
EBioMedicine 53 (2020) 102706

Contents lists available at ScienceDirect

EBioMedicine

journal homepage: www.elsevier.com/locate/ebiom
Research paper
Macrophage-derived myeloid differentiation protein 2 plays an essential
role in ox-LDL-induced inflammation and atherosclerosis
Taiwei Chena,b,1, Weijian Huanga,1, Jinfu Qiana,b, Wu Luob, Peiren Shana, Yan Caic, Ke Lina,b,
Gaojun Wua,*, Guang Lianga,b,d,**
aDepartment of Cardiology, the First Affiliated Hospital of Wenzhou Medical University, Wenzhou, Zhejiang, China
b Chemical Biology Research Center, School of Pharmaceutical Sciences, Wenzhou Medical University, Wenzhou, Zhejiang, China
c The Affiliated Cangnan Hospital, Wenzhou Medical University, Wenzhou, Zhejiang, China
d Zhuji Biomedicine Institute, School of Pharmaceutical Sciences, Wenzhou Medical University, Zhuji, Zhejiang, China
A R T I C L E I N F O

Article History:
Received 27 January 2020
Revised 20 February 2020
Accepted 21 February 2020
Available online xxx
* Corresponding author: Department of Cardiology, t
Wenzhou Medical University, Wenzhou, Zhejiang, China
** Corresponding author at: Chemical Biology Resear

ceutical Sciences, Wenzhou Medical University, Wenzho
E-mail addresses: 2855930357@qq.com (G. Wu), wzm

(G. Liang).
1 These authors contribute equally to this paper.

https://doi.org/10.1016/j.ebiom.2020.102706
2352-3964/© 2020 The Author(s). Published by Elsevier
A B S T R A C T

Background: Atherosclerosis is a chronic inflammatory disease. Although Toll-like receptor 4 (TLR4) has been
involved in inflammatory atherosclerosis, the exact mechanisms by which oxidized-low-density lipoproteins
(ox-LDL) activates TLR4 and elicits inflammatory genesis are not fully known. Myeloid differentiation factor
2 (MD2) is an extracellular molecule indispensable for lipopolysaccharide recognition of TLR4.
Method: Apoe�/�Md2�/� mice and pharmacological inhibitor of MD2 were used in this study. We also recon-
stituted Apoe�/� mice with either Apoe�/� or Apoe�/�Md2�/� marrow-derived cells. Mechanistic studies were
performed in primary macrophages, HEK-293T cells, and cell-free system.
Finding:MD2 levels are elevated in atherosclerotic lesion macrophages, and MD2 deficiency or pharmacolog-
ical inhibition in mice reduces the inflammation and stunts the development of atherosclerotic lesions in
Apoe�/� mice fed with high-fat diet. Transfer of marrow-derived cells from Apoe-Md2 double knockout mice
to Apoe knockout mice confirmed the critical role of bone marrow-derived MD2 in inflammatory factor
induction and atherosclerosis development. Mechanistically, we show that MD2 does not alter ox-LDL
uptake by macrophages but is required for TLR4 activation and inflammation via directly binding to ox-LDL,
which triggers MD2/TLR4 complex formation and TLR4-MyD88-NFkB pro-inflammatory cascade.
Interpretation: We provide a mechanistic basis of ox-LDL-induced macrophage inflammation, illustrate the
role of macrophage-derived MD2 in atherosclerosis, and support the therapeutic potential of MD2 targeting
in atherosclerosis-driven cardiovascular diseases.
Funding: This work was supported by the National Key Research Project of China (2017YFA0506000),
National Natural Science Foundation of China (21961142009, 81930108, 81670244, and 81700402), and Nat-
ural Science Foundation of Zhejiang Province (LY19H020004).

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Atherosclerosis leading to cardiovascular diseases is a significant
driver of morbidity and mortality worldwide [1]. Atherosclerosis is
typically seen alongside other cardiovascular comorbidities such as
diabetes mellitus, metabolic syndrome, dyslipidemia, and hyperten-
sion [2]. The central process in atherosclerosis is dysregulated lipid
metabolism and a maladaptive immune response. The process is ini-
tiated by vascular endothelial cell activation and damage [3,4]. Vascu-
lar damage causes subendothelial accumulation of low-density
lipoproteins (LDL). Apolipoprotein B100 (ApoB100) of LDL binds to
negatively charged extracellular proteoglycans facilitating retention
[5,6]. Retained LDL is susceptible to oxidative modification by reac-
tive oxygen species (ROS) and redox enzymes and facilitates the infil-
tration of monocytes [7,8]. Formation of macrophage-like foam cells
loaded with lipids and successive accumulation of apoptotic cells,
debris, and cholesterol crystals forms a necrotic core. In advanced
stages, atherosclerotic plaques rupture and the disease manifests as
acute coronary syndrome, myocardial infarction or stroke.

Critical to the development as well as the progression of athero-
sclerosis, is the interaction between macrophages and ox-LDL. This
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Research in context

Evidence before this study

Atherosclerosis is a significant driver of cardiovascular diseases.
Critical to the development of atherosclerosis is the interaction
between macrophages and ox-LDL, which facilitates uptake of
ox-LDL in macrophages and inflammatory activation. Myeloid
differentiation 2 (MD-2) and Toll-like receptor 4 (TLR4) are a
pair of recognition receptors of lipopolysaccharide in innate
immune response. Recent studies have linked TLR4 in ox-LDL-
induced inflammation and atherosclerosis. TLR4 has been shown
to be essential for ox-LDL-induced macrophage inflammation
and differentiation into foam cells. However, the exact mecha-
nisms by which ox-LDL elicits TLR4-mediated inflammatory acti-
vation are not fully known. In addition, the role of macrophage
MD2 in the progression of inflammatory atherosclerosis is
unclear

Added value of this study

In this study, we investigated the role of MD2 in engaging TLR4
to drive atherosclerosis development. We show that MD2 does
not participate in ox-LDL uptake by macrophages but is critical
for ox-LDL-induced TLR4 activation and inflammatory cytokine
expression. oxLDL may directly bind MD2 to induce MD2/TLR4
complex formation and inflammatory genesis in macrophages.
MD2 deficiency and functional blockade in mice reduced ath-
erosclerotic lesions. Transfer of marrow-derived cells from
ApoE-MD2 double knockout mice to ApoE knockout mice
showed that macrophage-derived MD2 in critical to atheroscle-
rosis development.

Implications of all the available evidence

Our results shed new light on the role of MD2 in atherosclerosis
and provide a mechanistic basis for ox-LDL-induced inflamma-
tory responses. We also showed that pharmacological inhibition
of MD2 by a small-molecule inhibitor prevented inflammatory
macrophage activation and atherosclerosis development in
ApoE�/� mice fed a HFD. Therefore, targeting MD2 may be a via-
ble option to curb atherosclerosis. These data support the thera-
peutic potential of MD2 inhibitors in atherosclerosis-driven
cardiovascular diseases.
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interaction facilitates uptake of ox-LDL in macrophages and inflam-
matory activation [9]. However, the exact mechanisms by which ox-
LDL elicits inflammatory activation and induces inflammatory genesis
in macrophages are not fully known. Many studies have shown
lesional macrophages express toll-like receptors (TLRs), a type of pat-
tern recognition receptors (PRRs) mediating inflammatory activation
[10]. Of the TLRs expressed on macrophages, TLR4 has been shown to
be essential for ox-LDL-induced macrophage inflammation and dif-
ferentiation into foam cell [11,12]. Apolipoprotein E (ApoE) knockout
mice deficient in TLR4 also exhibit decreased development of athero-
sclerotic lesions, which is associated with significantly reduced
inflammation [13,14]. Despite these promising studies, however, the
precise mechanism underlying ox-LDL-induced TLR4 activation in
macrophages involved in atherosclerosis remain unknown.

