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Phosphatidylserine (PS) exposed by necrotic cells serves as an engulfment signal for their effective clear-
ance. However, the molecular mechanism responsible for the PS-dependent clearance of necrotic cells
remains to be investigated. Here, we show that stabilin-2 acts as a receptor for necrotic cell clearance.
Stabilin-2-mediated necrotic cell engulfment occurred in a PS-dependent manner. EGF-like domain
repeat (a PS-recognition domain of stabilin-2) bound to necrotic cells and inhibited the stabilin-2-med-
iated engulfment. However, primary necrotic cells did not induce the anti-inflammatory effect in stabilin-
2-expressing cells. These findings facilitate the elucidation of the molecular mechanisms responsible for
the PS-dependent clearance of necrotic cells.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Discrimination of dying cells (apoptotic and necrotic cells) from
healthy viable cells and their clearance by the immune system are
important during development and tissue remodeling, because it
allows the effects of the noxious contents from dying cells, which
can damage neighboring tissues, to be managed [1]. Apoptosis, a
programmed mode of cell death, is directed by well-regulated
inherent genes [2]. Early during apoptosis, the exposure of phos-
phatidylserine (PS) on cell surfaces serves as a well-characterized
‘eat me’ signal for apoptotic cell engulfment [3]. Phagocytes recog-
nize PS on apoptotic cell surfaces either through membrane PS-
receptors (Tim-4, BAI1, and Stabilin-1 & 2) or soluble bridging mol-
ecules (MFG-E8 and Gas6) [4]. On the other hand, necrosis is in-
duced by external baleful stimuli like injury, or exposure to
toxins, extreme temperatures, or chemicals that interrupt some vi-
tal function or disrupt physical integrity (primary necrosis). Necro-
sis can also occur in a programmed, non-accidental manner, when
the plasma membranes of apoptotic cells become permeabilized
(secondary necrosis) [5]. Although several soluble proteins, such
as, mannose-binding lectin, ficolin-2 and -3, C-reactive protein,
serum amyloid protein, and histidine-rich glycoprotein act as
opsonins for the clearance of late apoptotic (secondary necrosis)
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and primary necrotic cells [6], the engulfment signals of necrotic
cell clearance have not been fully characterized. Accumulating evi-
dences indicate that the redeployment of PS, which distinguishes
viable cells from dying cells, is an earmark displayed by both apop-
totic and necrotic cells and serves as an ‘eat-me’ signal for phago-
cytes [7-10]. However, the molecular mechanism responsible for
PS-dependent clearance of necrotic cells remains to be
investigated.

Stabilin-2 (also known as HARE and FEEL-2) is a type 1 trans-
membrane receptor that consists of seven FAS1 domains, four
EGF-like domain repeats, and an Link domain, and is expressed
in sinusoidal endothelial cells of the spleen, liver, and lymph nodes
as well as in a macrophages subpopulation [11,12]. Stabilin-2 is in-
volved in the clearance of metabolic waste products, which include
hyaluronic acid, heparin, advanced glycation end products, and
acetylated LDL [13-16]. Our previous study showed that stabilin-
2 directly binds to PS, and that this binding mediates the clearance
of PS-exposed RBCs and apoptotic cells and directs the secretion of
anti-inflammatory cytokine TGF-B [12]. The EGF-like domain re-
peats (EGFrp) in stabilin-2 have been previously shown to repre-
sent the PS-recognition domain [17,18]. Previously, we also
found that stabilin-1 and -2 participate in PS-dependent erythro-
phagocytosis in mouse liver [19]. It has been shown that apoptotic
and necrotic targets share an array of specialized macrophage
receptor systems, including the thrombospondin-CD36-ovp3
complex, CD14, and the complement component C1q, for their effi-
cient disposal [10]. In Caenorhabditis elegans, it was found that a
common set of engulfment genes is involved in clearance of both
apoptotic and necrotic cell corpses [20]. These observations
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suggest that stabilin-2 could participate in the clearance of necro-
tic cells. Thus, in the present study, we investigated the involve-
ment of stabilin-2 in the clearance of primary necrotic cells at
the molecular level and in their immunomodulatory response to
stabilin-2.

