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Atherosclerosis is a chronic inflammatory disease that may ultimately lead to local
proteolysis, plaque rupture, and thrombotic vascular disease, resulting in myocardial
infarction, stroke, and sudden cardiac death. Circulating monocytes are recruited to the
arterial wall in response to inflammatory insults and differentiate into macrophages which
make a critical contribution to tissue damage, wound healing, and also regression of
atherosclerotic lesions. Within plaques, macrophages take up aggregated lipoproteins
which have entered the vessel wall to give rise to cholesterol-engorged foam cells. Also, the
macrophage phenotype is influenced by various stimuli which affect their polarization,
efferocytosis, proliferation, and apoptosis. The heterogeneity of macrophages in lesions
has recently been addressed by single-cell sequencing techniques. This article reviews
recent advances regarding the roles of macrophages in different stages of disease
pathogenesis from initiation to advanced atherosclerosis. Macrophage-based therapies
for atherosclerosis management are also described.
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1 INTRODUCTION

Atherosclerosis (AS) is associated with both metabolic dysfunction and chronic inflammatory
processes. AS is initiated by endothelial dysfunction caused by factors such as high plasma
cholesterol, hypertension, diabetes, leukocytosis, cigarette smoking, and low shear stress (Xu et al.,
2019). A particularly central event is the subendothelial accumulation of low-density lipoproteins
(LDL) and very-low-density lipoproteins (VLDL), which are then subjected to aggregation,
oxidation, and enzymatic modifications. The resulting oxidized phospholipids (OxPLs), then
contribute to inflammatory processes that promote the activation of endothelial cells (ECs) to
express several types of leukocyte adhesion molecules (Marchio et al., 2019). This, in turn, results
in leukocyte recruitment, including blood monocytes, neutrophils, lymphocytes, and also platelets
to the vessel wall. The monocytes differentiate into macrophages (Mφs) which then proliferate in
response to Mφ colony-stimulating factor (M-CSF) and other factors (Robbins et al., 2013b; Sinha
et al., 2021). Local proliferation dominates lesional Mφ accumulation in AS. Monocyte recruitment
can not fully account for lesional Mφ accumulation in established AS and lesional Mφ can
replenish either through the continuous recruitment of circulating monocytes or through some
other processes. Mφ self-renewal was identified as a therapeutic target for cardiovascular diseases
(Robbins et al., 2013a). Mφs can polarize and reprogram their functional phenotypes in response
to different stimuli, and thus display distinct functions related to tissue homeostasis and
inflammation (Park, 2021). Mφs take up the aggregated and oxidized LDL (Ox-LDL) leading
to their transformation into cholesterol engorged foam cells. Such uptake of modified lipoproteins
is mediated primarily by scavenger receptors (SRs) expressed on Mφs. Besides Mφs, vascular
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FIGURE 1 | Progression of Atherosclerosis. Early fatty streak lesions are characterized by subendothelial accumulation of ApoB-LPs, the main protein constituent
of lipoproteins such as VLDL and LDL which promote the recruitment of Mφs. As the atherosclerotic lesion progresses, ApoB-LP retention is amplified. Vulnerable
plaques are characterized by the accumulation of ACs and defective efferocytosis, resulting in the lipid-filled necrotic core. A thinning fibrous cap reduces plaque stability
and makes them susceptible to rupture and thrombus formation. Apolipoprotein B-containing lipoproteins (ApoB-LPs).
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smooth muscle cells (VSMCs) can also transdifferentiate into
lesional Mφ-like cells through cholesterol loading (Rong et al.,
2003). Advanced plaques are characterized by subendothelial
deposition of lipids, necrotic cell debris, calcium phosphate
crystals, fibrosis, and inflammatory immune cells including
Mφs, T and B lymphocytes, neutrophils, dendritic cells
(Canet-Soulas et al., 2021). Lesional T cells can recognize
local antigens, leading to activation, clonal expansion, and
cytokine production (Robertson and Hansson, 2006).
Leukocytosis, an increase in the numbers of circulating
leukocytes, is associated with cardiovascular (CV) diseases.
Some leukocytes are atherogenic and sustain oxidative stress
(OS) and inflammation after myocardial infarction (MI) while
others are atheroprotective and help it resolve (Swirski and
Nahrendorf, 2013b). For example, CD4+ T cell deficiency results
in a delay in the switch of Ly6Chi into Ly6CLow monocytes and
impaired healing. The inflammatory Ly-6Chi phenotypes are
required during the early response to ischemic injury, but if they
persist in the infarct too long, the reparative functions of Ly-
6Clow monocytes are impaired (Nahrendorf et al., 2007;
Leuschner et al., 2012). The progression of an atherosclerotic
lesion including the formation of early fatty streak lesions,
fibrous cap, necrotic core, and thrombus have been displayed
in Figure 1 (Virmani et al., 2002; Chinetti-Gbaguidi et al., 2015).
In this review, we provide an overview of the critical role of Mφs
in the pathogenesis of AS, including recent findings relating to
clonal hematopoiesis, single-cell sequencing, and senescence.

Mφ-based therapies for the management of AS are also
discussed.

MONOCYTE ADHESION TO THE
ENDOTHELIUM AND ENTRY INTO THE
SUBENDOTHELIAL SPACE
Monocytes originate from hematopoietic stem cell progenitors in
the bone marrow. They have also been found to reside in the
spleen as a secondary reservoir. Figure 2A depicts the
differentiation of blood monocytes from bone marrow
progenitors (Teh et al., 2019). The heterogeneous population
of monocytes is classified into classical, intermediate, and non-
classical subtypes based on the differential expression of CD14
and CD16 (Figure 2B). The characteristics of monocyte subsets
are summarized in Table 1 (Kapellos et al., 2019). Evidence
supports a causal role of atherogenic lipoproteins, especially LDL,
in the pathogenesis of AS.

The subendothelial deposition of LDL is likely a key driver of
monocyte-ECs adhesion, an early event of AS by activating the
overlying EC (Alderson et al., 1986). Factors such as high-fat
diets, smoking, and radiation exposure may increase the risk of
long-term OS which manifests itself in excessive reactive oxygen
species (ROS) generation and LDL oxidation (Poznyak et al.,
2021). In lesions, LDL is oxidized to form Ox-LDL which is pro-
inflammatory and appears to contribute to AS initiation and

FIGURE 2 | Monocyte origin and heterogeneity. (A) Blood monocytes originate from HSC-derived progenitors with myeloid restricted differentiation potential.
Successive commitment steps in the bone marrow include CMPs, GMPs, and MDPs. MDPs give rise to monocytes. (B) Human monocytes are classified into three
subtypes based on the differential expression of CD14 and CD16. Monocytes mature in the bone marrow and are subsequently released into the circulation.
Progressively, classical monocytes CD14++CD16 give rise to non-classical monocytes CD14+CD16++ through an intermediate step of CD14++CD16+ monocytes.
Hematopoietic stem cell (HSC), Common myeloid progenitors (CMPs), Granulocyte-Mφ precursors (GMPs), Mφ/Dendritic cell progenitor cells (MDPs).
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progression (Que et al., 2018). For example, Ox-LDL promotes
the expression of vascular cell adhesion molecule-1 (VCAM-1)
and intercellular adhesion molecules (ICAM-1) by the ECs which
attract the leukocytes into the vessel wall (Milioti et al., 2008).
Others have suggested that native or aggregated LDL particles are
the key drivers of atherogenesis (Boyle, 2005; Libby, 2021).

Activated lesional ECs and platelets express P- and E-selectin
while L-selectin is expressed on leukocytes. The major ligand for
selectin is P-selectinglycoprotein ligand 1 (PSGL1) which is
expressed on leukocytes and binds to all three selectins. The
interaction between selectins and PSGL-1 decelerates fast-flowing
leukocytes from the central bloodstream and enables circulating
leukocytes to adhere to the activated endothelium. Differential
expression or glycosylation of PSGL-1 in leukocytes may result in
selective recruitment of monocytes or lymphocytes to
atherosclerotic lesions (Huo and Xia, 2009). In addition to
inflammatory cells, pro-inflammatory mediators such as
cytokines and interleukins are also known to contribute to
atherogenesis (Kaperonis et al., 2006).

The adhesion molecules, VCAM1 and ICAM1, are
overexpressed on activated ECs (Thayse et al., 2020). Integrins
mediate firm leukocyte adhesion on ECs through ligation of
monocytes or lymphocytes with VCAM1 or ICAM1 by
engaging integrin (Ley et al., 2007). PSGL-1 also interacts with
chemokine ligand CCL 21 or CCL19 and enhances chemotactic
CD4+ T cells to the vulnerable plaques. Activated CD4+ T
lymphocytes secrete interferon-γ (IFN-γ), tumor necrosis
factor-α (TNF-α), pro-inflammatory cytokines enhancing
immune responses during atherogenesis (Veerman et al.,
2007). IFN-β also increases Mφ accumulation in the plaques
and accelerates lesion formation (Goossens et al., 2010).
Furthermore, activated platelets, a major component of
inflammatory lesions, are phagocytosed by monocytes,
inducing secretion of pro-inflammatory chemokines such as
CCL5. Thus, the presence of activated platelets on the
inflamed endothelium may exacerbate pro-inflammatory Mφ
activation (Scull et al., 2010). Human IgG1 against a specific
Ox-LDL antigenic epitope promoted the regression of
atherosclerotic lesions by inhibiting Mφ recruitment and
increasing lipid efflux (Schiopu et al., 2007). Monocyte
recruitment is also mediated in part by C-C chemokine
receptors (CCR)2, CCR5, and CX3C chemokine receptor 1
(CX3CR1) (Tacke et al., 2007).

