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SUMMARY

Phagocytosis is a key function in various cells throughout the body. A deficiency in photoreceptor outer segment (POS) phagocytosis by
the retinal pigment epithelium (RPE) causes vision loss in inherited retinal diseases and possibly age-related macular degeneration. To
date, there are no effective therapies available aiming at recovering the lost phagocytosis function. Here, we developed a high-throughput
screening assay based on RPE derived from human embryonic stem cells (hRPE) to reveal enhancers of POS phagocytosis. One of the hits,
ramoplanin (RM), reproducibly enhanced POS phagocytosis and ensheathment in hRPE, and enhanced the expression of proteins
known to regulate membrane dynamics and ensheathment in other cell systems. Additionally, RM rescued POS internalization defect
in Mer receptor tyrosine kinase (MERTK) mutant hRPE, derived from retinitis pigmentosa patient induced pluripotent stem cells. Our
platform, including a primary phenotypic screening phagocytosis assay together with orthogonal assays, establishes a basis for RPE-based

therapy discovery aiming at a broad patient spectrum.

INTRODUCTION

Millions of people around the world suffer from vision loss
due to retinal degeneration to which no efficient therapeu-
tic treatment exists. The function of the retina relies on
robust photoreceptor outer segment (POS) phagocytosis
by the underlying retinal pigment epithelium (RPE).
Thus, any dysfunction in POS phagocytosis leads to vision
loss (Strauss, 2005). Indeed, dysfunctional phagocytosis
has been described in both acquired age-related macular
degeneration (AMD) (Golestaneh et al., 2017; Inana et al.,
2018) and genetically inherited retinal degenerative dis-
eases, including retinitis pigmentosa (RP) caused by muta-
tions in Mer receptor tyrosine kinase (MERTK) (Almedawar
et al., 2020; Niemann et al., 2000) and bestrophinopathies
(Zorych etal., 2017). Thus, enhancing POS phagocytosis in
the RPE might be of therapeutic relevance to many retinal
degenerative diseases, which can be applied as a stand-
alone therapy or in combination with gene- and cell-based
therapies to enhance their outcomes.

The outer membrane tips of the photoreceptors accumu-
late photo-oxidized material, which needs to be recycled by
the RPE on a daily basis to prevent accumulation of waste
in the interphotoreceptor space (Strauss, 2005). During
the initial steps of phagocytosis, POS expose phospha-
tidylserines (PSs) on their outer membranes, similar to
apoptotic cells (Finnemann and Silverstein, 2001). RPE api-
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cal membrane, containing actin-rich ensheathing mem-
branes, recognizes the so-called “eat-me” signals presented
on the membrane of POS through bridging opsonins such
as milk fat globule-EGF8 (MFGES8) and growth arrest-spe-
cific protein 6 (GAS6), which bind to their respective RPE
membrane receptors aVBS integrin (Nandrot et al., 2007)
and MERTK (Hall et al., 2001; Law et al., 2015), initiating
POS fragmentation and internalization (Almedawar et al.,
2020). Following internalization, POS undergo lysosomal
degradation followed by recycling of some of the compo-
nents such as fatty acids stemming from docosahexaenoic
acid (DHA) and retinoic acid back to the photoreceptors
(Strauss, 2005). Mutations in the MERTK gene lead to RP
disease marked by early-onset vision loss. The lack of effi-
cient therapy for RP highlights the need for new strategies
to test potential therapeutic targets and/or compounds.
Target-based screens have been classically used by the
pharma industry to identify lead compounds and study
their modulatory effect on presumptive targets. These as-
says rely mostly on cell-free assays, or on reporter cells
that allow the testing of hundreds of thousands of com-
pounds, in a hypothesis-driven approach that can overlook
the complexities of cellular responses. Phenotypic drug
screens are instead target agnostic and focus more on the
exploration of phenotypic space in the context of relevant
cellular disease models, by identifying relevant pheno-
types, which then require target deconvolution campaigns
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(Swinney, 2013). Phenotypic screens have the potential to
determine toxicity of compounds before moving into
further downstream assays (Priest and Erdemli, 2014). To
our knowledge, such a high-throughput phenotypic screen
for enhancers of POS phagocytosis has not yet been per-
formed using human embryo-derived RPE cells that can
be produced in unlimited amounts and bear resemblance
in their function and phenotype to primary human RPE.

Up to 2013, over 12,000 new drug applications have been
approved by the US Food and Drug Administration (FDA),
leading to around 1,500 new molecular entities (Kinch
et al., 2014). The Pharmakon 1600 from MircoSource Dis-
covery Systems is a selection of 1,600 compounds that
reached clinical evaluation and are well characterized.
Screening of FDA-approved compounds has the potential
to identify small molecules that can be repurposed to treat
inherited and acquired retinal degenerative diseases.

Here we combine phenotypic screening technologies
based on a highly relevant human cellular disease model
in the form of RPE derived from healthy and diseased hu-
man pluripotent stem cells (hPSCs) to propose a robust
workflow that goes from the identification to the valida-
tion of small molecules that improve phagocytosis
function in healthy RPE cells and rescue phagocytosis defi-
ciency in MERTK mutant RPE, which reproduce a pathol-
ogy that causes vision loss.

