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Abstract
Phagocytosis of apoptotic cells and cellular debris is a critical process of maintaining tissue and
immune homeostasis. Defects in the phagocytosis process cause autoimmunity and degenerative
diseases. Phagocytosis ligands or “eat-me” signals control the initiation of the process by linking
apoptotic cells to receptors on phagocyte surface and triggering signaling cascades for cargo
engulfment. Eat-me signals are traditionally identified on a case-by-case basis with challenges,
and the identification of their cognate receptors is equally daunting. Here we identified galectin-3
(Gal-3) as a new MerTK ligand by an advanced dual functional cloning strategy, in which
phagocytosis-based functional cloning is combined with receptor-based affinity cloning to directly
identify receptor-specific eat-me signal. Gal-3 interaction with MerTK was independently verified
by co-immunoprecipitation. Functional analyses showed that Gal-3 stimulates the phagocytosis of
apoptotic cells and cellular debris by macrophages and retinal pigment epithelial cells with MerTK
activation and autophosphorylation. The Gal-3-mediated phagocytosis was blocked by excessive
soluble MerTK extracellular domain and lactose. These results suggest that Gal-3 is a legitimate
MerTK-specific eat-me signal. The strategy of dual functional cloning with applicability to other
phagocytic receptors will facilitate unbiased identification of their unknown ligands and improve
our capacity for therapeutic modulation of phagocytic activity and innate immune response.
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Phagocytic clearance of apoptotic cells and cellular debris is critical for the maintenance of
tissue and immune homeostasis (Erwig and Henson, 2007; Ravichandran and Lorenz, 2007).
Abnormal phagocytosis has been implicated in an array of diseases, including
autoimmunity, retinal degeneration, atherosclerosis, tumor evasion from immune
surveillance and infectious diseases (Erwig and Henson, 2007; Strick and Vollrath, 2010;
Thorp and Tabas, 2009). Phagocytosis ligands or “eat-me” signals control the initiation of
the process and hold the key to molecular insights of phagocyte biology with therapeutic
potentials to regulate phagocytosis activity under physiological and pathological conditions.
The critical barrier to unraveling the molecular mystery of phagocytosis biology is how to
identify unknown phagocytosis ligands, cognate receptors and signaling cascades. Nearly all
known phagocytosis ligands, including receptor-specific ligands, have been identified on a
case-by-case basis with daunting challenges.

Mer receptor tyrosine kinase (MerTK) is one of the well-characterized phagocytic receptors.
Mutations of MerTK cause defect in phagocytosis, leading to accumulation of
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unphagocytosed debris, retinal degeneration, autoimmunity and atherosclerosis (Kevany and
Palczewski, 2010; Rothlin and Lemke, 2010; Thorp and Tabas, 2009). Gas6 and protein S
were identified as MerTK ligands more than 15 years ago (Nagata et al., 1996). We recently
developed open reading frame (ORF) phage display as a new technology of functional
proteomics (Li and Caberoy, 2010) and identified tubby and tubby-like protein 1 (Tulp1) as
new MerTK ligands by a unique cloning strategy of phagocytosis-based functional selection
(Caberoy et al., 2010a; Caberoy et al., 2010c). These results suggested that MerTK is a
phagocytic receptor with multiple ligands.

Here we describe a dual functional cloning strategy which combines phagocytosis-based
functional selection with receptor-based affinity selection for unbiased identification of
receptor-specific eat-me signals. We identified galectin-3 (Gal-3) as a new MerTK-specific
ligand and independently validated the protein with multiple lines of evidence, including its
functional activity, co-immunoprecipitation, receptor activation and functional blockade
with the receptor extracellular domain. These results demonstrated the validity of the dual
functional selection of ORF phage display to identify receptor-specific phagocytosis ligands.
The implications of these findings in molecular phagocyte biology, retinal degeneration,
tumor immune surveillance and tissue aging are discussed.

