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immunomodulation, Atherosclerosis is currently appreciated as a disease with a large inflammatory component. The underlying
oxLDL mechanisms, which are uncovered in a rapid pace, are greatly interconnected and as such very complex.

Nevertheless, for clinicians it is important have some degree of insight in these immunologic mechanisms
in order to interpret the current research advances. The aim of this review is to supply clinicians with this
knowledge, avoiding too much detail. All the relevant immunologic basics will be discussed at first, followed
by the immunity related theories of atherosclerosis. Finally, current and new immune-modulatory therapies
will be discussed.
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Abbreviations list

ACE: Angiotensin converting enzyme
APC: Antigen presenting cell

ApoE: Apolipoprotein type E

DC: Dendritic cell

eNOS: Endothelial nitric oxide synthase
HDL: High density lipoprotein

HMG CoA: 3-hydroxy-3-methylglutaryl coenzyme A
HSP: Heat shock protein

IFN-y: Interferon-gamma

IL: Interleukin

LDL: Low density lipoprotein

LPS: Lipopolysaccharide

MCP-1: Monocyte chemotactic protein-1
MDA: Malondialdehyde

MHC: Major histocompatibility complex
MMP: Matrix metalloproteinase

Méo: Macrophage

NO: Nitric oxide

OxLDL: oxidised low density lipoprotein
SR: Scavenger receptor

TLR: Toll like receptor

TNF-o: Tumor necrosis factor alpha
VALT: Vascular associated lymphoid tissue

Introduction

Atherosclerosis remains the disease with the highest mortality in the
Western world. In the United States 47% of overall cardiovascular
mortality is related to this disease. While for many years
atherosclerosis has been regarded as a lipid-driven disease, it is
now clear that the immune system critically contributes to this
pathogenic process!. Lipid metabolism and inflammation mutually
influence each other yielding the complete spectrum of
atherosclerotic disease progression. This is reflected in the strong
correlation between future cardiovascular events and the combined
values of cholesterol, as indicator of lipid status, and CRP, as
indicator of systemic inflammatory activity?. Since CRP levels reflect
systemic inflammatory activity, this notion underscores the role of
immunity in human atherosclerosis.

The first part of this review concisely introduces the immune system
basics most relevant for atherosclerosis. In the second part, an
overview is given of the immune-related theories of atherosclerosis,
while the third and final part discusses new immune-modulating
therapies for atherosclerosis.

Inflammation driven by integrated innate and
adaptive immune mechanisms

Although our awareness of the complexity of the immune system is
expanding continuously, the principles of immune regulation of
inflammation are increasingly well understood. This part of the
review gives a current state of the art overview of these fundamen-
tals. The figures and tables cover and summarise the contents of
this part, while the references include more comprehensive reviews
and detailed studies on the different subjects.
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Figure 1 outlines the generic inflammatory cascade, which appears
to be remarkably applicable to the events observed in the arterial
wall upon initiation and progression of atherosclerotic lesions.
Central to the initiation of this cascade is the recognition of
exogenous or (altered) endogenous molecules by cells of both
innate and adaptive immunity. Activation of cells in both arms leads
to an integrated response, triggering the pathogenic vascular effects
characteristic of the disease. In the following paragraphs, we focus
in particular on these early steps of recognition and the ensuing
cellular response, and apply these to the specific conditions of
atherosclerosis, since recent developments in this area have led to
exciting new insights in the pathogenesis of inflammatory diseases,
including atherosclerosis.

Innate versus adaptive immunity?

Table 1 globally compares innate with adaptive immunity. The
principal difference between the two arms of the immune system is
the nature of the cellular receptors involved in recognition of
potentially pathogenic molecules and the triggering of these cells,
which leads to cellular activation. Receptors of adaptive immunity,
expressed only by T- and B-lymphocytes, are generated by
recombination of gene segments, while receptors of innate
immunity are encoded as such within the genome, not requiring
genetic recombination. Leukocytes involved in innate immunity
such as monocytes, macrophages (Mo), dendritic cells (DC) and
granulocytes express a large variety of receptors recognising
molecules of pathogens. For example, they can express receptors

exogenous or
(altered) endogenous molecules

innate immunity Ah adaptive immunity

N J

¥

inflammation

vascular activation
inflammatory leukocyte accumulation
neutralization of initiating stimulus
removal of inflammatory components

restoration of homeostasis: repair or remodelling

Figure 1. The inflammatory cascade in atherosclerosis, involving
collaboration of innate and adaptive immunity, follows a common
pathway.

The inflammatory response is triggered by recognition of specific
molecules by cells of innate and adaptive immunity that lead to their
activation. The ensuing inflammatory cascade is initiated by lipid
uptake in the vessel wall, which facilitates accumulation of leukocytes.
These mobile defence forces attempt to neutralise and remove the
initial trigger. If successful, inflammation subsides and homoeostasis
can be restored by tissue repair. Semi-successful elimination triggers
tissue remodelling, allowing partial functionality. Adapted from
P.M. Henson!%,
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Table 1. Global comparison of innate and adaptive immunity.

Cells involved in innate or adaptive immunity employ distinct receptors
to recognise ligands that trigger cellular activation. Interaction of
stimulated cells of either pathway leads to further activation and release
of inflammatory mediators and effector molecules, which are partially
specific for each response type. Since efficacy of the adaptive immune
response depends on proliferation of antigen-specific lymphocytes, the
kinetics of innate and adaptive responses are essentially different.

Adaptative immunity
- T-lymphocytes
- B-lymphocytes

Innate immunity

- monocytes, Mo, dendritic cells
granulocytes
- essentially all other body cells,
under specific conditions

activity-modulating receptors <&— Ligands — activity-modulating receptors
e.g. Toll-like Receptors T-cell receptors
(-type lectins B-cell receptors (surface IgG)
(costimulatory molecules) (costimulatory molecules)

Y

effector molecules
inflammatory mediators:
cytokines
chemokines
lipid mediators
enzymes antibodies

(e.g. iINOS, MPO, MMP)

- instantaneous response (seconds-days) - primary response (days-weeks)

- memory formation (weeks)

- memory response (days)

is more rapid, of higher affinity and
reaches higher levels than primary
response (vaccination)

- N0 memory

for bacterial compounds such as lipopolysaccharide (LPS) and for
viral RNA (see also Tables 2 and 3, for receptors and ligands,
respectively). The specificity of these receptors is fixed by the
nature of their static genetic encoding. In general, all body cells can
make use of several innate immune mechanisms involving such

Table 2. Major receptors used in innate and adaptive immunity.

Cells involved in innate and adaptive immune responses use essentially
distinct receptors to recognise potentially harmful substances. Binding
of foreign or endogenous ligands to such receptors may have very diverse
effects, depending on the status of the cells involved and on the
molecular pathway(s) connected to the respective receptors.

Innate immunity receptors Adaptive immunity receptors

receptors as such encoded in the genome receptors generated by genetic

recombination
T cell receptors (TCR)
estimated potential repertoire:
~10" different R; actually present: ~107

scavenger receptors

(e.g. (D36, SR-A1/2, (D68, LDL-R)
toll-like receptors

NOD-like receptors (Caterpiller family)
(-type lectins B cell receptors (BCR; immunoglobulin)
immunoglobulin Fc receptors estimated potential repertoire:

complement receptors ~10" different R; actually present: ~107

receptors. However, the leukocytes of innate immunity are unique
in the fact that they provide a mobile response and are specialised
in expressing various host defence mechanisms upon triggering. As
a consequence of their mobility and functional specialisation, these
cells can rapidly accumulate at affected tissue sites in case of injury
or infection and create an effective response.

In contrast to innate immunity, adaptive immunity is exclusively
restricted to T- and B-lymphocytes. These cells employ intricate
mechanisms to rearrange gene building blocks, thus constructing
novel receptors. Such receptors are cell-specific (clonotypic) and the
expressing cells are subsequently selected for optimal recognition of
an antigenic ligand and clonal expansion. The T-cell receptor
expressed on the surface of the T lymphocyte specifically recognises
pathogenic or self-peptides presented by major histocompatibility
(MHQC) class Il (for the CD4+ T helper cells) or MHC class | (for the
CD8+ cytotoxic T-cells). MHC molecules are the scaffolds expressed
by antigen presenting cells (APC), which expose peptides
to lymphocytes, controlling responses in infection and
transplantation. B-lymphocytes use their unique cell surface

Table 3. Ligands for receptors of innate and adaptive antigen receptors relevant for atherosclerosis.

