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1. Introduction

Based on WHO statistics, 41 million people died of "non-communicable diseases”
in 2016 [1]. Cardiovascular diseases cause more than three-quarters of those
mortalities, a total of 17.9 million [1, 2]. In 2016 more than 300000 people in Germany
died because of cardiovascular diseases. Of these, 72062 thousand people died
of chronic ischaemic heart disease, 48669 thousand from acute myocardial
infarction and 15823 from stroke [3, 4]. Most of the mentioned diseases are the
result of chronic inflammatory disorders of the arterial endothelium leading
progressively to a clinical condition generally referred to as atherosclerosis [5].
Accordingly, atherosclerosis is one of the most common reasons for cardiovascular
diseases in industrialised and developing countries [6]. Over the last decades, a
considerable number of risk factors have been identified including smoking [7-9],
obesity [10-12], hypertension [13, 14], hypercholesterolemia [14-16], chronic kidney
disease [17-19] and diabetes mellitus [20-22]. As a consequence, the damage and
the resulting loss of function (e.g. loss of permeability) of the endothelium leads to
an activation of the immune system [23, 24]. Such inflammatory processes,
characterized mainly by the recruitment and migration of polymorphonuclear
leukocytes (PMN), monocytes and lymphocytes, represent the central

pathomechanism of atherosclerosis.

For a better understanding the following chapter 1 provides an overview of the
immune system and its components, which play an essential role in the present
work (Chapter 2 and 3). In addition, physiological and pathophysiological

mechanisms that are important in this context will be discussed.
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2. The Immune System

The human organism is exposed to a large number of pathogens each day. The
immune system protects the body from infections by these pathogens. Two
systems are essential to obtain adequate protection, the innate and the adaptive
immunity [25]. The innate immunity comprises cells whose function is to recognize
and eliminate potential pathogens immediately. For pattern recognition they have
individual receptors on their surface (PPRs; pattern recognition receptors) [26]. The
intracellular uptake of these pathogenic organisms occurs via a process known as
phagocytosis [27, 28]. The most important cells of the innate immune system are
granulocytes, monocytes, macrophages and dendritic cells. These cells are not
only able to recognize and eliminate pathogens but also to produce and release
immunomodulatory substances such as cytokines or chemokines [29, 30]. Such
immunomodulatory substances can activate other immune cells and recruit them
to the site of inflammation [30]. In this way, not only innate immune cells can be
activated and recruited but also cells of the so-called adaptive immune system
[30, 31]. Compared to the cells of innate immunity, these cells only recognize
defined pathogens by their specific surface receptors [32, 33]. The most important
cells here are B and T cells [33]. For recognition of these particular pathogens,
antigen presenting cells (APC) such as dendritic cells, monocytes, macrophages
and B cells are required [34]. The precise interaction of adaptive and innate
immunity contributes tremendously to the health of the human organism.
Interferences of this complex system can have considerable health consequences

for the organism.

2.1 Components of the Immune System

All cells of the immune system originate from a common precursor cell (stem cell)
[35]. Pluripotent stem cells have the ability to replicate, proliferate and differentiate
themselves [35]. The differentiation enables the formation of blood cells such as
thrombocytes, erythrocytes, granulocytes, monocytes and macrophages (myeloid
progenitor cells) as well as B and T cells (lymphatic progenitor cells) [35, 36]. The
proliferation and differentiation of the common precursor cells are triggered by a
number of growth stimulating factors (Interleukin-6 (IL-6), IL-3, IL-7, GM-CSF) [37,
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38]. In the following, immune cell types are described which play an important role

in the context of this work.

211 Granulocytes

Granulocytes have a size of 7 - 10um and have an irregularly shaped nucleus also
known as polymorphonuclear leukocytes (PMN) [39, 40]. Based on their staining
properties, they can be divided into eosinophilic, basophilic and neutrophilic
granulocytes. With 40 - 75% in humans (20 - 30% in mice), neutrophil granulocytes
represent the largest fraction of blood leukocytes [39, 41]. Neutrophil granulocytes
originate from the bone marrow, where they are stored as a reserve population.
From the bone marrow they migrate into the bloodstream, where they circulate for
only a few hours before migrating into the respective tissues [39, 42]. Due to the
very short lifespan, each day approximately 2 x 10" new cells have to be produced
in the bone marrow [39, 40, 42, 43].

2.1.11 Recruitment and Migration of Leukocytes after Endothelial

Damage

PMNs are able to migrate from bloodstream into the affected tissue under
inflammatory conditions. Recruitment and migration are usually initioted by
pathological changes on the surface of the vascular endothelium. Multiple
endogenous and exogenous stimuli can trigger endothelial domage. The resulting
activation of the endothelial cells leads to the expression of different adhesion
molecules on the endothelial surface [44]. The binding interaction of circulating
neutrophil granulocytes with endothelially expressed adhesion molecules initiates
the so-called adhesion cascade. Typically, this occurs sequentially in the following
steps: capturing or thethering, rolling, adhesion, crawling and transmigration [42,
44]. Tethering describes the initial binding between adhesion molecules expressed
by endothelial cells and recruited leukocytes. The binding is mainly mediated by a
certain type of glycoproteins, the so-called selectins, which can be divided in L-
selectin, P-selectin, and E-selectin [45]. L-selectin is presented by most of the

