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Abstract

Phagocytosis is a critical process to maintain tissue homeostasis. In the retina, photoreceptor cells
renew their photo-excitability by shedding photoreceptor outer segments (POSSs) in a diurnal
rhythm. Shed POSs are phagocytosed by retinal pigment epithelial (RPE) cells to prevent debris
accumulation, retinal degeneration and blindness. Phagocytosis ligands are the key to
understanding how RPE recognizes shed POSs. Here we characterized mesoderm development
candidate 2 (Mesd or Mesdc?2), an endoplasmic reticulum (ER) chaperon for low-density
lipoprotein receptor-related proteins (LRPs), to extrinsically promote RPE phagocytosis. The
results showed that Mesd stimulated phagocytosis of fluorescence-labeled POS vesicles by D407
RPE cells. Ingested POSs were partially degraded within 3 h in some RPE cells to dispense
undegradable fluorophore throughout the cytoplasm. Internalized POSs were colocalized with
phagosome biomarker Rab7, suggesting that Mesd-mediated engulfment is involved in a
phagocytosis pathway. Mesd also facilitated phagocytosis of POSs by primary RPE cells. Mesd
bound to unknown phagocytic receptor(s) on RPE cells. Mesd was detected in the cytoplasm, but
not nuclei, of different retinal layers and is predominantly expressed in the ER-free cellular
compartment of POSs. Mesd was not secreted into medium from healthy cells but passively
released from apoptotic cells with increased membrane permeability. Released Mesd selectively
bound to the surface of POS vesicles and apoptotic cells, but not healthy cells. These results
suggest that Mesd may be released from and bind to shed POSs to facilitate their phagocytic
clearance.
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Introduction

Phagocytosis or engulfment of apoptotic cells and cellular debris is an important biological
process to maintain tissue homeostasis and innate immune balance (Erwig and Henson,
2007; Poon et al., 2014). The event is initiated by phagocyte recognition of extracellular
targets via multiple ligand-receptor interactions. Phagocytic receptors can recognize targets
directly via abnormal “eat-me” signals, such as phosphatidylserine and calreticulin, on target
surface or indirectly through bridging molecules (Gardai et al., 2005; Hochreiter-Hufford
and Ravichandran, 2013). Phagocytosis ligands are composed of both eat-me signals and
bridging molecules and are the key to elucidating the mechanisms by which phagocytosis
targets are recognized and selected for clearance (Li, 2012). Identification of these signaling
molecules will help understand the mechanisms of diseases related to phagocytosis
dysfunction (Gal et al., 2000; Jonsson et al., 2013; Neumann and Takahashi, 2007) and may
eventually lead to therapeutic intervention by modulating engulfment in disease conditions
(Brown and Neher, 2012; Fricker et al., 2012; Poon et al., 2014).

Retinal pigment epithelial (RPE) cells are one of the most active phagocytes in our body to
maintain retinal homeostasis (Li, 2012). Photoreceptor outer segments (POSs) are capable of
converting light to electric impulses but are susceptible to photo-oxidative damage. For
renewal, photoreceptor cells shed the oldest POSs with the most damage from their tips in a
diurnal rhythms (Kevany and Palczewski, 2010; Nandrot et al., 2004). Shed POS vesicles are
phagocytosed by adjacent RPE for nutrient recycle and regeneration of POSs at their bases
near the connecting cilia (Strauss, 2005). The delicate balance between POS shedding and
regeneration is pivotal to maintain the precise length of POSs and their close interaction with
RPE (Strauss, 2005). This interaction is crucial to proper function of photoreceptors, such as
the visual cycle (Strauss, 2005). Defect in RPE phagocytosis, such as Royal College of
Surgeon (RCS) rats with a mutation in phagocytic receptor MerTK, may lead to
accumulation of unphagocytosed debris, retinal degeneration and blindness (Dowling and
Sidman, 1962; Gal et al., 2000).

Phagocytosis ligands are traditionally identified on a case-by-case basis with technical
challenges. We recently developed an innovative technology of open reading frame phage
display (OPD) for the unbiased identification of phagocytosis ligands in the absence of
receptor information (Caberoy and Li, 2012; Caberoy et al., 2010a; Li, 2012). We further
combined OPD with next generation DNA sequencing (NGS) as the only technology of
“ligandomics” to globally identify cell-wide phagocytosis ligands (Ding et al., 2015; Guo et
al., 2015a). One of the identified proteins for microglial phagocytosis is mesoderm
development candidate 2 (Mesd or Mesdc2) (unpublished data, Ding et al.).

