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Abstract: Coronary artery disease (CAD) is the leading cause of death worldwide. It is a result
of the buildup of atherosclerosis within the coronary arteries. The role of the immune system in
CAD is complex and multifaceted. The immune system responds to damage or injury to the arterial
walls by initiating an inflammatory response. However, this inflammatory response can become
chronic and lead to plaque formation. Neutrophiles, macrophages, B lymphocytes, T lymphocytes,
and NKT cells play a key role in immunity response, both with proatherogenic and antiatherogenic
signaling pathways. Recent findings provide new roles and activities referring to endothelial cells
and vascular smooth muscle cells, which help to clarify the intricate signaling crosstalk between the
involved actors. Research is ongoing to explore immunomodulatory therapies that target the immune
system to reduce inflammation and its contribution to atherosclerosis. This review aims to summarize
the pathogenic interplay between immunity and CAD and the potential therapeutic strategies, and
explore immunomodulatory therapies that target the immune system to reduce inflammation and its
contribution to atherosclerosis.

Keywords: coronary artery disease; atherosclerosis; innate immunity; trained immunity; checkpoints
inhibitors

1. Introduction

Atherosclerosis is the leading cause of mortality worldwide and one of its main
manifestations is ischemic heart disease, mostly determined by the involvement of the
coronary arteries, known as coronary artery disease (CAD). CAD is primarily a result of
the buildup of atherosclerosis within the coronary arteries, progressively leading to the
narrowing of the vessel lumen, thus reducing the blood flow with consequent ischemia.
Upon stimulation by deposited lipids and damaged endothelium, innate and adaptive
immune cells are activated and recruited to initiate plaque development [1]. The role of
the immune system in CAD has been shown during the last few years to be complex and
multifaceted. Immunity plays a key role in several types of pathways. First, inflammation is
a key part of atherosclerosis [2]. Both innate and adaptive immune responses are activated
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to remove dead and apoptotic cells, facilitate scar formation, and promote angiogenesis [3].
Innate immunity includes neutrophils and macrophages, which can directly phagocytose
dead cells and debris. They also play a role in releasing cytokines and other molecules
that promote an inflammatory response [4,5]. Adaptive immunity involves T cells and B
cells, which can recognize and respond to specific antigens. This response can also shape
the overall immune response to an injury [6,7]. However, in the context of atherosclerosis,
this inflammatory response can become chronic and lead to plaque formation. Immune
cells, particularly macrophages, play a pivotal role in the uptake of low-density lipoprotein
(LDL), mostly oxidized-LDL (ox-LDL), leading to the formation of foam cells within the
atherosclerotic plaque [5]. The increasing amount of evidence deserves further critical
considerations to be better outlined; that is, the aim of this review is a focus on the most
recent advances related to immunity and atherosclerosis [8] (Figure 1).
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Figure 1. Crosstalk between cardiovascular risk factors and myelopoiesis. The figure depicts how
the traditional cardiovascular risk factors impact myelopoiesis, further sustaining the inflammation
related to the progression of atherosclerosis. CSF = colony-stimulating factor; IL-1 = interleukin-1;
LDL = low-density lipoprotein; NET = neutrophil extracellular trap; oxLDL = oxidized low-density
lipoprotein; RAAS = renin-angiotensin-aldosterone system; RAGE = receptor of advanced glycation
end-products; TNF-α = tumor necrosis factor-α.

2. Immune Cells Involved in CAD
2.1. Neutrophils

Neutrophils are the most abundant leucocytes and play a significant role in medi-
ating sterile inflammation and injury through a variety of mechanisms [4,9]. Previous
experimental works have elucidated their roles in atherosclerotic diseases like CAD and
its ensuing complications, i.e., acute coronary syndrome and heart failure [9]. Early aortic
lesions and rupture- or erosion-prone atherosclerotic plaques show a significant presence
of neutrophils [10]. A high peripheral neutrophil count directly relates to the degree of
atherosclerosis in coronary arteries [11], infarct size, and declines in left ventricular ejection
fraction [12,13]; the neutrophil-to-lymphocytes ratio raises clinical attention, due to its
potential relationship with CAD [14]. Recent evidence also suggests a role for neutrophils
in the activation of reparative processes [15]. In animal studies, for example, long-term
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depletion of neutrophils after myocardial infarction (MI) resulted in worsened cardiac func-
tion and increased fibrosis [15]. Neutrophils are paramount for innate immune response as
they are the first responders in our defense against invading pathogenic microorganisms [4].
However, in sterile inflammatory conditions, activation of neutrophils may have detrimen-
tal effects on host tissues and therefore their homeostasis must be tightly regulated [16].
Interestingly, most clinically recognized cardiovascular risk factors contribute to enhanced
granulopoiesis, e.g., the production of neutrophils in the bone marrow [4]. Once production
bursts are triggered by those risk factors, neutrophils play a leading role in the initiation
and evolution of unstable atherosclerotic plaques. At sites of disturbed blood flow and
increased shear stress, they dysregulate vascular endothelial cells (ECs) and trigger leuco-
cyte arrest [17], setting the stage for atherosclerosis [18]. Further release of granule proteins
degrades the extracellular matrix (ECM), leading to extra-adhesion of monocytes, vascular
hyperpermeability, and transfer of LDL particles [19]. Through the nucleotide-binding
oligomerisation domain-like receptor pyrin domain-containing protein 3 (NLRP3) inflam-
masome signaling, activated neutrophils in the atheroma undergo neutrophil extracellular
trap (NET) formation (NETosis), a type of cell death [20] using a network of ECM contain-
ing a variety of granule proteins. Their release decreases the stability of atherosclerotic
plaques and contributes to thrombus formation through a variety of mechanisms [21–24].
Not only do neutrophils play an active role in the genesis of atherosclerotic plaques, they
also mediate their consequences to the target organs. Rupture of an atherosclerotic plaque
can lead to obstruction of blood circulation resulting in ischaemic death of tissues that
immediately triggers an acute inflammatory response, led mostly by neutrophils [21]. At-
tracted by cellular debris released by dead cells, neutrophils massively infiltrate the infarct
area within hours [22]. At the site of injury, activated neutrophils generate and release
reactive oxygen species, proteases, and NETs [23] which promote cardiomyocyte apoptosis,
degrade ECM [24], lead to leucocyte infiltration, and prime the NLRP3 inflammasome,
which then stimulates granulopoiesis in the bone marrow, leading to a vicious circle of
the neutrophil infiltration circle and maladaptive remodeling [23]. Neutrophils are also in-
volved in the modulation of the healing and remodeling response: the protein S100A8/A9
in NETs activated macrophages to phagocyte dead cells [25]. The transcriptional profile
of neutrophils changes from a pro-inflammatory profile to an anti-inflammatory profile,
initiating the reparative process mostly by dedifferentiating cardiomyocytes and promoting
the accumulation of reparative macrophages [26,27]. Finally, a subset of pro-angiogenesis
neutrophils able to control blood vessel growth, a known mechanism of tissue regeneration
after injury, has been recently identified [28,29].

