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Chapter 1

1. Cardiovascular disease

Cardiovascular disease (CVD) refers to a group of diseases related to the
cardiovascular system. An unhealthy lifestyle and physical inactivity result
in elevated blood pressure, raised cholesterol levels, increased blood glucose,
overweight, and obesity. All these features are recognized as the most important
behavioral risk factors of CVD. CVD can be subdivided in three groups: heart
failure, aneurysm formation and atherosclerosis.

1.1 Heart Failure

Heart failure is a chronic, progressive condition in which the heart muscle is
unable to pump enough blood through the heart to meet the body’s needs for
blood and oxygen. At first, the heart tries to make up for this by enlarging the
heart chambers, developing more muscle mass and increasing the heart rate. Also
blood vessels are narrowed to keep blood pressure up and blood is diverted away
from organs to maintain flow to the heart and brain. However, these temporary
measurements are not sufficient and finally persons experience fatigue and
breathing problems. Heart failure can involve the heart’s left side, right side or
both sides. However, it usually affects the left side first. Two types of left-sided
heart failure are discriminated. The first is systolic failure in which the left ventricle
loses its ability to contract normally with a reduced ejection fraction as result. The
second is diastolic failure in which the ventricle loses its relaxation capacity but
the ejection fraction is not affected. Right ventricular heart failure usually occurs
as a result of left-sided failure. As blood flow out of the heart reduces, venous
blood returning to the heart backs up, causing congestion in the body’s tissue
which often results in edema. The prevalence of heart failure increases with age.
The condition is not curable but with the appropriate medical treatment and a
drastic change in lifestyle, the condition is manageable.! ?

1.2 Aneurysm formation

An aneurysm of the abdominal aortic (AAA) is a focal balloon-like dilation of the
aorta (Figure 1). The expansion of the aorta is caused by a chronic inflammation
which leads to degradation of the elastic lamina and collagen and subsequent
further dilatation and even rupture.> 4 AAA is a common disease which mainly
affects men aged 60 or older. Mostly, aneurysms remain undiscovered and they
grow approximately 0.3 cm each year. Rupture of aneurysm has a high mortality
and now ranks number 12 of the most common causes of death in the Western
world.> Risk factors for the development of AAA are age, sex, smoking, and
atherosclerosis. Treatment of AAA mainly focuses on the control of risk factors
or, when the AAA is growing larger then 5.5 cm, the surgical removal of the
aneurysm such as stent graft repair or complete replacement of the diseased part
with an artificial vascular graft. Suitable pharmacological treatment is currently
unavailable, although inhibitors of Angiotensin converting enzyme (ACE) and
statins have been shown to prevent progression or rupture of an aneurysm in
patients.®
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Figure 1: Abdominal Aortic Aneurysm (AAA)
AAA is a localized dilatation of the abdominal aorta that exceeds the normal diameter of 2
cm by more than 50%

1.3 Atherosclerosis

Atherosclerosis, the main underlying pathology of cardiovascular disease, is a
multifactorial, chronic, auto-immune-like disease initiated by lipid accumulation
and inflammatory processes.’® Atherosclerosis affects the medium and large-
sized arteries and is already initiated during early adolescence. The flow-limiting
stenosis can cause discomfort to the patient but most clinical manifestations are
stroke and acute myocardial infarction. In the last decades, a wide variety of risk
factors have been identified. Behavioral factors such as smoking, high fat intake,
stress, and a sedentary life style are identified, while clinical symptoms such as
hypertension, diabetes, obesity, and dyslipidemia generate an increased risk for
cardiovascular disease.0-12

Current therapies mainly focus on decreasing risk factors. Lowering cholesterol
levels with statins or aspirin, improving the life style and lowering blood pressure
but also surgical interventions such as bypasses or dottering in combination with
stent placement have resulted in a strong decline in the number of deaths caused
by cardiovascular disease. However, atherosclerosis continues to be the leading
cause of morbidity and mortality in the Western world and this will probably not
change in the near future because of the alarming rising numbers of diabetic
and obese people.!?* Therefore, the search for disease-specific therapies is still a
clinically highly relevant challenge.