Mesd is an endoplasmic reticulum (ER) chaperone to facilitate the folding of the low-density
lipoprotein receptor-related protein (LRP) family (Hsieh et al., 2003). Mutations in Mesd are
associated with developmental defects (Hsieh et al., 2003). LRPs play diverse roles in cell
signaling and endocytosis (Li et al., 2000; Schneider and Nimpf, 2003). Mesd was reported
to bind to LRP5/6 on cell surface, competitively block the binding of Wnt ligands to LRP5/6
and inhibit Wnt/p-catenin signaling (Li et al., 2005; Lin et al., 2013; Lu et al., 2010).
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However, it is unclear how Mesd strictly expressed in the ER may regulate LRP5/6 on cell
surface (Li et al., 2005).

Here we report that Mesd can be released from apoptotic cells and that extracellular Mesd
binds to shed POSs and stimulates their phagocytosis by RPE cells. The detection of
endogenous Mesd with shed POS vesicles suggests that released Mesd may extrinsically
facilitate the clearance of shed POSs by RPE cells.

Materials and Methods

Cell culture

Plasmids

D407 human RPE and HEK?293 cell lines were previously described (Caberoy et al., 2009)
and cultured in Dulbeccos's modified essential medium (DMEM) supplemented with 10%
FBS and 2 mM L-glutamine (Mediatech, Manassas, VA).

The coding sequence of Mesd was amplified by reverse transcription-PCR (RT-PCR) from
mouse brain, as described (Caberoy et al., 2010b). Briefly, mice (C57BL/6, 6-8 weeks old)
were euthanized by CO» inhalation, followed by cervical dislocation. The brain was isolated.
Total RNA was extracted using TRIzol reagent (Life Technologies, Grand Island, NY).
Mesd coding sequence with a C-terminal FLAG was amplified by RT-PCR, digested and
cloned in to pEGFP-N1 plasmid (Clonetch, Mountain View, CA) at Bglll and Notl sites to
replace green fluorescent protein (GFP). Additionally, Mesd coding sequence was amplified
by PCR, digested with Bglll and Xhol, and cloned into pMal-c4E plasmid (New England
Biolab, Ipswich, MA) in frame at BamHI and Sall sites. The resulting Mesd-FLAG and
maltose-binding protein (MBP)-Mesd plasmids were verified by sequencing. GFP-FLAG
plasmid was previously described (Caberoy et al., 2010a).

All animal procedures in this study were approved by the Institutional Animal Care and use
Committee at the University of Miami and complied with the Guide for the Care and Use of
Laboratory Animals published by the United States National Institutes of Health (NIH).

Recombinant Mesd

MBP-Mesd fusion protein and MBP control were expressed in BL21(DE3) bacteria and
purified using amylose columns, as described (Guo et al., 2015a). Purified MBP-Mesd and
MBP were dialyzed against phosphate-buffered saline (PBS), analyzed for purity by SDS-
PAGE and verified by Western blot using affinity-purified anti-Mesd antibody (Thermo
Fisher Scientific, Waltham, MA).

Primary RPE cells

Primary RPE cells were prepared, as previously described (Guo et al., 2015a). Briefly,
C57BL/6 mice at postnatal day 10 were euthanized by CO» inhalation. Eyes were
enucleated. After the removal of the cornea, lens and retina, eyecups were digested with
trypsin/EDTA. RPE cells were collected by pipetting and centrifugation. RPE spheres were
cultured in Minimum Essential Medium Eagle (MEM) Alpha Modification (Sigma, St.
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Louis, MO). The medium was supplemented with 10% FBS, 2 mM L-Glutamine, 1X
nonessential amino acids, 1X penicillin/streptomycin, bFGF (10 ng/ml), EGF (1 ng/ml), 1X
N1 supplement and THT (taurine, 210 ng/ml; hydrocortisone 1.2 pg/ml; triiodo-thyronine,
60 ng/ml) (Sigma) (Salero et al., 2012). RPE spheres were dissociated with trypsin, washed
and cultured as monolayer in the same medium without bFGF and EGF for 3 days before
phagocytosis assay.

