies blood to the CC. Choroidal
thickness as well as CC density and diameter decrease as a function of age in healthy human
eyes, but are significantly reduced in AMD eyes near regions with basal laminar deposits,
GA, or disciform scarring (Ramrattan et al., 1994). Submacular choroidal vessels were
fewer in AMD eyes and submacular CC density was greater in AMD versus age-matched
non-AMD tissues, whereas in the periphery, choroidal vascular diameters were greater in
AMD versus hon-AMD eyes whereas CC density was greater in AMD versus hon-AMD
(Spraul et al., 1996; Spraul et al., 1999). A previous study indicated that choroidal thickness
was reduced in GA AMD and increased in nAMD with respect to healthy choroids (Sarks,
1976). However, contemporary studies using optical coherence tomography (OCT) have
verified the decrease in choroidal thickness resulting from age (Margolis and Spaide, 2009)
but have uncovered no significant changes in choroidal thickness due to NAMD (Wood et
al., 2011). Furthermore, reductions in CC blood flow are observed as a function of age and
are exacerbated in AMD patients (Boltz et al., 2010; Lutty et al., 1999; Xu et al., 2010).
Overall, it is not clear how the differences in CC and choroid are related to one another
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temporally and mechanistically, nor is it clear whether one specific change is more relevant
to the development of AMD than another. Further attention to the differences in vascular
development and pathology are required to delineate the contribution of vascular disease to
AMD. It is worth highlighting some key studies in this area, with a particular emphasis on
the differences observed in GA versus nAMD.

3.6.4.1. Geographic atrophy (GA) versus neovascular AMD: Differences do exist in the
CC and choroid with respect to GA AMD and nAMD. In GA, reduction in CC density and
diameter undoubtedly results in decreased blood flow to the capillary bed and by extension
to the outer retina. Nonetheless, atrophy of the CC seems to be secondary to damage to RPE
in AMD eyes, based on the dual observations that loss of RPE occurs proportionately to loss
of CC and areas of damaged RPE having underlying, not-yet-lost CC (Bhutto and Lutty,
2012; Korte et al., 1984; McLeod et al., 2009). These areas devoid of RPE but with intact
CC contained significantly constricted capillaries with small diameter, indicative of poor
tissue health (Bhutto and Lutty, 2012; McLeod et al., 2009). Constrictions in the capillaries
are possibly accounted for by a reduction in endothelial nitric oxide synthases (eNOS) and
neuronal NOS (nNOS) signaling in AMD RPE and choroid (Bhutto et al., 2010). CC
vascular density has also been inversely correlated with drusen density (Mullins et al.,
2011). In eyes with nAMD, RPE consistently persists in areas surrounding CNV, suggesting
a link between RPE and CNV, whereas in GA, RPE are lost before the CC (Bhutto and
Lutty, 2012; McLeod et al., 2009; McLeod et al., 2002). It is unclear how the decision for
CNV is made, and thus why some eyes develop GA whereas others develop nAMD, or why
nAMD may develop at the borders of GA lesions. The answer may indeed lie in a deeper
understanding of the factors influencing CNV.

4. Para-inflammation and Immunity

The physiologic changes described in Section 3 detail the many aspects of aging and AMD
seen in the retina. However, none of these changes occur in isolation and none alone have
been shown to be sufficient to cause AMD either in a model system or in the AMD patient.
The immune system is a major player in AMD, as it is this homeostatic agent in the body
which continually and throughout the life of the organism interacts with and potentially
influences the many age-related and pathological changes seen in AMD.

Para-inflammation is a phenomenon whereby the immune system teeters somewhere
between the active and inactive states, the purpose thereof being the restoration of tissue
functionality and homeostasis (Medzhitov, 2008; Xu et al., 2009). If a mature inflammatory
response is typically recognized as the response to infection or tissue injury, then para-
inflammation should be thought of as the tissue response to noxious stress induced by
various stressors such as oxidative stress, hyperglycemia, or hypercholesterolemia (Xu et al.,
2009). Common diseases resulting from dysregulation of para-inflammation include type 2
diabetes, atherosclerosis, and neurodegenerative diseases (Medzhitov, 2008).

Slowly, this chronic low-grade inflammation intensifies with age. Triggers for para-
inflammatory activation in the aging retina include the increasing prevalence of retinal cell
death, the loss of ocular immune privilege, the burden of increasing oxidative stress from
reactive oxygen and nitrogen species, and accumulation of AGEs (Xu et al., 2009).
Dysregulation or dysfunction of para-inflammation can result in several age-related diseases,
including AMD. AMD inflammatory processes include complement activation, microglia
activation, and macrophage infiltration (Patel and Chan, 2008). As will soon become
evident, a trend is seen whereby each of these systems becomes increasingly active in the
aging retina and even more so in the AMD retina (Figure 4).
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4.1. Complement System

The complement system is part of the innate immune response and can be subdivided into
three distinct pathways: classical, lectin, and alternative. Classical activation results from
immune complexes, i.e. antibody bound to antigen; mannose-binding lectin activation
occurs from binding of mannose and N-acetyl glucosamine residues, which are abundant on
bacterial cell surfaces; the alternative pathway activates from a variety of substances
including microbial surfaces and polysaccharides. Overall, activation of these pathways
results in a proinflammatory response including generation of membrane attack complexes
(MAC) which mediate cell lysis, release of chemokines to attract inflammatory cells to the
site of damage, and enhancement of capillary permeability to promote extravasation of
infiltrating leukocytes (Kindt et al., 2007).

