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Abstract

Background and aims—Inflammation, particularly innate immunity, play an important role in 

cardiovascular diseases. The aim of this study was to investigate whether atherogenic determinants 

such as oxidized LDL modulate the phenotype of eosinophils.

Methods—Cultured eosinophils were treated with oxidized LDL and the expression of selective 

inflammatory and anti-inflammatory cytokines was determined. In addition, the eosinophil 

receptor and signaling that mediates these events were identified.

Results—Treatment of cultured eosinophils with oxidized LDL (Ox-LDL) specifically induced 

the expression of IFNα and IFNβ without affecting expression of other proinflammatory 

cytokines, such as TNFα, IL-1β, and IL-6. In macrophages, Ox-LDL downregulated expression of 

both IFNα and IFNβ, suggesting that the effect of Ox-LDL on the expression of type I interferons 

is specific to eosinophils. Furthermore, we noted that eosinophils constitutively expressed IL-4 and 

IL-13, and Ox-LDL markedly downregulated their expression. Analysis of Ox-LDL signaling 

revealed that eosinophils constitutively expressed SRB2, CD36, and CD68 scavenger receptors, 

and Ox-LDL markedly induced the expression of CD36. Further analysis of CD36 signaling by 

siRNA and neutralizing antibodies showed that the induction of type I IFN by Ox-LDL is 

mediated by CD36 signaling whereas downregulation of IL-4 is independent of CD36 activation. 

We further showed that peritoneal macrophages treated with condition medium collected from Ox-

LDL treated eosinophils markedly induced the expression of M1 markers such as iNOS, IL6, 

SOSC3 and TNFα; whereas the condition medium from non-treated eosinophils significantly 

induced expression of M2 markers like ARG1 and CCL24.

Corresponding author: Cedars Sinai Medical Center, AHSP # 9114, 8700 Beverly Blvd., Los Angeles, CA 90048, USA. 
Sharifi@cshs.org (B. G. Sharifi). 

Conflict of interest
The authors declared they do not have anything to disclose regarding conflict of interest with respect to this manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Atherosclerosis. Author manuscript; available in PMC 2018 August 01.

Published in final edited form as:
Atherosclerosis. 2017 August ; 263: 82–91. doi:10.1016/j.atherosclerosis.2017.05.011.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusions—Our data suggest that an atherogenic condition could activate eosinophils and 

modulate the phenotype of macrophages (from M2 to M1 phenotype), in part, through the CD36 

receptor signaling.

Introduction

Lipid accumulation and the ensuing inflammation have been recognized as a major cause of 

the initiation and progression of atherosclerosis 1. The clinical events resulting from 

atherosclerosis are directly related to the oxidation of lipids in low-density lipoproteins 

(LDLs) that become trapped in the extracellular matrix of the subendothelial space 2. These 

oxidized lipids activate inflammatory signaling pathways that lead to the formation of fatty 

streak, and ultimately the development of atherosclerotic plaques. While the signaling 

pathways that are activated by oxidized LDL (Ox-LDL) in macrophages are under intensive 

investigation, little is known about the effect of this compound on the activation of other 

inflammatory cells, including eosinophils.

Several lines of evidence suggest that eosinophils may be involved in the pathogenesis of 

atherosclerosis. For example, prospective studies have consistently shown an association 

between eosinophil count and an increased risk for future cardiovascular events 3, 4. 

Eosinophil cationic protein (ECP), a sensitive marker of eosinophil activation, is associated 

with coronary atherosclerosis 5. Eotaxin, a potent eosinophil chemoattractant and 

activator 6, 7, is overexpressed in human atherosclerotic lesions 8. Patients with coronary 

artery disease show higher circulating levels of eotaxin than healthy controls 9, 10. An 

association between the number of diseased coronary arteries and circulating levels of 

eotaxin was reported as an indicator of a possible involvement of eosinophils in determining 

coronary atherosclerotic burden 10. Accordingly, a nonconservative polymorphism in the 

eotaxin gene 11, together with sequence variants affecting eosinophil count 12, has been 

associated with an increased risk of myocardial infarction. We have reported that the level of 

atherosclerosis highly correlates with the level of eotaxin in a murine model of 

atherosclerosis 13.

