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The retinal pigment epithelium (RPE) is the primary site of injury in non-neovascular age-related macular
degeneration or dry AMD. Polymorphisms in genes that regulate complement activation and cholesterol meta-
bolism are strongly associated with AMD, but the biology underlying disease-associated variants is not well
understood. Here, we highlight recent studies that have used molecular, biochemical, and live-cell imaging
methods to elucidate mechanisms by which aging-associated insults conspire with AMD genetic risk variants to
tip the balance towards disease. We discuss how critical functions including lipid metabolism, autophagy,

complement regulation, and mitochondrial dynamics are compromised in the RPE, and how a deeper under-
standing of these mechanisms has helped identify promising therapeutic targets to preserve RPE homeostasis in

AMD.

1. Introduction

Age-related macular degeneration (AMD) destroys central high-
resolution vision in over 30 million older adults. The number of peo-
ple impacted by AMD is projected to exceed 288 million by the year
2040 due to a lack of effective therapies for the most prevalent form of
the disease called non-neovascular or dry AMD [1,2]. The primary site of
injury in AMD is the retinal pigment epithelium (RPE), a polarized
monolayer of post-mitotic cells the sits between the photoreceptors and
the choriocapillaris in the outer retina (Fig. 1). The RPE is a highly
specialized tissue that performs a number of functions necessary for
maintaining the health of the retina and in turn, healthy vision. These
include forming the outer blood-retinal barrier by virtue of tight junc-
tions between RPE cells, transporting nutrients into, and metabolites out
of, the retina, recycling vitamin A to maintain the visual cycle, secreting
growth factors and extracellular matrix components, and executing the
daily phagocytosis and clearance of photoreceptor outer segments, (for
recent detailed reviews on RPE cell biology and functions, see [3,4]).
Because of these varied and critical functions, the RPE is both the
guardian and the Achilles’ heel of the retina. Consequently, damage to
the RPE impairs its photoreceptor support functions, and eventually
leads to vision loss in AMD.

Susceptibility to AMD and progression to vision loss are dictated by
multiple genetic and environmental factors. Polymorphisms in genes
that regulate complement activation and lipid metabolism are among
the strongest risks for AMD [5]. However, the biology underlying
disease-associated variants, and how they compromise RPE health to
promote pathology remains to be understood [6]. Moreover, not all who
have these risk variants go on to develop the disease, suggesting that a
complex interplay between genetic predisposition, intrinsic stressors,
and extrinsic insults could tip the balance from normal aging of the RPE
towards chronic dysfunction that eventually culminates in AMD.

Aging in the RPE is characterized by the progressive accumulation of
two distinct types of deposits: intracellular lipofuscin and extracellular
drusen (Fig. 1). Lipofuscin is composed of autofluorescent vitamin A
metabolites called bisretinoids, formed by non-enzymatic condensation
reactions of retinaldehyde and phosphatidylethanolamine in photore-
ceptor outer segment discs. Upon outer segment phagocytosis, these
bisretinoids are trapped within RPE lysosomes as a result of pH-
dependent protonation [7]. Lipofuscin bisretinoid accumulation in-
creases with age in humans and is accelerated in patients with recessive
Stargardt disease caused by mutations in ABCA4 (discussed in Section
2). Bisretinoids compromise RPE health and function by promoting
oxidative stress and interfering with multiple homeostatic mechanisms
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and could thus contribute to AMD pathology [8]. Although “lipofuscin”
is used as a catch-all term for age-pigment that accumulates in post-
mitotic highly metabolically active cells like the RPE, neurons, car-
diomyocytes, RPE lipofuscin is almost exclusively composed of
bisretinoid adducts [9], whereas lipofuscin in other cells is composed of
oxidized proteins, lipids, metal ions and sugar residues [10]. This
structural and compositional differences explain the different mecha-
nisms of cell injury attributed to bisretinoids in the RPE as discussed in
this review.

Drusen are composed of lipid-protein aggregates that are rich in
cholesterol, apolipoprotein E, complement components and other pro-
teins [11]. These deposits are found both beneath (sub-RPE drusen) and
above (sub-retinal drusen) the RPE. Decades of observational studies
using non-invasive multimodal imaging techniques indicate that drusen
size, morphology, and location correlate with AMD progression. This is
especially true of sub-retinal drusen, whose presence is associated with
increased risk of developing advanced AMD [12,13]. However, in
contrast to the well-understood non-enzymatic reactions that catalyze
bisretinoid formation, much less is known about the biogenesis of dru-
sen, how AMD-associated genetic risk variants impact this, and whether
drusen are a cause or consequence of the disease.

In this review, we will discuss exciting recent studies on how bisre-
tinoids generate oxidative stress in the RPE (Section 2), how bisretinoid-
mediated cholesterol and ceramide accumulation derail several critical
RPE functions and render the RPE susceptible to complement activation
and mitochondrial injury (Section 3), how these pathological pathways
are reinforced and potentiated by AMD genetic risk variants, and how a
deeper understanding of these pathways has helped identify promising
therapeutic targets to preserve RPE homeostasis in both inherited and
age-related macular degenerations (Section 4).