Materials and Methods
Dual phage selections

An ORF phage display cDNA library of mouse eye was described previously (Caberoy et
al., 2010b). Phagocytosis-based functional selection was carried out in D407 retinal pigment
epithelial (RPE) cells with ~1 × 1011 pfu (plaque forming unit) of library phages as
described (Caberoy et al., 2010a; Caberoy et al., 2009b). Briefly, phage library was
amplified in BLT5615 bacteria, precipitated with polyethylene glycol-8000, resuspended in
the culture medium, quantified by plaque assay, incubated with D407 RPE cells in 35-mm
culture dishes for 30 min at 4°C without phagocytosis. After washing, the cells with bound
phages were incubated at 37°C for 30 min for phagocytosis. Unphagocytosed surface-bound
phages were stripped off by incubating the cells in the stripping buffer (100 mM glycine, pH
2.5, 150 mM NaCl, 200 mM urea, 2 mg/ml polyvinylpyrrolidone) for 2 min × 2 times at
room temperature, followed by a quick wash with ice-cold phosphate buffered saline (PBS).
Internalized phages were released by the lysis buffer (1 mM triethylamine with 0.5% Triton
X-100) for 1 min and immediately neutralized to pH 7.4 with 10X PBS premixed with
diluted HCl. Released phages were amplified in BLT5615 bacteria, and used as input for
receptor-based phage affinity selection with Mer-Fc (MerTK extracellular domain fused to
human IgG1 Fc domain, R&D Systems), as described (Caberoy et al., 2010b). Briefly, Mer-
Fc was immobilized on ELISA plates (5 µg/ml, 100 µl/well), blocked with 10% polyvinyl
alcohol (PVA), and incubated with the enriched phages for 1 h at 4°C. After washing, bound
phages were eluted by 3C protease cleavage at 4°C overnight, amplified and used as input
for the next round of phagocytosis-based functional selection. Phagocytosed phages and
bound phages at each round were quantified by plaque assay. After 4 rounds of combined
selections, one round of post-panning selection with immobilized streptavidin was
performed to eliminate non-ORF clones. Individual phage clones were randomly picked
from phage plates and analyzed for their phagocytosis activity in D407 cells (Caberoy et al.,
2010a). Positive clones were further analyzed for their Mer-Fc binding activity (Caberoy et
al., 2010b).

Phagocytosis assay
Plasma membrane-targeted green fluorescent protein (mGFP) was expressed in Neuro-2a
cells with or without Gal-3 co-expression. mGFP-labeled membrane vesicles were prepared
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from the Neuro-2a cells at 48 h post-transfection, used for phagocytosis assay with D407
RPE cells or J774 macrophages, washed and analyzed by confocal microscopy or flow
cytometry, as described (Caberoy et al., 2010a). Alternatively, we prepared plasma
membrane vesicles from control Neuro-2a cells, labeled the vesicles with CFSE or pHrodo,
and used the labeled vesicles for phagocytosis assay in the presence or absence of purified
glutathione S-transferase-Gal-3 fusion protein (GST-Gal-3). Fluorescence-labeled
membrane vesicles were incubated with D407 or J774 cells for 3 h at 37°C in serum-free
293 SFM II medium (Invitrogen), followed by extensive washing. To distinguish between
the phagocytosed and surface-bound cargos by confocal microscopy, we scanned the cells
for multiple z-stacks of confocal images, located the z-stack with the highest nuclear
staining of DAPI blue signals as cross-section of phagocytes and analyzed the phagocytosed
green fluorescence signals on the same z-stack. Relative fluorescence intensity per cell was
measured using Leica Application Suite software by manually tracing the outline of
individual phagocytes under the cognate bright field channel with the corresponding
fluorescence quantified in the GFP/CFSE channel. To distinguish between the phagocytosed
and surface-bound cargos by flow cytometry, the phagocytes after phagocytosis were treated
with trypsin to remove surface-bound cargos and washed before flow cytometric
quantification. All the cells were gated with the forward scatter and side scatter to eliminate
possible surface-bound cargos.