To further understand the involvement of eosinophils in atherosclerosis, we investigated the 

effect of hyperlipidemia, specifically oxidatively modified LDL, on the phenotype of 

eosinophils and subsequent impact on macrophages. Our data suggest that hyperlipidemia 

directly modulates the phenotype of eosinophils and subsequently imposes a significant 

impact on macrophage polarization.

Materials and methods

Mice

All mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). All animal 

protocols were approved by the Institutional Animal Care and Use Committee at Cedars-

Sinai Medical Center. C57BL/6 mice (4–8 weeks old) were used as donors for the culture of 

bone marrow-derived eosinophils. C57BL/6 mice (10 weeks old) were used for peritoneal 

macrophage preparation. Mice were euthanized by an isoflurane overdose followed by 

cervical dislocation.
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Culture cells

Eosinophils—Murine eosinophils were cultured from bone marrow harvested from 

C57BL/6 mice as essentially described 14. Briefly, bone marrow cells were obtained by 

flushing femurs and tibiae from C57BL/6 mice and they were cultured in IMDM (Gibco, 

Life Technologies, Grand Island, NY) supplemented with 10% FBS (Hyclone, GE 

Healthcare Life Sciences, Logan, UT) and 50 μM of 2-ME (Invitrogen, Life Technologies, 

Grand Island, NY). Stem cell factor and FLT3 ligand (Peprotech, Rocky Hill, NJ) were 

added to the medium (100 ng/ml each) for the first 4 days. Following this, cells were 

cultured in IL-5 containing medium (10 ng/ml, Peprotech, Rocky Hill, NJ) for additional 8 

days. Every other day, one-half of the medium was replaced with fresh IL-5 containing 

medium and the cells were transferred to a new plate. Cell density was maintained at 1 

X106/ml throughout the culture. At day 10, more than 95% of the cells were Siglec F 

positive based on flow cytometric analysis (Supplementary Fig. 1). Cells differentiated 

between 10 to 12 days were used for oxidized LDL (indicated concentration or 75 μg/ml 

otherwise, Alfa Aesar, Ward Hill, MA) treatment. For the CD36 blocking experiments, 

cultured eosinophils were incubated with anti-CD36 MAb (10 μg/ml, LifeSpan BioSciences, 

Inc., Seattle, WA) for 1h followed by Ox-LDL treatment (75 μg/ml). Cells were further 

incubated for 24 h and harvested for gene expression analysis. To prepare eosinophil 

conditioned medium for the macrophage polarization experiment, cultured eosinophils 

(1×107/ml) were first treated with or without Ox-LDL (75 μg/ml) for 24 h, cells were 

collected, centrifuged, and subsequently suspended with fresh eosinophil medium in order to 

remove Ox-LDL. Cells were further incubated for 24 h. After 24 h incubation, medium was 

collected, filtered through a 0.45 μm filter, and used in the macrophage polarization 

experiment.

Macrophages—Peritoneal macrophages were cultured as described 15, 16. Briefly, 

thioglycollate medium was injected into C57BL/6 mouse (Jackson labs) peritoneum. After 

72 h, cells were harvested, washed, and cultured in the presence of RPMI medium 

supplemented with 10% bovine serum. For Ox-LDL treatment, the cultured cells were 

treated with Ox-LDL (100 μg/ml) in the presence of RPM/10% serum for 24 h. For the 

macrophage polarization experiment, peritoneal macrophages were treated with eosinophil 

conditioned medium (mixed with fresh macrophage medium at 1:1 ratio) for 24 h along with 

medium control. After 24 h incubation, macrophage cells were harvested, total RNA 

extracted and quantitative realtime PCR performed to access M1 and M2 marker’s 

expression profile.

Flow cytometry analysis

Cultured bone marrow-derived eosinophils from C57 mice were analyzed by flow 

cytometry. Red blood cells were removed by adding 1X red blood cell lysis buffer to the 

whole blood sample. Cells were washed once (1XPBS), centrifuged, and re-suspended in 

staining buffer (1X PBS with 0.5% FBS). Cells were counted using a Beckman – Coulter Z1 

Automated Cell Counter. For staining, one million cells were first incubated with CD16/32 

FC blocker (BioLegend, San Diego, CA) for 30 min in the dark to block FcγRII/III 

receptors. Cells were then single stained with Violet 421 conjugated Siglec F antibody (BD 

biosciences, San Diego, CA) and subjected for flow cytometric analysis. Cells were 
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analyzed with the Cedar Sinai Flow Cytometry Core Facility instrument (Bechman-Coulter, 

Dako Cytomation CyAn ADP). The results were analyzed using Summit v4.3 software. 