11



Chapter 1

2. Atherosclerotic lesion development
2.1 Lesion initiation

Atherosclerotic plaque formation occurs mainly at high risk areas such as branching
points and bifurcations of the arterial tree.*'¢Low shear stress, oscillatory or
turbulent flow in combination with atherogenic risk factors, cause a dysfunction
of the endothelial layer which results in an increased endothelial permeability. In
hypercholesteremic patients, Low Density Lipoprotein (LDL) infiltrates into the
intima. The interaction with oxidatively and enzymatically modified LDL leads to
the expression of adhesion molecules by endothelial cells. Increased expression of
vascular adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-
1), E-selectin and P-selectin result in the rolling and firm adhesion of leukocytes
to the endothelial layer.?”- 8 Adhesion is followed by transmigration through the
endothelial layer into the subendothelial space. This process of diapedesis is
induced by the presence of chemotactic proteins, also known as chemokines.
Several chemokines are produced by endothelial cells, smooth muscle cells, and
intimal macrophages. One of the best characterized chemokines is Monocyte
chemotactic protein-1 (MCP-1) which promotes the recruitment of both monocytes
and T cells.?® In addition, modified LDL is also chemotactic for monocytes and T
cells, attracting more cells into the intima.

Under the influence of cytokines such as Tumor Necrosis Factor-a (TNF-a),
Macrophage Colony Stimulating Factor (M-CSF), Interferon-y (IFN-y), Interleukin-
1 (IL-1) which are produced in the inflamed intima, monocytes will differentiate
into macrophages (M®).2% 2! During differentiation, macrophages upregulate the
expression of scavenger receptors and Toll-Like Receptors (TLRs). Oxidized LDL
(OxLDL) is internalized by tissue macrophages through scavenger receptors and if
cholesterol cannot be secreted from the cell, it accumulates as cytosolic droplets.
Ultimately, this results in the formation of lipid-rich foam cells. At this stage, the
lesion is called a “fatty streak”.

2.2 Lesion progression

Fatty streaks, which are clinically asymptomatic, can progress into intermediate
lesions. Vascular smooth muscle cells (VSMCs) migrate from the media into the
lesion under the influence of growth factors and start to cover the foam cells.
These pre-atheroma plaques further progress to advanced and more complex
lesions. The intimal lipid pool will expand into a large necrotic core containing cell-
free lipids and cholesterol crystals. VSMCs and fibroblasts start to produce collagen
and proteoglycans forming a thick fibrous cap which covers the necrotic core. The
lesions will further develop by outwards remodeling, resulting in a reduced vessel
lumen. At this stage the lesion is called an advanced plaque (Figure 2).

12



Introduction

Foam cells Fatty streak Intermediate  Atheroma Advanced Plaque
lesion plaque rupture

Figure 2: The different stages of atherosclerotic lesion development.

Early atheroma’s are formed during the second decade of life. After this initial phase they
can develop into stabilized or vulnerable plaques. When a vulnerable plaque ruptures, a
thrombus can be formed which can block off the blood supply to for example the heart
leading to myocardial infarction and possibly death.

These advanced plaques are exposed to mechanical forces of the blood (shear
stress) leading to fibrous cap erosion. In addition, IFN-y produced by Th1l T cells
will inhibit the proliferation of VSMCs and their production of collagen2* 23 while,
matrix metalloproteinases produced by macrophages attribute to the thinning of
the fibrous cap.?* 2> These processes lead to the formation of vulnerable plaques
which contain many leukocyte subsets (e.g. T cells, macrophages, dendritic cells,
mast cells) that can produce chemokines and pro-inflammatory cytokines.25 27
Upon rupture of the thinned fibrous cap, the content of the necrotic core will
be released into the bloodstream leading to coagulation and the formation of
a thrombus. The thrombus can occlude arteries leading to lethal myocardial
infarction, stroke or acute limb ischemia.

3. The different leukocyte subsets involved in
atherosclerosis

3.1 Monocytes/Macrophages

As described, monocytes and macrophages play an important role in the initiation of
atherosclerosis. Next to the VSMCs, macrophages are the most abundant cell type
within the lesion. Macrophages are key players in inflammation and innate immune
responses as they form the first line of defense against pathogens. Macrophages
express pattern-recognition receptors (PRRs) such as Toll-like receptors (TLRs)
which recognize pathogen-associated molecular patterns (PAMPs). These
PAMPs can be ligands derived from pathogens but also bacterial toxins such as
lipopolysaccharide (LPS), stress proteins such as heat shock protein 60 (HSP60)
and oxLDL. Macrophages also express scavenger receptors such as CD36, SR-BI,
SR-A and CD68 which allow them to take up oxLDL. This leads to the activation
of the macrophages and to their transformation into foam cells. Upon activation,
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macrophages produce free oxygen radicals, proteases, complement factors and
cytokines. More importantly, macrophages may also initiate adaptive immune
response by presenting antigens to T cells. All these characteristics/qualities make
them important key players in the process of atherosclerosis.

