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Abstract: The diurnal phagocytosis of spent photoreceptor outer segment fragments (POS) by retinal
pigment epithelial (RPE) cells is essential for visual function. POS internalization by RPE cells
requires the assembly of F-actin phagocytic cups beneath surface-tethered POS and Mer tyrosine
kinase (MerTK) signaling. The activation of the Rho family GTPase Rac1 is necessary for phagocytic
cup formation, and Rac1 is activated normally in MerTK-deficient RPE. We show here that mutant
RPE lacking MerTK and wild-type RPE deprived of MerTK ligand both fail to form phagocytic
cups regardless of Rac1 activation. However, in wild-type RPE in vivo, a decrease in RhoA activity
coincides with the daily phagocytosis burst, while RhoA activity in MerTK-deficient RPE is constant.
Elevating RhoA activity blocks phagocytic cup formation and phagocytosis by wild-type RPE.
Conversely, inhibiting RhoA effector Rho kinases (ROCKs) rescues both F-actin assembly and POS
internalization of primary RPE if MerTK or its ligand are lacking. Most strikingly, acute ROCK
inhibition is sufficient to induce the formation and acidification of endogenous POS phagosomes by
MerTK-deficient RPE ex vivo. Altogether, RhoA pathway inactivation is a necessary and sufficient
downstream effect of MerTK phagocytic signaling such that the acute manipulation of cytosolic
ROCK activity suffices to restore phagocytic capacity to MerTK-deficient RPE.
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1. Introduction

In the mammalian retina, photoreceptor neurons continuously renew their light-
sensitive outer segments to maintain retinal function for life. The addition of new mem-
brane disks at the proximal end of outer segments is precisely balanced with the diurnal
shedding of distal spent outer segment tips followed by immediate phagocytosis by the
adjacent retinal pigment epithelium (RPE) [1,2]. Life-long circadian outer segment renewal
is thought to prevent cumulative damage acquired with age by photoreceptor and RPE
cells, as both cell types are post-mitotic and permanent in the mammalian eye. On the
other hand, the incomplete phagolysosomal digestion of outer segment debris causes the
formation of oxidized indigestible proteins and lipids as lipofuscin in RPE cells, and much
evidence suggests that lipofuscin components are detrimental to RPE cell viability and
function [3]. Lipofuscin components enhance photo-oxidative stress, which in turn harms
RPE cells in many ways, including by triggering cell death, damaging mitochondrial and
nuclear DNA, and altering gene expression [4,5]

The molecular mechanism of outer segment renewal is only partly understood. The
mechanism of POS phagocytosis by RPE cells is a specialized form of efferocytosis [6].
Its regulation likely involves RPE ion channel activity, although specific contributions
remain to be established [7–10]. Shedding photoreceptor outer segment fragments (POS)
are marked by the exposure of phosphatidylserine, which serves to signal the need for
POS engulfment to adjacent RPE cells [11]. Extracellular phosphatidylserine-binding

Cells 2021, 10, 1927. https://doi.org/10.3390/cells10081927 https://www.mdpi.com/journal/cells

https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0001-9298-0736
https://doi.org/10.3390/cells10081927
https://doi.org/10.3390/cells10081927
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cells10081927
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells10081927?type=check_update&version=2


Cells 2021, 10, 1927 2 of 15

proteins MFG-E8, Gas6, and Protein S in the subretinal space between RPE cells and
photoreceptor outer segments serve to activate at least two phagocytic receptors in the
RPE cells: apical αvβ5 integrin receptors are stimulated by MFG-E8 to signal towards the
F-actin regulator GTPase Rac1 and, separately, to the receptor tyrosine kinase Mer (MerTK)
via focal adhesion kinase [12–15]. Full MerTK activation also requires the engagement of its
extracellular ligands, with Protein S and Gas6 physiologically relevant to MerTK function
in RPE phagocytosis in vivo [16].

MerTK is a member of the Tyro3/Axl (also known as UFO)/MerTK (TAM) family of
highly related receptor tyrosine kinases. Mutations in MerTK can cause autosomal reces-
sive forms of retinitis pigmentosa with numerous mutations associated with the disease
spanning the entire mertk gene [17–19]. Studies on mutant MerTK expression or function
in retinitis pigmentosa patients have yet to be reported. In the Royal College of Surgeons
(RCS) rat strain, a naturally occurring mutation in the gene encoding MerTK abolishes
mertk gene function, and no MerTK protein can be detected [20,21]. RCS RPE cells fail to
engulf POS, leading to the accumulation of outer segment debris in the subretinal space,
photoreceptor death and retinal degeneration [22]. Mice in a mixed genetic background in
which the mertk gene has been disrupted by the insertion of a neomycin expression cassette
such that no MerTK protein can be detected show the same dramatic retinal degeneration
as the RCS rat [23]. However, the same mertk gene disruption does not cause retinal degen-
eration in mice of a pure C57BL6 genetic background with high RPE expression of Tyro3,
suggesting that Tyro3 can substitute for MerTK in RPE function [23,24]. Downstream
signaling stimulated by MerTK ligation is complex and may include Src family kinase and
phospholipase involvement [25,26]. However, it remains poorly understood which specific
aspects of the MerTK signaling response in the RPE are required for POS engulfment.