Macrophage Lipid Uptake and Foam Cells
Monocytes migrate into the intima by chemotactic activity and
differentiate into Mφs. Mφs can bind to the circulating lipids
through several SRs, such as SR-A1, CD36 (SR-B2), and the
lectin-type oxidized LDL receptor 1 (LOX1/SR-E1) that mediate
uptake of modified LDL (Syväranta et al., 2014).

SR-A1 is mostly on Mφs but also present on VSMCs and ECs
experiencingOS. SR-A1 binds to themodified LDL and is involved in
the subendothelial translocation of LDL (Apostolov et al., 2009). The
c-JunN-terminal kinase 2 (JNK2)-dependent phosphorylation of SR-
A promotes the uptake of lipids in Mφs and thus mediates foam cell
formation (Ricci et al., 2004). Deletion of SR-A reduces plaque
inflammation and progression toward more advanced necrotic
lesions, but it does not abrogate lipid uptake and Mφ foam cell
formation in ApoE−/− mice (Manning-Tobin et al., 2009). SR-A1
expression in aortic VSMCs also leads to foam cell formation and
enhanced apoptosis in transfected VSMCs (Lehtolainen et al., 2000).
SR-A1 triggers endocytosis through two clathrin- and caveolae-
dependent routes. Uptake of modified LDL by SR-A primarily
goes through clathrin-dependent pathway. SR-A-induced
apoptosis needs endocytosis by the caveola route, which activates
p38 MAPK and JNK2 signaling (Zhu et al., 2011). NF-κB also
regulates the expression of SR-A1 which can be stimulated by
pro-inflammatory cytokines (Chistiakov et al., 2017).

CD36 has a high affinity for Ox-LDL, and Ox-LDL/CD36
interactions inhibit cell polarization and Mφ migration (Park
et al., 2012). CD36 is upregulated in Mφ-derived foam cells in
plaques. Advanced glycation end products (AGEs) are also
recognized by CD36 as overexpression of this receptor
facilitated AGE uptake in CHO cells (Ohgami et al., 2001).
CD36 is also involved in inflammatory processes, including
AS, negative regulation of microvascular angiogenesis, lipid
metabolism, and clearance of ACs (Febbraio et al., 2001).
CD36 showed a conserved role in lipid sensorial recognition.
Ox-LDL binds CD36 and triggers TLR4/TLR6 complex to
promote pro-inflammatory signaling (Hoebe et al., 2005).
Myricetin, a natural flavonoid, contributes to decreased
accumulation of cholesterol in Mφ foam cells by inhibition of
CD36-mediated Ox-LDL uptake in Ldlr−/− mice, resulting in a
reduction of atherosclerotic lesions (Meng et al., 2019).

LOX-1 augments the uptake of Ox-LDL by Mφs and ECs.
Thus, LOX-1 is implicated in atherogenic deposition of lipids and
foam cell formation. The expression of LOX-1 is low under

TABLE 1 | Characterization of monocyte subsets.

Classical Intermediate Non-Classical

Surface
marker

CCR2, CD62L, CD11b, TLR4, CD36, CD64 CCR2, CX3CR1, HLA-DR, CD74, CD163,
CLEC10A, GFRA2, CD86, CCR5

CX3CR1, CX3CR4, HLA-DR, LFA-1

Chemotaxis CCR2/CCL2 CCR2/CCL2, CX3CR1/CX3CL1 CX3CR1/CX3CL1
Cytokine IL-1, IL-10 TNF-α, IL-10 TNF-α, IL-1β
Distribution ∼85% ∼5% ∼10%
Function Phagocytosis, adhesion, migration, anti-

inflammatory responses, anti-microbial
responses, scavenger activity

Antigen presentation, regulation of apoptosis,
transendothelial migration, pro- and anti-
inflammatory responses

Complement and FcR mediated phagocytosis,
transendothelial migration, adhesion, healing, pro-
inflammatory responses, anti-viral responses
(Kapellos et al., 2019)

LFA-1, Lymphocyte function-associated antigen 1.
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normal physiological conditions, but inflammatory modulators,
including Ox-LDL, LPS, mitochondrial ROS, angiotensin II, sheer
stress, pro-inflammatory cytokines, AGEs, and conditions such as
high blood pressure, dyslipidemia, and diabetes mellitus,
upregulate LOX-1 in AS (Kattoor et al., 2019). In addition,
Ox-LDL and pro-inflammatory molecules like TNF-α
upregulate the LOX-1 expression in VSMCs and facilitate
VSMCs transformation to foam cells, a major source of plaque
foam cells in human atherogenesis (Kattoor et al., 2019). LOX-1
also contributes to endothelial dysfunction, Mφ differentiation,
apoptosis, the proliferation and migration of VSMCs, foam cell
formation, platelet activation, as well as plaque instability, and
subsequent plaque rupture (Xu et al., 2013).

The uptake of lipids byMφs in lesions leads to the formation of
cholesterol engorged foam cells (Figure 3). Foam cells are the first
sign of initial atherogenesis, although they also play an important
role in lesion development and advanced plaques (Chistiakov
et al., 2017). The endothelin-1 receptor antagonist directly
reduced Mφ lipid accumulation and AS in Ldlr−/− mice,
indicating the role of endothelin-1 in foam-cell formation
(Babaei et al., 2000). The cholesteryl esters in modified
lipoproteins are hydrolyzed in lysosomes to free cholesteryl,
which is then re-esterified by acetyl-CoA acetyltransferase

(Chang et al., 2009) and the accumulating cholesteryl esters
are stored as cytoplasmic lipid droplets. Increased cholesterol
ester accumulation promotes the development of atherosclerotic
lesions, unstable plaque with cap rupture, and thrombosis (Yu
et al., 2013). Neutral cholesteryl ester hydrolases are responsible
for the removal of the ester group from cholesteryl esters to
liberate FC which is then effluxed from cells to HDL through
ABCA1, ABCG1, and SR-B1 (Chistiakov et al., 2016). Mφ
cholesterol uptake and efflux have been shown in Figure 4.

ABCA1 activity in arterial Mφs plays a major role in the
prevention of foam cell formation bymediating the active transfer
of cellular phospholipid and FC to apolipoprotein A-1 (ApoA-1),
the major apoprotein in HDL (Phillips, 2018). Multiple factors
can affect the expression of ABCA1. Extra-virgin olive oil, cineole,
quercetin, apelin-13, S-allylcysteine, and TLR2, increase ABCA1
expression, whereas unsaturated FA, miR-26, and IL-12 in
synergy with IL-18 inhibit ABCA1 expression.

ABCG1 exports FC or cellular phospholipid to HDL but not to
lipid-free ApoA-1. ABCG1 localizes in the plasma membrane,
late endosomes, and ER network (Neufeld et al., 2014).
Fucosterol, resveratrol, extra-virgin olive oil, and cineole
increase ABCG1 expression and significantly reduce
cholesterol deposits in the arteries.

FIGURE 3 | Foam cell formation. Monocytes are recruited to the vascular arginase wall in response to Ox-LDL. Specific adhesion molecules such as the selectins,
VCAM-1, and ICAM-1 are expressed on the surface of activated vascular ECs, mediate monocyte adhesion. Once adherent, the monocytes enter the intima and
differentiate into Mφs. The differentiation process may be mediated by GM-CSF and M-CSF. Local Mφ proliferation contributes to lesion growth. Upon extensive uptake
of Ox-LDL via SRs, Mφs are ultimately turned into foam cells. Chemoattractants, growth factors, and cytokines also promote SMC proliferation, uptake of Ox-LDL,
and eventually conversion to foam cells. Foam cells derived from SMCs together with those derived from Mφs generate the fatty lesion.
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SR-B1 promotes FC efflux to mature HDL particles via passive
diffusion. The conserved function of SR-B1 across species
indicates the importance of its regulation for cholesterol efflux.
SR-B1-deficient mice exhibit an increase in accumulation of
cholesterol-rich HDL that is accompanied by reduced
cholesterol in secreted bile and increased susceptibility to AS
(Van Eck et al., 2003). In contradistinction, overexpression of SR-
B1 in mice accelerates the metabolism of HDL (Kozarsky et al.,
1997). SR-B1 also mediates efferocytosis and reduces
atherosclerotic necrosis and inflammation. Deficiency of Mφ
SR-BI promoted defective efferocytosis signaling via the Src/
PI3K/Rac1 signaling, leading to increased plaque size, necrosis,
and inflammation (Tao et al., 2015). Multiple factors were
identified to regulate SR-B1 expression. Resveratrol and 13-
hydroxy linoleic acid increase the expression of SR-B1,
ABCA1, and ABCG1. Caffeic acid and ferulic acid appear to
have an antiatherogenic effect by increasing the expression of SR-
B1 and ABCG1. Omega-3 fatty acids also induce the activation of
SR-B1, ABCA1, and ABCG5, enhancing cholesterol efflux from
Mφs (Yu et al., 2013). Risk factors such as infections and fatty
diets can change the gut microbiota habitat and increase the levels
of circulating LPS which reduces ABCA1/ABCG1 and SR-B1
expression and cholesterol efflux from Mφs (Yu et al., 2013).