leukocytes. In contrast, P-selectin is expressed by both platelets and endothelial
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cells and E-selectin only by activated endothelial cells. L-selectin is primarily
responsible for the recruitment of cells into inflammatory tissue [44-46]. It also
mediates the binding of neutrophil granulocytes to already bound granulocytes
("'secondary tethering") [45, 47]. P-selectin and E-selectin facilitate the primary
contact between endothelium and leukocytes (tethering) and initiate the rolling
along the endothelium [42, 44, 48] In contrast to P-selectin, E-selectin is
synthesised de novo; therefore it is not available within a few minutes but after
approximately 90 minutes [44, 49, 50]. Selectins bind mainly to the P-selectin
glycoprotein ligand 1 (PSGL1) [42, 44, 45, 51]. The binding to PSGL1, which is
expressed by almost all leukocytes, ultimately leads to tethering and subsequent
rolling, even under very high shear forces (1-10 dynes per cm?) [42, 52]. Rolling along
the endothelium under high shear forces requires a fast contrary binding as well
as a rapid dissolution of receptor and ligand [53]. During rolling of the neutrophils,
the binding between PSGL1 and selectin gradually dissolves until complete break-
up. At the same time, a new binding of PSGL1 and P-selectin is initiated on the
opposite side. During rolling recruited and activated leukocytes release multiple
cytokines, chemokines and integrins, which enables subsequent binding ("arrest”)
[44, 54]. Integrins (VLA-4 and LFA-1) are transmembrane adhesion molecules that
are present on leukocytes and platelets [42, 44]. These integrins bind to proteins
of the immunoglobulin superfamily (MAdCAM-1, VCAM-1, ICAM-1) on the
endothelium [42, 44, 51]. The binding can slow down the cell and eventually lead to
arrest [51]. Due to their positive charge, chemokines are molecules that attach to
negatively charged endothelial heparan sulfates. This consequently forms a
concentration gradient which guides the cells to the site of the highest chemokine
concentration (chemotaxis) [30]. The binding of chemokines to G-protein coupled
receptors can lead to the activation of integrins (VLA-4, LFA-T) on the endothelial
cell surface [44]. This process is also called "inside-out signalling” [44]. The "inside-
out signalling” triggers conformational changes of the integrins resulting in the
release of new binding domains. Conformational modification of of VLA-4 and
LFA-Tleads to a more stable binding of VCAM-1 and ICAM-1[44, 55]. This binding
is essential for subsequent paracellular or transcellular migration of leukocytes [44,
55]. During migration through the vessel wall, the endothelial cell barrier and
associated basement membrane are penetrated as well as the pericyte layer [42].

Formation of membrane protrusion of leukocytes (‘crawling’) that penetrate
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intracellular ("transcellular’) or paracellular is initioted by the binding of MAC-1 to
ICAM-1[42, 56, 57]. The binding of ICAM-1 subsequently activates various kinases
(MAPK, GTPase), which in turn activate the myosin light chain kinase (MLCK)
enzymatically, resulting in an increased contraction of the endothelial cells. This
would consequently lead to the opening of interendothelial junctions. [44, 57].
Particularly at the membrane side, transcellular migration of the leukocytes is
facilitated with a reduced content of extracellular matrix (< 60% collagen IV,
laminin 10, nitrogen?2) [42, 58]. Migration can further be mediated by a6p1 integrin
and proteases such as matrix metalloproteinases (MMPs) and serine proteases
(neutrophilic elastase (NE)), which enzymatically breakdown components of the
extracellular matrix [42, 44, 59]. The following, adapted figure provides a general

overview of leukocyte adhesion and migration [44].

LFAT-ICAMI

VLA4-VCAMI -

o, B;-integrin-MADCAMI PECAM
Selectins SRC kinases CD99
PSGLI Selectin PI3K MACI JAMs ICAMI
VLA4 signalling Chemokines VAV], VAV2, VAV3 ICAMI ESAM PECAMI?
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Paracellular and transcellular
transmigration

Capture

Endothelial cells
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Figure 1. Overview of leucocyte adhesion and migration, adapted from Ley, K et al. [44].

2.1.1.2 Neutrophil Granule Proteins

Neutrophil granulocytes play a crucial role in the immune response. They have
different mechanisms to protect the human body from pathogens. Once identified,
neutrophils can absorb the pathogen intracellularly. After incorporation into the
phagosome, it will be destroyed by NADPH oxygenase-dependent mechanisms
(reactive oxygen species) or by antibacterial proteins (cathepsins, defensins,

lactoferrin and lysozyme) [40]. Neutrophil granulocytes store these antibacterial
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proteins and proteases in their granules. After the pathogen has been absorbed
they fuse with the phagosome and the antibacterial proteins and proteases are
released inside. Furthermore, the granules can also fuse with the plasma
membrane leading to the extracellular release of its content [39]. Degranulation is
initiated primarily after cell activation [39, 54]. There are two types of granules
based on histological staining properties: peroxidase-positive and peroxidase-
negative granules [38, 60]. The neutrophil granules are synthesised during
myelopoiesis at the promyelocyte stage [54]. Due to their high content of
myeloperoxidases (MPO) they are called "peroxidase-positive granules” (also
"azurophilic  granules” or "primary granules') [54]. The production of
myeloperoxidases is terminated by differentiation into myelocytes. The granules
formed from this point on are called "peroxidase-negative granules” [54]. Based
on their content, they can then be further subdivided into secondary (specific
granules) and tertiary granules (gelatinase granules) [38, 54, 61]. Secondary
granules are formed during myelocyte and metamyelocyte formation and contain
high levels of lactoferrin but only small amounts of gelatinase [54]. In contrast,
tertiary granules are formed in already segmented neutrophils and are rich in
gelatinase but low in lactoferrin [54]. A common structural feature of granules is
the presence of a phospholipid bilayer and an intragranular matrix which provides
storage of granule proteins. The calcium-dependent degranulation is performed
sequentially [39, 54]. The first vesicles to be released are secretory vesicles,
followed by gelatinase granules, specific granules and finally by azurophilic
granules [62-64]. Azurophilic granules contain acid hydrolases and antimicrobial
proteins [54, 65]. Many of these proteins are synthesised as proforms, which are
proteolytically cleaved after contact with the granular membrane. Afterwards,
they are stored in the active form [54, 66]. Two of the most important proteins of
azurophil granules are myeloperoxidase and defensins. After neutrophil activation,
myeloperoxidase (150kDa) is released into the phagosome or the environment by
exocytosis [54, 67]. Myeloperoxidase reacts with H,O, via NADPH oxidase (NOX),
which enhances their activity. By oxidation of chloride, tyrosine and nitrite, reactive
oxygen species are formed which can attack and destroy microorganism

