
CD300b regulates the phagocytosis of apoptotic cells
via phosphatidylserine recognition
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The CD300 receptor family members are a group of molecules that modulate a variety of immune cell processes. We show that
mouse CD300b (CLM7/LMIR5), expressed on myeloid cells, recognizes outer membrane-exposed phosphatidylserine (PS) and
does not, as previously reported, directly recognize TIM1 or TIM4. CD300b accumulates in phagocytic cups along with F-actin at
apoptotic cell contacts, thereby facilitating their engulfment. The CD300b-mediated activation signal is conveyed through
CD300b association with the adaptor molecule DAP12, and requires a functional DAP12 ITAM motif. Binding of apoptotic cells
promotes the activation of the PI3K-Akt kinase pathway in macrophages, while silencing of CD300b expression diminishes PI3K-
Akt kinase activation and impairs efferocytosis. Collectively, our data show that CD300b recognizes PS as a ligand, and regulates
the phagocytosis of apoptotic cells via the DAP12 signaling pathway.
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In both developing and mature multicellular organisms, large
numbers of apoptotic cells are continually generated and must
be cleared by neighboring cells or ‘professional’ phago-
cytes.1–4 If not properly cleared, they become necrotic,
pro-inflammatory and immunogenic, potentially leading to
the development of autoimmune diseases, such as systemic
lupus erythematous (SLE).5–8 Therefore, phagocytes pos-
sess sensing systems to facilitate the clearance of apoptotic
cells.1–3 Once guided to their location by diffusible ‘find me’
signals, phagocytes recognize apoptotic cells through their
display of characteristic cell surface molecules (‘eat me’
signals).4,7 The most common signal promoting phagocytosis
is the recognition of phosphatidylserine (PS), which when
exposed on the outer leaflet of the plasma membrane signals
phagocytes to engulf apoptotic cells.2 Multiple receptors for
PS exist on phagocytic cells, although not necessarily
simultaneously; these include stabilins,9,10 T cell Ig mucin
(TIM) 1 and TIM4,11,12 BAI1,13 MFGE8, which bridges PS to
integrin avb3,14 and Protein S and Gas6, which bridge PS to
TAM receptors.15 Recently, we and others demonstrated that
the CD300 family members, human and mouse CD300a,16,17

and mouse CD300f,18,19 also bind PS, and their expression
regulates apoptotic cell phagocytosis.

The CD300 family contains both activating and inhibitory
receptor members.20 CD300b has a short intracellular tail and
gains activation potential by association with DNAX activating
protein of 12 kDa (DAP12) or DAP10 adaptor molecules.21

CD300b is predominantly expressed on myeloid cells,
including neutrophils, macrophages and mast cells. Antibody
cross-linking of human and mouse CD300b has been shown

to induce the release of inflammatory cytokines from mast
cells.21 The ligand for CD300b remains a matter of debate.
A recent study found that a soluble form of CD300b, released
in response to Toll-like receptor ligation, recognizes unknown
ligands on the surface of macrophages, resulting in the
release of inflammatory cytokines.22 Others have identified
the PS-binding receptors TIM1 and TIM4 as endogenous
ligands for CD300b, but not PS itself.23

Here, we show that CD300b binds to PS, and recognizes
PS on TIM1 or TIM4 expressing cells rather than TIM1 or TIM4
alone. We found that CD300b promotes PS-dependent
apoptotic cell phagocytosis upon ectopic expression in cell
lines, without the need for additional PS receptors. In addition,
CD300b-mediated phagocytosis requires the association of
the adaptor protein DAP12 for effective signaling. Inhibition
of CD300b function by either anti-CD300b antibody treatment
or siRNA transfection significantly decreases macrophage-
dependent phagocytosis of apoptotic cells. Furthermore,
CD300b silencing in macrophages severely impairs the
apoptotic cell-induced phosphorylation of PI3K, Akt and Syk,
but not Erk. Thus, our data show that CD300b is an activating
receptor that has an important role in macrophage-mediated
clearance of apoptotic cells.

Results

CD300b binds phosphatidylserine in the absence of
TIM1 or TIM4. We analyzed the binding of recombinant
murine CD300b to phospholipids known to associate with
CD300 molecules16–19,24–26 by surface plasmon resonance
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(SPR), and found that CD300b-Fc bound to phosphatidyl-
serine (PS)-containing liposomes, but not those containing
phosphatidylcholine (PC), phosphatidylethanolamine (PE)
or ceramide (Figure 1a; Supplementary Figure 1). A control
protein, NITR-Fc,24 failed to bind to any liposomes
(Figure 1b). CD300b-Fc bound to PS-containing lipsomes
as indicated by the steady rise in Resonance Units (RU)
during analyte injection. This interaction was stable through
the washout phase. No significant binding to PC- or
PE-coated liposomes was observed, although some
deterioration of these biosensor surfaces during the washout
phase was noted.

