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Abstract

Objective: High-density lipoprotein (HDL) can exert both anti-inflammatory and pro-

inflammatory effects in macrophages due to its ability to induce cholesterol depletion. Because 

cholesterol depletion also increases sheddase activity of the membrane protease ADAM17 

(ADAM metallopeptidase domain 17) in other cells, we examined if ADAM17 plays a role in 

HDL’s effects on inflammatory processes in macrophages in vitro and in vivo.

Approach and Results: Sorted peritoneal macrophages from human APOA1 transgenic LDL 

receptor-deficient (APOA1Tg; Ldlr−/−) mice with and without myeloid cell-targeted ADAM17-

deficiency were studied in parallel with wildtype and ADAM17-deficient bone marrow-derived 

macrophages stimulated with HDL in vitro. HDL increased ADAM17 expression and activity in 

macrophages. Furthermore, ADAM17-deficient macrophages exhibited reduced expression of 

ATP-binding cassette A1 (ABCA1) and reduced cholesterol efflux, and were cholesterol loaded. 

This was caused by the absence of shedding of TNFα, a major ADAM17 substrate. Sorted 

thioglycollate-elicited peritoneal macrophages freshly isolated from APOA1Tg; Ldlr−/− mice, 

which have higher HDL levels than Ldlr−/− controls, showed reduced expression of interferon-

inducible genes in response to lipopolysaccharide or interferon-β, but exacerbated pro-

inflammatory responses to lipopolysaccharide for Tnfa, Cxcl1, Ccl2 and Il1b, phenocopying cells 

stimulated with HDL in vitro. These effects were all prevented in ADAM17-deficient 

macrophages, and associated with lower concentrations of large HDL particles in APOA1Tg; Ldlr
−/− mice with myeloid cell-targeted ADAM17-deficiency.

Conclusions: The increased cholesterol loading of ADAM17-deficient macrophages prevents 

both anti- and pro-inflammatory responses of HDL. Our findings demonstrate a novel role for 

ADAM17 in maintaining cholesterol efflux in macrophages, thereby regulating the immune 

functions of these cells.
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Introduction

High-density lipoprotein-cholesterol (HDL-C) is inversely associated with atherosclerotic 

cardiovascular disease (CVD).1, 2 However, a causal relationship between HDL-C and CVD 

has been challenged by Mendelian randomization studies3, 4 and by the failure or mediocre 

success of HDL-C-elevating treatments in cardiovascular outcome trials of statin-treated 

subjects.5, 6 More recently, a U-shaped association has been demonstrated between HDL-C 

and all-cause mortality, suggesting that, at very high levels, HDL-C may associate with 

increased cardiovascular events and all-cause death.7 Due to the lack of compelling evidence 

that HDL-C is in the causal pathway for CVD, attention has been turned toward the 

functionality of the HDL particle.

The most established functional property of HDL is its ability to remove cholesterol from 

myeloid cells through aqueous diffusion, scavenger receptor BI and the cholesterol 

transporters ABCA1 and ABCG1 (ATP-binding cassette transporters A1 and G1).8–10 The 

cholesterol efflux capacity of HDL in macrophages was indeed found to be superior to 

HDL-C levels in distinguishing between patients at increased risk for coronary artery disease 

and control individuals, highlighting the importance of understanding HDL’s functions.11, 12

Cholesterol efflux by HDL changes the macrophage plasma membrane lipid composition,10 

which can modulate the effects of toll-like receptor (TLR) and type I interferon (IFN) 

stimulation, important pathways in the innate immune responses to pathogens.13–16 There 

have been recent interesting but contradictory findings on the role of HDL in modulating 

macrophage inflammatory responses, as some studies show an anti-inflammatory response 

to HDL17–20 and others describe pro-inflammatory effects of HDL or apolipoprotein A1 

(APOA1), the main structural protein of HDL.21, 22 Ito and colleagues observed that 

cholesterol depletion by cyclodextrin suppresses ABCA1 expression and lipopolysaccharide 

(LPS)-induced inflammatory genes in bone marrow-derived macrophages (BMDMs).23 

Similarly, Suzuki et al. observed anti-inflammatory responses to HDL on LPS-induced IFN 

signaling in macrophages.17 Contrary, work by van der Vorst and colleagues demonstrated 

that cholesterol depletion in macrophages by cyclodextrin or HDL can exacerbate pro-

inflammatory responses to TLR ligands in macrophages.21 Moreover, Smoak et al. reported 

pro-inflammatory effects of APOA1 in macrophages.22

To better understand the effects of HDL on inflammatory responses in macrophages, we 

recently systematically examined global transcriptomic effects of HDL. Our studies revealed 

that HDL can exert both pro-inflammatory and anti-inflammatory responses in macrophages 

in vitro and that these responses are temporally different and mediated by distinct 

intracellular signaling pathways.24, 25 Moreover, we showed that both the pro-inflammatory 

and anti-inflammatory effects of HDL are mediated by cholesterol depletion. The anti-

inflammatory response was due in part to suppression of type I IFN signaling while the late 

pro-inflammatory response to HDL was due to activation of an IRE1a (inositol-requiring 
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enzyme 1a)/ASK1 (apoptosis signal-regulating kinase 1)/p38 MAPK (p38 mitogen-activated 

protein kinase) pathway.24, 25 Our studies also suggested that the anti-inflammatory effects 

of HDL predominate over pro-inflammatory effects in myeloid cells in lesions of 

atherosclerosis.25

ADAM metallopeptidase domain 17 (ADAM17), also known as TACE [tumor necrosis 

factor-α (TNFα)-converting enzyme] is a transmembrane protease critically involved in 

shedding of many cell surface proteins, including inflammatory cytokines/chemokines and 

their receptors. Over 80 substrates of ADAM17 have been identified and the list is still 

growing.26 Several of these substrates, such as TNFα and its receptors, ICAM-1, and 

VCAM-1 have been implicated in atherosclerosis.26 In mouse models, global reduction of 

ADAM17 expression results in increased lesion development through a mechanism 

involving enhanced TNF receptor 2 signaling.27 Contrary, endothelial cell-targeted 

ADAM17-deficiency reduces atherosclerosis, while myeloid cell-targeted ADAM17-

deficiency has been shown to cause larger lesions with fewer macrophages and a more stable 

phenotype.28 Other studies are consistent with the hypothesis that ADAM17 in myeloid cells 

mediates primarily detrimental effects on atherosclerosis. For example, ADAM17 promotes 

tissue inflammation and limits synthesis of pro-resolving mediators and efferocytosis by 

cleaving MerTK29, 30 and promotes lesion macrophage proliferation.31

We reasoned that because ADAM17 is activated by plasma membrane lipid perturbations 

and cholesterol depletion in other cell types,32–35 ADAM17 might have a hitherto unknown 

role in mediating HDL’s effects in macrophages. Our findings show that HDL induces 

ADAM17 and that this mechanism serves to boost the functional effects of HDL through 

ABCA1 in macrophages.

Materials and Methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Mice

All animal studies were approved by the Animal Care and Use Committee of the University 

of Washington (protocol 3154-01). Wild type C57BL/6J (stock number 000664) and 

APOA1Tg (stock number 001927) mice were purchased from the Jackson Laboratory (Bar 

Harbor, ME). Mice with myeloid cell-targeted deletion of ADAM17 (ADAM17M−/−) were 

generated by crossing Adam17fl/fl mice31 to mice expressing Cre recombinase under control 

of the Lyz2 promoter (Lyz2Cre/Cre). Lyz2Cre/Cre; Adam17Wt/Wt littermates were used as 

controls. We crossed APOA1Tg mice with Ldlr−/− mice to generate APOA1Tg; Ldlr−/− mice 

and Ldlr−/− littermates. All mice were on the C57BL/6J background and males and females 

8–16 weeks of age were studied.

Bone marrow transplant study

To investigate the role of myeloid cell ADAM17 in HDL’s actions in vivo, chimeric mice 

were generated by whole body irradiation (10 Gy) of male APOA1Tg; Ldlr−/− and Ldlr−/− 

recipient mice. Femurs and tibias were removed from male Lyz2Cre/Cre; Adam17Wt/Wt or 
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Lyz2Cre/Cre; Adam17fl/fl mice. Bone marrow was flushed out with sterile PBS (phosphate 

buffered saline, pH: 7.5) and purified of erythrocytes by ACK lysis buffer. Recipient mice 

were reconstituted with 5 × 106 bone marrow cells injected retro-orbitally within 24 hr post-

irradiation. Bone marrow was allowed to engraft for 8 weeks before the mice were used for 

experiments. During recovery, the mice were treated with an antibiotic (2 mg/ml neomycin) 

added to the drinking water for the first two weeks after irradiation. After 8 weeks of 

recovery, the mice were sedated to collect whole blood for analysis of leukocyte numbers by 

a Hemavet automatic cell counter (Drew Scientific Inc., Miami Lakes, FL). Chimerism was 

confirmed by loss of Adam17 mRNA as well as cell surface expression of CD115 (an 

ADAM17 substrate) on blood monocytes (see Figure IA in the online-only Data Supplement 

for gating strategy). Plasma lipids were determined by colorimetric assays, according to the 

manufacturers’ instructions: triglycerides (Sigma-Aldrich, St. Louis, MO) and cholesterol 