Genetic association studies have linked complement factor H (CFH) (Edwards et al., 2005;
Haines et al., 2005; Klein et al., 2005), C2/complement factor B (CFB) (Gold et al., 2006;
Spencer et al., 2007), CFHR1/CFHR3 (Fritsche et al., 2010; Hughes et al., 2006), C3 (Yates
etal., 2007), and C5 (Baas et al., 2010) to AMD. Complement proteins including C5 and
MAC components C5b-9 have been identified in significant quantity in subretinal drusen
and complement dysregulation has been proposed to be a central inflammatory driver in
AMD (Anderson et al., 2010; Crabb et al., 2002; Mullins et al., 2000). Complement
component C5a has been shown to reduce RPE cell viability /n vitro (Hu et al., 2011) as
well as promote production of pro-inflammatory cytokines such as IL-17 and IL-22 (Liu et
al., 2011).

Basal complement activation at the level of the RPE/Bruch's membrane increases steadily
with age in cultured RPE cells (Chen et al., 2008b). Cultured RPE can synthesize
endogenous CFH (Chen et al., 2007; Kim et al., 2009), CFB increasingly with age (Chen et
al., 2008b), and C3 (Wang et al., 2004), and serum levels of complement are higher in AMD
patients (Scholl et al., 2008). In mice, upregulation of 9 complement cascade proteins was
observed with age in RPE/choroid, and tissue localization of C3 was different in young and
old animals, pointing to evidence of possible disturbances in the integrity of Bruch's
membrane as a result of age (Chen et al., 2008a). CFH functions as a complement inhibitor,
preventing activation of the alternative pathway via recognition and binding of heparin on
cell surfaces as well as blocking alternative activation via C-reactive protein (CRP) in
response to tissue injury (Alsenz et al., 1985; Ferreira et al., 2010; Prosser et al., 2007). In
mice, increased CFH expression has been shown to occur with age, presumably to combat
the proinflammatory changes that accumulate over the lifetime of the organism (Mandal et
al., 2006). For instance, reports of significant imbalances in the localization of CRP and
CFH showed that in AMD versus age-matched control eyes, immunoreactivity against CRP
is significantly higher in the RPE/Bruch's membrane/choroid complex, whereas that against
CFH is significantly lower (Bhutto et al., 2011). C1INH, an inhibitor of the classical and
lectin complement pathways encoded by the gene SERPINGI, has been inconsistently
genetically associated with development of AMD (Ennis et al., 2008; Park et al., 2009).
Nonetheless, an immunohistochemical study reported higher immunoreactivity against
C1INH in AMD CC tissue than in age-matched healthy donor tissue, irrespective of
genotype at the disputed genetic locus (Mullins et al., 2009). C1INH serum protein was
found to be significantly higher in AMD patients than in age-matched controls, a result that
was significant when statistically adjusting for gender and smoking status but not for age
(Gibson et al., 2012). Up-regulation of complement inhibitors is indicative of the body's
attempt at restoring balance to the immune response. Together, these data point to a delicate
balance in the activation status of the complement cascade that, once tipped in favor of
activation has the potential to throw the body into a disease state.
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4.2. Macrophages

Macrophage activation is highly relevant to AMD pathology, as macrophages have been
identified in regions of RPE atrophy, breakdown of Bruch's membrane, and choroidal
neovascularization (Coleman et al., 2008; Dastgheib and Green, 1994; Penfold et al., 1985).
A recent study showed that while macrophages localize to the choroid in normal tissue,
beginning with the appearance of drusen and basal laminar deposits in early AMD,
macrophages of a pro-angiogenic phenotype are recruited to Bruch's membrane
(Cherepanoff et al., 2010). In truth, macrophages are innate immune cells of a highly
dichotomous nature, capable of eliciting responses related to pro/anti-inflammation, immune
activation/suppression, and tissue maintenance/destruction (Ferguson and Apte, 2008; Skeie
and Mullins, 2009). Indeed, macrophages play a particularly complicated role in the
regulation of angiogenesis, as experimental models of CNV have been used to generate
contradictory reports on the role of macrophages in regulating the angiogenic response to
tissue injury (Apte et al., 2006; Espinosa-Heidmann et al., 2003). Aging macrophages
express less MHC class 11 (Herrero et al., 2002), suggesting diminished capacity to clear
pathogens. At the same time, with age macrophages are increasingly prevalent in the choroid
and express complement receptor CRIg (Xu et al., 2009), which is involved in complement-
mediated phagocytosis (Gorgani et al., 2008; Helmy et al., 2006). The finding that ARPE-19
cells are better-able to phagocytose apoptotic cells than are macrophages /n vitro (Petrovski
et al., 2011) allows for the possibility that age-related alterations in macrophages together
with reduced viability of RPE lends to chronic para-inflammation in the retinal tissues.