RESULTS

Human RPE in a Miniaturized 384-Well Plate Assay Are
Functional and Express Mature RPE Markers

We developed a miniaturized POS phagocytosis assay suit-
able for high-throughput screening, based on RPE cells
derived from human embryonic stem cells (hESCs)
cultured in 384-well plates, and we checked their quality
and relevant functionality. We observed that RPE cells ex-
press mature RPE markers in a polarized fashion (Fig-
ure 1A) similar to what we previously observed in the
more physiological transwell culture plate format (Alme-
dawar et al., 2020). We further sonicated the POS, as pre-
viously described (Almedawar et al., 2020), to obtain a
more homogeneous POS size, which facilitates image
analysis (Figures 1B and 1C). Then, we titrated the POS
by seeding them on RPE cells for 3 h based on our find-
ings in Almedawar et al. (2020). Our aim was to choose
a concentration that is higher than the lowest concentra-
tion, and yet does not saturate the cells, to be able to
capture any increase in POS phagocytosis during the com-
pound’s screening. To this end, we determined a concen-
tration of 10® POS/mL (Figure 1D). Next, we defined the
kinetics of POS uptake in the transwell system by western
blot and we saw that the peak of POS uptake occurs at 3 h
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following POS addition (Figures 2A and 2B), which is in
line with what we previously observed (Almedawar
et al., 2020). In the 384-well plate, RPE cells phagocytose
POS in a receptor-ligand-dependent manner at 3 h (Fig-
ure 2C). In the presence of FBS, which is a natural source
for GAS6 and MFGES8 phagocytosis ligands, RPE cells take
up more POS with time (Figure 2D) and are able to
partially degrade them (Figures 2E and 2F). These results
show that RPE cells are able to phagocytose and degrade
POS in the 384-well format similar to what has been
observed in the transwell format (Almedawar et al.,,
2020). Finally, to determine the optimal number of RPE
cells in the screening assay, we plated the cells in different
densities and challenged them with the same amount of
POS. We observed that cells seeded with a density of
45,000 cells/well showed the highest number of phagocy-
tosed POS at 3 h (Figures 2G and 2H). These experiments
allowed us to establish the experimental conditions of our
primary screening assay, which consists of hESC-derived
RPE seeded at 45,000 cells/well density for 13 days, and
challenged with sonicated POS at a concentration of
10%/mL for 3 h. MFGE8 and GAS6 are two phagocytosis
ligands that are usually externally provided to RPE cells
to induce specific POS phagocytosis (Almedawar et al.,
2020; Law et al., 2015). A combination of MFGE8 and
GAS6 at 2.5 pg/mL concentration was used as positive
control and DMSO as vehicle control. In order to focus
the hits on compounds that enhance phagocytosis inde-
pendently of MERTK activation, GAS6 (MERTK ligand)
was not supplemented in the test wells that received the
library. Instead, low concentrations of MFGES
(0.3125 pg/mlL), which activates aVBS integrin phagocy-
tosis receptor, were supplemented to maintain ligand-
mediated specific POS phagocytosis. Prior to addition of
POS, cells were pretreated or primed for 1 h with
MFGES8 and GASG6 in the control wells (2.5 pg/mL each)
and MFGES (0.3125 pg/mlL) together with the FDA library
compounds in the test wells.

FDA-Approved Compounds Screen Reveals

Stimulators of Phagocytosis in a Human RPE Assay
The MicroSource Discovery Systems Pharmakon library,
containing 1,600 FDA-approved compounds, was selected
for the primary screening assay, which was performed in
quadruplicates. The hits were repurchased and confirmed
in three concentrations in the 384-well and transwell
format. Next, orthogonal assays in wild-type and MERTK
mutant RPE cells were performed to validate the hits.
Finally, to exclude toxic effects of the hits in the RPE, phys-
iological assays were performed in vitro. In Figure 3A the
screening platform pipeline is demonstrated. Using auto-
mated image analysis for identification and counting of
POS and cells (Figure 3B), followed by automated statistical



A MITF HOECHST !\/IITF Z01 HOECHST

Figure 1. Human RPE Cells Cultured in
Miniaturized Format Express Mature RPE
Markers Are Polarized and Functional

(A) Immunofluorescence images of hESC-RPE
that are plated in 384-well plates at a density
of 45,000 cells/well for 13 days. Cells express
mature RPE markers including MITF and
MERTK. They also show polarized expression
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(B) POS were subjected to different sonicat-
ion times with 10% intensity to obtain ho-
mogeneous size distribution before addition
to the cells. Before sonication, big and small
POS clumps were observed in Alexa Fluor 555
(AF555)-labeled POS. After sonication for5s,
POS clumps appeared more uniform.

(C) Quantification of fluorescence images of
AF555-labeled POS after sonication. Data are
represented as the mean of the size of POS
particles + SD. Sonication for 5 s with 10%
intensity was chosen to be used in the
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analysis of Z scores, we could identify and confirm hits.
Compounds with a Z score lower than or equal to —3
were chosen as potential hits that decrease POS count, re-
flecting either a decrease in POS phagocytosis or an in-
crease in POS degradation rate (Figure 3C). In contrast,
compounds with a Z score higher or equal to +3 were cho-
sen as hits that increase POS count, reflecting increased
phagocytosis (Figure 3D). After the first confirmation
testing in a 384-well plate, we eliminated several com-
pounds, which were auto-fluorescent (doxorubicin, homi-
dium bromide, merbromin). Other eliminated com-
pounds, including carbidopa and cephapirin sodium, did
not maintain a Z score of more than or equal to +3. In
contrast, potassium p-aminobenzoate and sennoside A
did not maintain a negative Z score of less than or equal
to —3, and thus were excluded from further validation.
We observed a decrease in the nuclei number in cells
treated with succinylsulfathiazole, which suggested that
it might be toxic to RPE cells and was discarded from
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phagocytosis assay.