PS is exposed on the cell surface during apoptosis.
To examine whether CD300b binds to apoptotic cells,
dexamethasone-induced apoptotic thymocytes were
simultaneously stained with CD300b-Fc and Annexin V.
CD300b-Fc specifically recognized Annexin Vþ apoptotic
thymocytes but not Annexin V� cells (Figure 2a). To confirm
whether CD300b binding to dead cells is dependent
on PS, apoptotic cells were pretreated with recombinant
unlabeled Annexin V to mask the exposed PS, and then
CD300b-Fc binding was analyzed. Annexin V pretreatment
significantly decreased the binding of CD300b-Fc in
a dose-dependent manner (Figure 2b). Moreover, the
binding of CD300b-Fc to apoptotic cells was inhibited
by preincubation with PS- but not by PE- or
PC-coated liposomes (Figure 2c), further supporting the
notion that CD300b binding to apoptotic cells requires the
recognition of PS. Because the binding of Annexin V
and other proteins to PS involves the presence of Ca2þ ,
we investigated whether CD300b binding to PS also
required a metal ion. Treatment with EDTA or EGTA
reduced the binding of CD300b-Fc to apoptotic cells,
indicating the requirement for Ca2þ (Figure 2d). These
findings demonstrate that PS is a direct and specific ligand
for CD300b.

CD300b binding to TIM1 and TIM4 depends on
phosphatidylserine. A previous report demonstrated that
CD300b recognized TIM1- or TIM4-expressing Ba/F3 cells.23

To investigate further the binding of CD300b to TIM1 and
TIM4, we generated TIM1- or TIM4-expressing Ba/F3 cell
lines. We confirmed that Annexin V, as well as CD300b-Fc,
bound to both cells but not EV-transduced cells (Figures 3a
and b; Supplementary Figures 2a and b), and that EDTA
treatment abolished that binding (Supplementary Figure 2c).
Interestingly, the CD300b-Fc binding or Annexin V staining
was significantly reduced when cells were pretreated with
recombinant unlabeled Annexin V (Figure 3c; Supplementary
Figure 2d). These findings suggest that the binding of
CD300b to TIM1- or TIM4-expressing cells was PS-depen-
dent. TIM1- or TIM4-expressing Ba/F3 cells are known to
capture PS-expressing exosomes;12 thus it is plausible that
CD300b does not bind TIM1 or TIM4 directly as previously
proposed,23 but rather associates with these proteins
indirectly through associated PS-containing exosomes, or
other PS-containing membrane fragments. With this line of
reasoning, we hypothesized that the binding affinity of
CD300b to TIM1- or TIM4-expressing Ba/F3 cells would
increase after the addition of PS-coated liposomes. To test

this possibility, biotin-labeled liposomes were incubated
with TIM1- or TIM4-expressing Ba/F3 cells. TIM1- or
TIM4-expressing cells bound 10-fold more PS liposomes
than EV-transduced control cells (Figure 3d; Supplementary
Figure 2e). Importantly, and consistent with our hypothesis,
addition of PS-coated liposomes caused an increase in
CD300b-Fc binding to TIM1- or TIM4-expressing cells, when
compared with EV-transduced cells or cells treated with PC-
coated liposomes (Figure 3e; Supplementary Figure 2f).
Thus, the observed binding of CD300b-Fc to TIM1 or TIM4 is
likely not direct, but occurs via bound PS-containing cell
fragments and/or exosomes. To address directly whether
CD300b recognizes TIM1, the interaction between TIM1 and
CD300b-Fc was analyzed by SPR in the presence or
absence of liposomes. Although the association level of
CD300b-Fc to TIM1 was similar to reactions containing the
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Figure 1 CD300b binds phosphatidylserine-containing liposomes. (a and b) PS
liposomes (DOPC/POPS at 4:1 ratio), PC liposomes (DOPC/POPC at 4:1 ratio) or
PE liposomes (DOPC/POPE at 4:1 ratio) were immobilized on a L1 biosensor.
Liposome binding was monitored in resonance units (RU) using 10 mg of CD300b-
Fc (a) or NITR-Fc chimera proteins (b). Binding was initiated at 60 s and the
washout (dissociation phase) begun at 240 s. Data are a representative of three
experiments

CD300b is a PS receptor that regulates phagocytosis
Y Murakami et al

1747

Cell Death and Differentiation



66 %4 %

0 0.1 0.3 1 3

NIT
R-F

c

NIT
R-F

c PC PEPBS PS

F
c-

fu
se

d 
pr

ot
ei

n
 b

in
di

ng
 (

M
F

I)

NIT
R-F

c

EGTA
EDTANT

NITR-Fc CD300b-Fc

A
nn

ex
in

 V

Fc-fused protein

100

101

102

103

104

CD300b-Fc 
+ PBS

CD300b-Fc 
+ Annexin V (3 µg) 

NITR-Fc

Fc-fused protein

%
 o

f M
ax

80

60

40

20

0

100

CD300b-Fc + PBS

NITR-Fc

Fc-fused protein

%
 o

f M
ax

80

60

40

20

0

100

CD300b-Fc + PS

CD300b-Fc + PC

CD300b-Fc + PE

CD300b-Fc

NITR-Fc

Fc-fused protein

%
 o

f M
ax

100 101 102 103 104

100 101 102 103 104

100 101 102 103 104

100 101 102 103 104100 101 102 103 104

80

60

40

20

0

100

CD300b-Fc 
+ EDTA

CD300b-Fc 
+ EGTA

***

*

Annexin V + CD300b-Fc

***

***

CD300b-Fc

CD300b-Fc

F
c-

fu
se

d 
pr

ot
ei

n
 b

in
di

ng
 (

M
F

I)
F

c-
fu

se
d 

pr
ot

ei
n

 b
in

di
ng

 (
M

F
I)

1000

800

600

400

200

0

2000

1500

1000

500

0

2000

1500

1000

500

0

CD300b is a PS receptor that regulates phagocytosis
Y Murakami et al

1748

Cell Death and Differentiation



NITR-Fc control protein (Figure 3f), CD300b-Fc binding to
TIM1 only occurred in the presence of PS- but not PC-coated
liposomes (Figure 3g). Taken together, our data suggest that
CD300b does not recognize TIM1 or TIM4 directly, but can
interact with these proteins indirectly through bound PS-
expressing cell fragments.

