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Abstract: The retinal phagocytic machinery resembles the one used by macrophages to clear apoptotic
cells. However, in the retina, the permanent contact between photoreceptor outer segments (POS) and
retinal pigment epithelial (RPE) cells requires a tight control of this circadian machinery. In addition
to the known receptors synchronizing POS internalization, several others are expressed by RPE cells.
Notably, scavenger receptor CD36 has been shown to intervene in the internalization speed. We thus
investigated members of the scavenger receptor family class A SR-AI and MARCO and class B CD36,
SR-BI and SR-B2/LIMP-2 using immunoblotting, immunohisto- and immunocytochemistry, lipid
raft flotation gradients, phagocytosis assays after siRNA/antibody inhibition, RT-qPCR and western
blot analysis along the light:dark cycle. All receptors were expressed by RPE cell lines and tissues
and colocalized with POS, except SR-BI. All receptors were associated with lipid rafts, and even more
upon POS challenge. SR-B2/LIMP-2 inhibition suggested a role in the control of the internalization
speed similar to CD36. In vivo, MARCO and CD36 displayed rhythmic gene and protein expression
patterns concomitant with the phagocytic peak. Taken together, our results indicate that CD36
and SR-B2/LIMP-2 play a direct regulatory role in POS phagocytosis dynamics, while the others
such as MARCO might participate in POS clearance by RPE cells either as co-receptors or via an
indirect process.

Keywords: retinal pigment epithelium; phagocytosis; circadian function; scavenger receptors; class
A; class B; SR-B2/LIMP-2; MARCO

1. Introduction

Phagocytic cells use several types of receptors expressed at their cell membrane in
order to fulfill their role in efficiently eliminating apoptotic cells (AC), bacteria, and viruses.
Two categories of phagocytes exist, namely professional and non-professional, such as
macrophages and cells from the retinal pigment epithelium (RPE), respectively. One of the
main roles of RPE cells is the daily phagocytosis of aged tips of photoreceptor outer seg-
ments (POS) that are constantly renewed [1]. Each RPE cell serves around 25 POS and, RPE
cells being post-mitotic, they are actually the busiest phagocytes in the body. An important
feature of retinal phagocytosis is the daily rhythmic variation of its activity [2]. Importantly,
any defect in its timely completion leads to the development of blinding diseases in animal
models [3–5] and in patients [6,7]. Indeed, when phagocytosis does not occur, or is severely
impaired, early-onset rod-cone dystrophies (RCD) take place [3,4,6,7]. Alternatively, if POS
phagocytosis is arrhythmic, a late-onset cumulative phenotype develops with loss of vi-
sion and lipofuscin accumulation, typical features of age-related macular degeneration
(AMD) [5]. Photoreceptors and RPE are closely interdependent cells, in particular because
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photoreceptors do not have direct access to the blood stream and rely on RPE cells. Thus,
phagocytosis RPE cells support several functions, all crucial for photoreceptor survival, and
hence maintenance of vision such as light absorption, recycling of visual cycle molecules,
secretion of trophic factors, and the bilateral transport of water, ions and vitamins [1].

The phagocytic molecular machinery at the surface of RPE cells resembles the one used
by macrophages to eliminate AC [8], and is sequentially organized. We have previously
shown that POS phagocytosis is synchronized via the αvβ5 integrin receptor and its
ligand MFG-E8 [5,9]. We also identified MerTK as fulfilling two functions, regulating
the amounts of POS that can be bound by RPE cells [10], and being required for their
subsequent internalization [4]. The tethering of both AC and POS is triggered via the
recognition of phosphatidylserines (PtdSer), “eat-me” signals exposed on their external
membrane leaflet [11,12]. PtdSer can be bound either directly by receptors expressed at the
phagocyte cell surface, or indirectly via several ligands in the extracellular space that act as
bridging molecules. Indeed, MFG-E8 and Gas6/Protein S, ligands for αvβ5 integrin and
MerTK receptors respectively, recognize PtdSer and contribute to the regulation of POS
phagocytosis [9,13–15].

Unlike macrophages, RPE cells do not need the “find me” signal priming because of
the permanent contact between POS and RPE cells. However, RPE cells only phagocytose
once a day. Thus, phagocytosis by RPE cells has to be highly controlled via multiple
pathways, notably under the impulse of the αvβ5 integrin/MFG-E8 couple as the daily
launch signal [9]. Indeed, we recently showed that a soluble version of the MerTK receptor
produced by the cleavage of its whole extracellular domain regulates POS phagocytosis by
acting as a decoy receptor [15]. In addition, and also in contrast with macrophages, MerTK
ligands Gas6 and Protein S appear to be bear opposite roles in the retina, Gas6 acting as an
inhibitor and ProteinS as a stimulator [15]. Our most recent results suggest that respective
Gas6 and ProteinS levels available in the interphotoreceptor matrix could contribute to
regulating MerTK activity by a competitive action, with these ligands recognizing slightly
different amino acids on MerTK Ig-like domains (Parinot et al., under revision).

Each receptor or receptor/ligand couple of the phagocytic machinery accomplishes
a specific role during the phagocytic process. While the respective roles of αvβ5 integrin
and MerTK receptors are known, the potential participation of other receptors or co-
receptors has been shown or suggested by various studies in different tissues. Indeed,
the CD81 tetraspanin acts as an accessory receptor for the αvβ5 integrin to promote POS
binding to RPE cells [16]. Besides integrins and TAM receptors (Tyro3, Axl, MerTK),
many other receptors are able to target PtdSer, either directly or indirectly, such as lectins,
receptors recognizing complement molecules and low-density lipoproteins (LDLs), CD14,
and scavenger receptors (SR) [17]. According to the latest nomenclature, SRs are divided
in 11 different classes of pattern recognition receptors, ranging from A to L, most of them
being expressed in various types of macrophages [18–20]. Class B SRs CD36 (cluster of
differentiation 36, SCARB3) and SR-BI/II (scavenger receptor class B type I or II isoforms,
SCARB1, CD36L1), as well as endosomal class D SR CD68 (macrosialin) and class E SR
LOX1 (lectin-like oxidised LDL receptor-1) can bind PtdSer directly [21–24].