Information about the antibodies used in this study can be found in Supplementary Table 1.

CD36 knockdown

Cultured bone marrow-derived eosinophils were transfected with scrambled control siRNA 

and siRNA specific for CD36 (OriGene Technologies, Inc., Rockville, MD) using 

INTERFERin™ siRNA transfection reagent (Polyplus-transfection SA, Illkirch, France) 

according to the manufacturer’s instructions. Briefly, siRNA was first added to 200 μl of 

Opti-MEM serum free medium (Gibco, Life Technologies, Grand Island, NY) and then 

mixed with 10 μl transfection reagent. The complex was briefly vortexed, incubated at room 

temperature for 15 min and then added to the cells (2×106 of cultured eosinophil cells in 2 

ml complete medium). The final concentration for both control and CD36 siRNA was 20 

nM. After 24 h post siRNA transfection, oxidized LDL was added to the cells (75 μg/ml) 

and incubated for an additional 24 h. Cells were then collected and the total RNA extracted. 

Subsequently, reverse transcription and real time PCR were performed. Knockdown effect 

was assessed by measuring CD36 and type I IFN gene expression using quantitative real 

time PCR.

ELISA assay

To quantitatively measure the concentration of IL-4 and IFNα in Ox-LDL treated or non-

treated eosinophil conditioned media, two Elisa assays were performed. IL-4 Elisa was done 

using IL-4 Mouse ELISA Kit (Abcam, Cambridge, MA) and IFNα ELISA was done using 

VeriKine™ Mouse IFN Alpha ELISA Kit (PBL Assay Science, Piscataway, NJ). Both assays 

were performed exactly following the instructions provided by the manufactures.

RNA preparation and quantitative PCR

Total RNA was isolated from cultured cells using RNeasy mini kit (Qiagen, Valencia, CA). 

First strand cDNA was transcribed from 500 ng of RNA using Superscript RT (Bio-Rad 

Laboratories, Hercules, CA) following the protocol provided by the supplier. mRNA 

expression was determined by Eva green–based real time PCR reactions according to the 

manufacturer’s protocol (Bio-Rad Laboratories, Hercules, CA). The results were calculated 

using ΔCT method normalized against GAPDH and are presented either in normalized 

expression or fold change in comparison to control. The primers used in the present study 

are listed in Supplementary Table 2.

Statistical analysis

Statistical analysis was performed with GraphPad Prism Software (version 6.0.4, GraphPad, 

La Jolla, California). Data are presented as means ± SD from triplicate data unless otherwise 

stated.
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Results

Ox-LDL selectively and specifically upregulates expression of proinflammatory molecules 
in eosinophils

Immune cells respond to Ox-LDL by expressing inflammatory cytokines and phenotypic 

modulation. While there is extensive literature on the effect of Ox-LDL on the regulation of 

activity of macrophages and resident vascular cells 17, little is known about the role of Ox-

LDL on activation of eosinophils. To explore this, we investigated the effect of Ox-LDL on 

the expression of several cytokines implicated in atherosclerosis. To accomplish this, we 

cultured eosinophils and determined the effect of Ox-LDL on the expression of a wide array 

of cytokines using qPCR. We initially evaluated the purity of bone marrow-derived cultured 

eosinophils by flow cytometry. This showed that >97% of the total cultured cells expressed 

Siglec F, demonstrating these cells are eosinophils (Supplemental Fig. 1). Immunostaining 

analysis confirmed this data (not shown).