3.2 Dendritic cells

Dendritic cells (DCs) are the most potent and versatile antigen-presenting cells
(APCs). Like the macrophages, immature DCs (ImDCs) are positioned as sentinels
in the periphery where they frequently come into contact with antigens. DCs have
a superior capacity to engulf antigens and after the uptake of antigens, DCs rapidly
migrate towards secondary lymph nodes.?® During migration DCs process the
antigens within the lysosomal compartment and undergo a process of maturation.
Therefore, upon arrival in lymphoid organs, DCs are capable to present epitopes
on MHC class II, class I molecules or CD1d. These molecules are expressed on
the cell surface and are required for antigen presentation. In combination with
high levels of costimulatory molecules, DCs are then fully competent to drive T-
cell activation.?® 3® Consequently, DCs have the capacity to bring naive or central
memory T cells into contact with peripheral antigens. It has been established that
there are many different subpopulations with distinct functions which are related
to their location and their maturation state.3!

Table 1: Organ distribution of mouse dendritic cells

Organ CD8 DCs CD8* DCs CD8ine™ DCs Langerhans cells Dermal DCs B220+* DCs
Thymus low + - - - +
Spleen + + - - +
Lymph Node + + + - - +
Peyer’s Patch + + +
Skin - - - + + -
Liver + + - - - ND

+: present; -: not present; ND: not dermined

Effective priming of naive T cells results in a clonal expansion and differentiation
into effector and memory T cells. DCs are capable of activating cells from both the
innate and adaptive immune system (Figure 3). The activation of CD4* or CD8*
T cells and the activation of Natural Killer T (NKT) cells through the presentation
of lipid antigens on CD1d3? can have major implications in the treatment of
atherosclerosis. Another important feature of DCs is their capacity to sense the
environment and to translate these cues.3* Consequently, depending on the local
cytokine surrounding, DCs can determine the fate of the T cells in either Th1, Th2
or cytotoxic T lymphocytes. IL-12, IL-18 production by DCs polarizes T cells into
pro-inflammatory Th1l T cells. IL-4, -5 -9 and IL-13 lead to Th2 cells. In addition
to the classical Thl and Th2 cells, DCs can also induce regulatory T cells (Tregs).
Tolerogenic DCs produce large amounts of IL-10, TGF-B and low levels of IL-12
and induce regulatory T cells. Furthermore, DCs have also been implicated in the
induction of the newly discovered IL-17 producing CD4 T cells (Th17 cells).3*3¢ The
roles of these T cell subsets in atherosclerosis will be discussed later.
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Figure 3: A central role for mature DCs in stimulation of cells of the innate and
adaptive immune system

DCs in the steady-state (in the absence of maturation stimuli) can also induce
tolerance. When DCs are not fully activated after the uptake of antigens, they
express low levels of costimulatory molecules and will induce anergy of the
antigen-specific T cells. This is an important process that leads to the deletion or
suppression of e.g. autoreactive T cells that have escaped thymic deletion.?”

Taken together, DCs play an important role in all different routes of the immune
system and they form a promising alternative tool for vaccination, immunotherapy
in cancer, autoimmunity and allergy. The potential to use DCs in immunotherapy
will be discussed in more detail in chapter 4: Treatment strategies.