(FUJIFILM Wako Diagnostics U.S.A., Mountain View, CA). Cholesterol lipoprotein profiles 

were analyzed as described previously.36

Thioglycollate-elicited peritoneal macrophages (1 ml of 3% thioglycollate per mouse, i.p.) 

were isolated by lavage 4 days after thioglycollate injection. Thioglycollate-elicited 

peritoneal macrophages identified as F4/80+ cells were stained with BODIPY 493/503 

(Invitrogen, 1:1000 dilution) to measure neutral lipid content (see Figure IB in the online-

only Data Supplement for gating strategy). The macrophage population was purified by 

depletion of unwanted non-macrophage cells using a negative selection macrophage 

isolation kit (Miltenyi Biotec Inc., Auburn, CA; 130-110-434). The sorted cells consisted of 

~90% macrophages, identified as F4/80+ cells (Figure IC in the online-only Data 

Supplement). Sorted macrophages were further purified by 1 hr adhesion onto tissue culture 

plates before stimulation with LPS (ultrapure LPS; 10 ng/ml; List Biological Laboratories 

Inc.; NC9633766) or mouse recombinant IFNβ (1 ng/ml; R&D systems). At the end of the 

treatments, gene expression was measured by real-time PCR. To validate the benefits of 

macrophage sorting and subsequent adhesion purification versus adhesion purification only, 

we compared gene expression of different cellular markers. The magnetic sorting method 

with subsequent adhesion purification resulted in lower expression of the B-cell marker 

Cd19, as compared with purification by adhesion alone (Figure ID in the online-only Data 

Supplement), indicating that magnetic sorting plus cell adhesion purification results in a 

cleaner macrophage population than adhesion purification alone. We therefore used sorted 

and adhesion purified macrophages for subsequent experiments involving thioglycolate-

elicited peritoneal macrophages.

Isolation, culture and stimulation of macrophages

Bone marrow-derived macrophages (BMDMs) were isolated and cultured as described 

previoulsy.37 After 7 days, BMDMs were treated with HDL isolated from APOA1Tg; Ldlr−/− 

mice in RPMI1640 medium containing 2% FBS for 18 hr, followed by washing of the cells 

and stimulation with ultrapure LPS, recombinant mouse IFNβ, TNFα (20 ng/ml; R&D 

systems; 410-MT), R848 (2 μg/ml, InvivoGen; tlrl-r848) or Poly:IC (10 μg/ml, Tocris 

Bioscience; 4287) for the indicated periods of time in the presence of 30% L929-conditioned 

medium. In some experiments, instead of HDL the cells were pre-incubated for 18 h with 

LDL isolated from plasma of APOA1Tg; Ldlr−/− mice, or with human wildtype APOA1 or 
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an APOA1 C-terminal deletion mutant (1–184).38 APOA1 C-terminal deletion mutants have 

a severely reduced ability of inducing cholesterol efflux through ABCA1.39 In other 

experiments, chemical inhibitors were added before HDL treatment and LPS stimulation. 

These included: a p38 MAPK inhibitor (SB202190; 10 μM, Santa Cruz Biotechnology, Inc., 

Dallas, TX), ASK1 inhibitor (Selonsertib 10 μM, Selleck Chemicals Llc; Houston, TX) and 

an ADAM17 inhibitor (TAPI-1; 20 μM, Enzo Life Sciences, Inc., Farmingdale, NY). For 

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

cyclodextrin (MβCD; 10 μM, Sigma) or with acetylated LDL (AcLDL; 50 μg/ml human 

acetylated LDL; Kalen Biomedical, Germantown, MD; product number 770201) to prevent 

cholesterol depletion before stimulation of the cells with HDL and LPS. In TNFα 
neutralization experiments, BMDMs were treated with a neutralizing anti-TNFα antibody 

(10 μg/ml; R&D systems; MAB4101) or isotype control (10 μg/ml; R&D systems; 

MAB005) for 4 hr to block the response of shed TNFα.

For isolation of thioglycollate-elicited macrophages, peritoneal cells were collected from 

Ldlr−/− or APOA1Tg; Ldlr−/− male and female mice 4 days after thioglycollate injection, and 

purified by negative isolation, as described above. Isolated and sorted macrophages were 

further purified by adhesion (1 hr) before stimulation with LPS or IFNβ in RPMI1640 

supplemented with 2% FBS for indicated periods of time. After stimulation with LPS or 

IFNβ, cells were lysed in RNA lysis buffer for RNA isolation or collected in Western lysis 

buffer (25 mM Tris-HCL pH 7.4, 150 mM NaCl, 2 mM EDTA, 10 mM Na2SO4, 1% Triton-

X100) supplemented with phosphatase inhibitors and protease inhibitors, including 50 μM 

GM6001 to prevent ADAM17 autoproteolysis for protein analysis. The duration of the 

treatments is described in the figure legend of each experiment.

Quantitative PCR and ELISAs

Quantitative PCR was performed as described previously.40 Primers for qPCR assays are 

provided in Table SI. TNFα, CCL2 (Invitrogen) and CXCL1 (R&D systems) ELISAs were 

performed on conditioned media, according to the manufacturers’ instructions. Results were 

normalized to total cellular protein.

Immunoblot analysis

BMDMs were washed twice in PBS and lysed with lysis buffer supplemented with 

phosphatase inhibitors and protease inhibitors, including 50 μM GM6001 to prevent 

ADAM17 autoproteolysis.41 Cellular protein quantity was measured with the Pierce BCA 

protein assay kit (Thermo Fisher Scientific), and cell lysates were then subjected to SDS-

PAGE on 10% gels with a protein ladder (Bio-Rad Laboratories, Hercules, CA), and 

transferred to nitrocellulose membranes (Bio-Rad). The membranes were blocked in 5% 

non-fat dry milk (Bio-Rad) in Tris-buffered saline with 0.1% Tween-20 (Thermo Fisher 

Scientific). To monitor the active form of ADAM17,31 cell lysates were added to 

neutravidin-agarose and incubated end-over-end for 2 hrs. Following 4 washes with lysis 

buffer supplemented with 300 mM NaCl, the biotinylated proteins were eluted using 

peptide-N-glycosidase F (PNGase F) denaturation buffer with boiling. Samples were treated 

with 500 units of PNGase F (New England BioLabs) and incubated for 1 hr at 37°C, 

followed by SDS gel separation and immunoblot analysis of ADAM17.
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The primary and secondary antibodies and the dilution which they were used were: p-p38 

MAPK (Cell Signaling; 9211, 1:1000 dilution), p38 MAPK (Cell Signaling; 9212, 1:2000 

dilution), p-STAT1 (Cell Signaling; 9167, 1:1000 dilution), STAT1 (Cell Signaling; 9172, 

1:2000 dilution), ADAM17 (Cell Signaling; 3976, 1:1000 dilution), β-actin (Sigma-Aldrich; 

A1978, 1:10000 dilution), α-tubulin (Sigma-Aldrich; T5168, 1:5000 dilution), anti-rabbit 

IgG HRP-linked antibody (Cell Signaling, 1:3000 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 Fisher Scientific) was used.

Flow cytometry

BMDMs were cultured on non-tissue culture plates (Thermo Fisher Scientific) and gently 

dislodged from the plates using ice-cold PBS containing 2 mM EDTA to avoid damage to 

cell surface antigens. BMDMs were centrifuged, washed, and resuspended in FACS buffer 

(0.1% BSA, 5 mM EDTA). Cell suspensions were preincubated with anti–CD16/CD32 mAb 

(eBiosciences; 14-0161, 1:4000 dilution) to block FcγRII/III receptors and stained on ice. 

The cells were stained for 30 min with a PE-labeled TREM2 antibody (Invitrogen; 

MA5-28225, 1:200 dilution), a PE-Cy7-labeled CD36 clone HM36 (Biolegend; 102615, 

1:200 dilution), an APC-labeled MerTK clone DS5MMER (eBiosciences; 17-5751-80, 

1:200 dilution), FITC-labeled VLDL receptor antibody (Abcam; ab75591, 1:200 dilution) or 

the neutral lipid dye BODIPY 493/503 (1:1000 dilution).

Thioglycollate-elicited peritoneal cells were collected from APOA1Tg; Ldlr−/− mice and 

Ldlr−/− littermates using PBS containing ultrapure 2 mM EDTA (Invitrogen). Cell 

suspensions were preincubated with anti–CD16/CD32 mAb to block FcγRII/III receptors, 

and were stained on ice. The cells were stained for 30 min with fluorochrome-conjugated 

monoclonal antibodies in the following color staining combinations: PE-Cy7-labeled F4/80 

clone BM8 (eBiosciences; 25-4801-82, 1:2000 dilution), TLR4-PE/Cy7 clone SA15-21 

(Biolegend; 145408, 1:200 dilution), V500-labeled CD11b clone M1/70 (BD Horizon; 

1:1000 dilution), APC-labeled MerTK clone DS5MMER (eBiosciences; 17-5751-80, 1:200 

dilution) and PE-labeled TREM2 (Invitrogen; MA5-28225, 1:200 dilution) or BODIPY 

493/503 (1:1000 dilution). In separate sets of experiments, retro-orbital blood was harvested 

and purified of erythrocytes. Fluorescently labeled antibodies were added after addition of a 

viability dye (diluted 1:2; eBioscience, catalog 65-0863) and an Fc blocking step 

(eBioscience, catalog 14-0161). The cells were then stained for 30 min with PE-labeled 

CD115 clone AFS98 (eBiosciences; 12-1152-83, 1:1000 dilution). Cells were kept at 4°C 

during all steps in the staining protocol. All samples were analyzed on a FACSCanto II (BD 

Biosciences) or FACScan™ system (Becton Dickinson), running FlowJo software (Becton 

Dickinson).

