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Atherosclerosis is the main pathological basis for the occurrence of most cardiovascular diseases, the leading global health threat,
and a great burden for society. It has been well established that atherosclerosis is not only a metabolic disorder but also a chronic,
sterile, andmaladaptive inflammatory process encompassing both innate and adaptive immunity. Macrophages, the major immune
cell population in atherosclerotic lesions, have been shown to play critical roles in all stages of atherosclerosis, including the
initiation and progression of advanced atherosclerosis. Macrophages have emerged as a novel potential target for
antiatherosclerosis therapy. In addition, the macrophage phenotype is greatly influenced by microenvironmental stimuli in the
plaques and presents complex heterogeneity. This article reviews the functions of macrophages in different stages of
atherosclerosis, as well as the phenotypes and functions of macrophage subsets. New treatment strategies based on macrophage-
related inflammation are also discussed.

1. Introduction

Although much progress has been made in the diagnosis and
treatment of cardiovascular disease (CVD) in recent years,
CVD is still the leading cause of global morbidity and
mortality [1]. The pathological cause of most CVD events,
stroke, and peripheral arterial disease is atherosclerosis, thus
motivating a number of researchers to study the pathophys-
iology of atherosclerosis over the past decades. Atherosclero-
sis is a focal vascular disease characterized by intimal
thickening and plaque formation and mostly occurs at sites
notably with endothelial cell injury and disturbed laminar
flow [2]. Currently, it has been well established that athero-
sclerosis is both a component associated with metabolic dis-
order and a chronic inflammatory process in the arterial wall,
which is induced initially by the subendothelial deposition of
apolipoprotein B-containing lipoproteins (apoB-LPs) [3].
Macrophages, the major immune cell population in the arte-
rial plaques, have been suggested to play a central role in the
immune responses and progression of atherosclerosis
(Figure 1) [2, 4]. Macrophages primarily originate from cir-

culating monocytes and resident tissues. They are recruited
to the lesion site by adhering to activated endothelial cells
(ECs) and entering into the subendothelial cell space [5].
Then, macrophage proliferation becomes the predominant
replenishment mechanism in advanced plaques [6]. Within
the plaque, macrophages can take up lipid deposit particles
and transform into foam cells, which is one of the hallmark
events of the early atherosclerotic lesion [7]. These foam
cells further induce a cascade of inflammatory responses
that promote more lipoprotein retention, extracellular
matrix (ECM) modification, and sustained chronic inflam-
mation [8]. In addition, modified low-density lipoprotein
(LDL), such as oxidized LDL (oxLDL), further induces the
necrosis of foam cells, which can form a necrotic core, a
typical feature of the instability of advanced plaques, leading
to the rupture of plaques and further acute life-threatening
clinical cardiovascular events [9]. Studies have concluded
that increased lesional CD68+ macrophages are associated
with a higher risk of CVD and stroke events, while presenting
a weak relationship with stenosis [10, 11]. Therefore, clarify-
ing the macrophage-dependent inflammatory processes in
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atherosclerosis progression and exploring macrophage-
targeted strategies to reduce the residual risk of atheroscle-
rotic CVD have become a hot research topic in recent years.

The macrophage phenotype is shaped greatly by
microenvironment stimuli in the plaque, such as lipids, glu-
cose, cytokines, and hemorrhage, and displays great plasticity
[12]. Because complicated factors in the local milieu change
with disease progression, macrophages are spatiotemporally
heterogeneous. Traditionally, macrophages are classified into
proinflammatory and anti-inflammatory phenotypes, which
are well known as M1 and M2 phenotypes [13]. While in
the plaque, this classification is reported to be an oversimpli-
fication of reality. In addition to M1 and M2, other macro-
phage subsets with distinct functions that do not resemble
the M1/M2 transcriptomes and phenotypes have been
reported [12, 14–17]. In addition, not only lesional macro-
phages but also circulating monocytes as well as their
progenitor cells in the bone marrow are also stimulated by
proatherogenic factors, such as cellular cholesterol content,
and present great plasticity in genetic and epigenetic charac-
teristics [18]. Owing to these functional complexities,
although amply documented preclinical models are reported,

few clinical trials have been developed to therapeutically
target macrophages.

In this review, we will focus on the recent evidence on
macrophage pathophysiology, presenting an overall view of
the critical role of macrophages in different stages of athero-
sclerosis and their functional diversity. Moreover, we will
review and discuss the major clinical strategies to modify
macrophage-dependent chronic inflammation processes in
plaques. Finally, we will highlight macrophages as a potential
therapeutic target in atherosclerosis.