The dual nature of macrophage plasticity can be attributed to the two subgroups referred to
as M1 and M2 macrophages (Mantovani et al., 2004). M1 macrophages are identified
immunohistochemically as CD86* positive cells and by flow cytometry as IL-12Ni, |L-23Ni,
IL-10'° populations (Mantovani et al., 2005). Classical M1 macrophages are immune
effector cells that are aggressive against microbes and can engulf and digest infected/
damaged cells. M1 macrophages can be activated by IFN-y or LPS and produce an array of
factors that result in pro-inflammatory/anti-angiogenic environments, including generation
of reactive oxygen and nitrogen species (Grossniklaus et al., 2002; Mantovani et al., 2004).
M2 macrophages are marked immunohistochemically as CD163* cells and by flow
cytometry as 1L-121°, 1L-23!°, 1L.-10" populations (Mantovani et al., 2005). Alternative M2
macrophages are activated by cytokines such as IL-4 and IL-10, are described as anti-
inflammatory/pro-angiogenic, and promote immunoregulation, tissue remodeling/wound
healing, and have been implicated in tumor growth (Ambati et al., 2003; Apte et al., 2006;
Mantovani et al., 2004). As age advances, /L-I0transcripts in the posterior eye increase,
pushing macrophages towards an M2 polarization, which is anti-inflammatory and pro-
angiogenic, and thus potentiating CNV (Apte et al., 2006; Ferguson and Apte, 2008; Kelly
etal., 2007). As the ratio of M1 to M2 macrophages destabilizes, pathological AMD
features begin to manifest. In the normal aging process, young individuals tend to have more
M1 and fewer M2 macrophages whereas older people have the opposite (Cao et al., 2011).
AMD patients show a reversion to the younger phenotype, however, with an M1:M2 ratio
similar to that in young individuals (Cao et al., 2011). Increased M2 polarization likely has
protective effects in the aged eye as it attempts to combat the cumulative effects of life-long
oxidative stress. The reversion to M1 phenotype in macrophages recruited to the eye has the
potential to further damage retinal tissues due to the pro-inflammatory environment.
Furthermore, the fact that no disease is evident in M1-dominated young eyes suggests a loss
of ocular immune privilege with age (Ferguson and Apte, 2008), which has profound
consequences for the aging eye. However, macrophages seem to display a diverse range of
phenotypes that can change over time (Mosser and Edwards, 2008). Additionally, they are
highly plastic depending on the tissue microenvironment (Mantovani et al., 2009). In fact,
both M1 and M2 predominant phenotypes were reported in AMD-associated CNV
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membranes (Cao et al., 2011), as either pro- or anti-angiogenic M2 macrophages are found
in areas of angiogenesis (Wu et al., 2010). A more recent review describes the newer Mox
and M4 macrophage subsets found in the atherosclerotic aorta (Butcher and Galkina, 2012),
further raising the possibility that the balance of macrophage plasticity and the complexity
of macrophage heterogeneity are of utmost importance in tissue homeostasis.

4.3. Microglia

Microglia are resident macrophages of the central nervous system that monitor and maintain
the health of surrounding tissues (Karlstetter et al., 2010). Microglia are highly plastic,
enabling rapid migration of their processes in response to tissue injury or stress (Gehrmann
et al., 1995). Aging causes poorly understood alterations in microglia behavior and
polarization. In the human brain, increased accumulation of IL-1-overexpressing microglia
has been reported (Mrak and Griffin, 2005; Sheng et al., 1998) and postulated to contribute
to risk of developing age-related cognitive disorders such as Alzheimer's. One study found
increased expression of the pro-inflammatory cytokine 1L-6 in aged brain microglia from
BALB/c mice (Ye and Johnson, 1999).

The retina is a neurological tissue susceptible to similar changes in microglia populations,
which may contribute to AMD etiology. Microglia populations expand with age in normal
rat retinas (Chan-Ling et al., 2007). Aged microglia tend to show signs of activation,
including increased expression of activation markers as well as morphological changes such
as large cell bodies and shortened dendrites (Xu et al., 2009; Xu et al., 2008). Whereas in
young eyes microglia are localized to the inner retina, with age they increasingly migrate to
subretinal spaces and begin to uptake lipofuscin (Xu et al., 2008; Xu et al., 2007). These
processes occur merely as a function of age, suggesting a protective role for the differential
tissue localization of these cells. However, aged microglia show increased signs of
dystrophic morphologies, such as reduced size of dendritic arbors, and also become slower
to both migrate to sites of tissue stress as well as disaggregate from those sites thereafter
(Damani et al., 2011; Lopes et al., 2008; Streit et al., 2004). Subretinal microglia come in
close contact with RPE, which has been shown to subsequently induce secretion of pro-
inflammatory and angiogenic factors relevant to AMD pathogenesis (Ma et al., 2009; Xu et
al., 2008). An in vitro study showed induction of cell death in photoreceptors co-cultured
with retinal microglia (Roque et al., 1999). Furthermore, in a mouse model of retinal
degeneration contingent on Cc/2or Ccr2 deletion, photoreceptor and RPE death is
associated with sites of microglial aggregation (Chen et al., 2011a). Knockouts of Cx3cr1, a
G-protein coupled receptor involved in microglia activation and chemotaxis, result in retinal
degeneration coincident with subretinal accumulation of microglia (Combadiere et al.,
2007). The process of subretinal microglial accumulation has been suggested to be caused
by the accumulation of the lipofuscin constituent A2E within microglia, which was shown to
reduce microglial migratory capabilities, increase deposition of CFB, and reduce expression
of CFH (Ma et al., 2013). Moreover, in Ccl27~/Cx3crl™~/Crb1 mice, which undergo
progressive focal retinal degeneration, treatment with the microglial inhibitor naloxene
significantly ameliorated retinal lesion formation (Shen et al., 2011). Furthermore, adult
Sprague-Dawley rats treated with short interfering RNA targeting Cc/2 showed reductions in
apoptotic photoreceptor populations (Rutar et al., 2012). Thus, the microglia, which
normally maintain homeostasis of the retina, become pathogenic with age. Chronic
activation of these cells is likely due to accumulation of debris not found in the young eye,
and found to lesser extent in the aged healthy eye.

A recent study identified hyrperreflective dots (HRD) in outer retinal layers of patients
undergoing treatment for nAMD using spectral domain OCT (SD-OCT) (Coscas et al.,
2012). Coscas et al. (2012) described that the HRD regressed following treatments and
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suggested that they could indicate an accumulation of microglia, paralleling the findings
described in the preceding paragraphs regarding microglial accumulation in animal models.