3.3 Dendritic cells and atherosclerosis

The induction of oxLDL-specific T cells has raised the question whether DCs play
a role in the pathogenesis of atherosclerosis. Dendritic cells in the arteries were
first described in 1998 by Bobryshev.*® In non-diseased arteries small numbers
of DCs are present in the intima immediately beneath the endothelial layer in
the so-called vascular associated lymphoid tissue (VALT). The VALT consists of
DCs, macrophages and T cells and may play an important role in the screening
of the vascular tissue for potential harmful antigens such as oxLDL. DCs are also
present in the adventitia where they are located in proximity to neovascularization
suggesting that neovascularization acts as a tract for the entry of DCs as well as
other inflammatory cells.3®3° During lesion development, plaques become enriched
by DCs invading from the adventitia into the intima. In addition to these resident
DCs, lesions may also be invaded by blood CD11c* cells attracted by chemokines
such as fraktalkine, produced by the inflammatory component of the plaque.
Recently it has been shown that deficiency in the fraktalkine receptor resulted
in decreased atherosclerosis development and decreased numbers of DCs in the
atheroma.*® In the arterial wall DCs engulf antigens and migrate towards regional
lymph nodes where they activate T cells. Maintaining the ability of DCs to migrate
outwards of the lesion may diminish plaque size through the clearance of harmful
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antigens. However, it has been shown that dyslipidemia impairs DC migration and
may thereby contributes to the activated immune status in the plaque.** Indeed,
it has been shown that not all DCs migrate towards the lymph nodes and that
some DCs stay in the intima where they may activate resident T cells.3® Studies
have shown that PAF and 18:1 lysophosphatidic acid are responsible for retaining
DCs within the plaque.* 42 In addition, it has been shown that entrapment of
activated DCs in the adventitia leads to a loss of local tolerance against vascular
self-antigens thereby attributing to a more activated immune status.*?

A number of antigens that have been identified as risk factors for atherosclerosis
can modulate the immature DCs present in the healthy vessel or developing
lesions. Nicotine activates DCs and augments their capacity to stimulate T cell
proliferation and cytokine secretion.* Modified lipoproteins like oxLDL have been
shown to trigger DC maturation in vitro and oxLDL increases the adherence of
DCs to the vascular endothelial cells.*> 46 In addition, DCs are also activated
by HSP60%” and by glycated proteins that are formed during diabetes.*® 4° The
highest intensity of DCs within the human lesions has been found in areas
enriched in T cells such as the shoulder region of rupture prone plaques. The
DCs not only form clusters with convential T cells but also with NKT cells.38 30
DC-induced T cell activation may further stimulates vascular inflammation and it
has been suggested that clustering of DCs with T cells in rupture prone regions is
associated with plaque destabilization.?® >° Indeed, recently Ranjit et al. reported
that patients with unstable angina pectoris have functionally altered DCs.5! The
DCs have an enhanced expression of CD86 and are more able to stimulate T cells
compared to DCs from healthy individuals.>! In contrast, statin-treated patients
have lower numbers of DCs in the lesions compared to patients without statins.>?
In vitro studies have shown that statins reduce DC adhesion and transmigration
through the endothelial layer, inhibit DC maturation and diminishes their antigen-
presenting capacities thus possibly contributing to the beneficial effects of statins
in atherosclerosis.>® >3 Interestingly, statins also diminish the production of pro-
inflammatory cytokines by DCs but this effect is dependent on the maturation
state.>?

3.4 T cells

The presence of T cells in human atherosclerotic lesions has already been described
in 1985.5* A T cell infiltrate is observed in all stages of lesion formation. Within
human plaques, most of the T cells are CD45RO* effector/memory T cells and
the number of T cells increases with the severity of the coronary syndrome.>®> The
majority of these T cells are CD4* T cells which recognize epitopes presented by
MHC-II molecules. CD4* T cells reactive for disease-related antigens such as oxLDL,
HSP60 and Chlamydia have been found in human plaques.>¢->®¢ CD8* cytotoxic T
cells are also identified in atherosclerotic lesions but there is contrasting data about
their role in atherosclerosis. The absence of CD8* T cells in ApoE”/- CD8- mice has
no effect on lesion development, while in another study increased lesion size is
observed after CD8* activation.>* ¢ The role of CD4* T cells in atherosclerosis is
more apparent. Ablation of CD4+ T cells attenuates lesion formation in ApoE~-
mice while adoptive transfer of CD4* T cells to RAG”- mice which lack T and B cells,
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accelerates atherogenesis.®1-63