This dichotomous and apparently paradoxical effect of neutrophil activity in atheroscle-
rotic diseases highlights the difficulty of researching beneficial therapeutical strategies
involving neutrophils and calls for an expertly tailored approach to the matter. In the
short term, stunning inhibition of neutrophils such as through beta-adrenergic antagonists
as metoprolol or through inhibition of S100A8/A9 has been shown to reduce infarct size
and increase left ventricular ejection fraction [30,31]. However, long-lasting depletion of
neutrophils or even long-term inhibition of S100A8/A9 resulted in worse cardiac function
and increased fibrosis [25,32]. Identifying the right window to effectively suppress the
inflammatory functions of neutrophils while retaining their reparative functions could
pave the way for important therapeutical applications.

2.2. Macrophages

Just as for neutrophils, the role of macrophages in inflammation, particularly in its
cardiovascular aspects, is multifaceted [5,33]. Many studies have shown their ability to
trigger and drive robust and damaging inflammatory responses [34], while others have
shown their involvement in tissue repair and even cardiac regeneration [5,35,36]. This
seems to be because different macrophage populations mediate different responses [37].
Furthermore, due to their high plasticity, they can adopt different phenotypes in response
to varying stimuli and environments, a process called polarization [33]. Classically, cardiac
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macrophages have been categorized according to inflammatory states and cell surface
markers into pro-inflammatory (M1) and anti-inflammatory (M2) subsets [26].

Newly discovered subsets of macrophages with mixed M1/M2 cell surface mark-
ers have challenged the adequacy of the classification [38]. In vitro, culture of human
macrophages revealed considerable deviation from the M1/M2 spectrum when in contact
with a cardiovascular relevant stimulus, e.g., free fatty acids or high-density lipoprotein
(HDL) [39]. Furthermore, in vivo studies of murine atherosclerosis showed how, for exam-
ple, inflammatory macrophages express cell surface markers like CD206, typically used to
define the M2 anti-inflammatory subset [40]. In other words, the traditional classification
of macrophages into M1 and M2 phenotypes does not fully capture the diversity of the
population in vivo.

An alternative approach would classify macrophages according to developmental
lineage, transcriptional factors, and recruiting dynamic as well as cell surface markers [5].
Through this classification, new functionally distinct cardiac macrophage populations have
been elucidated. The adult heart contains three distinct populations of macrophages to the
expression of C-C chemokine receptor type 2 (CCR2) and major histocompatibility complex
class II (MHC-II): CCR2-MHC-IIlow, CCR2-MHC-IIhigh, and CCR2+ MHC-IIhigh.

CCR2-MHC-IIlow and CCR2-MHC-IIhigh, are long-lived, derive from embryonic pro-
genitors maintained through the proliferation of local macrophages in the heart, and repre-
sent the vast majority at steady state [5]. They show an enhanced capacity to phagocyte
death cardiomyocytes and exhibit a low inflammatory profile [41,42], while CCR2-MHC-
IIhigh can, in vitro, elicit an important inflammation response, for example through antigen-
presenting cells (APC) to T-cells [42,43]. CCR2+ MHC-IIhigh are relatively short-lived and
derive exclusively from circulating monocytes [5]. At a steady state, their function is still
unclear. Following an MI, however, the presence of mitochondrial deoxyribonucleic acid
(DNA) and alarmins from dying cardiomyocytes activates a vast array of proinflamma-
tory genes in this subpopulation of macrophages, for example in the NLRP3 pathway,
involved in neutrophil-associated inflammatory response, as previously stated [44]. In the
first acute response to ischemic injury (first 4–7 days) CCR2-MHC-IIlow and CCR2-MHC-
IIhigh continue to show their classical phagocytic, non-inflammatory function in the lesion
area [26,45]. This triggers apoptosis of all resident macrophages and by 24 h post-MI they
are almost completely absent [34]. At the same time, abundant blood monocytes infiltrate
the lesion area and differentiate into pro-inflammatory CCR2+ MHC-IIhigh [34]. The fact
that inhibition of monocyte extravasation into the cardiac tissue decreases macrophage
numbers and improves cardiac physiology, highlights the importance of this population
of macrophages in the adverse post-MI response [46]. In the reparative phase (days 5–14),
monocytes differentiate into CCR2-MHC-IIhigh macrophages as opposed to CCR2+ MHC-
IIhigh [47]. This switch in polarisation seems to be determined by changes in the local
ischemic region: the infarct microenvironment is initially filled with early pro-M1 media-
tors, like interferon-γ (IFN-γ) and the granulocyte-macrophage colony-stimulating factor
(GM-CSF), which trigger the initial differentiation into CCR2+ MHC-IIhigh macrophages
and later with pro-M2 factors, like interleukin (IL) 10 and transform growth factor- β

(TGF-β), stimulating differentiation into CCR2-MHC-IIhigh macrophages [48,49]. These pro-
mote angiogenesis and scar formation and regulate the ECM microenvironment [47,50,51],
orchestrating the fine mechanisms leading to tissue modelling and healing.

The mechanistic aspects of this flexible macrophage polarization are still poorly un-
derstood [52]. In the past 5 years, several studies have suggested an extensive epigenetic
and transcriptional crosstalk between pro-inflammatory and anti-inflammatory signal-
ing [53,54]. Responding to local stimuli, macrophages not only react at a transcriptional
level [55], mounting the real-time response but they also adopt unique and permissive
epigenetic changes, creating a cellular memory [56]. This memory enables the cells to
launch a faster response upon reactivation, changing the macrophage activation state [52].
This allows a potentially more efficient response to pathological stimuli [57,58] but makes
the system also prone to the dysregulation responsible for the clinical disease [52,59]. The
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tight control by transcription factors and epigenetic modifiers makes these pathways in
macrophages a promising therapeutic target for inflammation-driven diseases.