4.4. Macroglia

Macroglia in the human retina consist of Miiller cells and astrocytes. Miiller glia are the
predominant glial cell type found in the vertebrate retina and whose primary functionality is
to provide support for neuronal cell health. They maintain homeostasis of the
microenvironments in several ways, namely by providing nutrients to retinal neurons,
regulating neurotransmitter recycling, keeping K+ balances, regulating water concentrations,
and by secreting glutathione to curb oxidative stress (Bringmann et al., 2006). Retinal
astrocytes reside in the neurofiber layer and are vital for proper vasculogenesis during
development (Jiang et al., 1995; Jiang et al., 1994).

Age-related changes in Miller glia include steady decreases in K+ conductance (Bringmann
et al., 2003). Miiller cells have been shown to accumulate markers of oxidative stress with
age, specifically as seen by increasing immunoreactivity towards 4-hydroxy-2-enal, a
peroxidized lipid in aged tissue (Nag et al., 2011). One group observed in aging rat retinas
that light-induced loss of RPE and photoreceptors resulted in remodeling of Muller cells in
order to generate scaffolding to enable migration of remaining retinal neurons to allow for
the maintenance of retinal circuits, which was also observed in AMD retinas (Sullivan et al.,
2003). Retinal stress is often assessed by analyzing expression of glial fibrillary acidic
protein (GFAP). GFAP was seen to increase in expression as a result of age alone in Mller
cells (Madigan et al., 1994). Additionally, it was reported that GFAP expression was
significantly higher in Muller cells in eyes affected with GA (Wu et al., 2003). In regions of
RPE atrophy, Miiller processes exhibited gliosis (Guidry et al., 2002; Wu et al., 2003),
potentially in an attempt to maintain ocular immune privilege. Gliosis, also termed reactive
gliosis, is a process in which Miiller cells hypertrophy and proliferate. During reactive
gliosis, Muller glia may secrete chemokines that attract phagocytic macrophages and
microglia to the affected area and in turn promote an inflammatory response that results in
photoreceptor apoptosis (Bringmann and Wiedemann, 2012). Alternatively, gliosis may
protect photoreceptors and neurons from cell death via neurotrophic and growth factors such
as fibroblast growth factor-2 (FGF-2) or glial cell-derived neurotrophic factor (GDNF)
(Bringmann and Wiedemann, 2012).

Aging astrocytes undergo morphological changes featuring increased density of intermediate
filaments and hypertrophy in addition to increasing GFAP immunoreactivity (Madigan et
al., 1994; Ramirez et al., 2001). Furthermore, with aging, astrocytes decrease in number but
show an increase in the number of cellular organelles, indicative of higher activity to
compensate for the loss of cells (Ramirez et al., 2001). GFAP is significantly upregulated in
astrocytes from AMD retinas with respect to age-matched controls and associated with the
presence of drusen (Ramirez et al., 2001; Wu et al., 2003).

4.5. Carboxyethylpyrrole (CEP)

CEP is a byproduct generated from the oxidation of the omega-3 fatty acid docosahexaenoic
(DHA) acid in the retina (Crabb et al., 2002). Anti-CEP antibodies have been identified in
the serum of AMD patients, and when used along side genomic risk markers, provide
approximately 80% accuracy for determining one's predisposition to developing AMD (Gu,
2009; Gu, 2003). CEP appears to have a functional involvement in AMD, though its role is
not yet clear and the oxidative mechanisms governing its formation has not been
demonstrated. In one experimental system, CEP-immunized mice developed features of
atrophic retinal degeneration, (Hollyfield, 2008,Hollyfield 2010), whereas in another CEP
was shown to induce neovascularization (Ebrahem, 2006), likely via TLR2 (West et al.,
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2010). Furthermore, autoantibody generation towards CEP potentially contributes to chronic
inflammation and propagates the disease phenotype (Gu et al., 2003). DHA is typically a
precursor for neuroprotective factors that inhibit apoptosis and inflammation (Bazan, 2005;
Mukherjee, 2007) but oxidative damage in the retina is capable of diverting DHA for use in
these protective functions towards generation of pathogenic intermediates (Ardeljan et al.,
2011). Omega-3 fatty acid supplements have been shown to be beneficial in animal models
of age-related pathologies including retinal degeneration (Hodge et al., 2007; Seddon et al.,
2006; Tuo et al., 2009) but not in humans (AREDS2, 2013).

4.6. Gene Expression

Aging has been associated with increased expression of the pro-inflammatory cytokine
milieu, in particular TNF-a, IL-1, IL-6, IL-17, IFN-y, and TGF-p (Hobbs et al., 1993; Kubo
and Cinader, 1990; Miller, 1991; Riancho et al., 1994). These changes are associated with
changes in CD4+ T-cells from a predominantly Th1 to Th2 population as organisms age, a
paradigm shift thought to contribute to the increasing prevalence of autoimmune disease in
the elderly and which also parallels the polarization from M1 to M2 macrophages with age
(Goronzy and Weyand, 2012; Prelog, 2006). Together these observations constitute the
inflammatory hypothesis of aging (Chung et al., 2001). Evidence also exists of upregulation
of antiinflammatory cytokines such as IL-4 and IL-10 in aging (Plackett et al., 2003), though
it is unclear how the balance of pro-to-anti-inflammatory cytokines plays out in generating a
disease phenotype. Imbalances in cytokines such as IL-17 and IL-22 seem to play a role in
AMD, as it was recently reported that although IL-17 was undetectable in the majority of
human subjects in one study (Njemini et al., 2007), it was found to be significantly elevated
along with serum proinflammatory cytokine IL-22 in AMD patients with respect to age-
matched controls (Liu et al., 2011). One study used microarray technology to probe the
differences in gene expression between young and aged neural retina and RPE/choroid
extracted from mice (Chen et al., 2008a), in which 10 upregulated pathways were identified
in RPE/choroid (notably leukocyte extravasation and complement factors) related to
enhanced immunological activation as well as regulation (such as IL-10) and 9 upregulated
pathways in neural retina related to stress responses and apoptosis. Another group reported
upregulation of immune response genes such as CC/CXC chemokines and complement
components, markers of microglia activation, as well as calcitonin receptor (Chen et al.,
2010a). These differences provide further evidence for the transformation of the eye into an
immunologically active tissue as the organism ages.

