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Abstract 

Cardiovascular disease and its complications, such as myocardial infarction, are the leading 

causes of death worldwide. Atherosclerosis, the underlying pathology, has long been 

considered a metabolic-driven disease, characterized by high plasma low-density lipoprotein 

levels and hence, passive lipid accumulation inside the arterial vessel wall. However, over the 

last decades, research has identified several inflammatory processes as major contributors to 

all stages of the disease. This is underlined by the fact that the incidence for cardiovascular 

events remains high, despite effective lipid-lowering therapies in patients at risk. Specifically, 

traditional and novel risk factors for cardiovascular disease were shown to convey their 

pathology via modifying both local and systemic inflammatory processes. Thus, there is a 

strong need for novel anti-atherosclerotic therapies targeting inflammation, especially in the 

context of specific risk factors in respective individuals. 

Interleukin (IL)-1b is a prototypical pro-inflammatory cytokine and has been strongly 

correlated to atherosclerosis progression. Hence, neutralizing IL-1b in a large phase III clinical 

trial reduced secondary cardiovascular events in patients with previous myocardial infarction. 

The manuscript “Interleukin-1b suppression dampens inflammatory leukocyte production and 

uptake in atherosclerosis”, which is part of this paper-based dissertation, aimed to better 

investigate the biological basis of this beneficial effect as the exact mechanisms are not yet 

fully understood. In this context, it was shown that anti-IL-1b treatment mitigated vascular 

inflammation, and thus atherosclerosis progression, via affecting both inflammatory leukocyte 

supply from hematopoietic organs and uptake into atherosclerotic plaques.  

Acute mental stress has been indicated a novel risk factor for atherosclerosis, 

specifically as a trigger for acute cardiovascular events. However, despite increasing evidence 

from epidemiological studies, it remains unclear how exactly acute mental stress rapidly drives 

plaque progression. In the second manuscript of this paper-based dissertation (“Acute mental 

stress drives vascular inflammation and promotes plaque destabilization in mouse 

atherosclerosis”), it was demonstrated that acute mental stress increases vascular 

inflammation by increasing recruitment of inflammatory blood leukocytes. Mechanistically, this 

is driven by a local, norepinephrine-dependent activation of vascular endothelial cells. Further, 

it was shown that the process of stress-induced leukocyte recruitment can be 

pharmacologically targeted, e.g. via neutralizing the stress-related increase in specific 

chemoattractants.  

Taken together, these data provide novel mechanistic cues which may aid to guide 

future anti-atherosclerotic therapies to reduce complications of atherosclerosis.  



 
11 

Zusammenfassung 
Herz-Kreislauferkrankungen und daraus resultierende Komplikationen, wie z.B. Herzinfarkte, 

sind weltweit die häufigste Todesursache. Die zugrundeliegende Pathologie, die 

Atherosklerose, wurde lange Zeit als eine stoffwechselbedingte Erkrankung angesehen, bei 

der ein hoher Cholesterinspiegel im Blut zur passiven Akkumulation von Lipiden in der 

arteriellen Gefäßwand führt. In den letzten Jahrzehnten haben Forschungsergebnisse jedoch 

gezeigt, dass verschiedene Entzündungsprozesse in allen Stadien der Erkrankung eine 

wichtige Rolle spielen. Dies wird durch die Tatsache unterstrichen, dass die Inzidenz von 

kardiovaskulären Ereignissen trotz wirksamer lipidsenkender Therapien bei Risikopatienten 

weiterhin erhöht ist. Sowohl traditionelle als auch kürzlich entdeckte Risikofaktoren für Herz-

Kreislauferkrankungen beeinflussen die Pathogenese der Atherosklerose durch die 

Veränderung lokaler und systemischer Entzündungsprozesse. Daher besteht ein dringender 

Bedarf an neuen anti-atherosklerotischen Therapien, die auf Entzündungsprozesse abzielen, 

insbesondere im Zusammenhang mit spezifischen Risikofaktoren für Herz-

Kreislauferkrankungen bei betroffenen Personen. 

Interleukin (IL)-1b ist ein prototypisches pro-inflammatorisches Zytokin, das stark mit 

dem Fortschreiten der Atherosklerose korreliert ist. Dementsprechend konnte die 

Neutralisierung von IL-1b in einer großen klinischen Phase-III-Studie die Zahl der sekundären 

kardiovaskulären Ereignisse bei Patienten mit vorangegangenem Myokardinfarkt verringern. 

Das Manuskript "Interleukin-1b suppression dampenens inflammatory leukocyte production 

and uptake in atherosclerosis" („Unterdrückung von Interleukin-1b dämpft die Produktion und 

Aufnahme entzündlicher Leukozyten in der Atherosklerose“), das Teil dieser kumulativen 

Dissertation ist, zielt darauf ab, die biologischen Grundlagen dieses präventiven Effekts besser 

zu untersuchen, da die genauen Mechanismen noch nicht vollständig verstanden sind. In 

diesem Zusammenhang konnte gezeigt werden, dass eine Anti-IL-1b-Behandlung die 

vaskuläre Entzündung und damit das Fortschreiten der Atherosklerose abschwächt, indem sie 

sowohl die Versorgung mit entzündlichen Leukozyten aus hämatopoetischen Organen als 

auch die Aufnahme in atherosklerotische Plaques beeinflusst. 

Akuter psychischer Stress wurde als neuer Risikofaktor für Atherosklerose, 

insbesondere als Auslöser für akute kardiovaskuläre Ereignisse, identifiziert. Trotz 

zunehmender Anhaltspunkte aus epidemiologischen Studien ist jedoch nach wie vor unklar, 

wie genau akuter psychischer Stress die Plaqueprogression vorantreibt. Im zweiten 

Manuskript dieser kumulativen Dissertation (“Acute mental stress drives vascular inflammation 

and promotes plaque destabilization in mouse atherosclerosis” / „Akuter psychischer Stress 

treibt die vaskuläre Entzündung an und fördert die Plaque-Destabilisierung in einem 

atherosklerotischen Mausmodell") konnte gezeigt werden, dass akuter psychischer Stress die 

vaskuläre Entzündung durch verstärkte Rekrutierung von entzündlichen Blutleukozyten 
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erhöht. Mechanistisch wird dies durch eine lokale, Noradrenalin-abhängige Aktivierung von 

Gefäßendothelzellen angetrieben. Darüber hinaus konnte demonstriert werden, dass der 

Prozess der stressinduzierten Leukozytenrekrutierung pharmakologisch beeinflusst werden 

kann, z. B. durch Neutralisierung des stressbedingten Anstiegs spezifischer Chemokine. 

Insgesamt liefern die Daten dieser Arbeit neue mechanistische Hinweise, die bei der 

Entwicklung künftiger anti-atherosklerotischer Therapien zur Verringerung der Komplikationen 

der Atherosklerose hilfreich sein können.  
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1. Introduction 
1.1 Atherosclerosis 
1.1.1 Definition and epidemiology 
Atherosclerosis is a chronic disease which is characterized by the accumulation of lipoprotein 

particles and inflammatory leukocytes inside the arterial vessel wall (Libby, Buring, et al., 

2019). Over time, this leads to the build-up of atherosclerotic plaques. Advanced 

atherosclerotic lesions may ultimately cause flow-limiting obstruction of the arterial lumen, or 

plaque rupture/erosion may trigger thrombus formation, both leading to tissue ischemia (Libby, 

2013). Consequently, atherosclerosis represents the underlying pathology of many 

cardiovascular complications such as coronary artery disease (CAD, e.g. acute coronary 

syndrome), cerebrovascular disease (e.g. stroke) and peripheral artery disease (Libby, Buring, 

et al., 2019).  

Taken together, cardiovascular diseases (CVD) are the leading causes of death 

worldwide (G. A. Roth et al., 2020), with CAD being the most prevalent form of CVD (Townsend 

et al., 2016). Within the last decades, substantial progress has been made in the prevention 

and treatment of atherosclerosis, predominantly involving pharmacological and behavioral 

approaches (Ridker, 2016). Yet, residual risk remains high and the prevalence of CVD nearly 

doubled in the past three decades (Ridker, 2016; G. A. Roth et al., 2020). 

 

1.1.2 Disease etiology of atherosclerosis 
The development of atherosclerosis is characterized by different stages (initiation, progression 

and atherosclerotic plaque destabilization) involving metabolic and inflammatory components 

(Libby, 2002). Fig. 1 and the following paragraphs outline major steps in the disease etiology.  

 

 

Fig. 1: Cellular processes involved in atherosclerosis development. 
Initially, circulating low-density lipoprotein (LDL) particles are retained in the intimal space of the vessel wall. This 

is favored in regions of disturbed flow. The activated endothelium expresses adhesion molecules and pro-

inflammatory cytokines, which leads to leukocyte uptake into the intima. Recruited monocytes differentiate into 
macrophages, engulf excess cholesterol and thus develop into lipid-loaded foam cells. The pro-inflammatory milieu 

is further enhanced by activated macrophages, neutrophils and cluster of differentiation (CD)4+ T cells. To stabilize 

the lesion, smooth muscle cells migrate from the media to the intimal space where they produce collagen. Lesion 
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progression leads to the formation of a necrotic core that contains apoptotic foam cells and further promotes 

inflammation. Neutrophils contribute to lesion progression via the release of pro-inflammatory neutrophil 

extracellular traps (NETs) containing decondensed chromatin and granular content. Eventually, secreted matrix-
degrading enzymes lead to fibrous cap breakdown and may cause thrombotic events. Figure modified from 

(Hinterdobler et al., 2021). 

 

1.1.2.1 Initiation 
Apolipoprotein (Apo)B-containing low-density lipoprotein (LDL) particles are dedicated to 

transport cholesterol from the liver to peripheral tissues via the bloodstream. In a setting of 

high plasma LDL levels, cholesterol is retained in the subendothelial (=intimal) space of the 

arterial wall. Uptake from the blood into arteries most likely happens by passive diffusion 

through endothelial cell (EC) junctions (Lusis, 2000). However, accumulation is promoted by 

endothelial dysfunction in atherosclerosis-prone regions with disturbed flow (Nigro et al., 2011; 

VanderLaan et al., 2004). 

Additional to this metabolic trigger, extensive research over the past years has 

identified that inflammation contributes to all stages of atherosclerosis development (Libby, 

2002). ECs upregulate adhesion molecule expression in response to cholesterol accumulation 

and oxidative modification as oxidation-specific epitopes resemble pathogen-associated 

molecular patterns (PAMPs, present in non-sterile inflammation) (Cybulsky & Gimbrone, 1991; 

Galkina & Ley, 2007; H. Li et al., 1993). Adhesion molecule expression is further favored by a 

systemic pro-inflammatory milieu and activation of ECs that are exposed to disturbed flow 

(Libby et al., 2011; Tabas et al., 2015). Additionally, ECs secrete pro-inflammatory chemokines 

such as CXC-motif chemokine ligand (CXCL)1 to attract leukocytes to the site of inflammation 

and to induce conformational changes of leukocyte integrins which allow the binding to 

endothelial adhesion molecules and subsequent leukocyte transmigration (Drechsler et al., 

2015; Ley et al., 2007; Zernecke & Weber, 2014). 

 

1.1.2.2 Progression 
As a result of EC activation, inflammatory leukocytes, mainly bone marrow (BM)-derived 

monocytes, and T cells, are recruited to early atherosclerotic lesions (Galkina et al., 2006; 

Libby et al., 2011; Randolph, 2014). Although lesional neutrophil numbers are comparably low, 

there is growing evidence that neutrophils are also recruited to early atherosclerotic lesions, 

thereby contributing to subsequent inflammatory monocyte recruitment (Sager & Nahrendorf, 

2016; Soehnlein, 2012). Once recruited, blood monocytes differentiate into macrophages 

which are dedicated to engulf both non-modified and oxidized LDL molecules via scavenger 

receptors (Ley et al., 2011; A. C. Li & Glass, 2002). Over time, these macrophages develop 

into lipid-rich foam cells due to cholesterol overloading (Libby, Buring, et al., 2019). While 

macrophages originating from recruited monocytes play a key role in early atherosclerosis, 
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recent studies have demonstrated that, in advanced lesions, foam cells are also derived from 

local proliferation and smooth muscle cell (SMC) transdifferentiation into macrophage-like cells 

(Allahverdian et al., 2014; Härdtner et al., 2020; Robbins et al., 2013). Cholesterol-overloaded 

cells further fuel inflammation by secreting inflammatory cytokines, thereby amplifying the local 

inflammatory response (Duewell et al., 2010; Libby, 2002). Ultimately, foam cells can undergo 

cell death as result of cell stress, which further exacerbates inflammation and accounts for the 

formation of necrotic cores inside the atheroma (Libby, Buring, et al., 2019; Moore & Tabas, 

2011). 