Previously, CD36 receptors have been shown to be implicated in POS elimination
via direct PtdSer binding on the apical side of RPE cells [21,25]. Indeed, CD36 appears to
regulate the speed of POS uptake after they are bound to the cells [26], and CD36 expression
is altered in RCS rat RPE devoid of MerTK that does not internalize POS [27]. Moreover,
CD36 phagocytosis seems to be augmented in stress conditions with oxidized POS or with
lipids in AMD eyes [28,29], consistent with the observation that CD36 only binds with
oxidized PtdSer in macrophages [30]. CD36 appears to lead the intake of oxidized LDL at
the Bruch’s membrane level in association with sub-retinal deposits on the RPE basal side,
suggesting CD36 receptors bear pleiotropic functions in these cells [31].

RPE cells readily express other receptors from the SR family, such as class A MARCO
(macrophage receptor with collagenous structure, SCARA2) [32] and class B SR-BI [33–35],
but their exact participation in POS phagocytosis has not been investigated yet. Of note,
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the basal transport of POS-derived lipids by RPE cells was abolished by a SR-BI inhibitor,
glyburide, in the presence of high-density lipoproteins [35]. In addition, SR-BI+/− mice
displayed a thickened Bruch’s membrane, while in SR-BI knockout mice subRPE deposits,
retina/RPE morphological and functional alterations were detected after a long-term athero-
genic diet in addition to atherosclerotic plaques detected in the heart [35,36]. Interestingly,
MARCO has been recently shown to bind the αvβ5 integrin receptor and activate cell
signaling, promoting pseudopodia numbers in macrophages [37].

On a similar note, the class A SR-AI (macrophage scavenger receptor 1 MSR1, SCARA1,
CD204) SR is involved in the clearance of apoptotic cells by macrophages and signals via
the MerTK internalization receptor [38,39]. Coincidentally, the MerTK ligand Gas6 seems
to induce SR-AI expression in muscle cells [40]. SR-A receptors recognize various ligands,
including chemically modified molecules such as PtdSer-expressing apoptotic cells and
stress-related advanced glycation end products (AGE) [41]. However, SR-AI knockout mice
did not display any apoptotic cell elimination defect, thus suggesting that it might act as an
accessory receptor [42].

Less studied, class B SR-B2/LIMP-2 (lysosomal integral membrane protein 2, LIMPII,
SCARB2, CD36L2) is a receptor involved in lysosomal cholesterol export with a 3D structure
similar to CD36 and SR-BI [43,44]. Interestingly, SR-B2/LIMP-2 seems to play a role in
macrophage activation and late phagosomal trafficking [45]. In addition, SR-B2/LIMP-2
deficiency has been shown to be associated with peripheral neuropathy in mice [46].

The potential implication of class A and B SRs in the regulation of POS phagocytosis,
besides CD36, has not been explored so far. Hence, we set out to characterize the expression
levels in cultured cells and retinal tissues as well as the colocalization with POS and
signaling membrane subdomains of class A SR-AI and MARCO and class B CD36, SR-BI and
SR-B2/LIMP-2. We also assessed the effect of their downregulation on POS phagocytosis
and their circadian expression profile in vivo.

2. Results
2.1. All Receptors Are Readily Expressed by RPE Cells and Colocalize with POS except SR-BI

We assessed the respective expression profiles of our five candidates in cultivated
J774.1 macrophages, rat RPE-J, and human ARPE-19 cells, as well as in murine full eyecups
and separated RPE/choroid and retina tissues. Class A SRs MARCO and SR-AI were
expressed at equivalent levels in all samples with some slight molecular weight differences
between cell types and tissues (Figure 1A). On eye paraffin sections, MARCO was expressed
in several retinal cell types, with an emphasis on the RPE and retinal ganglion cell (RGC)
layers, while SR-AI highest expression levels were detected in the RPE (Figure 1A). At the
cellular level, MARCO receptors showed a punctate pattern at the RPE-J cell surface in
native conditions (Figure 1B). Upon POS challenge, MARCO receptors colocalized with POS
after 1, 3, and 5 hours of incubation, with a colocalization peak reached at 3 hours (separated
channels on Figure 1B). In contrast, SR-AI receptors displayed a weaker surface expression
pattern that seemed to increase upon POS challenge with a colocalization maximum at
1 hour. All medium condition time-points gave similar signals for all receptors, and only
one time-point was shown for the control reference (3 hours).

Class B SRs, CD36 and SR-BI, showed more or less pronounced expression in in vivo
tissues when compared with cultured cells, respectively (Figure 1A). In contrast, SR-
B2/LIPM-2 Class B SR was similarly expressed at high levels both in vitro and in vivo.
Of note, CD36 receptors were highly expressed in retinal tissues when compared to
macrophages or RPE cell lines. Tissue sections confirmed the high levels of CD36 ex-
pression throughout the retina (Figure 1A). SR-BI and SR-B2/LIMP-2 expression were more
restricted, mostly to the RPE and blood vessels in the retina and the choroid. In vitro, all
three class B SRs were weakly expressed at the cell surface in unstimulated cells (Figure 1B).
CD36 surface expression was greatly increased in cells incubated with POS, a phenomenon
also present for SR-B2-LIMP-2, but in a more limited fashion. Maximum colocalization
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of both receptors with POS was observed at 3 and 1 hours, respectively. No such surface
expression increase or POS colocalization was detected for SR-BI receptors.