CD300b regulates the phagocytosis of apoptotic cells
through engagement of DAP12 and activation of the
PI3K signaling pathway. To investigate whether CD300b
mediates phagocytosis, CD300b- and/or DAP12-encoding
lentiviruses were used to transduce L929 fibroblasts. L929
cells are endogenously deficient in the expression of the
majority of PS receptors, like CD300b, CD300f, TIM1, TIM4,
BAI1 or Stabilin2, which are only detectable upon transfec-
tion (Supplementary Figures 3a and b). However, L929 cells
express low levels of Axl and MerTK, which likely are
responsible for the observed baseline of apoptotic cell
phagocytosis (Figures 4 and 5; Supplementary Figure 3b;
and Tian et al.19). Microscopic (Figure 4a) and flow cytometric
(Figure 4b) analyses demonstrated that CD300b-DAP12-
expressing L929 cells efficiently engulfed PS-coated lipo-
some beads, whereas CD300b-transduced cells showed
association but not engulfment of PS-containing beads
(Figures 4a and b). In addition, PC-coated liposome beads
showed some increase in binding to CD300b and DAP12
co-expressing L929 cells, as compared with EV-, or CD300b-
or DAP12-transduced cells (Figure 4a), however these
beads were not engulfed (Figure 4b). These findings suggest
that CD300b has a low affinity towards PC-coated beads and
further demonstrate that PS recognition by CD300b mediates
efficient phagocytic uptake that requires the association with
an adaptor molecule, like DAP12.

To determine whether CD300b promotes phagocytosis of
apoptotic cells, we used apoptotic thymocytes labeled with
pHrodo, a pH-sensitive dye that becomes fluorescent upon
phagocytosis.27 Our findings showed that CD300b-expres-
sing L929 cells had similar levels of phagocytosis as
compared with EV- and DAP12-transduced cells. In contrast,
cells co-expressing CD300b and DAP12 demonstrated a
significant enhancement in the percentage of phagocytosis
(Figures 5a and b). Unlike DAP12, overexpression of DAP10
with CD300b did not result in a significant increase in the level
of phagocytosis (Supplementary Figure 4). Moreover, F-actin
and CD300b accumulated at the contact site with the
apoptotic cells, supporting the notion that CD300b directly
mediates the uptake of apoptotic cells (Figure 5c). We
confirmed that the CD300b-mediated phagocytosis of

apoptotic cells occurred via PS recognition by showing that
engulfment of apoptotic cells was inhibited in the presence of
PS-coated liposomes (Figure 5d), and other PS-binding
proteins, like recombinant Annexin V, CD300f-Fc or
CD300b-Fc itself (Figure 5e). Furthermore, the absence or
low expression of the majority of other PS receptors on L929
cells suggest that CD300b alone is sufficient to efficiently
recognize PS and induce the signaling events necessary to
regulate the phagocytosis of apoptotic cells, without the need
to co-engage other PS receptors.

DAP12 mediates signaling via its ITAM motif.28 To confirm
the importance of this motif for CD300b-mediated phagocy-
tosis, we generated a DAP12 mutant (DAP12m), in which the
ITAM tyrosine residue was mutated to a phenylalanine,
abolishing the phospho-tyrosine-mediated signaling cascade.
CD300b and DAP12m co-expressing L929 cells showed
similar levels of phagocytosis as compared with cells
expressing EV-, DAP12, DAP12m or CD300b. However,
CD300b-DAP12-co-expressing cells demonstrated a signifi-
cant enhancement in the level of phagocytosis, suggesting
that the interaction between CD300b and DAP12, and
DAP12-mediated signaling are necessary for efficient
CD300b-mediated phagocytosis (Figure 5f).

To verify that CD300b has a role in phagocytosis by primary
macrophages, we first pretreated peritoneal macrophages
with an anti-CD300b antibody, and then the phagocytosis
of apoptotic cells was analyzed by flow cytometry
(Supplementary Figure 5). Our findings showed a significant
reduction in the percentage of macrophages that engulfed
apoptotic cells in the presence of anti-CD300b antibody
treated cells as compared with cells cocultured with anti-IgG-
control antibodies (Supplementary Figure 5a). Moreover, not
only did fewer macrophages engulf apoptotic cells in the
presence of anti-CD300b, but those that did stained less
intensely for the presence of pHrodoþ -labeled apoptotic cells
(Supplementary Figures 5b and c). Next, we silenced the
expression of CD300b by shRNA in J774.1 macrophage cells
(Figure 6a). Reduced expression of CD300b markedly
impaired phagocytosis of apoptotic cells, suggesting that
CD300b has an important role in the efferocytosis mediated
by macrophages (Figure 6b). As previously shown (Figure 5f),
co-expression of adaptor molecule, DAP12, is critical for
CD300b-mediated phagocytosis. To determine which signal-
ing pathways were activated upon CD300b-DAP12 engage-
ment of apoptotic cells, we analyzed the phosphorylation
status of several signaling molecules in J774.1 cells cultured
with apoptotic thymocytes. Upon exposure to apoptotic cells,
phosphorylation of Akt, Syk, Erk and PI3K was induced in