POS vesicle preparation

POS vesicles were prepared from fresh bovine retina and labeled with pHrodo (Caberoy et
al., 2012; Guo et al., 2015b). Briefly, fresh bovine eyes within 24 h postmortem were
purchased from Pel-Freez Biologicals (Rogers, AR) and received on ice. Retinas were
isolated and gently shaken at 4°C for 15 min in PBS containing 2.5% sucrose to detach
POSs. After removal of retinas, detached POS vesicles were collected and washed twice by
centrifugation at 38,700 x g for 30 min. Purified POS vesicles (500 pug protein) were
incubated with pHrodo succinimidyl ester (20 ng/ml, Life Technologies) for 30 min at room
temperature with end-over-end rotation. The reaction was stopped by incubation with 1%
BSA in PBS for 15 min. Labeled vesicles were washed twice with PBS by centrifugation at
16,000 x g for 30 min.

RPE Phagocytosis assay

RT-PCR

D407 RPE cells or RPE primary cells were seeded on coverslips precoated with poly-L-
lysine (Sigma) in 12-well plates and cultured overnight. pHrodo-labeled POSs (50 pg/ml)
were added to RPE cells for phagocytosis assay in the presence of MBP-Mesd or MBP
control at indicated concentrations for 3 h at 37°C. After washing, cells were fixed with 4%
buffered paraformaldehyde for 10 min, mounted with DAPI and analyzed by confocal
microscopy. Z-stack images of pHrodo signal were obtained using a Leica SP5 confocal
microscope with emission wavelength at 551-644 nm (Caberoy et al., 2010a; Caberoy et al.,
2010b). Nuclei were stained by DAPI (0.5 pg/ml) and detected with emission wavelength at
415-472 nm. Intracellular pHrodo signals of confocal images were quantified by ImageJ
software (NIH) and normalized against cell number (i.e., DAPI spot number) per viewing
field. Alternatively, cells were collected by trypsin digestion, washed and analyzed by flow
cytometry.

Retinas isolated from adult C56BL/6 mice in the above experiment were used to extract total
RNA using TRIzol reagent, as described (Caberoy et al., 2010b). RT-PCR was performed
using the following primers. Mesd primers: 5~
TCAGATCTATGGCGGACACTCCGGGCGAGG-3” and 5'-
TTCTCGAGCTAAAGGTCTTCTCTTCTGCTCCC-3” (underlined sequences for Mesd,
GenBank Accession # NM_023403); GAPDH primers: 5-
TGGTGAAGCAGGCATCTGAG-3" and 5'-GTGCAGCGAACTTTATTGATGG-3’
(Accession # NM_008084).
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Western blot

After POS detachment in the above experiment, bovine retinas were collected, homogenized
in RIPA buffer (Thermo Fisher Scientific, Waltham, MA), and analyzed by Western blot
using anti-Mesd antibody or anti-p-actin antibody (Cell Signaling, Danvers, MA) (Guo et
al., 2015a).

Immunocytochemistry

D407 RPE cells with engulfed pHrodo-labeled POSs in the above phagocytosis assay were
fixed with 10% buffered formalin, permeabilized with PBS containing 1% Triton X-100, and
incubated with anti-Rab7 antibody (Abcam, Cambridge, MA) (Guo et al., 2015a). After
washing, bound antibody was detected using Alexa Fluor 488-labeled secondary antibody.
Nuclei were visualized by DAPI. The fluorescence signals of pHrodo, Alexa Fluor 488 and
DAPI were detected by confocal microscopy.

Immunohistochemistry

Immunohistochemistry was performed, as previously described (Guo et al., 2015a). Briefly,
C57BL/6 mice (6-8 weeks old) were anesthetized by intraperitoneal injection of ketamine
(90 ug/g) and xylazine (8 pug/g). Anesthetized mice were intracardially perfused with 4%
paraformaldehyde. Eyes were enucleated from euthanized mice and fixed with the same
solution overnight at 4°C. After removal of the cornea and lens, eyecups were incubated
with sucrose gradient solutions (10% and 20% for 3 h each; 30% for overnight) at 4°C. After
3 rounds of freeze-thaw, eyecups were embedded in OCT (optimal cutting temperature
compound). Frozen tissue sections in 7-um thickness were incubated with rabbit anti-Mesd
and mouse anti-rhodopsin antibodies (Millipore, Billerica, MA), followed by Alexa Fluor
488-conjugated goat anti-rabbit IgG and Alexa 594-labeled goat anti-mouse IgG antibodies.
The nuclei were visualized with DAPI. The fluorescence signals were analyzed using a
fluorescence microscope.