Upon binding to a ligand, TLRs dimerize and are activated [15,16].
In the case of TLR4 in pathogen-associated innate immunity, ligand
(e.g. lipopolysaccharides) binding and activation requires a co-recep-
tor protein myeloid differentiation factor 2 (MD2). MD2 is an extra-
cellular molecule indispensable for LPS recognition of TLR4. TLR4
activation then causes recruitment of adaptor proteins such as
myeloid differentiation primary-response protein 88 (MyD88), which
triggers activation of multiple downstream signaling pathways, in
particular nuclear factor-kB (NF-kB) to up-regulate a host of pro-
inflammatory molecules [17,18]. However, the role of MD2 in ox-
LDL-induced inflammation and atherosclerosis is unknown.

In this study, we investigated the role of MD2 in engaging TLR4 to
drive atherosclerosis development. We show that MD2 does not par-
ticipate in ox-LDL uptake by macrophages but is critical for ox-LDL-
induced TLR4 activation and inflammatory cytokine expression.
oxLDL may directly bind MD2 to induce MD2/TLR4 complex forma-
tion and inflammatory genesis in macrophages. MD2 deficiency and
functional blockade in mice reduced atherosclerotic lesions. Results
presented in here show that MD2 plays an important role in inflam-
matory induction in atherosclerosis. Targeting MD2 may be a viable
option to curb atherosclerosis.

2. Materials and methods

2.1. Reagents

Low-density lipoproteins (LDL) and oxidized LDL (ox-LDL) were
purchased from Peking Union-Biology (Beijing, China). DiI (3,30-dio-
ctadecylindocarbocyanine)-labeled ox-LDL was obtained from Yiyuan
Biomedical Technologies (Guangzhou, China). LDL uptake inhibitor
Dynasore [19] was purchased from Sigma-Aldrich (St. Louis, MO),
and used at 80 mM as described previously for macrophages [20]. Oil
Red O stain was obtained from Jiancheng Bioengineering Institute
(Nanjing, China). MD2 antibody was from eBioscience (eBioscience,
San Diego, CA). Antibodies against GAPDH and nuclear factor-kB (NF-
kB) p65 subunit were obtained from Cell Signaling Technology (Dan-
vers, MA). Antibodies against TLR4, myeloid differentiation primary
response 88 (MyD88), smooth muscle actin (a-SMA), macrophage
marker CD68, and Alexa-488 and �647-conjugated secondary anti-
bodies were obtained from Abcam (Cambridge, MA). ApoB100 anti-
body was from Proteintech (Rosemont, USA). Antibody against Flag
and HA tags were obtained from Sigma-Aldrich. Secondary horserad-
ish peroxidase-conjugated antibodies for immunoblotting were pur-
chased from Santa Cruz Biotechnology. NF-kB reporter plasmid (p-
LV-NFkB-RE-EGFP) was purchased from Jiancheng Bioengineering
Institute (Nanjing, China). Recombinant human MD2 protein was
obtained from R&D Systems (Minneapolis, MN, USA). The small mole-
cule MD2 inhibitor, (E)-3-(2,6-difluorophenyl)-1-(4-methoxyphenyl)
prop-2-en-1-one (L6H9), was synthesized by our group and prepared
to a purity of 99.2% as described previously [21]. L6H9 was dissolved
in dimethylsulphoxide for in vitro studies and 1% sodium-carboxy-
methyl cellulose (CMC��Na) for in vivo administration.

2.2. Macrophage culture

Mouse primary peritoneal macrophages were isolated as
described previously [22,23]. Briefly, mice received a single intraperi-
toneal injection of 6% thioglycollate solution (0.3 g beef extract, 1 g
tryptone, 0.5 g sodium chloride dissolved in 100 mL ddH2O, filtrated
through 0.22-mm filter membrane). Two days later, mice were eutha-
nized, and peritoneal cavity was flushed with RPMI-1640 medium
(Gibco/BRL life Technologies, Eggenstein, Germany). Samples were
centrifuged, and cell suspension was plated in RPMI-1640 medium
containing 10% fetal bovine serum (Hyclone, Logan, UT), 100 U/mL
penicillin, and 100 mg/mL streptomycin. Nonadherent cells were
removed 2 h after seeding the cell suspension. A transfectable macro-
phage-like cell line derived from Balb/c mice, RAW264.7, was pur-
chased from the Shanghai Institute of Biochemistry and Cell Biology
(Shanghai, China). RAW264.7 cells maintain properties of macro-
phages including nitric oxide production, phagocytosis, and sensitiv-
ity to TLR agonists. RAW264.7 cells in this study were cultured in the
same media as primary macrophages and used for studies involving
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cell transfections. All ox-LDL exposures were carried out in cells at
50mg/mL.

To measure cytokine production in cells, macrophages were
exposed to ox-LDL at 50 mg/mL. Cell culture media was collected,
and cells were pelleted. The levels of tumor necrosis factor alpha
(TNF-a) and interleukin-6 (IL-6) in the media were detected using
commercial ELISA kits (eBioScience, San Diego, CA). The level of cyto-
kines in the media was normalized to the total protein levels of viable
cell pellets. Under similar conditions, RNA was extracted to measure
cytokine mRNA levels via real-time qPCR assay. Where indicated,
L6H9 pretreatments were carried out for 1 h prior to ox-LDL expo-
sure.

2.3. ox-LDL uptake assay

For uptake detection, macrophages were incubated 50 mg/mL DiI-
ox-LDL for 3 h at 37 °C. Cells were washed with PBS and imaged using
Leica TCS SP8 confocal laser scanning microscope (Buffalo Grove,
USA). Cells under identical conditions were also dislodged and ana-
lyzed by flow cytometry (FACScalibur, Becton Dickinson, San Diego,
CA, USA). The results of flow cytometry were expressed as mean fluo-
rescence intensity after subtracting auto-fluorescence of cells
(absence of DiI-ox-LDL).

For Oil Red O staining in primary macrophages, cells were incu-
bated with 50 mg/mL ox-LDL for 24 h. Cells were then fixed in 4%
paraformaldehyde for 15 min, washed with PBS, and incubated with
a 0.5% working solution of Oil Red O for 15 min. Images were cap-
tured using Nikon microscope equipped with a digital camera (Tokyo,
Japan).

2.4. Real-time quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from cells and aorta tissues with TRIZOL
(Thermo Fisher, Carlsbad, CA). Reverse transcription was carried out
using PrimeScript RT Reagent Kit with gDNA Eraser (TAKARA, Japan).
Quantitative PCR was conducted using iQTM SYBR Green Supermix
(Bio-Rad, Shanghai, China) in QuantStudioTM 3 Real-Time PCR System
(Thermo Fisher). Primers were obtained from Thermo Fisher. Primer
sequences used in this paper are listed in Supplementary Table S1.

2.5. Western blots and co-immunoprecipitation

Total protein from cells and tissues were extracted using lysis
buffer (AR0101/0103, Boster Biological Technology Co. Ltd, Pleasan-
ton, CA). Proteins were separated using 10% SDS-PAGE and then
transferred to polyvinylidene fluoride membranes. Before adding
specific primary antibodies, membranes were blocked in Tris-buff-
ered saline (pH 7.4, containing 0.05% Tween 20 and 5% non-fat milk)
for 1.5 h at room temperature. Protein bands were then detected by
incubating with horseradish peroxidase-conjugated secondary anti-
bodies and enhanced chemiluminescence reagent (Bio-Rad). Band
densities were quantified using Image J software (Version 1.38e, NIH,
Bethesda, MD) and normalized to loading controls.

For co-immunoprecipitation assays, cell extracts prepared follow-
ing treatments were incubated with indicated antibodies overnight
at 4 °C, and immunoprecipitated with protein G-sepharose beads at
4 °C for 2 h. Immunoprecipitation samples were further subjected to
immunoblotting for the detection of co-precipitated proteins. Total
lysates were also performed for western blot analysis as an input con-
trol. Protein interactions were quantified using Image J (NIH).