2.3. Natural Killer T Lymphocytes: New Actors for an Old Disease?

Natural Killer T (NKT) cells have been the subject of increasing research about their
role in the immune response to atherosclerosis and CAD [60]. NKT cells can be broadly
categorized into two main subsets: Type I (invariant) and Type II NKT cells; type I NKT
cells are the most well-studied subset and are characterized by their invariant T-cell receptor
(TCR) alpha chain combined with a limited set of beta chains. These cells recognize glycol-
ipid antigens such as α-galactosylceramide; they can rapidly produce a wide spectrum of
cytokines, making them versatile regulators of immune responses. Type II NKT cells are
less well-defined than Type I NKT cells and exhibit more distinct TCRs. They recognize
a broader range of lipid antigens, including sulfatides, phospholipids, and glycolipids.
Their functions are less clear, but they may also influence immune responses in various
contexts [61,62]. The activation of these lipid-reactive NKT cells involves the interaction
between lipid antigens, both endogenous and exogenous, and the nonclassical major his-
tocompatibility complex class I (MHC-I) molecules of the cluster of differentiation (CD) 1
family on APC [63]. These lipid antigens bind to specific TCRs on T-cell subsets, including
NKT cells. The structures of molecules in the CD1 family have been studied to understand
how these lipid antigens associate with them. Group I CD1 molecules present lipid anti-
gens from microbes and self-lipids to T cells, while group II CD1 molecules, specifically
CD1d, present lipids to NKT cells. These CD1-presenting molecules are found on APC-like
dendritic cells (DC), macrophages, and B cells, all of which play a role in the development
of atherosclerotic lesions [64,65].

The activation of NKT cells can occur through various pathways. When an antigen
is presented by CD1d molecules, a subset of NKT cells called invariant NKT cells (iNKT)
respond rapidly by releasing cytokines, like helper T cells [66,67]. These cytokines have the
potential to influence the development of atherosclerotic lesions in multiple ways [68,69].
The cytokines secreted by activated iNKT cells within the lesion may affect the response
of other cells involved in the immune system, both innate and adaptive. In addition to
antigen presentation by CD1d molecules, NKT cells can also be activated through a CD1d-
independent pathway: DC or macrophages can be activated by Toll-like receptor (TLR)
ligands, which then produce cytokines like IL-12, IL-18, or type I interferons. These cy-
tokines can activate NKT cells without the involvement of CD1d molecules [70]. Moreover,
TLR2 and TLR4 activation have been linked with atherosclerosis [71,72]. The effects of
iNKT cells have been observed in studies conducted on mice. These studies administer
different diets to mice to examine the impact of varying levels of iNKT cell activation or
quantity. For instance, in mouse models treated with a Western-type diet, increased iNKT
cell activity leads to increased plaque formation on the aortic root [73]. Conversely, in
mice with genetically iNKT-deficient cells, an opposite effect on atherosclerotic lesions was
shown [74].

NKT cells therefore play a crucial role in the immune response to CAD and atheroscle-
rosis. The activation of these cells can occur through various pathways, including antigen
presentation by CD1d molecules and CD1d-independent pathways. The cytokines released
by activated NKT cells can influence the development of atherosclerotic lesions and modu-
late the response of other immune cells. Further research is required to fully understand
the complex mechanisms by which NKT cells contribute to these diseases.

2.4. B Lymphocytes

B cells play a multifaceted role in atherosclerosis, depending on cellular differenti-
ation: this process leads to subtypes B1 and B2 cell formation [75–77]. When naive B
cells are exposed to a complex set of stimuli, they undergo differentiation and become
antibody-secreting cells, specifically plasma blasts and plasma cells. In dyslipidemia, ac-
tivated endothelium lining atherosclerotic plaques allow different immunoglobulins to



Life 2023, 13, 2128 6 of 28

enter the plaque area [78]. B1 cells are associated with producing antibodies, including IgM
antibodies, with anti-inflammatory properties [79]. B1 cells may have a protective role in
atherosclerosis by reducing inflammation and promoting plaque stability through their
antibody production [80–82]. Contrary, B2 cells were initially viewed to be proatherogenic
after preferential B2-cell depletion using CD20-targeted antibodies [83,84]. However, recent
studies provide marginal zone B cells can conduct protective effects potentially secreting
IgM [85].

In atherosclerosis, B cells produce antibodies directed against specific antigens present
within the plaques. The most well-studied antibody target is ox-LDL. When LDL choles-
terol particles become oxidized, they produce Oxidation-Specific Epitopes (OSEs) that can
be recognized by the immune system. Anti-ox-LDL antibodies can promote inflammation
and contribute to plaque formation by facilitating the uptake of ox-LDL by macrophages,
leading to the formation of foam cells [86–88]. Advanced stages of plaque formation give
rise to artery tertiary lymphoid organs, such as those found in the adventitia, where plasma
cells are formed within the plaque. This leads to the production of immunoglobulins in
the adventitia. To support this, atherosclerotic plaques contain immunoglobulins specific
to different OSEs [89]. A substantial number of IgM antibodies in our immune system
can identify OSEs [90]. These epitopes can be found on ox-LDL, apoptotic cells, and mi-
crovesicles. They also inhibit the pro-inflammatory responses of macrophages triggered by
microvesicles [91]. Additionally, when macrophages are triggered by microvesicles, the IgM
antibodies also play a role in reducing the pro-inflammatory responses of the macrophages.

In contrast, IgG antibodies form immune complexes with ox-LDL, promoting inflam-
matory responses by macrophages [92]. IgE antibodies are known to have proatherogenic
properties, as they stimulate macrophages and mast cells in both the plaque and perivascu-
lar area. Hamze et al. found that atherosclerotic plaques are rich in IgA and IgG, secreted
by B cells during the inflammation process [93]. The involvement of IgA antibodies in
atherosclerosis is still not well understood: a positive association between IgA and cardio-
vascular (CV) outcomes is reported, but functional roles have yet to be investigated [94].

B cells also produce various cytokines, including proatherogenic tumor necrosis factor
-α (TNF-α) and antiatherogenic interleukin-10. Several studies on mouse models have
described the protective role of B cells, remodeling the atheromatic plaque and increasing
the lesion in case of B cell depletion [95,96]. However, there are different functional subsets
of B cells, recognizing the heterogeneous population: both the proatherogenic and the
antiatherogenic activities of various subsets are described [97,98]. While traditionally
thought of as primarily involved in the production of antibodies, B cells also have antibody-
independent pathways that influence the development and progression of atherosclerosis:
the presence of B cells was characterized in the adventitia of atherosclerotic aortas but not
in the atheromatous plaque [99]; this suggests a local immune response, associated with T
cells, DC, and macrophages [100].

2.5. T Lymphocytes Subsets: Signalling and Mechanisms

T cells have been found in the blood vessel walls near various CV diseases. They
can contribute to immune responses in two ways: directly, by producing cytokines and
molecules that promote inflammation, and indirectly through the activation of B cells. The
different subsets of T cells have distinct functions in CV diseases, depending on whether
they produce pro-inflammatory or anti-inflammatory molecules. In this context, we will
focus on the roles of CD4+ and CD8+ T cells in atherosclerosis. CD4+ T cells, when in a
naive state, can be differentiated into several subsets: T helper 1 (TH1), TH2, TH17, or
regulatory T (Treg) cells. TH1 cells are pro-atherogenic and act through the production of
IFN-γ and TNF-α [101,102].