Extracellular trafficking

HEK?293 cells in 6-well plates were transfected with Mesd-FLAG plasmid using jetPRIME
reagents (Polyplus Transfection, IlIkirch, France). After 48 h, cells were cultured in 293
SFM 11 medium (Life Technologies) and treated with or without etoposide (200 uM) for 16
h. The conditioned media of apoptotic and healthy cells with released Mesd-FLAG were
collected and centrifuged at 200 x g for 10 min at room temperature. Supernatants were
filtered through 0.2-um syringe filters (Pall Life Sciences, Port Washing, N, low-protein
binding), concentrated with Amicon centrifugal filter units (10 kDa, Millipore), and
analyzed by Western blot using anti-FLAG M2 monoclonal antibody (Sigma) (Ding et al.,
2015).

Binding to POS and D407 cells

Mesd-FLAG or GFP-FLAG plasmid was transfected into HEK293 cells, as described above.
Cells were harvested at 48 h post transfection, washed and resuspended in PBS. After 3
cycles of freeze-thaw, cell lysates were prepared by centrifugation at 21,100 x g for 20 min
at 4°C and filtration through 0.2-um syringe filters. D407 cells were collected by mild
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digestion with trypsin/EDTA. D407 cells or POS vesicles were incubated with the cell
lysates at 4°C for 1 h. After washing, cells or vesicles were incubated with anti-FLAG mADb,
labeled with Alexa Fluor 594-conjugated secondary antibody, washed and analyzed by flow
cytometry.

Binding to apoptotic or healthy cells

Purified MBP-Mesd and MBP were labeled with FITC, as described with minor
modifications (Caberoy et al., 2010b). Briefly, proteins were washed in Amicon centrifugal
filter unit, resuspended in 0.1 M sodium bicarbonate buffer (pH 8.3), and incubated with
FITC-5-EX succinimidyl ester (500 ug/ml, Life Technologies). The labeling reaction was
stopped by adding 1/10 volume of 1 M Tris buffer (pH8.0) and incubating for 15 min at
room temperature. Labeled proteins were purified using Bio-Spin columns with Bio-Gel
P-30 (Bio-Rad, Hercules, CA). For binding analysis, HEK392 cells were treated with or
without etoposide for 16 h as above and harvested. FITC-labeled MBP-Mesd or MBP was
incubated with apoptotic or healthy cells for 1 h at 4°C, washed, fixed with 4% buffered
paraformaldehyde and analyzed by confocal microscopy. Apoptotic cells were labeled with
propidium iodide, and nuclei were visualized by DAPI.

Statistical analysis

Results

Data were expressed as means + s.e.m. and analyzed by Student’s t-test. Data were
considered significant when £< 0.05.

Mesd stimulates POS phagocytosis by D407 RPE cells

We expressed and purified recombinant Mesd as a fusion protein of MBP, which was
verified by SDS-PAGE and Western blot (Fig. 1a). Purified MBP-Mesd promoted
phagocytosis of pHrodo-labeled POS vesicles by D407 RPE cells. (Fig. 1b). pHrodo is a pH-
sensitive fluorogenic dye that is not fluorescent at neutral pH but is activated in acidic
phagosomes to generate red fluorescence (Caberoy et al., 2012). This enabled reliable
detection of engulfed POS vesicles. In addition, pHrodo and DAPI signals on the same
confocal z-stack images were superimposed with the cognate bright fields to show
internalized targets within the boundary of RPE cells. Zoom-in merged images (middle-row
images, Fig. 1b) indicated that some ingested pHrodo signals were released from degraded
POSs and dispensed throughout the cytoplasm within 3 h. Other pHrodo-POSs remained as
undegraded granules. As a control, MBP failed to stimulate RPE phagocytosis (bottom-row
images, Fig. 1b). Quantification of engulfed pHrodo signals by confocal microscopy
indicated that MBP-Mesd significantly induced RPE phagocytosis of POS vesicles
(P<0.001, Fig. 1c). These results were verified by flow cytometry to quantify engulfed
pHrodo signals (Fig. 1d).

