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Summary

The pathogenesis of atherosclerosis has not
been well defined and many questions remain
unanswered. Many studies have discussed the im-
portance of inflammation as the first step in pro-
moting endothelial dysfunction and atherosclero-
sis. The association of inflammatory markers such
as fibrinogen and C reactive protein (CRP) with
atherosclerosis and cardiovascular/cerebrovascu-
lar clinical events reinforces the pivotal role that
inflammation plays in the atherosclerotic process.
The humoral and cellular autoimmune response
against antigens expressed in the endothelium

and the greater prevalence of atherosclerosis in
immune-mediated rheumatic diseases such as
Rheumatoid Arthritis (RA) and Systemic Lupus
Erythematosus (SLE) strongly suggest the in-
volvement of autoimmunity in the atherosclerotic
process. The role of inflammation and autoim-
mune responses in atherosclerosis are discussed in
order to better understand their close link on its
pathogenesis.
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It is important to emphasise that in normal
population, no classic risk factor for atherosclero-
sis can be determined in approximately 50% of
the coronary disease events. In fact, mechanisms
that lead to atherosclerosis are not well defined in
this subgroup [1].

Previous studies about pathogenesis of the
atherosclerotic plaque have identified a close link
with high total cholesterol levels. In the last 15
years, a growing body of evidence supports the
notion that inflammation plays a pivotal role in

the onset and progression of atherosclerosis, and
also in transforming a stable plaque into an unsta-
ble one [2-6]. Besides inflammation, recent stud-
ies have also suggested a cellular role in athero-
sclerosis and autoantibodies against antigens ex-
pressed in plaques of atherosclerosis have been
described [3, 5]. Therefore, it is crucial to under-
stand mechanisms involved in the pathogenesis of
atherosclerosis that can possibly lead to other
treatment options in the future.

Abbreviations

CRP C reactive protein; SLE systemic lupus erythematosus;

TNF tumor necrosis factor; AMI acute myocardial infarction;

1L interleukin; OPG osteoprotegerin;

Hsp heat shock protein; VCAM 1 vascular cell adhesion molecule;

beta2-gpl beta2 glycoprotein 1; oxLLDL oxidized low density lipoprotein;

aCL anticardiolipin; Lp-PLA2 phospholipase A2 associated to lipoprotein;
CVA cerebrovascular accident; PAPP-A plasmatic A protein associated to pregnancy;
RA rheumatoid arthritis; NT-proBNP prohormone brain-type natriuretic peptide.
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Inflammation and the link with atherosclerosis

In the normal population, atherosclerosis has
been related to systemic inflammatory markers
such as fibrinogen and CRP. In fact, atherosclero-
sis results from an inflammatory process in the ar-
tery, which has lead some authors to suggest
changing the nomenclature of atherosclerosis to
atheroscleritis [2, 5—-11]. These statements are due
to a large number of studies demonstrating the
presence of macrophages, monocytes and T" lym-
phocytes in the atheroma plaque, as well as identi-
fication of CRP, components of complement, and
serum A amyloid protein inside plaques [1, 2].

In fact, atherosclerosis begins with the sub-
endothelial deposition of apolipoprotein B-con-
taining (apoB) lipoproteins as a consequence of
endothelial permeability and lipoprotein plasma
levels, charge and size [12]. The exclusive role of
apoB lipoproteins in atherosclerosis have been
questioned since low LDL levels are detected in
some patients with coronary artery disease, and
other lipoproteins such as lipoprotein(a) and rem-
nant lipoproteins also become trapped inside
plaques besides apoB lipoproteins [13]. Indeed, in
some well known atherosclerotic conditions such
as diabetes mellitus and the metabolic syndrome
there is an increase of remnant lipoprotein levels
which may account for their enhanced risk for
atherosclerosis. These data also reinforce the im-
portance of lipoprotein size since extremely large
lipoproteins do not cross the arterial wall [14].

Although  endothelial — permeability  to
lipoproteins is still not completely understood, an
animal model study showed that a reduction in
systemic blood pressure decreases permeability to
LDL [15]. Moreover, subendothelial lipoprotein
deposition is mediated by its physical interaction
with subendothelial matrix molecules, mainly
proteoglycans [12]. Beside this, lipoproteinase li-
pase, secretory sphingomyelinase and secretory
phospholipase A2 also promote lipoprotein de-
posit [12].

