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INTRODUCTION

Atherosclerosis, the principal cause of heart
attack, stroke, and peripheral vascular disease,
remains a major contributor to morbidity
and mortality in the Western World. Disease
progression is slow, beginning in childhood
and usually becoming clinically manifest in
middle age or later. Although the aetiology
of atherosclerosis is not fully understood,
it is generally accepted that atherosclerosis
is a multifactorial disease induced by the
effects of various risk factors on appropriate
genetic backgrounds'. Many risk factors,
such as hypercholesterolemia, modified lipo-
proteins, hypertension, diabetes, infections
and smoking have been identified in the
development of atherosclerosis.
Atherosclerosis has been the focus of
intense research for over 100 years. Since
Anitschkow and Chalatow first reported
that cholesterol can cause atherosclerosis,
many investigators have intensively studied
the role of blood cholesterol in the patho-
genesis of atherosclerosis. Although formerly
considered a bland lipid storage disease, new
insights into the pathogenesis of atheroscle-
rosis have emerged during the last decades,
due to the progress of cellular and molecular
approaches to the study of cell interactions
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in the arterial wall as well as alterations of
lipid metabolism. These new insights were
broadly summarized in three main theories,
i.e. the ‘response to injury’,” ‘oxidized low-
density lipoprotein (LDL)’, and ‘inflamma-
tion’" hypotheses.

The response to injury hypothesis® relies
on the concept that the primary cause of
atherosclerosis is an injury to the arterial
endothelium induced by various factors,
i.e. smoking, mechanical stress, oxidized-
LDL, homocysteine, immunological events,
toxins, viruses, The oxidized-LDL
hypothesis postulates that LDL oxidized by
various factors including endothelial cells,
macrophages and smooth muscle cells of the
arterial wall, plays a key role in the devel-
opment of atherosclerosis. More recently, a
widely accepted hypothesis is that athero-
sclerosis is an inflammartory disease, because
recent advances in the basic science have
established a fundamental role for inflam-
mation in mediating all stages of this disease
from initiation through progression and,
ultimately, the thrombotic complications
of atherosclerosis." The aim of the present
chapter is to summarize the data from a vari-
ety of research areas providing an overview
of atherosclerosis focusing on mechanistic
studies.

etc.
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ATHEROSCLEROTIC LESIONS

The intima of large and medium sized
arteries is composed of a monolayer of
endothelial cells and matrix proteins and
occasional smooth muscle cells in the sub-
endothelial space (Figure 3.1a). The media of
the vessel contains smooth muscle cells and
the elastic lamina built by matrix proteins,
while the main component of adventitia is
connective tissue. With increasing age, the
diseased arterial wall slowly thickens and
develops focal lesions of lipid accumulation
in the intima. These early lesions are known
as fatty streaks and are thought to be the sites
of predisposition to advanced lesions called
atherosclerotic plaques or atheroma, which
may lead to clinical symptoms in certain
circumstances.

Fatty streaks

Fatty streaks are generally the lesion types
found in children, although they may also
occur in adults. These lesions represent
the early changes of atherosclerosis and are
recognized as an increase in the number
of intimal macrophages filled with lipid
droplets (foam cells). A larger lesion which
can be grossly visible is characterized by
layers of macrophage foam cells and lipid
droplets within intimal smooth muscle cells
and minimal coarse-grained particles and
heterogeneous droplets of extracellular lipid
(Figure 3.1b). With the progression of lesion
development, intermediate lesions as des-
cribed by pathologists, are the morphological
and chemical bridge between fatty streaks
and advanced lesions. These lesions appear
in some adaptive intimal thickenings
(progression-prone locations) in young
adults and are characterized by pools of
extracellular lipid in addition to other
components of fatty streak lesions. The
fatty streak is largely clinically benign, but

is the precursor to later, clinically relevant
lesions.

Plaque or atheroma

The advanced lesion, a dense accumulation
of extracellular lipid, known as the lipid core,
occupies an extensive but well-defined region
of the intima.’ No increase in fibrous tissue
and complications such as defects of the lesion
surface and thrombosis are present at this
stage of disease. This atherosclerotic plaque
is also known as atheroma (Figure 3.1c).
The characteristic core appears to develop
from an expansion and confluence of the
small isolated pools of extracellular lipid that
characterize atheroma. Between the lipid
core and the endothelial surface, the intima
contains macrophages, smooth muscle cells,
lymphocytes and mast cells. Capillaries
surround the lipid core, particularly at
the lateral margins and facing the lumen.
Frequently macrophages, macrophage foam
cells, and lymphocytes are more densely con-
centrated in the lesion periphery. Much of the
tissue between the core and the surface endo-
thelium corresponds to the proteoglycan-rich
layer of the intima, although infiltrated with
the cells just described. Advanced lesions may
or may not narrow the arterial lumen, nor be
visible by angiography, nor produce clinical
manifestations. Such lesions may be clinically
significant even though the arterial lumen is
not narrowed, because complications may
develop suddenly.?

