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General introduction
 Inflammation is a multifactorial process of humoral and cellular 
events triggered by an injury leading to restoring of tissue homeostasis (1). 
To fulfill this task, the immune system provides two strategies: innate and 
adaptive immunity. Cells of the innate immune system such as macrophages, 
neutrophils, mast cells, and natural killer cells recognize and act in response to a 
variety of inflammatory mediators (chemokines, cytokines, pathogen-associated 
molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs)). 
However, if the innate immune system is unable to dampen the inflammation, 
the activation of the adaptive immune system (e.g. B and T cells) is necessary 
for resolution. This process has to be strictly regulated. Failure of one of these 
regulatory mechanisms can lead to exacerbated chronic inflammation and 
tissue damage. Acute inflammatory events are normally self-resolving, whereas 
unresolved inflammation such as atherosclerosis lacks the change from pro- to 
anti-inflammatory conditions (2).
 Neutrophils as part of the innate immune system represent the main 
cellular component (≈70%) of the circulating white blood cells in humans (3). 
They are known for their granules in the cytoplasm and a specific segmented 
nucleus, thus also called polymorphonuclear granulocytes (PMN). As professional 
phagocytes they act as the first line of host defense against pathogens by 
releasing the content of their granules (>700 proteins) and reactive oxygen 
species (ROS) (4, 5). Besides their anti-microbial function neutrophils are capable 
to produce inflammatory mediators such as growth factors, chemokines, and 
cytokines and thereby modulate both, innate and adaptive immunity (6). With 
their potent inflammatory profile, neutrophil accumulation and activation can 
have harmful side effects, as shown in a number of inflammatory diseases, e.g. 
rheumatoid arthritis, acute lung injury and chronic obstructive pulmonary 
disease. Furthermore, human epidemiological studies revealed an association 
between blood neutrophil counts and the incidence of coronary heart disease 
(7). Additionally, neutrophil counts in human atherosclerotic plaque specimens 
were strongly associated with histopathologic features of rupture-prone plaques 
(8). Such aspects warrant further investigation of neutrophil participation in 
atherosclerotic lesion development, progression, and destabilization.
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1.1 Atherosclerosis
 Acute coronary syndromes (ACS) are the main cause of morbidity and 
mortality in western societies. Thrombotic events associated with plaque rupture 
or plaque erosion are responsible for the majority of ACS (9-11). Atherosclerosis 
is a chronic disease that affects the intima of medium- and large-sized arteries. 
The build-up process of atherosclerosis is dynamic and involves a complex 
network of cellular events within the arterial vessel wall. Although the process 
of atherosclerosis is not fully known, it is considered to be an inflammatory 
event resulting from injury of endothelial cells, lipid modification and the 
accumulation of inflammatory cells (12, 13). Different stages of atherosclerosis 
are defined as: plaque initiation, plaque progression, plaque destabilization and 
eventually plaque rupture (14).

1.1.1 Plaque initiation
 The endothelium maintains the balance between vasodilatation, 
vasoconstriction and inhibition or stimulation of smooth muscle cell (SMC) 
proliferation (Figure 1A) (12). Systemic inflammation, hyperglycemia, shear 
stress changes and hypercholesterolemia can disturb the balance resulting in 
increased permeability of the endothelium (Figure 1B) (15). Furthermore, 
endothelial cells produce inflammatory factors attracting leukocytes leading to 
their extravasation within the vessel wall (16). Due to the higher permeability 
it is possible for lipoproteins, especially low-density lipoprotein (LDL), to 
accumulate in the intima (17). Within the intima LDL is subsequently modified 
by ROS and enzymes and it becomes oxidized (oxLDL). This propagates 
activation of the endothelium leading to enhanced expression of adhesion 
molecules and leukocyte chemoattractants (13, 18). Once infiltrated into the 
intima, monocytes undergo differentiation into macrophages, which are capable 
of engulfing oxLDL via scavenger receptors (CD36, CD68) and form the so called 
foam-cells (Figure 1B) (19). These foam cells induce further activation and 
recruitment of inflammatory cells via secretion of inflammatory mediators, thus 
setting off a vicious circle.

