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Age-related macular degeneration (AMD) is a complex,
degenerative and progressive eye disease that usually does
not lead to complete blindness, but can result in severe loss of
central vision. Risk factors for AMD include age, genetics, diet,
smoking, oxidative stress and many cardiovascular-associated
risk factors. Autophagy is a cellular housekeeping process that
removes damaged organelles and protein aggregates, whereas
heterophagy, in the case of the retinal pigment epithelium
(RPE), is the phagocytosis of exogenous photoreceptor outer
segments. Numerous studies have demonstrated that both
autophagy and heterophagy are highly active in the RPE. To
date, there is increasing evidence that constant oxidative
stress impairs autophagy and heterophagy, as well as increases
protein aggregation and causes inflammasome activation
leading to the pathological phenotype of AMD. This review
ties together these crucial pathological topics and reflects
upon autophagy as a potential therapeutic target in AMD.

Introduction

AMD is a neurodegenerative disease, which is characterized by
loss of central vision as a result of cellular dysfunction and cell
loss at the macula. The macula is a highly specialized region of
the central retina unique to humans and other primates that is
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normally responsible for achieving high acuity and color vision.!
Macular pathology, as occurs in AMD, results in difficulty in
seeing letters on a page, reduced ability to distinguish contrasts,
distortion of straight lines, central visual field defects, scotomas
and color vision impairment (Fig. 1). AMD is the most common
cause of visual impairment in Western countries.” Worldwide,
approximately 50 million elderly people suffer from AMD, and
the number of cases is expected to rise 3-fold over the next 20
years, suggesting that AMD is becoming a major public health
issue.>* Approximately 10 million Americans are affected by
AMD, and the costs of treatment are in excess of $340 billion
US> The loss of vision results primarily from the progressive
degeneration and death of RPE cells, which secondarily impairs
the function of rods and cones. Phenotypically, AMD can be
divided into two main forms: dry (atrophic) and wet (exudative)
type and further subdivided into early and late stage disease. The
early stage of dry AMD is asymptomatic, although pigment mot-
tling, accumulation of intracellular lysosomal lipofuscin, and
extracellular drusen deposits can be detected.”® The late stage of
dry AMD, also known as geographic atrophy, is characterized by
discrete areas of RPE loss and impairment of the overlying retinal
photoreceptor cells. In wet AMD, aberrant blood vessels sprout
from the choroidal capillaries and penetrate through the Bruch’s
membrane leading to subretinal membranes, hemorrhage, retinal
edema and damage to retinal cells. If left untreated, late stage
fibrosis and permanent visual loss may occur. Interestingly, AMD
shares several risk factors with other neurodegenerative and
aggregation diseases.! These risk factors include; aging, genetic
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Figure 1. Symptoms of AMD include distortion of straight lines, central
visual field defects, central dark spots, contrast sensitivity alterations
and color-vision impairment.

background, smoking, unhealthy diet, obesity, high blood pres-
sure, hypercholesterolemia and arteriosclerosis (Fig. 2).

The degeneration of RPE cells is widely considered to take
place first during AMD development. The substantial oxygen
consumption, lipid peroxidation products from the ingested pho-
toreceptor outer segments (POS) and almost constant exposure
to light, predispose the metabolically active RPE cells to chronic
oxidative stress.” Oxidatively damaged molecules, such as car-
boxyethylpyrrole, malondialdehyde, 4-hydroxynonenal, and
advanced glycation end products, accumulate in the macular area
and serve as a source for chronic oxidative stress." Age-related
increase in oxidative stress is concurrent with increased accumu-
lation of auto-oxidative lipofuscin in the lysosomes of RPE cells,
as well as drusen formation in the extracellular space between the
RPE and the Bruch’s membrane (Figs. 3 and 4)."'"'? In addition
to oxidative stress and protein aggregation, immunological events
are involved in the pathogenesis of AMD. These include the pro-
duction of several types of inflammation-related molecules, the
recruitment of leukocytes, such as macrophages and dendritic
cells, as well as activation of the complement pathway, alternate