On the other hand, Treg cells have an anti-atherosclerotic effect by secreting IL-10 and
transforming growth factor-β (TGF-β). In fact, studies have shown that IL-10 produced by
Treg cells can slow down the progression of abdominal aortic aneurysm and the formation
of artery blockages following angioplasty [102–105].
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TH2 cells secrete molecules such as IL-4, IL-5, and IL-13. While TH2 cells and IL-4 may
be associated with advanced atherosclerosis in mice lacking the apolipoprotein E (ApoE)
gene [106], atherosclerosis decreased in mice lacking both the IL4 and Ldlr or IL4 and ApoE
genes [107,108].

Lastly, there is inconsistent contrasting evidence on the impact of TH17 cells in
atherosclerosis. TH17 cells produce cytokines like IL-17A and IL-17F. Blocking or in-
hibiting IL-17 in mice lacking the ApoE gene was found to promote the development
of atherosclerosis [109–111]. However, mice lacking the ILl17a gene actually showed an
accelerated formation of unstable atherosclerotic lesions compared to mice lacking only the
ApoE gene [112].

Assorted studies suggest that CD4+ T-cells are crucially involved in left-ventricular
(LV) remodeling during both ischemic [113] and non-ischemic [114] heart failure. Mice
studies show activation of CD4+ T-cells post-MI is a controlled response designed to
subside rapidly with scar formation to achieve complete immune resolution within 2 weeks
post-MI. HF, on the other hand, is associated with a second wave of CD4+ T-cell activation,
and their transmigration into the heart promotes LV remodeling, end-diastolic volume
and end-systolic volume increasing, ejection fraction reduction, and progressive cardiac
dysfunction [115,116].

CD8+ T cells play a role in the development of atherosclerosis. When these cells are
activated, they release cytotoxins, perforin, and granzymes. The cytotoxins can induce pro-
grammed cell death, or apoptosis, in macrophages, vascular smooth muscle cells (VSMCs),
and ECs. This contributes to the formation of vulnerable atherosclerotic lesions, which are
areas of plaque that can rupture and lead to complications [117]. Furthermore, the absence
of programmed cell death ligand (PDL)-1 and PDL-2 in mice has been shown to increase
the development of atherosclerotic lesions in the aorta. It also leads to an increase in the
numbers of CD4+ T cells and CD8+ T cells, suggesting that these cells are more involved in
atherosclerosis when these molecules are lacking [118] (Figure 2).
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cytokines. APC = Antigen-Presenting Cell; B1 = B1 Cells; B2 = B2 Cells; CD1d = cluster of differentia-
tion 1 D; EC = Endothelial Cells; H4 = Histone 4; ICAM1 = Intercellular Adhesion Molecule 1; IFN-
γ = Interferon-γ; Ig = immunoglobulin; Il-4 = Interleukin-4; Il-5 = Interleukin-5; Il-10 = Interleukin-10;
Il-13 = Interleukin-13; Il-17A = Interleukin-17A; Il-17F = Interleukin-17F; Il-18 = Interleukin-18;
Il-1β = Interleukin-1β; iNKT = Invariant Natural Killer T Cell; LDL = Low-density Lipoprotein;
MPO = Myeloperoxidase; NETs = Neutrophil Extracellular Traps; NLRP3 = nucleotide-binding
oligomerisation domain-like receptor pyrin domain-containing protein 3; OSEs = Oxidation-Specific
Epitopes; Ox-LDL = oxidized low-density lipoprotein; Pre-B Cells = precursors of B cells; TCR = T
Cell Receptor; TGF-β = Transforming Growth Factor-β; Th = T Helper Cell; TNF-α = Tumor Necrosis
Factor-α; Treg = Regulatory T Cell; VCAM1 = Vascular Cell Adhesion Molecule 1; VSMCs = Vascular
Smooth Muscle Cell.

Moreover, T Lymphocytes crosstalk with other molecules, such as cyclophilins, have
a new role in CAD: these proteins are released into the extracellular space in response
to inflammatory stimuli. Gegunde et al. described the involvement of a cell surface
receptor for extracellular cyclophilins in CAD, the CD147 receptor: patients with CAD had
considerably higher levels of membrane expression of CD147, cyclophilin A, B, and C in T
lymphocytes purified from these subjects, as well as pro-inflammatory interleukins [119].

3. Trained Immunity in Atherosclerosis: A New Proposal for a New Direction

When briefly exposed to certain stimuli, cells of the innate immune system such
as monocytes, macrophages, DC, and NKT cells can develop a phenotype resembling
immunologic memory, termed trained immunity [120]. Upon restimulation, trained cells
manifest a long-term proinflammatory phenotype with an increased cytokine release,
nonspecific with respect to the original stimulus. The persistent overactivation of these
trained cells could contribute to the incessant vascular wall inflammation, a peculiar
characteristic of atherosclerosis [121].

Previous works on trained immunity involved microorganisms and microbial products
including the Bacillus Calmette–Guerin (BCG) vaccine, Candida albicansi, and its cell wall
component β-glucan [122].

Exposure to these pathogens provokes an increased production of proinflammatory
cytokines and chemokines in trained cells as a response to a secondary insult, even if
different from the initial one.

It was later recognized that also endogenous, self-derived molecules such as ox-LDL,
catecholamines, uric acid, and aldosterone can induce a persistent functional reprogram-
ming of innate immune cells [123–127] (Figure 3).

3.1. Trained Immunity in Infectious Disease

From an evolutionary perspective, trained immunity confers protection to the host
against subsequent infection, although it can also be responsible for a maladaptive state.
An exogenous stimulus such as BCG vaccination protects against lethal systemic C albicans
infection in immunodeficient mice that lack adaptive immunity [128], as well as adminis-
tration of β-glucan in mice confers protection against recurrent infections [129,130]. Similar
evidence also exists in humans, with the profound decrease in infant mortality rates follow-
ing BCG vaccination, not solely explained by the protection against tuberculosis [131].
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3.2. Trained Immunity in Chronic Inflammatory Disease

Diversely from the protective effect against infections, trained immunity might be
maladaptive in chronic inflammatory diseases in which innate immunity cells play a pivotal
role in the pathophysiology. The detrimental effects of trained immunity are implicated
in atherosclerosis, gout, neurodegenerative disorders, and transplant rejection [132–134],
and in other inflammatory diseases such as rheumatoid arthritis and systemic lupus ery-
thematosus [135,136].

Trained immunity could also be one of the mechanisms contributing to the epidemio-
logical association between infectious burden and atherosclerotic CV diseases [137].

