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RPE Phagocytosis

Claudia Muller and Silvia C. Finnemann

Introduction

The retinal pigment epithelium (RPE) forms a
polarized monolayer in the retina. Its basolateral
aspect adheres to a specialized basement mem-
brane, Bruch’s membrane, and neighbors the
choroidal vasculature, while its apical surface
extends microvilli into the subretinal space and
faces photoreceptor rods and cones of the neural
retina. RPE cells perform numerous roles in sup-
port of photoreceptors specifically and the neural
retina generally that are essential for vision
including directed transport of ions, water and
metabolites, absorption of light, secretion of
growth factors and other signaling proteins, par-
ticipation in the visual cycle and phagocytosis of
spent photoreceptor outer segment fragments
(POS) [1]. As both photoreceptors and RPE cells
are post-mitotic and non-migratory their interac-
tions persist in the mammalian eye and individual
RPE cells must continue to perform their support
activities for life.

Clearance phagocytosis of POS by the RPE is
a daily task that is critical to maintain photore-
ceptors. Lack of or abnormal RPE phagocytosis
caused by mutations in genes encoding proteins
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of the RPE phagocytic machinery impairs retinal
function and integrity in experimental animal
models [2-5] and causes retinitis pigmentosa
(RP) in human patients (recently reviewed by
Parinot and Nandrot (2016)) [6]. Moreover, fail-
ure to efficiently degrade engulfed POS by RPE
cells compromised by oxidative stress and likely
other age-related changes contributes to accumu-
lation in the RPE of modified proteins and lipids
in cytoplasmic lysosome-derived storage organ-
elles known as lipofuscin [5-8]. Excess lipofus-
cin accumulation is harmful to the aging RPE and
retina in human and experimental animals and is
thought to contribute to age-related macular
degeneration [9, 10].

In the vertebrate retina, the process of photo-
receptor outer segment renewal continuously
turns over the light sensitive outer segment por-
tions of photoreceptors thought to bear damaged
proteins and lipids. Permanent photoreceptor
cells rejuvenate but maintain constant length of
their outer segments by coordinating shedding of
distal, most aged outer segment tips with pre-
cisely balanced formation of new membrane
disks at the proximal end of outer segments [11].
The RPE participates in this process by removing
shed photoreceptor debris by receptor-mediated
phagocytosis [12].

Molecular mechanisms that promote synchro-
nized POS tip shedding are only poorly under-
stood. At the time of rod shedding the plasma
membrane of POS  tips  externalizes
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phosphatidylserine (PS), an “eat me” signal also
displayed by cells undergoing apoptosis [13]. RPE
cells recognize exposed PS opsonized by extracel-
lular bridge ligands with their phagocytic recep-
tors. Moreover, RPE cells also enhance
synchronized PS externalization in a diurnal rhyth-
mic pattern to match the peak of their phagocytic
activity. Thus, synchronized outer segment tip
shedding is not photoreceptor cell autonomous but
requires activities of the RPE.

In mammals, RPE clearance of POS occurs in
a diurnal rhythm entrained by light and circadian
mechanisms [14]. Both rods and cones shed POS
[12, 15-17]. Different mammalian species shed
cone POS either at the onset of light or of the
dark period [18-25]. In contrast, in all species
studied, rods shed POS at light onset. As rods
make up the vast majority of photoreceptors in
both rodent and human retina, rod POS shedding
prompts a burst of phagocytic activity and uptake
by the RPE at light onset followed by a period of
relative phagocytic inactivity during which RPE
cells process engulfed POS in phagolysosomes
[5, 14]. RPE cells enzymatically break down
POS proteins and POS-derived lipids, some of
them for metabolism and others for recycling to
photoreceptors [26-30].

Altogether, photoreceptors and RPE collabo-
rate to achieve the necessary coordination of their
activities that ensures maintenance of functional
outer segments for life. The recurring challenge
with spent POS requires RPE cells to engulf and
degrade POS daily for life. This unique and enor-
mous phagocytic load renders RPE cells the most
highly phagocytic cell type in the body.

Experimental Approaches
to Quantify the Phagocytic
Function of the RPE

RPE phagocytosis can be investigated either by
examining the RPE in situ or by feeding experi-
mental phagocytic particles to RPE cells grown
in culture. Both approaches have unique advan-
tages that make them complementary. In the fol-
lowing we will discuss advantages of each
strategy and the methods used.

Phagocytic challenge of RPE cells in culture
has three distinct advantages over examining
RPE phagocytosis in situ. (1) RPE cells may be
manipulated before or during phagocytosis
assays using genetic or pharmacological
approaches. (2) Feeding wild-type POS to mutant
RPE and vice versa will identify if a given genetic
change affects activities of RPE or photorecep-
tors or both during outer segment renewal. (3)
Cell culture assays can experimentally separate
the distinct phases of the phagocytic process, par-
ticle recognition/binding, internalization, and
digestion yielding insight into the dependence of
each step on particular sets of genes and mole-
cules. RPE cells grown in culture can maintain
avid phagocytic activity specifically towards iso-
lated POS [31]. However, phagocytic activity of
RPE in culture may vary with cell culture condi-
tion. It is thus imperative to maintain strict cul-
ture protocols and experimental planning. POS
for feeding to RPE in cell culture phagocytic
assays can be obtained from fresh retinas e.g.
from pig, cow, or rat following established proto-
cols [32, 33]. Larger batches of POS may be pre-
pared and stored as deep-frozen aliquots ensuring
that particle quality and quantity show little vari-
ation from experiment to experiment. POS may
be covalently labeled with a fluorescence dye or
radiolabeled before use. Alternatively, POS may
be detected labeling fixed samples with antibod-
ies specific to POS, such as transducin or rhodop-
sin. Most commonly antibodies to rhodopsin are
used, as opsin is by far the most abundant protein
of POS and reliable monoclonal antibodies
against well-defined epitopes of rhodopsin are
commercially available [34, 35]. RNA silencing
reducing candidate protein levels before or phar-
macological modulators before or during phago-
cytic challenge will help identifying roles for
specific molecules in the phagocytic process. Of
note, RPE cells require extracellular molecules as
stoichiometric bridge ligands between RPE sur-
face receptors and POS (see sections “Recognition
and Binding of POS by RPE Cells” and “Cell
Surface Receptors and RPE Signaling Pathways
Mediating POS Internalization” for more details).
While present in the retina at physiological lev-
els, such factors must be supplemented in



3 RPE Phagocytosis

49

experimental POS phagocytosis assays to pro-
mote POS binding and engulfment, either in the
form of purified ligand proteins or by addition of
fetal bovine serum, which provides a mix of
potent but poorly defined molecules supporting
RPE phagocytosis [31, 36].

Examining specifically binding, internaliza-
tion, and degradation phases of RPE phagocyto-
sis can be accomplished by choosing appropriate
duration of POS challenge, POS post-challenge
incubation (in a discontinuous, pulse-chase type
POS phagocytosis assay) selective addition of
binding receptor versus internalization receptor
bridge proteins, and taking advantage of the fact
that rodent RPE cells in culture bind POS at tem-
peratures above ~17 °C (but now below) while
internalization does not proceed at temperatures
below ~25 °C [37, 38]. For example, POS incu-
bation in the presence of binding receptor ligand
at 20 °C will allow only POS binding allowing
studying the binding process in itself or yielding
RPE cells with pre-bound POS, which following
removal of excess POS may be supplemented
with internalization receptor ligand and shifted to
37 °C to monitor specifically the internalization
step.

Flow cytometry may be used to quantify the
amount of phagocytosed POS by RPE cells in
culture. Including manipulations removing or
quenching the fluorescence of POS that are
bound but not internalized will allow discriminat-
ing bound and internalized POS material [39,
40]. Flow cytometry-based analysis may quantify
POS uptake by large numbers of cells to yield
insight into levels of POS per cell and the fraction
of cells in a population that takes up POS.

We prefer to study POS phagocytosis using
immunofluorescence microscopy of fixed intact
RPE monolayers since it allows us to distinguish
bound and internalized POS fragments while
monitoring cell morphology in the same sample.
Selective immunofluorescence labeling of
surface-bound POS after non-permeabilizing
fixation can discriminate bound and internalized
POS [41]. In RPE cells that are grown to differ-
entiate into polarized monolayers with a cuboi-
dal shape, confocal microscopy can discriminate
surface-bound from engulfed fluorescent POS

based on their position relative to the tight junc-
tion marker ZO-1 or F-actin. To accomplish this
analysis, x-y image stacks comprising the entire
cell are separated into two non-overlapping api-
cal and central z-stacks. The apical z-stack is
chosen such that it shows only POS signal
located above tight junction/apical microvilli
F-actin marker staining, which are bound
POS. The central stack is chosen such that it
includes only cell aspects below the tight junc-
tion or apical F-actin marker. Maximal projec-
tions of these separated stacks allow
quantification and counting of bound and
engulfed POS in the same sample (Fig. 3.1) [42].

Besides the method outlined above and illus-
trated in Fig. 3.1, experimental approaches to
POS binding and engulfment by RPE cells in cul-
ture based on fluorescence microscopy or immu-
noblotting quantification may provide similar
insight or additionally focus on POS phagosome
acidification [43, 44].