2. Bisretinoids and oxidative stress in the RPE

The daily phagocytosis and clearance of photoreceptor outer seg-
ments is arguably one of the most important and metabolically taxing
functions of the RPE [3,4]. In the human eye, an individual RPE cell is
responsible for 30 to 50 photoreceptors, which amounts to an immense
metabolic and degradative burden on the postmitotic RPE. Over time,
undegraded outer segment components containing autofluorescent bis-
retinoid adducts accumulate in RPE lysosomes in the form of lipofuscin.
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These bisretinoids are by-products of vitamin A that are formed as part
of the visual cycle (Fig. 1A). The phototransduction cascade is initiated
by absorption of a photon of light by the visual chromophore 11-cis--
retinal, which isomerizes to all-trans-retinal. As reactive aldehydes are
toxic, all-trans-retinal is reduced to all-trans-retinol by
NADPH-dependent retinol dehydrogenases RDH8, RDH11 and RDH12
present in the cytosol of the photoreceptor cell. To facilitate transport of
all-trans-retinal from the disc membrane to the cytosol, all-trans-retinal
reacts with phosphatidylethanolamine (PE) in the disc membrane to
form a Schiff base adduct, N-retinylidene-PE (NRPE). The ATP-binding
cassette transporter A4 (ABCA4) present on the disc membrane trans-
ports NRPE across the lipid bilayer to the cytoplasmic side, where it is
hydrolyzed to release all-trans-retinal, which is then reduced to the
alcohol form by RDHs. Both the all-trans and 11-cis isomers of NRPE can
be flipped by ABCA4, and serve to limit the levels of reactive aldehydes
in the photoreceptor disc membranes (reviewed in [7]).

NRPE on the disc membrane can react irreversibly with a second
molecule of all-trans-retinal to form bisretinoids. The first bisretinoid to
be identified and structurally characterized in the 1990s was A2E [9,
14]. In photoreceptor disc membranes, two molecules of all-trans-retinal
react with one molecule of phosphatidylethanolamine to form the pre-
cursor A2PE. Upon outer segment phagocytosis, phospholipase D in RPE
lysosomes hydrolyzes A2PE to generate phosphatidic acid and A2E
(Fig. 1B). In recent years, several other bisretinoids have been struc-
turally characterized including isomers of A2E, A2-GPE (A2-glycer-
ophosphoethanolamine), all-trans-retinal dimer, and A2-DHP-PE
(A2-dihydropyridine-phosphotidylethanolamine). = A characteristic
feature of these bisetinoids is their autofluorescence with two absor-
bance peaks, one in the UV range, and another in the visible spectrum.
Studies in humans and mice show a progressive age-related increase in
bisretinoid formation and accumulation in the RPE. Bisretinoid forma-
tion is accelerated in recessive Stargardt disease (STGD1), which is
caused by mutations in ABCA4 [7].

The retina is an oxygen-rich microenvironment that is constantly
exposed to light. This facilitates the light-induced production of reactive
oxygen species from bisretinoids and their photodecomposition into
cytotoxic aldehyde- and dicarbonyl-bearing fragments. Blue-light irra-
diation of lipofuscin granules isolated from human RPE generates
reactive oxygen species including hydrogen peroxide, superoxide, and
singlet oxygen [15]. Irradiation of ARPE-19 cells containing A2E with

Fig. 1. Lipofuscin and drusen in the RPE. A, Gen-
eration of lipofuscin bisretinoids in the RPE. Absorp-
tion of a photon of light by 11-cis-retinal results in its
isomerization to all-trans-retinal. This all-trans-retinal
reacts with phosphatidylethanolamine (PE) in the
photoreceptor outer segment disc membrane to form
a Schiff base adduct, N-retinylidene-PE (NRPE). The
ATP-binding cassette transporter A4 (ABCA4) trans-
{ ports NRPE across the lipid bilayer to the cytoplasmic
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reactive aldehydes in the photoreceptor disc mem-
branes. When ABCA4 is nonfunctional, as in Stargardt
disease, NRPE can react irreversibly with a second
molecule of all-trans-retinal to form bisretinoids such
as A2E. The precursor, A2PE, is formed from two
molecules of all-trans-retinal and one molecule of
phosphatidylethanolamine. B, Upon outer segment
phagocytosis, phospholipase D in RPE lysosomes hy-
drolyzes A2PE to generate phosphatidic acid and
A2E. In contrast to the well-characterized pathway
that leads to lipofuscin accumulation in the RPE,
mechanisms involved in the formation of sub-RPE
and sub-retinal drusen remain to be understood.
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430 nm blue light produces A2E-nonaoxiranes [16], which promote
DNA damage [17]. Studies have shown that blue light-mediated for-
mation of monofurano-A2E and monoperoxy-A2E activate the comple-
ment pathway in the ARPE-19 cell line [18]. In A2E-treated primary
porcine RPE, blue light irradiation decreased the expression of super-
oxide dismutase 2 (SOD2), a key mitochondrial antioxidant enzyme,
resulting in mitochondrial injury and a drop in ATP production [19].