POS engulfment is F-actin dependent, such that it requires the de novo assembly
of an F-actin structure beneath surface-bound POS that is commonly referred to as the
“phagocytic cup” [27]. We previously showed that activation of the Rho family GTPase
Rac1 is required to assemble a functional phagocytic cup for POS internalization [14]. Rac1
activation is impaired in RPE cells lacking αvβ5 integrin but occurs to a normal extent in
response to POS recognition/binding in RPE cells lacking engulfment receptor MerTK [14].
Here, we show that RPE cells cannot form phagocytic cups beneath surface-tethered POS
in the absence of MerTK signaling, which implies roles for F-actin-regulating mechanisms
in phagocytosis other than and in addition to Rac1 activation. Moreover, we find that
POS engulfment by wild-type phagocytic RPE cells in vivo is associated with a decrease
in the GTP load of the small GTPase RhoA, which is indicative of RhoA inhibition. In
contrast, RhoA activity does not fluctuate in phagocytosis-defective RPE in vivo. Using
well-characterized pharmacological agents to manipulate Rho GTPases or their direct
downstream mediators, Rho kinases (ROCKs), we find that activating and inhibiting
the RhoA pathway acutely during the phagocytosis process inhibits or promotes F-actin
recruitment and POS internalization, respectively. Altering the cytosolic RhoA signaling
pathway is sufficient to promote or inhibit internalization and subsequent phagosome
acidification irrespective of the presence of MerTK ligands or MerTK receptors themselves.
Remarkably, acute ROCK inhibition is sufficient to trigger the engulfment of endogenous
POS by MerTK-deficient RPE, suggesting that RhoA/ROCK pathway inhibition is both
sufficient and necessary to overcome MerTK deficiency.

2. Materials and Methods

Materials were purchased from Sigma-Millipore (St. Louis, MO, USA) or Thermofisher
(Waltham, MA, USA), unless otherwise stated.

2.1. Animals

Animals were handled according to the ARVO Guide for the Use of Animals in Vision
Research and the Guide for the Care and Use of Laboratory Animals (NIH, 8th edition)
and reviewed and approved by the Fordham University Institutional Animal Care and
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Use Committee (protocol B08-01R). Pink-eyed dystrophic RCS (rdy/rdy-p) rats and wild-
type (wt) Sprague Dawley rats were housed in 12 h dark:12 h light cycles and were fed
standard rodent diet 5053 and drinking water ad libitum. Animals of both sexes were
used. For tissue harvest, rats were sacrificed by CO2 asphyxiation followed by cervical
dislocation. Eyeballs were enucleated and processed immediately post mortem. To prepare
primary RPE, 9–11-day-old rats were sacrificed between 1 and 3 h after light onset followed
by processing as described in Section 2.3. To prepare the eyecups for immunoblotting,
21–24-day-old rats were sacrificed at specific times before or after light onset as required by
the experiment. For the isolation of eyecups for whole mount preparation, 15–18-day-old
rats were sacrificed 5 min after light onset. Cornea, lens, and retina were dissected from
the eyes before the immediate lysis of posterior eyecups and analysis as in Section 2.7,
or further radial cuts to flatten eyecups followed by incubation for 2 h with or without
pharmacological reagents in a humidified atmosphere at 37 ◦C and 5% CO2. Eyecups were
then either live-stained with 0.4 µM LysoTracker® Green DND-26 (#L7526, Thermofisher)
in FluoroBrite™ DMEM (A1896701, Thermofisher) for 15 min and imaged live as described
previously [28], or fixed in 4% paraformaldehyde (#15710, Electron Microscopy Sciences) in
PBS and immunofluorescence labeling with rhodopsin antibody B6-30 [29] (#NBP2-25160,
Novus Biologicals, 0.1 µg/mL in PBS) and AlexaFluor-conjugated secondary antibodies
(#A21202, Thermofisher, 1:300 in PBS) followed by nuclei counterstain for 15 min at room
temperature with 4′,6-diamidino-2-phenylindole (DAPI, #62248, Thermofisher, 0.5 µg/mL
in PBS) [30]. Images of F-actin and POS were acquired on a Leica TSP5 laser scanning
confocal microscopy system using the sequential scanning mode and compiled using
Adobe Photoshop CS4. DAPI nuclei counterstain was used to aid in sample observation
but was not routinely imaged to avoid the excessive bleaching of stainings.

2.2. GTPase Activity Assays

RhoA GLISA GTPase activity assays (#BK124, Cytoskeleton Inc., Denver, CO, USA)
were carried out following the manufacturer’s protocol on freshly lysed posterior eyecups
collected at different times of day. Two eyecups from the same animal were pooled for
each sample.

