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Abstract

This study focuses on atherosclerosis, a prominent cause of cardiovascular disease (CVD). Atherosclerosis is a
chronic inflammatory disorder characterised by immunological competent cells in lesions that primarily generate pro-
inflammatory cytokines. The presence of dead cells and oxidised versions of low density lipoproteins (oxLDL ) is significant
in this syndrome. The rupture of atherosclerotic plaques is the main cause of CVD. At larger concentrations, oxLDL
has features that promote inflammation and immunological activation, causing cell death. It also includes inflammatory
phospholipids, notably phosphorylcholine (PC), which is an intriguing epitope. Antibodies that target PC (anti-PC) may
have atheroprotective benefits, possibly due to their anti-inflammatory qualities. While the participation of bacteria
and viruses in atherosclerosis has been discussed, direct proof has been difficult to come by, and antibiotic studies
have failed. Heat shock proteins have the potential to be targets for atherogenic immune responses. Pro-inflammatory
cytokines, chemokines, and lipid mediators are other contributors in plaque rupture. To establish inflammation as a
cause of atherosclerosis and CVD, clinical trials using anti-inflammatory and immune-modulatory therapy are required.
This review investigates the possible origins of immunological responses and inflammation in atherosclerosis, as well
as therapeutic techniques that target inflammation for innovative CVD therapies.
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Background

Atherosclerosis, the leading cause of cardiovascular disease
(CVD), which includes disorders such as myocardial infarction,
heart failure, stroke, and claudication, arises mostly in the intima of
medium-sized and large arteries, particularly near arterial division
sites. This localisation may be altered by blood flow dynamics, since
regions exposed to normal shear stress have protective properties,
with endothelial cells expressing anti-atherosclerosis genes [1].
Furthermore, adventitia, which is characterised by lymphocyte
infiltrates, may have a role in the development of atherosclerosis
[2]. Atherosclerotic lesion and offers an outline of the potential
mechanisms that lead to inflammation and immunological responses
inside it (Figure 1). The activation of endothelium in the early stages
of atherosclerosis is marked by the expression of adhesion molecules,
which allows mononuclear leukocytes such as monocytes, T-cells, and,
to a lesser extent, dendritic cells, mast cells, neutrophils, and B-cells
to adhere to and infiltrate the intima. Smooth muscle cells (SMC) in
lesions phenotypically convert into synthetic SMC and move from
the media towards the intima. The number of immunological capable
cells in lesions, which produce cytokines, particularly proinflammatory
cytokines, supports the inflammatory character of atherosclerosis [3].

The significance of immunity in atherosclerosis, specifically
the participation of activated T-cells and B-cells, is poorly known,
particularly in humans. Emerging evidence shows, however, that
immunological variables contribute to inflammation in humans and
that immune regulation can impact atherosclerosis in animal models,
notably mice [4]. As a result, discussing inflammation and immunity
in the context of atherosclerosis is critical. While atherosclerosis can
induce decreased blood flow owing to stenosis, which can contribute
to CVD, the predominant mechanism is atherothrombosis, which
happens when plaques are destroyed. When a plaque ruptures, it
exposes prothrombotic material to the coagulation system, resulting

in decreased blood flow and the development of CVD. Hypertension,
smoking, diabetes, and dyslipidemia are major modifiable risk factors
for atherosclerosis (and CVD), with age and male sex also playing
important roles [4]. This study focuses on the probable direct causes
of inflammation and immunological reactivity in atherogenesis and
plaque problems, taking both genetic and epigenetic variables into
account. Oxidised low-density lipoprotein (LDL) and associated
chemicals are early contributors to atherosclerosis. During the early
stages of atherosclerosis, LDL penetrates the intima and attaches to
the proteoglycan matrix, where it is further modified by oxidation
or enzymatic activities to generate oxidised LDL (0oxLDL). Even in
advanced stages, oxXLDL and similar chemicals are abundant in lesions
[5,6]. OxLDL is immunogenic, activating endothelial cells, monocytes/
macrophages, and T cells [7-9]. Higher oxLDL concentrations are
hazardous and can cause cell death inside lesions. Enzymatically
modified LDL, promoted by phospholipase 2 (PLA2) production in
both normal and atherosclerotic lesions, may play a substantial role
and can activate dendritic cells [10,11]. Inflammatory phospholipids
seen in atherosclerotic lesions, such as lysophosphatidylcholine (LPC),
imitate the proinflammatory and immune-stimulatory properties
of oxLDL [12,13]. These phospholipids, which include LPC, have
phosphorylcholine (PC) as a critical epitope that allows them to
interact with the platelet activating factor (PAF)-receptor, which is
one of the methods through which oxLDL exerts its effects [14,15].
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Figure 1: Schematic illustration of an atherosclerotic plaque, with plaque rupture as
a complication. Potential underlying causes of inflammation and immune reactions
are depicted. lllustration by Gunilla Elam.