Studies in mouse models corroborate these in vitro data on bisreti-
noid photodecomposition. In the Abca4~/~ mouse model of Stargardt’s
disease, exposure to increasing light intensity leads to the formation of
A2E-oxiranes, upregulation of oxidative stress genes including super-
oxide dismutase 1 (SOD1), and accumulation of oxidatively modified
lipids such as malondialdehyde and 4-hydroxynonenal. The RPE of al-
bino Abca4 ™/~ mice have higher levels of these oxidatively modified
lipids compared to that of pigmented Abca4/~ mice, revealing a pro-
tective role for RPE melanin [20,21]. Further, cyclic light-reared albino
mice have lower bisretinoid levels compared to dark-reared albino mice,
likely due to greater oxidation and decomposition of bisretinoids in mice
reared in cyclic light [22]. One potential mediator of light-driven bis-
retinoid toxicity could be iron via the Fenton reaction: treatment of al-
bino Abca4™/~ mice with the iron chelator deferiprone prevented
oxidation and degradation of bisretinoids, and decreased outer nuclear
layer (ONL) thinning [23].

A2E and other bisretinoids can photodecompose into aldehyde- and
dicarbanoyl-containing fragments (glyoxal and methylglyoxal) [24,25].
Proteins modified with these moieties have been detected in sub-RPE
drusen [26], suggesting a link between bisretinoid accumulation in
the RPE and AMD pathology. Methylglyoxal fragments form advanced
glycation end products, which can promote neovascularization via
upregulation of vascular endothelial growth factor (VEGF) expression
[27]. A2E oxidation and decomposition products have been detected in
RPE from human donors, which could account for the paradoxical
"decrease" in A2E levels in the macula reported in some studies [28,29].
In agreement with this, recent studies using fluorescence lifetime im-
aging of lipofuscin fluorophores extracted from human donor RPE show
a higher content of oxidized bisretinoids in RPE from AMD donors
compared to unaffected donors [30]. Reactive oxygen species generated
by bisretinoid decomposition can in turn oxidize cellular lipids in the
retina. Photoreceptor outer segments are rich in polyunsaturated fatty
acids (PUFAs) such as docosahexaenoic acid (DHA), which is essential
for vision. PUFAs have multiple unsaturated bonds that are susceptible
to oxidation. Carboxyethylpyrrole (CEP) adducts formed from DHA
oxidation are found in drusen and CEP levels are elevated in the serum of
AMD patients compared to controls [31]. Thus, photoreactivity of A2E
and other lipofuscin bisretinoids can contribute to AMD by generating
free radicals and reactive protein adducts, setting in motion a feed-for-
ward cycle of oxidative stress.

3. Lipids, autophagy, and complement-mediated mitochondrial
injury in the RPE

A growing number of studies using in vitro and in vivo models have
identified mechanisms by which bisretinoids and other aging-associated
insults compromise critical homeostatic functions in the RPE. Here, we
discuss these data in the context of Stargardt disease and AMD.

3.1. Dysregulation of lipid homeostasis in the RPE

Genetic, epidemiological and histopathological studies indicate a
causal role for abnormal lipid metabolism in AMD pathogenesis: poly-
morphisms in several cholesterol pathway genes including APOE,
ABCA1, LIPC, and CETP are strongly associated with AMD [5], serum
HDL levels positively correlate with AMD susceptibility [32], and
cholesterol-rich sub-RPE and sub-retinal drusen are hallmarks of AMD
progression [33]. Increased RPE cholesterol has been documented in
mouse models of Stargardt disease, canine models of Best disease [34,
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35], and in mice with RPE-specific deletion of the cholesterol trans-
porters ABCA1 and ABCG1 [36]. In all these models, excess cholesterol
precedes downstream pathology, suggesting that RPE cholesterol levels
must be tightly regulated. Therefore, insight into factors that govern
lipid and cholesterol metabolism in the RPE, and how excess cholesterol
derails RPE health, is important for understanding disease pathology.

Within the RPE, recent studies suggest that bisretinoids lead to a
secondary accumulation of cholesterol and ceramide due to a biophys-
ical interaction between these lipids. A2E and other bisretinoids are
cone-shaped lipids, i.e., they have small polar or hydrophilic headgroups
and large planar hydrophobic side chains. Within the lysosomal lipid
bilayer, A2E tries to minimize the interactions of its hydrophobic side
chains with the aqueous phase by taking shelter under the umbrella
provided by the larger headgroups of neighboring phospholipids.
Cholesterol is also a cone-shaped lipid, and studies using reconstituted
liposomes containing A2E and cholesterol show that competition be-
tween A2E and cholesterol leads to displacement of cholesterol from the
lipid bilayer, resulting in its internalization and entrapment within RPE
lysosomes [37] (Fig. 2A).

