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Abstract: Macrophages are heterogeneous and plastic cells, able to adapt their phenotype and
functions to changes in the microenvironment. They are involved in several homeostatic processes
and also in many human diseases, including atherosclerosis, where they participate in all the stages of
the disease. For these reasons, macrophages have been studied extensively using different approaches,
including proteomics. Proteomics, indeed, may be a powerful tool to better understand the behavior
of these cells, and a careful analysis of the proteome of different macrophage phenotypes can help
to better characterize the role of these phenotypes in atherosclerosis and provide a broad view
of proteins that might potentially affect the course of the disease. In this review, we discuss the
different proteomic techniques that have been used to delineate the proteomic profile of macrophage
phenotypes and summarize some results that can help to elucidate the roles of macrophages and
develop new strategies to counteract the progression of atherosclerosis and/or promote regression.
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1. Introduction

Cardiovascular diseases (CVDs) are the major cause of morbidity and mortality world-
wide, and atherosclerosis is the main pathological condition underlying these diseases [1].
Atherosclerosis is a chronic and progressive inflammatory disease of the medium and large
arteries characterized by the formation of atherosclerotic plaques. Atherosclerotic lesions
originate from abnormal retention of lipids within the intima of the arterial wall with
consequent stimulation of the vascular cells to produce inflammatory mediators and cy-
tokines that attract circulating monocytes to the site of the lesion [2]. Infiltrated monocytes
can differentiate into macrophages that, through scavenger receptors, internalize native
and modified lipoproteins to become cholesterol-rich “foam cells” [3]. The progressive
accumulation of lipids, lipoproteins, and inflammatory cells leads to the formation of a
fatty streak, which subsequently evolves into an advanced lesion and atheroma [4]. The
progression of the pathology is slow and, usually, atherosclerosis remains asymptomatic
for several years. However, the continuous plaque growth reduces the vessel lumen to
the extent of obstructing coronary blood flow, causing stable angina pectoris. This event
is rarely fatal, but obstructive and nonobstructive atherosclerotic plaques may undergo
erosion or rupture, and precipitate in clinical complications such as ischemia, myocardial
infarction, and cardiovascular death [5,6].

Immune cells, especially macrophages, are critical components of atherosclerotic
plaque [7]. Plaque macrophages derive mainly from the differentiation of circulating
monocytes that are recruited from the circulation, and through a transmigration process in-
volving adhesion molecules and chemotactic factors, infiltrate the arterial wall. In addition,
recently, it has been shown that the resident macrophage population may be maintained
also through local proliferation [8,9].

Macrophages participate in all the stages of the atherosclerotic lesion, from the onset
to the progression and rupture. Indeed, macrophages contribute to inflammation, lipid
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accumulation, formation of the necrotic core, and degradation of the fibrous cap leading
the plaque to rupture [10].

However, macrophages are a population heterogeneous and plastic, and recently, it
has been shown that they can also contribute to stabilizing existing atherosclerotic plaques
and even promote their regression [11].

This review discusses the different roles of macrophages in atherosclerotic plaque and
examines the proteomic techniques that can help to better understand the progression of
the disease and to suggest new strategies to promote plaque stabilization and/or regression.
The proteomic profile provides potential mechanistic insights and candidate biomarkers for
predicting diverse aspects of the pathology, such as stable versus unstable atherosclerotic
plaque, suggesting their behavior, and guiding treatment.

2. Macrophage Phenotypes

In response to microenvironmental stimuli, such as growth factors, cytokines, and
chemokines, macrophages differentiate into distinct phenotypes (Figure 1). Initially,
macrophages were classified as classical or M1 macrophages, with proinflammatory prop-
erties, and alternative or M2 macrophages, which show anti-inflammatory characteristics.
In particular, cytokines including tumor necrosis factor-alpha (TNF-α), interferon-gamma
(IFNγ), granulocyte-macrophage colony-stimulating factor (GM-CSF), or bacterial products
such as lipopolysaccharides (LPS) polarize macrophages toward the classical phenotype,
while alternative macrophages are induced by cytokines such as interleukin (IL)-4 and
IL-13 or macrophage colony-stimulating factor (M-CSF) [12].

M1 macrophages produce high levels of proinflammatory cytokines including IL-12,
IL-23, IL-6, IL-1β, IL-8, and TNF-α, and low levels of the anti-inflammatory cytokine IL-10.
Moreover, they show enhanced microbicidal activity and release high levels of reactive
oxygen species and nitrogen radicals [13].

In contrast to proinflammatory M1 macrophages, the M2 phenotype shows high levels
of transforming growth factor (TGF)-β and IL-10 and low levels of IL-12 and IL-23. M2
macrophages express high levels of mannose receptor (CD206) and promote wound healing
through the efferocytosis process, matrix remodeling, and recruitment of fibroblasts [14,15].
M1 and M2 classification derives from in vitro observations and refers to the extreme
opposite within a broad spectrum of different macrophage phenotypes. Today, this classi-
fication appears to be an oversimplification of the complex heterogeneity of macrophage
phenotypes, especially in atherosclerotic plaque, where the multifaceted microenvironment
contributes to inducing macrophage polarization toward other phenotypes than M1 or M2.
Especially, four different subtypes of M2 phenotypes have been defined. M2a macrophages
are induced by IL-4 or IL-13, they promote cell growth and tissue repair, and they are
characterized by high endocytic activity and increased expression of CC chemokine ligand
(CCL)17, CCL18 and CCL22. M2b macrophages are induced by immune complexes, IL-1β,
and toll-like receptors and modulate the immune and inflammatory responses. Compared
to other M2 macrophages, they show the ability to produce both anti- and pro-inflammatory
cytokines such as IL-10, IL-6, IL-1β, and TNF-α [16]. The M2c phenotype or inactivated
macrophages are induced by TGF-β, IL-10, and glucocorticoids. They secrete high levels of
CCL16 and CCL18, and show high efferocytotic capability [17]. Finally, M2d macrophages,
obtained after stimulation with toll-like receptor and adenosine A2A receptor agonists,
produce high levels of vascular endothelial growth factor and low levels of IL-12 and
TNF-α. Moreover, in contrast to other M2 phenotypes, this subgroup does not express high
levels of the CD206 receptor [18,19].

