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General introduction

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.



C
h

ap
te

r 
1

23

General introduction

 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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Objective
 Inflammatory leukocyte accumulation drives atherosclerosis. Although 
monocytes/macrophages and polymorphonuclear neutrophilic leukocytes 
(PMN) contribute to lesion formation, sequelae of myeloproliferative disease 
remain to be elucidated.

Methods and Results
 We used mice deficient in interferon regulatory factor 8 (Irf8−/−) 
in hematopoietic cells that develop a chronic myelogenous leukemia-like 
phenotype. Apolipoprotein E-deficient mice reconstituted with Irf8−/− or Irf8−/− 
apolipoprotein E-deficient bone marrow displayed an exacerbated atherosclerotic 
lesion formation compared with controls. The chronic myelogenous leukemia-
like phenotype in mice with Irf8−/− bone marrow, reflected by an expansion of 
PMN in the circulation, was associated with an increased lesional accumulation 
and apoptosis of PMN, and enlarged necrotic cores. Irf8−/− compared with Irf8+/+ 
PMN displayed unaffected reactive oxygen species formation and discharge 
of PMN granule components. In contrast, accumulating in equal numbers at 
sites of inflammation, Irf8−/− macrophages were defective in efferocytosis, lipid 
uptake, and interleukin-10 cytokine production. Importantly, depletion of PMN 
in low-density lipoprotein receptor or apolipoprotein E-deficient mice with 
Irf8−/− or Irf8−/− apolipoprotein E-deficient bone marrow abrogated increased 
lesion formation.

Conclusion
 These findings indicate that a chronic myelogenous leukemia-
like phenotype contributes to accelerated atherosclerosis in mice. Among 
proatherosclerotic effects of other cell types, this, in part, is linked to an 
expansion of functionally intact PMN.
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Introduction
 Atherosclerosis is regarded as a chronic inflammatory disease of the vessel 
wall, characterized by an intimal accumulation of immune cells at sites of plaque 
formation, leading to the progressive narrowing of the arterial lumen (1-3). A 
prominent role herein has been ascribed to macrophages, which accumulate 
oxidized low-density lipoprotein (oxLDL) and other lipids and transform 
into foam cells within the arterial wall (1–4) However, polymorphonuclear 
neutrophilic leukocytes (PMN) constituting the most abundant white blood 
cells in the circulation have also recently been associated with the development 
of atherosclerosis. Although systemic PMN counts correlate with the severity of 
atherosclerosis and PMN localize at sites of plaque rupture and erosion in patients 
with acute coronary syndromes and symptomatic plaques (1, 3, 5–9), PMN 
were also localized in murine atherosclerotic plaques, and increased peripheral 
PMN numbers associated with aggravated atherosclerosis and inflammation in 
murine models of atherosclerosis (10–12). 
 Interferon regulatory factor 8 (IRF8) (also known as interferon consensus 
sequence binding protein) is exclusively expressed in hematopoietic cells and critical 
in lineage determination and the development of myeloid cells from common 
progenitor cells. Although essential in directing monocyte and macrophage 
differentiation, IRF8 represses genes promoting granulocytic differentiation and 
maturation (13–15). In consequence, IRF8- deficient (Irf8−/−) or Irf8 mutant mice 
develop a chronic myelogenous leukemia (CML)-like syndrome with a striking 
increase in PMN numbers whereas cells bearing monocyte/macrophage markers 
are reduced and functionally compromised (13, 15–17).
 Given the important contribution of PMN to atherosclerosis and 
neutrophilia to be a hallmark of human CML, we addressed atherosclerotic 
lesion formation in atherosclerosis- prone Irf8−/− mice in hematopoietic cells 
that develop a CML-like disease.

Methods

Mouse Models
 Six- to 8-week-old female recipient apolipoprotein E-deficient (Apoe−/−) 
or LDL receptor-deficient (Ldlr−/−) mice were transplanted with bone marrow 
(BM) cells from Irf8+/+, Irf8−/−, Irf8+/+Apoe−/−, or Irf8−/−Apoe−/−mice (13) (all 
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C57BL/6 background) after an ablative dose of whole body irradiation, and 
were fed a standard western diet containing 21% fat and 0.15% cholesterol 
(Altromin). PMN were depleted by intraperitoneal injections of monoclonal 
antibody RB6-8C5 every other day. A subcutaneous air pouch (18) was created 
in Irf8+/+ or Irf8−/− mice, and injected with platelet-activating factor. Peritonitis 
was induced by intraperitoneal injection with thioglycollate (19, 20). Cells were 
collected from lavage fluids, and processed for fluorescence activated cell sorter 
(FACS) analysis.

Atherosclerotic Lesion Quantification and Immunohistochemistry
 Atherosclerosis and lipid accumulation were assessed in aortic roots 
and thoracoabdominal aortas by staining for lipid depositions with Oil Red 
O (Figure I in the online-only Data Supplement) (19). The relative content 
of macrophages, T cells, smooth muscle cells, and PMN (19) were determined 
by staining with specific monoclonal antibody or appropriate isotype controls. 
Apoptotic nuclei were detected by terminal deoxynucleotidyl transferase dUTP 
nick-end labeling (TUNEL). Collagen was stained using Sirius Red.

Flow Cytometry, Cell Sorting, and ELISA
 After staining with directly conjugated antibodies, FACS analysis and 
cell sorting were performed using a FACSCanto II or FACSAria. Interleukin-10 
(IL-10) concentrations were determined using the mouse IL-10 DuoSet ELISA 
Kit (R&D).

Analysis of Myeloperoxidase and Matrix Metalloproteinase-9 
Activity and Reactive Oxygen Species Formation
 Myeloperoxidase (MPO) activity was measured as described (18, 20). 
Matrix metalloproteinase (MMP)-9 activity was quantified using the SensoLyte 
MMP-9 assay kit and reactive oxygen species (ROS) formation determined by 
analyzing the fluorescence of PMN loaded with 2′,7′-dichlorodihydrofluorescein 
diacetate before and after tumor necrosis factor-α or phorbol myristate acetate 
stimulation.

Apoptosis, Cell Cycle Assays, and Phagocytosis
 Cell staining with Annexin V or propidium iodide and the uptake of 
1,1′-dioctadecyl-3,3,3’3’-tetra-methylindocyanide percholorate– labeled oxLDL or 
calcein-labeled apoptotic PMN by peritoneal macrophages were analyzed by FACS.
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Statistics
 Data are represented as mean ± SD, and were analyzed by Student 
t-test, ANOVA with Tukey multiple comparison test, nonparametric Mann-
Whitney test, or Kruskal-Wallis test with Dunn post hoc test (Prism 4.0 
software, GraphPad), as appropriate. Data for ROS measurement were analyzed 
with 2-way repeated measures ANOVA (treatment time) followed by planned 
comparisons. P<0.05 was considered to be statistically significant.

Results

Apoe−/− Mice Transplanted With Irf8−/− BM Display 
a CML-Like Phenotype
 Due to the exclusive expression of IRF8 in hematopoietic cells, we chose 
to transplant Irf8−/− BM into atherosclerosis-prone Apoe−/−mice. Similar to the 
distribution of peripheral blood cells in donor Irf8−/− mice (13) (not shown), 
lethally irradiated Apoe−/−mice reconstituted with Irf8−/− BM displayed a trend 
for expansion in the number of leukocytes and a significant increase in the 
number and frequency of PMN in peripheral blood, whereas absolute counts 
of circulating total monocytes, encompassing both the Ly6Chigh (Gr-1high) and 
Ly6Clow (Gr-1low) monocyte subset, were reduced (Figure 1A–1C). Circulating 
numbers of dendritic cells, T cells and B cells were unaltered in Apoe−/− mice 
reconstituted with Irf8−/− BM (data not shown). Because Irf8−/− monocytes show 
only marginal expression of CD115, possibly related to its enhanced proteolytic 
degradation (21), monocytes were identified by staining for CD11b and Gr-1high/

low but the absence of PMN specific Ly6G whereas PMN expressed CD11b, Gr-1, 
and Ly6G (Figure 1B). Similar shifts in the distribution of leukocyte subsets 
were observed in the BM of transplanted mice, with an even more pronounced 
expansion of PMN in Apoe−/−mice carrying Irf8−/− compared with Irf8+/+ BM 
(data not shown). These data indicate that the CML-like phenotype observed in 
Irf8−/− mice is sustained in Apoe−/− mice transplanted with Irf8−/− BM, allowing 
the investigation of its consequences in atherosclerosis. Of note, no changes 
in the ratio of segmented to band PMN or in the nuclear morphology of PMN 
were observed between blood smears of Apoe−/− mice carrying Irf8−/− or Irf8+/+ 
BM (not shown, Figure 1D). This is in line with a chronic disease course with 
no signs of an accumulation of progenitor or immature myeloid cells in blood, 
characteristic of the late progressive blast phase (13, 22).
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Figure 1. Apolipoprotein E-deficient (Apoe−/−) mice transplanted with 
interferon regulatory factor 8-deficient (Irf8−/−) bone marrow (BM) display 
a chronic myelogenous leukemia (CML)-like phenotype. A, Fluorescence activated 
cell sorter (FACS) analysis of the CD45+ subset distribution in blood of Apoe−/− mice reconstituted 
with Irf8−/− (n=7) and Irf8+/+ BM (n=8) after 12 weeks of high-fat diet. B, Gating strategy for 
polymorphonuclear neutrophilic leukocytes (PMN; Ly6G+ CD11b+ Gr-1+) and monocytes (Ly6G− 
CD11b+ Gr-1high/low); representative dot plots are shown. C, Absolute leukocyte counts, and numbers 
of PMN, monocytes, and monocyte subsets in Apoe−/− mice reconstituted with Irf8−/− (n=7) and 
Irf8+/+ BM (n=10). D, Representative blood smears of Apoe−/− mice with Irf8−/− and Irf8+/+ BM; 
PMN and lymphocytes are indicated by black or red arrow heads, respectively. *P<0.05, **P<0.01, 
***P<0.001. DC indicates dendritic cell; WBC, white blood cell.
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Increased Atherosclerotic Lesion Formation in Apoe−/− Mice 
Transplanted With Irf8−/− BM
 Atherosclerotic lesion formation was analyzed after 12 weeks of high-fat 
diet feeding. The quantification of lipid depositions in the aorta and aortic 
roots revealed a significant exacerbation in lesion formation in Apoe−/− mice 
reconstituted with Irf8−/− compared with Irf8+/+ BM (Figure 2A and 2B). In 
additional control experiments, we similarly found an increased atherosclerotic 
lesion formation in Apoe−/− mice reconstituted with Irf8−/−Apoe−/− in 
comparison with Irf8+/+Apoe−/− BM (Figure IIA and IIB in the online-only 
Data Supplement). Total serum cholesterol, very low-density lipoprotein/ LDL, 
and high-density lipoprotein levels were unaltered in Apoe−/− mice reconstituted 
with Irf8−/− versus Irf8+/+ BM, and Irf8−/−Apoe−/− versus Irf8+/+Apoe−/− BM 
(Table I in the online-only Data Supplement). Quantifications of lipid 
depositions within lesions revealed a shift toward enhanced accumulation of 
extracellular in contrast to intracellular lipids in Apoe−/− mice carrying Irf8−/− 
compared with Irf8+/+ BM (49.8±1.5 versus 31.6±3.6% extracellular Oil Red O+ 
lipid deposits, respectively, P<0.01). Analysis of the cellular plaque composition 
by quantitative immunofluorescence further showed that the number of 
macrophages, smooth muscle cells, and T cells was not altered in aortic root 
plaques whereas a significant increase in the relative number of Ly6G+ PMN 
was observed in lesions of Apoe−/− mice with Irf8−/− BM (Figure 2C). Moreover, 
the expression of MPO, an enzyme stored in PMN granules, as well as the 
frequency of MMP-9+ cells (10, 11, 23) was found to be increased (Figure IIIA 
and IIIB in the online-only Data Supplement), whereas the content of collagen-
rich extracellular matrix, evident by Sirius Red staining, was reduced in lesions 
of Apoe−/− mice reconstituted with Irf8−/− compared with Irf8+/+ BM (Figure 
IIIC in the online-only Data Supplement), implying a more inflammatory 
and unstable plaque phenotype. In agreement with this notion, the expression 
of intracellular adhesion molecule 1 was increased in plaques of Apoe−/− mice 
reconstituted with Irf8−/− BM (Figure IV in the online-only Data Supplement). 
 Notably, the sizes of necrotic cores in atherosclerotic lesions were 
significantly larger in Apoe−/− mice reconstituted with Irf8−/− and Irf8−/−Apoe−/− 
BM in comparison with respective controls (Figure 2D; Figure IIC in the 
online-only Data Supplement), and number of lesional TUNEL+ apoptotic cells 
was increased in Apoe−/− mice carrying Irf8−/− BM (Figure 2D). 
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 To further unravel the cell type undergoing apoptosis, double 
immunofluorescence staining was performed. Although the macrophage fraction 
within TUNEL+ cells did not differ, a clear increase in relative numbers of TUNEL+ 
Ly6G+ PMN could be detected in Apoe−/− mice with Irf8−/− versus Irf8+/+ BM 
(Figure 2E and 2F). These results suggest that exacerbated atherosclerotic lesion 
formation in Irf8−/− BM-recipient Apoe−/− mice is associated with an enhanced 
accumulation and subsequent apoptosis of PMN within growing lesions.

Impairment of Macrophage Function But Not Accumulation in 
Irf8−/− Mice
 Despite an increase in the total number of leukocytes accumulating in 
air pouches of Irf8−/− mice in response to platelet-activating factor after 4 hours 
and a significant decrease in relative frequencies of monocytes, the absolute 
number of monocytes extravasated into the air pouch did not differ in Irf8+/+ or 
Irf8−/− mice, contrasting decreased monocyte counts in peripheral blood (Figure 
3A and 3B). Likewise, no differences in macrophage numbers were observed 
in the peritoneum of untreated mice or at 4 days after thioglycollate injection 
when comparing Irf8+/+ and Irf8−/− mice (Figure 3C). The rate of apoptosis 
and proliferation of peritoneal macrophages did not differ between Irf8−/− and 
Irf8+/+ mice, and was not altered in response to oxLDL, a stimulus relevant 
in atherogenesis (Figure V in the online-only Data Supplement). These data 
suggest that inflammatory monocyte recruitment in the acute or chronic setting 
and apoptosis of macrophages is not impaired by IRF8 deficiency.

Figure 2. Increased atherosclerotic lesion formation and necrotic cores in 
interferon regulatory factor 8-deficient (Irf8−/−) bone marrow (BM)-recipient 
apolipoprotein E-deficient (Apoe−/−) mice. A and B, Quantification of Oil Red O+ lipid 
depositions in the aorta (A) and aortic root (B) of Apoe−/− mice reconstituted with Irf8−/− (n=10) 
and Irf8+/+ BM (n=7); representative images. C, Quantification of macrophage (n=5–6), and smooth 
muscle cell (SMC) content (n=5–7), T cells (n=4–7), and polymorphonuclear neutrophilic leukocytes 
(PMN; n=6 each) in aortic root plaques. D, Quantification of acellular necrotic cores (n=7–9 each) 
and terminal deoxynucleotidyl transferase dUTP nickend labeling (TUNEL+) apoptotic cells (n=7–8 
each) within aortic root lesions of Apoe−/− mice reconstituted with Irf8−/− and Irf8+/+ BM. E, 
Quantification of double-positive TUNEL+ macrophages and TUNEL+ PMN relative to total TUNEL+ 
cells (n=7 each). F, Representative images of Ly6G and TUNEL double immunofluorescence staining. 
Cell nuclei were stained by 4’,6-diamidino-2-phenylindole (DAPI). *P<0.05, **P<0.01, ***P<0.001. 
MOMA-2 indicates monocyte/macrophage marker.

◄◄
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 To address an IRF8-related impact on macrophage phenotype, we 
further analyzed the surface expression of major histocompatibility complex 
class II, costimulatory molecule CD40 and scavenger receptors in peritoneal 
macrophages from Irf8+/+ or Irf8−/− mice by FACS analysis. The expression of 
major histocompatibility complex class II, CD40, and surface class B scavenger 
receptor CD36 was significantly decreased in Irf8−/− macrophages compared with 
Irf8+/+ controls whereas the expression of class A scavenger receptors CD68 and 
CD204 was not affected (Figure 4A and 4B). In accordance with a prominent 
role of CD36 in the uptake of oxLDL and the clearance of apoptotic cells (24, 
25), a significantly decreased phagocytosis of labeled oxLDL and efferocytosis of 
apoptotic PMN was observed in Irf8−/− in comparison with Irf8+/+ macrophages, 
as determined by FACS analysis (Figure 4C). 
 Phagocytosis of apoptotic cells was shown to exert immunosuppressive 
effects by inducing the production of anti-inflammatory cytokines including 
IL-10 in phagocytes (26, 27). Compared with a strong secretion of IL-10 by 
Irf8+/+ macrophages in response to the uptake of apoptotic PMN, the release of 
IL-10 was substantially impaired in Irf8−/− macrophages in line with diminished 
phagocytic capacities (Figure 4D). These differences may also relate to reduced 
IL-10 serum levels in Apoe−/− mice transplanted with Irf8−/− BM compared with 
controls (Figure VIA in the online-only Data Supplement). Given the low 
frequencies of classic dendritic cells and T cells (Figure VIB in the online-only 
Data Supplement) and a lack of regulatory T cells in air pouch lavage fluids (not 
shown), we conclude that these data point toward a defect in IL-10 production 
by Irf8−/− macrophages.

Figure 3. Monocyte/macrophage recruitment is not affected in interferon 
regulatory factor 8-deficient (Irf8−/−) mice. A, Total count of cells (n=5 each) and (B) 
representative fluorescence activated cell sorter (FACS) dot plots of monocytes (gated events, inserted 
numbers indicate percentages relative to CD45+ cells) in blood and air pouch lavages of Irf8+/+ and 
Irf8−/− mice 4 hours after stimulation with platelet-activating factor (PAF). Absolute monocyte counts 
in blood and air pouch lavages are depicted in bar graphs (n=5 each). C, Representative FACS dot 
plots of monocytes (gated events, inserted numbers represent percentages relative to CD45+ cells) 
in unstimulated and thioglycollate-injected Irf8+/+ and Irf8−/− mice. Absolute monocyte counts are 
depicted in bar graphs (n=5 each). *P<0.05.

◄◄
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Figure 4. Impaired macrophage functions in interferon regulatory factor 
8-deficient (Irf8−/−) mice. A, Fluorescence activated cell sorter (FACS) analysis and 
representative histograms of peritoneal macrophages isolated from Irf8+/+ (black line) or Irf8−/− mice 
(red line) incubated with deoxidized low-density lipoprotein (oxLDL) and calcein-labeled apoptotic 
polymorphonuclear neutrophilic leukocytes (PMN) for 1 hour in comparison with untreated control 
macro-phages (gray, filled histogram). Uptake efficiency is quantified by analyzing mean fluorescence 
intensity (MFI) and expressed relative to Irf8+/+ mice (n=5 each). B and C, Surface expression of 
scavenger receptors CD36, CD68, and CD204, (B), major histocompatibility complex class II (MHC II) 
and CD40 (C) by peritoneal macrophages isolated from IRF8+/+ (black line) and Irf8−/− (red line) mice. 
Filled histograms (gray) represent fluorescence minus one (FMO) controls. Quantification of staining is 
given as MFI relative to expression by IRF8+/+ macrophages (n=5 each). D, Peritoneal macrophages 
from Irf8+/+ or Irf8−/− mice were incubated with apoptotic PMN for 12 hours and interleukin-10 (IL-10) 
concentrations assessed in the cell-free supernatant by ELISA (n=3–6). n.d. indicates non-detectable. 
*P<0.05, ***P<0.001.
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Inflammatory Accumulation of Irf8−/− PMN Is Due to Enhanced 
Extravasation
 The enhanced frequency of PMN in Apoe−/− mice reconstituted with 
Irf8−/− BM in aortic root plaques led us to further address the recruitment of 
PMN. Similarly, the number of emigrated PMN in the air pouch lavage in response 
to platelet-activating factor was significantly increased in Irf8−/− mice after 4 
hours (Figure 5A). However, the ratio of PMN numbers in blood relative to air 
pouches was identical in either strain (0.37±0.04 in Irf8+/+ versus 0.40±0.09 in 
Irf8−/− mice), suggesting that PMN are recruited with similar efficiencies and 
that their enhanced accumulation at sites of inflammation in mice with Irf8−/− 
BM reflects an influx proportional to their numbers in blood.
 An increased frequency of apoptotic PMN in Apoe−/− mice reconstituted 
with Irf8−/− BM (Figure 2) may indicate an enhanced susceptibility of Irf8−/− 
PMN to undergo cell death. Although both blood and air pouch-derived Irf8−/− 
PMN tended to undergo apoptosis less frequently early after the induction 
of serum starvation, no differences could be detected after 36 hours with 
≈50%-Annexin V+ apoptotic PMN, and at later time points, as revealed by 
FACS analysis and when compared with Irf8+/+ PMN (Figure 5B). Of note, 
BM-derived Irf8−/− PMN were less susceptible to apoptosis compared with 
Irf8+/+ controls (not shown), confirming previous findings (16). Enhanced 
proliferation of immature extravasated PMN may yet be another mechanism 
contributing to PMN accumulation in myeloproliferation. Cell cycle analysis 
of PMN from blood and air pouches of Irf8+/+ and Irf8−/− mice, however, did 
not reveal any differences in the number of proliferating cells in the synthesis 
and mitosis phase, excluding this possibility (Figure 5C). This indicates that 
apoptosis and proliferation of PMN in blood and at sites of inflammation are 
not substantially affected by the lack of IRF8. Thus, increased numbers of PMN 
and TUNEL+ PMN in atherosclerotic lesions are likely due to an overflow of 
extravasated PMN.

ROS Formation and Granule Discharge Are Not Impaired 
in Irf8−/− PMN
 ROS play a central role in the development of atherosclerosis, and 
initiate and sustain key mechanisms of atheroprogression (28). Because PMN 
are a major source of ROS, we assessed the ROS-forming aptitude of peripheral 
PMN sorted from blood and BM. Both the treatment with tumor necrosis factor 
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or phorbol myristate acetate triggered an equal release of ROS over baseline 
in Irf8+/+ compared with Irf8−/− PMN (Figure 5D). PMN contain preformed 
granules, which are rapidly released on extravasation. This process can be 
assessed by the upregulation of membrane-bound receptors translocated from 
the granule membrane or by measurement of granule proteins in the cell-free 
supernatant (18, 20, 29). Compared with circulating blood PMN, the surface 
expression of CD11b and CD14 derived from secretory vesicles and tertiary 
granules (29) were markedly unregulated on both Irf8+/+ and Irf8−/− PMN after 
extravasation to the air pouch (Figure 5E). Concentrations of MMP-9 and MPO, 
which are stored in primary and secondary PMN granules (29), were found to be 
significantly increased in the air pouch lavage from Irf8−/− compared with Irf8+/+ 
mice (Figure 5F, left). However, no significant differences in the amount of 
enzymes released per PMN were observed between both strains in the air pouch 
(Figure 5F, right). This indicates that Irf8−/− PMN are functionally intact, and 
that enhanced numbers of extravasated PMN likely contribute to an overall 
increased ROS- and granule-releasing capacity. 

◄◄ Figure 5. Accumulation of functionally intact polymorphonuclear neutrophilic 
leukocytes (PMN) in interferon regulatory factor 8-deficient (Irf8−/−) mice is 
due to their enhanced extravasation. A, Representative fluorescence activated cell sorter 
(FACS) dot plots of PMN (gated events, inserted numbers indicate percentages relative to CD45+ cells) 
in blood and air pouch lavages 4 hours after platelet-activating factor (PAF) stimulation in Irf8+/+ 
and Irf8−/− mice. Absolute PMN counts in blood and air pouch lavages are depicted in bar graphs 
(n=5–6 each). B, FACS analysis of the frequencies of AnnexinV+ apoptotic and (C) propidium iodide 
(PI)+ proliferation cells in the synthesis and mitosis phase as determined by cell cycle analysis after 
intracellular staining in PMN sorted from blood and air pouch lavages of Irf8+/+ and Irf8−/− mice and 
after serum starvation for indicated time (n=5 each). D, Reactive oxygen species (ROS) release from 
PMN sorted from peripheral blood of Irf8+/+ and Irf8−/− mice in response to tumor necrosis factor 
(TNF) or phorbol myristate acetate (PMA) in comparison with untreated cells. Lines represent mean 
values (n=5 each). E, FACS analysis of the surface expression of CD11b and CD14 in PMN in blood 
(red line) and air pouches (black line) of Irf8+/+ and Irf8−/− mice. Filled histograms (gray) represent 
fluorescence minus one (FMO) controls. One representative histogram of 5 independent experiments 
is shown. F, Activity of myeloperoxidase (MPO) and matrix metalloproteinase-9 (MMP-9) in air pouch 
lavages collected from Irf8+/+ (n=5) and Irf8−/− mice (n=6) after 4 hours of PAF stimulation and 
PMN extravasation. Values are expressed on a per volume (left) and on a per cell basis (right).*P<0.05, 
**P<0.01, ***P<0.001. MFI indicates mean fluorescence intensity.
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PMN Depletion in Irf8−/− BM Recipients Prevents Aggravated 
Atherosclerotic Lesion Formation
 To scrutinize the contribution of PMN to aggravated lesion formation 
in mice reconstituted with Irf8−/− BM, a PMN depleting antibody was used 
(Figure VII in the online-only Data Supplement). Because neutropenia by 
repeated antibody injections can only be sustained for 4 to 5 weeks, we chose 
a shorter observation period for these experiments. Recapitulating results 
obtained in transplanted Apoe−/− mice, Lldr−/− mice reconstituted with Irf8−/− 
BM displayed an expansion of leukocytes and neutrophils (not shown) and 
significantly increased early atherosclerotic lesion formation in aortas and aortic 
roots after 5 weeks of high-fat diet compared with control Ldlr−/− mice carrying 
Irf8+/+ BM (Figure 6A and 6B). Importantly, depletion of PMN prevented 
the exacerbation in lesion formation in Ldlr−/− mice reconstituted with Irf8−/− 
BM, and in Apoe−/− mice transplanted with Irf8−/−Apoe−/− BM (Figure 6A and 
6B; Figure VIIIA and VIIIB in the online-only Data Supplement). Although 
macrophage numbers in atherosclerotic lesions were not affected in either 
group, the enhanced accumulation of Ly6G+ PMN and TUNEL+ cells in Irf8−/− 
BM-recipient Ldlr−/− mice was prevented by treatment with the PMN-depleting 
antibody (Figure 6C; Figure VIIIC in the online-only Data Supplement; data 
not shown). Furthermore, the increase in necrotic core formation in Ldlr−/− mice 
with Irf8−/− BM and in Apoe−/− mice with Irf8−/−Apoe−/− BM was prevented 
when mice were rendered neutropenic, with necrotic core sizes remaining similar 
to respective Irf8+/+ BM controls (Figure 6C; Figure VIIIC in the online-only 
Data Supplement). No changes in serum lipid levels were observed between 
the groups (Table I in the online-only Data Supplement). These data establish 
that the expansion of PMN in blood and at sites of inflammation critically 
contributes to atherosclerotic lesion formation in mice with Irf8−/− BM.

