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There is evidence of the critical role of efferocytosis, the clearance of apoptotic
cells (ACs) by phagocytes, in vascular cell homeostasis and protection against
atherosclerosis. Specific microRNAs (miRs) can regulate atherogenesis by con-
trolling the accumulation of professional phagocytes (e.g., macrophages) and
nonprofessional phagocytes (i.e., neighboring tissue cells with the ability to ac-
quire a macrophage-like phenotype) within the arterial wall, the differentiation
of phagocytes into foam cells, the efferocytosis of apoptotic foam cells by
phagocytes, and the phagocyte-mediated inflammatory response. A better un-
derstanding of the mechanisms involved in miR-regulated phagocyte function
might lead to novel therapeutic antiatherosclerotic strategies. In this review, we
try to shed light on the relationship between miRs and cellular players in the pro-
cess of efferocytosis in the context of atherosclerotic plaque and their potential
as molecular targets for novel antiatherosclerotic therapies.

Introduction

Efferocytosis (see Glossary), the process of removal of ACs by professional (e.g., macrophages)
and nonprofessional phagocytes (i.e., neighboring tissue cells with the ability to acquire a
macrophage-like phenotype); (Box 1 and Figure 1), is essential for human health, in that it is ac-
tively involved in maintaining homeostasis of tissues and organs by preventing the deleterious ef-
fects of cell necrosis [1-4]. Accordingly, efferocytosis leads to the clearance of ACs and reduces
the release of proinflammatory mediators from dying cells. Conversely, impaired efferocytosis
may result in a defective tissue homeostasis and contribute to the pathogenesis of various con-
ditions, including atherosclerotic plaque formation/progression [2].

Some microRNAs (miRs) [5], a class of conserved small (19-25 nt) noncoding single-stranded
RNAs, acting as critical post-transcriptional regulators of gene expression [6], control phago-
cyte accumulation, phagocyte differentiation into foam cells, efferocytosis of apoptotic foam
cells by phagocytes, and phagocyte-mediated inflammatory response in the context of athero-
sclerotic plaque (Box 2 and Figure 2). An altered expression of some of these miRs may pro-
mote atherosclerotic progression [7]. Thus, miR-regulated phagocyte function may represent
a potential therapeutic target in atherosclerosis. In this review, we attempt to clarify the
relationship between miRs and cellular players in the process of efferocytosis as it pertains to
the pathophysiology of atherosclerosis, and their potential as therapeutic targets for
antiatherosclerotic therapies.

MiR Biogenesis, Function, and Therapeutic Modulation

MiRs are noncoding RNAs involved in the post-transcriptional regulation of gene expression.
Primary miRs are transcribed from DNA sequences and processed into precursor miRs, and fi-
nally, mature miRs [8,9]. The expression of some miRs may be regulated by long noncoding
RNAs [10]. MiRs generally downregulate gene expression by interacting with the 3" untranslated
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cruitment, recognition, and engulfment/processing (see Figure 1 in main text). At the onset of apoptosis, apoptotic parti-
cles recruit phagocytes (recruitment). Then, phagocytes connect and interact with apoptotic particles (recognition). Due to
this interaction, the engulfment proceeds through the rearrangement of phagocyte cytoskeleton, and decomposition of
apoptotic particles can occur through the phagolysosome within phagocytes (engulfment/processing). Each of these
steps occurs through a highly regulated balance between different soluble molecules and cellular pathways. The attraction
of phagocytes to the site of cell death is regulated by soluble molecules released by the dying cells (‘find-me’ signals). The *Correspondence:

recognition of dying cells by phagocytes is mediated by the interaction between phagocyte receptors and surface mole- sahebkara@mums.ac.ir (A. Sahebkar).
cules on dying cells (‘eat-me’ signals). The engulfment/processing of apoptotic bodies by phagocytes is regulated by in-

tracellular molecular pathways. Notably, an efficient AC clearance involves the production of anti-inflammatory cytokines

and the inhibition of proinflammatory cytokines [3].

region (8" UTR) of target mRNAs and induce their degradation or block their translation.
However, some miRs may interact with either noncoding regions other than 3" UTR or coding
sequences in the target mRNAs. In addition, in some circumstances, miRs can upregulate

Step 1: Find-Me
. _ ApokE4, Fas ligand (CD95L),
il - % Fractalkine (CX3CL1),

; M.l |G2A, LysoPC.