Cholesterol and triglyceride assays

Cells were washed twice with ice-cold PBS and lysed with hypotonic buffer (PBS 

containing 10 mM sodium cholate, pH 7.4). The samples were centrifuged at 5,000 × g at 4 

°C for 10 min to remove cell debris. The collected supernatants were used to measure total 

cholesterol mass using an Amplex Red Cholesterol Assay Kit (Life Technologies, Cat # 

A12216) according to the supplier’s instructions. In addition, triglyceride content in the 
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samples was determined by using a colorimetric assay from Sigma-Aldrich (St Louis, MO) 

and normalized to milligrams of protein in the extracted supernatants.

Lipid raft, BODIPY and filipin staining

For lipid raft staining, BMDMs from C57BL/6J WT mice or peritoneal macrophages from 

Ldlr−/− and APOA1Tg; Ldlr−/− mice were plated on eight-chambered Lab-Tek borosilicate 

cover glass (Thermo Fisher Scientific, Nunc) at a density of 1 × 105 cells per well. Staining 

was performed using the cholera toxin subunit B (Thermo Fisher Scientific) according to the 

manufacturer’s protocol. Pictures were collected using a Nikon A1R Confocal microscope at 

60X magnification and quantified using Image J analysis software. Corrected total cell 

fluorescence (CTCF) was calculated by using the formula, CTCF = Integrated Density – 

(area of selected cell X mean fluorescence of background readings).

Lipid droplets were identified with the neutral lipid dye BODIPY 493/503 (Invitrogen) using 

confocal microscopy. BMDMs from ADAM17-deficient mice and C57BL/6J controls were 

plated on eight-chambered Lab-Tek borosilicate cover glass. Pictures were collected using a 

Nikon A1R Confocal microscope at 60X magnification.

To determine free cholesterol accumulation, BMDMs were fixed in 4% paraformaldehyde 

for 10 min at room temperature, rinsed using glycine/PBS, and stained with 0.25 mg/ml 

filipin for 2 hr at room temperature. The cells were viewed in PBS by fluorescence 

microscopy (Keyence All-in-One Fluorescence Microscope BZ-X800) using a UV filter set 

(340–380 nm excitation) at 20X magnification.

HDL and LDL isolation from mouse plasma

HDL (density 1.125–1.21 g/ml) and LDL (density 1.019–1.063 g/ml) were isolated from 

EDTA plasma of APOA1Tg; Ldlr−/− mice by density gradient ultracentrifugation according 

to described methods.17, 40, 42

Quantification of HDL particle size and concentration

HDL particle concentration (HDL-P) and size distribution were measured using calibrated 

ion mobility analysis (cIMA).25, 43, 44 Three species of HDL particles were detected in 

APOA1Tg; Ldlr−/− mice by cIMA analysis, and were classified as small (S-HDL, average 

diameter 8.4 nm), medium (M-HDL, average diameter 9.5 nm), or large (L-HDL, average 

diameter 10.8 nm). The total HDL particle (T-HDL) concentration was calculated as the sum 

total of all 3 particle populations.

Cholesterol efflux assay

The cholesterol efflux capacity of HDL (100 μg/ml, 4 hr) was determined in C57BL/6J wild-

type and ADAM17-deficient BMDMs radiolabeled with [3H]-cholesterol and incubated with 

cyclic AMP to induce expression of ABCA1 and ABCG1 and an acyl-coenzyme 

A:cholesterol acyltransferase inhibitor (2 μg/ml).11 In some experiments, cells were treated 

with either TNFα (20 ng/ml), a goat anti-mouse blocking TNFα antibody (R&D systems, 

AF-410-SP) or control IgG (R&D systems, AB-108-C) before measuring cholesterol efflux 

capacity of HDL. Cholesterol efflux was calculated as the percentage of radiolabeled 
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cholesterol in the medium at the end of the incubation divided by the total radioactivity of 

the medium and cells.44

CRISPR/Cas9-mediated deletion of TREM2

A pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid was purchased from Addgene (Plasmid 

#62988). The single guide RNA (sgRNA) oligonucleotides for Trem2 (sgRNA1; 

CTGCAGCACCGTGGTGTTGA and sgRNA2; AAGGCCTGGTGTCGGCAGCT) were 

designed using the Broad CRISPR algorithm. sgRNAs were cloned into the sgRNA vector 

using a BsmBI restriction digest.

CRISPR/Cas9-mediated deletion of Trem2 was performed by transfection of Cas9 

complexed with the Trem2-specific guide RNAs in BMDMs using lipofectamine 3000, 

following the manufacturer’s protocol (Thermo Fisher Scientific). Successfully transduced 

cells were selected using puromycin at 5 μg/ml. Trem2 knockdown was confirmed by flow 

cytometry using a PE-labeled TREM2 (Invitrogen; MA5-28225, 1:200 dilution) antibody.

Statistical analyses

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

represents the number of individually differentiated primary macrophage cultures in each 

experiment. In thioglycollate-elicited peritoneal macrophage experiments from the bone 

marrow transplant study, 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 

two datasets, unpaired two-tailed Mann-Whitney tests were used (datasets without equal 

variance or datasets too small to verify normal distribution). To assess differences between 

three or more groups, one-way ANOVA with Tukey’s multiple comparisons tests or two-way 

ANOVA followed by Sidak’s multiple comparison tests was used. When the criteria were 

not met for analyses by parametric test, Brown-Forsythe ANOVA followed by Dunnett’s 

multiple comparison tests or Kruskal-Wallis followed by Dunn’s multiple comparison tests 

was used. The criterion for significance was set at p < 0.05. Statistical analyses were 

performed using GraphPad Prism, version 8.4.3 (San Diego, CA).

See the online supplement for additional details.

Results

In vivo HDL priming exacerbates both pro-inflammatory and anti-inflammatory responses 
in macrophages

We recently demonstrated that reconstituted HDL (rHDL; CSL-111) induces both pro-

inflammatory and anti-inflammatory responses to LPS in macrophages through cholesterol 

efflux and that these responses are both temporally different and mediated by distinct 

signaling pathways.24, 25 The pro-inflammatory effects of HDL in isolated macrophages are 

mediated by IRE1a/ASK1/p38 MAPK signaling whereas the anti-inflammatory effects in 
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the same macrophages are due to reduced cell surface expression of TLR4 and to 

suppression of interferon receptor signaling.25

In the present study, we first sought to expand on our previously published observations 

using Ldlr−/− transgenic mice expressing human APOA1 (APOA1Tg), whose HDL levels are 

higher than those of Ldlr−/− mice,45 and whose HDL profile resembles that of humans, with 

small, medium and large HDL particle populations. Wildtype mice and Ldlr−/− mice have 

only one HDL population.45 Sorted thioglycollate-elicited peritoneal macrophages from 

APOA1Tg; Ldlr−/− mice showed increases in LPS-induced Tnfa, Cxcl1, Ccl2 and Il1b gene 

expression, as compared with macrophages from Ldlr−/− littermate controls (Figure 1A). To 

confirm that changes in pro-inflammatory genes translated to increased cytokine/chemokine 

secretion, we stimulated macrophages with LPS for different periods of time (4–20 hr). As 

shown in Figure 1B, macrophages from APOA1Tg; Ldlr−/− mice exhibited increases in 

secretion of TNFα and CXCL1 (8 hr and 20 hr), as compared with macrophages from Ldlr
−/− mice.

In contrast, peritoneal macrophages from APOA1Tg; Ldlr−/− showed significant reductions 

in LPS-induced gene expression of Ifit2 and Mx1, consistent with the anti-inflammatory 

effect on the interferon signaling pathway (Figure 1C). Additionally, thioglycollate-elicited 

peritoneal macrophages from APOA1Tg; Ldlr−/− mice showed repressed expression of Ifit2, 

Mx1 and Irf7 in response to IFNβ (Figure 1D), confirming the anti-inflammatory effect on 

interferon signaling.

The pro-inflammatory and anti-inflammatory responses to LPS and IFNβ in thioglycollate-

elicited peritoneal macrophages from APOA1Tg; Ldlr−/− mice were only observed in purer 

macrophage populations sorted by negative selection in addition to adhesion purification, as 

compared with 1 hr adhesion purification alone (Figure ID and IE in the online-only Data 

Supplement). These results indicate that the presence of other cell types in thioglycollate-

elicited peritoneal macrophage preparations interfere with the results. The presence of B-

cells is a likely confounder because the B-cell marker Cd19 was higher in cells purified by 

adhesion only (Figure ID in the online-only Data Supplement).