1.1.2 Plaque progression
 The progress from fatty streaks to a more complex phenotype of the 
plaque involves the migration of SMCs from the media to the intima. Endothelial 
cells and platelets are able to secrete cytokines and growth factors to promote 
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SMC migration and proliferation (20, 21). SMCs start to synthesize extracellular 
matrix (ECM) macromolecules and begin to cover the fatty streak, leading to the 
formation of the fibrous cap (FC) covering the necrotic core (NC), which consists 
of apoptotic cells (Figure 1C). Subsequently, the lesion starts to grow due to 
SMC proliferation, ECM expansion and the accumulation and proliferation of 
foam cells. Furthermore, foam cells secrete pro-inflammatory mediators, which 
boost plaque progression by further SMC migration. These compositional 
changes of the lesion are characteristic for an advanced atherosclerotic plaque.

Figure 1. Stages of atherosclerosis (A) The normal artery consists of the intima, media 
and adventitia. (B) The initiation of atherosclerosis occurs through leukocyte adhesion to the activated 
endothelium and migration into the tissue. Here, monocytes differentiate to macrophages and after lipid 
uptake become foam-cells. (C) Progression of atherosclerosis involves migration of smooth muscle cells 
(SMCs), forming a fibrous cap that covers the necrotic core. These lesions can develop into vulnerable 
plaque. (D) Vulnerable plaques can rupture and lead to thrombus formation. (Adapted from Libby et 
al. (22))
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1.1.3 Plaque destabilization
 Unstable lesions are characterized by a high inflammatory cell content 
and a large NC covered by a thin FC (Figure 1C) (9). The thinning of the FC 
occurs through a decrease of SMC and EC (endothelial cell) content. Apoptotic 
SMC and dead macrophages fuel the enlargement of the NC. Increased SMC 
apoptosis is a result of continuous infiltration of inflammatory macrophages 
and lymphocytes which release TNF or TNF-related apoptosis-inducing 
ligands (23-25). Matrix metalloproteinases (MMPs) have been shown to play 
an important role in SMC apoptosis due to their degradation of the ECM 
and the cell-to-cell interaction (26). Defective clearance of the apoptotic cells 
in advanced stages of atherosclerosis, leads to the enlargement of the NC and 
plaque inflammation (27-29).

1.1.4 Plaque rupture
 Structural damage in the FC results in the exposure of the highly 
thrombogenic material of the plaque to the blood and leading to thrombus 
formation (Figure 1D) (30). The mechanism of rupture is thought to be 
attributed to the continuous thinning of the FC by degradation of the ECM and 
apoptosis of SMCs as well as permanent enlargement of the NC (31).

1.2 Neutrophil production, retention and mobilization
 Neutrophils are produced in the bone marrow, a process termed 
‘granulopoiesis’, involving cellular proliferation and differentiation of 
the cells. The cytokine granulocyte colony-stimulating factor (G-CSF) is 
the predominant factor regulating this process (32). It induces myeloid 
differentiation and proliferation of granulocytic precursors. Furthermore, G-CSF 
mobilizes neutrophils from the bone marrow (Figure 2) (32). When terminally 
differentiated, mature neutrophils remain as a storage pool, the so called ‘bone 
marrow reserve’, from where they can be rapidly mobilized in response to 
inflammatory stimuli (Figure 2) (33). The balance between neutrophil release 
and retention is orchestrated by chemokines and the antagonistic role of their 
receptors. CXCR2 is constitutively expressed on neutrophils, which relays 
mobilization signals like CXCL1 (KC in mouse/Gro-α in human) and CXCL8 
(IL-8). On the other hand, CXCR4 recognizes retention signals like CXCL12 
(SDF1α) (constitutively produced by stromal cells) (Figure 2) (34). After release 
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from the bone marrow into the circulation, neutrophils undergo (due to their 
short half-life) senescence which is accompanied by phenotypical changes. 
Neutrophil expression of CXCR4 increases whereas the expression of CXCR2 
decreases (Figure 2). Subsequently, senescent CXCR2lowCXCR4high neutrophils 
either undergo apoptosis or home to the spleen, liver or back to the bone marrow, 
where they are cleared by red pulp macrophages in the spleen, by Kupffer cells 
in the liver and by stromal macrophages in the bone marrow (Figure 2) (33, 