(D) Increasing concentrations of POS were
added to hESC-RPE in 384-well plates. Data
represent the mean of the total POS/cell
count £SD. N = 4 RPE differentiation batches
(two wells per batch). Significance was
calculated using one-way ANOVA comparing
all samples with each other. Addition of 10°
POS/well increases the number of total POS/
cell significantly compared with the first
concentration of 2 X 10°.

follow-up assays. Thus, from the first confirmation round,
we could confirm two positive hits, ramoplanin (RM) and
pyrithione zinc (PZ), and two negative hits, digoxin
and ouabain. We observed a dose response for both RM
and PZ. However, PZ showed an increase in POS phagocy-
tosis compared with DMSO only at 20 uM and not at
10 uM, which was the concentration that we used in the
screen (Figure 3E). In the primary screen, our positive con-
trol significantly increased POS phagocytosis compared
with baseline control conditions including DMSO alone,
DMSO with 0.3125 pg/mL MFGES, and untreated (Fig-
ure S1A). When looking at the distribution of individual
wells, we observed that the Z scores of the screening library
wells were widely distributed over the Z score axis, while
those of DMSO were limited between —3 and +3 and
showed a flatter distribution closer to 0. In contrast, wells
that were treated with MFGE8 and GAS6 showed a Z score
between O and equal to or larger than +3 (Figure S1B).
Within the DMSO wells, we identified 0.001% (2 out of
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Figure 2. Kinetics of Miniaturized POS Phagocytosis Assay Uptake and Degradation by Human RPE

(A) Western blot analysis of total and internalized POS by hESC-RPE over the course of 6 h. POS were added to RPE for 0, 30, 60, 120, 180,
240, 300, and 360 min and then cells were washed and treated with EDTA to detach bound POS and monitor internalized POS or with PBS to
monitor total POS. Finally, cells were lysed and analyzed by western blot. Membranes were blotted with anti- RHO to monitor POS and
B-tubulin as a loading control.

(B) Analysis of the western blot images in (A). Maximum binding and internalization is reached at 3 h following POS addition.

(C) POS were added to hESC-RPE in 384-well plates for 3 h in the presence of increasing concentrations of phagocytosis ligands,
MFGE8+GAS6. At 3 h cells were either washed and fixed or left for 6 h more to monitor degradation of POS. Data represent the mean of the
total POS/cell count +SD. N = 4 RPE differentiation batches. RPE cells respond to ligand stimulation in a dose-dependent manner and they
are able to degrade POS after 6 h.

(D) AF555-labeled POS were added to hESC-RPE for 1, 2, and 3 h and then cells were washed and fixed to monitor increase in total
phagocytosed POS over time. Data represent the mean of the total POS/cell count +SD. N = 4 RPE differentiation batches (three wells per
batch).

(legend continued on next page)
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1,093 DMSO wells) false-positive and 0.0009% (1 out of
1,093 DMSO wells) false-negative wells (Figure S1C). The
assay showed an intraplate variation of around 10% and
an interplate variation of around 20% (Figure S1D).

RM Increases POS Phagocytosis by Human RPE

The second confirmation step was carried out in RPE cells
cultured in transwells, where we also confirmed the posi-
tive effect of RM and PZ on POS phagocytosis in a dose-
dependent manner (Figure S1E). Further downstream
assays showed that induction of POS phagocytosis by RM
was stable across several RPE differentiation rounds (Fig-
ure S1F). Addition of RM to both RPE and POS showed an
additive effect compared with individual treatments (Fig-
ure S2A). We also detected that increasing the amount of
seeded POS increases the amount of phagocytosed POS in
both RM and DMSO conditions (Figure S2B). However,
the largest signal (RM) to noise (DMSO) ratio was observed
in wells seeded with 10° POS, which was the concentration
used during the screen (Figure S2C). In the absence of
phagocytosis ligands, RM increased POS phagocytosis in
a dose-dependent manner up to 25 pM in two wild-type
pluripotent stem cell lines. With 5 uM a significant increase
could be already observed compared with DMSO (Fig-
ure S2D). In the presence of phagocytosis ligands, a signif-
icant increase was only observed when 10 uM RM was
added (Figure S2E).

The increase in POS/cell count in RPE cells when treated
with RM might be a result of blocking POS internalization
or degradation. To exclude this possibility, we monitored
POS internalization and degradation in the presence of
RM, DMSO, or chloroquine, which is known to block lyso-
somal degradation by elevating lysosomal pH (Klionsky
et al., 2016), using three different methods: fluores-
cence-based imaging (Figure 4A), fluorescence-activated
cell sorting (FACS) (Figure 4B), and western blot (Figures
4C-4F). We observed using all methods that RM does
not block internalization, or degradation of internalized
POS.

Tight monolayer formation and polarized vascular endo-
thelial growth factor (VEGF) secretion are two essential
physiological aspects of the RPE that regulate the blood-
retina barrier. Healthy RPE cells secrete VEGF mainly to
the basal side and thus exhibit a ratio of the basally secreted

to the apically secreted VEGF that is greater than one. To
measure the effect of RM on RPE health, we designed a
set of experiments (Figure S3A) where we could verify the
positive effect of RM on POS phagocytosis by fluorescence
microscopy (Figure S3B) and measure VEGF secretion (Fig-
ures S3C and S3D) and transepithelial resistance (TER) (Fig-
ures S3E and S3F). We confirmed that RPE cells maintained
a high basal/apical VEGF secretion ratio (Figures S3C and
S3D) and a high TER value (Figures S3E and S3F) after
24 h of treatment with RM and POS. These assays validated
the positive effect of RM on POS phagocytosis in wild-type
RPE cells and excluded side effects on RPE healthy physio-
logical functions.

RM Upregulates Apical Membranes Processes
Extension Regulators and Stimulates Ensheathment
We performed RNA sequencing (RNA-seq) analysis to
determine which genes are upregulated following treat-
ment with RM and POS for 3 h (Figures 5A and 5B).
The three top genes with the highest differential gene
expression score compared with DMSO were the actin-
stabilizing protein (ERMN), the transporter for the essen-
tial w-3 fatty acid DHA (MFSD2A), and the S1P receptor 5
(S1PRS), which is involved in photoreceptors progeni-
tors’ proliferation and apical processes formation, and
is regulated by DHA. Upregulation of these three genes
was also confirmed by means of quantitative PCR (Fig-
ure 5C). We observed that inhibition of S1PRS rather
than MFSD2A by small molecules inhibited RM’s effect
on POS phagocytosis (Figure 5D). These results suggest
that RM might be enhancing POS phagocytosis by stabi-
lizing actin through ERMN upregulation and by upregu-
lating S1PRS, which possibly stimulates apical RPE
processes formation and POS ensheathment. Notably,
apical processes formation is key in POS ensheathment,
and participates in POS phagocytosis by fragmenting
POS particles prior to internalization and is affected in
retinal degenerative diseases (Almedawar et al., 2020).
Thus, we examined the effect of RM on POS ensheath-
ment in the presence of the phagocytosis ligands using
SEM in healthy RPE cells. Strikingly, RM upregulates
POS ensheathment and leads to elongated microvilli
(red arrows in Figure 6). Thus, the RNA-seq analysis re-
vealed interesting gene targets that might be connected

(E and F) In the same experiment as in (D), separate wells were washed at 1 or 3 h and kept for 1, 2, 3, 4,5,and 23 hor 1, 2,3,and 21 h

respectively to monitor POS degradation overtime.

