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Abstract

Rationale—Apolipoprotein E (apoE) exerts anti-inflammatory properties that protect against 

atherosclerosis and other inflammatory diseases. However, mechanisms by which apoE suppresses 

the cellular activation of leukocytes commonly associated with atherosclerosis remain 

incompletely understood.

Objective—To test the hypothesis that apoE suppresses inflammation and atherosclerosis by 

regulating cellular microRNA levels in these leukocytes.

Methods and Results—An assessment of apoE expression among such leukocyte subsets in 

wild-type mice revealed that only macrophages and monocytes express apoE abundantly. An 

absence of apoE expression in macrophages and monocytes resulted in enhanced nuclear factor-

κB (NF-κB) signaling and an exaggerated inflammatory response upon stimulation with 

lipopolysaccharide. This correlated with reduced levels of microRNA-146a, a critical negative 

regulator of NF-κB signaling. Ectopic apoE expression in Apoe−/− macrophages and monocytes 

raised miR-146a levels, while its silencing in wild-type cells had an opposite effect. 

Mechanistically, apoE increased the expression of transcription factor PU.1, which raised levels of 

pri-miR-146 transcripts, demonstrating that apoE exerts transcriptional control over miR-146a. In 

vivo, even a small amount of apoE expression in macrophages and monocytes of hypomorphic 

apoE mice led to increased miR-146a levels, and inhibited macrophage pro-inflammatory 

responses, Ly-6Chigh monocytosis, and atherosclerosis in the settings of hyperlipidemia. 

Accordingly, cellular enrichment of miR-146a through the systemic delivery of miR-146a 

mimetics in Apoe−/−Ldlr−/− and Ldlr−/− mice attenuated monocyte/macrophage activation and 

atherosclerosis in the absence of plasma lipid reduction.

Conclusions—Our data demonstrate that cellular apoE expression suppresses NF-κB–mediated 

inflammation and atherosclerosis by enhancing miR-146a levels in monocytes and macrophages.
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INTRODUCTION

Apolipoprotein E (apoE), a 34 kDa secreted protein, is well recognized for its ability to 

suppress atherosclerosis.1 Beyond its pivotal role in lipoprotein cholesterol transport and in 

regulating cellular lipid levels, apoE has long been known to exert anti-inflammatory 

properties. ApoE deficient (Apoe−/−) mice display enhanced chronic inflammation in 

response to spontaneous and diet-induced hypercholesterolemia as well as an exaggerated 

acute immune response when challenged with bacterial lipopolysaccharide (LPS), which 

predisposes them to death from sepsis.2, 3 Macrophages are an important source of 

inflammatory cytokine production in the settings of both acute and chronic inflammation 

and apoE is known to be highly expressed by macrophages.1 Although the addition of 

exogenous apoE and its mimetic peptides has been reported to suppress macrophage 

inflammatory responses4 and induce anti-inflammatory macrophage phenotypes,5 far less is 

known regarding how endogenous apoE expression mediates anti-inflammatory functions in 

macrophages and in other leukocytes.

Macrophages and circulating monocytes are important effector cells in many inflammatory 

diseases, including atherosclerosis.6 Induction of inflammatory mediators in these cells is 

primarily mediated by the activation of the transcription factor nuclear factor-κB (NF-κB) 

pathway. Several lines of evidence suggest that NF-κB is activated in peripheral blood 

monocytes and lesional macrophages in patients with acute coronary syndrome and unstable 

angina.7 Experimental data using animal models have suggested that aberrant NF-κB 

activation in myeloid cells can contribute to the initiation and progression of 

atherosclerosis.8, 9 Thus, understanding how NF-κB activity in monocytes and macrophages 

is controlled in the context of hyperlipidemia is of great interest and may provide new 

therapeutic avenues for the treatment of atherosclerosis.

Multiple regulatory mechanisms have evolved to limit NF-κB activation in macrophages 

and monocytes. Of these, microRNA-146a (miR-146a) has emerged as a key negative 

regulator of NF-κB.10 In this study, we tested the hypothesis that apoE expression can 

suppress NF-κB–mediated inflammation by regulating cellular microRNA levels in 

macrophages and monocytes. Our findings reveal that cellular apoE expression impacts on 

the levels of several microRNAs, including miR-146a, and thereby provide new insight to 

understand how apoE suppresses inflammation and atherosclerosis beyond reducing plasma 

lipid levels.

METHODS

In vivo administration of microRNA mimetics

The in vivo delivery of microRNA mimetics was performed as previously described.11 The 

uptake of miR-146a mimetics by target cells in vivo was validated by using miR-146a−/− 

mice obtained from the Jackson Laboratories. Briefly, miR-146a−/− mice were injected 

intravenously via the tail vein with a mixture of Lipofectamine 2000 and mimetics (miRNA 

negative control, or miR-146a; 1 nmol/mouse) suspended in 200 μL PBS twice a week for 

two weeks. Ly-6Chigh monocytes sorted from spleens and macrophages purified from 
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peritoneal lavage were analyzed for miR-146a expression. To study the effects of 

microRNA mimetics on atherosclerosis, Apoe−/−Ldlr−/− mice (11 ± 1-week-old) were 

continuously fed a normal chow diet and injected with microRNA mimetics as above for a 

period of 6 weeks. To control for endogenous apoE expression on miR-146a effects in 

atherosclerosis, the study was repeated with 10 week-old Ldlr−/− mice fed a high fat diet. 

After 2 weeks of diet initiation, the mice were treated with miR-146a mimetics or controls 

as above for a period of 6 weeks. MiRNA and mRNA in resident peritoneal macrophages 

were examined by quantitative RT-PCR. Blood leukocytes were collected and analyzed by 

flow cytometry. The heart and aorta were harvested for histological analyses.

An expanded Materials and Methods section is available in Online Data Supplement.

RESULTS

ApoE is primarily expressed by monocytes and macrophages among the major leukocyte 
subsets known to participate in atherosclerosis

Although apoE is well known to be expressed by tissue macrophages,1 its expression pattern 

among other leukocyte subsets known to participate in atherosclerosis is not well defined. 