Animal models of cholesterol-rich diet in-
duced atherosclerosis have shown that monocytes
are the first cells to adhere to endothelium
through the increased expression of adhesion
molecules by activated endothelial cells, mainly
vascular cell adhesion molecule (VCAMI).
Thereafter, these cells migrate through sub-
endothelial layers by diapedesis due to a chemical
gradient. Once located in the artery intima layer,
they become activated and then express scavenger
receptors on their surface, responsible to the
phagocytosis of oxidised low-density lipoproteins
(oxLLDL). Activated macrophages get loaded with
these modified lipoproteins as lipid droplets in
their cytoplasm and then are called foam cells.
Foam cells and T lymphocytes of the intima pro-
duce and induce the release of a variety of inflam-
matory mediators such as proinflammatory cy-
tokines (IL-1, TNF-alpha), growth factors, adhe-
sion molecules and matrix metalloproteinases that
amplify the inflammatory process. These media-
tors also increase the recruitment of other inflam-
matory cells to the site, increase migration and
proliferation of endothelial cells, stimulate pro-
liferation of vessel smooth muscle cells, and
promote the break of collagen on the surface of
atherosclerotic plaques.

Although the size of plaques can reduce the
arterial blood flow to vital organs leading to a
complete obstruction of the arterial lumen due to
their thickness, the main risk of acute myocardial
infarction (AMI) or cerebrovascular accident
(CVA) is a consequence of the plaque rupture [4].
Interestingly, the inflammatory process that oc-
curs on artery walls and contributes to the forma-
tion of atherosclerotic plaques shows many simi-
larities with the pathological aspects found in the
synovial membrane inflammation in rheumatoid

arthritis (RA) [8, 12].

Cellular immunity and atherosclerosis

Regarding cellular immunity, T lymphocytes
detected in plaques play an important role in the
pathogenesis of atherosclerotic lesions. In fact,
mice with depletion of CD4 cells have a striking
reduction in the formation of these lesions. More-
over, mice with cellular immunodeficiency de-
velop prominent atherosclerosis after receiving
CD4 cells from immunocompetent animals [17, 18].

A specific cellular immune response against
heat shock proteins (Hsp), oxLDL, and beta2gly-
coprotein 1 (beta2-gp1) has been found in animal
models with atherosclerosis [19]. Interestingly T
cells do not react to native LDL components,
only after the oxidative modification of LDL.

Most oxLDL-reactive CD4 cells have a T helper
1 (Th1)-cell phenotype and these Thl cells pro-
duce proinflammatory cytokines that stimulate
atherosclerosis [20]. The great expression of Thl
cells and proinflammatory cytokines (such as in-
terferon-gama, IL-1 IL-12, IL-15, IL-18, and
TNF) found in mouse models of atherosclerosis
and also in human plaques contrast with few cells
producing the Th2-type cytokine IL-4, thus char-
acterising the lost of the balance between
Th1/Th2 cytokines. Since there is an accumula-
tion of macrophages and T cells as showed in
histopathology, it is reasonable to accept that ath-
erosclerosis is indeed mediated by Th1-cells [21].
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Prospective  epidemiological studies have
shown a close link between CRP, serum A amy-
loid protein, IL6, adhesion molecules levels and
the future risk of cardiovascular events in the nor-
mal  population [22-24]. Recently, some
proatherogenic enzymes have been identified as
new independent risk factors for atherosclerosis,
which include phospholipase A2 associated to
lipoprotein (Lp-PLA2), myeloperoxidase and
plasmatic A protein associated to pregnancy
(PAPP-A) [25, 26].

Secretory phospholipase A2 is an acute phase
protein and their levels are associated to CRP,
which is also an independent risk factor for coro-
nary disease [25]. Myeloperoxidase enzyme levels
are increased in patients with angiographically
documented cardiovascular disease and high lev-
els of this enzyme are expressed in unstable
plaques prompt to rupture [26-28]. A recent study
in patients with chest pain showed that myeloper-
oxidase levels were predictors of a greater risk of
AMI, need for coronary revascularisation, and
death in 30 days and 6 months after onset of
cardiovascular event [29]. PAPP-A also have a
proatherogenic role and is currently known to be
a specific activator of the insulin-like growth fac-
tor, an atherosclerotic mediator. This enzyme is
produced by vessels’ smooth muscle cells and is
expressed in greater quantities in the atheroscle-
rotic plaque cells, particularly in extracellular
matrix of plaques with erosions, but not in stable
plaques [30]. PAPP-A levels are variable in pa-
tients with AMI and seem to increase as late as 30
hours after the onset of chest pain [31, 32].