2.3. Primary RPE Cell Culture

RPE cells from 9–11-day-old wt or RCS rats for primary culture were isolated as
previously published in detail [12]. In brief, the cornea, lens, iris, and vitreous body were
removed from freshly enucleated eyes. Eyecups were incubated in 1 mg/mL hyaluronidase
(#H3506, Sigma-Millipore) in Hank’s balanced saline solution without Ca2+ and Mg2+ for
45 min at 37 ◦C. The neural retina was removed, and eyecups were further incubated
in 2 mg/mL trypsin (#27250018, Thermofisher) in Hank’s balanced saline solution with
Ca2+ and Mg2+ for 30 to 45 min at 37 ◦C. RPE sheets were manually collected from the
underlying choroid. Purified RPE patches were grown in 96-well plates with collagen IV
(#354233, Corning)-coated glass coverslips in DMEM (#D6429, Sigma-Millipore) 10% FBS
(#F4135, Sigma-Millipore) at 37 ◦C, 5% CO2 for 5–7 days before experiments.

2.4. POS Phagocytosis Assays

POS were purified from freshly obtained porcine eyes from a local slaughterhouse
according to established procedures [31]. Fluorescent dye labeling was performed immedi-
ately before use as described with 0.1 mg/mL FITC (FITC Isomer I, #F1906, Thermofisher),
or 0.01 mg/mL Texas Red-X (mixed isomers, #T6134, Thermofisher) [31]. Synchronized
phagocytosis assays were performed as described in detail previously [32]. In brief, cells on
glass coverslips in multi-well plates were fed POS at a density of 10 particles/cell in DMEM
supplemented with 1.25 µg/mL recombinant mouse MFG-E8 (#2805-MF-50/CF, R & D Sys-
tems, Minneapolis, MN, USA) for the duration of experiments at 37 ◦C, or for 1 h at 20 ◦C
to allow only POS binding in synchronized phagocytosis assays [33]. Cells with surface-
bound POS were washed twice with serum-free DMEM after the 20 ◦C binding phase
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before further incubation with DMEM with or without 2 µg/mL protein S (#APP012A,
Aniara, West Chester, OH, USA) at 37 ◦C. All phagocytosis assays were terminated with
three washes of phosphate buffered saline (PBS) supplemented with 0.1 mM CaCl2 and
1 mM MgCl2 followed by live imaging or fixation with 4% PFA in PBS.

2.5. RhoA Pathway Manipulations in RPE in Culture and RPE Ex Vivo

To activate RhoA, primary RPE cells were incubated with cell-permeable exoenzyme
RhoA activator that has been shown to activate Rho specifically [34]. RhoA activator
(#CN03, Cytoskeleton Inc) was applied to RPE cells in culture at 1 µg/mL in DMEM
10% FBS for 3 h directly prior to POS phagocytosis assays. The widely used and well-
characterized ROCK-specific competitive inhibitor Y-27632 (#1254, Tocris Bioscience, Min-
neapolis, MN, USA, [35]), was applied at 25 µM during POS challenge for cell culture
assays. Initial experiments established similar effects on promoting POS internalization by
wt RPE in the absence of MerTK ligand for Y-27632 at 50 µM, and efficacy of other ROCK
inhibitors, H-1152 (#2414, Tocris Bioscience) and HA-1100 (#2415, Tocris Bioscience), used
at 5 µM and 50 µM, respectively (Supplementary Figure S1).

To induce phagocytosis by RPE tissue ex vivo, posterior RCS rat eyecups dissected
5 min after light onset were incubated in DMEM with 10% FBS and with and without
50 µM Y-27632 for 2 h followed by labeling and immediate live imaging as described in
Section 2.1.

2.6. Immunofluorescence, F-Actin and Live Lysosome Microscopy

For immunofluorescence and F-actin staining, RPE cells were fixed with 4% paraformalde-
hyde in PBS for 20 min. All further incubations used PBS supplemented with 0.1 mM CaCl2
and 1 mM MgCl2 as solvent. For the selective staining of surface-bound POS, cells were
incubated without permeabilization with anti-rhodopsin antibody B6-30 and secondary
AlexaFluor488-conjugated antibody as described in Section 2.1. For Texas Red-labeled POS
and F-actin co-staining, fixed cells were permeabilized with 0.5% Triton-X100 for 15 min be-
fore incubation with AlexaFluor488-conjugated phalloidin (#A12379, Thermofisher, 1:100).
Nuclei were co-stained with DAPI as described in Section 2.1. For Texas Red-labeled POS
and acidified organelle co-staining, cells were live labeled with 0.4 µM LysoTracker® Green
DND-26 in FluoroBrite™ DMEM at 37 ◦C for 15 min followed by immediate live imaging.
Images were acquired on a Leica TSP5 laser scanning confocal microcopy system using the
sequential scanning mode and compiled using Adobe Photoshop CS4.