2. Origin of the Plaque Macrophage

Macrophages are considered to mainly originate from circu-
lating monocytes, which are derived from the bone marrow
[19] or spleen [20], which is widely known as the mononu-
clear phagocyte system (MPS). Monocytes in the circulation
are recruited to the specific tissue site by various inducers
such as tissue injury, pathogens, and proinflammatory cyto-
kines and chemokines. Based on thymidine pulse-labeling
animal models, van Furth et al. proposed that macrophage
population replenishment was mainly dependent on
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Figure 1: Roles of macrophages in different stages of atherosclerosis progression. Atherosclerosis is initiated by the subendothelial deposition
of lipids. Circulating monocytes are recruited to the lesion site by adhering to activated endothelial cells (ECs) and entering the subendothelial
cell space. Within the plaque, macrophages take up lipid deposit particles and transform into foam cells, forming early atherosclerotic lesions.
Lesional macrophages further induce a cascade of inflammatory responses, promoting more lipoprotein retention, extracellular matrix
(ECM) alteration, and sustained chronic inflammation. Oxidized LDL (oxLDL) further induces the necrosis of foam cells, which construct
a necrotic core, leading to instability and rupture of advanced plaques. Abbreviations: CCL: chemokine ligand; ECM: extracellular matrix;
ER: endoplasmic reticulum; Fas-L: Fas ligand; ICAM: intercellular adhesion molecule; IFN: interferon; IL: interleukin; KLF4: Kruppel-like
factor 4; MMP: matrix metalloproteinase; NF-κB: nuclear factor of kappa B; NLRP3: leucine-rich repeat pyrin domain containing 3;
oxLDL: oxidized low-density lipoprotein; PSGL-1: P-selectin glycoprotein ligand-1; ROS: reactive oxygen species; SMC: smooth muscle
cells; SR-A: type A scavenger receptor; TLR: toll-like receptor; TNF: tumor necrosis factor; TRIF: toll-like receptor domain-containing
adaptor; VCAM: vascular cell adhesion molecule; VLA-4: very-late antigen 4.
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monocyte recruitment [21]. Recently, this conclusion was
challenged by the results from genetic fate mapping studies
(tracing cell lineages) of tissue-resident macrophages, such
as Langerhans cells, lung alveolar macrophages, Kupffer cells,
and microglia [22–25]. These tissue-resident macrophages
are established during fetal development and mostly main-
tain and replenish themselves by proliferation [24].

Recently, lineage fate mapping studies of vascular smooth
muscle cells (VSMCs) in murine models demonstrated that
VSMC subsets with highly proliferative plasticity can also
transdifferentiate into macrophage foam cells [26]. This is
in accordance with the earlier findings that lesional foam cells
coexpressed VSMC markers [27, 28] and activation of the
transcription factor Kruppel-like factor 4 (KLF4) may be
the critical mechanism [29]. However, in vivo studies found
that these VSMC-derived macrophage-like cells are differ-
ent in transcriptional profiles and functions compared to
classical macrophage [29, 30], such as in phagocytosis or
efferocytosis [31].

In addition to exogenous replenishment, the progression
of advanced atherosclerotic lesions is mainly dependent on
local cell proliferation, which is involved in focal intimal
thickening of the human aorta and further contributes to
the progression of atherosclerosis [6, 32].

3. Macrophages in the
Initiation of Atherosclerosis

3.1. Monocyte-Endothelial Cell Adhesion. Monocyte-endo-
thelial cell adhesion plays a key role in the initiation of ath-
erosclerosis. Complicated signaling pathways are involved
in this process, and among them, the most notable pathway
is the interaction between P-selectin glycoprotein ligand-1
(PSGL-1) and selectins [33]. Activated lesional ECs express
P- and E-selectin [34, 35]. Selectins bind to the properly gly-
cosylated PSGL-1, their predominant ligand that is expressed
on monocytes and leukocytes [34, 35]. Selectin-PSGL-1-
mediated interactions promote the capture of both mono-
cytes and leukocytes onto the endothelium, activate integrins,
and induce monocyte activation [36, 37]. In addition to the
adhesion functions, PSGL-1 interacts with chemokine ligand
(CCL) 21 or CCL19 and efficiently attracts activated CD4+ T
cells to the vulnerable plaques [38, 39]. These CD4+ T cells
produce interferon- (IFN-) γ and tumor necrosis factor-
(TNF-) α and contribute to the proinflammatory environ-
ment. In accordance with these findings, knockout of
PSGL-1 in ApoE−/− mouse models showed less monocyte
and leukocyte infiltration in atherosclerotic lesions and
protection against atherosclerosis [40, 41]. Research based
on double knockout mouse models including P-selectin−/−A-
poE−/− and E-selectin−/−ApoE−/− mice also indicated
decreased atherosclerosis formation [42, 43].

