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CD300a is an immunoreceptor tyrosine-
based inhibitory motif (ITIM) containing
molecule that belongs to the CD300 fam-
ily of paired activating/inhibitory recep-
tors. It has been shown that its ligation
inhibits activation signals on cells of both
myeloid and lymphoid lineages. The
ligands for CD300a have not been identi-
fied. Here, we show that a CD300a-Ig
fusion protein specifically binds to apo-
ptotic cells that are evolutionary apart,
such as human and insect cells, suggest-

ing that the ligand has to be conserved.
Using surface plasmon resonance, ultra-
centrifugation, ELISA, and reporter cell
assays,weidentifiedphosphatidylethanol-
amine (PE) and phosphatidylserine (PS),
2 phospholipids that translocate to the
outer leaflet of the plasma membrane of
dead cells, as the ligands for CD300a.
Mutational and structural modeling stud-
ies identified residues that are involved in
the binding of CD300a to PE and PS and
that form a cavity where the hydrophilic

heads of PE and PS, can penetrate.
CD300a down-regulates the uptake of ap-
optotic cells by macrophages and its ecto-
pic expression in CD300a-negative cell
lines also decreased the engulfment of
dead cells. Collectively, our results indi-
cate that PE and PS are ligands for
CD300a, and that this interaction plays an
important role in regulating the removal
of dead cells. (Blood. 2012;119(12):
2799-2809)

Introduction

A rising number of publications have described the diversity of
paired activating and inhibitory cell surface molecules.1,2 The
human CD300 family of receptors has 7 members and all of them
have an extracellular immunoglobulin (Ig)V-like domain.3 The
activating members of this family have a short intracellular tail and
associate with immunoreceptor tyrosine-based activation motif
(ITAM)–containing adaptor proteins, such as DAP12 and Fc�RI�,3,4

whereas the inhibitory members have a long intracellular tail that
carry immunoreceptor tyrosine-based inhibitory motifs (ITIM).3,5

This multi-gene family is clustered on human chromosome 17 and
they are expressed on cells of both lymphoid and myeloid
lineages.3

The gene encoding CD300a has undergone a very significant
positive selection, suggesting an essential requirement for the host
to evolve and maintain its function.6 CD300a is broadly expressed
across different cell types including natural killer (NK) cells,
T cells, B cells, neutrophils, plasmacytoid dendritic cells, mast
cells, and eosinophils, among others.3,7-10 The cytoplasmic tail
contains 3 classic and one nonclassic ITIM. Thus far, CD300a has
been shown to function as an inhibitory receptor. For instance, the
ligation of CD300a decreased NK cytotoxic activity,5,11 inhibited
IgE-mediated degranulation of mast cells,8 B-cell receptor (BCR)
and T-cell receptor (TCR)–mediated signaling,10,12 reduced Fc�RIIa-
triggered reactive oxygen species (ROS) production in human
neutrophils,7 and suppressed the effects of eotaxin, IL-5, and
granulocyte macrophage colony-stimulating factor (GM-CSF) on
human eosinophils.13

A single nucleotide polymorphism (SNP) that encodes for a
nonsynonymous mutation in the IgV-like domain of CD300a has
been linked to psoriasis susceptibility.14 Moreover, CD300a has
been proposed as a biomarker that can differentiate ulcerative
colitis from Crohn disease and noninflammatory diarrhea,15 and for
the detection of minimal residual disease in acute lymphoblastic
leukemia.16 We have also published that B cells of HIV-infected
patients express significantly lower levels of CD300a compared
with healthy donors, which suggests a potential role for this
immunomodulatory receptor in the B-cell dysfunction observed
during HIV infection.12 Furthermore, in vivo studies with bispecific
antibodies in mice have shown that ligation of CD300a is capable
of reversing airway inflammation and tissue remodeling in a model
of asthma,17 abrogating IgE-mediated allergic reactions18 and
hampering stem cell factor (SCF) induced anaphylaxis.19 Alto-
gether, these publications highlight, not only the clinical relevance
of the CD300a receptor, but also the potential for targeting this
molecule for therapeutic purposes.

Despite the intense interest in CD300a, identification of the
ligand has remained elusive. In this study, using biochemical, in
vitro biologic, and structural modeling analysis, we demonstrate
that the aminophospholipids phosphatidylserine (PS) and espe-
cially phosphatidylethanolamine (PE) are the natural ligands for
CD300a. The relevance and significance of the interaction between
CD300a and PE/PS is demonstrated by the role of this receptor in
modulating the engulfment of dead cells, which express these
aminophospholipids in the outer leaflet of the plasma membrane.
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Methods
Ig fusion proteins

The CD300a-Ig fusion protein and the previously described leukocyte-
associated Ig-like receptor (LAIR)–1-Ig20 were isolated from the culture
supernatants of transiently transfected HEK293 cells using protein-
A-Sepharose columns (Amersham Biosciences). The purified proteins were
dialyzed in PBS and further processed for conjugation with Alexa Fluor
488 using a monoclonal antibody labeling kit (Molecular Probes; Invitro-
gen). CD300a-Ig mutants were made using QuikChange site-directed
mutagenesis kit (Stratagene). All constructs were sequenced to confirm
their identities.