Neutrophils contribute to lesion progression both directly, via the release of pro-

inflammatory neutrophil extracellular traps (NETs containing decondensed chromatin and 

granular content), and indirectly, via macrophage activation (Gaul et al., 2017; Silvestre-Roig 

et al., 2019, 2020). The adaptive immune system, mainly cluster of differentiation (CD)4+ T 

lymphocytes, can also promote atherosclerosis progression. Polarization of naïve T cells 

occurs through the interaction with antigen-presenting cells (Wolf & Ley, 2019). These cells 

present, for example, peptides from ApoB which are recognized by specific T cell receptors on 

CD4+ T cells. Depending on additional co-stimulatory molecules and secreted cytokines, naïve 

CD4+ T cells can polarize into pro-atherogenic CD4+ effector T helper type 1 (TH1) cells which 

further aggravate inflammation by the secretion of various cytokines (Hedrick, 2018; Libby, 

2002; Zhou et al., 2005).  

 The pro-inflammatory mechanisms described above are opposed by anti-inflammatory 

mechanisms that prevent or reverse plaque progression. Macrophages can polarize into both 

pro- and anti-inflammatory phenotypes, originally described as M1 and M2 macrophages 

(Barrett, 2018; Vergallo & Crea, 2020). Although this classification is nowadays considered an 

oversimplification, macrophages with an anti-atherogenic phenotype can contribute to plaque 

regression via emigration from the lesion, secretion of anti-inflammatory cytokines and 

increased cholesterol efflux (Barrett, 2018). Additionally, systemic cholesterol lowering can 

inhibit macrophage proliferation and thus promote plaque regression (Härdtner et al., 2020). 

Especially in early atherosclerosis, naïve CD4+ T cells also differentiate into anti-atherogenic 

regulatory T cells which secrete, for example, the plaque stabilizing transforming growth factor-

b (Robertson et al., 2003; Wolf & Ley, 2019). Smooth muscle cells (SMCs) can be recruited 

from the tunica media to the tunica intima where they produce extracellular matrix proteins 

(Tabas et al., 2015). These proteins form a fibrous cap to separate the pro-thrombotic plaque 

content from the vessel lumen and to stabilize the lesion. 

Taken together, plaque progression depends on the ratio of pro-atherogenic and anti-

atherogenic actions. 
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1.1.2.3 Destabilization 
In case pro- and anti-atherogenic actions are balanced, atherosclerotic plaques remain stable. 

These are characterized by thick fibrous caps overlying the atheromatous material, low 

inflammatory activity and small necrotic cores (Silvestre-Roig et al., 2014). However, if 

atherosclerosis progresses further, plaques can acquire an unstable/vulnerable phenotype 

which ultimately leads to plaque rupture/erosion. Sustained inflammation interferes with 

extracellular matrix production by SMCs, and activated macrophages secrete different kinds 

of extracellular matrix degrading-proteinases, such as matrix metalloproteinases, all leading to 

fibrous cap thinning (Libby, Buring, et al., 2019; Moore & Tabas, 2011). Activated neutrophils 

amplify these processes by releasing various pro-inflammatory mediators and further matrix-

degrading enzymes (Fernández-Ruiz, 2019; Franck et al., 2018; Mawhin et al., 2018). 

Ultimately, atherothrombosis, as a result of plaque rupture, can cause cardiovascular 

complications such as myocardial infarction (MI) or stroke.  

 Recently, a second mechanisms of plaque destabilization has been described. Plaque 

erosion, in contrast to plaque rupture, is caused by endothelial damage or denudation, causing 

thrombosis (Vergallo & Crea, 2020). Affected lesions often lack classical features of vulnerable 

plaques and rather possess a thick fibrous cap with a high content of extracellular matrix 

(Libby, Buring, et al., 2019). Further experimental data is needed to fully understand the 

mechanistic background of plaque erosion, yet recent evidence suggests a strong contribution 

of neutrophils and apoptotic ECs in the pathological process (Libby, Pasterkamp, et al., 2019).  

 

1.1.3 Inflammation in atherosclerosis 
Inflammatory leukocyte accumulation inside atherosclerotic plaques does not only occur 

through increased local recruitment but also as a result of increased systemic supply 

(Nahrendorf & Swirski, 2015; Poller et al., 2020). Initial evidence came from epidemiological 

studies which could show a correlation between total blood leukocyte numbers and CVD (Grau 

et al., 2004), specifically for myeloid (neutrophils and monocytes) subsets (Adamstein et al., 

2021; Berg et al., 2012; Liu et al., 2020). Inflammatory leukocyte supply is controlled by 

hematopoiesis – the production of mature leukocytes from dedicated stem and progenitor cells 

– in the BM and under certain circumstances in the spleen (Nahrendorf & Swirski, 2015). 

Experimental studies show that hypercholesterolemia promotes the proliferation of 

hematopoietic stem cells with a bias towards the myeloid lineage, which results in high blood 

monocyte and neutrophils levels (Combadière et al., 2008; Drechsler et al., 2010; Silvestre-

Roig et al., 2020; Soehnlein & Swirski, 2013; Yvan-Charvet et al., 2010). Additionally, 

circulating pro-inflammatory cytokines and chemokines prompt leukocyte production and 

release into the bloodstream (Drechsler et al., 2015; Poller et al., 2020; Tsou et al., 2007).  
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1.1.3.1 The inflammasome as part of the inflammatory response in 
atherosclerosis 
As described above, activation of macrophages plays a key role in atherosclerotic disease 

progression. Among other mediators, macrophages release the prototypical pro-inflammatory 

cytokine interleukin (IL)-1b (Grebe et al., 2018; Libby, 2017). Local and systemic effects of IL-

1b in atherosclerosis are numerous and include the expression of cytokines and leukocyte 

adhesion molecules, the activation of innate immune cells together with the induction of matrix-

degrading enzymes, as well as the production of IL-6 (Libby, 2017). Consequently, 

neutralization of IL-1b reduced atheroma formation in mice (Vromman et al., 2019). Fig. 2 

summarizes selected local effects of IL-1b on vascular cell types.  

 

 

Fig. 2: Selected effects of IL-1b on vascular cell types 

Interleukin (IL)-1b is produced by various cell types and leads to the overall pro-inflammatory activation of vascular 
cells including smooth muscle cells, endothelial cells and leukocytes of the myeloid lineage (monocytes, 
macrophages, neutrophils). Additionally, IL-1b can induce its own expression in an autocrine manner. Further, IL-
1b induces the expression of IL-6 and systemic C-reactive protein (CRP), which further fuels pro-inflammatory 
processes in vascular cells. Modified from (Libby, 2017). CCL2 = CC-chemokine ligand 2, ICAM1 = intercellular 
adhesion molecule 1, VCAM1 = vascular adhesion molecule 1 
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Mature IL-1b is produced from pro-IL-1b mainly via proteolytic cleavage by caspase-1 

(Afonina et al., 2015). Caspase-1 is part of the inflammasome, a multimeric protein complex 

consisting of the sensor protein NLRP3 (NACHT, LRR and PYD domains-containing protein 

3), the adaptor protein ASC (apoptosis-associated speck-like protein) and procaspase-1 (Guo 

et al., 2015). In macrophages, the assembly of the inflammasome complex is dependent on 

two separate signals/hits: priming and NLRP3 activation (Abbate et al., 2020; Grebe et al., 

2018). In the priming step, danger-associated molecular patterns (DAMPs) resulting from 

tissue damage promote transcription and translation of pro-IL-1b and NLRP3 inflammasome 

components via NF (nuclear factor)-κB. In atherosclerotic lesions, oxidized LDL can initiate 

inflammasome priming by binding to a complex including CD36, Toll-like receptor 4 (TLR4) 

and TLR6 (Sheedy et al., 2013). Further, intracellular cholesterol crystals formed by oxidized 

LDL can act as a trigger for NLRP3 activation (Duewell et al., 2010; Sheedy et al., 2013). This 

leads to the assembly of NLRP3 oligomers, ASC and procaspase-1, resulting in autocatalytic 

processing to active caspase-1 (Abbate et al., 2020). Fig. 3 displays a simplified summary of 

the intracellular processes that lead to the secretion of IL-1b in atherosclerosis. 

 

 

Fig. 3: Mechanisms leading to IL-1b secretion in atherosclerosis 
Interleukin (IL)-1b secretion is predominantly mediated via the NACHT, LRR and PYD domains-containing protein 3 

(NLRP3) inflammasome. Initially, this requires a priming step that leads to increased gene expression of 

inflammasome components and pro-IL-1b via the transcription factor NF (nuclear factor)-κB. In atherosclerotic 

plaques, this step is potentially mediated by various triggers including danger-associated molecular patterns 

(DAMPs), pro-IL-1a, but also oxidized LDL (oxLDL). A second trigger can then lead to inflammasome complex 

formation (=activation), which results in the cleavage of pro-IL-1b in mature IL-1b via Caspase-1. In atherosclerosis, 

detection of cholesterol crystals via the sensor protein NLRP3 can induce inflammasome activation. PRR = pattern 
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recognition receptor. IL-1R = Interleukin 1 receptor. ASC = apoptosis-associated speck-like protein. Modified from 

(Grebe et al., 2018). 

 

Although macrophages may represent the most important source for IL-1b in 

atherosclerotic plaques, it is also expressed and secreted by other cell types such as 

neutrophils, ECs or SMCs (Abbate et al., 2020; Libby, 2017). Notably, extracellular pro-IL-1b 

can also be cleaved independent of caspase-1, by, for instance, caspase-8 or extracellular 

proteases from neutrophils (Afonina et al., 2015; Dinarello, 2019).  

 

1.1.3.2 Targeting inflammation in clinical trials 
As mentioned in 1.1.1, residual risk for CVD remains high despite successful lipid-lowering 

therapies, which is most likely attributed to the strong inflammatory component in disease 

etiology (Koenig, 2020; Ridker, 2016). Consequently, novel anti-atherosclerotic therapies aim 

to target various inflammatory pathways for the prevention of atherosclerotic complications 

(Libby & Everett, 2019). These include known anti-inflammatory drugs that are already 

approved for the treatment of other diseases such as methotrexate and colchicine. While 

methotrexate has failed to influence cardiovascular risk in the patients studied (Ridker, Everett, 

et al., 2019), colchicine has significantly reduced cardiovascular outcomes in several studies 

(Nidorf et al., 2013, 2020; Tardif et al., 2019). 

 As outlined above, the inflammasome – specifically its downstream mediator IL-1b – 

plays a key role in atherosclerosis. The Canakinumab Anti-Inflammatory Thrombosis 

Outcomes Study (CANTOS) is a pioneer study for targeting inflammation in atherosclerosis, 

and could show that administration of an antibody against IL-1b (canakinumab) reduced the 

risk for recurrent cardiovascular events in patients with previous MI (Ridker et al., 2017). 