The binding of selectins to their ligands allows mono-
cytes in circulation to be tethered and roll along the endothe-
lium, and the subsequent ligation of monocyte integrins with
vascular cell adhesion molecule 1 (VCAM1) or intercellular
adhesion molecule 1 (ICAM1) on the ECs constructs a firm
adhesion between monocytes or lymphocytes and ECs [33].
The most relevant integrin is very-late antigen 4 (VLA-4),

also known as α4β1 integrin [44], and is widely expressed
on monocytes and lymphocytes and can bind with VCAM1,
which is overexpressed on activated ECs [45]. When mouse
models lacking one of the two VCAM1 ligand binding sites
were double hit by LDL receptor knockout (LDLR−/−), the
mice developed reduced atherosclerotic lesions under a
proatherogenic diet [46]. Utilizing in vitro studies,
researchers found that after blockade of VLA-4 or VCAM1
by monoclonal antibodies, mononuclear cells rolled faster
along the carotid arteries isolated from ApoE−/− mice than
those in the control, and monocyte accumulation onto the
endothelium was reduced by over 70% [47, 48]. Activated
platelets on the inflamed endothelium also contribute to
monocyte-endothelial interactions via augmentation of
adhesion selection expression and secretion of proinflamma-
tory chemokines such as CCL5 [49]. In addition, C-C chemo-
kine receptor type (CCR) 2, CCR5, and CX3C chemokine
receptor 1 (CX3CR1) signals are indicated to contribute to
the migration of monocytes into arterial walls [50–52]. In
the ApoE−/− mouse model, inhibition of three pathways,
including CCL2, CX3CR1, and CCR5, almost abrogates mac-
rophage accumulation and atherosclerosis (90% reduction),
which is significantly more than the 28%, 36%, or 48% reduc-
tion in ApoE−/− CCL2−/−, ApoE−/− CX3CR1−/−, and ApoE−/−

CCL2−/− CX3CR1−/−murine models, respectively [50]. More-
over, IFN-β signaling also enhances macrophage-endothelial
cell adhesion and promotes immune cell infiltration to
atherosclerosis-prone sites in mice, leading to the accelera-
tion of lesion formation [53].

3.2. Macrophages and Foam Cells. After adhering to the ECs,
monocytes penetrate through ECs into the subendothelial
space and stay there because of their decreased migration
ability, hindering the resolution of inflammation. Driven by
prodifferentiation factors such as macrophage colony-
stimulating factor (M-CSF), monocytes give rise to macro-
phage- or dendritic cell- (DC-) like phenotypes. These cells
actively participate in scavenging lipoprotein particles and
turn into foam cells, which present cytoplasmic and
membrane-bound droplets, resulting in more accumulation
of oxLDL in the subendothelial space [54, 55]. Several
mechanisms have been proposed for this uptake process.
Scavenger receptors expressed on the macrophages, espe-
cially the type A scavenger receptor (SR-A) and a member
of the type B family, CD36, have been reported in early stud-
ies to be the main markers on lesional macrophages that
transform into foam cells [8, 56]. Blocking SR-A inhibits
the uptake of lipids and formation of foam cells, further pro-
hibiting the local proliferation of macrophages in the lesion
[6]. However, in triple knockout Apoe−/− CD36−/− Msr1−/−

mouse models, no decrease was observed in the foam cell
transformation compared with that of Apoe−/− mice, indicat-
ing that more mechanisms controlling this process remain to
be clarified [57]. Recently, more novel scavenger receptors
have been identified, such as LDL receptor-related protein 1
(LRP1) and lectin-like oxLDL receptor 1 (LOX1), which also
contribute to lipid uptake [58, 59]. Blocking LRP1 in lesional
macrophages has been proven to reduce the accumulation of
cholesterol in macrophages [59]. In contrast, liver X receptor
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(LXR), which is activated by oxLDL, promotes the outflow of
cholesterol and reduces the expression of proinflammatory
factors in macrophages, thus exerting a favorable effect on
atherosclerosis [60]. In addition to oxLDL, Kruth et al. found
that foam cell transformation could also take place via intake
of native LDL independent of receptors [61]. This process is
called fluid-phase endocytosis and relies on the activation of
phorbol 12-myristate 13-acetate (PMA), the activator of
protein kinase C (PKC).

3.3. Macrophages and Proinflammatory Cytokines. Foam
cells secrete abundant proinflammatory cytokines and in
turn promote the accumulation and proliferation of circulat-
ing monocytes. Toll-like receptors (TLRs) have been proven
to play a critical role in inflammatory signaling cascades.
TLRs are essential pattern recognition receptors that mediate
innate immune responses during invading pathogen
invasion, such as viral and bacterial infection [62].
Phospholipid-CD36 binding on the lesional macrophages
induces TLR4/TLR6 heterodimer formation, followed by
activating downstream molecules, including myeloid
differentiation factor 88 (MyD88), interleukin (IL)-1, toll-
like receptor domain-containing adaptor (TRIF), and nuclear
factor of kappa B (NF-κB) [63]. In accordance with these
reports, studies based on the mouse model have demon-
strated that gene deletion of TLR2, TLR4, or MyD88 results
in a reduction in atherosclerosis [64–66]. Endothelial-
targeted blocking of NF-κB signals in the Apoe−/− mouse
model resulted in a reduction in recruitment of macrophages
to lesions [67]. Macrophage inflammasome signaling also
plays a role in atherosclerosis. Crystalline cholesterol
induces IL-1 family cytokines in macrophages by stimulat-
ing the caspase-1-activated nucleotide-binding domain and
leucine-rich repeat pyrin domain containing 3 (NLRP3)
inflammasome [68]. The NLRP3 inflammasome, as the
most well-known inflammasome, is essential for necrotic
core formation in advanced atherogenesis, and its silencing
protects the stabilization of atherosclerotic plaques [69].
Except for B cells, ECs, SMCs, and platelets also express
CD40 when induced by proinflammatory stimuli, such as
IL-1, IL-3, IL-4, TNF-α, and IFN-γ [70]. Gene-targeting
studies utilizing murine knockout models have established
that CD40L participates in lesion progression and throm-
bosis [71]. In vitro studies indicate that ligation of
CD40/CD40L stimulates proinflammatory cytokines and
cell adhesion factors in vascular endothelial cells [72].