Flow cytometric analysis and cell binding assays

Flow cytometric experiments were performed in a FACSCalibur or LSRII
(BD Biosciences) flow cytometers. Data were analyzed using FlowJo
Version 9.4 software (Tree Star). For determination of CD300a expression
on macrophages, cells were first blocked with 5% human serum for
15 minutes and then stained with anti-CD300a PE antibody (Beckman
Coulter) and anti-CD14 PE-Cy7 (eBioscience). Isotype controls were used
as negative control.

Blood samples from healthy donors were collected under an institu-
tional review board-approved protocol at the Department of Transfusion
Medicine at the National Institutes of Health (NIH). Peripheral blood
mononuclear cells (PBMCs) were isolated from buffy coats by gradient
centrifugation and were starved for 20 hours in PBS at 4°C. For the binding
analysis of Ig fusion proteins, starved PBMCs (5 � 105) were blocked
with PBS containing 5% human serum for 15 minutes at room tempera-
ture (RT). Cells were washed once and incubated with binding buffer
(10mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid [HEPES]
pH 7.4, 140mM NaCl, 2.5mM CaCl2, and 2mM MgCl2) for 15 minutes at
RT. The cells were washed once with binding buffer and incubated with
Alexa Fluor 488–conjugated Ig fusion proteins. After 45 minutes, cells were
washed twice with wash buffer (PBS containing 1% of FCS) and
resuspended in PBS for flow cytometric analysis. When mentioned, cells
were also stained with annexin V–APC (eBiosciences) and propidium
iodide or 7-AAD (Beckman Coulter) to differentiate between dead and live
cells. In some experiments the dead population was differentiated using the
live/dead cell labeling kit (Molecular Probes; Invitrogen). Binding assays
were also performed on dexamethasone DT40 treated cells and starved Sf-9
insect cells.

To investigate the role of divalent cations in the binding of CD300a-Ig
to dead cells, starved PBMCs were pretreated with 5mM ethylenediaminetet-
raacetic acid (EDTA) or ethylene glyco-bis(b-aminoethyl ester)-N,N,N�,N�-
tetraacetic acid (EGTA) for 15 minutes at RT, and then binding assays were
performed as previously described. In certain experiments, an indirect
binding assay was performed; first, cells were incubated for 45 minutes with
unlabeled Ig fusion proteins. After the incubation, extensive washes were
performed and a secondary detection reagent, anti–human Ig FITC was
added, and cells were further incubated for 30 minutes. After that, cells were
again washed and resuspended in PBS for acquisition in the flow cytometer.

In blocking experiments, starved PBMCs were blocked with 5% human
serum and then were preincubated with unlabeled MFG-E8 and duramycin
at 4 different concentrations of MFG-E8 (2.5-20 �g/mL) and duramycin
(0.125-1�M) for 45 minutes at RT. The cells were washed twice and then
stained with CD300a-Ig conjugated to Alexa Fluor 488 for 40 more
minutes. Then cells were washed and resuspended in PBS before acquisi-
tion in the flow cytometer.

Cell isolation, macrophage cell culture, and siRNA knockdown

PBMCs were isolated from buffy coats by Ficoll-Hypaque gradient
centrifugation. Macrophages were differentiated from monocytes obtained
by either positive selection using CD14 cell isolation kit (Miltenyi) or by
allowing the PBMCs to adhere on the cell culture dishes for 2 hours at 37°C.
The nonadherent cells were washed thoroughly with serum-free medium
and then cultured in differentiation media: Iscove modified Dulbecco media
(IMDM� Glutamax) supplemented with 10% human AB serum, 2mM

Glutamine, 1% Na-pyruvate, 1% nonessential amino acid (NEAA), and
50 ng/mL of recombinant human M-CSF (R&D Systems). The media was
replaced 2 to 3 times during the differentiation period. After 7 to 10 days of
culture, monocytes were differentiated into macrophages.

Monocyte-derived macrophages were washed with PBS and detached
from the cell culture plates by treating them with Accutase (Innovative Cell
Technologies) for 30 minutes at RT. After the treatment, cells were washed
and subjected to the siRNA transfection (300nM) according to the
manufacturer’s protocol using the Amaxa human macrophage nucleofector
kit (Lonza). The nontarget and CD300a siRNA pool were obtained from
ThermoScientific (Dharmacon). After 24 hours of the transfection with
siRNA the cells were replaced with fresh medium and approximately 16 to
20 hours later the surface expression of CD300a was determined using flow
cytometry and the phagocytosis assay was performed.

Phagocytosis assay

Plated cultured macrophages were collected after treatment with accutase
for 30 minutes at RT and then replated in a 24-well plate at 2 � 105/well.
They were allowed to adhere back at 37°C for at least 1 hour. DT40 cells or
mouse thymocytes (from C57BL/6 mice) were incubated with 10�M
dexamethasone (Sigma-Aldrich) in serum free RPMI 1640 for 4 to 6 hours
to induce apoptosis. Cells were washed and cell death was confirmed by
staining with annexin V and 7-AAD. Apoptotic DT40 cells or thymocytes
were labeled with PKH67 and PKH26 (Sigma-Aldrich), respectively. When
mentioned, the apoptotic cells were blocked with 10% human serum
containing medium for 10 minutes at RT and then preincubated with
Ig-fusion proteins at 15 �g/mL concentration or annexin V (5 �g/mL) for
30 to 40 minutes at RT. Labeled dexamethasone-treated thymocytes
(6 � 105/well) or DT40 cells (6 � 105/well) were added to the macro-
phages. After 30 minutes of incubation the wells were washed using 0.05%
Trypsin-EDTA (Invitrogen) and the cells were harvested using accutase.
Preliminary experiments with the ImageStream System (Amnis Corpora-
tion) showed that the flow cytometry based method for the phagocytosis
assay only detects engulfed cells and not adhered cells (data not shown).
Collected cells were stained with PE-Cy7 conjugated anti-CD14 and
analyzed by flow cytometry. The rate of phagocytosis was expressed as the
percentage of CD14� cells that are positive for PKH67 (DT40) or PKH26
(thymocytes) staining.