2.6. TLR4 signaling protein expression

Human embryonic kidney (HEK) 293T cells were obtained from
the Shanghai Institute of Biochemistry and Cell Biology (Shanghai,
China). HEK-293T cells were cultured in DMEM supplemented with
25 mM of D-glucose, 10% fetal bovine serum, 100 U/mL penicillin,
and 100 U/mL streptomycin. To assess TLR4 dimerization upon ox-
LDL exposure, HEK-293 cells were transfected with pCMV-HA-TLR4,
pCMV-Flag-TLR4 and pCMV-His-MD2 (Sino Biological) using polye-
thylenimine (PEI; Sigma-Aldrich). MD2-TLR4 and MyD88-TLR4 inter-
action in HEK-293T cells was assessed similarly. Cells were
transfected with pCMV-His-MD2 and -Flag-TLR4 or pCMV-Flag-
MyD88, -HA-TLR4, and �His-MD2 plasmids (all plasmids were
obtained from Sino Biological).

2.7. Generation of stable NF-kB EGFP RAW264.7 cells

RAW264.7 cells were transfected with pGL3-NF-kB-EGFP lentivi-
ral particles to obtain stable cells expressing NF-kB reporter. Briefly,
lentivirus containing the response element of NF-kB was first gener-
ated by co-transfecting HEK-293T cells with p-LV-NFkB-RE-EGFP
(Inovogen) and packaging plasmids (psPAX2 and pMD2.G) using PEI.
Supernatant was collected 48 h later and filtered using a 0.45 mm fil-
ter. Then, RAW264.7 cells were incubated with supernatant and
8mg/mL polybrene (Sigma-Aldrich) for 12 h. Cells were selected with
2 mg/mL puromycin (Invitrogen, San Diego). Following transfection,
cells were challenged with 50 mg/mL ox-LDL or LDL for 6 h. Mean
fluorescence intensity was analyzed by flow cytometry.

2.8. MD2 binding assay

The direct binding of ox-LDL with rhMD2 was determined by cell-
free ELISA. rhMD2 protein (2 mg/mL) was immobilized to ELISA
microplate surface. Then DiI-labelled ox-LDL (50 mg/mL) was added
and incubated for 2 h. After rinsing, the fluorescence value of each
well was detected using spectraMax M5 (Molecular Devices, Sunny-
vale, CA). The results of measurements are expressed as relative fluo-
rescence intensity (RFI) after subtracting background fluorescence of
empty wells (absence of DiI-Ox-LDL).

2.9. Mouse model of atherosclerosis

All protocols involving animal experiments were approved by the
Wenzhou Medical University Animal Policy and Welfare Committee
(Approved documents: wydw2017�0804) and adhered to the NIH
guidelines (Guide for the care and use of laboratory animals). For our
studies, we utilized the hypercholesterolemic apolipoprotein E-defi-
cient (Apoe�/�) model which recapitulates disease initiation and pro-
gression [5,24]. Apoe�/� mice on C57BL/6 background were obtained
from Jackson Laboratory (Cat No. 002052). Md2�/� mice (B6.129P2-
Ly96 KO) on C57BL/6 background were provided by Riken BioRe-
source Center of Japan (Tsukuba, Ibaraki, Japan). No phenotypic
abnormality in MD-2 KO mice was observed under the baseline con-
dition. Apoe�/� mice were crossed with Md2�/� mice for at least 6
generations to generate Apoe�/�Md2�/� mice. To model the develop-
ment of atherosclerosis, Apoe�/�Md2�/� mice and age-matched
Apoe�/� mice (18�20 g, 8-week-old, n = 6 mice per group) were fed a
high-fat diet (HFD) containing 60 kcal.% fat, 20 kcal.% protein and
20 kcal.% carbohydrate (HFK Bioscience Co. Ltd.; Cat. #MD12033) for
16 weeks.

For studies involving MD2 inhibitor L6H9, Apoe�/� mice were fed
a HFD for 8 weeks and then were divided into two groups: HFD and
HFD+L6H9. L6H9 reconstituted in 1% CMC��Na solution was adminis-
tered by oral gavage at 10 mg/kg every 2 days. The HFD group
received 1% CMC��Na solution alone. Mice were maintained on HFD
for an additional 8 weeks (n = 6 mice per group).

Body weights were recorded weekly. At the end of the study, ani-
mals were euthanized under sodium pentobarbital anesthesia and
the blood was collected. Aortas were fixed in 4% paraformaldehyde
or snap-frozen in liquid nitrogen. The levels of serum lipids including
total triglycerides (TG), total cholesterol (TCH), low-density
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lipoprotein (LDL), and high-density lipoprotein (HDL) were measured
by respective assay kits obtained from Nanjing Jiancheng (Jiangsu,
China).

In addition, C57BL/6 wildtype mice, Md2�/� mice, and Tlr4�/�

mice (B6.B10ScN-Tlr4lps-del/JthJ; Stock #007227) [25] were used for
isolation of mouse primary peritoneal macrophages as described
above.

2.10. Bone marrow transplantation

One week before transplantation, Apoe�/� mice were put in filter-
top cages and given acidified water containing neomycin (1.1 mg/L)
and polymyxin B sulphate (1000 U/L). 12 h prior to transplantation,
mice were subjected to total body irradiation (6 Gy). For transplanta-
tion, Apoe�/� mice were injected intravenously with 5 £ 106 bone
marrow cells from pools of bone marrow from Apoe�/� mice
(KO!KO group) or Apoe�/�Md2�/� mice (DKO!KO gourp). Tail clip
samples and peritoneal macrophages were used for genotyping and
confirmation of reconstitution. Mice were then fed a HFD for 16
weeks to assess the development of atherosclerotic lesions.

2.11. Atherosclerotic lesion analysis

For en face lesion analysis of the aorta, whole aorta and aortic
sinus were dissected out, opened longitudinally from heart to the
iliac arteries, and stained with Oil Red O. The heart and proximal
aorta were collected and embedded in optimum cutting temperature
compound for quantification of plaque lesion. Serial 5mm-thick cryo-
sections of aortic sinus from each mouse were obtained. Sections
were stained with Oil Red O and hematoxylin for analysis of plaque
sizes. Paraffin-embedded sections were used for Masson Trichrome
staining. Frozen sections were used for CD68, a-SMA, MD2, and
apoB100 staining. For immunofluorescence staining, slides were
fixed in cold methanol and permeabilized using 0.3% Triton-X. Then,
slides were blocked using 5% bovine serum albumin for 30 min and
incubated overnight with primary antibodies (1:500). Alexa-488/647
conjugated secondary antibodies (Abcam, 1:500) were used for
detection. The isotype antibodies were used as controls. Slides were
counterstained with DAPI.

2.12. Human specimens

All the procedures involving human samples were approved by
the First Affiliated Hospital of Wenzhou Medical University in China
and all samples were obtained with informed consent (the Ethical
Approval Number 2018-153). Fresh blood samples were obtained
from healthy volunteers (NP, n = 15) and patients diagnosed with cor-
onary artery disease (AS, n = 40). The baseline characteristics of
healthy NP and AS patients were shown in Supplementary Table S2.
Peripheral blood mononuclear cells were prepared using Human
Whole Blood Mononuclear Cell Separation Solution (Solarbio, China).
mRNA and proteins were extracted from cells and subjected to MD2
level determination. Serum prepared from blood samples was used
for TNF-a and MD2 ELISA (eBioscience, San Diego, CA)

2.13. Statistical analysis

All experiments were randomized and blinded. In all in vitro
experiments, data represented at least 3 independent experiments
and expressed as means § SEM. In in vivo experiments, data were
expressed as mean § SEM, except body weight data. Statistical analy-
ses were performed with GraphPad Pro Prism 7.00 (GraphPad, San
Diego, CA, USA). The exact group size (n) for each experimental
group/condition is provided and ‘n’ refers to independent values, not
replicates. The statistical significance of differences between two
groups was determined by Student's t tests. One-way ANOVA
followed by multiple comparisons test with Bonferroni correction
was employed to analyze the differences for more than two groups. P
value < 0.05 was considered statistically significant (in all figures: *,
p < 0.05; **, p < 0.01; *** p < 0.001; ns = not significant).

