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研究成果の概要（和文）：近年の研究により、糖尿病、動脈硬化などのメタボリックシンドロームの中核をなす病態の
本体が炎症性疾患であるとの理解が進展した。High Density Lipoprotein（HDL）は動脈硬化において非常に重要な役
割を果たしており、その血中濃度は動脈硬化の進展と強い逆相関を示す。われわれはHDLにToll Like Receptor(TLRs)
よりの自然炎症およびインフラマソームを介したIL-1の産生を抑制する効果があることを見出した。その分子メカニズ
ムは炎症抑制性転写因子ATF3の転写亢進であることを示した。さらに、HDLの抗動脈硬化作用はATF3を介することを示
した。

研究成果の概要（英文）：Recent advances revealed that inflammation plays important roles in the 
pathogenesis of metabolic syndrome including obesity, diabetes and atherosclerosis. High Density 
Lipoprotein (HDL) is a strong inhibitor of atherosclerosis, and the level of HDL inversely well 
correlated with the development of atherosclerosis. The molecular mechanisms HDL to modulate 
inflammation, particularly in immune cells such as macrophages, remain poorly understood. We identified 
that the transcriptional regulator ATF3, as an HDL-inducible target gene in macrophages that 
downregulates the expression of Toll-like receptor (TLR)-induced proinflammatory cytokines. The 
protective effects of HDL against TLR-induced inflammation were fully dependent on ATF3 in vitro and in 
vivo. We have advanced the field by identifying a specific molecular pathway for anti-inflammatory 
actions of HDL in macrophages opening up new opportunities for understanding HDL salutary actions and 
exploiting therapeutic potential.

研究分野：免疫学
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１．研究開始当初の背景	
 

	
 

動脈硬化は元来動脈壁の内皮下における

脂質蓄積がその病態のすべてと考えられて

きたが、その発症、進展、アテローマコア

の破綻と閉塞性機転に至るまでのほぼすべ

ての病態において炎症が重要な役割をはた

している疾患であることが明らかとなって

きた。特にマクロファージを始めとする自

然免疫系細胞、接着分子、IL-1 などのサイ

トカインの重要性の理解が進んだ(1)。その

結果、動脈硬化をおこしている動脈壁にお

いては低レベルの自然免疫炎症が持続して

いることが推察される一方、その開始、維

持メカニズムについての統合的な理解は得

られておらず、さらには炎症をターゲット

とした治療介入も現実のものとはなってい

ない。申請者は本研究において、非常に強

力な抗動脈硬化作用を持つ HDL についてそ

の抗炎症メカニズムの解明を試みるもので

ある。	
 

動脈硬化の自然免疫のその疾患との関連

についてはクラミドフィラなどの感染症を

中心に検討されてきた。非感染症疾患にお

ける自然免疫の関与については、まず発熱

性遺伝性疾患である家族性地中海熱の原因

遺伝子としてインフラマソーム関連遺伝子

が同定され。その後、インフラマソームが

結晶誘発性関節炎に関与することが明らか

となった(2)。申請者らもシリカ結晶による

炎症反応にインフラマソームが関与してい

ることを明らかにした(3)。さらに自然免疫

のメタボリックシンドロームにおける関与

については 2010 年に入り、申請者らが動脈

硬化との関連について報告を行い(4)、糖尿

病(耐糖能およびインスリン感受性)につい

て Tschopp らが報告を行った(5)ところで

あり、まだ端緒についたばかりである。	
 

	
 以上の様に、動脈硬化はその炎症性疾患

としての側面が認識されてきているが、そ

の自然免疫との関連については端緒につい

たばかりである。内因性の抗動脈硬化作用

をもつ巨大分子 HDL がどのような機序によ

り抗炎症効果を示すかについては、ほとん

ど報告がない。わずかに 1970 年代に LPS へ

の直接結合能があることが示されたのみで

ある(6)。その他の TLR リガンドに対する炎

症抑制効果は全く報告されておらず、また

他の抗炎症機序についても不明である。本

研究課題は動脈硬化における HDL の抗

炎症作用について重要な手がかりを与

える最初の報告になると期待され、類似

の研究は全く行われていない。また、本

研究においては、その対象を動脈硬化とし

ているが、IL-1 や TLRs シグナルによる

サイトカイン産生やインフラマソー

ム・IL-1 経路は糖尿病などの他の代謝

性疾患や感染症においても非常に重要

な役割を果たしているため(7)、その抗

炎症機序の解明のインパクトは大きい。	
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２．研究の目的	
 

	
 

近年の研究の進歩により、尿酸結晶などの

無菌的微粒子に対する急性炎症反応に対す

る急性炎症反応が NLRP3 インフラマソーム

および IL-1 依存性であることが明らかと

なった。さらには、血管内皮におけるコレ

ステロール結晶に対する炎症反応と動脈硬

化もNLRP3インフラマソームおよびIL-1依

存性であることが判明し、動脈硬化におけ

る自然免疫炎症の寄与が明らかとなった

(Kono	
 et	
 al,	
 Nature	
 464:1357)。また、

TLR2/4 が動脈硬化において重要な役割を果

たしていることが報告されている。このよ

うに慢性代謝性疾患と考えられてきた疾患

群の自己炎症疾患としての側面の重要性が

明らかになりつつある。	
 

	
 HDL の抗動脈硬化作用は、血管内皮下な

どの末梢組織からコレステロールを回収し

て肝臓へと輸送する作用によると考えられ

ていたが、HDL 中のコレステロール増加作

用を有する薬（ナイアシンや CETP 阻害薬）

は臨床試験で心血管イベントを抑制できず、

HDL の抗動脈硬化作用の代替仮説とし

て”HDL の抗炎症作用”が挙げられている。

しかし、これまで HDL の抗炎症作用につい

ては、ほとんどなにも明らかとなってはい

ない。我々は最近予備的な検討において、

in	
 vitro、in	
 vivo 双方において HDL

の TLR リガンドによる炎症反応に対す

る阻害作用を見出した。さらにはコレス

テロール結晶によるインフラマソーム

活性化を介した IL-1 産生の抑制を見出

した(in	
 vitro)。動脈硬化局所において

はコレステロール結晶が自然炎症(インフ

ラマソーム)活性化を引き起こし、細胞死

(パイロプトーシス)が惹起され、それが更

なる炎症をおこすと考えられており(図参

照)、その際には TLR リガンドとしての



Danger	
 Signal が多数放出される。HDL に

よる抗動脈硬化作用を説明する上で、そ

の作用を TLR シグナル阻害、インフラマ

ソーム阻害に求めることは非常に魅力

的な作業仮説となる。我々は本研究にお

いて、HDL の TLR シグナル阻害を介した抗

炎症作用、抗動脈硬化作用を明らかにし、

その分子メカニズムを明らかにすることを

目的とする。具体的には以下の目標を挙げ

る。(1)	
 HDL の TLR シグナルに対する抗炎

症効果の検討。	
 (2)	
 HDL による抗炎症効果

の分子機序についての解明	
 (3)	
 HDL の作用

点である抑制性転写因子の動脈硬化抑制の

検討。本研究により、動脈硬化における全

く新しい治療介入点の提案ができると考え

た。	
 

	
 

	
 

	
 

	
 

	
 

	
 

	
 

	
 

	
 

	
 

３．研究の方法	
 

	
 

本研究は３つの計画からなる。(1)	
 in	
 vivo

と in	
 vitro における HDL の TLR シグナルに

対する抗炎症効果の検討。	
 HDL による TLR

リガンド刺激炎症に対する抑制が

CpGDNA-TLR9 に限局するものではないこと

を検討する。(2)	
 HDL による抗炎症効果の

分子機序についての解明	
 (抑制性転写因子

の同定・抑制性分子のゲノムワイドスクリ

ーニング)。HDL の抗炎症効果の分子メカニ

ズムを解明する。現時点では転写因子レベ

ルでの炎症抑制を想定している。マイクロ

アレイと細胞ベースのレトロウイルスライ

ブラリーを用いる。(3)	
 HDL の作用点であ

る抑制性転写因子の動脈硬化抑制の検討

(1)(2)で同定された HDL のエフェクター分

子の欠失マウスを用いて、HDL の抗炎症効

果が動脈硬化において役割を果たしている

かマウスモデルを用いて検討する。	
 

(1)	
 in	
 vivo と in	
 vitro における HDL の TLR

シグナルに対する抗炎症効果の検討。申請

者はすでに in	
 vivo における TLR シグナル

依存性の炎症のアッセイを確立している。

TLR リガンドと D-Galactosamine を投与す

ることにより、TNF-α依存性の肝壊死をお

こすものである。これまでに、CpGDNA(TLR9

リガンド)、poly	
 I:C（TLR３リガンド）、

P3C(TLR2/	
 6 リガンド)において、TLR 依存

性の著明な肝障害を惹起し、特に投与後 1

時間において血中サイトカインの濃度上昇

が認められることを見いだした。予備的実

験においては apoA-I とフォスファチジル

セリンからなる reconstituted	
 HDL(rHDL)