Figure 2 CD300b recognition of apoptotic thymocytes is dependent on phosphatidylserine. Murine thymocytes were cultured with 10 mM dexamethazone for 6 h to induce
apoptosis. (a) Cells were incubated with 0.1mg CD300b-Fc or NITR-Fc fusion proteins and stained with Annexin V-APC and anti-human IgG Fcg-FITC antibody. Binding of Fc-
chimera proteins to apoptotic thymocytes was analyzed by flow cytometry. (b) Apoptotic thymocytes (0.25� 106 cells), pretreated with various concentrations of unlabeled
Annexin V, were incubated with 0.1mg CD300b- or NITR-Fc proteins and stained with anti-human IgG Fcg-FITC antibody. (c) PC-, PE- or PS-coated liposomes (10 mM) were
preincubated with 0.1mg CD300b- or NITR-Fc proteins and then mixed with apoptotic thymocytes. Binding of Fc-chimera proteins to the cell surface was detected using an
anti-human IgG Fcg-FITC antibody. (d) Apoptotic thymocytes were incubated with 0.1mg CD300b- or NITR-Fc proteins in the presence or absence of 5 mM EDTA or EGTA
and stained with anti-human IgG Fcg-FITC antibody. (b–d) The histograms on the left show examples of binding of Fc-fusion proteins to the apoptotic cells; the graphs on the
right shows the mean fluorescence intensity (MFI) values of the bound Fc-fused proteins, from three independent experiments and represent mean±S.E.M.; *Po0.05,
***Po0.001 (Student’s t-test)
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shControl and shCD300b macrophages. However, although
Erk phosphorylation levels were similar in both cell types, the
phosphorylation levels of PI3K, Akt and Syk were significantly

reduced in CD300b knockdown cells (Figure 6c), suggesting
that CD300b-mediated signals events involve the DAP12-
Syk-PI3K-Akt signaling pathway.
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Discussion

In this study, we demonstrated that CD300b recognizes
PS-coated liposomes, but not other phospholipid-containing

liposomes. Moreover, we showed that CD300b binding to

apoptotic cells is dependent on PS, as recombinant unlabeled

Annexin V or PS-coated liposomes, but not other phospho-

lipid-containing liposomes, blocked the CD300b-mediated

engulfment of apoptotic cells.
Previously, Yamanishi et al.23 demonstrated that the PS

receptors, TIM1 and TIM4, are ligands of CD300b, as TIM1- or

TIM4-transduced cells were able to bind to the CD300b-Fc

chimera protein. Their findings further argued against

phospholipids as ligands for CD300b, due to lack of CD300b

binding to any phospholipid by membrane blotting. In contrast,

we demonstrate here that CD300b not only binds PS, but PS

is essential for the interaction between CD300b and TIM1 or

TIM4. The discrepancy in the results is most likely due to the

differences in the experimental conditions. In this study,

we characterize PS as a ligand of CD300b by utilizing

phospholipid-coated liposomes, an approach successfully

used in identifying ligands for other CD300 family mem-

bers.18,19 The previous studies failed to detect PS binding

when using flat surfaces, which could restrict ligand access,

an experimental limitation previously shown for plates coated

with phospholipids and membrane spotted phospholipids.24,25

Thus, the ligand binding by CD300 family members most likely

depends on the presence or mimicking of the physiological

cell surface environment.
Miyanishi et al.12 demonstrated by electron microscopy that

TIM1 or TIM4 can capture exosomes with PS exposed on their

outer surface. This implies that CD300b could bind to TIM1 or

TIM4 directly, when in fact the association would be indirect

through TIM1- or TIM4-bound PS-containing exosomes or cell

fragments of apoptotic cells. This hypothesis is further

supported by the fact that recombinant unlabeled Annexin V

can efficiently block either CD300b-Fc or Annexin V binding to

TIM1- or TIM4-expressing cells, and that the addition of PS-

coated liposomes enhanced the binding of CD300b to TIM1-

expressing cells. Purified TIM1- or TIM4-His tagged proteins

do not interact with CD300b-Fc when analyzed by SPR,

whereas CD300b binding to both TIM1 and TIM4 was only

observed in the presence of PS-coated liposomes. Thus, we

conclude that CD300b does not directly recognize TIM1 or

TIM4, but recognizes PS-containing cell fragments or

exosomes captured by TIM1 or TIM4.

The immune system is tightly regulated by a balance
between activating and inhibitory signals.29–32 Many of these
balancing signals originate from activating and inhibitory
receptors of closely related family members that have
identical or very similar ligand specificities, for example,
NKG2A and NKG2C,29 killer-cell immunoglobulin-like
receptors,31 CD28 and CTLA4, PIR-A and PIR-B.33 The
CD300 receptors are another such family expressed mainly
on myeloid cells. Furthermore, work from us and others
showed that at least three members of this family,
CD300a,16,26 CD300f,18,19 and now CD300b, recognize PS
and positively or negatively regulate the phagocytosis of
apoptotic cells. CD300a and CD300f have been reported to
negatively regulate phagocytosis,17,19 which correlates with
the fact that they contain ITIM motifs in their cytoplasmic tails
that can bind phosphatases.16,19,26 In agreement with this
findings, blocking of CD300a and PS interactions induces
increased inflammatory cytokine production from mast cells,26

and CD300f deficiency leads to a predispostion to auto-
immune disease development,19 as well as an exacerbation in
the allergic responses and autoimmune diseases.19,25,33,34 In
contrast, our data characterize CD300b as a positive regulator
of phagocytosis, through its association with DAP12. The
exact role of CD300b in efferocytosis remains to be
elucidated, but the existing data suggest that CD300b is
involved in the regulation of some immune responses. For
instance, CD300b deficient mice are protected from ischemia/
reperfusion injury (IRI).23 As the blockade of PS exposure on
the cell surface by diannexin is able to improve kidney and
liver IRI,35,36 CD300b could be involved in IRI via PS
recognition. In addition, CD300b-deficient mice are resistant
to endotoxin and sepsis models.22,37 The excessive inflam-
matory responses induced by microbes leads to apoptosis of
lymphocytes and epithelial cells,37 and hence CD300b, which
recognizes these apoptotic cells, could be involved in the
pathology of sepsis. Thus, CD300b likely contributes to the
development of these pathologies, and CD300 family mem-
bers appear to both positively and negatively regulate immune
responses.