In addition to these phenotypes, the complex microenvironment of the atherosclerotic
lesion induces the differentiation of resident macrophages toward other phenotypes in-
cluding macrophages that respond to oxidized phospholipids (Mox), hemoglobin-related
phenotypes such as hemoglobin-stimulated (M(Hb)), haptoglobin-stimulated (HA-mac)
and heme-stimulated (Mhem) macrophages, and M4 macrophages. Macrophages residing
in the atherosclerotic plaque are continuously exposed to lipids and their oxidized prod-
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ucts that accumulate in the lesion. In this context, it has been reported that in response
to oxidized phospholipids, macrophages are polarized toward a phenotype called Mox.
Mox polarization involves the activation of the transcription factor nuclear erythroid-2-
related factor, and compared to M1 and M2 macrophages, Mox phenotypes show different
morphology and functions and are characterized by reduced chemotactic and phagocytic
activities. In addition, Mox macrophages express several antioxidant enzymes such as
heme oxygenase-1, thioredoxin reductase 1, sulfiredoxin 1, and glutathione reductase-1 [20].
In a previous paper, we demonstrated that the treatment with oxidized phospholipids of
macrophages obtained in vitro from the differentiation of human monocytes inhibits the
expression of cyclooxygenase-2 [21], an enzyme that has been detected in atherosclerotic
plaque, mainly in macrophages [22]. In murine atherosclerotic lesions, Mox macrophages
account for about 30% of the total macrophages; however, the presence of this phenotype
in human atherosclerotic plaque has not yet been reported.

In the hemorrhagic areas of human atherosclerotic plaque, different sub-populations of
macrophages related to the presence of hemoglobin and erythrocytes have been identified.
M(Hb) macrophages express high levels of CD206 and CD163, the scavenger receptor for
the hemoglobin/haptoglobin complex, which is required for efficient hemoglobin clearance
after intraplaque hemorrhage [23]. After ingestion of erythrocytes, the released heme
group can promote macrophage polarization toward a Mhem phenotype, with consequent
activation of the activating transcription factor 1. This activation leads to the expression of
heme oxygenase-1 (HO-1), liver X receptor (LXR)-α, and ATP-binding cassette transporter
ABCA1, which show atheroprotective functions and prevent foam cell formation [24,25].
HA-mac macrophages show high levels of CD163 and HO-1, but low levels of human
leukocyte antigen-DR [26].

Macrophages polarized by CXC chemokine ligand 4 generate M4 macrophages charac-
terized by the expression of metalloproteinase (MMP) 7 and the calcium-binding S100-A8,
the lack of expression of CD163, and reduced phagocytic activity [27,28].
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Figure 1. Macrophage phenotypes in atherosclerotic plaque. The different microenvironments
present in atherosclerotic plaque drive the differentiation of infiltrated monocytes toward dif-
ferent macrophage phenotypes. TNF-α: tumor necrosis factor-α; IFN-γ, interferon-γ; GM-CSF,
granulocyte-macrophage colony stimulating-factor; LPS, lipopolysaccharides; IL-4, interleukin-4;
IL-13, interleukin-13; M-CSF, macrophage colony-stimulating factor.

3. Role of Macrophage Phenotypes in the Atherosclerotic Plaque

The progression of atherosclerotic plaque, as well as its activity, is associated with
an increase in the total number of macrophages resident in the plaque [29]. In particular,
both M1 and M2 macrophages increase with plaque growth, and the number of total
intraplaque macrophages is greater in symptomatic than asymptomatic lesions [29,30]. As
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each macrophage phenotype exhibits different properties and explicates different functions,
the prevalence of a phenotype may profoundly affect the progression, stabilization, or
regression of the plaque. It has been shown that macrophages located in the plaque shoul-
der, a site prone to rupture, display mainly a proinflammatory phenotype and express M1
markers, while macrophages positioned in the fibrous cap express both M1 and M2 mark-
ers [29]. Thus, while M1 macrophages sited in the fibrous cap contribute to destabilizing
the plaque through the production of MMP, M2 macrophages can partially counteract this
damaging effect through the release of pro-fibrotic factors such as fibronectin, insulin-like
growth factor, and TGF-β, and contribute to stabilizing the plaque [31]. In accordance, both
symptomatic and asymptomatic stable plaques show a prevalence of M2 macrophages.

In contrast, M1 macrophages are more abundant in vulnerable plaques [30].
In a study by de Gaetano et al., human carotid atherosclerotic plaques isolated from

symptomatic and asymptomatic patients were analyzed by real-time PCR and Western blot
analysis. By analyzing the cellular content and distribution of M1 and M2 macrophage
phenotypes, they showed that in asymptomatic plaques, compared to symptomatic ones,
the expression of CD68 was decreased 3-fold, the expression of ABCA1 was decreased
2.7-fold, and the expression of the M2 marker CD206 was increased 2-fold. Moreover,
they showed that M2 macrophages were relatively abundant in asymptomatic plaques
(42 ± 5% of the total macrophage population) and were only 23 ± 3% in symptomatic
plaques [32]. On this basis, it is possible to hypothesize that the balance between M1 and
M2 macrophages, as well as their distribution into the plaque, can profoundly affect the
fate of the lesion.

In addition, exposure to the different microenvironments of atheroma induces macrophages
toward other phenotypes. In response to an intraplaque hemorrhage, macrophages are
polarized toward M(Hb) and Mhem phenotypes. These phenotypes are involved in the
clearance of hemoglobin with the subsequent production of anti-inflammatory cytokines,
such as IL-10 [23,33]. Moreover, M(Hb) and Mhem phenotypes show increased expression
of the nuclear receptor LXR-α and ATP-binding cassette transporter, which increase the
cholesterol efflux and prevent foam cell formation [34]. In contrast, M4 macrophages show
a pro-atherogenic profile and participate in the complications of atherosclerosis such as
thrombosis and acute coronary syndrome as they produce the proinflammatory cytokines
IL-6 and TNF-α, and MMP7 and MMP12 that degrade the extracellular matrix proteins and
contribute to the destabilization of atherosclerotic plaque [28,35].

On this basis, thorough knowledge of the different phenotypes and their abundance in
the plaque may be important for predicting the clinical course and preventing fatal events.
As proteins are the main effectors of major biological processes, the proteomic profile may
be a powerful tool to identify the complex molecular pathways in multifactorial diseases
including atherosclerosis.

Several public databases related to proteomic studies performed on human and/or animal
macrophages are available in ProteomeXChange (http://proteomecentral.proteomexchange.
org/cgi/GetDataset (accessed on 20 December 2022)), and can provide useful information
for further re-analyses. Our lab also contributed to disseminating proteomic results by
publishing two manuscripts containing the list of identified proteins in human macrophages
spontaneously differentiated in vitro into two main morphotypes [36,37].