Mouse fibroblast L929 cells were stably transfected with either an
empty vector (pcDNA3.1) or a vector encoding human CD300a. Cells were
plated in a 12-well plate (5 � 105 cells/well) and incubated for 20 hours
before the phagocytosis assay. Thymocytes isolated from the C57BL/6
mice were treated with 10�M dexamethasone for 5 hours at 37°C, labeled
with PKH26, washed and added to the L929 cells at a ratio of 3:1. After
1 hour of incubation the cells were harvested and washed with Trypsin-
EDTA and analyzed by flow cytometry.

Statistical analysis

Data were analyzed using GraphPad Prism Version 5 software and plotted
as bar graphs or scatter plots. Comparisons were made with the 2-tailed
t test with 99% confidence interval and the 2-way ANOVA. P � .05 was
considered significant (* P � .05, **P � .01, ***P � .001).

Supplemental methods

For details on manufacturing of phospholipid liposomes, surface plasmon
resonance (SPR) analysis, structural modeling, sedimentation assay, ELISA,
and reporter cell assay, see supplemental Methods (available on the
Blood Web site; see the Supplemental Materials link at the top of the
online article).

Results
CD300a predominantly binds dead cells

To identify the ligand of CD300a, we generated an Fc fusion protein
containing the extracellular domain of CD300a (CD300a-Ig). We
tested the binding of CD300a-Ig to starved PBMCs and we
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observed, as determined by flow cytometric analysis, that CD300a-Ig
predominantly binds to cells with low forward scatter (FSC) and
low side scatter (SSC), whereas the negative control fusion protein
LAIR-1-Ig did not (Figure 1A). Because low FSC and SSC are
features of dead cells, we resolved to further confirm that CD300a-Ig
binds to cells undergoing apoptosis. Starved peripheral blood
lymphocytes (PBLs) were labeled with annexin V and 7-AAD, and
the binding of CD300a-Ig to live cells (annexin V� 7-AAD�), early
apoptotic cells (annexin V� 7-AAD�) and late apoptotic/necrotic
cells (annexin V� 7-AAD�) was determined. The results in Figure
1B show that CD300a-Ig predominantly binds to dead cells, with
higher intensity to late apoptotic/necrotic cells, whereas live cells
barely bind CD300a-Ig. Next, we determined if human CD300a
binds the dead cells from other species. Our results clearly show
that CD300a-Ig still is capable of binding dead cells of evolution-
ary distant species, such as chicken and fly (Figure 1C).

CD300a specifically binds PE and PS

Apoptotic cells are characterized by dynamic changes on the cell
surface, including the loss of membrane phospholipid asymmetry,

which is one of the mechanisms leading to phagocytic recogni-
tion of dead cells.21-23 In normal cells, PC and sphingomyelin are
the main phospholipids of the outer leaflet of the plasma
membrane, whereas PS and PE reside in the inner leaflet21;
however, from the early stages of apoptosis, cells expose PS and
PE in the outer leaflet of the plasma membrane.21,24-26 The
exposure of PS is the best characterized, and one of the most
important, “eat-me” signals of apoptotic cells leading to their
engulfment by phagocytes.22,23

Because our results (Figure 1) suggest that the ligand of
CD300a must be evolutionary conserved, we tested the possibility
that CD300a binds lipids that are exposed by the outer leaflet of the
plasma membrane of dead cells. First, we determined whether a
metal ion is required for the binding of CD300a-Ig to dead cells, as
is the case for the binding of annexin V, TIM-3, and TIM-4 to its
ligand PS.27-29 Our results show that in the presence of the divalent
cation chelators EDTA and EGTA the binding of CD300a-Ig is
abrogated (Figure 2A), which indicates that an ion, probably Ca2�,
is required for the binding of CD300a to its ligand. Next, we
performed SPR experiments to directly assess the binding of

Figure 1. CD300a-Ig binds to dead cells. (A) Human starved PBMCs from a healthy donor were labeled with Alexa Fluor 488 (AF488)–CD300a-Ig (empty histograms) or
control AF488-LAIR-1-Ig (filled histograms). Three groups of cells were electronically gated based in their forward scatter (FSC) and side scatter (SSC). Data shown are
representative of at least 5 experiments. (B) Starved PBLs from a healthy donor were stained with allophycocyanin (APC) annexin-V, 7-AAD, AF488-CD300a-Ig, or control
AF488-LAIR-1-Ig. The binding of AF488-CD300a-Ig (empty histograms) and AF488-LAIR-1-Ig (filled histograms) was determined on live (annexin-V�7-AAD�), early apoptotic
(annexin-V�7-AAD�) and late apoptotic/necrotic (annexin-V�7-AAD�) cells. Data shown are representative of at least 5 independent experiments. (C) Dexamethasone-
treated DT40 chicken B cells (top panel) and serum starved Sf-9 insect cells (bottom panel) were either unlabeled or labeled with 7-AAD, AF488-CD300a-Ig or control
AF488-LAIR-1-Ig and analyzed by flow cytometry. Data shown are representative of 2 independent experiments.
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CD300a to lipids. The SPR experiments were intended as an
orthogonal method to search for binding partners of CD300a. We
used the resonance unit (RU) values as a yes/no answer to
CD300a-phospholipid interactions. The sensograms for the interac-
tion of PE, PS, and PC-containing liposomes to CD300a-Ig at
different concentrations are shown in supplemental Figure 1. We
immobilized liposomes onto an L1 sensor and determined the
binding of CD300a-Ig to them. The results in Figure 2B show that
CD300a-Ig specifically binds to immobilized liposomes containing
PS, although it does not bind liposomes containing phosphatidyl-
glycerol (PG), phospatidylinositol (PI) purified from liver, or
liposomes containing PC alone. PE is another phospholipid that is
exposed on the outer leaflet of apoptotic cells.24,25 This aminophos-
pholipid is synthesized by 2 independent pathways, and in one of
them, PS, is converted to PE by a PS decarboxylase.26 Conse-
quently, we tested the ability of CD300a-Ig to bind immobilized