Identification of ligands for innate receptors is complicated by the fact that minute amounts of contaminating or co-purifying compounds may be
the true ligand and not the main constituent of a preparation. For instance, LPS preparations often contain peptidoglycan, while LPS is a notorious
contaminant of many tools and preparations in laboratory and clinical settings. Identification of endogenous ligands for innate antigen receptors has
been specifically plagued by this problem. For a complete overview of TLR ligands, see!®. An overview and extensive discussion of other innate
receptors and ligands is written by Taylor et al'?°.

Innate immunity ligands Adaptive immunity ligands

Microbial Endogenous Microbial Endogenous
lipopolysaccharide (LPS) HSP60 potentially any type of microbial potentially any type of self-compound
lipoteichoic acid (LTA) HSP70 antigen present in the vessel wall, ~ HSP60
peptidoglycan (PGN) oxLDL especially HSP65 (the homologue HSP65
PGN fragments fibronectin domain A to human HSP60) oxLDL

lipopeptides

CpG dinucleotides

double stranded RNA
single stranded RNA
flagellin

heat shock proteins (HSP)

hyaluronic acid fragments
heparan sulphate
posttranslational modifications
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immunoglobulin as antigen-specific receptor and, after activation,
secrete these as antibodies that are able to recognise epitopes on
intact proteins.

The innate response to potentially harmful substances provides
immediate protection (seconds to hours), while the adaptive
response takes longer to develop (days), but has the unique
properties of very high specificity and memory formation, with
a stronger and higher affinity response upon second exposure (i.e.
the principle of vaccination). Although the definition of adaptive
versus innate immunity is clear-cut (yes or no genetic
recombination to form receptors), these two arms of the immune
system are completely integrated and intertwined, since they
depend on mutual activation for an optimal response (see middle
part of Table 1). Moreover, T and B-lymphocytes express several
innate receptors in addition to their cell-specific antigen receptor.
Upon activation by recognition of cognate ligands, cells of both
innate and adaptive immunity produce soluble signalling
molecules, including cytokines and chemokines. In addition, they
express sets of costimulatory molecules on their surface guiding
cellular interactions and modulating the ultimate response to the
initial pathogenic stimulus. So, although the definition of the two
separate arms is clear, innate and adaptive immunity work in
coordination and jointly. Much of this coordination and integration
is brought about by APC, in particular M¢ and DC. The cells of the
M¢/DC lineage are specialists in immune regulation by virtue of
their high level expression of the relevant surface molecules and
the ability to migrate and thus convey environmental information to
and from the adaptive immune system. This environmental
information is particularly sensed by a variety of innate antigen
receptors that have been discovered over the last years and which
appear to belong to large families of partially unknown molecules
(Table 2).

Atherosclerosis: innate and adaptive
immunity out of control?

The role of the immune system in atherosclerosis has gained
acceptance in the last decade because of a series of experiments
performed mainly by human pathologists in parallel to experimental
vascular biologists. Pathologists showed that in addition to foamy
Mo, also T-cells, B-cells and DC are present in human
atherosclerotic plaques®®. Since MHC class-Il and costimulatory
molecules like CD40, CD80 and CD86 were also found to be
expressed in plaques obtained at autopsy’-'!, important
requirements for local activation of adaptive immune mechanisms
are fulfilled. Recent evidence suggests that activated T-cells in both
human and mouse plaques are of oligoclonal origin'213, implying
selective activation by a limited number of antigenic epitopes. The
expression of Toll-like receptors (TLR) in human plaques, especially
in vulnerable plaques, allows the activation of the innate immune
system not only by microbial ligands, but also by potential
endogenous ligands such as modified LDL and heat shock
proteins!*15 (Figure 2).

These human studies were paralleled by studies in experimental
atherosclerosis models, in particular focusing on chemokines and
cytokines, both soluble mediators of inflammation. Chemokines,
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a family of proteins that control the migration of inflammatory cells
play a dominant role in atherogenesis!®. Inhibition of various
chemokines reduces plaque formation to different degrees!®23.
In addition, production of pro-inflammatory cytokines by activated
immune cells has a pro-atherogenic effect, while the anti-
inflammatory cytokine 1L-10 limits atherosclerosis®*?’. Inhibition
of pro-inflammatory compounds clearly mediates a reduction
in atherosclerosis?&-0.

These findings on the role of the immune system in atherosclerosis
have all been excellently and extensively reviewed recently, with
emphasis on general aspects®!, innate immunity3!-3°, adaptive
immunity3! and immunomodulation3®.

The role of innate immunity in atherosclerosis

The monocyte-macrophage lineage is considered to play a central
role in innate immunity as well as in atherosclerosis. Studies in mice
deficient for Chemokine (C-C motif) receptor 2 (CCR2), the
monocyte receptor which mediates transmigration into the vessel
wall by MCP-1, show a reduction in atherosclerosis, indicating that
monocyte-derived cells, presumably (activated) M¢ aggravate
atherosclerosis. Although studies in MCP-1 deficient mice further
confirmed these early findings, recent studies indicate that the
MCP1-CCR2 axis is particularly important during early
atherosclerosis and that additional stimuli are necessary for
advanced plaque formation3” (see below).

An important way of macrophage stimulation is by TLR ligation, in
particular TLR4 and TLR2, (recently reviewed in reference 38)%.
Lack of TLR-signalling in pro-atherogenic backgrounds of the
mouse gives rise to decreased disease severity. In line with the
mouse studies, some epidemiological data suggest that altered TLR
function, caused by gene polymorphisms, protects from
atherosclerosis (discussed in reference 39)3°. This might be due to
changed ligation of TLR by pathogens and their derived products
like LPS. Hence, these receptors have been mentioned as
a connecting factor between atherosclerosis and other parameters,
including circulating plasma endotoxins, Chlamydia pneumoniae
infections and periodontal disease (Porphyromonas gingivalis).
Taken together, these findings suggest that the fast and efficient
reactions against bacterial pathogens may increase progression of
atherosclerosis.

The importance of the innate immune system in atherosclerosis
is also demonstrated by the ubiquitous presence in the plaques
of the macrophage scavenger receptors, which include CD36, SR-
B1, SR-A, and less known receptors such as FEEL-1, SR-PSOX
and CD163 (Table 2). The scavenger receptors are low affinity
receptors with broad ligand specificity, which play a role in the
uptake of oxidised low density lipoprotein, oxLDL (CD36, SR-B1,
SR-A and SR-PSOX) and the uptake of hemoglobin (CD163).
They lack feedback inhibition of activity by intracellular
cholesterol levels and as such load macrophages with oxLDL and
play a key role in foam cell formation, one of the hallmarks of
atherogenesis.

In conclusion, the innate system is capable of rapid activation of the
monocyte-macrophage cell lineage through a variety of mecha-
nisms, thereby contributing to atherosclerosis by driving proinflam-
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chemokine

erythrocytes
!.Q
(O

selectin/integrin o
mediated adhesion

mediated migration

discussed in the review, with special emphasis on immune modulatory therapy. The histological section displays a lumen-narrowing plaque, which
consists of a large necrotic core, covered by a thin fibrous cap. This is a typical example of a vulnerable plaque. In brief, monocytes and
lymphocytes roll over, and adhere to the dysfunctional vascular endothelium, and subsequently migrate into the vascular wall. Next, monocytes
will differentiate into dendritic cells and macrophages. Macrophage uptake of oxLDL results in the formation of foam cells, which form a major
constituent of growing plaque. Demise of foam cells by necrosis or apoptosis contributes to formation of the necrotic core. Activation of T-cells by
macrophages and dendritic cells results in the differentiation of T-cells into distinct subsets that either promote inflammation (Th1, Th2, Th-IL-
17) or limit the inflammatory process (Treg). Also, the neovascularisation in the plaque and its vasa vasorum is displayed, which possibly leads to
intraplaque hemorrhages. Please note that the cartoon components are not drawn to scale with respect each other, nor to the underlying section.
This plaque section was previously published in 1°°. Adapted with permission from The American College of Cardiology Foundation.