(G) hESC-RPE cells were seeded on 384-well plates in increasing concentrations to obtain the optimal cell number for the phagocytosis
assay. POS (10° POS/well) were seeded on the cells for 3 h before they were fixed and imaged. Data represent the mean of the total POS
count +SD. N = 3 RPE differentiation batches (three wells per batch). (H) Total POS count shown in (G) was divided over the nuclei count to
obtain POS/cell count. Data represent the mean of the total POS/cell count +SD. Significance was calculated using one-way-ANOVA
comparing all samples with each other. Plating 45,000 cells/well increases the number of POS/cell significantly compared with the other

concentrations.
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Figure 3. Ramoplanin Increases POS Phagocytosis by Human RPE In Vitro

(A) Screening and hits confirmation pipeline. Refer to Table S1 for library details.

(B) Fluorescence images of hESC-RPE challenged with AF555-labeled POS (gray) and RM/DMSO for 3 h. Fixed cells were labeled with Z01

(magenta) to mark the boarders of the cells. Images were uploaded to the cell profiler software, which gives a count of the segmented POS

particles. Images of RM-treated cells show an increase in the number of POS particles (bound and internalized) compared with DMSO

(vehicle). Scale bar: 10 um.

(Cand D) Hits were determined based on the obtained Zscore. In (C) POS/cell count for the hits that obtained a Zscore of < —3in at least

two of the four runs are shown in comparison with the DMSO control. In (D) POS/cell count for the hits that obtained a Z score of >+3 at

least in two of the four runs are shown in comparison with the DMSO control. Related to Table S2. CD, carbidopa; CS, cephapirin sodium; DG,

digoxin; DR, doxorubicin; HB, homidium bromide; MB, merbromin; PZ, pyrithione zinc; 0B, ouabain; PA, potassium p-aminobenzoate; RM,

(legend continued on next page)
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to key processes regulating RPE phagocytosis, and that
could be considered for therapy development for diseases
where phagocytosis is defective. Here, we provide strong
evidence that RM stimulates the POS ensheathment that
is defective alongside phagocytosis in RPE cells of RP pa-
tients suffering from vision loss due to a mutation in the
MERTK gene.

Ramoplanin Rescues Internalization Defect in Human
MERTK Mutant RPE In Vitro

To specifically address whether RM rescues the internaliza-
tion defect seen in MERTK mutant RPE in vitro, we exam-
ined POS phagocytosis by means of western blot analysis
on RPE cells derived from three MERTK mutant hPSCs
described earlier by our laboratory (Almedawar et al.,
2020). The MERTK mutant induced pluripotent stem cells
(iPSCs) were derived from an RP patient with homozygous
MERTK deletion spanning exons 6-19, and leading to com-
plete loss of expression of MERTK (MERTK-RPE). Expres-
sion of MERTK was rescued by inserting MERTK under
the CMV promoter in the MERTK locus (isogenic control).
We also generated by means of CRISPR/CAS9 technology a
homozygous knockout in the MERTK gene spanning exons
2-19, which also leads to complete loss of MERTK expres-
sion (EX2-RPE) and in exons 14-19 (EX14-RPE), which
leads to partial loss of expression. We observed that RM res-
cues the internalization defect observed in all MERTK
mutant RPE (Figures 7A and 7B). To determine the EC50
(effective concentration giving half-maximal response) of
RM in wild-type and MERTK mutant RPE, by means of fluo-
rescence-based imaging we added increasing doses of RM to
RPE in the presence of POS. RM increased POS phagocy-
tosis in a dose-dependent manner across wild-type and
MERTK mutant RPE up to 20 + 5 uM (Figures 7C and 7D).
Using trypan blue to bleach externally bound POS, we
observed that RM increases the number of internalized
POS in a dose-dependent manner in wild-type and EX2-
RPE (MERTK mutant RPE) (Figures 7E and 7F). These results
were confirmed by means of confocal fluorescence imaging
in the transwell format, where we could observe more POS
in the higher z-planes on the apical surface in DMSO-
treated MERTK mutant RPE cells (Figures S4A-S4E). In
contrast, in RM-treated MERTK mutant RPE, most of the
POS were detected in lower z-planes of the RPE, indicating
higher internalization. By means of transmission electron
microscopy, we detected internalized POS which are

rhodopsin (RHO) positive in EX2-RPE treated with RM
but not with DMSO (Figures S4F and S4G). Thus, ramopla-
nin stimulates phagocytosis in healthy hRPE and rescues
the internalization defect seen in MERTK mutant RPE in
a dose-dependent manner.

DISCUSSION

In this work we describe the establishment of a phenotypic
screening platform based on a cell model that is highly rele-
vant to retinal degeneration pathology, namely RPE. The
primary screen was followed by orthogonal assays and an
RPE cell model that recapitulates RP disease. Using this
platform, we identified and validated RM as a top hit that
increases POS phagocytosis in wild-type RPE and rescues
phagocytosis defect in MERTK-deficient RPE cells. Using
additional orthogonal assays, we determined that RM
does not block POS internalization or degradation and
does not have negative effects on the tight monolayer for-
mation or polarized secretion of VEGF in RPE cells in vitro.