Different endogenous, nonmicrobial atherogenic stimuli have been recognized to in-
duce trained immunity, such as ox-LDL and lipoprotein(a) (Lp(a)), but also catecholamines
and high glucose concentration [124,138–140]. ox-LDL has a key role in atherogenic plaque
formation thanks to its ability to activate immune cells and trigger foam cell formation.
When exposed to a low concentration of ox-LDL and restimulated with a TLR agonist,
macrophages produce higher quantities of atherogenic cytokines and chemokines, such
as IL-6, MCP1 (monocyte chemoattractant protein 1), and TNF-α. Foam cell formation
is similarly enhanced after exposure to ox-LDL, due to the overexpression of scavenger
receptor-A (SR-A) and CD36 and downregulation of cholesterol efflux transporters adeno-
sine triphosphate-binding cassette transporter-A1 and G1 [124,141].

Lp(a) is the main circulating carrier of oxidized phospholipids and plays a key role in
atherogenesis [142,143]. Monocytes incubated with Lp(a) for 24 h show an increased proin-
flammatory cytokine production compared to untrained controls [144]. Monocytes isolated
from patients with elevated Lp(a) levels also show a stronger trans-endothelial migration.
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A pivotal role in diabetes and CV diseases is played by diet, and atherosclerosis-prone
knock-out for LDL receptor mice display characteristics of trained immunity when fed a
Western-type diet [145].

The characteristic increase in cytokine production in trained immunity has also been
observed in patients with already established coronary atherosclerosis, familial hyperc-
holesterolemia, and in patients with cerebral small vessel disease [146,147]. Similarly, hyper-
uricemia can induce long-term proinflammatory activation of innate immune cells [123,126].

4. Mechanisms Involved in Trained Immunity

The trained phenotype is maintained through two key mechanisms: epigenetic and
metabolic reprogramming. Both factors influence, together with the initial stimulus, the
heterogeneity of the trained immune response.

4.1. Epigenetic Remodelling

Epigenetic regulation is defined as the regulation of gene expression without an
alteration in the DNA sequence itself. This occurs through DNA methylation, histone
modifications, or post-translational modulation by non-coding RNAs. The methylation and
acetylation marks regulate DNA accessibility to the transcriptional machinery. While DNA
hypermethylation is usually associated with gene silencing [148], histone modifications can
either lead to activation or repression of gene transcription. Histone acetylation stimulates
the binding of transcription factors and activation of gene transcription [149], while the
effect of histone methylation depends on the specific lysine residue involved and on the
amount of methyl groups added. An in-depth review on epigenetics and trained immunity
can be found elsewhere [150].

Different epigenetic marks are associated with trained immunity, the main ones being
the monomethylation and trimethylation of histone 3 at lysine 4 (H3K4me1 and H3K4me3),
being, respectively, a mark observed at the promoter regions of actively transcribed genes
and a marker of open chromatin. H3K4me1 is typically found at enhancers and accompa-
nied by the acetylation of histone 3 at lysine 27 (H3K27ac) [151].

In vitro, ox-LDL-trained macrophages show an enrichment of the activating histone
modification at H3K4me3 which opens chromatin and allows transcription of genes en-
coding for proinflammatory and proatherogenic cytokines and chemokines such as IL6,
IL-8, matrix metalloprotease (MMP)-2, MMP-9, TNF-α, SR-A, and CD36 [124]. Similar
histone modifications can also be observed in trained monocytes of patients with familial
hypercholesterolemia who have highly elevated levels of LDL, leading to an upregulation
of immune activation, metabolic, and inflammatory pathways [152].

Lysine demethylase 5 (KDM5) histone demethylase, and SET-domain containing 7
(Set7) histone lysine methyltransferase) are other epigenetic enzymes involved in the reg-
ulation of β–glucan–induced trained immunity: KDM5 activity erase H3K4me3 marks
at the promoter regions was inhibited during induction of trained immunity, while Set7
was responsible for writing H3K4me1 marks at the enhancer regions of trained immu-
nity [153,154].

4.2. Metabolic Reprogramming

The function of epigenetic enzymes can be modulated by different intermediates of
metabolic pathways that act as substrates or cofactors, thus explaining the interplay be-
tween epigenetic and metabolic reprogramming in trained immunity. Three main involved
metabolic pathways in trained immunity are glycolysis, glutaminolysis, and cholesterol
synthesis [155].

B-glucan and ox-LDL trained cells show a shift from oxidative phosphorylation to
aerobic glycolysis, and this upregulation is mediated by the activation of the mammalian
target of rapamycin (mTOR) pathways [59,156].

Activation of glycolysis increases, on one hand, glucose uptake with subsequent
conversion to pyruvate and lactate and rapid increase in adenosine triphosphate production,
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and on the other it results in a high cellular NA+-to-NADH ratio, which regulates the
activity of sirtuin 1 histone deacetylases. Indeed, β-glucan-induced training inhibited
expression of SIRT1 in monocytes, and the addition of the sirtuin 1 activator resveratrol
partially prevented β-glucan-induced trained immunity [59]. Pyruvate is also converted
into acetyl-CoA and enters the tricarboxylic acid (TCA) cycle. Several intermediates of the
TCA cycle, such as fumarate, succinate, and malate accumulate in trained macrophages,
and these are replenished through glutaminolysis [154]. Fumarate directly inhibits histone
demethylase KDM5, which correlates with increased training and enhanced TNF-α and
IL-6 production [154].

Other studies have also underlined the role of intracellular accumulation of meval-
onate, a metabolite of the cholesterol synthesis process, essential for the induction of trained
immunity via inducing H3K4me3 on IL-6 e TNF-α promoters [151].

Besides glycolysis, glutaminolysis, and mevalonate synthesis, oxidative phosphoryla-
tion can also induce trained immunity, through regulation of the Set7 lysine methyltrans-
ferase [153]. Meanwhile, itaconate is responsible for the balance between innate immune
tolerance and trained immunity by inducing metabolic alterations in macrophages [157],
and fatty acid synthesis is pivotal for trained immunity induced by the adrenal hormone
aldosterone [127].

4.3. Clinical Applications and Future Perspectives

The concept of trained immunity is not restricted to innate immune cells, as vascular
ECs, vascular smooth muscle cells, fibroblasts, microglia, and epithelial stem cells can show
long-term adaptation after brief stimulation, termed expanded trained immunity [158–160].
Vascular ECs act as conditional innate immune cells as they secrete cytokines and are
involved in antigen presentation and phagocytosis [161], while ECs adopt a persistent
inflammatory phenotype following brief exposure to high glucose concentrations [162].
Also, vascular smooth muscle cells are capable of building a sustained proinflammatory
phenotype after brief exposure to ox-LDL [163].

The mechanism of trained immunity opens new avenues in research to improve
prevention and treatment in a wide array of inflammatory diseases, to avoid the detrimental
consequences of chronic inflammation. Therapeutic options should therefore target the
well-established metabolic and epigenetic programs responsible for trained immunity.

Several existing drugs inhibit specific metabolic pathways that drive trained immunity,
including inhibitors of the mTOR pathway, hydroxymethylglutaryl-CoA inhibitors by
preventing mevalonate synthesis, or NLRP3 inflammasome inhibitors [59,125]. Inhibition of
the mTOR pathway prevents the increase in glycolysis and the proinflammatory phenotype
in macrophages [164].

