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Abstract

Atherosclerosis is one of the key problems of modern society. A growing body of evidence suggests that
atherosclerosis is not only a metabolic but also an immune disease with local and systemic mechanisms.
Dyslipidemia, local disturbances in vascular hemodynamics, and inflammation in the vascular wall involving various
immune and non-immune cells such as endothelial and smooth muscle cells, are thought to be important for the
development of atherosclerosis. In this context, there is a growing clinical and research interest in the possibility of
therapeutically targeting different immune mechanisms. The aim of the current review is to discuss recent
advances in understanding the immune mechanisms of atherogenesis and the challenges and prospects for
immunotherapy of atherosclerosis.

Keywords: Atherosclerosis, immunotherapy, vaccination, immune cells, cytokines, lipid mediators, monoclonal
antibodies

INTRODUCTION

Atherosclerosis is one of the key problems of modern society due to its high prevalence and social
significance'”. Indeed, atherosclerosis is the cause of such widespread diseases as ischemic heart disease
and cerebral stroke, as well as peripheral arterial disease. These diseases contribute significantly to
hospitalizations, disability, and premature mortality in many countries. In addition, they carry a heavy
economic burden because of the direct costs of diagnosis and treatment, as well as the indirect costs
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associated with temporary and permanent disability. In this regard, atherosclerosis is an actively researched
topic. A substantial body of landmark studies has significantly advanced the understanding of atherogenesis,
directly contributing to enhanced diagnostic capabilities and therapeutic strategies. The contemporary
paradigm of atherosclerosis reflects a complex evolution in scientific thought regarding its pathogenesis.
Originally conceptualized as a disease driven chiefly by lipid (particularly cholesterol) infiltration of the
vascular wall, atherosclerosis is now recognized as fundamentally an inflammatory disorder. Its initiation
and progression involve the interplay of diverse immune and non-immune cell populations and the
activation of distinct immune pathways**. Furthermore, it has become clear that the function of lipids is
more complex than just being the morphological basis of atherosclerosis: lipids and lipid mediators are
involved in many immune processes'®”. Lipid mediators are involved in the regulation of inflammation and
are therefore of growing interest and considered as a potential therapeutic strategy. Despite the potential
promise of immunotherapy, the key focus for the prevention and treatment of atherosclerosis has, for many
years, been on blood lipid levels rather than immune mechanisms.

An important development in the immunotherapy of atherosclerosis is the recent inclusion of colchicine in
the European Society of Cardiology clinical guidelines for the treatment of chronic coronary heart disease.
Colchicine is a known anti-inflammatory agent that inhibits NLR family pyrin domain-containing 3
(NLRP3) activation and interleukin-1p (IL-1p) release. In addition, the use of monoclonal antibodies,
another important area of immunotherapy, is increasing in clinical practice. In this regard, identification of
new immune targets for pharmacotherapy of atherosclerosis is a promising area for research”. Thus, the
aim of the current review is to discuss recent advances in understanding the immune mechanisms of
atherogenesis, as well as the challenges and prospects of immunotherapy of atherosclerosis.

IMMUNOLOGY OF ATHEROSCLEROSIS AND PROMISING DIRECTIONS FOR CELL-
TARGETED THERAPIES

Atherosclerosis arises from a complex cascade of events within the vascular wall, involving diverse cell types
originating both from the artery itself and the bloodstream [Figure 1]. Research has established that its
development results from a combination of systemic and local factors. Previously considered mainly a
metabolic disease associated with lipid accumulation, atherosclerosis is now recognized as a chronic
inflammatory disease in which innate immunity plays a leading role at all stages - from onset to progression
and plaque rupture. Moreover, not only specialized immune cells such as macrophages or neutrophils, but
also many other cells, including epithelial cells or endothelial cells, have an innate immune function, as the
innate immune system utilizes universal non-selective mechanisms that are implemented upon initial
contact with the pathogen. The mechanisms that innate immune cells utilize include pathogen uptake by
phagocytosis, cytokine production, and production of antimicrobial peptides. Atherosclerosis is
characterized by chronic non-infectious inflammation in the vascular wall, although there are a number of
studies that have demonstrated the association of some pathogens with atherosclerosis>*'.

The adaptive immune system plays a complex and dual role in atherosclerosis pathogenesis: it can promote
plaque progression and instability (primarily through proinflammatory actions) or exert protective,
stabilizing effects. Adaptive immunity is activated following antigen presentation by innate immune cells,
chiefly dendritic cells, and contributes significantly to all phases of the disease!"**.

Role of endothelial cells
Research results show that the localization of atherosclerosis is not random, but is associated with local
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Figure 1. Mechanisms of atherogenesis. Atherosclerosis develops as a result of a chain of events including impaired vascular
hemodynamics, endothelial dysfunction, dyslipidemia, systemic inflammation, and oxidative stress. These factors promote
inflammation involving various cells in both the vascular wall and the peripheral blood flow. DAMP: Damage-associated molecular
pattern; LDL: lowdensity lipoprotein; M1: classically activated (proinflammatory) macrophages; M2: alternatively activated
(antiinflammatory) macrophages; oxLDL: oxidized lowdensity lipoprotein; PAMP: pathogenassociated molecular pattern; TLR4: tolllike
receptor 4. Red and blue arrows indicate pathophysiological mechanisms involved in atherogenesis.

hemodynamic disturbances. It is believed that under normal conditions, blood flow in arteries is laminar,
with blood moving in uniform layers, the speed of which varies from the highest in the center of the vessel
to the lowest at its wall. The physical force that acts on the vascular wall by this blood flow is called shear
stress and is an important determinant of endothelial function. Arteries are characterized by high shear
stress, reaching 20-40 dyne/cm’. On the other hand, arterial curvatures and bifurcations disrupt the normal
laminar blood flow, promoting turbulence, which is characterized by low values of shear stress that are
detected by endothelial cells. Areas with turbulent flow and low shear stress are more prone to
atherosclerosis"**?. One reason is that endothelial cells can detect shear stress and respond by changing
their polarization, which involves cell shape and function"”"*. Endothelial cells have extensive functions in
the regulation of hemodynamics through the production of various bioactive substances that can influence
vascular tone. In addition, research in recent decades has greatly increased the understanding of endothelial
cell functions in the immunology of the vascular wall. The vasoregulatory and immune functions of
endothelial cells have been found to overlap closely. Endothelial cells are involved in the production of
biologically active substances that fulfil many different functions. Nitric oxide, a known hemodynamically
important agent, also acts as an important messenger in other processes and is a chemically active substance
that performs a number of regulatory and immune functions. Disruption of nitric oxide production is
characteristic of endothelial dysfunction, one of the important steps in the development of
atherosclerosis®™??. In addition to nitric oxide, endothelial cells are involved in the production of lipid
mediators, which participate in both hemodynamic and inflammatory regulation. Endothelial cells also
perform functions of cytokine secretion, phagocytosis, antigen presentation, recognition of pathogen-
associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs), and generally
perform proinflammatory and anti-inflammatory, immunostimulatory, and immunosuppressive
functions™**. To perform immune functions, endothelial cells express pattern recognition receptors such as
Toll-like receptors (TLRs) [Figure 1]****. The disruption of all these immune functions in endothelial
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dysfunction is part of the mechanisms of atherogenesis, many of which are still being researched.