Consistent with anti-inflammatory effects downstream of IFNAR (interferon α and β 
receptor) activation, macrophages from APOA1Tg; Ldlr−/− mice exhibited reduced STAT1 

(signal transducer and activator of transcription 1) phosphorylation in response to IFNβ 
stimulation (Figure 1E). The different responses to LPS of macrophages from APOA1Tg; 

Ldlr−/− mice were not due to altered cell surface expression of TLR4 (Figure IF in the 

online-only Data Supplement). Importantly, in the absence of LPS or IFNβ stimulation, 

macrophages from APOA1Tg; Ldlr−/− mice did not display altered pro-inflammatory or anti-

inflammatory phenotypes (Figure 1A–1D). Previously we have shown that resident 

peritoneal macrophages from APOA1Tg; Ldlr−/− mice are less lipid loaded as compared with 

macrophages from Ldlr−/− mice.25 This was further confirmed by a reduced lipid raft 

staining in thioglycolate-elicited peritoneal macrophages from APOA1Tg; Ldlr−/− mice as 

compared with macrophages from Ldlr−/− mice (Figure 1F). These results indicate that in 

vivo cholesterol depletion of macrophages results in pro-inflammatory and anti-

inflammatory responses to LPS and IFNβ.
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We next isolated HDL from APOA1Tg; Ldlr−/− mice to characterize its pro-and anti-

inflammatory potential in macrophages. HDL’s functionality was tested by first determining 

its anti-inflammatory potential in endothelial cells. The protective effect of HDL on 

endothelial cells was established in a monocyte adhesion assay, in which pre-treatment of 

HDL inhibited TNFα-induced monocyte adhesion (Figure IIA in the online-only Data 

Supplement). We then investigated the effect of HDL on inflammatory phenotypes of 

macrophages. BMDMs were pre-treated with HDL followed by stimulation with LPS for 4 

hr in the absence of HDL. Similar to what we observed previously,25 pre-treatment with 

HDL had a pro-inflammatory effect as it increased LPS-induced Tnfa gene expression 

(Figure 1G) and secretion of TNFα and CXCL1 (Figure IIB in the online-only Data 

Supplement). Consistent with previous studies,21 the HDL-induced pro-inflammatory 

response was not restricted to TLR4 stimulation, as HDL also increased TLR3 and TLR7/8 

mediated gene expression of Tnfa, but did not alter the effect of TNFα (Figure IIC and IID 

in the online-only Data Supplement). Additionally, HDL pretreatment inhibited LPS-

induced gene expression of Ifit2 (Figure 1G), confirming the anti-inflammatory response of 

the interferon signaling pathway.

Importantly, the effects of native HDL were associated with increased p38MAPK 

phosphorylation and a reduction of STAT1 phosphorylation (Figure 1H), as we showed 

previously for reconstituted HDL.25 Furthermore, HDL treatment significantly reduced the 

lipid raft content in BMDMs, similar to what we observed in macrophages from APOA1Tg; 
Ldlr−/− mice. HDL’s effect on lipid rafts was comparable to that of the cholesterol depleting 

agent methyl-β-cyclodextrin (MβCD, Figure IIE in the online-only Data Supplement). 

Overall, these results are consistent with the notion that HDL’s ability to induce cholesterol 

depletion drives both pro- and anti-inflammatory responsiveness in macrophages in vitro and 

in vivo.

Next, we investigated whether LDL or APOA1 would have effects similar to those of HDL 

on pro- and anti-inflammatory processes. LDL slightly enhanced the effect of LPS-induced 

Tnfa and Cxcl1 gene expression, but did not affect the LPS-induced interferon pathway 

(Figure IIF in the online-only Data Supplement), indicating that the effects of LDL are 

distinct from those of HDL.

Strikingly, contrary to HDL’s pro-inflammatory effects, free APOA1 did not increase LPS-

induced gene expression of Tnfa and Cxcl1 and exhibited a marked anti-inflammatory effect 

(Figure IIF in the online-only Data Supplement). Moreover, APOA1 suppressed HDL’s pro-

inflammatory responses in macrophages (Figure IIG in the online-only Data Supplement), 

strongly arguing that the effects of HDL and APOA1 are mediated through distinct 

mechanisms. In order to further investigate the mechanism of APOA1’s anti-inflammatory 

effect, we used an APOA1 C-terminal deletion mutant (1–184). APOA1 C-terminal deletion 

mutants have a poor ability to mediate cholesterol efflux through ABCA1.39 The APOA1 

mutant was much less potent in inducing anti-inflammatory effects in wildtype macrophages 

than was full-length APOA1 (Figure IIH in the online-only Data Supplement).

Together, these findings show that native HDL induces both pro- and anti-inflammatory 

effects in macrophages, consistent with our previous findings on reconstituted HDL, and that 
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the pro-inflammatory capacity of HDL is mediated through mechanisms distinct from those 

of free APOA1.

ADAM17 is required for pro- and anti-inflammatory responses to HDL in macrophages

Because previous studies suggested that depletion of cholesterol promotes TNFα shedding 

from endothelial cells by redistribution of ADAM17 from lipid rafts,32, 33 we next 

investigated the role of ADAM17 in HDL’s pro- and anti-inflammatory effects in 

macrophages. HDL markedly increased ADAM17 gene and protein expression in these cells 

(Figure 2A–B). Similarly, cholesterol depletion by MβCD increased expression of ADAM17 

(Figure IIIA in the online-only Data Supplement) while cholesterol loading using acetylated 

LDL blunted the HDL-mediated increase in ADAM17 expression (Figure 2C), indicating 

that cholesterol depletion drives ADAM17 induction. HDL-mediated induction of ADAM17 

was not dependent on ASK1/p38 MAPK activation, because inhibition of p38 MAPK or 

ASK1 did not prevent HDL-induced ADAM17 expression (Figure IIIB–C in the online-only 

Data Supplement).

To assess whether the pro-inflammatory and anti-inflammatory responses of HDL depend on 

ADAM17, we analyzed BMDMs from mice with myeloid cell-targeted ADAM17 deletion 

(ADAM17M−/−) and wildtype (WT) C57BL/6J controls. As shown in Figure 2D, pre-

treatment with HDL significantly increased LPS-induced Tnfa and Cxcl1 mRNA expression 

in BMDMs from WT mice, as expected. Strikingly, cells deficient in ADAM17 exhibited no 

differences in these LPS responses when pre-incubated with HDL (Figure 2D). Furthermore, 

ADAM17-deficiency completely blocked the LPS/HDL-induced secretion of TNFα, 

consistent with TNFα being a major ADAM17 substrate and that LPS increases its release 

through ADAM17-mediated shedding (Figure 2E). However, ADAM17-deficiency also 

prevented HDL’s effect on CXCL1 secretion, without affecting the LPS response (Figure 

2E). In addition, HDL’s anti-inflammatory response on IFNβ-induced activation of 

interferon signaling (Ifit2 and Mx1) was also absent in ADAM17-deficient macrophages, as 

compared with BMDMs from WT mice (Figure 2F).

We next determined whether HDL’s effect on inflammatory macrophage responses is due to 

an increase in ADAM17’s enzymatic activity. HDL increased cell surface levels of active 

forms of ADAM17 (Figure 2G) as well as enhanced CD115 shedding as a measure of 

ADAM17 activity31 in BMDMs (Figure 2H). Moreover, the ADAM17 activity inhibitor 

(TAPI-1) mimicked the effect of ADAM17-deficiency and prevented HDL’s pro-

inflammatory and anti-inflammatory responses (Figure IIID and IIIE in the online-only Data 

Supplement). Together, these results indicate that HDL’s pro-inflammatory and anti-

inflammatory activities in macrophages depend on the presence of active ADAM17.

Myeloid cell targeted ADAM17-deficiency prevents pro- and anti-inflammatory responses 
in APOA1Tg mice

To investigate the role of ADAM17 in vivo, bone marrow from ADAM17M−/− mice and WT 

littermates (controls) was transplanted into male APOA1Tg Ldlr−/− and Ldlr−/− recipient 

mice (Figure 3A). As shown in Figure 3B, thioglycollate-elicited peritoneal macrophages 

from APOA1Tg; Ldlr−/− mice transplanted with WT bone marrow showed a significant 
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increase in Adam17 gene expression as compared with macrophages from Ldlr−/− mice 

transplanted with WT bone marrow (Figure 3B), consistent with the stimulatory effect of 

HDL on ADAM17 (Figure 2A–B). Similarly, resident peritoneal cells from APOA1Tg Ldlr
−/− mice exhibited elevated gene expression of Adam17 as compared with cells from Ldlr−/− 

mice (Figure IVA in the online-only Data Supplement). Both Ldlr−/− and APOA1Tg Ldlr−/− 

mice receiving bone marrow from ADAM17M−/− mice exhibited a 95% reduction in 

Adam17 mRNA levels (Figure 3B), confirming near-complete chimerism. Moreover, blood 

leukocyte preparations from both APOA1Tg Ldlr−/− and Ldlr−/− mice with myeloid cell-

targeted ADAM17-deficiency exhibited higher cell surface levels of the ADAM17 substrate 

CD11531 (Figure 3C) consistent with a reduced ADAM17 sheddase activity in blood 

myeloid cells.