Discussion 
 In this article, we show that the development of a CML-like syndrome 
in Apoe−/− and Ldlr−/− mice transplanted with Irf8−/− or Irf8−/−Apoe−/− BM is 
associated with a striking increase in atherosclerotic lesion formation compared 
with mice reconstituted with Irf8+/+ control BM. The marked expansion 
of functionally intact PMN in peripheral blood was accompanied by their 
enhanced accumulation but also apoptosis at sites of inflammation and an 
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accelerated necrotic core formation and plaque growth in Irf8−/− BM recipients. 
Irf8−/− PMN were functionally intact, entailing an enhanced release of ROS and 
granule components at sites of inflammation. Despite a reduction in circulating 
monocyte numbers, the accumulation of macrophages during inflammation 
was unaffected by IRF8 deficiency, but associated with an altered macrophage 
phenotype, as revealed by a diminished efferocytosis of apoptotic PMN and 
an impaired IL-10 cytokine release. By demonstrating that the depletion of 
circulating PMN retarded necrotic core formation and prevented the exacerbation 
of plaque growth in Irf8−/− BM-recipient Ldlr−/− or Apoe−/− mice, we pinpointed 
PMN to critically contribute to accelerated atherosclerotic lesion formation in 
CML-like disease. Although lesion formation was attenuated in Apoe−/− mice 

Figure 6. Polymorphonuclear neutrophilic leukocyte (PMN) depletion in 
interferon regulatory factor 8-deficient (Irf8−/−) bone marrow (BM)- recipient 
low-density lipoprotein receptor-deficient (Ldlr−/−) mice prevents exacerbated 
atherosclerotic lesion formation. A and B, Quantification of Oil Red O+ lipid depositions in the 
aorta (A) and aortic roots (B) of Ldlr−/− mice reconstituted with Irf8+/+ (n=5) and Irf8−/− BM (n=6), 
and Ldlr−/− mice reconstituted with Irf8−/− BM (n=6) treated with anti-PMN antibody for 5 weeks of 
high-fat diet. C, Quantification of macrophages (n=5 each), PMN (n=5–6), terminal deoxynucleotidyl 
transferase dUTP nick-end labeling (TUNEL+) apoptotic cells (n=5–6), and necrotic core sizes (n=5–6) 
in aortic root plaques.*P<0.05, **P<0.01. MOMA-2 indicates monocyte/macrophage marker.
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transplanted with Apoe+/+ compared with Apoe−/− BM, supporting the notion 
that the secretion of Apoe by BM-derived macrophages protects Apoe−/− mice 
from diet-induced atherosclerosis, deficiency in IRF8 in BM consistently 
resulted in accelerated lesion formation irrespective of the mouse model used, 
strengthening the general validity of our findings.
 Emerging evidence suggests that PMN play a critical role in atherosclerosis 
(1–3, 10–12, 30, 31). We have previously shown that increased numbers of 
circulating and lesional neutrophils aggravated diet-induced atherosclerosis in 
Apoe−/− and Ldlr−/− mice (10). Moreover, neutrophilia induced by hyperlipidemia 
could be related to accelerated atherosclerotic lesion formation in Apoe−/− mice 
(12). In these studies, depletion of neutrophils reversed early atherosclerotic lesion 
formation, establishing an important role of this cell type in atherosclerosis. 
Similarly, transplantable myeloproliferative disease in ATP-binding cassette 
transporter-deficient Abca1−/− and Abcg1−/− mice, associated with leukocytosis 
and neutrophilia, enhanced atherosclerosis (32). The accumulation of neutrophils 
in human atherosclerotic plaques associates with characteristics of rupture-
prone lesions (28), and circulating PMN counts correlate with cardiovascular 
complications (33, 34).
 It remains to be elucidated, however, whether patients with 
myeloproliferative diseases such as CML and long-standing neutrophilia would 
be more prone to atherosclerosis. Clinical reports on the association of CML 
with atherosclerosis or its consequences are scarce. One study including a small 
number of patients found an association of coronary artery disease with coexisting 
myeloproliferative syndromes, which was not significant after adjustment for 
various risk factors (35). Several reasons may account for the limited insight into 
potential consequences of CML-like disease on atherosclerosis in patients. CML 
is an age-related disease with an increased prevalence in elderly people. These 
patients may already suffer from cardiovascular complications of multifactorious 
origins, making it impossible to investigate the impact of CML as an independent 
risk factor. In addition, effective treatment regimens for CML are available. 
Decreased IRF8 expression was demonstrated in both humans and mice with 
CML (36, 37). Interestingly, a mutation of the IRF8 gene was recently associated 
with high neutrophil counts and an absence of monocytes (38), resembling the 
phenotype of mice with loss of IRF8. Therapeutics often aim at elevating IRF8 
expression, e.g. treatment with interferon-α stimulates the expression of IRF8, 
and in consequence partially reverses CML, and therapy with imatinib mesylate 
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inhibits the tyrosine kinase activity encoded by the breakpoint cluster region-
Abelson (BCR-ABL) fusion gene and subsequently restores IRF8 expression, 
inducing a complete cytogenic response in 80% of patients with CML in the 
chronic phase (22). In this regard, it is important to note that treatment with 
imatinib was shown to reduce diabetes mellitus–associated atherosclerosis in 
mice (39), and preliminary experiments indicate that administration of imatinib 
lowered the numbers of PMN in peripheral blood of BL6 mice (Yvonne Döring 
and Alma Zernecke, unpublished observation, 2010).
 The immune cell infiltration of the vessel wall is a crucial force driving 
atherosclerosis (1–4). Through the expression of scavenger receptors, macrophages 
participate in the phagocytic uptake of lipids and their retention in the vessel 
wall, as well as in the clearance of apoptotic cells (2, 3, 24, 25). Although surface 
expression of scavenger receptors CD68 and CD204 was unaltered, CD36 was 
markedly reduced in Irf8−/− macrophages. Known to account for up to 70% of the 
accumulation of oxLDL in macrophage foam cells (24), these differences might 
at least, in part, explain the impaired uptake of oxLDL by Irf8−/− macrophages 
in vitro, and an increased accumulation of extracellular lipid deposits in plaques 
of Irf8−/− BM-recipient mice. Interestingly, although deletion of CD36 was 
shown to protect from atherosclerosis (40), an impaired clearance of apoptotic 
material has been associated with disease acceleration and a reduction in IL-10 
production (26). Accordingly, diminished IL-10 protein levels were observed in 
the supernatants of Irf8−/− macrophages in response to an impaired efferocytosis 
of apoptotic PMN and in sera of Apoe−/− mice carrying Irf8−/− BM.
 The depletion of monocytes/macrophages in mice expressing the 
diphtheria toxin receptor under the control of CD11b or the reduction in blood 
monocyte levels due to the lack of important mobilization or survival cues 
was shown to reduce early plaque burden (41–44). However, despite a marked 
reduction in circulating monocyte numbers in mice with Irf8−/− BM, unaltered 
acute and chronic recruitment of monocytes to the inflammatory air pouch and 
peritoneum, and unchanged macrophage plaque content were observed. This 
likely precludes severe functional deficits in the migratory capacity of Irf8−/− 
monocytes per se. An enhanced survival of Irf8−/− macrophages masking defects 
in extravasation is unlikely to occur under inflammatory conditions, because 
previous findings showed a reduction in the susceptibility to apoptosis in Irf8−/− 
myeloid cells under homeostatic conditions but not on inflammatory stimulation 
(16). Accordingly, we did not detect any differences in the frequency of apoptosis 
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in Irf8−/− macrophages in the peritoneum and in response to oxLDL in vitro, and 
in atherosclerotic lesions of Apoe−/− mice reconstituted with Irf8−/− BM.
 However, augmented PMN extravasation and PMN-induced 
inflammation in mice reconstituted with Irf8−/− BM may provide excessive 
recruitment cues that enhance subsequent monocyte influx. For instance, ROS 
formation was unaltered in Irf8−/− PMN, constituting a weapon being at the 
immediate demand of PMN and proposed to be a key mediator in atherosclerosis 
(28). PMN produce large amounts of ROS via MPO, lipoxygenases, and 
nicotinamide adenine dinucleotide phosphate oxidase. In addition to triggering 
the production of pro-inflammatory cytokines, PMN-derived ROS may act 
through an enhancement of the expression of endothelial adhesion molecules 
(contributing to leukocyte recruitment), the induction of apoptosis of endothelial 
cells, or lipid oxidation within lesions (with oxLDL functioning as a strong 
pro-inflammatory mediator) (28,45). This enhanced inflammatory environment 
within plaques of Irf8−/− BM-recipient mice, as also epitomized by an increased 
expression of the intercellular adhesion molecule 1, may drive monocyte 
recruitment to lesions and compensate for reduced peripheral monocyte counts.
In addition, emigrated PMN release preformed granule components, which can 
trigger the subsequent recruitment and attraction of inflammatory monocytes 
by involvement of formyl peptide receptors (18) but can also promote 
pro-inflammatory responses in monocytes/macrophages (20, 46). Monocytes/ 
macrophages accumulating at sites of inflammation may thus contribute to 
accelerated atherogenesis in mice reconstituted with Irf8−/− BM.
 The activation of PMN and the discharge of granule proteins were not 
impaired, as determined by the rapid upregulation of CD11b and CD14 on 
extravasated Irf8−/− PMN, or by the release of MPO and MMP-9 from primary and 
secondary granules. MPO can limit the bioavailability of NO, and can therefore 
contribute to the onset of endothelial dysfunction (47). It was also reported that 
MPO-generated hypochlorous acid may contribute to intracoronary endothelial 
cell desquamation and the engenderment of a prothrombotic phenotype (48). 
Due to its proteolytic function, MMP-9 was furthermore shown to contribute 
to the degradation and weakening of the fibrous cap ultimately promoting a 
vulnerable plaque phenotype and plaque rupture (49).
 Apoe−/− or Ldlr−/− mice transplanted with Irf8−/− BM displayed a 
marked expansion of PMN in peripheral blood and atherosclerotic lesions. 
The accumulation of PMN was also found to be increased in air pouches of 
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Irf8−/− mice, and to be proportional to circulating PMN counts. Because no 
differences in PMN numbers were observed in the air pouch or the peritoneum 
in Irf8+/+ compared with Irf8−/− mice under physiological conditions or without 
inflammation, these findings suggest that peripheral PMN numbers determine 
the rate of extravasation in the context of inflammation and atherosclerosis. 
The rapid PMN mobilization and leukocytosis under inflammatory conditions 
might thus constitute a universal mechanism imposing an enhanced PMN 
influx at sites of inflammation. In the context of myeloproliferative diseases, 
however, this might implicate an acceleration of atheroprogression.
 PMN are short-lived phagocytes undergoing rapid apoptosis after 
emigration. The rate of apoptosis of blood or emigrated PMN was not 
different in Irf8−/− compared with control mice. However, likely due to their 
enhanced accumulation, apoptotic PMN were detected in increased numbers in 
atherosclerotic plaques. The impaired clearance of apoptotic cells and an overload 
of reduced phagocytic capacities of macrophages with dying PMN in mice carrying 
Irf8−/− BM might in consequence lead to necrosis, secondary inflammation, and 
necrotic core formation. Support for this notion stems from the prevention of 
enlarged necrotic core formation in Ldlr−/− and Apoe−/− mice reconstituted with 
Irf8−/− and Irf8−/−Apoe−/− BM, respectively, and depleted of PMN.
 Depletion of PMN abolishes continuous neutrophil influx. However, 
such treatment can also reduce neutrophil counts in BM (Oliver Soehnlein, 
unpublished observations, 2011), suggesting that PMN depletion may also 
directly target tissue resident neutrophils within lesions.
 IRF8 plays a crucial role in the development and functionality of 
dendritic cells (50–52). Mice lacking dendritic cells due to a constitutive cell-
specific expression of a suicide gene develop a myeloproliferative disorder, likely 
attributable to increased FMS-like tyrosine kinase 3 ligand serum levels. Notably, 
FMS-like tyrosine kinase 3 ligand serum levels are similarly increased in Irf8−/− 
mice (53). Although the impact of dendritic cells on atherosclerosis remains to 
be fully elucidated (54), an impaired functionality of dendritic cells in Irf8−/− 
mice may thus contribute to myeloproliferation and atherogenesis.
 Taken together, our data for the first time show that the expansion of 
PMN in myeolproliferative syndromes or related conditions may give rise to 
enhanced atherosclerosis. In mice with Irf8−/− BM, functionally intact PMN 
may initiate vascular damage and atherogenesis. In addition, their continuous 
influx might exacerbate inflammation in the local plaque environment 
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aggravating disease progression and necrotic core formation in alliance with 
a defect in macrophage clearance of apoptotic cells and anti-inflammatory 
functions. However, functional impairments in monocytes/macrophages and 
dendritic cells or other cell types in Irf8−/− mice may additionally contribute to 
exacerbated lesion formation. Further clinical studies are warranted to scrutinize 
the possibility of an enhanced susceptibility to atherosclerosis in patients with 
myeloproliferative disorders.
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Supplement Material

Detailed Methods
Mouse models of atherosclerosis
 All mice were provided with water and diet ad libitum, and were 
exposed to constant lightdark cycles, temperature and humidity. 6-8 weeks old, 
female recipient Apoe-/- or Ldlr-/- mice (obtained from Charles River Laboratories, 
C57BL/6 background, backcrossed 10 times into C57/Bl/6 background) were 
transplanted with bone marrow cells from either Irf8+/+ or Irf8-/- mice (1) (C57BL/6 
background, kindly provided by Prof. Ivan Horak, Research Institute for Molecular 
Pharmacology, University of Berlin) by tail vein injection 24 hours after an ablate 
dose of whole body irradiation (2×6.5 Gy). After 4 weeks of reconstitution, 
Apoe-/- and Ldlr-/- mice were fed an atherogenic diet containing 21% fat and 0.15% 
cholesterol (Altromin) for 12 or5 weeks, respectively. In addition, Irf8+/+ and Irf8-/- 
mice were fed a high fat diet for 12 weeks. PMN depletion in Ldlr-/- mice was 
performed by intaperitoneal injections of mAb RB6-8C5 (100 μg/mouse, BioXCell) 
over 5 weeks every second day. Efficiency and specificity of PMN depletion was 
confirmed as shown before (Supplementary Figure VII) (2). Differential blood cell 
counts were determined by routine laboratory assays (Department of Clinical 
Chemistry, University Hospital Aachen). Cholesterol and triglyceride levels were 
analyzed by EnzyChromTM assays from BioTrend according to the manufacturer’s 
instructions. Briefly, triglycerides were assayed by hydrolysis and glycerol 
determination (EnzyChromTM Triglyceride Assay Kit). Total cholesterol was 
quantified by cholesterol ester hydrolysis and subsequent oxidation; HDL and 
LDL/VLDL were separated based on a polyethylene glycol precipitation method, 
and subjected to cholesterol ester hydrolysis and oxidation (EnzyChromTM AF 
HDL and LDL/VLDL assay kit); the color intensity of the reaction product was 
then directly proportional to cholesterol. Animal experiments were approved by 
local authorities and complied with German animal protection law.

Atherosclerotic lesion quantification and immunohistochemical analysis
 The extent of atherosclerosis was assessed in aortic roots and 
thoracoabdominal aortas by staining for lipid depositions with oil-red-O as 
described, quantified by computerized image analysis (Diskus Software) and 
Leica Qwin Imagingsoftware (Leica Ltd.). In brief, atherosclerotic lesions were 
quantified in 5 μm transversal sections through the heart and aortic roots and 
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the average calculated from 3-10 sections. The thoracoabdominal aorta was 
opened longitudinally, and the plaque area calculated as percentage of total 
thoracoabdominal aortic surface. The relative content of macrophages, T cells, 
SMCs, and PMN (3, 4) was determined by mAb staining for MOMA-2 (MCA519), 
CD3 (MCA1477, Serotec), smoothelin (N-15, Santa Cruz) and Ly6G (1A8, BD 
Biosciences), respectively. In addition, staining for Icam-1 (3E2, BD Biosciences), 
Myeloperoxidase (RB-373-AO, Neomarkers) and MMP9 (M17, Santa Cruz) 
were performed using the specific mAbs as indicated. Stainings were visualized 
by fluoresceinisothiocyanate- or cyanine-3-conjugated secondary antibodies 
(Jackson ImmunoResearch). Appropriate IgG antibodies served as isotype 
controls. Apoptotic nuclei were detected by terminal deoxynucleotidyl nick-end 
labeling (TUNEL-kit, Roche). Nuclei were counter- stained by 4›,6-Diamidino-2-
phenylindol (DAPI). Collagen was stained using Sirius red (Polysciences). Images 
were recorded with a Leica DMLB fluorescence microscope and CCD camera.

Flow cytometry and cell sorting
 Whole blood obtained from the retro-orbital plexus of mice was EDTA-
buffered and subjected to red-cell lysis (PharmlyseBD Biosciences). Blood, bone 
marrow cells and peritoneal macrophages harvested 4 days after thioglycollate-
induced peritonitis were suspended in HBSS containing 0.3 mM EDTA and 
0.1% BSA and stained with antibodies to CD45, CD3, Gr1, CD11b, CD11c, 
CD36, CD40 (eBioscience), CD45, CD19, MHC II (BD Biosciences), Ly6G, 
F4/80, CD14 and CD16 (Bio Legend). Samples were analyzed and cells sorted 
after appropriate fluorescence compensation and gating strategies using a 
FACSCanto- II or FACSAria and FACSDiva software (BD Biosciences) analyzed 
using FlowJo software version 7.2.4 (Treestar). T cells were identified by staining 
for CD45 and CD3, B cells by CD45 and CD19, and DCs by CD45, CD11c, and 
MHC II. Intracellular staining of IFNγ and IL6 was done with antibodies and 
isotype controls from eBioscience.

Subcutaneous air pouch
 A subcutaneous air pouch was induced as previously described2. In 
brief, mice (10 weeks of age) were injected at day 0 and 4 with 5 ml sterile air 
subcutaneously in the back. At day 7, 1 ml sterile PBS containing PAF (1μM, 
Biomol) was injected into the pouch. 4 hours later the pouch was lavaged with 
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5 ml of ice-cold HBSS containing 0.3 mM EDTA and 0.1% BSA. Thereafter, 
cells in the lavage fluid were counted manually using a Neubauer chamber and 
processed for FACS analysis as described above. 

Analysis of MPO and MMP-9 activity and reactive oxygen 
species formation
 MPO activity within the air pouch lavage fluid was measured by 
spectrophotometry (Tecan Spectrafluor Plus) using enzyme-specific substrates 
as described (2, 5). MMP-9 activity was quantified using the SensoLyte MMP-9 
assay kit (Anaspec), based on the proteolytic cleavage of a specific substrate. 
The fluorescent product was measured at 520 nm using a Tecan Spectrafluor 
Plus. For the detection of ROS formation, PMN from Irf8+/+ or Irf8-/- mice 
were seeded in 96-well plates and loaded with 2′,7′-dichlorodihydrofluorescein 
diacetate (H2DCFDA, Molecular Probes) in PBS at a final concentration of 10 
μM for 30 min at 37°C. Fluorescence was measured before and every 4 minutes 
after exposure to TNF-α (10 ng/ml, Peprotech), PMA (10 ng/ml, both Sigma), or 
vehicle (PBS) using a Tecan Spectrafluor Plus. 

Apoptosis and cell cycle assays
 PMN sorted from the air pouch lavage, blood and bone marrow were 
cultured in RPMI1640 (Gibco) containing 10% FCS (Gibco) and 1% Penicillin/
Streptomycin (Gibco). Cells were analyzed at 0, 12, 36, 60 and 84 hours of culture 
by staining with AnnexinV in staining buffer (BD Bioscience) or propidium 
iodide (10 μg/ml, Sigma) in PBS buffer containing 0.25% TritonX-100 (Sigma) 
and RNase A (4 μg/ml, GenScript) following fixation with 70% ethanol (Sigma). 
Apoptosis and cell cycle were assessed by FACS analysis using a FACS Calibur 
(BD Biosciences).

Peritonitis
 Irf8+/+ or Irf8-/- mice were left untreated or injected intraperitoneally 
with thioglycollate (Sigma, 3%) and peritoneal leukocytes were lavaged after 4 
days as described (3, 5). 

Phagocytosis assays
 Peritoneal macrophages harvested 4 days after thioglycollate-induced 
peritonitis were seeded into 96-well plates and incubated with di-labeled oxLDL 
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(10 μg/ml) generated as described (6) or calcein (Invitrogen)-labeled apoptotic 
PMN (1:1 ratio) for 1 hour. PMN were rendered apoptotic by serum deprivation 
overnight and apoptosis was confirmed by Annexin V binding (>95%). 
Efferocytosis assays with apoptotic neutrophils and peritoneal macrophages 
were performed as described by Dr. Tabas. Efferocytosis of apoptotic PMN and 
phagocytosis of oxLDL were analyzed by FACS.

Cytokine measurements and ELISA
 Macrophages cultured in RPMI-1640 supplemented with 10% FCS 
and 1% Penicillin/Streptomycin were stimulated over night with dead PMN, 
and IL-10 concentrations in cell-free supernatants were measured with a R&D 
mouse IL-10 Duo-Set ELISA Kit according to the manufacturer’s protocol.

Statistics
 Data are represented as mean ± SD, and were analyzed by Student’s 
t-test, ANOVA with Tukeys multiple comparison test, non-parametric Mann-
Whitney test, or Kruskal-Wallis test with Dunn’s post-hoc test (Prism 4.0 
software, GraphPad), as appropriate. Data for ROS measurement were analyzed 
with two-way repeated measures analysis of variance (ANOVA; treatment × 
time) followed by planned comparisons. p<0.05 was considered to be statistically 
significant.
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Supplemental Figure I. Representative images showing the quantification of extracellular versus 
intra-cellular lipid accumulations.

Supplemental Table I. Lipid levels
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Supplemental Figure II. Increased atherosclerotic lesion formation in Apoe-/- 
mice with Irf8-/-Apoe-/- BM. (a,b) Quantification of oil-red-O+ lipid depositions in the aortic root 
(a) and aorta (b) of Apoe-/- mice reconstituted with Irf8+/+Apoe-/- (n= 10) and Irf8-/-Apoe-/- BM 
(n=8- 9); representative images are shown. (c) Quantification of acellular necrotic cores in Apoe-/- 
mice reconstituted with Irf8+/+Apoe-/- (n= 10) and Irf8-/-Apoe-/- BM (n= 7). *p<0.05, **p<0.01, 
***p<0.001.
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Supplemental Figure III. MPO and MMP-9-expression and collagen content in 
athero-sclerotic lesions. (a, b, c) Aortic root plaques of Apoe-/- mice reconstituted with Irf8+/+ 
and Irf8-/- BM were analyzed after 12 weeks of high fat diet. Quantification and representative images 
of staining for MMP-9 (a, n=4-5) and MPO+ cells (b, n=4 each); cell nuclei are stained by DAPI. (c) 
Quantification and representative images of Sirius red staining (n=5 each). *p<0.05, ** p<0.01.



C
h

ap
te

r 
2

65

 IRF8-Deficiency in Atherosclerosis

Supplemental Figure IV. Icam-1 expression in atherosclerotic lesions. Quantification 
of Icam-1 expression in aortic root lesions of Apoe-/- mice reconstituted with Irf8+/+ and Irf8-/- BM; 
representative images are shown (n=6 each). *p<0.05.

Supplemental Figure V. Irf8-deletion does not affect macrophage apoptosis 
and proliferation. Apoptosis (left panel) and proliferation (right panel) in peritoneal macrophages 
harvested from Irf8+/+ or Irf8-/- mice, and after exposure to oxLDL (100μg/ml) at indicated time points, 
as assessed by determining AnnexinV-binding capacities and cell cycle properties by flow cytometry, 
respectively (n=4 mice each).
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Supplemental Figure VI. Cytokine production is impaired in Irf8-/- mice. (a) 
Serum IL-10 concentrations in Apoe-/- mice reconstituted with Irf8-/- (n=5) and Irf8+/+ BM (n=4) 
after 12 weeks of high fat diet (left panel), and in Ldlr-/- mice reconstituted with Irf8-/- (n=4) and 
Irf8+/+ BM (n=5 each) after 5 weeks of high fat diet (right panel), as determined by ELISA. (b) Relative 
frequencies of leukocyte subsets in the air pouch lavage fluid of Irf8+/+ and Irf8-/- mice 4 hours after 
the injection of PAF (n=5-6 each), as assessed by flow cytometry.
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Supplemental Figure VII. Neutrophils are efficiently depleted by injection of 
mAb RB6- 8C5. Irf8+/+ (n=3) or Irf8-/- mice (n=5) were injected i.p. with RB6-8C5 (100μg) 
and circulating neutrophil counts were assessed before (intact WBC) and 4 hours after injection PMN 
depletion.
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Supplemental Figure VIII. PMN depletion in Irf8-/-Apoe-/- BM-recipient Apoe-/- 
mice prevents exacerbated atherosclerosis. (a,b) Quantification of oil-red-O+ lipid 
depositions in the aorta (a) and aortic roots (b) of Irf8+/+Apoe-/- mice (n=10), and Irf8-/-Apoe-/-, 
and Irf8-/- Apoe-/- BM-recipient Apoe-/- mice treated with anti-PMN Ab for 4 weeks of high fat diet 
(n=4- 6). (c) Quantification of necrotic core sizes and frequencies of lesional PMN (n=4-10). *p<0.05, 
**p<0.01.
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Abstract
 We used a novel approach of cytostatically induced leucocyte 
depletion and subsequent reconstitution with leucocytes deprived of classical 
(inflammatory/ Gr1hi) or non-classical (resident/Gr1lo) monocytes to dissect their 
differential role in atheroprogression under high-fat diet (HFD). Apolipoprotein 
E-deficient (Apoe-/-) mice lacking classical but not non-classical monocytes 
displayed reduced lesion size and macrophage and apoptotic cell content. 
Conversely, HFD induced a selective expansion of classical monocytes in blood 
and bone marrow. Increased CXCL1 levels accompanied by higher expression 
of its receptor CXCR2 on classical monocytes and inhibition of monocytosis 
by CXCL1-neutralization indicated a preferential role for the CXCL1/CXCR2 
axis in mobilizing classical monocytes during hypercholesterolemia. Studies 
correlating circulating and lesional classical monocytes in gene-deficient Apoe-/- 
mice, adoptive transfer of gene-deficient cells and pharmacological modulation 
during intravital microscopy of the carotid artery revealed a crucial function of 
CCR1 and CCR5 but not CCR2 or CX3CR1 in classical monocyte recruitment to 
atherosclerotic vessels. Collectively, these data establish the impact of classical 
monocytes on atheroprogression, identify a sequential role of CXCL1 in their 
mobilization and CCR1/CCR5 in their recruitment.
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Introduction
 Monocytes and their descendants are the most abundant leucocytes in 
atherosclerotic lesions (1). Studies correlating systemic monocyte counts with 
severity of atherosclerosis in humans and mice suggest a role of monocytes 
in disease progression (2, 3). Depletion strategies have provided evidence 
for the global significance of monocytes in atheroprogression (4), with more 
recent work indicating a stage-specific influence, whereby monocytes promote 
atherosclerosis at early stages but not at later time points (5). With the 
emergence of at least two functionally different monocyte subsets in humans 
and mice termed classical (inflammatory, Gr1hi) and non-classical (resident, 
Gr1lo) monocytes (6), it remains to be determined, which differential impact 
they have on atherosclerosis.
 Hypercholesterolemia selectively increases circulating classical 
monocyte counts (7) and induces phenotypic changes favoring emigration into 
atherosclerotic lesions (8), suggesting a prominent role of classical monocytes in 
atherosclerosis. Fundamental to the importance of monocytes in atherosclerosis 
is their accumulation within atherosclerotic lesions (1) a process regulated at 
various levels, i.e. mobilization from sites of production, recruitment, and survival 
in the lesion (9). Extravasation of monocytes requires the coordinated interaction 
of selectins, adhesion molecules, and chemokines (10). With the discovery of 
monocyte subsets a concept has emerged, wherein the relative expression of 
adhesion molecules or chemokine receptors governs their recruitment behavior. 
In this context, it has been suggested that classical monocytes, which express 
higher levels of CCR2 compared to non-classical monocytes (11), are recruited 
to the site of inflammation in Ccr2-/- mice in lower numbers (12). In addition, 
chemokines and their receptors fulfill important roles in monocyte mobilization 
from the bone marrow (BM). Accordingly, as CCR2 is essential in mobilization 
of classical monocytes from the BM, these mice also exhibit markedly reduced 
numbers of circulating monocytes (13). Beyond recruitment and mobilization, 
chemokine receptor axes can crucially affect monocyte life span. For instance, 
absence of CX3CR1 results in reduction of non-classical monocytes blood 
counts, which are restored by introduction of a Bcl2 transgene, suggesting that 
the CX3C axis provides a survival signal (14).
 Thus, the objective of this study was to dissect a differential role of 
monocyte subsets in early stages of atherosclerosis, to clarify the chemokine-



74

CHAPTER 3

driven mechanisms underlying hypercholesterolemia-induced monocytosis, and to 
examine the functional involvement of chemokine receptor axes in the recruitment 
pattern of these monocytes independently of their homeostatic influence.