complement pathway, inflammasomes and microglia cells.">*

RPE cells in AMD Pathology

The RPE layer consists of hexanocuboidal epithelial cells which
have two types of apical microvilli directed toward the interpho-
toreceptor matrix and the outer segment tips of rods and cones
(Fig. 3).'%" The short microvilli facilitate transepithelial trans-
port. The RPE cells are a central regulator of vision, playing an
essential role in maintaining the functionality and survival of
photoreceptor cells. The RPE can, for example, metabolize and
recycle retinoids, secrete growth factors for photoreceptors and
choriocapillaries, and control the transport of nutrients into, and
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waste products out of, the retina.'®” Moreover, RPE cells are
phagocytically the most active cells in the whole body, whereby
up to 10% of the POS length can become phagocytosed by RPE
cells on a daily basis in a process called heterophagy.’®* Since
each human RPE cell is responsible for the upkeep of 30-40
photoreceptors, this is an enormous metabolic challenge for the
endolysosomal system of the RPE, which is needed for the degra-
dation of the ingested POS. The loss of the normally nondividing
RPE cells during aging and AMD increases the metabolic bur-
den on neighboring cells. In the long run, autofluorescent, lipid-
protein aggregates called lipofuscin accumulate in the lysosomes
of RPE cells.?

The process of photoreceptor disc shedding and renewal and
the role of RPE cells in the process were first revealed in the 1960s
by Young and colleagues.?** The renewal of the POS with the
help of RPE is essential for the survival of rods and cones, and the
diminished phagocytic capacity of RPE cells has been associated
with degenerative diseases of the retina.’** Heterophagy of the
POS occurs at the apical side of the RPE cells that is intimately
associated with the photoreceptor layer. Once the discs have been
internalized, the phagosome moves from the apical to the basal
surface where the contents of the phagosome become degraded.
Although the process is not completely understood, the phagocy-
tosis of POS can be divided into four distinct stages: recognition
and attachment of the POS discs, their ingestion, formation of
the phagosome and its fusion with a lysosome, and degradation.*

A number of molecules essential for the recognition, binding
and internalization of POS have been identified.”?” The integrin
ITGAV-ITGBS (o ;) is, for example, required for the binding
of outer segments,”®? while MERTK (c-mer proto-oncogene
tyrosine kinase) is essential for triggering their ingestion.?’?
Protein tyrosine kinase 2 becomes activated through the bind-
ing process, being phosphorylated by MERTK, thus linking the
signaling between integrin ITGAV-ITGB5 and MERTK.?%
MFGES8 (milk fat globule-EGF factor 8 protein), a ligand of
integrin ITGAV-ITGBS, is needed for the regulation of the cir-
cadian rhythm of phagocytosis.*** A defect in the initial stage of
phagocytosis results in photoreceptor death, as demonstrated in
the Royal College of Surgeons rat which carries a mutation in the
Mertk gene.’* In addition, age-related decrease in the level of
integrin ITGAV-ITGBS leads to the accumulation of lipofuscin
within the lysosomes in RPE cells and decreased retinal adhesion,
both of which secondarily evoke vision loss.***¢

Although some of the molecular mechanisms involved in the
initial stages of phagocytosis or heterophagy are already known
(see above), the processes of phagosome maturation and the final
degradation of POS still remain obscure. Proteins involved in
the maturation of the phagosome have been identified in mac-
rophages—cells in which phagocytosis has been studied much
more extensively than other cell types.” We have also reported
that some of the phagosome maturation proteins are expressed
in RPE cells of rats, indicating that similar signaling pathways
may be involved in the RPE-related phagosome maturation.’
Cytoskeletal elements, particularly actin filaments and microtu-
bule-dependent motor proteins, play a critical role in the internal-
ization of phagosomes by RPE cells.”? Abnormal cytoskeletal
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reorganization that affects POS inter-
nalization leads to retina defects as

seen in one of the types of Usher’s syn-
drome, a genetic disorder resulting in a
combination of hearing loss and visual
impairment.*°