Significant contributions to the microenvironment's inflammatory milieu are made by RPE.
Through formation of tight junctions, RPE constitutes a physical barrier that assists in
establishing the immune privilege of the eye. RPE secrete immunosuppressive factors
including TGF-B, somatostatin, thrombospondin, and pigment epithelial-derived factor
(PEDF) (Zamiri et al., 2007). RPE have been shown to suppress B and T cells and can
induce T regulatory cell differentiation (Kawazoe et al., 2012; Sugita et al., 2010).
Additionally, RPE expresses a variety of toll-like receptors (Kumar et al., 2004) and is
capable of producing TNF-a, IL-1, and IL-8 (Cao et al., 2010; Ebihara et al., 2007; Hu et al.,
2011; Wang et al., 2010b). Significantly, evidence suggests that RPE gene expression is
modulated by the health of surrounding tissues. Analysis of differentially expressed genes in
ARPE-19 grown on either old or young donor Bruch's membrane revealed significant
changes in expression with respect to apoptotic genes, as well as downregulation of immune
related genes such as the complement inhibitor vitronectin (Cai and Del Priore, 2006).
Absent proper regulation, this para-inflammatory state contributes to tissue damage.
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5.1. Suppress excessive inflammation
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The purpose of the tissue inflammatory response is to restore homeostasis in the face of
injury or stress. In the case of AMD, however, this attempt to restore homeostasis fails and
instead propagates the disease, ultimately resulting in blindness of the patient. Blocking the
deleterious inflammatory response can be achieved from a variety of angles by targeting
either the many contributors to the para-inflammatory state of the retina (e.g., complement,
macrophages, or microglia) or those factors that tip the balance towards pathology (drusen).
Changes in the eye that occur as a result of normal aging include heightened upregulation of
the para-inflammatory state, so treatments targeted towards eliminating this environment
may in fact prove harmful to the patient. Perhaps the most attractive therapeutic strategy
would be to attempt to remove soft drusen as they are the earliest clinical manifestation of
disease and a principle activator of the associated inflammatory response. One potential
model system for exploring such a method is that developed by Johnson et al. (2011). Using
this culture system, it would be possible to analyze the kinetics of basal debris deposition
and develop experimental methods to either slow this process or promote extracellular
degradation of the debris. Following the hypothesis that macrophages and microglia are
recruited by immune recognition of soft drusen, a more sophisticated system could be
developed to analyze ways of promoting either immune cell clearance of soft drusen and
subsequent deactivation, or immunosuppressive techniques geared towards rendering soft
drusen harmless to the surrounding tissues.

Treatment strategies may be pursued that seek to instead quell inflammation. Macrophages
and microglia are likely drawn to the subretinal and sub-RPE spaces due to the presence of
immunoreactive drusen. In the case of macrophages, whereas in normal aged eyes M2
macrophages would be attracted, in AMD eyes it is both M1 and M2 macrophages found at
the site of insult with relatively higher M1 activity in GA AMD and higher M2 activity in
nAMD (Cao et al., 2011). The presence of these macrophages could contribute to pro-
inflammatory and angiogenic factors that in turn negatively affect RPE cells. Discovering
how to manipulate the macrophage plasticity /n vivo or potentially restore the immune
privilege of the eye is necessary to deter pathogenic events downstream of M1, M2, or other
subtype macrophage recruitment. As for microglia, we must further analyze the differences
between microglia from AMD tissue and from age-matched counterparts. Microglial
inhibition shows promise in a mouse model of subretinal hemorrhage and could potentially
translate to the treatment of human AMD (Zhao et al., 2011).

Inhibition of complement-related proteins has also been seen as a possibility. One novel
agent, an inhibitor of the alternative pathway with fusion proteins of the inhibitory CFH
domain and a fragment targeting complement receptor 2, was shown to prevent angiogenesis
in vivo and mitigate the oxidative damage done to challenge RPE /n vitro (Rohrer et al.,
2012; Rohrer et al., 2010). Inhibition of complement C3 by intravitreal injection of a small
peptide inhibitor called compstatin resulted in clearance of drusen within 6 months in a non-
human primate model of macular degeneration (Chi et al., 2010) and was shown in
ARPE-19 to deter alternative pathway complement activation that normally occurs in
response to lipofuscin (Zhou et al., 2009). Further avenues regarding the RPE's ability to
upregulate the complement inhibitor vitronectin in response to complement exposure
(Wasmuth et al., 2009) may be pursued, the goal being to boost the body's ability to restore
balance to the system.

We have recently reported beneficial effects resulting from treatment /n vivo of an anti-
inflammatory protein, tumor necrosis factor-inducible gene 6 (TSG-6) (Tuo et al., 2012).
Tuo et al. (2012) showed that treatment with TSG-6 prevented retinal pathology in a mouse
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model of focal retinal degeneration, mediated by reductions in pro-inflammatory cytokines
such as IL-17. High serum IL-17 as well as high expression of IL-17 and its receptor
IL-17RC in the macula has been associated with AMD patients (Liu et al., 2011; Park et al.,
2012). Unpublished data from our lab indicate that knockdown of IL-17 in the retina of a
mouse model of focal retinal degeneration significantly ameliorates photoreceptor
degeneration and reduces A2E/lipofuscin accumulation in the RPE of these mice.