It has previously been shown that oxidized LDL induces proinflammatory gene expression 

in macrophages, including TNFα, IL-1β, and IL-6 18, 19. We found that cultured eosinophils 

constitutively expressed low levels of proinflammatory cytokines such as TNFα, IL-1β, 

IL-6, IFNα, and IFNβ, and addition of Ox-LDL selectively upregulated expression of IFNα 
and IFNβ (Fig. 1). Further analysis showed that maximum induction of IFNα and IFNβ 
mRNAs was seen after 24 hr and the level of mRNAs remained elevated for 48 hr following 

the addition of Ox-LDL (Fig. 2A). Dose-response showed that 50 μg/ml Ox-LDL induced 

maximum response and the addition of higher concentrations of Ox-LDL did not 

significantly affect the expression levels of these mRNAs (Fig. 2A). ELISA analysis of 

cultured eosinophil media showed that IFNα protein is significantly upregulated in response 

to treatment of eosinophils with Ox-LDL (Fig. 2B).

To determine the specificity of Ox-LDL mediated expression of type I interferons in 

eosinophils, we investigated the expression of the interferons in macrophages in response to 

Ox-LDL. Cultured peritoneal macrophages were treated with 100 μg/ml of Ox-LDL for 24 h 

and the expression of type I interferons was evaluated by qPCR. We noted that peritoneal 

macrophages constitutively expressed high level of IFNα and IFNβ and addition of Ox-LDL 

markedly suppressed expressions of these interferons (Fig. 1C). These data suggest that the 

effect of Ox-LDL on the expression of type I interferons in macrophages is opposite to those 

of eosinophils.

Ox-LDL downregulates expression of anti-inflammatory cytokines

Past studies have shown that eosinophils control the Th2 cell-mediated immune response 

through expression of IL-4 20, 21. As Th2 response is critical to atherosclerosis, we asked 

whether Ox-LDL influences the Th2 response of eosinophils. To explore this, we 

investigated the expression of anti-inflammatory cytokines such as IL-4 and IL-13 in 

cultured eosinophils in response to Ox-LDL treatment. Under basal conditions, eosinophils 

constitutively expressed IL-4 and addition of Ox-LDL suppressed the expression of IL-4 in a 

time and dose-dependent manner (Fig. 3A). In addition, dose response experiments showed 

that Ox-LDL (10 μg/ml) reduced expression of IL-4 mRNA by more than 50%, indicating 

Qin et al. Page 5

Atherosclerosis. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that eosinophil expression of IL-4 is highly sensitive to the presence of Ox-LDL (Fig. 3A). 

Similarly, we noted that eosinophils constitutively expressed IL-13 and the level of gene 

expression was reduced in response to treatment of cells with Ox-LDL in a time and dose-

dependent manner (Fig. 3B). This effect of Ox-LDL in secreted IL-4 reduction was 

promptly confirmed by an IL-4 ELISA assay. Comparing with none treated control, after 24 

h Ox-LDL treatment, IL-4 concentration in eosinophil conditioned medium dropped 

approximately 4-fold (Fig. 3C). Collectively, these data suggest that Ox-LDL downregulates 

Th2 response in eosinophils.

Ox-LDL activates eosinophils through scavenger receptor CD36

To understand the underlying mechanism by which Ox-LDL modulate the cytokine response 

in eosinophils, we investigated the expression patterns of scavenger receptors in these cells. 

Cells interact with modified LDL through multiple scavenger receptors such as SRA1, 

SRA2, SRB1, CD36, CD68, and Lox-1 2. Little is known about the expression of scavenger 

receptors in eosinophils. Therefore, we first determined the expression patterns of scavenger 

receptors in eosinophils under basal conditions. We noted that cultured eosinophils 

constitutively express high levels of SRB2, CD36, and CD68 receptors, while the expression 

of SRA1, SRA3, SRB1, and LOX-1 receptors is barely detectable (not shown). When these 

expression patterns were compared to those of mouse peritoneal macrophages, we noted 

similarities and differences. The two major macrophage scavenger receptors CD68 and 

SRB2, constitutively expressed in macrophages, were also expressed in eosinophils (not 

shown). Treatment of cultured eosinophils with Ox-LDL showed that CD36 is highly and 

selectively upregulated compared to the control non-treated cells (Fig. 4A). In contrast, 

analysis of scavenger receptors in macrophages showed that the SRA2 scavenger receptor 

was selectively and highly upregulated by Ox-LDL (Fig. 4B). Thus, although the expression 

levels of scavenger receptors in eosinophils were generally less prominent compared with 

those in macrophages, eosinophil CD36 expression is strongly impacted by Ox-LDL, 

suggesting that modified LDL may be a natural ligand for CD36 in eosinophils.