3. Results

3.1. Increased MD2 in atherosclerotic lesions from mice and in
peripheral-blood mononuclear cells from patients with coronary
arteriosclerotic disease

Our first objective was to determine whether levels of MD2 are
associated with atherosclerotic injury. To achieve this, we assessed
MD2 protein levels in aortas of Apoe�/� mice maintained on a high-
fat diet (HFD). This HFD-induced model of atherosclerosis reliably
recapitulates the early events in atherosclerosis pathogenesis [26,27].
We found a remarkable increase in the amount of MD2 in aortas har-
vested from mice fed a HFD compared to the normal/low-fat diet
(Fig. 1a and b). MD2 also exists as a soluble form (sMD2) found in the
circulation which appears important for sensing endogenous ligands
[28]. Increased levels of sMD2 protein were also found in blood sam-
ples from mice fed a HFD (Fig. 1c) and positively associated with lev-
els of circulating inflammatory cytokine tumor necrosis factor-a
(TNF-a; Fig. 1d). Immunofluorescence staining of cross-sectioned
aortic sinus from mice fed a HFD showed that MD2 protein mostly
localizes to CD68-positive macrophages (Fig. 1e, Supplementary Fig.
S1a). We also found that ox-LDL incubation for 24 h significantly
increased MD2 protein levels in mouse primary macrophages (Sup-
plementary Fig. S1b). We know that following intimal injury, multi-
ple factors may lead to phenotypic change in vascular smooth muscle
cells from the quiescent state to the actively proliferating synthetic
state. We stained the cross sections of aortic sinus for a-smooth mus-
cle actin (a-SMA) to determine whether these cells also contribute to
increased MD2 levels. Our results show that modest levels of a-SMA-
positive cells were immunoreactive to MD2 (Fig. 1f, Supplementary
Fig. S1a). These studies point to infiltrating macrophages as the pri-
mary source of increased MD2 protein in atherosclerotic lesions. By
the way, lacking the immunofluorescence staining for endothelial
cell marker here may be a limitation of this paper.

To explore whether increased MD2 levels found in the experi-
mental model is biologically relevant, we isolated peripheral blood
mononuclear cells from patients diagnosed with coronary artery dis-
ease (AS) and compared MD2 protein levels in the isolated cells to
those obtained from age-matched healthy volunteers (NP). Our
results show the levels of MD2 were elevated in circulating mononu-
clear cells from patients with atherosclerotic disease (Fig. 1g, and h).
We also found increased circulating sMD2 and TNF-a in samples
obtained from patients with atherosclerotic injury (Fig. 1i and j).
These results show that increased macrophage-derived MD2 protein
levels may be important in the progress of inflammatory atheroscle-
rosis.

3.2. Diminished atherosclerotic injuries in MD2 knockout mice

Increased levels of MD2 in aortas of mice with atherosclerotic
lesions prompted us to examine the effect of MD2 deficiency in the
process. We crossed Apoe�/� mice with Md2�/� mice to generate
Apoe�/�Md2�/� double knockouts and compared them to Apoe�/�

(Supplementary Figure S2). HFD feeding of Apoe�/� mice led to heter-
ogenous plaque development along the aorta (Fig. 2a). Oil Red O
staining showed significantly less plaques in ApoE�/�MD2�/� com-
pared to ApoE�/� mice. Aortic sinus stained with Oil Red O confirmed
these observations and showed considerably less stained area in tis-
sues harvested from Apoe�/�Md2�/� mice (Fig. 2b). These beneficial
changes caused by Md2 knockout were seen despite no any differen-
ces in the body weights of mice (Supplementary Figure S3a) and



Fig. 1. MD2 is elevated in atherosclerotic lesion macrophages. (a) MD2 protein levels in aortas of Apoe�/� mice fed a high-fat diet (HFD) or normal/low-fat diet (LFD) were
detected by western blotting. b-actin was used as loading control. Representative immunoblots were shown. (b) mRNA levels of Md2 in aortic sinus of Apoe�/- mice fed with LFD
and HFD [n = 9]. (c, d) Serum levels of soluble MD2 protein (c) and tumor necrosis factor-a (TNF-a; d) in Apoe�/� mice fed with LFD and HFD [n = 7]. (e, f) Representative immunoflu-
orescence staining of MD2 (red, e and f), macrophage marker CD68 (green, e), and smooth muscle cell marker a-SMA (green, f). Tissues were counterstained with DAPI (blue). White
arrows indicate co-location of MD2 and CD68 (e) or a-SMA (f) staining [scale bar = 50mm]. (g) Western blot analysis of MD2 protein levels in human peripheral blood mononuclear
cells (hPBMCs) isolated from patients with atherosclerosis (AS) and without AS (normal peoples, NP). (h) mRNA levels of Md2 in hPBMCs. (i, j) Serum levels of MD2 protein (i) and
tumor necrosis factor-a (TNF-a; j) in hPBMCs isolated from AS [n = 40] and NP [n = 15]. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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levels of serum triglycerides, total cholesterol, and LDL (Supplemen-
tary Fig. S3b). However, we did find elevated levels of HDL in Apoe�/

�Md2�/� mice compared to Apoe�/� mice (Supplementary Fig. S3b).
Immunostaining of aortic sinus sections showed lower immuno-

reactivity for a-SMA in Apoe�/�Md2�/� mice compared to Apoe�/-

mice, indicating less smooth muscle proliferation (Fig. 2c). Surpris-
ingly, however, no differences were found in connective tissue depo-
sition and fibrosis between the two groups (Fig. 2d). We next
examined the levels of pro-inflammatory cytokines [29,30] and adhe-
sion molecules [31,32], which are associated with atherosclerosis. We
measured serum levels of TNF-a and IL-6 in mice and observed sig-
nificantly higher levels in Apoe�/� mice maintained on HFD compared
to Apoe�/�Md2�/� mice (Fig. 2e). The mRNA levels of these cytokines
in aortic sinus were also higher in Apoe�/� mice (Fig. 2f). In addition,
mRNA levels of Il-1b, intercellular adhesion molecule-1 (Icam-1), and
vascular cell adhesion molecule-1 (Vcam-1) showed a similar pattern
of expression (Fig. 2f). These findings clearly show reduced inflam-
matory responses in aortas of HFD-fed Apoe�/�Md2�/� mice, and per-
haps suggest less macrophage infiltration. Immunostaining of aortic
sinus for macrophage marker CD68 in tissues from Apoe�/�Md2�/�

and Apoe�/� mice confirmed this latter notion (Fig. 2g and h). Collec-
tively, these studies show that MD2 deficiency protects against the
development of atherosclerotic plaques, possibly through reduced
macrophage infiltration and expression of inflammatory cytokines.