membrane surfaces [54, 67].
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MPO positive MPO negative
Localization | Azurophil (primary) | Specific (secondary) | Gelatinase (tertiary)
granules granules granules
Membrane CDé8 CD1b/CD18 CD1b/CD18
CDé3 CD15 Cytochrome bsss
Preseniline 1 CDé6 fMLP-R
Stomatin CDé7 Leukolysin
V-type H'-ATPase Cytochrome bsss NRAMP-1
fMLP-R SCAMP
Rapl, Rap2 VAMP-2
SCAMP SNAP-23, -25
Stomatin
TNF-R
VAMP-2
Vitronectin-R
Laminin-R
Leukolysin
Martrix on-Antitrypsin Collagenase Acetyltransferase
a-Mannosidase CRISP-3 (SGP-28) R2-Microglobulin
Azurocidin Gelatinase CRISP-3
B-Glucuronidase Histaminase Gelatinase
Cathepsins Heparanase Lysozyme
Defensins Lactoferrin
Elostase Lysozyme
Lysozyme
MPO
N-acetyl-B-
glucosaminidase
Proteinase-3
Sialidase
Ubiguitin-protein

Table 1. Overview of the content of primary, secondary and tertiary neutrophil granules, adapted

from Faurschou, M. et al. [54]

2.1.1.3 Immunomodulatory Role of Defensins

Along with cathelicidins, defensins are one of the two major groups of antimicrobial
peptides and are found in every mammal [68]. They can be divided into three
different groups based on structural characteristics: a-defensins, 3-defensins and

6-defensins [68]. A common feature of these groups are six characteristic cysteine
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residues, which are connected to 3 disulfide bridges to form the typical defensin
structure [68, 69]. The first a-defensin was isolated from human PMNs [68, 70, 71].
The first human p-defensin (hBD) was extracted from plasma (hBD1) and
subsequently from the skin of patients with psoriasis (hBD2, 3) [68, 70, 72]. o-
defensins (human neutrophil peptides, HNP) are produced by neutrophil
granulocytes and Paneth cells [73, 74]. Paneth cells are specialised immune cells of
the small intestine and possess a high concentration of defensin-containing
granules, which are released into the intestinal crypts after stimulation [69, 75]. p-
defensins are mainly produced by epithelial cells of the lung, intestine and
urogenital tract and prevent the colonisation of pathogens [75]. a-defensins which
originate from g-defensins developed considerably later in mammals [68, 76]. A
large number of mammals contain different p-defensins (opossum 32 p-defensins,
mouse 40 p-defensins) and in contrast only a few a-defensins { Chimpanzees and
macaques 6-8 a-defensins) [68, 77-83].

Alpha defensins are the most important component of neutrophile granules and
account for 5% of the protein content (MPOs represent 3.5 - 7.0% in neutrophils,
azuricidin + proteinase3 represents 1 - 3% and HNP1 - 3 represents 35 - 50%) [62,
84, 85]. Some species like mice and some ruminants do not contain a-defensins in
their neutrophil granulocytes [68, 86]. In humans 6 different types of a-defensins
(HNP1 - 6) have been identified located either in neutrophil granulocytes (HNP1 - 4)
or Paneth cells (HD5 - 6) [70, 73, 82]. They are small (3.5kDay) cationic, antimicrobial
and cytotoxic peptides consisting of approximately 35 - 50 amino acids [70]. o-
defensins are synthesised during the late phase of myelopoiesis in the bone
marrow in the progenitor cells of neutrophil granulocytes (promyelocytes,
myelocytes) [87-89]. Defensins which are formed in promyelocytes are synthesised
as 75 aa long proform, cleaved and stored as mature form in azurophilic granules
[54, 90, 91]. Defensins that are synthesised in myelocytes are no longer stored in
the azurophilic granules, but secreted directly as proform (75aa) [88]. Mature
neutrophil granulocytes which are circulating in the blood do not produce o-
defensins anymore [69]. The average plasma concentration is approximately
40ng/mL and can reach up to 0.9 - 770mg/mL when infections are present [92]. In
general, a large number of immunomodulatory functions are associated with the
defensins. They receive their name from their antimicrobial activity against a

variety of bacteria, viruses, fungi and protozoa [70, 93, 94]. Antimicrobial activity
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was observed in vitro at concentrations of 1 - 10ug/mL [69]. This can be
experimentally inhibited by increasing or adding salts and plasma proteins [69, 95,
96]. As already mentioned, pathogens of neutrophil granulocytes are absorbed
into the cell interior by phagocytosis and subsequently eliminated in the
phagolysosome. Azurophilic granules fuse with the phagolysosome and release
their contents into the interior [39]. Their antimicrobial activity is based, for instance,
on the formation of pores in the cell membrane of pathogenic organisms. [70, 97-
99]. In very high concentrations, especially in inflalmmatory tissue, some defensins
also have cytotoxic functions [73, 82, 100-102]. Another important
immunomodulatory function of defensins is the ability to activate and recruit other
immune cells. They have chemotactic properties against monocytes and by
binding Glia) protein-coupled receptors also against CD4* and CD8* T cells [82,
103-105]. Also, HNP1 - 3 may increase the secretion of antibodies and cytokines
from other immune cells [82, 106, 107] and are involved in wound healing by

promoting cell proliferation [82, 108].