Phagocyte

Step 2: Eat-Me

C1qg, MFG-E8, TG2, LRPT,
MerTK, Protein S, PTX3,
SR-B1, Stabilin-2,
Tim-1/Tim-4, TSP-1.

Step 3: Engulfment and processing
TLT2, ABCA7, Cathepsin G, IRF5,
CDKN2B, ERKS5, IRF8, TLR3, TLR9,
p21Cip1 (CDKN1A), TRAF6, TRPC3,
p38, p38 MAPK activity, PPAR-y,
PPAR-8/y, Sirt1, UCP2.
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Figure 1. A Brief lllustration of Different Steps and Regulating Factors Involved in the Efferocytosis Process.
Several molecular factors regulate efferocytosis, including soluble molecules attracting phagocytes to the site of cell death
(‘find-me’ signals); (Step 1), surface proteins promoting the recognition of dying cells by phagocytes (‘eat-me’ signals);
(Step 2), and molecular pathways involved in the engulfment and processing of apoptotic bodies (Step 3). Abbreviations:
ABCA7, ATP-binding cassette transporter A7; ApoE, apolipoprotein E; CDKN2B, cyclin-dependent kinase inhibitor 2B;
C1q, complement 1q; ERK, extracellular signal regulated kinase; G2A, G protein-coupled receptor; HMGB1, high-mobility
group box 1 protein; IL-10, interleukin 10; IRF5, interferon regulatory factor 5; IRF8, interferon regulatory factor 8; LRP1,
low-density lipoprotein receptor (LDLR)-related protein 1; LysoPC, lysophosphatidylcholine; MAPK, mitogen-activated
protein kinase; MerTK, Mer tyrosine kinase; MFG-E8, Milk Fat Globule-EGF factor 8; p21Cip1 (CDKN1A), cyclin-
dependent kinase inhibitor 1A; PGE2, prostaglandin E2; PPAR-0/y, peroxisome proliferator-activated receptor &/y; PTX3,
pentraxin 3; Sirt1, sirtuin 1; SR-B1, scavenger receptor class B1; TG2, transglutaminase 2; TGF-f3, transforming growth
factor-3; Tim, T cell immunoglobulin- and mucin-domain-containing molecule; TLR3, toll-like receptor 3; TLRY, toll-like
receptor 9; TLT2, TREM-like protein 2; TRAF6, tumor necrosis factor receptor-associated factor 6; TRPCS, transient
receptor potential canonical 3; TSP-1, thrombospondin-1; UCP2, uncoupling protein 2.
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Box 2. Atherosclerotic Plaque Formation and Progression: The Role of Phagocytes

Upon exposure to oxidized low-density lipoproteins (0xLDLs) endothelial nitric oxide synthase (eNOS) is downregulated,
leading to a reduced production of nitric oxide (NO). A reduced NO bioavailability promotes endothelial activation (expres-
sion of adhesion molecules and chemoattractant proteins by ECs) and monocyte chemotaxis. Upon transmigration into
the arterial intima monocytes differentiate into macrophages. Subsequently, the uptake of oxLDLs by macrophages pro-
ceeds in an unrestricted manner. In addition, the uptake of oxLDLs by vascular smooth muscle cells (VSMCs), upon their
differentiation into macrophage-like cells (loss of smooth muscle-specific markers and acquired expression of
macrophage-specific markers), may occur. Within professional and nonprofessional phagocytes free cholesterol is formed
due to lysosomal lipoprotein degradation and free cholesterol storage as cholesterol esters (CEs) occurs. Excessive cho-
lesterol accumulation leads to the transformation of lipid-laden phagocytes into foam cells. The only mechanism to reduce
excessive cholesterol accumulation by phagocytes and the formation of macrophage-derived foam cells is the reverse
cholesterol transport (RCT), that is the high-density lipoprotein (HDL)-mediated cholesterol efflux from macrophages.
Within atherosclerotic plaques foam cells eventually undergo apoptosis and necroptosis, and, if not effectively cleared
by phagocyte-mediated efferocytosis, undergo secondary necrosis, contributing to the formation of the necrotic core.
As the necrotic core grows and the fibrous cap gets thin, the plaque becomes more vulnerable to rupture [84,85].

gene expression by activating the translation of target mRNAs. A single miR may regulate multiple
target mMRNAs involved in different biological processes and a single mRNA may be regulated by
multiple miRs.

