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Abstract

Objective—High-density lipoprotein (HDL) infusion reduces atherosclerosis in animal models 

and is being evaluated as a treatment in humans. Studies have shown either anti- or pro-

inflammatory effects of HDL in macrophages, and there is no consensus on the underlying 

mechanisms. Here, we interrogate the effects of HDL on inflammatory gene expression in 

macrophages.

Approach and Results—We cultured bone marrow-derived macrophages, treated them with 

reconstituted HDL or HDL isolated from APOA1Tg;Ldlr−/− mice, and challenged them with 

lipopolysaccharide (LPS). Transcriptional profiling showed that HDL exerts a broad anti-

inflammatory effect on LPS-induced genes and pro-inflammatory effect in a subset of genes 

enriched for chemokines. Cholesterol removal by POPC-liposomes or β-methylcyclodextrin 

mimicked both pro- and anti-inflammatory effects of HDL, whereas cholesterol loading by POPC/

cholesterol-liposomes or acetylated LDL prior to HDL attenuated these effects, indicating that 

these responses are mediated by cholesterol efflux. While early anti-inflammatory effects reflect 

reduced Toll-like receptor 4 levels, late anti-inflammatory effects are due to reduced interferon 

receptor signaling. Pro-inflammatory effects occur late and represent a modified ER stress 

response, mediated by IRE1a/ASK1/p38 MAPK signaling, that occurs under conditions of 

extreme cholesterol depletion. To investigate the effects of HDL on inflammatory gene expression 
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in myeloid cells in atherosclerotic lesions, we injected rHDL into Apoe−/− or Ldlr−/− mice fed a 

Western-type diet. Reconstituted HDL infusions produced anti-inflammatory effects in lesion 

macrophages without any evidence of pro-inflammatory effects.

Conclusion—Reconstituted HDL infusions in hypercholesterolemic atherosclerotic mice 

produced anti-inflammatory effects in lesion macrophages suggesting a beneficial therapeutic 

effect of HDL in vivo.

Graphical Abstract

Introduction

Epidemiological studies 1 and experimental animal models 2, 3 suggest that high-density 

lipoprotein (HDL) protects against atherosclerosis. However, the causal relationship of HDL 

cholesterol levels to atherosclerosis has been challenged by Mendelian randomization 

studies 4, 5 and failure or mediocre success of HDL cholesterol elevating treatments in 

clinical trials of statin treated subjects 6, 7. To reconcile these findings, it has been suggested 

that evaluating the functionality of HDL, instead of the HDL cholesterol level, may provide 

a better biomarker of its ability to confer atheroprotection 8. HDL exerts a plethora of 
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functions in vitro that are thought to be atheroprotective, such as cholesterol efflux, anti-

inflammatory, anti-oxidant and anti-thrombotic effects 9. Amongst these, the cholesterol 

efflux capacity of HDL has been shown to be a better predictor of coronary heart disease 

risk compared to HDL cholesterol levels 10, 11.

The central role of inflammatory responses in human coronary heart disease has been clearly 

shown by the positive outcome of the CANTOS trial 12. Given the importance of 

macrophage inflammation in the initiation and progression of atherosclerosis 13, recent 

studies have directly evaluated the anti-inflammatory potential of HDL and its major 

apolipoprotein, APOA1 in macrophages 14-19, mainly in the context of lipopolysaccharide 

(LPS) stimulation and Toll-like receptor 4 (TLR4) activation 14-17. These studies reported 

conflicting results indicating either anti- or pro-inflammatory effects and suggested distinct 

mechanisms. For example, anti-inflammatory effects were attributed to induction of ATF3, 

an inhibitor of Toll like receptor (TLR)/nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFκB) signaling by HDL, 15 or defective induction of Type I interferons, 

downstream of TRAM/TRIF signaling 14. Another study showed anti-inflammatory effects 

of HDL in IFNγ-stimulated macrophages 20. In contrast, pro-inflammatory effects were 

associated with increased activity of Protein Kinase C (PKC) 17, enhancing TLR signaling, 

or direct stimulation of TLRs by APOA1 16. Notably, despite the relation of HDL to 

atherosclerosis, only two of these studies examined its effects on lesion macrophages 18, 19. 

Moreover, one of these HDL studies, showing pro-inflammatory effects, associated the 

observed changes with the ability of HDL to remove cholesterol 17. This contrasts with the 

notion that cholesterol accumulation in macrophages amplifies TLR signaling and thus 

cholesterol removal dampens this response 21, 22.

Given the discrepancies concerning the effects of HDL on macrophage inflammation, and 

the potential concern that reconstituted HDL infusion in humans could have adverse effects 

in plaque macrophages, we have carried out a systematic examination of the inflammatory 

potential of reconstituted human and native mouse HDL (rHDL and nHDL, respectively) in 

cultured macrophages and in plaque myeloid cells. Transcriptome analysis using RNA-seq 

showed anti- and pro-inflammatory effects of HDL; both effects are mediated by cholesterol 

removal. The anti-inflammatory effects are associated with reduced TLR4 expression and 

decreased IFNAR (interferon-α/β receptor) signaling, whereas the pro-inflammatory effects 

represent an ER stress response, involving activation of the IRE1a/ASK1/p38 MAPK 

signaling axis. Both pro- and anti-inflammatory effects of HDL were attenuated by prior 

macrophage cholesterol loading. Importantly, infusions of rHDL in hypercholesterolemic 

atherosclerotic mice led to reduced expression of inflammatory genes in aortic macrophages 

without any evidence of increased inflammatory gene expression.

Methods

The data, analytic methods, and study materials will be made available to other researchers 

for purposes of reproducing the results or replicating the procedure on reasonable request.
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Animals

All animal studies were approved by the Animal Care and Use Committees of Columbia 

University (protocol AAAO6351) and University of Washington (protocol 3154-01). Wild 

type C57BL/6J (stock number 000664), Apoe−/− (stock number 002052), Ldlr−/− (stock 

number 002207), Ifnar1−/− (stock number 32045-JAX) and APOA1Tg (stock number 

001927) mice were obtained from The Jackson Laboratory. The APOA1Tg mice were 

crossed with Ldlr−/− mice to generate APOA1Tg Ldlr−/− mice and Ldlr−/− littermates. All 

mice were on the C57BL/6J background and females were used aged 8-16 weeks. Female 

mice were selected based on their higher susceptibly to diet-induced atherosclerosis 

compared to male mice 23-27. This allowed us to isolate enough CD11b+ from the 

atherosclerotic plaques after a short-term Western-type diet to perform RNA analysis (see 

Supplemental Methods and Figures 6D, E). For consistency we used female mice in all 

experiments (e.g. bone marrow derived macrophage or peritoneal macrophage isolation). 

Animals were kept under specific pathogen-free conditions with ad libitum access to both 

food and water. Mice were fed irradiated normal laboratory diet (Purina Mills diet 5053) or 

Western-type diet (WTD; Harlan Teklad TD88137). Housing temperatures were kept within 

a range of 71-73°F (21.7-22.8°C). Water and cages were autoclaved, and cages were 

changed once weekly. The health status of the mice was monitored using a dirty bedding 

sentinel program and no health status issues or changes in immune status were identified.

Cell culture

Bone marrow-derived macrophages (BMDMs) were obtained by isolating bone marrow cells 

from femurs and tibias of mice and incubated in DMEM (Corning), 10% FBS (Thermo), 1% 

pen-strep (Thermo) supplemented with 20% L929-conditioned medium in tissue culture 

plates (Thermo). Fresh medium was added on day 3 and day 5. After 7 days, macrophages 

were fully differentiated and the culturing media were replaced with DMEM, 1% pen-strep 

supplemented with 4% L929-conditioned medium to normalize exposure to serum-derived 

lipoproteins. On day 8, macrophages were treated with reconstituted HDL CSL111 (CSL 

Behring) with an APOA1 to soybean phosphatidylcholine ratio of 1:150 28 for 20 hours. The 

BMDMs were washed twice with PBS, fresh DMEM, 1% pen-strep supplemented with 4% 

L929-conditioned medium was added with or without LPS (Cell signaling) or recombinant 

mouse IFNβ (R&D systems) for the indicated time. For thioglycollate-elicited macrophages 

isolation and culture, wild-type or Ldlr−/− mice were injected with thioglycollate (1 ml; 3% 

thioglycollate, BD, in PBS) i.p. and peritoneal macrophages were collected via PBS lavage 3 

days after the injection and cultured in DMEM supplemented with 4% L929-conditioned 

medium for 24 hours. After stimulation with LPS cells were lysed in RNA lysis buffer for 

RNA isolation. In some experiments chemical inhibitors or ER stressors were added after 

rHDL treatment but prior to LPS stimulation and remained in the medium during the LPS 

stimulation. These included: p38 MAPK inhibitor (BIRB0796 1 μM, Axon Medchem), 

ASK1 inhibitor (Selonsertib 10 μM, Selleckchem), ER stress inhibitor Sodium 

phenylbutyrate (4PBA 5mM, Sigma), IRE1a kinase inhibitor (KIRA6 100 nM or 500 nM, 

EMD Millipore), PKC inhibitor (Ro31-8425 10 μM, Sigma), Tunicamycin (Tm 2.5 μg/ml, 

Sigma). The duration of the treatment is described in the Figure legend of each experiment. 

