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Abstract

Macrophage interaction with oxidized low-density lipoprotein (oxLDL) leads to its differentiation into foam cells and
cytokine production, contributing to atherosclerosis development. In a previous study, we showed that CD36 and the
receptor for platelet-activating factor (PAFR) are required for oxLDL to activate gene transcription for cytokines and
CD36. Here, we investigated the localization and physical interaction of CD36 and PAFR in macrophages stimulated
with oxLDL. We found that blocking CD36 or PAFR decreases oxLDL uptake and IL-10 production. OxLDL induces
IL-10 mRNA expression only in HEK293T expressing both receptors (PAFR and CD36). OxLDL does not induce
IL-12 production. The lipid rafts disruption by treatment with BCD reduces the oxLDL uptake and IL-10 production.
OxLDL induces co-immunoprecipitation of PAFR and CD36 with the constitutive raft protein flotillin-1, and
colocalization with the lipid raft-marker GM1-ganglioside. Finally, we found colocalization of PAFR and CD36 in
macrophages from human atherosclerotic plaques. Our results show that oxLDL induces the recruitment of PAFR
and CD36 into the same lipid rafts, which is important for oxLDL uptake and IL-10 production. This study provided
new insights into how oxLDL interact with macrophages and contributing to atherosclerosis development.
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Introduction

The oxidation of Low Density Lipoprotein (LDL) is a major
pathogenic factor in the development of atherosclerosis.
Oxidized LDL (oxLDL) accumulates in the sub-endothelial
space of the arterial wall and activates endothelial cells,
smooth muscle cells and macrophages. The resulting chronic
inflammatory response contributes to atherosclerotic plaque
progression[1]. Although is well accepted that the uptake of
oxLDL has pathophysiologic relevance in atherosclerosis
development, the molecular mechanisms of its interaction with
macrophages are not fully understood.

CD36 is one of the main scavenger receptors involved in the
uptake of oxLDL by macrophages and has generally been
viewed as essential for foam cell formation[2]. Its deficiency
greatly reduced the uptake of oxLDL and atherosclerotic
lesions in mice models[3,4]. Monocytes from individuals lacking
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CD36, or in vitro experiments using functional blockage of this
receptor with antibodies, decreased the oxLDL uptake by 50%
[3]. However, other studies have found that a deficiency of
CD36 did not prevent macrophage foam cell formation in
vivo[5,6]. These contradictory observations suggest that
additional receptor(s) might be involved in macrophage
activation by oxLDL and foam cell formation.

The oxidative modification of LDL generates several oxidized
phospholipids (oxPL) that share a common unsaturated fatty
acid in the sn-2 position of the phosphatidylcholine and confer
the ability to bind to CD36[7]. These structural characteristics
are also responsible for the interaction of some oxPL with the
receptor for Platelet Activating Factor (PAFR) [8], which its
expression has been found in macrophages from human
atherosclerotic  plaques[9]. In  previous studies we
demonstrated that deficiency or antagonism of PAFR reduced
the oxLDL uptake by human macrophages and CD36
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expression. It was also found that co-stimulation of CD36 and
PAFR is required for IL-8 and MCP-1 production by
macrophages exposed to oxLDL[10,11]. We also showed that
oxLDL stimulates a number of signal transduction pathways
through PAFR engagement including MAPK and PI3K/Akt
pathway activation, which leads to the transcription of genes for
cytokines and CD36 as well[11]. Because CD36 has a very
short cytoplasmic domain[12], it has been suggested that its
association with other receptors is required for activating
intracellular signaling pathways[13,14].

The PAFR has, in its amino acid sequence, a binding motif
for caveolin-1[15], which is a constitutive protein in lipid raft
platforms. Thus, we hypothesized that the association of PAFR
with CD36 might occur in lipid raft domains. In the present
study, we found that oxLDL induces the formation of a complex
comprising CD36, PAFR and Flotillin-1 within lipid raft
platforms and this is required for the uptake of oxLDL and IL-10
production by macrophages. Moreover, we found colocalization
of PAFR and CD36 in human atherosclerotic plaques.

Materials and Methods

Purification and oxidation of LDL

The study was approved by the ethics committee of the
Institute of Biomedical Sciences, University of Sao Paulo and
the participants provide their written consent. Blood was
collected from normolipidemic volunteers and plasma was
obtained after centrifugation at 1,000 g, 4°C, for 15 min in the
presence of EDTA 1 mg/mL. Thereafter, we added
benzamidine (2 mmol/L), gentamicin (0.5%), chloramphenicol
(0.25%), PMSF (phenyl-methyl-sulfonyl-fluoride) (0.5 mmol/L),
and aprotinin (0.1 U/mL) (all acquired from Sigma-Aldrich, St.
Louis, MO, USA). LDL (density: 1.019-1.063 g/mL) was
isolated by sequential ultracentrifugation (100,000 g, 4°C),
using a P90AT-0132 rotor (CP70MX ultracentrifuge; Hitachi
Koki Co., Ltd, Tokyo, Japan), dialyzed (4°C) against PBS, pH
7.4 containing 1 mmol/L EDTA, filtered (0.22 ym) and stored at
4°C. The protein concentration was determined by the BCA kit
(Thermo Scientific, Rockford, IL, USA). Part of the LDL was
dialyzed overnight against EDTA-free PBS. The LDL with
minimal degree of oxidation (moxLDL) was obtained by dialysis
of LDL (2 mg/mL) against 2 yM FeSO,- 7H,0 in PBS (pH 7.2)
for 48 h at room temperature in the dark. Highly oxidized LDL
(oxLDL) was obtained by incubation of LDL with CuSO, (5
pmol/L per mg of LDL protein/ 18 h/ 37°C). The oxidation for
both methods was stopped by the addition of 1 mmol/L EDTA,
the degree of oxidation was determined by measuring the
concentration of tiobarbituric acid-reactive substances
(TBARS) and conjugated dienes. TBARS values for LDL,
moxLDL and oxLDL were 0.2, 7.5, and 53.1 nmol/mg protein
respectively. Conjugated dienes were mesured by optical
density at 234 nm: 2.84, 3.02, and 4.00 for LDL, moxLDL and
oxLDL respectively.

Cell culture

6—8 week old male C57BL/6 mice were obtained from our
own animal facilities and were housed in a room with 12 h
light—dark cycle with water and food ad libitum. Animal care
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and research protocols were in accordance with the principles
and guidelines adopted by the Brazilian College of Animal
Experimentation (COBEA) and approved by the Biomedical
Sciences Institute/lUSP—Ethical Committee for Animal
Research (CEEA). We did not perform in vivo studies. Bone
marrow-derived macrophages (BMDM) were established as
previously described by Davies and Gordon (2005)[16], with
minor modifications. In brief, femurs were flushed with PBS,
using a 26 x 1.2"-gauge needle. Cells were grown in L-Cell
conditioned medium (DMEM containing 20% L929 cell-
conditioned medium, 15% FCS, 2 mmol/L I-glutamine, 100
U/ml penicillin G, and 100 mg/ml streptomycin) (Gibco, Long
Island, NY, USA) , incubated at 37°C in 5% CO.,. At day 3, new
fresh L-Cell conditioned medium was added. Monolayer of
macrophages was scrapped at day 6. Macrophages were
culture in DMEM/1% for one day before the experiments.

The monocytic cell line THP-1 was cultured in RPMI-1640
medium supplemented with 5% FCS, 100 U/mL penicillin, 100
ug/mL streptomycin, 2 mM L-glutamine, 15 mM HEPES and 11
mM sodium bicarbonate. Cell cultures were maintained in a
humidified atmosphere containing 5% CO, at 37°C. The
differentiation of THP-1 monocytes into macrophages was
induced by 150 nM phorbol 12-myristate-13-acetate (PMA) for
24 h. Non-adherent cells were removed by aspiration of the
supernatant followed by replacement with fresh medium.