We next stimulated thioglycollate-elicited purified macrophages from the bone marrow 

chimeric mice either with LPS or IFNβ. Macrophages from APOA1Tg Ldlr−/− mice 

transplanted with bone marrow from WT mice exhibited significant increases in LPS-

induced Tnfa and Cxcl1 gene expression, as compared with macrophages from Ldlr−/− mice, 

but these responses were absent in ADAM17-deficient macrophages from APOA1Tg Ldlr−/− 

mice (Figure 3D). In addition, macrophages from APOA1Tg; Ldlr−/− mice transplanted with 

bone marrow from WT mice exhibited significant decreases in IFNβ-induced Ifit2 and Mx1 
gene expression, as compared with macrophages from Ldlr−/− mice (Figure 3E). Again, 

myeloid cell-targeted ADAM17-deficiency prevented these effects (Figure 3E). Consistent 

with the pro- and anti-inflammatory responses of HDL being dependent on the lipid status of 

the macrophage, reduced neutral lipid content as indicated by reduced BODIPY staining and 

increased expression of Hmgcr (which is induced by cholesterol depletion) were observed in 

macrophages from APOA1Tg Ldlr−/− mice as compared with macrophages from Ldlr−/− 

mice transplanted with WT bone marrow (Figure 3E–F). Myeloid cell-targeted ADAM17-

deficiency prevented the reduction in macrophage neutral lipid content and the increase in 

Hmgcr in APOA1Tg Ldlr−/− mice (Figure 3E–F).

Importantly, the effects of myeloid cell ADAM17-deficiency were not confounded by 

changes in plasma lipids, leukocytosis or numbers of peritoneal cells (Figure IVB–H in the 

online-only Data Supplement). Overall, these results indicate that ADAM17 is required to 

maintain the in vivo cholesterol depletion status in macrophages from APOA1Tg mice 

obligatory for the downstream effects on inflammatory responses.

ADAM17-deficiency increases cholesterol content in macrophages without enhancing 
cholesterol synthesis or uptake

Our previous studies demonstrated that cholesterol loading of macrophages prevented both 

the pro- and anti-inflammatory effects of HDL.25 To further investigate how ADAM17-

deficiency prevents HDL’s immune effects on macrophages, we determined the lipid content 

in WT and ADAM17-deficient macrophages. Imaging of neutral lipids using BODIPY 

revealed that ADAM17-deficiency significantly increases lipid content in macrophages 

under baseline conditions (Figure 4A). This was further confirmed by flow cytometry, 

showing that macrophages from ADAM17M−/− mice have 3-fold higher levels of neutral 

lipids than those of WT mice (Figure 4B). Because increased BODIPY staining could be an 
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indication of increased cholesterol and/or triglyceride levels, we next analyzed the 

triglyceride and cholesterol content. As shown in Figure 4C, triglyceride levels were similar 

between WT and ADAM17-deficient macrophages. Consistent with the higher BOPIPY-

positive lipid content, ADAM17-deficient macrophages had significantly higher levels of 

free cholesterol, measured by filipin staining both in the presence and absence of HDL pre-

treatment, as compared with macrophages from WT mice (Figure 4D). Additionally, 

prolonged (24–48 hr) inhibition of ADAM17 activity significantly increased the total 

cholesterol content in macrophages (Figure 4E), indicating that the sheddase function of 

ADAM17 acts to suppress macrophage cholesterol levels.

To understand the mechanism behind the higher cholesterol loading status in ADAM17-

deficient macrophages, we first determined the expression of cholesterol biosynthesis genes. 

ADAM17-deficiency did not affect gene expression of Srebf2 or Hmgcr, but reduced Sqle 
mRNA levels under baseline conditions, as compared with macrophages from WT mice 

(Figure VA in the online-only Data Supplement). Consistently, there was no increase in 

lipogenesis in ADAM17-deficient macrophages, measured as incorporation of 3H-acetate 

into cellular lipids (Figure VB in the online-only Data Supplement). Furthermore, 

measurements of uptake of DiI-labeled AcLDL in BMDMs from WT and ADAM17M−/− 

mice revealed no significant differences in lipoprotein uptake (Figure VC in the online-only 

Data Supplement), nor was there a difference in Ldlr mRNA levels (Figure VA in the online-

only Data Supplement). In addition, there was no increase in the accumulation of cholesteryl 

ester in ADAM17-deficient macrophages loaded with AcLDL as compared with 

macrophages from WT mice, but rather a decrease (Figure VD in the online-only Data 

Supplement). These results indicate that the higher cholesterol content in ADAM17-

deficient macrophages is not due to increased cholesterol biosynthesis or cholesterol uptake.

Next, we determined by flow cytometry cell surface expression of receptors known to be 

involved in lipid metabolism. Although CD36 and MerTK can be substrates of 

ADAM17,30, 46, 47 we did not observe significant changes in cell surface levels in 

ADAM17-deficient macrophages (Figure VE–F in the online-only Data Supplement). In 

addition, consistent with previous literature, cell surface levels of the VLDL receptor were 

low in mouse macrophages48 and were not significantly altered by ADAM17-deficiency 

(Figure VG in the online-only Data Supplement).

Recently, TREM2 (triggering receptor expressed on myeloid cells 2), which can bind APOE,
49 was shown to act as lipid sensor and to play a role in phagocytosis and cytokine release.50 

Furthermore, TREM2’s ectodomain shedding is mediated in part by ADAM17.50–52 

Consistently, cell surface levels of TREM2 were significantly higher in BMDMs from 

ADAM17M−/− mice (Figure 4F). Similarly, ADAM17-deficient macrophages exhibited 

significantly increased TREM2 cell surface levels in both APOA1Tg Ldlr−/− and Ldlr−/− 

mice (Figure 4G), indicating that TREM2 is indeed an important ADAM17 substrate. 

Because adipose tissue macrophages from TREM2-deficient mice have reduced neutral lipid 

accumulation,53 to investigate if ADAM17 acts to lower macrophage cholesterol levels by 

shedding of TREM2, we next silenced TREM2 using a CRISPR/Cas9 strategy (Figure VH 

in the online-only Data Supplement). As shown in Figure 4H, transfection of Cas9 

complexed with Trem2-specific guide RNAs reduced cell surface levels of TREM2 in 
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BMDMs. However, the reduction in TREM2 did not alter the intracellular content of 

BODIPY-positive neutral lipid (Figure 4I) or free cholesterol measured by filipin staining 

(Figure 4J), suggesting that the increased lipid levels in ADAM17-deficient macrophages is 

likely to be independent of TREM2 shedding. Overall, our results show that ADAM17 is 

required for maintaining cholesterol levels low in macrophages and that lack of ADAM17 

increases cholesterol content in these cells through a mechanism that is not dependent on 

increased cholesterol synthesis or uptake.

ADAM17 maintains low cholesterol levels in macrophages by enhancing ABCA1-mediated 
cholesterol efflux

Given that ADAM17-deficiency does not appear to increase cholesterol uptake or synthesis, 

we next investigated whether cholesterol efflux is impaired by ADAM17-deficiency. 

Compared to WT macrophages, ADAM17-deficient macrophages displayed reduced 

cholesterol efflux into the media under baseline conditions (Figure 5A). Following cAMP-

stimulation, which increases expression of ABCA1 and ABCG1,54 cholesterol efflux was 

markedly reduced in ADAM17-deficient macrophages, as compared with WT macrophages 

(Figure 5A). Furthermore, consistent with the reduced cholesterol efflux, HDL was unable 

to reduce the free cholesterol level (Figure 4D) and lipid raft content (Figure 5B) in 

ADAM17-deficient macrophages.

TNFα, the best known ADAM17 substrate, is known to enhance cholesterol efflux by 

upregulating ABCA155 and accordingly, a reduction in cholesterol efflux capacity was 

reported in TNF receptor-deficient macrophages.22 Consistently, TNFα-treatment markedly 

upregulated Abca1 mRNA in BMDMs without inducing a significant change in Abcg1 or 

Scarb1 (SRB1) gene expression (Figure 5C). In addition, TNFα pretreatment significantly 

increased HDL’s cholesterol efflux capacity in BMDMs (Figure 5D). Contrary, blocking the 

response of constitutively released TNFα from BMDMs under basal conditions by using a 

neutralizing anti-TNFα antibody significantly reduced Abca1 mRNA levels (Figure 5E) and 

reduced the cholesterol efflux capacity of HDL (Figure 5F). Importantly, ADAM17-deficient 

BMDMs also showed a reduction in Abca1 gene expression (Figure 5G), consistent with the 

lower release of biologically active soluble TNFα due to lack of ADAM17 mediated 

ectodomain shedding. Indeed, inhibition of ADAM17’s activity produced a similarly marked 

reduction in Abca1 mRNA levels (Figure 5H). Moreover, blocking the activity of released 

TNFα in wildtype BMDMs by the TNFα blocking antibody reduced Abca1 mRNA levels to 

those found in ADAM17-deficient BMDMs, in which the TNFα blocking antibody had no 

effect (Figure 5I), and treatment with exogenous TNFα rescued the impaired cholesterol 

efflux in ADAM17-deficient macrophages (Figure 5J), and increased Abca1 gene expression 

(Figure 5K).