Jurkat cells were labeled with CFSE, washed and cultured in the presence or absence of 40
µM etoposide to induce apoptosis, as described (Caberoy et al., 2010c). After washing, the
apoptotic or healthy Jurkat cells were verified by staining with annexin V and propidium
iodide, used for macrophage phagocytosis assay in the presence or absence of purified GST-
Gal-3, and analyzed by confocal microscopy or flow cytometry. Percentage of macrophages
with phagocytosed CFSE-labeled cells were quantified with at least 20 viewing fields per
group. GST-Gal-3 was constructed, expressed and purified, as described (Caberoy et al.,
2010a).

Co-immunoprecipitation
Neuro-2a cells were transfected with plasmids expressing Gal-3-FLAG or control GFP-
FLAG (Caberoy et al., 2010a) using Lipofectamine (Invitrogen), collected at 48 h post-
transfection, washed and lysed in PBS with 0.5% Triton X-100. The cell lysates were
incubated with Mer-Fc (0.5 µg) for 1 h at 4°C, followed by protein A-agarose beads. The
beads were washed and analyzed by Western blot using anti-FLAG monoclonal antibody
(mAb) (Sigma), as described (Caberoy et al., 2010c).

Alternatively, purified GST-Gal-3 fusion protein (1 µg) was incubated with Mer-Fc (0.5 µg)
in 1 ml of PBS plus 0.2% Tween-20 for 1 h at 4°C, followed by protein A-agarose beads.
The beads were washed and analyzed by Western blot using anti-GST mAb (AnaSpec).

MerTK phosphorylation
D407 and J774 cells were cultured in 293 SFM II medium for 2 h to reduce the background
of MerTK activation, followed by incubation with purified GST-Gal-3, GST or Gas6 in the
same medium for 30 min at 37°C. After washing, the cells were lysed and
immunoprecipitated with anti-MerTK antibodies (Abs) (Fabgennix, Frisco, TX) and
analyzed by Western blot with anti-phospho-MerTK Ab (Fabgennix, Frisco, TX) or anti-
MerTK Ab, as described (Caberoy et al., 2010c).

Data analysis
All experiments were repeated independently at least 3 times. Data were analyzed by
Student’s t-test or Tukey-Kramer multiple comparisons test using GraphPad Instat software.
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Results
Dual functional selection

To identify new MerTK ligands, we developed a dual functional selection system (Fig. 1A).
The ORF phage display cDNA library of mouse eyes was enriched by phagocytosis-based
functional selection using D407 RPE cells. Phagocytosed phages were released by cell lysis,
amplified and re-selected by receptor-binding selection with immobilized Mer-Fc. Four
rounds of combined selections resulted in substantial increases in the phagocytosis activity
and Mer-Fc-binding activity (Fig. 1B,C).

Individual phage clones were analyzed for their internalization activity in D407 cells
(Supplementary Fig. S1). All clones with at least 10-fold increase in phagocytosis activity
versus the control phage without cDNA insert were subject to additional phage binding
assay with immobilized Mer-Fc (Supplementary Fig. S2). Among 11 identified proteins
were Tulp1 (GenBank Accession #NM_021478) and Gal-3 (NM_010705, 131Y-264I). Two
independent Tulp1 clones were identified, including 178K-251V and 149P-277V, both of
which encoded 2 and 4 minimal phagocytosis domains (MPDs) of K/R(X)1–2KKK,
respectively. We recently mapped MPDs as essential MerTK-binding motifs for tubby and
Tulp1 (Caberoy et al., 2010c). Our earlier study of phagocytosis-basis functional selection
with ARPE19 cells identified Tulp1 (79A-199T) with 2 MPDs (Caberoy et al., 2010a).
These results suggested the validity of our dual functional cloning.

Gal-3 facilitates RPE phagocytosis
To independently validate Gal-3 stimulation of RPE phagocytosis, we co-expressed Gal-3
with C-terminal FLAG tag (Gal-3-FLAG) and mGFP in Neuro-2a cells. mGFP-labeled
membrane vesicles with average size of 2.07 ± 0.98 µm (± s.d.) were prepared from Gal-3-
expressing cells or control cells, incubated with D407 RPE cells for phagocytosis and
analyzed by confocal microscopy. The results showed that Gal-3 significantly stimulated
RPE phagocytosis with ~4-fold increase in the activity (Fig. 2A,B).