Despite being the first clinical trial to show that anti-inflammatory therapies can reduce 

cardiovascular outcomes, canakinumab failed to get drug approval due to safety and cost 

issues after trial completion. Still, the results have inspired further preclinical and clinical 

studies to interfere with cascades upstream and downstream of IL-1b (Weber & 

Hundelshausen, 2017). MCC950 is a small molecule inhibitor of the NLRP3 inflammasome 

(Coll et al., 2015) which was shown to reduce atherosclerosis development in mice (Heijden 

et al., 2017) and by its mode of action also targets IL-18 (Ridker, MacFadyen, et al., 2019), 

another pro-inflammatory cytokine that is processed by the inflammasome complex (Abbate 

et al., 2020). Downstream of IL-1b, IL-6 is a potent pro-inflammatory cytokine. Thus, 

specifically targeting IL-6 might represent a further promising candidate for anti-atherosclerotic 

therapies (Ridker, MacFadyen, et al., 2019; Ridker, 2021). 
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Taken together, preclinical and clinical studies targeting inflammation in atherosclerosis 

demonstrate encouraging results but warrant further investigation to develop drugs that can 

be used in clinical practice in the future (Soehnlein & Libby, 2021). 

 

1.2 Risk factors of atherosclerosis 
In the past century, various risk factors for atherosclerosis and succeeding CVD have been 

discovered by epidemiological and experimental studies. Knowledge about these risk factors 

is necessary to identify susceptible individuals and to target prevention strategies (Lloyd-

Jones, 2010). Recently, cardiovascular risk factors have been categorized into classical and 

non-classical risk factors. Classical risk factors have been known for a long time and have 

already been included in risk prediction models, prevention and treatment strategies (Levin & 

Rader, 2020; McGorrian et al., 2011; Piepoli et al., 2016). In addition, further lifestyle factors 

and pathologies have been identified recently and are thus termed non-classical or non-

traditional risk factors. Most non-classical risk factors are to some extent modifiable, making 

them an interesting target for prevention and therapy (Schloss et al., 2020). As outlined in 

detail below, both classical and non-classical risk factors for atherosclerosis convey some of 

their pathology by modulating inflammatory mechanisms.  

 

1.2.1 Classical risk factors 
Being male is a classical risk factor for CVD and especially CAD (Mosca et al., 2011). This is, 

in part, attributed to sex differences in cardiovascular risk factors (Walli-Attaei et al., 2020). 

Still, recent studies indicate that male gender represents a cardiovascular risk factor per se by 

promoting vascular inflammatory processes (Man et al., 2020).  

Aging and genetic predisposition are further classical, non-modifiable CVD risk factors. 

Age is the most important determinant of cardiovascular health (North & Sinclair, 2012). 

Additional to inherent complications of aging such as arterial stiffness and endothelial 

dysfunction (North & Sinclair, 2012; Paneni et al., 2017), biological aging induces inflammatory 

processes such as increased circulating cytokine levels or oxidative stress (Tyrrell & Goldstein, 

2021; J. C. Wang & Bennett, 2012). Clonal hematopoiesis has been recently indicated to link 

aging with atherosclerosis (Jaiswal et al., 2017). In clonal hematopoiesis, increasing numbers 

of white blood cells are derived from single clones because of certain somatic mutations in 

hematopoiesis (Jaiswal & Ebert, 2019). Although the exact mechanisms remain unclear, clonal 

hematopoiesis promoted vascular inflammatory processes in an atherosclerotic mouse model 

(Fuster et al., 2017). Multiple genetic risk loci for CAD have been identified in large-cohort 

genome-wide association studies (Harst & Verweij, 2018; The CARDIoGRAMplusC4D 

Consortium et al., 2013). Although a single variant is associated with only moderate effects, 

certain combinations and high numbers of these common variants seem to account for a 
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significant proportion of CAD risk heritability (Mauersberger et al., 2021). Therefore, 

polygenetic risk scores try to predict individual CAD risk in mathematical models including 

numbers and weighted impacts of multiple variants (Levin & Rader, 2020). Not surprisingly, 

many CAD risk loci identified in GWAS or similar studies are associated with genes involved 

in inflammatory pathways such as the IL-6 receptor (Mauersberger et al., 2021). 

 Several metabolic factors such as hyperlipidemia and diabetes, but also arterial 

hypertension are well-known classical risk factors for CAD. Although these factors can be 

modified by lifestyle or medications, they all harbor some degree of genetic predisposition as 

well (Cai et al., 2020; Ma et al., 2010; Understanding Society Scientific Group et al., 2019). 

Hyperlipidemia – in particular hypercholesterolemia – is a key player in atherosclerotic lesion 

initiation as outlined above. In this context, it is now evident that atherosclerosis is not merely 

a metabolic disease caused by passive lipid accumulation but also entails a strong 

inflammatory component in which (modified) cholesterol represents an important pro-

inflammatory trigger (Levitan et al., 2010; Sager & Nahrendorf, 2016). Unhealthy diet and 

obesity, additional to being classical CAD risk factors themselves (Ortega et al., 2016; Z. Wang 

et al., 2018), contribute substantially to elevated cholesterol levels (Carson et al., 2019; Mannu 

et al., 2013). Furthermore, obesity is strongly associated with chronic inflammation, thereby 

promoting atherosclerosis (Rocha & Libby, 2009). Likewise, diabetes progression is 

accompanied by a systemic pro-inflammatory and pro-oxidative milieu in patients, which is 

likely to aggravate atherosclerotic processes (Katakami, 2017; Pennathur & Heinecke, 2007; 

Yuan et al., 2018). Chronic arterial hypertension is another classical risk factor for CAD and 

strongly associates with endothelial dysfunction and inflammation although it is not yet clear if 

this is cause or consequence (Brandes, 2018; Dinh et al., 2014; Higashi et al., 2012).  

 In contrast to all conditions mentioned before, smoking by its nature is a modifiable, 

classical risk factor. Still, due to missing lifestyle changes, approximately 10 % of CVD deaths 

are attributable to smoking (Ezzati et al., 2005). This is caused by a multitude of 

pathophysiological mechanisms including circulating toxic compounds, oxidative stress, pro-

coagulative priming, local vascular inflammation and dysfunction, and systemic inflammation 

(Messner & Bernhard, 2014; Münzel, Hahad, et al., 2020; Siggins et al., 2014).  

 

1.2.2 Non-classical risk factors 
A great number of epidemiological as well as experimental studies have shown that, apart from 

classical risk factors, additional lifestyle factors and comorbidities affect atherosclerosis 

development, especially via inflammatory processes.  

 Several communicable/infectious (=non-sterile) diseases, such as viral and bacterial 

infections (Kwong et al., 2018; Musher et al., 2019), and non-communicable/non-infectious 

(=sterile) pathologies, such as rheumatoid arthritis or prior MI or stroke, create a higher long-
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term risk for CVD (Dutta et al., 2012; Skeoch & Bruce, 2015). Both non-sterile and sterile 

inflammatory diseases are likely to promote atherosclerosis progression via shared 

mechanisms (Sager & Koenig, 2017). Concretely, sterile inflammation results in increased 

circulating inflammatory leukocyte numbers through enhanced production in the BM, and 

increased recruitment via endothelial activation, ultimately aggravating vascular inflammation 

(Dutta et al., 2012, 2015; Sager et al., 2016; Sager & Koenig, 2017). Further studies, however, 

are needed to prove whether these findings can be extrapolated to non-sterile pathologies 

(Sager & Koenig, 2017). 

 An active lifestyle in general together with regular exercise was shown to modify CVD 

risk both through metabolic and anti-hypertensive actions (Dunstan et al., 2021; Lavie et al., 

2019). Recently, a study in mice demonstrated that exercise attenuates atherosclerosis 

progression also by modifying local and systemic inflammation (Frodermann et al., 2019). 

Here, voluntary wheel running was shown to reduce leptin levels, which promotes long-lasting 

BM niche quiescence and retention factors via epigenetic modifications. Consequently, pro-

inflammatory leukocyte supply and vascular inflammation is mitigated.  

 Enhanced production in the BM is a pro-inflammatory mechanism shared by sleep 

deprivation, a further novel risk factor for CAD (Bras, 2019; Tall & Jelic, 2019; Tobaldini et al., 

2019). Mechanistically, sleep fragmentation/deprivation affects hypothalamic hypocretin 

production, a hormone that limits myeloid cell production in the BM under steady-state 

conditions (McAlpine et al., 2019). Additionally, sleep deprivation was shown to affect other 

biological mechanisms such as the autonomic nervous system, endothelial function and 

metabolic parameters (Tobaldini et al., 2019).  

Air, light and noise pollution belong to another novel category of CVD risk factors 

(Daiber et al., 2019; Lelieveld et al., 2019; Münzel et al., 2021; Münzel, Miller, et al., 2020). Air 

pollution, specifically trough fine particulate matter (2.5 microns in diameter and less) and 

ozone gas, has been shown to affect cardiovascular risk by multiple mechanisms including 

hemostatic and homeostatic parameters, oxidative stress and, in particular, systemic 

inflammation (Al-Kindi et al., 2020; Brook et al., 2004). In this context, air pollution was shown 

to induce blood leukocytosis, leukocyte activation, endothelial dysfunction and increased 

circulating cytokine levels in humans (Münzel, Sørensen, et al., 2017; Münzel et al., 2018). In 

line, air pollution aggravated cardiovascular inflammation in atherosclerotic mouse models (M. 

R. Miller & Newby, 2019) although it is not yet clear if these are primary effects caused by fine 

particulate matter or secondary effects due to neuroendocrine activation and/or inflammation 

caused by lung injury. Furthermore, air together with light and noise pollution are likely to 

increase CVD risk indirectly by affecting other lifestyle factors such as sleep and chronic 

psychosocial stress (Kröller-Schön et al., 2018; Münzel, Daiber, et al., 2017; Münzel, Miller, et 

al., 2020).  
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 For quite some time, chronic psychosocial stress itself has been suspected to influence 

CVD. However, it was not until the INTERHEART study that the contribution of psychosocial 

stress to CVD was robustly quantified in a large, world-wide case-control study (Yusuf et al., 

2004). This study was designed to evaluate the relationships between major cardiovascular 

risk factors and the occurrence of MI. The results showed that long-term psychosocial stress 

is comparably associated with MI (odds ratio 2.67) as other classical risk factors such as 

hypertension (odds ratio 1.91) or diabetes (odds ratio 2.37). Further large-scale 

epidemiological studies analyzed the associations between individual long-term psychosocial 

stressors, for example social isolation, job strain or childhood abuse, and meta-analyses of the 

respective studies calculated odds ratios of up to 1.5 for the link between psychosocial stress 

and cardiovascular events (Kivimäki & Steptoe, 2018; Virtanen & Kivimäki, 2018). Additionally, 

chronic stress is likely to affect CVD risk by influencing lifestyle factors that evolved as non-

classical risk factors as described above. Concretely, chronic stress was shown to promote 

smoking, sedentary lifestyle, disturbed sleep or an unhealthy diet (Kivimäki & Steptoe, 2018; 

Osborne et al., 2020). Epidemiological studies support the hypothesis that chronic stress 

conveys some of its pathology on CVD by modulating inflammatory processes. In this context, 

observational studies reported higher levels of circulating pro-inflammatory markers such as 

C-reactive protein (CRP), tumor necrosis factor alpha (TNFα), IL-6 and soluble adhesion 

molecules in the plasma of stress-affected individuals (Känel et al., 2008; Kiecolt-Glaser et al., 

2003; Lagraauw et al., 2015). In line, blood inflammatory leukocytes are higher in medical 

residents on an intensive care unit on duty compared to off duty, reflecting the stress status 

(Heidt et al., 2014). Further, studies using state-of-the-art imaging techniques found an 

association between brain amygdala activity (corresponding to the degree of perceived stress), 

BM hematopoiesis, arterial inflammation, and cardiovascular events (Kang et al., 2021; 

Tawakol et al., 2017). Similar to observations in stressed humans, experimental animal studies 

report higher levels of systemic inflammatory markers and blood leukocyte levels in response 

to chronic psychosocial stress (Barnum et al., 2012; Heidt et al., 2014; E. S. Miller et al., 2019). 