MiR expression and function may be dysregulated in various pathological conditions, including ath-
erosclerosis. Therefore, inhibition of miRs that are overexpressed, or replacement of miRs that are
underexpressed, may represent potential therapeutic approaches in different diseases [11]. MiR in-
hibition is possible through antisense oligonucleotides containing the complementary sequences of
the target endogenous mRNA (e.g., antimiR oligonucleotides, modified antimiR oligonucleotides,
and antimiR peptides). MiR replacement can be achieved using genetic vectors (e.g., miR mimics).

However, some issues regarding the selective therapeutic modulation of miRs remain poorly clar-
ified. First, since some miRs exert pleiotropic functions, their therapeutic modulation may poten-
tially lead to nonselective and even unexpected biological effects. Secondly, since only a few miRs
are tissue-specific, the selectivity of miR modulators for target cells (e.g., macrophages) is a cru-
cial challenge to be faced in the drug development process. To date, almost exclusively, preclin-
ical studies have evaluated the therapeutic antiatherosclerotic potential of miR mimetics and
antagonists, and have shown promising results. Interventional studies investigating the efficacy
and safety of treatment paradigms targeting miRs involved in efferocytosis within atherosclerotic
lesions are awaited with great interest.

Efferocytosis and Atherosclerotic Plaque

Macrophages and vascular smooth muscle cells (VSMCs) acquiring a macrophage-like pheno-
type are key actors of efferocytosis in atherosclerosis plaques (Box 2 and Figure 2) [2].
Efferocytosis inhibits foam cell accumulation, thereby indirectly counteracting the production of
reactive oxygen species (ROS) and proinflammatory mediators by foam cells and, thus,
limiting the progression of atherosclerosis [12—-16]. In addition, the elimination of apoptotic foam
cells through efferocytosis directly prompts anti-inflammatory and -oxidant responses
[i.e., production of anti-inflammatory cytokines, including interleukin (IL)-10 and transforming
growth factor (TGF)-[3, inactivation of nicotinamide adenine dinucleotide phosphate oxidase
(NOX), and increased expression of heme oxygenase-1 (HO-1)] [17-19]. As a consequence of re-
duced production of proinflammatory and -oxidant mediators, along with an increased stimula-
tion of anti-inflammatory and -oxidant responses, macrophage polarization from type 1 to type
2 macrophages is stimulated, the recruitment of additional phagocytes within atherosclerotic le-
sions is prevented, the phenotypic switching of VSMCs towards macrophage-like cells is
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Glossary

Apoptosis: a form of programmed cell
death that contributes to homeostasis
through removal of damaged cells or
cells with a limited lifespan.
Atherosclerosis: a chronic
inflammatory process that underlies
coronary artery disease.
Efferocytosis: the process of
clearance of dying and ACs by
macrophages and other immune
phagocytes.

MicroRNAs (MiRs): a class of
conserved, small (19-25 nt), noncoding
single-stranded RNAs acting as critical
post-transcriptional regulators of gene
expression.
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Figure 2. Regulation of Phagocyte Function within Atherogenesis by Different Types of MicroRNAs.
Abbreviations: IL-10, interleukin 10; IL-12, interleukin 12; LDL, low-density lipoproteins; miR, microRNA; oxLDLs, oxidized
low-density lipoproteins; TGF-f3, transforming growth factor-3; TNF-a, tumor necrosis factor-a; VSMCs, vascular smooth
muscle cells.

reduced, cholesterol accumulation within atherosclerotic plaques is decreased, and the stability
of atherosclerotic plagque is increased [20,21].