の投与によりこれらの肝障害と血清サイト

カインの上昇が著明に抑制されることを見

いだしている(図 1)。また、ヒトの HDL を

超遠心分離法により分離したものでも、同

様の抗炎症効果を見いだした。すなわち、

内部にコレステロールを有するヒト HDL に

おいても、有さない rHDL においても同様の

抗炎症効果が認められた(data	
 not	
 shown)。

in	
 vitro においては、マクロファージセル

ラインにおいて TLR リガンドの投与を行い、

サイトカイン産生を観察する。予備的な実

験においてはサイトカイン産生の低下を観

察している(data	
 not	
 shown)。	
 

(2)	
 HDL による抗炎症効果の分子機序につ

いての解明	
 (抑制性転写因子の同定・抑制

性分子のゲノムワイドスクリーニング)。	
 

HDL による抗炎症効果が、細胞膜からのコ

レステロール引き抜きによる脂質ラフトの

阻害が TLR の初期信号伝達を阻害すること

によるものかどうかを検討するために、予

備的な in	
 vitro の実験を行ったところ、

rHDL 投与下において、p38、JNK,	
 NF-κB	
 p65

のリン酸化は影響を受けず、rHDL の抗炎症

作用は TLR シグナル伝達の受容体直下レベ

ルの阻害ではないことが示唆された(図 2)。

今後、	
 NF-κB	
 p65 の核移行を検証すると

ともに、EMSA アッセイを行う。予備的実験

ではマクロファージよりの IL-6 や

IL-12p40 などのサイトカイン産生は rHDL

により抑制が認められることにより、HDL

の抗炎症効果は、転写における抑制性の機

序によるものが想定される。我々は、骨髄

由来マクロファージにおいて rHDL 投与下、

非投与下における microarray を行い、rHDL

により強く誘導される候補遺伝子を同定す

る予定である。初回の microarray において、

いくつかの抑制性遺伝子の候補が得られた

(図 3)。この候補遺伝子の HDL による誘導

が確認されれば、候補遺伝子欠失マウスを

用い、rHDL による抑制性効果が解除される

かを検証する。	
 

第二法は、抑制制機構を発見するために、

レトロウイルスライブラリー法によるスク

リーニングを行う。アッセイに必用な系は

構築済みである。安定的に IL-6 プロモータ

下に EGFP を発現するマクロファージセル



ライン RAW264.7 細胞を樹立した。この細胞

は、LPS などの刺激により活性化をきたし、

EGFP の産生が認められる。	
 さらに、

ecotropic	
 retrovirus	
 receptor を遺伝子

導入してあり、通常難しいレトロウイルス

によるマクロファージへの遺伝子導入がほ

ぼ 100%容易にできる。マクロファージより

採取した mRNA を用いてレトロウイルスラ

イブラリーを作成し、IL-6promoter-EGFP

発現 RAW264.7 細胞に感染させた後、HDL の

存在/非存在下に TLR リガンド刺激を行う。

フローサイトメーターにて EGFP 高発現細

胞を採取し、そこに発現しているレトロウ

イルスライブラリー由来の分子を同定する

ことにより、HDL の抑制性効果を解除する

分子が同定される。	
 

(3)	
 HDL の作用点である抑制性転写因子の

動脈硬化抑制への関連	
 

(2)により in	
 vitro における HDL の TLR リ

ガンド刺激における抑制性効果において重

要な遺伝子が同定された際には、その遺伝

子が実際に HDL の抗動脈硬化作用において

重要な役割を果たしているかを確認するた

めに、当該遺伝子を欠失したマウスを作出

し、(1)で用いた炎症モデルおよび動脈硬化

モデルにおいて、HDL を投与もしくは

ApoA-I トランスジェニックマウスを用いて

効果を観察する。当該遺伝子欠失マウスに

おいて HDL の抑制性効果が消失していれば、

当該遺伝子が HDL の効果発現に必用と判断

できる。	
 

	
 

	
 

４．研究成果	
 

	
 

(1)	
 in	
 vivo と in	
 vitro における HDL の TLR

シグナルに対する抗炎症効果の検討。	
 

	
 

C3H/HeJ マウスに D-Galactosamine と TLR9 リ

ガンドである CpGDNA を投与すると、TLR 依存

性の肝障害が惹起される。我々は HDL を超遠

心法にてヒト血清から精製し、このマウスの

系において投与することにより、TLR シグナ

ルへの in	
 vivo における影響を検討した。図

１aに示す様に、CpGDNA 投与では著明な肝障

害（ALT の上昇）が認められたが、ヒト由来

HDLの投与により改善が認められた。同時に、

血清 IL-6 や IL-12p40 など、炎症性サイトカ

インの抑制効果も認められた。また、ヒト血

清由来 ApoAI 蛋白とホスファチジルセリンよ

りなる reconstituted	
 HDL(rHDL)を用いても、

同様の in	
 vivo における効果が認められた(図

1b)。rHDL 投与において、肝臓組織において

は肝壊死像の抑制と、炎症細胞浸潤の減少が

認められた。同様の in	
 vivo における効果は

他の TLR リガンド(TLR2 リガンド)である

Pam3CSK4(P3C)の投与においても認められた

（図 1d）。	
 

in	
 vitro においては、骨髄由来マクロファー

ジ(BMDM)に各種 TLR リガンドを加えると炎症

性サイトカインの分泌が認められる。rHDL の

投与によりこれらサイトカインの分泌は抑制

されることが明らかとなった(図 1e)。	
 

更に、HDL の抗炎症効果は、これらサイトカ

インの転写抑制によることが明らかとなった

（図 2）。	
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migration along a gradient of CCL2 (monocyte chemotactic protein-1; 
MCP-1)17. However, the molecular mechanisms by which HDL medi-
ates its anti-inflammatory functions, especially in macrophages and 
outside of the context of atherosclerosis, remain poorly understood.

We therefore investigated the effects of HDL on activation of macro-
phages by TLRs and in macrophage-dependent models of inflam-
mation under normocholesterolemic conditions. Here we show that 
HDL inhibits TLR-induced production of proinflammatory cytokines 
from macrophages. These effects were independent of HDL bind-
ing TLR ligands and did not involve modulation of TLR signaling 
events or disruption of cytokine secretory processes. Rather, in a 
time-dependent manner, HDL suppressed the ability of TLRs to 
induce the expression of proinflammatory cytokines (such as IL-6,  
IL-12p40 and TNF) on the transcriptional level. Using a systems 
biology approach, we identified ATF3 as an HDL-inducible negative 
regulator of macrophage activation. Transcriptome analysis revealed 
that HDL regulated many genes in an ATF3-dependent manner, and 
ATF3 chromatin immunoprecipitation followed by high-throughput 
sequencing (ChIP–seq) confirmed that several key proinflammatory 
genes were directly targeted by ATF3 after its induction by HDL. 
Furthermore, the ability of HDL to reduce TLR responses was fully 
dependent on expression of ATF3 both in vitro and in vivo, dem-
onstrating the critical role of this transcriptional modulator in the 
anti-inflammatory effects of HDL.