In addition, of athero-
sclerotic  plaques, i.e. and
‘stable’ plaques, have been recognized.
Vulnerable plaques often have a well-
preserved lumen, since plaques remodel
outward initially. The vulnerable plaque
typically has a substantial lipid core and
a thin fibrous cap separating the throm-
bogenic macrophages bearing tissue

factor (TF) from the blood. At sites of lesion

two  types

‘vulnerable’



FIGURE 3.1: Sections of rabbit arterial wall. Rabbits
were fed with a standard chow-diet (a) or cholesterol-
enriched diet (0.2%) for 3 weeks (b) or 16 weeks

(c). Their aortas were harvested and sections
prepared and stained with hematoxilin and eosin.
Arrows indicate the internal elastic lamina, the border
between the intima and media of the arterial wall.

disruption, smooth muscle cells are often
activated, as detected by their expression of
the transplantation antigen HLA-DR. In
contrast, the stable plaque has a relatively
thick fibrous cap protecting the lipid core
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from contact with the blood. Clinical data
suggest that stable plaques more often
show luminal narrowing detectable by
angiography than do vulnerable plaques,
but with much less chance of rupture.

HYPERCHOLESTEROLEMIA
AND OXIDISED-LDL

Accumulating evidence suggests a causal
relationship between blood cholesterol
and atherosclerosis. Blood cholesterol
is carried by lipoproteins, including
LDL, very low-density lipoprotein and
high-density lipoprotein (HDL). LDL
is believed to be ‘bad’ lipoprotein, while
HDL is ‘good’ and plays a protective role
in atherogenesis.’ It is established that
familial hypercholesterolemia related to
increased LDL levels causes premature
atherosclerosis and heart disease,® whereas
non-genetic  hypercholesterolemia  is
also associated with the development of
atherosclerosis. The consensus of many
trials using different cholesterol-lowering
regimens indicate that for every 10%
reduction in cholesterol level, the deaths
of patients with coronary heart disease
is reduced by at least 15%. It has been
assumed that the reduction in adverse
clinical events when plasma cholesterol
levels are decreased is directly related to
the magnitude of the cholesterol lowering.
That assumption is supported by the
fact that the benefit relates to the change
in cholesterol level in much the same way
whether the cholesterol lowering is achieved
with diet or with drugs. These findings
suggest that blood cholesterol exerts its role
in the pathogenesis of atherosclerosis.

LDL can be modified by oxidation 7z vivo
and 7z vitro and is detectable in the circu-
lation as well as in atherosclerotic lesions.
In vivo, the rate of production of oxidized-
LDL in the arterial intima is a function of
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the concentration of native LDL present.
The mechanism whereby hypercholestero-
lemia and oxidized-LDL trigger events lead-
ing to the generation of early atherosclerotic
lesions i.e. fatty streak (Figure 3.2) remains
uncertain. Although rabbits and pigs were
often used in studying this issue, the apoli-
poprotein (apo) E—deficient mouse” and the
LDL receptor-deficient mouse have become
preferred animal models. Deletion and over-
expression of genes in animal models is now
the gold standard for critically testing the
relevance of candidate genes in atherogen-
esis. By using these models, it was observed
that one of the earliest responses induced
by hypercholesterolemia and oxidized-LDL
is an increase in the expression of vascular
cell-adhesion molecule-1 (VCAM-1), a
key adhesion molecule for monocytes and
T cells, on the endothelial surface lining
the major arteries.® Oxidized-LDL is itself
directly chemotactic for monocytes and

EC [ O Q
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FIGURE 3.2: Schematic representation of the

role of oxidized-LDL (oxLDL) in atherogenesis.
Oxidized-LDL generated either locally or systemically
stimulates endothelial cells (EC) expressing
adhesion molecules, including ICAM-1, VCAM-1
and E-selectin, which are responsible for adhesion
of blood mononuclear cells. Oxidized-LDL is a
chemokine for T lymphocytes (T), monocytes (M)
and smooth muscle cells (S), and promotes foam
cell (FC) formation, which form the early lesion fatty
streak.

T cells, and can also be cytotoxic for endo-
thelial cells, mitogenic for macrophages and
smooth muscle cells and stimulate the release
of monocyte chemoattractant protein-1
(MCP-1) and monocyte colony-stimulating
factor (M-CSF) from endothelial cells. The
oxidative modification hypothesis has been
extensively reviewed.”

Oxidized-LDL can account for the load-
ing of macrophages with cholesterol. Here,
monocytes undergo phenotypic modification
and take up oxidized-LDL to become foam
cells, loaded with multiple cytoplasmic drop-
lets containing cholesterol esters.!” Recently
there has been considerable progress in iden-
tifying the components of oxidized-LDL
that make it a ligand for scavenger receptors.
Extensive degradation of the polyunsatu-
rated fatty acid (PUFA) in the s»-2 position
of phospholipids by oxidation seems to
be essential. Moreover, oxidized-LDL and
apoptotic cells compete for binding to
macrophage scavenger receptor, indicating
that oxidized phospholipids in the mem-
branes of apoptotic cells are involved in their
binding to macrophage scavenger receptors.
Therefore, oxidized-LDL promotes foam
cell formation that forms the earliest lesions
in the intima, which may progress to
advanced lesions in the presence of other
pro-atherogenic factors (Figure 3.2).