Mechanistically, the sympathetic nervous system (SNS) is assumably responsible for higher 

leukocyte levels due to increased hematopoietic stem cell proliferation, and a concomitant bias 

towards myelopoiesis and an inflammatory gene signature in circulating leukocytes (Heidt et 

al., 2014; Powell et al., 2013). Additional to circulating leukocytes, chronic stress was also 

shown to affect ECs resulting in increased adhesion molecule expression and endothelial 

dysfunction, most likely caused by systemic low-grade inflammation and activation of the renin-

angiotensin-aldosterone system (Bevilacqua et al., 1985; Deng et al., 2019; Groeschel & 

Braam, 2011; Mackay et al., 1993; Mateo et al., 2006; Puhlmann et al., 2005; Sher et al., 

2020). Consequently, atherosclerosis is accelerated in animal models of chronic stress 
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(Lagraauw et al., 2015) and characterized by features of vulnerable plaques (Heidt et al., 2014; 

Najafi et al., 2013; L. Roth et al., 2015; T. Zhang et al., 2011; Zheng et al., 2014). 

 

1.3 Acute psychosocial stress as novel risk factor for atherosclerosis 
In addition to the above-mentioned risk factors, acute psychosocial stress is a novel 

independent risk factors for atherosclerosis (Hinterdobler et al., 2021). Stress is defined as the 

body´s response to external or internal challenges that disturb homeostasis and require 

adaptation beyond an individual´s perceived ability to cope (Glaser & Kiecolt-Glaser, 2005). In 

detail, an environmental stimulus (=stressor) triggers a reaction in the brain (=stress 

perception) where the information is integrated, and activates physiologic fight-or-flight 

responses in the body (Buijs & Eden, 2000; Viswanathan & Dhabhar, 2005). Although strict 

discrimination criteria are missing, psychosocial stressors are classified based on exposure 

duration and severity (Dimsdale, 2008). In this context, chronic stress, as described above, 

refers to consistent or repetitive stressors with rather low intensity such as work stress, social 

isolation, caring responsibilities or marital unhappiness (Kivimäki & Steptoe, 2018). Acute 

stress, by contrast, is considered short-term and drastic stressors such as anxiety, grief, 

natural disasters or acts of war (Mittleman & Mostofsky, 2011; Mostofsky et al., 2014). As the 

stress stimulus is integrated by the brain, perceived severity of the same stressor strongly 

depends on individual stress susceptibility (Ebner & Singewald, 2017). Notably, acute stress, 

compared to chronic stress, associates with an even greater incidence for CVD in people with 

manifest atherosclerosis (Kivimäki & Steptoe, 2018).  

 

1.3.1 Physiological stress axes and neuroimmune interactions 
As mentioned above, stress stimuli are perceived by the brain and promote the activation of a 

physiologic fight-or-flight response, a mechanism essential to ensure survival by reacting to 

threats and enduring potential injuries (Nahrendorf, 2020). In detail, neuronal networks activate 

three major pathways in the body: the hypothalamus-pituitary-adrenal (HPA) axis, the 

sympatho-adrenomedullary (SAM) axis and local activation of the SNS (Lagraauw et al., 2015). 

Activation of the HPA axis leads the hypothalamus to release the corticotropin releasing 

hormone, which results in subsequent adrenocorticotropic hormone (ACTH) secretion into the 

blood stream via the pituitary gland. In the adrenal cortex, ACTH triggers the systemic release 

of cortisol and other glucocorticoid hormones. The SAM axis acts via sympathetic innervation 

of the adrenal medulla resulting in systemic catecholamine (epinephrine and norepinephrine) 

release. Further, the SNS can also activate tissues via the local release of norepinephrine by 

projecting nerve endings.  

Experimental evidence suggests three distinct physiological stress reactions with a 

potential influence on CVD. The fight-or-flight response modifies hemodynamic parameters, 
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for example cardiac output, blood pressure and heart rate (Rozanski et al., 1999), which 

prepares the body for potential physical exertion. Further, stress affects hemostasis including 

platelet activation (Känel, 2015; Koudouovoh-Tripp et al., 2020), most likely in preparation for 

potential injuries that require blood clotting. Finally, stress was shown to strongly promote pro-

inflammatory processes (Hinterdobler et al., 2021). 

 Neuroimmunology describes the interactions between the nervous and the immune 

system, two systems that operate together to adapt to potential threats (Salvador et al., 2021). 

However, neuroimmune interaction also occur under steady-state conditions, for example in 

circadian leukocyte trafficking which is partly controlled by the SNS (Ince et al., 2019; Juan et 

al., 2019; Scheiermann et al., 2012). Interestingly, nervous system activity is involved in the 

regulation of hematopoiesis, cell fate decisions and the release of mature leukocytes 

(Carnevale & Lembo, 2020; Katayama et al., 2006; Pierce et al., 2017; Vasamsetti et al., 2018). 

Further, the nervous system was also shown to influence inflammatory processes locally inside 

the vessel, e.g. via modulating adhesion molecule expression by aortic ECs in a mouse model 

of MI (Sager et al., 2016).  

Although interactions between the nervous and the immune system can be 

bidirectional, signaling from the nervous to the immune system seems to be responsible for 

the detrimental effects of stress on human health (Glaser & Kiecolt-Glaser, 2005). While some 

studies suggest a short-term immune-enhancing effect of stress (Dhabhar et al., 2012; 

Viswanathan & Dhabhar, 2005), continuous stress exposure is thought to compromise the 

body´s immune system as energy resources are re-distributed to systems immediately 

necessary for the fight-or-flight response (Ince et al., 2019; Qing et al., 2020; Wieduwild et al., 

2020). In the context of acute psychosocial stress, vascular inflammation, atherosclerosis and 

CVD, research has just started to investigate neuroimmune interactions as a potential link.  

 

1.3.2 Epidemiological evidence 
Observational studies showed that, in contrast to chronic stress which gradually increases the 

risk for CVD, acute psychosocial stress can act as an acute trigger for cardiovascular events 

in high-risk people (Kivimäki & Steptoe, 2018; Mittleman & Mostofsky, 2011; Steptoe & 

Kivimäki, 2012). On a population-level, natural catastrophes (such as earthquakes) or war and 

terrorist attacks associate with higher incidences for CVD compared to control periods (Leor 

et al., 1996; Meisel et al., 1991). For example, a recent study examining the occurrences of 

acute cardiovascular events during the Great East Japan Earthquake in 2011 compared to 

previous years found that the incidence of acute coronary syndromes, heart failure and stroke 

significantly increased directly after the earthquake (Aoki et al., 2012). Major sporting events, 

such as world cup soccer, or sociopolitical events, such as presidential elections, represent 
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more moderate forms of acute psychosocial stress. Still, they have also been associated with 

increased CVD risk (Leeka et al., 2010; Mefford et al., 2020; Wilbert-Lampen et al., 2008).  

Several individual-level studies provide further evidence for acute psychosocial stress 

being a trigger of acute cardiac events (Edmondson et al., 2012). For example, the risk for MI 

or acute coronary syndromes is 4.74-fold higher immediately after outbursts of anger as 

calculated by a recent meta-analysis (Mostofsky et al., 2014). Likewise, data from the 

INTERHEART study shows an odds ratio of 2.44 for acute MI in the context of emotional upset 

(Smyth et al., 2016). Additional to linking acute psychosocial stress to a higher risk for CVD, 

epidemiological studies provided implications for mechanistic causalities. Beyond changes in 

hemodynamics and hemostasis, observational studies suggest a strong link between acute 

stress, inflammation and CVD (Lagraauw et al., 2015). A study investigating the effect of a 

major sporting event reported a higher incidence of cardiac emergencies on days of matches 

involving the local national team (Wilbert-Lampen et al., 2008). In subjects suffering from a 

stress-associated cardiovascular event, this was paralleled by higher plasma levels of classical 

inflammatory mediators such as soluble vascular adhesion molecule 1 (sVCAM1), monocyte 

chemoattractant protein 1 (MCP-1, also known as CC-motif chemokine ligand (CCL)2) and 

TNFα compared to control patients (Wilbert-Lampen et al., 2010). In line, higher circulating 

inflammatory cytokines were found in patients experiencing an acute stress-associated form 

of cardiomyopathy called Takotsubo cardiomyopathy (Scally et al., 2019). 

 

1.3.3 Experimental evidence 
Further evidence that acute stress promotes pro-inflammatory processes comes from 

experimental human data. In experiments using arithmetic tasks, public speaking tests or 

similar stressors, researchers found that acute stress influences several inflammation-

associated parameters: plasma levels of pro-inflammatory mediators such as IL-6, IL-1b and 

soluble endothelial adhesion molecules (Heinz et al., 2003; Kim et al., 2019; Koelsch et al., 

2016; Kuebler et al., 2015) but also microvascular dysfunction (Vaccarino et al., 2018). Of 

note, elevated levels of circulating IL-6 and norepinephrine in response to acute stress 

exposure were associated with peripheral vasoconstriction and a higher risk for future 

cardiovascular events in participants with pre-existing atherosclerosis (Kim et al., 2019). 

Additionally, one study demonstrated that the rise in inflammatory cytokines is paralleled by a 

pro-inflammatory gene expression profile in blood leukocytes, most likely mediated by the 

transcription factor NF-κB (Kuebler et al., 2015).  

 In experimental human studies, blood leukocytes are often analyzed together with 

circulating mediators in order to check the inflammation status. As mentioned above, chronic 

stress generally raises circulating total leukocyte and inflammatory subset levels. By contrast, 

acute psychosocial stress seems to affect leukocyte subsets divergently. While neutrophils 
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and natural killer cells were elevated in a study using skydiving to simulate acute stress, 

monocytes and lymphocytes decreased immediately before the challenge (Breen et al., 2016). 

This is contrasted by a study reporting a general increase of all major leukocyte subsets in 

response to a public speaking test (Goebel et al., 2000). The conflicting results might be 

explained by different leukocyte kinetics, varying stress stimuli between studies and 

differences in the inter-individual stress susceptibility, but also by the complex redistribution of 

leukocytes within hematopoietic organs and tissues (Ince et al., 2019). In any case, leukocyte 

dynamics in response to acute psychosocial stress warrant further investigation, especially 

under controlled settings. 

Although highly relevant, experimental studies in humans naturally possess limited 

power to investigate disease mechanisms. Thus, research requires proper animal models to 

reveal mechanisms linking acute psychosocial stress with cardiovascular events 

(=atherosclerosis progression). Atherosclerosis is typically studied in animals with specific 

genetic knockouts leading to hypercholesterolemia and lesion development similar to human 

atherosclerosis (Getz & Reardon, 2018). For example, ApoE or Ldlr knockout mice are widely 

used animal models as they develop high cholesterol levels and atherosclerotic lesions upon 

a high-cholesterol diet (HCD). Established acute stress models have been adopted from 

psychological studies and include severe stressors such as restraint stress (Qing et al., 2020; 

Viswanathan & Dhabhar, 2005; Xu et al., 2020), in which animals are immobilized for minutes 

up to several hours, pain stress models such as eye bleeding (Qing et al., 2020) or social 

defeat (Qing et al., 2020; Xu et al., 2020).  

Such studies demonstrated that acute stress strongly increases circulating cytokine 

and chemokine levels (Cheng et al., 2015; Qing et al., 2020). Regarding circulating blood 

leukocyte levels, animal studies – in contrast to human studies – consistently report decreasing 

monocyte and lymphocyte levels, while neutrophil levels are unchanged or even increase 

(Viswanathan & Dhabhar, 2005; Wouw et al., 2020; Xu et al., 2020). Although massively 

mobilized from reservoirs, blood leukocytes rapidly traffic to sites of inflammation and immune 

activation, which overshoots supply (Dhabhar et al., 2012). However, how exactly acute mental 

stress affects blood leukocytes is poorly understood. As generally known, leukocyte 

recruitment also requires activation of the endothelial compartment in respective tissues 

(Marchini et al., 2021). Still, very little is known about the inflammatory effects of acute stress 

on the vasculature. The same applies to the process of plaque destabilization. Since plaque 

rupture does not occur spontaneously in classical, atherosclerotic animal models, research 

predominantly focused on surrogate markers of plaque stability phenotypes (Lagraauw et al., 

2015, 2019).  

Taken together, experimental human and animal data strongly link acute psychosocial 

stress to increased vascular inflammation (Fig. 4). However, several questions, specifically 
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regarding the effect of acute stress on circulating leukocytes and ECs, and on how acute 

mental stress rapidly drives plaque rupture, remain unanswered.  