Figure 2. Neutrophil production, mobilization and homing. Neutrophil production in 
the bone marrow is regulated by the granulocyte colony-stimulating factor (G-CSF). Mature neutrophils 
are stored in a pool from where they can be mobilized to the circulation. While retention in the bone 
marrow is mediated via CXCR4 and SDF-1α (CXCL12), mobilization is controlled by CXCR2 and its 
ligands Groα and KC. Over time, circulating neutrophils undergo senescence, a phenotype characterized 
by CXCR2lowCXCR4high expression and subsequently either undergo apoptosis or home back to the bone 
marrow, where they are cleared.
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35, 36). Interestingly, although neutrophils are considered short-lived cells, 
Pillay and colleagues have recently demonstrated that human neutrophils 
in healthy participants could display a life-span up to 5.4 days (37). Based on 
these controversial evidences the classic view of the homeostatic regulation 
of neutrophils may thus have to be reconsidered. After neutrophil activation 
under inflammatory conditions their longevity increases, ensuring the presence 
of primed neutrophils at the site of inflammation (38, 39). The activation of 
neutrophils is initiated by exposure to mediators such as cytokines. These 
cytokines can be early-stage cytokines such as TNFα, IL-1β, PAMPs, DAMPs 
followed by late-stage chemoattractants as IL-8 and GM-CSF. 

1.2.1 Recruitment and Extravasation
 The classical model of leukocyte adhesion includes three steps: selectin-
mediated rolling, chemokine-triggered activation and integrin-dependent arrest 
(40). However, in the last years the picture changed and further steps, such as 
slow rolling, adhesion strengthening, intraluminal crawling, and paracellular and 
transcellular migration were defined (Figure 3) (41). Recruitment is initiated by 
a change on the endothelial surface resulting from stimulation by inflammatory 
signals, which leads to an increased expression of adhesion molecules (P- and 
E-selectin) (41, 42). P- and E-selectin bind P-selectin glycoprotein ligand 1 
(PSGL1) and E-selectin ligand 1 (ESL1), thereby mediating the capture of 
neutrophils and initiate the rolling along the endothelium (Figure 2). Here they 
become activated by pro-inflammatory chemokines such as fMLP, leukotriene 
B4, CXCL2, or CXCL8. The platelet-derived chemokine CCL5 is deposited on 
activated endothelium where it can engage CCR1 and CCR5 to induce arterial 
recruitment of neutrophils and classical monocytes alike (43, 44). Interestingly, 
in a recent study it has been shown that posttranslational modification of CCR5 
via α2,3- sialyltransferase IV (St3Gal4) plays an important role in CCL5 binding 
and arterial recruitment of neutrophils (45).
 Besides CCL5, platelets release a vast amount of additional chemokines, 
whereof CXCL4 is the most abundant one (46). Moreover, CCL5 and CXCL4 
form functional heteromers, which induce recruitment of neutrophils (47, 48). 
Firm adhesion of neutrophils is mediated by a conformational change of low to 
high affinity integrins including β1-integrin (α4β1; CD49d, VLA4) and β2-integrin 
(αMβ2; CD11b, MAC-1) interacting with endothelial VCAM-1 (vascular cell 
adhesion molecule 1) and ICAM-1, respectively (Figure 3) (49). The adhesion 
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step prepares neutrophils for transmigration through the endothelial barrier and 
involves rearrangement of the cytoskeleton through the generation of an actin-
based docking structure that concentrates VCAM1 and ICAM1 molecules. 
Furthermore, neutrophil integrins interact with junctional adhesion molecules 
(JAMs), which control the endothelial cell-cell junctions. Subsequently, 
neutrophils form a cellular uropod witch stretches and extravasates through the 
gap to the tissue.