To assess TLR4 degradation lysosomal (Chloroquine 50 μM, Invivogen), proteasomal 

(MG132 10 μM, Sigma) or protease inhibitors (Pepstatin 10 μM, Leupeptin 20 μM, E64 20 
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μM, Calpepstin 10 μM, Sigma) were added during the last 4-6 hours of the rHDL treatment 

(Supplemental Figure IV-C). Human peripheral blood mononuclear cells (PBMCs) were 

isolated from buffy coats by density gradient centrifugation using Ficoll-Pague Plus (GE 

Healthcare) and 2.5×106 PBMCs were plated into 12-well cell culture plates in RPMI-1640 

medium with L-glutamine (Corning). After 3 hours, non-adherent cells were removed and 

adherent monocytes were differentiated into macrophages by culture in RPMI-1640 

supplemented with 10% human serum (Sigma), and 20 ng/mL recombinant human 

macrophage colony-stimulating factor (M-CSF, Peprotech) for 7 days. PBMC-derived 

macrophages were then treated with reconstituted HDL CSL111 for 20 hours followed by 

LPS stimulation for 4 hours. For the nHDL experiments, BMDMs were incubated in 

RPMI1600 (Corning) supplemented with 30% L929-conditioned medium, 7% FBS 

(Thermo), 1% pen-strep (Thermo) in tissue culture plates (Thermo). After 7 days, BMDMs 

were treated with nHDL in RPMI 1600 media containing 2% FBS for 18 hours, followed by 

washing of cells and LPS stimulation (ultrapure LPS; 10 ng/ml; List Biological Laboratories 

Inc.; NC9633766) for 4 hours in the presence of 30% L929-conditioned medium. For some 

experiments, BMDMs were treated with the cholesterol-depleting agent, methyl-β-

cyclodextrin (MβCD 10 μM, Sigma) or with MβCD complexed with cholesterol (100 μg/ml, 

Sigma) to prevent cholesterol depletion before stimulation of cells with LPS. The human 

THP-1 monocytic cell line was obtained from American Type Culture collection (Manassas, 

VA; ATCC® TIB-202™) and maintained in RPMI with 10% FBS, 2 mM L-glutamine and 

1% penicillin/streptomycin. THP-1 monocytes were differentiated into macrophage-like 

cells by incubation in medium supplemented with phorbol 12-myristate 13-acetate (PMA, 

50 ng/ml, Sigma). After 3 days of differentiation, cells were pre-treated with nHDL for 18 

hours, followed by washing of the cells and stimulation with LPS (10 ng/ml, 4 hours).

Antisense oligonucleotides (ASO) transfection

BMDMs were cultured in non-tissue culture plates (Thermo) and cellstripper (Corning) was 

used to gently dislodge them from the plates on day 5. BMDMs were then plated on 24 well 

plates (Thermo) and received either control or Ask1 single-stranded antisense nucleotides 

(Qiagen, custom made Antisense LNA GapmeRs). Briefly, in a single well 2 ul 

Lipofectamine RNAiMAX Reagent (Thermo) in 50 μl opti-MEM (Thermo) was mixed with 

100 nM of ASO in 50 μl opti-MEM and incubated in room temperature for 20 minutes. 

BMDMs in DMEM (Corning) 10% FBS (Thermo) supplemented with 20% L929-

conditioned medium (no pen-strep was added) was added in the well (400 μl, total of 350000 

cells per well) and incubated overnight. The next day cells were washed with PBS and 

treated with rHDL, followed by LPS stimulation.

Quantitative PCR

Macrophages were washed twice with cold PBS and lysed in RNA lysis buffer (Qiagen, 

Zymo Research or Takara Bio USA, Inc). RNA was isolated using RNeasy kits (Qiagen), 

RNA MiniPrep kits (Zymo Research) or the Nucleospin RNA plus (Takara Bio USA, Inc) 

kit according to the manufacturers’ protocol. cDNA was prepared using first strand synthesis 

kits (Thermo) and qPCR was performed on an ABI StepOnePlus machine with SYBR 

reagents (Thermo). Primers for qPCR assays are provided in Supplemental Table V. The 

Fotakis et al. Page 5

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



housekeeping gene m36B4 RNA or Rn18s was used to account for variability in the initial 

quantities of mRNA.

RNA-Seq

For RNA-Seq, macrophages were washed twice with cold PBS and lysed in TRIzol reagent 

(Thermo). RNA was isolated from the aqueous phase using RNeasy kits (Qiagen). RNA 

with RIN > 8 was subjected to poly-dT pulldown using magnetic beads (NEB) before 

preparation for RNA-Seq using RNA Ultra kits (NEB). Libraries were sequenced on a 

NextSeq 500 (Illumina) and reads were aligned to the mm10 transcriptome using HISAT2 29 

after adaptor trimming using cutadapt 30. Reads counts per gene for RefSeq genes were 

computed using featureCounts 31. Counts were normalized to reads per kilobase per million 

(RPKM) and processed for pairwise differential expression analysis of selected conditions 

using DESeq2 32 with an False Discovery Rate (FDR)-adjusted p-value cutoff of 0.05. Gene 

Ontology analysis was performed using the PANTHER database 33 and sequence motif 

analysis was performed using HOMER 34.

Immunoblot analysis

BMDMs were washed with PBS twice and lysed with RIPA buffer (Boston bioproducts) 

supplemented with protease and phosphatase inhibitors (Thermo). The protein quantity was 

measured with the Pierce BCA protein assay kit (Thermo), subjected to SDS-PAGE on 

5-20% gradient gels (Biorad) with a protein ladder (Biorad) and transferred to nitrocellulose 

membrane (Biorad). The membranes were blocked in 5% non-fat dry milk (Biorad) in Tris-

buffered saline with 0.1% Tween-20 (Thermo). The primary and secondary antibodies and 

the dilution which they were used are: IκΒα (Cell signaling, 1:1000 dilution), p-p38 MAPK 

(Cell signaling, 1:1000 dilution), p38 MAPK (Cell signaling, 1:2000 dilution), p-ERK1/2 

(Cell signaling, 1:1000 dilution), ERK1/2 (Cell signaling, 1:2000 dilution), p-JNK1/2 (Cell 

signaling, 1:1000 dilution), JNK1/2 (Cell signaling, 1:1000 dilution), p-IRF3 (Cell signaling, 

1:1000 dilution), IRF3 (Cell signaling, 1:2000 dilution), p-IRF7 (Cell signaling, 1:500 

dilution), IRF7 (Abcam, 1:1000 dilution), p-STAT1 (Cell signaling, 1:1000 dilution), STAT1 

(Cell signaling, 1:2000 dilution), p-STAT3 (Cell signaling, 1:1000 dilution), STAT3 (Cell 

signaling, 1:2000 dilution), Ire1a (Cell signaling, 1:500 dilution), TLR4 (Cell signaling, 

1:1000 dilution), IFNAR1 (Santa Cruz Biotechnology, 1:500 dilution), IFIT3 (EMD 

Millipore, 1:500 dilution), β-actin (Sigma, 1:8000 dilution), anti-rabbit IgG HRP-linked 

antibody (cell signaling, 1:5000 dilution), anti-mouse IgG HRP-linked antibody (GE 

Healthcare, 1:10000 dilution). For detection of horseradish peroxidase (HRP) activity, the 

Pierce ECL Western Blotting Substrate (Thermo) was used.

Secretion analysis

TNFA and CCL2 secretion was measured by enzyme-linked immunosorbent assay (ELISA) 

(R&D systems).