Macrophage Phenotypes in Atherosclerosis
Monocytes/Mφs play a central role in innate immune responses,
expressing a variety of receptors that modulate their activation.
The expression of monocyte and Mφmarkers has been shown in
Figure 5A. Mφ polarization refers to a process by which Mφs can
differentiate into distinct functional phenotypes in response to
microenvironmental stimuli, such as cytokines, chemokines,
growth factors, and pathogen-derived molecules (Murray,
2017). M-CSF in early lesions induces anti-inflammatory M2

(M2a, M2b, M2c, and M2d) Mφs, whereas granulocyte M-CSF
(GM-CSF) expression upon AS development promotes
polarization of pro-inflammatory M1 phenotypes (Colin et al.,
2014). Mφ activation states and markers associated with distinct
activation phenotypes have been shown in Figure 5B. The
dynamic plasticity of Mφs is achieved by transcriptional
regulation and thus, specific genes are associated with each
type of Mφs (Gerrick et al., 2018). The most abundant T cells
in atherosclerotic plaques are Th1 cells andmemory CD4+ T cells.
The Mφ-directed immune response includes both M1/Th1 and
M2/Th2 responses. Th1 and Th2 cells in lesions release Mφ-
polarizing factors that affect the balancing of M1 and M2 Mφ
phenotypes (Bartlett et al., 2019). Both M1 and M2 Mφs
contribute to plaque establishment, while M1 and Th1 cells
promote plaque destabilization (Bartlett et al., 2019). M2 Mφs
were reported to be found at early stages of AS but showed a
switch to M1 phenotypes in advanced lesions of ApoE−/− mice
(Khallou-Laschet et al., 2010). The mixture of Mφ subsets likely
exists simultaneously within atherosclerotic aortas in vivo,
contributing to the progression and persistence of
atherosclerotic lesions (Butcher and Galkina, 2012). Gene
signatures of Mφ activation are highly robust in predicting
inflammation, disease susceptibility, and outcomes, suggesting
that immune diversity is a valuable parameter in translational
research (Buscher et al., 2017). M1/M2Mφ subpopulations fail to
reflect the full complexity of microenvironments in the plaque. A
wide range of cytokines and growth factors are present in AS that
could affect the phenotype and polarisation state of Mφs.
Atherosclerotic plaques contain other Mφ phenotypes include
metabolically activated (MMe) Mφs, oxidized (Mox) Mφs,
hemoglobin-related (HA-mac, M(Hb), and Mhem) Mφs, M4
Mφs, lipid metabolism-related trigger receptor expressed on
myeloid cells 2 (TREM2, also called lipid-associated Mφs), and

FIGURE 4 | Macrophage cholesterol uptake and efflux. Mφs uptake VLDL and Ox-LDL via SRs including SR-A1, CD36, and LOX-1. The internalized LDL is
esterified by acetyl-coenzyme A acetyltransferases and stored in lipid droplets. The ester group is removed from cholesteryl by neutral cholesteryl ester hydrolase
through lysosomal acid lipase (LAL) to release FC. ABCA1 transporter mediates the FC efflux from Mφs with ApoA-1. ABCG1 and SR-B1 also efflux FC to mature HDL.
Acetyl-CoA acetyltransferase 1 (ACAT1).
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neuroimmunological Mφs including nerve-associated Mφs
(NAM), and sympathetic neuron-associated Mφs (SAM)
(Nagenborg et al., 2017; Kolter et al., 2020b; Porsch et al.,
2020). The main properties and functions of polarized Mφ
subtypes are summarized in Table 2.

M1 Macrophages
Th1 cytokines including IFN-γ, TNF-α, GM-CSF, and also bacterial
stimuli such as LPS polarize Mφs toward the M1 phenotype
(Nikonova et al., 2020). M1 cells secrete high levels of pro-
inflammatory factors including interleukin-1β (IL-1β), IL-6, IL-12,
IL-23, low levels of IL-10, and chemokines such as CXCL-9, CXCL-
10, and CXCL-11. M1Mφ polarization is a tightly controlled process
including a set of signaling pathways. Toll-like receptor 4 (TLR4) can
be stimulated by LPS or other microbial ligands. This, in turn,

promotes activation of interferon regulatory factor-3, activator
protein 1 (AP-1), and NF-κB. Myeloid differentiation factor 88
(MyD88), one of the adaptors in responding to TLR4 activation,
triggers NF-κB pathway (p65 and p50). This pathway regulates
inflammatory genes including pro-inflammatory cytokines such as
TNF-α, IL-6, and IL-12. MyD88 activates AP-1 via MAPK signaling.
Enhanced AP-1 expression is also mediated by cytokine receptors.
Signal transducer and activator of transcription 1 (STAT1) is
activated by IFN-γ receptor which regulates the expression of
specific genes such as MHC-II, IL-12, nitric oxide synthase 2, and
the suppressor of cytokine signaling to promote the M1 Mφ
polarization (Figure 6) (Wang et al., 2014b). Mφs express Akt1,
Akt2, and Akt3 isoforms which are vital for cell proliferation,
migration, and survival (Babaev et al., 2014). Akt1 and Akt2 play
opposing roles in Mφ polarization. Akt1 deficiency inducing M1 and

FIGURE 5 | Markers of monocyte and macrophages. (A) Monocytes and macrophages express an ample variety of receptors that modulate monocyte and Mφ
activation. (B)Mφs can polarize to M1 or M2 (M2a, M2b, M2c, and M2d) in response to different inducers and secrete pro- and anti-inflammatory cytokines respectively.
M2b Mφs can convert to the other M2 subtypes in response to activated factors. M2bMφs inhibit the conversion frommonocyte to M1Mφs. M2b also cannot repolarize
to M1 during exposure to M1 inducer. Leukemia inhibitory factor (LIF), mannose receptor (MR).
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Akt2 ablation resulting in M2 phenotype (Arranz et al., 2012).
Deficiency of Akt2 suppressed the ability of Mφ to undergo M1
polarization reducing the formation of both early and advancedAS in
Ldlr−/− mice (Babaev et al., 2014). While deletion of Akt1 resulted in
enhanced AS and occlusive coronary artery disease in ApoE−/− mice
(Fernández-Hernando et al., 2007).Mice with reducedmitochondrial
oxidative phosphorylation (OxPhos), showed increased M1-like Mφ
polarization and decreased Th2 cytokine responsiveness (Jung et al.,
2018). Activated M1 Mφs also produce ROS and nitric oxide (NO)
through NADPH oxidase system, which may regulate the
phagocytosis process of Mφ, disrupting normal cell metabolism,
inducing apoptosis, and ultimately causing chronic tissue damage
and plaque formation (Xu et al., 2019).M1Mφs are enriched in lipids
and implicated in initiating and sustaining inflammation,
atherosclerotic lesion enlargement, and promoting unstable
plaques. M1 Mφs are also the most abundant cells in the lesions
of infarction and coronary artery disease (CAD) patients (Barrett,
2020).

M2 Macrophages
Alternatively, activated M2 Mφs accumulate at the site of injury
and release mediators that suppress inflammation in plaques,
clear apoptotic cells (ACs), promote allergy, angiogenesis, tissue

repair, fibrosis, and plaque stability (Wynn and Vannella, 2016;
Barrett, 2020; Miki et al., 2021). M2 phenotypes are stimulated by
the Th2 cytokines including IL-4 and IL-13 which bind to the
receptor IL-4Rα and promote the M2 polarization through
several pathways such as JAK1 and JAK3 signaling which
further result in the activation of STAT6, IRF4, and
peroxisome proliferator-activated receptor γ (PPAR-γ).
STAT6, IRF4, and PPARγ regulate many of the genes such as
Arg1, Fizz1, and Ym1 associated with mouse M2 Mφs. The fatty
acid receptor also activates PPARγ. Inhibition of PPARγ with its
antagonist blocked convallatoxin-induced M2 Mφ polarization
and enhanced inflammatory responses (Wang et al., 2014a;
Zhang et al., 2021). Convallatoxin is a natural cardiac
glycoside that protects against AS. Intracellular glucocorticoids
bind the glucocorticoid receptor resulting in the nuclear
translocation of the complex. The complex binds DNA,
promoting the transcription of anti-inflammatory genes such
as IL-10 and IL1R2. Alternatively, the complex can also
interact with other transcription factors such as NF-κB or AP-
1. IL-10 can be produced by all leukocytes, and IL-10 receptor
ligation leads to activation of the transcription factor STAT3 that
upregulates the expression of SOCS3 which in turn mediates the
suppression of pro-inflammatory cytokine signaling (Figure 6)

TABLE 2 | Activating stimuli, properties, and functions of polarized macrophage subtypes.