Recently, several studies have reported on the involvement of IL-18 and the inflammasome
in the pathogenesis of AMD. AMD patients show higher activity of the NLRP3
inflammasome, a pathway that responds to exogenous as well as endogenous danger signals,
whose activation contributes to degenerative events in RPE (Kaneko et al., 2011; Tarallo et
al., 2012). Activation of this immune response system has been described to occur in
macrophages in a CEP-induced animal model and to inhibit CNV in laser-induced mouse
models (Doyle et al., 2012). Interestingly, activation of the inflammasome produces
abundant IL-1f and promotes Th17 cell differentiation and I1L-17 secretion (Eyerich et al.,
2010). Identification of additional inflammatory mediators, which are distinctly pathogenic,
and not age-related in nature, will lead to more potential therapeutic targets. Modulation of
targets downstream of IL-18 might prove beneficial in treating nAMD or GA AMD
(Rosenbaum, 2012).

The best strategy remains to be determined. First, the mechanism for drusen accumulation
must be uncovered. This is likely a complex interplay between genetics, the immune system,
and environmental factors that influence Bruch's membrane, the RPE, and the choroid. A
method to prevent or reverse drusen accumulation would likely be the most beneficial to
patients, who above all want to maintain their vision.

5.2. Downgrade oxidative stress

Many studies have illustrated the beneficial effects of anti-oxidant administration towards
reducing the oxidative burden on retinal cells both in vitro as well as /n vivo. AREDS
guidelines have approved anti-oxidant treatments such as beta-carotene and zinc for
prevention of AMD (AREDS, 2001 , 2002; Prasad, 2009). Quercetin was shown to be
effective in against oxidative stress in human RPE and limited amelioration of focal
photoreceptor degeneration in Ccl27~/Cx3cr1™~/Crb1™ mice (Cao et al., 2010). A study in
primates concluded that macular pigments lutein and zeaxanthin protected fovea from blue
light-induced damage as measured by lesion size after light exposure, and that omega-3 fatty
acids protected the parafoveal region (Barker et al., 2011). Blockage of pro-inflammatory
mediators such as NF-kB have been implicated in these protective effects (Kaarniranta and
Salminen, 2009).

Uncovering methods for removing stressors such as lipofuscin will likely prove to be
essential. A recent study reported successful removal of lipofuscin from RPE of cynomolgus
monkeys by oral administration of a reversible H*/K* ATPase inhibitor known as
Remofuscin, which belongs to the tetrahydropyridoether family of compounds; lipofuscin
granules were exocytosed by RPE and cleared by macrophages recruited to the area (Julien
and Schraermeyer, 2012). Drugs such as these hold the promise to reverse the deleterious
effects secondary to lipofuscin accumulation. They also hold the power to determine
whether lipofuscin accumulation in RPE is related to drusen formation, and could be used in
animal models to determine causality or correlation. Thampi and colleagues (2012) recently
reported on the protective effects of 8-hydroxy-2-(di-n-proprylamino)tetralin (8-OH DPAT),
an agonist of the serotonin-responsive 5-hydroxytryptamine receptor 1A (HTR1A),a G
protein-coupled receptor. 8-OH DPAT treatment of cultured RPE significantly reduced
lipofuscin levels derived from phagocytosis of outer segments, reduced intracellular levels
of superoxide anion and increased the ratio of reduced to oxidized glutathione, indicating an

Prog Retin Eye Res. Author manuscript; available in PMC 2014 November 01.



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

1duasnuey Joyiny vd-HIN

Ardeljan and Chan

Page 20

overall increase in the oxidative capacity of cultured cells (Thampi et al., 2012). /n vivo,
Sod2™~ mice, which have increased oxidative burdens due to a lack of superoxide
dismutase, treatment with 8-OH DPAT resulted in 60% less lipofuscin accumulation
compared to untreated controls in the RPE (Thampi et al., 2012). In another recent proof-of-
principle finding, intracellular A2E, the principle lipofuscin fluorophore, was degraded
using exogenous enzyme in both cell-free and cell-based assays (Wu et al., 2011). Despite a
lack of evidence for any increased accumulation of lipofuscin in AMD with respect to aged
eyes, its ability to activate complement (Zhou et al., 2009) suggests that its removal may be
beneficial to prevent pathology.

5.3. Reverse epigenetic changes

The epigenetic features of AMD are not well explored. Of the many animal systems used to
model AMD, it would be informative to identify epigenetic contributions that could
potentially play major roles in development of the disease. Wei et al. (2012) identified
hypomethylation of the IL-17RC promoter in AMD using CD14* peripheral blood
monocytes (PBMCs). It is possible that these monocytes, potentiated to respond to IL-17RC,
may be associated with damage to the retina in AMD. A recent study of lung tumor biology
suggested that IL-17 production by the tumor was sufficient to draw macrophages to the site
in an IL-17RA- and IL-17RC-dependent manner, after which macrophages predominantly
polarized into M2 phenotypes and facilitated tumor growth (Liu et al., 2012).