In addition, mGFP-labeled membrane vesicles were prepared from control Neuro-2a cells,
incubated with RPE cells in the presence or absence of purified GST-Gal-3 and analyzed by
flow cytometry. The results showed that Gal-3 at 50 or 200 nM stimulated RPE
phagocytosis (Fig. 2C). Excessive lactose reduced Gal-3-mediated RPE phagocytosis,
suggesting that the C-terminal carbohydrate binding domain (CBD) of Gal-3 plays an
important role in facilitating RPE phagocytosis. Partial reduction of Gal-3-mediated
phagocytosis by lactose suggested that Gal-3 may bind to phagocytosis preys not only
through lectin-carbohydrate interactions, but also through other protein-protein interactions
(Dumic et al., 2006). Dose-dependent blockade of Gal-3-mediated phagocytosis by lactose
was showed in Supplementary Fig. S3.

Gal-3 stimulates macrophage phagocytosis
MerTK phagocytosis pathway is highly conserved among different phagocytes
(Ravichandran and Lorenz, 2007). To investigate Gal-3 capacity to stimulate phagocytosis
of other phagocytes, we incubated fluorescence-labeled healthy or apoptotic Jurkat cells
with J774 macrophage cell line in the presence or absence of GST-Gal-3, analyzed and
quantified the phagocytosed Jurkat cells by confocal microscopy. The results showed that
Gal-3 significantly stimulated macrophage phagocytosis of apoptotic Jurkat cells (~3.5-fold
increase in activity, p<0.001), but not the healthy cells (Fig. 3A,B). Phagocytosed apoptotic
cells with clearly visible fluorescent signals were detected inside the cell body of
macrophages. In addition, we labeled apoptotic or healthy Jurkat cells with pHrodo, a
fluorogenic dye with no fluorescence at neutral pH but drastically increases in red
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fluorescence in acidic phagosomes (Miksa et al., 2009). Coupled with confocal microscopy,
pHrodo reliably distinguished between ingested and uningested cargos (Supplementary Fig.
S4).

Macrophage phagocytosis of apoptotic cells was further revealed by flow cytometry. GST-
Gal-3 at 50 nM and 200 nM facilitated the phagocytosis of apoptotic Jurkat cells (Fig. 3C).
However, Gal-3 at 1,000 nM had a reduced activity, suggesting that Gal-3 stimulates
macrophage phagocytosis in a biphasic concentration-dependent manner. Gal-3 at 1,000 nM
had no impact on the viability of D407 cells (Supplementary Fig. S5). Similarly, excessive
lactose partially blocked macrophage phagocytosis. Membrane vesicles prepared from
Gal-3-expressing Neuro-2a cells were further analyzed for macrophage phagocytosis. The
results showed that Gal-3-vesicles, but not control vesicles, were preferentially
phagocytosed by macrophages (Fig. 3D,E).

Gal-3 as a new MerTK ligand
Gal-3 without a classical signal peptide is one of the well-characterized proteins for its
unconventional secretion (Hughes, 1999) and has physiological access to MerTK on
phagocyte surface. We validated Gal-3 interaction with MerTK by co-immunoprecipitating
Gal-3-FLAG in Neuro-2a cell lysate with Mer-Fc (Fig. 4A). Similar co-immunoprecipitation
results were obtained with GST-Gal-3 and Mer-Fc (Fig. 4B).

A protein with binding activity to a receptor may not always be a genuine ligand, unless it is
capable of activating the receptor. MerTK activation was characterized by
autophosphorylation of intracellular tyrosine residues. Our results showed that Gal-3
induced MerTK autophosphorylation in J774 and D407 cells in a dose-dependent manner
(Fig. 4C, Supplementary Fig. S6). These data suggest that Gal-3 is a genuine MerTK ligand.