High-density lipoproteins role in
atheroprotection

It has been known for many years that the
plasma concentration of HDL-C correlates
inversely with the incidence of cardiovascular
disease. The Framingham Heart Study showed
that people whose HDL-C was less than
35 mg/dL (0.91 mmol/L) at the beginning
of the study had a future coronary risk more
than eight times that in subjects whose

HDL-C concentration was greater that
65 mg/dL (1.68 mmol/L)."" In the more



recent Prospective Cardiovascular Munster
(PROCAM) Study, men with an HDL-C
concentration of less than 35 mg/dL
(0.91 mmol/L) at baseline were shown to
have a four times greater risk, at six years,
than men whose HDL-C concentration was
greater than 35 mg/dL (0.91 mmol/L)."* In
both studies, the risk associated with lower
plasma HDL-C concentration was inde-
pendent of LDL-C concentration. HDLs
have several properties that contribute to their
ability to protect against the development of
atherosclerosis.

The best known mechanism of athero-
protection relates to the ability of HDLs
to promote efflux of cholesterol from foam
cells. This process inhibits the progression
of,and potentially promotes theregression of,
atherosclerosis.””  High-density lipopro-
teins can also inhibit the oxidative modi-
fication of LDLs and thus reduce their
atherogenicity. The principle mechanism
of this anti-oxidant function resides with
the presence of para-oxonase enzyme resid-
ing in the HDL particle,'*" although the
main apolipoprotein, apolipoprotein Al
(ApoAl), has also been demonstrated to
have anti-oxidant capacity.'® Conceivably,
the earliest observable cellular dysfunc-
tion in the normal blood vessel, leading
to atherogenesis, is the expression of leu-
kocyte adhesion molecules and chemok-
ines. Many studies, both 7z vive and in
vitro have shown that HDLs can inhibit
expression of endothelial cell adhesion
molecules and MCP-1."7%  Endothelial
dysfunction, and subsequent platelet acti-
vation and aggregation are key elements of
the progression of atherosclerotic plaque
formation. The ability of HDLs to be anti-
thrombotic was demonstrated by the abil-
ity to induce prostacyclin (PGI,) synthesis,
via induction of cyclo-oxygenase 2, and
in addition to stimulate the generation of
nitric oxide,** thus reducing the endothelial

Atherosclerosis 29

dysfunction that may precede the develop-
ment of atherosclerosis.

HYPERTENSION AND
BIOMECHANICAL STRESS

Hypertension is a well-established risk
factor for atherosclerosis.?? Clinical trials
have shown that, in the highest quintile
for diastolic pressure, hypertension still
contributes significantly to the risk of
atherosclerosis, the added
risks of high cholesterol and smoking.
Induction of hypertension in the Watanabe
heritable hyperlipidemic rabbit showed a
synergistic effect, causing intensification of
atherosclerosis. The fact that atherosclerotic
lesions preferentially occur in the areas
where hemodynamic or biomechanical stress
is altered, e.g. bifurcation of the arteries,
supports the idea that hypertension exerts
its role in the pathogenesis of atherosclerosis

even with

via altered mechanical stress to the vessel
wall.

In vivo, the vessel wall is exposed to two
main hemodynamic forces or biomechani-
cal stress: shear stress, the dragging frictional
force created by blood flow, and mechanical
stretch, a cyclic strain stress created by blood
pressure.”* Shear stress stimulates endothelial
cells to release nitric oxide and prostacyclin,”
resulting in vessel relaxation and protection
of vascular cells, whereas smooth muscle
cells are stimulated by cyclic strain stress. In
humans, atherosclerotic lesions occur prefer-
entially at bifurcations and curvatures where
hemodynamic force is disturbed, i.e. lower
shear stress and higher mechanical stretch.
Although veins do not develop spontane-
ous atherosclerosis-like lesions, accelerated
atherosclerosis occurs rapidly in venous
bypass grafts, which bear increased bio-
mechanical forces due to alterations in blood
pressure, i.e. vein (0-30 mm Hg) vs. artery
(120 mm Hg). This finding supports the
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hypothesis that mechanical stress could be a
crucial factor in the pathogenesis of athero-
sclerosis.

The mechanism whereby mechanical
forces are sensed by cells and transmitted
through intracellular signal transduction
pathways to the nucleus resulting in quan-
titative and qualitative changes in gene
expression in the vessel wall is not fully
understood. However, recent evidence
indicates that mechanical stretch initiates
intracellular signal pathways, especially
mitogen-activated protein kinase (MAPK)
26

cascades®® which are thought to play a piv-
otal role in transmitting transmembrane
signals required for cell proliferation, differ-
entiation and apoptosis. MAPKSs comprise
a ubiquitous family of tyrosine/threonine
kinases, and include extracellular signal-
regulated kinases (ERKSs), stress-activated
protein kinases (SAPKs) or c-Jun NH)-ter-
minal kinases (JNKs), and p38 MAPKs.”
They are highly activated or expressed in
atherosclerotic lesions and vessel wall stimu-
lated by acute hypertension.®

Biomechanical stress-induced cell

death

While biomechanical force at physiological
levels is essential to develop and maintain
organic structure and function, at elevated
levels mechanical stretch may result in cell
death leading to pathological conditions.
In recent years, however, it has become
widely recognized that cell death, namely
apoptosis, is not justa response to injury but
a highly regulated and controlled process.
Disturbances in the regulatory mechanisms
of apoptosis often precede the development
Exploration of the
molecular signalling mechanisms leading
to mechanical stress-induced apoptosis in
cardiovascular disorders has revealed the
crucial role of apoptosis in the pathogenesis

of atherosclerosis.

of atherosclerosis.”” Recent data focussing
on the molecular mechanisms of mechanical
stress-induced apoptosis are summarised
and the role of apoptosis in the development
of atherosclerosis is highlighted.

