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Abstract

Background and aims: We recently showed that miR-223–3p on high-density lipoproteins 

(HDL) is exported to endothelial cells, where it inhibits inflammation. However, the origin of 

miR-2233p on HDL is unknown. We hypothesize that HDL-associated miR-223–3p originates in 

myeloid cells and is exported to HDL in a scavenger receptor BI (SR-BI)-dependent manner.

Methods: Polymorphonuclear neutrophils (PMNs) and human monocyte derived macrophages 

(HMDMs) were incubated with native HDL (nHDL) or discoidal reconstituted HDL (rHDL). Total 

RNA was isolated before and after incubation. Mature and primary miR-223–3p (pri-mir-223–3p) 

levels were quantified by real-time PCR.

Results: Incubation with nHDL and rHDL increased miR-223–3p export from PMNs and 

HMDMs. In PMNs, nHDL but not rHDL, increased mature and pri-mir-223–3p. Incubation with 

HDL also increased Dicer mRNA, a critical regulator of miRNA biogenesis. Incubation of 

HMDMs with nHDL did not increase cellular levels of mature miR-223–3p, but significantly 

increased pri-mir-223 levels. Incubation with rHDL had no effect on either mature or pri-mir-223–

3p levels.

Activated PMNs increased miR-223–3p export to HDL and production of reactive oxygen species 

and activated protein kinase C. Blocking HDL binding to SR-BI increased miR-223–3p export to 

HDL in both PMNs and HMDMs, but did not affect mature and primary miR-223–3p levels. 
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Chemical inhibition of cholesterol flux by Block Lipid Transport (BLT)-1 inhibited HDL-induced 

pri-mir-223 expression in PMNs.

Conclusions: HDL-associated miR-223–3p originates in PMNs and macrophages. HDL 

stimulates miR-223–3p biogenesis in PMNs in a process that is regulated by SR-BI-mediated lipid 

flux.
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Introduction

Increased plasma levels of myeloid cells, e.g. polymorphonuclear neutrophils (PMNs) and 

macrophages/monocytes, are associated with unstable coronary artery disease and increase 

in cardiovascular events(1–3). For example, PMNs and macrophages are present in 

atherosclerotic lesions after 4 weeks of high-fat diet in hypercholesterolemic mice, e.g. 

apolipoprotein E-null (Apoe−/−) mice(3, 4).

High-density lipoproteins (HDL) have many beneficial functions, including inhibition of 

inflammation and PMN activation(5–8). Infusions of HDL inhibited PMNs adhesion to 

vascular endothelium and prevented infiltration into the sub-intimal space(9). Activated 

PMNs are a key source of myeloperoxidase and hydrogen peroxide, which can modify 

HDL-associated lipids and apolipoproteins, including apolipoprotein A-I (apoA-I)(10). 

Although the role(s) of PMNs in plaque development are unclear, mutual repressive 

networks have emerged between HDLs and PMNs; HDL suppress PMN activation and 

PMNs promote HDL modifications causing HDL dysfunction(10).
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Multiple reports support key roles for 22 nucleotide-long non-coding RNAs, namely, 

microRNAs (miRNAs), in reducing inflammation-induced atherosclerosis(11–13). miRNAs 

are transcribed as long primary transcripts, which are cleaved by Drosha, bound by its 

regulatory subunit DGCR8, to produce precursor miRNAs (pre-miRNAs) of ~60–70 

nucleotides. Pre- miRNAs undergo a series of processing steps, including cleavage by the 

endoribonuclease Dicer, to produce single-stranded, mature miRNAs(13). We have recently 

shown that miRNAs are present in HDL and HDL-associated miRNAs decrease neutrophil 

adhesion to human arterial endothelial cells in vitro(14). miRNAs have proven to be key 

regulators of inflammatory cell phenotypes and functions. For example, PMNs, eosinophils, 

monocytes and macrophages highly express miR-223–3p, which regulates PMN progenitor 

development, hyperactivity, and recruitment during infection(15–18). We previously 

demonstrated that miR-223–3p is one of the most abundant miRNAs on HDL and is 

exported from J774 mouse macrophages to HDL(19). Furthermore, we found that HDL 

transfers miR-223–3p to recipient cells, including human coronary artery endothelial cells 

(HCAECs), human umbilical vein endothelial cells (HUVECs) and Huh7 hepatoma cells, 

and this transfer is dependent on the HDL receptor, scavenger receptor class B type I (SR-

BI)(14, 19, 20). The transfer of HDL-miR-223–3p to HCAECs inhibited endothelial 

inflammatory genes such as intercellular adhesion molecule 1 (ICAM-1) (14). Multiple 

studies have shown that the up-regulation of ICAM-1 in endothelial cells is associated with 

sites of lesion formation (21). Taken together, these findings suggest that HDL-miR-223–3p 

plays an important role in the regression of atherosclerosis. Nonetheless, the mechanisms 

that govern cellular miR-223–3p export to HDL are largely unknown.