Unlike POS phagocytosis by RPE cells in
culture, the phagocytic activity of the RPE in the
retina is directly linked to re-growth and shed-
ding of the photoreceptor outer segments. In the
healthy retina, rod POS shedding occurs at light
onset prompting immediate POS clearance by
the RPE. Any defect in POS shedding will affect
POS phagocytosis secondarily. Moreover, ani-
mal model studies indicate that, conversely,
abnormal RPE phagocytosis secondarily affects
POS shedding [13]. Measures of phagocytic
uptake by the RPE in sifu in animal models may
thus reflect abnormalities in either or both cell
types involved. As intact outer segments and
shed POS are located directly adjacent to the
apical surface of the RPE a bona fide POS bind-
ing process does not take place during RPE
phagocytosis in situ. However, recognition of
extracellular bridge proteins by RPE surface
receptors activates the same signaling pathways
leading to internalization as in RPE in culture
[5]. Studies of RPE phagocytosis in situ take
advantage of the fact that outer segment renewal
is highly synchronized and subjected to a strict
diurnal rhythm. In cross sections of the retina,
electron microscopy identifies engulfed POS
based on morphology and location [7, 45], while
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Fig. 3.1 Confocal microscopy analysis of phagocytosed
photoreceptor outer segment fragments (POS) distin-
guishes bound and engulfed particles. (a) Apical x-y con-
focal projection shows POS (green) located above tight
junctions indicated by lack of ZO-1 marker labeling in
this area. These are quantified as bound POS. (b) Central
X-y projections show tight junctions (ZO-1 labeling in
red) and engulfed POS (green). (¢) Scheme illustrating

light microscopy identifies POS based on POS
marker immunoreactivity [46]. Counting POS
phagosomes in the RPE of experimental animals
at specific time points in relation to light onset
allows quantifying the phagocytic load obtained
by the RPE at light onset, a measure of phago-
cytic capacity, and following the decrease in POS
phagosomes in the RPE at later time points
reflecting progression of POS digestion [47].
Side-by-side comparison of POS phagosome
counts with age- and strain-matched control ani-
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separate quantification of bound and engulfed POS based
on location relative to tight junction marker labeling by
confocal microscopy. The RPE cell nucleus is indicated in
black. (d) The x-z confocal projection shows relative dis-
tribution of nuclei (shown in blue), ZO-1 stained tight
junctions (shown in red) and POS (shown in green). POS
below the tight junction are engulfed. Reproduced from
Davis et al. 2017

mals provides insight into effects of altering gen-
otypes or experimental treatments. Besides cross
sections RPE phagocytosis can be examined in
RPE flat mount preparations as well. Following
removal of the retina, eyes may be observed live
for detection of acidified POS phagosomes [48]
or fixed and processed for POS marker immuno-
fluorescence microscopy [47, 49].

Taken together, analysis of RPE phagocytosis
in cell culture allows identification of molecular
players in this process by separately probing and
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interfering with binding/recognition, internaliza-
tion, and digestion step. In contrast, observation
of RPE phagocytosis in situ illuminates a mole-
cule’s relevance for retinal structure and function
under physiological conditions providing impor-
tant complementary insight.

Molecular Mechanisms of RPE
Phagocytosis

RPE phagocytosis belongs to a group of non-
inflammatory clearance phagocytosis mecha-
nisms that other phagocytes in the body use to

> phosphatidylserine
— oxidized phospholipids
== tight junction

remove apoptotic cells and cell debris and that
are conserved from worm to man [38, 50, 51].
Recognition/binding and engulfment steps of
phagocytosis require engagement and down-
stream signaling of specific phagocyte surface
receptor proteins. While professional phagocytes
of the immune system like macrophages or den-
dritic cells possess numerous surface receptors
that can trigger or participate in clearance phago-
cytosis, RPE cells possess and use only a limited
repertoire of molecules for POS phagocytosis.
The scheme in Fig. 3.2 summarizes our current
knowledge of the molecular mechanisms of RPE
phagocytosis of POS.
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Table 3.1 Proteins contributing to RPE phagocytosis as summarized in Fig. 3.2

Protein (abbreviation) | Role References
AKT kinase (Akt) Cytosolic signal transducer with functions in F-actin recruitment and | [80]

POS engulfment
Annexin A5 (Anx5) | Cytosolic regulator of avf5 integrin surface levels [55]
Annexin A2 (Anx2) | Cytosolic signal transducer with role in POS uptake synchronization | [49]
avp5 integrin (avp5) | RPE cell surface recognition receptor recognizing PS-bearing POS [5, 52-54]
PA3/Al crystallin Cytosolic signal transducer with role in phagosome maturation [108, 109]

(acidification)

Cathepsin D,
cathepsin S

Lysosomal enzymes with roles in POS protein (opsin) degradation

[8, 30, 102, 103]

Caveolin-1 (cav-1) Cytosolic signal transducer with role in phagosome maturation [47]
(acidification)

CD36 RPE cell surface receptor that recognizes oxidized phospholipids [73-77]

CD81 Tetraspanin co-receptor of avf5 integrin [57]

Focal adhesion Cytosolic signal transducer mediating activation of MerTK [5, 36, 78]

kinase (FAK)

Gas6, proteinS Secreted ligands for MertK/Tyro3 in the subretinal space [67-70]

Kinesin-1 light Cytosolic motor with role in phagosome transport [101]

chain-1 (KLC1)

Melanoregulin Cytosolic signal transducer with role in phagosome maturation (LC3 | [110, 111]

(MREG) association)

Mer tyrosine kinase
(MerTK)

RPE cell surface engulfment receptor triggering engulfment and
limiting POS recognition

[2, 3,56, 61-64]

Milk fat globule- Secreted ligand for avf5 integrin in the subretinal space [36, 58]

EGF8 (MFG-Eg)

Myosin7a Cytosolic motor with role in post-engulfment phagosome transport [97]

(myoVIIA)

Non-muscle myosin | Cytosolic motor with role in POS engulfment [79]

II (myolI)

Phosphoinositide Cytosolic signal transducer with role in POS engulfment [80]

3-kinase (PI3K)

Plexin B1 (pIxB1) RPE cell surface receptor coordinating diurnal termination of RPE [96]
phagocytic activity

Protein kinase C Cytosolic signal transducer regulating avf5 integrin anchorage to [38]

(PKC) F-actin

Rab escort-protein-1 | Cytosolic signal transducer with role in phagosome-lysosome fusion | [104]

(REP-1)

Racl GTPase Cytosolic signal transducer regulating F-actin assembly in [43]
phagocytic cup

Semaphorin 4D Activating ligand of plexin B1 in the subretinal space [96]

Soluble MerTK Decoy MerTK receptor with inhibitory role in vitro [70]

extracellular

fragment (sMerTK)

Src kinase (Src) Cytosolic signal transducer with role in POS engulfment [90]

Tyro3 receptor MerTK paralog; if expressed by RPE may substitute for MerTK [65, 66]

tyrosine kinase
(Tyro3)
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Recognition and Binding of POS by
RPE Cells

In the recognition/binding step of POS clearance,
RPE cells respond to phosphatidylserine (PS)
exposed by distal ends of outer segments, which
serves as an ‘“‘eat me” signal [13]. POS recogni-
tion requires an active phagocytic machinery at
the apical side of RPE cells. The integrin receptor
avps is the only integrin family receptor local-
ized to the apical aspect of RPE cells. /n vivo and
cell culture experiments have provided comple-
mentary results indicating that avf5 serves as
primary POS recognition receptor in human and
rodent RPE [5, 52-54]. Ligand binding activity
of avp5 integrin is highly regulated. RPE cells
use a cytosolic protein kinase C (PKC) depen-
dent pathway to promote anchorage of avfp5
receptors to the F-actin cytoskeleton, which is
required for its function in POS recognition [38].
Cell surface levels of avf5 integrin are regulated
by its interaction with cytosolic annexin A5
(Anx5 in Fig. 3.2) [55]. Moreover, feedback
mechanisms between avf5 integrin and the inter-
nalization machinery impact activity of avfp5
such that increasing surface levels of avf5 integ-
rin does not promote a proportional increase in
POS binding [56]. Finally, avf5 activity is
dependent on its plasma membrane co-receptor,
the tetraspanin CD81. CD81 does not function
as a binding receptor for POS itself, but inhibi-
tion or overexpression of CD81 reduces or
increases particle binding by avf5 integrin,
respectively [57].