Subtypes Inducers Secreted factors and
related genes

Functions

M1 GM-CSF, TNF-α, IFN-γ, endogenous signals (e.g.,
Ox-LDL, HSP, HMGB1), bacterial stimuli (e.g.,
LPS, lipoproteins, dsRNA, LTA)

IL-1, IL-6, IL-12, IL-23, TNF, CXCL8, CXCL9,
CXL10, CXCL11, CXCL16, CCL2, CCL3, CCL5

Pro-inflammatory responses

M2 M2a IL-4, IL-13 IL-1R, IL-10, TGF-β, CCL17, CCL18, CCL22,
CCL24

Tissue repair

M2b LPS, Immune complexes + TLR, IL-RA IL-1, IL-6, IL-10, TNF, CCL1 Immunoregulation
M2c TGFβ, IL-10, Glucocorticoids TGF-β, IL-10, CCL16, CCL18, CXCL13 Efferocytosis
M2d TLR Agonists + Adenosine, IL-6, LIF IL-6, IL-10, IL-12, TNF-α, TGF-β, CCL5,

CXCL10, CXCL16, CCL18
Wound healing, Angiogenesis, Development of
tumors (Cheng et al., 2019)

MMe NOX2, OxPLs, Glucose, Insulin, FFAs IL-6 (NOX2-dependent) (Li et al., 2020b) Pro-inflammatory effect, Chronic inflammation, Dead
adipocyte clearance

Mox OxPL IL-1β, IL-10, VEGF, CX3CR1- (mouse) PhagocytosisL, Anti-inflammatory action, Pro-
inflammatory effect, AS development, Chronic
inflammation, Anti-oxidant

M(Hb) Hb/Hp complex ABCA1, ABCG1, LXR-α, IL-10 Cholesterol effluxH, Formation of foam cell, iron
content and ROS productL, HB clearance,
Atheroprotective (Chistiakov et al., 2015)

HA-mac Hb/Hp complex IL-10 (Boyle et al., 2009) HB clearance, Reduction of OS, Atheroprotective
Mhem Heme LXR-β, ABCA1, ABCG1 (Medbury et al., 2014) Erytrophagocytosis, Atheroprotective
M4 CXCL4 TNF-α, IL-6, CCL18, CCL22 Weak phagocytosis, Minimal foam cell formation

Fibrous cap degradation, Proatherogenic action
(Chistiakov et al., 2015)

TREM2 LDL, ApoE, (Deczkowska et al., 2020),
Nucleotides released from damaged cells (Kober
and Brett, 2017)

SPP1, RNASE1, MT1G, SEPP1, FOLR2,
NUPR1, KLHDC8B, CCL18, MMP12, ApoC2,
and complement system genes (C3, C1QA,
C1QB, C1QC) (Xiong et al., 2020)

Lipid metabolism, OS, Lesion calcification, Marker of
TAMs, Immunosuppressive activity, Regulation of
phagocytosis, proliferation, survival (Porsch et al.,
2020; Xiong et al., 2020)

SAM NI NI Pro-inflammatory effect, Thermogenesis, Obesity, NE
homeostasis

NAM NI NI Weak energy metabolism with age and obesity, NE
homeostasis (Kolter et al., 2020a)

HMGB1, High-mobility group box 1tbox1 protein; LTA, lipoteichoic acid; NOX2, NADPH-oxidase-2; VEGF, vascular endothelial growth factor; Hb/Hp complex, Hemoglobin–haptoglobin
complex; LXR, Liver X receptor; SPP1, Secreted Phosphoprotein 1; RNASE1, Ribonuclease A Family Member 1; MT1G, Metallothionein-1G; SEPP1, selenoprotein P plasma 1; FOLR2,
Folate receptor 2; NUPR1, Nuclear Protein 1; KLHDC8B, Kelch Domain Containing 8B; C3, Complement component 3; C1QA, C1QB, C1QC, Complement C1q A, B, C Chains; TAMs,
Tumor-associated Mφs; NE, norepinephrine; H, high; L, low; NI, not identified.
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(Wang et al., 2014a). Akt activation is required for M2 activation
(Covarrubias et al., 2015). Several signals such as IL-10, and TGF-
β promote M2 polarization via PI3K/Akt signaling (Park et al.,
2011; Gong et al., 2012). Akt2−/− Mφs attributed to the reduced
level of miR-155, which targets C/EBPβ, a key regulator of Arg1
expression and M2 polarization (Arranz et al., 2012). Different
stimuli have been associated with the differentiation of M2
subtypes. IL-4, IL-13, and also high levels of CD206 and IL-1
receptor antagonist induce M2a which has anti-inflammatory
and tissue remodeling properties. M2b is affected by immune
complexes in combination with IL-1β and LPS, and it is involved
in immunoregulation. IL-10 and TGFβ or glucocorticoids drive
M2c, which has a role in efferocytosis and tissue remodeling. M2b
and M2c share regulatory functions, characterized by the
secretion of IL-10, and suppression of pro-inflammatory
cytokines. IL-6, leukemia inhibitory factor adenosine, and TLR
signals induce M2d with angiogenesis, and tumor growth effects
(De Paoli et al., 2014; Liberale et al., 2017; Raggi et al., 2017;
Abdelaziz et al., 2020). M2 cells also induce the expression of
specific chemokines CCL24, CCL17, and CCL22 (M2a), CCL1
(M2b), CCL16, and CCL18 (M2c) (Mantovani et al., 2004).
Overall, M2-derived chemokines and cytokines recruit tissue
repair cells. Reducing Mφ-inflammation by modulating
inflammatory cytokine secretion can promote plaque
regression (Lin et al., 2021). M2 Mφs can affect plaque
regression via anti-inflammatory effects (Moore et al., 2013)
and promote wound healing and tissue repair through
collagen formation (Spiller et al., 2014) and removal of dead

cells by efferocytosis (Chang et al., 2015). Thus, regulating Mφ
polarization to the M2 phenotype could be a therapeutic strategy
to prevent the progression of AS or even hasten regression of
plaques (Bi et al., 2019). In mouse models of AS regression, the
plaque content of M2 markers increased, while M1 markers
decreased. Lesions enriched in M2 Mφ are characterized by
less inflammation and more stabilizing material, increased
content of collagen, and a reduction in the cholesterol content
in the plaques (Feig et al., 2011). Administration of IL-13, which
is an M2 polarizing factor, protected from AS by increasing
lesional collagen content and reducing VCAM-1-dependent
monocyte recruitment in Ldlr−/− mice (Cardilo-Reis et al.,
2012). AS regression after lipid-lowering is dependent on the
recruitment of Ly6Chi inflammatory monocytes and their
STAT6-dependent polarization to the M2 subtype in mice.
The local accumulation of Mφs are highly efficient in clearing
ACS. M2 subtype Mφ localized in areas of neovascularization,
outside the lipid core, and can phagocytose apoptotic M1
phenotype Mφ, contributing to the resolution of inflammation
and inhibition of necrotic core formation within lesions
(Chinetti-Gbaguidi et al., 2015).

Other Macrophage Phenotypes
Mφ differentiation into MMe and Mox phenotypes in adipose
tissue (AT) is induced by cytokines and OxPLs derived from Ox-
LDL which play important roles in the development of chronic
inflammation (Haka et al., 2016). NADPH-oxidase-2 is the main
driver of MMe Mφs functions (Coats et al., 2017). The Mox

FIGURE 6 |Macrophage polarization signaling pathways. M1 phenotypes express transcription factors such as NF-κB, STAT1, AP-1, and IRF3. M2 subtypes are
stimulated by the Th2 cytokines IL-4 and IL-13 which bind to the receptor IL-4Rα and cause the activation of STAT6, IRF4, and PPAR-γ. The intracellular glucocorticoids
also promote the transcription of anti-inflammatory genes. IL-10 activates STAT3 and subsequent upregulation of SOCS3. Signal transducer and activator of
transcription 1 (STAT1), interferon regulatory factor -3 (IRF3), nitric oxide synthase 2 (NOS2), suppressor of cytokine signaling 3 (SOCS3), arginase 1 (Arg1).
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phenotype is associated with the expression of surface markers
including Srnx-1 and Txnrd-1 and it is abundant in advanced
plaques comprising CD68+ cells (Kadl et al., 2010; Leitinger and
Schulman, 2013).

HA-mac and M(Hb) are atheroprotective phenotypes that are
induced by a hemoglobin-haptoglobin complex, implicated in
hemoglobin clearance in hemorrhagic sites. M(Hb) Mφs regulate
intracellular lipid balance by increasing cholesterol efflux
mediators, thereby preventing the formation of foam cells
(Chistiakov et al., 2015). Since Mφ intracellular iron levels
may drive cholesterol efflux in M(Hb) cells, the manipulation
of Mφ iron levels can be useful to retard AS development by
upregulation of Mφ cholesterol efflux (Habib and Finn, 2014).
Following endocytosis of hemoglobin-haptoglobin complex,
heme is released from RBCs which stimulates Mφ polarization
to human atheroprotective Mhem subtype implicated in
erythrophagocytosis. The Mhem Mφ suppressed OS, lipid
accumulation, and foam cell formation, sharing properties
with M (Hb) (Skuratovskaia et al., 2020).

M4 Mφs are induced by CXCL-4 in human atherosclerotic
plaques. M4 Mφs have pro-inflammatory and proatherogenic
properties which may develop in arterial thrombosis
(Skuratovskaia et al., 2020). M4 Mφs are unable to efficiently
phagocytose Ox-LDL, with minimal formation of foam cells, and
also may not function as efferocytes within plaques (Butcher and
Galkina, 2012). They can be involved in fibrous cap degradation,
and plaque rupture by producing the enzyme MMP12. M4 Mφ
also seems to be irreversible and can not switch like M1, M2, or
hemorrhage-associated phenotypes (Skuratovskaia et al., 2020).

TREM2 is a main determinant of adipose tissue homeostasis
and a modulatory receptor involved in the regulation of
phagocytosis, proliferation, and cell survival. TREM2 Mφs
correspond to foamy lipid-laden Mφs accumulating in
atherosclerotic plaques. Hematopoietic TREM2 is
overexpressed on a subset of AS-associated aortic Mφs and is
associated with lipid metabolic processes, OS, and lesion
calcification while downregulating pro-inflammatory genes
(Porsch et al., 2020).

Neuroimmunological Mφs have been reported in different
tissues such as the sciatic nerve, adipose tissue, intestine, skin, and
microglia which are implicated in thermogenesis, norepinephrine
homeostasis, and obesity (Kolter et al., 2020a). Obesity may
increase the risk of OS, and subsequent oxidation of LDL
particles and atherogenesis (Poznyak et al., 2021).
Neuroimmunological Mφs may have therapeutic potential for
individuals with obesity (Skuratovskaia et al., 2020).