4. Macrophages in Advanced Atherosclerosis

4.1. Macrophages and Fibrous Caps. Stable plaques with
intact fibrous caps rarely cause detrimental symptoms
owing to the preservation of the arterial lumen, which relies
on matrix metalloproteinase- (MMP-) mediated vascular
remodeling [73, 74]. A plaque becomes unstable when the
fibrous cap becomes thin and a necrotic core arises,
followed by its breakdown from the endothelia and further
acute, occlusive lumenal thrombosis, leading to thrombo-
embolic events such as heart attack or stroke and high
mortality [9].

Lesional macrophages promote the apoptosis of smooth
muscle cells (SMCs) in the plaque in several ways, including
cell-cell proximity [75] and activation of multiple cytotoxic
signals including Fas-L, nitric oxide (NO), and TNF-α
[76, 77], thus predisposing the plaque to rupture. Collagen
synthesis by intimal SMCs is also reduced due to decreased
macrophage-derived TGF-β [78, 79]. In addition, lesion
macrophages promote extracellular matrix (ECM) remodel-
ing by producing MMPs, especially MMP-2 and MMP-9,
which can induce ECM protein degradation, thinning of
the fibrous cap, and the formation of rupture-prone plaques
[80]. Notably, different MMP members may play divergent
roles during the atherosclerosis process, and MMPs present
a dual role in this progression by promoting the migration
and proliferation of vascular smooth muscle (VSMC) in the
early stage while accelerating plaque instability by matrix
destruction in advanced atherosclerosis [81]. For example,
Gough et al. found that overexpression of an activated
MMP-9 mutant (MMP-9 G100L) contributed to fibrous
cap disruption, thrombus formation, plaque rupture, and
mouse mortality in an Apoe−/− mouse model [82]. However,
Johnson et al. observed a contradictory unfavorable effect on
plaque size and stability when MMP-9 was knocked out in an
Apoe−/− mouse model [83]. Therefore, more studies of MMP
knockout or overexpression are needed to resolve the dispute
that most likely results from differences in sites and stages of
plaque development, assessment of plaque instability, dietary
treatment, and mouse model strains. In addition, limitations
such as utilization of indirect evidence as an endpoint for pla-
que rupture and a lack of acute lumenal thrombosis similar to
that in human lesions in previous mouse model studies also
restrain the application of these findings for clinical trials.

4.2. Macrophages and Necrotic Cores. The second feature of
advanced plaques is the formation of necrotic cores. Gener-
ally, the necrotic core of a plaque is a hallmark of plaque vul-
nerability and contributes to nonresolving inflammation,
thrombosis, fibrous cap breakdown, and plaque rupture [9].
The necrotic core is mainly composed of apoptotic lesional
macrophages and defective phagocytic clearance [84]. A
number of signals participate in necrotic core formation,
including growth factor deprivation, oxidative stress, and
death receptor activation by ligands [2]. In Apoe−/− mice,
IFN-β not only induces the recruitment of macrophages to
the lesion but also contributes to cell apoptosis and further
necrotic core formation [53]. Similarly, oxLDL-CD36
complex-triggered TLR2-dependent signaling promotes the
initial proinflammatory environment and further induces
apoptosis of endoplasmic reticulum- (ER-) stressed macro-
phages [56].

ER stress, primarily the unfolded protein response
(UPR), is a novel apoptotic mechanism discovered in recent
years and has been proven to play critical roles in proathero-
sclerotic inflammation, necrotic core formation, and athero-
sclerosis plaque progression [85]. Factors associated with
cardiovascular diseases are reported to be potent inducers
of prolonged ER stress, including insulin resistance and obe-
sity [86–88]. The expression of the UPR effector, C/EBP
homologous protein (CHOP), shows a strong correlation
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with the progression of human coronary artery lesions [89],
and knockdown of CHOP expression in vitro decreases ER
stress-dependent cell death [90, 91]. In addition, considerable
studies have highlighted that ER stress is involved in the
inflammation processes within the lesion through manipu-
lating a variety of regulators, such as suppressing NF-κB
signaling and activating activator protein-1 (AP-1), Jun
amino-terminal kinases (JNK), spliced X-box binding pro-
tein 1 (XBP1), and reactive oxygen species (ROS) [92–95].
In addition, prolonged ER stress and abnormally activated
UPR are also related to overactive autophagy, causing SMC
and EC death and finally leading to a thinner fibrous cap
[96]. In vitro studies indicated that nitric oxide (NO) donors,
such as Molsidomine, spermine NONOate, or S-nitroso-N-
acetylpenicillamine (SNAP), can preferentially eliminate
macrophages in an ER stress-dependent manner and favor
the stability of plaques [95].