2. Materials and methods
2.1. Reagents and antibodies

Normal mouse IgG, anti-phospho-Erk1/2, and HRP-conjugated
anti-His antibodies were obtained from Santa Cruz Biotechnology.
Anti-NF-xB p65, anti-phospho-]JNK, and anti-phospho-p38 anti-
bodies were purchased from Cell Signaling. Anti-Fas (clone CH11)
and anti-Phosphatidylserine (clone 1H6) antibodies were pur-
chased from Upstate. Mouse monoclonal anti-human stabilin-2
antibody (5G3) was generated as previously described [12]. All
phospholipids were purchased from Avanti Polar Lipids.

2.2. Cell culture

Mouse fibroblast L cells stably transfected with stabilin-2
expression vector (L/Stab2 cells) or empty vector (L/Mock cells)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, Invitrogen) and 400 pg/mL G418, as previously de-
scribed [12]. Jurkat T cells (human T cell lymphoma) were main-
tained in RPMI 1640 medium containing 10% FBS. Necrosis and
apoptosis was induced in Jurkat cells by subjecting them to hyper-
thermic conditions (55 °C, 30 min) or by incubating them with
anti-Fas antibody (250 ng/mL, 5 h), respectively. PS exposure and
loss of membrane integrity were determined by Annexin V-FITC
labeling and PI staining, respectively, and flow cytometry.

2.3. Phagocytosis of necrotic cells

Necrotic Jurkat cells (1.5 x 10° cells/well) were added to L/
Mock or L/Stab2 cells cultured on 6-well collagen-coated plates
(IWAKI) at an initial density of 3 x 10° cells/well, and incubated
at 37 °C for 1 h in DMEM media containing 10% FBS. Cells were
then extensively washed with serum-free DMEM media, to remove
any bound, non-engulfed necrotic Jurkat cells, and fixed in metha-
nol and stained using a Diff Quick staining kit (IMEB Inc.). Uptake
of necrotic cells was visualized under the light microscope. To ver-
ify and quantify necrotic cell engulfment, necrotic Jurkat cells were
labeled with FITC for 30 min and then added to L/Stab2 cells. After
incubation for 1 h at 37 °C, unbound necrotic cells were removed
by extensive washing with serum-free DMEM media. Fluorescence
derived from non-engulfed, bound cells was quenched by treating
cells with 0.4% trypan blue for 5 min at room temperature and
washing with serum-free DMEM media. Cells engulfing FITC-la-
beled necrotic Jurkat cells were then quantified under a confocal
microscope. Phagocytic indices were determined by calculating
the average number of necrotic cells ingested per phagocyte. At
least 100 cells were scored per well, and the experiment was re-
peated at least three times.

In some experiments, L/Stab2 cells were pre-incubated with
anti-stabilin-2 antibody (20 pg/mL), isotype-matched control IgG
(20 pg/mL), or phosphatidylcholine (PC) and PS liposomes for 1 h
at 37 °C before adding FITC-labeled necrotic Jurkat target cells.
PC liposomes (100% PC) and PS liposomes (a 50:50 M ratio of
PS:PC) were generated as previously described [21]. To blockade
PS on the surfaces of necrotic Jurkat cells, cells were pre-incubated
with anti-PS antibody (20 pg/mL) or isotype-matched control IgG
(20 pg/mL) and then incubated with L/Stab2 cells for 1 h at 37 °C.

2.4. Binding assays

His-tagged recombinant proteins corresponding to the third
EGF-like domain repeat (EGFrp) of stabilin-2 were generated as
previously described [17]. The binding assay was as previously de-
scribed [22]. In brief, necrotic Jurkat cells (1 x 10° cells/mL) were
incubated with thioredoxin-EGFrp or thioredoxin protein in RPMI
medium containing 0.2% BSA and 5 mM CaCl; for 1 h at 4 °C. Cells
were then washed with PBS (pH 7.4) and lysed in ice-cold lysis buf-
fer [10 mM Tris-Cl (pH 7.4), 150 mM NacCl, 1% Triton X-100, 1% so-
dium deoxycholate, 0.5% SDS, 0.02% sodium azide, 1 mM PMSF].
Equal amounts of protein were then separated by SDS-PAGE on
12% gel. Amounts of EGFrp proteins associated with necrotic Jurkat
cells were determined by immunoblotting with HRP-conjugated
anti-His antibody.