Uptake of oxLDL

LDL was labeled with Fluorescein isothiocyanate (FITC)
(Merck  Chemicals, Nottingham, UK), as described
previously[17,18]. Breafly, 2 mg/mL of LDL were dialyzed in
carbonate buffer (NaHCO; 0.5 mol/L; EDTA 1 mmol/L pH 9.5)
containing 2 mg of Fluorescein isothiocyanate (FITC),
overnight at 4°C. The unbound FITC was removed by dialysis
in PBS/EDTA and PD10 column (Amersham Pharmacia
Biotech, Uppsala, Sweden). The FITC concentration in LDL
was determined by spectroscopy against FITC standard
solution at 495 nm. The F/P (fluorochrome/protein) molar ratio
was calculated and admitted in the range of 24 to 3 as
previously described [19]. FITC-LDL was oxidized by CuSQO, (5
umol/L per mg of LDL protein; 18 h; 37°C). Cells were treated
with PAFR antagonists “WEB2170 (50 umol/L) (Boehringer
Ingelheim, Pharma KG, Biberach, Germany), CV3988 (10
umol/L) (Tocris Bioscience, Bristol, UK)” alone or in
combination with anti-CD36 blocking antibody (1 pg/mL)
(monoclonal IgA anti-CD36, clone CRF D-2712, BD
Biosciences, Franklin Lakes, NJ, USA), for 30 min, then
incubated with FITC-oxLDL (30 pug/mL) for 1 h at 37°C. In some
experiments the cells were pre-treated with the Methyl-3-
cyclodextrin (BCD) or with the inactive analogue a-ciclodextrin
(aCD) (all from Sigma-Aldrich, St. Louis, MO, USA) before
uptake assay. Cells were washed with cold PBS and fixed with
2% formaldehyde. The uptake of FITC-oxLDL was visualized
by fluorescent microscopy and evaluated in flow cytometer
(FACS Canto Il - Becton BD Biosciences) and the data were
analyzed by the software Summit® V4.3 (DakoCytomation).
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Co-immunoprecipitation and immunoblotting

Macrophages were treated with oxLDL (30 pg/mL) or PAF
(107 mol/L) for 20 min. Resting and activated cells were lysed
without agitation on ice for 30 min using HEPES buffer
containing 1 mmol/L CaCl,, 1 mmol/L MgCl,, 1% Triton-x-100,
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA)
and phosphatase inhibitors (Calbiochem- Merck Chemicals,
Nottingham, UK). Post-nuclear lysates were incubated
overnight with the primary antibody of interest (rabbit anti-
PAFR or mouse IgA anti-CD36). Protein A-Sepharose (GE
Healthcare, NJ, USA) and protein G-Sepharose (Amersham
Pharmacia Biotech, Uppsala, Sweden) were added to samples
containing anti-PAFR and anti-CD36, respectively, and
incubated for 3 h at 4°C with gentle agitation. Immune
complexes bound to beads were washed three times with
HEPES buffer containing protease and phosphatase inhibitors,
without triton-x-100, and boiled in SDS sample buffer for 5
minutes. Proteins were separated by 10% SDS-PAGE,
transferred to a Hybond™ nitrocellulose membrane (GE
Healthcare, NJ, USA), and incubated with rabbit-anti-PAFR
(Cayman Chemical, Ann Arbor, Michigan, USA) or mouse IgA-
anti-CD36 (BD Biosciences, Franklin Lakes, NJ, USA) or with
mouse anti-flotillin-1(BD Biosciences, Franklin Lakes, NJ,
USA). As secondary antibodies we used anti-rabbit IgG-HPR
(1:2,000), anti-mouse-HRP  (1:1,000) (Cell  Signaling
Technology, Beverly, MA, USA), biotin-anti-lgA (1:500) (BD
Biosciences, Franklin Lakes, NJ, USA) with streptavidin-HRP
(1:200) (Life Technologies, Carlsbad, CA, USA) and visualized
using SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific, Rockford, IL, USA). The resulting
autoradiograms were analyzed with the AlphaEaseFC™
software V3.2 beta (Alpha Innotech).

Transfection of HEK 293T cells

HEK 293T cells (ATCC) were cultured in DMEM
supplemented with 10% FCS, 15 mM HEPES, 2 mmol/L L-
glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin.
The plasmids CD36-pcDNA3.2/V5-DEST, pcDNA3-kozac-
mycPAFR and the control plasmid pcDNA3 were purified using
a Qiagen Plasmid Kit (Qiagen Inc., Valencia, CA, USA). The
day before the transfection, HEK 293T cells were seeded onto
24-well plates at a density of 2 x 105 cells/well. The cells were
transiently transfected with 2 pg of total plasmid DNA per well
using Lipofectin® Transfection Reagent (Invitrogen-Life
Technologies, Carlsbad, CA, USA), according to the
manufacturer’s instructions. At 48 h after transfection, the cells
were used for the experiments.

mRNA expression

RNA was isolated using TRIzol reagents (Life Technologies,
Carlsbad, CA, USA). For the real-time reverse-transcriptase
polymerase chain reaction (PCR), cDNA was synthesized
using the RevertAidTM First Strand cDNA Synthesis Kit
(Fermentas Life Sciences, Ontario, USA), according to the
manufacturer's instructions. PCR-master mix (Power SyBr®
Green, Applied Biosystems, Warrington, UK) containing the
specific primers was then added. Primers used were: hIL-10
forward: GATCCAGTTTTACCTGGAGGAG and reverse:
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CCTGAGGGTCTTCAGGTTCTC; hiL12p40 forward
TGCCCATTGAGGTCATGGTG and reverse:
CTTGGGTGGGTCAGGTTTGA, and GAPDH forward:
GAGTCAACGGATTTGGTCGT and reverse:

TTGATTTTGGAGGGATCTCG. Real-time PCR was performed
using a Stratagene Mx3005PTM QPCR System (Santa Clara,
CA, USA). Relative gene expression was calculated by the 2
Defta Delta C(T) method, as previously described[20]. Data are
shown in fold increase related to untreated cells.

MTT assay

The mitochondrial-dependent reduction of
methylthiazolyldiphenyl-tetrazolium bromide (MTT) (Sigma-
Aldrich, St. Louis, MO, USA) to formazan insoluble crystals
was used to evaluate cell viability. Briefly, 10 pyL of 5 mg/ml of
MTT in PBS were added to the cells after the treatments. After
incubation at 37°C for 2 h, 100 yL of 10% SDS in 0.01 mol/L
HCI was added to dissolve the crystals and incubated for 16 h.
The absorbance was measured in a Dynatech microplate
reader at 570 nm.

Confocal microscopy of macrophages

Macrophages (2 x 10°) were plated in glass cover slips and
treated with oxLDL (30 pg/mL) or PAF (107 mol/L) (Cayman
Chemical, Ann Arbor, Michigan, USA) for 20 minutes, and then
washed with PBS. Cells were fixed with 3% paraformaldehyde
and blocked with 1% BSA in PBS, before incubation with
primary antibodies anti-PAFR (1:100) (Cayman Chemical, Ann
Arbor, Michigan, USA) and IgA anti-CD36 (1:100) (BD
Biosciences, Franklin Lakes, NJ, USA). FITC Donkey anti-
rabbit IgG (1:100) (BioLegend, San Diego, CA, USA),
Alexa-647 donkey anti-rabbit  (1:200) (Invitrogen-Life
Technologies, Carlsbad, CA, USA) or Biotin-anti-mouse IgA
(1:200) with streptavidin-PE (1:200) (BD Biosciences, Franklin
Lakes, NJ, USA) was used as the secondary antibody. Cells
stained with secondary antibody and control antibody were
used to control for the background from each fluorophore.
Slides were mounted in Prolong® Gold anti-fade reagent with
DAPI (4,6-diamidino-2-phenylindole) (Invitrogen-Life
Technologies, Carlsbad, CA, USA). Cells were imaged on a
Zeiss LSM 510 confocal microscope using 100x oil objective at
a 60-fold magnification. Images were analyzed by Pearson’s
coefficient in JACoP (Just Another Colocalization Plugin) using
the package ImageJ 1.44p (Wayne Rasband, NIH, USA)
available in http://imagej.nih.gov/ij. Confocal images were
taken with identical settings to allow comparison of staining.
Single confocal sections of the cells were captured in
multitrack. Each set of frames from a given treatment condition
depicts a representative from at least 20 analyzed cells in three
independent experiments.