2.1.2 Monocytes

Monocytes originate from haematopoietic progenitor cells of the bone marrow
[109-1M1]. Later on, they migrate from the bone marrow into the circulation, where
they can be recruited into tissues in a very short time [112-115]. Monocytes have a
size of 14 - 20um and therefore represent the largest leukocyte population in the
human organism [115]. They represent 10% of the total leukocytes in humans and
up to 4% in mice [115, 116]. Important for the innate immunity, monocytes can kill
bacteria, viruses, fungi and parasites in many different ways, for example via
phagocytosis, secretion of myeloperoxidases, reactive oxygen species (ROS) or
nitride oxide (NO) [117, 118]. In their entirety, monocytes and their derived phagocytic
cells, as well as B cells and dendritic cells, form the so-called monocytic phagocyte
system (MPS) (formerly: reticuloendothelial system, RES) [114]. These cells can take
up and degrade antigens (antigen processing) by various mechanisms and
present them as MHC class || complexes (Major Histocompatibility Complex Il) on
their surface [119]. The presence of these complexes leads to the activation of T
cells [14, 119, 120]. Due to their diverse immunological functions, they play an

important role especially in inflammatory diseases such as atherosclerosis [118, 121].
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For a long period, it was considered that monocytes are the precursor cells of
macrophages and dendritic cells [116, 122]. Recent studies show that tissue-
resident and tissue-specific macrophages, as well as some dendritic cells, already
develop independently of monocytes during embryogenesis [110, 114, 123,
124] These precursor cells derive from the Yolk Sak or fetal liver and migrate into
the corresponding tissue in which they start to proliferate [116, 124, 125]. According
to the type of tissue they are named differently. Liver macrophages are named as
Kupffer cells, epidermal cells as Langerhans cells, lung and brain-derived cells as
alveolar macrophages and microglia, respectively [114, 123, 126-128]. Depending on
the type of tissue, these specific tissue macrophages have a special
transcriptional signature and thus different functions [129, 130]. In specific tissues
different types of macrophages are present. So far three different types have been
identified within the heart, skin, intestines and lungs [114, 131-134]. The ratio between
the different types of macrophages varies according to tissue type and

inflammation status [114].

2.1.2.1 Monocyte Subsets

Monocytes can be divided into subgroups based on their cell morphology and
expressed surface markers [115, 135]. Human monocytes are divided into three
different populations depending on the expression of CD14 and CD16 [115, 116, 136-
138]. Classical monocytes (CD14*CD167) represent about 80 — 90% of the
monocytes in the plasma. The intermediate monocytes (CD147CD16%) have a
percentage of approx. 2 — 5% and the non-classical monocytes (CD14°CD16™) of
approx. 2 — 10% [N12, 115, N8, 137]. A classification of murine monocytes is also
possible according to surface receptors depending on the expression of Ly6C,
CD43 and CX3CR1. Three different populations can be classified into
Ly6CCD43*CX3CR1 and Ly6C*CD43**CX3CRY, LybC*CD43*CX3CR1™ [115, 139, 140].
Based on the expression of different immune receptors, such as CCR2, CD62L,
CDTlb and TLR4, the classical monocytes (CD147CD167/Ly6C*CD43*CX3CR1) are
considered to have high phagocytic and immunomodulatory activity [115, 141, 142].
Non-classical monocytes contain high levels of CX3CR1, CXCR4, LFA-1, TNFa which
makes them highly migratory cells [137, 141, 143-145]. In contrast, they produce only

a small amount of CCR2, CD1lb. As mentioned above, under physiological
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conditions non-classical monocytes represent a very small subpopulation (about
2 — 10%) of monocytes. However, their number increases enormously in the
presence of inflammation or stress [142, 146]. The adopted and adjusted figure
below gives an overview of different subgroups of human and mouse monocytes
[115].

Classical Intermediate Non-Classical
CD14++CD16- CD14++ CD16+ CD14+ CD16++
& coe .
W CX3XR1 '-.__ ) 4 »
A slan l’%f_ \“s\ Z%_ \ﬁ\\ ffé,_fﬁ&‘x\
Chemotaxis CCR2/CCL2 CCR2/CCL2 CX3CR1/CX3CLA
CX3CR1/CX3CLA1
Surface markers CCR2, CD62L, CCR2, CX3CRi1, CX3CRH1, slan,
CD11b, TLR-4 HLA-DR, CD74, CXCR4, HLA-DR,
CD163,CLEC10A, LFA-1
GFRA2
Cytokines IL-10, IL-1 TNF-a, IL-10 {#TNF-a
Frequency in ~80-90% <15% <15%
Peripheral Blood
Mice equivalent Ly6C+CD43* Ly6C-+CD43+ Ly6C+CD43++
CX3CR1- CX3CR1+ CX3CR1++

Figure 2. overview of different subgroups of human and mouse monocytes, adapted from
Wacleche, V.S. et al. [115]

2.1.2.2 Characteristics of Monocyte Recruitment

The recruitment of monocytes takes place in the same sequential steps (tethering,
rolling, attachment, transmigration) as described under 1211 [140]. Ly6Clv
monocytes are recruited earlier to the site of inflammation than Ly6Cheon
monocytes. Participating during the initial inflammatory reaction, they can release
TNFo and chemokines [144]. However, the subsequent recruitment of LyéChiah
monocytes is more advanced and robust being induced by CCR2, CCRS and
CX3CR1 [147]. So far, the recruitment of Ly6C° monocytes has been rarely
investigated. It is known that they need CCRS5, but not CX3CRI for recruitment [147].
The rolling of the monocytes along the endothelium is mediated by P-selectin and

E-selectin, whereas adhesion is mediated by VCAM-1[148].
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Recruitment into or within inflamed tissues?1—43.125

Various, mncluding the shared
ligands CCL3 and CCL5

CCR6 CCL20 Possible role in the migration or function of LY6C™ monocytes in

inflamed tissuesi2-53

CCR7 and CCRS CCL19 and CCL1, respectively Migration of monocyte-derived DCs from the skin to lymph

nodes™

CXCR2 MIF Arrest in atherosclerotic arteries of mice®

Adhesion molecules

L-selectin Glycoproteins, including CD34, Tethering and rolling®>~"; recruitment during thioglycollate-
GLYCAMI and MADCAM]1 mduced pentomtiss‘; mugration to lymph nodes®

PSGL1 P-selectin and E-selectin Migration through inflamed dermal venules’®; tethering and rolling
on atherosclerotic endothelium®!