Flow cytometry

BMDMs were cultured in non-tissue culture plates (Thermo) and cellstripper (Corning) was 

used to gently dislodge them from the plates to avoid damage to cell surface antigens. 
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DMEM with 10% FBS and 1% PS was used to neutralize the cellstripper and the BMDMs 

were centrifuged, washed, and resuspended in HBSS (0.1% BSA, 5 mM EDTA). The cells 

were stained for 30 minutes with a cocktail of antibodies against mouse F4/80-Pacific Blue 

clone BM8 (Biolegend; 123124, 1:200 dilution) to identify macrophages and TLR4-PE/Cy7 

clone SA15-21 (Biolegend; 145408, 1:200 dilution). For intracellular staining cell were 

fixed with a fixation/permeabilization solution for 10 minutes (BD Biosciences), washed 

with BD Perm/Wash buffer (BD Biosciences) and then stained with antibodies. All samples 

were analyzed on an LSRII (BD Biosciences) or LSRFORTESSA (BD Biosciences), 

running FACSDiVa software. Resident peritoneal macrophages were collected from 

APOA1Tg Ldlr−/− mice and Ldlr−/− littermates using PBS containing ultrapure 5 mM EDTA 

(Invitrogen). Cell suspensions were preincubated with anti-CD16/CD32 mAb (eBiosiences; 

25-4801-82, 1:2000 dilution) to block FcγRII/III receptors and stained on ice. The cells 

were stained for 30 minutes with fluorochrome-conjugated mAb in the following color 

staining combination of antibodies: PE-Cy7-labeled F4/80 clone BM8 (eBiosiences; 

25-4801-82, 1:2000 dilution), APC-labeled Ly-6C clone 1A8 (eBiosiences; 17-593-80, 

1:2000 dilution), PE-labeled CD11b clone M1/70 (eBiosciences; 12-0112-82, 1:4000 

dilution), FITC-labeled CD45 clone 30-F11 (eBiosciences; 54-0451-82, 1:2000 dilution). 

All samples were analyzed on a FACSCanto II (BD Biosciences), running FlowJo software.

Liposome preparation

Cholesterol-rich and cholesterol free liposome was prepared using a modified protocol 35-37. 

Liposomes were prepared using 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) 

(Avanti Polar Lipids) with or without adding cholesterol (Sigma) (referred as POPC/

cholesterol-liposomes or POPC-liposomes). For POPC/cholesterol-liposomes, 40 mg of 

POPC and 80 mg of cholesterol were dissolved in chloroform and dried under a gentle 

stream of nitrogen gas. To ensure complete removal of chloroform the liposomes were 

placed in a Speed-vac (Thermo) for 1 hour. Multilamellar vesicles (>1 μM) were formed by 

addition of DMEM to the lipid film and then shaking the mixture vigorously to detach the 

lipid layer from the walls of the tube. The liposomes were reduced in size by probe 

sonication on ice for 20 minutes (5 times of 4 minutes sonication with 5 minutes break in-

between to avoid excessive heat generation). The preparation was subjected to centrifugation 

at 10,000 g for 20 minutes. The supernatant was collected and stored at 4°C for no more 

than 24 hours. The cholesterol in the liposomes was assessed using an enzymatic kit from 

Wako (Cholesterol E). For the POPC liposomes preparation, the same procedure was 

followed without adding any cholesterol. To load macrophages with cholesterol, they were 

incubated with POPC/cholesterol-liposomes (~ 1 mg cholesterol/ml) for 20 hours. To 

remove cholesterol, macrophages received rHDL or POPC-liposomes (cholesterol-free), that 

similar to rHDL act as cholesterol acceptors, for 20 hours. In some experiments, BMDMs or 

thioglycollate-elicited macrophages were cholesterol loaded using AcLDL (50 μg/ml human 

acetylated LDL; Kalen Biomedical, 770201) for 48 hours before HDL and LPS treatments.

Preparation of nHDL and isolation of HDL subpopulations

HDL (density 1.063–1.21 g/ml) was isolated from plasma of APOA1Tg;Ldlr−/− mice by 

density gradient ultracentrifugation 38. Total HDL isolated by ultracentrifugation from 

plasma was used to further separate small, medium and large fractions of HDL by FPLC. In 
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short, nHDL was separated by a Superdex 200 Increase 10/300 GL column at 4°C in 150 

mM ammonium acetate buffer with an ÄKTA 10 fast protein liquid chromatography system 

(GE Healthcare Bio-Sciences, Pittsburgh, PA). Fractions containing APOA1 (200 μL) were 

collected and combined to represent different sizes of HDL. The size distribution of each 

class of particles before and after isolation, as determined by calibrated ion mobility analysis 
39, are shown in Supplemental Figure II-C,D. HDL particle concentrations were determined 

by calibrated ion mobility analysis 39.

Cholesterol efflux assay

Macrophage cholesterol efflux capacity was assessed with J774 macrophages labeled with 

[3H]cholesterol and stimulated with a cAMP analog, as described by Rothblat and 

colleagues40. Efflux of [3H]cholesterol was measured after a 4 h incubation in medium with 

nHDL subpopulations (100 nM HDL particle concentration, equivalent to about 10 μg HDL 

protein per milliliter). Cholesterol efflux capacity was calculated as the percentage of total 

[3H]cholesterol (medium plus cell) released into the medium of J774 cells stimulated with 

cAMP after the value obtained with cells stimulated with medium alone was subtracted.

BODIPY staining

Lipid droplets were identified with the neutral lipid dye BODIPY 493/503 (10 μg/ml, 

Invitrogen) using confocal microscopy. Resident peritoneal macrophages from Ldlr−/− and 

APOA1Tg Ldlr−/− mice were plated on eight-chambered Lab-Tek borosilicate cover glasses 

(ThermoFisher Scientific, Nunc), after flow cytometric verification of similar cell 

populations in the mice (Supplemental Figure VI-B). Staining was performed after one hour 

of adhesion purification of macrophages using BODIPY 493/503. Pictures were taken using 

a Nikon A1R Confocal microscope at a 60X magnification.

Aortic digestion and CD11b+ cell isolation

Aortas were isolated from Apoe−/− mice or Ldlr−/− mice fed after 4 and 8 weeks of WTD 

respectively and rHDL infusions as described in the figure legend (Figure 6) of each 

experiment. Whole aortas were isolated, cut in small pieces and incubated for 1 h at 37°C 

with 1.25 mg/ml liberase TH (Sigma), 120 units/ml hyaluronidase (Sigma), and 160 units/ml 

DNase (Sigma). Samples were centrifuged and CD11b+ cells were isolated using CD11b+ 

coated beads (Miltenyi Biotec). RNA from aortic CD11b+ cells was isolated using a Qiagen 

RNeasy kit.

Statistics

All data are presented as mean ± SEM. In cell culture experiments, sample size (n) 

represents the number of individually differentiated primary macrophage cultures in each 

experiment. In aortic CD11b+ and thioglycollate-elicited peritoneal macrophage 

experiments from rHDL–infused mice (Figure 6), sample size (n) represents the number of 

individual mice in each experiment. The statistical parameters (n, mean, SEM, and statistical 

tests used) can be found within the figure legends. Tests for normality (Shapiro-Wilk) and 

equal variance (Brown-Forsythe) were performed for each of the data sets. To define 

differences between 2 datasets, the unpaired Student’s t test was used or unpaired t test with 
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Welch’s correction (for datasets without equal variance). When the criteria were not met for 

analyses by parametric test, the nonparametric Mann Whitney test was used. To assess 

differences between three groups or more, one-way analysis of variance (ANOVA) with 

Tukey’s multiple comparisons test was used. When the criteria were not met for analyses by 

parametric test, the nonparametric Kruskal-Wallis test with Dunn’s multiple comparisons 

test was used. In the case of time-course data two-way ANOVA with Sidak’s post hoc test 

was used to determine significance. The criterion for significance was set at p<0.05. 

Statistical analyses were performed using GraphPad Prism Version 8.2.1 (San Diego, CA). 

For RNA-Seq, gene expression differences were evaluated by Wald test after linear model 

fitting using DESeq2 and genes significant at 5% FDR were considered to be differentially 

expressed.

Data availability

The NCBI GEO accession number for high throughput sequencing data reported in this 

paper is GSE129347.

Results

Transcriptome profiling of HDL-treated macrophages

Toll-like receptors have been suggested to bridge innate immunity to atherosclerosis 41 and 

danger signals in the atherosclerotic plaque likely activate TLRs, including TLR4 42. To 

study the effects of HDL on inflammatory gene expression in macrophages we cultured 

bone marrow-derived macrophages (BMDMs) from wild type mice, treated them with 

reconstituted HDL (rHDL, CSL111) for 20 hours, washed the cells thoroughly to remove 

any residual HDL, and then stimulated them with LPS. The rHDL consists of human 

APOA1 (the main protein component of HDL) complexed with phospholipids and we have 

shown that it can promote cholesterol efflux both through ABCA1/G1 transporters as well as 

in a transporter-independent passive fashion 43. LPS is a TLR4 ligand that upon binding 

activates the expression of many inflammatory genes in macrophages.