The participation of endothelial cells in atherogenesis is also associated with the fact that they regulate the
penetration of lipids and immune cells into the subendothelial space. It is believed that low-density
lipoproteins (LDL) penetrate under the endothelium by transcytosis, which is facilitated by high levels of
LDL in the bloodstream, as well as impaired polarization of endothelial cells in atherosclerosis®*. In
addition, endothelial cells promote the recruitment of monocytes from the bloodstream and their
infiltration beneath the endothelium, where these cells participate in inflammation.

Given the extensive data on the role of the endothelium in atherogenesis, endothelial dysfunction is an
important and promising target for treatment. Proinflammatory cytokine antagonists and
immunosuppressive/anti-inflammatory cytokines (such as interleukin (IL)-10 and IL-37) are considered as
promising agents for immunotherapy of endothelial dysfunction**". Micro ribonucleic acids (MicroRNAs)
represent another promising area for research in the treatment of endothelial dysfunction**”. For example,
endothelial microRNA-125a/b-5p has been shown to downregulate the expression of endothelin-1, an
important vasoactive substance that is also involved in the regulation of the production of bioactive lipid
mediators of inflammation, in vascular endothelial cells****\. It should be noted that microRNAs are also not
a simple object for clinical application, as many microRNAs have several targets and a complete
understanding of their function is still an object of research.

Thus, endothelial cells are important participants in the vascular immune system, and endothelial
dysfunction is considered an initiating step in atherogenesis. Thus, endothelial cells are important
participants in the vascular immune system, and endothelial dysfunction is considered the initial stage of
atherogenesis. Participation in the production of bioactive lipid mediators of inflammation, mechanisms of
immune cell recruitment, and their penetration through the endothelium represent interesting potential
targets for therapy.

Involvement of macrophages in atherogenesis

Macrophages are a key participant in the body's innate immune defence and an important player in
atherogenesis'™”. These cells in the vascular wall originate from two sources: residual tissue macrophages
that maintain local populations and macrophages derived from circulating peripheral blood monocytes.

[38-40

Monocyte recruitment is an important part of atherogenesis”™ . Endothelial cells and macrophages already
present in the vascular wall play an important role in this process. It is important to note that macrophages
perform different roles in inflammation. They can be proinflammatory, producing proinflammatory
cytokines and nitric oxide via inducible nitric oxide synthase (iNOS), or conversely, they can perform anti-
inflammatory functions, producing ornithine and proline, which are necessary for tissue repair during
inflammation. This is due to the polarization of macrophages, i.e., switching their metabolism and function.
Several subtypes of macrophages are known, among which the most described are proinflammatory or M1
macrophages and anti-inflammatory M2 macrophages**. Proinflammatory macrophages may contribute

to nitrosative stress, progression of atherosclerosis, and instability of atherosclerotic plaques.

Given the important role of macrophages, there is growing clinical interest in the potential ability to
regulate their polarization. The dipeptidyl peptidase 4 (DPP-4) inhibitor linagliptin enhances the
polarization of M2 macrophages, which helps to reduce the size of atherosclerotic lesions and slow their
progression'”. Blocking the KCa3.1 channel reduces the expression of proinflammatory genes and prevents
macrophages from differentiating toward the M1 phenotype, thereby stabilizing plaques'*!. Glucagon-like
peptide-1 (GLP-1) receptor agonist liraglutide attenuates already formed atherosclerosis in apolipoprotein
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E-deficient mice through regulation of immune cell phenotypes and proinflammatory mediators*”. Effects
on foam cells are also of interest, such as experiments using a foam cell vaccine. Immunization with this
vaccine decreased the level of proinflammatory cytokines (interferon-y (IFN-y), monocyte chemoattractant
protein-1 (MCP-1), IL-6) and increased transforming growth factor beta 1 (TGF-p1) levels and collagen
deposition, contributing to lesion stability"*. Studies to find therapeutic agents aimed at restoring
efferocytosis due to decreased Mer tyrosine kinase (MerTK) expression in macrophages are of interest.
Removal of apoptotic cells through efferocytosis is critical to prevent the progression of atherosclerosis, and
impaired efferocytosis contributes to the worsening of atherosclerosis. Targeted delivery of MerTK protein
using nanoparticles embedded in the cell membrane enhances efferocytosis and slows the development of
atherosclerosis in ApoE” mice with diabetes*”. However, this strategy is experimental and the prospects for
its clinical application are unclear. Thus, despite the importance of macrophages in the pathogenesis of
atherosclerosis, therapeutic strategies aimed at these cells are mainly experimental in nature, due to the
difficulty of targeted drug delivery to macrophages in the vascular wall without disrupting their immune
function in other tissues.

Lymphocyte involvement in atherogenesis

A growing body of evidence suggests the involvement of cells of the adaptive immune system in
atherogenesis. The mechanisms of the adaptive immune system in atherosclerosis are predominantly
associated with T cells, which are consistently present at all stages of atherogenesis in experimental studies.
T lymphocytes play a significant role in the development and progression of atherosclerosis. They regulate
the severity of the atherogenic proinflammatory response, influencing the stability of atherosclerotic lesions
and the tendency to thrombus formation. They promote lesion progression and remodeling by increasing

48,49]

inflammation in atherosclerotic plaques'**’,

Atherosclerotic lesions are dominated by CD4" T cells, which include T helper (Th)1, Th2, Th17, and
regulatory T cells (Treg). Th1 cells are pro-atherogenic, Th2 and Th17 cells can be both pro- and anti-
atherogenic depending on the cytokines they secrete, and Treg cells have anti-inflammatory effects and may
attenuate atherogenesis""***. Th1, which secrete IFNy, are the most common T cells found in
atherosclerotic plaques"'. Type 2 T cells secrete anti-inflammatory cytokines such as IL-10 and TGF-p. T
cells are activated by antigen-presenting cells (APCs) through costimulatory and co-inhibitory signals. This
activation is crucial for their role in atherogenesis.

Similarly, cytotoxic CD8+ T cells exert a proatherogenic effect by secreting interferon-gamma and
stimulating monocytopoiesis'"'!. CD8" T cells may play a protective role in progressive atherosclerosis by
limiting the accumulation of Th1 and macrophages, thereby contributing to a more stable disease course'™.
CDs" T cell deficiency in advanced atherosclerosis resulted in less stable lesions, increased macrophage
content, and increased necrotic core area compared with controls"™.

B lymphocytes play a multifaceted role in the development and progression of atherosclerosis. B1 cells,
especially the Bia subtype, are generally considered atheroprotective. They produce natural
immunoglobulin M (IgM) antibodies that help to eliminate modified LDL and apoptotic cells, reducing
inflammation and plaque formation"***". B1 cells also secrete the anti-inflammatory interleukin-10 (IL-10),
which can suppress the proinflammatory responses of other immune cells****. The number of IL-10+ B cells
is inversely proportional to the severity of atherosclerosis. The protective effect of IL-10+ B cells can be

offset by elevated cholesterol levels®.
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B2 B cells are the most common subtype in vessel walls. They can activate proinflammatory T cells,
contributing to the progression of atherosclerosis'***”*". Deletion of B2 cells has been shown to reduce the
manifestations of atherosclerosis in animal models, emphasizing their role in the development of the
disease™. B cells produce antibodies, including those against oxidized low-density lipoprotein (oxLDL),
which can have both protective and deleterious effects. Antibodies against oxLDL may promote the
excretion of harmful lipids, but their exact role in the development of atherosclerosis is still under
investigation'***').