PE-containing liposomes. Our results show that CD300a-Ig exhib-
ited a higher binding for immobilized PE containing liposomes
than immobilized PS-containing liposomes (Figure 2B). The
negative control LAIR-1-Ig did not show binding to any of the
immobilized liposomes. Next, we performed SPR analysis immobi-
lizing CD300a-Ig, and the negative control LAIR-1-Ig, to a CM5
sensor (Figure 2C). Results confirmed the specific binding of PE
and PS, in a dose-dependent manner, containing liposomes to
CD300a-Ig, whereas liposomes containing only PC or PC plus PG
or PI purified from liver did not show any binding. In this system,
PE also showed a higher level of binding to CD300a-Ig than PS.

We have also analyzed the association of CD300a-Ig to PE and
PS liposomes using a sedimentation assay (Figure 2D). In this
assay, the complexes formed by liposomes and proteins are
localized in the pellet fraction, whereas the proteins that are not
associated with liposomes remain in the supernatant fraction. Our

Figure 2. Binding and association of CD300a-Ig to PE and PS. (A) Starved PBMCs from healthy donors were left untreated (alone) or preincubated with 2 different divalent
cation chelators (EDTA and EGTA). The binding of LAIR-1-Ig or CD300a-Ig to the 7-AAD positive cells was assessed and the mean fluorescence intensity (MFI) values are
plotted. Data shown is representative of 3 independent experiments. (B) Liposomes of specified compositions (x-axis) were prepared and coupled to a L1 biosensor. See the
supplemental Methods for specifics of liposome composition. The binding of LAIR-1-Ig (white bars) and CD300a-Ig (black bars) was analyzed by allowing the proteins to pass
through the L1 sensor. The binding (resonance units or RU) for plateau values is shown. The RU are plotted after subtracting from the buffer control. Bar graph represents the
average 	 SEM. Results shown are from 8 independent experiments. (C) LAIR-1-Ig and CD300a-Ig were immobilized onto a CM5 sensor and a series of liposomes with
different compositions (x-axis) were allowed to pass through the sensor and the binding analysis of liposomes to proteins was analyzed. See supplemental Methods for
specifics of liposome composition. The binding (RU) for plateau values is shown. The RU are plotted after subtracting from the buffer control. Bar graph represents the
average 	 SEM. Results shown are from 2 independent experiments. (D) Liposomes of different compositions were incubated with CD300a-Ig fusion protein and allowed to
associate. After 40 minutes of incubation the supernatants (S) and pellet (P) fractions were separated by ultracentrifugation and analyzed by sodium dodecyl sulfate
(SDS)–polyacrylamide gel electrophoresis (PAGE) analysis. The prestained protein markers (M) are also represented on the protein gel. Data shown are representative of
3 independent experiments.
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results show that CD300a-Ig is in the pellet fraction when it is
associated with PE and PS-containing liposomes, but absent when
liposomes are made only with PC or they are not present (Figure
2D). The negative control protein LAIR-1-Ig did not appear in the
pellet fraction in any condition (data not shown). Altogether, these
results indicate that PS, and especially PE, are the ligands for the
immunomodulatory receptor CD300a.

To further prove that there is a specific binding of CD300a to PE
and PS, we performed blocking experiments (Figure 3). First, we
show that binding of CD300a-Ig to dead cells is blocked in a dose-
dependent manner in the presence of MFG-E8, a PS-binding molecule30

(Figure 3A), and in the presence of duramycin, a 19 aminoacid
peptide that binds PE31 (Figure 3B). Finally, and using the same
SPR technology, we showed that annexin V, another PS-binding
molecule,28 blocks the binding of CD300a-Ig to immobilized
PS-containing liposomes (Figure 3C) and that duramycin blocks
the binding of CD300a-Ig to immobilized PE containing liposomes
(Figure 3D).