We explored this question by measuring apoE mRNA levels in various subsets of mature 

myeloid and lymphoid cells isolated from wild-type (WT) C57BL/6 mice by quantitative 

real-time PCR. The mRNA levels of apoE in these cells were then compared to those in 

resident peritoneal macrophage set arbitrarily to 100%. As shown in Figure 1A, apoE 

expression was found to be restricted to myeloid cells, primarily among monocytes. 

Interestingly, Ly-6Clow monocytes expressed robust amounts (32.0 ± 5.8) that were on 

average fivefold more apoE mRNA than Ly-6Chigh monocytes (6.7 ± 1.4, P<0.001). 

Consistent with mRNA expression data, quantitation of cellular apoE protein content by 

flow cytometry showed that Ly-6Clow monocytes had twofold more apoE than Ly-6Chigh 

monocytes (Figure 1B). In contrast, apoE was expressed far less in neutrophils (1.2 ± 0.2), 

DC subsets (<1.0), pDCs (<0.5), and B cells (<1.0), and it was undetectable in T 

lymphocytes (Figure 1A). The strikingly different apoE expression levels observed between 

the two major monocyte subsets suggests that it may play a role in regulating their 

functional heterogeneity.

ApoE expression reduces NF-κB inflammatory signaling in macrophages and monocytes

Numerous studies have shown that NF-κB signaling driven by toll-like receptors (TLRs) in 

monocytes and macrophages is an important contributor to acute and chronic inflammation 

including atherosclerosis.6, 12 However, little is known about the impact that cellular apoE 

expression can exert on NF-κB signaling in response to TLR signaling. We addressed this 

question with cultured macrophages and monocytes exposed to lipopolysaccharide (LPS), a 

well-established TLR4 ligand and activator of NF-κB signaling in these cells. Peritoneal 

macrophages from 4-week-old WT and Apoe−/− mice were stimulated with LPS and 

subsequently analyzed for the subcellular distribution and phosphorylation of the major NF-

κB subunit p65 by immunofluorescence and flow cytometry. At a basal unstimulated state, 

resident peritoneal macrophages cultured from either WT or Apoe−/− mice displayed a 

similarly low level of nuclear p65 (Figure 1D). In contrast, TLR4 activation by LPS 
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stimulation caused a pronounced nuclear translocation of p65 in both WT and Apoe−/− 

macrophages (Figure 1C and 1D). However, macrophages derived from Apoe−/− mice 

displayed almost 20% more nuclei containing p65 than those of WT mice (Figure 1C and 

1D). Moreover, we also observed that the absolute cellular levels of p65 phosphorylation 

were significantly greater among macrophages derived from Apoe−/− mice than those of WT 

mice (Figure 1E and 1F). We next explored the consequence of increased p65 nuclear 

localization and phosphorylation on the cellular expression of NF-κB target genes in 

Apoe−/− macrophages. As shown in Figure 1G and 1H, Apoe−/− macrophages consistently 

displayed higher mRNA expression levels of TNF-α and IL-6 compared to WT 

macrophages. A similar increase in LPS-induced p65 phosphorylation (Figure 1I) and TNF-

α mRNA expression (Figure 1J) was also observed among Ly-6Chigh monocytes isolated 

from Apoe−/− mice compared to those isolated from WT mice. Collectively, our findings 

show that apoE expression in macrophages and monocytes restrains NF-κB signaling and 

downstream inflammatory cytokine expression in response to LPS stimulation.

ApoE deficiency results in reduced miR-146a expression in macrophages and monocytes

We sought to identify the underlying mechanisms by which apoE controls NF-κB activity in 

macrophages. Several microRNAs are known to differentially regulate NF-κB signaling in 

macrophages, including miR-146a, miR-147, miR-21, miR-132, miR-125b and 

miR-155.10, 13, 14 We explored whether a loss of apoE expression in macrophages could 

impact on levels of these microRNAs to alter their cellular responsiveness to LPS-induced 

NF-κB activation. Our results show that compared to WT macrophages, Apoe−/− 

macrophages displayed lower levels of miR-146a, miR-147 and miR-21. However, 

miR-132, miR-125b and miR-155 were present at similar levels in these two types of 

macrophages (Figure 2A).

In beginning to explore the relationship between cellular apoE expression and microRNA 

levels, we focused on microRNA-146a because of its well established role in suppressing 

NF-κB–driven inflammatory signaling and cytokine expression in macrophages.10, 15 Bone 

marrow-derived macrophages (BMDM) prepared from 3-week-old Apoe−/− and WT mice 

were exposed to LPS and levels of microRNA-146a were determined by qRT-PCR at 

various time points after stimulation. A loss of apoE expression in Apoe−/− BMDM led to a 

2-fold decrease in miR-146a expression even prior to LPS stimulation, indicating the 

importance of apoE expression in the maintenance of baseline miR-146a levels in 

macrophages (Figure 2B). Although miR-146a levels increased in Apoe−/− BMDM 

following LPS stimulation, this occurred at a much lower magnitude than in WT BMDM 

(Figure 2B). Interestingly, the difference in miR-146a levels were even more pronounced at 

the 6 hr and 18 hr time points, demonstrating that a loss of apoE impairs the cell’s ability to 

produce and maintain a normal pool of miR-146a in response to an inflammatory stimulus 

(Figure 2B). We explored the functional consequences of miR-146a paucity in Apoe−/− 

macrophages on the expression levels of its target genes including TRAF6 and IRAK1.10, 15 

Not surprisingly, we noted that the loss of apoE expression in macrophages consistently led 

to a 2-fold increase in the mRNA levels of these two key molecular activators of NF-κB 

signaling (Figure 2C). These findings therefore explain in part our observations of increased 
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NF-κB activation and pro-inflammatory cytokine expression in Apoe−/− macrophages 

(Figure 1).