Images were processed using Image J to quantify signals from bound POS (AlexaFluor488-
positive, Texas Red positive), total POS (Texas Red positive), internal POS (Texas Red posi-
tive, AlexaFluor488 negative), or acidified, internal POS (TexasRed positive, LysoTracker®

positive), or to quantify the number of POS associated with F-actin.

2.7. SDS-PAGE and Immunoblotting

Individual dissected posterior eyecups were lysed in 160 µL of HNTG detergent
buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, 1.5 mM MgCl2, 1% Triton
X-100) freshly supplemented with 1% protease and phosphatase inhibitor cocktails (#P8340,
Sigma-Millipore, and #78420, Thermofisher, respectively). Cleared lysates representing
equal eyecup tissue fractions were separated on 12% SDS polyacrylamide gels using a
standard Tris–glycine buffer system (Novex gels and solutions, Thermofisher). Proteins
were transferred to nitrocellulose membranes (#88018, Thermofisher) for immunodetec-
tion with primary and appropriate horseradish peroxidase (HRP)-conjugated secondary
antibodies. The primary antibodies used were porin (#4866, Cell Signaling, 1:5,000), RhoA
(#sc-179, Santa Cruz Biotechnologies, Santa Cruz, CA, USA, 1:200), rhodopsin (clone B6-30,
0.01 µg/mL), and α-tubulin (#9099, Cell Signaling, 1:5,000). The secondary antibodies used
were donkey-anti-rabbit IgG-HRP (#16029, Thermofisher, 1:10,000) and donkey-anti-mouse
IgG-HRP (#16011, Thermofisher, 1:5,000). Chemiluminescence reaction signals from ECL-
plus substrate (#NEL105001EA, Perkin-Elmer, Shelton, CT, USA) were captured with X-ray
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films (#3018, Denville Scientific, Swedesboro, NJ, USA), which were scanned and quantified
by densitometry using Image QuantTM TL 7.0 (GE Healthcare, Chicago, IL, USA).

2.8. Statistical Analysis

All experiments were performed at least three times independently. All values are
presented as the mean ± SD. Statistical analyses were performed using Prism 7 (Graphpad,
San Diego, CA, USA). Differences with p < 0.05 were considered statistically significant. The
specifics of the statistical analyses for each experiment are provided in the figure legends.

3. Results
3.1. Recruitment of F-Actin Phagocytic Cups Beneath Surface-Bound POS Requires MerTK
Receptor Ligation

Signaling by the small GTPase Rac1 is necessary for F-actin recruitment beneath
surface-bound POS and for POS engulfment [14]. RPE cells in the mutant RCS rats lacking
functional MerTK still activate Rac1 during POS binding like wt RPE cells, but fail to
engulf surface-tethered POS. To assess if MerTK activity is required for F-actin assembly
beneath bound POS, we used a synchronized POS phagocytosis assay testing unpassaged,
differentiated primary rat RPE cells in culture. Adding purified MerTK ligand protein S was
necessary to promote the recruitment of F-actin phagocytic cups beneath surface-bound
POS in wt RPE cells (Figure 1A,B,D). We noted that lateral F-actin appeared somewhat
more condensed in wt RPE cells in response to POS with protein S, a phenomenon that
will require further study. MerTK-deficient RCS RPE cells failed to assemble F-actin
beneath bound POS despite the presence of protein S (Figure 1C,D). Thus, MerTK receptor
engagement subsequent to POS binding is necessary for the recruitment of F-actin beneath
bound POS and for POS engulfment.

Figure 1. Recruitment of F-actin phagocytic cups beneath bound POS by RPE cells requires MerTK ligation. Primary wt
(A,B) or RCS RPE cells (C) were challenged with Texas Red-labeled POS in a synchronized phagocytosis assay. Cells with
pre-bound POS were incubated at 37 ◦C for 10 min with serum-free DMEM (A) or DMEM supplemented with MerTK
ligand Protein S (B,C) before fixation and F-actin labeling. Fields show maximal projections of F-actin only (upper row)
and overlay of F-actin (green) and POS (red) (lower row). Scale bars, 5 µm. Fields shown are representative areas of larger
fields that were imaged and quantified. Please see Supplementary Figure S2 for example fields with nuclei counterstain
illustrating that cortical F-actin is indicative of cell distribution. (D) Bars show fraction of F-actin-associated POS of total
POS obtained from samples as shown in (A–C) expressed as mean ± SD; n = 3 independent experiments with 4 random
fields of ~25 cells counted in each experiment. Gray bars, wt cells; black bar, RCS cells. ** indicates p < 0.01 according to the
Kruskal–Wallis test and Dunn’s post hoc comparison; n.s., not significant, p > 0.05.
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3.2. MerTK-Deficient RPE In Vivo Lacks a Dip in RhoA Activity that Coincides with the Peak of
Diurnal POS Phagocytosis in wt RPE