RESULTS
HDL is protective against TLR-induced inflammation
HDL has multiple functions beyond promoting the efflux of cholesterol 
from lipid-laden cells. To study the anti-inflammatory effects of HDL 

under normocholesterolemic conditions, we used a well-established 
in vivo model of acute inflammation, in which the systemic release of 
proinflammatory cytokines from TLR-activated macrophages leads 
to liver damage18,19. We injected mice with HDL freshly isolated from 
patients (‘native HDL’) or with purified human apolipoprotein A1 
(ApoAI; the major protein component of HDL) reconstituted with 
phospholipids (referred to hereafter as ‘HDL’) and subsequently 
challenged the mice with TLR agonists. Pretreatment with either 
native HDL or HDL significantly reduced liver damage induced by 
the TLR9 activator CpG DNA, as measured by release of alanine 
aminotransferase (ALT) or hepatocyte cell death (Fig. 1a–c and data 
not shown). In addition, mice injected with CpG after pretreatment 
with native HDL displayed significantly reduced serum levels of the 
proinflammatory cytokines IL-6 and IL-12p40 (Fig. 1a). Similarly, 
mice pretreated with HDL showed reduced serum concentrations 
of CpG-induced IL-6, IL-12p40, TNF, MCP-1 and IL-10 (Fig. 1b),  
whereas IL-18 and IL-13 remained unaffected (Supplementary 
Fig. 1a). In addition, HDL pretreatment significantly reduced liver 
damage and inflammation mediated by the TLR1 and TLR2 lig-
and, synthetic lipopeptide Pam3CSK4 (Fig. 1d). We further inves-
tigated the anti-inflammatory effect of HDL in vitro using bone 
marrow–derived macrophages (BMDMs). Pretreatment of BMDMs 
with HDL substantially reduced IL-6 and TNF cytokine output in 
response to a variety of TLR ligands (Fig. 1e), without impacting 
cell viability (Fig. 1f). HDL reduced TLR-mediated production of 
cytokines in a dose-dependent manner (Supplementary Fig. 1b). 
Using enzyme-linked immunosorbent assay (ELISA), we observed 
comparable decreases in TLR-induced production of IL-6 after pre-
treatment of BMDMs with native HDL (Fig. 1g). The capability  

Figure 1 HDL inhibits TLR-induced cytokine  
production from macrophages in vivo and  
in vitro. (a–d) Serum cytokines and ALT amounts  
(international units/kiloliter) measured 1 h and  
10 h, respectively, after mice were injected  
intraperitoneally (i.p.) with 2 mg HDL for 6 h  
before injection of TLR ligand (i.p.; 20 g  
CpG or 2 g Pam3CSK4 (P3C)) and 10 mg  
D-galactosamine. In a, C3H/HeJ mice were  
injected with native HDL and CpG: ALT release  
(n = 12 mice per group) and serum cytokines  
(CpG, n = 28 mice per group; native HDL +  
CpG, n = 27 mice per group) were measured.  
In b,c C57BL/6 mice were injected with HDL  
and CpG; ALT release (n = 9 mice per group)  
and serum cytokines (CpG, n = 18 mice per  
group; HDL + CpG, n = 19 mice per group)  
were measured (b), and liver histology was  
assayed by hemotoxylin and eosin staining  
10 h after injection (c; scale bars, 100 m).  
In d, C57BL/6 mice were injected with HDL and  
P3C: ALT release (n = 15 mice per group) and  
serum cytokines (n = 15 mice per group) were  
measured. (e) ELISA of IL-6, IL-12p40 and  
TNF secretion from BMDMs treated with  
2 mg/ml HDL or medium alone (−) for 6 h  
followed by overnight stimulation with the  
TLR4 ligand LPS (100 ng/ml), TLR9 ligand  
CpG (100 nM), TLR7/8 ligand R848 (5 ng/ml) or TLR2/1 ligand P3C (50 ng/ml) or cells were left untreated (UT).  
(f) Cell viability of BMDMs treated overnight with 2 mg/ml HDL or medium alone (−). (g) ELISA of IL-6 secretion from  
BMDMs pretreated with medium alone (−), HDL or native HDL (2 mg/ml) for 6 h and stimulated overnight with 100 nM CpG or 50 ng/ml P3C. Data are 
from one experiment (a,b,d; each symbol represents an individual mouse; horizontal lines indicate mean values TLR ligand versus HDL + TLR ligand, 
unpaired two-tailed Student’s t test; *P < 0.05, **P < 0.01, ***P < 0.005), representative of three mice examined per treatment, with the shown 
images from single mice exhibiting median expression of ALT (c), and combined from three independent experiments (e,f,g; mean + s.e.m.).
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migration along a gradient of CCL2 (monocyte chemotactic protein-1; 
MCP-1)17. However, the molecular mechanisms by which HDL medi-
ates its anti-inflammatory functions, especially in macrophages and 
outside of the context of atherosclerosis, remain poorly understood.

We therefore investigated the effects of HDL on activation of macro-
phages by TLRs and in macrophage-dependent models of inflam-
mation under normocholesterolemic conditions. Here we show that 
HDL inhibits TLR-induced production of proinflammatory cytokines 
from macrophages. These effects were independent of HDL bind-
ing TLR ligands and did not involve modulation of TLR signaling 
events or disruption of cytokine secretory processes. Rather, in a 
time-dependent manner, HDL suppressed the ability of TLRs to 
induce the expression of proinflammatory cytokines (such as IL-6,  
IL-12p40 and TNF) on the transcriptional level. Using a systems 
biology approach, we identified ATF3 as an HDL-inducible negative 
regulator of macrophage activation. Transcriptome analysis revealed 
that HDL regulated many genes in an ATF3-dependent manner, and 
ATF3 chromatin immunoprecipitation followed by high-throughput 
sequencing (ChIP–seq) confirmed that several key proinflammatory 
genes were directly targeted by ATF3 after its induction by HDL. 
Furthermore, the ability of HDL to reduce TLR responses was fully 
dependent on expression of ATF3 both in vitro and in vivo, dem-
onstrating the critical role of this transcriptional modulator in the 
anti-inflammatory effects of HDL.

RESULTS
HDL is protective against TLR-induced inflammation
HDL has multiple functions beyond promoting the efflux of cholesterol 
from lipid-laden cells. To study the anti-inflammatory effects of HDL 

under normocholesterolemic conditions, we used a well-established 
in vivo model of acute inflammation, in which the systemic release of 
proinflammatory cytokines from TLR-activated macrophages leads 
to liver damage18,19. We injected mice with HDL freshly isolated from 
patients (‘native HDL’) or with purified human apolipoprotein A1 
(ApoAI; the major protein component of HDL) reconstituted with 
phospholipids (referred to hereafter as ‘HDL’) and subsequently 
challenged the mice with TLR agonists. Pretreatment with either 
native HDL or HDL significantly reduced liver damage induced by 
the TLR9 activator CpG DNA, as measured by release of alanine 
aminotransferase (ALT) or hepatocyte cell death (Fig. 1a–c and data 
not shown). In addition, mice injected with CpG after pretreatment 
with native HDL displayed significantly reduced serum levels of the 
proinflammatory cytokines IL-6 and IL-12p40 (Fig. 1a). Similarly, 
mice pretreated with HDL showed reduced serum concentrations 
of CpG-induced IL-6, IL-12p40, TNF, MCP-1 and IL-10 (Fig. 1b),  
whereas IL-18 and IL-13 remained unaffected (Supplementary 
Fig. 1a). In addition, HDL pretreatment significantly reduced liver 
damage and inflammation mediated by the TLR1 and TLR2 lig-
and, synthetic lipopeptide Pam3CSK4 (Fig. 1d). We further inves-
tigated the anti-inflammatory effect of HDL in vitro using bone 
marrow–derived macrophages (BMDMs). Pretreatment of BMDMs 
with HDL substantially reduced IL-6 and TNF cytokine output in 
response to a variety of TLR ligands (Fig. 1e), without impacting 
cell viability (Fig. 1f). HDL reduced TLR-mediated production of 
cytokines in a dose-dependent manner (Supplementary Fig. 1b). 
Using enzyme-linked immunosorbent assay (ELISA), we observed 
comparable decreases in TLR-induced production of IL-6 after pre-
treatment of BMDMs with native HDL (Fig. 1g). The capability  