Since SR-BI is (i) an HDL receptor, (ii) a bidirectional transporter of cholesterol, and (iii) a 

critical regulator of HDL-associated miRNA uptake, we hypothesized that SR-BI contributes 

to miR-223–3p cellular export to HDL. In this study, we aimed to determine if PMNs and 

human monocyte-derived macrophages (HMDMs) export miR-223–3p to HDL and whether 

this process is dependent on SR-BI. Furthermore, we sought to determine if HDL induce 

miR-223–3p transcription in PMNs and if the export of miR-223–3p from PMNs impacts 

cellular miR-223–3p levels. The impact of PMN activation on HDL-miR-223–3p export was 

also investigated. Results from this study demonstrate that PMNs and HMDMs export 

miR-223–3p to HDL, and this is linked to HDL-induced primary-miR-223 (pri-mir-223) 

transcription. We also show that HDL-induced miR-223 transcription is regulated by SR-BI-

induced lipid flux.

Materials and methods

HDL isolation:

Healthy volunteer blood samples (n=10) were collected into EDTA tubes. Plasma was 

isolated by centrifugation (3,000 × g for 10 min at 4 °C) and native HDL (nHDL) were 

isolated from plasma by density-gradient ultracentrifugation (DGUC) in the 1.063<d<1.25 

g/ml density range and/or fast-protein liquid chromatography (FPLC), as previously 

described(22, 23). HDL fractions isolated from FPLC were determine by a cholesterol assay 

(Raichem, CLINIQA Corporation, USA), combined and concentrated. The total protein 

concentrations of isolated HDL samples were quantified using the bicinchoninic acid (BCA) 
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assay (Thermo Scientific, USA) (PMID: 3843705). All isolated HDL samples were used 

individually and not pooled. All participants provided written consent, which was approved 

by the Human Research Ethics Committee of the University of New South Wales Australia 

(HC-13174).

Human primary cell isolation:

Human neutrophils were isolated from peripheral blood of healthy volunteers (n=10) using 

polymorphprep (AXIS, Olso, Norway)(7). Contaminating erythrocytes were lysed with red 

blood cell lysis incubation for 15 min at room temperature. Isolated neutrophils were 

suspended in RPMI 1640 containing 10% (v/v) FBS. All procedures were conducted at 

room temperature to avoid activating neutrophils (24, 25). Human monocytes were isolated 

from healthy donor buffy coat preparations (n=10) (New South Wales Red Cross) by density 

gradient centrifugation. The monocytes were differentiated into HMDMs for 7–9 days, as 

previously described(26). The miR-223–3p copy numbers were calculated using the 

following tools: https://www.thermofisher.com/au/en/home/references/ambion-tech-support/

rna-tools-and-calculators/dna-and-rna-molecular-weights-and-conversions.html and http://

scienceprimer.com/copy-number-calculator-for-realtime-pcr.

Tissue culture:

Freshly isolated human PMNs and HMDMs were cultured at a density of 1×106 cells/well 

(12-well plates) in serum-free RPMI 1640 medium. For each experiment, a total of 6 wells 

were used for each experiment (each well contained a final HDL protein concentration of 

0.2–1 mg/ml). PMNs or HMDMs were incubated with phosphate buffered saline (PBS), 

HDL (0.5–4 h for PMNs or 16 h for HMDMs) or discoidal reconstituted HDL (rHDL) for 4 

h. After incubation, cells were harvested and medium from the 6 wells was pooled for HDL 

or rHDL isolation. PMNs were activated with 1 μM N-formyl-L-methionyl-L-leucyl-

phenylalanine (fMLP, ab141806, Abcam) for 45 min at 37 °C, washed with PBS and then 

incubated for 4 h with HDL (final protein concentration 1 mg/ml). To evaluate SR-BI 

involvement, cells were pre-incubated (1 h at 37 °C) with either 10 μM Block Lipid 

Transport-1 (BLT-1, SML0059, Sigma-Aldrich) or DMSO (vehicle); rabbit anti-SR-BI 

blocking antibody (1:200 dilution, NB400–113, Novus Biological) or rabbit IgG (vehicle). 