4. Methods to Study Plaque Macrophage Phenotypes

Although it is widely known that a variety of macrophage phenotypes coexist simul-
taneously in the plaque, their specific characteristics, as well as their functions, are poorly
understood. Thus, in recent decades, several approaches have been used to describe the
phenotype, localization, and distribution of macrophages resident in the atherosclerotic
plaque, including immunohistochemistry or immunofluorescent studies, the transcriptome,
and proteomics studies [29,32,38] (Figure 2).

http://proteomecentral.proteomexchange.org/cgi/GetDataset
http://proteomecentral.proteomexchange.org/cgi/GetDataset
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istry/immunofluorescence; NMR, nuclear magnetic resonance; CyTOF, cytometry by time of flight.

Even if the identification of the different phenotypes of macrophages by immuno-
histochemistry provided important information regarding the heterogeneity of the cell
populations resident in plaque, this methodology shows some limitations. For example, it is
known that smooth muscle cells in atherosclerotic plaque can express macrophage markers,
making the discrimination of the real macrophages difficult and leading to misidentifica-
tion [39]. Moreover, several constituents of atherosclerotic plaque can generate autoflu-
orescence, affecting the specific signal and causing false positive signals. In particular,
macrophages can display autofluorescence, which varies according to the differentiation
state of the cell [40]. Similarly, oxidized lipids such as ceroids, which accumulate in the
necrotic core, show an intensive autofluorescence [41,42]. Thus, ruptured plaques and
plaques at high risk of rupture can show near-infrared autofluorescence derived from
intraplaque hemorrhage and heme degradation [43].

The different phenotypes of macrophages have been well characterized through the
use of several methods based on gene expression analysis [44–47]. Transcriptomics studies
have provided a wealth of information about the markers of polarization and have shown
that each macrophage phenotype is associated with a specific gene profile [48]. In addition,
single-cell RNA sequencing has further improved the knowledge about the heterogeneity
of the macrophage population [49–51]. However, it has been shown that macrophages are
more easily damaged than other cells during the enzymatic and mechanical dissociation
processes required for single-cell RNA sequencing studies, resulting in an underestimation
of macrophages [52]. Moreover, as not all the transcripts are detected in all cells, some cells
may be false negatives [49]. Finally, it is necessary to emphasize that gene expression does
not always correlate with the levels of the protein and/or with its activity.

Therefore, the study of protein expression is expected to provide relevant informa-
tion about macrophage heterogenicity. Several proteomic technologies are available and
constantly evolving, and the recent advances in mass spectrometry (MS) helped to gain
increasingly comprehensive insights into the proteome profiling of atherosclerotic plaque
macrophages. Sample preparation has an important role in proteomic characterization and
optimization, and standardization of the analytical procedures is required based on the
proteomic complexity, the available quantity of the sample, and the aim of the study [53].
The proteome profiling involves appropriate isolation and purification techniques before
the MS analysis. The classical and widely used approach includes two-dimensional gel elec-
trophoresis (2-DE) coupled with MS and its variants such as difference gel electrophoresis,
which provides greater sensitivity and reproducibility in the proteome characterization [54].
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However, this technique is time-consuming and poorly consistent as well as having great
limitations, such as the presence sometimes of multiple proteins under the same single gel
spot and the inability to properly detect proteins with high molecular weight, hydrophobic
proteins, and extremely acid and basic proteins [55]. Gel-free MS-based technology is
more robust and reliable and led to an improvement in proteome analysis thanks to the
development of high-throughput separation and analytical strategies, among which those
mainly used in proteomics are matrix-assisted laser desorption/ionization time-of-flight
MS (MALDI-TOF MS) and liquid chromatography coupled with tandem mass spectrome-
try (LC-MS/MS). MS-based proteomics techniques are often used for large-scale protein
identification, and, in particular, shotgun proteomics is increasingly applied not only for
discovery studies but also for quantification [56].

Shotgun proteomics is the most widely used MS-based method for unbiased protein
quantitation from biological samples [57] and consists of a multidimensional separation
of peptides in complex biological samples, obtained from the sample treatment with
specific proteases, and their analysis using MS/MS to determine a global protein profile of
the sample.

To collect quantitative data, MS-based proteomic studies can be performed based
on stable isotope labeling (e.g., stable isotope labeling with amino acids in cell culture
(SILAC), the isotope-coded affinity tag (ICAT), and isobaric tags for relative and absolute
quantitation (iTRAQ)) [58] or label-free techniques (e.g., precursor signal intensity and
spectral counting) [59] for relative and absolute quantification. Label-free analysis requires
a very small sample amount, minimal sample manipulation, and lower costs. Moreover,
label-free protein quantification is ideal for the large-scale characterization of proteomes
and biomarker discovery studies.

The high-throughput ability of the multiple reaction monitoring (MRM) technique [60]
and protein arrays [61] allows also the validation of particular proteins of interest, under-
standing better the roles of individual proteins and their abundances, as well as applying
this approach to several proteomics areas such as biomarker discovery and pharmacological
studies for CVDs.

A challenge in studying plaque-associated macrophages is their effective isolation
within the complexity of lesions. Pathological samples often contain a mixture of differ-
ent cells [54]. Indeed, the study of specific regions or cell types from atheroma plaques
provides subproteomes that yield more detailed information and differences in protein
expression, which are not possible to distinguish in a global analysis of the whole plaque
tissue [62]. Several isolation techniques have been developed, such as microdissection,
explants cultures, and cell sorting, but they are not always applied to proteomic studies,
due to the low amount of cell/tissue obtained.

The applications and the advantages/disadvantages of cell isolation by laser microdis-
section and cell sorting are depicted in Table 1.

Table 1. Applications and advantages/disadvantages of cell isolation by laser microdissection and
cell sorting.

Method DNA/RNA
Analysis

Proteins
Analysis

Wide Range of
Source Material Labor Time Cost Notes

Laser
microdissection V V V High High

Long-term sample storage is not
recommended. Visualization of the

specimen is hampered by the absence of a
coverslip. Careful handling of samples is

necessary and adequate sample processing
is essential for reproducible results.

Cell sorting V V V Medium High

Measures single cells keeping the cell alive.
Allows the simultaneous analysis of

multiple parameters. Requires highly
trained specialists. Tissue structure is lost.