Activated avp5 receptors do not bind their
substrates, PS-bearing POS, directly, but via
extracellular bridge proteins that opsonize
POS. The subretinal space contains secreted
PS-binding glycoproteins, including Protein S,
Gas6, and milk fat globule-EGF8 (MFG-ES8). Of
these, MFG-ES8 specifically acts to bridge POS
and avp5 integrin receptors of the RPE [36].
MFG-E8 may be secreted into the subretinal
space by both photoreceptors and RPE [58]. The
blockade of avf5 integrin as well as lack of avf5
or MFG-ES greatly reduces POS binding by RPE
cells. However, a bona fide binding process does
not take place in the intact retina, where outer

segments, POS and apical surface of the RPE
with its avp5 receptors are in close contact at all
times. However, mice lacking PS5 integrin or
MFG-ES do not show the characteristic morning
peak of POS phagosomes in the RPE after light
onset. Instead, phagocytosis occurs at a reduced
but constant level at all times of day [5, 36]. Thus,
the binding of MFG-E8-opsonized POS to avp5
integrin receptors and their ligation promotes the
synchronized peak of POS engulfment. That
aged p5 null mice show reduced vision and accu-
mulation of autofluorescent lipofuscin-like mate-
rial in the RPE illustrates that the rhythmicity of
POS clearance is vital to long term health and
function of the retina [5].

Cell Surface Receptors and RPE
Signaling Pathways Mediating POS
Internalization

Antibody blockade of avf5 integrin greatly
reduces POS binding, but internalization of
surface-bound particles is unaffected [53].
Signaling downstream of avp5 is necessary but
not sufficient for engulfment of avp5—bound
POS. Thus, the internalization step of POS
phagocytosis requires signaling stimulated by
POS binding to avf5 integrin in addition to a dis-
tinct set of surface receptors and their down-
stream signaling.

Studies on POS phagocytosis and specifically
its internalization step have been greatly facili-
tated by the availability of an animal model that
lacks this activity. The Royal College of Surgeons
(RCS) rat was first identified in 1938 and has
since been widely studied as model of hereditary
blindness since [3, 59]. Mullen and LaVail in
1976 showed that RCS retinal degeneration is
caused by a defect of clearance phagocytosis by
the RPE rather than a photoreceptor defect [3, 41,
60]. In 2000, the causative mutation in the RCS
rat was identified to disable the gene for the
receptor tyrosine kinase Mer (MerTK). A dele-
tion mutation in the MERTK gene in the RCS rat
yields a shortened transcript and absence of
MerTK protein [61, 62]. Adenoviral delivery of
MerTK to RCS RPE rescues the phagocytic
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defect and improves RCS retinal integrity in vivo
[63, 64]. Targeted mutation has generated a
MerTK knockout mouse model that phenocopies
the RCS rat [2]. In both RCS rat and MerTK
knockout models photoreceptors continue to
grow from the inner segment side, but RPE cells
are unable to engulf POS. As a result, outer seg-
ments briefly elongate and distort before outer
segment debris and possibly shed POS accumu-
late in the subretinal space further causing
distress of photoreceptors, which eventually die.
Notably, lack of MerTK does not cause retinal
degeneration in mice with increased expression
of Tyro3 in the RPE [65], a receptor tyrosine
kinase that is very similar in structure and ligand
binding activity to MerTK [66]. Altogether these
data illustrate the critical importance of MerTK
or equivalent RTK activity for POS phagocytosis
by RPE cells.

Like avp5 integrin, MerTK or Tyro3 do not
interact directly with spent or shedding POS but
are ligated by soluble bridge proteins. Protein S
and Gas6 are members of a protein family with
binding domains shared by both RTKs as well as
a binding domain for the PS exposed by POS.
Gas6 or ProteinS knockout mouse retinas are
phenotypically normal but deletion of both
ligands leads to photoreceptor cell death as seen
in MerTK rats and mice with rapid early onset
retinal degeneration [67, 68]. These in vivo data
suggest overlapping functions for the RTK
ligands. Indeed, both proteins may lead to MerTK
receptor ligation, activation and POS internaliza-
tion by RPE in culture [69]. In contrast, other cell
culture experiments have suggested that ProteinS
and Gas6 may exert distinct MerTK downstream
signals [70]. Further unrelated bridge ligands,
e.g. tubby and tubby-like protein 1, and galectin-
3 have been proposed but their physiological sig-
nificance remains untested [71, 72]. With
ProteinS/Gas6 together evidently necessary and
sufficient for POS internalization via MerTK,
additional experiments will be needed to clarify
role or contributions of additional molecules and
mechanisms.

In addition to RTK activity, RPE may employ
CD36 receptor ligation to activate POS engulf-
ment. CD36 is expressed at the apical, phago-

cytic surface [73]. It recognizes oxidized lipids or
lipoproteins. In the phagocytic process CD36
acts in a post binding step and independent of the
POS binding receptor ovp5 integrin [74].
Dependence of CD36 on specific oxidized phos-
pholipids that are generated in retina subjected to
high intensity light and the possibility of pro-
inflammatory signaling downstream of CD36
suggests that CD36 may contribute to RPE
phagocytic activity in damaged or distress retina
rather than in routine diurnal outer segment
renewal in the healthy retina [75-77].

Ligation of phagocytic receptors of the RPE
by bridge proteins opsonizing shed POS elicits
cytosolic signaling pathways that ultimately re-
organize the cell for particle engulfment.
Signaling activities downstream of both, avp5
integrin and MerTK/Tyro3 are required.

The cytosolic tyrosine kinase focal adhesion
kinase (FAK) is a crucial signaling component
between avf5 integrin and MerTK linking bind-
ing and engulfment mechanisms. FAK mediates
the activation of MerTK directly or indirectly by
increasing phosphorylation and therefore activity
of this receptor [78]. FAK resides in a complex
with av5 at the apical plasma membrane domain
of the RPE, the site of POS phagocytosis. avp5
integrin ligation during POS binding first
increases FAK recruitment to the apical complex,
in which it is phosphorylated at multiple tyrosine
residues. Phosphorylated FAK then dissociates
from the complex and redistributes from the api-
cal membrane to the RPE cytoplasm. In rodent
retina, in vivo FAK phosphorylation and activity
peak right after light onset. Synchronized tyro-
sine phosphorylation of MerTK can be detected
subsequently, 2 hours after light onset. These
activity peaks are absent in 5 integrin and MFG-
ES8 knockout mice demonstrating the requirement
for MFG-E8-avf5 signaling for elevating MerTK
activity during the diurnal burst of POS clearance
[5, 36].

As much as avf5 signaling regulates MerTK
activity, reverse receptor cross talk also takes
place in RPE cells: RPE cells use a MerTK
dependent feedback mechanism to limit phago-
cytic particle binding by avf5 integrin [56]. RPE
cells that transiently or permanently lack the
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expression of MerTK bind excessive numbers of
POS via surface avp5 receptors. A small fraction
of MerTK is cleaved and released as soluble
extracellular fragment (sMerTK) during POS
phagocytosis in vivo and in vitro and may further
contribute to the regulation of the RPE’s phago-
cytic capacity. sMerTK may act as decoy recep-
tor blocking effects of MerTK ligands on RPE
cells, but cell culture assays found that sMerTK
affects mainly POS binding [70].

Like for all forms of phagocytosis, F-actin
cytoskeletal re-arrangement is the cardinal pro-
cess required for particle engulfment by RPE cells
[51]. The RPE’s long apical microvilli are based
on F-actin and reach into the subretinal space
interdigitating with intact photoreceptor outer
segments. These structures are likely distinct from
the de novo F-actin recruitment beneath surface-
bound phagocytic particles for formation of struc-
tures called “phagocytic cups” that are needed
during phagocytic processes. POS internalization
requires closure of phagocytic cups, which
depends on further F-actin reorganization together
with plasma membrane fusion.

Both avf5 integrin and MerTK signaling con-
tribute to F-actin dynamics during POS clearance
by RPE cells. Activated Racl, a member of the
Rho GTPase family of primary cellular regula-
tors of the F-actin cytoskeleton dynamics, pro-
motes the recruitment of F-actin cytoskeletal
elements. MFG-ES8-ligated avf5 integrin is
required for both MerTK activation via FAK and
F-actin recruitment via Racl. Both pathways are
required for phagocytic clearance, but Racl acti-
vation does not require MerTK [43]. Annexin A2
(Anx2 in Fig. 3.2), a cytosolic Ca**- and phos-
pholipid binding protein and regulator of F-actin
dynamics serves in early stages of phagocytosis
during phagocytic cup closure [49]. Annexin A2
is recruited to nascent phagocytic cups in RPE
cells in culture and dissociates once phagosomes
have been internalized. Tyrosine phosphorylation
of Annexin A2 is increased at the peak of phago-
cytic activity in wild-type mice. In annexin A2
knockout mice POS phagocytosis is slightly
attenuated and the peak of FAK activation is
delayed but not eliminated. These observations
suggest that annexin A2 recruitment to the form-

ing phagosome leads to the activation of Src
kinase, which is required for the activation of
FAK and downstream MerTK activation.

MerTK also directly contributes to F-actin
cytoskeletal rearrangement in a way that mobi-
lizes non-muscle myosin II (myoll in Fig. 3.2)
from the RPE cell periphery to sites of POS
engulfment [79]. Akt signaling contributes to
regulation of this process as Akt inhibition
increases both the number of phagocytic cups
and the recruitment of F-actin and myosin II to
individual phagocytic cups in RPE cells in cul-
ture [80]. This role of Akt is independent and
contrasts with the contribution of PI3 kinase in
POS engulfment: PI3 kinase inhibition during
POS binding weakens F-actin association with
bound POS, has no effect on myosin-II recruit-
ment, and inhibits engulfment. Note that unre-
lated to their opposing roles in internalization,
inhibition of either Akt or PI3 kinase increases
POS binding by cultured RPE cells. Taken
together, Akt functions downstream of PI3 kinase
in POS binding, while its inhibitory role in early
events of F-actin assembly and rearrangement
beneath bound particles that promotes OS engulf-
ment is distinct from PI3-kinase.