Excess cholesterol in turn entraps the anionic lipid bis(monoacyl)
glycerophosphate (BMP) within RPE lysosomes. This bisretinoid-
mediated increase in lysosomal cholesterol and BMP have been
observed in polarized cultures of adult primary RPE with A2E and in
pigmented Abca4~/~ mice as early as 3 months of age [34]. MALDI
imaging mass spectrometry of 6-month-old Abca4 /™ mice confirmed
increased BMP levels in the RPE [38]. BMP is a cofactor for acid
sphingomyelinase (ASM), the lysosomal enzyme that hydrolyzes
sphingomyelin to ceramide (Fig. 2B). Abca4~/~ mice RPE accumulate
high levels of ceramide due to cholesterol-mediated activation of ASM
[34,39,40]. In the RPE, ceramide affects microtubule stability and
membrane dynamics, with consequences for metabolic and mitochon-
drial health as discussed below [34,39,40] (Fig. 2C).

Ceramide is a bioactive lipid whose levels in the retina must be
carefully controlled [41]. Indeed, ceramide has been implicated in RPE,
photoreceptor, and endothelial cell dysfunction in mouse models of
retinitis pigmentosa, light-induced photoreceptor degeneration, and
diabetic retinopathy [42,43]. In humans, increased ceramide levels both
in the serum and in the RPE have been reported in AMD patients, but not
in unaffected controls [44-47].

3.2. Impaired autophagy and lysosome function

Autophagy is an evolutionarily conserved mechanism that is
responsible for degrading and recycling damaged cellular components.
Efficient autophagy is especially important for postmitotic, highly
metabolically active cells like the RPE where debris cannot be diluted by
cell division [4]. A central role for autophagy in RPE health and visual
function is underscored by studies on mice with RPE-specific knockouts
of autophagy genes (e.g., RBICC1, ATG5, ATG?7) that exhibit progressive
RPE atrophy and retinal degeneration [48,49]. Although studies using
human donor tissue have documented lower levels of lipidated LC3 (a
marker for autophagosome biogenesis) and increased accumulation of
long-lived autophagic substrates such as p62/SQSTM1 in RPE from AMD
donors compared to unaffected controls [50,51], mechanisms that lead
to impaired autophagy in the aging and diseased RPE have been elusive
until recently.

High-speed live-cell imaging of LC3-labeled autophagosome traf-
ficking in primary polarized RPE showed that increased cholesterol and
ceramide in RPE with bisretinoids lead to the accumulation of stable,
acetylated microtubules, which prevent efficient autophagosome
transport [34] (Fig. 2C). In addition to autophagosome trafficking,
microtubule acetylation also interferes with lysosome localization
within the RPE. Acetylated microtubules preferentially bind kinesin
motors, which mediate plus-end directed traffic [52]. In polarized RPE,
microtubules are oriented with their plus-ends directed towards the
basolateral side; as a result, increased microtubule acetylation leads to
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Fig. 2. Mechanisms of RPE dysfunction mediated
by cholesterol and ceramide. A, In the lysosomal
membrane, cone-shaped lipids like A2E and choles-
terol compete for space under the phospholipid um-
brella to minimize interactions with the aqueous
phase. A2E displaces cholesterol, which is trapped
within the lysosome lumen (Lakkaraju et al., 2007).
B, RPE cholesterol sequesters the anionic lipid bis
(monoacyl)glycerophosphate (BMP), which is a
cofactor for acid sphingomyelinase (ASM), the lyso-
somal enzyme that hydrolyzes sphingomyelin to cer-
amide (Toops et al., 2015). C, Increased ceramide in
the RPE leads to the accumulation of stable, acety-
lated microtubules, which impairs trafficking of
autophagosomes (Toops et al., 2015), recycling of the
complementary regulatory protein CD59, and reloc-
alizes lysosomes to the perinuclear region of the RPE
(Tan et al., 2016). As discussed in Sections 3.2 and
3.3, this impairs autophagy and makes the RPE sus-
ceptible to complementmediated mitochondrial
injury (Toops et al., 2015; Tan et al., 2016). Ceramide
is also a cone-shaped lipid that induces negative
curvature and inward budding at the RPE plasma
membrane. Increased ceramide in RPE with bisreti-
noids drives the formation of enlarged early endo-
somes that internalize the complement protein C3.
Proteolysis of C3 to biologically active C3a leads to
mTOR activation and associated metabolic stress
(Kaur, Tan et al., 2018).
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perinuclear sequestration of lysosomes in RPE with bisretinoids [40].
Consequently, inefficient autophagosome trafficking and lysosomal
relocalization results in disrupted autophagy and accumulation of
p62/SQSTM1 in RPE with bisretinoids such as the Abca4™/~ mouse
model of Stargardt disease [34] and could explain the high levels of p62
reported in cultures of AMD donor RPE [51]. Liver X receptor (LXR)
agonists, which decrease RPE cholesterol, functional ASM inhibitors
such as the anti-depressant desipramine, which lower ceramide levels,
correct microtubule dynamics and restore autophagy in RPE with bis-
retinoids [34,40]. Thus, cholesterol and ceramide regulate efficient
autophagy and debris clearance in the RPE.