1.2.3 Neutrophil cell death pathways
 Neutrophils contain and produce various cytotoxic molecules that 
can significantly cause tissue damage. Thus, precise regulation of production, 
retention, mobilization and cell death is essential. Neutrophil apoptosis is 
crucial for resolution of inflammation as the uptake by macrophages (termed 
‘efferocytosis’) dampens pro-inflammatory cytokine production and switches to 
an anti-inflammatory program of the macrophages restoring tissue homeostasis 

Figure 3. The updated leukocyte adhesion cascade. The original three steps are shown 
in bold: rolling – selectin-mediated, activation – chemokine-mediated, arrest – integrin-mediated. 
Additionally, updated steps are added: capture (or tethering), slow rolling, adhesion strengthening 
and spreading, intravascular crawling, and paracellular and transcellular transmigration. ESAM, 
endothelial cell-selective adhesion molecule; ICAM1, intercellular adhesion molecule 1; JAM, junctional 
adhesion molecule; LFA1, lymphocyte function-associated antigen 1 (also known as αLβ2-integrin); 
MAC1, macrophage antigen 1; MADCAM1, mucosal vascular addressin cell-adhesion molecule 1; 
PSGL1, P-selectin glycoprotein ligand 1; PECAM1, platelet/endothelial-cell adhesion molecule 1; PI3K, 
phosphoinositide 3-kinase; VCAM1, vascular cell-adhesion molecule 1; VLA4, very late antigen 4 (also 
known as α4β1-integrin). (Adapted from Ley et al. (41))
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(50, 51). However, impaired uptake of dead cells is linked with the pathogenesis 
of many inflammatory diseases including atherosclerosis (52, 53). As neutrophils 
can undergo different cell deaths, I will here highlight the pathways that have 
been studies in this thesis including apoptosis, NETosis and autophagy.

