OPEN a ACCESS Freely available online

@' PLOS ’ ONE

Essential Role of MFG-E8 for Phagocytic Properties of

Microglial Cells

Yong Liu'*®, Xuesen Yang?®, Chenying Guo?, Pan Nie*, Yan Liu?, Jie Ma®

1 Southwest Hospital, Southwest Eye Hospital, Third Military Medical University, Chongqging, China, 2 Institute of Tropical Medicine, Third Military Medical University,
Chongging, China, 3 Massachusetts Eye and Ear Infirmary, Department of Ophthalmology, Schepens Eye Research Institute, Harvard Medical School, Boston,
Massachusetts, United States of America, 4 College of Life Sciences, Southwest University, Chongging, China

Abstract

essential signal molecule for microglial cells.

journal.pone.0055754

* E-mail: liu_yong2012@yahoo.com

9 These authors contributed equally to this work.

Milk fat globule factor-E8 (MFG-E8) has been regarded as a key factor involved in the phagocytosis of apoptotic cells. We
induced a lentivirus into the microglial cells for the augmentation or abrogation of MFG-E8 expression in mouse microglial
cells, and investigated phagocytosis of phosphatidylserine tagged human red blood cells (hRBCs) in co-cultures. Increased
MFG-E8 levels were associated with a significant increase in phagocytic activity compared to the controls. Conversely,
phagocytosis dramitically decreased due to the abrogation of MFG-E8. In addition, the expression of the inflammatory
cytokines, TNF-o. and IL-1f3, also increased or decreased in the microglial cells with the augmentation or abrogation of MFG-
E8, respectively. Our findings indicate that the enhanced expression of MFG-E8 could increase phagocytosis of apoptotic
cells; conversely, the rate of phagocytosis and the expression of inflammatory cytokines decreased when MFG-E8 expression
was knocked down. Our results confirm that MFG-E8 plays an important role in phagocytosis, and possibly serves as an
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Introduction

Apoptotic cells and potential toxic materials are the result of
degenerative cell processes [1-3]. The efficient removal of
apoptotic material plays an important role in protecting the
surrounding tissue from damage due to the release of proteins
from the dying cells [4]. Microglial cells, which are macrophage-
like cells in the central nervous system, have been regarded as
a typical representative cell of the immune system that possess this
neuroprotective function [5]. Previous studies confirmed that
activated microglial cells not only produce cytotoxic factors that
can cause injury to neurons, but also engulf apoptotic cells and
thus keep the microenvironment of the surrounding tissue healthy
[5]. These studies mainly focused on the accumulation of
microglial cells and associated proinflammatory cytokines during
the process of neurodegenerative diseases [5,6]. But there has been
insufficient investigation as to the mechanism(s) and process of
microglial cell phagocytosis, or how this activity is regulated.

Increasing evidence obtained from macrophage experiments
suggests that MFG-E8 can recognize phosphatidylserine (PS) as an
“eat me” signal expressed on the outer membranes of apoptotic
cells. After recognizing the PS signal, MFG-E8 then works as
a bridge to attach the phagocytic cell to the apoptotic cell, which
then triggers a subsequent signaling cascade response and
stimulates the phagocytic process, allowing the phagocytes to
destroy the dying cell. Some studies reported that the mechanism
of PS-triggered phagocytosis includes the ability of phagocytes to
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locate and recognize the externalized PS on apoptotic cells either
directly through a PS receptor [7], or through other bridging
proteins [8,9]. The macrophage-like ability of microglial cells may
depend on MFG-E8 to recognize and attach to PS on apototic
cells [10].

We propose that MFG-E8 plays a key role in inducing the
phagocytic behaviour of microglial cells in response to apoptotic
cells, but details of the interaction remain to be clarified. Fuller
et al. quantified the production of MFG-ES8 in the BV-2 microglial
cell line and the function of this protein in the recognition and
engulfment of apoptotic neurons induced by UV light exposure
[11]. However, it is still unclear whether or not the phagocytosis
was triggered by a unique PS externalization, because UV light
exposure can directly induce cell apoptosis or death, which makes
it difficult to accurately study PS externalization. We induced PS
externalizaiton in hRBCs to evaluate the role of MFG-E8 in the
process of phagocytosis. We hypothesized that the augmentation
or abrogation of MFG-E8 activity in mouse microglial cells would
dramatically affect phagocytosis of hRBCs with externalized PS.