2.5. TGF-p assays

L/Stab2 cells were seeded on a 24-well collagen-coated plate at
an initial density of 5 x 10* cells/well. The next day viable, apopto-
tic, or necrotic Jurkat cells were added to L/Stab2 cells at a density
of 2.5 x 10° cells/well and incubated at 37 °C under serum-free
conditions. Supernatants were collected 18 h later and evaluated
for TGF-B production by ELISA (R&D system).

2.6. Analysis of NF-kB translocation

L/Stab2 cells were seeded on 6-well plates at an initial density
of 3 x 10° cells/well. The next day cells were stimulated with
apoptotic or necrotic cells in the presence or absence of LPS
(5 pg/mL) under serum-free conditions. After incubation for 1 h,
cells were extensively washed to remove non-engulfed cells and
harvested. Cytosolic and nuclear fractions were then isolated as
previously described [23] and immunoblotted using anti-NF-«xB
p65 antibody. In some experiments, L/Stab2 cells were pre-incu-
bated with U0126 (an Erk1/2 inhibitor, Cell Signaling) and then
stimulated with apoptotic or necrotic cells.

2.7. MAPK phosphorylation

L/Stab2 and L/Mock cells were seeded on 6-well collagen-
coated plates at an initial density of 3 x 10° cells/well. The next
day cells were serum staved for 6 h, stimulated with necrotic or
apoptotic Jurkat cells (1 x 10° cells) by incubation for 15 min,
extensively washed with serum-free medium, and harvested. The
cells were then lysed in cold lysis buffer for 30 min on ice. Identical
amounts of total cell lysates were immunoblotted using anti-phos-
pho-Erk1/2, phosphor-JNK, phosphor-p38, or anti-actin antibody.
Immunoreactive bands were visualized using an enhanced chemi-
luminescence (ECL) kit (Amersham).

2.8. Statistical analysis

All results shown are the averages of three independent exper-
iments. Statistical significances were determined using the Stu-
dent’s t-test. Statistical significance was accepted for P values
<0.05.

3. Results and discussion
3.1. Stabilin-2 expressing cells engulfed primary necrotic corpses
It is known that stabilin-2 acts as a receptor for the engulfment

of PS-exposed RBCs and apoptotic cells in a PS-dependent manner
[12]. To explore the ability of stabilin-2-expressing cells to engulf
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primary necrotic cells, Jurkat cells were rendered necrotic by heat-
ing at 55 °C for 30 min. PS exposure and loss of membrane integrity
in heat-induced necrotic cells were cytofluorometrically evaluated
by staining with FITC-annexin V and propidium iodide (PI), respec-
tively. The plasma membranes of most of viable Jurkat cells were
intact and cells were negative for Annexin V staining, whereas
89% of heat-killed necrotic cells were membrane-permeable and
PS was observed on cell surfaces (Fig. 1A). When necrotic Jurkat
cells were presented to L cells stably transfected with human sta-
bilin-2 cDNA (L/Stab2) or empty vector (L/Mock), the necrotic cells
were internalized by L/Stab2 cells, which exhibited nuclear dislo-
cation due to necrotic cell engulfment (black arrowheads)
(Fig. 1B). In contrast, L/Mock cells showed no internalization of dy-
ing cells (Fig. 1B). To verify the engulfment of primary necrotic
cells by stabilin-2-expressing cells, FITC-labeled necrotic cells were
incubated with L/Stab2 or L/Mock cells, and the engulfments of
FITC-labeled cells were analyzed by removing fluorescence from
non-engulfed, bound necrotic cells using the trypan blue quench-
ing technique. L/Stab2 cells were found to engulf FITC-labeled ne-
crotic cells efficiently, whereas L/Mock cells did not (Fig. 1C). To
quantify phagocytic activities in both cells, phagocytic index was
determined by counting the number of FITC-labeled engulfed tar-
gets per phagocyte. The phagocytic index of L/Stab2 cells for necro-
tic cell engulfment was 0.31, whereas phagocytic index of L/Mock
cells was only 0.01 (Fig. 1D). Both L/Stab2 and L/Mock cells showed
only basal levels of viable Jurkat cell engulfment (Fig. 1D). The role
of stabilin-2 as a receptor, during the engulfment of primary necro-
tic Jurkat cells, was further investigated by blocking stabilin-2 on
the surfaces of L/Stab2 cells with an antibody previously deter-
mined to block stabilin-2 function [12]. Treatment with anti-stabi-
lin-2 antibody significantly reduced the uptake of necrotic cells by

A
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approximately 50%, whereas an isotype-matched control IgG had
no effect (Fig. 2A and B). These results show that stabilin-2 plays
an active role in efficient clearance of heat-killed primary necrotic
corpses.