To obtain a global view of gene expression changes, we carried out RNA-seq transcriptomic 

analysis. LPS induced the expression of 1404 genes (fold change ≥1.5, false discovery rate 

(FDR)-corrected p ≤ 0.05) in BMDMs (Supplemental Figure I-A). Pre-incubation with 

rHDL (150 μg of human APOA1 protein/ml) repressed the expression of 728 genes whereas 

it induced the expression of 761 genes (Supplemental Figure I-A). Out of the 728 genes 

down-regulated by rHDL, 300 were LPS inducible, indicating a widespread anti-

inflammatory effect. However, 85 out of 782 genes up-regulated by rHDL were also LPS 

inducible (Figure 1A and Supplemental Figure I-A). While this confirms a pro-

inflammatory effect of rHDL, this effect was more circumscribed than reported by van der 

Vorst and colleagues who found that about 50% of all LPS-induced genes were up-regulated 

by HDL using microarray analysis 17. To identify biological functions that are related to the 

gene changes promoted by rHDL we used Gene Ontology (GO) analysis. The top GO 

categories for rHDL-induced genes were cholesterol biosynthetic process, followed by 

chemokine signaling pathway, autophagy and vacuole organization (Figure 1B and 
Supplemental Table I). In response to cholesterol removal by rHDL, macrophages induced 
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several cholesterol biosynthetic genes, such as Hmgcr and Dhcr24. Interestingly, there was 

enrichment for the category macroautophagy consistent with the association of cholesterol 

depletion with cell stress/autophagy 44. The pro-inflammatory effect of rHDL involved 

chemokines and some of the most up-regulated genes were Ccl2 (Mcp-1), Cxcl1 and Cxcl2 
(Figure 1D). GO analysis for the rHDL-repressed genes revealed the following categories: 

cytokine biosynthetic process, cellular response to IFNβ, defense response to virus and 

regulation of IL-1β production (Figure 1C, E and Supplemental Table II). We next 

performed HOMER analysis to identify transcriptional regulatory motifs associated with 

gene expression changes. Consistently, for rHDL-induced genes HOMER analysis revealed 

E-boxes likely associated with SREBP activation as well as TFE3 and MITF, associated with 

autophagy and lysosomal biogenesis 45, 46 (Supplemental Figure I-B) whereas rHDL-

repressed genes were enriched for interferon response elements (ISREs and IRFs) 

(Supplemental Figure I-C).

To explore the role of cholesterol, we loaded BMDMs with cholesterol by treating them with 

POPC/cholesterol-liposomes, washed thoroughly, added rHDL then stimulated with LPS. 

Surprisingly, RNA-seq analysis showed that cholesterol loading attenuated rHDL induced 

differential gene expression: both the anti- and pro-inflammatory effect of rHDL were 

reduced (Figure 1A). In this setting, the only GO category that came up in the rHDL-

induced genes was cholesterol biosynthetic process, but there were fewer cholesterol 

biosynthetic genes that were induced by rHDL compared to the number of these genes in the 

non-cholesterol loaded condition (Supplemental Table III and Supplemental Table IV). The 

GO analysis for the rHDL-repressed genes showed enrichment for ER stress and unfolded 

protein response (Supplemental Table III). Interestingly, the same set of ER stress related 

genes that were down regulated by rHDL in the cholesterol loaded condition were 

upregulated by rHDL in the non-cholesterol loaded condition (Figure 1F). This suggests that 

perturbation of ER cholesterol content in either direction can induce a stress response in 

LPS-treated macrophages. The impact of HDL-mediated cholesterol efflux may be either to 

induce or alleviate ER stress depending on cholesterol loading status of the macrophage.

Pro- and anti-inflammatory effects of HDL depend on cholesterol efflux

We sought to verify and extend the main findings suggested by RNA-seq by using different 

amounts and forms of HDL, by varying the cholesterol loading status of BMDMs and by 

assessing kinetics of responses. Further in vitro experiments in BMDMs using different 

doses of rHDL, ranging from 50-300 μg/ml, showed a robust pro-inflammatory effect only at 

the higher doses of rHDL, as indicated by the mRNA expression of Tnfa and Ccl2 and the 

respective protein secretion (Figure 2A and Supplemental Figure II-A). In contrast, the anti-

inflammatory effect, as indicated by the mRNA and protein expression of Ifit3, was present 

at all rHDL doses (Figure 2A and Supplemental Figure II-A). Incubation of rHDL alone, 

without any LPS stimulation, did not have a pro-inflammatory effect (not shown). Since 

both anti- and pro-inflammatory effects were readily observed at 150 μg/ml rHDL, we chose 

to use this concentration in most of the rHDL experiments unless stated otherwise. To 

examine if similar effects are exerted by different forms of HDL, we isolated HDL (native 

HDL; nHDL) by ultracentrifugation from APOA1Tg;Ldlr−/− mice fed a normal laboratory 

diet, pretreated BMDMs with this nHDL and then stimulated them with LPS. These mice 
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express a human APOA1 transgene, which results in a marked suppression of mouse 

APOA1 and a human-like HDL particle profile 47. Similar to rHDL, nHDL at higher doses 

exerted a pro-inflammatory effect in LPS-stimulated BMDMs but did not induce pro-

inflammatory effects in the absence of LPS (Supplemental Figure II-B). Because nHDL is a 

mixture of HDL particles differing in size and shape, we fractionated nHDL in small HDL 

(7-8.5 nm diameter) medium HDL (8.5-10 nm diameter) and large HDL (10-12.5 nm) 

(Supplemental Figure II-C, D) and treated BMDMs. Small nHDL exhibited the highest 

capacity to promote cholesterol efflux from macrophages (Figure 2B) and increased 

inflammatory gene expression at a higher level than medium and large nHDL when 

compared at equal HDL particle concentrations (Figure 2C). A high dose of nHDL brought 

out pro-inflammatory effects in response to LPS in human THP1 cells as well (Supplemental 

Figure II-E). However, at a similar high dose rHDL exhibited only anti-inflammatory effects 

on LPS-induced inflammatory gene expression in human PBMC-derived macrophages 

(Supplemental Figure II-F).Together, these data demonstrate that different forms of HDL not 

only promoted anti-inflammatory effects on LPS-stimulated macrophages, but also a 

chemokine-specific pro-inflammatory effect. The magnitude of these effects correlates with 

the ability of HDL to promote cholesterol efflux from macrophages. In contrast to the results 

with BMDMs and THP1 cells, primary human monocyte-derived macrophages showed an 

anti-inflammatory effect at a relatively high dose of rHDL.

To confirm the RNA-seq data, we loaded either BMDMs or thioglycollate-elicited peritoneal 

macrophages using POPC/cholesterol-liposomes or acetylated LDL (AcLDL). As shown in 

Figure 2D, cholesterol loading using POPC/cholesterol-liposomes blocked the rHDL-

induced expression of Tnfa and Ccl2 as well as the rHDL-repressed expression of the IFN-

responsive genes, Ifit3 and Mx1. Similarly, cholesterol loading of BMDMs or thioglycollate-

elicited peritoneal macrophages using AcLDL reduced the pro-inflammatory effects of 

nHDL (Figure 2E and Supplemental Figure II-G). To confirm the cholesterol loading status 

of the macrophages we measured the expression of Hmgcr and Abca1. As expected, rHDL 

increased the expression of Hmgcr and reduced the expression of Abca1, reflecting the 

depletion of cholesterol in the cells (Figure 2D). In contrast, cholesterol loading significantly 

reduced the expression of Hmgcr and increased the expression of Abca1. Incubation of 

rHDL in the cholesterol loaded condition did not affect Hmgcr expression, consistent with 

the RNA-seq results (Supplemental Table IV) and only modestly reduced Abca1 expression 

(Figure 2D). A similar effect was observed even when the cholesterol-loaded macrophages 

were incubated with the highest dose of rHDL (300 μg/ml). These results indicate that both 

pro- and anti-inflammatory effects of HDL are reduced by cholesterol loading of 

macrophages, paralleling a decreased ability of HDL to perturb cholesterol homeostasis as 

measured by expression of cholesterol biosynthesis and efflux genes.

To further assess whether the pro- and anti-inflammatory effects depend on cholesterol 

removal, we treated the BMDMs with POPC-liposomes that do not contain cholesterol and 

can absorb cholesterol from the cell membranes by aqueous diffusion. Similar to rHDL, the 

POPC-liposomes induced the expression of Tnfa and Ccl2 and repressed the expression of 

Ifit3 and Mx1 (Figure 2F). The impact of POPC-liposomes on cholesterol homeostatic gene 

expression was comparable to rHDL, as indicated by increased Hmgcr and reduced Abca1 
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expression (Figure 2F). Cholesterol pre-loading attenuated the POPC-liposomes effects, 

especially the increase of Tnfa and Ccl2, further supporting a cholesterol dependent effect 

on inflammatory gene expression (Supplemental Figure II-H). Similar to POPC-liposomes, 

depletion of cholesterol with β-methylcyclodextrin caused an induction of inflammatory 

gene expression, whereas β-methylcyclodextrin complexed with cholesterol did not 

significantly induce inflammatory gene expression (Supplemental Figure II-I). Overall, our 

experiments indicate that both the pro- and anti-inflammatory effects of HDL or liposomes 

are related to cholesterol efflux and are dependent on the macrophage cholesterol content.