Autophagosome and phagosome
maturation and fusion with lysosomes

happen both in auto- and heterophagy,

respectively. When autophagy takes Hyper-

place during cellular remodeling, an tension
autophagosome fuses with a lysosome,
which provides hydrolytic enzymes for
the degradation of autophagosomal
contents (see below).“**2 Our recent
findings implicate BA3/Al-crystallin
as a novel lysosomal component in
the RPE that could regulate both
phagocytosis and autophagy.®® Since

BA3/Al-crystallin has been found

Arterio-
sclerosis

RISK factors

in human drusen material,®® and our

recent studies also show that Nucl rats
with a spontaneous mutation in the
Crybal gene develop deposits between

the basal side of the RPE and Bruch’s
membrane during aging (Fig. 5), it is

tempting to speculate that perturba-

Figure 2. AMD risk factors associated with different phenotypes of macular degeneration. Phenotypi-
cally, AMD can be divided into early and late stages of dry and wet AMD. (A) Pigment mottling and
extracellular drusen deposition can be detected in the early stage of dry AMD (arrow). (B) The late
stage of dry AMD develops a large geographic atrophy lesion in the macula (arrow). (C) Hemorrhages
are usually observed in the early neovascularization process in wet AMD (arrow). (D) Fibrotic disciform
lesion develops in wet AMD if not treated by anti-VEGF agents.

tion of normal phagocytosis and/or

autophagy could lead to some manifestations of AMD. Also, an
experimental disruption of lysosomal function has provided sup-
porting evidence for the possible role of lysosomes in the develop-
ment of AMD. %%

Impairment of Lysosomal Function in RPE

Lysosomal clearance may be disturbed by various mechanisms
during the degeneration of RPE cells and development of
AMD.* Lysosomes possess a multifunctional capacity to cope
with different cleaning processes when proteins destined for
degradation arrive via endocytosis, phagocytosis (heterophagy)
or autophagy. Cathepsins are proteases with a biological task to
degrade proteins; so far, CTSA, B, D, E and S have been char-
acterized in RPE cells.” The main responsibility of CTSD is the
degradation of POS and rhodopsin into glycopeptides within
the RPE lysosomes;* CTSD-deficient mice develop retinal
degeneration.” CSTs (cystatins), which are inhibitors of lyso-
somal cysteine proteases, are highly expressed in RPE cells.’*>!
A CST3 (encoding cystatin C) gene variant is associated with
an increased risk of developing advanced AMD.? Due to this
cystatin variant, important cellular functions, such as cellular
transport and regulation of proteolytic balance in the extracel-
lular space become affected, which are thought to be involved
in the RPE degeneration and AMD development.” This obser-
vation is supported by the earlier documentation indicating a
relationship between the increased level of serum CST3 and the
incidence of AMD.?
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Oxidized low-density lipoproteins and lipid peroxidation end
products reduce the degradation of phagocytosed POS mate-
rial, and increase cellular stress in the RPE cell’**® The intra-
cellular and lysosomal storage of these metabolites is considered
to represent the initial stage of lipofuscinogenesis. The A2-E
(N-retinylidene-N-retinylethanol-amine) fluorophore is a harm-
ful component of lipofuscin, the latter being a photosensitizer
and auto-oxidant that can increase the mitochondrial stress and
irreversibly inhibits lysosomal cathepsin activity upon light expo-
sure, leading to increased damage of the RPE.™ It is thought
that, once formed, lipofuscin cannot be degraded by proteasomal
or lysosomal enzymes or become transported into the extracel-
lular space via exocytosis.®*®" Furthermore, maintenance of an
acidic lysosomal pH is critical. Elevated lysosomal pH is observed
in RPE cells from ABCA4 knockout mice (a model for Stargardt’s
disease) and in cultured human ARPE-19 cells exposed to A2E.%
Thus, POS clearance and lysosomal enzyme activity seem to
be related to lysosomal pH.®*¢* Clinical findings from AMD
patients indicate that mitochondrial damage and excessive lipo-
fuscin accumulation precede the atrophy of outer retinal layers
and the subsequent loss of visual function.®>