Finally, if APOA1 acts through ABCA1 to suppress inflammatory effects of LPS, one would 

expect that ADAM17-deficient macrophages, with their lower levels of ABCA1 expression, 

would be less responsive to APOA1. This was indeed the case: the ability of APOA1 to 

suppress LPS-induced Tnfa gene expression was significantly impaired in ADAM17-

deficient BMDMs, as compared with macrophages from WT mice (Figure IIIF in the online-

only Data Supplement).
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Together, these findings strongly suggest that the ability of HDL to efflux cholesterol is 

significantly reduced in ADAM17-deficient macrophages due to the absence of autocrine 

signaling from TNFα needed to maintain ABCA1 expression.

Myeloid cell ADAM17 is required to maintain large HDL particle concentrations in vivo

Finally, to investigate the potential physiological relevance of the reduced cholesterol efflux 

in response to myeloid cell ADAM17-deficiency in vivo, we quantified concentrations of the 

different HDL particle populations in APOA1Tg Ldlr−/− mice transplanted with bone 

marrow from ADAM17M−/− mice by calibrated IMA. As shown in Figures 6A–B, APOA1Tg 

Ldlr−/− mice transplanted with WT bone marrow exhibited 2.2-fold higher total HDL 

particle concentrations than Ldlr−/− mice not expressing the APOA1 transgene. APOA1Tg 

Ldlr−/− mice also displayed the human-like HDL particle distribution of small-, medium- 

and large-HDL, whereas Ldlr−/− mice had only one HDL population, consistent with 

previous reports.45

Transplantation of bone marrow from ADAM17M−/− mice resulted in a modest reduction in 

the total HDL particle concentrations, as compared with transplants from control littermates 

in APOA1Tg Ldlr−/− mice (Figure 6B). HDL particles are heterogeneous and can be 

fractioned into subclasses defined by density or size, reflecting differences in the relative 

content of proteins and lipids. Hence, the HDL subclasses vary in composition and also 

differ in their capacity of contributing to reverse cholesterol transport. Small HDL particles 

exert the highest cholesterol efflux capacity by a pathway involving ABCA156 while 

impairment of cholesterol efflux due to reduced interaction of nascent HDL with ABCA1 is 

associated with defective maturation into large HDL.57 Indeed, measurement of particle 

concentrations of the different HDL subclasses revealed that APOA1Tg Ldlr−/− mice 

transplanted with bone marrow from ADAM17M−/− mice exhibited reduced plasma 

concentrations specifically of large HDL particles, compared with APOA1Tg Ldlr−/− mice 

transplanted with WT bone marrow (Figure 6C). These results support a role for myeloid 

cell ADAM17 in facilitating cholesterol efflux and maintaining large HDL particle 

concentrations in vivo.

Discussion

Our experiments show that ADAM17 is induced and activated by HDL in macrophages and 

that ADAM17 plays a causal role in maintaining macrophage cholesterol homeostasis 

through cholesterol efflux. Cholesterol depletion by HDL has previously been shown to 

activate ADAM17 in other cell types, including endothelial cells32, 33 and human 

monocytes.58 The mechanism whereby cholesterol depletion increases ADAM17’s sheddase 

activity has been suggested to be related to movement of ADAM17 from plasma membrane 

lipid rafts, where it is normally located32 to other membrane domains, where it can access 

membrane-bound protein substrates.34 Membrane disturbance and appearance of 

phosphatidylserine in the outer leaflet of the plasma membrane also activate ADAM17.34 

The finding that HDL markedly induces ADAM17 expression and activity suggests that 

ADAM17 induction is part of the cellular response orchestrated by HDL in macrophages.
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An important function of HDL and APOA1, its main structural protein, are to induce 

cholesterol efflux from macrophages, thereby mediating cholesterol removal from lesions of 

atherosclerosis.8 While the cholesterol depletion also mediates HDL’s pro- and anti-

inflammatory effects in macrophages, we showed that the anti-inflammatory effects of HDL 

predominate over pro-inflammatory effects in lesions of atherosclerosis.25 Importantly, we 

now show a critical role for ADAM17 in HDL-mediated cholesterol efflux as well as the 

downstream immune-modulating activity of HDL in macrophages.

Moreover, we demonstrate that free APOA1 only elicits anti-inflammatory responses, 

without any pro-inflammatory effects in macrophages. The anti-inflammatory effect of 

APOA1 is dependent on ABCA1 and ADAM17. There are at least three possible 

explanations for the differential effect of HDL and APOA1 on macrophage inflammatory 

phenotypes. First, HDL might induce a more generalized passive diffusion of cholesterol 

from the plasma membrane, while APOA1 is more likely to mediate cholesterol efflux from 

specific membrane pools through ABCA1. The pro-inflammatory phenotype of ABCA1-

deficient macrophages would be in line with this possibility.59 Second, free APOA1 might 

induce anti-inflammatory signaling via ABCA1 through activation of STAT3-SOCS 

signaling independent of cholesterol efflux.60 However, we found no evidence for increased 

Socs3 mRNA levels in LPS-stimulated macrophages exposed to APOA1 (data not shown), 

which makes this possibility less likely. Third, it is possible that HDL’s protein, -lipid or -

RNA cargo influences pro-inflammatory responses directly or by affecting the cholesterol 

depletion status of the cell. Because HDL’s anti-inflammatory effects predominate over pro-

inflammatory effects in lesions of atherosclerosis and because APOA1 shows only anti-

inflammatory responses, it is likely that the induction of ADAM17 by HDL facilitates the 

resolution of inflammation in lesions and represents a beneficial response in the context of 

atherosclerosis. However, the overall contribution of HDL and APOA1 to the effects of 

ADAM17 in atherogenesis remains to be established in future experiments.

ABCA1 is critical in mediating cholesterol efflux to APOA1 and small HDL. ABCA1 is 

markedly induced by LXR, a cholesterol sensor sensitive to oxysterols, when cholesterol 

levels are high61 and by cyclic AMP.54 However, TNFα can also increase ABCA1 

expression in macrophages. Thus, TNFα upregulates ABCA1 in macrophages through 

intracellular signaling (NF-κB and p38 MAPK pathways) and increases cholesterol efflux,55 

and TNF receptor-deficiency impairs macrophage cholesterol efflux.22 Notably, our results 

strongly suggest that ADAM17 promotes HDL-induced cholesterol efflux at least in part 

through promoting ABCA1 upregulation by shedding membrane-bound TNFα to generate 

its bioactive soluble form (Figure 7). By contrast, ADAM17M−/− macrophages display 

impaired cholesterol efflux due to reduced expression of ABCA1 because of the lack of 

ADAM17-dependent shedding of soluble and active TNFα. While the evidence supports a 

role for shed TNFα in maintaining ABCA1 expression and low cellular cholesterol levels, 

we cannot rule out additional consequence of ADAM17-deficiency that could affect 

cholesterol efflux.

The induction of ADAM17 in macrophages by HDL may be relevant to atherosclerotic 

plaques in which efflux of cholesterol from macrophage foam cells is thought to be central 

to HDL’s anti-atherogenic mechanism. It is known that efflux of cholesterol through 
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ABCA1 is mediated most effectively to small HDL particles, and much less so to large 

HDL.56 Moreover, loss-of-function mutations in ABCA1 in patients with Tangier disease are 

associated with impaired cholesterol efflux, reduced expansion of HDL particle size, and in 

reduced levels of large HDL particles.57 Similar results have been obtained in cell culture 

systems.62 Increased ABCA1 expression in the presence of a constant amount of APOA1 

results in more large HDL particles (and vice versa), demonstrating that ABCA1 abundance 

can affect HDL size. Consistent with these results, our data show that myeloid cell-targeted 

ADAM17-deficiency results in reduced concentrations specifically of large HDL particles in 

APOA1Tg mice. Although HDL turnover and particle size distribution are largely 

determined by the liver and HDL remodeling in circulation, our observations raise the 

possibility that ADAM17-dependent cholesterol efflux from myeloid cells contributes to 

plasma levels of large HDL particles.

The insertion of the human APOA1 transgene in mice causes three major size populations of 

HDL, like in human plasma, and as opposed to the monodispersed HDL size peak normally 

found in mice. However, one of the limitations of APOA1Tg Ldlr−/− mice is that they have 

higher HDL levels than humans and that the large HDL population predominates. 

Furthermore, cholesterol levels are higher in Ldlr−/− mice than in humans, even when fed a 

low-fat diet, like in the present study. Nevertheless, this is the best studied mouse model 

available to mimic the three HDL peaks together with elevated levels of APOB-containing 

lipoproteins. Previous studies on the effects of ADAM17-deficiency have not used mouse 

models with the human-like HDL particle distribution, which might explain why effects of 

ADAM17 on HDL levels have not been detected.27 Conversely, it is not possible to 

investigate the effects of myeloid cell-targeted ADAM17-deletion in humans.