After pre-incubations, PMNs or HMDMs were washed with PBS and incubated for 4 h 

(PMNs) or 16 h (HMDMs) with HDLs (final protein concentration 1 mg/ml). All 

experiments were repeated ≥3 times using multiple independent donors of human 

neutrophils and HMDMs.

Transcriptomics:

Total RNA was isolated using Qiazol miRNAEasy kits (Qiagen), as previously described(14) 

and quantified by spectrophotometry (Nanovue). For HDL and rHDL samples, total RNA 

was isolated from approximately 100 μg of total protein from DGUC-HDL or sequential 

DGUC-HDL followed by FPLC-HDL, and 20 μg of FPLC-HDL pre and post cell treatment. 

For HDL and rHDL samples, Caenorhabditis elegans miR-39 was spiked in after the Qiazol 

step for normalization. Total RNA was reverse transcribed using TaqMan microRNA reverse 

transcription kit (Applied Biosystems- Catalogue number 4366596) and high capacity RNA-

to- cDNA kit (Applied Biosystems- Catalogue number 4387406) according to 

Torres et al. Page 4

Atherosclerosis. Author manuscript; available in PMC 2020 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.thermofisher.com/au/en/home/references/ambion-tech-support/rna-tools-and-calculators/dna-and-rna-molecular-weights-and-conversions.html
https://www.thermofisher.com/au/en/home/references/ambion-tech-support/rna-tools-and-calculators/dna-and-rna-molecular-weights-and-conversions.html
http://scienceprimer.com/copy-number-calculator-for-realtime-pcr
http://scienceprimer.com/copy-number-calculator-for-realtime-pcr


manufacturer’s protocol for mature miRNA and primary miRNA/mRNA, respectively. For 

real-time PCR quantification, reverse transcription product was used with TaqMan miRNA 

assays (Applied Biosystems) and TaqMan pri-miRNA assays (Applied Biosystems) for 

quantification of mature miR-223 (Assay ID: 002295) and primary miRNA (Assay ID: 

Hs03303017_pri), respectively. All real-time PCR values expressed as 

2-(CT[miR−223]-CT[control]) were normalized to appropriate controls (Applied Biosystems): U6 

(for cellular miR-223 quantification; Assay ID: 001093), β-actin (for pri-miR-223 

quantification; Catalogue number: 4333762F), and cel-miR-39 or arbitrary 32 (for HDL and 

rHDL miR-223 quantification; Assay ID: 000200). For HDL or rHDL miRNA expression, 

the real-time PCR was normalized to the HDL total protein concentration determined by 

BCA assay.

Statistics: Data were presented as mean±SEM. Groups were compared using one-way 

ANOVA or unpaired two-tailed Student’s t test as appropriate (Prism). Bonferroni multiple 

comparison tests were used to compensate for multiple testing. A p value of <0.05 was 

considered to be significant.

Results

HDL induces miR-223 transcription and export in PMNs

miR-223–3p is highly expressed in PMNs, with 1.0×104 ±1.1×102 copies per cell for freshly 

isolated PMNs from healthy donors. Incubation of nHDL with PMNs for 4 h significantly 

increased HDL-miR-223–3p levels at nHDL concentrations of 0.5 mg/ml (p<0.05) and 1 

mg/ml (p<0.0001) (Fig. 1A). Time dependent experiments showed that miR-223–3p levels 

in nHDL were increased after 4 h of incubation with PMNs (Fig. 1B). To demonstrate that 

the DGUC- purified nHDL were not contaminated with extracellular vesicles (EV) such as 

exosomes, immunoblotting for known EV markers was performed on isolated nHDL with 

whole plasma and cell lysates as controls. Although EVs have been reported with similar 

density to HDL, we did not observe EV markers, including ALIX, TSG101, Flotilin-1, and 

HSP70, in isolated nHDL (Supplementary Fig.1). Furthermore, incubations of HDL isolated 

from plasma by FPLC or DGUC followed by FPLC (DGUC>FPLC) with PMNs for 4 h 

significantly increased HDL-miR-223–3p levels (Supplementary Fig.2). Similar to nHDL, 

rHDL incubations with PMNs for 4 h significantly increased HDL-miR-223–3p levels 

(p<0.001) (Fig. 1B). To determine if the export of miR- 223–3p to HDL changed cellular 

miR-223–3p levels, miR-223–3p was quantified in PMNs at each time point. HDL at 1 

mg/ml protein concentration significantly increased cellular miR-223–3p levels (Fig. 1C, 

p<0.0001) and miR-223–3p levels were increased by 2.0±0.1-fold after 4 h of incubation 