In advanced lesions, macrophage apoptosis is followed by
defective efferocytosis, which is the key driver for necrotic
core formation [97]. Compared with the normal tonsil tissue
in which each of the apoptotic cells was associated with a
phagocyte, there were many free apoptotic cells in the
advanced lesion [97]. Several mechanisms are proposed to
contribute to this efferocytosis failure, including changes in
the phenotypes of plaque cells that express markers such as
CD47 and are poorly internalized by lesional efferocytes
[98], reduced “eat me” signal calreticulin on the apoptotic
cells [99], competition between the apoptotic cells and
oxLDLs in binding to efferocytosis receptors [100], oxidative
stress-induced efferocyte death [101], and the deficient
expression and function of efferocytosis receptors as well as
their bridging molecules such as MerTK-Gas6 [102]. Block-
ing CD47 and protecting MerTK on apoptotic macrophages
to enhance efficient efferocytosis are potential strategies to
ameliorate atherosclerosis in multiple mouse models [98].
Although the above studies give us some suggestions, the spe-
cific mechanisms of efferocytosis failures remain unknown
and require careful assessment with in vivo and in vitro
genetic causation testing in the future.

5. Macrophage Functional
Diversity in Atherosclerosis

5.1. M1 and M2 Macrophages. As with the well-established
T cell polarization system that is based on transcriptome,
phenotype, and function, lesional macrophages are greatly
influenced by the microenvironment signals and are
polarized into different classes with diverse phenotypes
and functions (Figure 2) [12]. Accurate research on
macrophage differentiation and heterogeneity is limited
by macrophage instability during the isolation process
and phenotype differences between animal models and
humans.

In the simplified dichotomy, immune-activated proin-
flammatory macrophages (M1) and immunomodulatory
alternatively activated macrophages (M2) are the most classi-
cal classification, mirroring the two types of T helper cells
(Th1 and Th2), and represent the extreme phenotypes of
the complicated activation states [103]. M1 macrophages

are typically polarized by Th1 cytokines, such as interferon
(IFN-γ) and TNF and pathogen-associated molecular
complexes (PAMPs), including lipopolysaccharides and lipo-
proteins [12]. Granulocyte macrophage colony-stimulating
factor (GM-CSF) also promotes a proinflammatory M1 state
through interferon regulatory factor 5 (IRF5) [104]. M1 mac-
rophages produce high levels of proinflammatory cytokines,
such as IL-6, IL-12, IL-23, TNF-α, and IL-1β, and Th1
recruitment-associated chemokines, such as CXCL-9,
CXCL-10, and CXCL-11, and low levels of IL-10 [105, 106].
However, chronic M1 macrophage activation can also induce
the NADPH oxidase system and subsequently generate ROS
and NO, inducing chronic tissue damage and impairing
wound healing [107]. At this point, M2macrophages are nec-
essary to counterbalance the proinflammatory response and
function to modulate inflammation, scavenge apoptotic cells,
accelerate angiogenesis and fibrosis, and promote tissue
repair [108]. M2 macrophages are mainly induced in
response to Th2-related cytokines, including IL-4, IL-33,
and IL-13 [108]. Activated M2 macrophages are immuno-
modulatory and characterized by low levels of IL-12 and high
levels of anti-inflammatory cytokines such as IL-10 and
TGF-β and chemokines CCL17, CCL22, and CCL24 [14].
In fact, according to the differences in activation cues and
gene expression profiles, M2 macrophages can be further
divided into four subgroups, M2a, M2b, M2c, and M2d
[14, 109]. M2a macrophages are induced by IL‐4 and IL‐13
and are characterized by high levels of CD206 and IL-1
receptor antagonist; M2b macrophages are an exception
and are induced by immune complexes, IL‐1β and PAMPs,
and produce both proinflammatory cytokines IL-1, IL-6,
and TNF-α and the anti-inflammatory cytokine IL-10; M2c
macrophages are the most prominent anti-inflammatory
subtype and are induced by IL‐10, TGF‐β, and glucocorti-
coids and produce IL‐10, TGF‐β and pentraxin 3 (PTX3);
last, M2d macrophages are induced by TLR signals and char-
acterized by angiogenic properties, playing a role both in pla-
que growth and tumor progression. Activation of the
peroxisome proliferator-activated receptor γ (PPAR-γ) and
signal transducer and activator of transcription 6 (STAT6)
pathways is the main signal for M2 polarization [109, 110].
M1 and M2 macrophages present at different regions of the
plaque: M1 macrophage marker staining is mostly confined
to the shoulder of rupture-prone plaques, one of the most
unstable areas within the plaque, while M2 macrophage
markers are mainly present in the vascular adventitia or
regions of stable plaques [111]. M1 macrophages are also
more abundant in the lesions of infarction and CAD patients
than M2 macrophages [112, 113].