To gain a more complete picture of how HDL affects TLR4 signaling, we stimulated 

BMDMs with LPS at time points ranging from 15 minutes to 4 hours. These experiments 

revealed a biphasic response involving an initial phase (0-60 min) when only anti-

inflammatory effects were produced by rHDL, followed by a second phase (120-240 min) in 

which there was an increase in Tnfa, Ccl2, and Cxcl1/2 expression. The reduced expression 

of Type I interferon responsive genes (Ifit3, Mx1) also appeared to be biphasic with an initial 

suppression followed by a more sustained reduction (Figure 3A). In addition, the initial anti-

inflammatory effects of rHDL were associated with decreased IκB degradation and 

decreased p38 MAPK, JNK and ERK phosphorylation (Figure 3B).

The pro-inflammatory effect of HDL is triggered by activation of the IRE1a/ASK1/p38 MAPK 
axis

Studies by van der Vorst and colleagues suggested that HDL induces a pro-inflammatory 

effect in macrophages by increasing PKC activation 17. We treated BMDMs with the broad-

spectrum PKC inhibitor Ro31-8425 at the same concentration used in the van der Vorst 

study. Although, PKC inhibition blocked the HDL pro-inflammatory effect, it also markedly 

reduced LPS signaling (over 85% percent), virtually blocking the LPS response 

(Supplemental Figure III-A). This suggests a general suppression of LPS responses rather 

than an HDL-specific effect. Thus, we sought evidence for an alternative pro-inflammatory 

mechanism.

HOMER motif analysis of the rHDL-induced genes indicated an enrichment for JunB and 

AP1 transcription factors (Supplemental Figure I-B). Activation of AP1 by MAPKs 

downstream of TLR signaling induces the expression of inflammatory genes, including 

many of the chemokine genes that are induced by rHDL, such as Cxcl1, Cxcl22, Ccl2 and 

Ccl7 48. Moreover, we observed that there was an increase in p38 MAPK phosphorylation 

by rHDL in the later LPS time points (Figure 3B), indicating that p38 MAPK may be 

involved in the pro-inflammatory effect of rHDL. We first confirmed in multiple 

experiments that rHDL increases p38 MAPK phosphorylation after prolonged LPS 

stimulation (Figure 4A). To assess if the pro-inflammatory effect is specific to p38 MAPK, 

we treated BMDM with the p38 inhibitor, BIRB0796. Indeed, p38 MAPK inhibition blocked 

the induction of Tnfa, Ccl2, Cxcl1 and Cxcl2 by rHDL but did not affect the reduction of 

Ifit3 and Mx1 (Figure 4B). Pre-treatment of the BMDMs with POPC/cholesterol-liposomes 

attenuated the effect of rHDL on p38 MAPK phosphorylation (Supplemental Figure III-B), 

in agreement with the gene expression results (Figure 2D). In contrast, POPC-liposomes 

increased p38 MAPK phosphorylation, similarly to rHDL (Supplemental Figure III-B). This 
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indicates that cholesterol efflux-dependent late inflammatory responses are mediated 

through increased p38 MAPK signaling.

ASK1 enhances p38 MAPK phosphorylation in response to TLR4 activation in macrophages 
49. ASK1 is a MAPKKK (MAPK kinase kinase) upstream of p38 MAPK that is activated in 

response to stress signals 50. Such signals include oxidative stress, calcium overload, 

endoplasmic reticulum stress and inflammatory stimuli, like TNFα and LPS49, 51, 52. 

Selonsertib is a selective ASK1 inhibitor that in early clinical trials showed promise against 

NASH by improving inflammation and fibrosis 53. Pre-treatment of BMDMs with 

Selonsertib blocked the rHDL-mediated induction of Tnfa, Ccl2 and Cxcl1 (Figure 4C) as 

well as p38 MAPK phosphorylation (Supplemental Figure III-C). Consistently, ASO-

mediated knock-down of Ask1 also blocked the induction of these genes by rHDL (Figure 

4D). rHDL pre-treatment did not increase ROS production more than LPS alone and N-

acetyl-L-cysteine, an ROS scavenger, did not affect the pro-inflammatory effect of rHDL 

(not shown), indicating that ROS generation is not responsible for ASK1 activation by 

rHDL. ER stress can activate ASK1 and this involves the association of IRE1a, an ER 

membrane protein that acts as an ER stress signal transducer, with TRAF2 and ASK1 51, 54. 

The RNA-seq results showed that rHDL may cause cell stress as indicated by the GO 

categories of macroautophagy/vacuole organization and the induction of ER stress genes 

(Figure 1B, F). Although, rHDL did not increase the expression of typical ER stress targets 

like Ddit3 (Chop) and spliced Xbp1 (Supplemental Figure III-D), treatment of the BMDMs 

with 4-phenylbutyrate, commonly used to alleviate ER stress, blocked the pro-inflammatory 

effect of rHDL (Figure 4E). Moreover, rHDL increased IRE1a levels (both total and 

phosphorylated) similar to tunicamycin, a potent ER stressor (Figure 4F). Cholesterol 

loading attenuated the rHDL-mediated increase of Ire1a but did not affect Ire1a in response 

to tunicamycin, indicating a distinct mechanism of Ire1a activation (Figure 4G). While 

HDL-treatment alone was sufficient to increase IRE1a, the induction of p38 MAPK and 

inflammatory responses required an additional LPS stimulus. In turn, treating the BMDMs 

with Ire1a kinase inhibitors KIRA6 55 or 4μ8c 56, 57, attenuated the induction of Tnfa, Ccl2 
and Cxcl1 by rHDL (Figure 4H and Supplemental Figure III-E). These results support that 

rHDL plus LPS stimulation exerts a pro-inflammatory effect through a modified ER stress 

response involving the IRE1a/ASK1/p38 MAPK signaling axis likely secondary to ER 

cholesterol depletion.

Early anti-inflammatory effects reflect reduced TLR4 levels and signaling

The reduction of IκB degradation and p38 MAPK, JNK and ERK phosphorylation in early 

LPS stimulation by rHDL (Figure 3B) suggests reduced TLR4 signaling upstream of ΙkB 

and MAPKs. Our previous studies suggested that membrane cholesterol accumulation in 

macrophages lacking both of the major cholesterol efflux transporters, ABCA1 and ABCG1 

(Abca1−/−Abcg1−/− macrophages), increases TLR4 cell surface expression, thus augmenting 

LPS responses 21. We hypothesized that the initial rHDL anti-inflammatory effect may 

involve a reduction in TLR4 expression. Indeed, flow cytometry experiments showed that 

rHDL pre-incubation reduced both cell surface and intracellular TLR4 expression before and 

after LPS stimulation (Figure 5A and Supplemental Figure IV-A). A reduction of total 

TLR4 was also confirmed by Western blot (Supplemental Figure IV-B). This does not 
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involve increased protein degradation through the endosomal/lysosomal pathway since 

treating the macrophages with lysosomal, proteasomal or protease inhibitors did not block 

the downregulation of TLR4 by rHDL (Supplemental Figure IV-C). In cholesterol loaded 

BMDMs, rHDL treatment failed to decrease TLR4 expression (Figure 5B), inhibit IκB 

degradation and reduce p38 MAPK phosphorylation (Figure 5C), consistent with an effect 

of cholesterol loading to block the initial reduction of inflammatory gene expression by 

rHDL (Supplemental Figure IV-D). In contrast, POPC-liposomes, similarly to rHDL, 

reduced TLR4 protein levels (Figure 5B), indicating that cholesterol removal drives the early 

reduction in TLR4 and the early anti-inflammatory effect. In contrast to an earlier report that 

proposed increased Atf3 expression as an anti-inflammatory effect of HDL 15, we found a 

reduction in Atf3 mRNA levels by rHDL in LPS-stimulated macrophages (Supplemental 

Figure IV-E). Since expression of Atf3 is increased upon TLR stimulation 15, 58, this is 

consistent with our finding of reduced TLR4 signaling.