MiRs Regulating Phagocyte Function in Atherosclerosis
Among several miRs involved in the pathogenesis of atherosclerosis, only some miRs are directly
involved in the regulation of phagocyte function (i.e., phagocyte accumulation within the arterial
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wall, phagocyte differentiation into foam cells, efferocytosis of apoptotic foam cells by phago-
cytes, and a phagocyte-mediated inflammatory response). Phagocyte accumulation within the
arterial wall is regulated by miR-126, miR-21, and miR-155 (Table 1 and Figure 2). Molecular
pathways involved in phagocyte differentiation into foam cells, efferocytosis of apoptotic foam
cells by phagocytes, and phagocyte-mediated inflammatory responses, which are strictly inter-
connected, are regulated by miR-126, -21, -155, -143, -145, -34a, -342-5p, -146, -33, and
-148b (Table 1 and Figure 2). It is worth noting that some miRs may regulate phagocyte func-
tion at multiple levels (e.g., miR-126, -21, and -155) and may exert either proatherogenic, or
antiatherogenic effects, depending on the pathogenetic step in which they are upregulated
(e.g., miR-155) [17,22-26]. In addition, some miRs seem to have regulatory functions for
other miRs (e.g., miR-342-5p regulates miR-155 expression).

MiRs Regulating Phagocyte Accumulation in Atherosclerotic Lesions

Endothelial activation, monocyte chemotaxis, and macrophage proliferation mediate phagocyte
accumulation within early atherosclerotic lesions. Three miRs have been reported to have a
crucial role in regulating this process, representing potential molecular targets of novel
antiatherosclerotic strategies: miR-126, -21, and -155.

MiR-126 [27], which is overexpressed in damaged and activated endothelial cells (ECs), plays
a crucial role in regulating monocyte chemotaxis and accumulation within early atherosclerotic
lesions [28]. Accordingly, miR-126 suppresses the regulator of G protein signaling 16
(RGS16) function and increases the phosphorylation of extracellular signal-regulated kinase
1/2 (ERK1/2), leading to an increased production of chemokine C-X-C motif ligand 12
(CXCL12). CXCL12 and its receptor, C-X-C motif chemokine receptor 4 (CXCR4), induce the
expression of anti-inflammatory cytokines and prevent monocyte chemotaxis in early athero-
sclerotic lesions [28]. Additionally, miR-126 indirectly inhibits monocyte chemotaxis by reduc-
ing endothelial activation through a decreased expression of vascular cell adhesion molecule 1
(VCAM-1) [29].

The expression of both strands of miR-21, including miR-21-3p and -21-5p, is increased in
macrophages that accumulate within atherosclerotic lesions. MiR-21-3p has been shown to
downregulate the expression of different circadian clock genes that control macrophage survival
(R. Michael Blay, PhD thesis, Ludwig Maximilian University of Munich, 2016), including circadian
locomotor output cycles kaput (CLOCK); (R. Michael Blay, PhD thesis, Ludwig Maximilian
University of Munich, 2016) and brain and muscle Arnt-like protein-1 (BMAL1). The downregula-
tion of these genes leads to a reduced expression of X-linked inhibitor of apoptosis (XIAP)-
associated factor 1 (Xafl), which inhibits the activation of caspase-3 by XIAP, an
antiapoptotic protein [30]. This contributes to decreased macrophage apoptosis and to in-
creased macrophage accumulation within atherosclerotic lesions.

MiR-155 inhibits macrophage accumulation in early atherosclerotic lesions by reducing colony-
stimulating factor 1 (Csf1) receptor (Csf1r)-induced macrophage proliferation [17]. In addition,
in the early phases of atherosclerosis, the upregulation of miR-155 in ECs leads to a reduced
expression of endothelial nitric oxide synthase (eNOS), thereby indirectly promoting endothelial
activation and monocyte chemotaxis [31].