matory mechanisms. This has led to a theory of repeated activation
of innate immunity in atherogenesis by some authors3>40:41,

The role of adaptive immunity in atherosclerosis

It is clear from the above-mentioned studies that the immune
system plays a dominant role in atherogenesis. In addition to innate
mechanisms, adaptive immunity also plays a role in atherogenesis.
Important components of adaptive responses are expressed in
plaques, including MHC class I, costimulatory molecules and Thl
cytokine profiles3!3%. Many studies, mainly performed in ApoE or
LDL-R deficient mice, show that inhibition of a specific part of
adaptive immunity inhibits atherogenesis. Ligands relevant in the
activation of adaptive immunity are listed in Table 3. More recently,
the view has emerged that adaptive immunity may be particularly
important in the regulation of plaque phenotype; i.e., stable vs.
vulnerable plaque, which may rupture and lead to myocardial or
cerebral infarction®?. Vulnerable plaques display a specific cellular
composition*3, including many inflammatory cells and little
stabilising connective tissue. It is presently unknown how this
plaque composition develops, but inhibition of (certain components
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of) adaptive immunity has been shown to induce a decrease in
atherosclerosis*4°. Therefore, a major conclusion from this
research is, that the activation of adaptive immunity is associated
with the severity of atherosclerosis (Table 4).

As adaptive immunity needs an antigenic trigger to become
activated, recent studies focused on the identification of specific
antigens and epitopes involved in atherogenesis. Several
candidates were put forward: oxLDL, Chlamydia, endogenous
HSP60 and microbial HSP65 (Table 3). Especially the first
candidate, oxLDL, is of importance as it may be regarded as a
modified self-protein. Consequently, it has been suggested that
atherosclerosis is an autoimmune disease®®. Currently, the
discussion is lively and of great importance as identification of such
antigens and epitopes in principle allows for development of
vaccines against atherosclerosis. Such a vaccine should induce
immune responses generating protective antibodies or,
alternatively, long-lasting immune tolerance. However,
approximately 100 different epitopes stimulating adaptive
immunity have been identified in the oxLDL moiety, which renders
vaccine development very difficult.
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Table 4. Main roles of different immune cells in the atherosclerotic plaque at distinct stages of development.

This figure focuses on leukocytes, but other cell types are involved with atherogenesis as well. For instance, there is good evidence that smooth
muscle cells can also develop into foam cells upon lipid ingestion. In addition to plaque stage, also location of leukocytes within the plaque is
potentially important: it has been suggested that M¢ producing proteolytic enzymes in the shoulder of the plaque codetermine plaque rupture.

Plague Functions

Cell type

inflammation

tissue remodelling
lipid handling
antigen presentation

fatty streak
stable plaque

m¢, foam cell
m¢, foam cell
m¢, foam cell
m¢, foam cell

inflammation
lipid handling
antigen presentation

vulnerable plaque

vessel wall remodelling
transportation of antigens

to local lymph nodes
cytokine production
cytotoxicity

growth factor secretion

inflammatory macrophage
inflammatory macrophage
inflammatory macrophage, DC
B lymphocyte

(inflammatory) macrophage
DC

B and T lymphocytes
T lymphocytes
T lymphocytes

Is atherosclerosis an (auto-)immune disease?

A straightforward answer to the question whether atherosclerosis is
an immune disease in origin is dependent on definitions in play. As
mentioned above, lipid metabolism and inflammation is functionally
closely interconnected and involvement of both systems is
a prerequisite for atherosclerotic disease to develop. The abundant
presence of leukocytes with effector functions operational in the
atherosclerotic plaque leaves little room for denying the involvement
of immunity. Could atherosclerosis be mediated by autoimmunity,
an idea much supported by work from Wick and colleagues3>46. By
definition, autoimmunity is mediated by T- and B-lymphocytes with
adaptive receptors for self antigen. Indeed, evidence has been
found for antibodies against endogenous HSP and for both
antibodies and T-lymphocytes reactive against the self-compound
LDL modified by oxidation. However, it is exceedingly difficult to
prove that self-reactivity is pathogenically relevant, since self-
reactivity has been demonstrated in healthy individuals as well. The
importance is obvious, since vaccination strategies are being
developed, which require identification of pivotal auto-antigens
involved (see above). Studies in mouse models, although limited by
species differences and relatively high lipid doses used, collectively
indicate that there is evidence that immune mechanisms are
responsible for atherosclerosis?!31:3547-50 For instance, T- and B-
lymphocytes stimulate lesion initiation or progression®®. Under lower
atherogenic pressure, lymphocytes do affect lesion development, in
particular plaque vulnerability. Furthermore, cytokines promoting
and limiting inflammation similarly promote and limit
atherosclerosis.

Do infectious agents critically influence atherosclerosis? Several
studies have identified Chlamydia pneumoniae as a major suspect,
but convincing evidence in this respect is lacking and clinical trials
using antibiotics have not demonstrated a protective effect>!. Other
microbial suspects have also been suggested, but with similar lack
of conclusive evidence. Two intriguing concepts with respect to
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microbe involvement in atherogenesis warrant further investigation,
namely the possible pathogenic effects of multiple infections with
different pathogens (the pathogen burden hypothesis*!) and
contributions of the normal healthy gut and other mucosa bacterial
flora to vascular inflammation®!. In conclusion, atherosclerosis
cannot be considered an auto-immune disease as it is not a solely
immune driven disease, evidenced by plaques in severe combined
immune deficient mice®®, but merely as a disease with auto-
immune like characteristics.

Promising research issues on immunity and
atherosclerosis

As summarised in Table 5, many questions remain unanswered
and drive future research into pathogenesis and therapy. For
instance, what is the role of vascular-associated lymphoid tissue
(VALT) in plagque localisation and initiation? After pioneering work by
Wick et al the fascinating hypothesis that localisation of
atherosclerosis is related to local VALT in the vessel wall has not
been studied in depth by other laboratories, while it may explain
several observations®, like the predilection sites of atherosclerosis
and the occurrence of atherosclerosis in the arterial system and not
in the venous system. Furthermore, new subsets of monocytes in
the blood and activation levels of M¢ in the plaque have been
identified that may shed some light on inflammation control within
plaques®2253. Another important observation is the strict upstream
location of inflammatory components in plaques®. This indicates a
spatially oriented control mechanism, perhaps due to local
interaction between cytokines, chemokines, leukocytes and
endothelium, which might be related to the local differences in
haemodynamic parameters®®%. In addition, recently several new
animal models for vulnerable plaque have been developed, of
which the brachiocephalic trunk model by the group of Jackson®’
and the low shear stress mouse model of Cheng et al both strongly
indicate a role of blood flow in vulnerable plaque initiation and

-383 -



An immunologic primer on atherosclerosis

Table 5. Current promising research issues on the role of immunity in atherosclerosis.

The increasing awareness that activity of the immune system is intimately involved with different phases in atherogenesis has opened new areas of
research focused on innate or adaptive immunity. Eventually, new treatment modalities may be expected to arise from these investigations.

Innate immunity

Adaptive immunity

Function of VALT (vascular associated lymphoid tissue)

environmental influences on APC/DC: diabetes,

smoking (nicotine as DC activator)

Immunogenic versus tolerogenic DC

differential homing and function of blood monocyte subsets
in plaque development and stability

chemokine-mediated differential homing
(e.g. CCR2 vs. fractalkine)

differential activation of macrophages:
classic vs. alternative activation
alternative activation vs. deactivation

role of endothelial and epithelial integrity in controlling
cell traffic and inflammation

shear stress in relation to immune activity, e.g. |
TLR2 (but not TLR4) by high shear stress*!

Obesity alters gut microfloral!?

CD4+ T-helper cell subsets differentially affecting inflammation
and rupture

Th1 production of IFN-y, IL-12

Th2 production of IL-4, IL-5, IL-13

role of recently described novel CD4+
Th-cell subset producing IL-17

regulatory T-cell (Treg) function to potentially control plaque
growth and activity. Conversely that atherosclerosis may result
from lack of counter regulation instead of undue activation.