Figure 1. All receptors are expressed by RPE cells and all except SR-BI colocalize with POS. Representative
immunoblots (A) show that class A scavenger receptors MARCO and SR-AI (left) and class B CD36, SR-BI
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and SR-B2/LIMP-2 (right) are all expressed in J774.1 macrophages (J774), rat RPE-J, and human
ARPE-19 (A-19) as well as in dissected eyecups (cup), and separated RPE/choroid (RPE/ch.) and
retina as indicated. MARCO and CD36 receptors show size differences between tissues and species.
Immunohistochemistry labelings on paraffin tissue sections (A) confirm the high abundance of CD36
and SR-B2/LIMP-2, and the RPE expression of all 5 receptors. RGC: retinal ganglion cells; INL: inner
nuclear layer; ONL: outer nuclear layer; PIS: photoreceptor inner segments; POS: photoreceptor outer
segments; RPE: retinal pigment epithelium; chor.: choroid. Immunocytochemistry labelings (B) show
that all receptors (green) colocalize with POS (red) except SR-BI after 1 (1 hr), 3 (3 hrs) and 5 (5 hrs)
hours of POS challenge when compared to medium incubation, as indicated. Nuclei are in blue. The
2 panels on the right correspond to separate channels for receptors (green) and POS (red) for the
time-point with maximum colocalization (MARCO 3 hrs, SR-AI 1 hr, CD36 3 hrs, SR-B2/LIMP-2 1 hr)
or surface receptor expression (SR-BI 3 hrs). Scale bars: 20 µm.

2.2. All Receptors Associate with Lipid Rafts

Surface expression of most candidates showed punctate patterns in cultured RPE-J
cells, suggesting the presence of receptor clusters (Figure 1B). Using flotation gradients,
we thus investigated the association of SRs with lipid rafts, lipid-enriched cell surface
microdomains known to serve as signaling platforms by associating cytoskeletal proteins
and transduction pathways, thus allowing the cells to respond efficiently to extracellular
signals [47,48]. As for POS colocalization assays, with all medium conditions being sim-
ilar, only one time-point (3 hours) was shown. MARCO receptors displayed the largest
cluster sizes but were only partially associated with lipid raft marker caveolin observed
by immunocytochemistry (ICC), especially after 1 hour of POS challenge (Figure 2A). Un-
fortunately, our biochemistry confirmation studies did not allow us to detect any signal
with the three different antibodies (data not shown). We suspect that both the dilution
factor generated by the gradient fractionation combined with the limited MARCO expres-
sion level detected by western blots in RPE cells (Figure 1) gave insufficient signals. We
confirmed that our fractionation protocol allowed for the proper separation of “floating”
lipid rafts detected by caveolin and flotillin-1 markers (concentrated in lanes 3 and 4, with
more limited signals in lanes 5 to 7), from heavier fractions containing other markers such
as actin (lanes 7 to 9) (Figure 2B). Similarly to MARCO, SR-AI receptors were partially
associated with lipid rafts after POS challenge both in ICC and biochemistry fractionation
experiments (Figure 2C). This association increased with time of phagocytosis, mostly at
3 and 5 hours of phagocytosis.

Without stimulation, CD36 receptors were weakly expressed at the RPE cells surface
and were present in all biochemistry subfractions (Figure 3A). Upon POS challenge, POS-
bound CD36 SRs progressively colocalized with caveolin and were concentrated in lipid
raft fractions after 3 and 5 hours. Interestingly, both SR-BI and SR-B2/LIMP-2 were mostly
present in lipid rafts in the resting state (fractions 3–4 and 5–7), and were even more
concentrated in lipid raft fractions 3–4 after 3 hours of POS incubation, and then returned to
the unstimulated state distribution at 5 h (Figure 2B,C). Due to antibody species limitation,
we were not able to verify the lipid raft association of SR-BI with lipid raft markers. We
did analyse the colocalization of SR-BI with wheat germ agglutinin (WGA) lectins that
specifically labeled N-acetyl glucosamine (GlcNAc)-related oligosaccharides on proteins
expressed at the cell surface (Figure 3B) [49]. Interestingly, while colocalization of SR-BI
with POS and WGA was extremely limited, SR-BI did strongly associate with WGA signals
at 1 and even more at 3 hours, and those complexes appeared to make large clusters in
areas of the cells not associated with POS. In contrast, POS-bound SR-B2/LIMP-2 receptors
colocalized also with caveolin, especially at 3 hours when the concentration of the receptors
in lipid rafts was also observed by biochemistry (Figure 3B).
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Figure 2. Partial association of class A scavenger receptors with lipid rafts. Immunocytochemistry
labelings (A,C) show that MARCO (A) and SR-AI (C) receptors (green) partially associate with lipid
rafts marker caveolin (red) after 1 (POS 1 hr) and 3 (POS 3 hrs) hours of POS (grey) challenge when
compared to medium incubation as indicated. Overlay panels (left) include nuclei (blue). Scale
bars: 20 µm. Immunoblots of flotation gradient (B,C) fractions (1 to 9) show the proper biochemical
fractionation of cells separating lipid rafts (fractions 1–5) from heavier cell parts (fractions 6–9) as
assessed by specific lipid rafts markers caveolin (top) and flotillin-1 (middle), and cell cytoskeleton
marker actin (bottom), as indicated (B). SR-AI-specific immunoblots confirm the partial association
of POS and receptors to lipid rafts, especially at 3 and 5 hours (POS 3 hrs, POS 5 hrs) when compared
to a 3-hour incubation with medium (med. 3 hrs), as indicated (C).
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Figure 3. Association of class B scavenger receptors with lipid rafts. Immunocytochemistry labelings
(A–C) show that CD36 (A) and SR-B2/LIMP-2 (C) receptors (green) associate with lipid rafts marker
caveolin (red) (A,C) after 1 (POS 1 hr) and 3 (POS 3 hrs) hours of POS (grey) challenge when compared
to medium incubation as indicated. Overlay panels (left) include nuclei (blue). Scale bars: 20 µm.
SR-BI shows a strong association with N-acetyl glucosamine (GlcNAc)-related oligosaccharides
marker WGA present on cell surface-expressed proteins (B). Immunoblots of flotation gradients
(A–C) confirmed that CD36 (A), SR-B2/LIMP-2 (C), and to a lower extent SR-BI (B) relocalize to
membrane fractions corresponding to lipid rafts (1–5) from heavier fractions (6–9) at 3 and 5 hours
(POS 3 hrs, POS 5 hrs) (CD36, (A); SR-BI, (B)) or at 3 hours only (SR-B2/LIMP-2, (C)) when compared
to a 3 -hour incubation with medium (med. 3 hrs), as indicated.
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2.3. Various Effects of Receptors Inhibition on POS Phagocytosis