Materials and Methods

Animals
 Male Apoe-/- mice and chemokine receptor-deficient male Apoe-/- mice 
have been previously described (14-16). All strains were backcrossed for at least 
10 generations to the C57Bl/6 background. Mice received HFD (21% fat, 0.15% 
cholesterol, Altromin) for indicated time points resulting in similar lipid levels in 
all strains (data not shown).

In vivo experiments
 To assess the role of monocyte subsets in atheroprogression, 6 weeks-old 
Apoe-/- mice were fed a HFD for a total of 8 weeks. After 4 weeks of HFD, stable 
leucopenia was induced by repeated CPM injection (100 mg/kg BW, 2x/week). 
To reconstitute leucocytes, age- and sex-matched Apoe-/- mice receiving HFD for 
an equal time period were exsanguinated. Blood was labelled with antibodies 
to CD45, Gr1, and CD115, and individual monocyte subsets were depleted by 
FACS sorting. Donor leucocytes were injected i.v. 2x/week using one donor 
mouse per recipient each 1 day after CPM application.
 For adoptive transfer studies, classical monocytes were isolated from 
BM by FACS sorting using antibodies to CD45, CD115, and Gr1. After labelling 
the monocytes with CFSE, 106 cells were adoptively transferred by tail vein 
injection to Apoe-/- mice. Twenty-four hours after transfer, aortas and hearts of 
recipient mice were collected for further analysis. For monocyte mobilization 
studies, rmCXCL1/KC (Peprotech) was injected i.v. at 40mg/kg. After 1 h, blood 
was drawn and mice were sacrificed to harvest bones and spleens. Serum CXCL1 
in mice was neutralized by daily administration of 5 mg of anti-CXCL1 antibody 
(clone 124014) or IgG isotype control (clone 54447, both R&D Systems) for 1 
week and for 3 consecutive weeks every other day.
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Flow cytometry
 Staining of single cell suspensions of blood, BM, spleen, or aorta was 
conducted using combinations of antibodies specific for CCR1-purified (Imgenex, 
IMG329), CCR2-purified (Epitomics, E68), CXCR2-purified (R&D Systems, clone 
242216), CXCR7 (BioLegend, 8F11-M16), CX3CR1 (R&D Systems, AF5825), 
CCR5-biotinylated (BD, C34-3448), CD115-PE (eBioscience, AFS98), CD11b-
PerCp/PE-Cy7 (BD, M1/70), CD44-PerCp (eBioscience, IM7), CD45-APC-Cy 
(BD, 30-F11), CD45.1-PE-Cy7 (eBioscience, A20), CD45.2-APC (eBioscience, 
104), D6-purified (ThermoScientific), F4/80-APC (eBioscience, BM8), CD62L 
(eBioscience, MEL-14), Gr1-APC/PerCP (eBioscience/BD, RB6-8C5), anti-
ratIgG-FITC (eBioscience, 11-4811-85), anti-rabbit IgG-FITC (Sigma–Aldrich), 
SAVPE- Cy7 (BD). Before cell staining, red blood cell lysis was performed using 
appropriate volume of lysis buffer (150mM NH4Cl; 10mM KHCO3; 0.1mM 
diNaEDTA, pH 7.4). Cells were washed with HBSS and directly analyzed by 
flow cytometry using a FACSCantoII (BD). Absolute cell numbers were assessed 
by use of CountBrightTM absolute counting beads (Invitrogen). Data were 
analysed with FlowJo Software (Tree Star Inc.). To assess expression levels of 
interest, geometrical mean fluorescence intensity (MFI) after subtracting the 
fluorescence minus one (FMO) control was calculated.

Histology, immunohistochemistry, and immunofluorescence
 The extent of atherosclerosis was assessed in aortic root sections by 
oil-red-O staining (Sigma–Aldrich), followed by computerized image analysis 
and quantification (Leica Qwin Imaging software). Collagen content was 
evaluated after Sirius red staining. To define monocyte/ macrophage numbers in 
atherosclerotic plaque area, frozen sections of aortic roots were washed with PBS 
for at least 5 min followed by an overnight incubation with a 1:400 dilution of 
anti Mac-2 antibody at 4°C. After incubation with secondary Cy-3 conjugated 
antibody for 30 min at room temperature, sections were analyzed. To assess the 
accumulation of CD45.2 donor cells within aortic root sections of CPM treated 
CD45.1 mice, slides were treated with target retrieval solution (Dako). After 
blocking, sections were stained for CD45.1 over 60 min at RT with an anti-
CD45.1 primary (Abcam, A20) and an anti-mouse FITC-conjugated secondary 
(Jackson ImmunoResearch) antibody. After a second treatment with blocking 
solution containing mouse serum and avidin sections were subsequently 
stained with a biotinylated anti-CD45.2 primary (eBioscience, 104) antibody 
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and streptavidin- DyLight549 (Vector Laboratories). All sections were analyzed 
using a Leica DMLB fluorescence microscope and charge couple device (CCD) 
camera. Furthermore, TUNEL staining was performed using In Situ Cell Death 
Detection Kit, TMR red (Roche) to assess the number of apoptotic/necrotic cells 
within aortic root sections.

Construction of the CX3CR1 antagonist
 An expression construct for the CX3CR1-antagonist F1-fractalkine (17) 
was ordered at Genscript (Piscataway) as E.coli codon-optimized cDNA cloned 
in pET26b (Merck). Recombinant F1-fractalkine containing an N-terminal 
cleavable His-tag (MHHHHHHWVDDDDK–1ILDN. . . TRNGG92) was 
expressed in BL21(DE3)Star cells (Invitrogen) cultured in LB medium using a 
fermenter (Lambda Instruments) for 4 h at 37°C. Insoluble inclusion bodies were 
washed and isolated by repeated centrifugation, solubilized in Guanidine-HCl 
and refolded by rapid dilution in native buffer essentially as described (18). 
The refolded His-F1-fractalkine was enriched by sequential Ni-NTA and 
cationexchange chromatography. Finally, the leader peptide was removed by 
overnight digestion with recombinant enterokinase (Merck) (1U/mg protein) 
and active F1-fractalkine was separated from uncleaved His-F1- fractalkine after 
cation exchange chromatography. F1-fractalkine was dialysed in 0.1% TFA and 
stored lyophilized at -30°C.

Intravital microscopy
 Intravital microscopy of the carotid artery was performed in 
Cx3cl1

egfp/+Apoe-/- mice as described (19). J113863 to CCR1 (5 mg/kg), RS504393 to 
CCR2 (5 mg/kg), DAPTA to CCR5 (1 mg/kg), or the above-designed antagonist 
F1-fractalkine to CX3CR1 (5 mg/kg) were injected i.p. 1 h prior to recording. A 
PE conjugated antibody to Gr1 (5 mg) was instilled via a jugular vein catheter 15 
min prior to recording. Intravital microscopy was performed using an Olympus 
BX51 microscope equipped with a beam splitter to enable synchronized dual-
channel recording, a Hamamatsu 9100-02 EMCCD camera, and a 10x saline-
immersion objective. For image acquisition and analysis Olympus cell software 
was used.
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Lipid detection
 Serum levels of cholesterol or triglycerides were assessed by EnzyChrom™ 
Assay Kits (BioAssay Systems). CXCL1 measurements in human plasma 
Human plasma samples from patients with moderate hypercholesterolemia 
and respective controls (20) were analyzed for CXCL1 by use of a commercially 
available ELISA kit (Quantikine, R&D systems).

ELISA
 Different ready-to-use ELISA systems were employed according to 
manufacturer instructions. Murine MCP-1 and CXCL1 were determined using 
Quantikine ELISAs (R&D Systems). Serum levels of MCP-3 were detected by 
Instant ELISA (eBioscience).

PCR Array
 Employing RT2 Profiler PCR Array (SABiosciences) expression of genes 
encoding chemokines and their receptors could be investigated. RNA of cells 
obtained from FACS was isolated using RNeasy Micro Kit (Qiagen) and quantified 
by measuring the absorbance at 260nm (A260) in a spectrophotometer. Using 
the RT2 First Strand Kit (SABiosciences) cDNA has been generated and checked 
for quality and efficiency of reverse transcription by RT2RNA QC PCR Array. In 
case the quality of cDNA met the demands, RT2 Profiler PCR Array for mouse 
chemokines and receptors was performed.

Statistics
 All continuous data are expressed as mean ± SD. Statistical calculations 
were performed using GraphPad Prism 5 (GraphPad Software Inc.). After 
calculating for normality by D‘Agostino Pearson omnibus test either unpaired 
Student’s t-test, One-way ANOVA with Newman– Keuls multiple comparison 
or nonparametric tests such as Mann– Whitney test, or Kruskal–Wallis test with 
post hoc Dunn test were used. *Indicates a p-value<0.05.
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Results

Classical monocytes drive atheroprogression 
 As selective depletion of monocyte subsets is not feasible we developed 
a novel approach to dissect the specific contribution of monocyte subsets to 
atherosclerosis (Fig 1A). In Apoe-/- mice fed a high-fat diet (HFD) for 4 weeks, 
the mobilization of leukocytes from the BM was abrogated by application of the 
cytostatic drug cyclophosphamide (CPM) during subsequent 4 weeks of HFD. 
This resulted in an absolute leukopenia (Supporting Information Table 1). To 
address a specific role of monocyte subsets, mice were repeatedly reconstituted 
with white blood cells from age-matched donor mice, in which either classical 
or non-classical monocytes were selectively removed by fluorescence activated 
cell sorting (FACS). Lipid levels, body and spleen weight were not influenced by 
this regimen (Supporting Information Table 2 and 3). In addition, antibody 
based depletion of monocyte subsets did not alter white blood cell activation, as 
assessed by analysis of CD11b expression, CD62L shedding, Annexin V-binding, 
and reactive oxygen species production (Supporting Information Fig 1). To 
further validate the transfer efficacy of the reconstitution protocol, we employed 
the CD45.1/CD45.2 system. The results demonstrate that this protocol allowed 
for virtual reconstitution of white blood cell subsets (Supporting Information 
Fig 2) and enabled prominent lesional accumulation of donor leucocytes 
(Supporting Information Fig 3). 
 After 8 weeks of HFD, Apoe-/- mice displayed atherosclerotic lesion 
formation in the aortic root and the thoracic aorta, which was significantly 
diminished by application of CPM for 4 weeks (Fig 1B–D). While reconstitution 
of leucopenic mice with whole white blood cells from donor mice restored 
lesion sizes, removal of classical monocytes from donor leucocytes but not 
non-classical monocytes reduced atherosclerotic lesion area to levels observed 
in mice receiving CPM only (Fig 1B–D). Immunohistochemical analysis of 
Mac2+ macrophage content in atherosclerotic lesions of the aortic root followed 
a similar pattern (Fig 1E). When analyzing the number of apoptotic TUNEL+ 
cells in aortic roots, half of which originated from macrophages (Supporting 
Information Fig 4), we found a significant increase in mice reconstituted with 
leucocytes depleted of classical monocytes (Fig 1F), which are known to display 
higher phagocytic capacity and thereby contribute to the clearance of apoptotic 
cells. Analysis of collagen content by sirius red staining revealed a reduction in 
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Figure 1. Classical monocytes are decisive during atheroprogression. A. Scheme 
illustrating the approach to investigate the individual contribution of monocyte subsets to atherosclerotic 
lesion formation. Male Apoe-/- mice 6 weeks of age were fed a HFD for a total of 8 weeks. After 4 weeks 
of HFD, groups I to IVwere treated with i.p. CPM 2x/week. Groups II to IV were reconstituted with 
leucocytes from Apoe-/- donor mice by i.v. injections 2x/week using one donor mouse/recipient each 1 
day after CPM treatment. Group II was substituted with all CD45+ leucocytes, group III received CD45+ 
leucocytes without classical monocytes, and group IV was reconstituted with CD45+ leucocytes without 
non-classical monocytes, in each case depleted by sorting for classical versus non-classical monocytes. 
B–D. Assessment of atherosclerotic lesion size after staining aortic root sections (B, C) or aortas (D) 
with oil-red-O. Representative images and quantification are displayed. E. Quantification of monocyte/
macrophage content in aortic roots following Mac2 staining. F. Quantification of TUNEL+ apoptotic 
cells. G. Analysis of collagen content by sirius red staining and analysis under polarized light. All data 
are expressed as mean ± SD. *Denotes significant differences between groups. N=9-12 for each group 
(One-way ANOVA with Newman–Keuls post hoc test).
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aortic collagen content in CPM-treated groups, likely due to decreased collagen 
synthesis in response to CPM (21). In addition, no differences within the 
CPM-treated groups were identified (Fig 1G). Taken together, these data reveal 
a dominant role of classical monocytes in atheroprogression.

mCXCL1 mediates hypercholesterolemia-induced monocytosis
 Hypercholesterolemia has been reported to affect counts, phenotype, 
and function of peripheral blood leukocyte subsets. Increased monocyte counts 
in mice receiving HFD have been attributed to a selective expansion of the 
classical monocyte subset (7). In our hands, Apoe-/- mice fed a HFD exhibited 
a leukocytosis comprised of increased counts of neutrophils and classical 
monocytes (Fig 2A and B).
 We next aimed at elucidating mechanisms underlying HFD-induced 
monocytosis. Prolonged life span, reduced conversion, and enhanced production 
have been implicated in causing HFD-mediated classical monocytosis (7, 22). 
Hence, we examined facilitated mobilization as complementary mechanisms 
of classical monocytosis. The CCR2 ligands CCL2/MCP-1 and CCL7/MCP-3 
are crucially involved in the mobilization of classical monocytes from the BM 
under steady-state and inflammatory conditions (23). However, neither CCL2 
nor CCL7 serum levels were found to be increased under HFD (Supporting 
Information Fig 5). Accordingly, Ccr2-/-Apoe-/- mice displayed reduced circulating 

Figure 2. CXCL1 mediates hypercholesterolemia-induced expansion of 
classical monocytes. A. Apoe-/- mice were fed normal chow or HFD for 8 weeks. Monocyte 
subsets were identified using antibodies to CD45, CD11b, CD115, and Gr1. B. Quantification of total 
monocyte counts, absolute counts of classical and non-classical monocytes, and neutrophils in the 
blood of Apoe-/- mice fed normal chow or HFD for 8 weeks. C. Histograms depict specific fluorescence 
intensities of circulating monocyte subsets after staining with an antibody to CXCR2 or isotype control. 
D. Isotype-corrected cell surface expression of CXCR2 on mouse monocyte subsets in Apoe-/- mice fed 
normal chow. * Denotes significant increase in classical monocytes in mice on HFD. E. Serum mCXCL1 
levels in Apoe-/- mice fed normal chow or HFD for 8 weeks. * Denotes significant differences. F. Analysis 
of classical monocyte counts in blood, BM, and spleen 1 h after injection of PBS or recombinant murine 
CXCL1 (40 mg/kg). * Denotes significant differences. G–I. Apoe-/- mice were fed a HFD for 4 weeks and 
injected (5 mg i.p., daily during first week, 3x/week in subsequent weeks) with isotype control or an 
antibody to mCXCL1. All data are expressed as mean ± SD. * Denotes significant difference between 
indicated groups. N=8 for each group (Students t-test). (G) Absolute number of circulating classical 
monocytes in Apoe-/- mice before and after 1 and 4 weeks of feeding HFD. (H) Lesion size in the aortic 
root. (I) Absolute numbers of classical monocytes (left) and macrophages (right) in the aorta, as assessed 
by flow cytometry.

►►
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classical monocyte counts at steady-state but a significant increase after HFD 
for 8 weeks by a relative degree similar to that observed in Ccr2+/+Apoe-/- mice 
(Supporting Information Fig 6), suggesting a mechanism independent of 
the CCR2 axis to be responsible for HFD-induced monocytosis. Likewise, 
comparable increases in classical monocyte counts were found in Ccr1-/-Apoe-/-, 
Ccr5-/-Apoe-/-, and Cx3cr1-/-Apoe-/- mice (Supporting Information Fig 6), indicating 
a dispensable role of these receptors in HFD-induced classical monocytosis.



82

CHAPTER 3

 Since neutrophil homeostasis in steady-state and during 
hypercholesterolemia is regulated via the CXCR2-CXCL1 axis (19, 24), we 
investigated whether this also applies to classical monocytes. We found CXCR2 
to be expressed on both monocyte subsets with higher surface levels on classical 
monocytes (Fig 2C and D). Upon HFD, CXCR2 expression was increased 
on circulating classical monocytes but remained unaltered on non-classical 
monocytes (Supporting Information Fig 7). In addition, serum levels of mCXCL1 
were significantly elevated in Apoe-/- mice fed a HFD (Fig 2E). Thus, both lines of 
evidence imply a potential involvement of CXCL1-CXCR2 in the regulation of 
classical monocytes homeostasis under HFD. The ability of CXCL1 to mobilize 
classical monocytes was further tested by intravenous injection of rmCXCL1 
(Fig 2F). Whereas circulating non-classical monocyte levels remained stable, 
blood classical monocyte levels increased with concomitant decreases in BM and 
spleen (Fig 2F), the latter being a recently identified reservoir for monocytes 
(25). To prove the importance of CXCL1 in HFD-induced monocytosis, we 
treated Apoe-/- mice on HFD with an antibody to CXCL1 or isotype control. 
Whereas classical monocyte counts significantly increased in mice treated with 
isotype control, this was prevented by treatment with the anti-CXCL1 antibody 
(Fig 2G). In line, numbers of classical monocytes in spleen and BM showed 
a tendency towards an increase in mice receiving the anti-CXCL1 antibody 
(Supporting Information Fig 8). Aortic root sections of anti-CXCL1 treated 
mice displayed smaller lesions (Fig 2H) characterized by lower numbers of 
lesional classical monocytes and macrophages (Fig 2I). The relevance of CXCL1 
in patients was further assessed in plasma of a previously described patient 
cohort with moderate hypercholesterolemia (20). In these patients, we found 
increased levels of CXCL1 as compared to controls (Supporting Information 
Fig 9). Taken together, the increase in CXCL1 levels in conjunction with a 
differential CXCR2 expression pattern indicates that this chemokine/receptor 
axis is crucially involved in mediating the HFD-induced mobilization of classical 
monocytes.

Arterial recruitment of classical monocytes depends on CCR1 
and CCR5
 Previous studies have suggested pivotal contributions of CCR2 and 
CX3CR1 to monocyte and macrophage accumulation in atherosclerotic lesions 
(26, 27). However, leukocyte accumulation at sites of inflammation is regulated 
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at various levels, namely mobilization from sites of production, recruitment, and 
life span. Since CCR2 is crucial for monocyte mobilization during inflammation 
(13), while CX3CR1 confers survival signals in monocytes and plaque macrophages 
(14), we aimed at discerning such mechanisms from recruitment. Given the 
dominant role of classical monocytes in atheroprogression established herein, we 
evaluated the relevance of CCR1, CCR2, CCR5, and CX3CR1 in the recruitment 
of this subset to atherosclerotic arteries only. Notably, HFD did not alter surface 
expression of chemokine receptors on classical monocytes, although mRNA 
levels were up-regulated (Supporting Information Fig 7). In addition, expression 
of decoy receptors D6 and CXCR7 on the surface of classical monocytes was not 
affected by HFD (Supporting Information Fig 10). Similarly, expression of CD44, 
which can serve as CCL5 co-receptor, did not change following HFD (Supporting 
Information Fig 10). Next, we quantified classical monocyte counts in aortic cell 
suspensions of Apoe-/-, Apoe-/-Ccr1-/-, Apoe-/-Ccr2-/-, Apoe-/-Ccr5-/-, and Apoe-/-Cx3cr1

-/- 
mice by flow cytometry (Supporting Information Fig 11). Compared to control 
Apoe-/- mice, the number of classical monocytes was significantly reduced in 
aortas of atherosclerotic mice lacking CCR1, CCR2, and CCR5 but not of those 
lacking CX3CR1 both after 4 weeks (Supporting Information Table 4) and 8 
weeks (Fig 3A) of HFD. In line with a role in mobilization (13, 23), Apoe-/-Ccr2-/- 
mice displayed reduced classical monocyte counts in the circulation, whereas no 
differences were observed in Apoe-/-Ccr1-/-, Apoe-/-Ccr5-/-, and Apoe-/-Cx3cr1

-/- mice 
(Fig 3B and C). To further discriminate between homeostasis and recruitment, 
we correlated the counts of circulating and aortic classical monocytes. While 
the two parameters were strongly correlated in Apoe-/-, Apoe-/-Ccr2-/-, and Apoe-

/-Cx3cr1
-/- mice, no correlation was observed in Apoe-/-Ccr1-/- or Apoe-/-Ccr5-/- mice 

(Fig 3D), suggesting a recruitment deficit in the latter two strains. Whereas 
macrophage accumulation was more markedly reduced in Apoe-/-Cx3cr1

-/- mice 
than in Apoe-/-Ccr2-/- and Apoe-/-Ccr5-/- mice at both time points, consistent with 
a role of CX3CR1 monocytes and in macrophage survival (14), the absence of 
CCR1 limited macrophage accumulation at early time points but appeared to 
favor macrophage accumulation at later stages (Supporting Information Table 4).
 To corroborate these findings, we performed adoptive transfer experiments 
using classical monocytes sorted from BM of Apoe-/-, Apoe-/-Ccr1-/-, Apoe-/-Ccr2-/-,  
Apoe-/-Ccr5-/-, and Apoe-/-Cx3cr1

-/- mice. From each donor strain, 106 classical 
monocytes were labelled with carboxyfluorescein succinimidyl ester (CFSE) as a 
cell tracker and injected intravenously into Apoe-/- mice that had been on HFD for 
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Figure 3. Correlating circulating and aortic monocyte counts reveals importance 
of CCR1 and CCR5 in recruitment of classical monocytes. A. Absolute numbers of 
classical monocytes in aortas of indicated mouse strains after HFD for 8 weeks. B,C. Circulating total 
monocyte (B) and classical monocyte (C) counts in indicated mouse strains after 8 weeks of HFD, as 
analyzed by flow cytometry. All data are expressed as mean ± SD. * Denotes significant differences 
between groups. N=15 for each group (One-way ANOVA with Dunnett post hoc test). D. Correlation 
between aortic and circulating classical monocyte counts in indicated mouse strains after 8 weeks of 
HFD (Pearson correlation).

Figure 4. CCR1 and CCR5 mediate arterial classical monocyte infiltration.  
A,B. Classical monocytes (106) of indicated donor mouse strains were injected into Apoe-/- recipients 
after labelling with the cell tracker CFSE and allowed to circulate for 24 h. Both donor mice and recipients 
had been on HFD for 8 weeks. Gating strategy (A) and absolute numbers of labeled cells in the aorta 
quantified by flow cytometry (B) are depicted. * Denotes significant differences compared to injection 
of classical monocytes from Apoe-/- donor mice. n=7 for each group (Kruskal–Wallis with Dunns post 
hoc test). C,D. Classical CD45.2+ monocytes (106) of indicated donor mouse strains were injected 
into CD45.1/Ldlr-/- recipients and allowed to circulate for 24 h. Both donor mice and recipients had 
been on HFD for 8 weeks. Gating strategy (C) and absolute numbers of CD45.2+ monocytes in the 
aorta as quantified by flow cytometry (D) are depicted. * Denotes significant differences compared to 
injection of classical monocytes from Apoe-/- donor mice. n=7 for each group (Kruskal–Wallis with 
Dunns post hoc test). E. Visualization of leucocyte adhesion to the carotid artery of Apoe-/-Cx3cr1epgf/+ 
mice having been on HFD for 8 weeks. To discriminate between classical and non-classical monocytes 
a PE-conjugated antibody to Gr1 was injected. Scale bar=50 mm. F. Quantification of adhesion of 
classical monocytes to carotid arteries of Apoe-/-Cx3cr1epgf/+ mice having been on HFD for 8 weeks and 
having received a single dose of indicated chemokine receptor antagonist 1 h prior to experimentation. 
All data are expressed as mean ± SD. * Denotes significant differences compared to control mice. 
n=7–8 (Kruskal–Wallis with Dunns post hoc test) for each group.

►►
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8 weeks. After 24 h, adoptively transferred classical monocytes were quantified in 
aortic homogenates of recipient mice (Fig 4A and B and Supporting Information 
Fig 12). The recruitment of classical monocytes deficient in CCR1 or CCR5 
but not of those deficient in CCR2 or CX3CR1 was severely diminished, when 
compared to monocytes with intact chemokine receptor profile. To further 
substantiate these findings, we employed the same strategy but instead used the 
CD45.1/CD45.2 system to monitor aortic recruitment of classical monocytes. 
Based on improved discrimination of donor cells within the aortas of CD45.1/
Ldlr-/- recipient mice, the results corroborate the importance of CCR1 and CCR5 
for arterial monocyte influx (Fig 4C and D).
 This approach was further complemented by intravital microscopy of the 
carotid artery using Apoe-/-Cx3cr1

egfp/+ reporter mice. To specifically track classical 
monocytes, a PE-conjugated antibody to Gr1 was injected, rendering classical 
monocytes red/green fluorescent (Fig 4E). The involvement of CCR1, CCR2, 
CCR5, or CX3CR1 in the adhesion of classical monocytes to carotid arteries of 
Apoe-/-Cx3cr1

egfp/+ mice after 8 weeks of HFD was investigated by intraperitoneal 
administration of specific antagonists to the respective chemokine receptor 1 
h prior to recording. Inhibition of CCR1 or CCR5 markedly reduced luminal 
adhesion of classical monocytes, an effect not observed by the presence of 
antagonists to CCR2 or CX3CR1 (Fig 4F). Collectively, these data point at a 
prevalent function of CCR1 and CCR5 in the recruitment of classical monocytes 
under acute as well as chronic inflammatory and atherogenic conditions.