3.2. Stabilin-2 mediated the engulfment of primary necrotic cells in a
PS-dependent manner

The exposure of PS, an important recognition marker of apopto-
tic cells, is also an important feature of primary necrotic cells and
contributes to necrotic cell clearance [8-10]. To determine
whether stabilin-2-mediated engulfment of necrotic cells is PS-
dependent, phagocytosis assays were carried out in the presence
of PS liposomes or PC liposomes (the negative control). Treatment
with PS liposomes caused a dose-dependent reduction in the up-
take of necrotic cells by L/Stab2 cells, whereas PC liposomes failed
to inhibit necrotic cell engulfment even at a higher concentration
(Fig. 3A). We further tested the involvement of PS in the engulf-
ment of necrotic targets by blocking the PS exposed on necrotic
cells, using an anti-PS antibody. Treatment of necrotic cells with
anti-PS antibody significantly reduced their uptake by L/Stab2
cells, whereas isotype-matched control IgG had no effect
(Fig. 3B). A previous study showed that the EGF-like domain re-
peats (EGFrp) in stabilin-2 are responsible for the PS recognition,
and thus, directs cell corpse clearance [17,18]. To determine
whether necrotic cells interact with the PS-binding domain of sta-
bilin-2, a binding assay was performed between necrotic cells and
recombinant EGFrp proteins. As is shown in Fig. 3C, thioredoxin-
EGFrp proteins bound to necrotic cells in a dose-dependent man-
ner, whereas thioredoxin proteins did not. To determine whether
the EGFrp proteins inhibit the stabilin-2-mediated uptake of
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Fig. 1. Stabilin-2-expressing cells engulfed primary necrotic Jurkat cells (A) Flow cytometric analysis of membrane permeability and PS exposure in primary necrotic cells.
Viable (untreated) and necrotic (heating at 55 °C) Jurkat cells were analyzed by flow cytometry for loss of membrane integrity and the accessibility of phosphatidylserine by
staining with propidium lodide (PI) and FITC-annexin V, respectively. (B) Necrotic Jurkat cells were added to L/Mock or L/Stab2 cells and then incubated for 1 h at 37 °C. After
unbound necrotic cells were removed by washing, L/Mock or L/Stab2 cells were stained with a Diff Quick staining kit. Engulfed necrotic Jurkat cells (indicated by black
arrowheads) were visualized under a light microscope. Scale bar, 25 um. (C) Representative images of phagocytosis of FITC-labeled necrotic cells. L/Mock or L/Stab2 cells were
incubated with FITC-labeled necrotic cells for 1 h at 37 °C. Necrotic cells engulfed in L/Mock or L/Stab2 cells are shown in green. Scale bar, 100 pm. (D) Microscopic
quantification of necrotic cell phagocytosis in L/Mock and L/Stab2 cells. Phagocytic indices (number of ingested necrotic cells per phagocyte) were calculated. Results are
means + SD of three independent experiments. Students t-test: *P < 0.01 versus L/Mock cells.
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Fig. 2. Stabilin-2 was found to be involved in necrotic cell phagocytosis. (A) Representative images of necrotic cell engulfment by L/Stab2 cells following pretreatment with
anti-stabilin-2 antibody or isotype-matched control IgG. Scale bar, 100 um. (B) Microscopic quantification of necrotic cell phagocytosis in L/Stab2 cells pretreated with anti-
stabilin-2 antibody or isotype-matched control IgG. Phagocytic indices were calculated. Results are means + SD of three independent experiments. Students t-test: *P < 0.01
versus untreated control.
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Fig. 3. Stabilin-2 mediated the engulfment of primary necrotic cells in a PS-dependent manner. (A) L/Stab2 cells were incubated with necrotic cells in the presence of PS or PC
liposomes at various concentrations, and phagocytic indices were calculated. Results are expressed as means + SD of three independent experiments. (b) L/Stab2 cells were
incubated with necrotic cells pretreated with anti-PS antibody or isotype-matched control IgG, and phagocytic indices were determined. Results are means + SD of three
independent experiments. Students t-test: “*P < 0.01 versus untreated control. (C) Heat-killed necrotic Jurkat cells were incubated with the indicated amount of thioredoxin-
tagged EGFrp or thioredoxin protein for 1 h at 4 °C. Thioredoxin protein was used as a control. After lysis, the amount of thioredoxin-tagged EGFrp protein associated with
necrotic cells was determined by immunoblotting with HRP-conjugated anti-His antibody. A representative image of three independent experiments is shown. (D) Effect of
EGFrp proteins on the engulfment of necrotic Jurkat cells by L/Stab2 cells. Necrotic cells were pre-incubated with three different concentrations of EGFrp protein and then
added to L/Stab2 cells. After incubation for 1 h, the phagocytosis indices were calculated. Results are means + SD of three independent experiments.
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necrotic cells, phagocytosis assays were performed in the presence
of EGFrp proteins. It was found that EGFrp proteins impeded the
engulfment of necrotic Jurkat cells in a dose-dependent manner,
whereas control thioredoxin proteins had no effect (Fig. 3D). These
results demonstrate that heat-killed primary necrotic targets, like
PS-exposed RBCs and apoptotic cells, are also recognized and en-
gulfed via a similar mechanism, where exposed PS is engaged as
a recognition ligand by stabilin-2 receptor.