Signaling mediators of the IP;/Ca®* intracel-
lular signaling system and the cAMP second
messenger system have both been reported to
regulate  RPE  phagocytosis  in  vitro.
Pharmacological increases in intracellular cAMP
levels in cultured RPE reduce phagocytosis of
ROS, while similar increases in cGMP had no
effect [81-83]. Stimulation of RPE adenosine A2
receptors, which induces generation of intracel-
lular cAMP, also reduce POS internalization by
RPE cells in culture [84]. MerTK ligation during
POS phagocytosis by RPE cells in culture may
increase IP; which in turn activates ingestion of
bound POS [78, 85, 86]. Elevating IP; levels
pharmacologically is sufficient to increase
phagocytic activity of RCS RPE cells in culture
[87]. As expected from RTK/IP; signaling, RPE
phagocytosis also involves a rise in intracellular
free Ca®* [88]. Ca** oscillations in RPE monolay-
ers in regions with bound POS have been reported
[89]. However, the specific and essential targets
of IP; signaling remain to be uncovered.
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Src kinase interacts with MerTK and its phos-
phorylation and activation is increased after
phagocytic challenge of cells and downstream of
MerTK [90]. Downstream of Src signaling,
MerTK dependent tyrosine phosphorylation of
GDP dissociation inhibitor alpha (GDI1) may
regulate Rab GTPase dependent membrane
dynamics such as vesicle fusion [91].

Another downstream effect of Src kinase sig-
naling during RPE phagocytosis is activation of
L-type Ca®* channels [92]. Blocking L-type
channels in cultured RPE cells reduces phagocy-
tosis, and ligation of POS binding receptor integ-
rins activates L-type Ca** channel activity [40].
Further, MaxiK Ca?** dependent K* (BK) ion
channels, L-type Ca*" channels and bestrophin-1
contribute to intracellular Ca?* homeostasis and
affect POS phagocytosis by RPE cells in culture
[93]. Lack of BK or Ca,1.3 L-type Ca* channels
in mice leads to a shift in phagocytosis rhythm
and shortened outer segments suggesting an
imbalance of POS shedding and outer segment
growth [94]. Moreover, a recent report showed
cAMP dependent circadian rhythms in Ca** spik-
ing frequencies and bead uptake by human RPE
cells in culture [95]. If and how these signaling
processes are linked to the known phagocytic
machinery for POS remains to be shown.

Altogether, the ligation of avp5 integrin and
MerTK via the complex signaling mechanisms
discussed above result in post-translational pro-
tein activity changes through altered protein
phosphorylation and changes in GTP load that
allow re-arrangement of the cytoskeleton and
plasma membrane required for POS intake.

In the eye, these processes occur after light
onset in a synchronized and highly coordinated
fashion that promote the characteristic phago-
cytic burst. Importantly, elevated signaling is
swiftly terminated by RPE cells at the end of its
morning phagocytic activity [5, 43]. The molecu-
lar mechanisms used in the retina to inactivate
phagocytic signaling after the daily phagocytic
burst remain only partly understood. They
include the synchronized activation of the RPE
surface receptor plexin Bl (plxnB1; plxB1 in
Fig. 3.2) by its ligand semaphorin 4D (sema4D;
Sem4D in Fig. 3.2), which is found in the rat

retina especially in or on cone photoreceptors
[96]. In wild-type but not in RCS phagocytosis-
defective rat retina, sema4D levels and, likely as
a result, plxnB1 phosphorylation are reduced
1 hour after light onset as compared to either
1 hour before or 3 hours after. Mice lacking either
plxnB1 or sema4D show increased numbers of
POS in the RPE 1 hour after light onset suggest-
ing a physiological function of sema4D/plxnB1
signaling in attenuating the phagocytic burst.
Mechanistically, plxnB1 signaling acts on inhib-
iting F-actin dynamics required for phagocytosis:
adding purified Sema4D to RPE cells in culture
during POS challenge prevents Racl GTPase
activation abolishing POS internalization without
affecting POS binding.

Processing and Degradation
of Phagocytosed POS by RPE Cells

RPE cells need to digest internalized POS mate-
rial promptly and completely to prevent gradu-
ally buildup of undigested debris that is toxic for
the RPE and may contribute to age-related retinal
dysfunction. Phagosomes (phago in Fig. 3.2)
move from apical to basal RPE regions to mature
and fuse with lysosomes (lys in Fig. 3.2), form-
ing phagolysosomes (phago lys in Fig. 3.2), and
degrade their content. The molecular control of
these phagolysosomal digestion processes
remains only poorly understood.

Post-engulfment phagosome transport inside
RPE cells depends on both F-actin and microtu-
bule dependent processes. In the shaker-1 mouse
model, RPE cells lacking functional F-actin
motor myosin VIIA (myoVIla in Fig. 3.2) show
delay of phagosomes exit from the F-actin-rich
apical region [97, 98]. Human myosin VIIA
mutations cause Usher 1B, a deaf-blindness dis-
order [99, 100].

Having exited the apical F-actin cytoskeleton
on their way towards central and basal areas of
the RPE cell, POS phagosomes move bidirec-
tionally along microtubules while associated
with kinesin-1 light chain 1 (KLC1) [101]. Lack
of KLC1 results in defects of phagosome traf-
ficking, possibly decreasing the probability of
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phagosome fusion with other vesicles. Impaired
POS phagosome degradation eventually increases
accumulation of RPE and sub-RPE deposits
resulting in a pro-oxidative, pro-inflammatory
environment.

The degradation of engulfed POS protein and
lipid components requires enzymatic hydrolyses.
Earlier studies focused on degradation of POS
opsin, the by far most abundant protein in POS.
Early during maturation und movement towards
the cell body phagosomes transiently interact
with endosomes (en in Fig. 3.2) such that opsin
undergoes limited proteolysis even before bona
fide phagosome-lysosome fusion [35]. Activities
of cathepsin D and cathepsin S proteases (cath S,
cath D in Fig. 3.2) and phagosomal acidification
have been shown to be essential for efficient lyso-
somal opsin degradation [30, 45]. In transgenic
mice expressing a mutant form of cathepsin D
resulting in impaired processing of internalized
POS RPE cells accumulate autofluorescent
opsin-positive inclusion [8]. Ultimately, fusion
with cathepsin D positive lysosomes promotes
step-wise opsin degradation [35]. Synchronized
appearance of cathepsin D in phagolysosomes
correlates with decreasing levels of detectable
opsin and progressive acidification [102].
Cathepsin D activity fluctuates in the RPE with
its diurnal maximum at the time of peak phago-
cytic activity [103].

Recent studies have shed light on the enor-
mous importance of POS lipid digestion. For dis-
posal of POS lipids and recycling of metabolic
intermediates back to the outer retina RPE cells
use fatty acid p-oxidation and ketogenesis path-
ways, which support the cells energy demand and
prevent buildup of lipid accumulation, which
causes oxidative stress and mitochondrial dys-
function. POS phagosome maturation and pro-
cessing are linked to ketogenesis and release of
p-hydroxibutyrate (B-HB) [27]. Cultured RPE
cells release increased levels of the ketone body
B-HB apically after challenged with POS. Mouse
RPE/choroid explants mainly release f-HB levels
after light onset at the time of the daily burst of
phagocytic activity. Animal models of delayed
phagosome processing or abnormal phagosome
lipid content show a time shift in the f-HB release

illustrating the importance of tight temporal reg-
ulation for long term retinal health.

Our understanding of the control of POS
phagosomal processing remains limited but there
is evidence that it is precisely regulated at the
level of organelle fusion. Rab escort-protein-1
(REP-1) supports posttranslational isoprenyl
modification of Rab GTPases that control vesicle
formation, movement, docking and fusion. RPE
cells in culture lacking REP-1 internalize POS
like control cells but show delayed POS protein
clearance [104]. This suggests that absence of
REP-1 inhibits POS specific phagosomal-
lysosomal fusion events through aberrant Rab
GTPase activities. In general, fusion with lyso-
somes is a required step in ensuring that the pH of
POS phagosomes decreases sufficiently to allow
enzymatic hydrolyses. Inhibition of the vacuolar-
type ATPase (v-ATPase) proton pump by
Bafilomycin A1 prevents POS degradation even if
cathepsin D is present in phagosomes [102].
Acidification is affected by signaling through
receptors such as adenosine A2 receptors, P2X7
receptors, and CFTR although it remains to be
tested if such signaling is dynamic or specifically
controlling diurnal POS clearance [105-107]. The
scaffolding protein caveolin-1 (cav-1 in Fig. 3.2)
contributes to POS phagolysosomal acidification.
Caveolin-1 resides on maturing phagolysosomes
in RPE cells in vivo and in cell culture and is
essential for phagolysosomal POS degradation
[47]. RPE-specific deletion of caveolin-1 in vivo
reverses rhythmic profiles of levels and activity of
lysosomal enzymes and impairs photoreceptor
function. Lowering caveolin-1 protein levels in
RPE cells in culture is sufficient to impair lyso-
somal acidification decreasing lysosomal and
phagolysosomal enzyme activities.