Novel mouse models for plaque rupture

progression®”-%9, Finally, an important new field is the therapeutic
immunomodulation of atherosclerosis, discussed in the next
paragraph.

Immunomodulatory therapies of vulnerable
plaque

Several therapies directly or indirectly affect the immune system
and thereby plaque progression and vulnerable plaque formation.
After a small introduction focused upon classical treatment and its
effect on the immune system, an overview is given on newer
treatment modalities specifically related to the inflammatory
component of atherosclerosis (Table 6).

Classical interventions

Experimental studies suggested that angiotensin converting
enzyme (ACE) inhibitors might have an anti-atherosclerotic
effect, inhibiting plaque progression and even stabilising plaque
composition, mostly by a reduction in angiotensin-1l levels®9-63,
This results, for example, in reduced MCP-1 production and
decreased foam cell formation. Angiotensin-Il inhibition has also
been shown to lower matrix metalloproteinase (MMP) levels,
which are particularly produced by activated macrophages®.
The production of these enzymes has a central role in the
pathophysiology of vessel remodeling®. The added beneficial
effect of angiotensin-II receptor type | (AT-1) blockers on
myocardial infarction compared to ACE-inhibitors is still
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ambiguous®®. For further reading, the anti-inflammatory effects
of ACE-inhibitors®’” and the pro-atherogenic effects of
angiotensin-Il were reviewed previously®®. More recently, human
studies on carotid arteries demonstrated the therapeutically
beneficial effect of ACE inhibitors on atherosclerosis progression
in vivo®®79. In conclusion, the effects of ACE-inhibitors on
atherosclerosis are much broader than just decreasing systemic
risk factors like hypertension and therefore deserve a role in
treatment regimens.

One of the current cornerstones in treatment of coronary arterial
disease are HMG-CoA reductase inhibitors (statins). They restore
endothelial synthesis of nitric oxide (NO) in presence of
hyperlipidaemia, which is crucial to preserve endothelial function.
Thus, beneficial effects of statins are not limited to LDL reduction’178,
as they also increase expression of eNOS’® and interfere with
superoxide formationg8!. Statins have been shown to increase
eNOS expression by various mechanisms, such as restoring the L-
arginine transport®, which is the substrate for eNOS, and by
decreasing caveolin-1, which blocks the interaction between eNOS
and its cofactor (calcium/calmodulin)3.

It has been hypothesised that the cardiovascular risk reduction by
statins may be due to changes in both plaque composition and its
pleiotropic biological effects on its components, rather than
a simple reduction in plaque size®*8. These pleiotropic effects may
include a reduction in the expression of MHC class I, a shift in T-
cell balance from Thl towards Th2 and reduced leukocyte
adhesion to the endothelium®. Experiments have also shown that



Expert review

Table 6. Overview of common current and future immunomodulatory therapies for atherosclerosis.

This table shows an overview of common current immunomodulatory therapies for atherosclerosis, it also shows some of the promising future therapies
currently under development and clinical evaluation.

Current common therapies

Category
statins

ACE-inhibitors/AT-1 blockers

Future therapies

Target
HMG-CoA

eNOS
Caveolin-1

SMC

NADPH oxidase

ACE/angiotensin-IT

Mechanism(s)

1 LDL cholesterol

T NO production

T eNOS production

1 migration and proliferation
| oxidative stress

1 NFB — oxidative stress |
1 proinflammatory cytokines
1 monocyte infiltration

References / Company
The pleiotropic effects of statins are reviewed
in K. Pahan?®3

The pro-inflammatory effects of
angiotensin-II are reviewed in Weiss et al®’

specific anti-inflammatory drugs

CCR2 antagonists

MCP-1 anatagonists
PPAR-o agonists
IL-18 binding proteins
E-selectin inhibitors
TNF-o inhibitors

(D36 ligands

broad anti-inflammatory drugs

S17834
AGI-1067

passive/active immunisation

CCR2 (MCP-1 receptor)

MCP-1
PPAR-o.
IL-18
E-selectin
TNF-ou
CD36

NADPH oxidase

reactive oxygen species

atherogenic epitope

l monocyte recruitment

l monocyte recruitment
T eNOS expression
1 interferon-y production

1 leukocyte rolling

1 TNF-0. production by monocytes

1 oxLDL internalisation

T cholesterol efflux from macrophage

1 TNF-o: induced leukocyte rolling

1 expression of redox-sensitive
genes — { VCAM-1, MCP-1,
TNF-o, IL-1f and IL-6

T atheropotective antibodies

Lutgens et al''4, Merck,
Pfizer, Millenium Pharma

Telik, Inc

reviewed in Buchan et al**®
Plitz et al®

Kailia et al'’

Zhang et al'®

Marleau et al'*®

Cayatte et al*?°

Kunsch et al1%

reviewed in Shah et al'%

statins have a potent antiproliferative effect on smooth muscle
cells®8. Additionally, simvastatin appears to reduce neointimal
hyperplasia, which is the primary cause of restenosis after stent
placement. Also, it enhances re-endothelialisation, which protects
against in-stent thrombosis.

Furthermore, regression of atherosclerotic plaques in the peripheral
circulation by intensive statin therapy has been reported®92. The
mechanisms are still not fully elucidated, but changes in LDL and
HDL cholesterol levels are described®93.94,

Vulnerable plaques are reported to have an increased extracellular
matrix breakdown, resulting in a (localised) weak spot of the
plague. This is mediated by activity of proteases, which comprise
several families: serine-proteases, cysteine-proteases and
MMP9%_ MMP belong to a family of zinc-activated proteases
modulating the extracellular matrix in the vascular wall. The activity
of some family members induces weak spots in the extracellular
matrix. MMP have been studied most extensively and many
studies provided evidence for a role of these proteins in plaque
vulnerability. Some studies showed an up-regulation of MMP in
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ruptured plaques compared to stable plaques®8. In particular,
overexpression of MMP-9 in M¢ is suggested to induce plaque
rupture in otherwise stable plaques®. Apparently not all MMP
negatively influence plague development, since synthetic inhibitors
of MMP, like tetracyclines and the macrolide Batimastat, have
been shown to exert little effect on atherosclerotic tissue!®.
Therefore, MMP inhibition of specific family members is desirable
for a MMP modulating therapy to be successful in atherosclerosis
treatment.

Novel interventions

Since it is now generally accepted that activity of the immune
system is affecting the initiation, progression and composition of
plaques, several immunomodulatory therapies are proposed and
tested in animal models. Manipulation of the immune system
can, for example, be performed through either active or passive
immunisation, both resulting in circulating neutralising
antibodies, which may dampen the inflammatory response in
atherosclerosis. Immunomodulatory therapies can be divided
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into those inhibiting the pro-atherogenic effects of the immune
system or into those interventions stimulating the regulatory
capabilitiestol,

Activation of TLR is, in general, thought to induce or enhance
atherosclerosis by promoting inflammation. Indeed, several mouse
lines employing inhibition of TLR4 showed a reduction in
atherosclerotic plaques size3.

Compared to an innate immune response, an adaptive response
takes longer to develop, but is more selective and can be
functionally skewed into different directions. It needs an antigen to
become activated and several antigens that may be involved in
atherogenesis have been proposed in the literature (see Table 3).
On the other hand, properly functioning immunity is
atheroprotective mediated by naturally circulating 1gM antibodies
that are produced by B-lymphocytes. These antibodies attenuate
murine atherosclerosisi®. Two strategies have been reported that
aimed at increasing the levels of these naturally occurring
antibodies. Binder et al'®? showed that immunisation of mice with
malondialdehyde (MDA)-modified LDL, increased IgG1 antibodies
to MDA-LDL and, surprisingly, also IgM antibodies to oxLDL%2,
Faria-Neto et al passively immunised mice using a monoclonal
antibody against phosphorylcholine, an oxLDL headgroup, to study
the effect on atherosclerosis!®®, They found that this treatment
resulted in an increased titer of naturally occurring antibodies
against the same epitope. Both experimental studies showed
reduced atherosclerosis, although in the latter study the effect was
only demonstrated in vein graft atherosclerosis. Interestingly,
activation of the immune system through immunisation with oxLDL
leads to a large reduction in atherosclerosis suggesting that this
activation pathway has atheroprotective properties!®-1%. Another
antigen to be considered in atherosclerosis is endogenous HSPE0,
which has cross-reactive epitopes with bacterial HSP60 and
HSP65197. A bacterial infection could result in antibodies to
bacterial HSP that may also interact with human HSP epitopes on
stressed arterial cells. In contrast to using modified LDL epitopes as
antigen, immunisation of LDLR -/~ mice or hypercholesterolemic
rabbits with HSP60 augments atherosclerosisi®1%, Given the
differential responsiveness of the immune system upon triggering
with atherosclerosis-related molecules, i.e. stimulating either anti-
or pro- atherogenic pathways, great care needs to be taken in the
development of vaccine strategies aimed at the inhibition of
atherosclerosis.