It should be noted that B2 B cells are subdivided into follicular B cells and marginal zone B cells, which have
different effects on the development of atherosclerotic plaques. Follicular B cells are thought to contribute to
the development of atherosclerosis. They contribute to the disease by differentiating into plasma cells that
produce IgG antibodies, which can accumulate in atherosclerotic lesions and increase inflammation and
plaque formation'*. On the other hand, marginal zone B cells protect against atherosclerosis. They are
involved in the production of natural IgM antibodies, which play a protective role by acting in a Tth-
dependent manner and binding to oxLDL and apoptotic cells, promoting their elimination'” . Marginal
zone B cells control the response of follicular T helper cells to a high cholesterol diet'*’.

It is known that IgM binds to oxidized LDL, oxidized phospholipids, inflammatory microvesicles, and
apoptotic cells, thereby helping to reduce inflammation mainly by neutralizing molecular patterns
associated with damage and stimulating complement-mediated opsonization and phagocytosis of apoptotic
cells'”. Thus, lymphocytes are attracting growing interest due to their multifaceted and complex role in
atherogenesis and atheroprotection and are considered potential targets for therapy. Lymphocyte activation
gene 3 (LAG3) is a promising target for blocking immune checkpoints. Monoclonal antibodies targeting
LAG3 can modulate T cell activity and inflammation in mice, although their effect on plaque size and
stability requires further study'®.

Lymphocyte-specific tyrosine kinase (Lck) plays an important role in T cell receptor (TCR) signaling, which
is necessary for the development, activation, and function of T cells. Lck is involved in T cell activation,
which may contribute to the inflammatory processes underlying atherosclerosis. In atherosclerosis, T cells
can destabilize plaques through their effector functions, and abnormal TCR signaling can lead to T cell
hyperactivity, exacerbating the disease!””. Lck inhibitors are of interest for the treatment of atherosclerosis
because they stabilize plaques, improve cholesterol metabolism, and modulate immune responses. The LCK
inhibitor attenuates atherosclerosis in ApoE” mice by regulating T cell differentiation and reverse
cholesterol transport”. The LCK inhibitor suppressed CD4" T cell infiltration into plaques, secretion of
proatherosclerotic cytokines INF-y and TNF-a, synthesized mainly by Th1 cells, and activation of the PI3K/
AKT/mTOR signaling pathway"”?. LCK inhibition also affects T cell differentiation, increasing the number
of regulatory T cells (Treg) and decreasing the number of type 1 T helper cells (Th1), which leads to a

decrease in the secretion of proatherogenic cytokines such as INF-y and TNF-o".

Strategies aimed at improving the function of marginal zone B cells or increasing the production of
atheroprotective IgM antibodies may be useful in the treatment of atherosclerosis. For example, TLR7
stimulation has been shown to increase the number of MZ B cells and IgM production, leading to a
reduction in atherosclerotic changes in experimental models”. Monoclonal antibodies against BAFFR
selectively deplete atherogenic B2 cells, slowing the progression of atherosclerosis but not affecting other B

cell subtypes in hyperlipidemic ApoE” mice.
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Preclinical studies in mice have shown that depletion of B2 cells with antibodies against CD20 can reduce
the risk of atherosclerosis and complications of myocardial infarction without affecting protective IgM-
producing B1 cells”. Rituximab is a monoclonal antibody against CD20. The efficacy and safety of
rituximab have been confirmed in patients with myocardial infarction. Its effect on cardiac remodeling after
myocardial infarction is currently being studied (NCTo05211401)".

It is known that IgM, produced in response to the modification of biomolecules by reactive oxygen species,
plays an atheroprotective role””. In this regard, B cell engineering, a technology that can be used to
develop cell therapies, is of potential interest. This is a promising therapeutic strategy that could change the
situation and increase the production of atheroprotective IgM'”"\. B cells reprogrammed using CRISPR/Cas9
to produce pathogen-specific antibodies have been studied previously™. However, this strategy of
modifying B cells with atheroprotective IgM has not yet been implemented. Thus, the effects on immune
cells are of clinical interest and require further research.

PROBLEMS AND PROSPECTS OF OTHER DIRECTIONS FOR IMMUNOTHERAPY OF
ATHEROSCLEROSIS

Given the complexity of the processes occurring in the vascular wall in atherosclerosis and the fact that they
occur over many years, the treatment of atherosclerosis is a difficult task. Current research in the field of
immunotherapy for atherosclerosis focuses on many areas related to the mechanisms of both innate and
adaptive immunity [Figure 2].

Therapies targeting cytokines

Considering the success of anti-cytokine antibodies in a bunch of medical fields, cytokine-targeted therapy
is one of the top priorities in treating atherosclerosis. This is especially true since the treatment of certain
rheumatic diseases with these drugs has also led to positive results in patients with concomitant
atherosclerotic cardiovascular diseases.

Interleukin-1[3

Interleukin-1B (IL-1p) is a key proinflammatory cytokine that plays a central role in the initiation and
progression of atherosclerosis. It contributes to endothelial dysfunction, inflammation, and plaque
destabilization, making it a crucial therapeutic target® . IL-1p is mainly produced by macrophages,
endothelial cells, and vascular smooth muscle cells (VSMCs) via activation of the NLRP3 inflammasome
(e.g., by the action of oxidized LDL, cholesterol crystals, or metabolic stress)**. IL-1p has multiple effects
at all stages of atherosclerosis®**’. IL-1p promotes endothelial expression of adhesion molecules (VCAM-
1, ICAM-1), facilitating monocyte recruitment. It stimulates the release of chemokines (e.g., MCP-1),
enhancing leukocyte infiltration into the arterial wall. It also activates macrophages and VSMCs to produce
other cytokines (IL-6, TNF-a) and matrix metalloproteinases (MMPs) that promote plaque inflammation
and loosen the fibrotic plug.

IL-1B promotes foam cell formation by enhancing macrophage uptake of oxidized LDL through regulation
of scavenger receptors (e.g., CD36). In advanced stages of atherosclerosis, IL-18 is involved in plaque
destabilization. IL-1p induces MMPs (e.g., MMP-9) that degrade collagen in the fibrous cap, increasing the
risk of rupture. It also promotes apoptosis of VSMCs and endothelial cells, reducing plaque stability'***),

Given these and other data on the role of IL-1f in the pathogenesis of atherosclerosis, the therapeutic use of
inhibition of this cytokine has been suggested. The CANTOS study used canakinumab, a monoclonal
antibody targeting IL-1p. It was shown to reduce the incidence of recurrent cardiovascular events™.
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Figure 2. Potential targets for immunotherapy of atherosclerosis. IL1B: Interleukin beta; IL6: interleukin6; LDL: lowdensity lipoprotein;
LOX1: lectinlike oxidized lowdensity lipoprotein receptorl; M1: classically activated (proinflammatory) macrophages; M2: alternatively
activated (antiinflammatory) macrophages; oxLDL: oxidized lowdensity lipoprotein; SPM: specialized proresolving mediators; TNFa:
tumor necrosis factor alpha; vascular SMCs: vascular smooth muscle cells. Green arrows indicate potential therapeutic targets,
whereas red arrows indicate pathophysiological mechanisms involved in atherogenesis.

However, the increased risk of fatal infections due to immunosuppression offset the beneficial effects of
canakinumab.