Discussion
 The importance of monocytes/macrophages in atherosclerosis is widely 
acknowledged. However, the principal mechanisms of their proatherogenic 
function, namely differential contributions of monocyte subsets, the control of 
their homeostasis and recruitment in hypercholesterolemia and atherosclerosis 
remain insufficiently defined. Herein, we have unequivocally established a 
predominant role of classical monocytes in atheroprogression. As a major risk 
factor for atherosclerosis, we found HFD-induced hypercholesterolemia to 
enhance classical monocytes counts by engaging the mCXCL1-CXCR2 axis. 
Finally and contrary to previous reports, the CCL5 receptors CCR1 and CCR5 
were identified to be essential for the recruitment of classical monocytes to 
atherosclerotic arteries.
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 Our data provide several lines of evidence for differential roles of the 
chemokine receptors CXCR2, CCR1, CCR2, CCR5, and CX3CR1 in arterial 
monocyte accumulation. Previous studies revealed diminished atherosclerotic 
plaque formation in mice deficient in these receptors or their respective ligands 
(9). However, chemokine receptors do not only control monocyte recruitment 
at sites of inflammation but also their mobilization from the BM, and their life 
span (9). CXCR2 has been shown to mediate recruitment of monocytes and 
neutrophils to atherosclerotic arteries (19, 28), in part explaining the reduced 
atherosclerotic lesion formation in CXCR2-deficient mice. An alternative role 
of CXCR2 in atherogenesis was unveiled by our findings that its ligand CXCL1 
mediates mobilization of classical monocytes under hypercholesterolemia. 
Under these conditions, CXCL1 may be derived from activated endothelium 
covering atherosclerotic lesions (29). The importance of CXCL1 in atherosclerotic 
lesion formation and macrophage accumulation was established by CXCL1 
neutralization (28), which may be explained by the influence on monocyte 
mobilization under HFD identified herein. Elevated mCXCL1 levels under 
HFD not only impart neutrophilia but also promote mobilization of classical 
monocytes exhibiting higher CXCR2 surface expression than their non-classical 
counterparts. Mobilization of classical monocytes along with higher circulating 
monocyte counts correlate with plaque sizes (7, 26). In conjunction with its 
role in arterial cell recruitment, the atherogenic effects of CXCR2 may thus be 
attributable to HFD-mediated effects on monocyte homeostasis. 
 Whereas various studies in Ccr2-/- mice support an important role of 
CCR2 in monocyte extravasation, three different approaches employed in this 
study to discern its effects on homeostasis and recruitment, clearly imply that 
arterial recruitment of classical monocytes does not require CCR2. Accordingly, 
several recent studies using adoptive transfer strategies suggest that CCR2 is 
dispensable for peripheral recruitment of classical monocytes (13, 30). Hence, 
reduced atherosclerotic lesion sizes in Ccr2-/-Apoe-/- mice (12) may primarily result 
from lower counts of circulating classical monoctyes rather than defects in their 
recruitment. In contrast to CCR2 and CX3CR1, CCR1 and CCR5 were found to 
be crucially involved in the recruitment of classical monocytes to atherosclerotic 
arteries. Both receptors share an overlapping spectrum of ligands among them 
CCL3 and CCL5, which are present in atherosclerotic lesions through expression 
or deposition. While global blockade of CCL5 receptors using Met-CCL5 and 
CCR5 deficiency are associated with reduced atherosclerotic lesion size, CCR1- 
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deficiency (somatic or in BM) was shown to exacerbate plaque formation (15).  
 Notably, the effects of plaque development in Ccr1-/- mice appear to be 
highly stage dependent. When compared to control mice, atherosclerotic lesions 
in Ccr1-/-Apoe-/- mice are smaller after 1 month of HFD, comparable at 2 months 
and larger at 3 months of HFD. Whereas early-stage effects may be due to 
decreased recruitment of neutrophils (19) or monocytes, the exacerbation at later 
stages may reflect effects favoring macrophage accumulation or a stimulation of 
T-cell-driven immune responses (15). In contrast, findings for CCR5 are much 
clearer, i.e. mice deficient in CCR5 exhibit smaller lesions with reduced numbers 
of mononuclear cells in several models (15). The non-redundant importance of 
both CCR1 and CCR5 identified herein can be explained by a concept proposing 
a division of labour during the emigration process, where CCR1 mediates 
monocyte arrest, CCR5 supports monocyte spreading and both contribute to 
transendothelial migration towards CCL5 (31).
 With the emergence of two monocyte subsets, a multistep model 
would envision that the relative surface expression of adhesion molecules 
and chemokine receptors determines the recruitment behavior of each subset. 
Hence, higher CCR1 levels on classical monocytes may reflect its relevance for 
the recruitment of this monocyte subset, whereas CCR5 is equally expressed on 
both subsets, thus partially explaining an involvement in the rare recruitment 
of non-classical monocytes (27). The prominent role of CCR1 and CCR5 can 
also be related to the deposition of platelet-derived chemokines mediating 
proatherogenic monocyte adhesion on endothelium (32). Namely, the CCR1 
and CCR5 agonist CCL5 triggers monocyte arrest, an effect further enhanced 
when CCL5 interacts with CXCL4 (33). The in vivo relevance of this synergistic 
interaction was substantiated by findings that disruption of CCL5-CXCL4 
heteromer formation markedly inhibited atherosclerotic lesion formation 
(33). In addition, platelet-derived CCL5 can promote arterial recruitment of 
neutrophils via engagement of CCR1 and CCR5 (19). By release and deposition 
of granule contents, neutrophils specifically induce adhesion and recruitment of 
classical monocytes (34-36). Hence, the prominent role of CCR1 and CCR5 may 
in part reflect the contribution of platelet- and neutrophil-borne proteins with 
recruitment activity.
 While previous data have suggested a function of CX3CR1 in the 
recruitment of classical monocytes (27) despite lower expression than in 
non-classical monocytes, recent data offer an alternative explanation (14). 
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Beyond recruitment, the CX3CL1-CX3CR1 axis confers essential survival 
signals for monocytes, whereas its absence leads to increased death of plaque 
monocytes and foam cells, providing a mechanism for reduced plaque sizes of 
CX3CR1- deficient mice (27; 37). Accordingly, our data indicate that CX3CR1 is 
dispensable or redundant in the arterial recruitment of classical monocytes but 
that its role in arterial recruitment of non-classical monocytes merits further 
investigation.
 A group of silent or decoy receptors able to sequester chemokines (38) 
may also be important for monocyte trafficking in atherosclerosis. D6, an 
important member of the decoy receptor family, binds a broad range of CCR1, 
CCR2, and CCR5 ligands, prevents excessive infiltration of classical monocytes 
and neutrophils into the myocardium in a mouse model of myocardial infarction 
(39). In addition, CXCR7 acts as a scavenger for CXCL12, a chemokine important 
in the retention of stem cells and neutrophils in the BM (40, 41). The relevance 
of chemokine-scavenging receptors to atherogenic mobilization and recruitment 
of myeloid cell subsets remains to be investigated. Arrest chemokines, such 
as CXCL2, CXCL8, and CCL5 (alone or as heterodimer with CXCL4) bind to 
the glycosaminoglycans on the surface of endothelial cells, immobilize, and 
mediate firm adhesion of rolling monocytes. The association of chemokines 
with heparin sulphate can immobilize chemokines on the vessel wall to provide 
strong and localized signals for integrin activation (42). The interaction of 
chemokines with glycosaminoglycans or heparan sulphate-decorated CD44 may 
strengthen chemokine function by various mechanisms, including induction of 
conformational changes with enhanced activity, protection from proteolytic 
inactivation, and induction of dimer or heteromer formation (43). Notably, the 
expression of D6, CXCR7, and CD44 shaping chemokine function was unaltered 
by HFD in our model. In conclusion, our data establish the quintessential impact 
of classical monocytes on atheroprogression. Our findings further identify 
sequential contributions of the CXCL1/CXCR2 axis in the proatherogenic 
mobilization of classical monocytes and of the CCL5 receptors CCR1 and CCR5 
in the control of their recruitment to atherosclerotic arteries. In addition, further 
experimentation is needed to investigate to what extend chemokines control 
post-recruitment processes contributing to lesional macrophage accumulation.
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Supporting Information

Supporting Information Figure 1: Antibody-based monocyte selection does 
not activate leukocytes. Leukocytes were incubated with an antibody cocktail (anti-CD45, anti-
CD115, anti-Gr1, referred to as ‘positive selection’) or left untreated (referred to as ‘untouched’) and 
white blood cells were subsequently FACS-sorted. A: Display of FSC vs. SSC of leukocyte subpopulations 
after phenotypic identification based on SSC, anti-CD11b, anti-Ly6C, and anti-CD3 staining. B: Analysis 
of CD11b (left) and CD62L (right) surface expression on leukocyte subsets. C: Apoptosis analysis as 
assessed by Annexin V binding properties. D: Reactive oxygen species production in myeloid cell 
subsets in response to PMA (20 nM). All data are expressed as mean ± SD. n = 6 for each group 
(Students t-test).
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Supporting Information Figure 2: Validation of white blood cell reconstitution. 
A: Efficiency of FACS-sorted depletion of monocyte subpopulations. White blood cells from CD45.2 mice 
were harvested (top row) and left intact (bottom left), depleted of classical (bottom middle), or depleted 
of non-classical monocytes (bottom right). B: Reconstitution of myeloid cell subsets. Identification of 
CD45.1-CD45.2+CD11b+ donor myeloid cells in recipient mice (top row). Recipient mice were injected 
with white blood cells (bottom left), or white blood cells depleted of classical monocytes (bottom middle) 
or depleted of nonclassical monocytes (bottom right). Frequencies of CD45.1-CD45.2+CD11b+ parent 
gate are displayed for each quadrant.
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Supporting Information Figure 3: Adoptively transferred leukocytes 
accumulate in atherosclerotic lesions. Male CD45.1 LDLr-/- mice 6 weeks of age were fed a 
high-fat diet (HFD) for a total of 8 weeks. After 4 weeks of HFD mice were treated with cyclophosphamide 
(CPM) 2x/week. Mice were reconstituted with leukocytes from CD45.2 Apoe-/- donor mice by i.v. 
injections 2x/week using one donor mouse/recipient each 1 day after CPM treatment. A: Representative 
FACS charts displaying accumulation of CD45.2 monocytic cells in the aortas of CD45.1 LDLr-/- mice. B: 
CD45.1- and CD45.2-positive leukocytes were identified in aortic root sections of recipient mice. Scale 
bar indicates 50μm left/right group of pictures and 100μm in the central group.
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Supporting Information Figure 4: Apoptotic cells are partially of macrophage 
origin. Aortic root sections were stained with TUNEL and anti-Mac2 antibodies. Cells positive for 
TUNEL and Mac2, white arrows; cells positive for TUNEL only, brown arrows. Scale bar is 50 μm.

Supporting Information Figure 5: CCL2/CCL7 serum levels are unaltered by 
hypercholesterolemia. Concentrations of serum CCL2 and CCL7 of Apoe-/- mice fed a chow diet 
or high-fat diet (HFD) for 8 weeks were quantified by ELISA. All data are expressed as mean ± SD. n = 
8-11 for each group (Students t-test).

Supporting Information Figure 6: Hypercholesterolemia-induced monocytosis 
is independent of CCR1, CCR2, CCR5, and CX3CR1. Classical monocytes were quantified 
in indicated mouse strains fed a chow diet or high-fat diet (HFD) for 8 weeks. All data are expressed as 
mean ± SD. * denotes significant differences between groups. n = 8-9 for each group (Students t-test).
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Supporting Information Figure 7: Effect of hypercholesterolemia on 
chemokine receptor surface expression on classical monocytes. A: Transcriptional 
expression changes of indicated chemokine receptors in classical monocytes of Apoe-/- mice fed a chow 
diet or high-fat diet (HFD) for 8 weeks were assessed by PCR array studies. B: Expression of CCR1, CCR2, 
CCR5, CX3CR1, and CXCR2 (mean fluorescence intensity, MFI) on classical monocytes from Apoe-/- mice 
fed normal chow or HFD for 8 weeks were assessed by FACS. All data are expressed as mean ± SD. * 
indicates significant difference between groups. n = 3- 5 for each group (Mann-Whitney U-test).

Supporting Information Figure 8: Effect of CXCL1-neutralization on classical 
monocytes in bone marrow and spleen. Apoe-/- mice were fed high fat diet for 4 weeks 
and injected (5μg i.p., daily during first week, 3x/week in subsequent weeks) with isotype control or 
an antibody to mCXCL1. Displayed are absolute counts of classical monocytes in the bone marrow (left) 
or spleen (right), as assessed by flow cytometry. All data are expressed as mean ± SD. n=8 for each 
group. 
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Supporting Information Figure 9: Plasma CXCL1 levels are increased in 
patients with moderate hypercholesterolemia. Plasma CXCL1 was assessed in patients 
with moderate hypercholesterolemia by ELISA. n = 10 for each bar (Students t-test). * denotes significant 
differences between groups.

Supporting Information Figure 10: High-fat diet does not alter expression of 
D6, CXCR7, or CD44 on classical monocytes. Apoe-/- mice were fed a high-fat diet (HFD) 
for 4 weeks or received chow diet. Expression of CXCR7, CD44, and D6 on classical monocytes was 
measured by flow cytometry. Displayed are representative histograms and quantification. All data are 
expressed as mean ± SD. n = 4 for each group. FMO, fluorescence minus one; sMFI, specific mean 
fluorescence intensity.
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Supporting Information Figure 11: Gating strategy for detection of classical 
monocytes in aortas. Shown are representative dot blots and gates.

Supporting Information Figure 12: Aortic recruitment of adoptively transferred 
classical monocytes depends on CCR1 and CCR5. Classical monocytes (106) isolated 
from the bone marrow of indicated donor mouse strains by FACS sorting were injected into Apoe-/- 
recipients after labeling with the cell tracker CFSE and allowed to circulate for 24 hours. Both donor 
mice and recipients had been on high-fat diet (HFD) for 8 weeks. Number of CFSE+ cells in the aorta 
is expressed in % of CD45+ cells. * denotes significant differences compared to injection of classical 
monocytes from Apoe-/- donor ice. n = 7 for each group (Kruskal- Wallis with Dunns post-hoc test).
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Supporting Information Table 1: Repeated cyclophosphamide-injection 
induces severe leukopenia. Injection of 100 mg/kg cyclophosphamide (CPM) two times a week 
leads to significantly reduced circulating leukocyte subpopulations. * indicates significant difference 
compared to respective controls. n = 6 for each group (Mann-Whitney U-test).

Supporting Information Table 2: Leukocyte ablation and reconstitution does 
not alter blood lipid levels. Plasma lipid levels were assessed at the end of the ablation-
reconstitution cycle by use of EnzyChrom™ Triglyceride Assay Kit and the EnzyChrom™ HDL and LDL/
VLDL Assay Kit. n = 9-12 for each group.
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Supporting Information Table 3: Leukocyte ablation and reconstitution does 
not alter body or spleen weights. Body and spleen weights were assessed before initiating 
high-fat diet as well as at the end of the experiment in each group. n = 9-12 for each group.
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Supporting Information Table 4: Accumulation of atherosclerotic lesion sizes, 
monocytic cell counts in the blood and in the aorta, and correlation thereof 
after 4 and 8 weeks of HFD. All data are expressed as mean ± SD. n = 5-7 for mice fed a HFD 
for 4 weeks and n = 13-15 for mice fed a HFD for 8 weeks. * indicates significant difference compared 
to respective Apoe-/- mice. HFD, high-fat diet; CM, classical monocytes; NCM, non-classical monocytes.
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Background
 Atherosclerosis is a chronic inflammatory disease characterized 
by neointimal lesion formation and luminal 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 plaque 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. Here we studied the nature of neutrophil fate in 
the different stages of atherosclerosis. 

Methods and Results
 We performed immunohistochemical analysis of carotid endarterectomy 
specimens that were classified in early, advanced and complicated lesions. The 
plaques were stained for the neutrophil specific marker CD177. Additionally, 
staining for different cell death pathways such as NETosis (anti-citrullinated H3), 
apoptosis (anti-Caspase3), necrosis (TUNEL+) and autophagy (anti-ATG5) were 
performed. Increased NETosis, necrosis and autophagy were observed in advanced 
and complicated plaques as compared to early lesions. Furthermore we could show 
that inflammatory neutrophil cell death pathways (apoptosis, necrosis, NETosis) 
correlate with parameters of plaque destabilization such as enlargement of the 
core and the thinning of the fibrous cap. 

Conclusion
 We here present a study of the different neutrophil cell death pathways 
within human atherosclerotic plaques. These results demonstrate that the 
lesional prevalence of dead neutrophils, in contrast to that of living neutrophils, 
is strongly associated with traits of plaque instability. These findings may 
contribute to a better understanding of the role of neutrophils in the progression 
of atherosclerosis and may allow for design of strategies to interfere with 
neutrophil apoptosis to halt atherogenesis.
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Introduction
 Atherosclerosis is considered a chronic inflammation resulting of continued 
infiltration of lipids and inflammatory cells into the arterial intima leading to 
formation of atherosclerotic plaques. As atherosclerosis is a dynamic process, early 
lesions may progress to advanced and finally rupture-prone vulnerable plaque. 
Vulnerable plaques are characterized by high inflammatory cell content and a 
large necrotic core (NC), which is covered by a thin fibrous cap (1). 
 While monocytes and macrophages have dominated the discussion 
of plaque destabilization over the last decade, recently neutrophils have been 
introduced into this discussion (2-4). Mechanistically, neutrophils regulate 
inflammatory processes through release of pre-formed granule proteins or 
reactive oxygen species (ROS). However, as neutrophils are short-lived cells 
and may undergo different cell deaths pathways (e.g. apoptosis, autophagy, 
NETosis) immune-modulatory properties of dead neutrophils possibly stand 
out as important regulatory mechanisms in atherosclerosis. While apoptosis in 
early stages of atherosclerosis is considered beneficial, it is fatal at late stages as 
the uptake of dead cells by macrophages (a.k.a. efferocytosis) is impaired. Hence, 
apoptotic neutrophils undergo secondary necrosis and are thought to contribute 
to the pro-inflammatory phenotype and plaque destabilization. 
 Additionally, epidemiological studies revealed an association between 
circulating neutrophil counts and the incidence of coronary heart disease (5, 6). 
Furthermore, neutrophil counts were strongly associated with histopathologic 
features of rupture-prone plaques, i.e. large lipid core, increased macrophage 
influx, low collagen and smooth muscle cell content (7). Naruko et al. observed 
neutrophils in culprit lesions of patients who died of acute myocardial infarction 
(8). Thus, observations of human studies show a positive correlation between 
increased neutrophil counts in both blood and atherosclerotic plaques, and 
cardiovascular risk. In animal studies neutrophils are the dominant cell type 
to be recruited during advanced atherosclerosis where they co-localize with 
macrophages in the shoulder region of the plaque indicative of the potential 
importance of neutrophils during plaque destabilization (9, 10). 
 In this study, we determined the frequency and location of neutrophils 
at different stages of human atherosclerosis. Furthermore, we identified the 
different types of cell death that neutrophils undergo and have correlated these 
with plaque characteristics.
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Material and Methods

Human Carotid Endarterectomy Specimens and Tissue Processing
 Carotid endarterectomy (CEA) specimens (n=79) were obtained from 
the vascular surgery department of the Academic Medical Center in Amsterdam. 
Approval was given by the local Ethical Committee. Immediately after removal, 
specimens were fixed in 10% formalin and processed for paraffin embedding.

Histological and Immunofluorescence staining
 To determine the plaque phenotype consecutive sections (4μm) were 
stained with standard hematoxylin and eosin (H&E) and elastin von Gieson 
(EVG). 
 For neutrophil visualization, sections were boiled in citrate buffer 
(pH6.0, Lab Vision, Fremont, USA) and blocked with Lab VisionTM Ultra V-Block 
(Thermo Scientific, Fremont, USA). Next, specimens were incubated with 
monoclonal mouse anti-human CD177 (dilution: 1:2000; Abnova, Taiwan) 
antibody. Alkaline phosphatase-conjugated goat anti-mouse IgG2a (dilution: 
1:50; Southern Biotech, Birmingham, USA) was used as secondary antibody and 
visualized by Vector® Blue Substrate (Vector Laboratories, Burlingame, USA). 
 In addition, sections were stained for apoptosis using rabbit Cleaved 
Caspase3 antibody (dilution: 1:5000; Cell Signaling Technology®, Danvers, USA) 
using BrightVision poly-horseradish peroxidase-anti-mouse IgG (Immunologic 
BV, Duiven, The Netherlands) as secondary antibody. Furthermore, staining for 
autophagy was performed using monoclonal mouse anti-human ATG5 (R&D 
Systems, Minneapolis, USA) antibody. Horseradish peroxidase-conjugated goat 
anti-mouse IgG2B (dilution: 1:100; Southern Biotech, Birmingham, USA) was 
used as secondary antibody. Both stainings were visualized by ImmPACTTM 
AMEC Red Substrate (Vector Laboratories, Burlingame, USA). 
 NETosis was shown by staining of neutrophils with CD177 (as 
described above) using BrightVision poly-horseradish peroxidase-anti-mouse IgG 
(Immunologic BV, Duiven, The Netherlads) as secondary antibody and visualized 
by diaminobenzidine. In addition, citrullinated histones were detected via anti-
histone H3 antibody (dilution: 1:4000; Abcam, Cambridge, UK). Sections were 
counterstained with nuclear red.
 Necrotic neutrophils were visualized by CD177 (as described above) 
using Alexa Fluor 647 goat anti-mouse IgG2a (Life Technologies, Bleiswijk, The 
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Netherlands) as secondary antibody in combination with ApopTag® Red In 
Situ Apoptosis Detection Kit (Merck Millipore, Darmstadt, Germany). Sections 
were counterstained with DAPI (Invitrogen, Breda, The Netherlands). 
 Images were acquired with a laser microscope (TCS/SP8, Leica, Wetzlar, 
Germany) or Philips Scanner (Philips, Best, The Netherlands).

Atherosclerotic Lesion Analysis
 The H&E and EVG stained sections were scored blinded by two 
independent, experienced pathologists (M.J.A.P. Daemen and E. Lutgens) 
with little inter- and intra-observer variability. Plaques were classified as 
early, advanced and complicated lesions regarding Virmani histopathological 
classification (11). Next, advanced and complicated lesions were divided into 
regions of FC, shoulders and core using ImageJ software (National Institutes of 
Health, Bethesda, MD). Due to variations of the fibrous cap thickness (FCT), 
the values were assessed by the average of the thickness in 5 separate regions 
of the cap (one in each shoulder and 3 in equal distance in-between these) and 
expressed as arbitrary ratio units (AU) of FCT:lesion size (FCT in μm and lesion 
size area in μm2).

Statistical Analysis
 Data were represented as mean values ± SD. Statistical analysis of the 
correlations was done with GraphPad Prism 6 (GraphPad Software, LaJolla, CA). 
D’Agostino Pearson correlation test was applied. p-values < 0.05 were considered 
as being statistically significant.

Results
 
Neutrophil distribution within the plaque 
 Human neutrophils have been shown to be present not just in early 
atherosclerotic lesions but also in later stages of atherosclerosis (9, 12). To assess 
the presence of neutrophils in early, advanced and complicated plaques we stained 
lesion sections for CD177, a neutrophil specific cell surface receptor (13). We found 
that neutrophils were present in increasing numbers from early stages of intimal 
thickening, to advanced lesions to complicated plaques displaying intraplaque 
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Figure 1. Stage-dependent distribution of neutrophils in human atherosclerotic 
plaques. (A) Schematic representation of the shoulder, cap and core areas within an advanced plaque. 
(B) CD177+ cells were analyzed dependent on their localization within the plaque, whereas advanced 
and complicated lesions were divided in shoulder, cap and core regions (early n=11;advanced n=45; 
complicated n=23).

Table 1. Increase of neutrophil presence with increased stage of atherosclerosis. 
The presence of neutrophils was determined via CD177 staining in early, advanced and complicated 
lesions as absolute and per mm2 of the whole plaque area. Sections were classified using the Virmani 
histopathological classification (11). (early n=11; advanced n=45; complicated n=23).
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hemorrhages (IPH) (Table 1). To identify the localization of neutrophils within the 
plaque, advanced and complicated lesions were subdivided in regions of shoulder, 
cap and core (Figure 1A). The neutrophils were found to reside in the intima 
during early stages of atherosclerotic lesion formation, while they primarily located 
in the core region of advanced and complicated lesions (Figure 1B).

Neutrophil undergo different cell death pathways within the plaque 
 With the limited life span of neutrophils we further aimed at identifying 
the fate of plaque neutrophils. To detect different types of neutrophil cell death 
within the plaque, lesions were stained for CD177 and an antibody to ATG5 
(to identify autophagy), an antibody to Caspase 3 (to identify apoptosis), or 
an antibody to citrullinated H3 (to identify NET release). Necrotic neutrophils 
were identified by co-staining with TUNEL. We observed that the absolute 
number of NETing, necrotic and autophagic neutrophils increases with the 
severity of the lesion stage, while the relative number of apoptotic neutrophils 
decreased. Interestingly, a high amount of plaque neutrophils (early: 59.1% of 
all neutrophils, advanced: 56.1% of all neutrophils, complicated: 42.9% of all 

Figure 2. Assessment of cell death paways of lesional neutrophils. Quantification 
of CD177+ cells in combination with markers for different cell death pathways in whole plaque area 
(early n=11; advanced n=45; complicated n=23) (citr.=citrullinated).
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neutrophils) did not stain for any of the cell death markers and were hence 
considered alive. The relative number of living neutrophils decreased also with 
the increased stage of atherosclerosis (Figure 2).

Neutrophil contribution to plaque destabilization
 To assess the possible contribution of neutrophils to plaque destabilization, 
we correlated the total number of plaque neutrophils, the number of neutrophils 
not stained by markers of cell death, and the number of neutrophils undergoing 

Figure 3. Inflammatory neutrophil cell death pathways are associated with 
features of instability. Correlation between (A) all CD177+ cells/plaque, (B) living CD177+/
plaque and (C) dead CD177+ cells/plaque with plaque size (n=45), core size (n=45) and fibrous cap 
thickness (FCT) (n=39) in advanced lesions (p < 0.05, p < 0.01, p < 0.001 with Spearman correlation 
test).
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inflammatory cell death pathways (NETosis, apoptosis, necrosis) with parameters 
dictating lesion stability. Rupture-prone plaques are archetypically characterized 
by exacerbated infiltration of inflammatory cells in combination with a large 
core covered by a thin fibrous cap (14). Plaque neutrophil numbers were found 
to positively correlate with plaque size as well as the core size but not fibrous 
cap thickness (Figure 3A). Similarly, neutrophils considered alive were found 
to correlate with plaque and necrotic core sizes but not to fibrous cap thickness 
(Figure 3B). In contrast, a correlation of inflammatory neutrophil cell death 
pathways with signs of lesion destabilization revealed a positive correlation with 
plaque size and necrotic core size and a negative correlation with fibrous cap 
thickness (Figure 3C).