5.4. Neuroprotection (anti-apoptosis)

Atrophy of the neural retina is likely secondary to RPE degeneration (Curcio et al., 1996).
Despite this fact, photoreceptor atrophy in AMD results in preferential loss of rods over
cones (Curcio et al., 1996), suggesting the presence of neuroprotective factors within cones
that aid in their survival. Use of neuroprotective factors to prevent apoptosis in
photoreceptors could significantly reduce the rate of vision loss in patients afflicted with the
disease. One mechanism for neuronal loss in the retina is apoptosis triggered by oxidative or
inflammatory stress.

The neuroprotective, anti-apoptotic effects of the omega-3 fatty acid DHA have been
illustrated in rat models of hypoxia-ischemia (Belayev et al., 2009; Berman et al., 2009;
Mayurasakorn et al., 2011) and in rat models of spinal cord injury (Ward et al., 2010). These
effects are mediated via DHA conversion into neuroprotectin D1 (Bazan, 2009).
Neuroprotectin D1 also inhibits cytokine-mediated cyclooxygenase-2 (COX-2) expression
and leukocyte infiltration. Omega-3 supplements are beneficial in humans (Hodge et al.,
2006) and in a mouse model of focal retinal degeneration (Tuo et al., 2009). Furthermore, it
has been hypothesized that omega-3 supplements work because increasing concentrations of
DHA promotes conversion into its neuroprotective intermediates and away from its
oxidative conversion into CEP at least in part due to Le Chatlier's principle (Ardeljan et al.,
2011).

5.4.1. PEDF—PEDF is one potential factor that could be administered to treat AMD.
PEDF overexpression in transgenic mice resulted in inhibition of retinal inflammation and
prevention of neovascularization (Park et al., 2011). PEDF naturally secreted by Mdller cells
has also been neuroprotective towards retinal ganglion cells (Unterlauft et al., 2012) and
lentiviral-mediated gene therapy using PEDF has resulted in neuroprotection in animal
models (Miyazaki et al., 2011). Porcine retinal pericytes were protected from AGE-induced
cytotoxicity (Sheikpranbabu et al., 2011), suggesting that PEDF could also be beneficial to
retinal cells in AMD. PEDF was shown to mitigate apoptosis in photoreceptors by inhibiting
nuclear translocation of apoptosis-inducing factor (AIF) in a mouse model of retinitis
pigmentosa (Murakami et al., 2008). An /n vitro study of ARPE-19 determined that PEDF
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promotes the conversion of the omega-3 fatty acid DHA into neuroprotectin D1, suggesting
that PEDF may work in conjunction with DHA to promote RPE cell survival (Reinoso et al.,
2008). In rat brain, neuroprotection seems to be mediated via PEDF-dependent ERK1/2
activity and induction of the anti-apoptotic Bcl-2 protein (Sanchez et al., 2012).

5.4.2. CTNF—After a beneficial effect was observed in a pilot study using ciliary
neurotrophic factor (CNTF) in patients with retinitis pigmentosa (Sieving et al., 2006),
intraocular CNTF implant was evaluated in a phase 2 clinical trial of 51 patients with GA
AMD. At 12 months, patients who received the low- and high-dose implants presented a
significant increase in retinal thickness that may reflect increased photoreceptor metabolic
activity or an increased number of photoreceptors. CNTF seemed to preserve vision;
however, it did not stop the progression of GA (Zhang et al., 2011). Further work into the
identification of neuroprotective treatments is needed to reduce to the rate of vision loss in
AMD patients.

6. Summary

Broadly defined, homeostasis is a process whereby a dynamic system maintains a stable
equilibrium. AMD can be thought of as a loss of retinal homeostasis, whereby a series of
age-related changes are permissive for age-related pathology, and it is with the combination
of environmental and genetic risk factors that disease manifests. This becomes apparent
when comparing the changes that occur as a result of aging with those that occur during the
AMD disease process (Table 1).

The various factors at play in ocular homeostasis include the interplay between age-related
changes occurring to tissues with age and the ever-increasing burden of para-inflammation
on the retina. There exists a delicate balance of the cytokine profile, influenced by resident
immune cells of the retina, RPE, and choroid. As we age, our eyes become an
immunologically active tissue, featuring steady increases in complement activation, general
increases in the expression of pro-inflammatory cytokines and chemokines. Microglia are
activated and contribute to this system. In an attempt to combat these changes, a shift in the
macrophage polarization from a predominantly M1 state to an M2 state occurs, accompanied
by upregulation of the anti-inflammatory cytokine 1L-10 (Figure 4).

In the young eye, retinoids are cycled between the shedding outer segments (OS) and RPE
(Figure 5). This process involves generation of ROS, which are carefully balanced by anti-
oxidant mechanisms within the RPE. Debris is trafficked through Bruch's membrane and
into the CC, from which it enters the systemic circulation and is disposed of. Resident
microglia reside within the inner neural retina, responding to stressors when necessary but
generally remaining docile. Resident M1 macrophages reside within the choroid, from
which they maintain health of the surrounding tissue. Basal secretion of VEGF from the
RPE to the CC maintains CC health and angiogenesis is suppressed with expression of anti-
angiogenic factors such as PEDF, thrombospondin 1, and endostatin. In the aging eye
(Figure 5), accumulation of oxidative stressors may lead to build-up of lipofuscin, generated
physiologically from visual cycle flux of bisretinoids (Sparrow, 2010) within RPE. Hard
drusen may accumulate within BrM, but mostly in the periphery and not in the macula.
Mitochondrial DNA damage accumulates with normal aging and is not specifically
pathologic. Expression of both VEGF and PEDF/anti-angiogenic factors increases.
Choroidal blood flow decreases, which places additional stress on the outer retina and RPE,
and visual acuity ultimately worsens with age. Nonetheless, neither choroidal
neovascularization nor GA occurs. The authors state no conflicts of interest.
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Given the proper genetic (e.g., CFH, ARMS2/HTRAL) and environmental (e.g., smoking,
stress) risk factors, the initiation of a low-grade immune response results in complement-
laden drusen and accumulation of AGEs and lipofuscin, all of which work together to tip the
balance and contribute to a chronic immune response seen in AMD. AMD can be thought of
as exacerbated aging-related changes mediated by immune activation (Figure 6).
Accumulation of soft drusen within Bruch's membrane leads to blockages in debris removal
from RPE. Choroidal macrophages and retinal microglia respond to cues (chemokines,
cytokines, CFH, Amyloid-B, CEP, AGEs), activating them and tipping the para-
inflammatory state into one of chronic inflammation. In the case of NAMD, diminished
expression of anti-angiogenic factors with increasing VEGF results in CNV, allowing for
nutrient supply and gas diffusion to RPE and photoreceptors. In GA AMD, oxygen transport
is slowed, lipofuscin-laden RPE atrophy in a process that ultimately results in photoreceptor
and CC degeneration and atrophy. Activated microglia are associated with RPE and
photoreceptor cell death, macrophage polarization to a destructive imbalance of either M1 or
M2 phenotypes, and increased expression of inflammatory cytokines such as inflammasome
regulators, 1L-17 and 1L-22 is observed.