Acknowledgements

R. Krams is a recipient of the established investigator grant of the
Dutch Heart Foundation (project 2002T045). C. Cheng was
supported by the Interuniversity Cardiology Institute of the
Netherlands (ICIN, project 33).

References

1. Ross R. Atherosclerosis—an inflammatory disease. N Engl J Med.
1999;340:115-26.

2. Yamashita H, Shimada K, Seki E, Mokuno H, Daida H.
Concentrations of interleukins, interferon, and C-reactive protein in stable
and unstable angina pectoris. Am J Cardiol. 2003;91:133-6.

- 386 -

EURO

PCR

3. Bobryshev YV, Lord RS. Mapping of vascular dendritic cells in ath-
erosclerotic arteries suggests their involvement in local immune-inflam-
matory reactions. Cardiovasc Res. 1998;37:799-810.

4. Waltner-Romen M, Falkensammer G, Rabl W, Wick G. A previously
unrecognized site of local accumulation of mononuclear cells. The vascu-
lar-associated lymphoid tissue. J Histochem Cytochem. 1998;46:1347-50.

5. Hakkinen T, Karkola K, Yla-Herttuala S. Macrophages, smooth
muscle cells, endothelial cells, and T-cells express CD40 and CD4O0L in
fatty streaks and more advanced human atherosclerotic lesions.
Colocalization with epitopes of oxidized low- density lipoprotein, scavenger
receptor, and CD16 (Fc gammaRIll). Virchows Arch. 2000;437:396-405.

6. Lord R, Bobryshev Y. Hallmarks of atherosclerotic lesion develop-
ment with special reference to immune infllmmatory mechanisms.
Cardiovasc Surg. 2002;10:405.

7. de Boer OJ, Hirsch F, van der Wal AC, van der Loos CM, Das PK,
Becker AE. Costimulatory molecules in human atherosclerotic plaques:
an indication of antigen specific T lymphocyte activation. Atherosclerosis.
1997;133:227-34.

8. Salazar-Fontana LI, Bierer BE. T-lymphocyte coactivator molecules.
Curr Opin Hematol. 2001;8:5-11.

9. Bruemmer D, Riggers U, Holzmeister J, Grill M, Lippek F, Settmacher U,
Regitz-Zagrosek V, Fleck E, Graf K. Expression of CD40 in vascular smooth
muscle cells and macrophages is associated with early development of
human atherosclerotic lesions. Am J Cardiol. 2001;87:21-7.

10. Laman JD, de Smet BJ, Schoneveld A, van Meurs M. CD40-CD40L
interactions in atherosclerosis. Immunol Today. 1997;18:272-7.

11. Lutgens E, Daemen MJ. CD40-CD40L interactions in atherosclero-
sis. Trends Cardiovasc Med. 2002;12:27-32.

12. Paulsson G, Zhou X, Tornquist E, Hansson GK. Oligoclonal T cell
expansions in atherosclerotic lesions of apolipoprotein E-deficient mice.
Arterioscler Thromb Vasc Biol. 2000;20:10-7.

13. De Palma R, Del Galdo F, Abbate G, Chiariello M, Calabro R, Forte L,
Cimmino G, Papa MF, Russo MG, Ambrosio G, Giombolini C, Tritto |,
Notaristefano S, Berrino L, Rossi F, Golino P. Patients with acute coronary
syndrome show oligoclonal T-cell recruitment within unstable plaque: evi-
dence for a local, intracoronary immunologic mechanism. Circulation.
2006;113:640-6.

14. Xu XH, Shah PK, Faure E, Equils O, Thomas L, Fishbein MC,
Luthringer D, Xu XP, Rajavashisth TB, Yano J, Kaul S, Arditi M. Toll-like
receptor-4 is expressed by macrophages in murine and human lipid-rich
atherosclerotic plaques and upregulated by oxidized LDL. Circulation.
2001;104:3103-8.

15. Laman JD, Schoneveld AH, Moll FL, van Meurs M, Pasterkamp G.
Significance of peptidoglycan, a proinflammatory bacterial antigen in ath-
erosclerotic arteries and its association with vulnerable plaques. Am J
Cardiol. 2002;90:119-23.

16. Reape TJ, Groot PH. Chemokines and atherosclerosis.
Atherosclerosis. 1999;147:213-25.

17. Lutgens E, Gorelik L, Daemen MJ, de Muinck ED, Grewal IS,
Koteliansky VE, Flavell RA. Requirement for CD154 in the progression of
atherosclerosis. Nat Med. 1999;5:1313-6.

18. Combadiere C, Potteaux S, Gao JL, Esposito B, Casanova S, Lee EJ,
Debre P, Tedgui A, Murphy PM, Mallat Z. Decreased atherosclerotic lesion
formation in CX3CR1/apolipoprotein E double knockout mice. Circulation.
2003;107:1009-16.



19. Lesnik P, Haskell CA, Charo IF. Decreased atherosclerosis in
CX3CR1-/- mice reveals a role for fractalkine in atherogenesis. J Clin
Invest. 2003;111:333-40.

20. Burke-Gaffney A, Brooks AV, Bogle RG. Regulation of chemokine
expression in atherosclerosis. Vasc Pharmacol. 2002;38:283-92.

21. Bursill CA, Channon KM, Greaves DR. The role of chemokines in
atherosclerosis: recent evidence from experimental models and popula-
tion genetics. Curr Opin Lipidol. 2004;15:145-9.

22. Veillard NR, Kwak B, Pelli G, Mulhaupt F, James RW, Proudfoot AE,
Mach F. Antagonism of RANTES receptors reduces atherosclerotic plaque
formation in mice. Circ Res. 2004;94:253-61.

23. Inoue S, Egashira K, Ni W, Kitamoto S, Usui M, Otani K, Ishibashi
M, Hiasa K, Nishida K, Takeshita A. Anti-monocyte chemoattractant pro-
tein-1 gene therapy limits progression and destabilization of established
atherosclerosis in apolipoprotein E-knockout mice. Circulation.
2002;106:2700-6.

24. Hansson GK. Immune mechanisms in atherosclerosis. Arterioscler
Thromb Vasc Biol. 2001;21:1876-90.

25. Hansson GK. Regulation of immune mechanisms in atherosclero-
sis. Ann N Y Acad Sci. 2001:947:157-65; discussion 165-6.

26. Frostegard J, Ulfgren AK, Nyberg P, Hedin U, Swedenborg J,
Andersson U, Hansson GK. Cytokine expression in advanced human ath-
erosclerotic plaques: dominance of pro-inflammatory (Thl) and
macrophage-stimulating cytokines. Atherosclerosis. 1999;145:33-43.

27. Tedgui A, Mallat Z. Anti-inflammatory mechanisms in the vascular
wall. Circ Res. 2001;88:877-87.

28. Merhi-Soussi F, Kwak BR, Magne D, Chadjichristos C, Berti M, Pelli G,
James RW, Mach F, Gabay C. Interleukin-1 plays a major role in vascular
inflammation and atherosclerosis in male apolipoprotein E-knockout
mice. Cardiovasc Res. 2005;66:583-93.

29. Hauer AD, Uyttenhove C, de Vos P, Stroobant V, Renauld JC, van
Berkel TJ, van Snick J, Kuiper J. Blockade of interleukin-12 function by
protein  vaccination attenuates atherosclerosis.  Circulation.
2005;112:1054-62.