Little information on intracellular
distribution.
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In the future, the attention will be focused on the development or improvement
of analytical tools that are increasingly sensitive and reliable in protein isolation and
detection from particular cell subproteomes [62], such as the complex heterogeneity of
macrophage phenotypes.

5. The Proteomic Analysis of Atherosclerotic Plaque Highlights the Contribution
of Macrophages

The atherosclerotic plaque is a complex structure composed of several cell types with
different phenotypes and in which the cell–cell interaction profoundly affects the behavior
of the plaque. The proteomic analysis of the plaque can provide a broad view of the proteins
involved in atherosclerosis. The abundant presence of proteins produced by macrophages
in atherosclerotic plaque further confirmed the important role played by these cells. Below,
we focus on proteins that are produced and/or can modulate the macrophage roles in
the plaque. Among the proteins differentially expressed in the atherosclerotic and non-
atherosclerotic samples obtained from human carotid endarterectomy and analyzed by
Western blot using 823 monoclonal antibodies, a marked downregulation of a proapop-
totic protein (apoptosis-linked gene 2) was evidenced, suggesting a mechanism by which
macrophages resist apoptotic signaling and survive in the atherosclerotic plaque [63].

Using protein microarray technology, the protein profile of human endarterectomy
of stable and unstable carotid plaques has been compared. The results have evidenced
the deregulation of proteins associated with unstable plaque regions, and in particular,
the authors identified overexpression of caspase-9 and TNF receptor-activating factor-4 in
macrophage-rich regions from unstable hemorrhagic and ulcerated plaques, suggesting
increased macrophage apoptosis [64]. While, in the early lesion, macrophage apoptosis
reduces the plaque progression, in the advanced lesion, it promotes the growth of the
necrotic core, rendering plaque prone to rupture [65]. In addition, a marked increase in
Grb2-like adaptor protein detected in macrophages of unstable plaque suggests an increase
in the differentiation process of monocytes into macrophages during unstable plaque
development [64].

The analysis of 35 human coronary atherosclerotic plaques using direct tissue pro-
teomics (DTP) by LC-MS/MS has allowed the identification of a total of 806 proteins
providing the first large-scale proteomics map of human coronary atherosclerotic plaques.
Among them, it has been shown that annexin I was expressed in macrophages resident
in the tunica intima that showed a foam cell phenotype [66]. Moreover, in this study, the
authors demonstrated that the DTP method was compatible with laser capture microdissec-
tion, and the absolute quantitation of specific low-abundance cytokines and growth factors
in the human coronary arteries was possible by the MRM technique.

Recently, transcriptomic and proteomic profiles have been defined in stable and unsta-
ble human carotid atherosclerotic plaques obtained by carotid endarterectomy. Proteome
analysis was performed by LC-MS/MS and 3082 proteins were identified, among which 293
were differentially expressed in stable and unstable plaques [67]. In particular, increased
levels of CD5L, a glycoprotein mainly expressed in macrophages that shows antiapoptotic
properties, supports foam cell formation, and polarizes macrophages toward the M2 pheno-
type, were detected in unstable plaques. Moreover, unstable plaques showed upregulation
of S100A12, a proinflammatory protein able to bind the receptor for advanced glycation
end products, and toll-like receptor 4, activating the downstream proinflammatory sig-
naling [67]. In addition, S100A12 contributes to the progression of atherosclerosis by the
recruitment of monocytes and mast cells [68].

A proteomic study on homogenates of coronary atherosclerotic plaques at different
stages of development was performed by 2-DE and MALDI-TOF MS. The authors showed
increased levels of the cytoskeletal proteins microfibril-associated glycoprotein 4 and
vimentin in the stable atherosclerotic plaque at the stage of lipidosis and fibrosis [69]. In
particular, vimentin is abundantly expressed in macrophages during atherogenesis and
in foam cells. Vimentin deficiency in macrophages is associated with an increase in CD36
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expression and increased uptake of oxidized low-density lipoprotein (oxLDL) [70]. The
progression of stable atherosclerotic plaque to the stage of fibrosis and calcification induces
a reduction in the concentration of these cytoskeletal proteins, and a significant increase in
the mimecan and fibrinogen amounts [69].

Recently, an unbiased proteomic study was performed on the aortas of a transgenic
mouse model in which the human scavenger receptor promoter drives macrophage-specific
overexpression of the mouse urokinase-type plasminogen activator gene [71]. In parallel,
the authors also performed shotgun proteomics by LC-MS/MS analysis on extracts of
ruptured and stable regions of freshly harvested human carotid plaques. The analysis
identified several proteins and biological pathways associated with the rupture, such as
loss of plaque basement-membrane proteins, extracellular proteolysis, inflammation, and a
decrease in cell-matrix adhesion, which were confirmed in the extracts of ruptured human
carotid plaques [71].

6. The Analysis of the Atherosclerotic Plaque Secretome Reveals the Contribution
of Macrophages

Another application of proteomics is the study of proteins and microparticles released
from the atherosclerotic plaque in the bloodstream, which could be important in cell signal-
ing, communication, and regulation of several pathophysiological processes. The secretome
is highly dynamic because it reflects the state of the cells in real-time and at different stages
of a pathological condition, allowing the discovery of potential protein biomarkers [72,73].
The analytical procedure involves several steps, including the cell culturing and condi-
tioning, the conditioned medium collection and concentration/fractionation by different
protein separation methods, and, finally, the identification of secreted proteins by MS. This
paragraph focuses on the contribution of macrophages to the secretome of atherosclerotic
plaque with mediators that contribute to the formation of a vulnerable plaque or, in con-
trast, to the anti-inflammatory effects. In several studies, atherosclerosis was studied by
evaluating protein secretion from foam cells, suggesting that cytokines and other factors
can regulate disease progression [74–76].

Duran and colleagues, who were the pioneers in the analysis of the plaque secretome,
demonstrated that atherosclerotic plaques are not immutable and can be used as a tool
to find novel disease markers [77,78]. Secretomes from human atherosclerotic plaques
incubated in the presence or absence of atorvastatin were compared with those of adjacent
fibrous areas used as controls by 2-DE, to identify released proteins that potentially corre-
late with atheroma plaque formation and rupture [77]. Several proteins were identified by
MALDI-TOF MS, some with higher or lower levels in the atheroma plaque supernatants
compared to controls [77]. Among these significant proteins, for example, cathepsin D,
which was highly expressed in macrophage-rich areas of advanced carotid atheroscle-
rotic plaques, reverted to control values after administration of atorvastatin. Of interest,
cathepsin D has a key role in plaque vulnerability and rupture, because it is involved in
the degradation of the extracellular matrix of atherosclerotic plaques and the apoptosis of
macrophage-derived foam cells [79].