The specific epigenetic enzymes regulating the epigenetic reprogramming of trained
cells provide another attractive pharmacological target, as several epigenetic drugs are
already being adopted in hematologic and oncological disorders [165]. A nanoparticle
delivery approach able to selectively target these drugs to the specific innate immune cells
(e.g., plaque macrophages) can improve the specificity of these drugs and prevent off-target
effects [165].

Notably, treatment with statins for three months does not revert trained immunity
in vivo in familial hypercholesterolemia, while an ex vivo analysis showed that the proin-
flammatory phenotype in monocytes persists. Therefore, statins may prevent training, but
not revert it [152].

An exhaustive discussion of the main therapeutic target in trained immunity has been
previously published [166].

Although the detrimental effects of trained immunity have now been established,
many questions remain to be answered, from identifying potential cell subsets that may be
particularly amenable to trained immunity or to the relationship between trained immunity
and other mechanisms of innate immune cell activation, such as clonal haematopoiesis or
immune cell senescence. These aspects warrant further investigation.
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5. New Aspects of Endothelial and Vascular Smooth Muscle Cells
5.1. Endothelial Cells

The inner layer of the vessels is named endothelium, and it is formed by the ECs.
ECs are known to be involved in several processes ranging from metabolic and vascular
homeostasis to coagulation and permeability [161,167,168]. The secretory function of
ECs includes numerous cytokines like IL-6 [169–171], IL-1 [172,173], placental growth
factor, [174], and connective tissue growth factor [175].

A plastic role for ECs has been suggested by prior investigators in atherothrombotic
disease: a potential transdifferentiation of thrombus-derived leukocytes has been proposed
by Fu et al. in hypoxic conditions [176]. Moreover, ECs could be transdifferentiated from
fibroblasts after the induction of innate immunity signals promoting a metabolic switch to
the glycolytic substrate [177], and during atherosclerosis development the endothelium
may serve as a source of plaque-associated mesenchymal cells under an endothelial-to-
mesenchymal transition [178], that has been recently described occurring also in adipose
tissue [179].

The above-mentioned phenomena share signaling pathways with the innate immunity,
raising the hypothesis that ECs should be considered innate immune cells.

In fact, several actions conducted by macrophages can also be performed by ECs:
cytokine secretion, antigen presentation, phagocytic function, and damage-associated
and pathogen-associated molecular patterns (DAMPs and PAMPs, respectively) pro- and
anti-inflammatory activity [161].

Furthermore, ECs show trained immunity characteristics [180], and can support
cellular homeostasis through the development of tolerance from the external stimuli,
DAMPs and PAMPs [166].

The expression of known DAMPs systems by ECs enforces the evidence of being part
of the innate immunity, but also the presence of receptors binding components of exogenous
microbes as well as harmful endogenous components—the so-called pattern recognition
receptors (PRRs)—have been proposed as novel key elements of conditional receptor of
damage, features by the ability to be stimulated by endogenous metabolites and substances
raising pathological concentrations, with consequent activation of inflammation [181].

The PRRs function has been suggested as a bridge between the external infection
agents and/or products, and the endogenous metabolites triggering inflammation. The
ECs activation mediated by ox-LDL leads to inflammation with consequent release of
IL-8 through nucleotide-binding oligomerization domain (NOD)-1, and potentially cell
death stage through pyroptosis mediated by caspase-1 [182]. Moreover, IL-17 can activate
ECs with subsequent IL-6 release together with GM-CSF [183]. The functionally impaired
endothelium due to inflammation shows a higher expression of TLR-2 and -4, similarly to
the endothelium of atherosclerotic plaques [184].

Looking at adaptive immunity, several reports have underscored the EC action in
influencing the action of T cells, both on the side of their activation and differentiation [185].
However, recent studies of murine models have suggested a role of the inflamed ECs in
switching off the immune response: ECs activated by INF-γ and cultivated with CD4+ T
cells have been found to induce the expression and polarization into immunosuppressive
regulatory T cells (Treg) [186]. Furthermore, Treg activation leads to an enhanced expression
of immune checkpoint receptors and increased production of the anti-inflammatory IL-10
and TGF-β [187].

5.2. Vascular Smooth Muscle Cells

Another crucial actor involved on the stage of atherosclerosis is represented vSMCs,
which constitute the media tunica of arteries. During physiological homeostasis, vSMCs
regulate blood pressure and guarantee the integrity of the vessels. vSMCs are featured
by notable plasticity that allows vascular remodeling, especially in pathological condi-
tions [188]. In the absence of damage, vSMC proliferation is markedly limited, and the
specific muscle phenotype is supported. When atherosclerosis progresses, initially a posi-



Life 2023, 13, 2128 13 of 28

tive, outward remodeling occurs to preserve the vessel patency and blood flow; however,
this process can assume negative and detrimental consequences after its maximal ex-
pansion [189]. Moreover, plaque stability and integrity are related to the products and
composition of the ECM, which is mostly generated by vSMCs [190].

The microenvironment laying in correspondence of the atherosclerotic lesions changes
on the appropriate activity of vSMCs. Ox-LDL, pro-inflammatory cytokines like IL-8, and
chemokines endorsing leucocytes recruitment and migration, accelerate the progression
of the plaques. The platelet-derived growth factor-BB and TGF-β were shown to promote
vSMCs differentiation, proliferation, and migration to the site of vascular plaque [191].
Conversely, the administration of IL-1β can antagonize vSMC migration and ECM pro-
duction [192]; that evidence is consistent with murine models showing that anti-IL-1β
antibodies decreased overall plaque burden [193].

The activity of vSMCs is strictly figured out by macrophages, particularly by their
appropriate role as scavengers. In fact, in stable plaque macrophage activity, remotion
of apoptotic cells is preserved [194]. That specific phagocytosis, named efferocytosis,
promotes the release of IL-10, TGF-β, resolvins, and lipoxins [195], which in turn stimulate
vSMCs to synthesize collagen, laminins, and other components of the ECM [196–198]. The
vulnerability of the plaque is enhanced when macrophage efferocytosis results are impaired,
with a consequent switch in cytokine secretion from pro-resolution to pro-inflammatory
fashion, including TNF-α, IL-1β, and IL-6. These mediators can stimulate vSMCs through
nuclear factor -kB (NF-kB) pathways [199,200], to release MMP and other inflammatory
genes [201], contributing to reducing the stability of the plaque, thus aggravating the
necrotic core and thinning the fibrous cap [202] (Figure 4).
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6. Exosomes and Inflammasome
6.1. Exosomes

Exosomes represent a fascinating avenue of exploration within the realm of cardio-
vascular diseases (CVDs), with potential applications in diagnostics, therapeutics, and
regenerative medicine. These tiny vesicles, secreted by various cell types including car-
diomyocytes, vSMCs, ECs, and inflammatory cells, contain heat shock protein (HSP),
lipids, proteins, and microRNAs [203]. These cells release exosomes containing molecules
that induce or inhibit atherosclerosis, depending on the type or physiological state of the
cell [204,205]. These mechanisms are key factors in regulating CVD progression, due to car-
rying and exchanging signaling molecules: exosomes may be able to spread atherosclerosis
distally via extracellular vesicles, but also with a cell-to-cell interaction [206–209].