Identification of residues involved in the binding of CD300a to
PE and PS

T-cell immunoglobulin and mucin (TIM)–1, TIM-3, and TIM-4
have been identified as receptors for PS.27,32,33 The crystal struc-
tures of the TIM-3 and TIM-4 proteins complexed with PS were
previously described.27,29 The structures revealed a metal ion-

dependent ligand-binding site in the IgV-like domain of these
receptors. A narrow cavity is shaped by the CC� loop and the
hydrophobic FG loop that allows the access of the hydrophilic head
of PS that coordinates with the metal ion, whereas the aromatic
residues on the tip of the FG loop interacted with the fatty acid
chains. The WFND (Trp Phe Asn Asp) motif, which is conserved
between the TIM proteins that bind PS, is very important for
binding to this aminophospholipid. The residues Asn and Asp from
the WFND motif coordinate the cation in the TIM-4 structure
complexed with PS, and the aromatic residues Trp and Phe at the
tip of the FG loop build the binding pocket.29 Sequence comparison
of the IgV-like domains of TIM-1 and TIM-4 sequences with the
IgV-like domain of CD300a showed that in the latter the motif is
WLRD (Trp Leu Arg Asp), which is similar to the WFND motif
present in the TIM molecules (Figure 4A). Mutational analysis of
the WLRD residues show that they play an important role in the
binding of CD300a-Ig to dead cells (Figure 4B), echoing the
importance of the WFND motif in TIM-4 for binding to PS.29

To further identify residues that may be involved in the binding
of PE and PS, a molecular model of CD300a was generated based
on the crystal structure of TIM-4 complexed with PS (Figure 4C).
The overall structure of the model is similar to the crystal structure
of CD300a34 (pdb id:2Q87) in the absence of ligands. The positions
of the FG and CC� loops were modeled to reflect the conformation
of the corresponding loops in the TIM-4-PS complex (pdb id:

Figure 3. Blocking experiments of CD300a-Ig binding to dead cells and liposomes. Starved PBMCs from healthy donors were preincubated with increasing
concentrations of MFG-E8 (A) and duramycin (B). Then, the binding of Alexa Fluor 488 (AF488) CD300a-Ig to the 7-AAD positive cells was assessed and the percentage
change in CD300-Ig binding as a function of different concentrations of MFG-E8 (A) and duramycin (B) is shown. Each bar graph is a representative example of 2 independent
experiments. Blocking of CD300a-Ig binding to PS and PE containing liposomes by annexin V (C) and duramycin (D) is shown. The detailed procedure is described in
supplemental Methods. The y-axis indicates the strength of binding by proteins to the immobilized liposomes on the L1 chip. The 1-headed arrows correspond to the reagents
added as specified in the graph. The double-headed arrows indicate the binding ability of the proteins specified as RU. Note that the data points for the complete dissociation
curve after the injection of NaCl plus EDTA have been removed. The data are a representative of 2 independent experiments.
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3BIB), thereby creating the metal ion and phospholipid binding
sites. The metal ion and a molecule of PS were placed in positions
corresponding to those in the ligand-bound TIM-4 structure. Three
Asp residues in the FG loop show the potential for interaction with
either the metal ion or PS. The side chain of Asp 89 is positioned to
form a hydrogen bond/salt bridge with the amino group of the PS
molecule, and corresponds to Glu 93 of TIM-4. Asp 95 is in
position to coordinate the metal ion, and Asp 98 is positioned
nearby and could also be involved in an interaction with either the
PS ligand or the metal ion. The position of Asp 95 in the model is
similar to that of Asn 99 in TIM-4. Asp 100 in TIM-4 coordinates
the metal ion and it is possible that Asp 98 in CD300a plays the
same role, but this would require a change in loop conformation in
the model. It does not seem probable that both Asp 95 and Asp 98

participate in metal ion binding. In the TIM-4 complex, the
carboxyl group of PS forms a hydrogen bond with the backbone
amide group of Lys 41 of the CC� loop, whereas in the CD300a
model the backbone carbonyl group of Phe 39 serves this function.
The structure of the PE complex was modeled by removing the
carboxyl group from PS. This results in loss of the hydrogen bond
with Phe 39 (Lys 41 in TIM-4) of the CC� loop.

To validate our structural model of CD300a complexed with
PE and PS, we made mutations to analyze their effect on binding
(Figure 4D). Results show that mutation of Asp 89 (D89A), that
forms a hydrogen bond/salt bridge with the amino group of PE and
PS, abolished the binding of CD300a-Ig to dead cells. The
substitution of Asp 95, which according to our model coordinates
the metal ion, for Ala (D95A) also abolished the binding of