Specific autophagic machinery also participate in a process known as
LC3-associated phagocytosis or LAP, which is distinct from the so-called
“classical” autophagy pathway discussed above. LAP has been exten-
sively studied in macrophages and dendritic cells, where it helps
degrade phagocytosed pathogens and other damaging substances. For a
detailed discussion of LAP and its role in outer segment phagosome
clearance in the RPE, see [4,53]. Studies in mouse models suggest that
genetic manipulations that disrupt LAP interfere with the visual cycle

and cause retinal degeneration [54-56]. However, whether and how the
efficiency and kinetics of LAP are altered with aging and AMD remain to
be investigated.

Both debris-containing autophagosomes and outer segment-
containing phagosomes have to fuse with lysosomes to effect cargo
degradation. Functional lysosome defects including alkalization and
disrupted TRPML1-mediated calcium signaling have been reported in
RPE cultures with A2E and in Abca4~’~ mouse RPE [57]. These defects
could be due to increased lysosomal cholesterol, which inhibits the
vacuolar-ATPase pump and the TRPML1 channel [58,59]. However, in
contrast to impaired clearance of autophagic substrates, clearance of
phagocytosed outer segment proteins is not impaired in Abca4 /~ mice
[39]. These studies suggest that the RPE likely compartmentalizes
lysosomal populations for degradation of phagocytic and autophagic
cargo. As TRPMLI1 is also involved in regulating autophagy [60], it is
likely that lysosomal accumulation of cholesterol and ceramide specif-
ically dysregulates autophagy in the RPE at the expense of maintaining
circadian clearance of outer segments. This compartmentalization of
degradative functions in the RPE is further supported by studies showing
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that loss of Atg7, which mediates LC3 lipidation, does not increase lip-
ofuscin formation in the Abca4~’~ mouse model, suggesting that the
efficiency of autophagic flux does not impact bisretinoid formation [61].

Studies in RPE cell lines and mouse models suggest that acute stress
(e.g., intense light, oxidative stress, mitochondrial poisons, and cigarette
smoke) upregulates autophagy [62-65]; however, prolonged stress in-
hibits autophagy, and could further compromise RPE health by pro-
moting accumulation of harmful debris [50,66]. RPE cell cultures from
human donors show disrupted autophagy and increased p62 in AMD
RPE compared to unaffected donors [51]. AMD donor RPE had increased
lipid droplets, glycogen granules and fragmented mitochondria, indi-
cating a global breakdown of cellular clearance pathways. Taken
together, these studies suggest that impaired autophagy would lead to
the accumulation of damaged proteins, lipids and organelles, which
could further burden RPE degradative capacity, setting in motion a
feed-forward cycle of metabolic stress (Fig. 3).

3.3. Complement-mediated mitochondrial injury

The complement system, which regulates inflammation and innate
immunity, is strongly associated with AMD. Polymorphisms in several
complement genes dictate susceptibility to AMD and complement pro-
teins are found in drusen from AMD donor eyes [67]. Activation of the
complement pathway in the extracellular or fluid phase results in the
sequential assembly of complement proteins on the cell membrane to
form the terminal membrane attack complex or MAC pore. Assembly of
a large number of MAC pores on the membrane can cause cell lysis;
however, sub-lytic MAC assembly can cause chronic cell damage by
increasing intracellular calcium and consequent mitochondrial frag-
mentation [40].

The RPE is the first line of defense against abnormal complement
activation in the retina. Like all nucleated cells, the RPE has evolved
mechanisms to regulate complement activity at the plasma membrane.
These include soluble complement inhibitors such as complement factor
H (CFH) and membrane-associated complement regulatory proteins
CD46, CD55 and CD59 that inhibit specific steps of MAC assembly [67].
CD59 is a GPI-anchored protein that undergoes cholesterol-dependent
recycling to the plasma membrane [68]. In Abca4/~ mouse RPE,
excess cholesterol reroutes CD59 from the endosomal recycling route to
lysosomes for degradation, resulting in increased MAC deposition on the
RPE plasma membrane [40] (Fig. 2C).

Live imaging of primary RPE using total internal reflectance fluo-
rescence (TIRF) microscopy showed that complement attack induces the
rapid mobilization of lysosomes near the plasma membrane, which
undergo exocytosis to “patch” the nascent MAC pores, thereby
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preventing calcium influx into the RPE [40]. MAC can also be inter-
nalized into RPE endosomes and transported to lysosomes for degrada-
tion [69]. In RPE with bisretinoids, the perinuclear sequestration of
lysosomes as a result of microtubule acetylation prevents lysosome
exocytosis, leading to persistence of MAC pores on the membrane. Both
decreased CD59 on the plasma membrane and impaired lysosome
exocytosis result in increased intracellular calcium in the RPE, which
causes mitochondrial fragmentation and production of reactive oxygen
species (Fig. 2C). These free radicals further injure mitochondria and
establish a feed-forward cycle of continual injury and oxidative stress.
As with autophagy, lowering cholesterol with LXR agonists or
decreasing ceramide with desipramine restores CD59 to the RPE cell
surface, promotes lysosome exocytosis and protects RPE mitochondria
from complement attack [40].