LFAl ICAM1 Patrolling during the steady state: not involved 1n the early
recruitment of inflammatory monncyies“

MAC1 ICAM1 Adhesion during acute inflaimmation%2.63

VLA4 VCAM1 Adhesion to inflamed endothelium®0-6!

PECAMI Endothelial PECAMI Transendothelial migration'#!:142

CCL, CC-chemokine ligand; CCR, CC-chemokine receptor; CX3CL1, CX3C-chemokine ligand 1; CX3CR1, CX3C-chemokine receptor 1;
CXCR2, CXC-chemokine receptor 2; DC, dendritic cell: GLYCAMI, glycosylahon—dependenl cell adhesion molecule 1: ICAMI1. intercellular
adhesion molecule 1; LFA1, lymphoeyte function-associated antigen 1; MAC1, macrophage receptor 1; MADCAM1. mucosal addressin cell
adhesion molecule 1; MIF, macrophage migration inhibitory factor; PECAMI, platelet endothelial cell adhesion molecule; PSGL1, P-selectin
glycoprotein ligand 1; VCAMI, vascular cell adhesion molecule 1; VLA4, very late antigen 4.

Figure 3. Overview of chemokines and molecules involved in monocyte recruitment, adapted
from Shi, C. et al. [140].

21.3 Thrombocytes

Thrombocytes are small anuclear cell fragments with a size of 2 - 3um generated
in the bone marrow (thrombopoiesis) [149, 150]. Fragmentation of polyploid
megakaryocytes results in truncated cytoplasm fragments which are also known
as proplatelets [151, 152]. A megakaryocyte produces about 6 - 8 proplatelets. Up
to 1000 thrombocytes can be produced from one platelet resulting in
approximately 5000 - 10000 per megakaryocytes [153, 154]. The initiation of
proplatelet formation is stimulated by thrombopoietin, which is synthesised in the
liver [152]. Thrombocytes have a lifespan of approximately 5 - 9 days in humans
and up to 5 days in mice [155]. Ageing thrombocytes increasingly express
phosphatidylserine on their surface, which leads to their absorption and
degradation by phagocytic cells in the liver or spleen [154, 156]. One person can

produce up to 10" platelets per day. Approximately two-thirds of them are
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circulating in the blood (1.5 to 4.5 x 108 platelets/mL in humans and 107 platelets/
mL in mice) and one third is stored in the spleen [154, 157, 158].

2.1.3.1 Immunomodulatory Components of Platelets

In 1892 Giulio Bizzozero first described the important role of platelets in hemostasis
[159, 160]. Thrombocytes also possess a variety of critical immunomodulatory
properties [157, 161]. On the one hand they can express different immune receptors,
and on the other hand, they contain a lot of immunomodulatory substances which
are stored in their internal granules and which are secreted after stimulation [157].
Thrombocytes can release up to 300 different proteins [162]. There are three known
types of granules: a-granula, 5-granula (dense granules) and lysosomes [161]. The
degranulation is triggered by activation of thrombocyte receptors such as TLRs, G
protein-coupled receptors (GPCRs) or various glycoprotein/glycoprotein
complexes (GPVI and GPlb-IX-V [157, 163].
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Platelet
components

Superfamily

Molecule

a-granules

Adhesion molecules

P-selectin, Fibrinogen, VWEF, Fibronectin

Coagulation factors

Factor V, Factor XI, Factor XllI

Mitogenic factors PDGF, TGF-

Angiogenic factors VEGF

lgs IgG, IgA, IgM

Chemokines CCL3 (MIP-1ar), CCL5 (RANTES), CXCLT

(GROw), CXCL4 (PF4), CXCL5 (ENA78),
CXCL7 (NAP2, p-thromboglobulin)

Protease inhibitors

Clinhibitor, o2-plasmin inhibitor, PAI-T

Antimicrobial

Thrombocidin 1Tand 2

proteins (TNF
ond TNFR
superfamily)

peptides
Dense Amines Serotonin (5-HT)
granules Cations Calcium, Magnesium
Nucleotides ATP, ADP
Lysosomes Proteases Cathepsin D, E, Collagenase
Glyco-hydrolases Heparinase, R-N-acetylglucosaminidase,
B-glucuronidase, p-glycerophosphatase,
B-galactosidase, a-D-glucosidase, a-L-
fucosidase,
B-D-fucosidase
Granule- Cytoplasmic CCL7 (MCP3), IL-1g, HMGBT, p-defensin 1,
independent or membrane 2, 3, Thromboxane A2, PAF, sCD40L
soluble components
mediators
Surface Integrins o581 (VLA-5), a6p1 (VLA-6), 21, a2bp3
adhesion (GPlIb/llia)
molecules Adhesion receptors GPlba, ICAM-2, GPVI, CLEC2
Immune TLRs TLR1, TLR2, TLR4, TLRé, TLR7, TLR?
receptors Co-stimulatory CD40, CD4OL (CD154)

lg receptors

FcyRIIA (CD32), FceRl, FceRIl (CD23), FeaRl

Complement
compoments

gClgR, C5b-9

Table 2. summary of the surface receptors of thrombocytes as well as the content of different

granules, adapted from Duerschied, D. et al. [161].
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2.1.3.2 Mechanisms of Thrombus Formation