(Fig. 1D, p<0.0001). To assess if the increase in cellular miR-223–3p levels is linked to 

HDL-induced changes to pri-mir-223 levels, PMNs were incubated with HDL (0.2–1 

mg/ml) at multiple time-points. At a concentration of 1 mg/ml, nHDL significantly increased 

pri- mir-223 levels at each time-point e.g. 2.8±0.2-fold at 0.5 h (p<0.0001) and 2.4±0.2-fold 

at 4 h (p<0.0001) (Fig. 1E and F). It appears that the simple contact of HDL with PMNs can 

lead to the export of miR-223–3p from PMNs to HDL independently of HDL concentration. 

However, higher HDL protein concentrations (1 mg/ml) may lead to increased mobilization 

and export of miR-223–3p pool in PMNs, and therefore increased miR-223–3p transcription. 
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The up-regulation of pri-mir-223–3p with a high HDL protein concentration (1 mg/ml) is 

associated with increased mature miR-223–3p levels in PMNs. Taken together, these results 

suggest that HDL increases cellular miR-223–3p biogenesis and export from PMNs. 

However, rHDL (1 mg/ml) were able to increase mature, but not primary miR-223–3p levels 

in PMNs (Fig. 1D and F).

PMN activation promotes HDL-miR-223–3p export

Studies have shown that activated PMNs, through the production of reactive oxygen species 

and activation of protein kinase C (PKC), contribute to atherosclerosis development(27). To 

confirm that fMLP increases both superoxide anion production and PKC activation in 

PMNs, cells were incubated with fMLP or PBS and superoxide anion production and PKC 

activation were measured. Both superoxide anion generation and PKC activity were 

significantly increased in fMLP-activated PMNs (Fig.s 2A and B). To determine if PMN 

activation impacts miR-223–3p export to HDL, HDL-miR-223–3p levels were measured 

before and after HDL incubation with fMLP-activated PMNs. Strikingly, HDL-miR-223–3p 

export was significantly increased >2-fold with fMLP activation (13.1±3.4-fold, p<0.0001) 

compared to PBS-treated non-activated PMNs (6.3±1.0-fold, p<0.05) (Fig. 2C). The 

increased miR-223–3p export to HDL from fMLP-activated cells was accompanied by a 

significant reduction in cellular mature miR-223–3p levels compared to the PBS-treated 

non-activated PMNs (Fig. 2D). Furthermore, HDL treatments significantly increased pri-

mir-223 levels in both activated and non-activated PMNs with no significant difference 

between the cell states (Fig. 2E). Activation of PMNs did not alter the ability of HDL to 

increase the mature miR-223–3p and pri-mir-223 levels (Fig.s 2D and E). Mature miR-223–

3p and pri-mir-223 changes in both activated and non-activated PMNs after HDL 

incubations were accompanied by increases in Dicer mRNA, a critical regulator of miRNA 

biogenesis (13) (Fig. 2F). These results suggest that miR-223–3p export from PMNs is not 

directly linked to miR-223–3p biogenesis or cellular mature miR-223–3p levels. 

Nevertheless, these results show that activated PMNs are more likely to export miR-223 to 

HDL compared to non-activated PMNs.

SR-BI antagonizes HDL-miR-223–3p export

HDL’s primary receptor, SR-BI, mediates selective uptake of cholesteryl esters (CE) from 

HDL and free cholesterol efflux to HDL from multiple cell types, including myeloid 

cells(28–30). We have previously reported that HDL delivery of miR-223–3p to Huh7 

hepatoma cells was dependent on SR-BI(19). Nonetheless, it is currently unknown if SR-BI 

also regulates miRNA export from PMNs to HDL. Using real-time PCR, we showed that 

SR-BI was expressed in PMNs; however, the PMN SR-BI levels were lower than in 

HMDMs (Fig. 3A). Agarose gel electrophoresis was used to conform SR-BI primers 

specificity and purity (Supplementary Fig.3). To determine if PMN HDL-miR-223–3p 

export is dependent on HDL binding to SR-BI, PMNs were pre-incubated with an SR-BI 

blocking antibody (31) and HDL-miR-223–3p levels were quantified by real-time PCR 

before and after incubation with PMN for 4 h. Remarkably, SR-BI blocking antibodies 

significantly increased PMNs miR-223–3p export to HDL (16.1±4.7fold, p<0.001) over pre-