Oxidative stress and mitochondrial dysfunction in RPE
cells. Oxidative stress can induce electron leakage from the mito-
chondrial electron transport chain, followed by formation of
hydroxyl radicals by Fenton-type reactions, and production of
superoxide, hydrogen peroxide and hypochlorite as a consequence
of many enzymatic reactions. An imbalance between the genera-
tion and the suppression of reactive oxygen species (ROS) can
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Figure 3. Cross-sectional illustration of the eye and retina. Light reflects via the cornea and lens to
the retina. RPE cells have a central role in the pathogenesis of AMD. They absorb light, transport
metabolites and nutrients between photoreceptors and the choriocapillaris, produce growth factors,
control tissue ionic balance, phagocytose shed tips of photoreceptor outer segments, regulate vita-
min A metabolism and visual cycle, and create the blood-retinal barrier. Abbreviations used:

R, rods; C, cones; RPE, retinal pigment epithelium; POS, photoreceptor outer segments; BM, Bruch’s
membrane; L, lipofuscin; D, drusen; ch, choriocapillaris. Red arrow indicates choroidal neovasculariza-

iron.”>”* This could result in the for-
mation of oxygen radicals and cause
oxidative modification of proteins,
lipids and nucleic acids. For example,
many proteins isolated from RPE cell-
derived lipofuscin have been modi-
fied and decorated by the markers of
oxidative stress, such as malondial-
dehyde,
glycation end products and advanced
glycosylation
receptor.’>” Interestingly, Hohn et al.
observed that due to the iron, lipofus-
cin is able to sustain the production of

hydroxynonenal, advanced

end productspecific

cytotoxic oxidants independently of
the mitochondria.”* Together with an
increased accumulation of lipofuscin,
impaired lysosomal function, continu-
ous light exposure, and oxidants, this
can induce defects in mitochondrial
functions, which can further increase
the oxidative stress.””’®”7 Due to the
high metabolic activity, impaired mito-
chondrial function is assumed to lead
to the accelerated degeneration of RPE
cells and secondarily to photorecep-
tor cell death.”*%° Taken together, the
Fenton reaction can occur in mito-
chondria leading to their damage, but
also in lysosomes where it can directly
contribute to lipofuscin formation.”>”¢
However, it must be noted that most
of the RPE lipofuscin is derived from
retinal POS.?°

The concurrent

increase in the

tion in the wet AMD process.

lead to undesirable effects, for example, due to protein unfolding
and damage, especially in age-related conditions.”’
The central retina is exposed to an exceptionally high burden of

oxidative stress, which increases during aging.”*®

Epidemiologic,
genetic, and molecular pathology studies support the role of oxi-
dative stress in the pathogenesis of AMD.® The retina and RPE
cells provide an ideal environment for the generation of ROS.*
Oxidative stress is mainly caused by retinal irradiation, lipid per-
oxidation, photochemical damage of retinal chromophores, and
the respiratory burst. These oxidative processes are thought to
contribute to the clinical manifestation of pigment dispersion,
accumulation of intracellular lysosomal lipofuscin, and extracel-
lular drusen deposits.”

Mitochondrial hydrogen peroxide and lysosomal iron react
in the Fenton reaction, producing hydroxyl radicals. Some oxi-
dation products polymerize to form undegradable lipofuscin,
which accumulates in the lysosomes.”>” It has been speculated
that lipofuscin itself could be cytotoxic because of its ability to
provide a redox-active surface by incorporating oxidatively labile
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structural alterations of mitochondria
also coincides with the pathology of
AMD.%#! Oxidative stress leads to mitochondrial DNA damage,
increases ROS generation and reduces the metabolic capacity.
Mitochondrial DNA is more susceptible to oxidative damage and
light exposure than nuclear DNA.#285 Recent findings support
the idea that there is increased mitochondrial stress and dysfunc-
tion in the RPE cells of AMD patients.* ¢ Therefore, selective
removal of oxidatively damaged mitochondria by autophagy
(called mitophagy) might be essential for cell survival.