Figure 1 HDL inhibits TLR-induced cytokine  
production from macrophages in vivo and  
in vitro. (a–d) Serum cytokines and ALT amounts  
(international units/kiloliter) measured 1 h and  
10 h, respectively, after mice were injected  
intraperitoneally (i.p.) with 2 mg HDL for 6 h  
before injection of TLR ligand (i.p.; 20 g  
CpG or 2 g Pam3CSK4 (P3C)) and 10 mg  
D-galactosamine. In a, C3H/HeJ mice were  
injected with native HDL and CpG: ALT release  
(n = 12 mice per group) and serum cytokines  
(CpG, n = 28 mice per group; native HDL +  
CpG, n = 27 mice per group) were measured.  
In b,c C57BL/6 mice were injected with HDL  
and CpG; ALT release (n = 9 mice per group)  
and serum cytokines (CpG, n = 18 mice per  
group; HDL + CpG, n = 19 mice per group)  
were measured (b), and liver histology was  
assayed by hemotoxylin and eosin staining  
10 h after injection (c; scale bars, 100 m).  
In d, C57BL/6 mice were injected with HDL and  
P3C: ALT release (n = 15 mice per group) and  
serum cytokines (n = 15 mice per group) were  
measured. (e) ELISA of IL-6, IL-12p40 and  
TNF secretion from BMDMs treated with  
2 mg/ml HDL or medium alone (−) for 6 h  
followed by overnight stimulation with the  
TLR4 ligand LPS (100 ng/ml), TLR9 ligand  
CpG (100 nM), TLR7/8 ligand R848 (5 ng/ml) or TLR2/1 ligand P3C (50 ng/ml) or cells were left untreated (UT).  
(f) Cell viability of BMDMs treated overnight with 2 mg/ml HDL or medium alone (−). (g) ELISA of IL-6 secretion from  
BMDMs pretreated with medium alone (−), HDL or native HDL (2 mg/ml) for 6 h and stimulated overnight with 100 nM CpG or 50 ng/ml P3C. Data are 
from one experiment (a,b,d; each symbol represents an individual mouse; horizontal lines indicate mean values TLR ligand versus HDL + TLR ligand, 
unpaired two-tailed Student’s t test; *P < 0.05, **P < 0.01, ***P < 0.005), representative of three mice examined per treatment, with the shown 
images from single mice exhibiting median expression of ALT (c), and combined from three independent experiments (e,f,g; mean + s.e.m.).
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migration along a gradient of CCL2 (monocyte chemotactic protein-1; 
MCP-1)17. However, the molecular mechanisms by which HDL medi-
ates its anti-inflammatory functions, especially in macrophages and 
outside of the context of atherosclerosis, remain poorly understood.

We therefore investigated the effects of HDL on activation of macro-
phages by TLRs and in macrophage-dependent models of inflam-
mation under normocholesterolemic conditions. Here we show that 
HDL inhibits TLR-induced production of proinflammatory cytokines 
from macrophages. These effects were independent of HDL bind-
ing TLR ligands and did not involve modulation of TLR signaling 
events or disruption of cytokine secretory processes. Rather, in a 
time-dependent manner, HDL suppressed the ability of TLRs to 
induce the expression of proinflammatory cytokines (such as IL-6,  
IL-12p40 and TNF) on the transcriptional level. Using a systems 
biology approach, we identified ATF3 as an HDL-inducible negative 
regulator of macrophage activation. Transcriptome analysis revealed 
that HDL regulated many genes in an ATF3-dependent manner, and 
ATF3 chromatin immunoprecipitation followed by high-throughput 
sequencing (ChIP–seq) confirmed that several key proinflammatory 
genes were directly targeted by ATF3 after its induction by HDL. 
Furthermore, the ability of HDL to reduce TLR responses was fully 
dependent on expression of ATF3 both in vitro and in vivo, dem-
onstrating the critical role of this transcriptional modulator in the 
anti-inflammatory effects of HDL.

RESULTS
HDL is protective against TLR-induced inflammation
HDL has multiple functions beyond promoting the efflux of cholesterol 
from lipid-laden cells. To study the anti-inflammatory effects of HDL 

under normocholesterolemic conditions, we used a well-established 
in vivo model of acute inflammation, in which the systemic release of 
proinflammatory cytokines from TLR-activated macrophages leads 
to liver damage18,19. We injected mice with HDL freshly isolated from 
patients (‘native HDL’) or with purified human apolipoprotein A1 
(ApoAI; the major protein component of HDL) reconstituted with 
phospholipids (referred to hereafter as ‘HDL’) and subsequently 
challenged the mice with TLR agonists. Pretreatment with either 
native HDL or HDL significantly reduced liver damage induced by 
the TLR9 activator CpG DNA, as measured by release of alanine 
aminotransferase (ALT) or hepatocyte cell death (Fig. 1a–c and data 
not shown). In addition, mice injected with CpG after pretreatment 
with native HDL displayed significantly reduced serum levels of the 
proinflammatory cytokines IL-6 and IL-12p40 (Fig. 1a). Similarly, 
mice pretreated with HDL showed reduced serum concentrations 
of CpG-induced IL-6, IL-12p40, TNF, MCP-1 and IL-10 (Fig. 1b),  
whereas IL-18 and IL-13 remained unaffected (Supplementary 
Fig. 1a). In addition, HDL pretreatment significantly reduced liver 
damage and inflammation mediated by the TLR1 and TLR2 lig-
and, synthetic lipopeptide Pam3CSK4 (Fig. 1d). We further inves-
tigated the anti-inflammatory effect of HDL in vitro using bone 
marrow–derived macrophages (BMDMs). Pretreatment of BMDMs 
with HDL substantially reduced IL-6 and TNF cytokine output in 
response to a variety of TLR ligands (Fig. 1e), without impacting 
cell viability (Fig. 1f). HDL reduced TLR-mediated production of 
cytokines in a dose-dependent manner (Supplementary Fig. 1b). 
Using enzyme-linked immunosorbent assay (ELISA), we observed 
comparable decreases in TLR-induced production of IL-6 after pre-
treatment of BMDMs with native HDL (Fig. 1g). The capability  

Figure 1 HDL inhibits TLR-induced cytokine  
production from macrophages in vivo and  
in vitro. (a–d) Serum cytokines and ALT amounts  
(international units/kiloliter) measured 1 h and  
10 h, respectively, after mice were injected  
intraperitoneally (i.p.) with 2 mg HDL for 6 h  
before injection of TLR ligand (i.p.; 20 g  
CpG or 2 g Pam3CSK4 (P3C)) and 10 mg  
D-galactosamine. In a, C3H/HeJ mice were  
injected with native HDL and CpG: ALT release  
(n = 12 mice per group) and serum cytokines  
(CpG, n = 28 mice per group; native HDL +  
CpG, n = 27 mice per group) were measured.  
In b,c C57BL/6 mice were injected with HDL  
and CpG; ALT release (n = 9 mice per group)  
and serum cytokines (CpG, n = 18 mice per  
group; HDL + CpG, n = 19 mice per group)  
were measured (b), and liver histology was  
assayed by hemotoxylin and eosin staining  
10 h after injection (c; scale bars, 100 m).  
In d, C57BL/6 mice were injected with HDL and  
P3C: ALT release (n = 15 mice per group) and  
serum cytokines (n = 15 mice per group) were  
measured. (e) ELISA of IL-6, IL-12p40 and  
TNF secretion from BMDMs treated with  
2 mg/ml HDL or medium alone (−) for 6 h  
followed by overnight stimulation with the  
TLR4 ligand LPS (100 ng/ml), TLR9 ligand  
CpG (100 nM), TLR7/8 ligand R848 (5 ng/ml) or TLR2/1 ligand P3C (50 ng/ml) or cells were left untreated (UT).  
(f) Cell viability of BMDMs treated overnight with 2 mg/ml HDL or medium alone (−). (g) ELISA of IL-6 secretion from  
BMDMs pretreated with medium alone (−), HDL or native HDL (2 mg/ml) for 6 h and stimulated overnight with 100 nM CpG or 50 ng/ml P3C. Data are 
from one experiment (a,b,d; each symbol represents an individual mouse; horizontal lines indicate mean values TLR ligand versus HDL + TLR ligand, 
unpaired two-tailed Student’s t test; *P < 0.05, **P < 0.01, ***P < 0.005), representative of three mice examined per treatment, with the shown 
images from single mice exhibiting median expression of ALT (c), and combined from three independent experiments (e,f,g; mean + s.e.m.).
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of HDL to decrease TLR-induced inflammation was also evident in 
human peripheral blood mononuclear cells (Supplementary Fig. 1c). 
Collectively, these data suggest HDL protects against TLR-induced 
inflammation by downmodulating the production of proinflamma-
tory cytokines in monocytes and macrophages.

HDL regulates inflammation at the transcriptional level
HDL can directly neutralize the inflammatory activity of the TLR4 
ligand lipopolysaccharide (LPS)20–22. To examine whether HDL 
neutralizes other TLR activators by direct interaction, we analyzed 
whether HDL can change the size-exclusion profile of fluorescent 
TLR agonists. As expected, HDL led to a shift of LPS-BODIPY into 
the higher-molecular-weight HDL fractions (Fig. 2a), demonstrating 
binding of LPS to HDL. In contrast, HDL did not change the elu-
tion profile of CpG–Alexa Fluor 647 or Pam3CSK4–Alexa Fluor 647 
(Fig. 2a and data not shown), indicating that HDL does not directly 
interact with these TLR ligands. Furthermore, direct binding by HDL 
should abolish or reduce the ability of TLR ligands to activate their 

downstream signaling pathways. Consistent with our size-exclusion  
data, HDL did not block CpG-induced or Pam3CSK4-induced 
phosphorylation of p38 MAP kinase (MAPK) (p-p38) in BMDMs, 
indicating successful interaction of the ligands with their receptors  
(Fig. 2b). In contrast, HDL co-treatment abolished LPS-induced p38 
activation (Fig. 2b). These data suggest that while HDL can attenuate 
LPS-induced inflammation by sequestration, they do not explain the 
anti-inflammatory effects of HDL on other TLR ligands, including 
CpG and Pam3CSK4.