Previous studies on the function of macrophages or microglial
cells indicated that engulfment mediated by MFG-E8 not only
sequesters potentially harmful cellular products from the surround-
ing tissue, but also suppresses proinflammatory cytokines thereby
creating an anti-inflammatory environment that additionally
protects the tissue [12-14]. In central nervous system, some
studies indicated that microglial cells can phagocytize viable cells,
which is called primary phagocytosis [15,16]. Therefore, in-
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terruption any components in the PS/MFG-E8 mediated pathway
can rescue healthy neurons [12-14]. However, it is unclear
whether or not microglial phagocytosis mediated by MFG-E8 can
affect inflammation. Thus, we also studied the inflammatory
responses of the mouse microglial cells during the process of
phagocytosis.

Materials and Methods

Materials and Ethics

This study was approved with a written consent by the IACUC
of the Southwest Hospital, Third Minitary Medical University,
Chongqing, China. Mice were supplied by the Animal Care
Center of Southwest Hospital. All experiments were performed in
accordance with the association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research. hRBCs were obtained from blood donors at
the Southwest Hospital and all procedures were approved by the
Human Subjects Committee of Southwest Hospital. The study
protocol adhered to the Declaration of Helsinki for research
involving human subjects. The participants provided their written
consents and approved the consent procedure for our studies.

Preparation of Phosphatidylserine and Oxidized
Phosphatidylserine

Phosphatidylserine (PS, 1-Palmitoyl-2-arachidonyl-3-phosphati-
dylserine, Avanti-Polar Lipids, Alabaster, AL, USA) was dissolved
in chloroform and then dried under nitrogen. The precipitate was
dissolved in phoshate buffered saline (PBS) to make a PS stock
solution at a concentration of 10 mM. An appropriate amount of
2,2-azobis [2-amidinopropane]-dihydrochloride (100 mM, Sigma,
Shanghai, China) was mixed with the PS solution (volume ratio
1:1) and incubated at 37°C for 4 hr. After the incubation, methyl
alcohol and chloroform (volume ratio 2:1) were used to extract
oxidized PS. Oxidation was determined by measuring the
absorbance of hydroperoxides with conjugate dienes (ultraviolet
spectroscopy at 234 nm) [17]. The analysis indicated a 30:70%
mixture of oxidized and nonoxidized PS, and this mixture of PS
species was called PSox [18]. The lipid mixture was vortexed and
sonicated for 3 min on ice before being used to induce PS
externalization.

Isolation and Culture of Mouse Microglial Cells

Newborn (postnatal day 1-3 ) C57BL/6] mice were euthanized
with a overdose of Ketamine and Xylazine (Wedochem, Jinan,
China) at a dosage of 120 mg/kg and 20 mg/kg in saline,
respectively. The anesthesic mixture was injected subcutaneously
using a 27G needle. Mouse microglial cells were isolated from the
brains using a modification of procedure given by Giulian and
Baker [19]. In brief, the brain was immediately dissected free of
skull and dissociated by trituration in 0.25% trypsin (Sigma,
Shanghai, China) in 1x PBS. Cells were plated in 75 em? plastic
flasks containing 10 ml DMEM/F12 medium (volume ratio 1:1,
Invitrogen, CA, USA) and cultured in an incubator (37°C, 5%
COy). The culture medium was changed every two days. On day
14, the mixed glial cultures were washed with DMEM/F12
medium, and then the flasks were shaken for 2 hr (240 rpm at
37°C) to purify microglial cells. The astroglia remaine adherent to
the flasks thus this process can efficiently remove contaminating
astrocytes. The suspension was replated in 75 cm? plastic flasks
with 10 ml DMEM/F12 and cultured for a further incubated
again (37°C, 5% COy,) afterwhich for 3 hr. The oligodendroglia
were removed by gently shaking the flasked at room temperature.
Subsequently, the strongly adherenting microglial cells were
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subsequently dislodged released from the flasks by vigorous
shaking in DMEM/F12 medium plus with 0.25% trypsin. The
cell suspension was rewashed and seeded into culture flasks and
incubated at 37°C with 5% of CO, for 2 hr. The attached cells
were removed by trypsinization and were seeded onto new plates
and cultured in an incubator (37°C with 5% of COy) for use in
later experiments.