Impaired Proteasomal and Autophagosomal
Proteolysis in RPE Cells and AMD

Increased oxidative stress evokes misfolding of proteins via oxi-

dation/glutathione conjugation.® 5

Primarily, molecular chaper-
ones (heat shock proteins) repair the misfolding damage, but if
this fails, soluble proteins become ubiquitinated and are targeted
into proteasomes for degradation (Fig. 6).5*°° The proteasomal
activity may also decline during aging, which leads to aggrega-

tion of oxidized and ubiquitinated proteins—a process that can
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occur in RPE cells as well.?"

% The protein aggre-
gates can form juxtanuclear aggresomes after being
delivered via the microtubule network from the
cellular periphery.”**® The ubiquitination results in
recruitment of adaptor proteins, such as SQSTM1/
p62 and microtubule-associated protein 1 light
chain 3 o, which link the ubiquitinated proteins to
the autophagic complex.”” The mechanisms behind
autophagy have been thoroughly reviewed in recent
publications.”®!

In mammals, three types of autophagy have
been described: microautophagy,
mediated autophagy and macroautophagy.

Microautophagy and chaperone-mediated autoph-

chaperone-
98-101

agy are poorly understood in RPE cells, and
therefore they are not discussed in this review.
Macroautophagy (referred to as autophagy) is the
most prevalent form and involves the formation
of a double-membrane structure (autophagosome)
that engulfs cytoplasmic proteins, lipids and dam-
aged organelles. Thereafter, autophagosomes fuse
with primary lysosomes, and their contents become
degraded by lysosomal enzymes, such as cathepsins
(see above). The autophagy process can be divided
into induction, initiation/nucleation, elongation
and closure, maturation and fusion, and finally,
degradation steps.

Oxidative stress, hypoxia, the unfolded protein
response or inflammation can activate autophagy,
and are present in AMD pathology.! Autophagy
activity is strongly regulated by the signaling of mechanistic
target of rapamycin (MTOR), the inhibition of which results
in the partial dephosphorylation of ATG13, activation of the
ULKSs (unc-51-like kinases) and recruitment of RB1ICC1 (RBI1-
inducible coiled-coil 1). The ULK1/2-ATG13-RB1CC1 com-
plex plays a crucial role in the formation of double-membrane
autophagic vacuoles, autophagosomes. Other important proteins
in autophagosome formation include ATG14, BECNI1, PIK3C3,
PIK3R4 and UVRAG.”® Microtubule-associated protein 1 light
chain 3 a is a ubiquitin-like protein that connects autophagy to
the proteasomal clearance system via ubiquitin and SQSTM1
binding sites.””?’

Failure of the RPE cells to use autophagy can result in accu-
mulation of aggregation-prone proteins, cellular degeneration
and finally cell death.'®? In addition, a decline in the autophagy
flux is usually accompanied by the accumulation of SQSTMI in
large perinuclear aggregates or inclusion bodies which are also
positive for ubiquitin, as has been reported to happen in numer-
ous neurodegenerative diseases, including Alzheimer, Parkinson
and Huntington diseases.!?1%

Autophagy decline and inflammasome activation. To date,
there is strong evidence showing that decreased autophagy flux
is associated with RPE damage and AMD pathology.”®10%109-111
When autophagic capacity declines simultaneously with an
increased lipofuscin accumulation, accelerated ROS production
and elevated protein aggregation can occur, which may activate
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Figure 4. Optical coherence images from (A) normal macula structure including physi-
ological foveal pit (arrow) and (B) retinal edema (arrow) in wet AMD. After anti-VEGF
intravitreal injection treatment for wet AMD the retinal edema usually regresses to near
normal retina thickness. Scale bars: 250 pm.