5.2. Other Macrophage Phenotypes. Along with a deep under-
standing of the phenotypes and functions of lesional macro-
phages, it has been clearly proven that the M1-M2 dichotomy
does not actually reflect the complicated subsets of macro-
phages in atherosclerosis (Figure 2) [4, 12, 111]. Stimuli vary
spatiotemporally and drive malleable macrophages into a
broad spectrum of activation states, rather than a stable
analogous polarization, which might be the reason for the
difficulty in keeping phenotypes of isolated macrophages
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stable. A novel way to classify macrophages is by stimulus:
e.g., M(IFN-γ), M(IL-4), and M(IL-10). Recently, Piccolo
et al. induced macrophages by dual stimulation with IFN-γ
and IL-4, which are the inducers for M1 and M2 phenotype
macrophages, respectively, and found that costimulation
with two opposite stimuli drove macrophages to an interme-
diate state that we could call M(IFN-γ-IL-4) and displayed
both M1- and M2-type specific gene transcriptome signa-
tures [114]. In addition to M1-M2, oxidized phospholipids
can induce macrophages to a Mox phenotype via activation
of the transcription factor Nrf2 in mouse models [15]. Mox
macrophages constitute approximately 30% of the total mac-
rophages in advanced atherosclerotic lesions, and these cells
express proinflammatory markers, such as IL‐1β and cyclo-
oxygenase 2, and display defective phagocytic and chemotac-
tic capacities [15]. Rupture of microvessels within the lesion
releases erythrocytes, which can be phagocytosed by macro-

phages and then induce them into M(Hb) and Mhem pheno-
types [16, 17]. M(Hb) macrophages can be induced in vitro
by hemoglobin-haptoglobin complexes and present a
CD206+ CD163+ phenotype. M(Hb) macrophages have
increased activity of LXR‐α, which results in increased cho-
lesterol efflux and reduced lipid accumulation, increased fer-
roportin expression, which leads to reduced intracellular iron
accumulation, and increased secretion of anti-inflammatory
factors such as IL-10. The Mhem phenotype is polarized by
heme and is characterized by increased expression of cyclic
AMP‐dependent transcription factor- (ATF-) 1 and heme
oxygenase 1 (HO‐1) and suppressed oxidative stress or lipid
accumulation, sharing similar properties with H(Hb) macro-
phages. Both M(Hb) and Mhem cells are hemorrhage-
associated phenotypes that are generally resistant to transfor-
mation to foam cells, suppressing oxidative stress and poten-
tially serving atheroprotective roles. C‐X‐C motif chemokine

Macrophages

M1 macrophages

M2 macrophages

Mhem macrophages

M(Hb) macrophages

Th1 cytokines (IFN-𝛾, TNF) and PAMPs
GM-CSF→IRF5/STAT5 Pro-inflammatory

Haem

Th2 cytokines (IL4, IL33 and IL13)
PPAR-𝛾/STAT6

Anti-inflammatory

Resistant to lipid uptake
Suppressing oxidative stress

Hb

Mox macrophages

 Oxidized phospholipids

M4 macrophages

Pro-atherosclerosis
Pro-inflammatory

CXCL4

Reduced phagocytosis 
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Figure 2: Macrophage subsets in the atherosclerotic lesion. M1 proinflammatory and M2 anti-inflammatory macrophages are polarized by
Th1 and Th2 cytokines, respectively. Haem-induced phenotypes including M(Hb) and Mhem are M2-like and show anti-inflammatory
effects such as resistant to lipid uptake and suppressing oxidative stress. Intermediate phenotypes Mox and M4 display reduced capacity
for phagocytosis and are potentially proinflammatory by expressing proatherogenic markers. Abbreviations: CXCL4: C-X-C motif
chemokine 4; GM-CSF: granulocyte macrophage colony-stimulating factor; IFN-γ: interferon-γ; IL: interleukin; IRF: interferon regulatory
factor 5; PAMPs: pathogen-associated molecular complexes; STAT: signal transducer and activator of transcription; TNF: tumor necrosis
factor.
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4 (CXCL-4) chemokine induces M4 phenotype macrophages
in human atherosclerotic plaques, which are CD163− and
characterized by expression of MMP-7 and the calcium-
binding protein S100A8 and presentation of proinflamma-
tory and proatherogenic properties [115]. Interestingly, M1,
M2, and hemorrhage-associated phenotypes can switch
between one another, while the M4 macrophage phenotype
seems to be irreversible [115].