3.3. MD2 in bone marrow-derived cells plays a critical role in the
development of atherosclerotic lesions

To examine the contribution of macrophage MD2 in mediating
atherosclerotic injuries, we reconstituted Apoe�/� mice with either
Apoe�/� (control KO!KO group) or Apoe�/�Md2�/� (DKO!KO group)
marrow-derived cells. Tail clip samples, isolated peritoneal macro-
phages, blood mononuclear cells, heats and aortas were used to con-
firm the desired combinations (Supplementary Figure S4). Mice were
then maintained on HFD for 16 weeks and the development of ath-
erosclerotic lesions was followed. We did not find any changes to
body weight gain in mice fed a HFD following KO or DKO marrow cell
reconstitution (Supplementary Figure S5a). The profiles of serum



Fig. 2. MD2 deficiency reduces atherosclerosis in HFD-fed ApoE�/� mice. (a) En face Oil Red O staining of aortas from Apoe�/� and Apoe�/�Md2�/� mice fed a HFD for 16 weeks. Oil
Red O staining highlighting neutral lipids (red). Lower panel showing quantification of plaque lesion area from Oil Red O staining. Plaque area was defined as percentage of total sur-
face area of the aorta [n = 6]. (b) Oil Red O staining of aortic sinus. Lower panel showing quantification of lesion area highlighted by Oil Red O staining [n = 6; scale bar = 500 mm]. (c)
Representative images of a-SMA (red) staining of aortic sinus. Lower panel showing quantification of a-SMA staining area [n = 6; scale bar = 50 mm]. (d) Representative images of
Masson’s Trichome staining for collagen deposition. Lower panel showing quantification of fibrotic area [n = 6; scale bar = 50 mm]. (e) Serum levels of pro-inflammatory cytokines
TNF-a and IL-6 in mice fed a HFD [n = 10]. (f) mRNA analysis of proinflammatory cytokines (Il-1b, Tnf-a, Il-6) and adhesion molecules (Icam-1, Vcam-1) in aortic sinus [n = 6]. (g) Rep-
resentative immunofluorescence staining images for CD68 (green) in aortic sinus. Tissues were counterstained with DAPI (blue) [scale bar = 50mm]. (h) Quantification of CD68-pos-
itive area in aortic sinus slices [n = 6]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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levels of triglycerides, total cholesterol, LDL, and HDL in DKO!KO
mice showed no significant difference with that in KO!KO mice
(Supplementary Figure S5B). As expected, mice transplanted with
DKOmarrow cells showed reduced atherosclerotic plaques as evident
through Oil Red O staining (Fig. 3a and b). a-SMA immunoreactivity
was also lower in DKO!KO mice (Fig. 3c). No differences were seen
in connective tissue deposition (Fig. 3d). Similarly, macrophage MD2
deficiency showed reduced inflammatory factor expression
(Fig. 3eand f) and CD68-reactivity in aortic sinus of mice (Fig. 3g and
h) in HFD-fed DKO!KO mice. These results strongly support the
notion that MD2 in bone marrow�derived hematopoietic cells is crit-
ical for atherosclerotic plaque formation and inflammatory signaling
in lesions.

3.4. MD2 mediates ox-LDL-induced proinflammatory cytokine
production and NF-kB activation

Since the interaction between ox-LDL and macrophages is essen-
tial for inflammatory macrophage activation [9], we tested the possi-
bility the MD2 deficiency perhaps alters this process. To test the role
of MD2, we harvested peritoneal macrophages from wildtype and
Md2�/� mice and exposed these cells to ox-LDL in culture to assess
activation. Ox-LDL increased Tnf-a and Il-6 mRNA expression and
cytokine production in cells isolated from wildtype mice but not in
cells from Md2�/� mice (Fig. 4a and b). We also found that this induc-
tion of inflammatory factors was specific to ox-LDL, as exposure of
wildtype macrophages to unmodified-LDL was not associated with
increased cytokine production (Supplementary Figure S6a). We then
examined the activation of NF-kB, a downstream transcription factor
of MD2/TLR4 signaling in innate immunity, which regulates the
expression of inflammatory cytokines [33�35]. We firstly measured
the levels of inhibitor of kB (IkBa) which keeps NF-kB activity in
check. IkBa levels were significantly deceased in wildtype macro-
phages exposed to ox-LDL, indicating activation of NF-kB (Fig. 4c). In
contrast, no changes in IkBa were found in Md2�/�-derived macro-
phages upon ox-LDL exposure (Fig. 4c). This finding was then con-
firmed by NF-kB p65 immunoblotting using nuclear protein fractions
prepared from the cells. Fig. 2d shows increased nuclear NF-kB p65
proteins only in cells harvested from wildtype mice but not from
Md2�/� mice. The staining analysis of NF-kB p65 subunit in cultured
macrophages from wildtype and Md2�/� mice also shows that ox-
LDL increases nuclear immunoreactivity to NF-kB p65 only in wild-
type macrophages (Fig. 4e). Finally, we transfected mouse RAW264.7
macrophages with reporter plasmid for NF-kB transcriptional activ-
ity. Exposure of transfected macrophage line to ox-LDL, but not
native LDL, increased NF-kB activity (Supplementary Figure S6b).
These data on NF-kB activity are consistent with the observed profile
of inflammatory cytokines.

3.5. MD2 is essential for ox-LDL-induced TLR4 dimerization and
activation

We next examined the potential mechanisms by which MD2 defi-
ciency prevents ox-LDL-induced inflammation in macrophage. As a
PRR, TLR4 and its assistant protein MD2 are proteins in cell surface.
In innate immunity, LPS stimulates the formation of MD2/TLR4 com-
plex to recruit MyD88 to generate pro-inflammatory molecules. We
then examined whether ox-LDL directly initiates MD2/TLR4 complex
formation and MyD88 recruitment. Our results show that exposure
of macrophages from wildtype mice to ox-LDL increases the associa-
tion of MD2 with TLR4 in a short-time duration (Fig. 5a). Peak interac-
tion was seen at 30 min post-exposure and was maintained for at
least 60 min. This enhanced MD2-TLR4 interaction by ox-LDL was
confirmed in HEK-293T cells expressing MD2-His and TLR4-Flag
(Fig. 5b). Then, we examined TLR4 dimerization by ox-LDL. We know
that MD2-mediated TLR4 activation requires dimerization of two
TLR4 receptor chains [36]. Therefore, we transfected plasmids encod-
ing HA-TLR4 and Flag-TLR4 in HEK-293T cells. Transfected cells were
then exposed to ox-LDL for 30 min with or without MD2-His plasmid
transfection. Our results show that ox-LDL causes TLR4 dimerization
in the presence of MD2 (Fig. 5c). To assess the effect of MD2 on ox-
LDL-induced interaction between TLR4 and its downstream adapter
MyD88, we isolated primary macrophages from widetype and Md2�/

� mice. Data in Fig. 5d show that TLR4 associates with MyD88 follow-
ing ox-LDL exposure only in wildtype macrophages and not in Md2�/

� cells. HEK-293T cells expressing TLR4-HA and MyD88-Flag also
showed increased TLR4-MyD88 interaction, only in the presences of
MD2-His expression and ox-LDL exposure (Fig. 5e). These results
illustrate that MD2 is required for TLR4 activation by ox-LDL.

3.6. oxLDL may directly interact with MD2 protein and leads to MD2/
TLR4 activation