Phagocytosis studies with increased concentrations of MBP-Mesd and MBP indicated that
Mesd significantly induced RPE phagocytosis at 50, 100 and 200 nM with maximal activity
at 100 nM (Fig. 1e).
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Mesd expression in the retina

We detected Mesd expression in the retina by RT-PCR (Fig. 2a) and verified its expression in
the retinal homogenate and shed POSs by Western blot (Fig. 2b). To detect whether Mesd is
presence in POSs, we performed immunohistochemistry. The results showed that Mesd is
expressed in retinal ganglion cells, inner and outer plexiform layers, photoreceptor inner
segments and RPE (Fig. 2c). Few signals were found in the inner and outer nuclear layer.
This distinct expression pattern is consistent with the reported Mesd expression in the ER
but not in the nuclei. Surprisingly, the strongest Mesd signals were detected in POSs and
colocalized with POS biomarker rhodopsin.

Mesd induces POS phagocytosis by primary RPE cells

To further verify the finding, we isolated primary RPE cells from mouse retinas at neonatal
day 10. Mesd activity to facilitate phagocytosis of POS vesicles by primary RPE was
analyzed. The results showed that MBP-Mesd significantly stimulated phagocytosis by
primary RPE cells (P<0.001, Fig. 3a,b). MBP had minimal activity to induce the
phagocytosis.

Mesd-mediated engulfment through phagosomes

To investigate whether Mesd-mediated internalization of POSs by RPE is through
phagocytosis pathway, we analyzed the colocalization of ingested pHrodo signals with
phagosome marker Rab7 in D407 cells. The data indicated that Mesd-mediated engulfment
of POSs induced aggregation of Rab7, which was colocalized with ingested pHrodo signals
(Fig. 4). This colocalization suggests that Mesd promoted POS internalization through RPE
phagocytosis pathway.

Mesd selectively binds to POSs and apoptotic cells

Phagocytosis ligands should selectively recognize extracellular targets, such as apoptotic
cells and shed POSs, but not healthy cells. This selective recognition is critical to avoid
engulfment of healthy cells (Brown and Neher, 2014). To investigate whether Mesd meets
this criterion as a phagocytosis ligand, we quantified the binding of Mesd-FLAG and GFP-
FLAG to POS vesicles by flow cytometry and demonstrated that Mesd-FLAG bound to
POSs (Fig. 5a). As a control, GFP-FLAG had background POS-binding activity.
Furthermore, flow cytometric analysis indicated that FITC-labeled MBP-Mesd preferentially
bound to apoptotic but not healthy HEK293 cells (Fig. 5b). This finding was independently
verified by confocal analysis (Fig. 5¢). Confocal z-stack images showed that FITC-Mesd
bound to the surface of apoptotic cells like rings, colocalizing with the plasma membrane
(Zoom-in, middle row, Fig. 5c). As a control, FITC-MBP failed to bind to either apoptotic or
healthy HEK?293 cells. These data suggest that Mesd selectively recognizes phagocytosis
targets but not healthy cells.

Mesd extracellular trafficking

All phagocytosis ligands should have extracellular access to phagocytosis targets and their
receptors on phagocyte surface (Li, 2012). Mesd is a well-known ER chaperon that is not
found in culture medium (Li et al., 2005). How can Mesd an ER chaperone extrinsically
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regulate RPE pahgocytosis? Many cytoplasmic proteins, such as annexin |, Lyar and
ABCF1, can be released from apoptotic cells and function as phagocytosis ligands (Arur et
al., 2003; Guo et al., 2015a; Guo et al., 2015b). We investigated possible release of Mesd
from apoptotic cells. The results showed that Mesd-FLAG was not detected in the medium
of healthy HEK?293 cells (Fig. 6a). However, it was present in the conditioned medium of
apoptotic cells, suggesting that Mesd can be released from apoptotic cells.

Mesd binds to RPE cells

Phagocytosis ligands should bind to their receptor(s) on phagocytes. To investigate whether
Mesd binds to RPE cells, we analyzed the binding of Mesd-FLAG and GPF-FLAG to D407
RPE cells by flow cytometry. The results showed that Mesd but not GFP bound to RPE cells
(Fig. 6b), suggesting that Mesd interacts with its unknown phagocytic receptor(s) on RPE
surface.