Like caveolin-1, BA3/Al crystallin (BA3/Al
cryst in Fig. 3.2) is localized to lysosomes and
required for degradation of POS [108]. In RPE-
specific PA3/Al crystallin knockout mice
V-ATPase activity is decreased and lysosomal pH
elevated, resulting in undigested POS accumula-
tion. Mechanistically, PA3/A1 crystallin affects
lysosomal acidification by interacting with and
presumably regulating activity of v-ATPase pro-
ton pump components [109].
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In addition to completing POS renewal every
24 hours for life, RPE cells must coordinate pro-
cesses of POS renewal with other cellular main-
tenance activities. Specifically, regulated routine
organelle maintenance and degradation of pro-
tein aggregates via autophagic processes also
employ and occupy lysosomes. Indeed, molecu-
lar mechanisms of POS degradation partly over-
lap with macroautophagy and the two degradative
pathways via shared use of lysosomes influence
each other. The shared presence of microtubule-
associated protein 1 light chain 3 (LC3) on POS
phagosomes and autophagosomes in RPE cells
has recently led to a new classification of RPE
phagocytosis as belonging to “LC3-associated
phagocytosis” (LAP) pathways [110]. A key pro-
tein coordinating POS turnover and macroau-
tophagy in RPE cells is melanoregulin (MREG),
an intracellular sorting protein that is hypothe-
sized to play a role in organelle biogenesis
including lysosome maturation and intracellular
trafficking. Lack of MREG results in reduced
cathepsin D activity and delayed degradation of
engulfed POS by RPE cells in vivo and in culture
[7]. MREG links and may balance macroau-
tophagic and phagocytic processes by interacting
with LC3 and coordinating its association with
phagosomes in the RPE [111].

Taken together, RPE cells tightly regulate deg-
radation of engulfed POS to ensure both coordi-
nation with autophagy and completion within
24 hours and in time for the next phagocytic
burst. How intracellular processing is triggered
by phagocytic surface receptors and their signal-
ing pathways remains to be elucidated.

Defects in POS Clearance
Phagocytosis by RPE Cells
and Human Retinal Disease

Animal models with specific molecular or engi-
neered defects in POS renewal show retinal
abnormalities ranging from rapid early onset and
complete retinal degeneration of the RCS rat to
abnormal but gradual accumulation of undigested
POS debris followed by photoreceptor dysfunc-
tion [5] or of little impact on visual function

within the short life span of a rodent [7]. In
human patients, inherited defects in engulfment
of POS and subsequent degradation are also asso-
ciated with inherited retinal degenerative
diseases.

Disease causing mutations in the engulfment
receptor MerTK were identified in patients with
early onset retinitis pigmentosa who suffer from
severe retinal degenerations [112]. MerTK muta-
tions have also been linked to rare retinal dystro-
phies and severe rod cone dystrophy [113, 114].
The very rapid and complete retinal degeneration
found in the RCS rat is not seen in human RP due
to MerTK mutation found so far, which suggests
that POS phagocytosis takes place to some extent
in affected patients, either through partly active
MerTK or through alternate pathways.

Another progressive degeneration of RPE,
photoreceptors and choroid, choroideremia
(CHM) is caused by mutations in the CHM gene
encoding REP-1 [115]. CHM patients have less or
no REP-1 protein [116, 117] and show accumula-
tion of unprocessed POS material in the RPE and
excess inflammatory cells in the choroid [104].

RPE cells are post-mitotic with high phago-
cytic activities and high metabolic demand.
Partly degraded and oxidized debris material
gradually accumulates in autofluorescent lipofus-
cin granules in human RPE with age. Lipofuscin
is rich in oxidized lipids including retinoid deriv-
atives some of them directly and specifically
toxic to RPE and harmful to its phagocytic activ-
ity [118, 119]. Lipofuscin arises from gradual
and long-term accumulation of incompletely
degraded, oxidized remnants of POS phagolyso-
some and/or autophagosome content. Although
still poorly understood, all evidence suggests that
excessive lipofuscin accumulation in the aging
human eye impairs RPE function and health and
secondarily affects vision as support for the neu-
ral retina by compromised RPE cells fails.

Outlook

Exciting technical and conceptual progress in
understanding POS phagocytosis has provided
the foundation for the development of new treat-
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ments for RPE pathologic conditions. Specifically,
MerTK mutation associated retinal degenerations
have been the focus of gene and cell replacement
therapeutic approaches as well as drug studies.
AAV hMerTK vector treatment introduced pho-
toreceptor rescue in the RCS rat and MerTK
null-mouse animal models [120, 121]. Clinical
trials for different forms of MerTK-associated
retinal dystrophies are on the way [122].
Complete replacement of RPE cells generated
from various stem cell sources like pluripotent
(hESC), induced pluripotent (iPSC) and adult
RPE stem cells (RPESC) is also under develop-
ment [123]. Further, patient specific iPSC derived
RPE models have become available that allow
screening approaches to potential new treatments
like in a nonsense variant of MerTK-RPE read-
through inducing drugs to restore production of a
full length protein [124].

On the basic research side, it has become
clear that strict coordination of photoreceptor
growth and shedding, phagocytosis of spent POS
tips and degradation and waste removal must
create a precise homeostatic balance that is
essential for photoreceptor and RPE health.
Many open questions remain on the signaling
mechanisms used by both RPE and photorecep-
tors to communicate and fine tune these pro-
cesses including how RPE cells contribute to
shedding. Much remains to be learned about
phagosome processing, degradation, recycling
and transport processes towards the retina and
the choroid. Recent methodological advances
will surely allow addressing these important
issues in the near future.

References

1. Strauss O. The retinal pigment epithelium in visual
function. Physiol Rev. 2005;85(3):845-81.

2. Duncan JL, LaVail MM, Yasumura D, Matthes MT,
Yang H, Trautmann N, et al. An RCS-like retinal
dystrophy phenotype in mer knockout mice. Invest
Ophthalmol Vis Sci. 2003;44(2):826-38.

3. Dowling JE, Sidman RL. Inherited retinal dystrophy
in the rat. J Cell Biol. 1962;14:73-109.

4. Bok D, Hall MO. The role of the pigment epithelium
in the etiology of inherited retinal dystrophy in the rat.
J Cell Biol. 1971;49(3):664-82.

10.

11.

15.

16.

17.

20.

. Nandrot EF, KimY, Brodie SE, Huang X, Sheppard D,

Finnemann SC. Loss of synchronized retinal phago-
cytosis and age-related blindness in mice lacking
avf5 integrin. J Exp Med. 2004;200(12):1539-45.

. Parinot C, Nandrot EF. A comprehensive review of

mutations in the MERTK proto-oncogene. Adv Exp
Med Biol. 2016;854:259-65.

. Damek-Poprawa M, Diemer T, Lopes VS, Lillo C,

Harper DC, Marks MS, et al. Melanoregulin (MREG)
modulates lysosome function in pigment epithelial
cells. J Biol Chem. 2009;284(16):10877-89.

. Rakoczy PE, Zhang D, Robertson T, Barnett NL,

Papadimitriou J, Constable 1J, et al. Progressive
age-related changes similar to age-related macular
degeneration in a transgenic mouse model. Am J
Pathol. 2002;161(4):1515-24.

. Sparrow JR, Boulton M. RPE lipofuscin and

its role in retinal pathobiology. Exp Eye Res.
2005;80(5):595-606.

Delori FC, Goger DG, Dorey CK. Age-related accu-
mulation and spatial distribution of lipofuscin in
RPE of normal subjects. Invest Ophthalmol Vis Sci.
2001;42(8):1855-66.

Young RW. The renewal of photoreceptor cell outer
segments. J Cell Biol. 1967;33(1):61-72.

. Young RW, Bok D. Participation of the retinal pig-

ment epithelium in the rod outer segment renewal
process. J Cell Biol. 1969;42(2):392-403.

. Ruggiero L, Connor MP, Chen J, Langen R,

Finnemann SC. Diurnal, localized exposure of phos-
phatidylserine by rod outer segment tips in wild-type
but not Itgb57 or Mfge8’ mouse retina. Proc Natl
Acad Sci U S A. 2012;109(21):8145-8.

. LaVail MM. Rod outer segment disk shedding in

rat retina: relationship to cyclic lighting. Science.
1976;194(4269):1071-4.

Steinberg RH, Wood I, Hogan MJ. Pigment epithe-
lial ensheathment and phagocytosis of extrafoveal
cones in human retina. Philos Trans R Soc Lond Ser
B Biol Sci. 1977;277(958):459-74.

Anderson DH, Fisher SK. Disc shedding in rod-
like and conelike photoreceptors of tree squirrels.
Science. 1975;187(4180):953-5.