MiRs Regulating Foam Cell Accumulation

Foam cell accumulation in the core of atherosclerotic plaques promotes the progression of ath-
erosclerosis and is, in part, counteracted by phagocyte-mediated efferocytosis of apoptotic
foam cells. Thus, different miRs regulating macrophage differentiation into foam cells and at

676 Trends in Endocrinology & Metabolism, September 2019, Vol. 30, No. 9

Cell

REVIEWS



6 "ON ‘0€ "IoA ‘6102 Joquisldas ‘wisiogels| g ABojouLoopuT Ul spudiL

179

Table 1. The Main MiRs Involved in Efferocytosis and Atherosclerosis and the Effects Mediated by Their Direct Targets®

Reduced
macrophage-mediated
inflammatory response

tmiR-126
[28,37]

ImiR-34a [5]

tmiR-21 [74]

ImiR-21
(R. Michael
Blay, PhD
thesis, Ludwig
Maximilian
University of
Munich, 2016)

tmiR-155 [22]

tmiR-155 [50]

tmiR-155
[31]

Inhibition

Unknown

Unknown

Inhibition

Promotion

Promotion

Promotion

Promotion

Promotion

Inhibition

L RGS16
| ADAM9
1 AXL

1 SIRTA
| PTEN
| PDCD4

1 BMAL1
1 CLOCK

1 MBL2

| HBP1

1BCL6

1eNOS

5-GCCAGTG GTGGTATGA-3'

5-AAUUAUAAGCUUUAAGGUA-3'

Not available
Not available
Not available

Not available

5'-GCUGUU-8'
5-GCUGUU-3'

5-GAUGAGC-3'

5-AGCAUUAA-3'

5'CUGCAUUAG-3'

Not available

Macrophage

Macrophage

Macrophage

Macrophage

Macrophage

Macrophage

EC

Increased macrophage
ability to engulf ACs

Reduced
macrophage-mediated
inflammatory response

Reduced macrophage
accumulation
Reduced necrotic core
formation

Increased macrophage
ability to engulf ACs

Increased foam cell
formation

Increased
macrophage-mediated
inflammatory response

Increased endothelial
activation and
monocyte chemotaxis

APOE™~ mice and
human heart tissue

Resident murine and
human tissue
macrophages

Peripheral blood
monocyte-derived
macrophages

miR-217" mice

miR-217" mice

Macrophages from
atherosclerotic
APOE™~ mice

Human umbilical
vein ECs

(continued on next page)
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Table 1. (continued)

TmiR-155 [17] Inhibition
TmiR-342-5p )
(53] Promotion
TMIR-33 [61] Promotion
ImiR-33 [59] Inhibition

ImiR-145/143

[68] Inhibition

1 miR-148b .
71] Promotion
TmiR-146 [66] Inhibition

Unknown

Inhibition

Inhibition

Promotion

Promotion

Inhibition

Promotion

|CSF1R

| AKTA

IATG5
JLAMPA
IPRKAA1

+ ABCA1

1 ABCG1

| MYOCD

1 HSP9O

| TLR4

Not available

5-GCACCCC-3'

Not available

5-CAAUGCAA-3'

5'-CGCAATGCAACGCAATGC-3'

5'-ACUGGAC-3'

5-UGCACUG-3'

5-AAUUCAGUUGUC-3'

Macrophage

Macrophage

Macrophage

Macrophage

VSMC

VSMC

Macrophage

Reduced macrophage
proliferation

Increased
macrophage-mediated
inflammatory response

Increased foam cell
formation

Increased cholesterol
efflux

Reduced foam cell
formation

Increased VSMC
differentiation into
macrophage-like cells

Reduced VSMC
proliferation and
migration

Reduced foam cell
formation
Reduced

macrophage-mediated
inflammatory response

APOE™~ mouse
lesional
macrophages

APOE™~ mice

LDLR™~ mice

miR-837/LDLR™~
mice

wisijogels\ @ ABojouLioopug ul spuai]

Mouse or human
VSMCs

Human VSMCs

oxLDL-stimulated
macrophages

2Abbreviations: ATG5, autophagy related 5; BCL6, B cell leukemia/lymphoma 6; LAMP1, lysosomal-associated membrane protein 1; PRKAA1, protein kinase AMP-activated catalytic subunit alpha 1.
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different steps during efferocytosis (i.e., recognition, engulfment, and digestion) may represent
potential molecular targets for novel antiatherosclerotic therapies.