Surface expression of CD11b on microglial cells was checked by
flow cytometry [20]. Briefly, cells were stained with fluorescein
isothiocyanate (FITC)-conjugated mouse anti-CD11b (1:200, BD
Bioscience, CA, USA). Fluorescence-activated cell sorting (FACS)
was used to detect the microglial phenotype.

Double staining for mouse anti-CD11b (1:400, Chemicon, CA,
USA) and rabbit anti-MFG-E8 (1:200, Santa Cruz Biotechnology,
CA, USA) and confocal microscopy was also performed. Cells
were permeabilized by 0.1% Triton-X 100 during the normal
staining process. Since extracellular MFG-ES8 staining is detergent
sensitive [13,14,21], it was therefore necessary to ensure that
MFG-ES8 was externalized to the cell surface. Thus, cells were also
double labelled with CD11b and MFG-E8 using a non-permea-
bilized procedure [13,14,21]. FITC conjugated affiniPure goat
anti-mouse IgG (1:200) and Cy3-conjugated affiniPure goat anti-
rabbit IgG (1:200, both from Jackson ImmunoResearch, PA,
USA) were used as secondary antibodies, respectively. MFG-L8
and CDI11b were both localised to the sympatric on the cell
surface. This finding coincided with the result of the staining on
permeabized microglial cells, indicating that both methods show
the externalization of which means that MFG-E8 externalizated
on the surface of the microglial cells.

In order to identify the phagocytotic characteristics of cultured
microglial cells, green fluorescence labeled microbeads (0.02 um
in diameter, Invitrogen, NY, USA) were introducted to the
microglial cells culturing for 12 hr (37°C with 5% of COy).
Excessive microbeads were removed by 1 x PBS washes contain-
ing 1 mM MgCly and 0.2 mM CaCls.

Isolation and Culture of hRBCs

We used hRBCs to examine the phagocytic behavior of
microglial cells due to the ease of making microscopic observations
and removes the necessity for fluorescent markers to label the cells.
hRBCs were isolated from the blood samples with EDTA to
prevent clotting, centrafuged at 1,500 rpm for 10 min, then
washed three times with 1x PBS. Cells were resuspended in 1x
PBS with 0.1% sucrose (volume ratio 1:4) and the hRBC stored at
4°C as a stock solution.

PS Externalization in hRBCs

An appropriate volume of hRBC stock solution was added to N-
ethylmaleimide (NEM, Sigma, Shanghai, China) to make a solu-
tion with a NEM conconcentration of 20 uM or 30 uM. The
mixture was incubated at 37°C for 10 min or 30 min and then
centrifuged (1,900 rmp, 10 min) to collect the sediment. After
three washes in PBS, the sediment was resuspended PBS and
mixed with PS or PSox for 30 min at 37°C (PS or PSox
concentration was adjusted to 20 UM in the mixture). The solution
was contrifuged for 10 min (1,500 rmp), the supernatant were
removed and the hRBCs were washed with 1x PBS (10 ml). PS-
hRBCs were then used to assess the phagocytic activity of the
microglial cells (see below). After treatment with NEM and
mtegration with PS or PSox, the PS-hRBCs translocated the PS
from the inner face to the outer surface of the plasma membrane
of the cell (referred to as PS externalization in the present study).
Cell surface PS can be easily detected by flow cytometry after
labelling with a fluorescent conjugate of Annexin V-FITC, which
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is a specific protein with a high affinity for PS, thus confirming PS
externalization on hRBC cells.