Studies using other AMD-associated insults and human donor tissue
reinforce this link between complement activation and mitochondrial
injury in disease pathogenesis. Exposure to cigarette smoke or hydrogen
peroxide have been shown to decrease cell-surface complement regu-
latory proteins and increase mitochondrial stress in the RPE both in vitro
and in mice [70-72]. Further, studies on human donor tissue show
decreased cell-surface CD59 and CD46 in RPE from AMD donors
compared to controls [73,74], and increased mitochondrial DNA dam-
age in AMD donors with the Y402H risk variant of complement factor H
[75]. More recently, high-resolution imaging and 3-D reconstruction of
mitochondrial volumes in human donor RPE showed increased mito-
chondrial fragmentation in AMD donors compared to unaffected con-
trols [76]. These studies demonstrate that AMD-associated insults
(bisretinoids, cigarette smoke, oxidative stress) impair critical mecha-
nisms that protect the RPE from complement attack, and set in motion a
feed-forward cycle of mitochondrial stress (Fig. 3).

3.4. mTOR activation and cellular reprogramming

The mechanistic target of Rapamycin (mTOR), a serine/threonine
kinase, is the master regulator of a complex network that controls
metabolism, signaling, and cell homeostasis. mTOR plays context-
dependent roles in regulating proliferation, survival, and cell fate de-
cisions [77]. Increased mTOR activation has been recently reported in
AMD donor RPE [78], however the mechanisms that control mTOR
activity, and how these are dysregulated in disease are only now being
elucidated.

Recent studies have identified an unusual mechanism of abnormal
mTOR activation in diseased RPE mediated by intracellular cleavage of
the complement protein C3, the core effector molecule of the comple-
ment system. In RPE with bisretinoids, high-resolution live-cell imaging

RPE with bisretinoids, lipid storage, oxidative stress,
smoking, other genetic and environmental stressors
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shows that increased ceramide at the apical plasma membrane induces
the formation of enlarged early endosomes. These endosomes inter-
nalize C3, which is proteolyzed to biologically active C3a within the
RPE, and in turn activates mTOR [39] (Fig. 2C). Sustained mTOR
signaling can impair RPE homeostasis by modulating multiple stress
pathways implicated in aging and disease [77,79]. For instance, mTOR
inhibition is required to initiate autophagy, and chronic mTOR activity
in Abca4 ™/~ RPE could explain the decreased autophagosome biogenesis
that is seen in this model [34,80]. Administration of desipramine to
Abca4™/~ mice decreases ceramide levels, prevents formation of
enlarged early endosomes, and limits C3a formation and mTOR acti-
vation [39].

Because of its many functions, mTOR activity needs to be tightly
regulated in the post-mitotic RPE. Sustained mTOR activation by
chemical or genetic approaches in mice induces metabolic reprogram-
ming in the RPE by increasing glycolytic flux, and eventually leads to
RPE atrophy. The resulting decline in glucose delivery to the retina
could contribute to photoreceptor degeneration [79,81]. mTOR is also
implicated in cytokine secretion and inflammasome activation, which
could promote RPE injury in geographic atrophy. However, subcon-
junctival administration of the mTOR inhibitor rapamycin (also known
as sirolimus) failed to show benefit in AMD patients [82], indicating that
normalizing mTOR function by targeting upstream activators, rather
than blocking mTOR activity, could be more effective in AMD. Alto-
gether, these studies suggest that aberrant mTOR activation mediated by
aging-associated insults in the RPE can set in motion a feed-forward cycle
of global cellular stress (Fig. 3).

4. Genetic tipping points and novel therapeutic targets for AMD

The pathways of RPE cellular dysfunction discussed in Sections 2 and
3 do not exist in a vacuum, but interact with and potentiate one another
by strengthening the feed-forward cycles depicted in Fig. 3. One of the
major outstanding questions in AMD biology is how AMD-associated risk
factors modulate these cycles of RPE injury. Although genes associated
with AMD appear to function in diverse pathways, in light of what we
now know about mechanisms of RPE injury, these AMD risk factors can
be woven into a unified model to explain several aspects of AMD path-
ogenesis and help identify therapeutic approaches to target specific
steps of this cascade (Fig. 4). Based on this model, we propose that ge-
netic risk variants and environmental factors implicated in AMD act as
decision points to reinforce mechanisms of RPE damage and tip the
scales from normal aging towards disease.

4.1. Targeting oxidative stress

As discussed above, bisretinoids can impair RPE homeostasis by both
direct and indirect mechanisms. Therefore, various approaches are
currently being tested in preclinical and clinical studies to prevent bis-
retinoid formation [8]. One approach is to limit the uptake of vitamin A
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by interfering with serum retinol binding protein 4 (RBP4) activity using
a non-retinoid antagonist A1102 [83]. A second approach is to use
deuterated vitamin A (ALK-001), which is a less reactive retinaldehyde
and decreases bisretinoid formation without slowing down the visual
cycle [84]. A multicenter, randomized, double-masked placebo-con-
trolled Phase III clinical trial (NCT03845582) is currently recruiting to
determine safety, pharmacokinetics and efficacy in geographic atrophy
secondary to AMD. Other drugs currently in clinical trials include ela-
mipretide (NCT02848313), which is thought to reduce mitochondrial
dysfunction, and brimonidine tartrate (NCT02087085), which is pro-
posed to be neuroprotective (reviewed in [85]).