To test the possibility that hyperlipidemia contributed to the observed reduced miR-146a 

levels in cells derived from Apoe−/− mice, we repeated our experiments with resident 

peritoneal macrophages isolated from Ldlr−/− mice that displayed a similar level of 

hyperlipidemia (Online Figure IA). As shown in Online Figure IB-ID, macrophages isolated 

from Ldlr−/− mice exhibited similar levels of miR-146a (P=0.18), as wells as mRNA levels 

of TRAF6 (P=0.71) and IRAK1 (P=0.49) as those isolated from WT mice. These data 

demonstrate that a loss of apoE expression but not the presence of hyperlipidemia is 

responsible for reduced miR-146a expression and activity in macrophages derived from 

Apoe−/− mice.

Lastly, we tested if other leukocytes derived from Apoe−/− mice were also susceptible to 

reduced miR-146a levels. Interestingly, we detected significantly reduced amounts of 

miR-146a in both Ly-6Chigh and Ly-6Clow monocytes derived from Apoe−/− mice compared 

to those of WT mice at 3–4 weeks of age (Figure 2D). However, this effect did not extend to 

other myeloid cells or lymphocytes examined including neutrophils, DCs, pDCs, B cells and 

T cells (Figure 2E), which do not express appreciable amounts of apoE (Figure 1A). 

Collectively, our findings demonstrate that cellular apoE expression enables the production 

and maintenance of miR-146a in monocytes and macrophages to effectively suppress NF-

κB inflammatory signaling that is required for the fine-tuning and resolution of 

inflammation.

ApoE expression enhances miR-146a in macrophages and monocytes

We next tested the causality between cellular apoE expression and enhanced miR-146a 

levels in macrophages and monocytes. This was accomplished by detecting cellular 

miR-146a levels following a transduced upregulation of apoE expression or its suppression. 

Restoring apoE expression in Apoe−/− BMDM using a mouse apoE gene expression vector 

(Figure 3A) increased miR-146a levels in a concentration-dependent manner (Figure 3B). 

Remarkably, restoring only 14% of WT apoE mRNA expression levels in Apoe−/− BMDM 

transduced with a low amount of apoE expression plasmid delivered at 5 ng/ml (Figure 3A) 

led to a pronounced 40% increase in miR-146a levels (Figure 3B). Interestingly, expressing 

14-fold more apoE mRNA expression in cells transduced with 125 ng/ml apoE expression 

plasmid (Figure 3A) resulted in only a 50% increase in miR-146a levels (Figure 3B). These 

results suggest that only a small amount of cell-derived apoE expression is required to 

positively drive an accumulation of miR-146a in macrophages. The induction of miR-146a 

by apoE expression was even more effective in Ly-6Chigh monocytes which displayed a 

three-fold increase in miR-146a levels when transduced with the apoE expression plasmid at 

125 ng/ml (Figure 3C). We also tested whether suppressing apoE expression could have an 

opposite effect on miR-146a levels in these cells. As shown in Figure 3D, transducing WT 

mouse monocyte-derived macrophages with an apoE siRNA led to a 40% reduction of 

miR-146a levels 48 hrs after transfection. Together, our in vitro data demonstrate a causative 

role for cellular apoE expression in the enhancement of miR-146a levels in macrophages 
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and monocytes and that low amounts of cellular apoE expression are sufficient to drive a 

meaningful biological effect.

ApoE increases miR-146a by enhancing the transcription factor PU.1

We next explored the mechanisms by which cellular apoE expression increases miR-146a 

levels in macrophages. At first, levels of miR-146a primary transcript (pri-miR146a) were 

detected to examine whether apoE affects miR-146a transcription. As shown in Figure 4A, 

peritoneal macrophages from WT mice expressed two fold more pri-miR146a than those 

from Apoe−/− mice. Moreover, transducing apoE expression in Apoe−/− BMDM raised 

cellular pri-miR-146a levels (Figure 4B). These results suggest that apoE increases 

miR-146a in macrophages by enhancing its transcription.

MiR-146a expression in hematopoietic cells is known to be transcriptionally induced by NF-

κB and PU.1.10, 16 Because NF-κB activity is similarly low in freshly isolated resident 

peritoneal macrophages derived from young, 3–4 week-old Apoe−/− and WT mice (Figure 

1D and 1F), we wondered whether apoE enhances miR-146a transcription by regulating 

basal PU.1 levels. Indeed, PU.1 mRNA and protein levels were significantly greater in WT 

macrophages than in Apoe−/− macrophages (Figure 4C and 4D). Furthermore, transduced 

expression of apoE in Apoe−/− macrophages increased PU.1 mRNA and protein expression 

(Figure 4E and 4F).

We then investigated the functional role of PU.1 in apoE-induced miR-146a transcription by 

down-regulating its expression. As shown in Figure 4G, the knockdown of PU.1 in WT 

BMDM by siRNA led to a 50% reduction in pri-miR-146a expression levels. Importantly, 

the induction of pri-miR-146a by ectopic apoE expression in Apoe−/− BMDM was 

significantly reduced but not completely abrogated by PU.1 siRNA (Figure 4H). Together, 

these data demonstrate that apoE drives the transcription of miR-146a in part by enhancing 

cellular expression of PU.1.

ApoE raises cellular miR-146a levels and restrains the activation of macrophages and 
monocytes in the settings of hyperlipidemia

The chronic activation of monocytes and macrophages has long been established as a key 

underlying mechanism for atherosclerosis initiation and progress.6, 14, 17 We therefore 

examined whether apoE expression could suppress monocyte and macrophage 

inflammation, and thereby atherosclerosis, by increasing miR-146a in the settings of 

hyperlipidemia.