MIiR-126 promotes macrophage-mediated efferocytosis by downregulating the expression of ‘a
disintegrin and metalloproteases’ (ADAMSs), membrane-anchored proteins of the zinc protease
superfamily [32]. These proteins regulate the activity of different efferocytosis mediators, including
transmembrane/extracellular proteins involved in the recognition and engulfment of ACs, such as
MertK [33-35]. The proteolytic cleavage of MertK by ADAM domain-containing protein 9
(ADAMDO) results in the production of an inactive soluble form of MertK (sMER), which may lead
to defective recognition and engulfment of ACs, thereby impairing macrophage-mediated
efferocytosis and promoting foam cell accumulation [36,37]. Instead, miR-126-mediated sup-
pression of ADAM9 may restore macrophage-mediated efferocytosis and reduce foam cell accu-
mulation in atherosclerotic plaques. Thus, potential antiatherosclerotic therapies aimed at
reducing foam cell accumulation by improving macrophage-mediated efferocytosis may include
miR-126 mimics [37].

MiR-21-5p inhibits macrophage-mediated efferocytosis by downregulating the expression of
mannose-binding lectin 2 (MBL2); (R. Michael Blay, PhD thesis, Ludwig Maximilian University of
Munich, 2016). MBL2 is a recognition receptor of the collectin family, which promotes the uptake
of exogenous/endogenous danger debris by macrophages [38,39]. In the early phases of athero-
sclerosis, MBL2 expression on the surface of macrophages is crucial for the rapid clearance of
apoptotic blebs and oxidized low-density lipoproteins (oxLDLs). Available evidence suggests
that high expression levels of MBL2 on macrophages are atheroprotective [40]. Accordingly,
MBL2 expression is reduced in murine models of atherosclerosis [41] and clinical studies inves-
tigating the relationship between MBL2 and atherosclerosis have shown a higher prevalence of
loss-of-function MBL2 genetic variants in patients with severe coronary artery disease compared
with healthy controls [42,43].

Macrophage differentiation into foam cells may be enhanced by miR-155. MiR-155
downregulates the expression of high-mobility group (HMG)-box transcription protein 1
(HBP1), a transcription factor that controls macrophage phagocytic function [22,44,45]. The
expression of miR-155 has been reported to be induced by oxLDLs. MiR-155-mediated down-
regulation of HBP1 has been associated with enhanced lipid uptake and ROS production by
oxLDL-stimulated macrophages [22]. In addition, miR-155 has been shown to inhibit
macrophage-mediated efferocytosis and to enhance foam cell accumulation within atheroscle-
rotic lesions by suppressing the expression of Bcl6 [17]. Bcl6 is a potent transcription repressor,
which may indirectly block the activation of RhoA, a small GTPase that regulates multiple cellular
processes involving the actin cytoskeleton, including efferocytosis [46]. Bcl6 suppression by miR-
155 leads to excess RhoA activation, which negatively affects macrophage cytoskeleton remod-
eling and impairs efferocytosis, thereby promoting the progression of atherosclerosis [17,47-49].
Accordingly, miR-155 deficiency in macrophages has been associated with increased Bcl6 ex-
pression and decreased progression of atherosclerosis in apolipoprotein E (ApoE) knockout
(ApoE™") mice [50]. In addition, a significant increase of the necrotic core area in advanced ath-
erosclerotic lesions of low-density lipoprotein receptor knockout (LDLR™") mice has been re-
ported due to Bcl6 deficiency in macrophages [51].