BACTERIAL AND VIRAL MEDIATORS OF
MACROPHAGE FUNCTION

Bacterial and viral mediators are modulators of Mφ lipid
metabolism and AS. ECs and Mφs in atherosclerotic plaques
upregulate the expression of TLR in response to microbial
antigens followed by inflammatory signals leading to AS.
There is evidence that TLR3/4 ligands inhibit cholesterol efflux
from Mφs leading to increased susceptibility to AS (Castrillo

et al., 2003). Porphyromonas gingivalis induces its uptake by Mφs
and stimulates the formation of foam cells, the hallmark of early
atherogenesis (Giacona et al., 2004). Similar mechanisms have
been observed for Chlamydophila pneumoniae infection where
surface antigens such as LPS and heat shock protein (HSP)
participate in this process. LPS has been shown to promote
Mφs development into foam cells and chlamydial HSP60 may
induce LDL oxidation on the lesion site (Milioti et al., 2008). The
role of H. pylori, in Mφs differentiation into foam cells in a TLR-
2- and TLR-4-dependent way has also been reported (Li B. et al.,
2020). During H. pylori infection, Mφs are typically polarized to
M1 phenotype which induces pro-inflammatory cytokines and
promotes AS (Quiding-Järbrink et al., 2010; Vijayvergiya and
Vadivelu, 2015).

Transcriptome analysis suggests that human cytomegalovirus
reprograms monocyte differentiation toward pro-inflammatory
M1 Mφs following infection. The upregulation of monocyte
migration is necessary for the hematogenous spread of the
virus and as a consequence, could promote AS associated with
human cytomegalovirus infection (Smith et al., 2004; Chan et al.,
2008). The enterovirus receptor CXADR is upregulated inMφs in
atherosclerotic plaques. CXADR expression was associated with
M1 Mφ polarization and foam cells formation, suggesting a
mechanism by which enterovirus may infect the cells in
atherosclerotic lesions (Nilchian et al., 2020).

MACROPHAGE-RELATED CYTOKINES IN
ATHEROSCLEROSIS

Pro-Inflammatory Cytokines
Mφs release cytokines such as IL-1, IL-6, IL-8, IL-12, IL-18,
soluble CD40L (sCD40L), and, TNF in response to various
inflammatory stimuli. These factors exhibit a variety of effects,
discussed below, and appear to induce inflammation-mediated
increases in vascular permeability (Arango Duque and
Descoteaux, 2014; Jansen et al., 2016).

IL-1 signaling is proatherogenic and implicated in
atherothrombosis. The isoforms IL-1α and IL-1β use a shared
IL-1R1. Mice deficient in IL-1β show reduced atherosclerotic
disease severity (Arango Duque and Descoteaux, 2014).
Canakinumab Anti-inflammatory Thrombosis Outcomes Study
(CANTOS) measured the efficacy of IL-1β inhibition in reducing
CV event rates (Ridker et al., 2011). Targeting IL-1β by
monoclonal antibodies inhibited atherosclerotic plaque
formation and the progression of AS (Bhaskar et al., 2011).
IL-1β induces angiogenesis by recruitment of myeloid and
endothelial lineage cells (Carmi et al., 2009). Deficiency of IL-
1α inhibited early lesion formation and inflammation in the
ApoE−/− mice (Kamari et al., 2011).

IL-6 is associated with multiple inflammatory disorders. IL-6
can bind to the membrane-bound IL-6R or soluble IL-6R. The
CANTOS trial showed that modulation of the IL-6 signaling after
taking canakinumab, a human anti-IL-1β monoclonal antibody,
is associated with decreased CV events independent of lipid-
lowering (Ridker et al., 2018). Senescence-associated IL-6 is
upregulated in several tissues and may accelerate atherogenesis
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due to aging-related alterations. Thus, the blockade of IL-6 might
be an effective strategy to reduce AS in old people (Tyrrell and
Goldstein, 2020). The MIRACL study showed that the levels of
high-sensitivity C-reactive protein (hs-CRP), serum amyloid A
protein (SAA), and IL-6 inflammatory markers were related to
the risk of stroke (Kinlay et al., 2008). A phase II clinical trial
demonstrating ziltivekimab, a fully human monoclonal antibody
targeting the IL-6 ligand, markedly reduced multiple biomarkers
of systemic inflammation and thrombosis including hsCRP,
fibrinogen, SAA, sPLA2, and Lp(a). Thus, the direct inhibition
of IL-6 might have the potential to maximize anti-inflammatory
atherosclerotic benefits (Ridker et al., 2021). Since IL-6 is a
pleiotropic cytokine, depending on the target cell type, it can
exhibit both pro- and anti-inflammatory properties. IL-6
contributes to pro-inflammatory responses such as Mφ and
neutrophil chemotaxis, induction of chemokine, adhesion
molecule production, and promotes vascular endothelial
growth factor production and conversely anti-inflammatory
functions such as inhibition of IL-1 production, and induction
of IL-1R antagonist indicating that IL-6 can act to reduce
inflammation and protect the CV system. IL-6 promotes the
development of CV disease through activation of ECs, induction
of VSMC proliferation, pro-thrombotic effects on platelets, and
accumulation of Mφ lipid (Reiss et al., 2017). A high serum level
of IL-6 in intermediate CV risk patients referred for coronary
angiography is predictive of CAD (Wainstein et al., 2017).

IL-8 is a proatherogenic cytokine produced by Mφs.
Upregulation of IL-8 in atherosclerotic plaques promotes
recruitment of monocytes by mediating the rolling of
monocytes to adhere firmly to the vascular EC
(Apostolopoulos et al., 1996; Gerszten et al., 1999). In
addition, elevated serum levels of IL-8 are increased in
patients with unstable angina (Romuk et al., 2002). High
serum levels of IL-8 are related to an increased risk of all-
cause mortality independent of the underlying cause
(Velásquez et al., 2019).

IL-12 is formed mainly by plaque Mφs and stimulates the
differentiation of CD4+ T cells into Th1 cells through the IL-
12Rβ2 chain. Th1 cells can further activate Mφs and subsequently
the inflammatory cascade (Kleemann et al., 2008). The
administration of IL-12 resulted in enhanced lesion size in
ApoE−/− mice (Davenport and Tipping, 2003). ApoE−/− mice
lacking TLR4 or MyD88 showed a decrease in AS that was
associated with a significant reduction in the circulating levels
of IL-12 (Michelsen et al., 2004). Exposure of non-stimulated
CD4+CD28− T cells to IL-12 induced recruitment of T cells into
the atherosclerotic plaque in human atheroma-SCID mouse
chimeras (Zhang et al., 2006). These results suggest that IL-12
is a proatherogenic and pro-inflammatory cytokine.

IL-18 acts as a pro-inflammatory cytokine by mediating the
production of IL-1β, IL-8, and the expression of ICAM-1 and
VCAM-1 (Dinarello et al., 2013). IL-18 accelerated AS by
upregulation of CD36 and MMP-9 expression via NF-κB
pathway in ApoE−/− mice. NF-κB blockade inhibited IL-18
signaling through downregulation of IL-18, IL-18Rα, CD36,
and MMP-9, and upregulation of LXR-α resulted in protection
against IL-18-induced AS (Bhat et al., 2015). The proatherogenic

effect of IL-18 in the absence of T cells is accompanied by
elevation of IFN-γ and CXCL16 expression (Tenger et al.,
2005). High serum concentrations of IL-18 increase the risk of
future coronary heart disease (Jefferis et al., 2011).

CD40 is expressed mostly on the M1 phenotype (Jansen et al.,
2016). Plasma CD40 levels are associated with the severity of
carotid AS and an increased risk for future CV events. Intra-
plaque levels of sCD40 and sCD40L are also associated with
vulnerability and remodeling (Shami et al., 2020). The co-
stimulatory CD40 and CD40L are implicated in the regulation
of the inflammatory response during AS development. Targeting
non-classical CD40L-Mac1 interactions and the inflammatory
CD40-TRAF6 signaling may have the potential to reduce the
residual inflammatory risk that drives AS (Bosmans et al., 2020).

TNF activates ECs to induce the expression of multiple
adhesion molecules and promotes secretion of a variety of
inflammatory cytokines and chemokines to enhance the
recruitment of activated leukocytes into the lesions (McKellar
et al., 2009). TNF-α is a pleiotropic cytokine and functions
through its two main receptors including TNF receptors 1 and
2 (TNFR1 and TNFR2). Pro-inflammatory signaling, apoptosis,
and degenerative cascades are reported to mediate through
TNFR1 while TNF-α signaling through TNFR2 activation is
anti-inflammatory and cytoprotective, leading to cell
proliferation, differentiation, angiogenesis, and tissue repair
(Subedi et al., 2020). TNF-α is implicated in vascular
dysfunction. The increase of TNF-α expression by AGEs, their
receptors, LOX-1, and NF-κB signaling may induce ROS
production leading to endothelial dysfunction in CV disease
(Zhang et al., 2009). TNF-α enhances the progression of
lesions towards an advanced phenotype by stimulating
necrosis and decreasing the incidence of apoptosis in
transgenic mice (Boesten et al., 2005). Anti-TNF-α therapy
and drugs like thalidomide that inhibit TNF-α production may
reduce CV events and inhibit the early development of AS (Chew
et al., 2003).

Anti-Inflammatory Cytokines
IL-10 exhibits anti-inflammatory properties that may be
protective against AS (Mallat et al., 1999). IL-10 appears to
impair HIV-related CD4+ T cells and might be a potential
target for the treatment of AS in HIV (Fourman et al., 2020).
An inverse correlation between AS severity and IL-10+ B cells was
found in Ldlr−/− mice, while increased cholesterol may mask the
protective effects of IL-10+ B cells (Douna et al., 2019). AS was
attenuated through increased expression of IL-10 in programmed
cell death protein 4 (PDCD4)-deficient mice. Thus, PDCD4 could
affect AS development by regulating the expression of IL-10
(Jiang et al., 2016).