30. ChiH, Messas E, Levine RA, Graves DT, Amar S. Interleukin-1 recep-
tor signaling mediates atherosclerosis associated with bacterial exposure
and/or a high-fat diet in a murine apolipoprotein E heterozygote model:
pharmacotherapeutic implications. Circulation. 2004;110:1678-85.

31. Hansson GK, Libby P, Schonbeck U, Yan ZQ. Innate and adaptive
immunity in the pathogenesis of atherosclerosis. Circ Res. 2002;91:281-91.

32. Binder CJ, Chang MK, Shaw PX, Miller YI, Hartvigsen K, Dewan A,
Witztum JL. Innate and acquired immunity in atherogenesis. Nat Med.
2002;8:1218-26.

33. Taylor PR, Gordon S. Monocyte heterogeneity and innate immunity.
Immunity. 2003;19:2-4.

34. Gough PJ, Gordon S. The role of scavenger receptors in the innate
immune system. Microbes Infect. 2000;2:305-11.

35. Wick G, Knoflach M, Xu Q. Autoimmune and infllammatory mech-
anisms in atherosclerosis. Annu Rev Immunol. 2004;22:361-403.

36. Hansson GK. Vaccination against atherosclerosis: science or fic-
tion? Circulation. 2002;106:1599-601.

37. Guo J, de Waard V, Van Eck M, Hildebrand RB, van Wanrooij EJ,
Kuiper J, Maeda N, Benson GM, Groot PH, Van Berkel TJ. Repopulation

EURO

PCR

Expert review

of apolipoprotein E knockout mice with CCR2-deficient bone marrow pro-
genitor cells does not inhibit ongoing atherosclerotic lesion development.
Arterioscler Thromb Vasc Biol. 2005;25:1014-9.

38. Tobias P, Curtiss LK. Thematic review series: The immune system
and atherogenesis. Paying the price for pathogen protection: toll receptors
in atherogenesis. J Lipid Res. 2005;46:404-11.

39. Schroder NW, Schumann RR. Single nucleotide polymorphisms of
Toll-like receptors and susceptibility to infectious disease. Lancet Infect
Dis. 2005;5:156-64.

40. Espinola-Klein C, Rupprecht HJ, Blankenberg S, Bickel C, Kopp H,
Rippin G, Victor A, Hafner G, Schlumberger W, Meyer J. Impact of infec-
tious burden on extent and long-term prognosis of atherosclerosis.
Circulation. 2002;105:15-21.

41. Epstein SE, Zhu J, Burnett MS, Zhou YF, Vercellotti G, Hajjar D.
Infection and atherosclerosis: potential roles of pathogen burden and
molecular mimicry. Arterioscler Thromb Vasc Biol. 2000;20:1417-20.

42. Hansson GK. Inflammation, atherosclerosis, and coronary artery
disease. N Engl J Med. 2005;352:1685-95.

43. Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons
from sudden coronary death: a comprehensive morphological classifica-
tion scheme for atherosclerotic lesions. Arterioscler Thromb Vasc Biol.
2000;20:1262-75.

44, laurat E, Poirier B, Tupin E, Caligiuri G, Hansson GK, Bariety J,
Nicoletti A. In vivo downregulation of T helper cell 1 immune responses
reduces atherogenesis in apolipoprotein E-knockout mice. Circulation.
2001;104:197-202.

45, Zhou X, Nicoletti A, Elhage R, Hansson GK. Transfer of CD4(+) T
cells aggravates atherosclerosis in immunodeficient apolipoprotein E
knockout mice. Circulation. 2000;102:2919-22.

46. Wick G, Perschinka H, Xu Q. Autoimmunity and atherosclerosis.
Am Heart J. 1999;138:5444-9.

47. Nicholson AC. Expression of CD36 in macrophages and atheroscle-
rosis: the role of lipid regulation of PPARgamma signaling. Trends
Cardiovasc Med. 2004,14:8-12.

48. Boisvert WA. Modulation of atherogenesis by chemokines. Trends
Cardiovasc Med. 2004;14:161-5.

49. Zhou X. CD4+ T cells in atherosclerosis. Biomed Pharmacother.
2003;57:287-91.

50. Libby P. Inflammation in atherosclerosis. Nature. 2002;420:868-74.

51. Liu C, Waters DD. Chlamydia pneumoniae and atherosclerosis: from
Koch postulates to clinical trials. Prog Cardiovasc Dis. 2005;47:230-9.

52. Draude G, von Hundelshausen P, Frankenberger M, Ziegler-
Heitbrock HW, Weber C. Distinct scavenger receptor expression and func-
tion in the human CD14(+)/CD16(+) monocyte subset. Am J Physiol.
1999;276:H1144-9.

53. Davenport P, Tipping PG. The role of interleukin-4 and interleukin-
12 in the progression of atherosclerosis in apolipoprotein E-deficient mice.
Am J Pathol. 2003;163:1117-25.

54. Dirksen MT, van der Wal AC, van den Berg FM, van der Loos CM,
Becker AE. Distribution of inflammatory cells in atherosclerotic plagues
relates to the direction of flow. Circulation. 1998;98:2000-3.

55. Buchanan JR, Jr., Kleinstreuer C, Truskey GA, Lei M. Relation
between non-uniform hemodynamics and sites of altered permeability

- 387 -



An immunologic primer on atherosclerosis

and lesion growth at the rabbit aorto-celiac junction. Atherosclerosis.
1999;143:27-40.

56. Malinauskas RA, Sarraf P, Barber KM, Truskey GA. Association
between secondary flow in models of the aorto-celiac junction and suben-
dothelial macrophages in the normal rabbit. Atherosclerosis.
1998;140:121-34.

57. Johnson JL, Jackson CL. Atherosclerotic plaque rupture in the
apolipoprotein E knockout mouse. Atherosclerosis. 2001;154:399-406.

58. Krams R, Segers D, Gourabi BM, Maat W, Cheng C, van Pelt C, van
Damme LC, de Feyter P, van der Steen T, de Korte CL, Serruys PW.
Inflammation and atherosclerosis: mechanisms underlying vulnerable
plaque. J Interv Cardiol. 2003;16:107-13.

59. Cheng C, van Haperen R, de Waard M, van Damme LC, Tempel D,
Hanemaaijer L, van Capellen GW, Bos J, Slager CJ, Duncker DJ, van der
Steen AF, de Crom R, Krams R. Shear stress affects the intracellular dis-
tribution of eNOS: direct demonstration by a novel in vivo technigue.
Blood. 2005.

60. Hornig B, Kohler C, Drexler H. Role of bradykinin in mediating vas-
cular effects of angiotensin-converting enzyme inhibitors in humans.
Circulation. 1997;95:1115-8.

61. Candido R, Jandeleit-Dahm KA, Cao Z, Nesteroff SP, Burns WC,
Twigg SM, Dilley RJ, Cooper ME, Allen TJ. Prevention of accelerated ath-
erosclerosis by angiotensin-converting enzyme inhibition in diabetic
apolipoprotein E-deficient mice. Circulation. 2002;106:246-53.

62. Powell JS, Clozel JP, Muller RK, Kuhn H, Hefti F, Hosang M,
Baumgartner HR. Inhibitors of angiotensin-converting enzyme prevent
myointimal proliferation after vascular injury. Science. 1989;245:186-8.

63. Hayek T, Hamoud S, Keidar S, Pavlotzky E, Coleman R, Aviram M,
Kaplan M. Omapatrilat decreased macrophage oxidative status and ath-
erosclerosis progression in atherosclerotic apolipoprotein E-deficient
mice. J Cardiovasc Pharmacol. 2004;43:140-7.

64. Schieffer B, Bunte C, Witte J, Hoeper K, Boger RH, Schwedhelm E,
Drexler H. Comparative effects of AT1-antagonism and angiotensin-con-
verting enzyme inhibition on markers of inflammation and platelet aggre-
gation in patients with coronary artery disease. J Am Coll Cardiol.
2004;44:362-8.

65. Ward MR, Pasterkamp G, Yeung AC, Borst C. Arterial remodeling.
Mechanisms and clinical implications. Circulation. 2000;102:1186-91.

66. McDonald MA, Simpson SH, Ezekowitz JA, Gyenes G, Tsuyuki RT.
Angiotensin receptor blockers and risk of myocardial infarction: system-
atic review. Bmj. 2005;331:873.