Under non-inflammatory conditions, thrombocytes are patrolling along the
vascular endothelium. By producing and releasing several mediators, endothelial
cells ensure that platelets will not be activated under physiological conditions [154,
164]. Such mediators are for example diphosphohydrolases, amino oxidases, nitric
oxide (NO) (maintains normal vascular tone), prostacyclin (inhibits platelet
adhesion and aggregation) [48, 165]. These protective mechanisms are down-
regulated after a vessel injury in order to initiate the required haemostasis [48].
Damage of the endothelium results in the release of subendothelial matrix proteins
(collagen), inducing platelet adhesion and aggregation at the endothelium, which
is mediated by the interaction between GPlb-V-IX and GPla-lla receptors, von
Willebrand factor (VWF), collagen (primary hemostasis) [154, 166]. The binding of
GPla and VWf is particularly important at very high shear forces [155]. Furthermore,
the interaction between endothelial cells and platelets is essential for initiation of
the leukocyte adhesion cascade [48, 161]. The endothelial cells which are activated
by the vascular injury express P-selectin on their surface, which induces a rolling of
recruited thrombocytes along the vascular endothelium [48, 167]. The above-
described binding of the ligands to the GP receptors induces a deformation of
activated platelets (formation of pseudopodia) as well as the release of the
granular content [154]. Released thrombocyte activators like thromboxane A2,
ADP, serotonin and P-selectin enhance thrombocyte aggregation (formation of
white thrombus), lead to vasoconstriction and recruitment of additional
thrombocytes and leukocytes [150, 154, 168-170]. Simultaneously, various
coagulation factors in plasma are activated because of the endothelial damage
(factor XII, tissue thromboplastin (tissue factor), factor VII), initiating a cascade of
successively activating coagulation factors [170, 171]. This ultimately leads to the
production of thrombin in the presence of factor V, calcium and phospholipids [170,
172]. Thrombin is mainly responsible for the conversion of fibrinogen to fibrin, but is
also able to activate other coagulation factors (Factors V, VI, Xlll) and promotes
platelet aggregation [170]. The fibrin polymerises to an insoluble gel and is cross-
linked under the influence of factor XlIl. Cross-linking serves for additional stability
of the thrombus [170, 173]. The incorporation of erythrocytes into the thrombus

results in the so-called red thrombus [174].
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2.2  Lipid Metabolism and Catabolism

Lipids are a group of substances consisting predominantly of hydrocarbon
molecules. They can be divided into two groups, amphiphilic and hydrophobic
lipids. Amphiphilic lipids include fatty acids (FA), phospholipids (PL) and free
cholesterol (FC) [175]. Triglycerides and cholesterol esters responsible for the
transport and storage of cholesterol are hydrophobic lipids. They have different
functions in the organism acting mainly as energy sources and reservoirs. In
addition, they are also essential for the synthesis of steroid hormones and bile
acids [176]. Almost all cells in the body, except for erythrocytes, can produce
cholesterol on their own (endogenous metabolism) [176, 177]. However, since this
process is always accompanied by a loss of energy for the cell, an exogenous
metabolism is prefered absorbing cholesterol from the circulation. The human
organism can produce up to T gram cholesterol per day from acetic acid (Acetyl-
CoA). The key enzyme is HMG-CoA reductase. Besides, there are approximately
0.2 - 0.4 grams which are absorbed from the food. So in total up to 1-2 grams of
cholesterol are provided daily in the body. Non-required cholesterol is excreted
via the bile acids [178]. In the circulation, cholesterol is predominantly transported
by lipoproteins to the absorbing organs. There are three different transport
pathways: the exogenous, the endogenous and the so-called reverse cholesterol
transport [175, 179]. The exogenous pathway describes the uptake of lipids from
food and their further transport to the corresponding organs. Shortly after the
ingestion of food, the first triglycerides are hydrolysed and emulsified in the mouth
and stomach by lipases and gastric acid. This results in the formation of small
micelles. In the duodenum, the deposition of the lipase on the surface of the
micelles and the influence of bile acids lead to a further emulsion of the lipids
resulting in the formation of micelles which contain free fatty acids, cholesterol, bile
acids and monoacylglycerols [180, 181]. The bile acids remain in the intestine and
are absorbed in the ileum (enterohepatic circulation), whereas cholesterol, fatty
acids and monoacylglycerols are absorbed together with fat-soluble vitamins in
the duodenum and jejunum [182]. Cholesterol is taken up via a specific transporter,
the so-called Niemann-Pick-Cl-like protein (NPCIL1) [183]. Part of the absorbed
cholesterol is released back into the intestinal lumen via the ABCG5 and ABCG8
receptors. Fee fatty acids and monoacylglycerols are transported into

enterocytes via CD36 (Fatty acid translocase, FAT) or by fatty acid transport
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proteins (FATP). After the uptake they are again esterified to triglycerides inside the
cell [184, 185]. The intracellular esterification of cholesterol is mediated by acyl-
CoA-cholesterol-acyl-transferase 2 (ACAT2). Subsequently, free cholesterol, as
well as cholesteryl ester and triglycerides, are combined with apolipoproteins
(ApoB-48, ApoA-I, A-IV, A-V) and phospholipids to form so-called chylomicrons
(lipoprotein particles), which enables the transport in the blood despite the poor
water solubility of lipids [181, 186, 187]. Based on their different densities, lipoproteins
can be subdivided into chylomicrons, VLDL (Very low density lipoprotein), IDL
(Intermediate density lipoprotein), LDL (Low density lipoprotein) and HDL (High
density lipoprotein) [175]. For the stabilisation of the lipoproteins, different
apolipoproteins are located in the surface membrane. The most important
apolipoproteins are ApoA, ApoB, ApoC and ApoE [175]. Chylomicrons are not
released directly into the circulation. Instead they first migrate into the lymph [188]
avoiding the first-pass effect in the liver. Chylomicrons enter the bloodstream via
the thoracic duct [181, 188]. Here they receive ApoC from HDL. In this process,
ApoC-Il plays an important role because it can activate endothelial lipoprotein
lipase (LPL) [175]). LPL hydrolyses the triglycerides inside the chylomicrons into free
fatty acids and monoglycerides, which are token up by peripheral tissues
(adipocytes, heart and skeletal muscle cells) [175]. By releasing fatty acids and
monoglycerides and by absorbing additional cholesterol esters and ApoE from
HDL, chylomicrons are converted into so-called remnants. The chylomicron
remnants are then taken up by the liver by binding to the low density lipoprotein
receptor-related protein 1(LRP1) and low density lipoprotein receptor (LDL-R). After
the receptor binding, hepatocytes absorb the triglycerides and cholesterol and
form VLDL (endogenous transport pathway) for further transportation [175, 189]. The
nascent VLDL particles are then released directly into the bloodstream. In contrast
to chylomicrons, VLDLs contain ApoB-100 instead of ApoB-48 as the most
important protein component. ApoC-I and ApoC-lil directly inhibit the uptake into
hepatocytes. ApoC-Il activates the endothelial LPL, which again hydrolyses the
triglycerides inside the VLDL [175]. The peripheral tissue and apolipoproteins
absorb the fatty acids which are released during this reaction. As a result, IDLs
(VLDL remnants) are generated from the VLDLs. IDLs can either be taken up into
the hepatocytes by an interaction of Apok and LDL-R or by binding to LRP1, or