Discussion
 Atherosclerosis is a chronic inflammatory disease of the arterial wall 
and the continuous infiltration of leukocyte subsets is a driving force of plaque 
growth. While a wide range of functions has been shown for various leukocytes 
including macrophages, T and B cells, the role of neutrophils in the pathogenesis 
of atherosclerosis has been underappreciated until very recently. The goal of the 
present study was to determine the frequency and location of neutrophils at 
different stages of human atherosclerosis. Moreover, we were interested in the 
identification of the different cell death pathways neutrophils may undergo and 
we analyzed their potential contribution to plaque instability.
 We used CD177 as a specific human neutrophil marker to show their 
presence within the plaque. CD177 has been reported to be expressed by activated 
neutrophils and the platelet endothelial cell adhesion molecule-1 (PECAM-1) 
was identified as a binding partner (13). We showed that early, advanced and 
complicated lesions exhibit an increase in absolute neutrophil counts as well as 
per mm2 of plaque size, indicating that neutrophil infiltration increases with 
an increasing stage of atherosclerosis. Furthermore, we found that CD177+ cells 
showed a heterogeneous distribution. Neutrophils were predominantly found in 
the core of advanced and complicated lesions. Almost 74% of our complicated 
lesions represented intraplaque hemorrhages, which have been shown to 
contribute to plaque instability and represent an additional route for neutrophils 
into the lesion next to diapedesis through the luminal site (15, 16). Of note, the 
amount of CD177+ cells in the cap and the shoulder region of advanced and 
complicated lesions did not differ significantly.
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 In contrast to the controlled process of degranulation, neutrophils 
can also release their granule content as a result of necrosis due to inefficient 
efferocytosis. For late stages of atherosclerosis is has been demonstrated that 
uptake of apoptotic cells via macrophages is impaired (17). When not cleared, 
apoptotic neutrophils undergo secondary necrosis and release their cell content. 
This leads to tissue damage and contributes to the necrotic core enlargement 
and increased inflammation in the plaque. In the present study, we could 
confirm an increased presence of necrotic neutrophils in the core region, whereas 
absolute numbers of apoptotic neutrophils did not differ between early and 
complicated plaques. Furthermore it has been demonstrated that NETosis is an 
essential cell death neutrophils undergo under inflammatory conditions. NET 
release represents an alternative way to present neutrophil granule proteins to 
the extracellular space besides degranulation. Studies have demonstrated that 
NETs trigger activation of plasmacytoid dendritic cells and macrophages and 
hereby accelerate atherogenesis in mice (18-20). In line, we observed an increase 
in NETosis with atherosclerotic plaque progression. Besides apoptosis, necrosis 
and NETosis we analyzed whether plaque neutrophils exhibited autophagy. 
Autophagy is considered to maintain cell homeostasis (21). We identified an 
increase in the amount of neutrophils undergoing autophagy throughout 
the stages of atherosclerosis. However, the amount of these compared to the 
neutrophils undergoing inflammatory cell deaths was low. Furthermore, it has 
been reported, that induced autophagy can promote NETosis (22). The correlation 
between neutrophils undergoing autophagy and NETosis could not be confirmed 
(data not shown). Interestingly, the majority of plaque neutrophils did not 
stain for any of the cell death markers and were hence considered alive. Given 
the short life span of neutrophils this would point towards a high turnover of 
neutrophils with frequent de novo recruitment into the atherosclerotic lesions. 
Thus, despite the overall low abundance of neutrophils in the lesions, life or 
dead neutrophils could considerably shape plaque destabilization.
 As described previously, enlargement of the necrotic core and the 
thinning of the FC are important signs of plaque instability. Neutrophil granule 
proteins presented via degranulation or NETosis promote further inflammatory 
cell recruitment leading to a pro-inflammatory phenotype within the plaque. 
Moreover it has been demonstrated that neutrophils trigger foam cell formation 
thus contributing to the progression of atherosclerosis (23, 24). A positive 
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association was observed in our study between the amount of alive, dead or 
all neutrophils with the size of the plaque and the size of the core. However, 
it was more interestingly that dead but not alive neutrophils correlated with 
the thinning of the FC. Mechanical weakening of the FC can be mediated by 
numerous neutrophil dependent factors, such as MMPs, myeloperoxidase and 
reactive oxygen species (8, 12, 25, 26). 
 Taken together, we could show that neutrophils infiltrate into the 
plaque throughout all stages of atherosclerosis development. Neutrophils were 
associated with morphological characteristics of plaque vulnerability as the 
enlargement of the necrotic core. Once neutrophils are at the site of inflammation 
they undergo different modes of cell death, such as apoptosis, NETosis, 
autophagy and necrosis. Interestingly, only the dead neutrophils correlated with 
the FC thinning, implicating their impact in mechanical weakening of the cap. 
These findings demonstrate that neutrophils, known for their tissue destructive 
capabilities, have to be considered as important promoters in the progression of 
atherosclerosis and destabilization of atherosclerotic plaques.
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Abstract
 Atherosclerosis-associated diseases are the main cause of mortality and 
morbidity in western societies. The progression of atherosclerosis is a dynamic 
process evolving from early to advanced lesions that may become rupture-prone 
vulnerable plaques. Acute coronary syndromes are the clinical manifestation 
of life-threatening thrombotic events associated with high-risk vulnerable 
plaques. Hyperlipidemic mouse models have been extensively used in studying 
the mechanisms controlling initiation and progression of atherosclerosis.  
 However, the understanding of mechanisms leading to atherosclerotic 
plaque destabilization has been hampered by the lack of proper animal models 
mimicking this process. Although various mouse models generate atherosclerotic 
plaques with histological features of human advanced lesions, a consensus model 
to study atherosclerotic plaque destabilization is still lacking. Hence, we studied 
the degree and features of plaque vulnerability in different mouse models of 
atherosclerotic plaque destabilization and find that the model based on the 
placement of a shear stress modifier in combination with hypercholesterolemia 
represent with high incidence the most human like lesions compared to the 
other models.
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Introduction
 Acute coronary syndromes (ACS) are the main cause of morbidity and 
mortality in western societies. Thrombotic events associated to plaque rupture 
are responsible of the majority of ACS events (1, 2). Rupture-prone plaques 
are archetypically characterized by exacerbated infiltration of inflammatory 
leukocytes in combination with a large necrotic core (NC) covered by a thin 
fibrous cap (FC) (3). During plaque destabilization, enhanced macrophage and 
vascular smooth muscle cell (VSMC) apoptosis fuel the NC enlargement. In 
addition, extracellular matrix degradation and VSMC apoptosis induction by 
lesional proteases results in the loss of the FC stability (4). Structural damage 
in the FC results in the exposure of the highly thrombogenic material of the 
NC to the blood, leading to thrombus formation, occlusion of the coronary 
artery, and associated ACS (5). Albeit the clinical relevance of this process, the 
understanding of the mechanisms underlying the conversion of a stable into an 
unstable and ruptured plaque remains unclear.
 Various mouse models have been proposed in the last decades to study 
the process of atherosclerotic plaque destabilization. Generation of vulnerable 
plaques has been achieved by diverse strategies including genetic modifications, 
surgical techniques or combination of both in genetically-modified 
hypercholesterolemic mouse models (reviewed in (4)). Murine vulnerable plaques 
resemble some features of advanced human plaques such as large NC, thin FC 
and the presence of intraplaque hemorrhages or neoangiogenesis. On the other 
hand, plaque rupture and associated thrombotic events are almost never detected. 
Besides these differences between murine and human vulnerable lesions, mouse 
models may be highly helpful in the study of the pathomechanisms that lead to 
vulnerable plaques prior to rupture (5, 6). However, a consensus model of mouse 
atherosclerotic plaque destabilization is still lacking.
 In this study, we aimed to evaluate the degree of plaque vulnerability 
in different mouse model of atherosclerotic plaque destabilization. (7–9). We 
employed two models in apolipoprotein E deficient (Apoe-/-) mice of local shear 
stress alteration based on the partial ligation of and/or the implantation of a 
shear stress modifier device in the left common carotid artery were employed. 
In addition, we induced endogenous renovascular hypertension through partial 
ligation of the left renal artery. Finally, we examined the effect of aggravated 
hypercholesterolemia on plaque development in these models by feeding the 
mice chow or high fat diet. In conclusion, we observed that the model based on 
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the implantation of a shear stress modifier device under hypercholesterolemia 
exhibited higher incidence of human-like vulnerable atherosclerotic plaques 
formation and reduced variability between specimens.

Materials and Methods

Ethics statement
 This study was carried out in strict accordance with the recommendations 
in the Guide for the Care and Use of Laboratory Animals of the National 
Institutes of Health. The protocol was approved by the Committee on the 
Ethics of Animal Experiments of the University of Amsterdam and the Animal 
Research Institute (ARIA), Amsterdam (Permit Number: DBC102939 and 
DBC102940). All animal experiments were conducted in the animal facility of 
the Academic Medical Center (AMC, Amsterdam). All surgeries were performed 
under isoflurane anesthesia, and all efforts were made to minimize suffering.

Mice
 Sex-matched groups weighing 20–25g were enrolled in this study. 
Male apolipoprotein E deficient mice (Apoe-/-) (8 weeks-old) were subjected to 
combined partial ligation of the left common carotid artery (LCCA) and the 
left renal artery (LRA, n = 10, Fig 1A) or cast placement around the LCCA and 
partial ligation of the LRA (n = 10, Fig 1B). Females (8 weeks-old) were either 
subjected to partial ligation of the LCCA and cast placement (n = 10, Fig 1C) 
or only cast implantation (n = 10, Fig 1D). Mice were fed ad libitum with 
chow diet (CD) or high fat diet (HFD, 22% fat and 0.15% cholesterol, abdiets, 
Weerden, The Netherlands) when indicated and during the periods described in 
Fig 1.

Surgery procedure
 A detailed listing of the methodological modifications from the 
originally reported intervention is provided in the online supplemental materials 
(Supplemental S1-S4 Tables). All mice undergoing surgery were injected s.c. 
with Temgesic 30min before surgery and in the evening after to alleviate the 
suffering during the surgical procedure and to ensure the post-surgical recovery.
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Partial ligation of the left common carotid artery.
 The partial ligation of the LCCA was performed as described by (10). 
In brief, mice were anesthetized with isoflurane via inhalation through a nose 
mask and were maintained throughout the surgery at 37°C on a heating pad. 
Next, the anterior cervical triangles were accessed by a sagittal anterior neck 
incision. The LCCA was individualized from circumferential connective tissues 

Figure 1. Schematic diagrams and experimental setups of the mouse models 
of atherosclerotic plaque destabilization. (A) Model based on the combined partial ligation 
of LCCA (left) and LRA (right). (B) Model based on the combination of cast placement around LCCA (left) 
and partial ligation of LRA (right). (C) Model based on the partial ligation of LCCA in combination with 
the cast placement around the LCCA. (D) Model based on cast placement around the LCCA. LCCA: left 
common carotid artery; LRA: left renal artery; LECA: left external carotid artery; LICA: left internal carotid 
artery; LSTA: left superior thyroid artery; CD: chow diet; HFD: high fat diet; Lig.: ligation.
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by blunt dissection and the exposed branches of the LCCA but not the superior 
thyroid artery (LSTA) was permanently ligated with a surgical suture (7–0 silk) 
(Fig 1A and 1C). After validating that blood flow was present through the 
LCCA the incision was closed with suture (6–0 silk).

Partial ligation of the left renal artery
 Mice were subjected to endogenous renovascular hypertension 
using modified LRA ligation as described by Jin et al. (8). In brief, mice were 
anesthetized with isoflurane via inhalation through a nose mask and were 
maintained throughout the surgery at 37°C on a heating pad. After a small flank 
incision the left kidney was exposed and the LRA was ligated with a surgical 
suture (6–0 silk) along with a spacer (outer diameter 0.11mm) (Fig 1A and 
1B). Subsequently, the spacer was removed leaving a tight stenosis in the LRA. 
Thereafter, the kidney was gently placed back into the retroperitoneal cavity 
and the muscle layer and the skin were closed with suture (6–0 silk). To test 
the successful induction of endogenous renovascular hypertension, significant 
shrinkage of the left kidney was observed (Supplemental S6 Figure ). In 
addition, systolic blood pressure was measured using a sphygmomanometer and 
the tail-cuff method before the surgery and every 2 weeks after the surgery ( 
Supplemental S6 Figure).

Cast placement around the left common carotid artery
 To induce local changes in shear stress in the LCCA we used the cast as 
described by Cheng and colleagues (9). This device consists of two longitudinal 
halves of a cylinder with a cone-shaped lumen (constructive diameter 0.2mm) 
(Fig 1B–1D). Mice were anesthetized with isoflurane via inhalation through a 
nose mask and were maintained throughout the surgery at 37°C on a heating 
pad. The anterior cervical triangles were accessed by a sagittal anterior neck 
incision. The LCCA was individualized from circumferential connective tissues 
by blunt dissection and the cast was placed around the LCCA. After validating 
that blood flow was present through the LCCA the incision was closed with 
suture (6–0 silk).

Tissue processing
 Mice were euthanized by CO2 inhalation in a euthanasia chamber. 
After collecting blood via heart puncture, animals were perfused with 20ml 
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PBS, pH 7.4. Next, the LCCA was removed and embedded in OCT compound 
(Tissue-Tek, Sakura Finetek, Torrance, CA). Samples were frozen on isopentane 
and liquid nitrogen and stored at -20°C. Haematologic counts were determined 
with the ScilVet abc Plus analyzer (scil animal care company GmbH, Viernheim, 
Germany) (Supplemental S7 Figure).

Histological and Immunofluorescence staining
 Cryosections (7μm) were histologically stained with standard 
hematoxylin and eosin (H&E) in intervals of 70μm. Consecutive sections were 
stained with picrosirius red for collagen and Pearls’ Prussian blue staining for 
identification of intraplaque hemorrhages (IPH). Collagen fiber composition was 
evaluated using polarized light illumination. MMP9 immunohistochemistry 
was performed using a ´mouse-on-mouse´ strategy as described in Goodpaster 
et al. (11). In brief, cryosections were air-dried and fixed with cold acetone. 
Mouse anti-human MMP9 (R&D, Minneapolis, USA) was pre-incubated with a 
rabbit Fab anti-mouse IgG (Rockland, Limerick, USA) antibody and added to the 
cryosections in a dilution (1:100). After extensive washing, sections were incubated 
with BrightVision poly-horseradish peroxidase-anti-rabbit IgG (Immunologic 
BV, Duiven, The Netherlads) and visualized by DAB (3,3’ diaminobenzidine, 
ImmunoLogic, Duiven, The Netherlands). Counterstaining for the nuclei was 
performed by incubation with hematoxylin. For immunofluorescence staining, 
cryosections were air-dried and fixed with cold acetone. Next, specimens were 
blocked with 5% horse serum/PBS and incubated with primary antibodies rabbit 
anti-mouse CD68 (1:200, Abcam, Cambridge, MA), rat anti-mouse CD86 (1:500, 
BioLegend, San Diego, USA), alexa Fluor 647-conjugated rat anti-mouse CD301 
(1:500, AbD Serotec, Kidlington, UK) and FITC-conjugated mouse anti-mouse 
smooth muscle cell α-actin (SMA, 1:1000, Sigma-Aldrich, St. Louis, MO). After 
extensive washing, sections were incubated with Alexa Fluor 488 or 647 donkey 
anti-rabbit and Alexa Fluor 594 donkey anti-rat (1:500, Invitrogen, Breda, The 
Netherlands). Counterstaining for the nuclei was performed by incubating with 
DAPI (Invitrogen). Images were acquired with a laser microscope (TCS/SP8, 
Leica, Wetzlar, Germany).

Atherosclerotic plaque analysis
 Atherosclerotic plaque analysis was performed on sections recollected 
after the suture in the LCCA LRA and LCCA Cast models and in the low shear 
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stress region generated by cast placement in LRA Cast and Cast models. Carotid 
samples showing thrombus or absence of lesion formation were excluded 
from this analysis. Histological sections were quantified by computer-assisted 
morphometric analysis using ImageJ software (National Institutes of Health, 
Bethesda, MD). Intima to media ratio was calculated as the quotient of intima 
and media areas (μm2). Necrotic cores (NC) were defined as area absent of nuclei 
underneath a formed fibrous cap (FC). Since tissue loss was observed in H&E 
compared to picrosirius red stained sections, the NC core was assessed using 
these different staining (Supplemental S11 Figure). FC thickness was defined 
as the average of lengths measurements in the positions overlapping with the 
lines of a square-shaped grid.

Lesion classification
 Lesions were scored blinded by two independent, very experienced 
pathologists with little inter- and intra-variability. The classification was based 
on the following scoring: early, accumulation of VSMCs, absence of lipid or 
macrophage foam cells; advanced type I, multiple layers of macrophage foam 
cells; advanced type II, multiple layers of macrophage foam cells, well-formed 
NC covered by a thin FC, rare VSMCs and collagen content, eventually IPH; 
advanced type III, neointimal thickening, highly increased intimal thickening, 
high amount of VSMCs and macrophages, partial NC formation; complicated, 
presence of luminal thrombus (Supplemental S5 Table).

Vulnerability-Index (VI and VIc)
 Vulnerability-Index (VI) was used to evaluate the overall degree of 
vulnerability between the models by integrating all plaque features analyzed in 
the study. VI was adapted from (12). VI was calculated by the relation between 
analyzed unstable (U) and stable (S) features of the plaque and corrected by 
the incidence of lesion formation (p, VIc). The formula for VI was expressed 
as VIc(i) = (U(i)/S(i)), where i represents each studied mouse. The formula for 
corrected VI was expressed as VIc(i) = (U(i)/S(i)),*p(i), where i represents each 
studied mouse. U includes the sum of NC area (% of intima), CD68+ area (% 
of intima) and of Pearls’ Prussian blue+ area (% of intima). S consists of SMA+ 
area (% of intima) and collagen+ area (% of intima). Analysis of VI and VIc were 
performed on lesions with the same severity score of type II (see above). Lesions 
not representing the type II phenotype were scored as zero.



C
h

ap
te

r 
5

127

Mouse models of vulnerable plaque

Statistical analysis
 All data were represented as individual data points along with mean 
values. For the individual parameters was no statistical analysis performed due to 
the evaluation of the features of the regarded model itself. Statistical analysis was 
performed for the VIc as comparison of the models among themselves. Statistical 
analysis was done with GraphPad Prism 5 (GraphPad Software, LaJolla, CA). 
Unpaired Student’s t-test or Mann-Whitney (one variable) or one-way ANOVA 
with Bonferroni’s Multiple Comparison test (> 2 variables) were applied, as 
appropriate. p-values < 0.05 were considered as being statistically significant.

Results

Mouse model description and incidence of lesion formation
 We performed 4 different mouse models of atherosclerotic plaque 
destabilization adapted from previous described studies (7–9). First, Apoe-/- mice 
were subjected to alteration of blood flow in the LCCA by partial ligation (Fig 
1A) or implantation of a shear stress modifier (cast, Fig 1B) as described in 
(9). Hypertension has been shown to increase signs of plaque vulnerability, 
thus we performed partial ligation of the LRA in combination with mentioned 
blood flow alterations (8). We observed successful induction of hypertension as 
determined by a significant increase in the systolic blood pressure 2 weeks after 
the surgery and the shrinkage of the left kidney (Supplemental S6 Figure). 
In addition, we performed another model based on alteration of the blood flow 
by partial ligation and subsequent implantation of a cast in the LCCA of Apoe-/- 
mice (Fig 1C). This method generates a diminished blood flow in the carotid 
bifurcation and the low shear-stress region of the cast accelerating the formation 
of the atherosclerotic lesion, as described in (7). Of note, we substituted the cuff 
for the cast implantation in order to generate the lesion in a more predictable 
location as observed with the fixed constructive diameter (0.2mm) of the cast 
(7). All these models were performed under CD or HFD. Finally, we studied a 
model solely based on cast implantation in the LCCA of Apoe-/- mice under HFD 
regime as described by Cheng et al. (Fig 1D). As shown in Fig 2, we observed 
a difference in the incidence of atherosclerotic plaque formation (including 
VSMC rich neointimas) between the different models: LCCA LRA (CD: 80%, 
HFD: 89%), LRA Cast (CD: 40%, HFD: 30%), LCCA Cast (CD: 40%, HFD: 
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80%) and Cast HFD: 70%. Absence of atherosclerotic plaque was defined as the 
presence of a non-lesion associated luminal thrombus or the absence of lesions 
(non-responders) in the left carotid artery.

Analysis of structural features of the atherosclerotic plaques
 Additionally to the incidence of lesion formation, we examined the 
structural phenotype of formed lesions. Of note, carotid samples showing 
thrombus or absence of lesion formation were excluded from this analysis. 
Based on this criteria, the number of excluded carotid samples in the LRA Cast 
model (CD and HFD) comprised the majority of studied samples, therefore 
the following analysis were not performed in these models. First, we analyzed 
lesion size defined as intima to media ratio. Assessed mouse models exhibited 
differential intima to media ratios: LCCA LRA (CD: 5.5 ± 2.2, HFD: 3.8 ± 2.4), 
LCCA Cast (CD: 2.8 ± 2.2, HFD: 3.8 ± 1.8) and Cast HFD: 3.7 ± 1.2 (Fig 
3B). Besides an expanded plaque size, enlarged NC and thin FC better define 
human vulnerable plaques (3). Thus, we explored the NC formation in sections 
of studied specimens. Overall, we found different incidence of NC formation 
(0–70%) and variations in size (%NC of intimal area): LCCA LRA (CD: 10.9 ± 
2.8%, HFD: 20.4 ± 10.0%), LCCA Cast (CD: 17.7%, HFD: 21.0 ± 10.6%) and 
Cast HFD: 13.2 ± 5.0% (Fig 3C). In the sections where a NC was present, FC 
thickness was measured showing: LCCA LRA (CD: 59.7 ± 31.6μm, HFD: 19.1 
± 4.7μm), LCCA Cast (CD: 18.3μm, HFD: 33.1 ± 15.1μm) and Cast HFD: 20.2 
± 7.4μm (Fig 3D).

Analysis of compositional features of the atherosclerotic plaques
 Increased macrophage infiltration followed by decrease in VSMC 
and collagen content are important indicators of plaque vulnerability (4). 
Macrophage content detected by CD68 immunostaining revealed variable 

Figure 2. Representative carotid cross-sections of studied specimens for the 
mouse models of atherosclerotic plaque destabilization. Mice were fed chow diet 
(CD) or high fat diet (HFD) as indicated. From left to right: LCCA LRA, model based on the combination 
of partial ligation of LCCA and LRA; LRA Cast, model based on the combined cast placement around 
LCCA and partial ligation of LRA; LCCA Cast, model based on the partial ligation of LCCA in combination 
with the cast placement around the LCCA; Cast, model based on cast placement around the LCCA. 
Red, yellow and green bars represent thrombus, no lesion or atherosclerotic lesion, respectively. Scale 
bar=100μm. LCCA: left common carotid artery; LRA: left renal artery; CD: chow diet; HFD: high fat diet.

◄◄
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infiltration into the intima: LCCA LRA (CD: 6.7 ± 4.0%, HFD: 10.2 ± 4.8%), 
LCCA Cast (CD: 5.9 ± 6.0%, HFD: 9.7 ± 8.0%) and Cast HFD: 9.3 ± 6.0% 
(Fig 4A). Additionally, the phenotype of the macrophages was characterized 
by analyzing CD86 (marker of M1 or classical phenotype) and CD301 (marker 
of M2 or alternative phenotype) for the models LCCA LRA CD and Cast 
HFD (Supplemental S8 Figure). Analysis of the CD68 and CD86 positive 
macrophage content showed an increase in Cast HFD compared to LCCA LRA 
CD (5.47 ± 2.55% vs 10.98 ± 2.39%). On the other hand, a decrease in CD68 and 
CD301 positive macrophages was detected in the model Cast HFD compared to 
LCCA LRA CD (0.55 ± 0.23% vs 0.11 ± 0.04%) (Supplemental S8 Figure). 

Figure 3. Structural features of the atherosclerotic lesions. Quantification of (A) 
intimal area, (B) intima to media ratio, (C) necrotic core size and (D) fibrous cap thickness. Fibrous cap 
thickness was only measured when necrotic core was present. NC: necrotic core; FC: fibrous cap; CD: 
chow diet; HFD: high fat diet; LCCA: left common coronary artery; LRA: left renal artery.
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Furthermore, we analyzed lesional VSMC content, an indicator of plaque 
stability. Quantification of intimal SMA area resulted as follows: LCCA LRA 
(CD: 20.5 ± 12.0%, HFD: 8.0 ± 4.6%), LCCA Cast (CD: 5.3 ± 3.8%, HFD: 9.4 ± 
4.0%) and Cast HFD: 4.6 ± 3.6% (Fig 4B). Next, we measured intimal collagen 
by picrosirius red staining. The percentage of collagen positive area within 
the intima was: LCCA LRA (CD: 44.1 ± 23.4%, HFD: 35.6 ± 16.0%), LCCA 
Cast (CD: 15.9 ± 18.4%, HFD: 29.9 ± 12.6%) and Cast HFD: 36.2 ± 13.2% 

Figure 4. Compositional features of the atherosclerotic lesions. Quantification of 
(A) macrophage (CD68+ area), (B) vascular smooth muscle cell (SMA+ area) and (C) total collagen 
(picrosirius red+ area) content. (D) Quantification of the incidence of intraplaque hemorrhage in Pearls’ 
Prussian blue stained sections. CD: chow diet; HFD: high fat diet; LCCA: left common coronary artery; 
LRA: left renal artery; IPH: intraplaque hemorrhages.
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(Fig 4C). Detailed analysis of the collagen content demonstrates a significant 
difference between thin and thick fibers for the model Cast HFD (thick fibers: 
71.92 ± 7.47%, thin fibers: 24.60 ± 6.75%), whereas no significant difference 
was shown for the model LCCA LRA CD (thick fibers: 42.64 ± 8.23%, thin 
fibers: 54.39 ± 8.32%) (Supplemental S9 Figure). Additionally, it has been 
demonstrated that matrix metalloproteinases (MMPs) degrade a broad range of 
matrix substrates like elastin, collagen and fibronectin (13). Thus we analyzed 
the content of MMP9 within the lesions of the models LCCA LRA CD and Cast 
HFD (Supplemental S10 Figure). A significant content increase of MMP9 was 
detected in the model Cast HFD compared to LCCA LRA CD (10.98 ± 3.26% 
vs 31.75 ± 8.45%) (Supplemental S10 Figure). Neoangiogenesis and IPH are 
independent factors associated with plaque instability and thrombotic events 
(14). Detection of IPH has been previously described in different mouse models 
of atherosclerotic plaque destabilization )8, 9, 15). Hence, we aimed to assess 
the presence of IPH in our mouse models. IPHs were frequently occurring in 
the models LCCA Cast (CD: 50%, HFD 62.5%) and LCCA LRA (CD: 50%) (Fig 
4D), whereas in the model Cast HFD IPH was undetectable. On the other hand, 
analysis of neovessels by CD31 staining was negative in all samples analyzed 
(data not shown). This discrepancy has been also described by others (16).