PS receptors regulate the immune response and cellular
homeostasis through efferocytosis. Receptor protein tyrosine
kinase TAM family members, Tyro3, Axl and MerTK,
associate with apoptotic cells by binding to PS through
bridging molecules, like Gas6 or Protein S, resulting in a
suppression of inflammatory responses.15 Lack of TAM family
members has been associated with autoimmune diseases,

Figure 3 Indirect binding of TIM1 to CD300b is mediated by phosphatidylserine. (a) EV- or TIM1-transduced Ba/F3 cells were stained with Annexin V-APC, 7-AAD and
anti-TIM1-PE antibody. The contour plots show TIM1-PE and Annexin V-APC staining of the 7-AAD- cell populations. (b) EV- or TIM1-transduced Ba/F3 cells were cocultured
with CD300b- or NITR-Fc proteins and stained with 7-AAD, anti-TIM1-PE and anti-human IgG Fcg-FITC antibodies. Graphs show binding of the Fc-fused proteins and TIM1 to
the 7-AAD- cell populations. (c). EV- or TIM1-transduced Ba/F3 cells were preincubated with unlabeled Annexin V (10 mg) and then cells were stained with Annexin V-APC
(left panel) or the indicated Fc-fused proteins (right panel), followed by anti-human IgG Fcg-specific antibody. (d) EV- or TIM1-transduced Ba/F3 cells were incubated with
biotin-labeled PC- or PS-coated liposomes, stained with streptavidin-APC and liposome binding was detected by flow cytometry. (e) EV- or TIM1-transduced Ba/F3 cells were
cultured with PC- or PS-coated liposomes and incubated with CD300b- or NITR-Fc proteins. Cells were stained with anti-human IgG Fcg-FITC antibody and analyzed by flow
cytometry. The bar graph shows the MFI valuesþ S.E.M. of CD300b-Fc bound to the cell surface; the data are from three independent experiments. (f) Recombinant murine
TIM1 protein was immobilized on CM5 biosensor, and binding of CD300b-Fc or NITR-Fc proteins was analyzed by SPR, as in Figure 1. Binding was initiated at time¼ 60 s and
the washout (dissociation phase) was begun at t¼ 240 s. (g) Binding of CD300b-Fc or NITR-Fc proteins to TIM1 using a two-step reaction. TIM1 was immobilized on the CM5
sensor chip, and then PC- or PS-coated liposomes were flown over the TIM1 coated chip (first step; 1st). Next, CD300b-Fc or NITR-Fc proteins were injected (second step,
2nd), and the binding to TIM1 was analyzed by SPR. The top panel illustrates a representative result of the SPR analysis, whereas the bottom graph shows the changes in
resonance units (RU) following the addition of CD300b-Fc or NITR-Fc (the second step of the reaction). All results are a representative of three independent experiments with a
meanþ S.E.M.; **Po0.01. ***Po0.001 (Student’s t-test)
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like SLE.38 TIM4 does not have any signaling motif in its
cytoplasmic domain but promotes engulfment of activated
antigen-specific T cells,39 as well as apoptotic cells,11,12 via
PS recognition by utilizing b1 integrins as co-receptors.40

Deficiency of TIM4 expression is linked to reduced toler-
ance,39 enhanced tumor immunity41 and the development of
autoimmunity.12 Another PS receptor, BAI1, mediates engulf-
ment of apoptotic cells, but unlike TIM4, directly activates

downstream signaling events.13 Furthermore, BAI1 promotes
fusion of healthy myoblasts42 and is also important for Sertoli-
cell-mediated engulfment.43 Stabilin2-mediated uptake of
apoptotic cells requires the adaptor molecule, GULP.44 Our
findings demonstrate that CD300b alone can not only tether
apoptotic cells, but can mediate efferocytosis when associated
with the adaptor molecule, DAP12. Importantly, our results
showed that CD300b promotes phagocytosis of apoptotic cells,
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without the presence of other PS receptors. However, different
PS receptors, like MerTK and TIM4,45 or avb3 and CD36,46

can cooperate to enhance efferocytosis.45 Therefore, it is
likely that efferocytosis mediated by members of the CD300
family, such as CD300b, can be further enhanced through the
cooperation with other PS receptors, like TIM1 or TIM4,
suggesting a mechanism of corporative engagement of PS
receptors for efficient apoptotic cell clearance.