they can be converted into LDL by a further triglyceride loss. This occurs either by
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the hepatic lipase or by the cholesteryl ester transfer protein (CETP) [190]. LDL
contains only 20 - 30% of the original triglyceride content of the VLDL [186, 191].
ApoB-100 is the only apolipoprotein present in LDL [192]. Due to its low aoffinity for
LDL-R, LDL is circulating much longer (up to two days) in the bloodstream than
VLDL (2-4 hours) and chylomicrons (0.5 hours) [193, 194]. However, 90% of the
circulating LDL is absorbed via the LDL-R. After the binding of LDL to LDL-R, the
complex is concentrated at distinct membrane regions (‘coated pits") and
subsequently taken up by endocytosis (‘coated vesicles"') [186]. There, the so-
called coated vesicles are transformed into endosomes by the loss of stabilising
clathrin membrane, which then fuses with lysosomes [195]. Here the complex of
ligand and receptor is degraded by different enzymes (lipases and proteases). In
the endosomes LDL-R and LDL con also dissociate from each other due to the
decreasing pH value so that the LDL-R can be transported back to the cell surface
where it is again available for LDL uptake [195]. If the complex of LDL-R and LDL
additionally binds PCSK?, dissociation is no longer possible in the endosomes, and
the LDL-R will be degraded [196, 197]. This leads to a reduction of LDL-R at the
membrane surface and conseqguently to an increase in the plasma concentration
of LDL. The expression of LDL-R is regulated by the intracellular cholesterol
concentration [186, 198]. Some LDLs in the plasma are not taken up by hepatocytes
via LDL-R but via an alternative pathway, the so-called scavenger pathway. In
contrast to LDL-R, this way is much slower but not saturable [190]. Macrophages
predominantly express these receptors (e.g. SR-A) and play a key role especially
in the context of atherogenesis and atheroprogression [199]. The very long
circulation time of LDL makes them particularly susceptible to modifications and
thus extremely atherogenic. In contrast to LDL, HDL is considered to have an
atheroprotective function as they are mainly responsible for the transport of lipids
from peripheral tissues and cells [186, 200]. HDL is produced extracellularly. ApoA-
| which is synthesised in the liver and small intestine leads to the formation of disc-
shaped, discoid nascent HDL by binding phospholipids and unesterified
cholesterol [190, 201]. With increasing cholesterol uptake, mature and spherical
HDL particles are formed over time. Further absorption of cholesterol and fusion
with other HDL particles results in even larger HDL particles [175, 200]. In contrast
to LDL particles or Remnants, the lifetime of HDL particles is much more variable

and can be up to 4 days [202]. HDL particles can indirectly release cholesterol
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esters to VLDL and LDL via cholesterol ester transfer protein (CETP)-mediated
transfer or be directly absorbed into hepatocytes or steroid-producing cells via
SR-B1[179, 186, 190, 203]. As a result, ApoA-I will be released and can be used for
the formation of new HDL or can be filtered glomerular and resorbed tubularly via
the kidney [186].