an inflammatory response that further provokes long-term, low-
grade inflammation in retinal cells, thus, speeding up the aging
process (Fig. 6)."'? The swelling, destabilization and dysfunction
of lysosomes caused by the accumulation of fibrillar amyloid 3
(AB) in the lysosomes of microglia cells results in the activation
of NLRP3 (NLR family, pyrin domain containing 3) inflam-
masomes.'? Additionally, the lysosomal rupture by silica crys-
tals and aluminum salts leads to a similar result."* Lysosomal
destabilization using the lysosmotropic agent L-leucyl-L-leucine
methyl ester also activates the NLRP3 inflammasomes in
ARPE-19 cells.'!> NLRP3 is an intracellular pattern-recogni-
tion receptor, which responds to a wide variety of danger sig-
nals by inducing the formation of a multiprotein complex called
the inflammasome, and thereby initiating an inflammatory
response.'® Although the exact mechanism of NLRP3 activation
has not been elucidated yet, the contribution of CTSB released
from the ruptured lysosomes has been strongly suggested.!'>"
Mitochondrial dysfunction and subsequent oxidative stress are
also well known activators of the NLRP3 inflammasome.!'#!7118
We have recently shown that oxidative stress is capable of induc-
ing activation of the NLRP3 inflammasomes in human ARPE-
19 cells.'” Moreover, oxidized mitochondrial DNA leaking out
from damaged mitochondria is a direct agonist of NLRP3.!% In
normal circumstances, autophagy controls the activation of the
NLRP3 inflammasome, for example by degrading the inflam-
masome components and effector molecules.!?'** Conversely,
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Figure 5. Transmission electron micrographs of the RPE-Bruch’s membrane/choriocapillaris complex. Typical infoldings of the basal RPE are preserved
in wild-type (red arrow, A) and lost in NucT rats (red arrow, B). The cytoplasm of the RPE in Nuc1 rats (red asterisk, B) is more heterogeneous with
increased granularity and lipid inclusions as compared with wild type (red asterisk, A). Both thickening and a more heterogeneous composition of
Bruch’s membrane (BM) are seen in Nuc1 rats (blue arrowheads, D) as compared with wild type (blue arrowheads, C). A deposit between the basal RPE
and BM in Nuc1 rats is indicated in (D) (black arrows). Scale bars: (A and B) 2 um; (Cand D) 500 nm.

when autophagy declines, inflammasomes become activated—
most probably through the dysregulation of mitochondrial
homeostasis.!®123

It is well known that accumulated intracellular lipofuscin and
extracellular drusen deposits increase the risk for progression of
AMD.5¢12415 Among other effects, drusen may play a role in
inflammasome activation. Drusen material isolated from donor
AMD eyes can activate the NLRP3 inflammasome pathway in
human mononuclear cells.'”* Immunohistochemical analyses
have revealed that drusen are composed of many intracellular-
derived proteins which can regulate proteolytic processes.'>!0%%/
Drusen formation may be associated with decreased autophagy,
and increased transcytosis and exocytosis in RPE cells, which can
further be involved in the development of AMD. #9128 Some
exosome and autophagy markers have been detected in drusen.!””
We have observed that SQSTMI1 accumulates in the macular
RPE cells rather than in peripheral retina, revealing an impaired
autophagy flux in AMD.'"® In addition, most of the drusen
from AMD patients show strong ubiquitin positivity, while the
SQSTMI staining could be observed only intracellularly. This
might imply that SQSTM1 is mostly degraded by the autopha-
gic pathway and, unlike ubiquitin, SQSTM1 is not exocytosed
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to the extracellular space of the RPE cells. Recent reports have
argued that ubiquitin and SQSTML strongly colocalize in peri-
nuclear aggregates.'” However, we found that only ubiquitin was
detectable in the extracellular drusens of AMD samples. As a
consequence, we hypothesize that autophagosomes do not fuse
with cell membranes and are not involved directly in exocytosis
that contributes to AMD pathology.