Discussion

Mesd is a well-characterized molecular chaperon to facilitate the folding and cell surface
expression of LRPs. For example, Mesd facilitates surface expression of LRP1, 2, 4, 5and 6
(Hoshi et al., 2013; Hsieh et al., 2003; Lighthouse et al., 2011). Deletion of Mesd leads to
aberrant expression of LRP5/6 and disruption of mouse embryonic polarity (Hsieh et al.,
2003). In conjunction with Frizzled, LRP5/6 are coreceptors for canonical Wnt signaling.
Besides its function as a molecular chaperon, Mesd is also capable of binding to mature
LRP5/6 on cell surface (Li et al., 2005), thereby inhibiting Wnt/B-catenin signaling (Hsieh et
al., 2003; Lin et al., 2013; Lu et al., 2010).

LRPs are well known for their endocytic activity and signal transduction (Li et al., 2001).
For example, LRP1 is a multifunctional scavenger receptor (Herz and Strickland, 2001).
LRP1 interacts with at least 30 different ligands and is involved in lipoprotein metabolism
and cellular entry of viruses and a bacterial toxin.

Despite the classical signal peptide at its N-terminus, Mesd is strictly expressed in the
endoplasmic reticulum. Our finding of its absence in the medium of healthy cells (Fig. 6a) is
consistent with the previous report that Mesd is not a secretory protein (Li et al., 2005).
Although Mesd was reported to bind to and inhibit LRP5/6 on cell surface (Li et al., 2005;
Linetal., 2013; Lu et al., 2010), the lack of the extracellular expression raises a question of
how Mesd may access to LRP5/6 on cell surface and inhibit their function.

This study characterized Mesd to extrinsically regulate RPE phagocytosis. All phagocytosis
ligands must have extracellular access to their receptors on phagocyte surface and
phagocytosis targets (Li, 2012). A similar question is how can Mesd in the ER extrinsically
regulate phagocytosis? One of the interesting observations in this study is the release of
Mesd from apoptotic cells (Fig. 6a). This finding also implicates that released Mesd may
regulate the function of LRP5/6 on cell surface.

About half of the engulfed pHrodo signals were engulfed and undegraded in the cytoplasm
of D407 RPE cells in Fig. 1b (zoom-in images). However, some engulfed vesicles were
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degraded within 3 hours. It appears that pHrodo was not degradable and was released from
phagosomes to form diffused red fluorescent signal in local regions of cytoplasm. It also
appears that pHrodo was not released from cytoplasm (Fig. 1b, zoom-in, #3), suggesting that
cytoplasmic and phagosomal membranes have distinct permeability, at least to pHrodo.

The detection of endogenous Mesd with shed POSs is of importance to its biological
relevance to regulate RPE phagocytosis. Macrophages and microglia are mobile phagocytes
and can be chemotactically attracted toward apoptotic cells via “find-me” signals
(Hochreiter-Hufford and Ravichandran, 2013). In contrast, RPE is stationary phagocytes to
engulf POS vesicles, which are shed right into microvilli pockets on the surface of RPE cells
in a diurnal rhythm (Fig. 7) (Kevany and Palczewski, 2010; Strauss, 2005). Conceivably,
phagocytosis regulators exclusively expressed in retinal ganglion cells or inner plexiform
layer may not rapidly travel to the interface of RPE through multiple retinal layers to
facilitate the clearance of shed POSs in time. Thus, biologically-relevant regulators for RPE
phagocytosis should be expressed in photoreceptors, RPE or other cells (e.g., Muller cells)
with direct access to the subretinal space. The detection of endogenous Mesd in shed POSs
provides the evidence for the protein to involve in RPE phagocytosis. This is confirmed by
immunohistochemistry. Mesd is predominantly expressed in POSs, which is an ER-free
cellular compartment (Pearring et al., 2013). The mechanisms to transport Mesd to POSs is
yet to be delineated. Thus, Mesd could be released from shed POSs with increased
membrane permeability and then binds to the surface of shed POSs in an autocrine manner
to facilitate the phagocytic clearance.

In summary, this study expands the role of Mesd, a well-known molecular chaperone in ER,
for extrinsic regulation of RPE phagocytosis. Mesd can be released from apoptotic cells or
shed POSs. Released Mesd can facilitate phagocytic clearance of shed POSs by RPE to
maintain retinal homeostasis (Fig. 7).
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Fig. 1.