Late reduction in Type I interferon responses reflects reduced interferon receptor 
signaling

Similar to our findings, Suzuki and colleagues 14 have shown in macrophages stimulated for 

4 hours with LPS, that HDL selectively inhibits LPS-induced genes that are downstream of 

TRAM/TRIF signaling. However, rHDL produced no change in IRF3 phosphorylation 

which is immediately downstream of TRAM/TRIF (Supplemental Figure V-A), suggesting 

that a more distal signaling effect may be responsible for the sustained Type I Interferon 

anti-inflammatory effect. IFN-related genes, like Ifit3 and Mx1, show late induction in 

response to LPS downstream of IFNβ expression and subsequent IFNAR activation 59. IRF7 

is an important mediator of interferon responses that acts downstream of the interferon 

receptor in a delayed manner 60. In contrast to the effects of IRF3, BMDMs pre-treated with 

rHDL exhibited reduced IRF7 phosphorylation (Figure 5D), consistent with reduced 

signaling downstream of the IFNAR. Moreover, in macrophages lacking IFNAR1, rHDL 

failed to repress Ifit3 and Mx1 expression but still increased Tnfa and Cxcl1 expression in 

response to LPS (Figure 5E). To further assess if rHDL exerts additional anti-inflammatory 

effects downstream of IFNAR activation, we treated wild type BMDMs with rHDL, 

followed by IFNβ stimulation. As in LPS-stimulated cells, rHDL repressed the expression of 

Ifit3 and Mx1 in response to IFNβ (Figure 5F). Consistently, rHDL reduced STAT1 and 

STAT3 phosphorylation, in response to LPS and IFNβ stimulation, without affecting 

IFNAR1 expression (Figure 5G and Supplemental Figure V-B). Our results show that rHDL 

reduces IFNAR signaling, explaining the sustained IFN-related anti-inflammatory effect that 

is observed in response to LPS.

In vivo effects of rHDL on macrophage inflammatory gene expression

To determine the in vivo relevance of findings in BMDMs, normal laboratory diet fed wild 

type mice were injected intravenously with 80 mg/Kg rHDL or PBS daily, for a total of 5 

days before sacrificing the mice 2 hours after the last rHDL injection. The RNA from 

thioglycollate-elicited peritoneal macrophages stimulated with LPS ex vivo was extracted 

and assessed for inflammatory gene expression. Macrophages from the rHDL-infused mice 

showed significantly decreased expression of MYD88-dependent genes, such as Tnfa, Ccl2 
and Il6 (Figure 6A), consistent with the early anti-inflammatory effect observed in vitro, but 
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there was no difference in the expression of genes in the Type I interferon response. No pro-

inflammatory effects were observed. In contrast, in a similar experiment in Ldlr−/− mice fed 

a Western-type diet (WTD) for 8 weeks, rHDL infusions failed to promote any changes in 

inflammatory gene expression (Supplemental Figure VI-A). Moreover, rHDL infusions in 

the wild type mice modestly increased Hmgcr expression, suggesting a lower macrophage 

cholesterol content in these mice (Figure 6A). Therefore, the anti-inflammatory effects 

observed in the macrophages of normal laboratory diet fed wild type mice likely reflect a 

better capability of rHDL to reduce macrophage cholesterol content compared to the WTD-

fed Ldlr−/− mice.

In another approach to determine in vivo relevance, we isolated resident peritoneal 

macrophages from APOA1Tg;Ldlr−/− mice or Ldlr−/− littermate controls fed a normal 

laboratory diet (Supplemental Figure VI-B), adhesion purified the macrophages, and then 

stimulated them with LPS. The macrophages from APOA1Tg;Ldlr−/− mice exhibited 

enhanced inflammatory gene expression in response to LPS compared to the macrophages 

isolated from Ldlr−/− mice (Figure 6B). The sustained cholesterol efflux by high levels of 

circulating HDL in these mice was sufficient to cause a decrease in the lipid content of the 

macrophages as observed by BODIPY staining (Figure 6C) as well as a prominent increase 

in Hmgcr (Figure 6B). This supports the hypothesis that extensive cholesterol removal by 

HDL is necessary to significantly affect pro-inflammatory gene expression in vivo.

Reduced inflammatory gene expression in myeloid cells of atherosclerotic aortas

To determine if rHDL affects inflammatory gene expression in the macrophages of the 

atherosclerotic plaque, we fed a WTD to Apoe−/− mice (female, n=29 per group) for 4 

weeks or Ldlr−/− mice (female, n=12 per group) for 8 weeks to promote the formation of 

early atherosclerotic lesions and then administered rHDL 80 mg/Kg or PBS intravenously 

once daily for 5 days. The thoracic aorta was digested and CD11b+ cells (comprising 

inflammatory macrophages, monocytes, and neutrophils) 61 were isolated and assessed for 

inflammatory gene expression. In the Apoe−/− mice, rHDL significantly reduced the 

expression of some, but not all, MYD88-dependent inflammatory genes including Cxcl1, Il6 
and Il1b (Figure 6D). In contrast to the effects in BMDMs in vitro, but consistent with the 

peritoneal macrophage response in vivo, there was no effect on Type I interferon genes. In 

rHDL-infused Ldlr−/− mice there was also a trend towards reduced expression of the same 

genes, but it did not reach statistical significance possibly due to highly variable expression 

in the control group (Figure 6E). We did not detect any changes in Abca1 and Hmgcr 
expression in aortic CD11b+ cells (Figure 6D, E), suggesting that the amount of cholesterol 

efflux was insufficient to activate cholesterol homeostatic responses.

Discussion

The effects of HDL on inflammatory gene expression in macrophages are controversial. 

There are studies either supporting anti-inflammatory14, 15 or pro-inflammatory effects of 

APOA1/HDL 16, 17. Our studies may help to reconcile these discrepant results by showing 

that the pro-inflammatory response only occurs under conditions of marked cholesterol 

depletion. Importantly, we show an anti-inflammatory effect and no evidence of pro-
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inflammatory effects of rHDL infusion in myeloid cells isolated from atherosclerotic 

plaques and only anti-inflammatory effects in primary human/monocyte macrophage 

cultures.

In contradistinction to many earlier studies 14-17, we show that both anti- and pro-

inflammatory effects of HDL are primarily responses to cholesterol efflux and are attenuated 

by cholesterol loading of macrophages. Initial anti-inflammatory effects of rHDL reflect 

reduced TLR4 levels and signaling (Graphic abstract). This is followed by a sustained anti-

inflammatory effect mediated downstream of IFNAR and involving suppression of Type I 

interferon responses. At the same time there is increased expression of Tnfa and some 

chemokine genes. The late induction of chemokine-enriched inflammatory genes represents 

an ER stress response mediated by IRE1a/ASK1/p38 MAPK signaling. Highlighting that 

these changes are mediated by cholesterol depletion, both pro- and anti-inflammatory 

responses to HDL could be simulated by cholesterol-poor, but not cholesterol-enriched PC 

liposomes, or β-methylcyclodextrin and were blunted or abolished in cholesterol loaded 

macrophages.

Our experiments show that the pro-inflammatory effect of HDL depends on p38 MAPK 

phosphorylation and entails the activation of the IRE1a/ASK1 axis. IRE1a and ASK1 are 

activated in response to ER stress signals 50, 51, 54 and subsequently can activate MAPKs 
51, 52, 62. The RNA-seq results also pointed to a stress response induced by rHDL as evident 

by the GO categories enrichment of macroautophagy/vacuole organization and the induction 

of specific ER stress genes. Moreover, the pro-inflammatory effect was blocked in 

cholesterol loaded macrophages. Therefore, it is possible that severe cholesterol depletion by 

high levels of rHDL may cause perturbations in the ER membrane that activates IRE1a and 

together with prolonged LPS stimulation result in sustained p38 MAPK phosphorylation and 

inflammatory gene expression. Although, rHDL activates IRE1a, an ER stress transducer in 

mammalian cells, and induces the expression of some ER stress genes, other genes like 

Ddit3 (Chop) and spliced Xbp1 remain unaffected. Our data support primarily activation of 

the kinase activity of IRE1a rather than its endonuclease activity (that leads to Xbp1 

splicing) and likely excludes the involvements of other ER stress transducers, like ATF6 and 

PERK. Notably, cholesterol loading reversed Ire1a activation by rHDL but not by 

tunicamycin. Thus, marked cholesterol depletion led to a rather specific stress response that 

was less general than that of strong ER stressors such as Tunicamycin or Thapsigargin. 

Interestingly, our RNA-seq results suggested induction of a circumscribed set of ER stress 

genes in cholesterol loaded macrophages that was reversed by HDL treatment. This is 

reminiscent of earlier studies showing that free cholesterol loading of macrophages (by 

treatment with AcLDL plus an ACAT inhibitor) induced a widespread ER stress response 63. 

This suggests that either too much or too little cholesterol in the ER can induce a stress 

response.