Recently, the first mouse model of vein
graft atherosclerosis was established by
grafting autologous jugular vein or vena
cava to carotid arteries in wild-type and
apoE-deficient mice. In many respects, the
morphological features of this murine vas-
cular graft model resemble those of human
graft atherosclerosis (Figure 3.3). Apoptosis
occurred mainly in veins grafted to arteries,
remaining unchanged in vein-to-vein
grafts.**Theveinsgrafted toarteriesweresub-
jected toincreased biomechanical forcesinthe
form of stretch stress due to blood pres-
sure. When mouse, rat and human arterial
smooth muscle cells cultured on a flexible
membrane were subjected to cyclic strain
stress, apoptosis was observed in a time- and
strength-dependent manner. Mechanical
stretch resulted in p38 MAPK activation.
Smooth muscle cell lines stably transfected
with a dominant negative rac, an upstream
signal transducer, or overexpressing MAPK
phosphatase-1, a negative regulator for
MAPKs, completely inhibited mechanical
stress-stimulated p38 activation, and abol-
ished mechanical stress-induced apopto-
sis.’! Interestingly, p53-deficient vein grafts
had lower levels of apoptosis that correlated
with increased atherosclerotic lesions.
The sudden elevation in mechanical forces
could be a strong stimulus to the grafted
vessel wall and may result in activation
of intracellular signal pathways leading to
gene expression and cell death. Thus, one
of the earliest events in vein graft athero-
sclerosis is apoptosis, in which mechanical
stress-induced p38-MAPK-p53 activation
is, at least in part, responsible for transduc-
ing signals leading to apoptosis.
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FIGURE 3.3: Hematoxilin and eosin-stained sections of arterialized mouse vein grafts. Under anesthesia,
vena cava veins were removed and isografted into carotid arteries (of control mice)(a) of apoE-/- mice (b).
Animals were sacrificed 8 weeks after surgery, and the grafted tissue fragments fixed in 4% phosphate-
buffered (pH 7.2) formaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin-eosin.
Panel c is a photograph of vein graft section with higher magnification. Smaller arrow indicates a foam cell,
and larger one indicates cholesterol crystal structure. /u indicates the lumen of the vessel.

Biomechanical stress and
inflammation

Vein graft atherosclerosis has an inflammatory
nature characterized by mononuclear cell
infiltration followed by smooth muscle cell
proliferation. It has been postulated that
biomechanical stress plays a role in adhesion
molecule expression via MAPK  signal
transduction pathways, leading to NF-xB
activation. Supporting this concept is the
fact that neointimal lesions of vein grafts in
intercellular adhesion molecule ICAM)-1 -/-
mice were reduced from 50% to 30% com-
pared to wildtype controls. ICAM-1 is critical
in the development of venous graft athero-
sclerosis. It has been established that exposure
of endothelial cells to shear (mechanical) stress
results in increased expression of ICAM-1 and

monocyte chemotactic protein-1 (MCP-1)
via activation of transcription factor NF-kB
and AP-1. These molecules are essential for
leukocyte-endothelial cell interaction and
subsequently cell infiltration, characteristic of
the early lesions of vein grafts that undergo
elevated blood pressure. Interestingly, mech-
anical stress also leads to smooth muscle
cells expressing ICAM-1 via activation of
NF-kB. In animal models, smooth muscle
cells express ICAM-1 which is associated
with monocyte/macrophage accumulation
in vein grafts. Smooth muscle cells of
ICAM-1 -/- mice do not express ICAM-1
which is correlated with reduced early lesions.*
Mechanical stress-induced adhesion molecules
and chemokine expression in the vessel wall
could be important for the inflammatory
response.
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Biomechanical stress-induced smooth
muscle cell proliferation

It has been established that mechanical stress
stimulates DNA synthesis and the prolifer-
ation of in vitro cultured smooth muscle
cells. Hypertension increases mechanical
force on the arterial wall up to 30%, resulting
in marked alterations in signal transduction
and gene expression in smooth muscle cells,
which contribute to matrix protein synthesis,
cell proliferation and differentiation.”
Recently, several reports demonstrated that
angioplasty resulted in stretching of the
arterial wall leading to rapid activation of
the MAPKs in the regenerating carotids.?* The
magnitude of Extracellular signal-regulated
kinase p42 (ERK42) activation positively
correlated with the degree of balloon injury
to the arterial wall. Ex vivo stretching of the
vessel wall also induced significant activation
of ERK42 kinases. These findings suggested
that the kinase activation in the early phase
following injury may be due to mechanical
stimulation of the vessel wall.

In cultured smooth muscle cells, mechan-
ical forces evoked ERK activation followed
by enhanced DNA-binding activity of tran-
scription factor AP-1. Interestingly, physi-
cal forces rapidly result in phosphorylation
of platelet-derived growth factor (PDGF)
receptor,” epithelial growth factor receptor
and vascular endothelial growth factor recep-
tor. Thus, mechanical stresses may directly
perturb the cell surface or alter receptor
conformation, thereby initiating signalling
pathways normally used by growth factors.
Suramin, a non-specific PDGF inhibitor,
has been shown to be a growth factor recep-
tor antagonist that inhibits cell proliferation.
When vein isografts in mice were treated
ex vivo and in vivo with suramin, intimal
lesions were reduced up to 70% compared
to untreated controls. The mechanism of
suramin-inhibited neointimal hyperplasia

mainly involves inhibition of smooth muscle
cell migration and proliferation via blocking
PDGEF receptor-MAPK-AP-1 signal path-
ways. Thus, research into biomechanical
stress-regulated gene expression in athero-
sclerosis using these models could lead to a
new therapeutic strategy in the treatment of
this disease in humans.