CD300b has a short intracellular domain without any known
signaling motifs;21 however it contains a positively charged
lysine residue within its transmembrane segment, which could
promote pairing with an appropriate adaptor molecule.21 Both
DAP10 and DAP12 have a negatively charged aspartic acid
residue within their transmembrane domains making them
suitable for pairing with CD300b. The fact that CD300b
associates preferentially with DAP12 over DAP1021 agrees
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with our finding that DAP12 is more efficient in promoting
CD300b-mediated efferocytosis. We further found that pairing
with DAP12 was necessary for CD300b to promote apoptotic
cell engulfment, but is not necessary for apoptotic cell
attachment. Upon receptor ligation, DAP12 has been shown
to initiate downstream signaling through phosphorylation of
the tyrosine residue within its ITAM motif.28 This data are
further supported by our observation that a tyrosine to
phenylalanine mutation within DAP12 (DAP12m) failed to
support CD300b-mediated efferocytosis. Anti-CD300b anti-
body cross-linking promotes Syk, Erk and Akt phosphoryla-
tion via DAP12.21 We found that, while Syk, Erk, PI3K and Akt
phosphorylation in macrophages is induced upon apoptotic
cell recognition, only Syk, PI3K and Akt phosphorylation are
markedly impaired in CD300b-silenced macrophages. This
indicates that, in response to apoptotic cell recognition,
CD300b regulates PI3K activation via interaction with
DAP12 and Syk, and that the PI3K pathway is the major
signaling pathway used in CD300b-mediated phagocytosis. It
has been reported that Erk signaling also regulates the
engulfment of apoptotic cells,47,48 and DAP12 has been
shown to activate the Erk signaling.28 Although we observed
Erk activation following cross-linking of CD300b, we did not
find any substantial change in Erk activation in CD300b
silenced cells. This result indicates that CD300b is not directly
involved in activation of the Erk signaling pathway and
suggests that other PS receptors, such as class B scavenger
receptor type I or ATP-binding cassette transporter A7,47,48

could provide signaling cues that lead to the activation for Erk
signaling pathway, following the recognition of apoptotic cells.

In summary, our report demonstrates that CD300b
is able to recognize PS exposed on the apoptotic cell
surface, and transduces the signals through the DAP12-
Syk-PI3K-AKT pathway, thereby promoting apoptotic cell
phagocytosis.

Materials and Methods
Cells and antibodies. L929, HEK293T or J774.1 cells were cultured in
DMEM medium with 10% FBS. Anti-mouse CD300b antibody and isotype control
goat IgG were from R&D (Minneapolis, MN, USA), and were labeled with
Alexa488 using the Alexa488 Monoclonal Antibody Labeling Kit (Invitrogen,
Grand Island, NY, USA), according to the manufacturer’s instructions. Anti-cMyc
tag (9B11), anti-Akt, anti-pAkt (D9E), anti-pSyk, anti-Syk, anti-pErk (3A7), anti-Erk,
anti-pPI3K (Y199) and p85 antibodies were from Cell Signaling Technology
(Danvers, MA, USA). Anti-cMyc antibody (9E10), and HRP-conjugated secondary
antibodies (goat anti-rabbit and goat anti-mouse) were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-mouse CD16/CD32 antibody (93)
was from eBioscience (San Diego, CA, USA). Anti-human IgG Fcg fragment
specific antibody was from Jackson ImmunoResearch (West Grove, PA, USA).

DNA reagents. For the CD300b, DAP10 and DAP12 lentivirus expression
constructs, the PCR products were cloned into the pCDH-EF1-T2A-puro (pCDH)
vector (System Biosciences, Mountain View, CA, USA), using the EcoRI and NotI
sites; cMyc tag was added at the C-terminus of CD300b constructs, unless stated
otherwise. Tyrosine to phenylalanine substitution in the immunoreceptor tyrosine-
based activation (ITAM) motif within the cytoplasmic domain of DAP12 (DAP12m)
was generated by site-directed mutagenesis using the QuickChange Mutagenesis
Kit (Stratagene, Santa Clara, CA, USA), according to the manufacturer’s
instructions. The constructs for human IgG1 Fc portion fused to CD300b (CD300b-
Fc), CD300f (CD300f-Fc) or the control protein, NITR (NITR-Fc), extracellular
domains in a pcDNA backbone were kindly supplied by Dr. John P. Cannon.24 The
constructs for mouse TIM1 or TIM4 in pMX retroviral vector were kindly supplied
by Dr. Shigekazu Nagata.12 Lentiviral short hairpin (sh)RNA vector against

CD300b and control shRNA vector were purchased from Santa Cruz
Biotechnology.

Cell transfection and infection. HEK293T cells were transfected using
Lipofectamine 2000 (Invitrogen). Lentivirus particles were generated by co-
transfection of HEK293T cells with pCDH-puro expression or shRNA vectors, and
psPAX2 and pMD2G helper plasmids. The infection of L929, J774.1 and Ba/F3
cells was carried out by incubating the cells with lentivirus for 24 h at 37 1C, in the
presence of 6 mg/ml protamine sulfate. Selection with puromycin (20 mg/ml for
L929 and 6 mg/ml for J774 cells) was started 48 h after infection. L929 cells
expressing equivalent amounts of CD300b were cloned using the limiting dilution
method.

Chimeric proteins. HEK293T cells were transfected with pcDNA3.0
plasmids encoding CD300b-Fc, CD300f-Fc and NITR-Fc constructs using
Lipofectamine 2000, as described above. Forty-eight hours after transfection,
the culture supernatant, containing the chimeric proteins, was harvested and the
Fc-fusion proteins were purified using protein A-Sepharose Fast Flow columns
(Amersham Biosciences, Arlington Heights, IL, USA). Protein expression and
purity were verified by Colloidal Coomassie Blue staining and SDS-polyacrylamide
gel electrophoresis followed by western blot analysis. His-tagged TIM1 protein was
obtained from R&D systems.