Figure 4. Modeling of CD300a structure complexed with PE and PS and mutational studies. (A) Alignment of human CD300a and human TIM-1 and TIM-4. The extra
cellular domains of the CD300a receptor and the Ig-V like domain of TIM-1 and TIM-4 were aligned using the multiple sequence alignment program “CLUSTALW.” The yellow
box highlights the WFND motif of the TIM proteins and the correspondent WLRD motif in CD300a. The residues in green and numbered in blue were shown to have potential for
binding to PE and PS according to the model presented in (C). (B) Binding analysis of CD300a-Ig mutant proteins to dead PBLs. Purified CD300a-Ig mutants were incubated
with starved PBLs and their binding to 7-AAD� PBLs after adding anti-human Ig FITC was determined by flow cytometry. LAIR-1-Ig was used as a negative control protein.
Numbers in the dot plots are the percentage of 7-AAD� PBLs that bind the fusion proteins. A representative experiment is shown (top panel). Bar graph represents the
average 	 SEM. Results shown are from 3 independent experiments (bottom panel). (C) Modeling of CD300a IgV-like domain structure complexed with PS (green, top panel)
and PE (blue, bottom panel). The aminophospholipids (PS and PE) and the divalent metal ion calcium (Ca2�), in violet, are embedded into the CD300a structure. The dotted red
lines represent the bonds, with and without coordination by the metal ion calcium (Ca2�), between the aminoacids in CD300a and PS or PE. (D) Binding analysis of CD300a-Ig
mutant proteins to dead PBLs. The residues proposed to bind Ca2� or directly to PE and PS according to the model described in (C) were mutated and the Ig-fusion proteins
were tested for the binding to the dead PBLs. Purified CD300a-Ig mutants were incubated with starved PBLs and their binding to 7-AAD� cells after adding anti–human Ig FITC
was determined by flow cytometry. LAIR-1-Ig was used as a negative control protein. Numbers in the dot plots are the percentage of 7-AAD� PBLs that bind the fusion proteins.
Data shown is a representative of 3 independent experiments.
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CD300a-Ig to dead cells. Mutation of Arg 94 (R94A) has no effect
on the binding of CD300a-Ig to dead cells, which suggests that the
loss of binding in the double-substitution of Arg 94 and Asp 95 for
Ala residues (RD/AA) is exclusively because of the essential role
of Asp 95 (Figure 4B). Although according to our model Asp
98 does not seem to participate in the metal ion binding, we also
mutated this residue for Ala (D98A), because Asp 98 in CD300a is
the equivalent of Asp 100 in TIM-4, where it coordinates the metal
ion binding. Our results show that Asp 98 is also important for the
binding of CD300a-Ig to dead cells (Figure 4D), to immobilized PE
and PS-containing liposomes, and to purified PE and PS (see the
next paragraph). These results may be explained by the fact that
substitution of Asp 98 for Ala may disrupt the conformation of the
FG loop. Obtaining the crystal structure of the IgV-like domain of
CD300a complexed to PE and PS will clarify this issue. Finally, the
mutation of Phe 39 for Ala (F39A) resulted in a decrease in the
binding of CD300a-Ig to dead cells. This can be explained by the
fact that Phe 39 forms a hydrogen bond with the carboxy group of
PS that is absent in PE, and therefore the hydrogen bond is not
required. We propose that the observed binding of CD300a-Ig
F39A to dead cells is mostly because of the interaction with PE,
rather than PS, expressed on the surface of apoptotic cells.

A SNP that encodes for the nonsynonymous substitution R94Q
in the IgV-like domain of CD300a has been linked to psoriasis
susceptibility.14 We investigated whether this clinically important
Gln substitution impacts the binding of CD300a to its ligands. Our
results show that CD300a-Ig R94 binds better to dead cells than
CD300a-Ig Q94 (Figure 5A). SPR analysis show that CD300a-Ig
Q94 barely binds to immobilized PS-containing liposomes, whereas
the binding to immobilized PE-containing liposomes is reduced to
one third compared with the binding of CD300a-Ig R94 (Figure
5B). The negative control LAIR-1-Ig and the mutant CD300a-Ig
D98A do not bind to immobilized PE and PS-containing liposomes.
Finally, in ELISA experiments, we measured the binding of several

CD300a-Ig proteins to purified PE and PS immobilized on a plate
(Figure 5C). Results show that CD300a-Ig R94 binds both PE and
PS, the latter with lower affinity than the former. However,
CD300a-Ig Q94 shows a low affinity to PE and even lower to PS,
which confirms the results obtained with the SPR analysis. The
mutant CD300a-Ig D98A does not bind neither to PE or PS.
Altogether, these results suggest that the susceptibility to psoriasis
that is linked to the SNP that encodes for Gln 94 in the IgV-like
domain of CD300a is in part because of a change in the ability of
the receptor to bind its ligands.

CD300a inhibits the uptake of dead cells

Although many cell types can remove dead cells, professional
phagocytes such as macrophages, are the most efficient. This is
mainly because macrophages express many receptors that are
specific for ligands expressed on dead cells.22,23,35 We wanted to
know whether the CD300a receptor has a role in the phagocytosis
of apoptotic cells by macrophages. The human monocyte derived
macrophages that we have generated are positive for CD300a
cell-surface expression (Figure 6A). Accordingly, we tested the
engulfment of apoptotic cells in the presence of CD300a-Ig, or the
protein controls LAIR-1-Ig and annexin V. The presence of
CD300a-Ig resulted in a significant increase in the number of
phagocytosed dead cells by macrophages, whereas the presence of
the protein control LAIR-1-Ig had no effect (Figure 6B). When
annexin V was added to the assay we observed a small decrease in
the number of engulfed dead cells (Figure 6B), although not
statistically significant, which is in accordance with published
data.36 To rule out the possibility that the Fc portion of the
CD300a-Ig protein has some effect because of its binding to Fc
receptors expressed by macrophages, we performed phagocytosis
assays after efficiently knocking down CD300a with siRNA
technology (Figure 6C). The results presented in Figure 6D show