Anderson DH, Fisher SK, Erickson PA, Tabor
GA. Rod and cone disc shedding in the rhesus
monkey retina: a quantitative study. Exp Eye Res.
1980;30(5):559-74.

. Bobu C, Craft CM, Masson-Pevet M, Hicks

D. Photoreceptor organization and rhythmic
phagocytosis in the nile rat Arvicanthis ansor-
gei: a novel diurnal rodent model for the study of
cone pathophysiology. Invest Ophthalmol Vis Sci.
2006;47(7):3109-18.

. Bobu C, Hicks D. Regulation of retinal photorecep-

tor phagocytosis in a diurnal mammal by circadian
clocks and ambient lighting. Invest Ophthalmol Vis
Sci. 2009;50(7):3495-502.
Immel JH, Fisher SK. Cone photoreceptor shedding
in the tree shrew (Tupaia belangerii). Cell Tissue
Res. 1985;239(3):667-75.



60

C. Mdller and S. C. Finnemann

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Fisher SK, Pfeffer BA, Anderson DH. Both rod and
cone disc shedding are related to light onset in the
cat. Invest Ophthalmol Vis Sci. 1983;24(7):844-56.

Young RW. The daily rhythm of shedding and deg-
radation of cone outer segment membranes in the
lizard retina. J Ultrastruct Res. 1977;61(2):172-85.

Young RW. The daily rhythm of shedding and deg-
radation of rod and cone outer segment membranes
in the chick retina. Invest Ophthalmol Vis Sci.
1978;17(2):105-16.

O’Day WT, Young RW. Rhythmic daily shedding
of outer-segment membranes by visual cells in the
goldfish. J Cell Biol. 1978;76(3):593-604.

Tabor GA, Fisher SK, Anderson DH. Rod and cone
disc shedding in light-entrained tree squirrels. Exp
Eye Res. 1980;30(5):545-57.

Bibb C, Young RW. Renewal of fatty acids in the
membranes of visual cell outer segments. J Cell
Biol. 1974;61(2):327-43.

Reyes-Reveles J, Dhingra A, Alexander D, Bragin
A, Philp NJ, Boesze-Battaglia K. Phagocytosis-
dependent ketogenesis in retinal pigment epithelium.
J Biol Chem. 2017;292(19):8038-47.

Bazan NG, Gordon WC, Rodriguez de Turco
EB. Docosahexaenoic acid uptake and metabo-
lism in photoreceptors: retinal conservation
by an efficient retinal pigment epithelial cell-
mediated recycling process. Adv Exp Med Biol.
1992;318:295-306.

Rodriguez de Turco EB, Parkins N, Ershov AV,
Bazan NG. Selective retinal pigment epithelial cell
lipid metabolism and remodeling conserves photo-
receptor docosahexaenoic acid following phagocy-
tosis. J Neurosci Res. 1999;57(4):479-86.

Rakoczy PE, Mann K, Cavaney DM, Robertson
T, Papadimitreou J, Constable 1J. Detection and
possible functions of a cysteine protease involved
in digestion of rod outer segments by retinal pig-
ment epithelial cells. Invest Ophthalmol Vis Sci.
1994;35(12):4100-8.

Mayerson PL, Hall MO. Rat retinal pigment epithe-
lial cells show specificity of phagocytosis in vitro. J
Cell Biol. 1986;103(1):299-308.

Parinot C, Rieu Q, Chatagnon J, Finnemann SC,
Nandrot EF. Large-scale purification of porcine or
bovine photoreceptor outer segments for phagocy-
tosis assays on retinal pigment epithelial cells. J Vis
Exp. 2014;94:52100.

Molday RS, Molday LL. Identification and char-
acterization of multiple forms of rhodopsin and
minor proteins in frog and bovine rod outer seg-
ment disc membranes. Electrophoresis, lectin
labeling, and proteolysis studies. J Biol Chem.
1979;254(11):4653-60.

Esteve-Rudd J, Lopes VS, Jiang M, Williams DS. In
vivo and in vitro monitoring of phagosome matura-
tion in retinal pigment epithelium cells. Adv Exp
Med Biol. 2014;801:85-90.

Wavre-Shapton ST, Meschede IP, Seabra MC, Futter
CE. Phagosome maturation during endosome inter-

36.

37

38.

39.

40.

41.

42.

43

44,

45.

46.

47.

48.

action revealed by partial rhodopsin processing in
retinal pigment epithelium. J Cell Sci. 2014;127(Pt
17):3852-61.

Nandrot EF, Anand M, Almeida D, Atabai K, Sheppard
D, Finnemann SC. Essential role for MFG-ES as ligand
for avp5 integrin in diurnal retinal phagocytosis. Proc
Natl Acad Sci U S A. 2007;104(29):12005-10.

. Mazzoni F, Safa H, Finnemann SC. Understanding

photoreceptor outer segment phagocytosis: use
and utility of RPE cells in culture. Exp Eye Res.
2014;126:51-60.

Finnemann SC, Rodriguez-Boulan E. Macrophage
and retinal pigment epithelium phagocytosis: apop-
totic cells and photoreceptors compete for avp3
and avf5 integrins, and protein kinase C regulates
avp5 binding and cytoskeletal linkage. J Exp Med.
1999;190(6):861-74.

Westenskow PD, Moreno SK, Krohne TU, Kurihara
T, Zhu S, Zhang ZN, et al. Using flow cytometry to
compare the dynamics of photoreceptor outer seg-
ment phagocytosis in iPS-derived RPE cells. Invest
Ophthalmol Vis Sci. 2012;53(10):6282-90.

Karl MO, Kroeger W, Wimmers S, Milenkovic
VM, Valtink M, Engelmann K, et al. Endogenous
Gas6 and Ca**-channel activation modulate phago-
cytosis by retinal pigment epithelium. Cell Signal.
2008;20(6):1159-68.

Chaitin MH, Hall MO. Defective ingestion of rod
outer segments by cultured dystrophic rat pig-
ment epithelial cells. Invest Ophthalmol Vis Sci.
1983;24(7):812-20.

Davis RJ, Alam NM, Zhao C, Muller C, Saini JS,
Blenkinsop TA, et al. The developmental stage of
adult human stem cell-derived retinal pigment epi-
thelium cells influences transplant efficacy for vision
rescue. Stem Cell Reports. 2017;9(1):42-9.

. Mao Y, Finnemann SC. Essential diurnal Racl

activation during retinal phagocytosis requires
avfB5 integrin but not tyrosine kinases focal adhe-
sion kinase or Mer tyrosine kinase. Mol Biol Cell.
2012;23(6):1104-14.

Guha S, Coffey EE, Lu W, Lim JC, Beckel JM,
Laties AM, et al. Approaches for detecting lysosomal
alkalinization and impaired degradation in fresh and
cultured RPE cells: evidence for a role in retinal
degenerations. Exp Eye Res. 2014;126:68-76.
Bosch E, Horwitz J, Bok D. Phagocytosis of outer
segments by retinal pigment epithelium: phagosome-
lysosome interaction. J Histochem Cytochem.
1993;41(2):253-63.

Sethna S, Finnemann SC. Analysis of photoreceptor
rod outer segment phagocytosis by RPE cells in situ.
Methods Mol Biol. 2013;935:245-54.

Sethna S, Chamakkala T, Gu X, Thompson TC,
Cao G, Elliott MH, et al. Regulation of phagoly-
sosomal digestion by caveolin-1 of the retinal pig-
ment epithelium is essential for vision. J Biol Chem.
2016;291(12):6494-506.

Mao Y, Finnemann SC. Live imaging of lysotracker-
labelled phagolysosomes tracks diurnal phagocy-



3 RPE Phagocytosis

61

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

tosis of photoreceptor outer segment fragments
in rat RPE tissue ex vivo. Adv Exp Med Biol.
2016;854:717-23.

Law AL, Ling Q, Hajjar KA, Futter CE, Greenwood
J, Adamson P, et al. Annexin A2 regulates phagocy-
tosis of photoreceptor outer segments in the mouse
retina. Mol Biol Cell. 2009;20(17):3896-904.
Penberthy KK, Ravichandran KS. Apoptotic cell
recognition receptors and scavenger receptors.
Immunol Rev. 2016;269(1):44-59.

Mao Y, Finnemann SC. Regulation of phagocytosis
by Rho GTPases. Small GTPases. 2015;6(2):89-99.
Miceli MV, Newsome DA, Tate DJ Jr. Vitronectin is
responsible for serum-stimulated uptake of rod outer
segments by cultured retinal pigment epithelial cells.
Invest Ophthalmol Vis Sci. 1997;38(8):1588-97.
Finnemann SC, Bonilha VL, Marmorstein AD,
Rodriguez-Boulan E. Phagocytosis of rod outer seg-
ments by retinal pigment epithelial cells requires
avp5 integrin for binding but not for internalization.
Proc Natl Acad Sci U S A. 1997;94(24):12932-7.
Lin H, Clegg DO. Integrin avf5 participates in
the binding of photoreceptor rod outer segments
during phagocytosis by cultured human retinal
pigment epithelium. Invest Ophthalmol Vis Sci.
1998;39(9):1703-12.