Interaction with Toll-like receptors and scavenger receptors is involved
in other pathways [16,17]. Aside from oxidised and/or enzymatically
changed phospholipids, there are numerous other probable reasons
of oxidised LDL (oxLDL)’s pro-atherogenic and pro-inflammatory
actions. Epitopes revealed during LDL modification and/or oxidation
have been postulated to constitute a conserved evolutionary system
of danger-associated molecular patterns (DAMP), comparable to
pathogen-associated molecular patterns (PAMP). Malondialdehyde
(MDA), which is formed during the oxidation of LDL, is an example
of a DAMP, along with phospholipid (PL)-related epitopes like PC.
Adducts of MDA develop on proteins, peptides, carbohydrates, and
DNA. Modified and oxidised versions of apoB and cholesterol may
potentially play a role, however the particular processes involving
these molecules are not as well-known as those involving PC-exposing
epitopes. While epidemiological studies show a strong association
between smoking and atherosclerosis and CVD [18,19], the particular
mechanisms by which smoking causes artery inflammation remain
unknown. Increased lipid oxidation is one intriguing explanation, as
smoking has been linked to higher amounts of oxidised lipids [20].
Smoking enhances the formation of atherosclerotic lesions in animal
models studied for the link between smoking and atherosclerosis [21-
23], with oxidative stress being one suggested underlying mechanism
[24]. Clinical research has revealed evidence that inflammatory
phospholipids have a role in atherosclerosis. In diseases linked with
increased atherosclerosis, such as hypertension and systemic lupus
erythematosus (SLE), we have shown an increase in PC-exposing
LDL [25]. Diabetes-related oxidative stress can potentially contribute
to atherogenesis by increasing LDL oxidation [26]. Another possible
factor contributing to atherosclerosis (and CVD) in diabetes is the
production of advanced glycation end products (AGEs), which have
proinflammatory and potentially atherogenic features.

Dead cells

The involvement of cell death in atherosclerosis and plaque rupture
is complicated and likely changes based on the stage of the illness as
well as the kind of cell death involved, such as apoptosis or necrosis. It
is possible that a lack of apoptotic cell clearance, resulting in necrosis,

might contribute to inflammation. Dying cells can stimulate the
innate immune system and initiate an inflammatory response, which
is characterised by the production of the proinflammatory cytokine
IL-1beta, which activates the inflammasome. The production of
endogenous factors known as damage-associated molecular patterns
(DAMPs) following cell death, according to the danger hypothesis,
might cause inflammation [27]. DAMPs include molecules like high-
mobility group protein Bl (HMGB-1) and double-stranded DNA,
as well as amyloid-peptides and heat-shock proteins (HSP). While
cell death does not appear to be an early event in the development
of atherosclerosis (the creation of fatty streaks and the infiltration of
monocytes/macrophages and T cells appear to occur earlier), it may
contribute to inflammation later on. Cell death may have a role in
plaque rupture, however this has yet to be demonstrated convincingly.

Phospholipid-related epitopes

Antibodies that target phospholipids (aPL), namely cardiolipin
(aCL), have been associated to cardiovascular disease (CVD), notably in
people with systemic lupus erythematosus (SLE). However, conclusive
proof of aPL as a causal factor in atherosclerosis has been difficult to
establish, with both positive and negative findings published [25].
We found no link between aPL and the occurrence of atherosclerotic
plaques in SLE patients in a recent research. Pathogenic aPL often
rely on plasma cofactors to induce CVD, such as beta2-glycoprotein
I (beta2GPI). Direct effects on the endothelium and interaction with
anticoagulant proteins such Annexin A5 are two possible mechanisms
of action.