2.3  Pathology of Atherosclerosis

Atherosclerosis is a chronic inflammatory process that can persist over several
decades [204]. At a very young age first atherosclerotic lesions can occur, which
lead later on to clinical manifestations such as angina pectoris, myocardial
infarction and stroke [24]. Many different risk factors trigger the development of
atherosclerosis. This includes genetic predisposition, age and the presence of
cardiovascular risk factors such as smoking, obesity, high blood pressure,
hypercholesterolemia and diabetes mellitus [205]. Atherosclerosis is clinically
mainly located at so-called prediction sites including coronary vessels and the
carotid artery [204]. The onset of the disease is assoctiated with initial damage of
the arterial endothelium, which can be caused by the above-mentioned risk
factors. R. Ross already discovered with his "Response to Injury” theory that this
initial damage to the endothelium is significantly responsible for the development
of atherosclerosis [206-208]. Under physiological conditions endothelial cells
produce a variety of substances that protect the vascular wall from inflammation
or damage. For example, the endothelial production of nitric oxide (NO) not only
leads to vasodilatation, but also inhibits the activation of thrombocytes and
reduces the adhesion of leukocytes to the endothelium [186]. Damage to
endothelium can lead to the loss of anti-inflammatory and antithrombotic activity
of endothelial NO secretion [186, 209]. As a consequence, the loss of function of the
endothelium may facilitate migration and accumulation of LDL into the
subendothelial tissue layer of the vascular intima [210]. Here LDL is modified
oxidatively by binding ApoB-100 to proteoglycans to produce the so-called oxLDL
[186, 209-211]. While this stimulus acts as a strong inflammatory agent on
endothelial cells, it is also able to recruit immune cells from the blood into the intima
[198, 212]. Endothelial cells activated this way express different adhesion molecules
(E- and P-selectin, VCAM-1 and ICAM-1) on their surface [186, 213]. In addition,
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cytokines, chemokines such as MCP-1 ("monocyte chemoattractant protein-17),
and growth factors such as M-CSF ("macrophage colony-stimulating factor") and
G-CSF ("granulocyte-macrophage-colony-stimulating factor”) are released [214].
As a result, leukocytes are recruited from the bloodstream, can attach to the
inflammatory endothelium and migrate into the intima [215]. In the first phase of
atherogenesis, phagocytic cells of innate immunity play o very important role
(neutrophil granulocytes, monocytes) [216]. Activated neutrophils can release
proteins such as antimicrobial peptides (cathelicidins and defensins) and serine
proteases during adhesion to the vascular endothelium and migration into the
intima [54]. These granules proteins offer numerous immunomodulatory functions,
which enables the recruitment of further immune cells (e.g. monocytes) from the
circulation [217]. The growth factors that are produced by endothelium (M-CSF and
G-CSF) interact with surface receptors of the monocytes to induce their migration
and subsequent differentiation into macrophages and dendritic cells [240]. In the
intima, macrophages then bind oxLDL via scavenger receptors (e.g. SRA-1, SRA-2,
MARCO, CD36, SR-B1) and take it up intracellularly [185, 211, 218]. Since this form of
lipid uptake does not have a negative feedback in contrast to LDL-R uptake, it
results in a massive overloading of macrophages and as a consequence to the
formation of foam cells [219]. The formation, proliferation and especially the
accumulation of these cells lead to the production of fatty streaks, which are a
reversible form of atherosclerotic plaques [24]. During further progression of
atherosclerosis, secretion of PDGF and TGF- from activated macrophages and
foam cells causes proliferation of smooth muscle cells leading to an increase in the
extracellular matrix (ECM) [24]. The resulting and growing plagque comprises a
necrotic core, ECM and smooth muscle cells surrounded by a stabilising fibrous
cap. Progression of the plague causes a pathological thickening of the intima,
which reduces the vascular vessel diometer. Macrophages which are stimulated
by inflammation mediators are synthesising matrix metalloproteases which
degrade the components of the extracellular matrix [220]. The degradation and
subsequent thinning of the ECM results in unstable plagues susceptible to rupture
[186, 220, 221]. Plague rupture promotes the contact between blood and the
thrombotic contents located in the necrotic core of the plague. This process can

lead to a rapid, complete thrombotic occlusion of the artery with the consequence
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of acute ischemia syndromes (myocardial infarction, sudden cardiac death and
stroke) [221].
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2.4 Outline of this Thesis

The reduced quality of life, the high incidence of fatalities and incurring costs for
the public health system due to atherosclerotic lesions and their consequences
necessitate further investigations and better understanding of the pathogenesis
of atherosclerosis. A better understanding of the underlying vascular inflammatory
processes and associated molecular mechanisms are essential for the
development of new preventive strategies and therapeutic approaches.
Atherosclerosis is defined as a chronic inflammatory disease of the vascular system
in which the immune system with its different immune cells plays an essential role
[204]. Especially neutrophils have an important function in this context, as they
account for 40 - 75% of all leukocytes in the blood and are considerably involved
in the inflammatory process [39, 222, 223]. Activated neutrophil granulocytes are
able to release immunomodulatory granule proteins to modify the progression of
inflammation [39, 54]. HNP1 is the most abundant peptide of neutrophil
granulocytes [224]. Because of their numerous immunomodulatory functions, the
guestion arises to how much human neutrophil peptides may influence vascular
inflammation. The aim of the thesis was to investigate the influence of the
immunomodulating human neutrophil peptide 1 (HNP1, a-defensin) on vascular
inflammation, to analyse underlying molecular mechanisms and to examine the
resulting consequences for the pathogenesis of atherosclerosis in order to develop

new preventive strategies and therapeutic approaches (Chapter 2 and 3).

Chapter 2

The study described in Chapter 2 focused on the analysis of the impact of
neutrophil and platelet-derived granule proteins on endothelial monocyte
adhesion. It was shown that HNP1, secreted by neutrophil granulocytes, forms a
heteromer with CCL5 that is secreted by platelets. This heteromer subsequently
promotes monocyte adhesion to the endothelium. Based on binding analyses, it
was possible to develop a synthetic peptide that interrupts heteromer formation
and reduces endothelial monocyte adhesion. This effect was further investigated
in situ in an animal model of cardiac ischemia and reperfusion, where consistent
results could be demonstrated.

| performed and analysed the experiments shown in Figure 1under the supervision
of J-EA.
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Chapter 3

The work described in Chapter & represents an ongoing study based on the
preliminary findings of the study presented in Chapter 2. Since endothelial
monocyte adhesion and its subseguent migration and transformation into tissue
macrophages is an essential pathophysiological process in the development and
progression of atherosclerosis, the aim was to investigate the influence and role of
HNP1 in this context. Unexpectedly, initial study results showed a very different
function of HNP1in the diet-induced Apolipoprotein E (ApoE) knockout model. We
were able to show that the peptide secreted by neutrophil granulocytes forms a
complex with apolipoproteins, mainly with ApoC, in the circulatory system. This
complex formation subsequently led to more rapid excretion of low density
lipoprotein (LDL) from the blood via the low density lipoprotein receptor (LDL-R) in
the liver. As a result, atherosclerotic endothelial lesions were reduced in the
atherosclerotic mouse model. In addition, we were able to reduce the size of
existing advanced lesions by therapeutic intravenous administration of HNP1.

| performed and analyzed experiments shown in Figure 1 — 4 and Supplementary
Data and contributed to manuscript writing. Y.D. and M.D. contributed to study

design, supervision, data analysis, and funding.
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