To address this question we made use of the hypomorphic apoE (Apoeh/h) mouse model of 

reduced apoE gene expression in all tissues, which we previously designated HypoE mice.18 

We recently reported that HypoE mice deficient in low density lipoprotein receptor 

expression (Apoeh/hLdlr−/− mice) spontaneously display similarly elevated plasma 

cholesterol and triglycerides as Apoe−/−Ldlr−/− mice, but develop 4-fold less atherosclerotic 

lesion burden.19 In this study, we examined if apoE expression, albeit at reduced levels in 

monocytes and macrophages of hyperlipidemic Apoeh/hLdlr−/− mice, could raise cellular 

miR-146a levels to suppress cellular activation and atherosclerosis caused by chronic 
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hyperlipidemia. Both macrophages (Figure 5A) and Ly-6Chigh monocytes (Figure 5D) 

isolated from Apoeh/hLdlr−/− mice displayed a 50% increase in cellular miR-146a levels as 

compared to those isolated from Apoe−/−Ldlr−/− mice. We also observed a three-fold 

reduction in the number of aortic macrophages in Apoeh/hLdlr−/− mice as compared to 

Apoe−/−Ldlr−/− mice (Figure 5B). Moreover, resident peritoneal macrophages isolated from 

Apoeh/hLdlr−/− mice displayed lower TNF-α mRNA expression compared to those from 

Apoe−/−Ldlr−/− mice (Figure 5C). In peripheral blood, Apoeh/hLdlr−/− mice had two-fold 

less Ly-6Chigh monocytes compared to Apoe−/−Ldlr−/− mice (Figure 5E). Intracellular 

cytokine analysis revealed a two-fold reduction in the numbers of Ly-6Chigh monocytes 

producing TNF-α in the spleen of Apoeh/hLdlr−/− mice as compared to those of 

Apoe−/−Ldlr−/− mice (Figure 5F). Collectively, these results demonstrate that cellular apoE 

expression, even at low levels seen in HypoE mice, substantially raise miR-146a levels in 

macrophages and monocytes to reduce chronic inflammation in the setting of hyperlipidemia 

and thereby suppress atherosclerosis.

Systemic delivery of a miR-146a mimetic reduces macrophage activation, Ly-6Chigh 

monocytosis and atherosclerosis in the setting of hyperlipidemia and apoE deficiency

Our in vitro and in vivo findings collectively point to a deficit in miR-146a levels in 

monocytes and macrophages as a source of increased inflammation and atherosclerosis in 

mice deficient in apoE expression. We investigated whether correcting such a miR-146a 

deficit could suppress monocytosis and macrophage activation and thereby atherosclerosis 

in apoE-deficient mice.

To explore the feasibility of restoring miR-146a levels in monocytes and macrophages in 

vivo, we systemically delivered a miR-146a mimetic (146a-m) or negative control mimetic 

(NC-m) encapsulated in liposomes (1 nmol/mouse) via tail vein injection twice a week for 

two weeks in miR-146a deficient (miR-146a−/−) mice. This method effectively restored 

miR-146a expression in Ly-6Chigh monocytes and macrophages (Online Figure IIA and 

IIB), confirming an efficient uptake of miR-146a mimetics by these cells in vivo. We then 

explored the benefit of delivering such miR-146a mimetics for a period of 6 weeks into 

Apoe−/−Ldlr−/− mice fed a normal chow diet. At the time of euthanasia, there was a three-

fold increase in miR-146a expression in peritoneal macrophages isolated from mice injected 

with the 146a-m than those from mice receiving the NC-m (Figure 6A). Consistent with this 

finding, the mRNA expression of IRAK1 and TRAF6 were substantially reduced (Figure 

6B). Moreover, there was a 50% reduction in TNF-α mRNA levels in resident peritoneal 

macrophage (Figure 6C), indicating a substantial reduction of NF-κB signaling and 

inflammation in Apoe−/−Ldlr−/− mice that received infusions of 146a-m. In addition, as 

soon as three weeks after the 146a-m treatment, Apoe−/−Ldlr−/− mice also displayed a 30% 

reduction in the number of blood Ly-6Chigh monocytes that persisted at the 5 week time 

point (Figure 6D).

We next examined how such a beneficial reduction in systemic inflammation impacted on 

the progression of atherosclerosis in these hyperlipidemic mice. Despite similarly elevated 

plasma cholesterol levels (Online Figure IIIA), a 6-week period of systemic miR-146a 

mimetic delivery led to a 2-fold reduction in oil-red O positive neutral-lipid surface area 
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(Figure 6E and 6I), as well as MOMA-2 positive macrophage surface area (Figure 6F and 

6J) in the aortic root. In addition, there was a two-fold reduction in the absolute number of 

CD11b+ F4/80+ macrophages in the aorta of Apoe−/−Ldlr−/− mice (Figure 6G and 6K). 

Double immunostaining for MOMA-2 and Ki-67 (a marker for cell proliferation) in sections 

of aortic sinus showed that lesional macrophages in 146a-m–treated mice proliferated at a 

rate similar to those of control mice (Figure 6H and 6L). Collectively, our findings 

demonstrate that systemic delivery of a miR-146a mimetic results in an attenuation of 

atherosclerosis by suppressing Ly-6Chigh monocytosis, macrophage activation but not 

macrophage proliferation in atheroma.

Finally, we assessed the capacity for systemic delivery of a miR-146a mimetic to suppress 

atherosclerosis in hyperlipidemic mice with an intact apoE gene. This was accomplished by 

using Ldlr−/− mice fed a high fat diet that develop twice the amount of plasma cholesterol as 

chow fed Apoe−/−Ldlr−/− mice (Online Figure IIIB). Bi-weekly infusions of 146a-m for six 

weeks led to a 50% increase of miR-146a in resident peritoneal macrophages of Ldlr−/− 

mice (Figure 7A). This contrasts the 3-fold increase detected in macrophages of 146a-m–

treated Apoe−/−Ldlr−/− mice (Figure 6A). Such modest increase in miR-146a nonetheless 

reduced the expression of IRAK1, TRAF6, and TNF-α expression in these cells (Figure 7B 

and 7C). It also led to a 20% reduction in Ly-6Chigh monocytosis (Figure 7D) and a 

significant suppression of atherosclerotic plaque formation (Figure 7E and 7G) and 

macrophage accumulation in the aorta (7F, 7H and 7I).

