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Abstract 

Atherosclerosis is one of the leading causes of morbidity and mortality in the world. The disease 

is characterized by lipoproteins and inflammatory cells infiltrating the inner layer of arteries and 

progressively narrowing and stiffening the vessels, which may eventually lead to serious 

complications such as myocardial infarction or stroke. Although efforts have been made 

worldwide to elucidate the circumstances that cause atherosclerotic plaque formation, only parts 

of the answer have been unraveled so far. Just within the last decades, it has become increasingly 

clear that beyond classical risk factors such as hypercholesterolemia or hypertension, also genetic 

risk factors affecting so far unrelated pathways may strongly impact the course of the disease. One 

of these newly revealed players is the nitric oxide, soluble guanylyl cyclase (sGC) pathway – a key 

molecular pathway with several important functions throughout the organism. Genetic risk 

variants associated with coronary artery disease (CAD), the manifestation of atherosclerosis in the 

coronary vasculature, have, e.g., been shown to interfere with the pathway’s beneficial impact on 

blood pressure. The effect that is explained by genetic variation, however, is greater than that 

explained by changes in blood pressure. It is therefore not yet clear how the nitric oxide-sGC 

pathway contributes to the progression of atherosclerosis. Consequently, to further elucidate the 

pathway’s effects on atherosclerosis, the primary objective of this thesis was to investigate the 

functions of sGC specifically in platelets, one major affected cell type in human sGC risk allele 

carriers with vascular functions beyond blood pressure. 

By using an experimental model of platelet-specific, functionally sGC-deficient mice on a pro-

atherosclerotic background, it was possible to experimentally examine the role of platelet sGC in 

atherosclerosis in vivo. Subsequent analyses by flow cytometry, histology and in vivo fluorescence 

microscopy confirmed that lack of sGC in platelets promotes atherosclerotic plaque formation 

and inflammation, although expression of sGC in other cell types was not affected. In vitro 

experiments further revealed that the releasate of sGC-deficient platelets particularly triggers 

endothelium-driven leukocyte adhesion. As one potential causal factor for this phenomenon, the 

glycoprotein angiopoietin-1 was identified. It was released significantly less from sGC-deficient 

murine and sGC-impaired human platelets, while platelets stimulated with the sGC-stimulator 

BAY-747 released significantly more angiopoietin-1. In vivo treatment of atherosclerotic mice with 

BAY-747 could vice versa reduce the growth of atherosclerotic lesions and aortic leukocyte 

accumulation. Treating CAD patients with sGC stimulators, especially those patients with a high 

genetic burden within the pathway, might therefore be a novel strategy to address the impact 

atherosclerosis and its manifestations bear on our society. 
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Zusammenfassung 

Die Atherosklerose, eine degenerative Erkrankung der Arterien, ist eine der Hauptursachen für 

Morbidität und Mortalität weltweit. Die hierbei über mehrere Jahre entstehenden 

atherosklerotischen Plaques gelten als die wichtigsten Auslöser lebensbedrohlicher ischämischer 

Ereignisse wie Herzinfarkt oder Schlaganfall. Trotz jahrelanger Bemühungen, die Umstände, die 

zur Entstehung dieser Erkrankung führen, zu ergründen, konnten bislang nur Teile der Antwort 

entschlüsselt werden. In den letzten Jahrzehnten wurde jedoch deutlich, dass neben klassischen 

Risikofaktoren wie Hypercholesterinämie oder Bluthochdruck auch Faktoren, die zuvor nicht mit 

der Atherosklerose in Zusammenhang gebracht wurden, den Krankheitsverlauf beeinflussen. Ein 

solcher Faktor ist der Stickstoffmonoxid-Signalweg: Mehrere Varianten in Genen, die für diesen 

Signalweg kodieren, wurden mit einem erhöhten Risiko für die Inzidenz der koronaren 

Herzkrankheit (KHK), der Manifestation von Atherosklerose in den Herzkranzgefäßen, assoziiert. 

Die Risikovarianten beeinträchtigen nachweislich die positive Wirkung des Signalwegs auf den 

Blutdruck. Tatsächlich ist der Effekt jedoch größer als der, der allein durch eine Veränderung des 

Blutdrucks erklärt werden kann. Daher bestand das Hauptziel dieser Arbeit darin, den Einfluss 

dieses Signalwegs innerhalb von Thrombozyten – einem weiteren, deutlich von diesen 

Risikovarianten betroffenen Zelltyp – auf die Entstehung der Atherosklerose zu beleuchten. 