 

 

Fig. 4: Mechanisms linking acute psychosocial stress with vascular inflammation 
Acute psychosocial stress affects inflammatory processes along the whole cascade of atherosclerotic disease 
etiology. This figure summarizes current experimental evidence on how acute psychosocial influences specifically 

leukocyte distribution, pro-inflammatory signaling in the circulation, leukocyte and endothelial cell activation, and 

inflammation in the atherosclerotic vessel wall.  = evidence from human experimental data,  = evidence from 

animal experimental data, IL = interleukin, PBMC = peripheral blood mononuclear cell, TNF = tumor necrosis factor. 

Figure modified from (Hinterdobler et al., 2021). 

 

1.4 Aim 
It is now well established that inflammation plays a key role in the etiology of atherosclerosis. 

However, to better exploit the therapeutic potential of anti-inflammatory treatment, further 

research on exact mechanisms in distinct settings is needed. This thesis aimed to investigate 

two specific questions: 

1) What are the exact mechanisms that underlie the beneficial effects of pharmacological 

IL-1b suppression? 

2) How can acute mental stress rapidly trigger plaque destabilization in patients with pre-

existing atherosclerosis? 
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2. Key methods 
Some experiments for the manuscripts included in this paper-based dissertation were done by 

other authors, cooperation partners or commercial companies. Therefore, the respective 

experimental procedures are not outlined in this methodology section. Apart from that, this 

paragraph describes in detail all key methods that were used in the publications. 

 

2.1 Animal experiments 
2.1.1 Mice 
C57BL/6J mice (wild-type, JAX stock #000664), UBC-GFP mice (C57BL/6-Tg(UBC-

GFP)30Scha/J, JAX stock #004353), ApoE-/- mice (B6.129P2-Apoetm1Unc/J, JAX stock 

#002052), Ldlr-/- mice (B6.129S7-Ldlrtm1Her/J, JAX stock #002207) and Casp1-/- mice 

(B6N.129S2-Casp1tm1Flv/J, JAX stock #016621, on a mixed C57BL/6J;C57BL/6N genetic 

background) were purchased from the Jackson Laboratory.  

In standard atherosclerosis experiments, eight- to twelve-week-old ApoE-/- mice from 

both sexes were fed a HCD (21.2 % fat by weight and 0.2 % cholesterol, TD.88137, Envigo) 

for six to eight weeks. Male and female ApoE-/- mice that underwent MI surgery were on HCD 

for a total of ten weeks. Female Ldlr-/- mice for BM chimera generation were put on a HCD for 

twelve weeks following a recovery period of six weeks after BM irradiation. 

In all experiments, age- and sex-matched littermates were randomly assigned to 

treatment or control groups. At the end of experiments, mice were euthanized under isoflurane 

anesthesia by cervical dislocation or exsanguination.  

 

2.1.2 IL-1b suppression 
For anti-IL-1β treatment, 01BSUR (10 mg/kg body weight (BW), donated from Novartis, Basel, 

Switzerland), a murine analog of canakinumab, or isotype-matched control IgG2a (10 mg/kg 

BW) were injected subcutaneously once a week (Sager et al., 2015). For NLRP3-

inflammasome inhibition, MCC950 (10 mg/kg BW, AG-CR1-3615, AdipoGen) or vehicle (PBS) 

were injected intraperitoneally (i.p.) every 48 h for three weeks (Coll et al., 2015). 

 

2.1.3 Generation of bone marrow chimeras 
To investigate the cellular contributions to IL-1β production, BM chimeras with hematopoietic 

cell-specific caspase-1 knockout were generated. For that, Ldlr-/- mice at the age of eight 

weeks underwent lethal BM irradiation at the Institute for Cardiovascular Prevention (IPEK, 

Munich). BM for reconstitution was obtained from femurs of wild-type or Casp1-/- donor 

animals. After flushing the bone and filtering the cells through a 40 µm cell strainer, cell 
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numbers were manually determined using a hemocytometer. Around 6 h after irradiation, Ldlr-

/- mice were injected intravenously (i.v.) with 3x106 BM cells from respective donor animals. 

 

2.1.4 Acute stress simulation 
Acute mental stress was simulated using immobilization, a common method to apply 

psychological stress due to perceived confinement (Glavin et al., 1994). For that, animals were 

placed in mouse holders/restrainers (HLD-MM, Kent Scientific), without squeezing or 

compression, for up to 3 h (as either a single session or once daily for three consecutive days). 

Mice were sacrificed immediately or until up to 24 h after the final stress episode.  

 

2.1.5 Adoptive transfer of green fluorescent protein (GFP)-labelled 
neutrophils and monocytes 
Purified neutrophils and monocytes from UBC-GFP donor animals were obtained as described 

in 2.4. Respective experimental groups received i.v. injections with equal amounts of cells and 

organs were harvested 24 h later. In respective organs, the number of CD11bhighGFPhigh cells 

was quantified using flow cytometry.  

 

2.1.6 Chemical depletion of sympathetic nervous system 
6-hydroxydopamine (6-OHDA) is a neurotoxin and regularly used to deplete sympathetic 

nervous fibers (Sager et al., 2016). In the respective experiments using 6-OHDA (162957, 

Sigma-Aldrich), mice were injected i.p. with a dose of 100 mg/kg BW six days and another 

dose of 250 mg/kg BW four days before stress exposure. Control animals received the 

corresponding vehicle injection (0.1 % ascorbic acid (3149.1, Roth) in 0.9 % sodium chloride 

(NaCl) solution (Fresenius)). 

 

2.1.7 Intervention with anti-CXCL1 and anti-CCL7 
To neutralize circulating chemokine levels, animals received i.p. injections with either anti-

CXCL1 and anti-CCL7 (AF-456-NA and AF-453-NA, 20 µg each, R&D) or an 

Immunoglobulin G (IgG) control (AB-108-C, R&D) under isoflurane anesthesia 30 min prior to 

stress exposure.  

 

2.2. Tissue processing  
Peripheral blood samples were subjected to red blood cell lysis in 1X RBC lysis buffer (420302, 

BioLegend). After 5 min, the reaction was stopped with 1X PBS, centrifuged at 800 xg for 

10 min at 4 °C and resuspended in FACS buffer (PBS containing 0.5 % bovine serum albumin, 

A2153, Sigma). To generate BM single cell suspensions, femurs were flushed, and the 

resulting suspension was filtered through a 40 µm cell strainer and collected in FACS buffer. 
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Similarly, excised spleens and inguinal lymph nodes were plunged through a 40 µm cell 

strainer. After centrifugation, cells were resuspended in FACS buffer.  

Tissues from aorta, lung, skin, heart, kidney, and liver were digested prior to the flow 

cytometric analysis of leukocytes. For that, organs were minced and incubated at 37 °C at 

750 rpm for 1 h on a thermoshaker in digestion buffer containing collagenase I (450 U/ml, 

C0130), collagenase XI (125 U/ml, C7657), DNase I (60 U/ml, D5319), hyaluronidase (60 U/ml, 

H3506) and HEPES buffer solution (83264, all Sigma-Aldrich) in 1X PBS. All digested organs 

were processed through a 40 µm cell strainer, centrifuged, and resuspended to generate single 

cell suspensions. After that, a 10 µl aliquot of each sample was obtained to determine total 

numbers of leukocytes using a hemocytometer.  

For the flow cytometric analysis of aortic ECs, aortas were digested at 37 °C at 750 rpm 

for 40 min in 1X PBS containing DNase I (250 U/ml) and collagenase IV (10 mg/ml, LS004212, 

CellSystems). For fluorescence-activated sorting of different aortic cell populations, aortas 

were digested in an optimized digestion buffer ((DNase I (250 U/ml), collagenase II (280 U/ml, 

LS004177, Worthington Biochemical Corporation), collagenase IV (215 U/ml, LS004189, 

Worthington Biochemical Corporation) and dispase (1.2 U/ml, 17105-041, Gibco)) at 37 °C at 

750 rpm for 1 h. 

 

2.3 Flow cytometry and fluorescence-activated cell sorting 
Flow cytometric staining was performed on single cell suspensions from processed tissue or 

cell culture cells, and conducted at 4 °C in FACS buffer. In every analysis, cells were first gated 

on viable (FSC-A vs. SSC-A) and single (FSC-A vs. FSC-W and SSC-A vs. SSC-W) cells.  

To compensate, all antibodies were conjugated to OneComp eBeads (01-1111-42, 

Thermo Fisher). GFP-positive samples were used to compensate for GFP fluorescence. Flow 

cytometry data were acquired on an LSRFortessa (BD Bioscience) and corresponding data 

were analyzed using FlowJo software (version 9 or 10). 

 

2.3.1 Murine cells 
For myeloid cell analysis of tissues, cells were stained with anti-mouse hematopoietic lineage 

markers and leukocyte subset markers as listed in table 1. Neutrophils were identified as 

lineagehighCD45.2highCD11bhighCD115lowLy6Cintermediate. In hematopoietic organs (blood, BM and 

spleen), monocytes were identified as lineagelowCD45.2highCD11bhighCD115highLy6Chigh/low, 

while in the remaining organs, monocytes were identified as 

lineagelowCD45.2highCD11bhighF4/80lowLy6Chigh/low and macrophages as 

lineagelowCD45.2highCD11bhighF4/80highLy6Clow/intermediate.  
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Tab. 1: Flow cytometry antibodies used for mouse myeloid cell analysis 

Target Conjugate Manufacturer Catalogue# Clone Dilution 

B220 

CD90.2 

CD49b 

NK1.1 

Ter-119 

Ly6G 

CD45.2 

CD11b 

CD115 

F4/80 

Ly6C 

Streptavidin 

PE  

PE 

PE 

PE 

PE 

PE 

PerCP/Cy5.5 

APC/Cy7 

BV711 or biotin 

PE/Cy7 

FITC or BV421 

BV510 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

103208 

140308 

108908 

108708 

116208 

127608 

109828 

101226 

135515 or 135508 

123114 

128006 or 128032 

405234 

RA3-6B2 

53-2.1 

DX5 

PK136 

TER-119 

1A8 

104 

M1/70 

AFS98 

BM8 

HK1.4 

-  

1:600 

1:3000 

1:1200 

1:600 

1:600 

1:600 

1:300 

1:600 

1:600 

1:600 

1:600 

1:300 

 

To stain blood lymphoid cells, cells were incubated with antibodies listed in table 2. B cells 

were identified as CD19highCD3low and T cells as CD19lowCD3high. 

Tab. 2: Flow cytometry antibodies used for mouse blood lymphoid cell analysis 

Target Conjugate Manufacturer Catalogue# Clone Dilution 

CD3 

CD19 

Ly6C 

CD115 

BV421 

BV605 

FITC 

PerCP/Cy5.5 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

100227 

115539 

128006 

135525 

17A2 

6D5 

HK1.4 

AFS98 

1:600 

1:600 

1:600 

1:600 

 

For aortic EC analysis and sorting, staining was performed with antibodies listed in table 3. 

ECs were identified as CD45.2low, CD31high, and CD107aintermediate/high. For cultivated aortic EC 

staining, the antibody against CD45.2 was omitted.  
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Tab. 3: Flow cytometry antibodies used for mouse aortic EC analysis and sorting 

Target Conjugate Manufacturer Catalogue# Clone Dilution 

CD45.2 

CD31 

CD107a (LAMP1) 

CD54 (ICAM1) 

CD102 (ICAM2) 

CD106 (VCAM1) 

CD62E (E-Selectin) 

CD62P (P-Selectin) 

Streptavidin 

PerCP/Cy5.5 

BV421 

APC/Cy7 

APC 

Biotin 

PE/Cy7 

PE 

FITC 

BV510 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

BD Bioscience 

BD Bioscience 

Biolegend 

109828 

102424 

121616 

116120 

105604 

105720 

553751 

553744 

405234 

104 

390 

1D4B 

YN1/1.7.4 

3C4 

429 

10E9.6 

RB40.34 

-  

1:300 

1:600 

1:300 

1:600 

1:600 

1:300 

1:300 

1:300 

1:300 

 

For sorting different aortic cell types, antibodies as listed in table 4 were used. Fibroblasts were 

identified as CD45lowCD140high, ECs as CD45lowCD31high, macrophages as 

CD45highCD11bhighlineagelow, and neutrophils as CD45highCD11bhighlineagehigh.  