Confocal microscopy of atherosclerotic plaque tissue
Carotid artery plaques were collected from patients who
were undergoing endarterectomy. Informed written consent
was obtained from all subjects. The investigation was approved
by the Ethical Committee of Northern Stockholm and was in
agreement with institutional guidelines and the principles that
were set forth in the Declaration of Helsinki. Acetone-fixed
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sections were incubated with 5% horse serum followed by a
polyclonal rabbit anti-human PAF receptor IgG antibody at a
concentration of 25 pg/mL. Binding was detected with DyLight
594 anti rabbit IgG antibody (Vector Laboratories,
Peterborough, UK). The binding specificity was detected using
the PAF receptor blocking peptide (Cayman Chemical, Ann
Arbor, Michigan, USA) prior to incubation with the PAF receptor
IgG antibody. For double staining of the PAFR and CD36 or
CD68, a mouse anti-human CD36 (Cayman Chemical, Ann
Arbor, Michigan, USA) or a mouse anti-human CD68 (BD
Biosciences, Franklin Lakes, NJ) was used as the primary
antibody, followed by DyLight 488 anti-mouse 1gG (Vector
Laboratories, Peterborough, UK). Lipid autofluorescence was
blocked with 0.03% Sudan black B (Sigma Aldrich, USA) in
70% ethanol. Nuclei were visualized with DAPI (Sigma Aldrich,
St. Louis, MO, USA), and images were captured with a Leica
TCS SP5 confocal microscope.

Cytokine measurements

IL-10 (mouse and human), miL-12p40, and hTGFB
concentration in the supernatants of macrophages were
measured using BD OptEIA™ ELISA Set (BD Biosciences, San
Diego, CA, USA).

Statistical analysis

Data are presented as mean + SEM. Analysis of variance
(ANOVA) and the Student-Newman-Keuls post-test were used
to evaluate the statistical significance of the differences
between three or more groups. Two-tailed unpaired Student's t-
test was used when differences between two groups were
analyzed. Significance was assumed if p < 0.05.

Results

Uptake of oxLDL and IL-10 production by macrophages
requires engagement of CD36 and PAFR

Bone marrow-derived macrophages (BMDM) were treated
with the blocking antibody to CD36 alone or in combination with
two molecularly unrelated PAFR antagonists CV3988 (10
pmol/L) or WEB2170 (50 pmol/L) for 30 min and then
incubated with FITC-oxLDL for 1 h. The concentrations of
PAFR antagonists were based on previous results from our
group[10]. We found a rapid increase in macrophage
fluorescence within 30 minutes of FITC-oxLDL addition, which
accumulates in the plasma membrane and also in intracellular
vesicles (illustrated in Figure 1A). The fluorescence intensity
was quantified as a measure of oxLDL uptake. Figure 1B
shows that the uptake was reduced by pre-treatment of
macrophages with antibodies to CD36 (62% inhibition
compared to untreated group). Pre-treatment with PAFR
antagonists (WEB2170 or CV3988) also reduced the oxLDL
uptake (42% and 61% inhibition, respectively). The
combination treatment with anti-CD36 and WEB2170 or anti-
CD36 and CV3988 further reduced the oxLDL uptake (71%
and 79% inhibition, respectively). PAFR antagonists or anti-
CD36 did not affect the cell viability, measured by MTT assay,
which was around 98% in all groups. These data show that the
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uptake of oxLDL by BMDM is higher when both receptors are
functional.

Next, we investigated if PAFR and CD36 are required for
IL-10 and IL-12 production, which are cytokines involved with
macrophage suppression or activation, respectively. BMDM
were pre-treated with the anti-CD36 blocking antibody alone, or
in combination with the PAFR antagonists 30 min before
stimulation with oxLDL (30 pg/mL). Under these experimental
conditions, BMDM produced IL-10 (Figure 1C), but IL-12 was
not detected (data not shown). The IL-10 production was
significantly reduced by the previous treatment of macrophages
with PAFR antagonists, an anti-CD36 blocking antibody, or a
combination of PAFR antagonists with anti-CD36. These data
show that oxLDL induces IL-10 and not IL-12, and that a
crosstalk or synergistic effect between CD36 and PAFR is
required for IL-10 production. This was further confirmed in
HEK293T cells transiently transfected with plasmids encoding
hPAFR cDNA or hCD36 cDNA, or both, and then stimulated
with oxLDL for 5 h. We found that only double transfected cells
expressed IL-10 mRNA and trace amounts of IL-12 mRNA.
Non-transfected or single transfected HEK293T cells were
unable to respond to oxLDL (Figure 1D).

The effects of oxLDL may vary according to the degree of
oxidation. We then assayed the effect of minimally oxidized
LDL (moxLDL) on IL-10 and TGFB production by human
macrophage THP-1 cells. The moxLDL was characterized as
presenting low values for both negative charges and TBARS
compared to oxLDL, as described in methods section. The
moxLDL preparation did not induce IL-10 and TGF-B
production as did the cells stimulated with oxLDL (Figure 1E-
F).
Lipid Raft integrity is important for uptake of FITC-
oxLDL and IL-10 production. Cholesterol-rich microdomains,
known as lipid rafts, have been shown to function as
specialized platforms for receptor interactions[21]. We,
therefore, examined whether lipid raft integrity is required for
FITC-oxLDL uptake and the induction of IL-10. Macrophages
were treated with methyl-B-cyclodextrin (BCD), a synthetic
molecule that sequesters cholesterol from plasma membranes
and disrupts lipid rafts. We found that BCD caused a significant
reduction (70%) in FITC-oxLDL uptake (Figure 2A and 2B). In
Figure 2C it can be seen that BCD treatment markedly inhibited
the production of IL-10 induced by oxLDL. The inactive analog
aCD did not affect the IL-10 production. These data show that
the lipid raft integrity is important for the oxLDL uptake and
IL-10 production induced by oxLDL.