Figure 5. Impaired binding of CD300a-Ig Q94, a SNP
linked to psoriasis susceptibility. (A) Binding of
CD300a-Ig Q94 to dead PBLs. Purified CD300a-Ig pro-
teins were incubated with starved PBLs and their binding
to 7-AAD� cells after adding anti–human Ig FITC was
determined by flow cytometry. LAIR1-Ig was used as a
negative control protein. Numbers in the dot plots are the
percentage of 7-AAD� PBLs that bind the fusion proteins.
A representative experiment is shown. Bar graph repre-
sents the average 	 SEM. Results shown are from
5 independent experiments. (B) Binding of CD300a-Ig
proteins to liposomes. Liposomes of specified composi-
tions (x-axis) were prepared and coupled to a L1 biosen-
sor. See the supplemental Methods for specifics of
liposome composition. The binding of CD300a-Ig
R94 (wild-type), CD300a-Ig Q94 (SNP), CD300a-Ig D98A
(not binding mutant) and LAIR-1-Ig (negative control)
was analyzed by allowing the proteins to pass through
the L1 sensor. The binding (RU) for plateau values is
shown. The RU were plotted after subtracting from the
buffer control. Bar graph represents the average 	 SEM.
Results shown are from 2 independent experiments.
(C) Binding of CD300a-Ig Q94 to purified lipids. Amino-
phospholipids PE and PS were coupled to 96-well plates
as described in supplemental Methods. A sandwich
ELISA was performed with the Ig-fusion proteins at
different concentrations. The optical density at 450 nm
was determined. Data shown are representative of 2 inde-
pendent experiments.
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Figure 6. Inhibitory role of CD300a on the engulfment of dead cells. (A) Expression of CD300a on macrophages. Human monocyte derived macrophages were stained
with anti-CD14 PE-Cy7 and anti-CD300a PE and analyzed by flow cytometry. The quadrants in the dot plot were determined according to the binding of isotype negative control
antibodies (not shown). (B) Effect of CD300a-Ig on the phagocytic function of macrophages. PKH67 labeled dexamethasone treated DT40 cells were incubated with purified
proteins, that is, CD300a-Ig, LAIR-1-Ig, and annexin V, and then they were subjected to a phagocytosis assay as described in “Methods.” Macrophages, electronically gated by
the expression of CD14, that have ingested DT40 cells are positive for PKH67. A representative experiment is shown. Numbers in the dot plots represent the percentage of
macrophages that have engulfed dead DT40 cells. Bar graph represents the average 	 SEM. Results shown are from 5 independent experiments. (C) Histogram
representation of CD300a expression on macrophages after siRNA knockdown. The broken line histograms shown CD300a expression on nontransfected cells; the gray line
corresponds to the CD300a expression on cells transfected with nontarget siRNA (NT-siRNA); and the black line histogram shows CD300a expression after transfection with
siRNA specific for CD300a (CD300a-siRNA). Data shown is a representative of 6 independent donors. (D) Knockdown of CD300a increases the phagocytic activity of
macrophages. PKH26 labeled dexamethasone treated thymocytes were subjected to a phagocytosis assay with macrophages transfected with NT-siRNA or with
CD300a-siRNA. Macrophages, electronically gated by the FSC and SSC parameters that have ingested thymocytes are positive for PKH26. A representative experiment is
shown (left panel). Numbers in the contour plots represent the percentage of macrophages that have engulfed dead thymocytes. The graph represents the percentage of
macrophages that have engulfed (% of phagocytosis) dead cells (right panel). Each pair of symbols corresponds to a different donor. (E) L929 cells were stably transfected with
empty or CD300a vector. The histograms (top left panel) show the staining with anti-CD300a Ab of empty vector transfected cells (dotted black line) and CD300a transfected
cells (black line). The gray histogram represents unstained cells. L929 cells were mixed with PKH26 labeled dexamethasone treated thymocytes for 60 minutes, treated with
trypsin/EDTA to detach the cells, and analyzed by flow cytometry. L929 cells, electronically gated by the FSC and SSC parameters that have ingested dead thymocytes, are
positive for PKH26. A representative experiment is shown (bottom panel). Numbers in the dot plots represents the percentage of L929 cells that have engulfed dead
thymocytes. The graph represents the percentage of L929 cells that have engulfed (% of phagocytosis) dead cells (top right panel). Each pair of symbols corresponds to an
independent experiment. (F) Functional recognition of PE by CD300a. Levels of 
-galactosidase activity generated by culture of BWZ.36, BWZ.36 LAIR-1/CD3� (BWZ.36
LAIR-1), and BWZ.36 CD300a/CD3� (BWZ.36 CD300a) cells on uncoated plates or plates coated with isotype-control antibody, anti-CD300a antibody, PC, PS, or PE. The
lipids (PC, PS, and PE) were air-dried and the isotype controls and anti-CD300a antibodies were immobilized on a 24-well plate. Data shown is representative of 2 independent
experiments.
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that macrophages treated with siRNA specific for CD300a exhibit a
higher efficiency in the engulfment of apoptotic cells compared
with macrophages that have been treated with nontarget siRNA.
Altogether, these results indicate that CD300a negatively regulates
the uptake of dead cells by macrophages.

To completely rule out any role played by the Fc receptors, we
transfected the mouse fibroblast L929 cells with a plasmid encod-
ing human CD300a and analyzed the ability of the transfected cells
to phagocytose apoptotic thymocytes. The results show that
CD300a-expressing cells phagocytosed between 18%-35% less
apoptotic cells compared with control transfected L929 cells
(Figure 6E).

Finally, to further study the functional interaction between
CD300a and its ligands, we used the BWZ.36 T cell mouse
hybridoma reporter cell line transfected with a chimeric receptor
consisting of the human CD300a extracellular portion and human
CD3� transmembrane and intracytoplasmic portions (BWZ.36
CD300a cells). In Figure 6F, we show that CD300a is able to
functionally interact with PE, but not with PS. These results
suggest that the recognition of PE on the cell surface of dead
cells by CD300a delivers a signal that modulates the uptake of
apoptotic cells.