Phenotypic screens usually provide contextual informa-
tion of the relevant cell type, but exhibit higher variation
than target-based assays. In our screening assay, we de-
tected up to 10% intraplate variation within different wells
of a 384-well plate, and up to 20% interplate variation of
plates done on different days, which falls within the varia-
tion range expected for a phenotypic screen (Iversen et al.,
2012). We assume that RPE differentiation per se did not ac-
count for the observed variation, as RPE derived during
various differentiation rounds showed stable phagocytosis
induction in the presence of RM, and had similar transcrip-
tional profiles. We aimed at reducing the source of variation
during POS production by pooling different POS isolations,
which reduced differences in POS quality and count be-
tween different days. To minimize further differences dur-
ing POS labeling, we used one reconstituted Alexa Fluor
555 (AFS55) vial throughout the screen. However, there
were some factors that we could not control, such as
changes in the laser intensity due to replacement or micro-
scope maintenance. For this reason, we defined the hits in
our screen using the Z score, which is a widely known sta-
tistical measurement and is a useful tool to standardize data
over a range of experiments (Malo et al., 2006). It is based
on a SD distance over the mean of the control (DSMO),
and it is calculated for each individual compound in the

ramoplanin; SNA, sennoside A; SST, succinylsulfathiazole. Data are represented as the mean + SD. n = 24 wells DMSO per plate (36 plates in
total) and N = 4 plates from four consecutive RPE differentiation batches with one well per plate for each compound. (E) Confirmation in
384-well plates (step IT). Only confirmed hits are shown in three different concentrations (5, 10, and 20 uM). Data are represented as the
mean + SD. N = 2 RPE differentiation batches with six wells/batch for each compound and concentration. Related to Figures S1 and S2,
Table S3 (compound autofluorescence in the 555 channel), S4 (Z score of the compounds in the first confirmation), and S5 (list of hits from

confirmation II in transwells).
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Figure 4. Ramoplanin Does Not Block
POS Internalization or Degradation by
Human RPE

(A) AF555-labeled POS were added to hESC-
RPE for 3 h in the presence of 10 uM RM or 50
1M chloroquine (Chl). Alternatively, POS were
added for 3 h without treatment and then
unbound POS were washed off and RM and Chl
were added for 21 h to monitor POS degra-
dation. Cells were fixed and analyzed with
confocal fluorescence microscopy. RM in-
creases total POS at 3 h and does not block
degradation after 24 h. In contrast, Chl
blocks POS degradation after 24 h. Data are
represented as the mean = SD. N = 3 RPE
differentiation batches (two wells per batch).
Significance was calculated using two-way
ANOVA. Samples within the same time
point were compared with DMSO0. ns, p > 0.05;
*p < 0.05; **p < 0.01; ***p < 0.001;
**%%p < 0,0001.

(B) AF555-labeled POS were added to hESC-
RPE for 3 h in the presence of 10 uM RM or 50
uM Chl. Alternatively, POS were added for 3 h
without treatment and then unbound POS
were washed off and RM and Chl were added
for 21 h to monitor POS degradation. Cells
were incubated with trypsin-EDTA to disso-
ciate them and detach bound POS. The in-
tensity of internalized POS in single cells was
analyzed with FACS. RM does not block POS
degradation after 24 h. In contrast, Chl
blocks POS degradation after 24 h. Addition
of RM to Chl does not have an additive effect.
Intensities were normalized to water at 3 h

within each experiment. Different colors represent different biological replicates (N = 3 repeats performed on different days). Data are
represented as the mean + SD. Significance was calculated using two-way ANOVA. Samples were compared with water at 3 h ns, p > 0.05;
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
(C) POS were added to hESC-RPE for 3 h in the presence of 10 uM RM or 0.01% DMSO. Alternatively, POS were added for 3 h without
treatment and then unbound POS were washed off and RM and DMSO were added for 21 h to monitor POS degradation. Cells were incubated
either with PBS to monitor total POS (Tot.), or with EDTA to dissociate bound POS and monitor internalized POS (Int.). Cell lysates were
analyzed with western blot. Membranes were probed with RHO and B-tubulin. RM does not block POS degradation after 24 h, while Chl-
treated cells show defects in POS degradation.
(D) POS were added to RPE cells for 3 h in the presence of 10 uM RM. Alternatively, POS were added for 3 h without treatment and then
unbound POS were washed off and RM, DMSO0, or Chl (50uM) were added for 21 h to monitor POS degradation. Cell lysates were analyzed
with western blot similar to (C). In contrast to Chl, RM does not block POS degradation after 24 h.

(E) Analysis of (C). Values are normalized to total POS 3 h untreated (UT). Data are represented as the mean + SD. N = 2 RPE differentiation

batches (two wells per batch).

(F) Analysis of (D). Values are normalized to total POS 3 h RM. In Figure S3, further data on the effect of RM on RPE and retina health are

shown in vitro.

same plate. We used a cutoff of +3; i.e., a 3-fold DMSO SD
distance of the compound over the mean of the DMSO
control and a p value of 0.003. Following hit confirmation,
we obtained two positive hits, which is similar to what has
been reported in the literature for phenotypic screens. For
instance, Naska et al. (2016) screened the Prestwick library
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and LOPAC-Sigma library, which together have 2,400 com-
pounds, and obtained three confirmed hits.

The second confirmed best hit identified in our screen,
PZ, is a coordination complex of zinc and shows antibacte-
rial and antifungal activity. It has been used to treat
dandruff and seborrheic dermatitis. It inhibits fungal
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growth by increasing cellular levels of copper, which dam-
ages iron- sulfur clusters of proteins essential for fungal
metabolism (Reeder et al., 2011; Schwartz, 2016). The use
of PZ is not limited to its antimicrobial effect. It has been
shown that it activates voltage-gated potassium channels
(Kv7) and hyperpolarizes the membrane of rat pulmonary
artery smooth muscle cells resulting in airway relaxation
(Eid and Gurney, 2018). It also decreased apoptosis, cas-
pase-3 activation, and infarct size following ischemia/re-
perfusion (Thokala et al., 2017). The beneficial effect of
PZ has been attributed to replenishing zinc levels, which
are decreased following ischemia. Interestingly, oral sup-
plementation of zinc to macular degeneration patients
has shown beneficial therapeutic effect (Vishwanathan
et al., 2013). Thus, the positive activity of this compound
might be due to the presence of zinc in its center. Alterna-
tively, it might activate phagocytosis by activating potas-
sium channels on the membrane of RPE cells, resulting in
its hyperpolarization. Indeed, activation of potassium
channels might be involved in POS phagocytosis through
regulation of the cell volume (Miiller et al., 2014; Wimmers
et al., 2007).