Osteoprotegerin (OPQ), also known as an os-
teoclast inhibitor factor, is a cytokine antagonist,

member of the TNF receptor family [33]. Re-
cently it has been demonstrated that OPG is pro-
duced not only in bone but also in several other
tissues, including the cardiovascular system,
lungs, kidneys, immune tissues, and blood vessel
walls in rodents. Interestingly, OPG-deficient
mice develop severe osteoporosis and vascular
calcifications in the aorta and renal arteries [34].
In animal models of arterial calcifications induced
by warfarin or vitamin D intoxication, subcuta-
neous administration of OPG prevented the
appearance of vascular lesions [35]. OPG is ex-
pressed in the smooth muscle layer of coronary
vessels and increases the survival of these en-
dothelial cells by interfering in their apoptosis
[36]. In humans submitted to coronary angiogra-
phy, OPG levels were significantly higher in those
with more advanced atherosclerotic disease [37].
In the vascular system, increased OPG levels may
be related to endothelial lesion, intimal hyperpla-
sia, smooth cell hypertrophy, or advanced plaque
calcifications [38]. One study assessed OPG con-
centration in 490 women over 65 years-old, and
high OPG levels were associated with global and
cardiovascular mortality [39].

In addition, elevated plasma levels of amino
terminal fragment of the prohormone brain-type
natriuretic peptide (NT-proBNP) predict cardio-
vascular events or death independently of other
available prognostic tests and identify at-risk indi-
viduals even in the absence of systolic or diastolic
dysfunction by echocardiography. NT-proBNP
levels may help in the stratification of high-risk
individuals such as those with coronary heart dis-
ease [40].

Humoral autoimmunity and atherosclerosis

Recent studies in animal models show the role
of humoral immunity in the pathogenesis of ath-
erosclerosis. Active immunisation of LDL choles-
terol receptor deficient mice with cardiolipin or
beta2-gpl induced an increase in atherosclerosis
[41, 42]. IgG and IgM antibodies against oxLDL
were detected in animal and human plasma form-
ing immunocomplexes with the oxLLDL found in
atherosclerotic lesions [43]. Likewise, clinical
studies showed that anti-oxLDL antibodies are
associated with the progression and extension of
atherosclerosis and should be considered as a risk
factor for coronary disease [44-47].

Immune and inflammatory processes that
have the participation of Hsp are provoking great
interest as autoimmune pathogenic factors in the
development of atherosclerosis [48]. Hsp 60 and
65 are immunogenic proteins involved in athero-
genesis [49-51]. In fact, Hsp 60 can induce pro-
duction of proinflammatory cytokines (such as

TNF alpha and matrix metalloproteinases) by
macrophages and enhance expression of adhesion
molecules by endothelial cells, suggesting a possi-
ble mechanism of plaque instability. Moreover,
Hsp 60 is mainly detected in vessel sites with ath-
erosclerotic lesions [52].

Clinical studies have shown a clear association
of high levels of soluble Hsp 60 with other risk
factors for atherosclerosis, especially LDL choles-
terol levels [53]. In addition, high levels of anti-
bodies against mycobacteria Hsp 65 have been as-
sociated with carotid coronary atherosclerosis,
myocardial infarction, and restenosis post-coro-
nary angioplasty [54-56]. The sequential homol-
ogy between infecting microorganism Hsp and
human Hsp suggest a possible pathogenic link be-
tween infection and atherosclerosis. Infections
with microorganisms that contain homologue
Hsp proteins can initiate an autoimmune response
by molecular mimetics [57-59]. In this regard,
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antibiotic therapy for Chlamydia pneumoniae
infection has been tried but a reduction of cardio-
vascular mortality or cardiovascular clinical
events was not demonstrated [60].

Antiphospholipid antibodies are present in
several autoimmune rheumatic diseases, espe-
cially systemic lupus erythematosus (SLE). These
antibodies can react against cardiolipin antigens
or proteins linked to cardiolipin such as beta2-
gpl, also known as apolipoprotein H. These anti-
bodies are particularly associated with venous
and/or arterial thrombosis that characterise the
antiphospholipid syndrome (APS), which is cur-
rently considered the most common acquired co-
agulopathy [61]. Recently it was demonstrated
that immunisation of mice with beta2-gp1 deter-
mined the formation not only of antibodies
against beta2-gpl, but also against cardiolipin,
which might explain the onset of APS manifesta-
tions [62].