Our next step was to assess the functional effect of the inhibition of these 5 SRs on POS
phagocytosis by RPE cells, both at the mRNA and protein levels (Figure 4). siRNA inhibition
assays showed only POS internalization at 3 hours was decreased for class A receptors
MARCO (−35%) and SR-AI (−42%) (Figure 4A). Both class B CD36 and SR-B2/LIMP-2
downregulations significantly decreased POS binding (−7% and −16%, respectively) and
internalization (−29% for both) after 1.5 hours of phagocytosis. After 3 hours, the same
reduction in both phagocytosis steps was observed for SR-B2/LIMP-2 (−16% and −19%,
respectively) while the inhibition of CD36 gene expression only affected POS internalization
(−19%). No effect of SR-BI gene downregulation could be detected.

Figure 4. Various effects of receptors inhibition on POS phagocytosis. siRNA inhibition (A) assays
show that class A MARCO and SR-AI downregulation only decreased POS internalization at 3 hours
(right) but neither POS binding nor any phagocytosis step at 1.5 hours (left), as indicated. Class
B CD36 and SR-B2/LIMP-2 downregulation decreased both POS binding and internalization at
1.5 hours, CD36 internalization at 3 hours and SR-B2/LIMP-2 binding and internalization at 3 hours.
Downregulation of SR-BI had no effect on POS phagocytosis. NT: Non-targeting control. Antibody
inhibition assays (B) show that blocking SR-AI increased POS internalization while blocking SR-BI
decreased POS binding and internalization when antibodies were applied without pre-incubation
(left bar graph). Pre-incubation (right bar graph) shows decreased POS binding and increased POS
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internalization when using anti-CD36 and SR-B2/LIMP-2 antibodies. Blocking antibodies against
MARCO had no effect on phagocytosis. n.i. IgG: non-immune IgG controls. Mean ± s.d., statistical
significance assessed via the Bonferroni–Dunn method for multiple comparisons versus the respec-
tive control (NT siRNA or non-immune IgG), * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,
n = 4–9 (A) and n = 3–6 (B).

We proceeded with antibody inhibition assays with or without pre-incubation of the
cells with the blocking antibody before a 3-hour phagocytic challenge (Figure 4B). This
protocol allowed us to distinguish between receptors acting alone or requiring association
with other receptors/proteins to fulfill their function [26]. Interestingly, these two condi-
tions gave very different results: without pre-incubation, antibody blocking increased POS
internalization of class A SR-AI (+32%) and decreased POS binding and internalization
of class B SR-BI (−34% and −28%, respectively); pre-incubation of blocking antibodies
impacted CD36 and SR-B2/LIMP-2 phagocytosis. Strikingly, for both of these class B
receptors, binding was diminished (−24% and −40%, respectively) while at the same time
internalization was greatly augmented (+68% and +140%, respectively), suggesting the
acceleration of phagocytosis. However, the blocking of MARCO using antibodies did not
have any impact on POS phagocytosis.

2.4. Class A MARCO and Class B CD36 Show Rhythmic Expression Patterns In Vivo

In vivo POS uptake by RPE cells follows a circadian rhythm, peaking 1.5–2 hours
after light onset [2,5]. We have previously shown that β5 integrin and MerTK receptors
both display a rhythmic expression pattern increasing after the phagocytic peak (Parinot
et al., under revision). We thus assessed the expression profile of our five SRs along the
light:dark cycle on control wild-type and β5 integrin knockout (β5−/−) mice in which
the phagocytic rhythm was abolished (Figure 5) [5]. Class A Marco expression showed
a peak of gene expression at 11 AM (11.00), 1 hour after the phagocytic peak in control
mice, while the peak was observed at 7 (7.00) and 8AM (8.00) in β5−/− mice just before
light onset (Figure 5A). In contrast, Msr1 [SR-AI] exhibited an arrhythmic gene expression
pattern in control and knockout models. Class B CD36 had an expression peak at 10 (10.00)
and 11 AM (11.00) at the phagocytic peak, and just after in wild-type mice, while overall
expression was lowered and at a steady state in β5−/− animals (Figure 5B). Surprisingly,
class B Scarb1 [SR-BI] displayed a small expression rise at 9 (9.00) and 10 AM (10.00) at
the time of the phagocytic peak in β5−/− mice, and Scarb2 [SR-B2/LIMP-2] expression
declined at 8 PM (20.00), the time of the light offset, and midnight (24.00) in controls.