Gal-3 is a bridging molecule
All four known MerTK ligands, including Gas6, protein S, tubby and Tulp1, function as
bridging molecules by simultaneously binding to MerTK and phagocytosis preys through
different domains to stimulate phagocytosis (Caberoy et al., 2010c; Ravichandran and
Lorenz, 2007). To investigate whether Gal-3 is a bridging molecule, we pre-incubated Gal-3
with mGFP-labeled control membrane vesicles of Neuro-2a cells. After washing, the
vesicles were analyzed for D407 RPE phagocytosis in the presence or absence of excessive
Mer-Fc. The results showed that soluble Gal-3 bound to the vesicles and stimulated the
phagocytosis, which was blocked by excessive Mer-Fc (Fig. 4D,E). Dose-dependent
blockade of Gal-3-mediated phagocytosis by Mer-Fc was shown in Supplementary Fig. S7.
Taken together, these data suggest that Gal-3 facilitates phagocytosis as MerTK-specific
bridging molecule. Reduced RPE phagocytosis at the high concentration of Gal-3 (1,000
nM) (Fig. 3C) may reflect its decreased efficiency to bridge phagocytosis preys to MerTK
by the same Gal-3 molecule, similar to the reduced plasmid ligation efficiency with excess
DNA inserts. However, Gal-3 direct interaction with MerTK should not be affected by the
decreased bridging efficiency at the high concentration (Supplementary Fig. S6).

Discussion
The participation of Gal-3 in phagocytosis was previously reported by several groups but
with controversy on its underlying molecular mechanisms. Sano et al. (Sano et al., 2003)
demonstrated with Gal-3−/− macrophages that Gal-3 facilitates macrophage phagocytosis
through intracellular mechanisms. This conclusion was supported by intracellular Gal-3 to
activate phosphatidylinositol-3-kinase (PI3K) via K-Ras to promote microglial phagocytosis
(Rotshenker et al., 2008). However, Fernández et al. (Fernandez et al., 2005) showed that
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extracellular recombinant Gal-3 stimulated neutrophil phagocytosis through an
uncharacterized mechanism and can be blocked by lactose. The controversial intracellular
and extracellular mechanisms of Gal-3 in regulating phagocytosis may be reconciled by the
fact that Gal-3 has more than four dozens of functions (Dumic et al., 2006). Gal-3 may
promote phagocytosis through both intracellular and extracellular mechanisms. The results
of this study suggest that extracellular Gal-3 facilitates phagocytosis of apoptotic cells or
debris through MerTK receptor.

Gas6 and protein S are two well-characterized MerTK ligands with their C-terminal 2 × LG
domains as receptor-binding domains (Hafizi and Dahlback, 2006). Tubby and Tulp1 were
recently identified as MerTK ligands by phagocytosis-based functional selection of ORF
phage display and mapped with MPDs as the MerTK-binding motifs (Caberoy et al., 2010c).
Gal-3 was identified by dual functional cloning with its entire C-terminal domain,
suggesting that this domain harbors a MerTK-binding motif with no sequence homology to
the 2 × LG domains or MPD motif. The exact MerTK-binding motif of Gal-3 is yet to be
determined. In addition, Gal-3 C-terminal CBD binds to glycoproteins as a phagocytosis
prey-binding domain (PPBD) (ref). Lactose partially reduced Gal-3 capacity to stimulate
phagocytosis (Fig. 2C, 3C), suggesting that Gal-3 is the first bridging molecule with binding
activity to glycoproteins. Gal-3 and tubby have moderate additive effect to facilitate
macrophage phagocytosis of apoptotic cells (Supplementary Fig. S8).