Yo C, Munoz LE, Boeltz S, Finnemann
SC. Contribution of annexin A5 to diurnal phago-
cytosis by the retinal pigment epithelium. ARVO
Annual Meeting Abstract. Invest Ophthalmol Vis
Sci. 2016;57(12):237.

Nandrot EF, Silva KE, Scelfo C, Finnemann
SC. Retinal pigment epithelial cells use a MerTK-
dependent mechanism to limit the phagocytic par-
ticle binding activity of avp5 integrin. Biol Cell.
2012;104(6):326-41.

Chang Y, Finnemann SC. Tetraspanin CD8I1 is
required for the avp5-integrin-dependent particle-
binding step of RPE phagocytosis. J Cell Sci.
2007;120(Pt 17):3053-63.

Burgess BL, Abrams TA, Nagata S, Hall MO. MFG-
ES8 in the retina and retinal pigment epithelium of rat
and mouse. Mol Vis. 2006;12:1437-47.

Bourne MC, Campbell DA, Tansley K. Hereditary
degeneration of the rat retina. Br J Ophthalmol.
1938;22(10):613-23.

Mullen RJ, LaVail MM. Inherited retinal dystro-
phy: primary defect in pigment epithelium deter-
mined with experimental rat chimeras. Science.
1976;192(4241):799-801.

D’Cruz PM, Yasumura D, Weir J, Matthes MT,
Abderrahim H, LaVail MM, et al. Mutation of
the receptor tyrosine kinase gene Mertk in the
retinal dystrophic RCS rat. Hum Mol Genet.
2000;9(4):645-51.

Nandrot E, Dufour EM, Provost AC, Pequignot MO,
Bonnel S, Gogat K, et al. Homozygous deletion in
the coding sequence of the c-mer gene in RCS rats
unravels general mechanisms of physiological cell

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

adhesion and apoptosis. Neurobiol Dis. 2000;7(6 Pt
B):586-99.

Feng W, Yasumura D, Matthes MT, LaVail MM,
Vollrath D. Mertk triggers uptake of photorecep-
tor outer segments during phagocytosis by cul-
tured retinal pigment epithelial cells. J Biol Chem.
2002;277(19):17016-22.

Vollrath D, Feng W, Duncan JL, Yasumura D,
D’Cruz PM, Chappelow A, et al. Correction of the
retinal dystrophy phenotype of the RCS rat by viral
gene transfer of Mertk. Proc Natl Acad Sci U S A.
2001;98(22):12584-9.

Vollrath D, Yasumura D, Benchorin G, Matthes
MT, Feng W, Nguyen NM, et al. Tyro3 modulates
Mertk-associated retinal degeneration. PLoS Genet.
2015;11(12):e1005723.

Lew ED, Oh J, Burrola PG, Lax I, Zagorska A,
Traves PG, et al. Differential TAM receptor-ligand-
phospholipid interactions delimit differential TAM
bioactivities. Elife. 2014;3:e03385.

Prasad D, Rothlin CV, Burrola P, Burstyn-Cohen
T, Lu Q, Garcia de Frutos P, et al. TAM receptor
function in the retinal pigment epithelium. Mol Cell
Neurosci. 2006;33(1):96—-108.

Burstyn-Cohen T, Lew ED, Traves PG, Burrola
PG, Hash JC, Lemke G. Genetic dissection of TAM
receptor-ligand interaction in retinal pigment epithe-
lial cell phagocytosis. Neuron. 2012;76(6):1123-32.
Hall MO, Obin MS, Heeb MJ, Burgess BL, Abrams
TA. Both protein S and Gas6 stimulate outer seg-
ment phagocytosis by cultured rat retinal pigment
epithelial cells. Exp Eye Res. 2005;81(5):581-91.
Law AL, Parinot C, Chatagnon J, Gravez B, Sahel
JA, Bhattacharya SS, et al. Cleavage of Mer tyrosine
kinase (MerTK) from the cell surface contributes to
the regulation of retinal phagocytosis. J Biol Chem.
2015;290(8):4941-52.

Caberoy NB, Zhou Y, Li W. Tubby and tubby-like
protein 1 are new MerTK ligands for phagocytosis.
EMBO J. 2010;29(23):3898-910.

Caberoy NB, Alvarado G, Bigcas JL, Li
W. Galectin-3 is a new MerTK-specific eat-me sig-
nal. J Cell Physiol. 2012;227(2):401-7.

Ryeom SW, Sparrow JR, Silverstein RL. CD36
participates in the phagocytosis of rod outer seg-
ments by retinal pigment epithelium. J Cell Sci.
1996;109(Pt 2):387-95.

Finnemann SC, Silverstein RL. Differential roles of
CD36 and avf5 integrin in photoreceptor phagocy-
tosis by the retinal pigment epithelium. J Exp Med.
2001;194(9):1289-98.74.

Sun M, Finnemann SC, Febbraio M, Shan L,
Annangudi SP, Podrez EA, et al. Light-induced
oxidation of photoreceptor outer segment phospho-
lipids generates ligands for CD36-mediated phago-
cytosis by retinal pigment epithelium: a potential
mechanism for modulating outer segment phagocy-
tosis under oxidant stress conditions. J Biol Chem.
2006;281(7):4222-30.



62 C. Miller and S. C. Finnemann
76. Picard E, Houssier M, Bujold K, Sapieha P, Lubell 91. Shelby SJ, Feathers KL, Ganios AM, Jia L, Miller
W, Dorfman A, et al. CD36 plays an important IJM, Thompson DA. MERTK signaling in the retinal
role in the clearance of oxLDL and associated age- pigment epithelium regulates the tyrosine phosphor-
dependent sub-retinal deposits. Aging (Albany NY). ylation of GDP dissociation inhibitor alpha from the
2010;2(12):981-9. GDI/CHM family of RAB GTPase effectors. Exp

77. Gnanaguru G, Choi AR, Amarnani D, D’Amore Eye Res. 2015;140:28-40.

PA. Oxidized lipoprotein uptake through the CD36 92. Strauss O, Buss F, Rosenthal R, Fischer D,
receptor activates the NLRP3 inflammasome in Mergler S, Stumpff F, et al. Activation of neuro-
human retinal pigment epithelial cells. Invest endocrine L-type channels (alphalD subunits) in
Ophthalmol Vis Sci. 2016;57(11):4704-12. retinal pigment epithelial cells and brain neurons

78. Finnemann SC. Focal adhesion kinase signaling pro- by pp60(c-src). Biochem Biophys Res Commun.
motes phagocytosis of integrin-bound photorecep- 2000;270(3):806—10.
tors. EMBO J. 2003;22(16):4143-54. 93. Strauss O, Reichhart N, Gomez NM, Muller

79. Strick DJ, Feng W, Vollrath D. Mertk drives myo- C. Contribution of ion channels in calcium signaling
sin II redistribution during retinal pigment epi- regulating phagocytosis: maxiK, cavl.3 and bestro-
thelial phagocytosis. Invest Ophthalmol Vis Sci. phin-1. Adv Exp Med Biol. 2016;854:739—44.
2009;50(5):2427-35. 94. Miiller C, Mas Gomez N, Ruth P, Strauss O. CaV1.3

80. Bulloj A, Duan W, Finnemann SC. PI 3-kinase inde- L-type channels, maxiK Ca(2+)-dependent K(+)
pendent role for AKT in F-actin regulation during channels and bestrophin-1 regulate rhythmic photore-
outer segment phagocytosis by RPE cells. Exp Eye ceptor outer segment phagocytosis by retinal pigment
Res. 2013;113:9-18. epithelial cells. Cell Signal. 2014;26(5):968-78.

81. Edwards RB, Bakshian S. Phagocytosis of outer seg- 95. Ikarashi R, Akechi H, Kanda Y, Ahmad A, Takeuchi
ments by cultured rat pigment epithelium. Reduction K, Morioka E, et al. Regulation of molecular clock
by cyclic AMP and phosphodiesterase inhibitors. oscillations and phagocytic activity via muscarinic
Invest Ophthalmol Vis Sci. 1980;19(10):1184-8. Ca’* signaling in human retinal pigment epithelial

82. Hall MO, Abrams TA, Mittag TW. The phagocytosis cells. Sci Rep. 2017;7:44175.
of rod outer segments is inhibited by drugs linked to 96. Bulloj A, Maminishkis A, Mizui M, Finnemann
cyclic adenosine monophosphate production. Invest SC. Semaphorin4D-PlexinB1 signaling attenu-
Ophthalmol Vis Sci. 1993;34(8):2392-401. ates photoreceptor outer segment phagocytosis by

83. Edwards RB, Flaherty PM. Association of changes reducing Racl activity of RPE cells. Mol Neurobiol.
in intracellular cyclic AMP with changes in phago- 2017;55(5):4320-32.
cytosis in cultured rat pigment epithelium. Curr Eye 97. Gibbs D, Kitamoto J, Williams DS. Abnormal
Res. 1986;5(1):19-26. phagocytosis by retinal pigmented epithelium that

84. Gregory CY, Abrams TA, Hall MO. Stimulation of lacks myosin VlIla, the Usher syndrome 1B protein.
A2 adenosine receptors inhibits the ingestion of pho- Proc Natl Acad Sci U S A. 2003;100(11):6481-6.
toreceptor outer segments by retinal pigment epithe- 98. Udovichenko IP, Gibbs D, Williams DS. Actin-
lium. Invest Ophthalmol Vis Sci. 1994;35(3):819-25. based motor properties of native myosin VIla. J Cell

85. Heth CA, Schmidt SY. Protein phosphorylation in Sci. 2002;115(Pt 2):445-50.
retinal pigment epithelium of Long-Evans and Royal 99. Weil D, Blanchard S, Kaplan J, Guilford P, Gibson
College of Surgeons rats. Invest Ophthalmol Vis Sci. E, Walsh J, et al. Defective myosin VIIA gene
1992;33(10):2839-47. responsible for Usher syndrome type 1B. Nature.