Preparation of phospholipid-containing liposomes and liposome-
coated beads. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-L-serine (POPS), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS), 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE) were from Avanti Polar Lipids (Alabaster,
AL, USA). N-(biotinoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt (biotin-labeled DHPE) was from Invitrogen. Liposomes
were prepared by completely evaporating the chloroform from the desired
phospholipid mixture with argon gas. Large multilamellar vesicles were formed by
swirling in degassed PBS (pH 7.4). Unilamellar vesicles were prepared by
extrusion through filters with 100 nm pore size, using Avanti Mini-Extruder (Avanti
Polar Lipids). Liposome composition was 80% DOPC: 20% of POPC (PC), POPS
(PS) or POPE (PE). The size of the liposomes size was verified as approximately
100 nm by Dynamic Light Scattering (DLS).49 For experiments using liposomal-
coated beads, the lipid composition was 49% DOPC: 50% DOPS: 1% biotin-
labeled DOPE. M-280 streptavidin-coated Dynabeads (Invitrogen) were first
pre-incubated in PBS with 1% BSA (Sigma, St. Louis, MO, USA) at 37 1C for 2 h,
then mixed with liposomes for 2 h at 37 1C in degassed PBS with 1% BSA,
followed by two washing steps and re-suspension in the same buffer. The
presence of PS on the beads was confirmed by staining with Annexin V-APC and
flow cytometry analysis. Liposomes and liposome-coated beads were stored in
argon gas to prevent lipid oxidization.

Phagocytosis assay. Apoptotic thymocytes were generated by incubating
cells at 37 1C for 6 h with 10mM dexamethasone (Sigma), at which time at least
80% of the cells were Annexin Vþ . The apoptotic cells were labeled with TFL-4
(Oncoimmunin Inc., Gaithersburg, MD, USA) or pHrodo (Invitrogen), and added to
the phagocytes at a ratio 1:4 or 1:15 as indicated in the text. After incubation, the
phagocytes were washed, treated with trypsin/EDTA, fixed and analyzed by flow
cytometry, or visualized by LSM710 laser-scanning confocal microscopy (Carl
Zeiss, Thornwood, NY, USA). For experiments using pHrodo-labeled thymocytes
for microscopic or flow cytometry analyses, cells were washed and resuspended in
basic buffer (pH 8.8) to quench the fluorescence of non-phagocytosed pHrodo-
labeled apoptotic cells. In blocking experiments involving Fc-fused proteins or
Annexin V as a blocking agent, apoptotic cells were preincubated with 50 mg/ml of
protein for 10 min at 37 1C before adding to the phagocytes. In experiments
involving liposomes as a blocking agent, L929 cells were preincubated with 10 mM
liposomes for 10 min at 37 1C before adding pHrodo-labeled apoptotic cells. In
experiments using phospholipid-coated liposome beads, the liposome beads were
added to phagocytes for 15 min at 37 1C, followed by three washes with PBS,
fixation and analysis using confocal microscopy. F-actin was visualized using
Alexa568-conjugated phalloidin. For blocking experiments using anti-CD300b
antibody, primary macrophages were isolated from the peritoneal cavity and
cultured for 24 h at 37 1C. Macrophages (2� 105) were pre-treated with
25mg anti-CD300b or anti-IgG-control antibodies for 15 min, cocultured with
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pHrodo-labeled apoptotic thymocytes at a ratio of 1:4 for additional 30 min at
37 1C. Cells were harvested, washed with PBS containing 2% FBS and stained
with anti-F4/80-APC. Percentage of efferocytosis was assessed by flow cytometry.
L929 cells stained with PKH67 (Sigma) were incubated with PC- or PS-coated
liposome beads for 30 min. Cells were collected and suspended in ice-cold
homogenization buffer (0.25 M sucrose, 10 mM HEPES (pH 7.4), protease
inhibitor cocktail in PBS), and then homogenized by passage through a bent 27 ½
gauge needle 20 times. The disruption of cell integrity was confirmed by
microscopic inspection. Beads were harvested from the homogenates using a
Dynal magnet, washed three times with cold PBS and analyzed for PKH67
fluorescence by flow cytometry. The engulfed beads showed higher PKH67
fluorescence due to acquisition of the cell membrane (phagosome).

Flow cytometry. Alexa488-conjugated anti-CD300b antibody was used to
examine the expression of CD300b on the cell surface. Alexa488-conjugated goat
IgG was used as the control. PE-conjugated anti-TIM1 or anti-TIM4 antibodies
were used to examine the expression of TIM1 or TIM4 by Ba/F3 cells. Cells were
stained with the antibody for 30 min at 4 1C, washed and analyzed by flow
cytometry.

For receptor-binding analysis, 0.5� 106 apoptotic thymocytes or Ba/F3 cells
were incubated with 5mg/ml anti-mouse CD16/CD32 to block Fc receptors and then
incubated with 0.05 or 0.1mg/ml chimeric proteins, CD300b-Fc or NITR-Fc, on ice
for 40 min, followed by staining with FITC or APC-conjugated anti-human IgG Fcg
fragment specific antibodies (Jackson ImmunoResearch) for 15 min. Cells were
washed with 2% FBS in PBS and analyzed by flow cytometry. In the case of Ba/F3
cells, reactions were stained with 7-AAD (BD Bioscience, San Jose, CA, USA) to
exclude dead cells. In experiments involving recombinant unlabeled Annexin V as a
blocking agent, apoptotic cells or Ba/F3 cells were preincubated with Annexin V for
20 min on ice before incubation with Fc-chimeric proteins or Annexin V-APC. In
experiments using liposomes as a blocking agent, liposomes were incubated with
Fc-chimeric proteins for 10 min at RT and then the samples were incubated with
apoptotic cells. To detect CD300b binding to liposomes attached to cells, Ba/F3
cells were incubated with liposomes for 30 min on ice and then the cells were
incubated with Fc-chimeric proteins. Streptavidin-APC was used to detect
liposomes bound to Ba/F3 cells.