DISCUSSION

ApoE is recognized for its unparalleled ability to suppress atherosclerosis.20 Beyond its 

participation in the removal of atherogenic remnant lipoproteins from plasma,20 apoE exerts 

a direct influence on myeloid cell activity.21 The expression of apoE in the macrophage has 

long been recognized to suppress atherosclerosis by enhancing the efflux of cellular 

cholesterol, thereby preventing foam cell formation in the vessel wall.1, 22 More recent 

findings have added to the list of apoE’s anti-atherogenic properties that include an ability to 

suppress myelopoeisis23 and the cellular activation of circulating monocytes in 

hyperlipidemic mice.19 The underlying mechanisms of these protective properties have 

largely been ascribed to the lipid efflux capacity of apoE both through its cellular 

expression23 and by its ability to enhance the cholesterol efflux capacity of plasma HDL.19 

As illustrated in Figure 8, results of our study uncovered a new anti-inflammatory property 

of apoE. Our findings demonstrate that cellular apoE expression participates to enhance and 

sustain miR-146a levels in macrophages to suppress NF-κB–mediated cellular activation in 

response to acute and chronic inflammatory signaling via TLR receptors, including in a 

hyperlipidemic environment. We also found that among other leukocytes commonly 

involved in atherosclerosis, monocytes are the only ones to express appreciable amounts of 

apoE. Moreover, we noted that apoE is expressed at much higher levels in anti-inflammatory 

Ly-6Clow monocytes that also express far more miR-146a than Ly-6Chigh monocytes.

MicroRNAs have emerged as key regulators of chronic inflammation and atherosclerosis in 

hyperlipidemic mice.11, 14 In fact, miRNA-146a has been identified as a critical regulator of 

myeloid cell activation and expansion.10, 15 It has been shown to control the balance 
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between pro- and anti-inflammatory monocytes by down-regulating the expression of the 

transcription factor RelB that controls the proliferation of Ly-6Chigh monocytes, which are 

recognized for their inflammatory24 and atherogenic properties.17 MiR-146a is also 

recognized for its ability to potently suppress inflammatory challenges by reducing TLR-

driven NF-κB signaling in macrophages and in other hematopoietic cells. 10 This function is 

crucial to prevent an immunological overload and fatal inflammation following a bout of 

sepsis or LPS injection.15 But the relevance of miR-146a in controlling immunity during 

prolonged periods of chronic inflammation such as hyperlipidemia has not been explored. 

Therefore, our findings demonstrating reduced miR-146a levels in macrophages and 

monocytes that lack apoE expression provide new insight to explain the susceptibility to 

atherosclerosis and sepsis 2, 3 reported in Apoe−/− mice.

Our findings are unexpected, as miR-146a is known to emerge from NF-κB transcription,10 

and Apoe−/− mice have been reported to express increased NF-κB activity,2 which we 

confirmed in our study. As such, one would legitimately expect to detect increased levels of 

miR-146a in macrophages isolated from Apoe−/− mice. Contrary to this expectation, we 

uncovered that cellular apoE expression enables both macrophages and monocytes to 

upregulate and maintain elevated levels of miR-146a in response to acute and chronic 

inflammatory challenges. Our findings, therefore, provide provocative new insight to 

appreciate the influence that apoE can exert on the plasticity of monocytes and macrophages 

to suppress inflammation and atherosclerosis beyond contributing to enhance cellular lipid 

efflux. This new mode of cellular regulation could explain results of earlier reports that 

documented a capacity for apoE to suppress type I inflammation2 and promote 

atherosclerosis regression beyond reducing plasma lipid levels. 25

The ability of apoE to regulate cellular miRNA levels is not limited to myeloid cells. A 

study has recently reported that apoE can control miR-145 to suppress smooth muscle cell 

activation and aortic stiffness.26 Because apoE is known to suppress endothelial activation, 

it is possible that it could be doing so in part by raising cellular miR-146a levels. Our 

demonstration of apoE’s capacity to increase miR-146a expression in monocytes and 

macrophages may constitute a key regulatory mechanism to suppress NF-κB–driven 

inflammation and atherosclerosis. In addition, because apoE is also expressed by 

hematopoietic progenitors,23 ongoing studies are aimed at exploring whether it can increase 

miR-146a to suppress NF-κB signaling and thereby add another level of control over 

myeloproliferation that has so far been ascribed to its ability to suppress cytokine-driven 

proliferative signaling by enhancing cellular lipid efflux.23

The physiological relevance of our findings with respect to suppression of chronic 

inflammation comes from observations of our hypomorphic apoE mouse model of reduced 

apoE expression that we termed HypoE mice.18 We recently reported that HypoE mice 

deficient in LDL receptor expression (Apoeh/hLdlr−/− mice) develop a similar 

hyperlipidemia as Apoe−/−Ldlr−/− mice, despite significantly lower levels of apoE 

expression in all tissues including myeloid cells and hepatocytes.19 A key observation for 

reduced atherosclerosis in Apoeh/hLdlr−/− mice was a reduced number of activated 

circulating Ly-6Chigh monocytes that we ascribed to reduced cellular lipid levels due to 

enhanced cholesterol efflux capacity of plasma HDL. 19 In this study, we uncovered another 
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explanation as Ly-6Chigh monocytes isolated from these mice were found to express more 

miR-146a and less TNF-α than those from hyperlipidemic Apoe−/−Ldlr−/− mice. In parallel, 

peritoneal macrophages isolated from both mouse models demonstrated that a low amount 

of apoE expression in the HypoE mice was sufficient to raise miR-146a levels and suppress 

NF-κB–driven cellular activation. An ability for low apoE expression levels to induce an 

appreciable amount of miR-146a as seen in the HypoE mice was confirmed by our in vitro 

studies showing that a 25-fold difference in the ectopic expression of apoE in macrophages 

deficient in apoE results only in a marginal increase in cellular miR-146a levels. Our 

findings, therefore, underscore the importance of apoE’s capacity to raise cellular miR-146a 

levels in monocytes and macrophages to suppress NF-κB inflammatory signaling and 

thereby atherosclerosis. A similar enhancement of miR-146a by apoE in brain astrocytes 

could play an important role in the protection from NF-κB–driven neurodegenerative 

disorders.