Anakinra is a recombinant IL-1 receptor antagonist (IL-1Ra). IL-1 blockade with anakinra significantly
reduced the formation and progression of atherosclerotic plaques in the aortic arch in ApoE” mice fed an
atherogenic diet. Furthermore, anakinra suppressed the expression of inflammatory biomarkers such as IL-
6, MMP-9, and monocyte chemoattractant protein-1 (MCP-1) in human umbilical vein endothelial cells
(HUVECS), rat aortic smooth muscle cells (RAOSMC), and 3T3-L1 adipocytes, suggesting that anakinra
treatment may be a useful strategy to block inflammatory signals mediating the process of atherosclerosis
and systemic inflammation. Anakinra induced a significant dose-dependent decrease in MMP-9 mRNA
expression and also reduced the migration of rat aortic smooth muscle cells, which is a model of vascular
remodeling"”’. Anakinra reduced plaque size in the aortic arch (by 30.6% and 25.2% at doses of 25 and
50 mg/kg, respectively, P < 0.05) and serum triglyceride levels in ApoE” mice, and suppressed the
expression of inflammatory genes (IL-1B and IL-6) in HUVEC and RAOSMC (all P < 0.05). In rat aortic
smooth muscle cells, anakinra reduced MMP-9 expression in a dose-dependent manner and suppressed cell
migration”".

Gevokizumab is a monoclonal antibody targeting interleukin-1p (IL-1B). Studies in mouse models of
myocardial infarction and atherosclerosis demonstrate that Gevokizumab preserves left ventricular function
and reduces markers of atherosclerosis. Administration of gevokizumab reduced the size of myocardial
infarction. Immediate and late administration of gevokizumab improves left ventricular remodelling
associated with heart failure. Gevokizumab improves coronary vascular status in heart failure.
Additionally, single-dose Gevokizumab (1 mg/kg) enhances reendothelialization and reduces neointima
formation in rats following carotid artery injury.
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NLRP3 inflammasome inhibitors (e.g., MCC950, DFV890) suppress IL-1f production. MCC950, a potent
and selective NLRP3 inflammasome inhibitor, has shown efficacy in reducing inflammation and
atherosclerotic plaque formation in preclinical models. It inhibits the NLRP3/ASC/Caspase-1 axis, reducing
macrophage pyroptosis and IL-1B and IL-18 production”?. MCC950 has also been shown to prevent the
development of atherosclerosis by inhibiting inflammation and pyroptosis in macrophages*”. However, its
clinical use was suspended due to hepatotoxicity, leading to the development of new-generation
inhibitors"”. In an ongoing Phase IIa clinical trial (ClinicalTrials.gov NCT06097663), the efficacy, safety,
and tolerability of DFV890-another NLRP3 inhibitor-and MAS825, a bispecific monoclonal antibody

98,99]

targeting IL-1B/IL-18, are being assessed***.

Alternative approaches to NLRP3 inhibition are being explored. Emodin, an anthraquinone derived from
certain plants, was found to suppress atherosclerotic plaque development by reducing NLRP3/GSDMD-
driven inflammation through inhibition of the TLR4/MyD88/NF-«B signaling pathway in macrophages"*".
Emodin was shown to attenuate atherosclerotic lesions in apoE” mice fed a high-fat diet"®’. Tranilast acts as
a direct NLRP3 inhibitor, consequently suppressing NLRP3 inflammasome expression and activation within
atherosclerotic lesions"*". In experimental models, tranilast slowed atherosclerosis progression in low-

density lipoprotein receptor-deficient and apolipoprotein E-deficient mice!*..

As noted, colchicine, which is involved in reducing IL-18 production, has recently been included in clinical
guidelines for the management of chronic coronary syndromes"”. Studies have shown that colchicine at
low doses reduces the risk of cardiovascular and cerebrovascular events, as well as myocardial infarction,
stroke and the need for coronary revascularization in a wide range of patients with coronary heart disease
(CHD)"*. The LoDoCoz2 study investigated the use of low-dose colchicine to prevent cardiovascular events.
The results of the study showed that low-dose colchicine significantly reduced the incidence of
cardiovascular events, including myocardial infarction and stroke, compared to placebo!*>*”. In patients
with recent myocardial infarction, colchicine at a dose of 0.5 mg daily significantly reduced the risk of
ischemic cardiovascular events compared with placebo”..

Thus, IL-1B remains a cornerstone of the inflammation hypothesis in atherosclerosis and is a promising
target for therapy. It should be noted, however, that this cytokine is involved in many inflammatory diseases
and is also part of the normal immune response to infections. In this regard, the therapeutic possibilities of
long-term inhibition of IL-1p for the treatment of atherosclerosis are still limited.

Interleukin-6

Interleukin-6 (IL-6) plays a multifaceted role in the development of atherosclerosis, affecting both
inflammatory and metabolic pathways. IL-6 is produced by various cells involved in the development of
atherosclerosis, including smooth muscle and endothelial cells, monocytes, and T cells. IL-6 controls several
aspects of vascular and hematopoietic cell function during the chronic inflammatory process that leads to
atherogenesis'*”. IL-6 plays a key role in the inflammatory cascade by stimulating the production of acute
phase proteins such as C-reactive protein (CRP) and fibrinogen, which are involved in the pathogenesis of
atherosclerosis"™""”. High plasma IL-6 levels are associated with an increased risk of adverse cardiovascular
events, making it a biomarker of residual inflammatory risk in coronary heart disease. IL-6 affects various
pathophysiological processes including endothelial dysfunction, lipid metabolism, and plaque stability" "'\

IL-6 regulates extracellular matrix metabolism, increasing collagen degradation by activating MMPs, which
can lead to plaque instability and rupture!'.
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Some clinical trials have shown that lowering IL-6 levels can reduce cardiovascular events, suggesting that
targeting IL-6 may be an effective strategy to reduce residual inflammatory risk in atherosclerosis"'*"**. IL-6
receptor (IL-6R) blockade is considered a promising treatment for various cardiovascular diseases including
coronary heart disease and myocardial infarction.

Tocilizumab is a monoclonal antibody targeting the IL-6 receptor. Tocilizumab has shown promising
results in improving endothelial function and reducing arterial stiffness in patients with rheumatoid
arthritis, which may be useful in atherosclerosis™'”"'*. However, it increases total cholesterol and LDL levels,
which may have uncertain long-term effects"*.

Zevacizumab (ziltivekimab) is a human monoclonal narrow-spectrum antibody against IL-6 ligands.
Inhibition of IL-6 with ziltivekimab in patients at high risk for atherosclerosis (RESCUE) reduced levels of
biomarkers of inflammation and thrombosis associated with atherosclerosis"*”. The results of the RESCUE-
2 study support the possibility of using ziltivekimab for secondary prevention and treatment of patients at

high risk of atherosclerosis"*".

Tumor necrosis factor-alpha

Tumor necrosis factor-alpha (TNF-a) is a crucial proinflammatory cytokine that plays a significant role in
the development and progression of atherosclerosis"*”. It promotes vascular inflammation, endothelial
dysfunction, and macrophage foam cell formation, which are key steps in the development of
atherosclerotic plaques"”"*.. Studies in TNF-a-deficient mice demonstrated a significant reduction in
atherosclerotic lesion size, indicating TNF-a involvement in the formation and progression of
atherosclerotic plaques™**). TNF-a deficiency results in fewer advanced lesions and less intraplaque
necrosis, suggesting its role in lesion maturation"””. TNF-a induces endothelial cell apoptosis, thereby
promoting endothelial dysfunction, a key early step in atherogenesis"*”. This dysfunction facilitates the
adhesion and infiltration of inflammatory cells into the vascular wall"**. TNF-a stimulates macrophages to
produce more inflammatory mediators, amplifying the inflammatory response and promoting foam cell
formation"”"*". Foam cells play a key role in the development of fatty streaks, the initial stage of
atherosclerosis. TNF-a increases the expression of adhesion molecules such as intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) on endothelial cells, which are
essential for attracting leukocytes to the focus of inflammation"*".