At the protein level, both MARCO and CD36 also displayed variations in their expres-
sion patterns (Figure 5A,B). While MARCO showed a burst of protein expression at the
time of the phagocytic peak (Figure 5A), CD36 (Figure 5B) expression increase appeared to
span over multiple time-points, i.e., before light onset (7.00–8.00), at the time of maximum
phagocytosis (10.00), and from noon (12.00) to light offset (20.00). In contrast, the three
other candidates showed steady-state expression levels along the light:dark cycle. The
nuclear pore complex protein and tubulin controls validated the equal sample loading on
our SDS-PAGE gels (Figure 5C).
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Figure 5. Class A MARCO and class B CD36 show rhythmic expression patterns in vivo. qPCR
quantification of RPE/choroid gene expression and associated western blots of protein expression
profiles (A,B) at different times along the light:dark cycle (horizontal bar indicates light) show that
Marco (A) and CD36 (B) displayed a peak of gene expression at 11.00 and 10.00–11.00 at or just after
the phagocytic peak (black wedge) in wild-type controls (wt, black line and triangles) when compared
to arrhythmic RPE/choroid from integrin β5 knockout mice (β5−/−, grey line and dots) as indicated.
Scarb1 (SR-BI) gene expression displayed a slight peak at 9.00–10.00 in β5−/− samples (B), and
Scarb2 (SR-B2/LIMP-2) decreased at 20.00 and 24.00 in wt controls, but not in β5−/− RPE/choroid.
Msr1 (SR-BI) did not indicate any variation in gene expression. Results are displayed as 2∆∆Ct

averages ± standard deviation in arbitrary units (a.u.), reference is wt at 8.00 (light onset), n = 3–6.
Protein expression levels were augmented at 10.00 for MARCO (A) and at 7.00–8.00, 10.00 and
12.00–20.00 for CD36 (B) in wild-type samples (wt), while SR-AI (A), SR-BI and SR-B2/LIMP-2 (B)
did not show any significant changes. Western blots for the nuclear pore complex protein (NPCP)
and tubulin (Tub.) control proteins show no variation along the different hours of the light:dark cycle
studied in wild-type mice, as indicated (C).

3. Discussion

All receptors expressed in macrophages were detected in both RPE cell lines tested,
rat RPE-J and human ARPE-19. Size differences between cell types were observed for
some receptors (MARCO, CD36), which can be associated with tissue-specific splicing
or differences in receptor glycosylation [50,51]. Yet, in vivo tissue expression was not
equivalent between receptors: class A MARCO and class B SR-BI, especially in RPE/choroid
fractions, appeared to show a more limited expression on immunoblots than CD36 and
SR-B2/LIMP-2, which were detected at high levels, with SR-AI showing an intermediate
expression pattern. Their respective expression levels were matched on histological sections,
with limited expression levels of SR-AI, SR-BI and, to a lower extent, MARCO, while CD36
and SR-B2/LIMP-2 showed more widespread expression patterns, including in what
appeared to be blood vessels, and higher expression levels. However, overall expression
at the cell surface and function of receptors can be quite different characteristics, as some
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receptors such as MARCO, SR-AI and CD36 have been previously shown to become
greatly overexpressed at the cell membrane upon cell stimulation with apoptotic cells,
including via the limitation of autophagy in the cells [52,53]. Interestingly, ADAM17,
already shown to cleave the MerTK internalization receptor to regulate its function, seems
to participate in CD36 cleavage to regulate its surface expression levels, thus suggesting
ADAM17 could target several receptors at the RPE cell surface [15,54]. We here confirm that
the augmentation of the number of receptors available at the cell surface upon phagocytosis
also takes place in RPE cells for CD36, as well as for the other SRs, even if at a more limited
extent depending on the receptor.

In addition, our data underline the importance of the subcellular localization at the
cell surface, especially with specific membrane subdomains such as lipid rafts known to
concentrate receptors, cytoskeletal proteins, and signaling pathways [47,48,55]. CD36 has
been associated with lipid rafts in macrophages [53], and we now confirm that it is also the
case in RPE cells. We also show that all tested SRs do localize and/or relocate, totally or
partially, within lipid rafts in RPE cells during POS phagocytosis. Localization and concen-
tration in lipid raft subdomains suggest that all these receptors, either directly or indirectly,
activate signaling platforms such as PI3K/Rac1, Grb2, p130Cas, Rab11a and Rab14, thus
stimulating the actin cytoskeleton for pseudopod closure and internalization [37,54,56–58].

CD36 has been shown to be sufficient to confer the capacity to phagocytose apoptotic
cells to non-macrophagic cells [59]. However, in the retina, the constant contact between
POS and RPE cells renders a tight control of receptor activation and function crucial. Pre-
viously, CD36 has been suggested to regulate the speed of POS internalization [26]. In
our blocking antibodies experiment, pre-incubation of the cells was necessary to replicate
this feature, thus suggesting that CD36 receptors need to be inactivated before POS are in
contact with them. This is consistent with the observation that CD36 receptors act as dimers
or multimers [50,51], as blocking antibodies might be efficient only on isolated monomers.
Pre-incubation was also a prerequisite for SR-B2/LIMP-2 antibody inhibition, suggesting
these receptors might also work as multimers. Surprisingly, discrepancies were observed
depending on the inhibition approach: while siRNA downregulation impacted both the
amounts of tethered and engulfed POS for these two receptors, antibody inhibition had
an effect on the dynamics of phagocytosis. This could be due to the difference between
diminishing the overall quantities of available receptors that can reach the cell surface, and
disturbing their function at the membrane where they are already inserted in macromolec-
ular systems. Most importantly, both CD36 and SR-B2/LIMP-2 appeared to act in a similar
fashion on controlling the phagocytic speed as their blockade accelerated phagocytosis.
However, their timeline differed slightly, as SR-B2/LIMP-2 appeared to colocalize with
POS and lipid rafts earlier than CD36. Interestingly, in vivo gene and protein expression
was rhythmic only for CD36, implying that regulation or SR-B2/LIMP-2 function might
not be linked to its expression levels, but maybe to other features such as receptor recycling
or trafficking from intracellular storage areas. This receptor is much less studied, hence
many mysteries about its regulation and function still remain. However, first known as
a lysosomal-related protein [43], recent crystallography studies identified an intriguing
characteristic: the binding of some ligands such as cholesterol foster receptors towards a
dimeric state with a higher affinity for PtdSer [60]. In this context, our data suggest, for
the first time, that SR-B2/LIMP-2 dimer receptors play active roles at the cell surface in the
elimination of PtdSer-coated POS.