The evaluation of human secretomes from a cultured unstable carotid atherosclerotic
plaque and non-atherosclerotic mammary artery showed significantly higher levels of the
adipokine visfatin in the unstable plaques [80]. Indeed, visfatin is a potential inflammatory
mediator, localized to foam cell macrophages within unstable atherosclerotic lesions, which
promotes cholesterol accumulation, atherosclerosis development, and plaque vulnerabil-
ity [81,82]. Moreover, it has been shown that the combined stimulation by oxLDL and
TNF-α in symptomatic atherosclerotic plaques markedly increased visfatin expression [81].

In another study by the same group of authors, the protein secretion profiles of the
carotid atherosclerotic plaque and non-atherosclerotic mammary artery were compared
using an untargeted proteomic approach that involved tandem immunoaffinity depletion,
iTRAQ labeling, and nanoLC-MS/MS [83]. About 160 proteins were quantified, among
which neutrophil defensin 1, apolipoprotein E, and clusterin showed increased levels
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in the carotid secretome. Neutrophil defensins can induce leukocyte transendothelial
migration and increase foam cell formation [84], while clusterin with cytoprotective and
anti-inflammatory properties has an upregulated expression in the human aorta with the
progression of atherosclerosis [85]. Instead, apolipoprotein E may have a protective role in
macrophages by promoting cholesterol efflux from cells of the arterial wall [86].

7. Proteomic Analysis of In Vitro-Cultured Macrophages

All the cell types resident in the atherosclerotic plaque participate in different ways in
the atherosclerotic process, and studying the individual constituents of plaque may provide
important information about the contribution of each cellular element. The study of an
individual constituent may be performed using in vitro cell models or by the isolation of a
specific cell type.

Some studies have characterized, through proteomic analysis, the different macrophage
phenotypes obtained in vitro from human or animal models [87–89]. The use of cultured
cells shows the advantage to select a cell type that is cultured in a specific microenvironment
using different stimulant agents. By a mass spectrometry analysis, a global view of the
proteome of classically or alternatively activated murine macrophages generated in vitro
after exposure to M-CSF or GM-CSF was provided. The authors identified 106 proteins
that were enriched in the membrane of the different phenotypes and delineated a unique
signature that distinguishes the two types of macrophages [90]. Further, different studies
have investigated the role of oxLDL on protein expression in macrophages using human
cell lines such as THP-1 or U937 [61,91,92]. The protein array analysis of oxLDL-stimulated
THP-1 cells showed increased expression of the scavenger receptor CD36, the inflammatory
protein cyclooxygenase-2, cyclin-dependent kinase 1, transcription factor II-I, NEMO-like
kinase, and Elf-5 that might play a role in cell proliferation and cell adhesion [61].

By using 2-DE were detected more than 2500 spots in THP-1 monocytes treated with
oxLDL or LDL compared to non-treated THP-1. About 150 spots were differentially ex-
pressed, and 93 of them were identified by MALDI-TOF analyses. Among these proteins,
a marked increase was detected for vimentin, suggesting a role in the uptake and reten-
tion of oxLDL. Moreover, increased levels were also evidenced for annexin I, which is
overexpressed both in phorbol 12-myristate 13-acetate-differentiated THP-1 and human
macrophages obtained from the differentiation of monocytes [92].

U937 cells incubated with oxLDL were used as a model of foam cells for proteomic
studies using 2-DE and tandem mass spectrometry. The interested protein spots were ex-
cised from the gel, in-gel trypsin digested, and identified by LC-MS/MS. The uptakes
of oxLDL are associated with the upregulation of proteins involved in carbohydrate
and lipid metabolism. In particular, the increased levels of enzymes such as aldolase,
glyceraldehyde-3-phosphate dehydrogenase, and peroxiredoxin-1 confirmed the alteration
of lipid metabolism and the oxidative stress detected in foam cells [91].

Human macrophages obtained from the differentiation of circulating monocytes were
also used to define the macrophage proteome in different states of polarization. Using a
label-free quantification approach by nanoLC-MS/MS in gel-fractionated and trypsin/LysC-
digested samples, Court et al. identified and quantified 5102 proteins [93]. Each polarization
state showed specific proteins. Macrophages obtained by the differentiation of human
monocytes exposed to M-CSF, and defined as unstimulated because no further stimulus
was added, showed an upregulation of chitotriosidase-1, a phagocyte-specific chitinase
with an important role in the immune response whose levels markedly increase during
the differentiation of monocytes to macrophages [94], and cystatin-C, an endogenous
cysteine protease inhibitor with anti-atherogenic properties [95]. In contrast, unstimu-
lated macrophages, compared with other polarized macrophages, showed lower levels
of arachidonate 15-lipoxygenase B [93], an enzyme that is involved in intracellular lipid
accumulation and foam cell formation [96]. Macrophages polarized with IFNγ + LPS
showed an upregulation of the M1 marker CD38, while an alternative activation induced
by IL-4 + IL-13 showed a downregulation of proteins involved in the toll-like receptor
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4-mediated response to LPS and upregulation of several major histocompatibility complex
class II proteins with protective functions in atherosclerosis [93,97].

Recently, using label-free quantitative proteomics, it has been demonstrated that
induced pluripotent stem cells (iPSCs)-derived macrophages polarized toward M1 or M2
phenotypes showed distinct profiles and different functions. In addition to confirming
that M1 macrophages were mainly involved in pathogen defense, and M2 was more
efficient at migrating to the site of wound healing, the authors identified novel cell surface
proteins and changes in intracellular signaling molecules, expression of transcriptional
factors, and secretion of chemokines and cytokines. Altogether, this study provides new
knowledge on how polarization differentially modulates the macrophage functions [98].
Although all these proteomic studies provided the basis for more focused studies, and
allowed for generating and testing several hypotheses, monocyte/macrophage cell lines as
well as macrophages obtained from differentiation of circulating monocytes may not be
representative of macrophages resident in the plaque, as they are in a static situation and
do not reflect the dynamism of the in vivo conditions. Therefore, macrophages obtained
directly from atheroma surely represent the ideal source for studying these cells, but,
unfortunately, these samples are heterogeneous and contain other cell types.