In animal models, antioxidants or iron chelators have been shown to
decrease photodecomposition of bisretinoids. Administration of either
vitamin E or deferiprone prevented photoreceptor damage in albino
Abca4™/~ mice [22]. Targeting the P2Y;, receptor by oral administra-
tion of ticagrelor also protects albino Abca4 /~ photoreceptors from
light-induced degeneration, presumably by improving lysosome func-
tion in the RPE and decreasing lipofuscin autofluorescence [86]. Pri-
mary RPE cultures and iPSC-RPE derived from AMD patients express
high levels of complement and inflammatory proteins and exhibit signs
of oxidative stress, which is ameliorated by treatment with nicotinamide
[78,871.

4.2. Targeting cholesterol and drusen formation

As discussed earlier, genetic, epidemiological and histological data
strongly implicate abnormal handling of cholesterol in AMD pathogen-
esis. Genes that regulate cholesterol transport and HDL remodeling are
strongly associated with AMD. These include the cholesterol trans-
porters apolipoprotein E (APOE) and ATP-binding cassette transporter
Al (ABCA1); and cholesterol ester transfer protein (CETP) and hepatic
lipase (LIPC), which function in HDL remodeling [5,88]. Epidemiolog-
ical analyses confirm that high HDL-C and low triglyceride levels are
associated with an increased risk of AMD [32]. In another study, levels
of activated complement (C3d/C3) in the serum correlated positively
with HDL-C and prevalence of AMD [89].

Although the mechanistic link between serum HDL-cholesterol and
AMD is not yet clear, all AMD-associated cholesterol genes are expressed
by the RPE [88], raising the possibility that disease-associated variants
could act locally to modulate cholesterol transport and lipoprotein
metabolism within the retina. In support of this, RPE-specific deletion of
ABCA1 in mice leads to cholesterol accumulation within the RPE, fol-
lowed by progressive RPE atrophy, photoreceptor degeneration, and
vision loss [36]. Thus, increased RPE cholesterol, whether due to
defective cholesterol transport or secondary to lipofuscin accumulation,
leads to RPE injury and dysfunction [34,39,40]. Cholesterol and the
cholesterol transporters ApoB and ApoE are enriched in drusen from
AMD donors [33,90,91]. However, despite decades of observational
studies showing that drusen size and number correlate with AMD pro-
gression, mechanisms involved in drusen formation are only now being
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understood.

Recent studies using sophisticated live-cell imaging approaches have
clarified the role of ApoE isoforms in cholesterol homeostasis in the RPE,
and helped identify a biophysical mechanism that could explain drusen
biogenesis [76]. Humans are the only species that express three isoforms
of ApoE (ApoE2, ApoE3 and ApoE4) that differ from one another in only
one amino acid: ApoE2 has two cysteines at positions 112 and 158,
ApoE3 and a cysteine and an arginine, and ApoE4 has two arginines.
These cysteine/arginine interchanges profoundly impact lipoprotein
binding and cholesterol transport capacities of the resulting proteins
[92-96]. Prevalence of these alleles is ~2% for APOE2, 78% for APOE3,
and 14% for APOE4 [97]. Pertinently, APOE shows reversed risk asso-
ciations between Alzheimer’s disease and AMD: APOE4, which is a
confirmed risk factor for Alzheimer’s disease, is protective in AMD; and
APOE2, which is protective in Alzheimer’s disease increases AMD risk
[5,32,98,99]. In the RPE, live-cell imaging reveals that ApoE2 vesicles
show constrained, short range trafficking, whereas ApoE3 and ApoE4
vesicles exhibit long-range directed movements. This leads to poor
cholesterol transport by ApoE2, compared to ApoE3 or ApoE4. Conse-
quently, unlike RPE expressing the protective ApoE4 isoform,
ApoE2-RPE have increased cholesterol, which impairs autophagy and
the ability of the RPE to protect itself from complement-induced mito-
chondrial injury (See Sections 3.2 and 3.3 and Fig. 2).

All ApoE isoforms are rich in intrinsically disordered regions, which
enable them to engage in low-affinity, multivalent interactions with one
another. These interactions lead to liquid-liquid phase separation, a
recently discovered biophysical phenomenon that drives the formation
of cytoplasmic biomolecular condensates that are not delimited by a
membrane [100]. Studies in Alzheimer’s disease and other neurode-
generative diseases suggest that mutant proteins can induce structural
changes in biomolecular condensates, leading to the formation of
insoluble aggregates [101]. Abnormal phase transitions can be induced
by mutations and posttranslational modifications within the proteins or
by changes in the cellular environment, which can impact protein
structure and dynamics. In RPE expressing ApoE2, mitochondrial injury
leads to thiol oxidation of the two cysteines at positions 112 and 158,
which increase its intrinsic disorder and promote aggregation. This re-
sults in the formation of large biomolecular condensates that could
function as precursors to drusen in ApoE2-RPE. On the other hand,
ApoE4 with two arginines at 112 and 158 that are not susceptible to
oxidation, is completely resistant to these phase transitions and does not
form large condensates. These studies establish how a major AMD risk
variant can disrupt critical metabolic functions in the RPE, and identify
oxidative stress-mediated aberrant phase transitions as an exciting new
mechanism that could contribute to drusen biogenesis [76].