incubation, while the non-immune IgG control only increased HDLmiR-223–3p levels 

4.9±1.1-fold compared to pre-incubation (p<0.05) (Fig. 3B). These results suggest that SR-
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BI represses miRNA export to HDL from PMNs. To determine if HDL induction of PMNs 

miR-223–3p expression is mediated through SR-BI binding, cellular miR-223–3p and pri-

mir-223 levels were quantified by real-time PCR. Most interestingly, inhibition of HDL 

binding to SR-BI with blocking antibodies failed to attenuate HDL-induced expression of 

both pri-mir-223 and mature miR-223–3p as compared to IgG control treatments (Fig.s 3C 

and D). These results suggest that HDL-induced increase in mature and primary miR-223 

levels in PMNs is not mediated by HDL binding to SR-BI, SR-BI associated cell signaling 

or HDL-CE uptake.

miR-223–3p export from PMNs to HDL is not dependent on SR-BI-mediated cholesterol flux

HDL binding to SR-BI and SR-BI-mediated bidirectional cholesterol flux are two distinct 

processes that can be separated by the use of BLT-1, which selectively increases HDL 

binding to SR-BI and inhibits SR-BI-mediated bidirectional cholesterol flux(30, 32, 33). To 

determine if miR-223–3p export from PMNs to HDL is dependent on SR-BI-mediated lipid 

flux, PMNs were pre-incubated with BLT-1 for 1 h prior to incubation with HDL for 4 h. 

BLT-1 treatment of PMNs significantly increased miR-223 export to HDL compared to pre-

treatment with the control vehicle (DMSO) (Fig. 4A). These results suggest that PMNs 

miRNA export to HDLs is independent from SR-BI-mediated cholesterol efflux and 

selective uptake of HDL-CE. To determine if HDL-induced expression of mature miR-223–

3p is associated with SR-BI-mediated cholesterol flux, real-time PCR was used to quantify 

mature miR-223 levels in PMNs treated with BLT-1 or vehicle control. HDL-induced 

miR-223–3p expression significantly increased, not decreased, with chemical inhibition of 

SR-BI cholesterol transfer (BLT-1) (Fig. 4B). To determine if HDL-induced miR-223 

biogenesis in PMNs is dependent on SR-BI-mediated lipid transfer, pri-mir-223 levels were 

quantified by real-time PCR in HDL-treated PMNs with BLT-1 or vehicle control 

treatments. BLT-1 treatments attenuated HDL induced pri-mir-223 levels (Fig. 4C). These 

results suggest that PMN export of miR-223–3p to HDL and HDL-induced increase in 

mature miR-223–3p levels are not dependent on HDL-binding to SR-BI or SR-BI-mediated 

cholesterol flux. Nonetheless, these results also suggest that HDL-induced pri-mir-223 

expression is linked to SR-BI-mediated cholesterol flux.

HMDMs export miR-223 to HDL

To determine if other myeloid lineage cells export miR-223–3p to HDL and if HDL promote 

miR-223 expression in these cells, HMDMs were tested. miR-223–3p was found to be 

highly-abundant in HMDMs at 7.3×103 ±7.9×102 miR-223–3p copies per cell. Similar to 

PMNs, HMDMs were found to export miR-223–3p to HDL, as HDL-miR-223–3p levels 

significantly increased by 3.5±1.1-fold after 16 h incubation compared to before (p<0.05) 

(Fig. 5A). Furthermore, HMDMs were also found to export miR-223–3p to rHDL (Fig. 5A). 

Nevertheless, in HMDMs, HDL treatments did not increase cellular levels of mature 

miR-223–3p (Fig. 5B). To determine if HDL promotes pri-miR-223 expression in HMDMs, 

pri-mir-223 levels were quantified by real- time PCR after 16 h HDL or PBS treatments. 

HDL treatments significantly increased pri-mir-223 levels by 1.3±0.09-fold (p<0.01) (Fig. 

5C), but rHDL incubations had no effect on either mature or primary miR-223–3p levels in 

HMDMs (Fig.s 5B and C). These results suggest that HDL have the capacity to accept 

miR-223–3p from multiple myeloid cell types, but HDL induced expression of pri-mir-223 
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and mature miR-223–3p are likely mediated by distinct mechanisms. To determine if 

miR-223–3p export from HMDMs to HDL is dependent on HDL binding to SR-BI, 

HMDMs were pre-incubated with a SR-BI blocking antibody and HDL miR-223–3p levels 

were quantified. HMDMs miR-223–3p export to HDL significantly increased with SR-BI 

blocking antibody treatment (Fig. 5D). To determine if blocking HDL binding to SR-BI 

affected cellular levels of mature miR-223–3p and pri-mir-223, mature and primary levels of 

miR-223–3p were measured in the presence or absence of SR-BI blocking antibody. 