Tab. 4: Flow cytometry antibodies used for mouse aortic cell sorting 

Target Conjugate Manufacturer Catalogue# Clone Dilution 

B220 

CD90.2 

CD49b 

NK1.1 

Ter-119 

Ly6G 

CD31 

CD45 

CD140a 

CD11b 

PE  

PE 

PE 

PE 

PE 

PE 

BV421 

BV605 

PerCP/Cy5.5 

APC/Cy7 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

103208 

140308 

108908 

108708 

116208 

127608 

102424 

103140 

135914 

101226 

RA3-6B2 

53-2.1 

DX5 

PK136 

TER-119 

1A8 

390 

30-F11 

APA5 

M1/70 

1:600 

1:3000 

1:1200 

1:600 

1:600 

1:600 

1:600 

1:600 

1:600 

1:600 
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2.3.2 Human cells 
For the analysis of blood leukocytes, cells were stained with hematopoietic lineage markers 

and leukocyte subset markers as listed in table 5. Monocytes were identified using forward 

and side scatter as well as CD11b. Within this population, numbers of monocyte subsets 

CD14highCD16low, CD14lowCD16high, and CD14highCD16high were quantified. Neutrophils and 

lymphocytes were identified using forward and side scatter. 

Tab. 5: Flow cytometry antibodies used for human blood leukocyte analysis 

Target Conjugate Manufacturer Catalogue# Clone Dilution 

CD3 

CD19 

CD20 

CD56 

CD11b 

CD16 

CD14 

Streptavidin 

Biotin 

Biotin 

Biotin 

Biotin 

APC 

BV711 

BV421 

FITC 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend 

Biolegend  

300404 

302204 

302350 

362536 

301310 

302044 

325628 

405202 

UCHT1 

HIB19 

2H7 

5.1H11 

ICRF44 

3G8 

HCD14 

-  

1:600 

1:600 

1:600 

1:600 

1:600 

1:600 

1:600 

1:600 

 

2.4 Cell sorting 
Purified neutrophils and monocytes for adoptive transfer experiments were obtained by 

isolating cells from the BM of UBC-GFP donor animals and incubating them with the antibodies 

Ly6G-PE (127608, clone 1A8) and CD115-biotin (135508, clone AFS98, both BioLegend). 

This allowed subsequent coupling to magnetic beads (anti-PE and streptavidin microbeads, 

130-048-801 and 130-048-101, Miltenyi Biotec) and separation of cells via magnetic-activated 

cell separation columns (130-042-401, Miltenyi Biotec).  

 

2.5 Histology 
Aortic roots were dissected, embedded in molds containing OCT compound (SA62550-01, 

Tissue Tek, Science Services) and frozen over liquid nitrogen. Using a cryotome, 5-10 µm 

cross-sections around the aortic valve region were obtained.  

Prior to immunohistochemical staining, sections were fixed in ice-cold acetone for 

10 min and treated with peroxidase block (S202386-2, Agilent). Incubation of the sections with 

primary antibodies (table 6) was performed over night at 4 °C.  
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Tab. 6: Primary antibodies used for immunohistochemistry on mouse tissue 

Target Host species Manufacturer Catalogue# 

CD11b 

Ly6G 

CD19 

CD3 

Collagen I 

Alpha smooth muscle actin (SMA) 

rat 

rat 

rat 

rabbit 

rabbit 

rabbit 

Biolegend 

Biolegend 

Abcam 

Abcam 

Abcam 

Abcam  

101202 

127602 

ab25232 

ab16669 

ab21286 

ab5694 

 

Incubation with primary antibodies was followed by a respective biotinylated secondary 

antibody staining (BA-4001 (anti-rat) or B-1000 (anti-rabbit), Vector Laboratories). In a third 

step, the VECTASTAIN ABC kit (PK-4000, Vector Laboratories) was used to couple the 

enzyme horse radish peroxidase to avidin, which is then able to bind the biotinylated secondary 

antibody. By applying AEC substrate (K3461, Dako), areas with coupled antibody complexes 

displayed red color development. Additionally, cell nuclei were counterstained with Gill´s 

hematoxylin solution II (1051752500, Merck Millipore). Stainings were evaluated by analyzing 

either the positive signal area per total plaque area or, if possible, the number of individual 

cells per total plaque area. 

 

2.6 Real-time quantitative polymerase chain reaction (qPCR) 
Aortic arches were excised, stored in 500 µl Qiazol (79306, Qiagen) at -80 °C, and minced 

using a mechanical disruptor (TH220, Omni) with soft-tissue tips (32750, Omni). RNA 

extraction from aortic arches was performed with the RNeasy Mini kit (74104, Qiagen). An 

additional genomic DNA removal step was conducted using the RNase-free DNase set (79254, 

Qiagen). After RNA extraction, quality of the sample was assessed with a NanoQuant Plate 

on an Infinite M200 PRO plate reader (both TECAN) and first-strand complementary DNA 

(cDNA) was generated with the High-Capacity RNA-to-cDNA kit (4388950, Applied 

Biosystems). Real-time qPCR was performed using TaqMan probes (all Thermo Fisher) as 

listed in table 7 and TaqMan Fast Universal Master Mix (4366073, Thermo Fisher). All 

reactions were performed in a total volume of 10 µl and over 40 cycles on a ViiA 7 system. 

Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was used as a housekeeping gene. To 

quantify mRNA levels, 2-DCt values were used. 
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Tab. 7: TaqMan probes used for qPCR 

Target Catalogue# 

Angpt1 (Angiopoietin 1) 

Ccl2 

Ccl7 

Col1a2 (Collagen type 1 alpha 2) 

Col3a1  

Cxcl1 

Cxcl12 

Cx3cl1 

Gapdh 

Il6 

Il10 

Mmp3 (Matrix metalloproteinase) 

Mmp9 

Mmp10 

Opn (osteopontin) 

Scf (Stem cell factor) 

Tgfb1 

Tnf 

Vcam1 

Mm00456503_m1 

Mm00441242_m1 

Mm00443113_m1 

Mm00483888_m1 

Mm01254476_m1 

Mm04207460_m1 

Mm00445553_m1 

Mm00436454_m1 

Mm99999915_g1 

Mm00446190_m1 

Mm01288386_m1 

Mm00440295_m1 

Mm00442991_m1 

Mm01168399_m1 

Mm00436767_m1 

Mm00442972_m1 

Mm01178820_m1 

Mm00443258_m1 

Mm01320970_m1 

 

2.7 Protein biochemistry 
2.7.1 Commercially available kits and enzyme-linked immunosorbent 
assays (ELISAs) 
Mouse aortic arches were excised, stored in catecholamine stabilizing buffer (0.01 N 

hydrochloric acid, 0.15 mM ethylenediaminetetraacetic acid (EDTA), 4 mM sodium 

metabisulfite in H2O dest.; adjusted to pH 7) at -80 °C for up to one week, and minced as 

described in 2.6. Mouse peripheral blood samples were collected in EDTA-coated tubes. For 
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plasma extraction, blood was centrifuged at 2000 x g for 15 min at 4 °C. Cell culture 

supernatant was collected directly and frozen at -80 °C until measurements.  

 An EA633/96 ELISA (DLD Diagnostika) was performed for norepinephrine 

quantification in aortic arches. In plasma, the chemokine & cytokine assay (36-Plex Mouse 

ProcartaPlex™ Panel 1A, EPX360-26092-90, Thermo Fisher) was used for detecting 36 

different chemokines and cytokines in a multiplex fashion. Additionally, EA633/96, EA632/96 

(both DLD Diagnostika), ab108821, ab216951, ab205571 (all Abcam), and MJE00B (R&D) 

were used in plasma for norepinephrine, epinephrine, corticosterone (1:100 sample dilution), 

CXCL1, CCL7, and CCL2 measurements, respectively. In cell culture supernatant, ab216951, 

ab205571, ab100712, ab229440, ab229393 (all Abcam) were used to determine CXCL1, 

CCL7, IL-6, IL-1b, and TNFα levels. All measurements were performed according to the 

manufacturers’ instructions.  

 

2.7.2 Western blot 
Aortic arches were excised and stored at -80 °C. For tissue disruption, aortic arches were 

minced with scissors in 200 µl RIPA buffer (9806, Cell Signaling Technology, supplemented 

with 1 % proteinase (Halt™ Protease Inhibitor Cocktail, 78429, Thermo Fisher) and 

phosphatase inhibitor cocktail (Halt™ Phosphatase Inhibitor Cocktail, 78420, Thermo Fisher)) 

and homogenized by mechanical disruption with soft-tissue tips as described above. Cell 

lysates were generated by sonicating 3 times for 30 s with intermitting 30 s on ice and 

centrifuging at 21,000 g for 5 min at 4 °C to remove cell debris.  

Protein concentrations were determined with a bicinchoninic acid (BCA) assay (23225, 

ThermoFisher) according to the manufacturer´s protocol and samples were adjusted with RIPA 

buffer to contain 35 µg total protein. After supplementation with 4X Laemmli samples buffer 

(1610747, Bio-Rad), they were heated for 5 min at 95 °C. To separate proteins, SDS-gel 

electrophoresis was performed using 4-20 % Mini-PROTEAN® TGX™ precast gradient gels 

(4561094, Bio-Rad) at 300 V for 18 min in 1X Tris/glycine/SDS buffer (1610732, Bio-Rad). 

Subsequent wet blotting (25 mM Tris, 192 mM glycine, 20 % v/v methanol, pH 8.3) was carried 

out at 100 V for 90 min using methanol-activated polyvinylidene difluoride (PVDF) membranes 

(1704157, Merck Millipore).  

All buffers for antibody staining were based on TBS-T (20 mM Tris, 150 mM NaCL, 

0.1 % Tween, pH 7.6) and contained 5 % BSA. First, the PVDF membrane was blocked for 

1 h at room temperature with the aforementioned buffer. Anti-pTH (phosphorylated tyrosine 

hydroxylase, ab5935, 1:500, Merck Millipore) was incubated overnight at 4 °C and the 

appropriate HRP (horse radish peroxidase)-conjugated secondary antibody (anti-rabbit, 7074, 

1:100,000, Cell Signaling) was incubated for 1 h at room temperature. For signal detection of 

pTH, membranes were incubated using SuperSignal™ West Dura Extended Duration 
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Substrate (37076, Thermo Fisher) and imaged with an ImageQuant LAS 4000 imaging system 

(GE Healthcare Life Sciences). Subsequently, blots were washed and incubated for 1 h at 

room temperature with anti-GAPDH (5174P, 1:50000, Cell Signaling), followed by the 

incubation with HRP-conjugated secondary antibody for 1 h at room temperature. Signal 

detection was performed as described above.  

 

2.8 Cell culture 
BM-derived macrophages were obtained by flushing one femur of a mouse with 20 ml PBS 

(0.5 % BSA). The resulting cell suspension was centrifuged at 400 g for 5 min at 4 °C and 

treated with RBC lysis as described above. In a 6-well plate, 1,000,000 cells were plated in 

1 ml of RPMI medium (A1049101, Gibco) containing 10 % fetal calf serum (S0615, Sigma), 

1 % Penicillin/Streptomycin (15070-063, Gibco), and 100 ng/ml M-CSF (416-ML-050, R&D). 

Additionally, 1 ml of fresh medium was added the day after. Following a wash step with PBS 

to remove non-adherent cells and debris, medium was completely replaced at day 3 and 5. On 

day 5, norepinephrine (1 µM, A7257-1G, Sigma) or HCl vehicle was added repetitively every 

8 h for 24 h. 