Previous animal studies have clearly shown that rHDL infusions reduce lesion macrophage 

content and the protein expression of inflammatory markers (MCP1, COX2, iNOS) in whole 

aorta 64-66 and APOA1 reduces macrophage chemotaxis in vitro and in vivo 67. In a model 

of atherosclerosis regression, where plaque-bearing aortic arches from Apoe−/− mice were 

transplanted into recipient APOA1Tg/Apoe−/− or Apoe−/− mice, plaque macrophages from 
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hypercholesterolemic APOA1 transgenic mice also displayed reduced expression of 

inflammatory genes compared to hypercholesterolemic controls 18. Similarly, native APOA1 

injections in Apoe−/− mice resulted in a decrease of Il1b and Ccl2 mRNA expression in 

plaque macrophages compared to control mice 19. In our study, infusions of rHDL elicited 

an anti-inflammatory response in plaque macrophages. However, we found no evidence that 

rHDL infusion led to reduced expression of Type I interferon genes in atherosclerotic 

plaques. This could reflect limited induction of Type I interferon genes in plaques, compared 

to in vitro treatment of macrophages with LPS. Notably, there was no evidence of a pro-

inflammatory response to rHDL infusion in plaque myeloid cells. These cells did not show 

significant changes in Hmgcr or Abca1 mRNA, indicating limited disturbance of cholesterol 

homeostasis despite 5 infusions of rHDL. The dose of rHDL in our studies (80 mg/Kg) was 

chosen to simulate that being employed in phase 3 clinical 68. The studies by Feig and 

colleagues 18 and Hewing and colleagues 19 led to a more sustained cholesterol efflux as 

indicated by Oil Red O staining and Hmgcr expression. This is likely because Feig and 

colleagues 18 employed APOA1Tg mice whereas Hewing and colleagues 19 injected a total 

of 60 mg of APOA1, which are higher than 5 doses of 80 mg//Kg rHDL (total of 8 mg only). 

It is also likely that in our model, abundant sources of cholesterol within macrophages or 

derived from other cells prevented the dramatic depletion of ER cholesterol that led to a 

stress-induced inflammatory response in BMDMs. Consistent with the present findings 

including reduced expression of Il1b, rHDL infusion reduced inflammasome activation in 

Ldlr−/− mice transplanted with myeloid cell-specific Abca1/g1 deficient bone marrow 61. 

Additional anti-atherogenic mechanisms of rHDL infusions could include reduced platelet 

activation and reduced expression of monocyte integrins and their counter-receptors on 

endothelial cells 69, 70, leading to a decrease in macrophage content.

Infusions of rHDL (CSL111) in humans and mice were associated with ALT elevations, 

indicating hepatocyte toxicity 71, 72. A new formulation of rHDL (CSL112) containing less 

phospholipids relative to APOA1 (CSL112; APOA1:PC molar ratio, 1:55 vs CSL111; 

APOA1:PC molar ratio, 1:150) 71, 73 produced lower levels of cholesterol efflux and did not 

induce ALT elevations when infused into mice or humans 68, 72. Moreover, mice deficient in 

SR-B1, which has an important role in rHDL-mediated cholesterol efflux, did not show ALT 

elevations when infused with CSL111 72. Thus, hepatocyte toxicity related to rHDL 

infusions likely also reflected excessive depletion of cholesterol and could be mediated 

through an ER stress response similar to macrophages.

Recently, two rHDL preparations, namely MDCO-216 and CER-001, failed to show a 

reduction in plaque volume as determined by intravascular ultrasound 74, 75. Possible 

reasons for their failure are the low dose, short treatment and even their protein/lipid 

composition 76. Reconstituted HDL (CSL112) infusions are currently being assessed in a 

phase 3 clinical trial (AEGIS-II) at a much higher dose of 6 g APOA1 (approximately 80 

mg/kg) 68, 77. Our rHDL infusion experiments in mice, at a dose comparable to the clinical 

trial, showed an anti-inflammatory effect in CD11b+ cells that could contribute in plaque 

stabilization and atheroprotection. Nevertheless, the anti-inflammatory effect was modest 

and observed in a limited number of genes. It is possible that higher doses or longer rHDL 

treatments could have had a greater impact. Moreover, rHDL exhibited strong substantial 

anti-inflammatory effects in human PBMC-derived macrophages. It remains to be seen if 
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CSL112, at the dose and treatment duration of the AEGIS-II trial, succeeds in reducing 

atherosclerotic burden, inflammation and cardiovascular disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation List

HDL High-density lipoprotein

LPS Lipopolysaccharide

BMDM Bone marrow derived macrophages

PBMC Peripheral blood mononuclear cell

WTD Western type diet

TLR4 Toll-like receptor 4

TNFa Tumor necrosis factor-a

CCL2 C-C Motif chemokine ligand 2

IFIT3 Interferon-induced protein with tetratricopeptide repeats 3

IRE1a Inositol-requiring enzyme 1 a

ASK1 Apoptosis signal-regulating kinase 1

P38 MAPK P38 mitogen-activated protein kinases
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Highlights:

• HDL exerts anti- and pro-inflammatory effects that are mediated by 

cholesterol removal in cultured macrophages.

• Anti-inflammatory are associated with reduced TLR4 levels and reduced 

interferon receptor signaling.

• Pro-inflammatory effects of rHDL represent a modified ER stress response 

that involves IRE1a/ASK1/p38 MAPK signaling and occurs under conditions 

of extreme cholesterol depletion.

• Reconstituted HDL infusions in mice produced anti-inflammatory effects in 

lesion macrophages suggesting a beneficial therapeutic effect of HDL in vivo.
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Figure 1. Transcriptome profiling of rHDL-treated macrophages in response to LPS
Wild type BMDMs were treated for 20 hours with 150 μg/ml rHDL (reconstituted HDL), 

washed with PBS and stimulated with 100 ng/mL LPS for 4 hours and harvested for RNA-

Seq (n=3/condition). For cholesterol loading (CL) macrophages were incubated with POPC/

cholesterol-liposomes (~ 1 mg cholesterol/ml) for 20 hours prior to rHDL treatment. (A) 

Heatmap of >1.5-fold induced or repressed genes at 5% FDR colored by row-normalized Z 

score, with extent of induction by LPS indicated on right (FC; Fold change). (B, C) 

PANTHER GO categories enriched in rHDL-induced or rHDL-repressed genes (Bonferroni-

adjusted P < 0.05). Row-normalized z-score for (D) rHDL-induced genes in the GO 

category “Chemokine signaling pathway”, (E) rHDL-repressed genes in the GO category 
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“Cellular response to interferon β” and (F) ER stress response genes affected by rHDL in 

both the cholesterol loaded and non-cholesterol loaded conditions. See also Supplemental 

Figure I.
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Figure 2. Pro- and anti-inflammatory effects of HDL on macrophages depend on cholesterol 
content
Wild type BMDMs were treated for 20 hours with rHDL (reconstituted HDL) or nHDL 

(native HDL), washed with PBS and stimulated with LPS, as described below and harvested 

for RNA. For altering cholesterol content, macrophages were incubated with POPC/

cholesterol-liposomes or AcLDL prior to rHDL or nHDL treatment to load them with 

cholesterol, and then washed before rHDL or nHDL treatment. To remove cholesterol, 

BMDMs received POPC-liposomes (cholesterol-free) instead of rHDL, that similar to rHDL 

act as cholesterol acceptors. (A) Dose effect of rHDL (50, 150 and 300 μg/ml) on 

inflammatory gene expression in LPS-stimulated (100 ng/ml, 4 hours) BMDMs. (B) Effect 
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of different nHDL subpopulations (S-Small, M-Medium, L-Large) (10 μg protein/ml HDL 

particles, corresponding to 0.1 μM HDL particles as measured by calibrated ion mobility 

analysis) on cholesterol efflux capacity in J774 cells. (C) Effect of different nHDL 

subpopulations (50 μg/ml, corresponding to 0.5 μM HDL particles) on inflammatory gene 

expression in LPS-stimulated (10 ng/ml, 4 hours) BMDMs. (D) Effect of rHDL (150 μg/ml) 

on LPS-induced (100 ng/ml, 4 hours) inflammatory gene expression, Hmgcr and Abca1 
expression in BMDMs pre-treated with POPC/cholesterol-liposomes (~ 1 mg 

cholesterol/ml) for 20 hours, prior to rHDL treatment. (E) Effect of nHDL (100 μg/ml) on 

inflammatory gene expression in LPS-stimulated (10 ng/ml, 4 hours) BMDMs preloaded 

with AcLDL cholesterol (50 μg/ml, 48 hours). (F) Effect of rHDL (150 μg/ml), POPC-

liposomes and POPC/cholesterol-liposomes (~ 1 mg cholesterol/ml) on LPS-induced (100 

ng/ml, 4 hours) inflammatory gene expression, Hmgcr and Abca1 expression in BMDMs. 