To determine whether the interaction between Ox-LDL and CD36 receptor activates 

signaling pathways in eosinophils, we first asked whether the expression of Type I interferon 

is mediated by the Ox-LDL/CD36 axis. We used two approaches to address this question. In 

the first approach, CD36 gene expression was knocked down using siRNA and then the 

expression of IFNα, IFNβ, and IL-4 in response to treatment with Ox-LDL was determined. 

We found that CD36 siRNA markedly and specifically downregulated expression of CD36 

in eosinophils by approximately 100% (Supplemental Fig. 2). Treatment of eosinophils with 

control siRNA prior to addition of Ox-LDL had no significant impact on the markedly 

increased expression level of IFNα and IFNβ (Fig. 5A and 5C). Treatment of eosinophils 

with CD36 siRNA completely reduced induction of IFNα and IFNβ by Ox-LDL (Fig. 5A 

and C). Similar results were obtained with an antibody neutralizing experiment where we 

noted that while control antibody did not affect expression of IFNα and IFNβ by Ox-LDL, 

anti-CD36 antibody reduced the effect of Ox-LDL (Fig. 5B and D). In contrast to IFNα and 

IFNβ, siRNA (Fig. 5E) and antibody (Fig. 5F) studies showed that downregulation of IL-4 

by Ox-LDL in eosinophils is independent of CD36 signaling (Fig. 5E and F). Collectively, 

the presence of scavenger receptors in eosinophils and their activation/signaling by Ox-LDL 
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implies that eosinophils are not only involved in an allergic reaction, but also mediate 

chronic inflammation through activation of scavenger receptors.

Ox-LDL treated eosinophil conditioned media polarize peritoneal macrophage towards M1 
phenotype

The phenotype of macrophages is a critical determinant of atherosclerosis 22. We asked 

whether Ox-LDL activated eosinophils influence the phenotype of macrophages. To explore 

this, we used Ox-LDL treated eosinophil condition medium to determine M1/M2 

polarization of macrophages. We used expression of iNOs, IL6, SOCS3, and TNFα as a M1 

markers, and ARG1, CCL24, CD206, YM1, and TGFβ as M2 markers. Cultured peritoneal 

macrophages were treated with the eosinophil conditioned media and the expression of the 

markers was determined by qPCR. Two control conditions were employed. In the first 

control, cultured media alone were used (Fig. 6A, None). The second control is consisting of 

the eosinophil conditioned media under basal condition, i.e., in the absence of Ox-LDL (Fig. 

6A, CM column). Under basal condition, the expression of the M1 markers was low, if any 

(Fig. 6A, None column). Addition of eosinophil conditioned media in the absence of Ox-

LDL treatment induced low levels of M1 markers (Fig. 6A, blank column). Significant 

upregulation of M1 markers was detected when cultured macrophages were treated with the 

conditioned media from Ox-LDL activated eosinophils (Fig. 6A, black column). In contrast, 

analysis of the M2 markers of macrophage polarization revealed that addition of conditioned 

media from Ox-LDL activated eosinophils leads to the significant downregulation of M2 

polarization of macrophages compared to the control conditioned media (Fig. 6B). The 

expression of ARG1 is specifically sensitive to the conditioned media treatment as it is 

completely downregulated (Fig. 6B). Collectively, these data show that exposure of 

eosinophils to Ox-LDL influence macrophage polarization, promoting a M1 phenotype in 

the expense of M2 polarization.

Discussion

Atherosclerosis is a chronic inflammatory disease triggered by an accumulation of 

liproproteins, specifically LDL, in the arteries 23. The accumulated lipids undergo oxidation 

which leads to the activation of inflammatory cells such as macrophages, T cells, and 

neutrophils 2. Little is known about the role of eosinophils in atherogenesis. We found that 

treatment of cultured eosinophils with Ox-LDL significantly fostered expression of type I 

interferons (IFNα and IFNβ). The expression of other proinflammatory cytokines such as 

TNFα, IL-β, and IL-6 in eosinophils remained unaffected by Ox-LDL suggesting that the 

expression of IFNα and IFNβ in eosinophils by Ox-LDL is a specific event and is not the 

result of global activation of proinflammatory cytokines. Moreover, we noted that 

upregulation of type I interferon by Ox-LDL is specific to eosinophils as macrophages 

remained unresponsive to this effect of Ox-LDL. In addition, we noted that the expression of 

IL-4 and IL-13, anti-inflammatory cytokines, is markedly downregulated by Ox-LDL. 