 Primary murine aortic endothelial (mAoECs, C57-6052, CellBiologics), aortic smooth 

muscle (C57-6080, CellBiologics), and aortic fibroblast cells (C57-6075, CellBiologics) were 

cultured in corresponding cell culture medium (PB-M1168, PB-M2268, PB-M1167, 

PeloBiotech) in a humidified incubator with 5 % CO2 at 37 °C. In static experiments, 50,000 

cells were seeded into a 24-well plate, cultivated for 24 h, and stimulated with norepinephrine 

(1 µM) or HCl vehicle repetitively every 8 h for another 24 h. In flow experiments, 200,000 

mAoECs were plated into channel slides with 0.2 mm (high shear stress) and 0.8 mm (low 

shear stress) chamber height (80166 and 80196, Ibidi). They were cultivated under flow 

conditions in an Ibidi pump system (flow profile: 1 h at 7 dyn/cm2, 1 h at 10 dyn/cm2, 1 h at 

15 dyn/cm2, and 30 dyn/cm2 until harvest for 0.2 mm slides; 1 h at 0.5 dyn/cm2, 1 h at 

0.7 dyn/cm2, 1 h at 1 dyn/cm2, and 2 dyn/cm2 until harvest for 0.8 mm slides) for 24 h and 

stimulated with hormones (1 µM norepinephrine repetitively every 8 h, 1 µM epinephrine E-

4250-1G repetitively every 8 h, 1 µM corticosterone 27840-100MG once; all Sigma) for another 

24 h. For flow cytometry experiments, cells were harvested using Accutase solution (A6964-

100ML, Sigma). Neutrophils and monocytes used in leukocyte adhesion assays were isolated 

and purified from BM as described in 2.4. The purified cells were stained with Calcein-AM 

(C3100MP, Invitrogen) for 1 h and stimulated mAoECs were incubated with the leukocytes 

under flow conditions. After 1 h, cells were washed off and slides were imaged at 10x 

magnification using a fluorescence microscope with a green filter set (DMRB, Leica). Adherent 

leukocytes were quantified with ImageJ.  
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For adrenoreceptor-blocker experiments, phentolamine hydrochloride (P7547, 1 µM, 

Sigma), propranolol hydrochloride (P0884, 1 µM, Sigma) or respective vehicle were added to 

the pump system once a day. Anti-CXCL1, anti-CCL7 (AF-456-NA and AF-453-NA, 0.1 µg/ml, 

R&D) or an IgG control (AB-108-C, 0.1 µg/ml, R&D) were added to the culture medium at the 

same time as purified neutrophils and monocytes, and incubated for 1 h. Slides were 

processed and imaged as described above. 

Human umbilical vein endothelial cells (HUVECs, C-12200, PromoCell) were cultured 

in complete endothelial cell growth medium (C-22011, PromoCell). For flow experiments, they 

were seeded into channel slides with 0.8 mm chamber height, cultivated under flow conditions 

for 24 h (flow profile: 1 h at 1 dyn/cm2, 1 h at 3 dyn/cm2, 1 h at 5 dyn/cm2, and 10 dyn/cm2 

until harvest) and incubated with norepinephrine (1 µM, repetitively every 8 h) or HCl vehicle 

for another 24 h. For subsequent monocyte adhesion assays, THP-1 cells (ATCC TIB-202, 

ATCC, cultured in RPMI medium containing 10 % fetal calf serum) were stained with Calcein-

AM for 1 h, and stimulated HUVECs were incubated with THP-1 cells under flow conditions for 

1 h. Slides were imaged and analyzed as described above. 

 

2.9 Data analysis 
All statistical analysis was performed using GraphPad Prism version 8. Prior to each analysis, 

data were tested for normality distribution. If the sample size was large enough (n³8), normal 

distribution of data was assessed using the D’Agostino-Pearson omnibus normality test. If 

sample sizes were n<8, data were analyzed using the Shapiro-Wilk test. Further, a two-sided 

ROUT´s test was used to determine statistical outliers. If appropriate, absolute values were 

normalized to one representative experiment to adjust for inter-experimental variations. 

For comparisons between two groups, data were analyzed using two-tailed Student´s 

unpaired/Student´s paired t-test (for normally distributed data, according to study design) or 

Mann-Whitney/Wilcoxon test (for non-normally distributed data) as appropriate. When 

comparing more groups, a one-way analysis of variance (ANOVA, for normally distributed 

data) followed by a Holm-Sidak test for multiple comparisons or a Kruskal-Wallis test (for non-

normally distributed data) followed by a Dunn´s test for multiple comparisons was performed. 

For multiple comparisons with paired designs, repeated measures one-way ANOVA or mixed-

effects analysis were used. Contingency analysis for plaque rupture experiments was 

performed using Fisher´s exact test.  
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3. Discussion 
3.1 Interleukin-1b suppression dampens inflammatory leukocyte 
production and uptake in atherosclerosis 
IL-1b is a potent pro-inflammatory cytokine and its blood levels strongly associate with CAD 

processes including plaque progression and destabilization (Abbate et al., 2020). 

Consequently, pharmacological neutralization of IL-1b via a monoclonal antibody reduced 

recurrent cardiovascular events in patients with previous MI in CANTOS, a large phase III 

clinical trial (Ridker et al., 2017). However, the biological basis of this beneficial effect is not 

yet fully understood. As canakinumab, the neutralizing antibody used in CANTOS, failed to get 

drug approval due to safety (and cost) issues, further knowledge on how IL-1β suppression 

dampens atherosclerosis progression is needed to guide future anti-inflammatory therapies. 

This study explored two different pharmacological therapies to deplete bioactive IL-1β 

in the context of atherosclerosis. MCC950 is a small molecule inhibitor that interferes with 

upstream NLRP3 inflammasome formation and thus pro-IL-1β processing (Coll et al., 2015), 

while canakinumab (or its murine equivalent) neutralizes downstream IL-1β (Ridker et al., 

2011). In line with other publications (Heijden et al., 2017; Vromman et al., 2019), this study 

found that IL-1β suppression (with both therapeutic strategies) attenuates atherosclerosis 

progression as reflected by reduced plaque size and decreased inflammatory leukocyte 

accumulation in an ApoE-/- mouse model. Additionally, it was shown that the overall 

transcriptional profile of the atherosclerotic aortas was shifted towards attenuated extracellular 

matrix breakdown and inflammation in general. Previous publications reported decreased 

expression levels of endothelial adhesion molecules and chemoattractants upon IL-1β 

suppression (Denes et al., 2012; Heijden et al., 2017; Shemesh et al., 2012), surrogate 

markers of dampened leukocyte recruitment. Indeed, this study directly proves that IL-1β 

suppression reduces leukocyte recruitment using adoptive transfer experiments.  

 Upstream of the leukocyte recruitment process, this study indicates that IL-1β 

suppression affects leukocyte supply as indicated by reduced circulating inflammatory 

leukocyte numbers. In the underlying analysis, it was found that this is caused by decreased 

proliferation of hematopoietic stem and progenitor cells in the BM. This is in line with previous 

findings that demonstrated the importance of IL-1β in emergency hematopoiesis (Dinarello, 

2005, 2017; Garlanda et al., 2013; Pietras et al., 2016; Sager et al., 2015). However, none of 

the previous publications has shown that proliferation of hematopoietic stem cells in 

atherosclerosis is IL-1β-dependent. The notion that IL-1β suppression leads to reduced blood 

monocyte levels in mice is consistent with human data from the CANTOS trial. Further, a recent 

sub-analysis of the CANTOS trial showed that blood neutrophil numbers are modulated by 

canakinumab (Adamstein et al., 2021), which aligns with this study´s blood neutrophil data in 

mice. 
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This indicates that IL-1β suppression may reduce production of BM-derived pro-inflammatory 

leukocytes also in humans. Further, circulating monocyte numbers may serve as a readily 

available biomarker to identify responders in anti-inflammatory treatments.  

 To better investigate the effects of anti-IL-1β treatment as seen in the CANTOS trial, 

an experiment in atherosclerotic, post-MI mice was performed. Here, it could be shown that 

IL-1β suppression mitigates vascular inflammation not only in primary prevention (=early 

atherosclerosis) but also secondary prevention (=post-MI). Mechanistically, this is achieved by 

similar mechanisms, namely reduced supply and uptake of inflammatory leukocytes into 

atherosclerotic plaques.  

 As depicted in Fig. 2+3 (1.1.3.1), IL-1β is produced at inflammatory sites in response 

to various external stimuli. In atherosclerosis, the major source of IL-1β is likely comprised of 

plaque macrophages, although other cell types like ECs and SMCs may also contribute to IL-

1β release under inflammatory conditions (Ridker et al., 2011). To better investigate the cellular 

source of IL-1β production in atherosclerosis, mice with a hematopoietic cell deficiency in 

Caspase-1 on an atherosclerotic background were generated. Thus, all cells of the 

hematopoietic system fail to cleave pro-IL-1β via the NLRP3 inflammasome. The obtained 

results indicate that hematopoietic cell-derived IL-1β contributes substantially to the processes 

that fuel vascular inflammation.  

Taken together, these data provide complementary mechanistic data on how IL-1β 

suppression dampens atherosclerosis progression via affecting both inflammatory leukocyte 

supply from hematopoietic organs and uptake into atherosclerotic plaques. This knowledge 

may help to develop future anti-inflammatory therapies in patients with CVD. 

 

3.2 Acute mental stress drives vascular inflammation and promotes 
plaque destabilization  
Acute mental stress has been identified as a novel trigger for the onset of acute coronary 

syndrome (Kivimäki & Steptoe, 2018; Yusuf et al., 2004). However, despite numerous 

epidemiological and pre-clinical studies, it is not yet exactly known how acute mental stress 

drives plaque destabilization so rapidly (Hinterdobler et al., 2021). As a matter of fact, current 

treatment does not address CVD risk associated with acute mental stress. This study aimed 

to better understand the mechanisms that drive vascular inflammation and consequently 

promote plaque rupture in response to acute psychological stress. 

In this manuscript, evidence is provided that acute stress exposure leads to rapid 

expansion of inflammatory leukocytes in distinct tissue, including atherosclerotic plaques if 

present. This is primarily driven via rapid, stress-induced blood leukocyte recruitment. 

Consequently, enhanced vascular inflammation drives plaque rupture by inducing plaque-

destabilizing processes. Mechanistically, activation of the SNS modulates vascular endothelial 
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cells, which promotes recruitment. Among other effects, stress exposure increases circulating 

chemokine levels such as CXCL1 and CCL7. Further, this study provides evidence that acute 

stress-induced leukocyte recruitment can be therapeutically targeted by neutralizing these two 

chemokines.  

Fig. 4 (see 1.3.3) summarizes previous experimental evidence on how acute mental 

stress affects inflammation in atherosclerosis in five potential categories: leukocyte 

redistribution, leukocyte activation, modulation of circulating cytokine levels, EC activation and 

inflammatory processes inside the vascular wall. This study could replicate some of the already 

known mechanisms but also expanded the knowledge on how acute mental stress promotes 

atherosclerosis progression via inflammatory mechanisms. Regarding blood leukocyte 

dynamics, it was shown in mice and humans that inflammatory leukocytes rapidly deplete from 

the blood in response to acute stress exposure. This is in line with recent animal studies that 

report decreasing monocyte and lymphocyte levels after stress exposure (Viswanathan & 

Dhabhar, 2005; Wouw et al., 2020; Xu et al., 2020). A study by Dhabhar et al. shows that 

leukocytes are massively mobilized from reservoirs and subsequently traffic to sites of 

inflammation and immune activation upon stress exposure (Dhabhar et al., 2012; Viswanathan 

& Dhabhar, 2005). Accordingly, cell tracking experiments demonstrated that blood leukocytes 

are recruited to specific organs including plaques if underlying atherosclerosis is present. 