HDL promotes the efflux of cholesterol from macrophages and thus, 
subsequent TLR activation might be inhibited via changes to lipid raft 
cholesterol content23,24. However, whereas pretreatment of BMDMs 
with HDL decreased cellular cholesterol concentration (Fig. 2c  
and Supplementary Fig. 2a), it did not inhibit CpG-induced signaling, 
including activation of p38 MAP kinase, Jnk kinase and p65 subunit 
of the transcription factor NF- B, or degradation of the inhibitory 
cytoplasmic NF- B chaperone I B  (Fig. 2d). Furthermore, pre-
treatment with HDL had no effect on the nuclear translocation of 
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Figure 2 HDL inhibits TLR-induced proinflammatory cytokine transcription. (a) Absorbance profiles of Bodipy-labeled LPS (LPS), Alexa Fluor 647–
labeled CpG 1826 (CpG) and HDL, run over a Superdex-200 size-exclusion column separately (top) or together (bottom). mAU (milli absorbance units). 
(b) Immunoblot of p38 phosphorylation (p-p38) (relative to total -actin) in whole cell lysates of untreated BMDMs or BMDMs stimulated for 30 min 
with 200 ng/ml LPS, 100 nM CpG or 50 ng/ml Pam3CSK4 (P3C) and incubated with 2 mg/ml HDL or medium alone (−). (c,d) Total cellular cholesterol 
(c) and immunoblots showing phosphorylation of p38 (p-p38), of Jnk (p-Jnk) and of subunit p65 of NF- B (p-p65), and degradation of I B  ( -tubulin 
was used as a loading control) in response to 100 nM CpG for indicated durations (d) in BMDMs pretreated with medium alone (−) or 2 mg/ml HDL for 
6 h. (e,f) Immunoblots showing Subcellular localization (Cyt, cytosolic fraction; Nuc, nuclear fraction) of NF- B p65 ( -tubulin, cytoplasmic fraction 
loading control; PARP, nuclear fraction loading control) (e) and NF- B binding to a target probe as analyzed by electromobility shift assay (f) in BMDMs 
pretreated with 2 mg/ml HDL for 6 h before stimulation with 100 nM CpG for 30 min or left untreated (−). (g,h) CpG-induced (100 nM; indicated 
durations) p-p65 and intracellular IL-6 (arrow indicates IL-6 band) and IL-1  measured in whole-cell extracts (g) and secreted IL-6 in response to 4 h 
of stimulation with 100 nM CpG measured by ELISA (h) from BMDMs pretreated with 2 mg/ml HDL for 6 h. (i) mRNA expression in BMDMs pretreated 
with 2 mg/ml HDL for 6 h, and stimulated with 100 nM CpG for 4 h. (j) Liver mRNA profile 1 h after C57BL/6 mice were injected with 20 g CpG after 
a 6-h pretreatment with 2 mg HDL per mouse (n = 8 mice per group). Data are representative of three independent experiments (a), representative 
(immunoblots) and combined (densitometic analysis) from three independent experiments (b, mean + s.e.m., each ligand; no HDL versus HDL 
incubation, unpaired two-tailed Student’s t test; ***P < 0.005), combined from three independent experiments (c, mean + s.e.m.), representative of 
three independent experiments (d–i), and cumulative from one experiment (j; each symbol represents an individual mouse and horizontal lines indicate 
the mean; CpG versus HDL + CpG, unpaired two-tailed Student’s t test; *P < 0.05).

	
 
(2)	
 HDL による抗炎症効果の分子機序につ

いての解明	
 (抑制性転写因子の同定・抑制

性分子のゲノムワイドスクリーニング)。	
 

我々は、BMDM に TLR シグナル(CpGDNA)を加

える際に、HDL にて前処置することにより、

発現が増加する遺伝子と減少する遺伝子に

ついてゲノムワイド mRNA 解析を行った。図

3a,b に認められる様に、TNF 遺伝子、IL-6

遺伝子は HDL 投与により発現の低下が認め

られた。このように発現が亢進する遺伝子、

低下する遺伝子が同定され、CpG 単独投与

に比べて HDL 投与により発現する遺伝子が

得られた。これらの中からバイオインフォ

マティクスアプローチを用い、これらの遺

伝子変化の中で責任遺伝子として ATF3 を

同定した。	
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NF- B (Fig. 2e) nor did it prevent binding of NF- B to target DNA 
sequences (Fig. 2f). Together these data exclude the possibility of 
interference with early TLR signaling mechanisms. To assess whether 
HDL affects secretion of cytokines, we measured cytokines in intrac-
ellular compartments. Although pretreatment with HDL had no effect 
on the activation of the p65 subunit of NF- B in response to stimu-
lation of TLRs, intracellular cytokine expression was diminished in 
BMDMs pretreated with HDL (Fig. 2g), as was the amount of secreted 
cytokines (Fig. 2h and Supplementary Fig. 2b,c). These data suggest 
that HDL interferes with production but not secretion of cytokines. 
Consistent with this hypothesis, relative expression of mRNA encod-
ing proinflammatory cytokines was notably reduced when we treated 
BMDMs with HDL or native HDL before stimulation with CpG (Fig. 2i  
and Supplementary Fig. 2d). Cytokine mRNA expression was also 
decreased in the livers of mice injected with HDL or native HDL 
before stimulation with CpG (Fig. 2j and Supplementary Fig. 2e).  
We next assessed whether HDL affects the half-life of TLR-induced 
cytokine mRNA or protein. Pretreatment of BMDMs with HDL 
did not alter the stability of Il6 mRNA (Supplementary Fig. 2f)  
nor the stability of IL-1  protein (Supplementary Fig. 2g). Together 
these data indicate that HDL may regulate anti-inflammatory 
effects in macrophages by downmodulating transcription of  
proinflammatory genes.

ATF3 is identified as a candidate transcription factor
We noted that macrophages exposed to HDL for longer periods of 
time displayed a more pronounced reduction in the production of 
cytokines (Fig. 3a), which persisted up to 24 h after removal of HDL 
(Fig. 3b). This suggested that the underlying molecular mechanism 
might involve de novo transcription of an inflammatory repressor. 
We therefore used genome-wide RNA profiling to assess whether 
HDL affected the transcriptional response to TLR stimulation, by 
comparing resting BMDMs with HDL-pretreated BMDMs that we 
subsequently stimulated with CpG. Principle component analysis  
and hierarchical clustering indicated that HDL induced profound 
transcriptional changes in resting and CpG-treated BMDMs 
(Supplementary Fig. 3a,b). As expected, treatment with HDL alone 