It remains unclear how ox-LDL leads to MD2/TLR4 complex for-
mation. It has been reported that saturated fatty acids, cholesterol,
and oxidized phospholipids may directly bind to MD2 and activate
MD2/TLR4 complex [37�39]. Since ox-LDL contains numerous satu-
rated fatty acids, cholesterol, and oxidized phospholipids, we specu-
late that these elements may make ox-LDL directly interact with
MD2 in cell surface. We first examined whether ox-LDL abrogated
LPS-induced strong inflammation in macrophages. Results showed
that, although ox-LDL alone induced about 5�10 fold increase in
TNF-a and IL-6 production, ox-LDL reduced LPS-induced TNF-a and
IL-6 production (Supplementary Fig. S7), indicating a possible inter-
action between ox-LDL and MD2. Since the major protein of ox-LDL
is apolipoprotein B100 (ApoB100), we exposed primary macrophages
harvested from wildtype mice to ox-LDL and examined ApoB100-
MD2 interaction by co-immunoprecipitation. Our results show that
exposure of macrophages to ox-LDL increases the formation of a
complex comprising ApoB100-MD2-TLR4 (Fig. 5f). ApoB100 of
unmodified LDL, however, did not enhance this complex formation
(Fig. 5f). Similar results were observed in HEK-293T cells expressing
TLR4-HA and MD2-His (Fig. 5g). Co-staining macrophages for MD2
and ApoB100 showed increased co-localization of the two proteins in
cells upon exposure to ox-LDL (Fig. 5h). Consistent with our immuno-
precipitation studies, however, LDL exposure did not generate co-
localized MD2 and ApoB100 reactivity (Fig. 5h, Supplementary Fig.
S8a). This suggests that ox-LDL may directly bind MD2 to induce
MD2/TLR4 complex formation. We then exposed macrophages har-
vested from wildtype, Tlr4�/�, and Md2�/� mice to ox-LDL. Interest-
ingly, our data in Fig. 5i and j show that ApoB100 in ox-LDL binds to
TLR4 and MD2 separately. Knockout TLR4 did not affect the interac-
tion of ApoB100 with MD2 and vice versa (Fig. 5i and j). Although ox-
LDL separately interacts with MD2 and TLR4, activation of TLR4 by
ox-LDL requires the presence of MD2 protein (Fig. 5c�e). We then
tested the possible direct interaction between ox-LDL and MD2 in
cell-free system. We immobilized recombinant human MD2 protein
(rhMD2) and added DiI-labeled ox-LDL. Our data shows an ox-LDL
attachment in the presence of rhMD2 indicating possible direct inter-
action (Fig. 5k). Lastly, we stained aortic sinus sections from Apoe�/�

mice fed a HFD to determine whether ApoB100 colocalizes with MD2
in vivo. Fig. 5l shows that HFD feeding was associated with increased
co-localization of MD2 and ApoB100 in aortic sinus of mice. These
results suggest that ox-LDL may directly associate with MD2 protein
and initiate MD2-TLR4 inflammatory signaling. MD2 in macrophages
is required for ox-LDL’s pro-inflammatory responses.

3.7. MD2 in macrophages is not required for ox-LDL uptake

Macrophages are also essential for ox-LDL update in atherosclero-
sis [9]. We examined the role of MD2 in ox-LDL update in macro-
phages. We incubated wildtype and Md2�/� macrophages with DiI-



Fig. 3. Bone marrow-derived MD2 play a critical role in the development of atherosclerotic lesions Apoe�/� mice were irradiated and received bone marrow cells from either
Apoe�/� mice or Apoe�/�Md2�/� mice. KO!KO: marrow-derived cells from Apoe�/- (KO) mice were transplanted in irradiated Apoe�/� (KO) mice; DKO!KO: marrow-derived cells
from Apoe�/�Md2�/- (DKO) mice were transplanted in irradiated Apoe�/� (KO) mice. Mice were then fed a HFD for 16 weeks. (a) Oil Red O staining of aortas from mice transplanted
with KO or DKO marrow cells. Lower panel showing quantification of plaque lesion area. [n = 6]. (b) Oil Red O staining of aortic sinus. Lower panel showing quantification of lesion
area [n = 6; scale bar = 500 mm]. (c) Representative images of a-SMA (red) staining of aortic sinus. Lower panel showing quantification of a-SMA staining area [n = 6; scale
bar = 50 mm]. (d) Representative images of Masson’s Trichome staining of aortic sinus. Lower panel showing quantification of fibrotic area [n = 6; scale bar = 50 mm]. (e) Serum lev-
els of TNF-a and IL-6 in mice (n = 8). (f) mRNA levels of inflammatory cytokines (Il-1b, Tnf-a, Il-6) and adhesion molecules (Icam-1, Vcam-1) in aortic sinus [n = 6]. (g) Representative
immunofluorescence staining images for CD68 (green) in aortic sinus. Tissues were counterstained with DAPI (blue) [scale bar = 50 mm]. (h) Quantification of CD68-positive area in
aortic sinus slices [n = 6]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. MD2 mediates ox-LDL-induced proinflammatory cytokine production and NF-kB activation (a) Primary macrophages isolated from Md2�/� (KO) and wildtype (WT) mice
were challenged with 50 mg/mL ox-LDL for 24 h. Levels of TNF-a and IL-6 cytokines in culture media were measured by ELISA and reported as pg/mg protein [n = 6]. (b) mRNA levels
of Tnf-a and Il-6 in macrophages isolated from KO andWTmice. Cells were exposed to 50mg/mL ox-LDL for 6 h [n = 4]. (c) Levels of IkB in the primary macrophages exposed to 50mg/
mL ox-LDL for 30 min. GAPDHwas used as loading control. Lower panel showing densitometric quantification [n = 4]. (d) Immunoblot detection of NF-kB p65 subunit in cytosolic and
nuclear fractions prepared from cells exposed to 50mg/mL ox-LDL for 30 min. Lamin B and GAPDH were used as loading control for nuclear and cytosolic proteins, respectively. Lower
panel showing densitometric quantification [n = 4]. (e) Immunofluorescence staining for NF-kB p65 subunit (red) in primary macrophages exposed to ox-LDL for 1 h. Cells were coun-
terstained with DAPI (blue) [scale bar = 50mm]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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labeled ox-LDL for either short or long time period. Surprisingly, no
differences were found in DiI-ox-LDL uptake between wildtype and
Md2�/� macrophages (Fig. 6a). Oil Red O staining confirmed this find-
ing and showed equal uptake of lipids in wildtype and Md2�/� mac-
rophages (Fig. 6b). We confirmed the results by expressing MD2 in
HEK-293 cells. Exposure of MD2-expressing HEK-293 cells to DiI-ox-
LDL did not increase lipid uptake (Fig. 6c). Furthermore, co-transfec-
tion of HEK-293T cells with MD2 and TLR4 plasmids also did not alter
ox-LDL uptake (Fig. 6c). These results show that MD2 is not involved
in ox-LDL uptake. Conversely, we examined whether inhibiting
uptake of ox-LDL alters oxLDL-induced MD2-TLR4 complex forma-
tion. Moreover, we reasoned that inhibiting lipid uptake would
potentially increase extracellular level of ox-LDL and then increase
the association of ox-LDL with MD2/TLR4. Our results support this
idea and show that pretreatment of cells with the LDL uptake inhibi-
tor Dynasore [19] before ox-LDL exposure enhances ApoB100-MD2-
TLR4 interaction (Fig. 6d). Greater cell membrane co-localization
between ApoB100 and MD2 was also observed in the presence of
Dynasore (Fig. 6e, Supplementary Fig. S8b). These results show that
MD2 in macrophages is not required for ox-LDL uptake. The MD2/
TLR4 inflammatory activation and ox-LDL uptake seems to be inde-
pendent pathways.
3.8. Pharmacological inhibition of MD2 prevents atherosclerotic lesion
development

Our last objective was to test whether pharmacological inhibition
of MD2 prevents inflammatory macrophage activation and athero-
sclerosis development. For these studies, we utilized a small molecule
inhibitor of MD2, namely L6H9, which binds directly to MD2 and pre-
vents MD2-mediated TLR4 activation [39]. The anti-inflammatory
activity of L6H9 was confirmed in ox-LDL-stimulated macrophages.
L6H9 dose-dependently prevented ox-LDL-induced TNF-a and IL-6
production in wildtype primary macrophages (Supplementary Fig.
S9a). Associated with this suppression of cytokines, we noted
reduced nuclear localization of NF-kB p65 subunit and increased
IkBa levels in primary macrophages treated with L6H9 (Supplemen-
tary Fig. S9b and c). Furthermore, NF-kB reporter activity was
supressed by L6H9 treatment in RAW264.7 macrophage cells line
exposed to ox-LDL (Supplementary Fig. S9d). We treated Apoe�/�

mice with L6H9 and determined whether MD2 inhibition mimics the
results obtained from Apoe�/�Md2�/� mice. L6H9 treatment of Apoe�/