8. Single-Cell Proteomics of Macrophages

The discovery of single-cell technologies has allowed a detailed analysis of the different
cell types present in atherosclerotic plaque and has provided a wide view of the cellular
alterations associated with clinical complications. In particular single-cell studies have
revealed the complex heterogeneity, the high specialization, and the plasticity of the resident
cells in the plaque. In this scenario, the combination of single-cell RNA sequencing and
protein analysis has allowed us to recognize specific subsets of macrophages and define
their molecular and functional profiles [50,99,100].

In our experience, macrophages obtained in vitro following a spontaneous differentia-
tion of monocytes are heterogenous in functions and morphology, with two distinguishable
dominant morphotypes: round- and spindle-shaped cells. Taking advantage of laser mi-
crodissection, our group isolated and delineated the proteomic profile of these two subsets,
and using LC-MSE, we identified 28 proteins that were more abundant in spindle cells, and
28 that were more abundant in the round macrophages. Spindle macrophages showed a
prevalence of proteins involved in membrane traffic regulation, while round macrophages
showed a prevalence of proteins involved in efferocytosis, lipid handling, and protection
against stress conditions [36,37]. These results, thus, reinforced the functional heterogeneity
of the two different morphotypes.

Mass cytometry, or cytometry by time-of-flight, is a powerful single-cell proteomic
analysis technique that provides simultaneous quantitative detection of 40–50 cellular
parameters at the single-cell and is suitable for defining the biological profile of circulating
cells, as well as tissue-resident cells [101]. Indeed, mass cytometry is a variation in flow
cytometry coupled to TOF mass spectrometry, which uses antibodies conjugated with
specific metal isotopes instead of fluorophores for labeling cellular proteins [102], thus
overcoming the limited multiplexing capability of fluorescence-activated cell sorting.

Using single-cell RNA-sequencing and mass cytometry, Winkels et al. identified in
mouse atherosclerotic aorta several novel leukocyte subpopulations, including two poten-
tial macrophage subsets such as CD11b+HLA-DRmed and CD11b+CD36+. In addition, they
showed that the heterogeneity of the leukocyte populations in human carotid plaque after
endarterectomy detected by mass cytometry analysis was comparable to that performed in
mouse aortic leukocytes [103].

Recently, using mass cytometry and transcriptomic analyses, Fernandez et al. de-
fined the profile of innate and adaptative immune cells in the plaque. The comparison
between symptomatic (patients with recent stroke or transient ischemic attack) and asymp-
tomatic patients with carotid atherosclerosis by mass cytometry showed 15 plaque-tissue-
specific MetaClusters, including two macrophage subsets with classically activated M1
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macrophages and alternatively activated M2 macrophages characterized by high levels of
CD206 and CD163 receptors. The single-cell transcriptional analysis of plaque macrophages
also identified the presence of five different clusters. In particular, macrophages obtained
from plaques of asymptomatic patients showed enrichment in genes involved in the reg-
ulation of lipid metabolism and foam cell formation. In contrast, macrophages obtained
from plaques of patients with recent clinical events displayed fewer pro-inflammatory
genes, genes associated with plaque instability, and genes involved in the healing pro-
cesses. Overall, macrophages of asymptomatic patients showed a more activated and
proinflammatory profile with increased foam cell properties compared to macrophages of
symptomatic patients. This study has provided the first immune atlas of human atheroscle-
rosis and identified specific features of innate and adaptive immune cells in atherosclerotic
plaque [50].

9. Macrophage Proteins as Therapeutic Targets

The high plasticity of macrophages makes these cells an excellent target for the treat-
ment of atherosclerosis or all those inflammatory conditions in which the prevalence of
a macrophage phenotype may contribute to amplifying the pathology or delay the pro-
gression and/or promote the regression. Therefore, specific therapies able to modulate
macrophage phenotypes are increasingly considered a powerful tool for counteracting
plaque formation and its destabilization.

Proteomic studies have the potential to identify disease-related changes in the protein
content, identify potential therapeutic targets, and follow the response to pharmacologi-
cal treatments.

Several drugs clinically used can affect macrophage phenotypes: metformin, a hy-
poglycemic drug, polarizes macrophages toward the Mhem phenotype by the activation
of AMPK signaling, its transcription factor 1 (ATF1), heme oxygenase (HO-1), and the
LXRβ pathway [104]; pioglitazone reduces lipid content in atherosclerotic plaque with a
concomitant increase in M2 and decrease in M1 phenotypes [105]; rivaroxaban, an oral
anticoagulant drug, in addition to its antithrombotic activity, reduces the progression
of atherosclerosis in apoE-deficient mice, at least in part, through the inhibition of pro-
inflammatory activation of macrophages [106]; sitagliptin, an anti-diabetic drug used to
treat the type 2 diabetes, induces the shift in macrophages toward a M2 phenotype via the
activation of the SDF-1 (stromal-cell derived factor 1)/CXCR4 (CXC chemokine receptor
type 4) signaling pathway [107].

Proteins expressed on the surface of macrophages can be used to develop targeted drug
delivery systems. CD163 might represent a promising target as it is selectively expressed by
monocytic lineage, endocytoses the ligand within a few minutes, and recycles the receptor
on the cell surface. In addition, a rapid internalization of CD163 binding antibodies has
been shown [108–110]. Glucocorticoids may be used to polarize macrophages toward an
anti-inflammatory phenotype [111]. In this respect, it has been demonstrated that anti-
CD163-dexamethasone conjugate reduced the inflammation in the hepatic acute phase
response in mice after LPS treatment [112] and improved the liver inflammation in fructose-
induced non-alcoholic steatohepatitis [113], highlighting in vivo the anti-inflammatory
activity of the conjugate.

The mannose receptor CD206 was also considered for targeted delivery to macrophages.
Indeed, He et al. demonstrated that mannose-functionalized dendrimeric nanoparticles
can be used for the specific delivery of LXR ligands to macrophages. Moreover, the uptake
of LXR ligands by macrophages present in the plaque reduced the plaque size and the
necrosis [114].