Together, these data suggest that Ox-LDL treated eosinophil triggered an event that can 

promote proinflammatory diseases such as atherosclerosis.
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This notion is further enforced by the expression pattern of scavenger receptors in 

eosinophils and the influence of Ox-LDL activated eosinophils on macrophage polarization. 

We noted that the expression of CD36 scavenger receptors in eosinophils is exquisitely 

upregulated by Ox-LDL. This receptor was first classified as a scavenger receptor and best 

studied for its role in sterile inflammation and atherosclerosis 24, 25. It is a highly 

glycosylated transmembrane protein belonging to the class B scavenger receptor family, and 

is expressed by several cell types such as adipocytes, erythrocytes, platelets, and endothelial 

and myeloid cells. It binds to a broad range of endogenous ligands, including proteins like 

amyloid-β 26, collagen 27, thrombospondin 28, and lipids that include Ox-LDL 29 intact and 

oxidized phosphatidylserine 30, 31 and long-chain fatty acids 32. Absence of CD36 was found 

to protect against atherosclerosis in apo E knockout mice 33. Whether the downstream 

effects of CD36 signaling are pro or anti-inflammatory depends on the nature of the ligand 

and the accompanying coreceptors. In conjunction with TLR4 and TLR6, CD36-mediated 

uptake of Ox-LDL results in the formation of intracellular cholesterol crystals, which drive 

activation of the NLRP3 inflammasome and secretion of the proinflammatory cytokine 

IL-1β 34, 35.

We noted that expression of IL-1β remained unaffected by Ox-LDL in eosinophils, 

suggesting that the downstream signaling pathways activated by CD36 in eosinophils are 

likely different than those of monocytes/macrophages. We have previously shown that toll-

like receptor 4 (TLR4) is highly expressed in murine macrophages and its expression is 

upregulated by Ox-LDL 36. Although both TLR4 and TLR6 are expressed in eosinophils, 

their expression level is markedly lower in comparison with macrophages where TLR4 is the 

dominant TLR 37. Thus, the signaling pathways activated by CD36 are dependent on the cell 

context and are likely different in the eosinophils compared to those in monocytes/

macrophages.

We used two approaches to determine whether CD36 is activated in eosinophils in response 

to Ox-LDL treatment. We found that upregulation of IFNα and IFNβ by Ox-LDL in 

eosinophils is mediated by CD36 signaling whereas this signaling pathway seems not to be 

involved in the downregulation of IL-4 by Ox-LDL. Signaling pathways that are activated by 

CD36 are complex and they involve at least 36 proteins that are consistently tyrosine-

phosphorylated in response to CD36 crosslinking 38.

The activation of eosinophils by Ox-LDL may contribute to the pathogenesis of several 

diseases. For example, type I interferons have been suggested as a marker of cardiovascular 

disease associated with atherosclerosis development in systemic lupus erythematosus 
patients 39. IFNβ was found to promote atherosclerosis by enhancing macrophage adhesion 

to sites of atherosclerotic plaque formation in a chemokine-dependent manner 40. IFNα 
priming has been shown to foster lipid uptake by macrophages and formation of foam 

cells 41. We reported that the level of atherosclerosis highly correlates with the level of 

eosinophil attracting chemokine eotaxin in a murine model of atherosclerosis 13. These data 

combined with the other studies that correlate eosinophil activation with atherosclerosis 

described above suggest a link between atherosclerosis and eosinophils.
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In conclusion, we found that Ox-LDL is a potent activator of eosinophils. The activation 

involves selective upregulation of proinflammatory cytokines while downregulating the 

expression of anti-inflammatory cytokines, such as IL-4. These activities are in part 

mediated by the CD36 scavenger receptors signaling pathway. In addition, we noted that Ox-

LDL activated eosinophils can promote M1 polarization of macrophages while 

downregulating M2 macrophage phenotype. This indicates that Ox-LDL can activate 

multiple immune cells that contribute to the pathogenesis of atherosclerosis. The knowledge 

of molecular pathways that are regulated by Ox-LDL in eosinophils allows a better 

understanding of the role of leukocytes in atherosclerosis and other chronic inflammatory 

diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Inflammation is associated with atherosclerosis

Eosinophils are activated by hyperlipidemia

CD36 scavenger receptor mediates uptake of ox-LDL by eosinophils
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Fig. 1. Oxidized LDL induces expression of proinflammatory cytokines in eosinophils
Cultured eosinophils were treated with 75 μg/ml Ox-LDL for 24 h and the expression of 

indicated cytokines was determined by qPCR using specific primers (Table 1). 