induced the gene expression of several enzymes involved in the cho-
lesterol biosynthesis pathway (Supplementary Fig. 3c). This finding 
correlated with an increased appearance of cholesterol precursors 
after treatment with HDL, as identified by mass spectrometry analysis 
(Supplementary Fig. 3d). Stimulation of BMDMs with CpG resulted 
in regulation of 1,135 genes in total, 419 of which were not influenced 
by pretreatment with HDL (Fig. 3c,d). The remaining 716 CpG-
 regulated genes (Fig. 3c) were also regulated by CpG in the presence 
of HDL relative to resting cells. However, HDL further enhanced or 
reduced the expression of many of these genes (Fig. 3d). HDL treat-
ment also modulated the expression of 423 genes (250 induced and 
173 repressed) independently of CpG treatment (Fig. 3c,d). To iden-
tify a potential transcription factor that might be responsible for the 
anti-inflammatory effects of HDL, we interrogated our transcriptome 
data using several bioinformatics approaches. First, we performed 
Gene Ontology enrichment analysis (GOEA) using the genes that were 
regulated by CpG and further modified by HDL and visualized this as 
a GO term network (Supplementary Fig. 3e). This analysis identi-
fied one subnet, based on genes downregulated by HDL, that could 
be summarized as ‘innate immune response’–related processes, and 
another large subnet, based on genes induced by HDL, that was linked 
to cholesterol and lipid metabolism. However, a group of GO terms 
with the highest enrichment scores were linked to a central dense sub-
net best summarized as ‘regulation of metabolic processes’. Based on 
this pronounced enrichment of regulatory processes we searched for 
candidates of transcriptional regulation in this subnet and identified 
the transcriptional regulator ATF3 in most of the subnet’s GO terms 
(Supplementary Fig. 3e). Second, using the transcription factor (TF) 
catalog database (TFCat database)25, we identified ATF3 as the TF 
with the highest expression in the presence of HDL (Fig. 3e). Finally, 
we performed TF promoter-binding prediction using the genes most 
significantly repressed by HDL as bait (fold change < −3, false dis-
covery rate (FDR)-corrected P < 0.05, two-way analysis of variance 
(ANOVA), n = 33 genes; (Online Methods and Supplementary Fig. 3f).  
Among the 143 TF candidates potentially binding to these promoters, 
only ATF3 (fold change, 2.3) was upregulated by HDL. TF module 
analysis validated these findings and identified potential ATF3 binding  
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Figure 3 Microarray analysis identifies Atf3 as a candidate gene for the anti-inflammatory function of HDL. (a) TNF secretion (normalized to CpG 
treatment alone) from immortalized BMDMs pretreated with 2 mg/ml HDL for indicated durations, then either washed twice in serum-free DMEM,  
or left unwashed, before overnight stimulation with 100 nM CpG. (b) IL-6 secretion (normalized to CpG treatment alone) from BMDMs pretreated with 
2 mg/ml HDL for 12 h, then either washed twice in serum-free DMEM, or left unwashed, before stimulation with 100 nM CpG for indicated durations. 
(c–e) Genes with differential expression (CpG or CpG + HDL versus control) and the overlap in these genes (c), directional gene expression resulting 
from CpG treatment (red), CpG + HDL treatment (blue) or genes that are coregulated in both treatments (purple) (d) and the most highly regulated 
transcription factors following HDL, CpG or CpG + HDL treatment (e) identified from microarray analysis of BMDMs pretreated for 6 h with 2 mg/ml  
HDL and then stimulated with 100 nM CpG for 4 h. Data are combined from two independent experiments (a,b; mean  s.d.). At least three biological 
replicates (BMDMs from three individual mice) per condition were generated and pooled for a single microarray experiment (c,d; fold change limit 1.8, 
FDR-corrected P < 0.05, two-way ANOVA model, e; transcription factors are ranked according to change in expression across treatments. Color bar 
indicates mean expression (log2) value per condition. Numbers on the right in e indicate the fold change of genes between CpG versus CpG + HDL.
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NF- B (Fig. 2e) nor did it prevent binding of NF- B to target DNA 
sequences (Fig. 2f). Together these data exclude the possibility of 
interference with early TLR signaling mechanisms. To assess whether 
HDL affects secretion of cytokines, we measured cytokines in intrac-
ellular compartments. Although pretreatment with HDL had no effect 
on the activation of the p65 subunit of NF- B in response to stimu-
lation of TLRs, intracellular cytokine expression was diminished in 
BMDMs pretreated with HDL (Fig. 2g), as was the amount of secreted 
cytokines (Fig. 2h and Supplementary Fig. 2b,c). These data suggest 
that HDL interferes with production but not secretion of cytokines. 
Consistent with this hypothesis, relative expression of mRNA encod-
ing proinflammatory cytokines was notably reduced when we treated 
BMDMs with HDL or native HDL before stimulation with CpG (Fig. 2i  
and Supplementary Fig. 2d). Cytokine mRNA expression was also 
decreased in the livers of mice injected with HDL or native HDL 
before stimulation with CpG (Fig. 2j and Supplementary Fig. 2e).  
We next assessed whether HDL affects the half-life of TLR-induced 
cytokine mRNA or protein. Pretreatment of BMDMs with HDL 
did not alter the stability of Il6 mRNA (Supplementary Fig. 2f)  
nor the stability of IL-1  protein (Supplementary Fig. 2g). Together 
these data indicate that HDL may regulate anti-inflammatory 
effects in macrophages by downmodulating transcription of  
proinflammatory genes.

ATF3 is identified as a candidate transcription factor
We noted that macrophages exposed to HDL for longer periods of 
time displayed a more pronounced reduction in the production of 
cytokines (Fig. 3a), which persisted up to 24 h after removal of HDL 
(Fig. 3b). This suggested that the underlying molecular mechanism 
might involve de novo transcription of an inflammatory repressor. 
We therefore used genome-wide RNA profiling to assess whether 
HDL affected the transcriptional response to TLR stimulation, by 
comparing resting BMDMs with HDL-pretreated BMDMs that we 
subsequently stimulated with CpG. Principle component analysis  
and hierarchical clustering indicated that HDL induced profound 
transcriptional changes in resting and CpG-treated BMDMs 
(Supplementary Fig. 3a,b). As expected, treatment with HDL alone 

induced the gene expression of several enzymes involved in the cho-
lesterol biosynthesis pathway (Supplementary Fig. 3c). This finding 
correlated with an increased appearance of cholesterol precursors 
after treatment with HDL, as identified by mass spectrometry analysis 
(Supplementary Fig. 3d). Stimulation of BMDMs with CpG resulted 
in regulation of 1,135 genes in total, 419 of which were not influenced 
by pretreatment with HDL (Fig. 3c,d). The remaining 716 CpG-
 regulated genes (Fig. 3c) were also regulated by CpG in the presence 
of HDL relative to resting cells. However, HDL further enhanced or 
reduced the expression of many of these genes (Fig. 3d). HDL treat-
ment also modulated the expression of 423 genes (250 induced and 
173 repressed) independently of CpG treatment (Fig. 3c,d). To iden-
tify a potential transcription factor that might be responsible for the 
anti-inflammatory effects of HDL, we interrogated our transcriptome 
data using several bioinformatics approaches. First, we performed 
Gene Ontology enrichment analysis (GOEA) using the genes that were 
regulated by CpG and further modified by HDL and visualized this as 
a GO term network (Supplementary Fig. 3e). This analysis identi-
fied one subnet, based on genes downregulated by HDL, that could 
be summarized as ‘innate immune response’–related processes, and 
another large subnet, based on genes induced by HDL, that was linked 
to cholesterol and lipid metabolism. However, a group of GO terms 
with the highest enrichment scores were linked to a central dense sub-
net best summarized as ‘regulation of metabolic processes’. Based on 
this pronounced enrichment of regulatory processes we searched for 
candidates of transcriptional regulation in this subnet and identified 
the transcriptional regulator ATF3 in most of the subnet’s GO terms 
(Supplementary Fig. 3e). Second, using the transcription factor (TF) 
catalog database (TFCat database)25, we identified ATF3 as the TF 
with the highest expression in the presence of HDL (Fig. 3e). Finally, 
we performed TF promoter-binding prediction using the genes most 
significantly repressed by HDL as bait (fold change < −3, false dis-
covery rate (FDR)-corrected P < 0.05, two-way analysis of variance 
(ANOVA), n = 33 genes; (Online Methods and Supplementary Fig. 3f).  
Among the 143 TF candidates potentially binding to these promoters, 
only ATF3 (fold change, 2.3) was upregulated by HDL. TF module 
analysis validated these findings and identified potential ATF3 binding  
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Figure 3 Microarray analysis identifies Atf3 as a candidate gene for the anti-inflammatory function of HDL. (a) TNF secretion (normalized to CpG 
treatment alone) from immortalized BMDMs pretreated with 2 mg/ml HDL for indicated durations, then either washed twice in serum-free DMEM,  
or left unwashed, before overnight stimulation with 100 nM CpG. (b) IL-6 secretion (normalized to CpG treatment alone) from BMDMs pretreated with 
2 mg/ml HDL for 12 h, then either washed twice in serum-free DMEM, or left unwashed, before stimulation with 100 nM CpG for indicated durations. 
(c–e) Genes with differential expression (CpG or CpG + HDL versus control) and the overlap in these genes (c), directional gene expression resulting 
from CpG treatment (red), CpG + HDL treatment (blue) or genes that are coregulated in both treatments (purple) (d) and the most highly regulated 
transcription factors following HDL, CpG or CpG + HDL treatment (e) identified from microarray analysis of BMDMs pretreated for 6 h with 2 mg/ml  
HDL and then stimulated with 100 nM CpG for 4 h. Data are combined from two independent experiments (a,b; mean  s.d.). At least three biological 
replicates (BMDMs from three individual mice) per condition were generated and pooled for a single microarray experiment (c,d; fold change limit 1.8, 
FDR-corrected P < 0.05, two-way ANOVA model, e; transcription factors are ranked according to change in expression across treatments. Color bar 
indicates mean expression (log2) value per condition. Numbers on the right in e indicate the fold change of genes between CpG versus CpG + HDL.