Phagocytosis of hRBCs by Microglial Cells

Microglial cells were seeded into 6-well (2 x 10° cells/well) and
cultured overnight. Normal hRBCs or PS-hRBCs were resus-
pended in DMEM medium at a 0.1% concencentration. The
hRBCs and PS-hRBCs were pre-labelled using a red fluorescence
PKH kit (Sigma, Shanghai, China) according to the manufacturers
instructions, and then added the wells at ratios between 1:50—
1:100 (microglial cells vs hRBCs). The plates were incubated for
2 hr (37°C, 5% COy), the medium removed and the plates washed
three times with PBS (37°C). The phagocytosis of hRBCs or PS-
hRBCs was examined using an inverted fluorescence microscope
(Olympus BX41, Japan). Four fields (100x) in each well were
randomly selected. Phagocytic rate was determined by counting
the number of microglial cells containing the phagocytized hRBCs
divided by the total number of microglial cells in each image.

Immuno-fluorescent staining was used to provide further
confirmation of the phagocytic activity and internalization of
hRBCs. Microglial cells and pre-labeled hRBCs using PKH kit
were co-incubated in chamber slide (Lab-Tek Chamber Slides,
Thermo) for 2 hr. Then cells were fixed and FITC conjugated
mouse anti-CD11b (1:200) was used to label the microglial cells.
The cells were then examined using confocal microscopy.

Transfection of Microglial Cells by Plasmids

Overexpression and knockdown of MFG-E8 in microglial cells
was performed by transfection of a lentivirus [22-25]. For
overexpression, a lentiviral vector system obtained from Gene-
chem (Shanghai, China) was used as a template to amplify the
MFG-E8 gene with site-directed mutagenesis. The resulting PCR
product was digested with Agel, purified and cloned into the
lentiviral vector pGC-FU (Genechem) to generate pGC-FU-MFG-
E8. Meanwhile, pGC-FU vector was used as a negative control.
For knockdown of MFG-E8, siRNA (5'-GCAGCTACAAGA-
CATGGAA-3") was designed by sclecting the appropriate
sequence from the MFG-E8 complete mRNA. The ¢cDNA of
double stranded shRNA oligo was cloned into pFU-GW lentivirus
vector (Genechem) using the EcoR I and Xho I restriction enzyme,
and generated pFU-GW-RNAI-MFG-E8. The recombinant plas-
mid was verified by DNA sequencing. A negative control shRNA
unrelated to MFG-E8 sequence was used as a control. Human
embryonic kidney (HEK) 293T cells were transfected with the
packaging plasmids (pHelper 1.0 and pHelper 2.0) and lentiviral
vector pFU-GW-MFG-E8 using lipofectamine 2000 (Invitrogen).
The procedure of lentivirus production in HEK 293T cells was as
previously described [22-25]. Infectious lentivirus vectors were
harvested at 48 hr post-transfection, centrifuged to get rid of cell
debris, and then filtered through 0.22 cellulose acetate filters. The
infectious titer was determined by realtime qRT-PCR for pGC-
FU-MFG-E8 and limiting dilution analysis for pFU-GW-RNAi-
MFG-E8 in 293T cells [26]. The virus titers were at the range of
107 transducing units/ml medium, and these viruses were kept at
—80°.

Microglial cells (2 x 10> cells/well) were seeded in 6-well plates
with DMEM/F12 medium one day before the transfection. For
lentiviral infection, lentivirus was added to transduction medium
at a multiplicity of infection of 40 (Opti-MEM, GIBCO, Shanghai,
China). Twenty-four hours after lentiviral infection, transduced
cells were washed in 1x PBS and DMEM/F12 medium was
added to wells. On day 3 post-infection, the cells were analyzed
using confocal microscopy. On day 9, cells were collected, protein
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and total mRNA were extracted respectively (see below). The
same protocol was used for the transfection of other plasmids.