� mice fed a HFD did not alter body weight gain (Supplementary
Figure S10a) or serum lipid profile (Supplementary Fig. S10b). Unlike
Apoe�/�Md2�/� mice, treatment of Apoe�/� mice with L6H9 did not



Fig. 5. MD2 is essential for ox-LDL-induced TLR4 dimerization and activation via direct interaction with ox-LDL (a) Macrophages from wildtype mice were incubated with
50mg/mL ox-LDL for indicated time periods. TLR4 was immunoprecipitated (IP) and MD2 was detected by immunoblotting (IB). Lower panel showing the densitometric quantifica-
tion of MD2-TLR4 association [n = 4]. (b) Interaction between MD2 and TLR4 was confirmed by co-immunoprecipitation assay in HEK-293T cells transfected with MD2-His and
TLR4-Flag expressing plasmids. Lower panel showing the densitometric quantification [n = 4]. (c) Dimerization of TLR4 was assessed by co-immunoprecipitation assay in HEK-293T
cells transfected with Flag- and HA-tagged TLR4 and His-tagged MD2 plasmids. Cells were exposed to 50 mg/mL ox-LDL for 30 min. Samples were immunoprecipitation (IP) with
anti-HA followed by immunoblotting (IB) with anti-Flag. Lower panel showing the densitometric quantification. [n = 4]. (d) Primary macrophages from wildtype (WT) mice and
MD2�/� mice (KO) were incubated with 50 mg/mL ox-LDL for 30 min. TLR4 was immunoprecipitated (IP) and MyD88 was detected by immunoblotting (IB). Lower panel showing
the densitometric quantification [n = 4]. (e) Interaction between MyD88 and TLR4 was detected by co-immunoprecipitation assay in HEK-293T cells transfected with TLR4-HA,
MyD88-Flag, and MD2-His expressing plasmids. Cells were treated with or without 50 mg/mL ox-LDL for 30 min. Lower panel showing the densitometric quantification [n = 3]. (f)
Macrophages isolated from wildtype mice were exposed to 50 mg/mL ox-LDL or LDL for 30 min. Interaction between ApoB100, MD2, and TLR4 was assessed by co-immunoprecipi-
tation. Right panel showing the densitometric quantification [n = 3]. (g) Interaction between ApoB100, MD2, and TLR4 was detected by co-immunoprecipitation in HEK-293T cells
transfected with TLR4-HA and MD2-His expressing plasmids. Cells were treated with or without 50 mg/mL ox-LDL for 30 min. Right panel showing the densitometric quantification
[n = 4]. (h) Primary macrophages were treated with 50 mg/mL ox-LDL or LDL, and then were stained for MD2 (green) and ApoB100 (red). DAPI (blue) was used to counterstain.
Lower panels show higher magnification. (i) Macrophages isolated from wildtype (WT) and Md2�/� (Md2KO) mice were incubated with 50 mg/mL ox-LDL for 30 min. Interaction
between TLR4 and ApoB100 was assessed by co-immunoprecipitation. Lower panel showing the densitometric quantification [n = 3] (j) Macrophages isolated from WT and Tlr4�/�

(Tlr4KO) mice were incubated with 50mg/mL ox-LDL for 30 min. Interaction between MD2 and ApoB100 was assessed by co-immunoprecipitation. Lower panel showing the densi-
tometric quantification [n = 3]. (k) The interaction between MD2 and ox-LDL was determined using a cell-free assay. rhMD2 was immobilized and DiI-labeled ox-LDL was added.
Binding was determined by relative fluorescence intensity (RFI), normalized to blanks without rhMD2 immobilization [n = 4]. (l) Representative immunofluorescence staining of
MD2 (red) and ApoB100 (green) in aortic sinus of Apoe�/� mice maintained on HFD. Tissues were counterstained with DAPI (blue) [scale bar = 50 mm]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. MD2 in macrophages is not required for ox-LDL uptake (a) Primary macrophages isolated from widetype (WT) and Md2�/� (KO) mice were incubated with 50 mg/mL DiI-
labeled ox-LDL for indicated time periods. DiI-ox-LDL uptake was detected as mean fluorescence intensity by flow cytometry [n = 4]. (b) Oil Red O staining of WT and KO macro-
phages incubated with 50mg/mL ox-LDL for 24 h. Right panel showing quantification of area highlighted by Oil Red O staining [n = 4]. (c) HEK-293T cells transfected with MD2-His-
plasmid alone or co-transfected with MD2-His-and TLR4-HA plasmids were cultured with 50mg/mL DiI-labeled ox-LDL for 30 min. DiI-ox-LDL uptake was detected by flow cytome-
try. Flow histograms showing mean fluorescence intensity (MFI) values. (d) The interaction between ApoB100, MD2, and TLR4 was assessed by co-immunoprecipitation in macro-
phages from wildtype mice. Cells were pretreated with or without LDL-uptake inhibitor Dynasore at 80 mM for 1 h prior to exposure of cells to 50 mg/mL ox-LDL for 30 min. (e)
Immunofluorescence staining of macrophages from wildtype mice for MD2 (green) and ApoB100 (red). Cells were treated as indicated in panel D. Cells were counterstained with
DAPI (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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increase HDL levels. However, we did find reduced aortic plaques in
mice treated with L6H9 (Fig. 7a and b). L6H9 also reduced a-SMA
immunoreactivity in aortas (Fig. 7c). Similar to results obtained from
Md2�/� mice, pharmacological inhibition of MD2 had no effect on
HFD-induced connective tissue expansion in the aortas, as evidenced
by Masson’s Trichrome staining (Fig. 7d). Analysis of circulating
inflammatory cytokines showed that L6H9 reduces the amounts of
both TNF-a and IL-6 in mice fed a HFD (Fig. 7e). Transcript levels of
Tnf-a, Il-6, Il-1b, Icam-1, and Vcam-1were also reduced in aortic sinus
of mice upon treatment with L6H9 (Fig. 7f). Consistent with these
observations, CD68 immunoreactivity of aortic sinus tissues was
decreased in mice treated with L6H9 (Fig. 7g and h). Overall, these
data confirm that inhibition of MD2 prevents atherosclerotic injuries
through suppression of macrophage infiltration and inflammation.

4. Discussion

The key findings of our study include the demonstration that mac-
rophage-derived MD2 is required for atherosclerotic plaque develop-
ment in high-fat diet-induced Apoe�/� mouse model. We show that
MD2 deficiency or inhibition prevents macrophage infiltration and
inflammatory cytokine production in atherosclerotic mice. Reconsti-
tution of Apoe�/� mice with marrow cells harvested from Apoe�/

�Md2�/� mice showed that macrophage-expressed MD2 was the
driver in cell activation and initiation of inflammatory injuries in aor-
tas. Mechanistically, we show that MD2 does not alter ox-LDL uptake
by macrophages but is required for TLR4 activation and inflammation
via directly binding to ox-LDL triggering MD2/TLR4 complex forma-
tion and TLR4-MyD88-NFkB pro-inflammatory cascade. Collectively,
these results shed new light on the role of MD2 in atherosclerosis
and provide a mechanistic basis for ox-LDL-induced inflammatory
responses (summarized in Fig. 8).