	
 
	
 

(3)	
 HDL の作用点である抑制性転写因子の

動脈硬化抑制の検討	
 

上記で同定された ATF3 の動脈硬化におけ

る効果を検証するために、ATF3 欠失マウス

において、TLR リガンドによる炎症効果お

よびカテーテル内皮損傷および再内皮化を

検討した。CpGDNA による炎症は、ATF3 欠失

マウスにおいて HDL 投与による抑制は認め

られなかった(図 4b)。さらに、図 4c,d に

認められる様に、HDL 投与により再内皮化

は促進されるが、その効果は ATF3 欠失マウ

スにおいては消失していた。 
図  4 
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were dependent on the presence of ATF3 (Supplementary Fig. 6a).  
We next characterized the genes regulated by HDL and ATF3 in 
carotid artery samples and overlapped them with those genes earlier 
identified as regulated by HDL via ATF3 in macrophages in vitro 
(Fig. 6 and Supplementary Fig. 5). We performed GOEA analysis 
with these genes and visualized the changes of GO terms result-
ing from treatment with HDL in wild-type but not ATF3-deficient 
samples using Biological Networks Gene Ontology tool (BINGO). 
Consistent with our in vitro macrophage analysis, treatment with 
HDL led to an ATF3-dependent reduction of the inflammatory 
responses in carotid artery samples (Supplementary Fig. 6b). We 
validated these approaches using gene set enrichment analysis (GSEA) 
on the macrophage–carotid injury overlapping gene set. GSEA ranks 
RNA expression results based on their correlation with the phenotype 
and significant (FDR < 0.001, P < 0.001, empirical phenotype-based 
permutation test procedure) enrichment. These analyses revealed a 
highly significant enrichment of these ATF3 target gene sets in HDL-
treated samples from wild-type mice but not Atf3-deficient mice  
(Fig. 7e). These data indicate that the beneficial effects of HDL on 
carotid artery re-endothelialization are for the most part driven by 
ATF3 and the reduction of macrophage inflammation.

DISCUSSION
Epidemiological studies have consistently documented that low con-
centrations of HDL cholesterol in the blood represent a strong, inde-
pendent risk factor for cardiovascular disease. The protective effect 
of HDL in cardiovascular and possibly other inflammatory diseases is 

thought to be the result of several beneficial functions. HDL relieves 
cells from excessive amounts of cholesterol, has strong antioxidative 
effects, inhibits platelet aggregation and exerts several vasoprotective 
effects34. Most notably, HDL also has the remarkable ability to modu-
late the inflammatory response in various cell types. HDL isolated  
from healthy individuals or reconstituted from purified ApoA1 and 
phospholipids is strongly anti-inflammatory. However, during an 
acute phase response or in chronic inflammatory states, HDL can be 
modified to become dysfunctional33.

The mechanisms by which HDL reduces inflammatory responses, 
particularly in macrophages, are not well understood. Although it is 
known that HDL can sequester LPS and thereby prevent cellular acti-
vation through TLR4, this mechanism does not explain why HDL can 
block a broad spectrum of TLR-mediated inflammatory responses in 
macrophages. In contrast to the current understanding that HDL can 
impair TLR signaling by interfering with amounts of raft cholesterol, 
we found that TLR signaling and subsequent nuclear translocation 
of the proinflammatory transcription factor NF- B remained unaf-
fected by HDL. We identified that the induction of ATF3, a key tran-
scriptional modulator of innate immune response genes, is the main 
mechanism by which HDL mediates its anti-inflammatory activities 
in macrophages. ATF3 can be induced by TLR activation and acts 
as part of an important negative-feedback loop to limit TLR-driven 
inflammatory responses in macrophages. Hence, by inducing ATF3, 
HDL uses an ancient regulatory feedback system and can broadly and 
directly modify the inflammatory response of macrophages toward 
TLR stimulation.
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Figure 7 ATF3 is required for the anti-inflammatory effect of HDL in vitro and in vivo. (a) ELISA 
of IL-6 and IL-12p40 secretion from wild-type (WT) or Atf3-deficient BMDMs pretreated with 
medium alone (−) or 2 mg/ml HDL for 6 h before overnight stimulation with indicated doses  
of CpG. (b) Serum ALT, serum TNF and hepatic TNF (WT, n = 10 mice per group; Atf3−/−,  
n = 8 mice per group), and serum IL-12p40 (n = 6 mice per group) measured from WT or  
Atf3-deficient mice injected intraperitoneally with 2 mg HDL 6 h before subsequent injection  
with 30 g CpG and 10 mg D-galactosamine for an additional 10 h. (c,d) Quantification of  
re-endothelialization (c) and images of carotid arteries (d) from carotid injury performed on WT  
or Atf3-deficient mice before injection of PBS or 20 mg/kg HDL (WT PBS, n = 8 mice; WT HDL, 
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Data are combined from three independent experiments (a; mean  s.e.m, WT versus Atf3−/−, 
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pooled biological replicates (injured carotid arteries from three individual mice) per condition, 
generated for a single microarray experiment (e).
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were dependent on the presence of ATF3 (Supplementary Fig. 6a).  
We next characterized the genes regulated by HDL and ATF3 in 
carotid artery samples and overlapped them with those genes earlier 
identified as regulated by HDL via ATF3 in macrophages in vitro 
(Fig. 6 and Supplementary Fig. 5). We performed GOEA analysis 
with these genes and visualized the changes of GO terms result-
ing from treatment with HDL in wild-type but not ATF3-deficient 
samples using Biological Networks Gene Ontology tool (BINGO). 
Consistent with our in vitro macrophage analysis, treatment with 
HDL led to an ATF3-dependent reduction of the inflammatory 
responses in carotid artery samples (Supplementary Fig. 6b). We 
validated these approaches using gene set enrichment analysis (GSEA) 
on the macrophage–carotid injury overlapping gene set. GSEA ranks 
RNA expression results based on their correlation with the phenotype 
and significant (FDR < 0.001, P < 0.001, empirical phenotype-based 
permutation test procedure) enrichment. These analyses revealed a 
highly significant enrichment of these ATF3 target gene sets in HDL-
treated samples from wild-type mice but not Atf3-deficient mice  
(Fig. 7e). These data indicate that the beneficial effects of HDL on 
carotid artery re-endothelialization are for the most part driven by 
ATF3 and the reduction of macrophage inflammation.

DISCUSSION
Epidemiological studies have consistently documented that low con-
centrations of HDL cholesterol in the blood represent a strong, inde-
pendent risk factor for cardiovascular disease. The protective effect 
of HDL in cardiovascular and possibly other inflammatory diseases is 

thought to be the result of several beneficial functions. HDL relieves 
cells from excessive amounts of cholesterol, has strong antioxidative 
effects, inhibits platelet aggregation and exerts several vasoprotective 
effects34. Most notably, HDL also has the remarkable ability to modu-
late the inflammatory response in various cell types. HDL isolated  
from healthy individuals or reconstituted from purified ApoA1 and 
phospholipids is strongly anti-inflammatory. However, during an 
acute phase response or in chronic inflammatory states, HDL can be 
modified to become dysfunctional33.