It has been shown that Syk (Spleen tyrosine kinase) may
interact with CD36 in the lipid raft fraction, contributing to its
association with other receptors and adaptor proteins and
allowing it to drive cell activation [22]. To investigate the role of
Syk we treated macrophages with a Syk-selective inhibitor,
piceatannol (20 pmol/L) or with a general kinase inhibitor
genistein (10 ymol/L), 10 min before the FITC-oxLDL uptake
assay or oxLDL-induced IL-10 production. We found that
piceatannol did not interfere with the oxLDL uptake or IL-10
production (Table 1). In contrast, genistein treatment
decreased both FITC-oxLDL uptake and IL-10 production.
These results show that oxLDL uptake and IL-10 production is
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Figure 1. CD36 and PAFR cooperatively mediate the uptake of oxLDL and IL-10 production. Macrophages were treated with
mAb to CD36 (1:500) alone or in combination with WEB2170 (50 umol/L) or CV3988 (10 umol/L) for 30 min and then incubated with
FITC-oxLDL for 1 h. In (A-B) The uptake was visualized in confocal microscopy and measured by FACS (B). In (C), after treatment,
cells were stimulated with oxLDL (30 pyg/mL) and the IL-10 production was evaluated after 24 h by ELISA. Data are presented as
mean + SEM of the mean fluorescence Intensity (MFI). ***p<0.001 comparing with non-stimulated cells. # p<0.05 comparing cells
treated with non-treated cells. In (D) HEK 293T cells were transiently transfected with hCD36 and/or hPAFR and stimulated with
oxLDL (30 pg/mL). The mRNA expression for IL-10 and IL-12 was evaluated after 5 h. *** p<0.001; * p<0.05 comparing with cDNA3
plasmid control transfected cells. In (E-F), THP-1 monocytes were differentiated into macrophages with PMA, followed by treatment
with LDL, moxLDL or oxLDL (30 pg/mL) for 24 h. IL-10 and TGFp were measured in the supernatant were measured by ELISA.
*p<0.05 comparing with non-stimulated cells.

doi: 10.1371/journal.pone.0076893.g001
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1 h and visualized by microscopy. Data are presented as representative Figure (A). The fluorescence was quantified by the
AlphaEaseFC™ software V3.2 beta (Alpha Innotech) (B). IL-10 production was measured in the supernatants after oxLDL

stimulation for 24 h (C). Graph Data are presented as mean
comparing BCD treated with non-treated cells.
doi: 10.1371/journal.pone.0076893.g002

dependent on the activation of kinases other than Syk. The
treatments employed in these studies did not affect the cell
viability, measured by MTT assay.

oxLDL induces colocalization and co-
immunoprecipitation of PAFR and CD36

In order to investigate whether oxLDL induces a complex
formation with PAFR and CD36, we performed co-
immunoprecipitation assays. Macrophages were stimulated
with oxLDL (30 pg/mL) or PAF (107 mol/L) for 20 min. PAFR
and CD36 from the cell lysate were immunoprecipitated as
described in the methods section. Figure 3A shows that
stimulation with oxLDL rapidly induced receptor interaction,
which was detected by the co-immunoprecipitation of PAFR
and CD36 (2-fold increase compared to non-stimulated
control). In non-stimulated control cells we detected a small
proportion of PAFR co-immunoprecipitated with CD36, which
was not significantly increased by PAF stimulation. Next, we
analyzed the immunoprecipitation of PAFR or CD36 with
flotillin-1, a lipid raft associated protein[23]. It can be seen in
Figure 3B that oxLDL induced the strong co-
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SEM. ***p<0.001 comparing with non-stimulated cells. #p<0.05

Table 1. Syk activation is not required for IL-10 production
and oxLDL uptake by macrophages.

IL-10 (pg/mL) oxLDL uptake (MFI)

Cont 52.6 + 11 781
oxLDL 221149 97.5+8"™
oxLDL + Piceat 354.8 + 80 104.5+2

oxLDL + Genist 434 +8# 504 +17#

Macrophages were treated with the Syk-selective inhibitor, piceatannol (20
pymol/L), or with a general kinase inhibitor genistein (10 pmol/L), 10 min. For
uptake assay, treated cells were incubated with FITC-oxLDL for 1 h and the
fluorescence measured by FACS. Data are presented in mean of fluorescence
intensity (MFI) For IL-10 production, treated cells were stimulated with oxLDL (30
pg/mL) for 24 h and the cytokine production was evaluated in the supernatants.
Data are presented as mean + SEM of three independent experiments. ***p<0.001
comparing with non-stimulated cells. # p<0.05 comparing cells treated with non-
treated cells.

doi: 10.1371/journal.pone.0076893.t001
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Figure 3.

oxLDL induces co-immunoprecipitation of CD36-PAFR-Flotillin-1.

Macrophages were treated with oxLDL (30

pg/mL) or PAF (107 mol/L) for 20 min at 37°C prior addition of the lysis buffer. Cell lysates were subjected to immunoprecipitating
and immunoblotting as described in “Methods section” using antibodies to CD36, PAFR (A) and Flotillin-1 (B). Protein expression
was quantified by the AlphaEaseFC™ software V3.2 beta (Alpha Innotech). The autoradiographs show one representative
experiment and Graph data are presented as mean + SEM of four experiments. In A, western blot figures were obtained from the

same gel. ** p<0.01 comparing oxLDL-stimulated with the non-stimulated cells (dashed lines).

doi: 10.1371/journal.pone.0076893.g003

immunoprecipitation of flotillin-1with PAFR and CD36 (around
1.8-fold increase in relation to non-stimulated cells). These
results strongly suggest that PAFR and CD36 associate in a
protein complex induced when oxLDL is added to
macrophages and this may occur in the lipid raft platforms. To
further define the association of PAFR and CD36, we
performed colocalization assays by confocal microscopy.
BMDM were stimulated with oxLDL (30 pyg/mL) for 5, 10 and 20
min, fixed with 3% paraformaldehyde and labeled with
antibodies to CD36 and PAFR. We found that oxLDL
stimulation induced a redistribution of PAFR and CD36 in
macrophages increasing the colocalization on the macrophage
membrane (Figure 4A). This effect was time-dependent, with

PLOS ONE | www.plosone.org

maximum colocalization seen in 10 min (Figure 4B). In
contrast, in PAF stimulated macrophages, only a discrete
receptor colocalization was observed. These data indicate that
oxLDL induces a spatial redistribution in the plasma
membrane, resulting in the recruitment of PAFR and CD36 to
the same complex in macrophages.

oxLDL induces colocalization of GM1 ganglioside with
PAFR and CD36

As flotilin-1 has immunoprecipitated with CD36 and PAFR
after oxLDL stimulation (Figure 3B), we next investigated
whether GM1, another constitutive raft protein used as a raft
marker, colocalizes with PAFR and CD36 in macrophages
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Figure 4. oxLDL induces colocalizaton of CD36 and PAFR. Macrophages stimulated with oxLDL (30 pg/mL) or PAF (107 mol/L)
for 10 min, before staining for PAFR-FITC (green) and CD36-PE (red) and visualized by confocal microcopy (A). Graph data shows
the colocalization of PAFR and CD36 in macrophages stimulated with oxLDL for 5, 10 and 20 min (B). Colocalization images were
quantified using the package Imaged 1.44p and Graph data are presented as mean + SEM of 15 pictures in three independent
experiments. ** p<0.01 comparing oxLDL-stimulated with the non-stimulated cells. Images are representative of at least three
independent experiments. Yellow patches signify areas of colocalization of CD36 and PAFR.

doi: 10.1371/journal.pone.0076893.g004

stimulated with oxLDL. GM1 was cross-linked by CTxB, and
anti-CTxB antibody detected clustering (patching) of GM1.
Utilizing Ctx-FITC staining, GM1 was visualized in a diffuse
distribution in resting macrophages and clustering in oxLDL-
stimulated macrophages (Figure 5A). Confocal microscopy
indicated that a small proportion of CD36 colocalized with GM1
in resting cells, whereas PAFR was not detected in these
areas. The oxLDL treatment for 10 minutes increased the