Evaluation of mRNA Expression by qRT-PCR

gRT-PCR was used to test the mRNA expression of MFG-E8
and inflammatory cytokines (TNF-o and IL-1p). Microglial cells
were seeded in 24-well plates (5 x 10* cells/well) for 24 hr.
Normal RBCs and PS-hRBCs suspension were added to the wells
and co-cultured (37°C, 5% COy) for 2 hr. The cultures were
washed three times with PBS (37°C) and then the cells in each
plate collected and total mRNA extracted (RNeasy Mini kit,
Qiagen, ML, USA) for ¢cDNA synthesis (SuperScript III First-
Strand Synthesis SuperMix, Invitrogen, CA, USA) and qRT-
PCR. The procedures of mRNA extraction and cDNA synthesis
followed those provided by the manufacturers and the primers are
listed in Table 1. The procedure for gRT-PCR included 5 min at
99°C, followed by 40 cycles of 15 s at 94°C, 30 s at 59°C, and 45 s
at 72°C (Roche LC480, Roche Applied Science). Expression
(evaluated as fold change for each target gene) was normalized to
B-actin following the well-established delta-delta method [27,28].
Data are presented as fold change over the control (i.e. microglial
cells incubated with normal hRBCs). All assays were performed in
triplicates. In addition, a non-template control was included in the
experiment to estimate the DNA contamination of isolated RNA
and reagents.

MFG-E8 Expression in Transfected Microglial Cells and

Western Blot Analysis

Western blot assays were used to assess MFG-E8 expression in
transfected microglia. Briefly, the transfected cells were completely
lysed in 10 mM  Tris-HCl (pH 7.6) containing 2 mM Na
orthovanadate (pH 7.6), 0.2 mM PMSF, 2 mg/ml leupeptin,
2 mg/ml aprotinin and 1 tablet of Complete Mini (Roche
Diagnostic, IN, USA). An equal amount of protein per lane was
loaded mto a 4-20% Bis-Tris gel (Invitrogen), which was
transferred to a 0.2 mm nitrocellulose membrane (Invitrogen).
The membrane was incubated overnight at 4°C with rabbit anti-
MFG-E8 (1:300), washed three times in 1x PBST (PBS with
0.05% Tween 20 (Sigma, Shanghai, China)) for 40 min, and then
incubated with secondary antibodies (goat anti-rabbit HRP and
HRP-conjugated GAPDH; R&D System, Minneapolis, MN,
USA) at a dilution of 1:10,000 in TBST for 1 hr at room
temperature. The membrane was washed three times in TBST
(40 min) and then the chemiluminescent signals on the membrane
captured on film (Thermo Scientific, Rockkford, IL, USA). All
experiments were repeated three times.

Table 1. Summary of the primers for qRT-PCR.
Genes Primers Sequences
MFG-E8 Forward AGATGCGGGTATCAGGTGTGA
Reverse GGGGCTCAGAACATCCGTG
TNF-ou Forward CCCCTCAGCAAACCACCA
Reverse GGCAGCCTTGTCCCTTGA
IL-1B Forward TGGGAAACAACAGTGGTCAGG
Reverse CCATCAGAGGCAAGGAGGAA
B-actin Forward GCGTGACATCAAAGAGAAGC
Reverse AGCACTGTGTTGGCATAGAG
doi:10.1371/journal.pone.0055754.t001
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Statistical Analysis

All statistical tests were performed using SPSS 11.0. In-
dependent Samples t-test were used to compare the differences
in the MFG-E8 expression between groups after transfection. All
data are presented as the mean *= SD and comparisons with
P=0.05 were considered significant.

Results

Phagocytic Model and Evaluation PS Externalization in
hRBCs

Under normal physiological situations, PS was usually found on
the inner side of the cell membrance. PS externalization in normal
hRBCs after labelling with Annexin V-FITC was very rarely
detected by flow cytometry (0.06%) (Figure 1A). The externaliza-
tion rate increased to 15.80% when hRBCs were incubated with
PSox (Figure 1B) or 7.40% (Figure 1C) when pre-treated (for
10 min in 20 uM NEM) hRBCs were cultured with PS. In
contrast, the externalization rate increased to 35.70% when pre-
treated hRBCs were incubated with PSox (Figure 1D). Increasing
the pre-treatment time and concentration in NEM (30 min,
30 uM) without PS incubation did not significantly increase
externalization (8.71%; Figure 1E vs. 1C). When hRBCs was pre-
treateated in 30 uM NEM for 30 min followed by PSox,
externalizatgion was higher (47.50%) than that at lower NEM
concentrations (Figure 1F vs. 1D). However, hRBCs appeared to
become fragile at these concentrations and incubation times.
Therefore, in the following experiments a regime 20 UM
NEM,10 min with PSox was used to induce stable PS external-
ization.