Cellular miRNA levels are influenced by transcriptional and post-transcriptional events.27 

Data from our study demonstrate that cellular apoE expression raises miR-146a levels in 

monocytes and macrophages by enhancing its transcription. MiR-146a expression is 

transcriptionally induced by NF-κB during inflammatory challenges and by PU.1 during 

hematopoietic development. 10, 16 Our data show that a source of added transcriptional 

activity at the miR-146a locus by apoE derives in part from increased levels of PU.1. Further 

research will be required to understand how cellular apoE expression enhances miR-146a 

levels via PU.1 or other yet to be determined mechanisms and whether plasma lipoprotein-

associated apoE can regulate these effects through cell-surface receptor interactions.

To our knowledge, our study is the first in vivo demonstration of microRNA delivery to 

macrophages and monocytes that reduces inflammation and atherosclerosis in the absence of 

plasma lipid reduction. An appealing aspect of miR-146a delivery is the ability to silence 

multiple inflammatory targets including IRAK1 and TRAF6 to suppress NF-κB–driven 

TNF-α expression in macrophages. Also, the observed decrease in Ly-6Chigh monocytosis 

could be due to reduced expression of the M-CSF receptor15 or the RelB transcription 

factor24, both targets of miR-146a in these cells. Importantly, our findings reveal that the 

level of macrophage miR-146a enrichment and intensity of its anti-inflammatory effects 

produced by an administration of miR-146a mimetics are less pronounced when given to 

Ldlr−/− mice than to Apoe−/−Ldlr−/− mice. The naturally higher expression levels of 

miR-146a caused by endogenous ApoE expression in monocytes and macrophages of 

Ldlr−/− mice could make them less responsive to infusions of microRNA mimetics. 

Nonetheless, even a modest 50% increase in macrophage miR-146a levels effectively 

reduced chronic inflammation and atherosclerosis in hyperlipidemia Ldlr−/− mice. 

Moreover, a similarly mild elevation in miR-146a levels in macrophages was observed to 

substantially reduce atherosclerosis in hyperlipidemic HypoE mice (Figure 5). Collectively, 

our findings support a mild enhancement of miR-146a levels in monocytes and macrophages 

as a potential therapeutic avenue for chronic inflammatory disorders including 

atherosclerosis while minimizing a compromise of host defense.

In conclusion, our data demonstrate that apoE expression in macrophages and monocytes 

controls inflammation by enhancing PU.1-dependent miR-146a expression that suppresses 
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inflammatory NF-κB signaling (Figure 8). Our findings provide a new mechanistic link to 

explain how apoE exerts its anti-inflammatory properties to suppress atherosclerosis beyond 

reducing plasma lipid levels or enhancing cellular lipid efflux. Our findings also highlight 

the potential utility of targeting the cellular regulation of miR-146a by apoE to promote the 

resolution of inflammation and atherosclerosis.
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Nonstandard Abbreviations and Acronyms

apoE apolipoprotein E

NF-κB nuclear factor-κB

IRAK1 interleukin-1 receptor-associated kinase 1

TRAF6 TNF receptor-associated factor 6

BMDM bone marrow-derived macrophages

Mono monocytes

DC dendritic cells

pDC plasmacytoid dendritic cells

LPS lipopolysaccharide

TLR toll like receptor

qRT-PCR quantitative real-time PCR

MOMA-2 Macrophage/monocyte monoclonal antibody

146a-m miR-146a mimetic

NC-m negative control mimetic

LDLR low density lipoprotein receptor

M-CSF macrophage colony stimulating factor

PU.1 purine-rich PU-box binding protein 1
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Novelty and Significance

What Is Known?

• Apolipoprotein (apo) E can protect against atherosclerosis beyond reducing 

blood lipid levels.

• Among its pleiotropic properties, apoE has long been recognized to exert 

regulatory control over cells of the innate and adaptive immune system.

• ApoE is known to protect monocytes and macrophages from lipid-driven 

activation and contribution to atherosclerosis mainly through its ability to 

promote cellular lipid efflux.

What New Information Does This Article Contribute?

• Cellular apoE expression in monocytes and macrophages increases PU.1–

dependent expression of miR-146a that suppresses NF-κB activation in response 

to Toll-like receptor (TLR) signaling.

• Sub-physiological apoE expression is sufficient to positively drive monocyte 

and macrophage heterogeneity by increasing miR-146a levels that suppress 

inflammation and atherosclerosis in hyperlipidemic mice.

• In vivo delivery of miR-146a mimetics in hyperlipidemic mice raises miR-146a 

levels in monocytes and macrophages and effectively suppresses NF-κB–driven 

inflammation and atherosclerosis in the absence of plasma lipid lowering.

Our understanding of how apoE suppresses atherosclerosis beyond reducing plasma and 

cellular lipid levels remains incomplete. We found that apoE expression in monocytes 

and macrophages enhances the production of microRNAs that suppress NF-κB 

inflammatory signaling, including miR-146a. Although NF-κB activation normally 

drives miR-146a expression as a natural feedback mechanism, this process is impaired in 

monocytes and macrophages of Apoe−/− mice. The capacity for apoE to increase 

miR-146a levels was independent of NF-κB activation, but rather was dependent on PU.