The finding of Gal-3 as an eat-me signal to facilitate MerTK-mediated phagocytosis has
several physiological and pathological implications. An earlier study showed that constant
light exposure not only induced photoreceptor degeneration, but also upregulated Gal-3
expression in retinal Muller cells (Uehara et al., 2001). The light-induced Gal-3 can be
released via its unconventional secretion (Hughes, 1999) or from the damaged retina to
facilitate the clearance of damaged photoreceptor outer segments by the RPE to maintain
retinal homeostasis as an eat-me signal. Moreover, Gal-3 is a well-characterized binding
protein for advanced glycation end products (AGEs) (Vlassara et al., 1995), which have
been implicated in tissue aging, including retinal aging, diabetes and Alzheimer’s disease
(Barile and Schmidt, 2007; Grillo and Colombatto, 2008). Gal-3 plays an important role in
the clearance of AGEs to prevent age-related tissue damage through undefined mechanisms
(Iacobini et al., 2005). Our results implicate that Gal-3 may facilitate AGE clearance
through MerTK-mediated phagocytosis. In addition, Gal-3 is a tumor biomarker with
increased expression in invasive tumors (Canesin et al., 2010). MerTK-mediated
phagocytosis is well known for immunosuppression and immune tolerance (Rothlin and
Lemke, 2010). In this regard, Gal-3 as a MerTK ligand may contribute to tumor evasion
from immune surveillance.