In this regard, TNF blockade with monoclonal antibodies is a promising therapeutic target. Patients with
psoriatic arthritis taking TNF-a inhibitors were less likely to have plaques in carotid arteries compared with
patients taking conventional anti-rheumatic drugs (15.8% and 40.4% of patients, respectively)"*". In another
study, patients with severe psoriasis taking biologic drugs (most patients (> 80%) received TNF-a inhibitors)
had age- and sex-adjusted risk ratios (HR) of 0.28 (95%CI: 0.12-0.64) compared with other treatments in the
control group'*”.,

Patients with rheumatoid arthritis taking TNF-a blockers had a lower risk of cardiovascular events [0.46
(95%CI: 0.25-0.85, P = 0.013)] compared with untreated patients"*”. In a study including 10,156 patients
with rheumatoid arthritis, 4,684 of whom were receiving TNF-q inhibitors, the risk of the primary
combined cardiovascular endpoint was lower (OR 0.39, 95%CI: 0.19 to 0.82) in those receiving TNF-a
inhibitors compared with those taking non-biologic agents"**.

Soluble TNF receptors, including soluble TNFRII (sTNFRII), participate in modulating the inflammatory
response!””. sSTNFRII can enhance inflammation by preventing the degradation and clearance of TNF-a,
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thereby prolonging its activity. Consequently, sSTNFRII may exacerbate inflammatory responses and
promote atherosclerosis development***. The peptide vaccine (AtheroVax™) targets a specific splicing
variant of sSTNFRII [sTNFRII(A7)], which is associated with prolonged TNFu activity and inflammation. By
targeting this variant, the vaccine aims to reduce the inflammatory response without affecting the beneficial
membrane-bound TNFRII"*. In mouse models, the sTNFRII-targeting peptide vaccine demonstrated
potential to reduce inflammation and stabilize atherosclerotic plaques, suggesting it may be an effective

therapeutic strategy for treating atherosclerosis'*.

Thus, TNF-a represents a promising target for pharmacotherapy of atherosclerosis. It should be noted that
TNF-a plays a multifaceted role in inflammation and its long-term inhibition should be evaluated in future
studies.

Interleukin-2

Interleukin-2 (IL-2) is a proinflammatory cytokine that plays an important role in the development and
progression of atherosclerosis. IL-2 is mainly produced by activated T cells and is crucial for the
proliferation and activation of these cells"*”. In atherosclerosis, IL-2 promotes the activation of T helper
cells (Th1), which produce other proinflammatory cytokines such as IFN-y and tumor necrosis factor-
(TNF-B)"*. This activation leads to an enhanced inflammatory response in atherosclerotic plaques*'.
Elevated serum IL-2 levels have been observed in patients with CHD. Moreover, higher IL-2 levels correlate
with disease severity, indicating its role in disease progression"*'*), Targeting IL-2 signalling pathways
could be a potential therapeutic strategy for atherosclerosis. Modulation of IL-2 activity may help to reduce
inflammation and slow disease progression"**'*). IL-2 plays a crucial role in immune homeostasis by
determining the balance between T effectors (Teffs) and regulatory T cells (Tregs)"**'*’.. IL-2/anti-1L-2
monoclonal antibody complexes have been shown to increase the number of Treg and reduce the size of
atherosclerotic lesions, which makes them a promising tool for immunomodulation in the treatment of
atherosclerosis"**'*.

139

Low-dose IL-2 therapy is a novel approach in immunotherapy for the treatment of a wide range of
autoimmune and inflammatory diseases"*”. It has been shown that low doses of IL-2 can selectively increase
the number of anti-inflammatory regulatory T cells (Treg)"*). The LILACS (Low Dose Interleukin-2 in
Patients with Stable Coronary Heart Disease and Acute Coronary Syndromes) study primarily investigated
the safety and biological efficacy of low-dose IL-2 in patients with CHD and acute coronary syndromes
(ACS)"#* The LILACS study established the safety of low-dose IL-2 and its biological efficacy in CHD.
The IVORY study (NCTo04241601) is designed to evaluate the effects of low-dose IL-2 on vascular
inflammation in patients with ACS'"”. Its results have not yet been published. Thus, IL-2 is a promising
target for immunotherapy of atherosclerosis and requires new studies.

Immunotherapy targeting lipid metabolism

Given the leading role of dyslipidemia in atherogenesis, various links in lipid metabolism are promising
targets for treatment, such as mechanisms related to LDL metabolism. It is important to note that lipids are
a chemically diverse group of substances and have various biological functions. Lipid mediators are involved
in the activation, maintenance, and resolution of inflammation. The role of leukotrienes, thromboxane, and
various prostaglandins in these processes is well known"*"***/. In recent years, there has been a significant
increase in therapeutic interest in specialized pro-resolving mediators, which are derivatives of
polyunsaturated fatty acids and include such classes of lipid mediators as Lipoxins, Resolvins (classes E and
D), Maresins, and Protectins. They have powerful pro-resolving and anti-inflammatory effects, making
them of great clinical interest in various inflammatory diseases, including atherosclerosis"****"),

Immunotherapy targeting lipoprotein metabolism
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PCSKo9 inhibitors

PCSKo inhibitors are a new class of drugs designed to lower LDL cholesterol. Proprotein convertase
subtilisin/kexin type 9 (PCSK9) is an enzyme that disrupts LDL receptors (LDLR) in the liver, reducing the
removal of LDL from the bloodstream"****), PCSK9 has also been shown to be involved in the production
of proinflammatory cytokines in macrophages, to regulate TLR4 expression and NF-«B activation, and to be
involved in the regulation of apoptosis and autophagy"®’. PCSK9 inhibitors prevent LDL receptor
degradation, thereby increasing the number of receptors available for LDL removal. This leads to a

significant reduction in LDL levels"***’.

PCSK9 inhibitors have been studied as adjunctive therapy to statins or as monotherapy in high-risk
cardiovascular patients"”. They have shown promising results in reducing the incidence of serious
cardiovascular events, making them a potential therapy for high-risk patients, including those with familial
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hypercholesterolemia and those who cannot tolerate statins"*.

The PCSK9 inhibitors evolocumab and alirocumab are monoclonal antibodies to PCSK9. Evolocumab and
alirocumab have been shown to reduce LDL-C levels by approximately 50%-60% when used as
monotherapy or in combination with other lipid-lowering drugs*>'*”. Evolocumab significantly reduces
LDL cholesterol levels. Studies have shown a reduction in levels of up to 58.5% when combined with
statins"*>'**). This reduction in LDL levels is associated with a reduction in atheroma volume in the coronary
arteries, indicating regression of atherosclerotic plaques"**). In patients with peripheral arterial disease,
everolocumab in combination with statins reduced arterial stenosis and claudication, improving overall
patient outcomes'*>'*®. In addition, PCSK9 inhibitors were found to significantly reduce lipoprotein (a)
levels, which may be beneficial for patients with elevated lipoprotein (a) levels. In the FOURIER study, the
use of Evolocumab resulted in a 59% reduction in LDL cholesterol levels, which corresponded to a 15%-20%
reduction in the incidence of major cardiovascular events. In the SPIRE-2 study, there was a 21% reduction
in the risk of the primary composite endpoint with the use of Bococizumab, another PCSK9 inhibitor,
although the study was terminated early. In the ODYSSEY Outcomes study, LDL cholesterol levels
decreased by 57% with Alirocumab. There was also a 15% reduction in the incidence of adverse events*.