INFECTIONS AND HEAT SHOCK
PROTEINS

Risk factors, such as high blood cholesterol,
hypertension and smoking only explain
a proportion of the incident cases of all
atherosclerosis. There is a body of evidence
that microorganisms play a role in the
pathogenesis of atherosclerosis and may
be a primary risk factor in people who
do not suffer from other established risk
factors. Accumulating evidence suggests that
infectious organisms reside in the wall of
atherosclerotic ~ vessels, including cyto—
megalovirus (CMV) and Chlamydia (C)
pneumoniae.  Seroepidemiological  studies
demonstrate an association between the
pathogen-specific IgG  antibodies and
atherosclerosis.”®”” However, the data are
inconsistent, with other studies showing no
increased risk for atherosclerosis.’®®*° One
possible explanation for this disparity is that
infections contributing to atherosclerosis risk
may depend, at least in part, on the host’s
response to the pathogen, i.e. inflammatory
and immune reactions.

Infections

Several papers reviewing the infections,
ie C.pneumoniae, H.pylori and CMV and
atherosclerosis have been published” and
these will be summarised. Saikku et al*® was
first to show a link between C.pneumoniae
infection, coronary artery disease and athero-
sclerosis. Since then, many studies have



shown an association of C.pneumoniae with
atherosclerosis. In vitro experiments have
shown a preferential and specific attraction
to and infection of macrophages, vascular
endothelium and vascular smooth muscle,
by C.Pneumoniae, thus resulting in their
accumulation into atherosclerotic plaques.
This is supported by studies of post-mortem
specimens of vascular tissue which found a
high correlation between the distribution
of atherosclerosis and C.pneumoniae*' and
other organisms.

H.pylori, another gram negative bacte-
ria which typically infects human gastric
epithelial cells has been demonstrated in
atherosclerotic plaques.®® Sero-positivity to
H.pylori was implicated as a risk factor in
coronary heart disease (CHD) from the first
report in 1994. However a meta-analysis®
of 18 studies failed to show any correlation
between sero-positivity against H.pylori and
the presence or extent of CHD. Although the
evidence supporting involvement of H.pylori
in atherogenesis is not conclusive, it may
be important to differentiate between viru-
lent and avirulent strains of H.pylori to
determine the effects on atherogenesis.
Mayr et al** conducted a population based
study and investigated the effects of CagA
(cytotoxin-associated gene A) positive and
CagA negative strains of H.pylori. This
study concluded that there was an increased
risk of atherosclerosis in individuals who
were infected with CagA positive strains of
H.pylori. Another group has obtained similar
results, indicating the role of this strain in
the pathogenesis of atherosclerosis.

Heat shock proteins

The role of HSPs in disease with regard to
their physiological functions and pathological
involvement have been described in many
reviews on the subject. The HSP family of
proteins is subdivided into groups based
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on their molecular weight (e.g. HSP60
is a 60kDa protein) and are produced by
almost all cells and play an important role
in the organism’s general protective response
to environmental and metabolic stresses
(Table 3.1). They exist in all major cellular
compartments. For example, HSPI10,
HSP60 and HSP75 are mainly located
in mitochondria, while others are found in
different compartments throughout the cell.
They have important physiological functions,
primarily as a molecular chaperone.” HSPs
also appear to be important in preventing
cellular damage during repair processes
following injury. Evidence indicates that
HSPs may be autoantigens in some circum-
stances.”> HSP47, HSPGO and HSP70 have
been identified as being involved in the
pathogenesis of atherosclerosis.*

Infections and HSP expression

In a recent study, increased HSPGO was
demonstrated on the endothelium, smooth
muscle cells, and mononuclear cells of all
atherosclerotic carotid and aortic specimens,
whereas vessels with normal intima showed
no detectable expression of this HSP. The level
of HSPG60 expression positively correlated
with atherosclerotic severity. Interestingly,
chlamydial and human HSPG60s have been
shown to be co-expressed in atherosclerotic
lesions. These data support the concept that
elevated HSP expression in lesions may be
induced by the pathogen Chlamydiae species.
During its normal cycle generating infectious
progeny, Chlamydiae express basal levels of
HSP. During the lytic phases of chlamydial
infection, host cells release their own HSPG60,
and also chlamydial HSP60 that has been
produced by these microorganisms. Soluble
HSP60 (sHSP) levels were significantly
elevated in subjects with prevalent/incident
carotid  atherosclerosis and correlated to
intima-media thickness independent of
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TABLE 3.1: Heat shock protein families
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Family Members/other | Physiological Pathological
names function involvement

HSP10 HSP10, HSP17 Promotes substrate unknown

Release with HSP60

Small HSP HSP20, HSP23 F-actin assembly, unknown
HSP27, HSP28 Molecular chaperones.