After inducing stable PS exernalization in hRBCs they were co-
cultured with microglial cells. Only 3.80%£1.00% of the normal
hRBCs were recognized and phagocytosed by the microglial cells
(Figure 1G), compared to 27.50%£5.40% after the hRBCs were
treated with NEM and PSox (Figure 1H), which was a significant
increase in the phagocytic rate (n =4, P<0.01; Figure 1I).

FACS showed a population of 91-93% CDI11b positive cells,
which were regarded as microglial cells. In addition, immuno-
flurescent staining verified that the cultured cells expressed CD11b
and MFG-E8 (Figure 1J-L). MFG-E8 and CDI11b were both
localised to the cell surface and labeling was similar to that seen on
permeabized microglial cells (data not shown), confirming the
presence of microglial cells containing a possible bridge to attach
to the hRBCs, i.e. MFG-E8. Furthermore, 98% of microglial cells
contained microbeads (Figure 1M), indicating that they have the
ability for non-specific phagocytosis. All of these findings
confirmed that the microglial cells were suitable as a phagocytic
model for the modified expression of MFG-E8 in the following
experiments.

Evaluation of MFG-E8 Overexpression and Knockdown

Fluorecent micorscopy indicated that the viral vectors were
successfully transferred to most cells (over 80%; Figure 2A). qR'T-
PCR analysis indicated that pGC-FU-MFG-E8 significantly
enhanced MFG-E8 expression, and conversely, pFU-GW-RNAI-
MFG-ES effectively knocked down MFG-E8 expression compared
with nontransfected microglial cells and negative controls
(P<0.05; M+ and R+ vs. all others, Figure 2B). The negative
controls had no effect on MFG-E8 expression compared with
nontransfected controls (both P>0.05; M- and R- vs. C,
Figure 2B).

The cell lysate from the transfected microglial cells was used to
analyze the expression of MFG-E8. Western blot analysis in-
dicated that MFG-E8 expression (about 47 kDa) significantly

PLOS ONE | www.plosone.org

Role of MFG-E8 in Phagocytosis

increased in pGC-FU-MFG-E8 transfected microglial cells (M+,
Figure 2C). In contrast, the expression was dramatically reduced
after pFU-GW- RNAI-MFG-E8 transfection (R+, Figure 2C).
MFG-E8 expression was found to be similar for the negative
transfection and controls (M-, R- and C, Figure 2C).

Phagocytic Properties of Microglial Cells

Confocal microscopy and Z-stacking confirmed that the
microglial cells could effectively “grasp” and phagocytize and
internalize hRBCs (Figure 3A and 3B-B’). Four different trans-
fection experiments were used to evaluate the phagocytosis of
hRBCs. The phagocytic rate was about 22.8% for the non-
transfected microglial cells (Figure 3C). The phagocytic rate of
microglial cells with a high MFG-E8 expression was significantly
higher (32.9%, Figure 3M+) than negative controls (21.5%;
Figure 3M—, P<0.01, Figure 3D). In the MFG-E8 knock-down
cells, phagoctic rate significantly decreased to 17.5% (Figure 3R+)
compared with that of other transfected microglial cells or the
nontransfected controls (Figure 3R- and Figure 3D, all P<0.01).
In addition, a significant difference was not found between the
controls (Figure 3C, 3M- and 3R-; P>0.05, Figure 3D). Therefore,
MFG-ES8 plays a significant role in recognizing apoptotic cells.

Interestingly, differneces in the mRNA expression of the typical
inflammatory cytokines, TNF-o and IL-1B, appear to coincide
with the phagoctic rate following the different transfection
protocols. Specifially, microglial cells with an overexpression of
MFG-E8 had significantly high expression of TNF-o and IL-1
(Figure 3E-F, P<<0.01); conversely, the lowest expression of TNF-
o and IL-1B mRNA was found in microglial cells with significantly
reduced MFG-E8 expression (Figure 3E-F, P<0.01). There was
no statistical difference among the controls with respect to cytokine
expression (Figure 3E-T, all P>0.05).