3.3. Stabilin-2-mediated engulfiment of primary necrotic cells did not
induce an anti-inflammatory effect

Stabilin-2 receptor is known to have an anti-inflammatory ef-
fect, namely, the production of the anti-inflammatory cytokine
TGF-B, in phagocytes presented with cell corpses [12]. To deter-
mine whether stabilin-2 induces similar signals in L/Stab2 cells
in response to necrotic cells, TGF-B production was evaluated in
L/Stab2 cells incubated with viable, apoptotic, and necrotic Jurkat
cells. The results showed that only apoptotic Jurkat cells had the
potential to evoke the production of TGF-B in L/Stab2 cells,
whereas exposure to viable and necrotic Jurkat cells did not
(Fig. 4A). This result suggests although stabilin-2 can direct the
efficient clearance of both apoptotic and primary necrotic targets
via PS recognition that the immune responses induced differ. One
possible explanation for this is that the anti-inflammatory signal
induced by stabilin-2 is abrogated by proinflammatory mediators
released by the heat-killed necrotic cells. To examine effect of ne-
crotic cells on the activation of NF-kB p65 (a mediator of inflam-
matory responses), the nuclear translocation of NF-kB p65 was
examined after treatment of apoptotic and necrotic cells. As shown
in Fig. 4B, necrotic cells, but not apoptotic cells, induced the nucle-
ar translocation of p65 in L/Stab2 cells (Fig. 4B, left panels). Fur-
thermore, whereas apoptotic cells inhibited p65 translocation in
LPS-stimulated L/Stab2 cells, necrotic cells had no effect (Fig. 4B,
right panels). To elucidate the signal transduction initiated in re-
sponse to necrotic cells, the phosphorylation of Erk1/2, p38 MAPK,
and JNK were examined in L/Mock and L/Stab2 cells treated with
necrotic cells. The phosphorylation of Erk1/2 was increased in L/
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Stab2 and L/Mock cells by necrotic cells (Fig. 4C), indicating that
necrotic cells induced Erk1/2 activation irrespective of stabilin-2.
In addition, treatment with U0126 (an Erk1/2 inhibitor) prevented
the nuclear translocation of NF-kB p65 by necrotic cells (Fig. 4D),
indicating that primary necrotic cells induce proinflammatory sig-
nal via Erk1/2 activation. These results suggest that proinflamm-
tory signal via Erk1/2 activation may abrogate anti-inflammatory
signals resulting from PS recognition by stabilin-2.