Classically, CD4+ T cells are categorized into 2 subtypes based on their cytokine
profile. T-helper 1 (Thl) T cells produce mainly pro-inflammatory cytokines
(IFN-y IL-1, IL-2 and TNF-a) and induce a cellular immunity while T-helper 2
(Th2) T cells produce mainly anti-inflammatory cytokines (IL-10, IL-4, IL-5, IL-
9, IL-13) and induce a humoral response. Analysis of the cytokine expression in
atherosclerotic plaques suggests a dominance of Thl cells.®* This is supported
by the fact that C57BI/6 mice (more prone to develop a Thl-response) develop
fatty streaks on high cholesterol diet while BALBc mice (prone to develop a Th2
response) are protected for atherosclerotic development.® 6 In addition, most
of the CD4+* T cells within the plaque are shown to produce TNF-a, IFN-y and
IL-2.% These pro-inflammatory cytokines activate other cell types present in the
lesion which will lead to the production of even more pro-atherogenic cytokines.
Deficiency of IFN-y, IL-12 or IL-18 or the IFN-y receptor in ApoE”- mice leads to
attenuated atherosclerosis. On the other hand, injections of recombinant IFN-y,
IL-12 and IL-18 in ApoE’- mice accelerated the disease. %770 These treatments
have an indirect effect on T cells as IL-12 and IL-18 are mainly produced by DCs
and are key activators of IFN-y producing T cells. Also vaccination against IL-12 is
successful in preventing atherosclerotic development due to the lowering of IFN-y
production.”*

Th2 cytokines are considered mostly to be atheroprotective. IL-5 has been shown
to induce B-1 cells which produce protective oxLDL-specific IgM antibodies and
IL-5 deficiency in LDLr7- mice led to increased lesion size. Because of its ability to
inhibit Th1 differentiation, IL-4 is protective in many Th1-driven immune diseases
but the role of IL-4 in atherosclerosis is more complex. IL-47/- ApoE”/-and LDLr/
dKO mice have reduced lesion size. 72 73> Wanrooij et al. showed that LDLr’/- mice
deficient in OX40 signaling have reduced lesion size due to lower IL-4 levels,
higher IL-5 levels and higher levels of protective anti-oxLDL IgM antibodies.” IL-4
is able to activate mast cells, which leads to apoptosis of VSMCs, reduced collagen
production and increased production of proteases. In addition, IL-4 induces MMP-
12. Together these events lead to destabilization and rupture of the plaque. 7> 7¢
It appears that the function of IL-4 is dependent on the stage of atherosclerosis
being atheroprotective in the early stages and pro-atherogenic in later stages. The
role of IL-13 in atherosclerosis has not been investigated but several properties
of IL-4 are shared with IL-13. Taken into account the dual role of IL-4 and IL-13,
switching the immune system towards a Th2 profile does not necessarily lead to
a reduction in atherosclerosis.
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3.5 Regulatory T cells

Regulatory T cells (Tregs) form of a diverse group of lymphocytes with regulatory
properties. Since their discovery, Tregs have been implicated in immunosuppression
associated with cancer and chronic infections. At the same time, deficiency in Tregs
has been considered as a cause for immune hyperactivity, allergic reactions and
auto-immune diseases. Tregs can suppress activation, proliferation, differentiation
and even effector functions of multiple immune cells such as CD4*CD25- (both
Th1l and Th2), CD8*, B cells, natural killer cells and dendritic cells.”””? The best
defined Tregs are the naturally occurring CD4*CD25*Foxp3+ Tregs. The forkhead
transcription factor Foxp3 controls several genes such as CD25 (IL-2 receptor-
a), cytotoxic T-lymphocyte antigen-4 (CTLA-4) and glucocorticoid-inducible tumor
necrosis factor (GITR) which are important in the development of Tregs. Naturally
occurring Tregs leave the thymus and are thought to be self-antigen specific.
Several potential mechanisms of Treg suppression have been suggested. The
production of immunosuppressive cytokines such as IL-10 and cell surface bound
transforming growth factor-B (TGF-B) or cell-cell contact dependent suppression
mediated through CTLA-4 are the main means of action of natural Tregs.8-8* An
additional suppression mechanism is granzyme or perforin-dependent killing of
effector cells.85 86