Blocking HDL binding to SR-BI did not affect mature miR-223–3p or pri-mir-223 levels 

(Fig.s 5E and F).

Discussion

miRNAs are present in all extracellular fluids, including plasma, and protected from 

degradation by packaging into apoptotic bodies, microvesicles, exosomes, lipoproteins 

(including HDL), and ribonucleoproteins(34). The role of extracellular miRNAs in 

atherosclerosis development has garnered much attention in recent years (35, 36). 

Interestingly, HDL may play important roles in these processes as HDL transfer miR-223–

3p to HCAECs where they inhibit inflammation (14). Nevertheless, the cellular sources of 

miR-223–3p on circulating HDL are not fully understood. Although mature miR-223–3p is 

present in non-myeloid cell types, such as endothelial cells (14, 37), it is characterized as a 

myeloid-enriched miRNA and is highly expressed in PMNs, monocytes and macrophages 

(15). We have previously reported that mouse J774 macrophages export miR-223–3p to 

HDL in vitro (19); however, myeloid cell miR-223–3p export to HDL warrants further 

investigation. In the present study, we report that PMNs and HMDMs export miR-223–3p to 

native HDL and RNA-free rHDL, and thus support myeloid cells’ contribution to 

extracellular miRNAs on HDL. Most interestingly, activated PMN had increased miR-223–

3p export to HDL, which may compliment their established role in atherosclerosis of 

releasing damaging reactive oxygen species and activating inflammatory processes (27, 38).

One limitation of this study is the lack of evidence on how SR-BI antagonizes miR-223–3p 

export to HDL, however, this study indicates that cholesterol and miRNA flux with HDL are 

inversely related. Both BLT-1 and SR-BI blocking antibody treatments increased miR-223–

3p export from PMNs to HDL, while both treatments inhibit cholesterol flux. Interestingly, 

BLT-1 treatment increases HDL binding to the cell surface while inhibiting cholesterol flux 

through the receptor (33) and SR-BI blocking antibodies inhibit both HDL binding and the 

bidirectional cholesterol flux. This suggests potential of a secondary transporter or receptor 

independent of SR-BI or two distinct pathways for miR-223–3p export. For example, 

inhibition of miR-223–3p export could be linked to SR-BI-mediated signaling and 

transcriptional regulation of factors that modulate export. Nevertheless, both BLT-1 and SR-

BI blocking antibody treatments significantly increased miR-223–3p export to HDL from 

PMNs (Fig.s 3B and 4B). Previously, we reported that J774 macrophage export of miR-223–

3p is regulated by neutral sphingomyelinase 2 (nSMase2) or ceramide, as chemical 

inhibition of nSMase2 (GW4869) significantly increased miR-223–3p export to HDL (19). 

Furthermore, the export of miR-223–3p from macrophages to HDL is not likely regulated by 

ABCA1, as inducing ABCA1 expression with liver-X-receptor (LXR) activation failed to 

change miR-223–3p export (19). Therefore, the observed negative regulation of miR-223–3p 
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export from neutrophils and macrophages by SR-BI suggests that the mechanism is likely 

distinct from other cholesterol transporters. Current evidence indicates that miRNA export to 

HDL is selective; however, it is not known how this miRNA selection occurs. This is an 

important point as multiple cell types may secrete specific miRNAs to HDL through 

processes that are regulated by undetermined mechanisms. Another limitation of the study is 

the biochemical mechanism of miR-223–3p exported including the physical transport across 

the plasma membrane. Nevertheless, results from this study provide insights into potential 

cellular sources of miR-223–3p on circulating HDL and the negative role of SR-BI in this 

process.

Within myeloid cells, miR-223–3p expression is regulated by multiple transcription factors 

and differentiation processes, but it is not known if the HDL mediated effects on both pri-

mir-223 and mature miR-223–3p is through these pathways. HDL treatments increased the 

cellular levels of pri-mir-223 in PMNs, which may be due to HDL-induced transcription of 

primary miR-223, increased stability of pri-mir-223, or decreased activity of DGCR8 

cleavage of pri-mir-223 to precursor miR-223 (pre-miR-223) in the nucleus. HDL treatments 

increased mature miR-223–3p levels and also increased Dicer mRNA levels. These results 

indicate that increased pri-mir-223 levels were not likely the result of deficient miRNA 

processing, but represent increased miR-223 transcription and biogenesis. However, the 

molecular mechanisms underlying these HDL effects are likely distinct as HDL-induced pri-

mir-223 levels were dependent upon SR-BI-mediated lipid transfer whereas HDL-induced 

mature miR-223–3p levels were not dependent upon SR-BI activity. For example, chemical 

inhibition of cholesterol flux by BLT-1, but not SR-BI blocking antibodies, inhibited HDL-

induced pri-mir-223 expression. Furthermore, HDL binding to the cell surface contributes to 