67. Weiss D, Sorescu D, Taylor WR. Angiotensin Il and atherosclerosis.
Am J Cardiol. 2001;87:25C-32C.

68. Schmidt-Ott KM, Kagiyama S, Phillips MI. The multiple actions of
angiotensin Il in atherosclerosis. Regul Pept. 2000;93:65-77.

69. Lonn E, Yusuf S, Dzavik V, Doris C, Yi Q, Smith S, Moore-Cox A,
Bosch J, Riley W, Teo K. Effects of ramipril and vitamin E on atheroscle-
rosis: the study to evaluate carotid ultrasound changes in patients treated
with ramipril and vitamin E (SECURE). Circulation. 2001;103:919-25.

70. Hosomi N, Mizushige K, Ohyama H, Takahashi T, Kitadai M,
Hatanaka Y, Matsuo H, Kohno M, Koziol JA. Angiotensin-converting
enzyme inhibition with enalapril slows progressive intima-media thicken-
ing of the common carotid artery in patients with non-insulin-dependent
diabetes mellitus. Stroke. 2001;32:1539-45.

- 388 -

EURO

PCR

71. Pedersen TR, Olsson AG, Faergeman O, Kjekshus J, Wedel H, Berg K,
Wilhelmsen L, Haghfelt T, Thorgeirsson G, Pyorala K, Miettinen T,
Christophersen B, Tobert JA, Musliner TA, Cook TJ. Lipoprotein changes
and reduction in the incidence of major coronary heart disease events in
the Scandinavian Simvastatin Survival Study (4S). Circulation.
1998;97:1453-60.

72. Shepherd J, Cobbe SM, Ford |, Isles CG, Lorimer AR, MacFarlane PW,
McKillop JH, Packard CJ. Prevention of coronary heart disease with
pravastatin in men with hypercholesterolemia. West of Scotland Coronary
Prevention Study Group. N Engl J Med. 1995;333:1301-7.

73. Sacks FM, Moye LA, Davis BR, Cole TG, Rouleau JL, Nash DT,
Pfeffer MA, Braunwald E. Relationship between plasma LDL concentra-
tions during treatment with pravastatin and recurrent coronary events in
the Cholesterol and Recurrent Events trial. Circulation. 1998;97:1446-52.

74. Schwartz GG, Olsson AG, Ezekowitz MD, Ganz P, Oliver MF, Waters D,
Zeiher A, Chaitman BR, Leslie S, Stern T. Effects of atorvastatin on early
recurrent ischemic events in acute coronary syndromes: the MIRACL
study: a randomized controlled trial. Jama. 2001;285:1711-8.

75. Simes RJ, Marschner IC, Hunt D, Colquhoun D, Sullivan D,
Stewart RA, Hague W, Keech A, Thompson P, White H, Shaw J, Tonkin A.
Relationship between lipid levels and clinical outcomes in the Long-term
Intervention with Pravastatin in Ischemic Disease (LIPID) Trial: to what
extent is the reduction in coronary events with pravastatin explained by
on-study lipid levels? Circulation. 2002;105:1162-9.

76. Nissen SE, Tuzcu EM, Schoenhagen P, Crowe T, Sasiela WJ, Tsai J,
Orazem J, Magorien RD, O'Shaughnessy C, Ganz P. Statin therapy, LDL
cholesterol, C-reactive protein, and coronary artery disease. N Engl J Med.
2005;352:29-38.

77. Ridker PM, Cannon CP, Morrow D, Rifai N, Rose LM, McCabe CH,
Pfeffer MA, Braunwald E. C-reactive protein levels and outcomes after
statin therapy. N Engl J Med. 2005;352:20-8.

78. Randomised trial of cholesterol lowering in 4444 patients with coro-
nary heart disease: the Scandinavian Simvastatin Survival Study (4S).
Lancet. 1994,;344:1383-9.

79. laufs U, La Fata V, Plutzky J, Liao JK. Upregulation of endothelial
nitric oxide synthase by HMG CoA reductase inhibitors. Circulation.
1998;97:1129-35.

80. Wagner AH, Kohler T, Ruckschloss U, Just |, Hecker M.
Improvement of nitric oxide-dependent vasodilatation by HMG-CoA
reductase inhibitors through attenuation of endothelial superoxide anion
formation. Arterioscler Thromb Vasc Biol. 2000;20:61-9.

81. Wassmann S, Laufs U, Muller K, Konkol C, Ahlbory K, Baumer AT,
Linz W, Bohm M, Nickenig G. Cellular antioxidant effects of atorvastatin in
vitro and in vivo. Arterioscler Thromb Vasc Biol. 2002;22:300-5.

82. Vergnani L, Hatrik S, Ricci F, Passaro A, Manzoli N, Zuliani G,
Brovkovych V, Fellin R, Malinski T. Effect of native and oxidized low-den-
sity lipoprotein on endothelial nitric oxide and superoxide production : key
role of L-arginine availability. Circulation. 2000;101:1261-6.

83. Ju H, Zou R, Venema VJ, Venema RC. Direct interaction of
endothelial nitric-oxide synthase and caveolin-1 inhibits synthase activity.
J Biol Chem. 1997,272:18522-5.

84. Schartl M, Bocksch W, Koschyk DH, Voelker W, Karsch KR,
Kreuzer J, Hausmann D, Beckmann S, Gross M. Use of intravascular
ultrasound to compare effects of different strategies of lipid-lowering ther-
apy on plaque volume and composition in patients with coronary artery
disease. Circulation. 2001;104:387-92.



8b. Yokoyama M, Komiyama N, Courtney BK, Nakayama T, Namikawa S,
Kuriyama N, Koizumi T, Nameki M, Fitzgerald PJ, Komuro I. Plasma low-
density lipoprotein reduction and structural effects on coronary athero-
sclerotic plaques by atorvastatin as clinically assessed with intravascular
ultrasound radio-frequency signal analysis: a randomized prospective
study. Am Heart J. 2005;150:287.

86. Kawasaki M, Sano K, Okubo M, Yokoyama H, Ito Y, Murata I,
Tsuchiya K, Minatoguchi S, Zhou X, Fujita H, Fujiwara H. Volumetric
quantitative analysis of tissue characteristics of coronary plaques after
statin therapy using three-dimensional integrated backscatter intravascu-
lar ultrasound. J Am Coll Cardiol. 2005;45:1946-53.

87. Endres M. Statins: Potential new indications in inflammatory condi-
tions. Atheroscler Suppl. 2006.

88. Lefer AM, Scalia R, Lefer DJ. Vascular effects of HMIG CoA-reduc-
tase inhibitors (statins) unrelated to cholesterol lowering: new concepts for
cardiovascular disease. Cardiovasc Res. 2001;49:281-7.

89. Nolting PR, de Groot E, Zwinderman AH, Buirma RJ, Trip MD,
Kastelein JJ. Regression of carotid and femoral artery intima-media thick-
ness in familial hypercholesterolemia: treatment with simvastatin. Arch
Intern Med. 2003;163:1837-41.

90. Lima JA, Desai MY, Steen H, Warren WP, Gautam S, Lai S. Statin-
induced cholesterol lowering and plaque regression after 6 months of
magnetic resonance imaging-monitored therapy. Circulation.
2004;110:2336-41.

91. Corti R, Fuster V, Fayad ZA, Worthley SG, Helft G, Chaplin WF,
Muntwyler J, Viles-Gonzalez JF, Weinberger J, Smith DA, Mizsei G,
Badimon JJ. Effects of aggressive versus conventional lipid-lowering ther-
apy by simvastatin on human atherosclerotic lesions: a prospective, ran-
domized, double-blind trial with high-resolution magnetic resonance
imaging. J Am Coll Cardiol. 2005;46:106-12.

92. Yonemura A, Momiyama Y, Fayad ZA, Ayaori M, Ohmori R, Higashi K,
Kihara T, Sawada S, Iwamoto N, Ogura M, Taniguchi H, Kusuhara M,
Nagata M, Nakamura H, Tamai S, Ohsuzu F. Effect of lipid-lowering ther-
apy with atorvastatin on atherosclerotic aortic plaques detected by nonin-
vasive magnetic resonance imaging. J Am Coll Cardiol. 2005;45:733-42.