Other CD4* populations also have regulatory properties. These regulatory T
cells are called adaptive Tregs and do not always express Foxp3. Adaptive Tregs
can be divided into Trl and Th3 cells based on their cytokine production and
their surface markers. Trl cells are CD4*CD25Foxp3- which develop under
the influence of IL-10 and mainly produce IL-10. Th3 cells on the other hand,
produce TGF-B, are CD4*CD25* and may express Foxp3 upon activation. Tregs
play an important role in atherosclerosis. Foxp3 has been found both in the
aorta of ApoE”/- mice as in human atherosclerotic plaques.®” 8 The injection of
depleting anti-CD25 antibodies increases lesion size, showing that Tregs have
a protective role in atherosclerosis.®® In another study anti-CD3 Fab antibodies
were used to induce the activation and proliferation of Tregs and showed to be
protective for atherosclerosis in LDLr’- mice.®® Also the induction of oral tolerance
against HSP60 and oxLDL attenuates atherosclerosis by an induction of Tregs. °! 92

Ample data describe the protective role of the cytokines produced by Tregs
(IL-10 en TGF-B) on atherosclerosis. TGF-B inhibits the maturation of DCs
and the upregulation of MHC-II molecules thereby reducing T cell stimulation
and differentiation.®* °¢ In addition, TGF-B may target endothelial cells, DCs,
macrophages and VSMCs.%> % Recruitment of leukocytes into the lesion, foam
cell formation, and T cell activation are therefore possibly all targeted by TGF-.
Moreover TGF-f is a potent inducer of collagen production and the production of
inhibitors of MMPs therefore contributing to a more stable plague phenotype. Also,
ApoE”- TGF-PB receptor (TBRII) dKO mice show a five-fold increase in plaque size.%”
TGF-B neutralizing antibodies, soluble TGF-B receptors and adenovirus-mediated
delivery of TGF-B demonstrated that TGF- is a potent inhibitor of atherosclerosis.

98-100
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IL-10 is, in addition to Tregs, also produced by DCs and macrophages and has an
inhibitory effect on lesion size and promotes plaque stabilization. Overexpression
of IL-10 leads to reduced IFN-y production. In addition, it also inhibits apoptosis
contributing to a stable plaque phenotype. IL-10 has been found to be
produced in the plague where it inhibits oxLDL-induced production of IL-12 by
human macrophages.®* Many studies demonstrated the protective effect of IL-
10. Deficiency of IL-10 in both ApoE”7- 12 and C57BL/6 mice resulted in larger
plaques.t03 104 In addition, endogenous IL-10, locally or systemically administrated
IL-10 and T cells overexpressing IL-10 are protective against atherosclerosis.03-10
Furthermore, IL-10 enhances TGF-B production and vice versa. Taken together,
these data suggest an atheroprotective role of Tregs and their regulatory cytokines
in atherosclerosis.

3.6 Natural Killer T cells

The term NKT cells was first used to define a subset of T cells in mice that express
the natural killer (NK) cell-associated marker NK1.1 (CD161) and an invariant T
cell receptor (TCR) composed of Val4 and Jal8 subunits paired with a restricted
set of VB chains (VB8, VB7 and VB2).1%1%8 This property distinguishes NKT cells
from normal T cells that use a diverse TCR repertoire. In mice, NKT cells are
found most frequently in the liver (30-50% of T lymphocytes) and bone-marrow
(20-30%). They represent a smaller fraction of T lymphocytes in spleen (3%),
blood (4%), lymph nodes (0.3%) and lung (7%).° Within the liver they reside in
the sinusoids where they screen for possible ligands presented to them via CD1d.
NKT cells are activated by glycolipid antigens presented in the MHC class I like
molecule CD1d. The most common NKT cell is the invariant NKT cell which is CD1d
dependent and expresses NK1.1.

NKT cells can be subdivided in CD4*CD8 and CD4CD8- (double negative) cells
which differ in their functional properties. The CD4* subset potently induces
both Th1l and Th2 whereas the DN NKT cells selectively produce IFN-y and TNF-
a, preferentially upregulate perforin in response to IL-2 and IL-12 and are not
CD1d-dependent. The most striking property of NKT cells is their capacity to
secrete large amounts of cytokines (IFN-y, TNF-a, IL-4, IL-2, IL-5, IL-10, IL-13
and GM-CSF) within minutes after TCR stimulation. This distinguishes them from
naive T cells that require more time to secrete cytokines after stimulation.®® An
important consequence of the large amount of cytokines produced by NKT cells
is the bystander activation of neighboring NK cells, B cells and DCs as well as
the activation of CD4+ and CD8* T cells.!'® Upon activation, NKT cells also have
cytotoxic properties through the release of perforin and granzymes and by the
expression of FasL.!tt 112