mRNA expression was evaluated by qPCR and mean ± SEM is plotted (n=4). Tests for 

normality (Shapiro-Wilk) and equal variance (Brown-Forsythe) were performed for each of 

the data sets. Significance was determined by one-way ANOVA with Tukey’s multiple 

comparisons test (A, C, E, F) or nonparametric Kruskal-Wallis with Dunn's multiple 

comparisons test (D), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are 

representative of at least two independent experiments. See also Supplemental Figure II.
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Figure 3. Kinetics of inflammatory responses to rHDL
Wild type BMDMs were treated for 20 hours with rHDL, washed with PBS and stimulated 

with LPS, as described below and harvested for RNA. (A) Effect of rHDL (150 μg/ml) on 

inflammatory gene expression in LPS-stimulated (100 ng/ml, time points from 15-240 

minutes) BMDMs. Results are expressed as the change of mRNA expression in rHDL 

treated versus non-treated cells. (B) Effect of rHDL (150 μg/ml) on IκBa protein expression 

and p38 MAPK/JNK/ERK phosphorylation under similar LPS conditions. Results are shown 

as mean ± SEM (n=4). Significance was determined by two-way ANOVA with Sidak’s post-

hoc test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are representative of at least 

two independent experiments.
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Figure 4. The pro-inflammatory effect of HDL is triggered by activation of the IRE1a/ASK1/p38 
MAPK axis
Wild type BMDMs were treated for 20 hours with rHDL, washed with PBS and stimulated 

with LPS, as described below. Macrophages were treated with the indicated inhibitors after 

removing rHDL and washing the cells, but prior to LPS stimulation and remained in the 

medium during the LPS stimulation. (A) Effect of rHDL (150 μg/ml) on p38 MAPK 

phosphorylation in LPS-stimulated (100 ng/ml, 4 hours) BMDMs. (B) Effect of rHDL (150 

μg/ml) and p38 MAPK inhibitor (BIRB0796, 1 μM, added 1 hour prior to LPS) on 

inflammatory gene expression in LPS-stimulated (100 ng/ml, 4 hours) BMDMs. (C) Effect 
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of rHDL (150 μg/ml) and ASK1 inhibitor (Selonsertib, 10 μM, added 2 hours prior to LPS) 

on inflammatory gene expression in LPS-stimulated (100 ng/ml, 4 hours) BMDMs. (D) 

Effect of rHDL (150 μg/ml) and Ask1 knock-down on inflammatory gene expression in 

LPS-stimulated (100 ng/ml, 4 hours) BMDMs. BMDMs were treated for 24 hours with 

control or Ask1 ASO (100 nM), then treated with rHDL for 20 hours, followed by LPS 

stimulation (100 ng/ml, 4 hours). (E) Effect of rHDL (150 μg/ml) and the ER stress inhibitor 

Sodium phenylbutyrate (4PBA, 5 mM, added 2 hours prior to LPS) on inflammatory gene 

expression in LPS-stimulated (100 ng/ml, 4 hours) BMDMs. (F) Effect of rHDL (300 μg/ml) 

and the ER stressor Tunicamycin (Tm, 2.5 μg/ml, added 2 hours prior to LPS) on IRE1a 

protein expression in LPS-stimulated (100 ng/ml, 4 hours) BMDMs. (G) Effects of 

cholesterol pre-loading followed by rHDL (300 μg/ml) or the ER stressor Tunicamycin (Tm, 

2.5 μg/ml, added 2 hours prior to LPS) on IRE1a protein expression in LPS-stimulated (100 

ng/ml, 4 hours) BMDMs. (H) Effect of rHDL (300 μg/ml) and the IRE1a kinase inhibitor 

(KIRA6, 500 nM, added 1 hour prior to LPS) on inflammatory gene expression in LPS-

stimulated (100 ng/ml, 4 hours) BMDMs. The results are shown as mean ± SEM (n=4 for 

gene expression, n=3 for protein expression). Tests for normality (Shapiro-Wilk) and equal 

variance (Brown-Forsythe) were performed for each of the data sets. Significance was 

determined by unpaired t test (A) or one-way ANOVA with Tukey’s multiple comparisons 

test , *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (B, C, D, E, F, G, H). Data are 

representative of at least two independent experiments. See also Supplemental Figure III.
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Figure 5. Early anti-inflammatory effects reflect reduced TLR4 expression and late anti-
inflammatory effects reflect reduction in STAT1 phosphorylation and Type 1 interferon signaling
BMDMs were treated for 20 hours with rHDL, washed with PBS and stimulated with LPS 

or IFNb, as indicated, and harvested for RNA or protein. For altering cholesterol content 

macrophages were incubated with POPC/cholesterol-liposomes (to load them with 

cholesterol) prior to rHDL treatment or cholesterol-free POPC-liposomes (instead of rHDL, 

to remove cholesterol). (A) Effect of rHDL (150 μg/ml) on surface TLR4 expression in LPS-

stimulated (100 ng/ml) BMDMs at the indicated time point. (B) Effect of rHDL (150 μg/ml) 

on TLR4 protein expression in BMDMs pre-treated with POPC/cholesterol-liposomes (~ 1 

mg cholesterol/ml) for 20 hours or cells pre-treated with POPC-liposomes alone and 

stimulated with LPS (100 ng/ml) at the indicated time points. (C) Effect of rHDL (150 

μg/ml) on IκBa protein expression and p38 MAPK phosphorylation in cholesterol loaded 
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BMDM stimulated with LPS (100 ng/ml) at the indicated time point. (D) Effect of rHDL 

(150 μg/ml) on IRF7 phosphorylation in LPS-stimulated (100 ng/ml) BMDMs for the 

indicated time points. (E) Effect of rHDL (150 μg/ml) on inflammatory gene expression in 

LPS-stimulated (100 ng/ml, 2 hours) Ifnar−/− BMDMs. (F) Expression of Ifit3 and Mx1 in 

BMDMs treated with rHDL (150 μg/ml) followed by IFNb stimulation (5 ng/ml, 2 hours) 

(G). Effect of rHDL (150 μg/ml) on IFNAR1 expression and STAT1 phosphorylation in 

LPS-stimulated (100 ng/ml, 2 hours) or IFNb-stimulated (1 ng/ml, 2 hours) BMDMs. The 

results are shown as mean ± SEM (n=4 for gene expression, n=3 for protein expression). 

Tests for normality (Shapiro-Wilk) and equal variance (Brown-Forsythe) were performed for 

each of the data sets. Significance was determined by two-way ANOVA with Sidak’s post-

hoc test (A, D), one-way ANOVA with Tukey’s multiple comparisons test (B, C), unpaired t 
test (G) or by unpaired t test with Welch’s correction (E, F), *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Data are representative of at least two independent experiments. 

See also Supplemental Figure IV and Supplemental Figure V.
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Figure 6. In vivo effects of HDL on macrophage inflammatory gene expression
(A) Wild type C57BL/6 mice fed a normal laboratory diet were injected intravenously with 

80 mg/Kg rHDL (n=8) or PBS daily (n=7), for a total of 5 days before sacrificing the mice 2 

hours after the last rHDL injection. Thioglycollate was injected intraperitoneally 3 days 

before sacrificing the mice and peritoneal macrophages were collected, stimulated with LPS 

(100 ng/ml, 2 h) and inflammatory gene expression was assessed. (B) Effect of LPS (10 

ng/ml, 4 hours) on inflammatory genes in resident peritoneal macrophages isolated from 

normal laboratory diet-fed APOA1Tg;Ldlr−/− mice or Ldlr−/− (WT) mice (n=7-8 per group). 

(C) Neutral lipid staining with BODIPY in resident macrophages isolated from 

APOA1Tg;Ldlr−/− mice (n=4) or Ldlr−/− littermates (n=4). (D) Apoe−/− mice fed a western 

type diet for 4 weeks were injected intravenously with 80 mg/Kg rHDL or PBS daily (n=29 

per group), for a total of 5 days before sacrificing the mice 2 hours after the last rHDL 

injection. CD11b+ cells from whole aorta were collected and assessed for inflammatory 

gene expression, Hmgcr and Abca1 expression. (E) Ldlr−/− mice fed a western type diet for 
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8 weeks were injected intravenously with 80 mg/Kg rHDL or PBS daily (n=12 per group), 

for a total of 5 days before sacrificing the mice 2 hours after the last rHDL injection. CD11b

+ cells from whole aorta were collected and assessed for inflammatory gene expression, 

Hmgcr and Abca1 expression. The results are shown as mean ± SEM. Significance was 

determined by multiple t-tests using the two-stage linear step-up procedure of Benjamini, 

Krieger and Yekutieli, with Q = 5%, *p<0.05, ****p<0.0001 (A), one-way ANOVA with 

Tukey’s multiple comparisons test (B) or by unpaired t test with Welch’s correction for data 

not having equal variances or Mann-Whitney U test for data not passing normality *p<0.05 

(D, E). See also Supplemental Figure VI.
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