HDL-induced mature miR-223–3p levels since BLT-1 treatment significantly increased 

mature miR-223–3p levels irrespective of pri-mir-223 levels. Similar to PMNs, blocking 

HDL binding to SR-BI in HMDMs increased miR-223–3p export to HDL, but did not affect 

mature and primary miR-223–3p levels. Moreover, HDL-induced pri-mir-223 transcription 

may be specific to myeloid cells, as HDL treatments were not found to induce pri-mir-223 

transcription in HCAECs or HUVECs, as we have previously shown (14). Our results 

further suggest that the up-regulation of pri-mir-223 in PMNs by HDL is not directly related 

to the export of miR-223–3p to HDL, as evidenced by the fact that HDL-induced pri-

mir-223 transcription was not changed in activated PMNs, although miR-223–3p export was 

significantly increased. Many factors may contribute to cellular pri-miR-223 and mature 

miR-223–3p levels, as well as miR-223–3p export to HDL. While the cellular pri-mir-223 

and mature miR-223 levels significantly increased after 30 min of HDL treatment, the 

exported HDL-miR-223 levels were not significantly increased until 4 h of HDL treatment. 

These differences could be explained by a longer time being required to accumulate 

exported miR-223–3p on HDL to achieve statistical significance by PCR. We did observe a 

>2-fold increase in miR-223–3p levels on post-HDL after 30 min compared to the pre-HDL 

levels, which was a similar effect size to the cellular pri-mir-223 and mature miR-223–3p 

levels. However, these data are not statistically significant due to variability within the data. 

Ultimately, there may be a delay for the exported miR-223–3p levels to accumulate on 

extracellular HDL. As rHDL are miRNA free, we did not expect to observe an increase in 

mature miR-223–3p levels after rHDL incubations with PMNs. We hypothesize that the 
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increase in PMNs mature miR-223–3p levels after rHDL incubations is due to the re-

delivery of the miRNA back to the donor cells as rHDL failed to increase the levels of pri-

mir-223 in PMNs.

Although PMNs and HMDMs are both from myeloid lineage, these cell types had distinct 

response to HDL-induced regulation of cellular miR-223–3p levels. For example, mature 

miR- 223–3p levels in PMNs were significantly elevated after 4 h HDL incubations, whereas 

HMDMs miR-223–3p levels were not altered after 16 h incubations. The reason for this 

difference is unclear, but it may be associated with a greater depletion of HMDM miR-223–

3p levels compared to PMNs since the incubation time is longer. On the contrary, PMN 

fMLP-induced activation decreased intracellular mature miR-223–3p levels compared to 

non-activated cells. fMLP, a member of the formyl peptide family, is a classic activator of 

PMNs, and a potent proinflammatory chemo-attractant that produces reactive oxygen 

species (39, 40). Cellular changes triggered by fMLP-induced activation could explain why 

miR-223–3p export is increased and mature miR-223–3p levels are decreased. For example, 

an increase in cytoplasmic Ca2+ levels occurs early in fMLP-induced activation, which 

activates a cascade of signaling pathways that increases phosphatidylinositol 3,4,5-

triphosphate (PIP3), activates PKC, and contributes to an oxidative burst. These factors 

could contribute to the observed increase in miR-223–3p export to HDL (41–43). The 

present study supports that in vascular diseases such as atherosclerosis, where the activation 

of PMNs is promoted; the amount of miR-223–3p on circulating HDL might be increased. 

There are no previous reports looking at the levels of HDL-miR-223–3p in coronary artery 

disease but total circulating levels have been shown to be increased(44).

Collectively, results presented here demonstrate that PMNs and HMDMs export miR-223–

3p to HDL. We also demonstrate that HDL increases mature miR-223–3p expression and 

pri-mir-223 biogenesis. These findings provide novel insights into multiple facets of 

extracellular miRNAs on HDL, including miRNA export from PMNs and HMDMs, the 

impact of HDL on miRNA transcription and expression in inflammatory cells, the role of 

HDL’s receptor SR-BI in these processes.
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Highlights:

• The anti-atherogenic microRNA, miR-223–3p, present on high-density 

lipoproteins (HDL) originates from polymorphonuclear neutrophils (PMNs) 

and macrophages.