Cardiolipin (CL) is present in bacteria as well as the inner
mitochondrial membrane of eukaryotic cells and has a characteristic
double structure composed of four fatty acid chains. This is noteworthy
because mitochondria are thought to have evolved from bacteria.
Unlike antibodies against cardiolipin (aCL), our new findings show
a negative relationship between antibodies against oxidised forms
of cardiolipin (aOxCL) and cardiovascular disease (CVD), with
low levels associated with a greater risk and high levels associated
with a reduced risk. Unlike aCL, aOxCL is not activated by beta2-
glycoprotein I (beta2GPI). One such mechanism is the suppression
of oxidised low-density lipoprotein (oxLDL) binding and absorption
in macrophages. Natural antibodies that target phosphorylcholine
(anti-PC) are another example. Animal studies, experimental studies,
and clinical cohort studies all imply that anti-PC may have a role in
atherogenesis. Immunisation with pneumococcae resulted in lower
atherosclerosis development as well as higher levels of anti-PC
antibodies in a mouse model. In mouse models, both passive and active
PC immunisation alleviated atherosclerosis. Our published research
has repeatedly found a link between immunoglobulin M (IgM) anti-
PC and the development of atherosclerosis and the risk of CVD. Low
levels are usually associated with an increased risk, whereas high levels
are often associated with a lower risk. We were among the earliest to
establish that anti-PC is a protective marker against the development
of atherosclerosis in humans, equivalent to anti-MDALDL and anti-
oxLDL antibodies. Anti-inflammatory effects, inhibition of pro-
inflammatory actions by inflammatory phospholipids, inhibition of
oxLDL uptake via scavenger receptors, and prevention of cell death
induced by lysophosphatidylcholine (LPC), a major inflammatory
phospholipid are some of the mechanisms by which human anti-
PC may mitigate atherosclerosis and CVD. Furthermore, the
inflammatory impact of anti-PC was verified in another investigation
employing a mouse model, indicating enhanced phagocytosis as one of
the mechanisms. Natural IgM antibodies, such as anti-PC, may slow
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the progression of atherosclerosis by attaching to dead and dying cells
within lesions, encouraging phagocytosis and the removal of damaging
pro-inflammatory chemicals. Therefore, low levels of anti-PC could
potentially contribute to inflammation in atherosclerosis, although the
precise mechanisms are not yet fully understood. We have proposed
that a Western lifestyle and certain infections uncommon in the
Western world could be contributing factors that raise anti-PC levels.
Additionally, relatively recent evolutionary factors such as gluten
consumption might play a role. Genetic factors may also contribute, as
the heritability of anti-PC is estimated to be 37%.

Heat shock proteins

Heat shock proteins (HSPs), notably HSP60 but also perhaps
HSP70 and HSP90, are fascinating potential sources of inflammation
in atherosclerosis. Cross-reactivity with microbial HSPs, such as those
present in bacteria, may potentially cause immunological reactions.
Clinical data supports this concept, as there are links between
HSP60/65 antibodies and atherosclerosis, and animal research has
indicated that HSP60/65 immunisation worsens atherosclerosis. HSPs
can also cause inflammation through other methods. HSPs or their
peptides can stimulate the immune system in ways other than being
particular T-cell antigens given by antigen-presenting cells. HSPs
act as chaperones and can generate immunological complexes with
other antigens, including tumour antigens. These complexes can be
delivered by antigen-presenting pathways of class I or class II. HSPs
can be released passively, as in cell necrosis, or actively, as in exosomes.
HSPs may operate as endogenous ligands in the extracellular space,
activating the innate immune system via Toll-like receptors or by
interacting with endotoxins. The processes by which hypertension
causes inflammation in the arterial wall remain unknown. One
theory is that the endothelium becomes dysfunctional in response to
damage, resulting in pro-inflammatory alterations. Previous research
suggested that hypertension might cause inflammation by inducing
the formation of immunogenic HSP60/65, which is likewise stimulated
by oxLDL. Furthermore, we found that HSP70 is a preventive factor
against the formation of atherosclerosis in hypertensive people,
however the underlying mechanism is unknown. The possible role of
infections in immune activation and inflammation in atherosclerosis
has received a great deal of attention. Prior to the advent of the lipid
theory, pathologists and lesions observers worried about the potential
of viral origins based on microscopic and macroscopic aspects of
atherosclerosis.

An antibiotic therapy targeting CP was used to undertake a
more rigorous test of the infectious theory. Four big trials, however,
had negative results and did not support the concept that CP causes
cardiovascular illness. However, there might be other explanations for
these undesirable effects. Chronic CP infection may be difficult to cure
independently of cardiovascular disease, and treatment studies have
primarily included individuals with advanced-stage illness, suggesting
that early stages may be more responsive. Microorganisms found in
the mouth, such as PG and AA, are potentially fascinating candidates.
Although clinical and epidemiological research have revealed links,
controlling for confounding variables has been difficult, particularly in
the context of these drugs. The American Heart relationship has issued
a scientific statement acknowledging an independent relationship
between periodontal disease and atherosclerosis, although current
data do not show causality. Nonetheless, periodontal disease therapies
have been shown to reduce systemic inflammation and enhance
endothelial function. CMV belongs to the Herpes virus family, which
is quite common in the general population, making interpretation