TLR4 activation in atherosclerosis is not a new concept [40]. Stud-
ies have shown that Apoe�/� mice deficient in TLR4 are protected
against developing atherosclerotic lesions [13,14]. This protection
was found to be associated with significantly reduced macrophage
levels and inflammatory responses in the lesions. Blocking TLR4 also
reduces the secretion of interleukins (1b, 6, and 8) [12]. Furthermore,
the deficiency or inhibition of MyD88, a direct downstream protein
of TLR4, also attenuated atherosclerosis through inhibiting inflamma-
tion [41,42]. Here, we showed that global or hematopoietic cell
knockout of MD2 prevented atherosclerosis in mice, which was asso-
ciated with reduced inflammation and macrophage infiltration in
atherosclerotic lesions. These findings clearly show that MD2-TLR4
signaling is involved in at least the early inflammatory stage of ath-
erosclerosis. However, the mechanisms by which TLR4 is activated in
atherosclerosis are far from established. The interaction between
activated monocytes and ox-LDL is critical to the development of ath-
erosclerosis. The likely mechanism entails oxidized lipoproteins pos-
sibly serving as danger-associated molecular patterns for TLR4 [43].
Based on our studies, the recognition and activation of TLR4 by ox-
LDL requires MD2, much like LPS, the prototypical TLR4 ligand. We
found that ox-LDL increased the association between MD2 and TLR4
in macrophages and thus, recruited MyD88 and activated NF-kB to
elevate inflammatory cytokine expression. Therefore, our studies
provide novel insight into the mechanisms by which ox-LDL induces
TLR4 pro-inflammatory signaling in macrophages and feeds athero-
genesis.

As an accessory protein, MD2 helps TLR4 to link the ligands (e.g.
LPS [44] and saturated fatty acid [39]), leading to inflammatory



Fig. 7. Pharmacological inhibition of MD2 by L6H9 reduces the development of atherosclerosis and inflammation inmice. (a) En face Oil Red O staining of aortas. Apoe�/� mice
maintained on HFD were treated with 10 mg/kg L6H9 every other day. Oil Red O staining highlighting neutral lipids (red). Lower panel showing quantification of plaque lesion area
[n = 6]. (b) Oil Red O staining of lesion area in aortic sinus. Lower panel showing quantification of lesion area highlighted by Oil Red O staining [n = 6; scale bar = 500 mm]. (c) Repre-
sentative images of a-SMA staining (red) of aortic sinus. Lower panel showing quantification of a-SMA staining area [n = 6; scale bar = 50 mm]. (d) Representative images of Mas-
son’s Trichome staining for collagen deposition. Lower panel showing quantification of fibrotic area [n = 6; scale bar = 50 mm]. (e) Serum levels of pro-inflammatory cytokines TNF-
a and IL-6 [n = 6]. (f) Real-time qPCR assay shows the levels of mRNA of proinflammatory cytokines (Il-1b, Tnf-a, Il-6) and adhesion molecules (Icam-1, Vcam-1) in aortas [n = 6]. (g)
Representative immunofluorescence staining images for CD68 (green) in aortic sinus. Tissues were counterstained with DAPI (blue) [scale bar = 50 mm]. (h) Quantification of CD68-
positive area in aortic sinus slices [n = 4]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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responses. In addition, oxidized cholesterols [37] and phospholipids
(ox-PL) [38], the components of ox-LDL, have been reported to bind
MD2 and activate MD2/TLR4 signaling. These studies indicated that
the capability of ox-LDL in inducing TLR4 activation likely resulted
from its direct interaction with MD2 protein. As expected, our cell
free binding assay showed that rhMD2 directly binding to ox-LDL,
and a complex of ApoB100-MD2-TLR4 was observed in macrophages
challenged with ox-LDL. This ApoB100-MD2/TLR4 pro-inflammatory



Fig. 8. Schematic illustration of the underlying mechanism of MD2 in ox-LDL-induced inflammatory responses in atherosclerosis.
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cascade was not activated by unmodified LDL, which is consistent
with previous evidence that ox-PL but not phospholipids in native
LDL serves as DAMP that are recognized by PRRs [38,45]. Ox-LDL con-
tains hundreds of different oxidized lipid molecules. Therefore, the
discrepancy we observed in ox-LDL and LDL might be due to different
oxidative status of cholesterols or phospholipids.

We found that ox-LDL-induced TLR4 activity was inhibited by
MD2 deficiency, but the uptake of ox-LDL was independent on MD2/
TLR4. Even though MD2 interacted with ox-LDL in a cell-free system,
the mechanisms of ox-LDL uptake in macrophage are clearly sepa-
rate. Importantly, we show that inhibiting ox-LDL uptake by Dyna-
sore enhances interaction between TLR4 and MD2 in macrophages,
as evidenced by increased ApoB100-MD2-TLR4 complex formation.
Studies have shown that CD36 and SR-A may account for 75�90% of
ox-LDL internalization by macrophages [46,47]. However, CD36 and
SR-A deficiency in mice does not reduce atherosclerotic lesions [48],
suggesting that compensatory detrimental mechanisms are at play. It
is possible that reduced ox-LDL uptake by CD36 and SR-A deficiency
increased extracellular ox-LDL level, which, on the contrary, amplifies
inflammatory injuries by MD2/TLR4 signaling pathway.

We noted that whole-body knockout of MD prevented the athero-
sclerosis in a much stronger manner than the bone marrow chimeras
(Figs. 2 and 3). The reason may be the involvement of MD2/TLR4 sig-
naling in other cell types including stromal cells. A recent study
showed that TLR4 signaling in both stromal and hematopoietic cells
contribute to aortic inflammation and atherogenesis in mouse model
of HFD-induced atherosclerosis [49]. TLR4 in vascular smooth muscle
cells and endothelial cells has been also reported to mediate the
inflammatory atherosclerosis [50,51]. In addition, both Apoe�/�Md2�/

� mice and Apoe�/- mice treated with L6H9 show no changes in fibro-
sis. Extracellular matrix proteins in atherosclerosis may be derived
from endothelial cells, vascular smooth muscle cells, and adventitial
fibroblasts. One possibility is that MD2 deficiency in these accessory
cells is not required for matrix protein synthesis. Another unexpected
finding of our study was the increase in serum HDL levels in HFD-fed
Apoe�/�Md2�/� mice. HDL has potential antiatherogenic effects and it
is known to exert an anti-inflammatory activity against a wide range
of inflammatory agents, including ox-LDL [52]. Thus, the increased
HDL in Apoe�/�Md2�/� mice may partly contribute to the anti-athero-
sclerosis effects of MD2 deficiency. ApoA-1, the predominant apoli-
poprotein of HDL, mediates cellular cholesterol efflux through an
ATP-binding transporter ABCA1 in macrophages [53]. Therefore,
increased HDL in Md2�/� mice may contribute to the protective
effects seen in our study through regulating cholesterol efflux. Inter-
estingly, the increase in serum HDL was not seen in HFD-fed Apoe�/-

mice transplanted with Apoe�/�Md2�/� marrow cells. HDL is mainly
produced in the liver and intestine. This indicates that MD2 in liver
cells or intestine cells may regulate the synthesis of HDL. Therefore, a
potential future study may explore the HDL-regulating role and
mechanism of MD2 in liver or intestine. In addition, the supplemen-
tary Fig. S10 showed that mice treated with L6H9 do not affect serum
HDL level. Although L6H9 treatment seems to be another model of
‘global’ MD2 functional deficiency, the drug concentrations of L6H9
in liver and intestine need to be determined. This also indicates that
the organ distribution data of L6H9 may be important for its pre-clin-
ical pharmacokinetic evaluation.

In summary, we report here that TLR4-coreceptor MD2 is required
for atherosclerotic plaque development in the high-fat diet-induced
Apoe�/� model. Knocking out MD2 in this model shows prevention of
macrophage infiltration, and inhibited production of proinflamma-
tory cytokines. These results are recapitulated in mice treated with a
MD2 inhibitor L6H9. Reconstitution of irradiated Apoe�/� mice with
Md2�/� marrow cells showed that bone marrow-derived MD2 was
important in initiation of inflammatory injuries. Using cultured mac-
rophages, we also showed that MD2 did not alter ox-LDL uptake but
regulated ox-LDL-induced TLR4 activation and inflammation possibly
via directly interaction with ox-LDL. Therefore, our studies provide a
mechanistic basis of ox-LDL-induced macrophage inflammation in
atherosclerosis. Collectively, these results have shed new light on the
role of MD2 in atherosclerosis and support the therapeutic potential
of MD2 targeting in atherosclerosis-driven cardiovascular diseases.
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