1.2.3.1 Apoptosis
 Apoptosis is the predominant cell death pathway in neutrophils (54). 
In general there are two apoptotic pathways, the intrinsic and the extrinsic 
pathway (Figure 4). Spontaneous neutrophil apoptosis is an intrinsic process 
and is mediated by various signals within the cell. The mitochondria play a 
crucial role in this process due to their ability to release pro-apoptotic factors such 
as cytochrome c and AIF (apoptosis-inducing factor). MCL1 (induced myeloid 
leukemia cell differentiation protein) belongs to the Bcl2-(B cell lymphoma 2) 
family and is located in the nucleus and the cytoplasm of neutrophils (Figure 
4A) (55). It is an anti-apoptotic protein and as senescent neutrophils undergo 
apoptosis the MCL1 levels decrease rapidly due to degradation by proteasomes 
(56). This step induces apoptosis in a caspase-dependent pathway. On the other 
hand, Bax (Bcl2-associated X protein), also a Bcl2-family member, displays a 
pro-apoptotic function (57). It is cleaved by calpain-1 upon translocation to 
the mitochondria and thereby increases the permeability of the mitochondrial 
membrane (58). Additional members of the pro-apoptotic proteins are e.g.  
 Bad (Bcl-2-associated death promoter) and Bid (BH3 interacting-domain 
death agonist). By increased membrane permeability cytochrome c is released 
into the cytoplasm where it mediates the multimerization of the protease 
APAF-1 (pro-apoptotic protease activating factor 1) and induces the so-called 
apoptosome (complex of APAF-1, cytochrome c, procaspase-9) formation 
(Figure 4A) (59). As a result, caspase-9 activation leads to caspase- 3 activation 
and apoptosis induction. As depicted in Figure 3A, ROS and oxidative stress 
disrupt the mitochondrial transmembrane potential and induce apoptosis by 
indirect activation of caspase through the release of cytochrome c or direct 
by activation of caspase-8 and subsequently caspase-3 (60). In contrast to the 
spontaneous apoptosis of neutrophils, the extrinsic pathway is mediated by 
extracellular signals acting through so called death receptors (Figure 4B). Death 
receptors are characterized by the cytoplasmatic death domain (DD) (62). The 
best characterized death receptors are Fas (CD95/APO-1), TNF-receptor 1 (TNF-
R1), TNF-related apoptosis-inducing ligand receptor 1 (TRAIL-R1), and receptor 
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2 (TRAIL-R2). As cognate ligands activate their receptor, a multiprotein complex 
at the cytosolic tail of the DD assembles. This conformational change initiates 
the activation of caspases and leads to apoptosis induction. In contrast to the Fas 
receptor, TNF-R1, TRAIL-R1 and TRAIL-R2 mediate apoptosis initiation in an 
additional caspase-independent pathway. TNF-R1 stimulates ROS production 
and the subsequent activation of effector caspases (Figure 4B) (63). TRAIL 
(TNF-related apoptosis-inducing ligand) expressed and secreted by neutrophils 
acts in an autocrine way to induce apoptosis. Upon activation by inflammatory 
mediators (e.g. TNF-α, lipopolysaccharides, fMLP and IL-8) neutrophils release 
the stored TRAIL (64). Furthermore it has been demonstrated that TRAIL is 
involved in elimination of senescent neutrophils (65).

1.2.3.2 NETosis
 Neutrophils undergo a unique form of cell death that is characterized by 
the release of neutrophil extracellular traps (NETs) in a process called NETosis. 
Neutrophils display a drastic morphological change to expel NETs (Figure 5). 
After activation by inflammatory mediators their nucleus loses its lobules, the 
chromatin decondenses and both nuclear membranes detach from each other. 
Subsequently, the nuclear envelope forms vesicles and the nucleoplasm and 

Figure 4. Mechanism of neutrophil apoptosis. While (A) the intrinsic pathway is mediated 
by signals from within the cell, the activation of (B) results in the extrinsic pathway from extracellular 
signals (Bax, Bcl2- associated X protein; Cyt c, cytochrome c; APAF-1, pro-apoptotic protease activating 
factor 1; MCL1, induced myeloid leukemia cell differentiation protein; NADPH, Nicotinamide adenine 
dinucleotide phosphate; ROS, reactive oxygen species; TNF, tumor necrosis factor; TRAIL, TNF-related 
apoptosis-inducing ligand). (Adapted from Kennedy et al. (61))
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cytoplasm form a homogenous mass. Due to further conformational change 
the cell membrane ruptures and the content of the cell is ejected into the 
extracellular space forming NETs (66). Molecularly, NET release requires NE 
(neutrophil elastase) which traffics from neutrophil granules to the nucleus, 
where it together with MPO (myeloperoxidase) degrades histones and induces 
chromatin decondensation (Figure 5) (68). The enzyme PAD4 (peptidylarginine 
deminase 4) initiates the citrullination in three of the four core histones 
(H2A, H2B, H3, H4) (Figure 5) (69-71). NETosis represents an alternative 
way to present neutrophil granule proteins to the extracellular space besides 
degranulation. NET release was originally described as an anti-microbial effector 
mechanism by trapping and killing extracellular pathogens in blood and tissue 
during infection (72). However, recent studies revealed the impact of NETs also 
in development of chronic inflammatory diseases such as atherosclerosis and 
systemic lupus erythematosus (73, 74).