In contrast, the third receptor of the class B family, SR-BI, gave more puzzling results:
it did not seem to associate directly with POS during phagocytosis, despite being mostly
located in lipid rafts and making clusters at the cell surface upon POS challenge with other
proteins recognized by WGA lectins. As well, while downregulation of its expression
via siRNA transfection had no effect on POS phagocytosis, antibody inhibition without
pre-incubation diminished both POS tethering and uptake, even though SR-BI has also
been suggested to work as multimers/dimers [50,51]. SR-BI might thus act as an acces-
sory receptor regulating the function of other receptors and indirectly influencing POS
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phagocytosis. This idea is supported by the fact that in integrin β5 knockout mice, in which
the phagocytic peak is absent, expression of the SR-BI encoding gene (Scarb1) augments
just before and at the time of the phagocytic peak, a potential compensatory feature from
the cells.

Surprisingly, we observed that antibody blocking of MARCO did not have any signifi-
cant impact on POS phagocytosis, while MARCO did associate with POS and lipid rafts
and its gene and protein expression increased neatly just after the phagocytic peak. This
suggests that MARCO did participate in POS phagocytosis, especially at 3 hours of in vitro
phagocytosis—an intermediate step—, but its role could be taken over by another receptor
when absent, with scavengers being known to take each other’s function in some instances.
SR-AI, on the other hand, somewhat co-localized with POS, and was partially associated
with lipid rafts as early as 1 hour after the start of POS challenge. However, siRNA inhibi-
tion reduced POS internalization while antibody inhibition stimulated internalization and
maybe also binding, even if not significantly. This contrasting result, combined with the
arrhythmic gene and protein expression profile, suggests a potential regulatory role in the
early steps of POS elimination by RPE cells.

Taken together, our results add pieces to the RPE phagocytic machinery puzzle and
show how well organized and controlled this critical function for vision is. Indeed, SRs
appear to be involved in various steps of phagocytosis, either early for class A receptors
MARCO and SR-AI, or more in the middle or at the end of the process for class B SR-
B2/LIMP-2 and the MARCO. While some receptors such as CD36 and SR-B2/LIMP-2 are
strongly associated with POS and their inhibition has a great impact on POS phagocytosis,
others appear to either play an indirect role (SR-BI) or be used as accessory/redundant
receptors (MARCO, SR-AI). Overall, the tight regulation of POS phagocytosis turns out to
be based on a very complex machinery of receptors acting sequentially along different steps.
First, MerTK receptors control the amounts of tethered POS that can be then engulfed via
αvβ5 integrin receptors [10]. Second, αvβ5 integrin receptors and their ligands MFG-E8
start phagocytosis in a timely fashion via intracellular signaling pathways phosphorylating
MerTK [5,9]. Third, other receptors, such as CD36 and now SR-B2/LIMP-2, control the
speed of POS internalization [26]. In addition, besides these two late receptors, other SRs
appear to play a more minor role, such as class A MARCO and SR-AI, or an indirect role
such as class B SR-BI. Interestingly, among these scavenger receptors, some have been
previously shown or suggested to act as co-receptors in other tissues such as MARCO for
αvβ5 integrin [37] or SR-AI for MerTK [40], thus reinforcing the significance of our data.

Overall, there might be even more receptors implicated in regulating the phagocytic
machinery in RPE cells, such as Toll-Like Receptors (TLRs) [61–66]. Moreover, the study of
the retinal phenotype and of in vivo POS phagocytosis profiles of animal models devoid of
these scavenger receptors will be of particular interest to definitely answer these remaining
questions, and shed light on new pathological mechanisms and thus potential treatment
targets not identified thus far.

4. Materials and Methods
4.1. Reagents, Antibodies and Cell Culture

Reagents were from Life Technologies (Courtaboeuf, France), unless otherwise stated.
Antibodies used for the various experiments are detailed in Supplementary Table S1.

4.2. Cell Culture and siRNA transfection

The rat RPE-J cell line (ATCC) was maintained at 32 ◦C and 5% CO2 in DMEM with
4% CELLect Gold FCS (ICN) (both LGC Standards, Molsheim, France), supplemented with
10 mM HEPES and 1% non-essential amino acids (NEAAs). For immunocytochemistry
(ICC) and phagocytosis quantification experiments, RPE-J cells were plated on Alcian
blue-coated 24- or 96-well plates, respectively, and allowed to polarize for 6 days before
use. When using siRNA silencing, cells were double transfected with rat ON-TARGETplus
SMARTpool siRNAs (rat CD36 L-062017-00, rat Marco L-097276-02, rat Msr1 L-104326-02
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[SR-AI], rat Scarb1 L-098018-01 [SR-BI], rat Scarb2 L-062021-01 [SR-B2]) at days 1 and
3 post-split using the DharmaFECT 4 siRNA Transfection Reagent as instructed (all from
Dharmacon, Horizon Discovery Biosciences Limited, Cambridge, UK). Transfection effi-
ciency was verified using the siGLO RISC-free Control siRNA (D-001600-01) and specificity
by comparing with the ON-TARGETplus non-targeting Pool (L-001810-10). Phagocytosis
assays were performed on day 4 post-split.

J774A.1 macrophages (ATCC) and the human ARPE-19 cell line (ATCC) were cul-
tivated at 37 ◦C with 5% CO2 in DMEM containing 10% FCS and supplemented with
1% NEAAs and 1% sodium pyruvate, or in DMEM without sodium pyruvate containing
1% FCS, respectively.

4.3. Animals and Tissue Collection

Wild-type mice (129T2/SvEmsJ) were housed under cyclic 12-hour light/12-hour dark
conditions (light onset at 8:00) and fed ad libitum. Animals were handled according to the
Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of An-
imals in Ophthalmic and Vision Research, and protocols were approved by the Charles Dar-
win Animal Experimentation Ethics Committee from Sorbonne Université and the French
Ministry for Education, Higher Studies and Research (APAFIS#1631-2015090415466433).