Nanoparticles loaded with the leukemia inhibitory factor, an anti-inflammatory cy-
tokine that inhibits the inflammatory signaling in macrophages, have been conjugated with
CD11b antibody to deliver anti-inflammatory cytokines to macrophages and promote the
switch from an inflammatory to an anti-inflammatory macrophage phenotype [115].
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CD64 might be another attractive receptor as a target of a specific macrophage phe-
notype, as it is upregulated in activated macrophages at sites of chronic inflammation. In
particular, it has been shown that the depletion of human M1 macrophages using CD64-
targeted immunotoxins induced changes in microenvironments favoring the polarization of
macrophages toward the M2 phenotype that promotes the resolution of inflammation [116].
These observations suggest that this receptor might represent an interesting tool to re-
move M1 macrophages, reduce the inflammatory response, and favor the resolution of the
inflammatory process [117].

A summary of macrophage proteins modulated by drugs is shown in Table 2.

Table 2. Summary of macrophage proteins modulated by drugs.

Drug Proteins Target Signaling Metabolic Pathway Reference

Metformin HO-1 AMPK/ATF Oxidative stress, M2 phenotype Seneviratne A. et al., 2021

Pioglitazone MCP1/CCR2 PPARγ Inflammation, M2 phenotype Tokutome M. et al., 2019

Rivaroxaban MMP9, TNFα FXa/PARs Inflammation Hara T. et al., 2015

Sitagliptin CXCR4 SDF-1 M2 phenotype Brenner C. et al., 2015

Anti-CD163-dexamethasone α-2-macroglobulin CD163 Inflammation Thomsen K.L. et al., 2016

Anti-CD163-dexamethasone Il-1β, TNF-α CD163 Inflammation Svendsen P. et al., 2017

Mannose functionalized
dendrimeric nanoparticles ABCA1, ABCG1 CD206/LXR Lipid metabolism He H. et al., 2018

Abbreviations: HO-1, heme oxygenase-1; AMPK, 5’ adenosine monophosphate-activated protein kinase; ATF1,
activating transcription factor 1; MCP1, monocyte chemoattractant protein-1; CCR2, C-C chemokine receptor type
2; PPARγ, peroxisome proliferator-activated receptor-gamma; MMP-9, matrix metallopeptidase-9; TNFα, tumor
necrosis factor-alpha; FXa, activated factor X; PARs, protease-activated receptors; CXCR4, C-X-C chemokine
receptor type 4; SDF-1, stromal-cell-derived factor 1; IL-1β, interleukin-1; TNFα, tumor necrosis factor-alpha;
ABCA1, ATP-binding cassette transporter A1; ABCG1, ATP-binding cassette transporter G1.

10. Conclusions and Future Perspectives

Macrophages play a crucial role in the onset, progression, and activity of atherosclerotic
plaque. They are a complex heterogenous population with several phenotypes charac-
terized by different and also opposing functions; thus, the possibility to define a global
profile of each phenotype represents an attractive target to develop therapies directed to
reduce the progression of the disease and promote its regression. Proteomics represents a
powerful tool involving different high-throughput technologies in continual development,
which can help in the understanding of the complexity of cells present in atherosclerotic
plaque and their behavior. The proteome is a rich source of potential biomarkers that
could be useful to characterize the progression of atherosclerosis and define diagnostic and
therapeutic targets for plaque stabilization and/or regression [118]. The recent advances
in MS techniques helped to provide more comprehensive information for developing the
proteome profiling of atherosclerotic plaque macrophages. The proteomic studies directed
to characterize the role of macrophage phenotypes in atherosclerosis and discussed in this
review are listed in Table 3.

In addition, the therapeutic control of macrophage metabolism can be another useful
tool to affect the macrophage inflammatory state as well as to stimulate or prevent pro-
tective and pathogenic macrophage functions. Indeed, the study of metabolic changes
in macrophages on atherosclerotic plaque progression and stability is an area of great
interest [119], and learning mechanisms that regulate the metabolic adaptation of M1 and
M2 macrophages can provide new therapeutic targets not only in atherosclerosis but also
in chronic inflammatory diseases.
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Table 3. Summary of proteomic studies performed on human macrophages.

Sample Species Technique
Number of

Proteins
Identified

Most Relevant
Proteins Identified Pathway Reference

Carotid plaque Human Western blot 823
ALG-2, TSP-2, Mn-SOD,
ApoE, ApoB100, PTP1C,

GSK-3β
Atherosclerosis Martinet W. et al.,

2003

Carotid plaque Human Microarray 512

Caspase-9; clived Gads;
GIT1; HIF-1α; JAM-1;

JNK; L-caldesmon; c-src;
TNF-α; TOPO-II-α;

TRAF4

Plaque
instability

Slevin M. et al.,
2006

Carotid plaque Human LC-MS/MS 3082 CD5; S100A12; CKB;
CEMIP; endophilin-B1

Plaque
instability

Bao M.H. et al.,
2021

Carotid plaque Human LC-MS/MS 1161

LAMC1; LAMA5;
LAMB2; HSPG2; NID1;

AGRN; NID2;
COL18A1; ELN; FBLN5;
LTBP4; MFAP4; BCAM

Plaque
instability

Vaisar T. et al.,
2020

Carotid plaque Human 2-DE/MALDI-TOF
MS 620

Cathepsin D; LRG;
transferrin; apoA-I;

fibrinogen;
α-1-antitrypsin; protein

HC; SAP; HSP27;
enolase 1

Atherosclerosis Duran M.C. et al.,
2007

Carotid plaque Human ELISA 6
visfatin, adiponectin,

IL-6, lipocalin-2, resistin,
TNFR2

Plaque
instability

Auguet T. et al.,
2016

Carotid plaque Human
iTRAQ

labeling/nanoLC-
MS/MS

162
Defensin 1; apoE;

clusterin; ZAG; ecSOD;
Prdx2; CA1; Hsp70

Atherosclerosis Aragones G.
et al., 2016

Coronary
plaque Human LC-MS/MS 806 SDF1-α; TGF-β; PEDF;

MFG-E8; annexin I Atherosclerosis Bagnato C. et al.,
2007

Coronary
plaque Human 2-DE/MALDI-TOF

MS n.a.

Vimentin, tropomyosin
β-chain; actin; keratin;

tubulinβ-chain;
MAGP4; SAP; annexin5

Atherosclerosis Stakhneva E.M.
et al., 2019

THP-1 cells Human Antibody
Microarray 384

LAR(PTP); AKAP 149;
rabaptin-5; RanBP1;

NM23-H1; SIPA; CDK-1;
cell division cycle 27;
CLIP-115; CLIP-115;
proliferation antigen

Ki-67; Rnase HI; TFII-I,
Kalinin B1; CD36;
COX-2; p47phox;

caspase-1; caspase-6;
caspase-8; TRADD

Atherosclerosis Tuomisto T.T.
et al., 2005

THP-1 cells Human 2-DE/MALDI-TOF
MS 2500

vimentin; MGA6; PP2A;
β-1,3-

galactosyltransferase;
annexin I; ferritin; TFPI
2; HFR; rho GDI-α; rho
GDI-β; piridoxal kinase

Atherosclerosis Kang J.H. et al.,
2006
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Table 3. Cont.