PLOS ONE | www.plosone.org

colocalization of both PAFR and CD36 with GM1 (Figure 5B
and 5C). In experiments using triple staining, we found that
oxLDL rapidly induces the recruitment of PAFR and CD36 to
the same lipid raft (Figure 6D). These experiments confirm the
data obtained with co-immunoprecipation and cholesterol
depletion, showing that oxLDL induces the recruitment of
PAFR and CD36 to the same lipid raft membrane platforms.
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Figure 5. oxLDL induces colocalization of CD36 and PAFR in lipid raft microdomains. Macrophages were stimulated with
oxLDL (30 pg/mL) for 10 minutes. Cells were fixed and stained with CTxB-Alexa 488/anti-CTxB, Alexa-647 anti-PAFR, and
phycoerythrin anti-CD36, as described in the methods section. Colocalization was visualized by confocal microcopy at a 60-fold
magnification. In A-B, macrophages were stimulated with oxLDL and stained for GM1 lipid raft fraction (green) alone or in
combination with PAFR-Alexa-647 (red) or CD36-PE (red). Yellow patches signify areas of colocalization of PAFR or CD36 and
GM1. In (C), colocalization images were quantified using the package ImageJ 1.44p and Graph data are presented as mean + SEM
of 10-15 pictures in three independent experiments. Dashed lines signify the non-stimulated cells. In (D), macrophages were triple
stained for GM1- Alexa 488 (green), PAFR — Alexa 647(blue) and CD36-PE (red). Colocalization areas of triple stained are
visualized in white/gray patches.

doi: 10.1371/journal.pone.0076893.g005

Colocalization of PAFR and CD36 in human colocalized with CD68 positive cells indicating its expression in
atherosclerotic plaques macrophages. Consistent with results found in mouse
Next, we investigated whether the colocalization of both macrophages, PAFR colocalized with CD36 in human

atherosclerotic plaque (Figure 6B). These results show that
PAFR and CD36 act cooperatively in human cells and this may
be relevant in atherosclerosis development.

receptors is present in atherosclerotic lesions. Human carotid
atherosclerotic lesions were labeled with antibodies to hPAFR
and hCD36. The specificity of the anti-hPAFR was confirmed
by competitive assay using the PAF receptor blocking peptide
(Figure 6A). Figure 6B shows that PAFR was predominantly
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Figure 6. CD36-PAFR complex is present in human carotid plaques. Frozen sections of human carotid plaques were fixed with
acetone and stained with rabbit and with the mouse anti-human CD36 or mouse anti-human CD68. Anti-rabbit IgG DyLight-594 or
anti-mouse DyLight-488 were used as a secondary antibody. Colocalization was visualized by confocal microcopy at a 60-fold
magnification. In (A), the specificity of anti-PAFR was evaluated by pre-treatment with PAF receptor blocking peptide and after
stained for hPAFR. In (B) is shown double staining of PAFR with CD36 or with CD68. Yellow patches signify areas of colocalization.
Figures in (A) were used as staining control and were acquired in different magnification.

doi: 10.1371/journal.pone.0076893.g006

Discussion and IL-10 production induced by oxLDL in macrophages. This

was confirmed by transfection experiments where oxLDL
Here we describe that PAFR and CD36 are recruited to the induced the expression of IL-10 mRNA only in HEK293T

same complex and this is required for an optimal oxLDL uptake expressing both receptors. The disruption of lipid rafts by
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treatment with mBCD reduced IL-10 production. The uptake of
oxLDL was increased when both receptors were present. The
interaction between these receptors seems to require lipid rafts
formation. Finally, we observed that PAFR and CD36 are
colocalized in human atherosclerotic plaques.

In a previous work we found that PAFR-antagonists reduce
oxLDL uptake and that PAFR deficient mice take up less
oxLDL than their littermate controls[10]. Thus, we already
suspected that CD36 and PAFR interact upon macrophage
exposure to oxLDL. Here, we show that PAFR antagonists and
mAb to CD36 alone or in combination reduced the oxLDL
uptake. Results were consistent using two different and
molecularly unrelated PAFR antagonists that induced similar
inhibition.

CD36 is considered a pattern recognition receptor that binds
to negatively charged ligands from both pathogens and
oxidized/damaged self-components[24,25]. This receptor was
shown to interact with TLR2-TLR6 in macrophages exposed to
S. aureus-derived lipoteicoic acid (LTR)[26] and also with
TLR4-TLR® in cells stimulated with amyloid-$ protein[13]. It is
known that CD36 recognizes oxidized phospholipids and
apoptotic cells[25]. We have shown that PAFR also recognizes
apoptotic cells and oxLDL and suggested that these receptors
interact somehow in macrophages membrane for optimal
oxLDL uptake[10,27].

According the oxidative stage, the LDL might have similar or
different effects on cell activation. A minimal oxidation degree
of LDL is characterized by antioxidant depletion, oxidation of
arachidonic acid-containing phospholipids, relatively low
linoleic acid oxidation and insignificant protein modifications
[28]. However, in highly oxidized LDL, phospholipids,
triacylglycerol and cholesterol esters are transformed into
hydroperoxides which react with ApoB-100, resulting in
modification and fragmentation of amino acid side chains
[29,30]. Here, we found that only the LDL with a high degree of
oxidation increased IL-10 and TGF-f production in human
THP-1 cells. However, in previous study we showed that LDL
with low and high oxidation both increase the expression of
CD36 and may both contribute to foam cell formation [31].
Recognition of oxLDL by murine macrophage receptors
induces the production of IL-10 but not IL-12. Our results show
that both CD36 and PAFR are involved in IL-10 production.
Although several receptors can be involved in oxLDL
recognition [32], the oxLDL-induced IL-10 production depends
mainly on CD36 and PAFR since, in the present study, the
production of this cytokine was almost completely blocked by
treatment with PAFR antagonists and mAb to CD36. Our
results show that IL-10 production by BMDM is dependent on
PAFR activation corroborating previous results reported by
Verouti et al, 2011[33] . These authors showed that oxLDL
induced MCP-1 production partly through PAFR activation and
that this occurred via protein kinases activation. Our previous
results are also in accordance with these authors, since we
showed that oxLDL-induced IL-8 production by human
monocytes-macrophages was dependent on MAPK and
PIBK/AKT pathways activation [11]. It was also reported that
the activation of PAFR is essential for oxLDL-induced
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recruitment of human bone marrow-derived mesenchymal stem
cells dependent on MAPK activation [34].

IL-10 is an anti-inflammatory cytokine that was found to be
expressed by macrophages from atherosclerosclerotic
plaques[35]. This cytokine is a marker of alternatively activated
macrophages which are involved in repair mechanisms with
fibroblasts activation and collagen production[35]. IL-10 was
shown to decreases CD36 mRNA expression and increases
the cholesterol efflux in macrophages[36]. Other studies have
shown that IL-10 induces lipid accumulation in macrophages
and may contribute to the foam cell formation[37]. However, its
role in atherosclerosis still remains to be determined.

Here, we demonstrate that the lipid rafts disruption
decreases the uptake of oxLDL and IL-10 production by
macrophages.  Lipid rafts are cholesterol-rich and
sphingomyelin-rich membrane domains functioning as scaffold
platforms for the association of signaling molecules and
compartmentalization of cellular processes. It has also been
shown that lipid raft formation is involved in cell activation
induced by oxidized lipids[38], production of pro-inflammatory
cytokines[39] and uptake of acetyl LDL[40]. The following
results indicate that the interaction of CD36 and PAFR occurs
within lipid raft domains of the BMDM membrane: a) Disruption
of lipid rafts by treatment with MBCD reduced the oxLDL
uptake and IL-10 production; b) oxLDL induced co-
immunoprecipitation of PAFR and CD36 with the constitutive
raft protein, flotillin-1[23] and colocalization of PAFR and CD36
with the lipid raft marker GM1-ganglioside[41]. Data presented
by others have been shown that CD36 is recruited to lipid rafts
in a ligand-dependent manner[22,42]. Although PAFR is a
GPCR and might interact within lipid raft platforms[43], there is
only one study showing that PAFR migrates to lipid rafts, which
was observed in cells transfected with PAFR and stimulated
with PAF[15]. In a previous study we showed that both
receptors, PAFR and CD36, are able to bind the oxLDL.
However, only the co-stimulation of CD36 and PAFR by oxLDL
was able to transduce intracellular signaling for cytokine
production [11]. Although our data clearly suggest a crosstalk
between receptors for PAF and CD36, they do not show at
what level the interaction among these receptors occurs. We
show here that one possibility is that oxLDL recruits both
receptors to specific membrane microdomains (lipid rafts),
allowing association between these two receptors. However,
we cannot exclude the possibility that they signal in parallel,
interacting downstream or that other receptors that are
recruited to the same microenvironment also contribute.