Besides thrombosis, antiphospholipid anti-
bodies have also been associated to atherosclero-
sis [63, 64]. Case control studies have shown the
association of anticardiolipin antibodies (aCL)
with CVA and AMI [65-71]. Moreover, aCL was
identified as an independent predictive factor for
the increase in IMT [72]. In an experimental
model a clear link between aCL and atherosclero-
sis was also demonstrated since immunisation of
LDL cholesterol receptor deficient mice with car-
diolipin determined high aCL titles and acceler-
ated atherosclerosis [41].

Beta2-gpl is a circulating glycoprotein that is
also a target antigen of antiphospholipid antibod-
ies. Like aCL, antibodies against beta2-gp1 have
been related to the atherosclerotic immune
process [73]. Studies have shown a greater expres-
sion of beta2-gpl alongside T CD4 lymphocytes
in atherosclerotic lesions [74]. LDL cholesterol
receptor deficient mice when immunised with
beta2-gpl develop antibodies against beta2-gpl
and are prone to more severe atherosclerosis. Of
note, transfer of T lymphocytes from these mice
immunised with beta2-gp1 to other mice also de-
termines atherosclerosis, which did not occur
when T cells were depleted [75]. Antibodies
against beta2-gpl increase the expression of ad-
hesion molecules (ICAM-1 and VCAM-1) by en-
dothelial cells, and increase production of IL6.
Fluvastatin abolish this effect by blocking the ex-
pression of NF-kappa beta by endothelial cells
[76].

Moreover, it was demonstrated that oxLDL
links to beta2-gp1 forming stable oxLDL/beta2-

gpl complexes that are potentially pathogenic in
the atherosclerosis process [77, 78]. In an oral tol-
erance study, the ingestion of human or bovine
beta2-gpl in LDL cholesterol receptor deficient
mice previously immunised with beta2-gpl has
demonstrated a reduction in the reactivity of
lymph node lymphocytes against beta2-gpl and a
reduction in the extension of atherosclerotic le-
sions [79].

Clinical studies have demonstrated the asso-
ciation of antibodies against beta2-gpl with is-
chaemic CVA and coronary artery disease [80,
81]. Staub et al. [82] have demonstrated that is-
chaemic cerebral vascular accident was associated
to high titles of IgA anti-beta2-gpl and IgG anti-
Hsp 60 and 65 antibodies. In addition, IgA
isotype of antibodies against beta2-gpl was also
associated with AMI and peripheral vascular
disease [83, 84].

It should be emphasised that the link between
atherosclerosis with systemic inflammation and
autoimmunity is further supported by the greater
prevalence of atherosclerotic events in autoim-
mune rheumatic diseases such as systemic lupus
erythematosus (SLE) and rheumatoid arthritis
(RA) in which these autoantibodies have been ex-
tensively demonstrated [5, 85].

Treatment options for atherosclerosis should
also address these inflammatory conditions. In
this regard, it is known that statins, besides their
action on the lipid profile, also have pleiotropic
effects improving endothelial function. They can
reduce oxLDL formation, reduce macrophage
protease production, inhibit smooth muscle cell
proliferation, and monocyte chemotaxis [86]. Im-
portantly, statins also have actions on the MHC
class IT transactivator and reduce immune activa-
tion in the plaque [87].

In this regard, immunological features of ath-
erosclerosis outline new opportunities for treat-
ment of this condition. Immune therapy against
target molecules seems to be a future alternative
and vaccines have been tried in experimental ani-
mal models. Parenteral immunisation against
modified LDL seems to decrease atherosclerosis
progression but this was not observed with vac-
cines against Hsp60/65 [46]. Active immunisation
with antigenic epitopes of the human apolipopro-
tein B100, an important structural component of
LDL, has reduced atherosclerotic lesions in hy-
perlipidemic mice. Therefore a vaccine based on
apolipoprotein B100-related peptide should also
be considered to have a potential role in reducing
atherosclerosis [88].
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Conclusions

Atherosclerosis has indeed a complex multi-

factorial pathogenesis with a well defined partici-
pation of lipoproteins and inflammatory cells. But
the contribution of autoimmune events is increas-
ingly evident since several studies have demon-
strated autoantibodies against multiple antigens
found inside atherosclerosis plaques. Further
studies are necessary to determine the definitive
role of these autoantibodies as protectors or in-
ducers of atherosclerosis as well as its possible use
as markers of future cardiovascular events.
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