Phagocytic cups consist of dynamic F-actin structures commonly promoted by Rac1
or Cdc42 signaling. These felt-like F-actin structures differ from the robust, parallel F-actin
fibers present in stress fibers that are promoted by RhoA signaling. We therefore suspected
that RhoA activity might be detrimental to phagocytic cup formation. We thus measured
RhoA-GTP load, which is directly indicative of RhoA activity, at the time of peak RPE
phagocytosis in the eye. RhoA-GTP in wt RPE cells in vivo decreased briefly after light
onset, with levels 28% lower than levels 1 h before light onset, and 43% lower than levels 2
h after light onset, just after the diurnal peak of POS phagocytosis (Figure 2A). In contrast,
RhoA-GTP levels did not vary among these times of day in RCS RPE cells in vivo in which
no phagocytosis occurs (Figure 2B). The RhoA GTP load changes reflected changes in its
GTPase activity regulation rather than protein expression regulation, as the total RhoA
expression remained the same at all time points tested in both wt and MerTK-deficient RPE
cells (Figure 2A,B, Western blot panels). These results show that decreased RhoA activity
directly correlates with POS phagocytosis in vivo.

Figure 2. Activity of the GTPase RhoA decreases after light onset in vivo in wt but not MerTK-
deficient RCS RPE tissue. Wt (A) and RCS (B) posterior eyecups enriched in RPE were collected 1 h
before, 30 min, and 2 h after light onset and analyzed by RhoA G-LISA and immunoblotting. RhoA-
GTP values were normalized to RhoA protein in each sample. Representative RhoA immunoblots
beneath bar graphs show that RhoA did not vary with time of day regardless of genotype. Porin
re-probing was used to confirm sample protein load. Full blot membrane images are shown in
Supplementary Figure S3. Bars show active RhoA-GTP relative to total RhoA amount in each sample
expressed as mean ± SD; n = 4 independent experiments; *, p < 0.05 according to the Kruskal–Wallis
test and Dunn’s post hoc comparison; n.s., not significant, p > 0.05.
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3.3. ROCK Inhibition Rescues Phagocytic Cup Formation by RPE Cells in Which RhoA Is Inhibited

Next, we set out to directly test the effects of manipulating RhoA on F-actin phagocytic
cup formation. The activation of RhoA was achieved by pre-treating wt primary RPE cells
in culture with an engineered cell-permeable bacterial cytotoxic necrotizing factor (CNF).
The CNF toxin activates Rho GTPase isoforms (RhoA, RhoB, and RhoC) by delaminating
glutamine-63, which renders a constitutively active Rho GTPase [34]. Its specificity for Rho
GTPase activation is superior to other compounds known to activate Rho GTPases, which
also directly target other pathways, e.g., lysophosphatidic acid and calpeptin, both of which
are involved in the activation and inhibition of other pathways [36,37]. Strikingly, unlike
wt control cells, Rho activator-treated wt RPE cells failed to form phagocytic cups beneath
bound POS (Figure 3A,B). Inhibiting ROCKs using the well-characterized inhibitory com-
pound Y-27632 had no effect on F-actin phagocytic cup formation (Figure 3A,B). However,
ROCK inhibition was fully effective in preventing the inhibitory effect of Rho activator
pre-treatment (Figure 3A,B). Notably, Rho activator pretreatment was performed prior to
the addition of POS, while ROCK inhibitor was added only at the time of POS challenge.
As expected for unpassaged primary RPE cell cultures, cell appearance showed some
degree of variability across samples and experiments. Yet, we did not note consistent gross
changes in cell size or shape in response to any of the treatments. Altogether, our results
suggest that active RhoA inhibits phagocytic cup formation through ROCK.

Figure 3. ROCK inhibition rescues inhibition of F-actin phagocytic cup formation by RhoA activator. (A) Primary wt RPE
cells were challenged with Texas Red-labeled POS in a synchronized phagocytosis assay. Cells with pre-bound POS were
incubated at 37 ◦C for 10 min with DMEM supplemented with MerTK ligand Protein S plus DMSO solvent (control), RhoA
activator, ROCK inhibitor, or both before fixation and F-actin labeling. Fields show maximal projections of overlays of
F-actin (green) and POS (red). Fields shown are representative areas of larger fields that were imaged and quantified. Scale
bars, 5 µm. (B) Bars show fraction of F-actin-associated POS of total POS obtained from samples as shown in (A) expressed
as mean ± SD; n = 3 independent experiments with 4 random fields of ~25 cells counted in each experiment. ** indicates
p < 0.01 according to the Kruskal–Wallis test and Dunn’s post hoc comparison; n.s., not significant, p > 0.05.