There is evidence showing that miR-342-5p may indirectly inhibit macrophage-mediated
efferocytosis by increasing the expression of miR-155 and suppressing the Bcl6/RhoA axis
[17,46,52]. In fact, miR-342-5p upregulates miR-155 expression in macrophages by suppress-
ing Akt1, which is an inhibitor of miR-155 [53].
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MiR-34a inhibits macrophage-mediated efferocytosis by downregulating the expression of Axl, a
receptor tyrosine kinase that is crucial for the recognition of ACs. In addition, miR-34a
downregulates the expression of deacetylase sirtuin 1 (Sirt1) [5,54], which activates crucial regu-
lators of the efferocytosis pathway, including AMP-activated protein kinase (AMPK) and liver X
receptor-a (LXRa) [5,55,56]. Importantly, miR-34a expression by macrophages is itself downreg-
ulated by efferocytosis via various molecular signals, which are activated by AC lipid and nucleic
acid digestion downstream of AMPK and LXRa. Consequently, a positive feedback loop that en-
hances the capacity of macrophages to remove ACs occurs due to efferocytosis and the subse-
quent downregulation in the expression of miR-34a [5]. This mechanism is crucial to fine-tune
macrophage efferocytotic ability based on the presence, or absence, of ACs in different tissue
environments.

MIiR-33 increases macrophage differentiation into foam cells by suppressing the expression of dif-
ferent mediators of intracellular lipid metabolism and cholesterol efflux [57] within the reverse cho-
lesterol transport (RCT) pathway [58], including ATP-binding cassette subfamily A member 1
(ABCA1) and ATP-binding cassette subfamily G member 1 (ABCG1) [59]. Consequently, choles-
terol efflux has been shown to be increased, whereas the accumulation of cholesterol esters and
other lipid subspecies has been reported to be reduced, in miR-33-deficient macrophages [59,
60]. In addition, miR-33 may modulate macrophage differentiation into foam cells by regulating
lipophagy [61]. Regulation of lipophagy by miR-33 occurs upstream of ABCA1-dependent choles-
terol efflux. In fact, lipid catabolism through the acid lipolysis pathway is decreased by miR-33,
leading to reduced formation of free cholesterol [61]. In aortic plaque macrophages of low-density
lipoprotein receptor (LDLR)-deficient mice, lipophagy has been reported to be improved after treat-
ment with miR-33 inhibitors due to the accumulation of key autophagy effectors, including
microtubule-associated protein 1A/1B-light chain 3 (LC3) [62]. In addition, in different animal stud-
ies, miR-33 antagonism has been reported to decrease the progression of atherosclerosis [63-65].

MiR-146 plays a key role in the regulation of macrophage differentiation into foam cells by
inhibiting toll-like receptor 4 (TLR4) and the activation of TLR4-dependent downstream signaling
pathways [66]. TLR4 is activated by macrophage exposure to oxLDL. Upon TLR4 activation, the
expression of crucial mediators of cytoskeleton rearrangement and lipid uptake is induced
through the mitogen-activated protein kinase (MAPK) pathway. This facilitates lipid accumulation
within macrophages and macrophage differentiation into foam cells [66].

Finally, some miRs (i.e., miR-143, -145, and -148b) indirectly control foam cell accumulation
within atherosclerotic plaque, as well as the progression of atherosclerosis, by regulating
VSMC proliferation, migration, and phenotype switching. MiR-143 and miR-145 enhance the ex-
pression of contractile proteins [e.g., myocardin (MYOCD)] in VSMCs [67], which downregulates
the phenotypic switching of VSMCs towards macrophage-like foam cells [68,69]. Reduced ex-
pression of miR-143 and miR-145 has been associated with the downregulation of the
MYOCD/serum response factor (SRF) complex in VSMCs, leading to an increase in VSMC differ-
entiation into foam cells and to the expansion of the necrotic core of atherosclerotic plaques [70].
MiR-148b has been reported to reduce the expression of crucial mediators of the proliferation
and migration of VSMCs [e.g., cell nuclear antigen (PCNA), ki-67, matrix metalloproteinase
(MMP)-2, and MMP-9] via the downregulation of heat shock protein 90 (HSP90) [71-73], a ubig-
uitous molecular chaperone involved in cell signal transduction and transcriptional regulation. Ac-
cordingly, both proliferation and migration of VSMCs have been reported to be significantly
inhibited by a miR-148b mimic [71,72]. Of significance, miR-148b-mediated inhibition of VSMC
proliferation and migration seems to have a significant inhibitory effect on the progression of ath-
erosclerosis. Importantly, miR-148b has been reported to be downregulated in carotid
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atherosclerotic plaques from endarterectomized patients [71,72]. Therefore, miR-148b restora-
tion may represent a potential antiatherosclerotic strategy.