Although TNFα and its receptors are the best known ADAM17 substrates in macrophages,
63 ADAM17 has a plethora of effects in macrophages, likely depending on which of its 

many substrates is highly expressed at a given time and macrophage population, the cellular 

and membrane localization of ADAM17, trafficking to the cell surface,64 expression levels 

of ADAM17, activation of intracellular signaling leading to increased sheddase activity,65 

and levels of ADAM17 inhibitors.66 Myeloid cell-targeted deletion of ADAM17 has been 

shown to increase atherosclerosis lesion size in Apoe−/− mice, while reducing relative 

lesional macrophage content and increasing collagen and smooth muscle cell content, 

suggesting a more fibrotic, less inflammatory lesion phenotype.28 Consistently, ADAM17-

deficiency results in reduced proliferation of lesion macrophages, likely because of the 

reduced shedding of cell surface CSF1, an important myeloid cell growth factor.31 

Moreover, MerTK cleavage by ADAM17 impairs synthesis of proresolving mediators 

involved in resolution of inflammation.29 Furthermore, MerTK and CD36, another 

ADAM17 substrate, mediate efferocytosis, and ADAM17 reduces efferocytosis by shedding 

these substrates, thereby increasing tissue inflammation.46, 67 ADAM17 also promotes 

inflammatory tissue processes in other ways, including enhancing diapedesis during 

transendothelial cell migration, likely by shedding the integrins CD11b/CD18 in a controlled 

temporal fashion.68
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The present study supports a role for ADAM17 in modulating inflammatory responses in 

macrophages, and demonstrates a novel role for ADAM17 in maintaining cholesterol 

homeostasis by promoting cholesterol efflux through ABCA1 in vitro and in vivo.
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Abbreviations

ABCA1 ATP-binding cassette transporter A1

AcLDL Acetylated low-density lipoprotein

LDLR Low-density lipoprotein receptor

ADAM17 ADAM metallopeptidase domain 17

APOA1 Apolipoprotein A1

ASK1 Apoptosis signal-regulating kinase 1

BMDM Bone marrow-derived macrophages

CVD Cardiovascular disease

HDL High-density lipoprotein

HDL-C HDL-cholesterol

HDL-P HDL particle concentration

IFNβ Interferon-β

IMA Ion mobility analysis
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LDL Low-density lipoprotein

LPS Lipopolysaccharide

MβCD Methyl-β-cyclodextrin

p38MAPK p38 mitogen-activated protein kinase

STAT1 Signal transducer and activator of transcription 1

TLR Toll-like receptor

TNFα Tumor necrosis factor-α
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Highlights

HDL induces expression and activity of the sheddase ADAM17 in macrophages.

ADAM17 is required for HDL’s pro-inflammatory and anti-inflammatory effects in 

macrophages.

Myeloid cell-targeted ADAM17-deficiency prevents cholesterol efflux due to the absence 

of bioactive TNFα and TNFα-mediated ABCA1 upregulation.

Myeloid cell ADAM17 is required to maintain large HDL particle concentrations in vivo 

in APOA1Tg mice.
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Figure 1. Pro-inflammatory and anti-inflammatory responses in macrophages from APOA1Tg; 
Ldlr−/− mice mimic those of HDL.
Peritoneal cells from male Ldlr−/− and APOA1Tg; Ldlr−/− control littermate mice were 

collected 4 days after thioglycolate injection. Macrophages were isolated from other cell 

types using a macrophage isolation kit and were further purified by a 1 hr adhesion protocol 

before stimulation with LPS or IFNβ. A. Effect of LPS (10 ng/ml, 4 hr) on inflammatory 

gene expression in macrophages isolated from Ldlr−/− and APOA1Tg; Ldlr−/− mice (n=5). B. 
Conditioned media were collected at indicated times from LPS-stimulated macrophages to 

analyze the release of TNFα and CXCL1 (n=4). C. Effect of LPS on the type 1 IFN-

inducible genes Ifit2 and Mx1 analyzed in peritoneal macrophages from Ldlr−/− and 

APOA1Tg; Ldlr−/− mice (n=5–6). D. Effect of IFNβ on Ifit2 and Irf7 mRNA levels analyzed 

in peritoneal macrophages from Ldlr−/− and APOA1Tg; Ldlr−/− mice (n=5). E. Effect on 

STAT1 phosphorylation in IFNβ-stimulated peritoneal macrophages isolated from Ldlr−/− 

and APOA1Tg; Ldlr−/− mice (n=4). Phospho-STAT1 band intensity was normalized to that of 

total STAT1 and quantified (bar graph on the right). β-actin was used as an additional 
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loading control. F. Representative photos and quantification (right) of lipid raft staining in 

thioglycolate-elicited peritoneal macrophages from Ldlr−/− and APOA1Tg; Ldlr−/− mice 

(n=7–13). G. BMDMs from female C57BL/6J mice were pre-treated with HDL (100 μg/ml) 

for 18 hr. The cells were then stimulated with LPS (10 ng/ml) in the absence of HDL for 4 

hr, and inflammatory gene expression (Tnfa and Ifit2) was determined using qPCR (n=4–7). 

H. BMDMs from male C57BL/6J mice were pre-treated with HDL for 18 hr. The cells were 

then stimulated with LPS (10 ng/ml) in the absence of HDL for 4 hr to determine the 

phosphorylation status of p38 MAPK and STAT1 by immunoblot (n=4–5). Band intensities 

of p-p38 MAPK and p-STAT1 were normalized to those of total p38MAPK and STAT1, 

respectively, and quantified (bar graphs on the right). Data are shown as mean ± SEM. Tests 

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

of the data sets. P values were determined accordingly by Kruskal-Wallis followed by 

Dunn’s multiple comparison tests (A), one-way ANOVA followed by Tukey’s multiple 

comparison tests (C – Ifit2, D, E, H), Brown-Forsythe ANOVA followed by Dunnett’s 

multiple comparison tests (C - Mx1), two-way ANOVA followed by Sidak’s multiple 

comparison test (B, G), or unpaired two-tailed nonparametric Mann-Whitney test (F). Data 

are representative of at least three independent experiments performed in replicates.
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Figure 2. The pro-inflammatory and anti-inflammatory responses of HDL in macrophages are 
dependent on ADAM17.
A. Gene expression of Adam17 was determined after an 18 hr treatment with HDL (100 

μg/ml) in BMDMs from C57BL/6J mice (n=4–7). B. Protein expression of ADAM17 was 

determined after an 18 hr treatment with HDL (100 μg/ml) in BMDMs from C57BL/6J mice 

(n=8–9). C. BMDMs from male C57BL/6J mice were loaded with cholesterol using 

acetylated LDL (AcLDL; 50 μg/ml, 48 hr). The cells were then primed with HDL (100 

μg/ml) for 18 hr, washed and stimulated with LPS (10 ng/ml) for 4 hr. Protein expression of 

ADAM17 was analyzed at the end of the treatment (n=3). D. WT and ADAM17-deficient 

BMDMs were primed with HDL (100 μg/ml) for 18 hr, washed and stimulated with LPS (10 

ng/ml) for 4 hr. At the end of treatment, samples were used to analyze gene expression of 

Tnfa and Cxcl1 (n=4–5). E. Conditioned media were used to analyze release of TNFα and 

CXCL1 (n=5). F. WT or ADAM17-deficient BMDMs were primed with HDL (100 μg/ml) 

for 18 hr, washed and stimulated with IFNβ (1 ng/ml, 4 hr). At the end of treatment, samples 
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were used to analyze gene expression of Ifit2 and Mx1 (n=5). G. Active cell surface 

ADAM17 was determined after an 18 hr stimulation with HDL in BMDMs. Cells were 

surface biotinylated, followed by purification of biotinylated proteins and analysis of cell 

lysates by immunoblot for active ADAM17 (quantification below the blot). H. BMDMs 

were pre-treated with the metalloproteinase inhibitor GM6001 (50 μM, 30 min) before the 

HDL (100 μg/ml for 18 hr) treatment. At the end of the stimulation, the cells were used to 

analyze cell surface expression of CD115 by flow cytometry (n=3; experiment performed 

twice with similar results). Data are shown as mean ± SEM. Tests for normality (Shapiro-

Wilk) and equal variance (Brown-Forsythe) were performed for each of the data sets. P 
values were determined accordingly by nonparametric two-tailed Mann-Whitney test (A, B), 

one-way ANOVA followed by Tukey’s multiple comparison tests (C, D, E - CXCL1, F, G, 

H) or Brown-Forsythe ANOVA followed by Dunnett’s multiple comparison tests (E - 

TNFα). Unless otherwise stated, data are representative of at least three independent 

experiments performed in replicates in BMDMs from male mice.
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Figure 3. Myeloid cell-targeted ADAM17-deficiency suppresses pro- and anti-inflammatory 
responses in macrophages from APOA1Tg; Ldlr−/− mice.
A. Bone marrow was harvested from myeloid cell-targeted ADAM17-deficient mice or WT 

C57BL/6J littermates and transplanted into lethally irradiated (10 Gy) male Ldlr−/− or 

APOA1Tg; Ldlr−/− recipient littermates. After 8 weeks of recovery, peritoneal cells from 

Ldlr−/− and APOA1Tg; Ldlr−/− recipient mice were collected 4 days after thioglycolate 

injection, macrophages were purified from other cell types using a macrophage isolation kit 

followed by a 1 hr adhesion purification, and RNA was harvested for further analysis. B. 
Adam17 mRNA levels analyzed in macrophages from Ldlr−/− and APOA1Tg; Ldlr−/− 

recipient mice (n=5–6). C. Blood leukocytes from Ldlr−/− and APOA1Tg; Ldlr−/− recipient 

mice stained with an anti-CD115 antibody and analyzed using flow cytometry (n=3–5). D. 
Macrophages from Ldlr−/− and APOA1Tg; Ldlr−/− mice stimulated with LPS (10 ng/ml, 4 

hr). At the end of the treatment, the cells were used to analyze Tnfa mRNA and Cxcl1 (n=5). 