Representative data are shown from 3 independent experiments. (*) Significant difference.
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Fig. 2. Ox-LDL specifically induced expression of type I interferons in eosinophils
(A) Cultured eosinophils were treated with indicated times and concentrations of Ox-LDL 

and the expression of IFNα and IFNβ was determined by qPCR. (B) IFNα concentration in 

Ox-LDL (100 μg/ml for 24 h) treated eosinophil conditioned media was measured by an 

ELISA assay. (C) Peritoneal macrophage was treated with Ox-LDL (100 μg/ml) for 24 h and 
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the expression of IFNα and IFNβ was evaluated by qPCR. Representative data are shown 

from 3 independent experiments. (*) Significant difference.
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Fig. 3. Oxidized LDL downregulates expression of anti-inflammatory cytokines
Cultured eosinophils were treated with indicated times and concentrations of Ox-LDL and 

then harvested at the indicated times for qPCR analysis of (A) IL-4 or (B) IL-13. For the 

dose response experiment, cultured cells were treated with indicated concentrations of Ox-

LDL and then harvested after 24 h for qPCR analysis. (C) An ELISA assay was performed 

to determine IL-4 concentration in Ox-LDL (100 μg/ml for 24 h) eosinophil conditioned 

medium. Representative data are shown from 3 (A and B) or 2 (C) independent experiments. 

(*) Significant difference.
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Fig. 4. Ox-LDL induces expression of CD36 and CD68 in eosinophils
Cultured eosinophils were treated with 75 μg/ml Ox-LDL for 24 h and the expression of 

indicated scavenger receptors was determined by qPCR. For comparison, mouse peritoneal 

macrophages were cultured, treated with Ox-LDL (100 μg/ml), and the expression of the 

same scavenger receptor was determined by qPCR. Representative data are shown as the 

fold change compared with the non-treated control from 3 independent experiments.
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Fig. 5. CD36 signaling mediates expression of IFNα and IFNβ in eosinophils
Cultured eosinophils were transfected with the indicated control siRNA (Ctr siRNA) or 

CD36 siRNA for 24 h and then treated with Ox-LDL for an additional 24 h. The qPCR was 

performed using specific primers to (A) IFNα, (C) IFNβ, (E) IL-4. For the antibody 

experiments, the cultured cells were treated with anti-CD36 antibody for 1 h prior to the 

addition of Ox-LDL. The treated cells were harvested after 24 h and the expression of (B) 

IFNα, (D) IFNβ, and (F) IL-4 was determined by qPCR. Representative data are shown 

from 3 independent experiments.
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Fig. 6. Ox-LDL treated eosinophil conditioned media polarize peritoneal macrophage toward the 
M1 phenotype
Peritoneal macrophages were treated for 24 h with condition medium, generated from Ox-

LDL treated eosinophils, along with macrophage medium as control. The expression of M1 

and M2 markers was determined by qPCR with a panel of marker genes. (A) M1 markers, 

(B) M2 markers. Representative data are shown from 2 independent experiments. (*) 

Significant difference.

Qin et al. Page 21

Atherosclerosis. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and methods
	Mice
	Culture cells
	Eosinophils
	Macrophages

	Flow cytometry analysis
	CD36 knockdown
	ELISA assay
	RNA preparation and quantitative PCR
	Statistical analysis

	Results
	Ox-LDL selectively and specifically upregulates expression of proinflammatory molecules in eosinophils
	Ox-LDL downregulates expression of anti-inflammatory cytokines
	Ox-LDL activates eosinophils through scavenger receptor CD36
	Ox-LDL treated eosinophil conditioned media polarize peritoneal macrophage towards M1 phenotype

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