6. Monocyte Phenotypes in Atherosclerosis

Similar to macrophages, their precursor cells, monocytes, are
also induced into distinct phenotypes in the circulation
before recruitment to the artery [18]. Three subsets are
reported based on the expression of CD14 and CD16: classi-
cal, nonclassical, and intermediate monocytes. Classical
monocytes are CD14++ CD16- in humans and Ly6C++

CCR2+ CX3CR1+ in mice [116]. Classical monocytes are
the majority of total monocytes, have proinflammatory fea-
tures, and differentiate into macrophages and DCs [117].
Nonclassical monocytes are CD14+ CD16++ in humans and
Ly6C- CCR2- CX3CR1++ in mice, circulate longer in the
blood, present more M2-like properties, and may counterbal-
ance the classical subsets [116]. Intermediate monocytes are
the remaining CD14++ CD16+ subset and account for
approximately 5% of the total monocyte population.
Although the intermediate phenotype is the smallest subset
population, most studies find positive relationships between
this subtype and CVD events and plaque thinning [118]. This
may be due to their CD11c integrin expression and stronger
capacity to adhere to endothelium than the other two subsets
[119]. Consistent with these results, a recent study utilized a
novel experimental technique, time-of-flight mass cytometry,
to analyze the phenotypes human monocyte subsets in
CVD lesions and found that the percentage of intermedi-
ate and nonclassical monocytes was increased in the high
CVD risk group [120]. It is reasonable to assume that dif-
ferent monocyte subsets might differentiate into distinct
macrophages and further contribute to the formation of
corresponding plaques with different vulnerabilities. How-
ever, thus far, no corresponding evidence is available to
validate this hypothesis.

7. Therapeutic Strategies Targeting
Macrophage-Dependent Inflammation

7.1. Antiatherosclerotic Biomarker Strategies. The traditional
strategy to reduce CVD risk mostly focuses on the control
of blood lipids, such as traditional drug statins, and antiplate-
let therapy. Lowering blood lipids results in a decrease in
both apoB-LP deposition and subsequent monocyte/ma-
crophage infiltration [121, 122]. Recently, novel targeted
drugs inhibiting proprotein convertase subtilisin-kexin type
9 (PCSK9), Evolocumab [123] and Alirocumab [124, 125],
emerge as an add-on therapy for lowering LDL levels, both
of which could prevent LDL receptor degradation, promote
LDL clearance, and further reduce the risk of CAD events.
Another cholesterol modulation agent, inhibition of the cho-
lesteryl ester transfer protein (CETP), such as anacetrapib,

reduces the risk of CAD in statin-treated patients [126] by
raising high-density lipoprotein (HDL) and lowering LDL
level [127].

With a deep understanding of the nature of atherosclero-
sis as chronic inflammation and the fact that macrophages
are involved throughout the entire process of atherosclerosis,
including lesion initiation, progression, advanced lesion
necrosis, and plaque breakdown (Figure 1), strategies to
modulate the proinflammatory environment in the lesion,
macrophage-related responses in particular, have emerged
as promising additive therapies. Notably, in addition to
the LDL downregulating effect, PCSK9 inhibitors also
show anti-inflammatory effects via both LDL receptor-
dependent and independent pathways [128]. PCSK9 is
normally expressed on atherosclerotic cells, including
monocytes/macrophages, ECs, and VSMCs, and promotes
the proinflammatory environment [129–131]. In PCSK9
knockout or overexpression mouse models, inflammatory
cytokines such as TNF-α, IL-6, and monocyte chemoat-
tractant protein-1 (MCP-1) are negatively correlated with
PCSK9 expression [129, 130, 132].

Studies in vitro and in mice models have explored an
abundance of plausible antibodies or inhibitory molecules
targeted on proatherosclerotic biomarkers, such as adhe-
sion molecules, scavenger receptors, efferocytosis-related
receptors, ER stress signaling, oxidants, and macrophage
inflammation. However, most strategies are far from being
translated into therapeutic drugs. Several clinical trials
have been undergoing targeting critical cytokines and che-
mokines involved in macrophage inflammation, such as
CCR2, CX3CR1, TNF-α, IL-1β, and IL-6 [133]. CCR2
blockade MLN1202 [134], IL-6 receptor antagonist toci-
lizumab [135] (NCT02659150), IL-1β inhibitor Canakinu-
mab (NCT01327846 [136]), and IL-1 blocker anakinra
[137] are all demonstrated to lower blood C-reactive protein
(hsCRP) levels, which is a reliable marker of proatherogenic
inflammation. Canakinumab was indicated to reduce the
CAD risk with a dose-dependent feature [136], and patients
treated with Canakinumab who achieved hsCRP concentra-
tions less than 2mg/L benefited a 25% reduction of CVD risk
[138]. Treatment with TNF-α blockers etanercept or inflix-
imab and methotrexate is associated with nearly 30%
lower CVD risk among patients with rheumatoid arthritis
[139]. Antioxidant therapy such as febuxostat, an inhibitor
of xanthine oxidase, also functions partly through effects
on macrophages [140]. Antioxidant therapy could modify
the process of atherogenesis by preventing oxidation of
LDL, formation of ROS, and subsequent release of inflam-
matory cytokines in macrophages [141]. Clinical trials tar-
geting other molecules, including CX3CR1, IL-12, LXR,
IRF5, and PPAR-γ, are still on the way and have not
reached any conclusion.