HSP40 HSP32, HSP40, Guides protein folding, Atherosclerosis
HSP47 Binding and transport of

collagen

HSP60 HSP58, GroEL Assemble polypeptides; | Atherosclerosis,
HSP60, HSP65 Translocate proteins Rheumatoid arthritis,
Grp58 across membranes; Adjuvant arthritis,

Accelerate protein Diabetes mellitus,
folding and unfolding Systemic sclerosis.

HSP70 HSP68, Dnak. Molecular chaperone: Atherosclerosis
Hsc70, Hsx70 Assembly and transport | Tuberculosis, Leprosy,
HSP72, HSP73 newly synthesized Filariasis,

HSP75, Grp75 proteins;

HSP78, Grp78 Fold or unfold
polypeptides;
Remove denatured
proteins;
Bind to specific
polypeptides (e.g., p53);
ATPase activity.

HSP90 HSP83, HptG Bind to specific Schistosomiasis,
HSP87, HSP90-a. | polypeptide receptors Systemic lupus
grp94, HSP90-B (e.g., glucocorticoid erythematosus.

receptor).

age, sex and other risk factors. Interestingly,
sHSPGO was also correlated with anti-LPS,
anti-Chlamydia and anti-HSPG60 antibodies,
inflammation  markers  and
infections.

chronic

Infections, sHSP and innate
immunity

Infectious agents contribute to atherogenesis
in a variety of ways. One mechanism is
by triggering innate immune reactions
leading to inflammatory responses. Innate
immunity involves several different cell

types, e.g. mononuclear phagocytes and
endothelial cells. Both endothelial cells and
macrophages express receptors that recognize
molecular epitopes from a broad range of
pathogens. These receptors include various
scavenger and Toll-like receptors (TLRs).
So far more than 10 human TLRs have
been identified. A variety of bacterial and
fungal components are known TLR ligands,
including peptidoglycan for TLR2, LPS for
TLR4, flagellin for TLR5, and unmethylated
CpG (cytosine and guanine separated by
a phosphate group, which links the two
nucleotides together) motifs in bacterial



DNA for TLR. It is possible that TLRs
may be collectively responsible for detecting
a large range of microbial pathogens. TLRs
are evolutionarily conserved innate immune
receptors that are shared by IL-1 receptor
signalling to activate the NF-kB pathway
and release inflammatory cytokines. TLR
ligation therefore induces expression of a
wide variety of genes such as those encoding
proteins involved in leukocyte recruitment,
production of reactive oxygen species,
and phagocytosis. Activation of TLRs will
also elicit the production of cytokines that
augment local inflammation. Finally, TLR
ligation may directly induce apoptosis,
probably of key importance in the first line
of defence.*

Expression of TLR4 in atherosclerotic
plaques has been found, preferentially in
lipid-rich and macrophage-infiltrated areas
of lesions. In vitro, basal expression of mac-
rophage TLR4 was shown to be up-regulated
by oxidized-LDL. In addition, of the nine
TLRs, expression of TLR1, TLR2, and
TLR4 was shown to be markedly enhanced
in human atherosclerotic plaques. A poly-
morphism or mutation of TLR4 was shown
to be strongly correlated with the incidence
and development of atherosclerosis in a large
population study (Bruneck Study). Surpris-
ingly, several groups reported that recom-
binant HSP60 and HSP70 from bacteria
and humans specifically bind to TLR4 in
macrophages, endothelial cells and smooth
muscle cells. Recombinant HSP60 bind-
ing to the TLR4/CD14 complex of macro-
phages and endothelial cells led to activation
of MyD88-NF-kB pathways. HSP70 and
mycobacterial HSP65 have a similar bind-
ing activity to TLR4/CD14 that initiates
MyD88-NF-kB signal pathways, suggest-
ing that the TLR4/CD14 is a receptor for
several HSPs that mediate the signal path-
ways leading to proinflammatory responses
during infections.
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In summary, infections with proathero-
genic organisms may be important in indi-
viduals lacking additional risk factors as well
as acting synergistically with established risk
factors. In this process, HSP may be a link
between infections and the pathogenesis of
atherosclerosis. Infectious agents may exert
their role by producing their own HSPs
and inducing host production which could
be released into blood. The soluble form of
HSPs contact endothelial cells and immune
cells where innate immune responses are
initiated. Innate immune reactions to HSPs
result in proinflammatory responses in the
vessel wall. Together, infections via HSPs
contribute to the development of athero-
sclerosis (Figure 3.4).
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FIGURE 3.4: Schematic representation of the likely
mechanism of action of heat shock proteins (HSPs)
in the development of atherosclerosis in response to
risk factors (stressor), e.g. infections. TLR, Toll-like
receptor; APC, antigen-presenting cells.
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IMMUNE RESPONSES

The contribution of immune responses
to the pathogenesis of atherosclerosis has
been recognized and much progress in this
research field has been achieved through
the participation of many investigators.”’
Involvement of the immune system in
atherogenesis is supported by recent data,
including the occurrence of granular deposits
of immunoglobulins and co-distributed
complement components, increased expression
of C3b receptors (CR1) and C3b1 receptors
(CR3) on macrophages within atherosclerotic
lesions, but not in unaltered vessels. However,
B cells are only found in very low numbers in
various stages of atheroscleroticlesions, and the
site of production for these immunoglobulins
must, therefore, be sought elsewhere. Other
than these humoral immune phenomena,
it is now clear that T cells are among the
first cells infiltrating the intima of arteries
during the earliest stages of atherosclerosis,
most probably before monocytes. A majority
of these early T cells are CD4*, HLA-DR*
and interleukin-2 receptor+ (IL-2RY), i.e.
activated. Others have shown that T cells in
late atherosclerotic plaques express the low
molecular variant of the leukocyte common
antigen (CD45RO) and the integrin very
late activation antigen-1 (VLA-1). Hansson
and his group analyzing the rearrangement
of T cell receptor (TCR) genes in these
latter cells derived from advanced lesions,
showed that they represent a polyclonal
population rather than displaying restricted
T-cell receptor TCR usage. These findings
support the role of the immune system in
atherogenesis.