In recent studies, ox-LDL and homocysteine trigger the release of HSP70-containg
exosomes from the aortic ECs. These exosomes activate monocytes [210,211]; once activated,
they adhere to the ECs and penetrate the subendothelial space. Once inside, the activated
monocytes can differentiate into macrophages, which in turn promote atherosclerotic
plaque [212].

Exosomes can be engineered to transport therapeutic cargoes like small interfering
RNAs (siRNAs), microRNAs, or proteins to specific cell populations involved in CVDs.
This precise delivery system holds the potential to reduce inflammation, promote tissue
repair, and hinder the progression of the disease [213,214].

It is important to underscore that while the application of exosomes in CVDs is a
promising field, further research is essential to comprehensively understand their mecha-
nisms, safety, and efficacy in clinical settings.

6.2. The Role of Nucleotide-Binding Oligomerisation Domain-like Receptor Family Pyrin Domain
Containing 3 (NLRP3) Inflammasome

The NLRP3 inflammasome is a crucial mediator of various inflammatory diseases, in-
cluding atherosclerosis and other vascular diseases [215]. A wide range of different stimuli
can activate NLRP3, although most of these stimuli do not directly interact with it. Among
the elements that activate the NLRP3 inflammasome include a decrease in intracellular
K+, due to K+ efflux, the ROS generation from mitochondria, and the release of cathepsin
from lysosomes. Researchers have shown that the production of ROS from mitochondria is
crucial for activating the NLRP3 inflammasome: studies suggest that oxidized mitochon-
drial DNA released in response to NLRP3 activators can drive its activation. Additionally,
the release of cathepsin from damaged lysosomes can trigger its activation [216]. Several
studies have shown that the expression levels of NLRP3 inflammasome components may
play a role in the progression of atherosclerosis. For instance, Zeng et al. used a selec-
tive inhibitor of the NLRP3 inflammasome called MCC950 in ApoE−/− mice to inhibit
its activity by reducing the pyroptosis of macrophages and IL-1β and IL-18 production
in the aorta and in cell lysates. Instead of interfering with the NLRP3 inflammasome’s
priming, MCC950’s anti-atherosclerotic actions on reducing macrophage inflammation
and pyroptosis required limiting the assembly and activation of the inflammasome [217].
These studies have supplied direct evidence that the NLRP3 inflammasome contributes
to the progression of atherosclerosis, therefore targeting the NLRP3 inflammasome could
potentially be a therapeutic strategy for treating atherosclerosis. However, there are some
conflicting data about the role of the NLRP3 inflammasome in atherosclerosis [218]. Recent
research by Chen et al. has reported that the lack of NLRP3 in bone marrow cells specifically
attenuated the formation of atherosclerotic lesions in LDL receptor−/− females. However,
there was no significant effect observed in male mice [219]. Despite promising evidence,
NLRP3 inflammasome deserves further studies to answer all the grey issues about it.
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7. Therapeutic Strategies—New Perspectives
7.1. Mineralocorticoid Antagonists

The receptor for mineralocorticoid (MR) is included among the family of nuclear
receptor steroid binding. Besides the original indication of MR antagonists (MRA) in
primary aldosteronism, MRA showed substantial benefits in the CV field, mostly in heart
failure [220,221].

The protective action of MRA may be explained by the wide expression of MR not
only on renal cells: it was found also in ECs, leading to aldosterone-dependent expression
of vascular cells and intercellular adhesion molecules [222,223], and also in the cells of the
innate immune system [224].

Evidence suggests a role for aldosterone and, conversely, its antagonist, spironolactone,
in the polarization of macrophage phenotypes. In rats, M1 macrophages were shown to
express a higher number of CD68 in tissue, coupled with an increased production of
TNF-α and reactive oxygen species after injection of aldosterone [225]. As expected, the
administration of spironolactone reduces the expression of M1 markers [226]. In dedicated
murine model knockout for MR, protection against cardiac remodeling and myocardium
macrophage M1 infiltration was observed [227], as well as a reduction in M1-like phenotype
and an increase of M2 phenotype [226].

Some reports have investigated the role of ox-LDL intake by macrophage, underscor-
ing an enhanced lipid intake and foam cell formation in upregulated renin-angiotensin-
aldosterone system models [228], together with a potential increase in the expression of
genes related to cholesterol efflux by macrophages in model knockout for MR [229].

7.2. Role of Interleukin-2

IL-2 is a common gamma chain cytokine that plays a crucial role in maintaining
Treg homeostasis [230]. IL-2 is critical for the sustenance of Foxp3+ Treg, and its absence
leads to a significant shortage of Treg cells, resulting in autoimmunity [231]. IL-2 has a
co-stimulatory role over group 2 innate lymphoid cells (ILC2) and is located in primary
immune organs like the spleen and bone marrow, as well as within tissues such as the lung,
gut, and adipose tissue [232,233]. ILC2 are recognized for releasing significant amounts of
type II cytokines (such as IL-5, IL-13, IL-9), governing both innate and adaptive immune
responses across various inflammatory scenarios; additionally, they also play a role in
wound healing and tissue repair modulation, while impacting the function of adipose
tissue and metabolic equilibrium [234–237]. The secretion of IL-5 and IL-13 by ILC2 is
linked to beneficial atheroprotective B1b-cells and tissue repair programs [238].

IL-2 administration has been shown to increase CD4+CD25+Foxp3+ Treg numbers in
patients with cancer [239]. Rosenzwajg et al. evaluated the effect of low-dose IL-2 across
eleven autoimmune diseases: in their phase I trial, they reported an activation and expan-
sion of Treg cells [240]. On the atherosclerotic field, the phase I/II clinical trial “LILACS
study” has the aim to evaluate the potential role of low-dose IL-2, aldesleukin, in patients
affected by stable ischemic heart disease and acute coronary syndromes: primary end-
points are related to the safety and tolerability of aldesleukin, and in one of the exploratory
analyses, the effect of ld-IL-2 on ILC2s and its correlation with vascular inflammation [241].