Plaque classification and determination of the Vulnerability-Index
 To integrate all parameters analyzed, we first classified the atherosclerotic 
lesions as described in Material and Methods as our type II lesions that 
represents vulnerable plaques with thin fibrous cap atheroma (TCFA) phenotype 
(Supplemental S5 Table). Except for LRA Cast under chow diet, all models 
exhibited type II advanced plaques (Supplemental S12 Figure). We next 
calculated the vulnerability-index that allowed us to integrate all parameters 
analyzed and determine the degree of vulnerability between the models. The 
index includes the components of increasing and decreasing factors of plaque 
instability (Table 1). After correction with the incidence of the type II lesion 
formation (see Material and Methods), we calculated the following indices: 
LCCA LRA (CD: 0.004 ± 0.01, HFD: 0.07 ± 0.1), LCCA Cast (CD: 0.02 ± 0.03, 
HFD: 0.12 ± 0.18) and Cast HFD: 0.45 ± 0.36 (Table 1).
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Discussion
 Rupture of human culprit atherosclerotic plaques is preceded by the 
conversion of a stable into an unstable atherosclerotic plaque. Post-mortem 
analyses of human specimens have defined the characteristics of the archetypical 
vulnerable plaques responsible for most of the thrombotic events associated 
with ACS. However, the study of the mechanisms underlying the process of 
atherosclerotic plaque destabilization has been hampered by the lack of proper 
animal models. Reported mouse models of atherosclerotic plaque destabilization 
describe the formation of advanced atheromas exhibiting different signs of 
plaque instability such as NC expansion, FC thinning and an inflammatory 
phenotype (4). Additional destabilizing features such as neoangiogenesis or 
IPH (7, 9, 15) are eventually detected while others such as plaque disruption 
with superimposed thrombosis can hardly be identified (15, 17, 18). Indeed, it 
is well accepted that mouse atherosclerotic plaques only partly resemble the 
characteristics observed in human advanced lesions. However, the advantages 
of identifying novel mechanistic pathways in experimental atherosclerosis 
models highlight the importance of establishing a consensus model of plaque 
destabilization in mice.
 The goal of the present study was to compare different mouse models of 
atherosclerotic plaque destabilization to analyze the degree of lesion instability 
and the robustness of the model. Elevated blood pressure is a major risk of 

Table 1. Vulnerability-Index of the lesions in the mouse models of atherosclerotic 
plaque destabilization. Vulnerability-Index (VI) was calculated by the relation between analyzed 
unstable (U) and stable (S) features of the plaque and corrected by the incidence of lesion formation 
(p, VIc). Lesions not representing the type II phenotype were scored as zero. SD was not indicated for 
models with incidence of n=1 of type II lesions. LCCA: left common coronary artery; LRA: left renal 
artery; CD: chow diet; HFD: high fat diet. (n=3-8; p < 0.05, p < 0.01, p < 0.001 with 1-way ANOVA 
with Bonferroni’s Multiple Comparison test)
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cardiovascular diseases and blood-pressure lowering therapies significantly 
reduce events of ACS (19). Induction of hypertension by angiotensin II 
infusion or constriction of the renal artery has been shown to increase signs 
of vulnerability in mouse models of advanced atherosclerosis (8, 9). Hence, 
we performed a mouse model based on renovascular hypertension by partial 
ligation of the LRA combined with induction of low shear stress in the carotid 
artery through partial ligation of or implantation of a shear stress modifier (cast) 
in the LCCA. Under chow diet regime, partial ligation of the LRA and LCCA 
generated neointimal thickening-type atherosclerotic lesions with expanded 
size and VSMC-enriched phenotype compared to HFD feeding condition. In 
line with these results, angiotensin II infusion has been shown to increase 
VSMC response by increasing proliferation and migration leading to neointimal 
thickening (20). 
 The formation of a NC, thinning of the FC, increased macrophage 
infiltration and the reduction of collagen and VSMC content, which are critical 
factors of human plaque destabilization (3), were detected in a lower extent. 
Overall, based on our criteria the features that define human-like plaque 
vulnerability are not fulfilled by the LCCA LRA model under CD. On the other 
hand, these factors were induced by HFD feeding, probably through increasing 
macrophage infiltration, leading to a more vulnerable phenotype. Under 
hypertensive conditions, alteration of the blood flow by implantation of a cast 
in the LCCA exhibited a reduced incidence of lesion formation compared to 
partial ligation of the LCCA both under CD or HFD regime. Intense reduction 
of the blood flow by partial ligation of the LCCA compared to that generated 
by the constrictive diameter of the cast (0.2 mm) may explain the differences 
in the incidence of lesion formation. Moreover, out of all identified lesions, a 
predominance of early neointimal thickening lesions or type I advanced lesions 
was observed, suggesting lower progression of the atherosclerotic disease. A 
limitation of the study is that although observing a significant increase of the 
blood pressure 2–4 weeks after LRA partial ligation, the blood pressure in models 
LCCA LRA and LRA Cast under HFD was subsequently stabilized. Hence, the 
time-point of analysis may be suboptimal since the effect of hypertension on 
atherosclerotic plaque destabilization was no longer present.
 In addition, we evaluated a mouse model of atherosclerotic plaque 
destabilization involving the partial ligation of LCCA followed by the 
implantation of a constrictive cast four days before sacrifice. Compared to the 
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model previously reported by Sasaki and colleagues (7), we substituted the 
use of a polyethylene cuff for a cast to reduce the variability in the extent of 
artery constriction. As reported by Sasaki et al. (7) and as observed in the model 
involving partial ligation of the LCCA and LRA, mice developed VSMC-enriched 
neointimal thickening lesions under CD feeding. Furthermore, in agreement with 
Sasaki’s work, we evidenced a higher presence of occlusive or mural thrombus. 
As mentioned above, human plaque rupture requires the contact of NC content 
with the vessel lumen through a disrupted FC which can be associated with the 
formation of a superimposed thrombus. Based on this definition, we however 
could not identify signs of plaque disruption as a cause of the observed thrombus 
formation. Of note, the use of a constrictive cast instead of the polyethylene cuff 
may explain these observations. Similarly, thrombus formation in the model 
involving partial ligation of the LCCA and LRA was neither associated to plaque 
disruption. As previously observed feeding with HFD boosted inflammatory 
macrophage infiltration, increased NC formation and reduced the number of 
excluded specimens due to thrombus formation or absence of lesion formation.
Finally, we used the model described by Cheng and colleagues where Apoe-/- mice 
were subjected to the implantation of a cast in the LCCA (9). As predicted, 
advanced atherosclerotic lesions where formed in the cast region with low shear 
stress in respect to the high shear or oscillatory stress regions (data not shown). 
This model involved a longer period of HFD feeding (11 weeks) which was 
associated with the formation of TFCA with expanded NC and thinner FC and 
exhibiting an inflammatory phenotype.
 Adequate assessment of atherosclerotic plaque vulnerability enables us to 
integrate data obtained from the study of different structural and compositional 
factors with functional implication in plaque instability. We have developed 
an index of plaque instability (VI) to quantitatively study lesion severity 
and vulnerability in a simple way. This index includes a ratio of destabilizing 
factors such as NC size, macrophage content or IPH presence and factors with a 
stabilizing function like VSMC and collagen content. This ratio was combined 
with the incidence of the vulnerable type II lesions in the respectable model. 
Of note, other criteria could be included in this index that can be relevant in 
different experimental setups. In order to reduce statistical variability and 
obtain more reliable results, we first classified the lesions according to their 
severity degree using elements of the Virmani histopathological classification. 
For instance, the partial ligation of the LCCA in combination with renovascular 
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hypertension model was characterized by a notable variability in the severity 
degree between the different studied specimens. Moreover, different lesion 
types were found within the carotid artery surface (data not shown) thereby 
increasing the difficulty to define the individual degree of vulnerability and 
augmenting the variability for each parameter analyzed. Since, advanced 
atheroma type II (TFCA) resemble a higher number of characteristics associated 
with human atherosclerotic vulnerable plaques we focused our analysis on this 
lesion type. Models based on partial ligation of the LCCA combined with cast 
implantation under HFD regime or solely cast placement showed a higher index 
of plaque instability. However, although exhibiting an increased index of plaque 
instability, type II advanced plaques were found in lower extent in the model 
LCCA Cast on HFD compared to the cast model. After correction of the index 
(3) with the incidence of vulnerable plaque formation, the Cast model reflected 
a higher overall vulnerability in compared to LCCA Cast on HFD model.
 Collectively, we have observed that the mouse model based on the 
cast implantation under hypercholesterolemia exhibited increased incidence 
of human-like atherosclerotic vulnerable plaques with less variability between 
the analyzed specimens (Table 2). It is worth mentioning, that all models 
displayed different instability traits associated with human atherosclerotic 
plaque vulnerability. For instance, we were not able to detect IPH in the cast 
HFD model compared to the other models, although Cheng et al. reported a 
spontaneous or angiotentin II-induced incidence of 29% vs 75%. This variation 
may be due to different staining and analysis techniques (9). In addition, we 
believe that the different gender has no impact on the development of the 
lesions type II, based on the study of Jin et al. using sex-matched groups (8). 
Taken together these findings highlight the fact that the selection of a model 
will depend of the research question that is going to be addressed (Table 2). For 
example, the duration of the model may limit the application of drug/antibody 
treatments that can only be applied for a specific maximum period of time.
Furthermore, mice undergoing two sequential surgeries as LRA/LCCA followed 
by cast placement may display a higher distress which could have an additional 
impact on the results (Table 2). Of note, the models analyzed in this study did 
not exhibit signs of thrombotic events associated either with plaque disruption 
or erosion. This aspect highlights the previously described limitations of mouse 
models in studying thrombotic events and subsequent clinical outputs such 
as myocardial infarction or stroke (16). Nonetheless, events occurring during 
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human atherothrombosis (late stages of atherosclerotic disease) preceding plaque 
rupture, such as NC formation, lesional cell-death or fibrotic tissue degradation 
are still detected in these mouse models. An additional possibility to study 
plaque vulnerability would be the use of humanized mouse. These humanized 
mouse models have been shown to possess different capabilities of engrafting 
human hematolymphoid cells (21, 22). But they bring also limitations, thus it 
would not include the impact of SMC or collagen content in the progression 
of the plaque destabilization and could just give information about the impact 
of hematolymphoid cells. Interestingly, the vast use of mouse models to study 
atherogenesis has resulted in tremendous progress in the identification of novel 
molecular targets for treatment of early atherosclerosis. However its clinical 
application has been restricted since patients are not usually treated during early 
phases of the disease. On the other hand, mouse models of atherosclerotic plaque 
destabilization may help to identify molecular mechanisms involved in advanced 
atherosclerosis development that could be more easily translated to the clinical 
practice. Combination of this knowledge with novel imaging techniques and 
biomarker screening may allow for earlier detection and subsequent treatment 
of patients with subclinical silent vulnerable lesions before resulting in fatal 
ACS.

Table 2. Summary of features of the plaque destabilization models. LCCA: left 
common coronary artery; LRA: left renal artery; CD: chow diet; HFD: high fat diet; VI: Vulnerability- Index; 
VIc: corrected Vulnerability-Index; FC: fibrous cap; NC: necrotic core; IPH: intraplaque hemorrhage.
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Supporting Information

S1 Table. Detailed description of models presented in original reports and 
modify-cations in this study. Model based on the combined partial ligation of LCCA and LRA 
CD or HFD (23). LCCA: left common carotid artery; LSTA: left superior thyroid artery; LRA: left renal 
artery; CD: chow diet; HFD: high fat diet.



142

CHAPTER 5

S2 Table. Detailed description of models presented in original reports and 
modifications in this study. Model based on the combination of cast placement around LCCA 
and partial ligation of LRA CD or HFD (23). LCCA: left common carotid artery; LSTA: left superior thyroid 
artery; LRA: left renal artery; CD: chow diet; HFD: high fat diet.
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S3 Table. Detailed description of models presented in original reports and 
modifications in this study. Model based on the partial ligation of LCCA in combination with 
the cast placement around the LCCA under CD or HFD regime (24). LCCA: left common carotid artery; 
LSTA: left superior thyroid artery; LRA: left renal artery; CD: chow diet; HFD: high fat diet; Sacr.: Sacrifice.
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S4 Table. Detailed description of models presented in original reports and 
modifications in this study. Model based on cast placement around the LCCA (25). LCCA: left 
common carotid artery; RCCA: right common carotid artery; LRA: left renal artery; CD: chow diet; HFD: 
high fat diet.
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S5 Table. Lesion classification. Sections were scored using the main elements of Virmani’s 
histo-pathological classify-cation (26). SMC: smooth muscle cells, TFCA: thin fibrous cap atheroma; NC: 
necrotic core, FC: fibrous cap, IPH: intraplaque hemorrhage.
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S6 Figure. Control for successful induction of hypertension after ligation of 
the LRA. (A) Significant shrinkage of the left kidney was observed in addition to significant increase in 
systolic blood pressure 2-4 weeks after the ligation to the measurement two weeks before the ligation 
(Pre.) (B-D). No significant difference could be detected in LRA Cast HFD (E). Graphs represent means 
± SD (n=8-10; **p<0.01 with 1-way ANOVA with Bonferroni’s Multiple Comparison test). LCCA: left 
common carotid artery; LRA: left renal artery; CD: chow diet; HFD: high fat diet; Pre.: measurement 
before surgery.
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S7 Figure. Differential white blood cell counts in all mouse models including 
(A) WBC, (B) lymphocytes, (C) monocytes, (D) granulocytes. Significance for WBC was observed for 
LRA Cast (CD 10.15± 2.8% vs HFD 7.5± 3.5%) and LCCA Cast (CD 8.7± 1.1% vs HFD 10.2±1.1%). 
Furthermore a significant change in LCCA Cast was present in lymphocytes (B) (CD 60.5± 2.5% vs 
HFD 52.5±4.9%) and (D) granulocytes (CD 34.7±2.8% vs HFD 42.9±4.7%). Graphs represent 
means ±SD. n=3-10; *p<0.05 and **p<0.01 with 2-tailed t test. WBC: white blood cells; LCCA: left 
common carotid artery; LRA: left renal artery; CD: chow diet; HFD: high fat diet.
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S8 Figure. Characterization of the M1 and M2 macrophage subsets in the 
vulnerable atherosclerotic lesion. (A) Double confocal immuno-fluorescence of atherosclerotic 
lesions showing CD68 (macrophage) and CD86 (M1 marker) on top or CD68 and CD301 (M2 marker) 
in the bottom. Arrows point double positive cells for CD68 and CD86 or CD301. (B) Quantification of 
lesional CD68-CD86 (top) or CD68-CD301 (bottom) area in the models Cast HFD and LCCA LRA CD 
(n=7-8; with 2-tailed t test). LCCA: left common carotid artery; LRA: left renal artery; CD: chow diet; 
HFD: high fat diet.
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S9 Figure. Collagen fiber composition. (A) Representative images of picrosirius red-stained 
plaques visualized using polychromatic light (top) or polarized light illumination (bottom). (B) Analysis 
of collagen composition (red: thick fibers, green: thin fibers) in LCCA LRA CD and Cast HFD. Graphs 
represent means ± SD (n=7-8; **p<0.01 with 1-way ANOVA with Bonferroni’s Multiple Comparison 
test). LCCA: left common carotid artery; LRA: left renal artery; CD: chow diet; HFD: high fat diet.

S10 Figure. Analysis of lesional MMP9 expression. (A) Representative image of MMP9 
immunohistochemistry of a vulnerable atherosclerotic plaque (brown). (B) Quantification of lesional 
MMP9 positive area in models LCCA LRA CD and Cast HFD. Graphs represent means ± SD (n=7-8; 
**p<0.01 with 2-tailed t test). LCCA: left common carotid artery; LRA: left renal artery; CD: chow diet; 
HFD: high fat diet.
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S11 Figure. Necrotic core assessment. (A) NC was defined as area absent of intact cells 
and deposition of cholesterol crystals underneath a formed FC. (B) False NC by tissue loss was observed 
in H&E. Assessment of NC was performed by additional control in accordance of further staining. NC: 
necrotic core; FC: fibrous cap.
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S12 Figure. Relative distribution of lesion stages in models of plaque 
destabilization (A) Model based on the combined partial ligation of LCCA and LRA fed CD or (B) 
HFD. (C) Model based on the partial ligation of LCCA in combination with the cast placement around 
the LCCA fed CD or (D) HFD. (E) Model based on cast placement around the LCCA fed HFD. LCCA: left 
common carotid artery; LRA: left renal artery; CD: chow diet; HFD: high fat diet.
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PF4 Reduces Neutrophil Apoptosis

 Arterial occlusion results in rapid activation of circulating cells wherein 
the increase in neutrophils was shown to be a strong predictor of cardiovascular 
mortality (1). Previous reports identified a delay in neutrophil apoptosis as an 
important contributor to neutrophilia upon arterial occlusion (2, 3). In this 
context it was shown that neutrophils from patients with acute myocardial 
infarction have a more than 50% reduction in neutrophil apoptosis as compared 
to healthy controls (2). Further mechanistic experiments suggested that platelet-
derived soluble factors may control the delay of neutrophil apoptosis (2). However, 
as it remains unclear how platelets affect neutrophil apoptosis we here examined 
the effect of platelets and their secretory products on neutrophil apoptosis.
 To study the importance of platelets for neutrophil apoptosis we employed 
a model of acute hind limb ischaemia as an arterial occlusion model. The femoral 
artery was li gated and 24 hours (h) later both the calf muscle downstream of 
the ligated artery and blood were harvested. Blood was collected in EDTA coated 
tubes via retro-orbital  puncture. The muscle was enzymatically digested and the 
tissue homogenate was passed through a cell strainer. Neutrophils in blood and 
muscle homogenate were quantified by flow cytometry using antibodies to 
CD45, CD11b, Gr1, and Ly6G (all eBioscience, San Diego, CA, USA). In this 
model the number of circulating neutrophils positively correlates with the number 
of neutrophils in the downstream muscle tissue (Figure 1A) where neutrophils 
may eventually exert deleterious effects. To test the previously suggested role of 
platelets in neutrophil apoptosis under conditions of arterial occlusion, mice were 
depleted of platelets by use of rabbit anti-mouse platelet serum (50 μl i.p. per mouse, 
Accurate Chemicals, Westbury, NY, USA) (4). Treatment in this way efficiently 
reduces the number of platelets (ctrl: 45.8x108 ± 7.0x108; platelet depleted: 
1.7x108 ± 0.2x108). Apoptosis was assessed in blood, spleen, and bone marrow 
neutrophils based on Annexin V binding (see Suppl. Figure 1). In this setup, 
lack of platelets enhanced neutrophil apoptosis in the blood and spleen, but not 
the bone marrow (Figure 1B). Interestingly, platelet depletion in mice without 
femoral artery ligation had no effect on neutrophil apoptosis in the blood, bone 
marrow, or spleen (not shown).
 Platelets alter neutrophil function by direct interaction or by release of 
preformed granule contents. Preformed platelet granule proteins alter various 
neutrophil functions such as adhesion and activation (4, 5) and hence we suspected 
that platelet granule proteins may also have an impact on neutrophil apoptosis. 
To test the effect of platelet granule proteins on apoptosis of human neutrophils 
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we cultured human neutrophils in medium (RPMI1640 supplemented with 10% 
FCS) for 24 h in the presence of CCL5, PF4, serotonin, or TGFβ. These proteins 
have an α-granule origin and are known to affect neutrophil functions such 
as degranulation (PF4, TGFβ) and recruitment (serotonin, CCL5) (4–8). Of the 
proteins tested only PF4 dose-dependently reduced apoptosis of human neutrophils 
(Figure 1C). In additional experiments we assessed the time-dependent effect of 
PF4 (Suppl. Table 1). After isolation neutrophil apoptosis steadily increases over 
time with a low fraction of apoptotic cells within the first 8 h after isolation. 
Presence of PF4 significantly delays neutrophil apoptosis at 8, 12, and 24 h after 
isolation, with the fraction of apoptotic neutrophils in presence of PF4 24 h after 
isolation being equal to the percentage of apoptotic neutrophils 12 h post isolation 
in absence of PF4. To further temper the notion of the importance of platelet-borne 
PF4, we used a second, independent approach. We incubated human neutrophils 
with the supernatant of platelets activated by vigorous shaking. This supernatant, 
but not the supernatant of resting platelets significantly reduced neutrophil 
apoptosis (Figure 1D, Suppl. Figure 2). The apoptosis delay through the 
supernatant of the resting platelets was comparable to the control where the 
cells underwent spontaneous apoptosis after 24 h. To test the exclusiveness of PF4 
in inhibiting neutrophil apoptosis exerted by platelet secretory products PF4 was 
immuno-depleted. The efficacy of the depletion was confirmed by dot blot analysis 
(Figure 1E). Of note, depletion of PF4 rendered the platelet supernatant inactive, 
thus firmly suggesting the importance of platelet-derived PF4 in the control 

Figure 1: Platelet-borne PF4 reduces neutrophil apoptosis. A) Correlation of circulating 
neutrophil counts and neutrophil numbers in the calf muscle following ligation of the common femoral 
artery (24 h). B) Apoptotic neutrophils in the blood, bone marrow, and spleen 24 h after ligation of the 
femoral artery. Platelets were depleted by injection of anti-platelet serum (50μl). Apoptotic neutrophils were 
identified based on SSC properties, antibody staining for CD115, CD11b, Gr1, binding of Annexin V, and 
uptake of 7-AAD. n=8. *p<0.05. t-test. C) Isolated human neutrophils were incubated with CCL5, PF4, 
serotonin, or TGFD at the indicated concentrations for 24 h and neutrophil apoptosis was assessed based 
on Annexin V and 7-AAD staining properties. Apoptotic neutrophils were identified as Annexin V+/7-AAD-. 
n=4. *p<0.05 compared to ctrl. Kruskal-Wallis test. D, E) Human neutrophils were incubated with the 
supernatant of resting or activated platelets. In the latter, PF4 was also immune-depleted. Displayed is the 
quantification of neutrophil apoptosis (D). Depletion efficacy was confirmed by dot blot analysis (E). n=6. 
*p<0.05. Kruskal-Wallis test. plts, platelets; rPF4, recombinant PF4. F) Anti- PF4 treatment promotes 
neutrophil survival in the circulation. Mice were treated with an anti-PF4 antibody (i.v., perioperative) or an 
irrelevant IgG and neutrophil apoptosis was assessed by Annexin V binding. n=7. *p<0.05. Kruskal-
Wallis test.

►►
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of neutrophil apoptosis. To further link these in vitro findings with our in vivo 
observation we tested the effect of an anti-PF4 antibody (clone 140910, R&D 
Systems, Minneapolis, MN, USA; 10 μg/mouse, i.v., perioperative) on the apoptosis 
of circulating neutrophils following ligation of the femoral artery. In comparison 
to an irrelevant IgG, the PF4 targeting antibody significantly increased Annexin 
V binding of circulating neutrophils (Figure 1F). Interestingly, this degree of 



160

CHAPTER 6

increase of neutrophil apoptosis was similar to that found after global platelet 
depletion suggesting that platelet-dependent inhibition of neutrophil apoptosis is 
largely PF4-mediated.
 PF4 is one of the highest expressed proteins in platelets and stored in the 
α-granules, secretory organelles that are packed with proteins (6, 9). Various 
conditions and factors are able to activate platelets resulting in aggregation and 
α-granule release at the same time. Sudden arterial occlusion induces ischemic 
tissue which in turn provokes platelet activation by several factors including the 
release of metabolites, mediators and coagulation factors such as ADP, tissue factor 
and thrombin or by dysfunctional endothelium leading to platelet adhesion (10). 
Here, we identify the importance of platelet-borne PF4 in inhibition of neutrophil 
apoptosis, whereas alternative platelet granule proteins such as CCL5, serotonin, 
and TGFβ appear less important. Neutrophil apoptosis represents a control 
mechanism limiting the toxic potential of these short-lived cells. For example, 
neutrophils quickly infiltrate the infarcted myocardium and contribute to 
extensive tissue damage (11). In fact, therapeutic induction of neutrophil apoptosis 
has proven beneficial in various models of acute inflammatory responses (12, 
13). Hence, the here identified importance of platelet-derived PF4 in reducing 
neutrophil apoptosis may be an interesting target for limiting neutrophil life 
span, and thereby their tissue damaging properties.
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Supplementary Material

Suppl. Figure 1: FACS-based identification of apoptotic neutrophils in blood 
or spleen. Blood or spleen homogenate was labeled with antibodies to CD45, CD11b, Gr1, and Ly6G 
and Annexin V was added to identify phospatidylserine-presenting apoptotic cells.

Suppl. Figure 2: Supernatant of activated platelets inhibits neutrophil 
apoptosis. Human neutrophils were incubated with the supernatant of resting or activated platelets. 
In the latter, PF4 was also immune-depleted. Displayed are representative FACS blots.
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Suppl. Table 1: Time course of the effect of PF4 on neutrophil apoptosis. 
Neutrophils were isolated and cultured for indicated time points in RPMI1640 supplemented with 
10% FCS. PF4 (1μg/ml) or vehicle control were added at time point 0 h and neutrophil apoptosis was 
assessed by flow cytometry. n = 4. * indicates significant difference from ctrl treatment.
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Summary
 Atherosclerosis is a chronic inflammation of the arterial wall and the 
continuous infiltration of leukocytes into the plaque enhances the progression 
of the lesion. Because of the scarce detection of neutrophils in atherosclerotic 
plaques compared to other immune cells, their contribution was largely 
neglected. However, in the last years studies have accumulated pointing 
towards the contribution of neutrophils to atherogenesis. In addition, studies 
are emerging implying a role for neutrophils in advanced atherosclerosis and/or 
plaque destabilization. Thus, this brief review delivers an overview of the role of 
neutrophils during early and late stage atherosclerosis.
 Atherosclerosis is a chronic inflammatory disease characterized by the 
progressive neointimal lesion formation and lumen narrowing of affected arteries. 
This multifactorial inflammatory process results in diverse cerebrovascular and 
cardiovascular complications associated with high mortality and morbidity 
where acute myocardial infarction, stroke and peripheral artery disease are the 
main clinical manifestations (1).
 Much effort has been committed to elucidating the contributory role of 
various immune cells including monocytes and macrophages, lymphocyte subsets, 
dendritic cells (DCs) and platelets (2). However, recent studies point at an important 
causal role for neutrophils, the most abundant white blood cell subset in humans, 
during atherosclerotic lesion formation. Former underappreciation of neutrophils 
in atherosclerosis may be due to the sparse detection in both, human and murine 
atherosclerotic lesions. This may be a result of their limited lifespan and rapid 
clearance by macrophages compared to other immune cells. Thus, the low number 
of detected neutrophils in atherosclerotic plaques may in fact reflect a significant 
invasion and turnover in lesions in vivo. Additionally, due to the phenotypical 
changes of neutrophils displaying markers typically expressed on antigen presenting 
cells and the lack of adequate detection methods, most attempts failed to detect 
neutrophils in larger numbers. In spite of that, studies on experimental mouse 
models and human atherosclerotic plaque biopsies suggest an important role of 
neutrophils in the onset, progression and instability of atherosclerotic lesions. In 
line, specific neutrophil depletion in atherosclerotic Apoe-/- mice receiving a high fat 
diet resulted in a significantly reduced plaque size in early stages of lesion formation 
(3). In humans, neutrophils localize in rupture-prone areas and accumulation of 
neutrophil mediators leads to plaque instability (4, 5). 
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 In this review we will briefly illustrate the most recent findings of the 
role of neutrophils in atherosclerosis, with special emphasis on the stage-specific 
contribution to initiation, progression and destabilization of the atherosclerotic 
plaque.

Neutrophilia triggers atherosclerosis
 The fact that peripheral neutrophil counts and atherosclerotic lesion size 
positively correlate in mice and men (3, 6) indicates that mediators regulating 
neutrophil homeostasis effect development of atherosclerosis by altering 
peripheral neutrophil counts, especially under hyperlipidaemic conditions. 
Neutrophil homeostasis is regulated at different levels, including production 
in and release from the bone marrow, survival in the circulation, homing and 
clearance of senescent neutrophils. 
 Neutrophil production is primarily regulated by granulocyte colony 
stimulating factor (G-CSF) (7), while retention of neutrophils in the bone marrow 
is controlled by the chemokine receptors CXCR2 and CXCR4 (8, 9). CXCR2 
is constitutively expressed in high levels, which relay mobilization signals like 
CXCL1 (KC in mouse/ Gro-α in human) and CXCL8 (IL-8). In contrast, CXCR4 
expression is low on newly generated neutrophils and recognizes retention 
signals like CXCL12 (SDF1α) (8). 
 In hyperlipidaemia, the bone marrow concentration of CXCL12 and 
expression of CXCR4 are reduced, thus promoting neutrophil mobilization and 
impairing neutrophil homing to the bone marrow (3) (Fig. 1). The importance of 
CXCR4-dependent neutrophil retention has been demonstrated via disruption 
of the CXCL12/CXCR4 interaction in atherosclerotic mice, which leads to 
neutrophilia and enlarged atherosclerotic lesion size (10, 11). In line, reduced 
CXCR4 expression on circulating neutrophils could also be observed in patients 
with CVD (11).
 In contrast in mice, hyperlipidaemia increases neutrophil-presented 
CXCR2 and circulating CXCL1, promoting neutrophil release from the bone 
marrow into the circulation (3). Interestingly, it has recently been shown in mice 
that neutrophils regulate the hematopoietic niche under homeostaticconditions 
(12). An increase in neutrophil count on one hand positively correlated with 
released haematopoietic stem and progenitor cells (HSPCs), and on the other 
hand negatively with CCL12-producing niche cells and total proteinlevel of 
CXCL12 in the bone marrow. Thus leading to the conclusion that senescent 
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Figure 1 Atherosclerotic risk factors disturb neutrophil homeostasis. Neutrophil 
production is regulated by granulocyte colony stimulating factor (G-CSF), neutrophil retention in the bone 
marrow is mediated via CXCR4 and CXCL12, and neutrophil mobilization is controlled by CXCR2 and 
its ligands CXCL8 and CXCL1. Under hypercholesterolaemia (lilac arrows) CXCL12 in the bone marrow 
is reduced thus promoting neutrophil release and impairing neutrophil homing to the bone marrow. 
Hyperglycaemia induces S100A8/S100A9 release from neutrophils (green arrows). These activate 
the RAGE receptor on macrophages and CMPs in the bone marrow to stimulate GMP proliferation 
by CSF release. Chronic stress is an additional factor causing neutrophilia (orange arrows). Enhanced 
noradrenalin levels cause decrease of CXCL12 and thus boost the mobilization of neutrophils. In addition, 
neutrophils themselves regulate the haematopoietic niche (black arrows). Senescent neutrophils return 
to the bone marrow and after engulfment by macrophages induce a decrease in production of CXCL12.
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neutrophils (CD62LLO CXCR4HI) return gulfed by macrophages. These in turn 
regulate via interaction with CXCL12 producing stromal cells the CXCL12 level 
and though modify the release or retention in the haematopoietic niche (12) (Fig. 
1). Besides facilitated mobilization, hypercholesterolaemia and hyperglycaemia 
lead to increased neutrophil counts not just in the blood but also at sites of 
production, i.e. the bone marrow and the spleen (3, 13). In this context the 
group of Dr. Tall performed several studies to elucidate a link between lipid 
metabolism and neutrophil production in the bone marrow. A lack of the ABC 
cassette transporter genes Abca1 and Abcg1 resulted in an increase in the number 
of neutrophils and monocytes in the blood. This effect was due to a defect in the 
cholesterol efflux of macrophages and DCs, leading to an activation of the IL-23/
IL-17 axis with subsequent production of G-CSF (Fig. 1). Furthermore, the 
data demonstrated a significant increase of HSPCs in the bone marrow, which 
express both ABCA1 and ABCG1 (14–16). Moreover, increased production of 
S100A8/S100A9 in the blood by neutrophils stimulates RAGE on common 
myeloid progenitor cells (CMPs) and macrophages in the bone marrow and 
thus activates the release of colony stimulating factors inducing proliferation of 
GMPs (granulocyte-monocyte progenitor) leading to neutrophilia (17, 18) (Fig. 1).
 Besides hyperlipidaemia and hyperglycaemia chronic stress has been 
suggested to enhance atherosclerosis. However, this potential mechanism has 
long been unclear. Recently, it has been shown that chronic stress acts on the 
bone marrow via the sympathetic nervous system to increase inflammatory 
leukocyte supply to the atherosclerotic lesion (19). Neutrophil counts were 
found to be significantly higher after exposure to chronic stress in both mice 
and humans. The increased neutrophil content in the plaque of Apoe-/- mice 
after stress correlated positively with the noradrenaline levels. This prototypical 
stress hormone has been shown to regulate the CXCL12 synthesis (19) (Fig. 1). 
 Taken together, factors like chronic stress, hyperlipidaemia and 
hyperglycaemia disturb the cytokine-driven control of neutrophil homeostasis 
and triggers an increase in peripheral neutrophil counts.