1, a transcription factor that enhances the expression of miR-146a. Even very low levels 

of cellular apoE expression enhanced miR-146a expression, and this process contributed 

to suppressed monocyte and macrophage activation and atherosclerosis in hypomorphic 

apoE mice with hyperlipidemia similar to apoE–deficient mice. Intravenous infusions of 

miR-146a mimetics rescued the miR-146a paucity in monocytes and macrophages of 

Apoe−/− mice and suppressed NF-κB inflammatory responses and atherosclerosis in the 

absence of plasma lipid reduction. Such delivery of miR-146a mimetics to 

hyperlipidemic mice with an intact apoE gene led to a more modest increase in cellular 

miR-146a levels that nonetheless suppressed atherosclerosis, demonstrating its potential 

therapeutic utility for human atherosclerosis.
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Figure 1. ApoE is primarily expressed in macrophages and monocytes, and suppresses NF-κB 
inflammatory signaling in these cells
(A) ApoE mRNA expression levels among purified bone marrow Ly-6Chigh monocytes, 

Ly-6Clow monocytes, and neutrophils (n=9), and splenic CD8α+ DCs, CD11b+ DCs, pDCs, 

B cells, and T cells (n=6) from WT mice were detected by quantitative real-time PCR (qRT-

PCR). Mono, monocytes; DCs, dendritic cells; pDCs, plasmacytoid dendritic cells; The 

results were normalized by β-2-microglobulin (β2m) level and the mRNA expression level 

of apoE in peritoneal macrophages (n=9) was set arbitrarily to 100%. (B) ApoE expression 

in peritoneal macrophages, bone marrow Ly-6Chigh monocytes and Ly-6Clow monocytes 

from WT mice (n=8) were examined by flow cytometry. MFI, mean fluorescence intensity; 

Data are presented as the means ± SEM. ***, P<0.001; *, P<0.05. Representative images 

(C) and quantitative analysis (D) of immunofluorescence of p65 in peritoneal macrophages 
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derived from 4-week-old WT (Apoe+/+) and Apoe−/− mice before (Ctrl) or after LPS 

stimulation (100 ng/mL) for 15 min. Representative histograms (E) and quantitation (F) of 

p65 phosphorylation in 4-week-old WT and Apoe−/− macrophages before (Ctrl) or after 

(LPS) 15 min of stimulation with LPS (100 ng/mL) analyzed by flow cytometry. TNF-α (G) 

and IL-6 (H) mRNA expression in WT and Apoe−/− macrophages stimulated with LPS (100 

ng/mL) for 6 hrs were analyzed by qRT-PCR. Phosphorylated p65 (I) and TNF-α mRNA 

(J) levels were examined in Ly-6Chigh monocytes of WT and Apoe−/− mice after LPS 

stimulation for 30 min and 18 hrs, respectively. The results of WT cells were set arbitrarily 

to 1. n=4~5 for C, D, E, F, G, and H; n=3~4 for I and J. Data are shown as the means ± SEM 

and are representative of three independent experiments. *, P<0.05; **, P<0.01
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Figure 2. MiR-146a levels are reduced in apoE-deficient macrophages and monocytes, but not 
other myeloid and lymphoid cells
A, Select microRNAs in 4-week-old WT and Apoe−/− (n=4) peritoneal macrophages 3 hrs 

after LPS stimulation were analyzed by qRT-PCR. B, three-week-old WT and Apoe−/− 

BMDM (bone marrow-derived macrophages) were unstimulated or stimulated with LPS for 

indicated time and miR-146a expression were analyzed by qRT-PCR (n=4). C, qRT-PCR 

analysis of IRAK1 and TRAF6 mRNA expression in unstimulated WT and Apoe−/− 

macrophages (n=4). D, qRT-PCR analysis of miR-146a expression in Ly-6Chigh and 

Ly-6Clow monocytes purified from WT and Apoe−/− mice (n=3). The results of WT 

Ly-6Chigh were set arbitrarily to 1. E, qRT-PCR analysis of miR-146a expression in various 

immune cells purified from WT and Apoe−/− mice (n=3). The results of WT cells were set 

arbitrarily to 1. Data are shown as the means ± SEM and are representative of three 

independent experiments. *, P<0.05; **, P<0.01.
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Figure 3. Ectopic apoE expression enhances miR-146a expression in macrophages and 
monocytes
A, BMDM prepared from Apoe−/− mice were transfected with an empty vector (Vector) or 

increasing amounts ranging from 5 to 125 ng/ml of an apoE expression vector using 

Lipofectamine 2000. After 48 hrs, cells were analyzed for apoE mRNA levels. The results 

were compared to WT apoE mRNA levels set arbitrarily to 1. B, Apoe−/− BMDMs were 

transfected as described in (A) and were examined for miR-146a levels. MiR-146a 

expression in Apoe−/− BMDM receiving control vector were set arbitrarily to 1. C, 
miR-146a expression in Apoe−/− Ly-6Chigh monocytes transfected with control empty 

vector or apoE expression vector (125 ng/ml). D, WT monocytes were transfected with a 

control siRNA (siCtrl) (Ctrl siRNA) or an apoE siRNA (ApoE siRNA) using Lipofectamine 

RNAiMAX. Cells were analyzed for miR-146a expression 48 hrs after transfection. The 

results of control groups were set arbitrarily to 1. Similar results were obtained in 3 separate 

experiments using 4 mice per group. Data are shown as the means ± SEM. *, P<0.05; **, 

P<0.01.
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Figure 4. ApoE increases miR-146a transcription by enhancing transcription factor PU.1
A, Quantitative PCR analysis of primary miR-146a transcripts (pri-miR-146a) in peritoneal 

macrophages derived from 4-week-old Apoe−/− and WT mice (n=12). The results of WT 

cells were set arbitrarily to 1. B, Apoe−/− BMDM (n=4) were transfected with an empty 

vector (Vector) or an apoE expression vector (ApoE) using Lipofectamine 2000. After 48 

hrs, cells were analyzed for pri-miR-146a levels. Results of the control group were set 

arbitrarily to 1. (C) qPCR and (D) FACS analysis of PU.1 expression in peritoneal 

macrophages derived from Apoe−/− and WT mice (n=8); the results of WT cells were set 

arbitrarily to 1. (E) qPCR and (F) FACS analysis of PU.1 expression in Apoe−/− BMDM 

(n=4) transfected with a control empty vector (Vector) or an apoE expression vector (ApoE). 