3.4. Inhibition of the RhoA-ROCK Pathway Restores Phagocytic Cup Formation and POS
Internalization into Acidified Phagolysosomes to RPE Cells that Lack MerTK Activity

Next, we tested whether inhibiting the RhoA-ROCK signaling pathway may substitute
for MerTK signaling and induce POS internalization. To this end, we performed synchro-
nized POS phagocytosis assays on wt RPE cells deprived of MerTK ligand and on RCS RPE
cells lacking MerTK receptors. Notably, ROCK inhibitor did not alter POS binding by either
wt or MerTK-deficient RCS RPE cells (Supplementary Figures S4 and S5). However, the
labeling of F-actin 30 min after the incubation of cells with pre-bound POS at a permissive
temperature revealed that ROCK inhibitor was sufficient to promote F-actin phagocytic
cup assembly beneath surface-tethered POS by either cell type lacking MerTK signaling
(Figure 4A,C). Quantification revealed that the fraction of bound POS associated with
F-actin cups increased from 13% to 75% on average in wt RPE cells lacking MerTK ligand
(Figure 4B) and from 9% to 80% in RCS RPE cells lacking MerTK receptors (Figure 4D).
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Figure 4. ROCK inhibition is sufficient to induce F-actin phagocytic cup assembly in wt RPE cells
deprived of MerTK ligand protein S and in RCS RPE cells lacking MerTK receptors. Primary RPE
cells were challenged with Texas Red-labeled POS in a synchronized phagocytosis assay. Cells with
pre-bound POS were incubated at 37 ◦C for 10 min with DMEM with DMSO solvent (control), or
ROCK inhibitor as indicated before fixation and F-actin labeling. Fields in (A,C) show maximal
projections of overlays of F-actin (green) and POS (red). Fields shown are representative areas of
larger fields that were imaged and quantified. Scale bars, 5 µm. (A) Fields show wt RPE cells.
(B) Bars show fraction of F-actin-associated POS of total POS in wt RPE cells deprived of MerTK
ligand obtained from samples as shown in (A). (C) Fields show RCS mutant RPE cells. (D) Bars
show fraction of F-actin-associated POS of total POS in MerTK receptor-deficient RPE obtained from
samples as shown in (C). Data are expressed as mean ± SD; n = 3 independent experiments with
4 random fields of at least 25 cells each counted in each experiment. *** indicates p < 0.001 according
to Student’s t-test for pairwise comparison of averages from each experiment (n = 3).

We then used the same overall experimental design but tested POS internalization and
POS phagolysosome acidification following a 3 h incubation at a permissive temperature
after POS binding. ROCK inhibitor increased POS internalization by wt cells deprived of
MerTK ligand ~6-fold on average (Figure 5A,B). Moreover, the labeling of internalized POS
with LysoTracker indicated that internalized POS resided in acidified phagolysosomes,
implying the successful fusion of lysosomes with engulfed POS (Figure 5C). Strikingly,
ROCK inhibitor treatment also increased POS internalization by MerTK-deficient RCS RPE
cells, by 2.6-fold on average (Figure 5D,E). Like wt RPE cells, MerTK-deficient RPE cells
were able to acidify internalized POS (Figure 5F).

Taken together, acute ROCK inhibition at the time of POS phagocytosis is sufficient to
fully rescue the phagocytic defect of RPE cells lacking either MerTK ligand or MerTK receptors.
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Figure 5. ROCK inhibition is sufficient to promote engulfment of POS into acidified phagolysosomes by wt RPE cells
deprived of MerTK ligand protein S and by RCS RPE cells lacking MerTK receptors. Primary wt (A–C) and RCS (D–F)
RPE cells were challenged with Texas Red-labeled POS in a synchronized phagocytosis assay. Cells with pre-bound POS
were incubated at 37 ◦C for 3 h with serum- and ligand-free DMEM with DMSO solvent (control), or ROCK inhibitor
(ROCK inh) as indicated. (A,D) Cells were fixed without permeabilization and surface-bound POS were labeled with
rhodopsin antibody. Fields are representative maximum projections showing an overlay of signals of bound POS (green)
and total POS (red). Scale bars, 10 µm. (B,E) Bars show quantification from images as in A,D displayed as the fraction of
POS signal that did not co-stain with antibody labeling, which indicates internalized POS (red only). Data are presented
as mean ± SD from three independent experiments each with five random fields of at least 35 cells counted. ** indicates
p < 0.01, * indicates p < 0.05 according to Student’s t-test for pairwise comparison of averages from each experiment (n = 3).
(C,F) LysoTracker was added to the final 15 min of phagocytosis incubation followed by live imaging. Representative fields
from four independent experiments for each sample type are shown as an overlay of Texas Red POS (red) and LysoTracker
(green) channels. Yellow overlay of signals indicates phagosome acidification. Scale bars, 5 µm.