Growing evidences indicate that the externalization of PS serves
as an ‘eat-me’ signal for apoptotic and necrotic cell clearance [7-
10]. However, the molecular mechanism responsible for PS-depen-
dent clearance of necrotic cells remains to be investigated. The
present study provides evidence that stabilin-2 utilizes PS as a li-
gand for the efficient engulfment of primary necrotic targets. First,
PS liposomes, but not PC liposomes, were found to block necrotic
cell engulfment by stabilin-2-expressing cells. Second, blockade
of PS on the surfaces of primary necrotic cells with anti-PS anti-
body caused a significant reduction in the engulfment of necrotic
cells. Third, EGFrp proteins directly interacted with necrotic cells
and inhibited stabilin-2-mediated necrotic cell clearance. These re-
sults indicate that irrespective of type of death, stabilin-2-medi-
ated corpse clearance is predominantly dependent on PS
exposure by dying targets. However, the blockade of stabilin-2 or
PS on cell surfaces did not completely inhibit necrotic cell clear-
ance, which suggests the existence of a PS-independent mecha-
nism(s) of necrotic cell clearance. Considering that our
experiments were conducted in the presence of 10% FBS, it is pos-
sible that another mechanism of necrotic cell engulfment also exist
in L/Stab2 cells. Recently, we reported that cross talk between sta-
bilin-2 and integrin avp5 orchestrates the engulfment of PS-ex-
posed RBCs in L/Stab2 cells [24]. Given that integrin avf5 is
involved in apoptotic cell clearance via its binding to the opsonin
MFG-E8 [25], it is possible that the integrin otvp5-stabilin-2 com-
plex recognizes some opsonin, and thereby, mediates necrotic cell
engulfment.

In this study, although stabilin-2 was found to interact directly
with the PS of heat-killed necrotic cells, stabilin-2 failed to invoke
an anti-inflammatory effect. This result is consistent with previous
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Fig. 4. Stimulation of Stabilin-2 by necrotic or apoptotic Jurkat target cells, elicited differential signals. (A) L/Stab2 cells were challenged with viable, apoptotic, or necrotic

Jurkat cells. Supernatants were collected 18 h later and the concentrations of TGF-B
experiments. Students t-test: *P < 0.01 versus untreated control. (B) L/Stab2 cells
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were stimulated with necrotic (Nec) or apoptotic (Apo) Jurkat cells in the absence or

presence of LPS (5 pg/mL) for 1 h. Cytosolic and nuclear fractions of cell lysates were probed with anti-NF-kB p65. The image shown is representative of three independent
experiments. (C) L/Mock and L/Stab2 cells were stimulated with necrotic (Nec) or apoptotic (Apo) Jurkat targets for 15 min. Non-ingested necrotic targets were removed by
thorough washing. Cell lysates were probed with anti-phospho-Erk1/2, anti-phospho-JNK, anti-phosopho-p38, or anti-actin antibodies. The image shown is representative of
three independent experiments. (D) L/Stab2 cells were preincubated with U0126 (10 pM) for 2 h and then stimulated with LPS (5 pg/mL), necrotic cells (Nec), or apoptotic
cells (Apo) for 1 h. Non-ingested necrotic targets were removed by thorough washing. Cytosolic and nuclear fractions of cell lysates were probed with anti-NF-kB p65. The

image shown is representative of three independent experiments.
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observations that heat-killed necrotic cells did not induce an anti-
inflammatory effect in macrophages, such as, the inhibition of pro-
inflammatory cytokine production [7,9,26]. In the present study,
we found that primary necrotic cells induced proinflammatory sig-
nals via Erk1/2 activation, irrespective of stabilin-2, which suggests
that anti-inflammatory signals from PS recognition by stabilin-2
may be abrogated by proinflammatory signals from necrotic cells.
However, it is unclear at present whether stabilin-2 activates dif-
ferent signal transductions by recognizing PS on apoptotic or ne-
crotic cells. Further study is required to identify the various
signaling molecules released by necrotic cells, as these might inter-
act with stabilin-2 receptor and influence recognition, engulfment,
and immunomodulatory signals.

Summarizing, our results show that stabilin-2 acts as a PS-
receptor during the PS-dependent clearance of primary necrotic
cells. We hope that our findings will facilitate the elucidation of
the molecular mechanism responsible and signaling pathway in-
volved in necrotic cell clearance via PS recognition.
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