Leukocyte recruitment is a process that involves complex interactions between two major 

players: the leukocyte itself but also the endothelium at sites of transmigration (Ley et al., 

2007). Specifically, leukocyte chemotaxis, as well as rolling and firm adhesion of leukocytes 

on endothelial selectins and adhesion molecules are key steps in the leukocyte adhesion 

cascade in vessels (Gerhardt & Ley, 2015). The data from this thesis demonstrate that acute 

stress activates ECs, which leads to an increase in adhesion molecule expression and 

chemokine release. This is in line with studies that report higher circulating adhesion molecule 

levels (Heinz et al., 2003; Wilbert-Lampen et al., 2010), serving as surrogate markers for EC 

adhesion molecule expression, in response to acute stress. Further, several publications have 

previously reported higher levels of circulating chemokines upon acute stress exposure in mice 

(Cheng et al., 2015; Qing et al., 2020). Still, these studies have not addressed in detail which 

cells produce and release the respective chemokines. Although research in this thesis primarily 

focused on the local effects of acute stress on endothelial cells, other tissue-resident cells 

might be involved in the enhanced chemokine release into the circulation. Further, as 

mentioned above, acute stress leads to increased blood cytokine levels (Cheng et al., 2015; 

Heinz et al., 2003; Koelsch et al., 2016; Kuebler et al., 2015; Wilbert-Lampen et al., 2010). 

Thus, future research is needed to identify the systemic effects of circulating factors, such as 

IL-6, on both endothelial cells and blood leukocytes. Compared to the other categories, 

relatively little has been known on how acute mental stress affects inflammatory processes 
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inside the vascular wall and thus promotes plaque destabilization. Using different stressors, 

previous studies demonstrated that acute mental stress promotes surrogate markers of plaque 

destabilization (Lagraauw et al., 2019), and can lead to MI in hypercholesterolemic mice 

(Caligiuri et al., 1999). Beyond that, data from this thesis provide evidence that acute mental 

stress directly promotes plaque rupture in a mouse plaque rupture model. Mechanistically, it 

was demonstrated that acute stress leads to an expansion of plaque inflammatory leukocytes, 

a decrease in plaque SMC content and a shift towards enhanced extracellular matrix 

breakdown, all features of vulnerable plaques (Silvestre-Roig et al., 2014). 

Stress perception activates three major neuroendocrine axes as outlined above. This 

leads to both systemic (epinephrine and glucocorticoids from the adrenal glands) as well a 

local (norepinephrine from sympathetic tissue innervation) stress hormone release (Glaser & 

Kiecolt-Glaser, 2005). Thus, it was addressed if one of these hormones is responsible for the 

observed EC activation. In cell culture experiments, only norepinephrine exposure, but not 

epinephrine or corticosterone, increased EC adhesion molecule expression and adhesion of 

leukocytes to an EC layer. This aligns with previous reports that suggest a prominent role of 

the SNS in stress-induced phenotypes (Heidt et al., 2014; Qing et al., 2020; B. Zhang et al., 

2020). However, future research is needed to investigate potential effects of systemic 

hormones on circulating leukocytes. 

These findings should also be interpreted in the context of other studies that have 

recently provided experimental evidence for the link between non-classical risk factors and 

CVD. Similar to acute mental stress, studies on sedentary lifestyle (Frodermann et al., 2019), 

sleep deprivation (McAlpine et al., 2019), and air and noise pollution (Lelieveld et al., 2019; 

Münzel, Sørensen, et al., 2017) have all identified inflammatory processes in the respective 

pathophysiological mechanisms (Schloss et al., 2020). This is also the case for chronic mental 

stress (Heidt et al., 2014). However, in contrast to acute mental stress, where leukocyte levels 

decrease from blood as a result of increased recruitment, chronic mental stress activates 

hematopoietic stem cells in the BM leading to overall higher leukocyte production and hence 

supply. 

Taken together, this study provides novel mechanistic insights into how acute mental 

stress promotes vascular inflammation and hence, plaque rupture. These findings substantiate 

associations from various epidemiological studies which have previously linked acute mental 

stress to the onset of cardiovascular complications (Aoki et al., 2012; Edmondson et al., 2012; 

Kivimäki & Steptoe, 2018; Leor et al., 1996; Meisel et al., 1991; Smyth et al., 2016; Wilbert-

Lampen et al., 2008). From a clinical perspective, this study highlights the need to identify 

people at risk that are both stress-susceptible and have pre-existing atherosclerosis. In future 

research, targeting the stress-induced uptake of blood leukocytes, as was done by neutralizing 

specific chemoattractants, may present a novel therapeutic avenue.  
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3.3 Discussion across dissertation topics 
Despite effective lipid-lowering therapies, residual risk for CVD remains high. This is mostly 

attributed to inflammatory mechanisms in the disease pathology (Koenig, 2020; Ridker, 

MacFadyen, et al., 2019). Thus, there is a strong need for novel anti-atherosclerotic therapies 

targeting inflammation in general (Libby & Everett, 2019). Additionally, non-classical risk 

factors have been strongly associated with CVD (Yusuf et al., 2004). Although most of these 

risk factors are potentially modifiable, they still contribute considerably to atherosclerosis and 

its complications, mainly conveyed via the modulation of inflammatory processes (Schloss et 

al., 2020). Thus, there is also a strong need to pharmacologically alter inflammatory processes 

in the context of lifestyle-related risk factors, such as acute mental stress. Concomitantly, in 

the wake of personalized medicine, it is necessary to identify people at risk for CVD in general 

but also people at risk due to their risk factor profile. However, this requires specific and 

established biomarkers (Ruparelia et al., 2017; Soehnlein & Libby, 2021).  

 Small molecule inhibitors and antibodies against various inflammation-related targets 

have been tested as novel anti-atherosclerotic therapies in pre-clinical and clinical trials (Libby 

& Everett, 2019; Ruparelia et al., 2017). However, despite some encouraging results, none of 

these anti-inflammatory therapies has made it into clinical practice yet. Nonetheless, the 

CANTOS trial using canakinumab, a neutralizing antibody against IL-1b, has convincingly 

demonstrated that targeting inflammation reduces recurrent cardiovascular events (Ridker et 

al., 2017). Thus, the failure of canakinumab to get drug approval should not be seen as 

disappointing but rather fuel future research to gain more in-deep knowledge on how 

inflammation promotes atherosclerosis and its complications. The results from this thesis 

provided further mechanistic insights into links between hematopoiesis and atherogenesis, 

and into the beneficial effects of IL-1β-targeted therapies. This knowledge can potentially be 

exploited in future anti-inflammatory interventions in atherosclerosis. 

 Although canakinumab is the most prominent one, other neutralizing antibodies against 

cytokines and chemokines have been successfully tested in pre-clinical and clinical studies on 

atherosclerosis (Libby & Everett, 2019; Soehnlein & Libby, 2021). These include antibodies 

against the CXCL1/CXCR (CXC chemokine receptor)2 axis (Soehnlein et al., 2013) and the 

CCL2/CCR (CC chemokine receptor)2 axis (Gilbert et al., 2011), both of which are involved in 

myeloid cell mobilization and recruitment to sites of inflammation (Soehnlein & Libby, 2021). 

Interestingly, experiments from this thesis revealed an increase in circulating CXCL1 and 

CCL7 (another ligand for CCR2), and neutralization of these chemokines resulted in 

attenuated stress-induced leukocyte recruitment. Future studies are needed to determine the 

link between CXCL1- and CCL7-mediated leukocyte recruitment and stress-induced plaque 

rupture. However, targeting stress-induced uptake of inflammatory leukocytes, possibly via 
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neutralizing chemoattractants such as CXCL1 and CCL7, may provide a novel therapeutic 

option to prevent cardiovascular complications in response to acute stress.  

Given the numerous pathways on how inflammation affects atherosclerosis, there is a 

multitude of promising future treatment options. A key challenge will be to tailor 

pharmacological interventions in order to reduce pro-atherosclerotic inflammation without 

affecting host defense against infections (Baylis et al., 2018; Hinterdobler et al., 2021; Schloss 

et al., 2020).  

Taken together, the observed findings may guide future trials and aid to identify patients 

that respond best to anti-inflammatory treatment.  
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4. Manuscript “Interleukin-1b suppression dampens inflammatory 
leukocyte production and uptake in atherosclerosis” 
4.1 Summary 
Targeting IL-1b is a promising therapeutic approach to reduce cardiovascular events. 

Neutralization with a monoclonal antibody (canakinumab) in a human trial reduced the CVD 

risk in secondary prevention after MI. However, the exact mechanisms for these beneficial 

effects remain incompletely understood. Additionally, canakinumab failed to get drug approval 

after the clinical trial and little is known about potential benefits of IL-1b suppression in primary 

prevention. Therefore, the aim of this thesis was to further investigate the beneficial effects of 

IL-1b inhibition to provide stronger mechanistic data for future anti-inflammatory therapies in 

patients.  

It could be shown in pre-clinical experiments that, in line with already published 

literature, anti-IL-1b treatment reduced the accumulation of leukocytes in atherosclerotic 

aortas both in primary (no previous MI) and secondary (previous MI) prevention. 

Mechanistically, IL-1b suppression modulated ECs towards a less inflammatory phenotype, 

characterized by lower expression levels of adhesion molecules and leukocyte attracting 

phenotypes. Further, anti-IL-1b treatment affects inflammatory leukocyte supply by decreasing 

proliferation of BM hematopoietic stem and progenitor cells. Additionally, these data indicate 

that specifically hematopoietic cell-derived IL-1b contributes to the adverse effects in 

atherosclerosis. In line with the findings from animal experiments, patients treated with 

canakinumab showed reduced blood monocyte numbers. 

Taken together, the results demonstrate that anti-IL-1b treatment beneficially alters 

both blood inflammatory leukocyte supply and uptake in the context of atherosclerosis. This 

provides novel mechanistic insights for potential future anti-inflammatory therapies in CVD.  

 

4.2 Individual contribution 
This project has been carried out in joint cooperation with a medical student, Jan Hettwer. 

Together with Prof. Sager, we conceptualized the work. As Jan Hettwer´s supervisor in the 

lab, I assisted in the hands-on work and functioned as the main coordinator of the individual 

experiments. Additionally, I analyzed and interpreted results specifically from in vivo 

experiments (e.g. flow cytometry). Regarding the publication, both Jan Hettwer and me 

designed the figures. Additionally, I assisted in writing and editing the manuscript.  
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5. Manuscript “Acute mental stress drives vascular inflammation and 
promotes plaque destabilization in mouse atherosclerosis” 
5.1 Summary 
Acute mental stress exposure is known to be a major trigger for the onset of acute coronary 

syndromes, even in patients with state-of-the-art medical treatment. However, how acute 

mental stress rapidly drives plaque destabilization causing acute coronary syndrome is poorly 

understood. Therefore, the aim of this project was to investigate the underlying mechanisms.  

 Both in a human study and in animal experiments, leukocytes rapidly deplete from the 

circulation in response to acute mental stress. Cell-tracking experiments revealed that these 

leukocytes, specifically monocytes and neutrophils, are recruited to distinct organs and, if 

present, atherosclerotic plaques. As a consequence, acute mental stress promotes vascular 

inflammation and hence, plaque rupture by enhancing plaque-destabilizing processes. In line 

with their pivotal role in leukocyte recruitment, data from this thesis indicate that acute mental 

stress strongly activates ECs. Mechanistically, using both in vitro and in vivo experiments, it 

was found that specifically the SNS (via locally released norepinephrine) plays a key role in 

the modulation of ECs and in the recruitment process in response to acute mental stress. 

Further, the results demonstrate that targeting CXCL1 and CCL7, important chemokines in 

leukocyte recruitment, dampens uptake of monocytes and neutrophils to atherosclerotic 

plaques under acute stress conditions. 

Taken together, this work provides novel mechanistic insight into how acute mental 

stress affects vascular inflammation and potentially plaque rupture. Targeting stress-induced 

recruitment of inflammatory leukocytes may provide novel therapeutic avenues for future 

research. 

 

5.2 Individual contribution 
After joining the lab of Prof. Sager in October 2017, I have gradually taken over the major 

responsibility for the entire project management. Concretely, I designed the individual 

experiments in agreement with Prof. Sager, performed most of the hands-on work in vitro and 

in vivo, analyzed the results and interpreted the data. Additionally, I supervised two medical 

students, Almut Meesmann and Simin Schott, in the context of this project. Together, we 

specifically established setups for in vitro experiments under flow conditions. Regarding the 

publication, I designed the figures and wrote the manuscript together with Prof. Sager. 
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