The studies discussed above demonstrate a clear need for precise
regulation of cholesterol homeostasis in the retina because cholesterol
impacts metabolism and inflammation, two pathways implicated in
AMD [2]. However, based on retrospective studies, the potential of
cholesterol-lowering drugs like statins (HMG-CoA reductase inhibitors)
as AMD therapeutics is as yet unresolved [102,103]. A small open-label
prospective study using high dose atorvastatin for a year showed drusen
regression in ~40% of patients [104]; whether this will hold true in a
larger, double-blind placebo-controlled study remains to be seen. Other
approaches for lowering cholesterol include liver X receptor agonists
[105]. These drugs activate the LXR nuclear hormone receptors, which
induce transcription of target genes including the ApoE and ABCA1
cholesterol transporters [106]. Although, currently, no synthetic LXR
agonists are clinically approved due to adverse effects, rational design
could likely lead to the development of new agonists suitable for human
use [107].

4.3. Targeting ASM and ceramide to maintain RPE homeostasis

Ceramide is a bioactive lipid that regulates a wide array of cellular
processes [108]. Studies on animal models of diverse retinal diseases
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including retinitis pigmentosa, glaucoma, diabetic retinopathy, retinal
ischemia, light-induced retinal degeneration, Stargardt disease, and
AMD have identified ceramide as a mediator of pathology [42,43,109,
110]. In these models, increased ceramide has been shown to promote
injury, inflammation and death in photoreceptors, the RPE, and the
retinal vasculature. Decreasing ceramide levels either pharmacologi-
cally or by genetic deletion of ASM has been shown to prevent retinal
degeneration in several of these models [43,109,111]. These studies
suggest that ceramide levels need to be tightly regulated in the retina,
and any disruptions to the sphingolipid rheostat can have severe con-
sequences for retinal health and function (recently reviewed in [110]).

In the RPE, excess ceramide due to increased ASM activation alters
membrane dynamics and leads to aberrant endosome biogenesis, peri-
nuclear sequestration of lysosomes, impaired autophagosome traf-
ficking, and mitochondrial fragmentation. Several drugs currently
approved for human use inhibit ASM as an off-target effect [112]. These
include tricyclic anti-depressants desipramine and amitriptyline, selec-
tive serotonin reuptake inhibitors sertraline and fluoxetine, among
others. These drugs are functional inhibitors of ASM: they are weak
lipophilic bases that accumulate in lysosomes due to a protonatable
nitrogen. Within the lysosome, they prevent ASM from binding its
cofactor BMP via steric hindrance. This causes ASM to detach from the
lysosomal membrane and undergo lysosomal proteolysis [113]. In
Abca4~/~ mice, intraperitoneal or oral administration of desipramine
decreases RPE ceramide levels to that in age-matched wild-types. This
prevents the formation of enlarged early endosomes, intracellular C3
proteolysis, and mTOR activation [39]. Desipramine treatment in RPE
with bisretinoids corrects impaired autophagosome trafficking and
autophagic flux [34], and restores CD59 recycling to the plasma mem-
brane, which prevents MAC assembly after complement attack, and
protects RPE mitochondria from complement-induced fragmentation
[40].

Data from AMD patients provide strong support for therapeutic tar-
geting of ceramide: first, analysis of serum sphingolipids in AMD pa-
tients showed higher ceramide levels in patients with geographic
atrophy, which was associated with the Y402H risk variant of comple-
ment factor H (CFH) [47]. Second, increased RPE ceramide has been
observed in AMD donors, but not unaffected controls [44-46]. Third,
pooled data from three continents show that use of ASM inhibitors such
as desipramine is associated with a significantly decreased risk of
developing AMD [114,115]. Lastly, serum ceramide levels increase with
age in humans [116], and in the brains of patients with Alzheimer’s and
Parkinson’s diseases [117,118]. These studies suggest that dysregula-
tion of ceramide homeostasis in postmitotic cells such as neurons and
RPE could be a common etiological feature — and therapeutic target - in
age-related neurodegenerative diseases including AMD.

5. Perspectives

Deciphering the biology behind AMD genetic risk variants requires
moving beyond observational studies to more mechanism-based ap-
proaches using cutting-edge biophysical, biochemical and imaging
techniques. Some outstanding questions in this area include:

e What is the relationship between AMD-associated polymorphisms in
cholesterol genes, systemic lipid profiles, and RPE lipid metabolism?

e How do AMD-associated polymorphisms in complement genes
impact complement activation in the retina, inflammation, and
mitochondrial injury in the RPE?

e What are the molecular players that mediate RPE mitochondrial
fragmentation and mitochondrial DNA damage?

e Where and how can we intervene to prevent metabolic reprogram-
ming and RPE atrophy in AMD?
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