Discussion

One of the initial changes in the process of apoptosis is the
translocation of PS from the inner membrane to the outer surface
of a cell. PS is most widely studied “eat-me” signal, although
others include changes in the surface charge of glycoproteins and
lipids (owing to the addition of sugars), the binding of
thrombospondin or the complement component Clq to the
apoptotic cell surface, the expression of intercellular adhesion
molecule 3, and an oxidized low-density lipoprotein-like moiety
[29]. In order to induce the phagocytic behavior of microglial cells,
we tagged hRBCs with an externalized PS “ecat-me” signal, which
subsequently trigered the phagocytic process. Although previous
studies have used different ways to induce phagocytosis, such as
UV light exposure [11] or dexamethasone treatment [8], these
methods may cause cell death or trigger some other cellular
membrane morphological change. Therefore, we used NEM and
PSox to encapsulate hRBCis to induce the apoptotic signals. In the
execution of the process, PS underwent a statistically significant
and pronounced oxidation [17] and NEM specifically enhanced
PS exposure [30], while maintaining the cellular integrity in more
than 95% of the hRBCis. This externalisation of PSox significantly
increased the phagocytosis of the hRBCs comparing to previous
studies.

MFG-E8, containing a PS binding domain, has been
comfirmed as a binding bridge between apoptotic cells and
integrins on the surface of macrophages. Some studies indicated
that MFG-ES8 secreted from activated macrophages, specifically
binds to externalized PS on apoptotic cells and promotes their
subsequent engulfment [8,31]. In the central nervous system,
further study showed that MFG-E8 increased the phagocytosis
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Figure 1. The detection of phosphatidylserine externalization in hRBCs labelled with Annexin V FITC fluorescence (flow cytometry)
(A-F) and the phagocytosis of these cells by mouse microglial cells (G-H). (A-F) PS externalization was (35.70%) most successful with
incubation for 10 min with 20 UM NEM and then incubated with 20 uM PSox for 30 min. Although, 47.50% of hRBCs showed PS externalization after
being incubated for 30 min with 30 uM NEM and then 30 min with 20 pM PSox for 30 min, cells were fragile and considered unsuitable for use. (G)
Prelabled normal hRBCs were very rarely recognised by microglial cells, but (H) phagocytosis was common for prelabeled PSox-hRBS cells. (I) The
hRBSCs phagocytosis rate was significantly higher for PSox-treated cells. Inmunoflurescent staining indicated that the cultured cells expressed
CD11b and MFG-E8 (J-L). (M) The majority of cultured microglial cells can incorporate microbeads (green) suggesting that they have the ability of
non-specific phagocytosis. Scale bars: 50 um for G-H, 100 um for J-M. ** P<<0.01. Abbreviations: Con, control; PSox: mixture of oxidized and
nonoxidized phosphatidylserine; hRBCs, human red blood cells.

doi:10.1371/journal.pone.0055754.g001

of apoptotic neurons by microglial cell lines [11]. According to
our findings, the phagocytic behavior of microglial cells can be
significantly modified by enhancing or knocking down the
expression of MFIG-E8, ie. phagocytic rate significantly in-
creased in accordance with an increase in MFG-E8 expression
in the microglial cells, and conversely, decreased when MFG-E8
expression was knocked down. Recent studies showed that
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inflamed microglial cells release reactive oxygen or nitrogen
species, which induced reversible PS exposure on the surface of
viable neurons [14,16,32] These neurons were phagocytosed
and thus killed when they interacted with microglial cells
[15,16]. And this process was mediated by a pathway consisting
of neuronal PS exposure, recognition of PS by the bridging
molecule MFG-E8, and MFG-E8 binding to the vitronectin
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Figure 2. Overexpression and knockdown of MFG-E8 in microglial cells after transfection with a lentivirus. Four different transfections
were used: M+, MFG-E8 overexpression using pGC-FU-MFG-E8; M-, MFG-E8 negative control for overexpression using the pGC-FU vector; R+,
Knockdown expression using pFU-GW-RNAi-MFG-ES8; R- negative control for knockdown expression using the pFU-GW Vector. (A) The transfection
rate was over 80% in all experiments. (B) qRT-PCR analysis indicated that pGC-FU-MFG-E8 significantly enhanced microglial MFG-E8 expression, and
pFU-GW-RNAI-MFG-E8 effectively knocked it down. The negative controls had no effect. (C) Western blot analysis of the cell lysate from the
transfected microglial cells confirmed that MFG-E8 expression (about 47 kDa) was significantly enhanced or knocked down. Scale bar: 50 um. **