Figure 5. Schematic representation of NETosis. (A) After receptor stimulation neutrophils 
undergo morphological change, such as (B) nucleus loses its lobules and granule proteins are mobilized. 
Histones in the nucleus become citrullinated and the intracellular membranes disintegrate. Finally, (C) 
the cell membrane ruptures and NETs are expelled (SHPOX, phagocytic oxidase; PAD4, peptidylarginine 
deminase 4; NE, neutrophil elastase; MPO, myeloperoxidase). (Adapted from Brinkmann et al. (67))
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1.2.3.3 Autophagy
 Autophagy represents an evolutionary conserved catabolic process that 
enables cells to degrade and recycle cellular components. Autophagy is a process 
whereby cells catabolize their damaged components. It is characterized by the 
formation of autophagosomes, which are double-membrane vesicles that enclose 
the cytoplasmatic structures for destruction (Figure 6) (75). The formation of 
the autophagosome involves various autophagy-related genes (ATGs). One of 
these is e.g. ATG5, which conjugates with ATG12 to generate an E3 ubiquitin 
ligase-like enzyme required for autophagy (76). Complete autophagosomes are 
fused with lysosomes, building the autophagolysosome, to expose their content 
to the hydrolases in the interior of these organelles (Figure 6) (77). The role 
of autophagy is to restore homeostasis and represents an adaptive response 
to cellular stress, for instance through nutrient deprivation, growth factor 
withdrawal or ROS production due to pathogen uptake (78). In summary, 
autophagy has been demonstrated to participate in a broad range of processes 

Figure 6. Schematic representation of autophagy. The formation of the autophagosome 
involves autophagy related genes (ATGs); complete autophagosomes are fused with lysosomes 
representing the autophagolysosome, to expose their content to the hydrolases in the interior (from left 
to right).
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ranging from adaption, cell differentiation, development and degradation 
(reviewed in (79)). Interestingly, recent studies implicate that NET formation 
may require autophagy (80, 81).

Scope of this thesis
 Atherosclerosis is a chronic inflammatory disease characterized by 
neointimal lesion formation and lumen narrowing of arteries. This multifactorial 
inflammatory process results in cerebrovascular and cardiovascular complications 
associated with high morbidity and mortality. Considering the heightened 
recognition of the role of neutrophils in atherosclerosis, their continued 
recruitment throughout all stages, and the impact of apoptotic neutrophils 
in inflammation control, it is likely that targeting of atherosclerosis may be 
facilitated by interference with neutrophil cell death pathways and clearance of 
dead neutrophils.

 The scope of this thesis is to demonstrate the crucial role of neutrophils 
in the initiation and progression of atherosclerosis.

 Chapter 2 reports that increased neutrophil counts (neutrophilia) 
contributes to increased plaque formation in interferon regulatory factor 8 
(Irf8-/-) deficient mice. IRF8 is important in granulocytic differentiation and 
maturation. The Irf8-/- mice develop a chronic myelogenous leukemia-like 
syndrome, characterized by reduced monocyte/macrophage count but strikingly 
increased neutrophil numbers.

 Chapter 3 concentrates on the impact of chemokine receptor 
interactions responsible for the mobilization and recruitment of classical and 
non-classical monocytes in atherosclerosis.

 Chapter 4 highlights the importance of neutrophils undergoing different 
cell death pathways in the progression of human atherosclerotic plaques.

 Chapter 5 represents a comparative study of different mouse models of 
plaque destabilization.
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 Chapter 6 introduces for the first time that the platelet-derived 
chemokine PF4 prolongs the lifespan of neutrophils under inflammatory 
conditions.

 Chapter 7 summarizes the current knowledge and hypotheses about 
the role of neutrophils throughout atherogenesis. 

 Finally, all results obtained in this thesis and future perspectives are 
discussed in Chapter 8 and summarized in Chapter 9.
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