E. Macrophages from Ldlr−/− and APOA1Tg; Ldlr−/− mice were stimulated with IFNβ (1 
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ng/ml, 4 hr). At the end of the treatment, the cells were used to analyze gene expression of 

Ifit2, Mx1 and Hmgcr (n=10). F. Macrophages from Ldlr−/− and APOA1Tg; Ldlr−/− recipient 

mice stained with BODIPY® 493/503 and analyzed using flow cytometry for neutral lipids 

(n=5). Data are shown as mean ± SEM. Tests for normality (Shapiro-Wilk) and equal 

variance (Brown-Forsythe) were performed for each of the data sets. P values were 

determined accordingly by one-way ANOVA followed by Tukey’s multiple comparison tests 

(C, D, E, F) or Brown-Forsythe ANOVA followed by Dunnett’s multiple comparisons tests 

(B). One significant outlier (Grubb’s test) was excluded in the WT group in D (Tnfa).
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Figure 4. ADAM17-deficiency induces cholesterol loading and prevents HDL-mediated 
cholesterol depletion.
A. Representative images of neutral lipid staining with BODIPY® 493/503 (bright green) of 

BMDMs from male C57BL/6J WT and ADAM17-deficient mice (n=4). Representative cells 

are shown, the nuclei stained blue by DAPI. B. BMDMs from male WT and ADAM17-

deficient mice were stained with BODIPY® 493/503 and mean fluorescent intensity (MFI) 

was determined by flow cytometry (n=5). C. Cellular triglyceride levels in BMDMs from 

male WT and ADAM17-deficient mice were analyzed (n=6). D. BMDMs from male WT 

and ADAM17-deficient mice were pre-treated with HDL (100 μg/ml). After 18 hr, free 

cholesterol was visualized by filipin staining (50 μg/ml), using fluorescence microscopy. 

Positive filipin staining was quantified as mean fluorescence intensity per cell and expressed 

as fold change of BMDMs from WT mice (n=12). E. BMDMs from female C57BL/6J mice 

were treated with TAPI-1 (20 μM) for indicated times. At the end of stimulation, the cells 

were used to analyze total cholesterol content (n=4–6). F. BMDMs from male WT and 
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ADAM17M−/− mice were analyzed for cell surface expression of TREM2 by flow cytometry 

(n=5). G. Thioglycollate-elicited peritoneal macrophages from male Ldlr−/− or APOA1Tg; 
Ldlr−/− recipient mice transplanted with bone marrow from WT or ADAM17M−/− mice were 

stained for TREM2 and were analyzed by flow cytometry (n=5). H-J. TREM2 was knocked 

down (KD) in BMDM populations from male C57BL/6J mice by transfection of Cas9 

complexed with Trem2-specific guide RNAs using lipofectamine 3000. 48 hr after 

transfection, cell surface expression of TREM2 (H) and (I) neutral lipid loading (BODIPY) 

were determined by flow cytometry. J. Free cholesterol was visualized by filipin (50 μg/ml) 

stain with fluorescence microscopy and quantified as mean fluorescence intensity in control 

and Trem2 KD BMDMs (n=8; experiment performed twice with similar results). Data are 

shown as mean ± SEM. Tests for normality (Shapiro-Wilk) and equal variance (Brown-

Forsythe) were performed for each of the data sets. P values were determined accordingly by 

two-tailed Mann-Whitney test (B, C, F, H, I, J), Brown-Forsythe ANOVA followed by 

Dunnett’s multiple comparisons tests (D), or two-way ANOVA and Sidak’s multiple 

comparison tests (E). Unless otherwise stated, data are representative of at least three 

independent experiments performed in replicates in BMDMs from male mice.
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Figure 5. Reduced cholesterol efflux capacity in ADAM17-deficient macrophages reflects 
inhibition of TNFα-induced ABCA1 expression.
A. BMDMs from male C57BL/6J WT and ADAM17-deficient mice were loaded with 

radiolabeled [3H]-cholesterol and then treated with HDL (100 μg/ml) for 4 hr. Cholesterol 

efflux capacity was determined in cAMP-stimulated or unstimulated cells treated with an 

acyl–coenzyme A: cholesterol acyltransferase inhibitor (n=4). B. BMDMs from male WT 

and ADAM17-deficient mice treated with HDL (100 μg/ml) for 18 hr. At the end of the 

treatment, the cells were fixed and stained for lipid rafts with cholera toxin B. Representative 

pictures and quantification of lipid raft staining are shown (n=9). C. BMDMs from female 

C57BL/6J mice were treated with TNFα (20 ng/ml) for indicated periods of time. RNA 

extracts were prepared, and mRNA levels of Abca1, Abcg1 and Scrab1 were analyzed by 

real-time PCR (n=4; experiment performed twice with similar results). P-value represents 

changes compared to time point 0. D. BMDMs from male C57BL/6J mice were treated with 

TNFα (20 ng/ml) and cholesterol efflux was determined as in A (n=5). E. A neutralizing 
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anti-TNFα antibody or a control antibody were used to treat BMDMs from male C57BL/6J 

mice for 4 hr. RNA extracts were used to measure Abca1 gene expression (n=6). F. 

Cholesterol efflux was measured in cells from male C57BL/6J mice treated with a 

neutralizing anti-TNFα antibody or a control antibody (n=5). G. BMDMs from male WT 

and ADAM17M−/− mice were analyzed for Abca1 gene expression after 7 days of 

differentiation (n=7–8). H. BMDMs from female C57BL/6J mice were treated with TAPI-1 

(20 μM) for 24 and 48 hr. At the end of stimulation, cells were analyzed for Abca1 gene 

expression (n=3–5; experiment performed twice with similar results). I. BMDMs from male 

WT and ADAM17M−/− mice were treated with a neutralizing anti-TNFα antibody or a 

control antibody, and Abca1 mRNA levels were measured by real-time PCR (n=5). J. WT 

and ADAM17-deficient BMDMs from male mice were incubated with or without TNFα, 

and cholesterol efflux capacity was then measured as in A (n=5). K. BMDMs from WT and 

ADAM17M−/− male mice were treated with and without TNFα (20 ng/ml) for analysis of 

Abca1 mRNA levels (n=5; experiment performed twice with similar results). Data are shown 

as mean ± SEM. Tests for normality (Shapiro-Wilk) and equal variance (Brown-Forsythe) 

were performed for each of the data sets. P values were determined accordingly by two-way 

ANOVA followed by Sidak’s multiple comparison tests (A, H) or Tukey’s multiple 

comparison tests (C, J), unpaired two-tailed Mann-Whitney test (D, E, F, G) or by one-way 

ANOVA followed by Tukey’s multiple comparison tests (B) or Brown-Forsythe ANOVA 

followed by Dunnett’s multiple comparisons tests (I, K). Unless otherwise stated, data are 

representative of at least three independent experiments performed in replicates in BMDMs 

from male mice.
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Figure 6. Myeloid cell-targeted ADAM17-deficiency selectively reduces the concentration of large 
HDL particles in APOA1Tg; Ldlr−/− mice.
Bone marrow from myeloid cell-targeted ADAM17-deficient mice or C57BL/6J WT 

controls was transplanted into lethally irradiated (10 Gy) male Ldlr−/− or APOA1Tg; Ldlr−/− 

recipient littermates. After 8 weeks of recovery, collected plasma samples were used to 

measure HDL particle concentration and size by calibrated ion mobility analysis. A. 
Representative size distributions of small, medium, and large HDL from Ldlr−/− and 

APOA1Tg; Ldlr−/− recipients. B. Total HDL particle concentration (n=5). C. Small (S-HDL), 

medium (M-HDL) and large HDL (L-HDL) particle concentration (n=5). Data are shown as 

mean ± SEM. Tests for normality (Shapiro-Wilk) and equal variance (Brown-Forsythe) were 

performed for each of the data sets. P values were determined accordingly by one-way 

ANOVA followed by Tukey’s multiple comparison tests (B) and two-way ANOVA followed 

by Sidak’s multiple comparison tests (C).
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Figure 7. Schematic representation of the role of ADAM17 in mediating HDL’s pro-
inflammatory and anti-inflammatory effects in macrophages.
Cholesterol depletion in non-lipid-loaded macrophages by HDL increases ADAM17 

expression and its activity. ADAM17 supports a lipid depleted status by shedding TNFα, 

allowing the cell to maintain ABCA1 expression and cholesterol efflux. Cholesterol 

depletion drives both the pro-inflammatory and anti-inflammatory responses to HDL in the 

presence of ADAM17 (left) through STAT1 and p38 MAPK signaling. In the absence of 

ADAM17 (right), HDL’s ability to deplete cellular cholesterol is impaired due to the low 

levels of bioactive soluble TNFα and ABCA1, which in turn lead to elevated cellular 

cholesterol. The elevated cholesterol prevents both the pro-inflammatory and anti-

inflammatory effects of HDL. In vivo, myeloid cell-targeted ADAM17-deficiency lowers the 

concentration of large HDL particles in circulation.
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