MiRs Regulating the Phagocyte-Mediated Inflammatory Response

Some miRs regulating foam cell accumulation in atherosclerotic plaques (i.e., miR-21, -342-5p,
-146, and -148b) are also involved in the modulation of a phagocyte-mediated inflammatory re-
sponse. Therefore, their selective modulation might represent a novel therapeutic strategy to
target inflammation in the context of atherosclerotic lesions.

MiR-21 modulates the macrophage-mediated inflammatory response by downregulating the ex-
pression of phosphatase and tensin homolog (PTEN) and programmed cell death 4 (PDCD4) [5].
The inhibition of these two molecular targets leads to the activation of net intracellular pathways
resulting in the suppression of lipopolysaccharide (LPS)-induced nuclear factor kappa B (NF-«B)
signaling pathways. This results in a reduced expression of tumor necrosis factor (TNF)-a [74],
as well as an increase in the production of anti-inflammatory cytokines (e.g., IL-10).

MiR-342-5p modulates the macrophage-mediated inflammatory response [75] by suppressing
the serine-threonine protein kinase Akt1. The inhibition of Akt1 stimulates the expression of differ-
ent proinflammatory mediators, including nitric oxide synthase (Nos)2 and IL-6, thereby promot-
ing the progression of atherosclerosis. Thus, not surprisingly, Akt1 loss in ApoE~ "~ mice has been
associated with the expression of high levels of proinflammatory mediators and the continued
progression of atherosclerosis [76].

MiR-146 plays a key role in the regulation of the macrophage-mediated inflammatory response,
primarily by inhibiting TLR4-induced expression of proinflammatory mediators [e.g., IL-6, IL-8,
monocyte chemoattractant protein-1 (MCP-1), and MMP-9] via the MAPK pathway and the IL-1
receptor associated kinase (IRAK)/TNF receptor associated factor 6 (TRAF6) axis-induced
[66,77,78] production of anti-inflammatory cytokines (e.g., IL-10) [79]. However, other TLR4-
dependent molecular pathways involved in the activation of the macrophage-mediated inflam-
matory response, including the p38 MAPK, NF-kB [78], c-Jun N-terminal kinase (JNK), and
ERK1/2 [80], may be inhibited by miR-146 [81].

Finally, miR-148b inhibits the phagocyte-mediated inflammatory response in atherosclerotic
plaques by suppressing HSP90-induced NF-«kB activation and chemokine production [82].
Therefore, miR-148b restoration might be a potential strategy to selectively target inflammation
in the context of atherosclerosis.

Concluding Remarks

Different miRs modulate atherosclerotic plaque formation and progression by regulating profes-
sional and nonprofessional phagocyte function (Figure 2). Thus, these miRs represent potential
molecular targets for antiatherosclerotic therapy. Some miRs regulate the early phases of
atherogenesis by modulating endothelial activation, monocyte chemotaxis, and macrophage
proliferation (Table 1). Other miRs regulate atherosclerosis progression by modulating foam cell
accumulation and the phagocyte-mediated inflammatory response (Table 1). The selective
therapeutic modulation of some of these miRs has been attempted in various experimental
studies with promising results. To date, the selectivity of delivery systems for miR-based therapies
targeting macrophages remains a significant challenge in the drug development process.
Various approaches are currently under investigation, including miR-carrying functionalized nano-
particles, which are specifically recognized by macrophage surface receptors. Future research is
needed to investigate their feasibility and efficacy [82,83] (see Outstanding Questions).
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Outstanding Questions

What are the detailed molecular
mechanisms associated with miRs
and their targets in different cell types
involved in efferocytosis, as well as
atherosclerotic  plaque initiation,
progression, and resolution?

How can novel therapies directed at
miRs deal with nonselective and even
unexpected biological effects of some
miRs?

Since only a few miRs are tissue
specific, how can selective delivery of
therapeutic miR modulators to target
cells (e.g., macrophages) be achieved
in the drug development process?

How effective and safe are treatment
paradigms targeting miRs involved in
efferocytosis within atherosclerotic
lesions?
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