Complexicity of autophagy as a pharmacological target in
AMD therapy. Regulation of the signaling pathways involved in
autophagy is certainly a potential therapeutic target for AMD
treatment. However, targeting autophagy may be more complex
than that, since a) autophagy is a fundamental housekeeping pro-
cess in all cells, and too little or too much autophagy can result
in cellular dysfunction, b) autophagy pathways will differ depen-
dending on the stimulus signal(s), and ¢) AMD has both degen-
erative characteristics including protein deposits, and in certain
cases proliferative characteristics as occurs in the wet AMD form.
To date, there is no consensus as to whether autophagy inhibitors
or activators would be beneficial in AMD therapy, and how they
should be used in different phenotypes of AMD in prevention or
in therapy. The induction of autophagy can be attained through
inhibition of the mitogen-activated protein kinase/extracellular
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Figure 6. Crosstalk between heterophagy and autophagy in the regulation of protein aggregation and inflammation in aged RPE cells. Impaired
lysosomal POS clearance increases lipofuscin accumulation that increases oxidative stress damage and protein aggregation in the aged RPE cells.
Autophagy flux is decreased due to weakened lysosomal function that also increases mitochondrial damage. All these lead to exocytosis of damaged
proteins and activation of the NLRP3 inflammasome in association with drusen formation. Abbreviations used: BM, Bruch’s membrane; UB, ubiquitin.

signal-regulated kinase, class I phosphoinositide 3-kinase-AKT
and MTOR signaling pathways. Autophagy inhibitors can be
broadly classified into early or late stage inhibitors depending on
the autophagy pathway they act upon (Fig. 7).

Early stage inhibitors of autophagy, such as wortmannin,
3-methyladenine (3-MA) and LY294002, can act upon an
upstream regulator of autophagy, the class III PtdIns3K. In reti-
nal ganglion cells following optic nerve transection, the inhibition
of autophagy by wortmannin and 3-MA, as well as the late stage
inhibitor bafilomycin A, can decrease cell viability, suggesting a
cell-protective role of autophagy in neurodegenerative diseases.'?’
Conversely, blocking autophagy with 3-MA in developing retinal
neuroepithelium or after optic nerve axotomy results in abnormal
retinal tissue formation and function or attenuation of axonal
swelling and degeneration, respectively.'?"!3? Late stage inhibitors
of autophagy including antimalarial drugs and broad-spectrum
antibiotics such as fluoroquinolones, impose their action on the
lysosomal part of the autophago-lysosomal pathway and prevent
fusion of autophagosomes with lysosomes. Similarly to early stage
inhibitors, the late ones have also been tested in cancer cell lines
and cancer animal models. The antimalarial drug chloroquine
(CQ) has been used in cancer therapy due to its inhibitory effect
on autophagy, besides its additional, autophagy-independent
toxic effect on cancer cells."*** CQ and other quinines have
been associated with cases of retinal toxicity, particularly when
provided at higher doses for longer times.’”!3® In vitro, CQ can
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induce lipid accumulation and block phagocytosis in ARPE-19
cells in a dose- and time-dependent manner.*

Neuronal transmitter blockers such as HTR1A (5-hydroxy-
tryptamine (serotonin) receptor 1A, G protein-coupled) ago-
nists offer a therapeutic option for retinal degenerations such as
AMD, diabetic retinopathy or retinitis pigmentosa. In both, an
in vitro system and an in vivo mice model of atrophic AMD,
the HTRIA receptor agonist 8-hydroxy-2-(dipropylamino)tetra-
lin (8-OH DPAT) can protect the retina from degeneration by
reducing oxidative damage. This study showed that autophagy-
and photo-oxidative stress-derived lipofuscin accumulation can
be reduced by 8-OH DPAT in cultured ARPE-19 cells, possibly
through stimulation of MTOR phosphorylation, which can lead
to decreased autophagy induction (Fig. 7)."