We focused our downstream validation efforts on the
more potent hit RM, a glycolipodepsipeptide antibiotic,
which interferes with the glycosylation of peptidoglycans
in bacteria, inhibiting cell wall synthesis and making it
active against multidrug-resistant gram-positive aerobic
and anaerobic bacteria (Fang et al., 2006). The upregulated
genes uncovered by RNA-seq analysis of cells treated with
RM revealed interesting future drug targets. The top three
upregulated genes in RM-treated RPE cells, which were
additionally confirmed by qPCR, were ERMN, MFSD2A,
and S1PRS. Expression of these genes was upregulated in
RM-treated RPE even in the absence of POS, as observed
by RNA-seq analysis, which suggests that their upregula-
tion is due to RM treatment only. ERMN binds to F-actin
and is known to enhance its polymerization, participating
in cell motility or processes elongation. ERMN was first

identified in oligodendrocytes, where it localizes to the
outer cytoplasmic lip of the myelin sheath and participates
in the late stages of mature nerves myelination (Brocksch-
nieder et al.,, 2006). ERMN expression has been also de-
tected in olfactory ensheathing cells and is involved in
enlargement of processes that ensheath individual axons
in the fila olfactoria (Tang et al., 2009). The process of
POS ensheathment by RPE cells bears analogy to the
above-described processes and has been shown to partici-
pate in POS fragmentation and internalization (Almedawar
etal., 2020). In this work, we also observed by SEM that RM
enhances POS ensheathment. This suggests that ERMN
might participate in POS ensheathment in RPE cells and
its upregulation might lead to enhanced phagocytosis.
ERMN expression has been detected in primary rat RPE,
but not in cultured ARPE-19 cells (Liang et al., 2018). To
our knowledge, this is the first report of ERMN expression
in in vitro cultured RPE cells, which supports the notion
that pluripotent stem cell-derived RPE cells are a better-
suited model for phagocytosis assays than commercially
available cell lines. F-actin morphology has been shown
to be predictive of phagocytic capacity of RPE cells (Miiller
et al., 2018). Following RM treatment, no stress fibers were
detected, as indicated by phalloidin staining, suggesting
that RM has a positive effect on actin morphology and dy-
namics, which are involved in POS phagocytosis.

The second upregulated gene, MFSD2A, is a transporter
of DHA (docosahexaenoic acid), which is highly enriched
in the photoreceptors’ membrane discs. MFSD2A is ex-
pressed by the RPE and is involved in transporting DHA
from the recycled POS and from the blood stream to the
photoreceptors (Wong et al, 2016). Upregulation of
MESD2A by RM in RPE cells suggests upregulation not
only of the phagocytosis process but also of the recycling
of essential fatty acids back to the photoreceptors partici-
pating in their regeneration. Blocking MFSD2A by a small
molecule inhibitor (Wang et al.,, 2016) did not signifi-
cantly reduce the effect of RM on phagocytosis, which

Figure 5. Ramoplanin Upregulates Expression of ACTIN Networks Stabilizing Protein ERMN and Surface Proteins in Human RPE
(A) A heatmap of log2 of fold change in gene expression in RM (20 uM) and POS, or MFGE8+GAS6 (2.5 ng/mL) and POS, compared with
DMSO (0.2%) and POS treated samples. Upregulated and downregulated genes with p value less than 0.01 are shown. N = 3 biological
repeats. Related to Tables S6 and S7. ERMN MFSD2A and S1PR5 are upregulated in the presence of RM compared with DMSO. ERMN also
seems to be upregulated in MFGE8+GAS6 treatment. MFSD2A and S1PR5 upregulation seems to be specific for RM treatment.

(B) A heatmap of the mean of normalized expression values of the same genes in (A) in RM and POS, or MFGE8+GAS6 and POS, or DMSO and
POS treated samples. Related to Table S6. RNA-seq data were deposited in GEO (https://www.ncbi.nlm.nih.gov/geo/). Reference number:
GSE132828.

(C) Upregulation of ERMN, S1PR5, and MFSD2A expression in RPE cells treated with RM and POS was confirmed using quantitative PCR
analysis. Data are represented as the mean + SD. n = 27 technical repeats (three RPE wells, three cDNA, three wells from each cDNA). N=3
biological repeats performed on different days.

(D) Inhibition of S1PR5 diminishes RM’s positive effect on phagocytosis. FTY720 is a known inhibitor of S1IPR5 at high concentrations.
Tunicamycine (TUN) is a known inhibitor of MFSD2A. Data are represented as the mean + SD. N = 2 RPE differentiation batches (five wells
per batch).
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suggests that MFSD2A might not be the primary target of
RM.

S1PRS is one of the five sphingosine 1-phosphate recep-
tors (S1PRs) known for sphingosine-1-phophate (S1P) (Ves-
tri et al., 2017), which is involved in photoreceptors’ initial
proliferation and differentiation (Miranda et al., 2009). S1P
also stimulates cytoskeletal and membrane remodeling,
including the formation of apical photoreceptor processes,
and enhances opsin and peripherin expression and pro-
motes their localization to these processes. Interestingly,
synthesis of S1P is indirectly upregulated by DHA through
sphingosine kinase upregulation (Miranda et al., 2009).
FTY720 is a known agonist of SIPRS at nanomolar concen-
trations. However, at higher concentrations it seems to
downregulates expression of S1P receptors (Fryer et al.,
2012; Valentine et al., 2010). In this work, inhibition of
S1PRS by FTY720 leads to decreased POS phagocytosis in
the presence of RM, eliminating RM’s positive effect on
phagocytosis, which suggests that RM might exert its ef-
fects through S1PRS upregulation. To our knowledge, the
RNA-seq dataset described in this work is the first dataset
that describes expression profiling of RPE during POS
phagocytosis in default and upregulated states, and can
be used to identify more interesting gene targets involved
in this process. Additionally, it reveals insights into poten-
tial regulators of POS ensheathment that are still incom-
pletely understood.