Combining monoclonal antibodies with other lipid-lowering drugs such as statins has shown increased
efficacy in slowing the progression of atherosclerosis and improving plaque stability. Triple treatment with
alirocumab, evinacumab, and atorvastatin reduced lesion size from baseline in the thoracic aorta by 50%
and in the aortic orifice by 36% (both P < 0.05 compared with baseline), reduced macrophage accumulation
by decreasing their proliferation, and reduced lesion severity"*”. In addition to regulating LDL metabolism,
PCSKOo inhibitors have been shown to modulate inflammation. In patients taking PCSK9 inhibitors, carotid
artery plaques contain less inflammatory proteins NLRP3 and caspase-1, as well as reduced levels of IL-18,
TNF-a, and NF-xB".

Thus, monoclonal antibodies against PCSK9 are a promising class of drugs for the treatment of
atherosclerosis. It should be noted that in addition to antibodies, small interfering RNAs (siRNAs) targeting
PCSK9 iRNAs (the drug Inclisiran) are also of interest as other PCSK9 inhibitors"*”"., Antisense
oligonucleotides (ASO) that reduce PCSK9 expression are also being studied"”>'””. However, a detailed
description of this class of drugs is beyond the scope of the current review. Thus, PCSK9 inhibitors
represent a significant breakthrough in lipid-lowering therapy by providing significant reductions in LDL
cholesterol levels.
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Cholesterol ester transfer protein

Cholesterol transport disorders play an important role in atherogenesis. In this regard, studies on the
inhibition of cholesterol ester transfer protein (CETP), which transfers cholesterol from HDL to the
atherogenic LDL fraction, are of interest"”*. Inhibition of CETP results in an increase in HDL cholesterol
concentration and a decrease in LDL cholesterol concentration. Despite the potential benefit of such
inhibition in rabbits, the ILLUMINATE clinical trial showed increased mortality with the CETP inhibitor
torcetrapib"”, which may be related to the role of CETP in the innate immune system and involvement in
LPS removal and the impairment of this function when CETP is inhibited"”. The ILLUMINATE clinical
trial was prematurely terminated due to other unexpected pharmacological effects of torcetrapib, which
resulted in an increased risk of cardiovascular events and death"””.

Angiopoietin-like protein 3

Angiopoietin-like protein 3 (ANGPTL3) is a liver-derived protein that plays an important role in lipid
metabolism by inhibiting lipoprotein lipase and endothelial lipase, resulting in increased plasma triglyceride
and LDL cholesterol levels”"*!, Studies have shown a positive correlation between plasma ANGPTL3 levels
and carotid artery intima-media thickness (CA-IMT) and femoral artery intima-media thickness (FA-IMT)
in healthy subjects, indicating that high ANGPTL3 levels are associated with increased arterial wall
thickness, which is a marker of atherosclerosis"*"!. ANGPTLS is also involved in endothelial dysfunction and
inflammation, which are key processes in the development of atherosclerosis'*..

ANGPTL3 also has pro-angiogenic properties that are important for recovery after myocardial infarction
(MI) by stimulating endothelial progenitor cell (EPC) function and angiogenesis"*’. This dual role suggests
that although inhibition of ANGPTL3 may reduce lipid levels and the risk of atherosclerosis, patients with
CHD should be careful not to impair angiogenesis and recovery from myocardial infarction"*".

Targeting ANGPTL3 with monoclonal antibodies, antisense oligonucleotides or RNA interference
techniques has shown promising results in reducing plasma triglyceride and LDL cholesterol levels,
potentially offering a new strategy for the treatment of atherogenic dyslipidaemia”*'"****l. Early clinical trials
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have demonstrated the safety and efficacy of these inhibitors in significantly lowering lipid levels"”***).

Thus, ANGPTL3 plays a multifaceted role in lipid metabolism, inflammation, and endothelial function,
making it an important factor in the development of atherosclerosis and its potential treatment. Although
ANGPTL3 inhibition is a promising means of reducing atherogenic lipids, its pro-angiogenic properties
require a balanced approach to therapeutic application, especially in patients with CHD!"7#'#"1,

Lectin-like oxidized low-density lipoprotein (LDL) receptor-1

LOX-1 is a transmembrane glycoprotein that serves as a receptor for oxidized LDL and is involved in
endothelial dysfunction, monocyte adhesion, smooth muscle cell proliferation, foam cell formation,
inflammation, and plaque instability"*'¥”. LOX-1 is also involved in the activation of NF-xB, which induces
the expression of IL-6, thereby promoting the progression of atherosclerosis"*®. LOX-1 binds and uptakes
oxidized LDL, leading to endothelial dysfunction, smooth muscle cell proliferation, and foam cell
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formatio I.LOX-1 is involved in various proatherogenic processes, including endothelial activation,

monocyte adhesion, and apoptosis!***..

Exposure to LOX-1 is anticipated using a DNA vaccine. The vaccine is designed to produce an immune
response against the LOX-1 protein, potentially preventing atherosclerosis"*”. LOX-1 vaccination may slow
the development of atherosclerosis by reducing foam cell formation, reducing aortic wall thickness, and
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modulating inflammation"*?. The LOX-1 vaccine may potentially slow the progression of atherosclerosis by
reducing NF-«B activation, increasing endothelial nitric-oxide synthase (eNOS) expression, and attenuating
the development of atherosclerotic plaques in a rat study"*’. However, further studies are needed to assess
the efficacy of the vaccine, its safety and potential for clinical use in the prevention of atherosclerosis.

Oxidized LDL

Oxidized LDL causes damage to vascular endothelial cells, leading to endothelial dysfunction, which is a
critical early event in atherosclerosis>'*". Oxidized LDL is taken up by macrophages, which is one of the
mechanisms of foam cell formation. The foam cells accumulate in arterial walls, contributing to plaque
formation"*"*¥. In addition, oxidized LDL stimulates the recruitment and proliferation of SMCs in the
arterial intima, promoting plaque stability and growth"****.

Vaccines targeting oxidized LDL aim to modulate the immune system's response to these lipoproteins.
These vaccines are designed to produce protective antibodies that promote the elimination of oxLDL and
antigen-specific regulatory T cells that counteract the Th1 autoimmune response against oxLDL*",
Studies have shown that immunization with oxLDL induces antibody formation (both IgG and IgM) and
protects against the development of atherosclerosis®***”. Immunization with oxLDL has been shown to
induce the production of protective antibodies and reduce the risk of atherosclerosis in animal
models***), Specifically, Tregs activated through the induction of oral tolerance to oxidized LDL can
counteract oxLDL-specific T cells, thereby reducing plaque formation*****”,

Thus, vaccines targeting oxidized LDL represent a promising strategy to modulate the immune response in
atherosclerosis. Although animal studies have shown a protective effect, further studies are needed to
optimize vaccine formulations, ensure specificity, and evaluate long-term safety and efficacy in humans.

Therapies targeting inflammatory mediators

Specialized pro-resolving mediators

As already mentioned, polyunsaturated fatty acids (PUFAs) serve as substrates for the formation of various
proinflammatory and anti-inflammatory lipid mediators. Specialized pro-resolving mediators (SPMs) are a
group of substances derived from PUFAs that play an important role in resolving inflammation and
restoring tissue homeostasis. These mediators are divided into several classes depending on their
biosynthetic origin and functions®”.