Notably, macrophage-related proatherosclerotic inflam-
matory responses are not easily distinguished from host
defense, so therapeutic measures are likely to cause increased
susceptibility to infections. The local target-based delivery
systems would possibly lessen this problem by improving
the drug efficacy. Anti-inflammatory biomarker drugs such
as antibodies and siRNA carried by nanoparticles (NPs)
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[142] or stents [143, 144] have been applied in animal models
and in vitro studies to electively clear macrophage-related
inflammation.

7.2. Strategies Targeting Macrophages. Antiatherosclerotic
biomarkers or lipid modulation strategies are nonspecific
measures that suppress the functions of macrophages and
other cells in the plaque, such as SMCs and ECs. However,
therapies directly and specifically targeting macrophages are
scarce, and studies have thus far been preclinical work, possi-
bly owing to the complicated phenotypical and functional
heterogeneity of lesional macrophages.

Currently, novel drug delivery systems such as NPs,
stents, liposomes, glucan shell microparticles, oligopeptide
complexes, and monoclonal antibodies make it possible to
selectively modify macrophages. Macrophage surface
markers such as F4/80, CD11b, CD68, CD206, and scavenger
receptors provide unique targets for all macrophages or dif-
ferent subsets [145]. Coupled with surface coating receptors
or depending on their chemical properties, these systems
could deliver drugs or RNAi to local atherosclerotic plaques
or specific macrophage subsets and exert modifications with
minimal off-target effects and toxicity [146]. Once in proxim-
ity to or inside of the macrophages, diverse approaches could
be applied to modulate macrophages, including inducing cell
apoptosis [147], inhibiting cell proliferation [148], and intro-
ducing anti-inflammatory agents [149]. Verheye et al. found
that the rapamycin inhibitor everolimus delivered to plaques
in a stent-based rabbit model led to autophagy in macro-
phages without affecting the number of SMCs [143]. In a
high-fat diet mouse model, clodronate liposome injection
effectively depleted visceral adipose tissue macrophages and
blocked high-fat diet-induced weight gain and metabolic dis-
orders [150]. Stoneman et al. explored the effect of total mac-
rophage- and blood monocyte-targeted ablation by building
a CD11b-diphtheria toxin (DT) receptor (DTR) transgenic
mouse model via administration of DT [151]. Plaques were
remarkedly reduced when DT was given at the initiation time
of atherogenesis, while established plaques were not affected
by DT, even though macrophages were reduced to a similar
level, which suggests that the atherogenesis process is more
sensitive to reduced monocytes/macrophages than stable pla-
ques [50]. Unfortunately, although promising, all evidence
has been developed in vitro or in animal models, and further
studies are needed for more novel drugs and clinical
translation.

In addition to the removal of macrophages, influenc-
ing macrophage polarization to an anti-inflammatory
phenotype, M2 macrophages, rather than the M1 pheno-
type, is another option [152]. Any factor affecting M2
polarization signals might be a potential target. For exam-
ple, inhibitors of dipeptidyl peptidase (DPP), such as glip-
tins and sitagliptin, are suggested to be able to promote
M2 polarization in vitro via SDF-1/CXCR4 signaling
[153]. Thiazolidinediones (TZDs), such as rosiglitazone
and pioglitazone, activators of PPAR-γ, can promote
monocytes to polarize to the M2 phenotype by modifying
the expression of M2 markers, such as mannose receptor
(MR) and CD163 [110].

8. Conclusions and Perspectives

Macrophages, the major immune cell population in arterial
plaques, have been proven to play critical roles in the initia-
tion and progression of atherosclerosis. Lesion-derived sig-
nals induce macrophages into complicated subsets with
distinct gene expression profiles, phenotypes, and functions.
Based on these results, several strategies are suggested,
including blocking proinflammatory cytokines and chemo-
kines, activating anti-inflammatory macrophages, depolariz-
ing macrophages, and enhancing efferocytosis.

Although a number of studies have confirmed the critical
functions of macrophages in atherosclerosis, many impor-
tant problems remain unsolved. For example, the origins of
macrophages from different organs or systems differ greatly,
yet little is known about the proportions of proliferating res-
ident macrophages or macrophages derived from circulating
monocytes. This has important implications for the effective-
ness of targeted drug therapy. In addition, the exact reason
for the relation between intermediate monocytes and prog-
nosis in CVD patients also needs to be clarified, as well as
the functions of classical and nonclassical monocytes. In
addition, more advanced techniques such as mass cytometry
and single cell sequencing are needed to fully and more accu-
rately characterize macrophage subsets and exploit novel
therapeutic targets. Finally, much research is still needed
before translating preclinical strategies directly targeting
macrophages into clinical practice, including specific
macrophage-targeted drugs and other targets, such as genetic
modification.
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