Zu diesem Zweck wurden atherosklerotische Mäuse mit einem funktionellen Mangel der löslichen 

Guanylatzyklase (sGC), einem zentralen Bestandteil des Stickstoffmonoxid-Signalwegs, mittels 

Durchflusszytometrie, Histologie und In vivo-Fluoreszenzmikroskopie untersucht. Dabei konnte 

bestätigt werden, dass ein sGC-Mangel in Thrombozyten die Bildung atherosklerotischer Plaques 

und die Ansammlung entzündlicher Leukozyten innerhalb der Gefäßläsionen deutlich fördert. Ein 

zugrundeliegender Mechanismus hierfür könnte die veränderte Freisetzung von löslichen Faktoren 

aus Thrombozyten sein, die in vitro die Adhäsion von Leukozyten an Endothelzellen begünstigten. 

Ein Faktor mit möglicherweise ursächlicher Beteiligung ist Angiopoetin-1: Das Glykoprotein 

wurde nach mechanischer Stimulation deutlich weniger sowohl aus murinen als auch humanen 

Thrombozyten mit beeinträchtigter sGC-Funktion ausgeschüttet, wohingegen Thrombozyten, die 

mit dem sGC-Stimulator BAY-747 behandelt wurden, erheblich mehr Angiopoetin-1 freisetzten. 

Die In vivo-Behandlung von atherosklerotischen Mäusen mit BAY-747 konnte umgekehrt das 

Fortschreiten der Atherosklerose in der Aorta verringern. Die Behandlung von KHK-Patienten 

mit sGC-Stimulatoren, insbesondere von Patienten mit einem individuell erhöhten genetischen 

Risiko, könnte daher eine neue, zusätzliche Strategie zur Eindämmung der erheblichen Bedrohung 

sein, die diese Erkrankung für unsere Gesellschaft darstellt.
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1 Introduction 

1.1 Cardiovascular diseases and atherosclerosis 

Cardiovascular diseases account for the majority of deaths worldwide (World Health Organisation, 

2021). They comprise a class of disorders affecting the heart or blood vessels, e.g., coronary artery 

disease (CAD) including myocardial infarction (MI), stroke, or peripheral artery disease. CAD is 

the most common cardiovascular disease, estimated at 197 million prevalent cases globally in 2019 

(Roth et al., 2020). It is responsible for 45% of mortality in women and 39% of mortality in men 

in Europe (Timmis et al., 2022). 

The underlying cause of CAD is atherosclerosis, a chronic inflammatory disease of large- and 

medium-sized arteries that supply the heart with oxygen-rich blood. It is characterized by the 

continuous accumulation of lipoproteins and inflammatory cells – morphologically perceptible as 

fatty streaks or, in later stages, atherosclerotic plaques – within the tunica intima, the inner layer of 

arteries (Libby, 2021). 

 

Usually, the disease process initiates early in life and develops over several years without clinical 

symptoms appearing (Berenson et al., 1998; Raitakari et al., 2022) until the increasing stiffness and 

narrowing of the coronary arteries may become apparent, for example, in the form of chronic or 

acute coronary syndromes, presenting with chest pain due to insufficient oxygen supply to the 

heart muscle under exertion or at rest, respectively (Joshi & de Lemos, 2021). The most dreadful 

complication is observed in the event of rupture or erosion of plaques which can result in 

thrombotic occlusion of, e.g., coronaries leading to MI (Anderson & Morrow, 2017) or cerebral 

arteries leading to ischemic stroke (Campbell & Khatri, 2020). Despite the high prevalence of 

CAD, the exact circumstances for the development of atherosclerosis (a process commonly 

referred to as atherogenesis) are not fully clarified. According to current understanding, however, 

it seems to be a fine interplay of genetic and lifestyle factors to cause this both menacing and 

common disease (Khera et al., 2016). 

1.1.1 Atherogenesis 

While the initial atherogenic stimulus is unknown, three factors have been identified to play a 

fundamental role in the development of atherosclerotic lesions: endothelial activation, lipoprotein 
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accumulation, and leukocyte ingress (Figure 1). 

 

Figure 1 Atherosclerotic plaque formation and rupture. Accompanied by endothelial activation and lipid 
accumulation, leukocytes are recruited to the subendothelial intima of arteries via adhesion molecules. In the tissue, 
monocytes differentiate into macrophages and foam cells following lipoprotein particle uptake. Continuous foam cell 
formation and smooth muscle cell migration into the intima sustain a chronic inflammatory milieu that fosters constant 
plaque growth, with debris of dead cells accumulating in the necrotic core. Exposure of the inflammatory plaque 
content due to fibrous cap rupture or erosion triggers platelet activation and thrombus formation that can critically 
impede blood flow. Abbreviations: EC, endothelial cell; LDL, low-density lipoprotein; oxLDL, oxidized low-density 
lipoprotein; SMC, smooth muscle cell. Created with BioRender.com. 