The salient question to ask is not how to prevent age-related changes, but rather how to
distinguish age-related changes from pathological ones, since not every aged individual
develops AMD. The key is in developing a significant understanding of the interplay
between aging physiology and age-related immune activation/pathology (Figure 7).
Uncovering the differences in how the body finds a dynamic balance between the pro-/anti-
inflammatory and the age/disease-associated changes is vital in order to discover a cure for
AMD. Aging sets the stage for disease to set in, but the factors that tip the balance in favor
of disease should be our targets for therapy.
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The aging paradigm in AMD. The metabolism-damage-pathology rubric follows from the
work of Zealley and de Grey (2012). The seven damaging events are indicated in the second
column and the correlates observed in AMD in the third column. The final column indicates

the sections that discuss these events in AMD and aging. The asterisk (*) is meant to

distinguish that de Grey's model is slightly modified when applied to AMD since no cell

proliferation is observed in AMD.
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Figure?2.

High magnifications of the outer retina, RPE, Batch's membrane, and choroid. The only
visibly significant difference between young (A, 23 years old) and old (B, 65 years old) is
the thickening of Batch's membrane with age. In retinas with hard drusen (C, 49 years old),
deposits form underneath the RPE monolayer within the inner collagenous layer of Batch's
membrane, and decreasing intact CC. In retinas with soft drusen (D, 73 years old),
significant displacement of the flattened RPE from the CC is observed, likely contributing to
loss of homeostasis in the eye. The appearance of the photoreceptors in C and D is a post-
mortem artifact unrelated to the finding of drusen. INL: inner nuclear layer, OPL: outer
plexiform layer, ONL: outer nuclear layer, IS/OS: inner/outer segments of photoreceptors,
RPE: retinal pigment epithelium, BrM: Batch's membrane. The black arrow indicates
Batch's membrane. The red arrowhead indicates drusen. Panels depict PAS staining. Scale
bar, 50 ym. Paraffin sections cut at 4-6 ym.
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Figure3.

Histological depiction of young and old. In the young image of a 28-year-old retina, the
retinal layers are normal (A). The old retinas (49 and 63 years old) show thinning of the
ONL and some RPE damage (B, C). In the drusen-containing retina of old, but healthy
individuals, retinal layers appear histologically unaffected, except for the observed
displacement of the RPE due to the physical presence of the drusen (asterisks). The arrows
indicate Bruch's membrane. NFL: nerve fiber layer, GCL: ganglion cell layer, IPL: inner
plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear
layer, 1S/OS: inner/outer segments of photoreceptors, RPE: retinal pigment epithelium.
Sections are paraffin at 4-6 pm. Left and Right panels: H&E; Middle panel: Periodic acid-
Schiff (PAS). Scale bar, 50 um. Paraffin sections cut at 4-6 um.
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Figure 4.

Immune changes in aging vs. AMD. The aging eye sees shows increased oxidative load and
diminished antioxidant capacity, increased immunoreactivity towards complement factors,
shifts in macrophage polarization, general increased microglia activity, and upregulation of
pro-and anti-inflammatory factors. In AMD, each of these balances is disturbed, evidenced
by excessive increases in each of these categories that synergize to launch the system into a
disease state. There is a lack of data regarding IL-10 and I1L-4 levels in AMD patients with
respect to age-matched controls (indicated by “?™).
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Homeostasis of the healthy eye. Spatial organization of ocular homeostatic processes. IS:
inner segments; OS: outer segments; RPE: retinal pigment epithelium; ROS: reactive
oxygen species; BrM: Bruch's membrane; CC: choriocapillaris; MI: MI macrophages;
VEGF: vascular endothelial growth factor. Hard drusen are primarily composed of neutral

lipid and phospholipid (>40%).
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Homeostasis of AMD eyes. Spatial organization of AMD-related processes. IS: inner
segments; OS: outer segments; RPE: retinal pigment epithelium; ROS: reactive oxygen
species; BrM: Bruch's membrane; CC: choriocapillaris; M1: M1 macrophages; M2: M2
macrophages; VEGF: vascular endothelial growth factor; CEP: carboxyethylpyrrole; AGEs:

advanced glycation end products.
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Figure7.

Pathology

Immune System

An AMD disease model. The Zealley and de Grey (2012) model of aging as applied to

AMD, where a key aspect features activation of the immune system.
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