The signaling elicited by CD36 engagement leads to the
recruitment of the adaptor protein Syk, which was shown to
contribute to receptors association[22]. In our study, Syk
inhibition did not affect oxLDL uptake or IL-10 production, in
contrast to genistein, a general inhibitor of kinases, which
reduced both events. This indicates that Syk is not involved in
CD36-PAFR interaction induced by oxLDL. It has been shown
that Syk phosphorylation requires macrophage activation
induced by LDL with minimal modification[44]. It is likely that
oxLDL will induce distinct effects depending on the degree of
oxidation. Indeed, previous data showed that LDL with high or
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low degrees of oxidation has different effects on
macrophage[31].
The CD36 and PAFR complex formation in human

atherosclerotic plaques is intriguing. It can be speculated that
these receptors association would contribute not only to
increased foam cell formation but also contributes to chronic
inflammatory response in the atherosclerotic plaque. However,
we have no clues as to how this affects the progression of
atherosclerosis. Although the role of PAF/CD36 complex
formation in atherosclerotic plaques remains to be determined,
this study increases our understanding of macrophage
interactions with oxLDL and provides new insights into
atherosclerosis research.

References

1. Ketelhuth DF, Hansson GK (2011) Cellular immunity, low-density
lipoprotein and atherosclerosis: break of tolerance in the artery wall.
Thromb Haemost 106: 779-786. doi:10.1160/TH11-05-0321. PubMed:
21979058.

2. Febbraio M, Silverstein RL (2007) CD36: implications in cardiovascular
disease. Int J Biochem Cell Biol 39: 2012-2030. doi:10.1016/j.biocel.
2007.03.012. PubMed: 17466567.

3. Nozaki S, Kashiwagi H, Yamashita S, Nakagawa T, Kostner B et al.
(1995) Reduced uptake of oxidized low density lipoproteins in
monocyte-derived macrophages from CD36-deficient subjects. J Clin
Invest 96: 1859-1865. doi:10.1172/JCI118231. PubMed: 7560077.

4. Febbraio M, Podrez EA, Smith JD, Hajjar DP, Hazen SL et al. (2000)
Targeted disruption of the class B scavenger receptor CD36 protects
against atherosclerotic lesion development in mice. J Clin Invest 105:
1049-1056. doi:10.1172/JC19259. PubMed: 10772649.

5. Yuasa-Kawase M, Masuda D, Yamashita T, Kawase R, Nakaoka H et
al. (2012) Patients with CD36 deficiency are associated with enhanced
atherosclerotic cardiovascular diseases. J Atheroscler Thromb 19:
263-275. doi:10.5551/jat.10603. PubMed: 22075538.

6. Moore KJ, Kunjathoor VV, Koehn SL, Manning JJ, Tseng AA et al.
(2005) Loss of receptor-mediated lipid uptake via scavenger receptor A
or CD36 pathways does not ameliorate atherosclerosis in
hyperlipidemic mice. J Clin Invest 115: 2192-2201. doi:10.1172/
JCI24061. PubMed: 16075060.

7. Gao D, Ashraf MZ, Kar NS, Lin D, Sayre LM et al. (2010) Structural
basis for the recognition of oxidized phospholipids in oxidized low
density lipoproteins by class B scavenger receptors CD36 and SR-BI. J
Biol Chem 285: 4447-4454. doi:10.1074/jbc.M109.082800. PubMed:
19996318.

8. Pégorier S, Stengel D, Durand H, Croset M, Ninio E (2006) Oxidized
phospholipid: POVPC binds to platelet-activating-factor receptor on
human macrophages. Implications in atherosclerosis. Atherosclerosis
188: 433-443. doi:10.1016/j.atherosclerosis.2005.11.015. PubMed:
16386258.

9. Brochériou |, Stengel D, Mattsson-Hultén L, Stankova J, Rola-
Pleszczynski M et al. (2000) Expression of platelet-activating factor
receptor in human carotid atherosclerotic plaques: relevance to
progression of atherosclerosis. Circulation 102: 2569-2575. doi:
10.1161/01.CIR.102.21.2569. PubMed: 11085958.

. Rios FJ, Gidlund M, Jancar S (2011) Pivotal role for platelet-activating
factor receptor in CD36 expression and oxLDL uptake by human
monocytes/macrophages. Cell Physiol Biochem 27: 363-372. doi:
10.1159/000327962. PubMed: 21471725.

. Rios FJ, Koga MM, Ferracini M, Jancar S (2012) Co-stimulation of
PAFR and CD36 is required for oxLDL-induced human macrophages
activation. PLOS ONE 7: e36632. doi:10.1371/journal.pone.0036632.
PubMed: 22570732.

. Greenwalt DE, Lipsky RH, Ockenhouse CF, lkeda H, Tandon NN et al.
(1992) Membrane glycoprotein CD36: a review of its roles in
adherence, signal transduction, and transfusion medicine. Blood 80:
1105-1115. PubMed: 1381234.

. Stewart CR, Stuart LM, Wilkinson K, van Gils JM, Deng J et al. (2010)
CD36 ligands promote sterile inflammation through assembly of a Toll-
like receptor 4 and 6 heterodimer. Nat Immunol 11: 155-161. doi:
10.1038/ni.1836. PubMed: 20037584.

. Kazerounian S, Duquette M, Reyes MA, Lawler JT, Song K et al.
(2011) Priming of the vascular endothelial growth factor signaling

PLOS ONE | www.plosone.org

12

oxLDL Induces PAFR-CD36 Recruitment in Lipid Rafts

Acknowledgements

We thank Dr Jana Stankova (Université de Sherbrooke,
Quebec, Canada) for the kind gift of expression constructs.

Author Contributions

Conceived and designed the experiments: FJR SJ. Performed
the experiments: FJR MF MP MMK DFJK YW. Analyzed the
data: FUR SJ MF MP MMK DFJK YW. Contributed reagents/
materials/analysis tools: SJ DFJK. Wrote the manuscript: FJR
SJ.

pathway by thrombospondin-1, CD36, and spleen tyrosine kinase.
Blood 117: 4658-4666. PubMed: 21378271.

. Poisson C, Rollin S, Véronneau S, Bousquet SM, Larrivée JF et al.
(2009) Caveolae facilitate but are not essential for platelet-activating
factor-mediated calcium mobilization and extracellular signal-regulated
kinase activation. J Immunol 183: 2747-2757. doi:10.4049/jimmunol.
0802651. PubMed: 19620302.

. Davies JQ, Gordon S (2005) Isolation and culture of murine
macrophages. Methods Mol Biol 290: 91-103. PubMed: 15361657.

. Carvalho MD, Vendrame CM, Ketelhuth DF, Yamashiro-Kanashiro EH,
Goto H et al. (2010) High-density lipoprotein inhibits the uptake of
modified low- density lipoprotein and the expression of CD36 and
FcgammaRI. J Atheroscler Thromb 17: 844-857. doi:10.5551/jat.3905.
PubMed: 20467189.

. Frémont L, Belguendouz L, Delpal S (1999) Antioxidant activity of
resveratrol and alcohol-free wine polyphenols related to LDL oxidation
and polyunsaturated fatty acids. Life Sci 64: 2511-2521. doi:10.1016/
S0024-3205(99)00209-X. PubMed: 10403511.