7.3. Checkpoints Inhibitors

Immune-checkpoint proteins are membrane proteins expressed on APC and T-cells,
and their interaction leads to T-cell activation. However, immune checkpoint proteins
also have a pivotal role in mediating interactions between immune cells and non-immune
cells, and these interplays regulate different pathways, such as secretion of cytokines and
chemokines, cellular survival, and proliferation, thus collectively shaping the inflammatory
response [242].

Currently, oncology is the main field of application of so-called immune-checkpoint
inhibitors, with cytotoxic T-lymphocyte antigen 4 (CTLA-4), programmed cell death protein
(PD)-1, and PDL-1 as the main immune-checkpoint proteins involved [243]. In recent years,
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these drugs have transitioned from advanced and metastatic settings to a (neo)adjuvant
one, carving out a role in the treatment of potentially curable patients [244]. However,
these treatments are burdened by important side effects, especially endocrine (e.g., thy-
roid and adrenal dysfunction), gastrointestinal (diarrhoea), pulmonary (pneumonitis),
dermatological (dermatitis, psoriasis), and CV (myocarditis) toxicities [245].

Because of the binding between CV disease and immune-checkpoint pathways, and the
role of inflammation in developing atherothrombosis, recent studies are trying to evaluate
a potential role of modulating this immune signaling. The CANTOS trial evaluated the use
of Canakinumab, interleukin-1β blocker, in 10,061 patients with previous MI and a high-
sensitivity C-reactive protein level. The patients were randomized to receive Canakinumab
versus placebo, and those treated with the first one at a subcutaneous dose of 150 mg
once every 3 months had a noticeably reduced occurrence of recurring CV events [246].
Pre-clinical studies have evaluated the interaction between CTLA-4 and B7-1/B7-2 as an
atheroprotective effect. Mice treated with CTLA-4 analogue (abatacept) had a reduction in
femoral arteries atherosclerosis formation by 78%, also in murine models with a decreased
expression of CTLA-4 membrane expression [247,248]; on the contrary, anti-CTLA-4 drugs
are related to a plaque progression [249]. Considering the PD-1, PDL-1 pathway, different
studies have noted reduced PD-1 expression or its ligands in individuals with CAD and
acute coronary syndrome, implying its protective role in atherogenesis and the development
of an advanced plaque phenotype [250,251].

8. Future Direction and Conclusions

CAD is a complex condition characterized by the buildup of plaque in the arteries that
supply blood to the heart. Chronic inflammation plays a significant role in the develop-
ment and progression of CAD. It is important to explore ways to modulate the immune
response to reduce inflammation in the arterial walls. This includes studying the use of
anti-inflammatory medications, such as IL-1β inhibitors (i.e., Canakinumab), or exogenous
IL-2 administration, to reduce the risk of cardiovascular events in individuals with CAD.
Immune cells, particularly macrophages and T lymphocytes, are critical in the formation
and destabilization of atherosclerotic plaques. Understanding novel immune mechanisms
involved can lead to targeted therapies aimed at modulating immune cell activity in the
context of CAD. Identifying specific immune biomarkers that can predict CAD risk or
disease progression is an area of active investigation. These biomarkers could help in early
detection and risk assessment. It is crucial to the potential of immunomodulatory therapies,
for example, monoclonal antibodies, to reduce inflammation and plaque formation in CAD.
Trained immunity could be a new therapeutic aim, opening up new treatment and preven-
tion of inflammatory diseases, and avoiding chronic inflammation. These options should
target the well-established metabolic and epigenetic programs responsible for trained
immunity. The gut microbiome has recently emerged as another area of interest in CAD
research. There is evidence to suggest that the composition of gut bacteria may influence
systemic inflammation and immune responses, which could impact the CAD risk. Under-
standing these interactions may lead to novel interventions. Tailoring CAD treatments
based on an individual’s immune profile is an emerging concept: personalized medicine
approaches may involve identifying a patient’s specific immune-related risk factors and
customizing treatment strategies accordingly. For instance, the use of exosome-based
therapies can be tailored to an individual’s specific requirements. Analyzing a patient’s
exosomes may enable the development of personalized treatment strategies, optimizing
the effectiveness of interventions in managing CVDs, especially in CAD.

Future CAD treatments may involve combining traditional approaches, such as statins
and antiplatelet drugs, with immunomodulatory agents to achieve better outcomes. It
is important to note that while inflammation and the immune system take part in the
development and complications of CAD, they are just one piece of the puzzle. CAD is a
multifactorial disease influenced by genetics, lifestyle, and other risk factors.
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Abbreviations

APC Antigen-Presenting Cell
ApoE Apolipoprotein E
BCG Bacillus Calmette-Guérin
CAD Coronary Artery Disease
CCR2 C-C chemokine receptor type 2
CD Cluster of Differentiation
CTGF Connective Tissue Growth Factor
CTLA-4 Cytotoxic T-Lymphocyte Antigen 4
CV Cardiovascular
CVD Cardiovascular Disease
DAMP Damage-Associated Molecular Patterns
DNA Deoxyribonucleic acid
ECs Endothelial Cells
ECM Extracellular Matrix
GM-CSF Granulocyte-Macrophage Colony Stimulating Factor
H3K4me1 Monomethylation of Histone 3 at Lysine 4
H3K4me3 Trimethylation of Histone 3 at Lysine 4
H3K27ac Acetylation of Histone 3 at Lysine 27
HSP Heat Shock Protein
IFN-γ Interferon-γ
IL Interleukin
ILC2 Group 2 Innate Lymphoid Cell
iNKT Invariant Natural Killer T Cell
LP(a) Lipoprotein A
LDL Low-Density Lipoprotein
LDLR Low-Density Lipoprotein Receptor
LV Left Ventricle
MCP1 Monocyte Chemoattractant Protein 1
MHC Major Histocompatibility Complex
MI Myocardial Infarction
MMP Matrix Metalloproteinase
MR Mineralcorticoid
mTOR Mammalian Target of Rapamycin
NET Neutrophil Extracellular Traps

NF-kB
Nuclear factor kappa-light-chain-enhancer of activated B
cells

NKT Natural Killer T Cell

NLRP3
Nucleotide-binding Oligomerisation domain-like
Receptor Pyrin Domain-containing Protein 3

NOD Nucleotide-binding Oligomerization Domain
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OSE Oxidation-Specific Epitopes
Ox-LDL Oxidized Low-Density Lipoprotein
PAMP Pathogen-Associated Molecular Patterns
PD Programmed Cell Death Protein
PDGF Platelet-Derived Growth Factor
PDL Programmed Cell Death Ligand
PRR Pattern Recognition Receptor
RNA Ribonucleic Acid
SR-A Scavenger Receptor-A
siRNA Small Interfering RNA
TCA Tricarboxylic Acid
TCR T Cell Receptor
TGF-β Transforming Growth Factor
TLR Toll-Like Receptor
TNF-α Tumor Necrosis Factor-α
vSMCs Vascular Smooth Muscle Cell
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