Mzsd facilitates RPE phagocytosis. a Purification of MBP-Mesd. MBP-Mesd and MBP
control were expressed in bacteria, purified and analyzed by SDS-PAGE to determine purity
(left panel). MBP-Mesd was verified by Western blot using anti-Mesd antibody (right
panel). b Mesd stimulates phagocytosis of pHrodo-labeled POS vesicles by D407 RPE cells.
The same confocal z-stack images of pHrodo and DAPI are superimposed with the cognate
bright fields to reveal engulfed POSs inside the boundary of RPE cells. Images in the top
and middle rows are for MBP-Mesd (100 nM). MBP (bottom row, 100 nM) was included as
a negative control. Arrows indicate undegraded pHrodo-labeled targets inside RPE cells.
Arrowheads indicate pHrodo signals released from degraded POSs and dispensed
throughout the cytoplasm. Bar = 25 um. ¢ The relative fluorescence intensity per cell in b
was quantified. d Engulfed pHrodo signal in b was quantified by flow cytometry. e RPE
phagocytosis was analyzed with increased concentrations of MBP-Mesd or MBP control and
quantified. Mean * s.e.m., n=5, Student’s t-test. d Engulfed pHrodo signal in b was
quantified by flow cytometry.
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Mesd expression in the retina. a RT-PCR to detect Mesd expression in mouse retina.
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GAPDH was included as a positive control. b Western blot analysis of Mesd expression in
the retina and shed POSs. 300 g protein/lane for retinal homogenate or POS vesicles. ¢

Immunohistochemistry to detect the expression pattern of Mesd in the retina. Mesd is

expressed in the retinal ganglion cells, inner and outer plexiform layers, photoreceptor inner
segments and RPE. However, the highest level of Mesd expression was detected in the POSs
and colocalized with rhodopsin. Few signals were detected in the inner and outer unclear

layers.
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P<0.001

MBP

MBP-Mesd

Mesd promotes phagocytosis of POS by primary RPE cells. a RPE phagocytosis was
performed with primary RPE cells in the presence of MBP-Mesd or MBP (100 nM), as
described in Fig. 1b. b Quantification of engulfed pHrodo signals in a, as described in Fig.

1c. Bar = 25 pm. Mean = s.e.m., n = 5, t-test.
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Fig. 4.
Mesd facilitates POS internalization through RPE phagosome pathway. D407 RPE cells with

internlized pHrodo-POSs in Fig. 1b were fixed, permeabilized and analyzed for intracellular
phagosome marker Rab7 by immunocytochemistry using anti-Rab7 antibody and Alexa
Fluor 488 secondary antibody. Mesd-mediated engulfment induced aggregation of Rab7.
Aggregated Rab7 is colocalized with internalized pHrodo. Bar = 25 pm.
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Mesd binds to POS vesicles and apoptotic cells. a Mesd-FLAG or GFP-FLAG cell lysate
without detergent was incubated with POS vesicles. After washing, bound FLAG-tagged

proteins were detected by flow cytometry using Alexa Fluor 594-labeled anti-FLAG

antibody. b,c Mesd binds to apoptotic but not healthy cells. Apoptotic and healthy HEK293
cells were incubated with FITC-labeled MBP-Mesd or MBP, washed and analyzed by flow
cytometry (b) or confocal microscopy (c). Apoptotic cells were labeled with propidium

iodide. Confocal z-stack images showed that FITC-Mesd bound to the surface of apoptotic
cells like rings in ¢ (Zoom-in, middle row). Bar = 25 pm.
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Fig. 6.

Extracellular trafficking of Mesd and its binding to RPE phagocytes. a Mesd is released into
culture medium from apoptotic cells but not healthy cells. Mesd-FLAG was transfected into
HEK293 cells. After 48 h, cells were treated with or without etoposide to induce apoptosis.
Conditioned media were concentrated and analyzed by Western blot using anti-FLAG
antibody. b Mesd binds to RPE phagocytes. Mesd-FLAG or GFP-FLAG lysates was
prepared as in Fig. 6a and incubated with D407 RPE cells. After washing, bound FLAG-
tagged proteins were detected by flow cytometry using Alexa Fluor 594-labeled anti-FLAG
antibody.
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Fig. 7.

Mesd is an extrinsic regulator of RPE phagocytosis. Mesd released from apoptotic cells or
shed POSs with increased membrane permeability binds to the surface of POS vesicles to
facilitate their phagocytic clearance by RPE for the maintenance of retinal homeostasis.
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