There is still little known about the natural ligands of NKT cells. Recently some
microbial ligands were found: Glycosphingolipids in the cell wall of Sphingomonas
strongly activates NKT cells.!'3 Also some plant and bacteria-derived glycolipids
such as phosphatidyl choline (PC) and phosphatidyl ethanolamine (PE) parts of
these glycolipids are shown to activate NKT cells.'* 115 Nevertheless, the most
studied ligand for NKT cells is the marine sponge derived a-galactosylceramide
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(a-GalCer). NKT cell activation through a-GalCer, leads to a burst of IL-4 and
IFN-y production. However, it is still not clear how repeated injections of a-GalCer
can suppress Thl-mediated autoimmune diseases such as type 1 diabetes,
experimental autoimmune encephalomyelitis and colitis in mice.!6-118 It seems
that timing and dosage of a-GalCer have a significant impact on the outcome
of the disease. This illustrates the possible risk of augmenting an unwanted Th1l
response that can worsen the disease. Interestingly, there are some variants of a-
GalCer that have decreased Th1 cytokine production. OCH is one of these ligands.
OCH has a truncated sphingosine chain and therefore has a lower affinity for CD1d.
This results in a shorter TCR ligation and activation of the transcription factor c-
Rel. c-Rel is identified as being essential in IFN-y production by NKT cells.**® In
vitro stimulation of NKT cells with OCH leads to a higher ratio of IL-4 to IFN-y
production. Also in vivo OCH-stimulation of NKT cells results in the prevention
of experimental autoimmune encephalomyelitis, diabetes and collagen-induced
arthritis, 120-122

Taken into account that NKT cells are activated by (glyco) lipids and the fact that
lipids are the main culprits in atherosclerosis, NKT cells are an interesting target
in atherosclerosis. Several groups are active in this field and both a-GalCer and
OCH are used to study the effect of NKT cell activation in atherosclerosis. ApoE”-
CD1d”- dKO mice have a 25% reduction in plaque size.'?* LDLr7/-CD1d”- KO mice
have 50% smaller lesions compared to LDLr/- mice when fed a western type diet
for 4 weeks.'?4 125 Nakai et al. repeatedly injected ApoE”- mice with both a-GalCer
and OCH during the early stages of atherosclerosis.

Both ligands induced an increase in lesion size due to the production of IL-4
and IFN-y.'2> These data suggest that the absence of NKT cells attenuates lesion
formation during early fatty streak formation. In addition, NKT cells have been
found in the aortic arch of both LDLr/- and ApoE’- mice after feeding a western
type diet.1?3: 125126 Also in advanced human lesions, NKT cells have been identified
in the shoulder region of the plaque. In this region, NKT cells represent 2% of the
total T lymphocyte population.?® Furthermore, adaptive transfer of bone-marrow
from NKT cell-enriched (Va14Ja18 TCR transgenic) mice into LDLr7-Rag”- KO mice
resulted in a 70% increase in plaque size compared to mice which have been
reconstituted with bone-marrow from NKT cell deficient mice (CD1d”"). These
studies demonstrated that NKT cells are proatherogenic even in the absence
of exogenous stimulation and that the NKT cell activity is likely associated with
endogenous lipids presented to them in atherosclerotic plaques.t?’
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4. Treatment strategies

4.1 Research models

Over the last decade, the mouse has become the predominant model for
research in atherosclerosis. Mice are small, have a short life-time, are relatively
cheap and many transgenic and knock-out mice are currently available. All of
the current mouse models of atherosclerosis are based on perturbations of
lipoprotein metabolism through dietary and/or genetic manipulations. Although
hyperlipidemia is necessary for the development of atherosclerosis, mouse models
have demonstrated that many non-lipid factors can also influence the severity and
characteristics of lesions.!28