P<0.01.
doi:10.1371/journal.pone.0055754.9002

receptor [14,16,32]. In our study, although we did not test
whether up-regulation of MFG-E8 in microglial cells can induce
PS exposure to hRBCs, the increase of MFG-E8 expression on
the surface enhanced the phagocytosis by microglial cells.

An m viwo study suggested that MFG-E8 could lead to an anti-
inflammatory response, because the study showed that TNF-a and
IL-1B were clearly downregulated in mouse macrophages [33],
thus the presence of MFG-E8 secreted by macrophages effectively
reduces the inflammatory response and leads to a decrease in
extracellular inflammatory factors. Similarly, Miksa et al. found
that an increase in MFG-E8 through exosome treatment [34],
increased the clearance of apoptotic cells and reduced levels of
inflammatory factors such as TNF-o in the rat. Exposure to
apoptotic signals can quickly activate resting microglial cells to
play their roles in tissue maintenance, such as inflammatory
activation. There is no direct evidence to show the production of
the inflammatory factors during phagocytosis or while microglial
cells work as anti-inflammation agents n vivo.

ur n vitro study shows that TNF-o0 and IL-1 expression was
significantly higher in microglial cells with a higher expression of
MFG-E8. These findings are not consistent with the previous
studies. A previous study indicated that microglial TNF-o expres-
sion increased in outer nuclear layer of the ¢ mouse retina at
a time when microglial cells were activiated [35]. Conversey, as
phagocytosis progresses and MFG-E8 levels depleted, the level of
inflammatory factors in extracellular microenvironment will also
be continuously reduced. We suggest that these differences are due
to differences in the inflammatory responses of macrophages vs.
microglial cells. The expression of MFG-E8 is altered in subjects
with autoimmune diseases, such as systemic lupus erythematosus

PLOS ONE | www.plosone.org

(SLE) [36]. Specifically, a deficiency of MFG-E8 production has
been reported to develop SLE in mice, leading to an impaired
clearance of apoptotic cells [8,31]; however, MFG-E8 serum levels
in SLE patients were higher than in healthy individuals [37,38].
Therefore, as Aziz et al. pointed out that the expression of
inflammatory factor from different subjects could lead to the
noncoincidence between different studies [36]. Interestingly,
a recent study indicates that inhibition of microglial phagocytosis
significantly prevent inflammatory neuronal death wm vitro [14],
which is defined as primary phagocytosis [14,15]. This study found
that inhibition of any step in primary phagocytosis pathway, such
as reducing PS exporsure or blocking MFG-E8 expression,
rescued over 90% of neurons [14,16]. Those findings indirectly
indicated that modification of MFG-E8 expression can lead to the
variation of phagocytosis by microglial cells, which is in
accordance with our findings.

Conclusions

We are the first to successfully devise a novel method to
augment or abrogate MFG-E8 expression in microglial cells to
investigate the phagocytosis of hRBCs. Our findings indicate that
the enhanced expression of MFG-E8 is able to significantly
increase phagocytosis, which is very important for maintaining
healthy tissue; in contrast, the phagocytic rate decreased when the
expression of MFG-E8 was abrogated. Therefore, our results
confirm that MFG-E8 plays an important role in the phagocytic
function of microglial cells. These findings could provide a basis
for future studies on the clinical treatment of some diseases casued
by phagocytic disorders of the microglial cells.
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Figure 3. The phagocytosis of PS-hRBCs and mRNA expression of TNF-a and IL-1p by microglial cell co-cultures. (A) Representative
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downs. (E-F) The mRNA expression of TNF-o and IL-1f increased in the MFG-E8 up-regulated microglial cell, but significantly decreased when MFG-E8
was knocked down. Scale bars in A-B: 20 um; C-R-: 50 um; ** P<<0.01.

doi:10.1371/journal.pone.0055754.g003
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