Recent findings have revealed that rapamycin-induced inhi-
bition of MTOR complex 1 (MTORCI), and, therefore, acti-
vation of autophagy, can slow the aging and neurodegenerative
processes in mice.?*" M Tnterestingly, RPE degeneration is
associated with increased sensitivity and enhanced activity of
MTORCI in experimental AMD studies.'**'*? Rapamycin pre-
vents the development of harmful AMD-related aging signs
in RPE cells. MTOR regulates the detrimental dedifferentia-
tion and hypertrophy of RPE cells exposed to oxidative stress,
whereas rapamycin treatment can prevent these effects and pre-
serve photoreceptor functions."? In addition, rapamycin inhib-
its choroidal neovascularisation (CNV) by interfering with the
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Figure 7. Pharmacological targets of autophagy. (A) Early stage inhibi-
tors acting upon PIK3CA and MTOR, the most important checkpoints
of autophagy induction. (B) Late stage inhibitors of autophagy such as
chloroquine and its modified derivatives, and bafilomycin A, act upon
the autophagy-lysosomal pathway.

function of VEGFA (vascular endothelial growth factor A).!4344
Co-culture assays of RPE and endothelial cells revealed that
rapamycin is an effective VEGF inhibitor and it can reduce
sprouting of endothelial cells.'" However, even though rapamy-
cin prevents retinal degeneration in animal models, it has a
number of off-target effects, which have limited its usefulness
in age-related neurological disorders such as Parkinson and
Huntington diseases.

AMP-activated protein kinase (AMPK) is classically activated
by energy depletion and hypoxia. Moreover, a variety of chemi-
cals including the adenosine analog AICAR (5-aminoimidazole-
4-carboxamide ribonucleoside) have been used to investigate
the role of AMPK in the regulation of the MTORCI1 pathway
(Fig. 7). AICAR protects RPE cells from oxidative stress.“
Moreover, AMPK-induced autophagy protects the RPE cells
from TNESF10/TRAIL (tumor necrosis factor (ligand) super-
family, member 10)-induced cell death.'”” Our unpublished data
reveal that AICAR accelerates cleansing of protesome inhibitor-
induced protein aggregation via autophagy and improves cell
survival in ARPE-19 cells. Taken together, autophagy is a plau-
sible therapy target in AMD, but may be complex due to a varia-
tion in the AMD phenotypes. Dry AMD involves degenerative

980 Autophagy

changes without cellular proliferation, whereas CNV develop-
ment is based on the choroidal endothelial cell proliferation in
wet AMD. The inhibition of autophagy potentiates anti-angio-
genic effects and might be used together with anti-VEGF therapy
in wet AMD."®¥ However, the autophagy inducer rapamycin
functions as a VEGF inhibitor and reduces CNV activity, as dis-
cussed above."*'* Due to these opposite effects, further results
and experimental models are required to determine whether
autophagy activation or inhibition is a goal in AMD therapy.”™
Recent clinical experiences provide the possibility to apply drugs
through intravitreal injections. This could elegantly circumvent
a number of side effects of putative autophagy-related therapies
when applied systemically. Autophagy-targeted gene therapy
for treatment of AMD is also an interesting future option.”>>
However, accumulating lysosomal lipofuscin may be a limiting
factor in the regulation of autophagy flux. Overall, considering
AMD as a degenerative age-related disease it may be tempting to
state that functional autophagy may prevent RPE cell degenera-
tion and AMD development, although documentation varies in
the different models studied.

Conclusions

During the past several years, our understanding of the mecha-
nisms leading to RPE degeneration and AMD development has
greatly increased. Various genetic and environmental risk fac-
tors associated with lysosomal damage, including accumulation
of lipofuscin and drusen, and induction of chronic inflamma-
tion all can lead to decreased autophagy flux in the RPE cells
and AMD progression. Therefore, it should be appreciated that
autophagy may represent an important therapeutic target in
AMD. In particular, the autophagy-regulating kinases AMPK
and MTOR can be potential therapeutic targets for preventing
RPE cell degeneration and AMD progression either alone or as
an adjunct to other treatments.
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