. Sakai H, Kaneshige H, Endoh M (1982) Determination of LDL receptors

on cultured lymphocytes using fluorescein-labeled LDL. Am J Clin

Pathol 78: 58-62. PubMed: 7048895.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression

data using real-time quantitative PCR and the 2(-Delta Delta C(T))

Method. Methods 25: 402-408. doi:10.1006/meth.2001.1262. PubMed:

11846609.

Serezani CH, Aronoff DM, Sitrin RG, Peters-Golden M (2009)

FcgammaRlI ligation leads to a complex with BLT1 in lipid rafts that

enhances rat lung macrophage antimicrobial functions. Blood 114:

3316-3324. doi:10.1182/blood-2009-01-199919. PubMed: 19657115.

Kazerounian S, Duquette M, Reyes MA, Lawler JT, Song K et al.

(2011) Priming of the vascular endothelial growth factor signaling

pathway by thrombospondin-1, CD36, and spleen tyrosine kinase.

Blood 117: 4658-4666. doi:10.1182/blood-2010-09-305284. PubMed:

21378271.

Li N, Mak A, Richards DP, Naber C, Keller BO et al. (2003) Monocyte

lipid rafts contain proteins implicated in vesicular trafficking and

phagosome formation. Proteomics 3: 536-548. doi:10.1002/pmic.

200390067. PubMed: 12687620.

Hoebe K, Georgel P, Rutschmann S, Du X, Mudd S et al. (2005) CD36

is a sensor of diacylglycerides. Nature 433: 523-527. doi:10.1038/

nature03253. PubMed: 15690042.

Miller Y1, Choi SH, Wiesner P, Fang L, Harkewicz R et al. (2011)

Oxidation-specific epitopes are danger-associated molecular patterns

recognized by pattern recognition receptors of innate immunity. Circ

Res 108: 235-248. doi:10.1161/CIRCRESAHA.110.223875. PubMed:

21252151.

Triantafilou M, Gamper FG, Haston RM, Mouratis MA, Morath S et al.

(2006) Membrane sorting of toll-like receptor (TLR)-2/6 and TLR2/1

heterodimers at the cell surface determines heterotypic associations

with CD36 and intracellular targeting. J Biol Chem 281: 31002-31011.

doi:10.1074/jbc.M602794200. PubMed: 16880211.

de Oliveira Sl, Fernandes PD, Amarante Mendes JG, Jancar S (2006)

Phagocytosis of apoptotic and necrotic thymocytes is inhibited by PAF-

receptor antagonists and affects LPS-induced COX-2 expression in

murine macrophages. Prostaglandins Other Lipid Mediat 80: 62-73. doi:

10.1016/j.prostaglandins.2006.04.002. PubMed: 16846787.

20.

21.

22.

23.

24.

25.

26.

27.

October 2013 | Volume 8 | Issue 10 | e76893


http://dx.doi.org/10.1160/TH11-05-0321
http://www.ncbi.nlm.nih.gov/pubmed/21979058
http://dx.doi.org/10.1016/j.biocel.2007.03.012
http://dx.doi.org/10.1016/j.biocel.2007.03.012
http://www.ncbi.nlm.nih.gov/pubmed/17466567
http://dx.doi.org/10.1172/JCI118231
http://www.ncbi.nlm.nih.gov/pubmed/7560077
http://dx.doi.org/10.1172/JCI9259
http://www.ncbi.nlm.nih.gov/pubmed/10772649
http://dx.doi.org/10.5551/jat.10603
http://www.ncbi.nlm.nih.gov/pubmed/22075538
http://dx.doi.org/10.1172/JCI24061
http://dx.doi.org/10.1172/JCI24061
http://www.ncbi.nlm.nih.gov/pubmed/16075060
http://dx.doi.org/10.1074/jbc.M109.082800
http://www.ncbi.nlm.nih.gov/pubmed/19996318
http://dx.doi.org/10.1016/j.atherosclerosis.2005.11.015
http://www.ncbi.nlm.nih.gov/pubmed/16386258
http://dx.doi.org/10.1161/01.CIR.102.21.2569
http://www.ncbi.nlm.nih.gov/pubmed/11085958
http://dx.doi.org/10.1159/000327962
http://www.ncbi.nlm.nih.gov/pubmed/21471725
http://dx.doi.org/10.1371/journal.pone.0036632
http://www.ncbi.nlm.nih.gov/pubmed/22570732
http://www.ncbi.nlm.nih.gov/pubmed/1381234
http://dx.doi.org/10.1038/ni.1836
http://www.ncbi.nlm.nih.gov/pubmed/20037584
http://www.ncbi.nlm.nih.gov/pubmed/21378271
http://dx.doi.org/10.4049/jimmunol.0802651
http://dx.doi.org/10.4049/jimmunol.0802651
http://www.ncbi.nlm.nih.gov/pubmed/19620302
http://www.ncbi.nlm.nih.gov/pubmed/15361657
http://dx.doi.org/10.5551/jat.3905
http://www.ncbi.nlm.nih.gov/pubmed/20467189
http://dx.doi.org/10.1016/S0024-3205(99)00209-X
http://dx.doi.org/10.1016/S0024-3205(99)00209-X
http://www.ncbi.nlm.nih.gov/pubmed/10403511
http://www.ncbi.nlm.nih.gov/pubmed/7048895
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1182/blood-2009-01-199919
http://www.ncbi.nlm.nih.gov/pubmed/19657115
http://dx.doi.org/10.1182/blood-2010-09-305284
http://www.ncbi.nlm.nih.gov/pubmed/21378271
http://dx.doi.org/10.1002/pmic.200390067
http://dx.doi.org/10.1002/pmic.200390067
http://www.ncbi.nlm.nih.gov/pubmed/12687620
http://dx.doi.org/10.1038/nature03253
http://dx.doi.org/10.1038/nature03253
http://www.ncbi.nlm.nih.gov/pubmed/15690042
http://dx.doi.org/10.1161/CIRCRESAHA.110.223875
http://www.ncbi.nlm.nih.gov/pubmed/21252151
http://dx.doi.org/10.1074/jbc.M602794200
http://www.ncbi.nlm.nih.gov/pubmed/16880211
http://dx.doi.org/10.1016/j.prostaglandins.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16846787

28.

29.

30.

31.

32.

33.

34.

35.

36.

Chatterjee S, Berliner JA, Subbanagounder GG, Bhunia AK, Koh S
(2004) Identification of a biologically active component in minimally
oxidized low density lipoprotein (MM-LDL) responsible for aortic smooth
muscle cell proliferation. Glycoconj J 20: 331-338. PubMed: 15229397.
Gaut JP, Heinecke JW (2001) Mechanisms for oxidizing low-density
lipoprotein. Insights from patterns of oxidation products in the artery
wall and from mouse models of atherosclerosis. Trends Cardiovasc
Med 11: 103-112. doi:10.1016/S1050-1738(01)00101-3. PubMed:
11685998.

ltabe H (1998) Oxidized phospholipids as a new landmark in
atherosclerosis. Prog Lipid Res 37: 181-207. doi:10.1016/
S0163-7827(98)00009-5. PubMed: 9829125.

Rios FJ, Jancar S, Melo IB, Ketelhuth DF, Gidlund M (2008) Role of
PPAR-gamma in the modulation of CD36 and FcgammaRIl induced by
LDL with low and high degrees of oxidation during the differentiation of
the monocytic THP-1 cell line. Cell Physiol Biochem 22: 549-556. doi:
10.1159/000185539. PubMed: 19088437.

Ketelhuth DF, Rios FJ, Wang Y, Liu H, Johansson ME et al. (2011)
Identification of a danger-associated peptide from apolipoprotein B100
(ApoBDS-1) that triggers innate proatherogenic responses. Circulation
124: 2431-2443. 22064596.