For phagocytosis analysis, the samples were prepared as described above.
The phagocytes and apoptotic cells were distinguished by forward and side scatter
characteristics. The appearance of pHrodo fluorescence in the phagocyte
population was monitored as an indicator of the apoptotic cell engulfment: the
phagocyte cell population characterized by high fluorescence of (i.e., pHrodohigh)
was regarded as the cells that engulfed the apoptotic cells. The data acquisition
and analysis was done using FACSort flow cytometer (BD Bioscience) with Cell
Quest software (version 3.3), and analyzed using FlowJo (v.7.6; Tree Star,
Ashland, OR, USA).

Western blot analysis. J774 cells (1� 106) were incubated with 4� 106

apoptotic thymocytes for 10 min at 4 1C, and then transferred to 37 1C for the
indicated time. Extracts were prepared in lysis buffer containing 50 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, and
protease and phosphatase inhibitors cocktail (Sigma). Cellular debris was
removed by centrifugation at 10 000� g for 15 min at 4 1C. Cell lysates were
resolved by SDS-PAGE, and transferred onto PVDF membranes (Millipore,
Billerica, MA, USA). Membranes were blocked with 5% BSA (Sigma) in TBST
(20 mM Tris pH 7.4, 150 mM NaCl, 0.05% Tween-20) for 1 h, and then probed with
the antibodies as indicated in the text. HRP-conjugated secondary antibodies were
used and immunoblots were developed with West Pico SuperSignal kit (Pierce,
Rockford, IL, USA) and visualized on Hyperfilm (Amersham Biosciences).

Confocal microscopy. For the cellular location of CD300b during
phagocytosis, cells expressing CD300b-cMyc were incubated with or without
TFL4-labeled apoptotic cells. Cells were plated on number 1.5 glass dishes
(MatTek Corporation, Ashland, MA, USA), fixed with 4% paraformaldehyde in PBS
for 15 min at room temperature, and then visualized by confocal microscopy. To
label F-actin, cells were fixed as described above, permeabilized with 0.4%
saponin in PBS for 15 min and stained with Alexa568-conjugated phalloidin (1:200
dilution) for 1 h. In the cases of indirect immunofluorescence staining, cells were
fixed and permeabilized as described above, and then blocked with 10% BSA in
PBS, followed by incubation with the primary antibody for 1 h at room temperature.
Anti-cMyc antibody was used at 1:2000. Finally, samples were incubated for 1 h

with goat anti-mouse antibodies (1:500 dilution) conjugated with Alexa488, 569 or
647, as indicated in the figure legends. Cells were mounted in ProLong Gold
medium (Invitrogen), and visualized by a LSM 710 laser scanning confocal
microscope (Zeiss) with a 63� Zeiss Plan-Apochromat objective, and analyzed
using Imaris software (v 7.4; Bitplane, South Windsor, CT, USA).

SPR. The interaction of Fc-chimeric proteins with different phospholipids was
measured using the BIAcore 2000 system (Biacore Inc., Pittsburgh, PA, USA)
according to our previous report.17 For liposomes and Fc-fused protein
interactions, 1 mM liposomes were captured on an L1 sensor chip, followed by
exposure to Fc-fused proteins at 10 mg/ml. For measuring the interaction between
TIM1 and CD300b, TIM1 was coupled to a CM5 sensor chip using standard NHS-
EDC coupling. Then, the different Fc-fused proteins were injected at 10 mg/ml to
analyze their binding to TIM1. For measuring the binding of CD300b-Fc to TIM1
plus various phospholipid-containing liposomes, TIM1 was immobilized on a CM5
sensor; followed by the injection of liposomes (300mM). After that, the binding of
Fc-fused proteins was determined.

RNA isolation and quantitative real-time RT-PCR. Total RNA was
isolated using the RNAquous-4PCR kit (Ambion, Grand Island, NY, USA) following
the manufacturer’s instructions. cDNA was synthesized with Qscript cDNA
synthesis kit (Quanta Biosciences, Gaithersburg, MD, USA) and quantitative real-
time PCR (qRT-PCR) was performed as previously described.50 Oligonucleotide
primers for amplifying murine CD300b, CD300f, MerTK, Axl, BAI1, Stabilin 2 and
GAPDH were purchased from Qiagen. Fold change of expression (relative copy
number (RCN)) of selected genes was normalized by the expression of the
housekeeping gene, GAPDH and calculated with the equation: RCN¼ E�DCt,
where E¼ efficiency of PCR, and Ct¼Ct target�Ct GAPDH. Melting curve
analyses were performed at the end of each run to ensure that only one product
was amplified.

Statistical analysis. The statistical significance was assessed using ANOVA
with Bonferroni post test, or by the two-tailed unpaired Student’s t-test (GraphPad
Prism Software, version 6.0). Data are presented as meanþ SEM, unless stated
otherwise. Alpha level was set to 0.05.
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