In conclusion, we have established an RPE-based
screening platform, through which we have identified
interesting compounds and targets, which can facilitate

Ensheathing membranes

Figure 6. Ramoplanin Enhances POS En-
sheathment

(A-C) SEM images of hESC-RPE treated with
DMSO/RM and POS in the presence of FBS. RM
enhances POS ensheathment by healthy hu-
man RPE cells. Red arrows point at elongated
microvilli. Scale bar: 10 um.

(D) A scheme of observed effects of RM on
POS ensheathment.

elongation

the identification of further therapeutic compounds for
retinal degenerative diseases. This platform differs from
other previously established ones (Cai et al., 2019) in that
it is entirely based on hPSC-derived RPE, which are of
higher quality and can be equally scalable, compared
with commonly used RPE cell lines, and can reproduce hu-
man disease phenotype (Almedawar et al., 2020). The setup
of the primary screening and orthogonal assays can be
easily scaled up and adapted to pharmaceutical industry
standards to be screened using novel and larger com-
pounds libraries. Our data indicate that RM derivatives
and/or target process, particularly POS ensheathment,
might represent untapped therapeutic compounds and tar-
gets respectively for RP patients and others.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture

RPE derived from H9 hESC cell line (hESC-RPE) were used as wild-
type control. The wild-type iPSC line was derived in collaboration
with the stem cell and engineering facility in the Center for
Regenerative Therapies, Dresden (CRTD). Generation and charac-
terization of MERTK mutant RPE cells were previously described
in Almedawar et al. (2020). All RPE cells were differentiated on
transwell filters as previously described (Zhu et al., 2013), with
some modifications. Briefly, dissociated stem cell colonies were
counted prior to embedding in matrigel and the amount of ma-
trigel was adjusted accordingly. Following neuroepithelial cysts
trypsinization, between 100,000 and 150,000 cells were plated
on transwells in the presence of 5 uM rock inhibitor. Activin A

Stem Cell Reports | Vol. |5 | 1347-1361 | December 8,2020 1357

)
©



;0‘
(&

A DMSO RM c -
3h 6h 3h 6h
Std Tot. Int. Tot. Int. Tot. Int. Tot. Int. HESC-RPE | 10
EX2-RPE 8
50kD_| o . —uu [-BTubulin 6
37kD{* = = 4w |-RHO EX14-RPE . 4
— MERTK-RPE 2
EX2-RPE C2R882°2RABT
— o OO
S0KD Jom v o e e o e o | BTubulin D Concentration RM (uM)
37KD—{eme - I RHO
o - EX2-RPE
— - hESC-RPE 25
METRK-RPE + EX14-RPE T 20
-+ MERTK-RPE %
50kD . |- BTubulin o 15
37kD- - I-RHO %10
F S
EX14-RPE 0545 .40 05 00 05 10 15 2.0
50kD log[concRM], uM
37KD: S ———— s —— == == | BTubulin hESC-RPE EX2-RPE EX14-RPE MERTK-RPE
- p— |_RHO EC50|2.136 2.952 1.625 6.765
HESC-RPE
E
S0KD - e e e e o o e — [BTubulin  _
37kD— - L RHO §
- %)
o]
Isogenic control %
B o
(@]
I 6
(1'4
)
O 4 ’ l
< F
8 l y - EX2-RPE
S 2 = + hESC-RPE|
K} o
3 (/2]
w 0-T , , , g
5 EB8 E B8 E B E 3
F e R s h = K & =2
£ ®m® £ © £ ® £ © e
) © ) © s
DMSO RM £
B EX14-RPE  H HESC-RPE .
M EX2-RPE I Isogenic Ctl s Concantrafionilii)
l MERTK-RPE

Figure 7. Ramoplanin Rescues Internalization Defect of Human MERTK Mutant RPE in a Dose-Dependent Manner

(A) RM rescues internalization defect in human MERTK mutant RPE determined by means of western blot of total and internalized POS by

hESC-RPE, and MERTK mutant RPE at 3 and 6 h after addition of POS and RM/DMSOQ. Cells were washed and treated with EDTA to detach

bound POS and monitor internalized (Int.) POS or with PBS to monitor total (Tot.) POS. Finally, cells were lysed and analyzed by western

blot. Membranes were blotted with anti- RHO to monitor POS and B-tubulin as a loading control.

(B) Analysis of (A) shows that MERTK mutant RPE have internalization defect, which is rescued by the addition of RM. N = 3 RPE dif-

ferentiation batches. Repeats were performed on different days. Related to Figure S4.

(C) Increasing concentrations of RM were added, in the presence of AF555-labeled POS for 3 h, to hESC-RPE and RPE cells differentiated

from MERTK mutant iPSC (MERTK-RPE) and hESC (EX2-RPE and EX14-RPE). At 3 h, cells were washed and analyzed with

confocal fluorescence microscopy. Higher concentrations of RM increase the total POS/cell count in all RPE lines. Data are represented as
(legend continued on next page)
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concentration was reduced to 0.02 ug/mL for RPE differentiation
from hESC and to 0.01 pg/mL for RPE differentiation from iPSC.
RPE cells were passaged for expansion two times on transwells
before use. For some experiments, and as indicated in the
experimental schemes, RPE cells were passaged first on transwells
for expansion and then to 384-well plates and used after
13 days. For passaging, cells on transwells were incubated with
trypsin-EDTA (TE) for 10 min at 37°C and 5% CO,. After incuba-
tion, cells were vigorously pipetted to obtain single cells, and
transferred to a tube containing RPE medium plus soybean
trypsin inhibitor. Next, RPE single cells were washed by centrifu-
gation at 180 g for 2 min. Finally, cells were resuspended with
RPE media containing Activin A and 1X antibiotic-antimycotic,
and 45,000 cells per 384-well plate, or 300,000 cells per transwell
were plated.