• HDL induce both the export of miR-223–3p from PMNs to HDL and the 

transcription of primary miR-223–3p (pri-mir-223) in PMNs.

• miR-223–3p export to HDL is increased when PMNs are activated.

• HDL induction of pri-mir-223 transcription in PMNs is dependent on 

Scavenger Receptor BI (SR-BI)-mediated lipid transfer and not a 

consequence of HDL binding to SR-BI.
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Fig. 1. 
Real-time PCR quantification.

(A and B) Real-time PCR quantification of HDL or rHDL-associated miR-223 levels pre- 

and post-incubation with PMNs (rHDL concentration 1 mg/ml; incubation time 4 h) 

reported as fold-change of relative quantitative values (normalized to cel-miR-39 and HDL 

or rHDL total protein concentration). (C and D) Real-time PCR quantification of mature 

miR-223–3p levels in PMNs after 0.5–4 h incubation with PBS, HDL (0.2–1 mg total 

protein/ml) or rHDL (1 mg/ml for 4 h). (E and F) Primary miR-223 (pri-mir-223) levels in 
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PMNs incubated for 0.5–4 h with PBS, HDL (0.2–1 mg total protein/ml) or rHDL (1 mg/ml 

for 4 h) quantified by real-time PCR (n≥3). Data are presented as mean ±SEM. *p<0.05, 

**p<0.01, ****p<0.0001.
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Fig. 2. 
Superoxide anion production and PKC activity were assessed in PMNs incubated for 45 min 

at 37° C with PBS or fMLP (1 μM) (A and B). PMNs were pre-incubated with PBS or fMLP 

(1 μM) then incubated for 4 h with HDLs (1 mg protein/ml). HDL-associated miR-223 

levels pre- and post-incubation (C), intracellular mature miR-223–3p levels (D), pri-

miR-223 levels (E), and Dicer mRNA levels (F) were quantified by real-time PCR with 

relative quantitative values reported as fold-change (N≥3). Data are presented as mean 

±SEM (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Fig. 3. 
SR-BI mRNA levels in HMDMs and PMNs were determined by real-time PCR and 

normalized to β-actin (A). PMNs were pre-incubated for 1 h at 37 °C with IgG or SR-BI 

blocking antibody (1:200 dilution) then 4 h incubation with HDL (1 mg protein/ml). HDL-

associated miR-223 levels (B), intracellular mature miR-223 levels (C) and intracellular pri-

mir-223 levels (D) were quantified by real-time PCR and relative quantitative values are 

reported as fold-change (N≥3). Data are presented as mean ±SEM (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001).
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Fig. 4. 
PMNs were pre-incubated for 1 h at 37 °C with 10 μM BLT-1 or DMSO, then incubated for 

4 h with HDLs (1 mg protein/ml). HDL-associated miR-223 levels (A), intracellular mature 

miR-223 levels (B) and intracellular pri-mir-223 levels (C) were quantified by real-time 

PCR with relative quantitative values reported as fold-change (N≥3). Data are presented as 

mean ±SEM (*p<0.05, **p<0.01, ***p<0.001).
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Fig. 5. 
HMDMs were incubated for 16 h with HDL or rHDL (1 mg total protein/ml). HDL and 

rHDL-associated miR-223 levels (A), intracellular mature miR-223 levels (B) and 

intracellular pri-mir-223 levels (C) were quantified by real-time PCR. HMDMs were pre-

incubated for 1 h at 37 °C with IgG or SR-BI blocking antibody (1:200 dilution) then 

incubated for 16 h with HDL (1 mg protein/ml). HDL-associated miR-223 levels (D), 

intracellular mature miR-223 levels (E) and intracellular pri-mir-223 levels (F) were 
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quantified by real-time PCR with relative quantitative values reported as fold-change (N≥3). 

Data are presented as mean ±SEM (*p<0.05, **p<0.01, ***p<0.001).

Torres et al. Page 21

Atherosclerosis. Author manuscript; available in PMC 2020 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	Introduction
	Materials and methods
	HDL isolation:
	Human primary cell isolation:
	Tissue culture:
	Transcriptomics:
	Statistics:


	Results
	HDL induces miR-223 transcription and export in PMNs
	PMN activation promotes HDL-miR-223–3p export
	SR-BI antagonizes HDL-miR-223–3p export
	miR-223–3p export from PMNs to HDL is not dependent on SR-BI-mediated cholesterol flux
	HMDMs export miR-223 to HDL

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