3.5. ROCK Inhibition Promotes Phagocytosis of Endogenous POS by MerTK-Deficient RCS RPE
Cells Ex Vivo

Finally, we set out to test if ROCK inhibitor treatment can stimulate POS engulfment
by MerTK-defective RPE cells in situ that had not been exposed to the massive changes
of the cell culture environment. To this end, we first tested whether the uptake of fluores-
cent exogenous POS added to freshly dissected posterior eyecups was affected by ROCK
inhibitor. However, these trials revealed that the extensive extracellular matrix (likely
from the original interphotoreceptor matrix) at the apical surface of the RPE flatmount
samples prevented particles from making contact with the RPE cells. Added POS particles
remained separated from RPE microvilli by about 2 µm), and, as expected, no engulfment
was observed (data not shown). Thus, we instead optimized our retinal dissection protocol
to remove the neural retina from the underlying RPE but leaving behind some endogenous
outer segments or outer segment debris that were sheared off during the dissection process.
We then incubated the resulting posterior eyecups with or without ROCK inhibitor before
Lysotracker live labeling and imaging of the RPE. We observed acidified compartments of
1–1.6 µm diameter stained with LysoTracker only in ROCK-inhibitor-treated RCS RPE cells
(Figure 6A). These acidified compartments were of the expected size as POS phagolyso-
somes and identical in appearance to POS phagolysosomes we described previously for
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WT RPE cells [28]. Furthermore, fixation and immunofluorescence staining after ROCK in-
hibitor incubation revealed vesicular compartments positive for the POS marker rhodopsin
only in RPE tissue that had received ROCK inhibitor, but not in tissue treated with the
control medium (Figure 6B). These findings indicate that ROCK inhibition is sufficient to
promote the engulfment and acidification of endogenous POS by RPE cells in their native
tissue context.

Figure 6. ROCK inhibition is sufficient to promote internalization and acidification of endogenous
POS by MerTK receptor-deficient RCS RPE cells ex vivo. Freshly dissected posterior eyecups were
incubated for 2 h in DMEM with solvent (control) or DMEM with ROCK inhibitor (ROCK inh)
before live LysoTracker labeling of acidified phagosomes (A) or washing, fixation and labeling
of phagocytosed POS with rhodopsin antibody (B). Fields show representative images of four
independent experiments with 2 rats for each experiment and eyecups from contralateral eyes used
for control and ROCK inhibitor treatments, respectively. Maximal projections are shown of live
LysoTracker (A, red) and immunofluorescence fluorescence of POS-opsin (B, green) with nuclei
counterstain (B, blue). Scale bars, 10 µm.

4. Discussion

This study identifies the RhoA-ROCK pathway and its effect on F-actin phagocytic cup
assembly as the essential and sufficient element of MerTK downstream signaling in RPE
phagocytosis, a specialized form of efferocytosis. Our data constitute proof of principle
results that the manipulation of cytosolic signaling can bypass MerTK receptors to fully
rescue POS engulfment by RPE cells lacking MerTK signaling.

Earlier studies suggest that downstream signaling pathways stimulated by MerTK
ligation during clearance phagocytosis are complex. Phosphorylated tyrosines on the
activation loop of the MerTK kinase domain may serve as docking sites for cytosolic
signaling molecules with an Src-homology 2 (SH2) domain. Phospholipase C, also with
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an SH2 domain, is another MerTK downstream effector [26]. Moreover, Shelby and
colleagues identified numerous cytosolic signaling proteins, many with SH2 domains that
may physically or functionally interact with MerTK, including Grb2, PI3KR1, Vav3, c-Src,
and Rab-GDI1 [25,38]. These candidates all may influence POS phagocytosis by RPE cells,
although it is not yet established to what extent their activities are abnormal in MerTK-
deficient RPE cells. Additionally, there is evidence in the literature that silencing MerTK
induces RhoA activation and F-actin stress fiber formation, although not in the context of
efferocytosis [39]. Despite this plethora of insight into MerTK downstream signaling, there
are no published reports, to our knowledge, that manipulating cytosolic signaling elements
associated with MerTK signaling is sufficient to rescue MerTK deficiency. Here, we show
that the inhibition of ROCK downstream of MerTK and RhoA is both sufficient and required
for the engulfment of surface-tethered POS by RPE cells. Any additional signaling protein
activated downstream of MerTK during POS phagocytosis will therefore likely either be
upstream of or directly affected by ROCK inhibition during phagocytosis and thus either be
irrelevant or changed in activity in response to ROCK inhibition, respectively. Alternatively,
some of the signaling pathways induced by ligated MerTK may not be essential for POS
engulfment. Further studies on the signaling pathways mentioned above will be needed to
distinguish these possibilities.