MHC class II antigen and T cells

Regardless of which antigen these lympho-
cytes may recognize, it seems improbable that
endothelial cells (EC) which aberrantly express

major histocompatibility complex (MHC)
class II antigens act as primary antigen-
presenting cells for T  cell sensitization. MHC
class IT expression by EC occur concomitantly
where T cells are found, and thus production
of gamma-interferon (IFNY), the major
T-cell chemokine, is present in the intima
directly beneath these areas. Therefore, it
can be concluded that the expression of
MHC class II molecules by endothelial
cells represents a secondary rather than a
primary phenomenon. The large majority
of CD3* cells in the mononuclear infiltrate
in atherosclerotic lesions expresses TCRou/f3,
but an unexpectedly high proportion also
express TCRy/d. While the latter type
of cell only constitutes approximately 1 % of
leukocytes in peripheral blood, enrichment
to 10 % or more within early atherosclerotic
lesions has been observed. The majority of
these latter cells express the TCRY2 chain,
i.e. resemble the TCRY/&+ population found
in the intestinal mucosa. On the other hand,
TCR VY982+ cells characteristic of circulat-
ing TCRY/3+ cells are not proportionally
increased in the intima. Finally, endothelial
cells and leukocytes express and synthesise
a variety of immunological-inflammatory
mediators, occurring in atheroscleroticlesions.
Among others, these include interleukin-1
(IL-1), tumour necrosis factor o (TNFa),
lymphotoxin, IL-2, IL-6, IL-8, monocyte-
chemotactic peptide-1 and IFNY'. Together,
these molecules can modulate the local
cellular immune response within emerging
atherosclerotic lesions.

Oxidized-LDL as a candidate antigen

T cells isolated from human atherosclerotic
plaques were shown to be specifically reactive
to oxidized-LDL. One fourth of all CD4+
T cells cloned from human plaques recognized
oxidized-LDL in an HLA-DR-dependent
manner. Oxidized-LDL-specific T cells are



present in lymph nodes of apoE-KO mice,
which have strong humoral as well as
cellular immune responses to such modified
lipoproteins. In oxidized-LDL
induces activation of a subset of peripheral
T cells. In addition, antibodies to oxidized-
LDL can be detected in atherosclerotic
patients and are present in atherosclerotic
lesions, suggesting that it is a quantitatively
important antigen. The immune response
to oxLDL plays a pathogenetic role in
atherosclerosis because lesion progression
can be inhibited by immunization or
induction of neonatal tolerance to oxLDL. It
seems paradoxical that both tolerization and
hyperimmunization can reduce the extent
of disease; this may be due to the different
effector pathways activated by these two
kinds of treatment.

humans,

HSPG60 as a candidate antigen
As above, HSPs

implicated in activation of innate immune
responses involved in the pathogenesis of
atherosclerosis. Moreover, adaptive immune
reactions to HSP60 have also been implicated
in the development of atherosclerosis. In
experimental models, rabbits immunised
with HSP65/60 recorded induction of
vascular inflammation, with endothelial
activation and mononuclear cell adhesion
demonstrated.®® The developing lesions
also contained T cells, and cell lines derived
from such infiltrates exhibited anti-HSP60
reactivity. Anti-HSP60 antibodies occurred
in peripheral blood, and immunization
with HSP60 was found to increase fatty
streak development in hypercholesterolemic
rabbits and mice. In humans, antibodies
to HSP65/60 are elevated in early and late
atherosclerosis and may predict progression
of atherosclerotic disease. Since heat shock
proteins of humans and microbes are
structurally and antigenically similar, it is

discussed have been
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possible that molecular mimicry between
immune responses to microbial HSP and
homologues expressed by vascular cells could
account for the association between infections
and atherosclerosis.*’ Based on these findings,
Maron and co-workers provided the evidence
that atherosclerotic lesions were reduced by
nasal immunization with HSP65 in apoE-
deficient mice, suggesting that atherosclerosis
might be inhibited by vaccination against

HSP65.%°

B2-glycoprotein Ib as a candidate
antigen

A third autoantigen, [B2-glycoprotein Ib
(B2-GPI), is present on platelets but may
also be expressed by endothelial cells.
Autoantibodies to B2-GPI are produced in
several inflammatory disorders, in addition
to atherosclerosis. The immune response to
2-GPI appears to be proatherogenic, because
hyperimmunization with B2-GPI"'® or trans-
fer of B2-GPl-reactive T cells aggravates fatty
streak formation in LDLR-/- mice. The
pathogenic mechanism by which B2-GPI
acts remains unclear, but it may be related to
this protein’s capacity to bind phospholipids.