The mechanisms by which HDL reduces inflammatory responses, 
particularly in macrophages, are not well understood. Although it is 
known that HDL can sequester LPS and thereby prevent cellular acti-
vation through TLR4, this mechanism does not explain why HDL can 
block a broad spectrum of TLR-mediated inflammatory responses in 
macrophages. In contrast to the current understanding that HDL can 
impair TLR signaling by interfering with amounts of raft cholesterol, 
we found that TLR signaling and subsequent nuclear translocation 
of the proinflammatory transcription factor NF- B remained unaf-
fected by HDL. We identified that the induction of ATF3, a key tran-
scriptional modulator of innate immune response genes, is the main 
mechanism by which HDL mediates its anti-inflammatory activities 
in macrophages. ATF3 can be induced by TLR activation and acts 
as part of an important negative-feedback loop to limit TLR-driven 
inflammatory responses in macrophages. Hence, by inducing ATF3, 
HDL uses an ancient regulatory feedback system and can broadly and 
directly modify the inflammatory response of macrophages toward 
TLR stimulation.
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Figure 7 ATF3 is required for the anti-inflammatory effect of HDL in vitro and in vivo. (a) ELISA 
of IL-6 and IL-12p40 secretion from wild-type (WT) or Atf3-deficient BMDMs pretreated with 
medium alone (−) or 2 mg/ml HDL for 6 h before overnight stimulation with indicated doses  
of CpG. (b) Serum ALT, serum TNF and hepatic TNF (WT, n = 10 mice per group; Atf3−/−,  
n = 8 mice per group), and serum IL-12p40 (n = 6 mice per group) measured from WT or  
Atf3-deficient mice injected intraperitoneally with 2 mg HDL 6 h before subsequent injection  
with 30 g CpG and 10 mg D-galactosamine for an additional 10 h. (c,d) Quantification of  
re-endothelialization (c) and images of carotid arteries (d) from carotid injury performed on WT  
or Atf3-deficient mice before injection of PBS or 20 mg/kg HDL (WT PBS, n = 8 mice; WT HDL, 
n = 7 mice; Atf3−/− PBS, n = 7 mice; Atf3−/− HDL, n = 9 mice). Gene set enrichment analysis  
using the macrophage–carotid injury overlapping gene set applied to the carotid injury dataset 
assessing gene enrichment in HDL-treated samples derived from WT versus Atf3-deficient mice (e).  
Data are combined from three independent experiments (a; mean  s.e.m, WT versus Atf3−/−, 
unpaired two-tailed Student’s t test, *P < 0.05, **P < 0.01), are from a single experiment (b; 
each symbol represents an individual mouse and horizontal lines indicate the mean; CpG versus 
HDL + CpG (per genotype), unpaired two-tailed Student’s t test; *P < 0.05, ***P < 0.001), are 
from a single experiment (c; mean + s.e.m., PBS versus HDL (per genotype), unpaired two-tailed 
Student’s t test; **P < 0.01), representative of each group in each genotype (d), and of three 
pooled biological replicates (injured carotid arteries from three individual mice) per condition, 
generated for a single microarray experiment (e).
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were dependent on the presence of ATF3 (Supplementary Fig. 6a).  
We next characterized the genes regulated by HDL and ATF3 in 
carotid artery samples and overlapped them with those genes earlier 
identified as regulated by HDL via ATF3 in macrophages in vitro 
(Fig. 6 and Supplementary Fig. 5). We performed GOEA analysis 
with these genes and visualized the changes of GO terms result-
ing from treatment with HDL in wild-type but not ATF3-deficient 
samples using Biological Networks Gene Ontology tool (BINGO). 
Consistent with our in vitro macrophage analysis, treatment with 
HDL led to an ATF3-dependent reduction of the inflammatory 
responses in carotid artery samples (Supplementary Fig. 6b). We 
validated these approaches using gene set enrichment analysis (GSEA) 
on the macrophage–carotid injury overlapping gene set. GSEA ranks 
RNA expression results based on their correlation with the phenotype 
and significant (FDR < 0.001, P < 0.001, empirical phenotype-based 
permutation test procedure) enrichment. These analyses revealed a 
highly significant enrichment of these ATF3 target gene sets in HDL-
treated samples from wild-type mice but not Atf3-deficient mice  
(Fig. 7e). These data indicate that the beneficial effects of HDL on 
carotid artery re-endothelialization are for the most part driven by 
ATF3 and the reduction of macrophage inflammation.

DISCUSSION
Epidemiological studies have consistently documented that low con-
centrations of HDL cholesterol in the blood represent a strong, inde-
pendent risk factor for cardiovascular disease. The protective effect 
of HDL in cardiovascular and possibly other inflammatory diseases is 

thought to be the result of several beneficial functions. HDL relieves 
cells from excessive amounts of cholesterol, has strong antioxidative 
effects, inhibits platelet aggregation and exerts several vasoprotective 
effects34. Most notably, HDL also has the remarkable ability to modu-
late the inflammatory response in various cell types. HDL isolated  
from healthy individuals or reconstituted from purified ApoA1 and 
phospholipids is strongly anti-inflammatory. However, during an 
acute phase response or in chronic inflammatory states, HDL can be 
modified to become dysfunctional33.

The mechanisms by which HDL reduces inflammatory responses, 
particularly in macrophages, are not well understood. Although it is 
known that HDL can sequester LPS and thereby prevent cellular acti-
vation through TLR4, this mechanism does not explain why HDL can 
block a broad spectrum of TLR-mediated inflammatory responses in 
macrophages. In contrast to the current understanding that HDL can 
impair TLR signaling by interfering with amounts of raft cholesterol, 
we found that TLR signaling and subsequent nuclear translocation 
of the proinflammatory transcription factor NF- B remained unaf-
fected by HDL. We identified that the induction of ATF3, a key tran-
scriptional modulator of innate immune response genes, is the main 
mechanism by which HDL mediates its anti-inflammatory activities 
in macrophages. ATF3 can be induced by TLR activation and acts 
as part of an important negative-feedback loop to limit TLR-driven 
inflammatory responses in macrophages. Hence, by inducing ATF3, 
HDL uses an ancient regulatory feedback system and can broadly and 
directly modify the inflammatory response of macrophages toward 
TLR stimulation.

d WT Atf3–/–

PBS HDL HDL

4 
m

m

PBS

e

–1.0

–0.5

0.0

0.5

1.0

0 5,000 10,000 15,000 20,000 25,000 30,000
–1.0
–0.5
0.0
0.5
1.0

WT + HDL Atf3–/– + HDL

E
nr

ic
hm

en
t s

co
re

 
R

an
ke

d
lis

t m
et

ric

Transcripts (ranked)

0

0.1

0.2

0.4

0.5

0.6

0
0.0

25 0.0
5 0.1 0.2

0

1

2

3

4

5

IL
-1

2p
40

 (
ng

/m
l)

IL
-6

 (
ng

/m
l)

0
0.0

25 0.0
5 0.1 0.2

CpG (µM)

WT Atf3–/–

**
*

* *
*

**

** ** *

*

a
– HDL

c

0

10

20

30

40

50

R
ee

nd
ot

he
lia

liz
at

io
n

(%
)

**

PBS
HDL

WT Atf3–/–

b

0

2

4

6

8

10

A
LT

 (
IU

/k
l)

*

0

0.1

0.2

0.3

0.4

S
er

um
 T

N
F

 (
ng

/m
l)

*

0

1.2

2.4

3.6

4.8

6.0

IL
-1

2p
40

 (
ng

/m
l)

***

0

0.1

0.2

0.3

0.4

0.5

H
ep

at
ic

 T
N

F
(p

g/
m

g 
tis

su
e)

*

WT Atf3–/– WT Atf3–/–

HDL + CpGCpG

Figure 7 ATF3 is required for the anti-inflammatory effect of HDL in vitro and in vivo. (a) ELISA 
of IL-6 and IL-12p40 secretion from wild-type (WT) or Atf3-deficient BMDMs pretreated with 
medium alone (−) or 2 mg/ml HDL for 6 h before overnight stimulation with indicated doses  
of CpG. (b) Serum ALT, serum TNF and hepatic TNF (WT, n = 10 mice per group; Atf3−/−,  
n = 8 mice per group), and serum IL-12p40 (n = 6 mice per group) measured from WT or  
Atf3-deficient mice injected intraperitoneally with 2 mg HDL 6 h before subsequent injection  
with 30 g CpG and 10 mg D-galactosamine for an additional 10 h. (c,d) Quantification of  
re-endothelialization (c) and images of carotid arteries (d) from carotid injury performed on WT  
or Atf3-deficient mice before injection of PBS or 20 mg/kg HDL (WT PBS, n = 8 mice; WT HDL, 
n = 7 mice; Atf3−/− PBS, n = 7 mice; Atf3−/− HDL, n = 9 mice). Gene set enrichment analysis  
using the macrophage–carotid injury overlapping gene set applied to the carotid injury dataset 
assessing gene enrichment in HDL-treated samples derived from WT versus Atf3-deficient mice (e).  
Data are combined from three independent experiments (a; mean  s.e.m, WT versus Atf3−/−, 
unpaired two-tailed Student’s t test, *P < 0.05, **P < 0.01), are from a single experiment (b; 
each symbol represents an individual mouse and horizontal lines indicate the mean; CpG versus 
HDL + CpG (per genotype), unpaired two-tailed Student’s t test; *P < 0.05, ***P < 0.001), are 
from a single experiment (c; mean + s.e.m., PBS versus HDL (per genotype), unpaired two-tailed 
Student’s t test; **P < 0.01), representative of each group in each genotype (d), and of three 
pooled biological replicates (injured carotid arteries from three individual mice) per condition, 
generated for a single microarray experiment (e).
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