TGF-β is a pleiotropic cytokine that can be both
atheroprotective and atherogenic. Deficiency of growth
differentiation factor 15 (GDF15), a member of TGF-β family,
attenuated lesion formation in Ldlr−/− mice in a TGFβRII-
dependent manner that reduced Mφ chemotaxis (de Jager
et al., 2011). Suppression of endothelial TGF-β signaling
reduced inflammation and vascular permeability in
hyperlipidemic mice and attenuated disease progression (Chen
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et al., 2019). TGF-β can also elicit atherogenic effects through its
actions on VSMCs in early plaque lesions (Low et al., 2019). An
inverse relationship between serum TGF-β1 levels and advanced
AS has been observed (Grainger et al., 1995). Inhibition of TGF-β
signaling promoted the development of atherosclerotic lesions
with unstable plaque phenotype, increased inflammatory cells,
and decreased collagen content in ApoE−/− mice (Mallat et al.,
2001). TGF-β1 increased cholesterol efflux and attenuated Mφ
foam cell formation in ApoE−/− mice (Panousis et al., 2001).
Deletion of Tgfb1 resulted in reduced VSMC differentiation,
accelerated lesion formation, and increased inflammation in
heterozygous mice, indicating that TGF-β can protect against
AS (Low et al., 2019).

Programmed Cell Death of Macrophages
and Interactions of Efferocytosis Signaling
Mφ apoptosis, impaired Mφ efferocytosis, and secondary Mφ
necrosis have been implicated in necrotic core and vulnerable
plaque formation (Gonzalez and Trigatti, 2017). While the most
common form of Mφ death is apoptosis, other programmed cell
death modalities in Mφ include immune-reactive cell death
(pyroptosis), necroptosis, mitochondrial-dependent cell death

(parthanatos), and iron-dependent cell death (ferroptosis)
(Yan et al., 2020) (Figure 7).

Apoptosis can be triggered by the activation of a
mitochondrial pathway by cellular stress or through the
activation of death receptors (DRs) at the cell surface. The
mitochondrial intermembrane protein, cytochrome c, is
released into the cytosol and triggers apoptotic protease-
activating factor 1 (APAF1), which in turn activates the serine
protease caspase 9. Active caspase 9 stimulates the executioner
caspases caspase 3 and caspase 7, leading to DNA fragmentation.
Death receptors include TNFR1, FAS receptor, and TNF-related
apoptosis-inducing ligand (TRAIL). Receptor ligation promotes
the recruitment of adaptor proteins, including FAS-associated
death domain protein (FADD), which bind and activate caspase
8. Caspase 8 activates the executioner caspases results in cell
death. Inflammasomes can also trigger caspase 8 via apoptosis-
associated protein (ASC) leading to DNA damage-induced
apoptosis (Boada-Romero et al., 2020). Mφ SR-A has a
protective effect in early lesions but proatherosclerotic roles in
advanced plaques for induction of Mφ apoptosis and
efferocytosis. (Devries-Seimon et al., 2005). STAT1 appears to
be an essential component of ER stress/SRA-induced Mφ
apoptosis in advanced atheromata (Lim et al., 2008).

FIGURE 7 | Modes of macrophage death. Different modes of cell death including apoptosis, pyroptosis, necroptosis, parthanatos, and ferroptosis have unique
activating stimuli and present different signaling pathways and distinct physiological outcomes. Inhibitors of the divalent metal transporter 1 (DMT1).
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Overexpression of IL-10 by T cells was reported to suppress
STAT1 activity and protect from excessive cell death and plaque
necrosis (Pinderski et al., 2002). Transcription factor Zhx2
deficiency promoted Mφ apoptosis and exhibited a reduction
in lesion size and resistance to AS inmice. Evidence including BM
transplantation studies also supports this effect of Zhx2 which is
mediated in part by monocytes/Mφs (Erbilgin et al., 2018). A
prolonged increase of CHOP levels induces apoptosis through
cytoplasmic Ca2+ metabolism and suppression of prosurvival
molecules like Bcl-2 (Tabas, 2010). In early lesions,
efferocytosis prevents cellular necrosis and induces anti-
inflammatory pathways through TGF-β and the activation of
NF-κB signaling to promote cell survival (Henson et al., 2001). In
contrast, ER stress in foam cells induces inflammatory pathways
within the lesion by suppressing NF-κB signaling and activating
JNK, activator protein-1, ROS, and spliced X-box binding protein
1, which promote apoptosis (Xu et al., 2019).

Pyroptosis results in the death of Mφs in response to bacterial
infection, accompanied by activation of inflammasomes and
maturation of pro-inflammatory cytokines IL-1β and IL-18.
Gasdermin D (GSDMD) pores are the effectors of pyroptosis.
Cytosolic LPS binds caspase 4/5/11 to trigger their cleavage of
GSDMD and subsequent plasma membrane permeabilization
leading to pyroptosis. Inflammasome sensor proteins, such as
NLRP3, recognize cellular stressors, including those from
bacteria, viruses, toxins, ATP, uric acid crystals, silica, and
damage-associated molecular pattern (DAMPs). These
stressors activate NLRP3 indirectly through potassium efflux,
which leads to NEK7 binding NLRP3 to trigger its
oligomerization. NLRP3 subsequently activates caspase-1 via
the adaptor protein ASC and cleaves GSDMD resulting in
pyroptotic cell death. Active caspase 1 also proteolytically
processes IL-1β and IL-18 into their active forms, which are
subsequently released from pyroptotic cells (Frank and Vince,
2019). Chemotherapy drugs induce pyroptosis through caspase 3
cleavage of Gasdermin E (GSDME) (Wang et al., 2017). Cleavage
of GSDME by caspase 3 may also switch TNF-induced apoptosis
to pyroptosis (Rogers et al., 2017). AS risk factors could activate
NLRP3 inflammasomes in ECs andMφs. NLRP3 inflammasome-
mediated pyroptosis in the atherosclerotic plaques is correlated
with plaque rupture and vascular inflammation, suggesting that
NLRP3 inflammasome and related pyroptosis play an important
role in the pathogenesis of AS (Zeng et al., 2019).

Necroptosis is activated by death receptors including TNFR1,
IFNR, and TLR3/4. Necroptosis is initiated through the activation
of RIPK1, which binds and activates RIPK3. RIPK3-mediated
phosphorylation of the mixed-lineage kinase domain-like protein
(MLKL) results in membrane lysis. This process is inhibited by
the activation of caspase 8 and its apoptotic inhibitor FLIP which
cleaves RIPK1 to prevent necroptosis (Boada-Romero et al.,
2020). The expression of necroptosis mediators RIPK3 and
MLKL is upregulated in atherosclerotic plaques, especially in
vulnerable plaques supporting the role of RIPK3-mediated Mφ
necroptosis in the development of AS (Karunakaran et al., 2016;
Tian et al., 2016).

Parthanatos in plaque Mφs is triggered by DNA damaging
stimuli such as N-methyl-N′-nitro-N-nitrosoguanidine

(MNNG), peroxynitrite, and ROS-dependent activation of poly
ADP-ribose polymerase (PARP)1. The PAR polymer is
synthesized by PARP1 in response to DNA breaks, migrates to
the mitochondria, and releases apoptosis-inducing factor (AIF)
which interacts withMφmigration inhibitory factor and degrades
DNA (Robinson et al., 2019). PARP1 inhibition may affect
endothelial function, lipid metabolism, foam cell formation,
switch from necrosis to apoptosis, and thus play a major role
in atherogenesis (Xu et al., 2014).

Ferroptosis is associated with iron-dependent accumulation of
lipid hydroperoxides during cell death. Cysteine (Cys2) can enter
the cytoplasm via xCT and synthesizes glutathione (GSH) with
glutamate (Glu), and glycine (Gly). Glutathione peroxidase 4
(GPX4) is an antioxidant enzyme that removes oxidative
modifications from lipids. When GPX4 dysfunction, lipid
transforms into lipid ROS with O2 and Fe2+ via the Fenton
reaction (Zuo et al., 2020). Lipid peroxidation, intraplaque
hemorrhages, and iron deposition are hallmarks of advanced
human plaques, which is indirect evidence for the initiation of
Mφ ferroptosis and plaque destabilization. Overexpression of
GPX4 decreased lipid peroxidation and inhibited plaque
development in ApoE−/− mice indicating the possible role of
ferroptosis in CV disease (Guo et al., 2008).