of correlations difficult. Notably, there has been evidence of a link
between active CMV infection and transplant problems such as
vasculopathy. A link between CMYV infection and transplant vascular
problems looks more feasible than connections with atherosclerosis
in general. Many investigations have shown CMV in atherosclerotic
lesions, however not consistently. It is worth noting that CMV has
been identified in healthy arteries, which suggests that CMV may be
an unwitting bystander. CMV, on the other hand, has properties that
make it a possible contributor to atherosclerosis. HP, a well-known
cause of gastritis and ulcers, has also been linked to cardiovascular
disease and atherosclerosis, albeit animal studies have shown less solid
data than CP. Nonetheless, there have been instances of decreased
cardiovascular disease after HP elimination. HP does not evoke the
same local inflammatory response as CP, CMV, and numerous other
infections. Notably, no live HP has been isolated from atherosclerotic
plaques, and mice tests have shown no conclusive evidence that HP
causes atherosclerosis. HIV, Epstein-Barr virus (EBV), influenza,
Mycoplasma pneumoniae, and Streptococcus pneumoniae have all
been discussed and reported as probable causes of cardiovascular
disease and atherosclerosis. Borrelia is another intriguing situation
with evidence from human investigations, albeit experimental data or
plaque data are not currently accessible to the best of my knowledge.
However, the evidence for these drugs is less solid, with no compelling
data from human trials. Although the infectious hypothesis has been
studied for several decades in cardiovascular disease and atherosclerosis,
direct proof of an infectious agent’s causal involvement remains
limited, with largely indirect data available. Recent studies involving
the gut bacterial ecology are another fascinating development that
indirectly links infections, atherosclerosis, and cardiovascular disease.
The gut microbiota converts choline and phosphatidylcholine into
trimethylamine (TMA), which is then converted into proatherogenic
trimethylamine-N-oxide (TMAO). Recent research has shown that
the intestinal microbiota’s metabolism of dietary l-carnitine in red
meat creates TMAO and promotes atherosclerosis in mice. These data
point to a possible relationship between gut flora and atherosclerosis.
Pathogens use PC in this context to generate a favourable environment
for themselves in the host. One fascinating theory is that PC exposed
in atherosclerotic plaque modifies the local immune response into an
unresolved chronic inflammation, much like PC-exposing bacteria
do in chronic infections. More study is needed to establish if the
reported connections have a causal effect in people. Although ideas on
the order of events in the development of atherosclerosis differ, it is
probable that numerous variables interact. Furthermore, there may be
individual differences, with some people having greater inflammation
in their atherosclerotic lesions than others. Infection may also have
a substantial influence in some subgroups of people and patients. In
addition to the well-studied immune responses in the intima, novel
elements of immunological processes in atherosclerosis have recently
been discussed. While Virchow and Rokitansky observed adventitial
inflammation in atherosclerosis, and cellular immune infiltrates were
characterised in the early 1960s, a more thorough analysis of this
phenomena has only recently occurred. Even in normal arteries, the
adventitia appears to be a more complicated area than the intima and
media. It is made up of a variety of cell types, including fibroblasts,
dendritic cells, monocytes/macrophages, mast cells, and T-cells.
It also contains nerve endings, tiny blood arteries (vasa vasorum),
endothelial progenitor cells, and other components. Data from
atherosclerosis animal models give intriguing insights, indicating the
presence of B and T lymphocytes in the adventitia, which produce
inflammatory follicle-like structures. Several studies [2] imply that
adventitial lymphocytes play a crucial function. Proinflammatory
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IL-17A-producing T cells, for example, are located in the adventitia,
and inhibiting IL-17A has been demonstrated to diminish aortic
macrophage accumulation and atherosclerosis. Although immune-
competent lymphocytes, including T cells and B cells, have been found
in adventitial lymphoid follicles in both the aorta and coronary arteries,
our knowledge of the adventitia’s function in human atherosclerosis
remains restricted. In atherosclerotic lesions, an important concern
is how the adventitia interacts with the intima. In contrast to their
prevalence in the adventitia of atherosclerotic lesions, B cells are not
typically seen in the intima. According to research in animal models,
the involvement of B cells in atherosclerosis is likely dependent on
subsets, with B2 lymphocytes being atherogenic and Bl lymphocytes
providing protection. Intimal haemorrhage is another condition that
may lead to cardiovascular disease (CVD), plaque rupture, and late-
stage atherosclerosis. Late-stage lesions include a high concentration
of erythrocyte membranes, which can function as proinflammatory
agents and increase the likelihood of plaque rupture. Immune
modulatory treatment, which targets certain immune responses, might
be used to treat atherosclerosis and/or cardiovascular disease (CVD).
Targeting epitopes from oxidised low-density lipoprotein (oxLDL) is
one example of such treatment. Immunisation with modified forms
of LDL was identified in the mid-1990s to ameliorate atherosclerosis,
showing the possibility of suppressing atherosclerosis development by
immunisation. As previously stated, LDL oxidation produces a variety
of chemical components, including fragmented apoB and oxidised
phospholipids. One approach is to use apoB-derived peptides with
immunomodulatory characteristics to target the apoB component.
Another line of study and potential therapy focuses on employing
monoclonal antibodies to target the phospholipid component,
especially phosphocholine (PC). Cohort studies, animal trials, and
in vitro research have all validated this method, demonstrating anti-
inflammatory benefits, cell death suppression, and decreased oxLDL
absorption in macrophages. The delivery of immunoglobulins (Igs)
is a less specific way of immunomodulation. Animal trials employing
human Ig produced from pooled donors, such as IVIG, have yielded
encouraging outcomes.