G, Quantitative PCR analysis of pri-miR-146a expression in WT BMDM (n=4) transfected 

with a control siRNA or a PU.1-specific siRNA (100 μM) for 24 hrs using Lipofectamine 

RNAiMAX; the results of control siRNA-treated cells were set arbitrarily to 1. H, Apoe−/− 

BMDM were first transfected with empty or apoE expression vectors for 24 hrs, and then 

transfected with either control siRNA or PU.1 siRNAs for 24 hrs. The cells were examined 

for pri-miR-146a expression by real-time PCR. The results of Apoe−/− BMDM receiving the 

empty vector and control siRNA were set arbitrarily to 1. Data are shown as the means ± 

SEM. The data in B, E, F, G and H are representative of two or three independent 

experiments *, P<0.05; **, P<0.01.

Li et al. Page 19

Circ Res. Author manuscript; available in PMC 2016 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Hyperlipidemic HypoE mice expressing reduced apoE levels display enhanced 
miR-146a in macrophages and monocytes that suppress their cellular activation
MiR-146a expression in (A) peritoneal macrophages and (D) bone marrow Ly-6Chigh 

monocytes isolated from Apoe−/−Ldlr−/− and Apoeh/hLdlr−/− (HypoE) mice (n=6). (B) The 

number of macrophages in the aortas of Apoe−/−Ldlr−/− and Apoeh/hLdlr−/− mice (n=4). (C) 

TNF-α expression in peritoneal macrophages isolated from Apoe−/−Ldlr−/− and 

Apoeh/hLdlr−/− mice (n=6). The number of (E) blood Ly-6Chigh monocytes and (F) splenic 

TNF-α-producing Ly-6Chigh monocytes in Apoe−/−Ldlr−/− and Apoeh/hLdlr−/− mice (n=9). 

The results of Apoe−/−Ldlr−/− mice were set arbitrarily to 1 for A, C and D. Data are shown 

as the means ± SEM. *, P<0.05; **, P<0.01.
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Figure 6. In vivo delivery of miR-146a mimetics inhibits macrophage inflammatory responses, 
Ly-6Chigh monocytosis and atherosclerosis in hyperlipidemic Apoe−/−Ldlr−/− mice
Apoe−/−Ldlr−/− mice (~10 week old, n=9~12/group) receiving a chow diet were 

intravenously administered miRNA negative control mimetics (NC-m) or miR-146a 

mimetics (146a-m) twice a week for 6 weeks. MiR-146a levels (A), IRAK1 and TRAF6 (B), 
as well as TNF-α mRNA (C) levels in resident peritoneal macrophages were analyzed by 

qRT-PCR. The absolute numbers of Ly-6Chigh monocytes (D) in peripheral blood were 

determined by flow cytometry before, 3 weeks and 5 weeks after initiation of the treatment. 

Representative oil red O staining (E) and MOMA-2 staining (F) of aortic root cross-sections 

from 146a-m or NC-m treated Apoe−/−Ldlr−/− mice; Scale bar, 200 μm in E, 50 μm in F. 

Quantification of aortic root lesion area (I) and MOMA-2 macrophage area (J). Dots 

represent values for individual mice; bars are group means. Representative FACS plots (G) 
and absolute cell number (K) of macrophages in aortas of Apoe−/−Ldlr−/− mice receiving 

either 146a-m or NC-m. Live CD45+ cells were gated. H, Representative images of Ki-67 

and MOMA-2 co-staining of aortic sinus lesions, arrows denote double positive cells, scale 

bar, 50 μm; L, Quantification of Ki-67+ MOMA-2+ cells in atherosclerotic plaque; data 

were normalized by MOMA-2 positive area. n=9~12 per group in A–D, I, J and L, n=4~6 
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per group in K. The results of control mice were set arbitrarily to 1 (A–C). Data are shown 

as the means ± SEM. *, P<0.05; **, P<0.01.
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Figure 7. In vivo delivery of miR-146a mimetics reduces macrophage inflammatory responses, 
Ly-6Chigh monocytosis and atherosclerosis in Ldlr−/− mice fed a high fat diet
Ldlr−/− mice (~10 week old, n=9/group) were fed a high fat diet for 2 weeks, and then were 

injected with either 146a-m or NC-m via tail vein twice weekly for 6 weeks. MiR-146a 

levels (A), IRAK1, TRAF6 (B), and TNF-α mRNA in macrophages (C) as well as absolute 

numbers of blood Ly-6Chigh monocytes (D) were examined as detailed in Figure 6. 

Representative oil red O staining (E) and MOMA-2 staining (F) of aortic root cross-sections 

from 146a-m or NC-m treated Ldlr−/− mice; Scale bar, 200 μm in E, 50 μm in F. Aortic root 

lesion area (G), MOMA-2 macrophage area (H) and absolute cell number of aortic 

macrophages (I) in Ldlr−/− mice receiving either 146a-m or NC-m were quantified as in 

Figure 6. *, P<0.05
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Figure 8. ApoE enhances PU.1–dependent miR-146a transcription to suppress NF-κB–driven 
monocyte and macrophage activation and thereby inflammation and atherosclerosis
Environmental ligands of Toll like receptors (TLR) including LPS and oxLDL caused by 

hyperlipidemia provoke inflammatory signaling in monocytes and macrophages resulting in 

NF-κB activation. Gene transcription from NF-κB activity results in the production of 

inflammatory mediators including pro-atherogenic cytokines. It also results in the 

production of pri-miR-146a that is subsequently processed into mature miR-146a that 

silences the expression of key TLR-adaptor molecules IRAK1 and TRAF6. The production 

of miR-146a thereby serves as a regulatory feedback loop to suppress NF-κB activity and 

resolve inflammation. Findings from our study identified that cellular apoE expression 

contributes to amplify this regulatory feedback loop by increasing PU.1-dependent 

transcription of pri-miR-146a and thereby mature miR-146a production.
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