93. Nissen SE, Tsunoda T, Tuzcu EM, Schoenhagen P, Cooper CJ,
Yasin M, Eaton GM, Lauer MA, Sheldon WS, Grines CL, Halpern S, Crowe T,
Blankenship JC, Kerensky R. Effect of recombinant ApoA-I Milano on
coronary atherosclerosis in patients with acute coronary syndromes:
a randomized controlled trial. Jama. 2003;290:2292-300.

94. Amarenco P, Labreuche J, Lavallee P, Touboul PJ. Statins in stroke
prevention and carotid atherosclerosis: systematic review and up-to-date
meta-analysis. Stroke. 2004;35:2902-9.

95. Pasterkamp G, Schoneveld AH, Hijnen DJ, de Kleijn DP, Teepen H,
van der Wal AC, Borst C. Atherosclerotic arterial remodeling and the local-
ization of macrophages and matrix metalloproteases 1, 2 and 9 in the
human coronary artery. Atherosclerosis. 2000;150:245-53.

96. Jones CB, Sane DC, Herrington DM. Matrix metalloproteinases.
Areview of their structure and role in acute coronary syndrome.
Cardiovasc Res. 2003;59:812-23.

97. Newby AC, Southgate KM, Davies M. Extracellular matrix degrad-
ing metalloproteinases in the pathogenesis of arteriosclerosis. Basic Res
Cardiol. 1994,89 Suppl 1:59-70.

98. Galis ZS, Khatri JJ. Matrix metalloproteinases in vascular remodel-
ing and atherogenesis: the good, the bad, and the ugly. Circ Res.
2002;90:251-62.

EURO

PCR

Expert review

99. Inokubo Y, Hanada H, Ishizaka H, Fukushi T, Kamada T, Okumura K.
Plasma levels of matrix metalloproteinase-9 and tissue inhibitor of metal-
loproteinase-1 are increased in the coronary circulation in patients with
acute coronary syndrome. Am Heart J. 2001;141:211-7.

100. Auge N, Maupas-Schwalm F, Elbaz M, Thiers JC, Waysbort A,
Itohara S, Krell HW, Salvayre R, Negre-Salvayre A. Role for matrix metal-
loproteinase-2 in oxidized low-density lipoprotein-induced activation of the
sphingomyelin/ceramide pathway and smooth muscle cell proliferation.
Circulation. 2004;110:571-8.

101. Burton DR. Opinion: Antibodies, viruses and vaccines. Nat Rev
Immunol. 2002;2:706-13.

102. Binder CJ, Hartvigsen K, Chang MK, Miller M, Broide D, Palinski W,
Curtiss LK, Corr M, Witztum JL. IL-5 links adaptive and natural immunity
specific for epitopes of oxidized LDL and protects from atherosclerosis.
J Clin Invest. 2004;114:427-37.

103. Faria-Neto JR, Chyu KY, Li X, Dimayuga PC, Ferreira C, Yano J,
Cercek B, Shah PK. Passive immunization with monoclonal IgM antibod-
ies against phosphorylcholine reduces accelerated vein graft atheroscle-
rosis in apolipoprotein E-null mice. Atherosclerosis. 2005;in press.

104. Nilsson J, Hansson GK, Shah PK. Immunomodulation of athero-
sclerosis: implications for vaccine development. Arterioscler Thromb Vasc
Biol. 2005;25:18-28.

105. Nicoletti A, Caligiuri G, Hansson GK. Immunomodulation of ather-
osclerosis: myth and reality. J Intern Med. 2000;247:397-405.

106. Shah PK, Chyu KY, Fredrikson GN, Nilsson J. Immunomodulation
of atherosclerosis with a vaccine. Nat Clin Pract Cardiovasc Med.
2005;2:639-46.

107. Perschinka H, Mayr M, Millonig G, Mayerl C, van der Zee R,
Morrison SG, Morrison RP, Xu Q, Wick G. Cross-reactive B-cell epitopes of
microbial and human heat shock protein 60/65 in atherosclerosis.
Arterioscler Thromb Vasc Biol. 2003;23:1060-5.

108. Henson
2005;6:1179-81.

PM. Dampening inflammation. Nat [mmunol.

109. Falk E. Pathogenesis of atherosclerosis. J Am Coll Cardiol.
2006;47:C7-12.

110. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate
immunity. Cell. 2006;124:783-801.

111. Taylor PR, Martinez-Pomares L, Stacey M, Lin HH, Brown GD,
Gordon S. Macrophage receptors and immune recognition. Annu Rev
Immunol. 2005;23:901-44.

112. Dunzendorfer S, Lee HK, Tobias PS. Flow-dependent regulation of
endothelial Toll-like receptor 2 expression through inhibition of SP1 activ-
ity. Circ Res. 2004;95:684-91.

113. Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD,
Gordon JI. Obesity alters gut microbial ecology. Proc Natl Acad SciU S A.
2005;102:11070-5.

114. Pahan K. Biomedicine and diseases: lipid-lowering drugs. Cell Mol
Life Sci. 2006.

115. Lutgens E, Faber B, Schapira K, Evelo CT, van Haaften R,
Heeneman S, Cleutjens KB, Bijnens AP, Beckers L, Porter JG, Mackay CR,
Rennert P, Bailly V, Jarpe M, Dolinski B, Koteliansky V, de Fougerolles T,
Daemen MJ. Gene profiling in atherosclerosis reveals a key role for small
inducible cytokines: validation using a novel monocyte chemoattractant
protein monoclonal antibody. Circulation. 2005;111:3443-52.

- 389 -



An immunologic primer on atherosclerosis

116. Buchan KW, Hassall DG. PPAR agonists as direct modulators of the
vessel wall in cardiovascular disease. Med Res Rev. 2000;20:350-66.

117. Plitz T, Saint-Mezard P, Satho M, Herren S, Waltzinger C, de Carvalho
Bittencourt M, Kosco-Vilbois MH, Chvatchko VY. IL-18 binding protein pro-
tects against contact hypersensitivity. J Immunol. 2003;171:1164-71.

118. Kaila N, Somers WS, Thomas BE, Thakker P, Janz K, DeBernardo S,
Tam S, Moore WJ, Yang R, Wrona W, Bedard PW, Crommie D, Keith JC,
Jr., Tsao DH, Alvarez JC, Ni H, Marchese E, Patton JT, Magnani JL,
Camphausen RT. Quinic acid derivatives as sialyl Lewis(x)-mimicking
selectin inhibitors: design, synthesis, and crystal structure in complex with
E-selectin. J Med Chem. 2005;48:4346-57.

119. Zhang LH, Wu L, Raymon HK, Chen RS, Corral L, Shirley MA, Narla
RK, Gamez J, Muller GW, Stirling DI, Bartlett JB, Schafer PH, Payvandi F.
The synthetic compound CC-5079 is a potent inhibitor of tubulin polymer-

-390 -

EURO

ization and tumor necrosis factor-alpha production with antitumor activity.
Cancer Res. 2006;66:951-9.

120. Marleau S, Harb D, Bujold K, Avallone R, lken K, Wang Y, Demers A,
Sirois MG, Febbraio M, Silverstein RL, Tremblay A, Ong H. EP 80317, a lig-
and of the CD36 scavenger receptor, protects apolipoprotein E-deficient
mice from developing atherosclerotic lesions. Faseb J. 2005;19:1869-71.

121. Cayatte AJ, Rupin A, Oliver-Krasinski J, Maitland K, Sansilvestri-
Morel P, Boussard MF, Wierzbicki M, Verbeuren TJ, Cohen RA.
S17834, a new inhibitor of cell adhesion and atherosclerosis that tar-
gets nadph oxidase. Arterioscler Thromb Vasc Biol. 2001;21:1577-84.

122. Kunsch C, Luchoomun J, Grey JY, Olliff LK, Saint LB, Arrendale RF,
Wasserman MA, Saxena U, Medford RM. Selective inhibition of endothe-
lial and monocyte redox-sensitive genes by AGI-1067: a novel antioxidant
and anti-inflammatory agent. J Pharmacol Exp Ther. 2004,308:820-9.