86. Heth CA, Marescalchi PA. Inositol triphosphate gen- 1995;374(6517):60-1.
eration in cultured rat retinal pigment epithelium.  100. Petit C. Usher syndrome: from genetics to patho-
Invest Ophthalmol Vis Sci. 1994;35(2):409-16. genesis. Annu  Rev Genomics Hum Genet.

87. Heth CA, Marescalchi PA, Ye L. IP3 generation 2001;2:271-97.
increases rod outer segment phagocytosis by cultured ~ 101. Jiang M, Esteve-Rudd J, Lopes VS, Diemer T,
Royal College of Surgeons retinal pigment epithe- Lillo C, Rump A, et al. Microtubule motors trans-
lium. Invest Ophthalmol Vis Sci. 1995;36(6):984-9. port phagosomes in the RPE, and lack of KLCl1

88. Wimmers S, Karl MO, Strauss O. Ion channels in the leads to AMD-like pathogenesis. J Cell Biol.
RPE. Prog Retin Eye Res. 2007;26(3):263-301. 2015;210(4):595-611.

89. Kindzelskii AL, Elner VM, Elner SG, Yang D, 102. Deguchi J, Yamamoto A, Yoshimori T, Sugasawa K,
Hughes BA, Petty HR. Toll-like receptor 4 (TLR4) of Moriyama Y, Futai M, et al. Acidification of phago-
retinal pigment epithelial cells participates in trans- somes and degradation of rod outer segments in rat
membrane signaling in response to photoreceptor retinal pigment epithelium. Invest Ophthalmol Vis
outer segments. J Gen Physiol. 2004;124(2):139-49. Sci. 1994;35(2):568-79.

90. Shelby SJ, Colwill K, Dhe-Paganon S, Pawson T, 103. Kim IT, Kwak JS. Degradation of phagosomes

Thompson DA. MERTK interactions with SH2-
domain proteins in the retinal pigment epithelium.
PLoS One. 2013;8(2):53964.

and diurnal changes of lysosomes in rabbit reti-
nal pigment epithelium. Korean J Ophthalmol.
1996;10(2):82-91.



3 RPE Phagocytosis

63

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Gordiyenko NV, Fariss RN, Zhi C, MacDonald
IM. Silencing of the CHM gene alters phagocytic and
secretory pathways in the retinal pigment epithelium.
Invest Ophthalmol Vis Sci. 2010;51(2):1143-50.
Guha S, Baltazar GC, Coffey EE, Tu LA, Lim JC,
Beckel JM, et al. Lysosomal alkalinization, lipid
oxidation, and reduced phagosome clearance trig-
gered by activation of the P2X7 receptor. FASEB J.
2013;27(11):4500-9.

LiuJ, Lu W, Guha S, Baltazar GC, Coffey EE, Laties
AM, et al. Cystic fibrosis transmembrane conduc-
tance regulator contributes to reacidification of alka-
linized lysosomes in RPE cells. Am J Physiol Cell
Physiol. 2012;303(2):C160-9.

Liu J, Lu W, Reigada D, Nguyen J, Laties AM,
Mitchell CH. Restoration of lysosomal pH in RPE
cells from cultured human and ABCA4“" mice:
pharmacologic approaches and functional recovery.
Invest Ophthalmol Vis Sci. 2008;49(2):772-80.
Zigler JS Jr, Zhang C, Grebe R, Sehrawat G,
Hackler L Jr, Adhya S, et al. Mutation in the betaA3/
Al-crystallin gene impairs phagosome degradation
in the retinal pigmented epithelium of the rat. J Cell
Sci. 2011;124(Pt 4):523-31.

Valapala M, Wilson C, Hose S, Bhutto IA, Grebe
R, Dong A, et al. Lysosomal-mediated waste
clearance in retinal pigment epithelial cells is
regulated by  CRYBAIl/betaA3/Al-crystallin
via v-ATPase-mTORCI1 signaling. Autophagy.
2014;10(3):480-96.

KimJY, Zhao H, Martinez J, Doggett TA, Kolesnikov
AV, Tang PH, et al. Noncanonical autophagy pro-
motes the visual cycle. Cell. 2013;154(2):365-76.
Frost LS, Lopes VS, Bragin A, Reyes-Reveles
J, Brancato J, Cohen A, et al. The Contribution
of melanoregulin to microtubule-associated pro-
tein 1 Light Chain 3 (LC3) associated phagocyto-
sis in retinal pigment epithelium. Mol Neurobiol.
2015;52(3):1135-51.

Gal A, LiY, Thompson DA, Weir J, Orth U, Jacobson
SG, et al. Mutations in MERTK, the human ortho-
logue of the RCS rat retinal dystrophy gene, cause
retinitis pigmentosa. Nat Genet. 2000;26(3):270-1.
Thompson DA, McHenry CL, Li Y, Richards JE,
Othman MI, Schwinger E, et al. Retinal dystrophy
due to paternal isodisomy for chromosome 1 or
chromosome 2, with homoallelism for mutations in
RPE65 or MERTK, respectively. Am J Hum Genet.
2002;70(1):224-9.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

McHenry CL, Liu Y, Feng W, Nair AR, Feathers
KL, Ding X, et al. MERTK arginine-844-cysteine
in a patient with severe rod-cone dystrophy: loss of
mutant protein function in transfected cells. Invest
Ophthalmol Vis Sci. 2004;45(5):1456-63.

Seabra MC, Brown MS, Goldstein JL. Retinal
degeneration  in  choroideremia:  deficiency
of rab geranylgeranyl transferase. Science.
1993;259(5093):377-81.

MacDonald IM, Mah DY, Ho YK, Lewis RA, Seabra
MC. A practical diagnostic test for choroideremia.
Ophthalmology. 1998;105(9):1637-40.

Sergeev YV, Smaoui N, Sui R, Stiles D, Gordiyenko
N, Strunnikova N, et al. The functional effect of
pathogenic mutations in Rab escort protein 1. Mutat
Res. 2009;665(1-2):44-50.

Vives-Bauza C, Anand M, Shiraz AK, Magrane
J, Gao J, Vollmer-Snarr HR, et al. The age lipid
A2E and mitochondrial dysfunction synergistically
impair phagocytosis by retinal pigment epithelial
cells. J Biol Chem. 2008;283(36):24770-80.
Lakkaraju A, Finnemann SC, Rodriguez-Boulan
E. The lipofuscin fluorophore A2E perturbs choles-
terol metabolism in retinal pigment epithelial cells.
Proc Natl Acad Sci U S A. 2007;104(26):11026-31.
LaVail MM, Yasumura D, Matthes MT, Yang H,
Hauswirth WW, Deng WT, et al. Gene therapy for
MERTK-associated retinal degenerations. Adv Exp
Med Biol. 2016;854:487-93.

Conlon TJ, Deng WT, Erger K, Cossette T, Pang JJ,
Ryals R, et al. Preclinical potency and safety stud-
ies of an AAV2-mediated gene therapy vector for the
treatment of MERTK associated retinitis pigmen-
tosa. Hum Gene Ther Clin Dev. 2013;24(1):23-8.
Ghazi NG, Abboud EB, Nowilaty SR, Alkuraya H,
Alhommadi A, Cai H, et al. Treatment of retini-
tis pigmentosa due to MERTK mutations by ocu-
lar subretinal injection of adeno-associated virus
gene vector: results of a phase I trial. Hum Genet.
2016;135(3):327-43.

Yvon C, Ramsden CM, Lane A, Powner MB, da Cruz
L, Coffey PJ, et al. Using stem cells to model dis-
eases of the outer retina. Comput Struct Biotechnol
J.2015;13:382-9.

Ramsden CM, Nommiste B, Lane AR, Carr AF,
Powner MB, Smart MJK, et al. Rescue of the
MERTK phagocytic defect in a human iPSC disease
model using translational read-through inducing
drugs. Sci Rep. 2017;7(1):51.



	3: RPE Phagocytosis
	Introduction
	Experimental Approaches to Quantify the Phagocytic Function of the RPE
	Molecular Mechanisms of RPE Phagocytosis
	Recognition and Binding of POS by RPE Cells
	Cell Surface Receptors and RPE Signaling Pathways Mediating POS Internalization
	Processing and Degradation of Phagocytosed POS by RPE Cells

	Defects in POS Clearance Phagocytosis by RPE Cells and Human Retinal Disease
	Outlook
	References