Discussion

In this report we identify PS, and predominantly PE, as the ligands
for the human ITIM-containing receptor CD300a. The role of PS
exposure by the outer leaflet of the plasma membrane and many of
its ligands has been extensively studied and several receptors
recognizing PS that deliver “eat-me” signals have been identi-
fied.22,23 Here we show for the first time that PE, an aminophospho-
lipid that is also exposed on the outer leaflet of the plasma
membrane of dead cells,24,25 has an important role in the processes
leading to the uptake of apoptotic cells through its recognition by
CD300a.

Our results show that CD300a binds late apoptotic/necrotic
cells that are characterized by a permeable plasma membrane to a
greater extent than early apoptotic cells (Figure 1B). This may be
explained by the higher levels of PE and PS exposed on the outer
leaflet of the plasma membrane and also by the possibility that the
CD300-Ig fusion protein may even be entering to the late necrotic/
apoptotic cells. We have studied the interaction of CD300a with PE
and PS using liposomes containing different combinations of
phospholipids. We show that PC:PS and PC:PE-containing lipo-
somes bind to CD300a, and that this binding is specific to PE and
PS, because liposomes that do not contain PE or PS do not bind to
CD300a. Our attempts to make usable pure PE, and PS, liposomes
have not been successful. This was not surprising because it is well
known that liposomes containing only PE (or PS) aggregate in the
presence of calcium (see Figure 2A for the importance of calcium
for binding CD300a-Ig to dead cells). However, when vesicles are
prepared using PE or PS in combination with PC, stable bilayers
are generated, thereby overcoming the problem of aggregation in
the presence of calcium.37 We have also studied the interaction of
CD300a with single pure phospholipids and we show a dose-
dependent binding of CD300a-Ig to pure PE and PS immobilized
on a plate. Furthermore, we have addressed the functional recogni-
tion of single phospholipids immobilized on a plate by reporter
cells expressing a CD300a-CD3� chimeric receptor (Figure 6F).
The results from the functional recognition differ somewhat from
what would have been expected from the binding of CD300a-Ig to

liposomes and single pure lipids, which suggestis that the particular
steric environment of the extracellular part of CD300a affects its
binding. Finally, our structural models in Figure 4C support the
binding of CD300a to PE and PS. Altogether, our results demon-
strate that CD300a binds PE and PS.

Very recently it has been published that mouse CD300-Ig
molecules are able to bind overlapping but distinctive patterns of
lipids immobilized on a plate.38 Interestingly, mouse CD300a, also
known as MAIR-I and LMIR1,39,40 was shown not to bind any
tested lipid, including PE and PS.38 The discrepancy between
mouse and human CD300a binding to phospholipids may be
explained by the lack of the WLRD motif and the Phe 39 in the
mouse CD300a. Our structural model and mutational studies have
demonstrated that those residues are involved in the binding of
CD300a to PE and PS (Figure 4).

Phagocytosis of dead cells is of fundamental importance to an
array of biologic responses, including tissue homeostasis, remodel-
ing, development, and resolution of inflammation, that are centered
in the immune system. It is a very complex and dynamic process
that is regulated by a multitude of positive and negative sig-
nals.22,23,41,42 It is well established that the recognition of PS on
apoptotic cells within tissues acts as an “eat-me” signal and drives
their engulfment. To date, multiple distinct PS-binding proteins
have been identified. Direct binding receptors include members of
the TIM family (TIM-1, TIM-3, and TIM-4),27,29,32,33 BAI1,43 and
Stabilin-2.44 In addition, soluble PS-binding molecules have been
identified, and these include MFG-E8,30 Gas6,45 protein S,46 and
annexin V.23,28 The latter is commonly used to detect PS on the
outer leaflet of the plasma membrane on apoptotic cells. In
addition, thrombospondins, CD36 and CD68 were suggested to be
capable of binding PS.23 Very recently we have published that
CD300f, another member of the CD300 family of receptors,
recognizes PS exposed on the outer leaflet of the plasma membrane
and can modulate phagocytosis.47 In this paper, we demonstrate
that CD300a binds PE and PS and inhibits the uptake of apoptotic
cells by macrophages and L929 cells (Figure 6). Our results have
strong potential to alter the existing “eat me” signal paradigm in
that during the death process, when cells expose PE they may
provide a “do not eat me yet” signal. This concept fits nicely with
the fact that essentially all immunologic responses are the result of
tipping the balance between inhibition and activation. The amount
of PE exposure is probably a dynamic process that depends on
many factors and would be a very interesting area of research to
pursue. Many others have described the expression of PE on the
outer leaflet of the plasma membrane of apoptotic cells.24-25

Our data, along with those from recent publications,38,47,48

which show that CD300 molecules bind lipids and that they are
involved in autoimmune processes, are portraying a picture where
the CD300 family of proteins is emerging as a sensing network that
would be receptive to signals from complex physiologic environ-
ments, such as those that occur during the engulfment of dead cells.
This complexity is further highlighted by differences in the
intracellular signaling cascades (ITIMs vs ITAMs), in the het-
erodimerization potential between different family members and in
their diverse pattern of cellular expression.3,4

Given that CD300a is expressed on cells from both myeloid and
lymphoid lineages,3 and that PS (and probably PE) is not only
exposed on apoptotic cells, but also in activated B cells49 and
T cells,47 and in monocytes,50 future studies addressing the role of
this receptor in modulating key immune functions, such as cell
mediated cytotoxicity and cytokine production, cell differentiation,
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inflammation, and phagocytosis during health and disease are also
warranted.
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