Role of neutrophils during initiation and progression 
of atherosclerosis
 As described, neutrophil counts increase with metabolic changes 
associated with atherosclerosis development and closely correlate with the 
extent of early atherosclerosis formation under hyperlipidaemic conditions (3). 
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This effect was reversed after specific antibody depletion of neutrophils in 
mice. Similar effects were also observed when neutrophilia was induced by 
CXCR4 antagonist administration or by lack of the transcription factor IRF8, 
the latter mimicking chronic myelogenous leukemia (10, 20). Neutrophils play 
an important role in inflammation due to their ability to perform a variety 
of effector functions (21–23). They are capable to instruct and activate other 
immune cells, notably monocytes, to enter sites of inflammation or additionally 
release of pro-inflammatory mediators.

Neutrophil recruitment into the lesion
 Dysfunction of endothelial cells covering luminal arterial surface 
occurs in predisposed areas, exposed to hyperlipidaemia, high shear stress, and 
pro-inflammatory cytokines. Endothelial dysfunction is characterized by reduced 
vasodilatation, increased leakiness and a pro-inflammatory state characterized 
by enhanced expression of chemokines and adhesion molecules (24).
Neutrophil recruitment and adhesion is regulated by a wide array of chemokine 
receptors and cell adhesion molecules (CAMs), e. g. intracellular adhesion 
molecule-1 (ICAM-1), E- and P-selectin (25). After capturing via the selectins 
and following rolling along the endothelium, neutrophils are activated through 
chemokine receptors followed by firm adhesion.
 One of the important chemokines herein is CCL5 deposited by activated 
platelets (26). CCL5 acts through CCR1 and CCR5 and induces arterial 
recruitment of neutrophils and classical monocytes alike (3, 27). Interestingly, 
in a recent mouse 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 and classical monocytes (28) 
(Fig. 2). Besides CCL5, platelets release a vast amount of additional chemokines, 
whereof CXCL4 is the most abundant one (29). Furthermore, it has been 
demonstrated that CXCL4, in a not yet understood mechanism, mediates the 
delay of human and mouse neutrophil apoptosis and may therefore contribute 
to lesional accumulation of neutrophils (30). Moreover, CCL5 and CXCL4 form 
functional heteromers, which induce recruitment of classical monocytes and 
neutrophils (31, 32).
 Thus, platelet-borne chemokines deliver important signals for arterial 
accumulation of neutrophils, which may be one explanation for their importance 
during early atherosclerosis (33, 34).
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Neutrophils boost monocyte recruitment and activation
 Monocytes and macrophages are the most abundant leukocytes found 
within the atherosclerotic plaque. The complex process of their recruitment 
involves a broad range of mediators like chemokines, activated complement 
components, and lipid mediators (35, 36). Neutrophils act as accelerators of early 
monocyte recruitment as absence of neutrophils was shown to significantly 
decrease the number of monocytes and macrophages within the arterial wall 
(3). Once bound to the endothelium neutrophils release soluble components 
including proteinase-3 (PR3), azurocidin and α-defensins. Azurocidin, which 
is cationic in nature and therefore favors deposition on the endothelium, is 
presented to rolling monocytes and promotes their firm adhesion (37) (Fig. 2). PR3 
drives the expression of adhesion molecules, contributing to monocyte adhesion 
and further stimulates endothelial CCL2 expression, thus amplifying monocyte 
recruitment (38). Alpha-defensins (aka HNPs) activate the endothelium to 
up regulate the CCL2 expression (39). In addition, neutrophils release the 
monocyte-attracting granule proteins cathepsin G and cathelicidin (LL-37 in 
human, CRAMP in mouse) (40).
 Mice lacking CRAMP displayed a reduced lesion size in early 
atherosclerosis, caused by diminished inflammatory monocyte recruitment 
(41). In a subsequent study it has been shown that neutrophil-released CRAMP 
is reversely transported through the endothelium where it induces integrin 
activation when recognized by FPR2 expressed on classical monocytes (42). 
Alternatively, neutrophil triggered monocyte recruitment is promoted via the 
IL-6 trans-signaling (43). IL-6 released by macrophages and endothelial cells 
(ECs) binds to its soluble receptor sIL-6R and can promote the activation of 
monocytes. sIL-6R can be generated by alternative splicing or shedding of the 
membrane bound IL-6R. Neutrophils mediate the sIL-6R shedding via matrix 
metalloproteinases (MMPs) (44), resulting in upregulation of CCL2 and VCAM 
on ECs and thereby enhanced monocyte recruitment. This effect could be 
disrupted under the treatment with an IL-6 trans-signaling inhibitor and resulted 
in reduced atherosclerotic plaque burden (43, 44).
 Once migrated into the arterial wall, monocytes undergo differentiation 
into macrophages and foam cells following uptake of oxidized LDL (45). Studies 
investigating the neutrophil and macrophage relationship in this process 
suggest that neutrophils trigger foam cell formation thus contributing to 
atheroprogression. Herein, it was demonstrated in experimental studies that 
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macrophages in presence of α-defensins produce nitrotyrosine, which is known 
as a crucial molecule contributing in oxidation of LDL (Fig. 2). In the same study 
it was suggested that macrophages respond to stimulation with α-defensins 
with increase in CD36 and CD68 expression. Both are main receptors for uptake 
of oxLDL (39, 46). Furthermore, in mice and humans, macrophages exhibit 
defects in their phagocytic capacity under conditions of neutrophil-specific 
granule deficiency. The effect can be rescued by the supernatant of activated 
neutrophils, which mechanistically enhances expression of receptors involved in 
phagocytosis (46–48).

Figure 2 Role of neutrophils in atherosclerosis. Neutrophil recruitment is mediated 
via adhesion molecules on inflamed endothelium and CCL5 released by activated platelets. St3Gal4-
mediated sialylation of CCR5 on the neutrophil surface critically controls the function of CCR5. After 
binding to the endothelium neutrophils release soluble mediators (PR3, azurocidin and α-defensin) 
which promote monocyte adhesion. After migration to the lesion site neutrophils contribute to oxidization 
of LDL, thus facilitating macrophage foam cell formation. In addition, neutrophils release MMPs involved 
in the thinning of the fibrous cap. Through cleavage of receptors involved in apoptotic cell clearance, 
neutrophil proteases reduce efferocytosis and subsequently feed necrotic core formation.
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 Besides granule proteins, oxygen radicals are another mediator in 
macrophage activation. Neutrophils produce large amounts of reactive oxygen 
species (ROS) via MPO, lipoxygenases, and NADPH oxidase. Neutrophil-
derived MPO is phagocytosed by resident macrophages through the macrophage 
mannose receptors. MPO and macrophage mannose receptor interaction leads 
to release of ROS along with pro-inflammatory cytokines (i.e. TNF-α, IL-1, IL-6, 
IL-8 and GM-CSF), thus further contributing to the inflammation progression 
within the lesion. On the other hand, it is well established that ROS released 
either by neutrophils or activated macrophages oxidize LDL thereby promoting 
foam cell formation (49).
 Taken together, several studies suggested a partnership between 
neutrophils and macrophages in early atherosclerosis wherein neutrophils initiate 
monocyte recruitment to the developing atherosclerotic lesion. Furthermore, 
neutrophils activate macrophages to release pro-inflammatory cytokines and 
enhanced expression of phagocytosis receptors. These latter effects may also be 
relevant in the role of neutrophil-driven plaque destabilization.

Plaque instability and neutrophils
 Vulnerable plaques are associated with the accumulation of a vast amount 
of inflammatory cells, enlarged necrotic core (NC) and fibrous cap thinning 
(50, 51). Based on their activation, adhesion and infiltration, neutrophils might 
play a crucial role in promoting all these processes. Indeed, in mice and humans 
neutrophils have been shown to be present not just in early atherosclerotic 
lesions but also in later stages primarily located in highly inflamed regions (4, 
52). Moreover, neutrophils and neutrophil-derived granule proteins accumulate 
on atherosclerotic culprit lesions and positively correlate with vulnerable plaque 
traits (4, 52). Similarly, patients affected by acute coronary syndromes exhibit 
increased circulatory neutrophil counts with reduced apoptosis and increased 
activation suggesting prolonged life and inflammatory status (53).

Neutrophil proteases promote plaque destabilization
 Mechanical weakening of the fibrous cap can lead to events like plaque 
rupture and subsequent thrombotic events. Numerous factors mediate the 
structural changes but the degradation of the extracellular matrix (ECM) is a 
key process (54). MMPs degrade a broad range of matrix substrates like elastin, 
collagen and fibronectin (54) (Fig. 2). Besides macrophages, neutrophils are 
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an important source of MMP-9 that was found to positively correlate with 
neutrophil intraplaque recruitment in experimental studies (55). Furthermore, 
other neutrophil-derived MMPs such as MMP-8 and MMP-13 have been shown 
to play a role in a pro-destabilizing mechanism by affecting plaque macrophages 
and collagen content (56–58). Inhibition of MMP-8 or MMP-13 (56, 58) resulted 
in decreased lesion size, reduced numbers of lesional macrophages, and increased 
collagen content within the plaque. Besides ECM degradation, MMPs can process 
chemokines to increase their activity. Indeed, MMP-9 cleaves CXCL1, CXCL5, 
CXCL6 and CXCL8, though enhances their activation (59). Additionally, MMP-8 
uses also CXCL5 and CXCL8 as substrates, which promote further leukocyte 
recruitment into the plaque (60). 
 MPO, highly abundant in primary granules of neutrophils, is released 
after activation and serves as a biomarker for atherosclerosis in mouse and 
humans (61). Furthermore, human rupture-prone atherosclerotic plaques were 
associated with infiltrating MPO-positive neutrophils (62). MPO can promote 
plaque vulnerability via stimulation of further cell infiltration shown in 
experimental studies, by e.g. activating leukocyte integrins or the endothelium 
to increase the expression of adhesion molecules (63, 64). On the other hand, 
MPO-generated ROS enhance the activity of MMP-8 and MMP-9, leading to 
enhanced leukocyte recruitment and ECM degradation (65). Further plaque 
weakening is mediated by neutrophil elastase (NE).
 A recent experimental study demonstrated that NE has the ability to 
cleave the macrophage receptor for haemoglobin-haptoglobin complexes (CD163). 
Macrophages remove haemoglobin through CD163 and its accumulation 
during intraplaque hemorrhages is a key factor during plaque destabilization. 
Inactivation of this receptor through NE may therefore contribute to plaque 
vulnerability (5).

Role of neutrophils in necrotic core formation
 A crucial feature of an unstable plaque is the large NC. Apoptosis and 
secondary necrosis of foam cells and SMCs are thought to be a major contributor 
to NC development (50, 51). However, with the studies showing that neutrophils 
in both mouse and humans accumulate also in advanced lesions (4, 52), it is 
possible, that neutrophils play an important contributory role in NC formation: 
1. Neutrophils are short lived cells and may, when not cleared after undergoing 
apoptosis, quickly undergo secondary necrosis and hence feed the NC; 2. By 
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the mechanisms described, neutrophils contribute to oxidative modification of 
lipoproteins. These modified lipoproteins compete for uptake by macrophages 
of a set of receptors that is also utilized during apoptotic cell clearance and 
hence neutrophils may feed a competitive mechanism. 3. Neutrophils may be 
involved in the inhibition of apoptotic cell recognition that leads to hampered 
efferocytosis in late stage atherosclerosis (51) (Fig. 2). 
 MFG-E8 acts as a molecule bridging between an apoptotic cell and the 
phagocyte during efferocytosis. Its absence leads to accumulation of apoptotic 
debris in atherosclerotic lesions (66). It has been shown that neutrophil-released 
HMGB1 (high mobility group box 1) binds to integrins on macrophages and 
thus inhibits the recognition of MFG-E8 (66). Moreover, HMGB1 binds to RAGE 
on macrophages and though inhibits the recognition of phosphatidylserine 
expressed by apoptotic cells (66).
 The metalloproteinase ADAM17, expressed by neutrophils, induces Mer 
tyrosine kinase shedding, an integral membrane protein that is preferentially 
expressed by phagocytic cells, where it promotes efferocytosis and inhibits 
inflammatory signaling. Following the shedding it comes to a release of a soluble 
mediator that inhibits efferocytosis (67, 68). Moreover, ADAM17 sheds the 
macrophage scavenger receptor CD36. As previously described it is involved 
in LDL uptake but also in thrombospondin-mediated efferocytosis, leading to 
deficient apoptotic cell clearance (68, 69). In line, in ADAM17-deficient mice 
macrophages display an increase in their phagocytosis capacity (69). Furthermore, 
neutrophil serine proteases (NE, cathepsin G, PR3) have been shown to cleave 
the complement component 5a receptor (C5aR) (70). C5aR recognizes not only 
complement component 5a but also ribosomal protein S19 (RP S19) oligomers. 
RP S19 oligomers are released from apoptotic cells and serve as a “find-me” signal 
for macrophages (71). Due to the nonresponsiveness following C5aR cleavage, 
recognition of apoptotic cells is reduced.

Conclusions
 Over the preceding years the hitherto underappreciation of neutrophils 
in atherosclerosis has started to change. Studies in mice lend support to the 
notion that neutrophils are vital during early inflammatory responses in the 
artery thus fostering atherogenesis. At this early stage, it appears important that 
neutrophils promote continuous monocyte attraction and infiltration to the side 
of the inflammation. However, associative studies also suggest a possible role 
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for neutrophils during plaque progression and ultimately plaque destabilization. 
Since mechanistic evidence for the latter is scarce, additional studies are required 
to provide firm evidence for a role of neutrophils in plaque destabilization.
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 Neutrophils are professional phagocytes and play an important role 
in innate immunity as the first line-defense during infection. By the release 
of their granule proteins and ROS, they mediate both anti-microbial and 
immunopathological activity by communicating with cells of the adaptive 
immune system. Under normal conditions, neutrophils undergo apoptosis after 
performing their action. These apoptotic neutrophils are ingested by macrophages 
and this process leads to a switch from a pro- to an anti-inflammatory 
macrophage phenotype promoting resolution of inflammation. But if it comes 
to a dysfunction in the regulation of neutrophil production, release, apoptosis 
and clearance it can lead to exacerbated chronic inflammation and tissue 
damage. Atherosclerosis for instance is known as an unresolved inflammation, 
lacking the switch from pro- to anti-inflammatory status (1). This disease is 
characterized by an unbalanced lipid metabolism and an enhanced infiltration 
of immune cells throughout all stages. Monocytes and macrophages have been 
demonstrated to play a crucial role in atherosclerosis progression and over the 
preceding years also neutrophils have gained importance in atherosclerosis. 
 Given the expansion of neutrophils in myeloproliferative disease, we 
analyzed the lesion formation in interferon regulatory factor 8 (Irf8-/-) deficient 
mice (Chapter 2). IRF8 is a transcription factor, which is exclusively expressed 
in hematopoietic cells and has been demonstrated to be involved in granulocytic 
differentiation and maturation (2-4). Besides the striking expansion of 
neutrophils, these mice exhibit reduced monocyte counts in the bone marrow 
and circulation, which gave us the opportunity to primarily analyze the impact 
of neutrophils. We could demonstrate that the expansion in plaque size was due 
to the increased amount of functionally intact neutrophils as the efect could 
be abolished by specific neutrophil depletion. Neutrophils act as accelerators of 
early monocyte recruitment to the arterial wall via release of various granule 
proteins. For instance, the release of azurocidin, which is depositioned on 
the endothelium promotes firm monocyte adhesion (5, 6). Furthermore, the 
discharge of proteinase-3 and α-defensins stimulate the endothelial cells to 
express CCL2, which amplifies the monocyte recruitment (7). This exacerbated 
efficiency in monocyte recruitment was demonstrated also in this study 
(Chapter 2). Although the monocyte counts were decreased in Irf8-/- mice, the 
macrophage amount within the plaque did not differ compared to the controls 
demonstrating the highly efficient recruitment of monocytes by neutrophils.
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 Besides neutrophilia, hypercholesterolemia also induces monocytosis 
and has been described as a crucial step in the development of atherosclerosis 
(8). Monocytes display at least two functionally different subsets in human and 
mice termed classical (inflammatory, Gr1+) and non-classical (resident, Gr1-) 
monocytes. Although this heterogeneity has been extensively described, the 
dissection of the role of either subset in atherosclerosis remains unclear, which 
and is mainly due to technical limitations. While for instance neutrophils can be 
specifically depleted, this approach is not feasible for monocyte subsets. Here, for 
the first time we propose an elegant design to investigate the role of each subset 
(Chapter 3). To distinguish between the two types, absolute leukopenia was 
induced in Apoe-/- mice by the cytostatic drug cyclophosphamide. Thereafter, 
reconstitution with either classical or non-classical monocytes was performed 
to separate between the impact of either monocyte subset. It was clearly shown 
that Gr1+ rather than Gr1- monocytes were key players in the progression of 
atherosclerosis. Gr1+ monocytes accumulate at inflammatory sites where they 
undergo differentiation to M1 macrophages characterized by enhanced secretion 
of pro-inflammatory cytokines and mediators (IFN-γ and TNF). In contrast, M2 
macrophages have been suggested to be involved in resolution of inflammation 
(summarized in (9)). The recruitment of monocytes is regulated by chemokine 
interaction with their respective receptor. Thus we were interested in the better 
understanding of the chemokine-driven mechanism underlying monocytes entry 
into atherosclerotic lesions (Chapter 3). As first analysis, lesion formation was 
assessed in mice deficient for the receptors CCR1, CCR2, CCR5 and CX3CXR1, 
which have been described in the context with atherosclerosis (10). Additionally, 
counts of aortic Gr1+ monocytes and peripheral inflammatory cell content were 
taken into account. The results of this study clearly demonstrated the significant 
involvement of CCR1 and CCR5 but not CCR2 or CX3CXR1 during arterial 
accumulation (Chapter 3). It seems more likely that CCR2 has an impact on 
monocyte mobilization under inflammatory conditions (11, 12). On the other 
hand, CX3CXR1 has an influence on the survival of lesional macrophages (13, 
14). 
 As monocytes undergo differentiation into macrophages, these 
macrophages may become foam cells as a consequence of the uptake of oxLDL 
(15). Neutrophil-borne α-defensins can promote this process. In this context 
it has been shown that macrophages produce nitrotyrosisne in presence 
of α-defensins, which contributes to oxidization of LDL and in addition it 
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upregulates the expression of the scavenger receptors CD36 and CD68 (6). In line, 
a reduced uptake of oxLDL by functionally impaired macrophages and increased 
accumulation of extracellular lipid deposits in plaques have been detected in 
the Irf8-/- mice (Chapter 2). Besides granule proteins, neutrophils produce and 
release a large amount of ROS via MPO, lipoxygenases and NADPH oxidase. 
The interaction of the neutrophil derived MPO and the mannose receptor of 
macrophages leads to release of ROS as well as pro-inflammatory cytokines (e.g. 
TNF-α, IL-1, IL-6, IL-8, GM-CSF) contributing to increased inflammation within 
the lesion. Furthermore, ROS release by neutrophils or activated macrophages 
promotes oxidization of LDL promoting foam cell formation (16). These foam 
cells induce additional recruitment of inflammatory cells via secretion of 
inflammatory mediators leading to formation of fatty streaks. 
 The progression from fatty streaks to a more complex lesional phenotype 
involves the migration of SMCs from the media to the intima. SMCs receive 
cytokines and growth factors from the endothelium to migrate and proliferate 
(17). SMCs start to synthesize ECM macromolecules and begin to cover the 
fatty streak, leading to the formation of the FC covering the necrotic core 
(NC), which consists of necrotic cells. Neutrophils are considered as short-lived 
phagocytes undergoing rapid apoptosis. For late stages of atherosclerosis it has 
been demonstrated that efferocytosis of apoptotic cells via macrophages is 
impaired (18). If not cleared, apoptotic neutrophils undergo secondary necrosis 
and release their cell content. This leads to tissue damage and contributes to 
the necrotic core enlargement and increased inflammation in the plaque. The 
apoptosis rate of blood or migrated neutrophils was not different in the Irf8-/- 
mice compared to the control mice (Chapter 2). However, due to the impaired 
efferocytosis capacity of the macrophages with numerous dying neutrophils 
in Irf8-/-Apoe-/- mice, the plaque phenotype was more pro-inflammatory and 
displayed enhanced NCs. 
 Neutrophils have been described to undergo different cell death pathways 
such as NETosis, autophagy, apoptosis and necrosis. Döring et al. demonstrated 
the presence of Cramp/NET complexes in mouse plaque and showed that these 
trigger further activation of pDC and hereby driving atherogenesis in mice (19, 
20). On the other hand, autophagy is looked upon as an anti-inflammatory cell 
death pathway and considered to maintain cell homeostasis (21). Interestingly, 
recently it has been shown that autophagy may promote NETosis (22). Our 
study demonstrates for the first time an analysis of the different cell deaths 
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neutrophils may undergo within atherosclerotic lesions (Chapter 4). In human 
carotid endarterectomy samples an increase of NETting neutrophils was 
detected with advanced stage of atherosclerosis. Although increased autophagy 
positive neutrophils were found, a correlation between neutrophils undergoing 
autophagy and NETosis could not be identified (Chapter 4). Of note, the 
majority of the lesional human neutrophils was not positive for any of the tested 
cell death pathways and was considered as living. Given the short life span of 
the neutrophils this would point towards the high turnover of these cells with 
frequent de novo recruitment into the lesion. Thus, despite the low presence 
of neutrophils within the plaque, living or dead neutrophils could shape plaque 
destabilization. 
 Rupture-prone plaques are characterized by high inflammatory cell 
content, an enlarged NC covered by a thin FC. Lesional neutrophil counts were 
strongly associated with histopathologic features of rupture-prone plaques (23). 
Interestingly, in the here presented study only counts of dead neutrophils seem 
to correlate with the FC thinning (Chapter 4). Numerous factors promote the 
mechanical weakening of the FC by degradation of the ECM. Thus, neutrophils 
may contribute with various components as a result of controlled release or due 
to necrosis. Besides macrophages neutrophils are an important source of MMPs, 
which have been shown to promote SMC apoptosis due to their degradation 
of the ECM and the cell-to-cell interaction (24). In addition, neutrophil-derived 
MMPs cleave CXCL1, CXCL5, CXCL6 and CXCL8 to enhance their chemotactic 
activity, leading to enhanced recruitment of immune cells (25, 26). 
 Structural damage in the FC results in the exposure of thrombogenic 
material of the plaque to the blood, leading to thrombus formation and 
occlusion of the artery (27). Albeit the clinical relevance, the understanding of 
the process underlying the conversation from a stable into an unstable plaque 
remains unclear. Various mouse models of generating vulnerable plaques have 
been proposed based on diverse strategies such as genetic modifications, surgical 
techniques or combination of both in genetically-modified hypercholesterolemic 
mouse models (reviewed in (28)). These models describe the formation of 
advanced atheromas representing different signs of plaque instability as for 
instance NC expansion, FC thinning and an inflammatory phenotype (29). 
 Additionally, destabilizing features such as neoangiogenesis or 
intraplaque hemorrhages (30-32) are eventually detected while others such as 
plaque disruption with superimposed thrombosis can hardly be identified (31, 
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33, 34). Indeed, it is well accepted that mouse atherosclerotic plaques only partly 
resemble the characteristics observed in human advanced lesions. However, a 
consensus model of plaque destabilization is still lacking. Hence, we performed 
a comparative study where analyzed different surgical approaches to induce 
vulnerable plaques in mice. Thus, we applied two models in Apoe-/- mice of local 
shear stress alteration based on the partial ligation of and/or the implantation 
of a shear stress modifier device (cast) in the left common carotid artery 
(Chapter 5). Additionally, we induced endogenous renovascular hypertension 
through partial ligation of the left renal artery and furthermore examined the 
effect of hypercholesterolemia on plaque development. It is worth mentioning, 
that all models displayed different instability traits with human vulnerable 
atherosclerotic plaques as previously described. Collectively, we observed that 
the model based on the cast placement under hypercholesterolemia exhibited 
the highest incidence of vulnerable plaques with less variability between the 
analyzed specimens, although no intraplaque hemorrhages were detected. 
 Plaque rupture is the final event how atherosclerosis may cause acute 
vascular complications such as myocardial infarction and stroke. In this 
context, involvement of platelets has been demonstrated as they as well as the 
coagulation cascade become activated and contribute to thrombus formation 
(35, 36). The contribution of platelets in the progression of atherosclerosis is 
however not limited to the late stages - they are in fact important throughout 
all phases as summarized in (37). Furthermore, delayed neutrophil apoptosis 
has been evidenced in patients with acute myocardial infarction (38, 39) and 
hence may be a mechanism of facilitated neutrophil accumulation. Thus, we 
were interested in the interaction of activated platelets and neutrophils. Here, 
we identified that the platelet-released chemokine PF4 (platelet factor 4) is 
cruicial in regulating neutrophil apoptosis (Chapter 6). Activated platelets 
release proteins from their α-granules (e.g. CCL5, serotonin, TGFβ), of which 
only PF4 could delay neutrophil apoptosis in vitro. This effect was confirmed in 
vivo performing a hind limb ischemia as arterial occlusion model in combination 
with or without platelet depletion. In this setup, the absence of platelets 
increased neutrophil. To identify the specific influence of PF4 on the delayed 
neutrophil apoptosis, we injected an anti-PF4 antibody prior to ligation of the 
femoral artery. In comparison to the control a significant increase of apoptotic 
neutrophils in the circulation was observed. These findings demonstrate the 
delaying effect of platelets on neutrophil cell death. 
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 Apoptosis of neutrophils represents a control mechanism limiting the 
damaging potential of these cells. In fact, induction of neutrophil apoptosis has 
been proven to be beneficial in acute inflammation in various mouse models 
(28). Besides interference with neutrophil apoptosis targeting of neutrophil 
activation and recruitment might be a possibility of therapeutic intervention.