Our data demonstrate that the inhibition of RhoA/ROCK is obligatory for POS en-
gulfment and is promoted by MerTK signaling towards RhoA/ROCK. The highly re-
lated TAM receptor Tyro3 can substitute for MerTK, suggesting that it, too, promotes
RhoA/ROCK pathway inhibition [24]. In contrast, transgenic overexpression in mertk−/−

mice of the efferocytosis receptor brain-specific angiogenesis inhibitor 1 (BAI-1) fails to
rescue POS phagocytosis despite the ability of BAI-1 to recognize the engulfment signal
phosphatidylserine, which is shared by apoptotic cells and POS [11,40]. Based on our data,
we speculate that BAI-1 cannot substitute for MerTK function in RPE phagocytosis because
it may fail to inhibit RhoA/ROCK upon the engagement of phosphatidylserine-exposing
phagocytic particles.

The importance of F-actin phagocytic cups for phagocytosis has long been estab-
lished [27,41,42]. Not unexpectedly, the global inhibition of all Rho family GTPases by the
bacterial toxin B inhibits phagocytic cup formation and engulfment of apoptotic cells by
macrophages [43]. An inhibitory role for RhoA-ROCK and requirement for Rac1 activation
during apoptotic cell phagocytosis by fibroblast and macrophage cell lines was demon-
strated earlier, but these studies did not establish how either of these mechanisms relate to
cell surface receptors or phagocytic cup assembly [44,45]. In fibroblast efferocytosis, MerTK
has been reported to control Rac1 activity via focal adhesion kinase (FAK) [46]. In contrast,
in RPE cells, Rac1 activation, which is essential for F-actin phagocytic cup formation and
POS engulfment, depends on αvβ5 integrin but occurs normally in mutant RPE cells
lacking MerTK and in RPE cells in which either FAK or MerTK are acutely inhibited [14].
Moreover, a lack of MerTK has no effect on αvβ5 integrin-dependent FAK activation in
RPE cells [12]. While prior studies thus imply that the mechanisms of RPE phagocytosis
are highly related but not identical to efferocytosis by other cell types, we did not expect to
find that activated Rac1 in MerTK-deficient RPE cells is insufficient to induce phagocytic
cup formation and POS internalization (Figure 1). While RhoA/ROCK inhibition can
increase Rac1 activity [47], it is unlikely to target Rac1 during RPE phagocytosis, as Rac1
activation is normal in MerTK-deficient RPE cells. RhoA/ROCK inhibition may directly
increase cofilin activity and/or decrease myosin activity, reducing F-actin stability and
cortical actomyosin activity while promoting F-actin branching and stronger membrane
curvature [48,49]. Rigidity generated by cortical F-actin limits not only cell membrane
branching and curving, but also cell–cell interaction, as observed in the immunological
synapse between T-cells and antigen presenting cells [50]. Our data suggest that, in the
RPE-POS synapse, reduced cortical tension caused by RhoA-ROCK pathway inactivation
may promote membrane extension-based phagocytic cup structures. Full understanding
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of the molecular effectors of RhoA/ROCK inhibition and Rac1 activation during RPE
phagocytosis will require further work that is beyond the scope of the current study.

MerTK mutations cause severe forms of retinitis pigmentosa with childhood onset
and complete blindness in early adulthood. Widely applicable therapy remains unavail-
able to date. Gene therapy aiming to express functional MerTK in the RPE cells using
recombinant viruses injected subretinally have had limited success to date [51,52]. Gene cor-
rection has been established for RPE cells in culture but has not yet been shown to succeed
in vivo [53,54]. Even if gene therapy or correction can be optimized, their in vivo appli-
cation will require surgery with its high expenses and risks for complications. Ramsden
and colleagues reported that compounds promoting translational read-through promote
limited full-length MerTK expression in MerTK-mutant ipSC-RPE cells in culture, which
leads to a small but significant increase in POS uptake [55]. It remains to be established
whether such an approach can be optimized to be effective in vivo, efficient, and safe for
long-term application. Our studies show that RPE phagocytosis due to MerTK deficiency
can be rescued simply by manipulating MerTK downstream signaling pathways, bypass-
ing the need for receptor restoration. ROCK inhibitors are already approved in common,
long-term use for ocular disease (recently reviewed in [56]). In addition to abolishing
phagocytosis, MerTK deficiency in the eye also elicits harmful retinal inflammation, which
can be alleviated with the application of anti-inflammatory drugs such as eye drops, which
slow retinal degeneration in vivo [57]. Altogether, our data well justify future studies
toward simple and safe therapy for retinal disease due to MerTK deficiency, combining
anti-inflammatory with ROCK inhibitor therapies possibly as eye drop formulations for
safe, local, non-invasive therapy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10081927/s1, Figure S1: ROCK inhibitors Y-27632, H 1152, and HA 1100 increase POS
internalization by wt RPE cells deprived of MerTK ligand, Figure S2: Cortical F-actin of cells illustrates
cell distribution in samples of primary RPE cells as used in this study, Figure S3: Uncut/unprocessed
western blot membrane images used to generate Figure 2, Figure S4: Inhibition of ROCK has no
effect on POS binding by either wt or MerTK-deficient RCS RPE cells, Figure S5: Uncut/unprocessed
western blot membrane image used to generate Supplementary Figure S4.
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