Because C57BL/6 mice only develop small fatty streaks after being fed a high
cholesterol cholate containing diet, hyperlipidemic mice such as LDLr/-, ApoE”-
and ApoE*3-Leiden transgenic mice have been created to study atherosclerosis.
In humans there are 3 major isoforms for ApoE (apoE2, -3, and -4). ApoE3 is the
most common allelic form. ApoE*3-Leiden mice develop a type III hyperlipidemia
like phenotype and this occurs despite the continued presence of endogenous
ApoE.'?° The LDLr7-and ApoE*3-Leiden mouse only develop lesions after feeding
a Western-type diet. ApoE/- mice however, are already hypercholesteremic while
being fed a chow diet and spontaneously develop large plaques with age. The
LDLr’”- mice have higher cholesterol levels after western-type diet and develop
lesions at a slower pace then ApoE’/- mice. Nevertheless, lesion development does
still take months to develop in these mice models. Therefore strategies have been
developed to speed up the progress. The model of collar induced atherosclerosis has
been described and validated.*3° Upon placement of the mildly constrictive silicone
collars around carotid arteries, shear stress is being induced by the narrowing of
the carotid arteries. Proximal from the collar a significant 2.5-fold decrease in
shear stress has been observed, while the shear stress remained high within the
collar (unpublished data). This is in line with the observed expression of KLF2,
which is a transcription factor that is related to the function of endothelial cells.
KLF2 expression was high within the collar and almost not detectable proximal
to the collar. The low KLF2 expression proximal to the collar coincides with the
enhanced expression of VCAM-1 and is exactly the site were the atherosclerotic
lesions are formed.!3!

To study aneurysm formation Daugherty et al. developed a mouse model using
ApoE”- mice that are infused with Angiotensin II (AngII).32 AnglI-infusion did not
influence blood pressure, serum cholesterol or the distribution of lipoproteins.
However, Angll infusion increased plaque size and induced abdominal aortic
aneurysms.!32 So to induce aneurysms, we put ApoE7- mice on a western-type
diet for 4 weeks and than mice receive an osmotic pump releasing 1.44 mg/kg
AnglII per day. Pumps are placed subcutaneously in anesthetized mice through a
small incision in the back. After 4 weeks of AnglI infusion, mice are sacrificed and
aneurysm formation can be studied.
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4.2 Dendritic cell vaccination

As we discovere more about the importance of immunity in atherosclerosis, it
becomes increasingly interesting to apply this knowledge in new treatments for
atherosclerosis. Several studies have revealed the relevance of oxLDL-immunization
in different animal models yielding between 40 and 70 % reduction of lesion
size.133-140 This suggests that oxLDL is a promising target for immunotherapy and
that it could be possible to develop a vaccine based on antigens present in oxLDL.
However, oxLDL is a very complex particle containing many different epitopes that
potentially be pro-atherogenic or atheroprotective. Furthermore, the therapeutical
potential of anti-oxLDL antibody treatment is currently being investigated in a
phase II clinical trails (Genentech, Roche). The remarkable capacity of DCs to
induce an immune response and the rapidly increasing knowledge of DC biology
offers a new perspective for the generation of immunotherapeutic interventions.
DCs can be isolated from different sources such as the blood, bone-marrow and
lymphoid organs. DC-based vaccines used in early patient studies are safe and
have minimal side-effects. The usefulness of DC-based immunotherapy has been
established in many different diseases ranging from cancer, collagen-induced
arthritis, type I diabetes and experimental autoimmune encephalomyelitis.'#-14° An
increasing number of preclinical studies are also focusing on the use of immature
DCs to induce antigen-specific tolerance. DCs in steady state or immature DCs
can silence immunity by either inducing T cell anergy or by expanding regulatory
T cells. This feature of silencing the immune response suggests a potential role
for tolerogenic DCs in the treatment of auto-immune and chronic inflammatory
diseases. 149152

5. Outline of this thesis

In this thesis we have explored the effectiveness of DC-immunotherapy in
atherosclerosis. We have used different strategies to target the immune component
in different stages of atherosclerosis. First we used DCs as a vaccination strategy to
induce a protective antibody response through the injection of oxLDL-pulsed DCs
or to target NKT cells by the injection of OCH-pulsed DCs. Next we assessed the
potential of DC-immunotherapy in a model of established atherosclerosis. We also
evaluated the effects of a disturbed TGF-B signaling in DCs and the subsequent
effects on atherosclerosis by using ApoE”’- which have a dysfunctional TGF-B
Receptor II under the CD11c promoter. Next, we were interested in the effect of
foam-cell formation on the antigen-presenting capacity of DCs and macrophages.
Therefore we studied the effect of oxLDL-loading on antigen uptake and antigen
presentation by DCs and macrophages. Finally, by depleting or inducing Tregs we
investigated the potential role of regulatory T cells in a mouse model for aneurysm
formation.
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