Verouti SN, Fragopoulou E, Karantonis HC, Dimitriou AA, Tselepis AD
et al. (2011) PAF effects on MCP-1 and IL-6 secretion in U-937
monocytes in comparison with oxLDL and IL-1beta effects.
Atherosclerosis 219: 519-525. doi:10.1016/j.atherosclerosis.
2011.07.123. PubMed: 21920519.

Shin SH, Song HY, Kim MY, Do EK, Kim KH et al. (2010) Platelet-
activating factor receptor mediates oxidized low density lipoprotein-
induced migration of bone marrow-derived mesenchymal stem cells.
Cell Physiol Biochem 26: 689-698. doi:10.1159/000322336. PubMed:
21063106.

Bouhlel MA, Derudas B, Rigamonti E, Dievart R, Brozek J et al. (2007)
PPARgamma activation primes human monocytes into alternative M2
macrophages with anti-inflammatory properties. Cell Metab 6: 137-143.
doi:10.1016/j.cmet.2007.06.010. PubMed: 17681149.

Rubic T, Lorenz RL (2006) Downregulated CD36 and oxLDL uptake
and stimulated ABCA1/G1 and cholesterol efflux as anti-atherosclerotic

PLOS ONE | www.plosone.org

13

37.

38.

39.

40.

41.

42.

43.

44.

oxLDL Induces PAFR-CD36 Recruitment in Lipid Rafts

mechanisms of interleukin-10. Cardiovasc Res 69: 527-535. doi:
10.1016/j.cardiores.2005.10.018. PubMed: 16336952.

Halvorsen B, Waehre T, Scholz H, Clausen OP, von der Thiisen JH et
al. (2005) Interleukin-10 enhances the oxidized LDL-induced foam cell
formation of macrophages by antiapoptotic mechanisms. J Lipid Res
46: 211-219. PubMed: 15547296.

Massey JB (2006) Membrane and protein interactions of oxysterols.
Curr Opin Lipidol 17: 296-301. doi:10.1097/01.mol.
0000226123.17629.ab. PubMed: 16680036.

Lemaire-Ewing S, Lagrost L, Néel D (2012) Lipid rafts: a signalling
platform  linking  lipoprotein  metabolism to  atherogenesis.
Atherosclerosis 221: 303-310. doi:10.1016/j.atherosclerosis.
2011.10.016. PubMed: 22071358.

Kiyanagi T, lwabuchi K, Shimada K, Hirose K, Miyazaki T et al. (2011)
Involvement of cholesterol-enriched microdomains in class A
scavenger receptor-mediated responses in human macrophages.
Atherosclerosis 215: 60-69. doi:10.1016/j.atherosclerosis.2010.10.019.
PubMed: 21215400.

Powers KA, Szaszi K, Khadaroo RG, Tawadros PS, Marshall JC et al.
(2006) Oxidative stress generated by hemorrhagic shock recruits Toll-
like receptor 4 to the plasma membrane in macrophages. J Exp Med
203: 1951-1961. doi:10.1084/jem.20060943. PubMed: 16847070.
Triantafilou M, Gamper FG, Lepper PM, Mouratis MA, Schumann C et
al. (2007) Lipopolysaccharides from atherosclerosis-associated
bacteria antagonize TLR4, induce formation of TLR2/1/CD36
complexes in lipid rafts and trigger TLR2-induced inflammatory
responses in human vascular endothelial cells. Cell Microbiol 9:
2030-2039. doi:10.1111/j.1462-5822.2007.00935.x. PubMed:
17419716.

Fallahi-Sichani M, Linderman JJ (2009) Lipid raft-mediated regulation
of G-protein coupled receptor signaling by ligands which influence
receptor dimerization: a computational study. PLOS ONE 4: e6604. doi:
10.1371/journal.pone.0006604. PubMed: 19668374.

Bae YS, Lee JH, Choi SH, Kim S, Almazan F et al. (2009)
Macrophages generate reactive oxygen species in response to
minimally oxidized low-density lipoprotein: toll-like receptor 4- and
spleen tyrosine kinase-dependent activation of NADPH oxidase 2. Circ
Res 104: 210-218. doi:10.1161/CIRCRESAHA.108.181040. PubMed:
19096031.

October 2013 | Volume 8 | Issue 10 | e76893


http://www.ncbi.nlm.nih.gov/pubmed/15229397
http://dx.doi.org/10.1016/S1050-1738(01)00101-3
http://www.ncbi.nlm.nih.gov/pubmed/11685998
http://dx.doi.org/10.1016/S0163-7827(98)00009-5
http://dx.doi.org/10.1016/S0163-7827(98)00009-5
http://www.ncbi.nlm.nih.gov/pubmed/9829125
http://dx.doi.org/10.1159/000185539
http://www.ncbi.nlm.nih.gov/pubmed/19088437
http://www.ncbi.nlm.nih.gov/pubmed/22064596
http://dx.doi.org/10.1016/j.atherosclerosis.2011.07.123
http://dx.doi.org/10.1016/j.atherosclerosis.2011.07.123
http://www.ncbi.nlm.nih.gov/pubmed/21920519
http://dx.doi.org/10.1159/000322336
http://www.ncbi.nlm.nih.gov/pubmed/21063106
http://dx.doi.org/10.1016/j.cmet.2007.06.010
http://www.ncbi.nlm.nih.gov/pubmed/17681149
http://dx.doi.org/10.1016/j.cardiores.2005.10.018
http://www.ncbi.nlm.nih.gov/pubmed/16336952
http://www.ncbi.nlm.nih.gov/pubmed/15547296
http://dx.doi.org/10.1097/01.mol.0000226123.17629.ab
http://dx.doi.org/10.1097/01.mol.0000226123.17629.ab
http://www.ncbi.nlm.nih.gov/pubmed/16680036
http://dx.doi.org/10.1016/j.atherosclerosis.2011.10.016
http://dx.doi.org/10.1016/j.atherosclerosis.2011.10.016
http://www.ncbi.nlm.nih.gov/pubmed/22071358
http://dx.doi.org/10.1016/j.atherosclerosis.2010.10.019
http://www.ncbi.nlm.nih.gov/pubmed/21215400
http://dx.doi.org/10.1084/jem.20060943
http://www.ncbi.nlm.nih.gov/pubmed/16847070
http://dx.doi.org/10.1111/j.1462-5822.2007.00935.x
http://www.ncbi.nlm.nih.gov/pubmed/17419716
http://dx.doi.org/10.1371/journal.pone.0006604
http://www.ncbi.nlm.nih.gov/pubmed/19668374
http://dx.doi.org/10.1161/CIRCRESAHA.108.181040
http://www.ncbi.nlm.nih.gov/pubmed/19096031

	Uptake of oxLDL and IL-10 Production by Macrophages Requires PAFR and CD36 Recruitment into the Same Lipid Rafts
	Introduction
	Materials and Methods
	Purification and oxidation of LDL
	Cell culture
	Uptake of oxLDL
	Co-immunoprecipitation and immunoblotting
	Transfection of HEK 293T cells
	mRNA expression
	MTT assay
	Confocal microscopy of macrophages
	Confocal microscopy of atherosclerotic plaque tissue
	Cytokine measurements
	Statistical analysis

	Results
	Uptake of oxLDL and IL-10 production by macrophages requires engagement of CD36 and PAFR
	oxLDL induces colocalization and co-immunoprecipitation of PAFR and CD36
	oxLDL induces colocalization of GM1 ganglioside with PAFR and CD36
	Colocalization of PAFR and CD36 in human atherosclerotic plaques

	Discussion
	Acknowledgements
	Author Contributions
	References