For experiments, mice were sacrificed by CO2 asphyxiation at 10.00 (rod phagocytosis
peak) for immunoblots or different times during the day for the analysis of circadian
expression. The 12 time points analysed along the light:dark cycle were: 4.00, 6.00, 7.00,
8.00 (light onset), 9.00, 10.00 (rod phagocytosis peak), 11.00, 12.00, 16.00, 20.00 (light offset),
22.00 and 24.00. Eyeballs were carefully enucleated and rinsed in HBSS without Ca2+

and Mg2+. The lens and vitreous humor were dissected out (“cup”). For some samples,
retinas were delicately separated from the eyecups containing the RPE/choroid layers,
and tissues were quickly frozen in liquid nitrogen. For each animal, one eye was used
for RNA extraction and gene expression testing and the fellow eye for protein expression
levels assessment (see corresponding sections below). For tissue sections, full eyeballs were
immersed in Davidson fixative for 1 hour at 4 ◦C, a small window in the cornea was made
and eyeballs were further fixed in Davidson for 3 hours at 4 ◦C. The anterior segment was
dissected out above the iris and samples were placed in Davidson for 3 more hours at 4 ◦C.
After overnight dehydration steps using the Spin Tissue Processor STP 120 (Myr, Fisher
Scientific SAS, Illkirch, France), eyecups were embedded in paraffin and 5-µm sections
were cut and deposited onto glass slides.

4.4. Sample Lysis and Immunoblotting

Cultured cells and tissues were solubilized in 50 mM HEPES, 150 mM NaCl, 10% glycerol,
1.5 mM MgCl2, and 1% Triton X-100 pH 7.4 buffer with 1 mM PMSF and 1% each of
protease and phosphatase inhibitor cocktails, and sodium orthovanadate (Sigma-Aldrich,
Saint Quentin Fallavier, France). Whole cell lysates—representing approximately 4–10% of
a 10-cm culture dish (10–50 µg depending on the cell type) and 6–15% of a full eyecup or
separated cup/retina from one eyecup (20–40 µg for Figure 1, 12 µg for Figure 5)—were
separated on SDS-polyacrylamide gels and electroblotted onto nitrocellulose membranes
(Whatman, VWR, Rosny-sous-Bois, France). Immunoblots were probed with primary
antibodies (Supplementary Table S1) overnight at 4 ◦C and secondary antibodies coupled
with horseradish peroxydase for 2 hours, with 4 washes in 1X TBS 1% Tween-20 at RT after
each incubation, followed by chemiluminescence detection (PerkinElmer SAS, Courtaboeuf,
France). Chemiluminescence films (Amersham, Dutscher SAS, Bernolsheim, France) were
scanned, and images were processed using the Adobe Photoshop CS6 version 13.0 software
(Adobe Systems Incorporated, San Jose, CA, USA).

4.5. POS Isolation

POS were isolated according to a well-established protocol [67] from porcine eyes
obtained fresh from the slaughterhouse. Briefly, retinae were retrieved from eyeballs dis-
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sected in the dark under dim red light and collected in homogenization buffer (20% sucrose,
20 mM tris acetate pH 7.2, 2 mM MgCl2, 10 mM glucose, 5 mM taurine). After thorough
shaking and gauze filtering, retina suspensions were separated on continuous 25–60% su-
crose gradients (in tris acetate pH 7.2, 10 mM glucose, 5 mM taurine) and centrifuged at
25,000 rpm for 50 min at 4 ◦C (Beckman SW 32 Ti swinging rotor). After collection, orange
bands containing POS were sequentially diluted and washed in a series of 3 solutions
(20 mM tris acetate pH 7.2, 5 mM taurine; 10% sucrose, 20 mM tris acetate pH 7.2, 5 mM;
10% sucrose, 20 mM tris acetate pH 7.2, 5 mM taurine) associated with centrifugation steps
at 5000 rpm for 10 min at 4 ◦C (Beckman JA25.50 rotor). After resuspension and counting,
aliquots of POS stocks were frozen at −80 ◦C in DMEM containing 2.5% sucrose.

Fluorescence labeling of POS was performed with 1 mg/mL fluorescein isothiocyanate
(FITC) (Molecular Probes, Fisher Scientific SAS, Illkirch, France) for 2 hours at room
temperature (RT) on a rotator in 10% sucrose, 20 mM sodium phosphate pH 7.2, and 5 mM
taurine. Labeled POS were then washed, counted, and frozen as described above.

4.6. POS Phagocytosis

Cells were challenged with around 10 POS per RPE cell resuspended in DMEM
for 1, 3 and 5 hours (immunocytochemistry, raft immunoblots) or with 10 FITC-POS for
1.5 or 3 hours for phagocytosis quantification. In some assays, anti-receptor antibodies
(Supplementary Table S1) at 1 µg/mL were added to FITC-POS in DMEM for a 3-hour
phagocytic challenge, with or without a 1-hour pre-incubation step with antibodies alone
in DMEM. For POS phagocytosis quantification assays, cells were washed three times
with PBS-CM (0.2 mM Ca2+, 1 mM Mg2+) at the end of the incubation times. To measure
internalized POS, some wells were incubated with trypan blue for 10 min to quench the
fluorescence of surface-bound FITC-labeled POS, as previously described [68]. Non-treated
wells allowed the measurement of total phagocytosis, corresponding to the fluorescence of
both bound and internalized POS. All cells were then washed twice with PBS-CM and fixed
with ice-cold methanol. Nuclei were counterstained using DAPI. FITC-POS and DAPI-
labeled nuclei were quantified by fluorescence plate reading (Infinite M1000, Magellan
version 6 software, Tecan France SASU, Lyon, France). Binding ratios were calculated by
subtracting results obtained in internalization (trypan blue-treated) from total phagocytosis
(untreated) wells. Corresponding standard deviations (s.d.) were calculated using the
following formula: s.d.binding =

√
((s.d.total

2/ntotal) + (s.d.intern
2/nintern)).