In summary, adaptive immunity power-
fully modulates initiation and progression of
atherosclerosis. Atherogenesis involves inter-
communication between shared pathways
involved in adaptive and innate immunity.
Various established and emerging risk fac-
tors for atherosclerosis modulate aspects of
immune responses, including lipoproteins
and their modified products, HSPs, and
infectious agents. As the molecular details
become understood, new potential targets
for therapies will doubtless emerge.

INFLAMMATION

It is generally accepted that atherosclerosis
is an inflammatory disease,' because recent
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findings have provided important links
between all risk factors and the mechanisms
of atherogenesis. Clinical studies have shown
that this emerging biology of inflammation
in atherosclerosis applies directly to human
patients. Elevation of markers for inflam-
mation predicts the outcome in patients with
acute coronary syndromes.* In addition, low-
grade chronic inflammation, as indicated by
levels of the inflammatory marker C-reactive
protein (CRP), prospectively defines the
risk of atherosclerotic complications, thus
adding to prognostic information provided
by traditional risk factors. Certain treatments
that reduce atherosclerosis risk also limit
inflammation. For example, statins, used
for lipid lowering,* have anti-inflammatory
effects. Amongst the known inflammatory
triggers on the vessel wall are known risk
factors e.g. hypercholesterolemia, oxidized-
LDL, hypertension, biomechanical stress
and infection. These risk factors can directly
or indirectly stimulate endothelial cells
expressing adhesion molecules (VCAM-1,
ICAM-1 and E-selectin) mediating sub-
sequent mononuclear cell infiltration and
foam cell formation in the subendothelial
space.’ In this section, some recent findings
that have not been described above will be
summarised.

C-reactive protein

C-reactive protein (CRP) is an acute-phase
protein that is involved in inflammatory
processes. It is made up of 5 identical
subunits which are arranged in a pentagonal
shape. CRP is predominantly synthesized
by hepatocytes, but in response to inflam-
mation, CRP expression can be found in
atherosclerotic plaque, aortic endothelial
cells, monocytes and vascular smooth muscle
cells. Inflammatory cytokines induce CRP
gene expression and statins have been shown
to reduce CRP levels.”

Biasucci et al* studied a cohort of patients

admitted with unstable angina and found
that one half of this group had a persistently
elevated CRP (>3mg/dL) at discharge. Those
with elevated discharge CRP levels had a
significantly elevated risk of recurrent
unstable angina or MI during the subse-
quent 12 months. This group has also dem-
onstrated that CRP elevation in individuals
presenting with severe peripheral arterial
disease was associated with an increased risk
of MI, independent of other vascular
risk factors.

CRP may be not only a marker of inflam-
mation and atherosclerosis, it may also be an
active component participating in atherogen-
esis. CRP can bind to lipoproteins and acti-
vate the complement system via the classical
pathway. CRP deposits have been shown in
the arterial wall early during lesion forma-
tion, which is co-localized with the terminal
complement complex. This suggests that
CRP may promote atherosclerotic lesion
formation by activating the complement sys-
tem and is involved in foam cell formation,
which may be caused in part by the uptake
of CRP-opsonized LDL.

CD40/CD40L

These antigens are ubiquitously expressed
on the surface of endothelial cells, smooth
muscle cells, macrophages, T lymphocytes,
and platelets within human atheroma.”' The
proatherogenic functions of CD40 ligation
include augmented expression of matrix
metalloproteinases, procoagulant tissue factor
(TF), chemokines, and cytokines. Indeed,
interruption of CD40 signalling not only
reduced the initiation and progression of
atheroscleroticlesionsin hypercholesterolemic
mice in vivo, but also modulated plaque
architecture in ways that might lower the
risk of causing thrombosis. In addition to
the 39-kDa cell membrane-associated form,



CD40L also exists as a soluble protein,
termed sCD40L. Although lacking the
cytoplasmic, the transmembrane region,
and parts of the extracellular domains, this,
the soluble form of CD40L, is considered
to possess biological activity. Patients with
unstable angina express higher sCD40L
plasma levels than healthy individuals or
patients with stable angina. Moreover, it was
recently demonstrated that elevated plasma
concentrations of sCD40L predict risk
for future cardiovascular events. Although
in vitro and in vive studies established that
CD40 signalling participates in athero-
sclerosis, the initial trigger for CD40/
CD40L expression within atheroma may be
regulated by oxidized-LDL. Thus CD40/
CD40L may be a mediator in the inflam-
matory responses during the development of
atherosclerosis.

SUMMARY AND PERSPECTIVES

Atherosclerosis is an inflammatory disease
that is initiated by multiple risk factors,
including hypercholesterolemia, oxidized-
LDL, altered biomechanical stress, smoking
and infections. Due to research achievements
in recent decades, atherogenesis is no longer
an inevitable consequence of aging—the
statin revolution has left this in no doubt.
Better control of hypercholesterolemia can
clearly be achieved but many questions
remain. For example, which factor is an
initiator for the development of athero-
sclerotic lesions, and how do other factors
participate in the disease process. Currently,
atherosclerosis research is highly topical.
The mystery of the molecular mechanisms
in this disease will yield to the current muldi-
disciplinary attack by academic institutions
and the pharmaceutical industry using the
powerful techniques of vascular biology and
molecular approaches.
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