Efferocytosis is the process by which cells undergoing
apoptosis are cleared by Mφs, thereby reducing
inflammation and maintaining tissue homeostasis (Yan
et al., 2020). Disposal of the dying cells requires a variety
of signal molecules through which phagocytes recognize and
engulf ACs. Find-me signals, such as lysophosphatidylcholine
(LPC), ATP/UTP, CX3CL1, and sphingosine-1-phosphate
(S1P) are released by ACs, which promote attracting
phagocytes to the sites of death. Phagocytes sense these
signals via receptors including G2A, P2Y2, CX3CLR, and
S1PRs respectively. (Figure 8A). Bridging molecules such
as apoE and MFGE8 connect phagocytes to ACs.
Afterward, ACs exposed to a variety of signals on their
surfaces, interacting with receptors on the phagocytic
membrane through Eat-me signals, and efficiently process
the AC constituents to maintain homeostasis. The most
common Eat-me signal, phosphatidylserine (PS), can
interact with a variety of receptors on the surface of
phagocytes, such as BAI1 and αvβ3 integrin. Other Eat-me
signals, such as calreticulin and ICAM3 modulate the
identification and engulfment of ACS via the receptors
LRP1 and CD14 respectively (Figure 8B). Healthy cells
display don’t-eat-me signals such as CD47, CD31, and
CD24, on their surface which binds to receptors SIRP a,
CD31, and Siglec-10, respectively expressed on phagocytes
to avoid efferocytosis (Figure 8C). Programmed cell removal
can be countermanded by anti-phagocytic don’t-eat-me
signals such as cell surface expression of CD47. Mouse
model studies showed that administration of CD47-
blocking antibodies increased intraplaque efferocytosis
efficiency and inhibited AS (Kojima et al., 2016). Defective
phagocytosis of apoptotic foam cells has several consequences
that promote the progression of chronic and non-resolving
inflammatory diseases such as advanced AS (Figure 8D)
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(Wang et al., 2020). Angiotensin Ⅱ is a multifunctional
hormone that plays a major role in the development of AS.
Angiotensin Ⅱ promotes MerTK shedding via AT1R/ROS/p38
MAPK/ADAM17 pathway in Mφs, which leads to defective
efferocytosis, accumulation of ACs, and progression of AS
(Zhang et al., 2019). Mφs in atherosclerotic plaques express

angiotensin Ⅱ type 1 receptor. This receptor of bone marrow-
derived Mφs worsens the renal injury-induced AS by shifting
the Mφ phenotype to M1 and decreasing the M2 phenotype
which leads to impaired efferocytosis and enhanced necrosis
(Yamamoto et al., 2011) Efferocytosis signaling molecules
have been shown in Table 3.

FIGURE 8 | Interactions of efferocytosis signaling. Find-me signals recruit phagocytes to the sites of cell death. The dying cells will express Eat-me signals to
facilitate interactions with phagocytes. Non-ACs send a Don’t-eat-me signal to avoid efferocytosis when exposed to phagocytes. Defective efferocytosis leading to
inefficient clearance of ACs and subsequent necrosis and inflammation in plaques.

TABLE 3 | Efferocytosis signaling molecules.

Role Molecule Expression Receptor

Find-me signals CX3CL1 Dying cell CX3CR1
LPC Dying cell G2A
S1P Dying cell S1PRs
ATP/UTP Dying cell P2Y2

Eat-me signals PS Dying cell BAI1/MFGE8-aVβ3 integrin
Calreticulin Dying cell LRP1
ICAM3 Dying cell CD14

Bridging molecules MFGE8 Dying cell avβ5 integrin/avβ3 integrin
C1q Macrophage SCARF1/aMβ2 integrin
GAS6 Dying cell/Macrophage AXL/Mertk
TSP-1 Dying cell CD36/avβ3 integrin

Don’t-eat-me signals CD47 Viable cell SIRPα
CD31 Viable cell CD31
CD24 Viable cell Siglec-10 (Wang et al., 2020)

CX3CL1, CX3C chemokine ligand 1; LPC, lysophosphatidylcholine; S1P, Sphingosine-1-phosphate; ATP/UTP, Adenosine Triphosphate/Uridine Triphosphate; CX3CR1, CX3C
chemokine receptor 1; G2A, G-protein-coupled receptor; S1PRs, Sphingosine-1 phosphate receptors; P2Y2, Purinergic receptor P2Y2; PS, phosphatidylserine; BAI1, Brain-specific
angiogenesis inhibitor 1; MFGE8, Milk fat globule-EGF, factor 8; LRP1, Low-density lipoprotein receptor-related protein 1; C1q, Complement component 1q; GAS6, Growth arrest-
specific gene 6 product; TSP-1, Thrombospondin-1; SCARF1, Scavenger receptor F1; AXL, anexelekto receptor tyrosine kinase; Mertk, Mer tyrosine kinase; SIRPa, Signal regulatory
protein a; Siglec-10, Sialic acid binding ig like lectin 10.
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MACROPHAGES IN ADVANCED
ATHEROSCLEROSIS

Atherosclerotic lesions typically consist of a lipid core which is
covered by a fibrous cap. Matrix composition, thickness,
cellularity, the collagen content of fibrous caps, and chronic
inflammatory infiltrate are important factors in plaque
stability. Vulnerable plaques are associated with active
inflammation and a thin fibrous cap (Sodhi and Brown, 2018).
Mφs secrete proteolytic enzymes, especially matrix
metalloproteinase (MMP)-2 and MMP-9, causing degradation
of ECM proteins such as collagen and elastin leading, to fibrous
cap thinning and destabilization of advanced plaques. Thus,
MMP-9 inhibitors have the potential to stabilize vulnerable
plaques (Gough et al., 2006). Lesional Mφs induced apoptosis
of VSMCs by TNF-α, the Fas apoptotic pathway, and NO
production and appear to promote rupture-prone plaques
(Boyle et al., 2003).

A key feature of unstable plaques is the formation of necrotic
cores. If efferocytosis is insufficient, dead M1 Mφs accumulate
and undergo postapoptotic necrosis, leading to the formation of a
necrotic core. The thin fibrous cap and large necrotic core make
lesions susceptible to rupture, leading to thrombosis, heart attack,
or stroke (Virmani et al., 2002; Chinetti-Gbaguidi et al., 2015).

CLONAL HEMATOPOIESIS AND
LEUKOCYTOSIS IN ATHEROSCLEROSIS

Normal circulating blood cells consist of a polyclonal mixture
descended from thousands of hematopoietic stem cells (HSC).
During aging, or in blood cell cancers, individual HSC clones can
become relatively abundant. In 2017–2018, several groups
reported that clonal hematopoiesis (CH), defined as expanded
somatic blood cell clones in the absence of hematologic
abnormalities, dramatically accelerates AS and increases the
risk of MI (Fuster et al., 2017; Jaiswal et al., 2017; Sano et al.,
2018). These clones were associated with various driver gene
mutations such as the epigenetic modifiers TET2 and DNMT3A,
suggesting that the mutations not only enhanced cell proliferation
but also conferred pro-inflammatory or other properties to the
leukocytes. Several subsequent studies on CH and AS have now
been reported and they generally support the pro-inflammatory
effects of certain driver mutations (Bick et al., 2020; Fidler et al.,
2021).

The possibility that these observations with clonal
hematopoiesis are due in part to increased hematopoiesis
rather than pro-inflammatory clones was raised by Heyde
et al. (Heyde et al., 2021). It has long been known that
elevated levels of blood leukocytes, a phenomenon termed
leukocytosis, predicts CV events, and certain studies have
suggested that the presence of a vicious cycle in which events
such as MI and AS risk factors promote leukocytosis (Swirski and
Nahrendorf, 2013a). Previous studies had shown that the
hematopoietic system is activated in AS in a variety of species
including mice and humans. The authors showed, using
fundamental evolutional dynamics, that this would predict the

expansion of clones harboring both advantageous (in terms of
increased proliferation) and neutral mutations. The authors
quantitatively examined HSC proliferation in atherosclerotic
mouse models as well as human subjects using incorporation
of bromodeoxyuridine into DNA or the expression of the
proliferation marker Ki67. In both atherosclerotic mice and
patients with AS, HSC proliferation was markedly increased,
roughly 2-fold, as compared to controls. It is noteworthy that
smoking, a strong risk factor for AS, promotes CH and
leukocytosis. A particularly exciting connection with HSC
proliferation and clonal hematopoiesis in AS relates to the role
of chronic stress. Sleep modulates hematopoiesis and protects
against AS. Previously, McAlpine et al. (McAlpine et al., 2019)
showed that sleep fragmentation in mice suppressed
hypothalamic secretion of the wake-promoting peptide
hypocretin, resulting in elevated M-CSF expression by pre-
neutrophils in bone marrow that, in turn, increased blood
monocytes and AS. The authors confirm in the present study
that sleep fragmentation increases HSC proliferation. Thus, the
relative importance in AS of driver mutations such as TET2, as
compared to increased hematopoiesis and leukocytosis, is
uncertain. Since both are potential therapeutic targets, the
answer is of considerable interest.

SINGLE-CELL TECHNIQUES AND
MACROPHAGE HETEROGENEITY IN
ATHEROSCLEROSIS
Single-cell sequencing technologies can be applied to sequence
DNA, RNA, open chromatin, or methylated DNA in single-cells
in the context of normal or diseased tissues (Williams et al., 2020).
The single-cell sequencing studies reported thus far have relied
primarily on RNA sequencing (scRNAseq). In some cases, the
studies have been complemented by time of flight mass cytometry
analyses. Over the past 3 years, several groups have used
scRNAseq to examine leukocyte heterogeneity in various
mouse models of AS (Cochain et al., 2018; Kim et al., 2018;
Winkels et al., 2018; Lin et al., 2019; Zernecke et al., 2020) and in
human carotid AS (Fernandez et al., 2019) and these studies have
been recently reviewed (Willemsen and de Winther, 2020;
Fernandez and Giannarelli, 2021). ScRNAseq analyses of
mouse atherosclerotic lesions identified three main clusters of
the Mφs in AS, resident-like, inflammatory, and TREM2hi
(Willemsen and de Winther, 2020). The resident-like Mφs,
some of which are found in the adventitia, can proliferate and
resemble an M2-like phenotype. The inflammatory Mφs are the
major component of the Mφ population within the intima of the
plaque. They appear to be the main cellular drivers of lesional
inflammation and are enriched in both M1-associated genes and
Mox-associated transcription factor NRF2. They are mainly non-
foamy (Kim et al., 2018). The third subtype, TREM2hi Mφs, are
foamy lipid-laden Mφs enriched for lipid metabolic processes,
regulation of cholesterol efflux, OS and cellular catabolic
processes and. have an M2-like phenotype. In a
comprehensive meta-analysis of mouse studies, Ley’s group
(Zernecke et al., 2020) confirmed these known Mφ subsets
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and identified a newMφ subset resembling peritoneal cavityMφs.
Thus far only one study has examined human lesion (Fernandez
et al., 2019). In that study, carotid plaques of clinically
symptomatic disease (stroke) were compared to asymptomatic
disease and scRNAseq was complemented with mass cytometry.
Mφs from the plaques exhibited alternatively activated
phenotypes, some of which were associated with plaque
vulnerability.