Isolation of Porcine POS and Labeling

POS were isolated from porcine eyes based on our protocol
described in Almedawar et al., 2020. For labeling, fluorescein iso-
thiocyanate (FITC) or AF555 were added to the POS after thawing
for 1 h at 25°C with shaking (500 rpm). Next, POS were centrifuged
at 9,000 g at 4°C for 10 min, and washed twice with the washing
buffer containing 10% sucrose, 20 mM phosphate buffer at
pH7.2, and 5 mM taurine.

Phagocytosis Assay

For all experiments, cells were primed with the different treat-
ments for 1 h before the addition of POS. POS particles were son-
icated in 500 pL of RPE media containing the different treatments
(MFGES, GAS6) for 5 s at 10% power with BRANSON Digital So-
nifier 450 before addition to the cells to prevent aggregation. The
composition of RPE media has been described previously (Zhu
et al., 2013). Before seeding, POS were quantified using the Neu-
bauer chamber combined with fluorescence microscopy imaging
and CellProfiler analysis. In all phagocytosis experiments, un-
bound POS were washed away before fixation, at various time
points after POS addition, depending on the purpose of the
experiment, using PBS containing 1 mM MgCl, and 0.2 mM
CaCl, (PBS-MC). GraphPad Prism was used for statistical signifi-
cance calculations as indicated in the figure legend and final
graph presentation.

Primary Screening Phagocytosis Assay

HESC-RPE were plated in 384-well plates for 13 days before they
were used for screening. On the screening day, RPE cells were
primed for 1 h with the library or the control treatment including
MFGES8 and GAS6 (2.5 pg/mL) and DMSO only. The compounds
were added to the cells in the presence of 25 pL of RPE media

containing 0.3125 pg/mL MFGES8 using Echo acoustic liquid
handler (Beckmann Coulter). During the priming, POS were
labeled with AF555 and prepared for addition. After 1 h of prim-
ing, 25 pL of labeled POS were added to the cells and the library
compounds were added again, so that the final concentration of
the compounds in the library was 10 uM. After 3 h incubation at
37°C, 5% CO,, cells were washed five times with PBS and incu-
bated with PBS with Hoechst overnight. Plates were acquired
the next day using Yokogawa’s CV7000S confocal microscope.
The library consisting of 1,600 FDA-approved compounds was
distributed over nine 384-well plates with 192 compounds
each, except for plate 9, which contained 64 compounds. The
screen was performed four times using four consecutive RPE
preps. Besides the library, the screening plate consisted of 24
wells containing 0.3125 pg/mL MFGES, DMSO (0.1%), and
POS; four wells containing DMSO (0.1%) and POS only without
MFGES; 12 wells without POS; eight wells with MFGE8 and
Gas6 (2.5 pg/mL) and POS; and four wells untreated (no DMSO
or MFGES8) with POS. The outer wells were not included in the
assay to exclude edge effect.

Imaging and Image Analysis

During imaging, nine optical sections from six fields in each well
were acquired, using the 63x objective, covering the different
areas in the well. Acquired images were imported into the CellPro-
filer (Lamprecht et al., 2007) software for image analysis. POS and
nuclei were segmented and values of the number, size, and inten-
sity were obtained.

Data and Statistical Analysis

The data obtained from image analysis was imported into KNIME
(Berthold et al., 2009) for statistical analysis. The median count of
the POS between the six images was divided by the median
count of cells per well to obtain the POS/cell count. To determine
positive and negative hits, log POS/cell for each well was calcu-
lated and used to calculate the Z score using the following
formula:

Log "9 treatment — Mean Log "% DMSO

_ — cell cell
Z— score SD DMSO

Compounds that gave a Z score of >+3 were considered as pos-
itive hits and compounds that gave a Z score of < —3 were consid-
ered negative hits.

To calculate the coefficient of variation (CV), the following for-
mula was used:

Mad POS/cell

cv= Median POS/cell

X100

the mean + SD. N = 3 RPE differentiation rounds for MERTK-RPE (one well per batch) and N = 3 RPE differentiation rounds for the other RPE

lines (two wells per batch).

(D) Dose-response fitted curve from the data presented in (C). EC50 for each RPE line is shown in the table below the graph.

(Eand F) Increasing concentrations of RM, in the presence of FITC labeled POS for 3 h, to hESC-RPE and EX2-RPE. At 3 h, cells were washed
and kept with either PBS to monitor total POS (C) or trypan blue to bleach bound POS and monitor internalized POS only (D) with confocal
fluorescence microscopy. Higher concentrations of RM increase internalized POS/cell count in both lines. Data are represented as the mean

+ SD. N = 3 RPE differentiation rounds (two wells per batch).
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Hits Confirmation

For confirming the obtained hits, compounds were reordered from
commercial suppliers and added to the cells with and without POS
with three different concentrations (5 pM, 10 uM, 15 pM) in
384-well plates (confirmation I) and then in transwell plates
(confirmation II). Confirmed hits were subjected to further valida-
tion using secondary assays detailed in Supplemental Information.

Data and Code Availability
RNA-seq data were deposited in GEO (https://www.ncbi.nlm.nih.
gov/geo/). Reference number: GSE132828.

Study Approval

Permission to work with hESCs was granted by the Robert Koch
Institute, Berlin, Germany (license number AZ 3.04.02/0103-
AO01). The fibroblasts were isolated under full patient consent and
approved by Columbia University under institutional review
board protocol number AAAR0284. All procedures were in accor-
dance with the Declaration of Helsinki and its amendments.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2020.10.013.
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