Lipoxins (LXs) are a class of biologically active lipid mediators derived from arachidonic acid. Lipoxin A4
(LXA4) is known for its powerful anti-inflammatory, pro-resolving, and anti-atherogenic properties. LXA4
helps protect the endothelium and reduces leukocyte adhesion by inhibiting the expression of VCAM-1,
ICAM-1, and E-selectin on the endothelium. In addition, lipoxins block leukocyte adhesion and their
transmigration into the vascular intima, and also participate in the control of inflammation by promoting
the transition of macrophages from a proinflammatory (M1) phenotype to an anti-inflammatory/pro-
resolving (M2) phenotype”"
atherosclerosis”'>**. However, they are chemically unstable, so work is underway to search for their
synthetic analogs™"*
receptor are being developed, which are not necessarily structural analogues of lipoxins.

| In this regard, lipoxins are considered a potential target for the treatment of
|, Since lipoxins act primarily through the ALX/FPR2 receptor, specific agonists of this
E-series resolvins and D-series resolvins (RvD) are families of anti-inflammatory and anti-inflammatory

lipid mediators derived from eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), respectively.
Resolvin is a large group of substances. Resolvin E series includes four representatives (RvE1-RvE4) and
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their epimer analogues formed by aspirin. Among the resolvin D series, six representatives are known
(RvD1-RvDs). Resolvin has numerous anti-inflammatory effects. They participate in the control of
neutrophils, limiting chemotaxis, adhesion, and transendothelial migration of neutrophils to the site of
inflammation, and also promote apoptosis of dying neutrophils”'****). Experimental studies suggest the
ability of Resolvins and their synthetic analogs to reduce the adverse effects of ischemia and decrease the
size of myocardial infarction”!. Given these and other data, Resolvins and their synthetic analogues may be
used as potentially useful agents in the treatment of atherosclerotic lesions*'******!),

Docosahexaenoic acid is a substrate for the formation of another class of SPMs, such as Maresins. Several
representatives of this class are known: MaR1, MaR2, MaR1-d5, MaR2-ds, MCTR1, MCTR2, and MCTR3.
Maresins are produced mainly by macrophages and are powerful factors that resolve inflammation with a
wide range of biological actions. Maresins act through several different mechanisms and are interesting
subjects for research”™. However, to date, all studies on the use of Maresins for the treatment of
atherosclerosis are at the preclinical stage. Omega-3 docosahexaenoic acid (DHA) is a substrate for the
formation of Protectin, one of the classes of pro-resolving lipid mediators. Protectin D1 (PD1) is formed
with the participation of various cells and plays an important role in actively stopping inflammation,
protecting tissues, and restoring homeostasis. Due to their unique ability to actively eliminate inflammation,
protect vascular wall cells, and stabilize atherosclerotic plaques, Protectins are promising candidates for a
.. Despite the promising results of preclinical
studies of SPM analogues, these drugs are not yet used in the treatment of atherosclerosis due to the
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new class of therapeutic agents against atherosclerosi

complexity of their biosynthesis and the difficulty of targeted delivery to the site of atherosclerotic lesions.

Vaccination strategies

In this context, numerous experimental studies have contributed to the understanding of vaccine
development by exploring different routes of exposure. Key strategies include passive immunization using
natural immunoglobulin G (IgG) antibodies and active immunization targeting LDL cholesterol and
apolipoproteins such as apolipoprotein B100 (ApoB100) and apolipoprotein CIII (ApoCIII). Other
approaches include vaccines targeting proteins that regulate lipoprotein metabolism, including PCSKo9,
CETP, and ANGPTL3". Two AFFITOPE® peptide vaccines have been proposed for the treatment of
hypercholesterolemia by producing PCSK9-specific antibodies, of which AT04A has demonstrated
significant activity in lowering LDL levels**. Another experimental trend involves vaccination using
dendritic cells stimulated with oxLDL. Transfer of oxLDL-induced mature dendritic cells (mDCs) to LDL
receptor-deficient mice resulted in a significant reduction in the size of atherosclerotic plaques and an
increase in their stability. In addition, vaccination led to the induction of oxLDL-specific T cells with a
reduced Th1 profile and increased levels of oxLDL-specific IgG, which contributed to a reduction in foam
cell formation®. Immunotherapeutic strategies based on dendritic cells, including vaccines and innovative
combinations with nanotechnology-based drug delivery platforms, are promising for the treatment of
atherosclerosis**. For example, IL-37-treated dendritic cells have been shown to be a novel therapeutic
agent for the treatment of acute coronary syndrome (ACS)"**"\.

Studies of passive immunization in atherosclerosis
Passive immunization involves the administration of ready-made antibodies to provide immediate
protection or therapeutic effect. Studies have shown that recombinant human IgG1 antibodies against
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specific epitopes of oxLDL can significantly reduce atherosclerotic lesions and inflammation in mice

The GLACIER study investigated immunotherapy using injectable immunoglobulins. The aim of the study
was to evaluate the efficacy of an injectable human recombinant monoclonal IgG1 antibody (MLDL1278A)
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against oxidized LDL-C (ApoB epitope) in patients with stable plaques in the carotid artery or aorta®**. It
was assumed that this antibody could attenuate inflammation in atherosclerosis by forming immune
complexes with oxLDL and thereby prevent the activation of inflammatory macrophages in plaques.
However, the study showed a lack of efficacy, which could be due to several methodological limitations'”.
Passive immunization with natural IgM antibodies specific for hypochlorite-oxLDL (HOCl-0xLDL) has
been shown to reduce plaque volume and cholesterol levels in LDL receptor-deficient mice™. Passive
immunization with natural IgG antibodies to ox-LDL-C shows promising results in the control of
atherosclerosis by targeting specific epitopes of ox-LDL. IgG and IgM antibodies have shown potential in
preclinical studies, which emphasizes the therapeutic potential of immunomodulation in cardiovascular
disease'*.

Phosphorylcholine is one of the major epitopes of oxLDL, playing a central role in the development of
atherosclerosis due to its atherogenic and proinflammatory properties. ATH3G10 is a fully human IgG1
monoclonal antibody designed to target phosphorylcholine®”*®. ATH3G10 treatment has been shown to
reduce vascular inflammation by reducing the expression of endoplasmic reticulum stress markers and
CCL2 production, which play a key role in the inflammatory process in atherosclerosis®®. The antibody
inhibits the uptake of oxidized LDL by macrophages, thereby reducing foam cell formation and subsequent
plaque development™®. Thus, this direction of immunotherapy still needs further experimental and clinical
studies.

Vaccines targeting apolipoprotein B-100

Apo-B-100 is a major LDL protein that plays an important role in the development of atherosclerosis.
Vaccines targeting ApoB-100 aim to modulate the immune response, thereby reducing inflammation and
atherosclerotic plaque formation. This is achieved through the induction of regulatory T cells (Treg) and
specific antibodies that attenuate the autoimmune response®>*'. Immunization with ApoB-100 peptides
has been shown to significantly reduce the risk of atherosclerotic plaque development in various animal
models. For example, vaccination with p210-CTB resulted in a 35% reduction in aortic lesion size, while
other studies have reported a 66% reduction®*!, These vaccines not only reduce plaque size, but also
modulate the immune system by increasing the production of protective antibodies and regulatory T cells
that help inhibit proinflammatory responses associated with atherosclerosis?**?. Despite promising
preclinical results, translating these discoveries into safe and effective therapies for humans remains a
challenge. Issues such as long-term safety, optimal dosing, and potential side effects need to be
addressed"”***,

Costimulatory blockade in the treatment of atherosclerosis

The development of an immune response begins with the recognition, via the T cell receptor (TCR), of an
antigenic peptide within the major histocompatibility complex (MHC). However, antigen recognition is
necessary but not sufficient for T lymphocyte activation. The involvement of costimulatory molecules is
necessary for cell activation. The best known costimulatory system is signal transduction via the CD28
molecule on the T lymphocyte surface as a result of its interaction with ligands B7-1 (CD80) and B7-2
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(CDs86) on the surface of the antigen-presenting cell***..