ORF phage display is a key for the dual functional cloning. Because of uncontrollable
reading frames, the majority of phage clones (~90–94%) identified from conventional cDNA
libraries are non-ORFs encoding unnatural short peptides with minimal implication in
cellular protein interaction networks (Li and Caberoy, 2010). We developed a new system of
ORF phage display with minimal reading frame problem (Caberoy et al., 2010b). Our T7
phage-based ORF display system without requiring the displayed proteins to be secreted
through E. coli membrane, as required in filamentous phage (Paschke, 2006), is particularly
suitable for unbiased display of mammalian proteins (Bratkovic, 2010; Krumpe et al., 2006).
We proposed for the first time that ORF phage display can be used as a new technology of
functional proteomics, and demonstrated its four versatile applications, including
phagocytosis-based functional selection and protein-based affinity selection (Caberoy et al.,
2010a; Caberoy et al., 2009a; Caberoy et al., 2010b; Kim et al., 2011).
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This study identified Gal-3 as a novel MerTK ligand by an innovative dual functional
cloning technique, whose validity was demonstrated by the identification of Tulp1 as a
known MerTK ligand and the characterization of Gal-3. The daunting challenge to unravel
the mystery of molecular phagocyte biology is how to identify unknown signaling pathways
in the absence of any molecular probe. The unique phagocytosis-based functional selection
is the only available technology for unbiased identification of eat-me signals in the absence
of receptor information and is applicable to various professional and non-professional
phagocytes (Caberoy et al., 2010a; Caberoy et al., 2009b). Identified ligands can be used as
molecular probes to identify cognate phagocytic receptors and intracellular signaling
cascades (Caberoy et al., 2010c). The dual functional cloning described in this study will
further advance our capacity to map receptor-specific phagocytosis ligands for
comprehensive understanding of molecular phagocyte biology. This approach is applicable
to many other phagocytic receptors with unknown ligands, including triggering receptors
expressed by myeloid cells-2 (TREM2) and signal-regulatory protein-β1 (SIRPβ1) that are
important to regulate innate immune response and prevent neurodegeneration (Hsieh et al.,
2009; Neumann and Takahashi, 2007). Therefore, both approaches will provide in-depth
understanding of the physiological and pathological roles of various phagocytes and
improve our capability to modulate phagocytosis activity for disease therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Dual functional cloning
(A) Phage selection scheme. Dual functional cloning consists of phagocytosis-based
functional selection with D407 RPE cells and receptor-based affinity selection with
immobilized Mer-Fc. Four rounds of combined selections were performed. (B) Total phages
phagocytosed by D407 at each round were quantified by plaque assay. (C) Total phages
bound to Mer-Fc at each round were quantified. The control phage was included as a
negative control
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Fig. 2. Gal-3 stimulates RPE phagocytosis
(A) Gal-3 facilitates RPE phagocytosis of membrane vesicles. Gal-3-FLAG was expressed
in Neuro-2a cells. mGFP-labeled membrane vesicles were prepared from Gal-3-expressing
Neuro-2a cells or control cells and analyzed for RPE phagocytosis in D407 cells.
Phagocytosed vesicles were analyzed by confocal microscopy. Multiple z-stack images were
analyzed, and only the intracellular z-stacks with the highest DAPI signals were used to
analyze the phagocytosed membrane vesicles. However, because DAPI blue signals
interfere with the visual perception of GFP signals (Caberoy et al., 2010a), only GFP signals
are shown here. Bar = 10 µm. (B) Relative fluorescence intensity per cells in (A) was
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quantified in more than 100 cells per group (± s.e.m.; n>100; t-test). (C) Purified Gal-3
stimulates RPE phagocytosis. Control membrane vesicles were prepared from mGFP-
expressing Neuro-2a cells and analyzed for RPE phagocytosis in D407 cells in the presence
or absence of GST-Gal-3 and lactose. The surface-bound membrane vesicles were removed
with trypsin treatment, followed by washing and flow cytometric quantification. FSC;
forward scatter (to eliminate surface-bound unphagocytosed cargos).
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Fig. 3. Gal-3 facilitates macrophage phagocytosis
(A) Gal-3 promotes macrophage phagocytosis of apoptotic cells. Healthy or apoptotic Jurkat
cells were labeled with CFSE, washed and incubated with J774 macrophage cells in the
presence or absence of Gal-3 (200 nM). The phagocytosis of Jurkat cells was analyzed by
confocal microscopy. The intracellular z-stack confocal images of CFSE and DAPI were
superimposed with the cognate bright fields to reveal phagocytosed Jurkat cells. (B)
Percentage of macrophages with phagocytosed apoptotic cells in (A) were quantified (±
s.e.m.; n>20; t-test). (C) Macrophage phagocytosis of apoptotic cells in the presence or
absence of Gal-3 and lactose was performed as in (A) and analyzed by flow cytometry.
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Macrophages were labeled with APC/Cy7-anti-CD11b mAb. (D) Gal-3 stimulates
macrophage phagocytosis of membrane vesicles. Gal-3-mediated phagocytosis of membrane
vesicles by J774 cells was performed, as described in Fig. 2A. (E) Relative fluorescence
intensity per cell in (D) was quantified in more than 100 cells per group (± s.e.m.; n>100; t-
test). Bar = 10 µm.
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Fig. 4. Gal-3 is a MerTK-specific ligand
(A) Co-immunoprecipitation of Gal-3-FLAG and Mer-Fc. Gal-3-FLAG or GFP-FLAG
control was expressed in Neuro-2a cells. Cell lysates were prepared and incubated with Mer-
Fc, followed by protein A-agarose beads. After washing, the beads were analyzed by
Western blot using anti-FLAG mAb. (B) Co-immunoprecipitation of GST-Gal-3 and Mer-
Fc. Purified GST-Gal-3 fusion protein or GST control was incubated with Mer-Fc, co-
immunoprecipitated as described above and analyzed by Western blot using anti-GST mAb.
(C) Gal-3 activates MerTK with receptor autophosphorylation. J774 and D407 cells were
incubated with GST-Gal-3 or GST control (200 nM). MerTK was co-immunoprecipitated
and detected by Western blot using anti-phospho-MerTK and anti-MerTK Abs. Gas6 (50
nM) was included as a positive control. (D) mGFP-labeled Neuro-2a membrane vesicles
were incubated with purified GST-Gal-3 (200 nM), washed to remove unbound Gal-3 and
analyzed for RPE phagocytosis in the presence or absence of excessive Mer-Fc (1 µg/ml).
Gal-3 was capable of associating with the membrane vesicles and stimulating RPE
phagocytosis. Mer-Fc blocked Gal-3 stimulation of RPE phagocytosis. Bar = 10 µm. (E)
Relative fluorescence intensity per cells in (D) was quantified in more than 100 cells per
group (± s.e.m.; n>100; t-test).
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