Sample Species Technique
Number of

Proteins
Identified

Most Relevant
Proteins Identified Pathway Reference

U937 cells Human 2-DE/LC-MS/MS 1340

nucleophosmin; serum
albumin; serum protein
90K; Hsp70; fumarase;

Prdx 1; transgelin 2;
aldolase A; GAPDH;
hnRNP; calreticulin

precursor

Atherosclerosis Yu Y.L. et al., 2003

Monocyte-
derived

macrophages
Human nanoLC-MS/MS 5102

MRC1; APOL2; APOL3,
IDO1, GBP1, GBP5,

CD274, STAT1, STAT2,
WARS, TAP2; NEDD8

ultimate buster 1; CD38;
HLA-DRA; HLA-DRB1;
HLA-DR3; HLA-DPA1;

HLA-DPB1; CD74;
ALOX15; CRABP2;

CD209; NAIP; CD163;
FPR1; coagulation factor

XIII; CD32

Atherosclerosis Court M. et al.,
2017

Monocyte-
derived

macrophages
Human label-free LC-MSE 132

Rab3A; FABP4; TGM-2;
HSP70; HSP90; actin,

tubulin, myosin
Atherosclerosis Eligini S. et al.,

2015

Abbreviations: LC-MS/MS, liquid chromatography coupled with tandem mass spectrometry; 2-DE, includes
two-dimensional gel electrophoresis; MALDI-TOF MS, matrix-assisted laser desorption/ionization time-of-flight
MS; ELISA, enzyme-linked immunosorbent assay; iTRAQ, isobaric tags for relative and absolute quantitation;
ALG-2, apoptosis-linked gene 2; TSP-2, trombospondin-2; MnSOD, manganese superoxide dismutase; apoE,
apolipoprotein E; apoB100, apolipoprotein B100; PTP1C, protein-tyrosine phosphatase 1C; GSK-3β, glycogen
synthase kinase-3β; Gads, Grb2-like adaptor protein; GIT1, G protein-coupled receptor kinase-interacting protein;
HIF-1α, hypoxia-inducible factor-1α; JAM-1, junctional adhesion molecule-1; JNK, c-Jun N-terminal kinase; TNF-
α, tumor necrosis factor-α; TOPO-II-α, topoisomerase-II-α; TRAF4, TNF receptor-activating factor-4; S100A12,
S100 calcium-binding protein A12; CKB, creatine kinase B; CEMIP, cell-migration-inducing hyaluronan binding
protein; LAMC1, laminin subunit gamma 1; LAMA5, laminin subunit alpha-5; LAMB2, laminin subunit beta
2; HSPG2, basement-membrane-specific heparan sulfate proteoglycan core protein; NID1, nidogen 1; AGRN,
agrin; NID2, nidogen 2; COL18A1, collagen type XVIII alpha 1 chain; ELN, elastin; FBLN5, fibulin 5; LTBP4,
latent-transforming growth factor beta-binding protein 4; MFAP4, microfibril-associated glycoprotein 4; BCAM,
basal cell adhesion molecule; LRG, leucin-rich α-2-glycoprotein; apoA-I, apolipoprotein A-I; protein HC, complex-
forming glycoprotein heterogeneous in charge HC; SAP, serum amyloid P component; HSP27, heat shock protein
27; ZAG, zinc-alpha-2-glycoprotein; ecSOD, extracellular superoxide dismutase; Prdx2, peroxiredoxin 2; CA1,
carbonic anhydrase 1; HSP70, heat shock protein 70; SDF1-α, stromal-cell-derived factor 1α; TGF-β, transforming
growth factor beta; PEDF, pigment epithelium-derived factor; MFG-E8, milk fat globule epithelial growth factor-8;
MAGP-4, microfibrillar-associated glycoprotein 4; LAR(PTP), leukocyte-antigen-related protein phosphatase;
AKAP149, A-kinase anchor protein 149; RanBP1, ran-specific GTPase-activating protein; NM23-H1, nucleoside
diphosphate kinase A; SIPA, signal-induced proliferation-associated gene; CDK-1, cyclin-dependent kinase 1;
CLIP115, cytoplasmic linker protein 115; TFII-I, transcription factor II-I; COX-2, cyclooxygenase-2; TRADD, tumor
necrosis factor receptor type 1-associated DEATH domain protein; MGA6, meningioma-expressed antigen 6; PP2A,
serine/threonine protein phosphatase 2A; TFPI2, tissue factor pathway inhibitor 2; HFR, histamine-releasing factor;
Prdx1, peroxiredoxin 1; GAPDH, glyceraldehyde-3-phospate dehydrogenase; hnRNP, heterogeneous nuclear
ribonucleoprotein; MRC1, macrophage mannose receptor 1; APOL2, apolipoprotein L2; APOL3, apolipoprotein
L3; IDO1, indoleamine 2,3-dioxygenase 1; GBP1, guanylate binding protein 1; GBP5, guanylate binding protein
5; CD274, programmed cell death 1 ligand 1; STAT2, signal transducer and activator of transcription 2; WARS,
tryptophan-tRNA ligase; TAP2, antigen peptide transporter 2; ALOX15, arachidonate15-lipoxygenase; CRABP2,
cellular retinoic acid-binding protein2; NAIP, baculoviral IAP repeat-containing protein 1; FPR1, formyl peptide
receptor 1; FABP4, fatty acid-binding protein; TGM-2, transglutaminase-2.

In recent years, single-cell technology has become an increasingly important approach
to defining a detailed signature for macrophages and other immune cell subsets present in
atherosclerotic plaque. This technology has greatly expanded the knowledge concerning
the complex mechanisms underlying the atherosclerotic process, providing an accurate
picture of the biology and heterogeneity that is present in the atheroma.
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In conclusion, it is expected that an integrated “multi-omics” approach that involves
transcriptomic, proteomic, and metabolomic, also associated with single-cell technologies,
can significantly increase the knowledge about the role of macrophages in atherosclerosis,
and help to develop targeted therapies toward a specific phenotype.
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