MACROPHAGE SENESCENCE IN
ATHEROSCLEROSIS

Accumulating evidence from both human and mouse studies
suggests that cellular senescence contributes to the pathogenesis of
AS. The senescent cells can be recognized by the irreversible loss of
proliferative capacity, resistance to cell death, and the production of a
bioactive secretome, known as the senescence-associated secretory
phenotype (SASP). The main components of SASP include
inflammatory cytokines, immune modulators, growth factors, and
proteases (Childs et al., 2017). Recent findings inmousemodels show
that among cells with elevated p16INK4a and senescence-associated
beta-galactosidase (SA-β-Gal) expression (common biomarkers of
senescence) are Mφs (Prattichizzo et al., 2016; Liu et al., 2019). In
mouse models of AS foamy senescent Mφs expressing inflammatory
cytokines/chemokines accumulate in the subendothelial space in the
early stages of disease while in advanced lesions there is evidence
senescent Mφs promote plaque instability (Childs et al., 2016). Yang
et al. found that microRNA-216a (miR-216a) promotes Mφ
senescence as characterized by increased SA-β-GAL activity and
p53 and p16 expression, and it has been reported that patients with
vulnerable coronary plaques have elevated levels of plasmamiR-216a
(Yang et al., 2019). A recent study demonstrated that the senescent
cells promote thinning of the fibrous cap, and the clearance of these
cells by a synolitic agent (ABT263) helped maintain the fibrous caps
inmice with advanced lesions. The senescent cells antagonize insulin-
like growth factor (IGF)-1 through the secretion of IGF-binding
protein-3, thereby inhibiting innate smoothmuscle cell repair (Childs
et al., 2021). Acting through the phosphatidylinositide 3 kinase-AKT-
mTOR-p53 signal pathway, CD9 upregulation initiates cellular
senescence while knocking it down in senescent cells reduces
senescence (Brosseau et al., 2018; Cho et al., 2020). In human
atherosclerotic lesions, most Mφs in plaques exhibited CD9
immunoreactivity (Nishida et al., 2000). In hyperlipidemic
ApoE−/− mice, selective delivery of the anti-senescence drug
rosuvastatin to the atherosclerotic plaques using nanoparticles
alleviated the progression of AS (Kim et al., 2021). Recent studies
indicate that certain immune cells, in particular iNKT cells, can
function to remove senescent cells (Kale et al., 2020; Arora et al.,
2021).

MACROPHAGE-BASED THERAPEUTIC
STRATEGIES

Mφ dynamics play a role in all stages of AS and represent
potential drug targets. A Mφ-biomimetic drug delivery system,

in which ROS responsive nanoparticles were coated with Mφ
membrane was developed. The Mφmembrane may sequester key
pro-inflammatory cytokines to decrease local inflammation. The
combination of pharmacotherapy and inflammatory cytokines
sequestration offered by this platform led to improved
therapeutic efficacy in AS (Gao et al., 2020).

Mφ death is an important feature of advanced plaques and is
used as a therapeutic target in AS. Ox-LDL within advanced
atherosclerotic plaque is directly responsible for the upregulation
of RIP3, which is required to induce necroptosis in Mφs and
lesion progression. Mφ necroptosis can be inhibited by
necrostatin-1 to reduce lesion size and necrotic core formation
for diagnostic and therapeutic interventions in AS (Karunakaran
et al., 2016). Mφ pyroptosis is associated with the activation of
NLRP3 inflammasome which has been linked to CV risk factors
such as obesity and is an important regulator of CV
inflammation. Thus, the therapeutic approaches targeting the
activation of NLRP3 inflammasome and pyroptosis offer good
prospects for the treatment of AS (Zeng et al., 2019). PARP
inhibition attenuated plaque development and promoted plaque
stability, likely through a reduction in the expression of
inflammatory factors in ApoE−/− mice. Thus, PARP1
inhibitors such as 3-aminobenzamide, INO-1001,
methoxyflavones, PJ34, and DPQ may prove beneficial for the
treatment of AS (Oumouna-Benachour et al., 2007; Martinet
et al., 2019). Ferrostatin, an inhibitor of Mφ ferroptosis, suffers
from inherent stability but anti-ferroptosis analog drugs with
improved potency such as liproxstatins and anti-oxidants can
inhibit ferroptotic cell death (Hofmans et al., 2016; Martinet et al.,
2019).

Lipid deposition in the arterial wall is an initial step in AS,
which promotes an inflammatory response. However, it was
recently reported that the SR-B1 in ECs binds plasma LDL
and mediates the delivery of LDL into arteries and its
engulfment by artery wall Mφs to form foam cells. Thus,
inhibition of SR-B1 in ECs might reduce lipid deposition with
the potential of anti-inflammatory therapy in AS (Huang et al.,
2019).

Photobiomodulation therapy has a protective role on AS
through promoting the ABCA1-medicated cholesterol efflux in
Mφ to inhibit foam cells formation (Yin et al., 2021).
Proefferocytic therapy which specifically targets the necrotic
core can potentially be used for the treatment of advanced AS
(Kojima et al., 2017). 2-hydroxybenzylamine treatment reduced
inflammation and plaque apoptotic cells but promoted
efferocytosis and features of stable plaques in
hypercholesterolemic Ldlr−/− mice supporting its potential as a
therapeutic approach for atherosclerotic cardiovascular disease
(Tao et al., 2020). An atheroprotective strategy that uses plaque
targeting to deliver a proresolving mediator may stabilize
advanced atherosclerotic lesions. Thus, defective inflammation
resolution may have a role in advanced AS (Fredman et al., 2015).

Inhibition of local proliferation of Mφs is key in plaque
regression in response to cholesterol-lowering. Thus, Mφ
proliferation was identified as the predominant turnover
determinant and a target for induction of plaque regression
(Härdtner et al., 2020). HDL nanoparticles are used to target
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atherosclerotic Mφs. Nanoparticle-based delivery of simvastatin
was used to inhibit plaque Mφ proliferation. This resulted in the
rapid reduction of plaque inflammation when it was combined
with oral statin treatment. Thus, pharmacologically inhibiting
plaque Mφ proliferation by nanotherapy can effectively suppress
plaque inflammation and reduce AS (Tang et al., 2015).

Defective autophagy in Mφs contributes to impaired
cholesterol metabolism and defective efferocytosis leading.
Mφs treated with anti-miR-33 showed increased autophagy,
lipid droplet catabolism, and enhanced efferocytosis to reduce
plaque necrosis (Ouimet et al., 2017).

CONCLUSION AND FUTURE
PERSPECTIVE

AS is an inflammation-driven disease and Mφs play a central
role in the pathogenesis of AS and controlling inflammation in
all stages. Understanding monocytes differentiation into either
pro- or anti-inflammatory Mφs within lesions and how Mφs
affect plaque initiation and progression is of potential
importance for the treatment of AS. Several strategies
including anti-inflammatory approaches, depolarizing Mφs,
modulation of Mφs, survival, and enhancing efferocytosis
have been proposed as possible therapies. Targeting
inflammation may be a promising therapeutic option for
reducing AS. However, anti-inflammatory strategies may
elicit undesirable effects such as infection (Moriya, 2019).
Since the complex environmental stimuli within
atherosclerotic plaques in vivo affects monocyte-derived Mφs,
studying the effects of signaling crosstalk on inflammatory
responses can be helpful to understand Mφ activation in the
lesion and the development of therapeutic interventions.
Another aspect that complicates therapeutic inhibition of Mφ
death in atherosclerotic plaques is the crosstalk between cell
death mechanisms (Nikoletopoulou et al., 2013). There is a
balanced interaction between different types of cell death so that
blocking one type of death may stimulate cells to initiate another
death pathway. For instance, inhibition of caspases by the pan-
caspase inhibitor zVAD promotes apoptosis but may facilitate

the necroptosis program downstream of TNFR. Several main
mediators of different types of cell death have been identified
but more investigation is still needed (Chen et al., 2018).
Cholesterol homeostasis in Mφs involves a dynamic balance
between cholesterol uptake and efflux (Remmerie and Scott,
2018). These processes are regulated by signaling systems that
are also affected by the events such as Mφ pro-inflammatory
activation, phagocytosis stimulation, and autophagy induction.
The signaling networks regulating these events in Mφs involve
specific proteins that might be used as potential therapeutic
targets in AS management. The divergent functions of Mφs,
including contributions to inflammation, healing, regeneration,
and remodeling arise due to the numerous types of Mφs, which
can quickly adapt their phenotype in response to the
microenvironment changes. Insufficient understanding of Mφ
functions represents a major obstacle in Mφ targeting. For
instance, M1 Mφs impair wound healing in some situations
(Mirza et al., 2014) while promoting regeneration in others
(Novak et al., 2014). M2 Mφs have also been associated with
both tissue regeneration (Godwin et al., 2013) and fibrosis
(Furukawa et al., 2015). In addition, data from cultured Mφs
and animal models may not completely reflect the process in
human atherosclerotic lesions. In this regard, Useful mouse
models of plaque instability have been developed (Chen et al.,
2013) Of course, translational studies are needed to confirm the
observations made in preclinical murine models.
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