Costimulatory molecules play an important role in the pathogenesis of atherosclerosis by modulating
immune responses. These molecules, members of the tumor necrosis factor receptor (TNFR) and CD28
immunoglobulin superfamily, influence T and B cell responses and the behavior of antigen-presenting and
non-immune cells. Inhibition of the CD30-CD30L pathway reduces atherosclerotic plaque formation by
modulating T cell responses. In particular, treatment of mice with antibodies against CD30L resulted in a
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35% reduction in atherosclerotic plaques and a significant decrease in the number of T cells***.. CD137 and
its ligand CD137L are involved in atherogenesis. CD137 activation increases inflammation, T cell
infiltration, and expression of proinflammatory cytokines, contributing to the progression of
atherosclerosis'*****".

The CD40-CD40L dyad plays a key role in the inflammatory response in atherosclerosis. It regulates the
interaction between immune cells, as well as between immune and non-immune cells, which makes it a
potential therapeutic target”*. Disruption of CD40-CD40L interaction can reduce the manifestations of
atherosclerosis but may lead to immune suppression. However, selective inhibition with TRAF-STOPs,
which block the CD40-TRAFs interaction while preserving other CD40-mediated immune functions, has
shown promising results in reducing the manifestations of atherosclerosis without compromising overall
immunity™*.

Increased expression of CTLA-4 (cytotoxic T lymphocyte-associated protein 4; CD152), a negative
regulatory molecule, reduces atherosclerotic plaque formation and decreases the accumulation of
macrophages and CD4+ T cells in plaques. This suggests that CTLA-4 suppresses proatherogenic immune
responses”™”.

The costimulatory molecule B7-1 has been identified as an important factor affecting atherosclerotic
inflammation. Inhibition of B7-1 with RhuDex® has been shown to reduce T cell activation and
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inflammation in atherosclerotic plaques!

TRAF-STOPs are small-molecule inhibitors that have demonstrated efficacy against atherosclerosis by
acting on macrophages and reducing the influx of inflammatory monocytes. This approach has been shown
to halt plaque progression and promote plaque stability in mouse models”*.

Costimulation blockade offers a novel and targeted approach to treat atherosclerosis by modulating
immune responses. Despite promising results, this method requires careful study of potential side effects
and a balanced approach to immunomodulation. Future studies and clinical trials will be crucial to
optimizing these therapies for safe and effective use in patients with atherosclerosis.

CONCLUSION

The data accumulated to date suggest that atherosclerosis is the result of a disruption in the complex
relationships between metabolic and immune mechanisms. Cells of the innate and adaptive immune
systems are involved in the development of atherosclerosis. In this regard, a promising strategy is to target
the immune mechanisms underlying atherosclerosis. Currently, many strategies for immunotherapy of
atherosclerosis are being developed, targeting cellular and humoral mechanisms. The genetic basis of these
disorders is of interest, as it is important for the diagnosis of risk groups*****. In addition, there is growing
interest in the regulation of epigenetic mechanisms using microRNAs"”***,

Despite significant progress in the study of the immunology of atherosclerosis, the therapeutic potential of
this knowledge remains underutilized [Figure 3]. Currently, only a few groups of drugs are used in the
immunotherapy of atherosclerosis. This is due to the fact that inflammation in the vascular wall in
atherosclerosis is low-intensity and lasts for many years. In addition, atherogenic immune mechanisms are
most often universal for inflammation regardless of its location, as a result of which blocking inflammation
in the vascular wall leads to similar disturbances of inflammation in other organs, which can lead to a
disruption of normal immunity and response to infection. Many promising anti-inflammatory drugs,
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Figure 3. Schematic representation of immunotherapy approaches to atherosclerosis. green indicates approaches currently used to
treat atherosclerosis, blue indicates treatments for other diseases that have a positive effect on atherosclerosis, promising
immunotherapy approaches that have demonstrated efficacy in preclinical studies are marked in orange, and approaches that have not
demonstrated safe and effective action are marked in red. ANGPTL3: Angiopoietin-like protein 3; CETP: cholesteryl ester transfer
protein; LOX1: lectinlike oxidized lowdensity lipoprotein receptorl; PCSK9: proprotein convertase subtilisin/kexin type 9; SPMs:
specialized proresolving mediators. Red arrows indicate potential therapeutic interventions.

although effective in preclinical models, have failed to demonstrate safety in clinical settings because they
disrupt the normal immune response, leading to the risk of infectious complications such as pneumonia. In
this regard, new methods of delivering anti-inflammatory agents to the site of inflammation are being
developed that do not disrupt the normal protective mechanisms of the body as a whole. It is possible that
new methods of delivering these agents will be able to solve their safety issues.

On the other hand, there is growing evidence that some drugs whose main action is not related to immunity
also have an immunomodulatory effect. Aspirin, a drug widely used in cardiology, has the important ability
to acetylate platelet cyclooxygenase (COX)-1, blocking the formation of thromboxane A2 (TXAz2) and
platelet aggregation, but it can also acetylate COX-2 in endothelial cells, leukocytes, and other inflammatory
cells. Acetylated COX-2 acquires a new enzymatic activity - it converts arachidonic acid not into PGG2, but
into 15(R)-hydroxyeicosatetraenoic acid (15 (R)-HETE) with the subsequent formation of 15-epi-lipoxin A4
(known as aspirin-triggered (AT) lipoxin A4 (ATL)). Aspirin also promotes the formation of the “aspirin-
triggered” 18(R)-form of Resolvins E from eicosapentaenoic acid and D-series Resolvins from
docosahexaenoic acid. Aspirin-triggered specialized pro-resolving mediators (AT-SPMs) act like other
SPMs by inhibiting NF-«B activation, the production of proinflammatory cytokines (TNF-o, IL-1p, IL-6),
chemokines, and the expression of adhesive molecules"””*”>*. Thus, aspirin is an important anti-
inflammatory drug that modulates the activity of inflammation in the vascular wall.

Statins, a widely used group of drugs that have become a reliable part of the therapeutic arsenal for treating
atherosclerosis, have a diverse effect on the immune system. By regulating cholesterol biosynthesis, statins
influence cellular cholesterol levels, which are critical for macrophage function. Cholesterol is an essential
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component of the plasma membrane, contributing to its biophysical properties and serving as a platform for
transmembrane proteins that perform important transport and receptor functions. The cholesterol content
of plasma membranes determines the stability of lipid rafts, which serve as platforms for the placement of

membrane proteins®®”

|. The TLR4 receptor, which is actively involved in the mechanisms of the innate
immune system in macrophages, is localized in lipid rafts, and its activity depends on the cholesterol
content in them"". In addition, statins have been shown to prevent NLRP3 inflammasome activation
through various mechanisms®****. Another anti-inflammatory mechanism of statins is their involvement in
the production of specialized pro-resolving mediators. Statins induce the same metabolic switching of COX-
2 as aspirin, which promotes the production of epimeric forms of lipoxins***”. In this regard, the use of
statins in the treatment of atherosclerosis has several goals, including the modulation of immune
mechanisms. Thus, immunotherapy of atherosclerosis represents a promising strategy. In this regard, the

study of immune mechanisms involved in atherogenesis represents diagnostic and therapeutic prospects.
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