4.7. Immunohistochemistry, Immunocytochemistry and Microscopy

Five-micrometre section slides around the optic nerve area (for consistency between
samples) were used. Paraffin was removed using the SafeSolv solvent substitute (Q Path,
VWR, Rosny-sous-Bois, France) for 30 min, followed by sequential baths of 100% ethanol for
30 min, followed by 90% and 70% ethanol for 10 min each. Antibodies sites were unmasked
by cooling down the slides in warm 1X citrate buffer 1X ddH2O for 20 min on ice, and RPE
pigments were removed in a 5% H2O2, 1X SSC solution containing deionized formamide
under illumination for 20 min. After membranes permeabilization with 0.3% Triton in
1X TBS for 5 min, non-specific signals were blocked by using 4% BSA, 4% donkey serum,
100 mM glycine in 1X TBS. Sections were stained overnight at 4 ◦C with anti-receptor
antibodies (Supplementary Table S1) or anti-goat and anti-rabbit IgG controls. Appropriate
AlexaFluor488 secondary antibodies (Molecular Probes) diluted 1:1000 in 1% BSA, 1X TBS
were incubated on sections for 30 min. Nuclei were counterstained with DAPI, and slides
were mounted using the Vectashield medium (Vector Laboratories, Burlingame, CA, USA).

After incubating cells with unlabeled POS resuspended in DMEM for 1, 3 or 5 hours,
cells were washed twice with ice-cold HBSS-CM (0.2 mM Ca2+, 1 mM Mg2+) or PBS-CM for
surface or intracellular labeling, respectively. Briefly, for live labeling of cell surface proteins,
antibodies were diluted in HBSS-CM and cells were incubated for 45 min on ice. Cells
were washed twice with ice-cold HBSS-CM before either TCA fixation on ice for 15 min
and re-hydration with 30 mM glycine in PBS-CM for 5 min thrice at RT (CD36, MARCO,
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SR-B2/LIMP-2), or ice-cold methanol fixation for 15 min followed by re-hydration in PBS-
CM for 10 min twice at RT (SR-BI), or 4% PFA fixation in PBS-CM for 15 min at RT and
quenching in 50 mM NH4Cl for 15 min (SR-AI). Next, non-specific sites were blocked with
1% BSA in PBS-CM. Primary antibody incubation for intracellular labeling were performed
overnight at 4 ◦C or for 2 h at RT. Cells were washed 3 times with PBS-CM then with
1% BSA in PBS-CM. AlexaFluor secondary antibodies (Molecular Probes) were incubated
on cells for 1–2 hours at RT, followed by washing with PBS-CM, labeling cell nuclei with
DAPI and mounting onto glass slides with FluoroMount-G Mounting Medium (Interchim).

All fluorescent images were acquired with an upright Olympus FV1000 confocal mi-
croscope using the Fluoview version 2.1c software (Olympus, Rungis, France). Equivalent
stacks of images were compiled for each series and further treated equally for signal out-
put levels using NIH ImageJ (version 1.53o, https://imagej.nih.gov/ij/, last accessed on
31 January 2022).

4.8. Lipid Rafts Isolation by a Detergent-Free Method

RPE cells cultivated in 24-well plates were pelleted (195 g for 5 min at 4 ◦C) after
different times of POS challenge (1, 3 and 5 hours) and resuspended in 1.34 mL of 0.5 M
sodium carbonate, pH 11.5, with protease inhibitor cocktail and phosphatase inhibitor
cocktail 1, 2 and 3 (Sigma-Aldrich, Saint Quentin Fallavier, France) [52]. The homogenate
was sheared through a 26-gauge needle with 10 complete passes, then sonicated with
3 10-s bursts. The homogenate was adjusted to 40% sucrose by adding 2.06 mL of 60% su-
crose in MBS (25 mM MES, pH 6.4, 150 mM NaCl, 250 mM sodium carbonate), placed
under a 5–30% discontinuous sucrose gradient, and centrifuged at 34,000 rpm for 15–18 h
at 4 ◦C (Beckman SW 41 Ti swinging rotor). Nine 1.24 mL fractions were harvested from
the top of the tube, mixed with 9 volumes of MBS and centrifuged at 40,000 rpm for 1 h at
4 ◦C (Beckman SW 41 Ti rotor). Supernatants were discarded, and membrane pellets were
resuspended in 100 µL of 1% SDS in MBS. When required (low expression levels: SR-AI,
CD36), samples were concentrated on concentration columns (Amicon Ultra Centrifugal
Filters 10K, Millipore SAS, Molsheim, France).

4.9. Quantification of Gene Expression

RNA were extracted from separated retina and RPE/Choroid according to the manu-
facturer’s protocol using 2 DNAse steps (Illustra RNAspin Mini, GE Healthcare, Vélizy-
Villacoublay, France). RNAs were verified on 1% agarose gels and yields assessed using a
spectrophotometer. Then, 500 ng of RNAs were converted to cDNAs in a 50-µL volume
following the instructions provided for 1 hour at 42 ◦C (Reverse Transcription System,
Promega, Charbonnières, France). qPCR reactions using the SYBR Green PCR Master Mix
were processed as follows on a 7500 Fast Real-Time PCR System apparatus (both Applied
Biosystems) using the primer pairs detailed in Supplementary Table S2: 50 ◦C for 2 min,
95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 15 sec, 60 ◦C for 1 min. The ribosomal
protein Rho0 (Rplp0) gene was used as internal control. Oligonucleotides were designed in
order to obtain 150-bp amplicons and associated melting curves from a typical experiment
series are pictured in Supplementary Figure S1. Relative amounts of each target gene were
calculated using the 2−∆∆Ct method and amounts at 8 AM (8.00, light onset) were set as 1.

4.10. Statistical Analysis

All experiments were repeated between 3 and 9 times. The statistical significance
of results was determined using the Bonferroni–Dunn method for multiple comparisons,
and each row was analysed individually without assuming a consistent s.d. Significance
thresholds of adjusted p values were set as follows: * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23073445/s1.
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