Overall conclusion
 This thesis demonstrates the crucial role of neutrophils in the onset 
and progression of atherosclerosis. Although neutrophils represent just a small 
population within the plaque when compared to macrophages, they have to 
be considered as important promoters of lesion formation. The work presented 
here demonstrates that increased neutrophil production correlates with the 
pro-inflammatory phenotype and enlargement of lesions. Future studies may be 
important in controlling neutrophil mobilization and recruitment as interference 
in the chemokine-receptor axes would be a possibility.
 Neutrophil death is central to resolution. However, the lifespan of 
neutrophils during atherosclerosis is delayed, which we identified is mediated 
by the chemokine PF4 released by activated platelets. On this note, strategies 
aiming at the promotion of neutrophil apoptosis could be of high interest. 
R-roscovitine has been demonstrated to promote neutrophil apoptosis, leading 
to resolution in a wide range of inflammatory models (41-44). Furthermore, 
Knight et al. described that the PAD4 inhibitor Cl-amidine prevents NETosis 
(45). However, it has to be considered that inducing neutrophil apoptosis for 
a long period may lead to innate immune response. Possible solution would be 
eventually to choose specific molecules inducing the delay of neutrophil cell 
death.
 Finally we establish a mouse model that allows studying the impact 
of neutrophils on vulnerable plaque progression. Thus, the comparative study 
of the vulnerable plaque mouse models can set the basis to study neutrophil 
targeted treatment, such as inhibition of neutrophil production, recruitment, 
and degranulation. Hence, findings from this thesis may open new strategies 
and therapeutic approaches for the future.
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Summary 
 Acute coronary syndromes are the clinical manifestation of life-
threatening thrombotic events associated with high-risk vulnerable 
atherosclerotic plaques. The progression of atherosclerosis is a dynamic process 
evolving from early to advanced lesions that may become rupture-prone 
vulnerable plaques. Beyond monocytes and macrophages, several cell types, such 
as B and T cells have been studied extensively in the onset and progression of 
atherosclerosis. However, neutrophils, the most abundant subset of circulating 
white blood cells in humans, have just recently entered the discussion of the 
pathogenesis of atherosclerosis. 
 Thus, the central theme of this thesis is the role of neutrophils in 
atherosclerosis. 

 Chapter 1 represents a general introduction to neutrophil production, 
mobilization, and death. Furthermore it describes how atherosclerosis evolves 
and progresses. 
 Chapter 2 shows that the development of a chronic myelogenous 
leukemia-like syndrome in Apoe-/- and Ldlr-/- mice receiving bone marrow from 
Irf8-/- mice is associated with an increase in atherosclerotic plaque formation 
compared to controls. IRF8 is important in granulocyte differentiation and 
maturation. The Irf8-/- recipients display a striking increase in neutrophil 
counts in peripheral blood and an enhanced accumulation within the lesion, 
implicating an enhanced release of ROS and granule proteins. Although the 
monocyte numbers were reduced, the accumulation of macrophages by IRF8-
deficiency was not affected. However, macrophages from Irf8-/- recipients display 
an altered phenotype and impaired phagocytosis of apoptotic neutrophils. The 
critical contribution of neutrophils to the exacerbation of atherosclerotic lesion 
formation in Irf8-/- bone marrow recipient Ldlr-/- mice could be demonstrated by 
their depletion. 
 Chapter 3  demonstrates the fundamental role of classical (Gr1+) 
monocytes in the progression of atherosclerosis. Here we identify the contributions 
of the CXCL1/CXCR2 axis in the mobilization of classical monocytes and of 
the CCL5 receptors CCR1 and CCR5 in the control of recruitment of classical 
monocytes to atherosclerotic arteries. On the other hand, CCR2 or CX3CR1 
were found to be not essential for monocyte recruitment. 
 Having demonstrated the role of neutrophils in atherogenesis in mouse 
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models, we investigate their impact in human carotid endarterectomy samples 
(Chapter 4). Here we describe that neutrophil infiltration occurs throughout 
all stages of atherosclerosis development. Furthermore, once within the lesions 
neutrophils undergo different cell death pathways, including apoptosis, necrosis, 
NETosis and autophagy. We show that inflammatory neutrophil cell death 
pathways correlate with signs of plaque vulnerability such as an enlarged plaque 
and core size covered by a thin fibrous cap. 
 Rupture of vulnerable plaques can lead to life-threatening thrombotic 
events. Although various mouse models generating rupture-prone atherosclerotic 
plaques were suggested, a consensus model is still lacking. Therefore, in Chapter 
5 we present a comparative study of different mouse models of atherosclerotic 
plaque destabilization that have been used by research groups all over the world. 
In Apoe-/- mice two methods of local shear stress alteration based on the partial 
ligation of the carotid artery or the implantation of a shear stress modifier device 
(cast) around the left common carotid artery were employed. Additionally, 
endogenous renovascular hypertension through partial ligation of the left renal 
artery was induced. To investigate the impact of hypercholesterolemia on 
plaque development in these models, mice receive chow diet or high fat diet. In 
conclusion, we identified that the model based on the cast placement under high 
fat diet regime represents the highest incidence of vulnerable lesions compared 
to the other models. 
 The prolonged life span of neutrophils under inflammatory conditions 
can delay the resolution or even damage the surrounding tissue. In Chapter 6 
we identify platelet factor 4 (PF4), released by activated platelets, as an inhibitor 
of neutrophil apoptosis in a model of acute hind limb ischemia in mice.
 The current knowledge about how neutrophils trigger atherosclerosis is 
reviewed in Chapter 7. Briefly, in this chapter the impact of neutrophilia caused 
by hyperlipidemia, hyperglycaemia and chronic stress on atherosclerotic plaque 
formation is elucidated. Furthermore, it describes (potential) mechanisms how 
neutrophils boost the infiltration of monocytes into the lesion and promote their 
conversion to foam cells. Finally, Chapter 7 elaborates on how neutrophil granule 
proteins and dead neutrophils possibly contribute to plaque destabilization.
Chapter 8 highlights and discusses the findings presented in this thesis and 
proposes new directions for future research in that field.



C
h

ap
te

r 
9

199

Samenvatting

Samenvatting
 Het acuut coronair syndroom is het gevolg van een acute afsluiting van 
de coronair arteriem hetgeen geassocieerd is met de aanwezigheid van risicovolle, 
vulnerabele atherosclerotische plaques. De progressie van atherosclerose is een 
dynamisch proces waarin vroege laesies zich ontwikkelen tot gevorderde laesies, 
die verder door kunnen ontwikkelen tot vulnerabele plaques welke kunnen gaan 
bloeden en ruptureren. Naast monocyten en macrofagen is  de rol verschillende 
celtypen, zoals B en T cellen uitgebreid bestudeerd in het ontstaan en de progressie 
van atherosclerose. Echter, het belang van neutrofielen, de meest voorkomende 
subset witte bloedcellen in de humane bloedcirculatie, in de pathogenese van 
atherosclerose wordt pas sinds kort erkent.
 Het centrale thema van deze thesis is derhalve het bestuderen van de rol 
van neutrofielen in atherosclerose.

 Hoofdstuk 1 beschrijft een algemene introductie over het ontstaan 
van neutrofielen, hun mobilisatie en dood. Ook wordt de pathologie van 
atherosclerose beschreven.
 Hoofdstuk 2 laat zien dat de ontwikkeling van een chronische 
myelogene leukemie in Apoe-/- en Ldl-/- muizen, die geinduceerd is middels 
een beenmergtransplantatie waarbij Irf8-/- beenmerg getransplanteerd is in 
beide atherosclerotische muismodellen. Chronische myelogene leukemie is 
geassocieerd is met een toename van atherosclerotische plaque formatie in 
de irf8-/- chimera’s, in vergelijking met controle muizen. IRF8 is belangrijk in 
granulocyt differentiatie en maturatie. De Irf8-/- beenmerg ontvangers laten 
een toename in het aantal neutrofielen zien in het bloed en een toegenomen 
accumulatie in de atherosclerotische plaque, hetgeen een toegenomen release van 
ROS en granule eiwitten impliceert. Hoewel het aantal monocyten was gedaald, 
werd de accumulatie van macrofagen niet beïnvloedt door IRF8-deficientie. 
Echter, macrofagen van Irf8-/- ontvangers hebben een afwijkend fenotype en 
laten een verminderde fagocytose van apoptotische neutrofielen zien. De 
essentiële bijdrage van neutrofielen aan de toename van atherosclerotische 
plaque ontwikkeling in Ldl-/- muizen die Irf8-/- beenmerg hebben ontvangen zou 
kunnen worden aangetoond door depletie.
 Hoofdstuk 3 toont de fundamentele rol van klassieke (Gr+) monocyten 
in de progressie van atherosclerose. Wij hebben de bijdrage van de CXCL1/
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CXCR2 as in de mobilisatie van klassieke monocyten en de bijdrage van 
CCL5 receptoren CCR1 en CCR5 in de rekrutering van klassieke monocyten 
naar atherosclerotische arteriën kunnen verifiëren. CCR2 en CX3CR1 zijn niet 
essentieel gebleken voor monocyt rekrutering.
 Nadat we de rol van neutrofielen in atherogenese in muizen hebben 
aangetoond, hebben we hun relevantie onderzocht in humane endarterectomie 
specimens, afkomstig van de ae. carotis. (Hoofdstuk 4). Hier beschrijven we 
dat neutrofiel infiltratie plaatsvindt gedurende alle stadia van atherosclerose 
ontwikkeling. Bovendien, wanneer neutrofielen in de plaque zijn ondergaan ze 
verschillende pathways die leiden tot celdood, zoals apoptose, necrose, NETose 
en autofagie. We laten zien dat inflammatoire neutrofiel cel dood pathways 
correleren met tekenen van plaque kwetsbaarheid zoals een grote plaque en een 
grote necrotische core, die bedekt wordt door een dunne fibreuze kap.
 Het ruptureren van kwetsbare plaques kan leiden tot levensbedreigende 
trombische events. Hoewel verschillende muis modellen in omloop zijn, kunnen 
leiden tot atherosclerotische plaques die gevoelig zijn voor het ontwikkelen van 
plaque ruptuur, ontbreekt een consensus model nog steeds. Derhalve hebben 
wij in Hoofdstuk 5 een vergelijkende studie uitgevoerd tussen de verschillende 
muizen modellen die wereldwijd gebruikt worden voor het induceren van 
atherosclerotische plaque destabilisatie. We hebben 2 modellen in Apoe-/- muizen 
gebruikt, die gebaseerd zijn op de verandering van lokale shear stress d.m.v. 
partiële ligatie van de a. carotis of de implantatie van een shear stress modificator 
(cast) rondom de linker a. carotis communis. Verder hebben we, in een ander 
model endogene renovasculaire hypertensie geïnduceerd door partiële ligatie 
van de linker renale arterie. Om de invloed van hypercholesterolemie op plaque 
ontwikkeling in deze modellen te onderzoeken, hebben muizen of een standaard 
dieet of een hoog vet dieet gekregen. We hebben geconcludeerd dat de modellen 
waarin een shear stress modulerende cast geplaatst is tijdens een hoog vet dieet 
de grootste kans op het ontwikkelen van vulnerabele plaques hebben, vergeleken 
met de andere modellen.
 De verlengde levensduur van neutrofielen tijdens inflammatoire 
condities kan het herstel vertragen of zelfs omliggende weefsels beschadigen. 
In Hoofdstuk 6 identificeren we plaatjes factor 4 (PF4), vrijgelaten door 
geactiveerde plaatjes, als remmer van neutrofiel apoptose in een model van acute 
ischemie in de achterpoot van muizen.
 De huidige kennis over hoe neutrofielen atherosclerose induceren is 
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samengevat in Hoofdstuk 7. Dit hoofdstuk beschrijft hoe hyperlipidemie, 
hyperglycemie en chronische stress neutrophilie veroorzaken, en welke invloed 
dit heeft op atherosclerotische plaque ontwikkeling. Verder belicht dit hoofdstuk 
via welke (potentiele) mechanismen neutrofielen de infiltratie van monocyten 
in de plaque en hun conversie naar schuimcellen bevorderen, en hoe l granule 
eiwitten afkomstig van de neutrophiel, en dode neutrofielen mogelijk bijdragen 
aan plaque destabilisatie.
 Hoofdstuk 8 bediscussieert de observaties die gepresenteerd worden 
in deze thesis en introduceert nieuwe richtingen voor toekomstig onderzoek 
in dit veld.
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7-AAD    7-Aminoactinomycin
Abca1    ABC cassette transporter genes
Abcg1    ABC cassette transporter genes
ACS    Acute coronary syndromes
ADAM17   ADAM metallopeptidase domain 17
APAF-1    pro-apoptotic protease activating factor 1
APC    Allophycocyanin
Apoe−/−   apolipoprotein E deficient
ATG    autophagy-related genes
Bad    Bcl-2-associated death promoter
Bax    Bcl2-associated X protein
Bcl2    B cell lymphoma 2
Bid    BH3 interacting-domain death agonist
BM    bone marrow
BW    body weight
C5aR    component 5a receptor
CCD    charge couple device
CCL    CC-chemokine ligand
CCR    CC-chemokine receptor
CD    chow diet
CD    cluster of differentiation
CEA    carotid endarterectomy
CML    chronic myelogenous leukemia
CMP    common myeloid progenitor cells
CPM    common myeloid progenitor
CRAMP   cathelicidin-related antimicrobial peptide
CX3CR    CX3-chemokine receptor
CXCL    CXC-chemokine ligand
CXCR    CXC-chemokine receptor
DAMPs   danger-associated molecular patterns
DAPI    4’,6-Diamidino-2-phenylindol
DC    dendritic cell
DD    death domain
EC    endothelial cell
ECM    extracellular matrix
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ELISA    Enzyme Linked Immunosorbent Assay
ESAM    endothelial cell-selective adhesion molecule
ESL1    E-selectin ligand 1
EVG    elastin von Gieson
FACS    fluorescence activated cell sorter
FC    fibrous cap
FCS    fetal calf serum
FCT    fibrous cap thickness
FITC    fluorescein isothiocyannate
fMLP    N-formylmethionyl-leucyl-phenylalanine
FPR    formyl peptide receptor
G-CSF    granulocyte colony-stimulating factor
GMP    granulocyte-monocyte progenitor
Gr-1    granulocyte antigen 1
Gro-α    Growth-regulated oncogene α
H&E    hematoxylin and eosin
HDL    high density lipoprotein
HFD   high fat diet
HNP    human neutrophil peptide
i    number of animals
i.v.    intravenous
ICAM1   intercellular adhesion molecule 1
IFN    interferon
IgG    immunoglobulin G
IL    interleukin
IPH    intraplaque hemorrhages
IRF8    interferon regulatory factor 8
JAM    junctional adhesion molecule
LCCA    left common carotid artery
LDL    low-density lipoprotein
Ldlr−/−   LDL receptor-deficient
LECA    left external carotid artery
LECA    left external carotid artery;
LFA1    lymphocyte function-associated antigen 1
LICA    left internal carotid artery
Lig.    ligation
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Abbrevations

LPS    lipopolysaccharide
LRA    left renal artery
LSTA    left superior thyroid artery
Ly6C    lymphocyte antigen 6C
M    macrophage
MAC1    macrophage antigen 1
MADCAM1   mucosal vascular addressin cell-adhesion molecule 1
MCL1    induced myeloid leukemia cell differentiation protein
MFG-E8   milk fat globule-EGF factor 8 protein
MFI    mean fluorescence intensity
MMP    matrix metalloproteinase
MPO    myeloperoxidase
NADPH   reduced nicotinamide adenine dinucleotide phosphate
NC    necrotic core
NE    neutrophil elastase
NET    neutrophil extracellular traps
NO    nitric oxide
NOS    nitric oxide synthase
oxLDL    oxidized low-density lipoprotein
p    incidence
PAD4    peptidylarginine deminase 4
PAMP    pathogen-associated molecular patterns
PBS    phosphate buffered saline
PE    R-Phycoerythrin
PECAM1   platelet/endothelial-cell adhesion molecule 1
PF4    platelet factor 4
PI3K    phosphoinositide 3-kinase
PMA    phorbol myristate acetate
PMN    polymorphonuclear granulocytes
PR3    proteinase-3
Pre.    measurement before surgery.
PSGL1    P-selectin glycoprotein ligand 1
Rac1    Ras-related C3 botulinum toxin substrate 1
RNS    nitrogen species like O2·- and NO
ROS    reactive oxygen species
RP S19    ribosomal protein S19
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rPF4    recombinant platelet factor 4
S    stable features
Sacr.    sacrifice
SD    standard deviation
SDF1α    stromal cell-derived factor α
SHPOX   phagocytic oxidase
SMC    smooth muscle cell
St3Gal4   α2,3-sialyltransferase IV
TFA    thin fibrous atheroma
TFC    thin fibrous cap
TFCA    thin fibrous cap atheroma
TGF    transforming growth factor
TNF    tumor-necrosis factor
TNF-R    tumor-necrosis factor -receptor
TRAIL    tumor-necrosis factor-related apoptosis-inducing ligand
TRAIL-R   tumor-necrosis factor-related apoptosis-inducing ligand receptor
TUNEL   terminal deoxynucleotidyl transferase dUTP nick-end labeling
U    unstable features
VCAM1   vascular cell-adhesion molecule 1
VI    Vulnerability-Index
VIc    corrected Vulnerability-Index
VLA4    very late antigen 4
VLDL    very low density lipoprotein
VSMC    vascular smooth muscle cell



C
h

ap
te

r 
9

207

Curriculum Vitae

Curricumlum Vitae
 Helene Hartwig was born in Dschambul, Kasachstan on the 5th January 
1981. She attended the Gymnasium of Bergheim, Germany and obtained the 
High School Degree in 2004. In 2012 she attained her biological Diploma at the 
university Rheinisch-Westfälische Technische Hochschule (RWTH) Aachen, 
Germany, after completing an internship at Institute for Cardiovascular 
Prevention (IPEK), LMU Munich, Germany. From 2008 to 2011 she was 
employed as student assistant at the Institute for Molecular Cardiovascular 
Research (IMCAR), UK Aachen, Germany. Helene performed the research that 
resulted in this PhD thesis (January.2013-Dezember.2015) at the Department 
of Pathology, Academic Medical Center (AMC), Amsterdam, The Netherlands) 
under the supervision of Prof. Dr. Mat J.A.P. Daemen, Prof. Dr. Esther Lutgens 
and Prof. Dr. Oliver Soehnlein. 



208

CHAPTER 9



C
h

ap
te

r 
9

209

List of publications

List of publications
Döring Y*, Soehnlein O*, Drechsler M, Shagdarsuren E, Chaudhari SM, Meiler 
S, Hartwig H, Hristov M, Koenen RR, Hieronymus T, Zenke M, Weber C, 
Zernecke A. Hematopoietic interferon regulatory factor 8-deficiency accelerates 
atherosclerosis in mice. Arterioscler Thromb Vasc Biol. 2012 Jul;32(7):1613-23. 
doi: 10.1161/ATVBAHA.111.236539. Epub 2012 May 3. (* Equal contribution)

Grommes J, Vijayan S, Drechsler M, Hartwig H, Mörgelin M, Dembinski R, 
Jacobs M, Koeppel TA, Binnebösel M, Weber C, Soehnlein O. Simvastatin reduces 
endotoxin-induced acute lung injury by decreasing neutrophil recruitment 
and radical formation. PLoS One. 2012;7(6):e38917. doi: 10.1371/journal.
pone.0038917. Epub 2012 Jun 11.

Soehnlein O*, Drechsler M*, Döring Y, Lievens D, Hartwig H, Kemmerich 
K, Ortega-Gómez A, Mandl M, Vijayan S, Projahn D, Garlichs CD, Koenen 
RR, Hristov M, Lutgens E, Zernecke A, Weber C. Distinct functions of 
chemokine receptor axes in the atherogenic mobilization and recruitment of 
classical monocytes. EMBO Mol Med. 2013 Mar;5(3):471-81. doi: 10.1002/
emmm.201201717. Epub 2013 Feb 18. (* Equal contribution)

Hartwig H*, Drechsler M*, Lievens D, Kramp B, von Hundelshausen P, 
Lutgens E, Weber C, Döring Y, Soehnlein O.Platelet-derived PF4 reduces 
neutrophil apoptosis following arterial occlusion. Thromb Haemost. 2014 
Mar 3;111(3):562-4. doi: 10.1160/TH13-08-0699. Epub 2013 Nov 21. (* Equal 
contribution)

Döring Y*, Noels H*, Mandl M, Kramp B, Neideck C, Lievens D, Drechsler M, 
Megens RT, Tilstam PV, Langer M, Hartwig H, Theelen W, Marth JD, Sperandio 
M, Soehnlein O, Weber C. Deficiency of the sialyltransferase St3Gal4 reduces 
Ccl5-mediated myeloid cell recruitment and arrest: short communication. Circ 
Res. 2014 Mar 14;114(6):976-81. doi: 10.1161/CIRCRESAHA.114.302426. Epub 
2014 Jan 14. (* Equal contribution)

Hartwig H, Silvestre-Roig C, Daemen M, Lutgens E, Soehnlein O. Neutrophils 
in atherosclerosis. A brief overview. Hämostaseologie. 2015;35(2):121-7. doi: 
10.5482/HAMO-14-09-0040. Epub 2014 Nov 11.



210

CHAPTER 9

Helene Hartwig, Onno J. de Boer, Allard C. van der Wal, Claire Mackaaij, Carlos 
Silvestre-Roig, Mat J.A.P. Daemen, Esther Lutgens, Oliver Soehnlein Neutrophil 
cell death is associated with features of  instability in human atherosclerotic 
plaques. In preparation

Helene Hartwig*, Carlos Silvestre-Roig*, Jeffrey Hendrikse, Linda Beckers,
Nicole Paulin, Kim Van der Heiden, Quinte Braster, Maik Drechsler, Mat J.A.P.
Daemen, Esther Lutgens, Oliver Soehnlein. Atherosclerotic plaque destabilization
in mice: A comparative study. PLoS One. 2015 Oct 22;10(10):e0141019. doi: 
10.1371/journal.pone.0141019. eCollection 2015.

Quinte Braster, Helene Hartwig, Carlos Silvestre-Roig, Linda Beckers, Myrthe 
den Toom, Yvonne Döring, Mat J. Daemen, Esther Lutgens, Oliver Soehnlein 
Inhibition of NET release fails to reduce adipose tissue inflammation in mice. 
Submitted



C
h

ap
te

r 
9

211

Acknowledgements

Acknowledgements
 First and foremost I would like to thank my supervisors Prof. dr. Mat J.A.P. 
Daemen and Prof. dr. Esther Lutgens. I appreciate all your contributions of time 
and ideas to make my research experience productive and fascinating. Mat and 
Esther, thanks a lot for all the advice and having always an open door for me.
 Special thanks go to my co-supervisor Prof. dr. Oliver Soehnlein. We 
know us now since quite a while and I cannot thank you enough for believing 
in me and giving me the opportunity to work in your group. Thanks for being 
a great coach and your continual support. I will miss our “Fish and Chips” 
meetings combined with great creative, scientific discussions for hours.
My appreciation further goes to the Committee members. Thanks a lot in 
advance for being there on my big day.
 Over the last years I had the opportunity to work with great people. I 
want to start with thanking the IPEK group in Munich. Thanks a lot to Prof. dr. 
Christian Weber for providing excellent research facilities and of course all the 
people from this institute. I would need an additional book to thank all these 
people. But my special thanks go to Holger and Martin. I am blessed to have 
such great and supportive friends. I will never forget our evenings in ‘der Kiste’ 
and the crazy ‘adventures’ we had and hope many more will follow!
 I would like to acknowledge and thank the colleagues from Oliver’s 
lab. The group has been a source of friendships as well as good advice and 
collaboration. I especially thank Yvonne Döring and Maik Drechsler for giving 
me the opportunity to work with you as a student in Aachen. Thanks for 
introducing me to the world of science and the countless funny evenings at 
Hildegard. Of course, big thanks also to all my other colleagues from this and 
Yvonne’s group: Almudena, Ariane, Bartolo, Carla, Carlos (the II :)), Emiel, 
Giovanna, Janine, Joana, Manuela, Nicole, Patricia, Renske and Yvonne J. and 
of course Klaus (although not at the institute any more). Klausi Mausi, I am 
grateful for start of the Munich-adventure with you, explore the beer gardens 
and the funny evenings ‘auf der Dachterrasse’. 
 Furthermore I want to thank the pathology group at the AMC. Allard 
C. van der Wal and Onno J. de Boer, thank you for your support and helping 
me out with my endless problems with the Philips scanner (Onno). My 
appreciation goes further to Nerissa and Xiaofei, thanks a lot for helping me out 
with statistics and providing with samples. Moreover, big thanks to Hanneke. 
You are the sweetest, most inspiring, always with a smile on your face person. 



212

CHAPTER 9

Thank you so much for teaching me how to cut blocks and not my fingers. Not 
to forget, the ‘dinner club’ girls: Claire, Diewertje, Katja, Olga and Sanny. I loved 
our cooking evenings and I’m more than grateful that you gave me from the first 
day on in Amsterdam the feeling to be part of the group. 
 My appreciation goes also to the groups of Esther and Menno: Annette, 
Charo, Claudia, Jan, Linda, Marieke, Marten, Myrthe, Pascal, Saskia, small 
Esther, Susan and Susanne. Thank you so much for all your help, the funny 
borrels and the great group events. No, of course I didn’t forget you Svenja! 
How could I? First I want to thank you for the time in Aachen, Die Kiste and 
Domkeller, our second homes. Moreover, thank you so much for your friendship 
and help at the beginning of the Amsterdam time (too much confusing paper 
stuff). Additionally, I want to thank everyone else from the MBIOC group and 
around it. Special thanks to Jessyca Nelson. Thanks a lot for your friendship and 
support and help with the planning the big day!
 And of course my little ‘Neutrophil’ group: Quinte and Carlos. Quinte, 
you have always a smile on your face and a song on your lips (although we 
didn’t wanna hear it ;)). Thanks for the funny time. Carlos, you are a great 
scientist and an incredible friend. You motivated me when I needed it the most 
and helped me always out. For that, it’s no surprise that you are one of my 
‘paranimpfs’. But I cannot say Carlos without Cristina (your wife). You are the 
bravest and most loving person I’ve ever met. I loved our food and beer evenings, 
talking without one second of silence, sharing the same humor and just being as 
we are. 
 Furthermore, I want to thank my friends. But especially, I want to thank 
Miri. Ach Miri, was haben wir nicht alles zusammen durchlebt… Es würde den 
Rahmen sprengen, wenn ich es aufzählen müsste. Nix desto trotz, ich möchte 
Dir für Deine Freundschaft danken, die Australien, Indien und München 
überdauert hat. Ich weiß, wo ich auch immer hingehe oder Du, wir werden 
immer Freunde bleiben. 
 Patti, wo soll ich da nur anfangen. Du warst die erste Person, die ich im 
Studium kennengelernt und lieben geschätzt habe („wer möchte mehr Sekt?“ 
du und ich „ICH!“). Du warst immer für mich da und bist die beste Freundin, die 
man sich wünschen kann. Danke für den Fürspruch, Motivation, Unterstützung 
und die gemeinsame Liebe für Sponge Bob über all die Jahre.
 Last but not least, my family. Oma, Onkel Helmut und Tante Irene, 
Andreas, Christienchen und Eddy, Ihr seid die Besten. Meinen Eltern möchte ich 



C
h

ap
te

r 
9

213

Acknowledgements

für den fortwährenden Rückhalt, das Vertrauen in mich und meine Fähigkeiten, 
den Zuspruch und die Geduld mit mir von allem Herzen danken, auch wenn 
ich es Euch nicht immer leicht gemacht habe. Ich danke Euch für alles, was 
Ihr auf Euch genommen habt, um eine bessere Zukunft für uns zu schaffen. 
Ich liebe Euch! Meinem großen Bruder Viktor möchte ich danken, dass er ein 
großartiges Vorbild war, seine tolle Persönlichkeit und dass er immer für mich da 
war, auch wenn ich nicht die einfachste Schwester war. Du bist der beste Bruder, 
den man sich wünschen kann. Natürlich auch Silvia, die mit Ihrer Art immer ein 
Lächeln auf mein Gesicht zaubert, und die ich eher als Schwester und nicht nur 
als meine Schwägerin ansehe. Und natürlich Daniel, mein Herz, du bist einfach 
zu süß (mit deinem Lillifee Stab :)). Und Oma, die mir sehr viel über Biologie 
beigebracht hatte („Kind, du musst Suppe essen, sonst klebt dir der Magen am 
Rückstrang!“ oder „Zieh dich gut an, sonst verkühlst dir den Buckel!“). Ich danke 
Dir für Deine unendliche Liebe und ein immer offenes Ohr. Ich liebe Dich!
And here I am finishing with my favorite sentence (not Carlos :)) throughout 
my PhD…

‘Everything will be fine!’