Discussion

Collectively, atherosclerosis, a chronic inflammatory disorder
affecting large and medium-sized arteries, is the leading cause of death
and considerable morbidity globally, particularly in industrialised
nations. The presence of activeimmune cells within the walls of damaged
arteries emphasises the critical role of inflammation in atherosclerosis.
Inflammation is thought to have a substantial role in plaque rupture,
the direct cause of CVD. Several ideas have been advanced to explain
the underlying causes of atherosclerosis inflammation, including the
participation of oxidised or modified forms of LDL, infections, heat
shock proteins (HSPs), and non-specific systemic inflammation. Anti-
inflammatory and immunological modulatory therapies are being
investigated in ongoing or prospective investigations. However, the
causative involvement of inflammation in atherosclerosis remains a
theory until human studies provide evidence of better atherosclerosis
outcomes. The artery wall is divided into three different layers. The
tunica intima, or initial layer, is lined with endothelial cells that come
into direct touch with the circulation. It also contains smooth muscle
cells (SMCs) in humans. The second layer, referred to as the media,
is made up of SMCs and extracellular matrix. The third layer, known
as the adventitia, is the most complicated of the three. Although the
adventitia’s specific significance in atherosclerosis is unknown, it
contains a variety of cell types, including fibroblasts, dendritic cells,
monocytes/macrophages, mast cells, and T-cells. Nerve endings, tiny

arteries (vasa vasorum), endothelial progenitor cells, and a matrix are
also found in the adventitia.

Conclusion

Several early processes occur during the development of
atherosclerosis. The endothelial cell monolayer gets stimulated, causing
adhesion molecules to be expressed. Monocytes and macrophages
from the blood, dendritic cells, T cells, and some B cells move into the
intima. Modified versions of LDL bind to matrix components as well.
Monocytes/macrophages proliferate and change into foam cells, which
are largely packed with modified LDL. Smooth muscle cells (SMCs)
from the media move into the intima and take on a synthetic phenotype,
contributing to matrix component formation. A fibrous cap grows to
cover the atherosclerotic plaque as it advances. Dying and dead cells
amass over time, with many of them originating from foam cells.
Microvessels form within the plaque as well. The fracture or rupture
of the fibrous cap is a concerning complication of atherosclerosis
that might be considered a typical component of ageing. The blood
coagulation components are exposed to plaque material, including
tissue factor, resulting in thrombosis and ultimately infarction.
The precise origin of inflammation and subsequent plaque rupture
is unknown, while there are several theories that are not mutually
incompatible. It has been discovered that oxidised LDL (oxLDL)
activates T cells and stimulates monocytes/macrophages and other cell
types within the plaque. Inflammatory phospholipids are most likely
involved in this impact. Natural antibodies against phosphocholine
(anti-PC) and other phospholipids may have a protective function by
reducing inflammation. Reduced levels of these antibodies may have a
role in inflammation. Heat shock proteins (HSPs), which are produced
in the plaque by stress, oxLDL, and other stimuli, may become
immunogenic and stimulate immunological responses that lead to
atherosclerosis inflammation. Many infectious agents are present
within the lesions, as has been thoroughly addressed. However, the
evidence for their possible causal role in atherosclerosis is ambiguous,
as they might be unwitting bystanders. Cytokines and chemokines may
play an important role as initial triggers of plaque rupture.
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