Endothelial cells (EC) are the innermost layer of vessels and serve as a physical barrier to the 

blood. In an inflammatory setting, though, they can act as gateways for leukocytes and other blood 

components by upregulating cell-surface adhesion molecules. In atherosclerosis, such endothelial 

activation is particularly mediated by i) inflammatory influxes such as modified low-density 

lipoprotein (LDL) and ii) disturbed flow (Marchini et al., 2021). Hyperlipidemia, and particularly a 

high level of plasma cholesterol which is transported in the blood by LDL, provokes the uptake 

of LDL via EC into the subendothelial space. There, under the influence of enzymes and reactive 

oxygen species (ROS), the particles are chemically modified to form highly inflammatory products 

such as oxidized LDL, and as such, trigger expression of adhesion molecules and release of pro-

inflammatory cytokines by macrophages and EC (Poznyak et al., 2020). At the same time, 

disturbed flow, which especially occurs in branched or curved sites of vessels, stimulates ROS 

production and the expression of pro-inflammatory chemokines and adhesion molecules on EC 

by activating transcription (co)factors (Förstermann et al., 2017; Tzima et al., 2005). Also, the 

activity of the endogenous vasodilator nitric oxide (NO), which has broad anti-inflammatory 

properties, is regulated by shear stress (Zhou et al., 2014) and likewise leads to endothelial 

activation (Förstermann et al., 2017). 

Tunica intima 

Tunica media 
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As a composite result of these stimuli, on the one hand, intima resident macrophages are activated, 

engulf modified LDL and expand by local proliferation, thus fueling lesion growth (Williams et al., 

2020). On the other hand, blood leukocytes are triggered to locally ingress into the arterial intima 

– following a precise recruitment process of capture, rolling, firm arrest, crawling, and 

transmigration (Figure 2). There, these cells strongly contribute to an inflammatory milieu by 

releasing pro-inflammatory cytokines in a vicious and tightly intertwined cycle of EC activation, 

LDL uptake, and further accumulation of leukocytes. 

 

Figure 2 Leukocyte recruitment into atherosclerotic plaques. Leukocytes are recruited into atherosclerotic lesions 
following a precise scheme of capture, rolling, chemokine-triggered leukocyte activation leading to arrest, spreading, 
intravascular crawling, and transmigration. The process is mainly driven by endothelial adhesion molecules and 
chemokines that capture leukocytes via complementary molecules on their surface – with different adhesion molecules 
being important at different steps. Based on reference (Ley et al., 2007). Created with BioRender.com. 

Among the invading leukocytes, monocytes play a pivotal role. There are two main subsets of 

monocytes in mice, inflammatory Ly6Chigh and anti-inflammatory Ly6Clow cells. Although their 

exact correspondence to the human subsets is still a matter of debate (Ziegler-Heitbrock et al., 

2010), it is commonly appreciated that murine Ly6Chigh and Ly6Clow monocytes share fundamental 

properties with classical and nonclassical monocytes in humans, respectively. While Ly6Clow 

monocytes are typically patrolling the vessel in a potentially endothelium-protective manner 

(Quintar et al., 2017) but rarely transmigrate (Tacke et al., 2007), Ly6Chigh monocytes are vastly 

recruited into atherosclerotic plaques (Gerhardt & Ley, 2015). In the tissue, they usually 

differentiate to macrophages in addition to their self-proliferating, tissue-resident counterparts 

and, attracted by modified LDL, turn into so-called foam cells after engulfing their lipophilic target 

(Gerrity, 1981). However, also vascular smooth muscle cells (SMC) are believed to be able to 

transform into foam cells and as such, might contribute to plaque growth in mice and men 

(Shankman et al., 2015). Despite the important role of foam cells in atherosclerosis, recent findings, 

though, suggest that it is rather the non-foamy macrophages that intensely promote the pro-

inflammatory signaling within atherosclerotic plaques by releasing pro-inflammatory cytokines 

(Kim et al., 2018). 
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Also, neutrophils, which have long been regarded as mere bystanders of monocyte infiltration in 

atherosclerosis, emerged as important actors in atherogenesis. When activated, e.g., by local 

chemokine gradients in the blood, they secrete granule proteins, chemokines, ROS, and proteases 

breaking the endothelial barrier, thus paving the way for leukocyte invasion (Silvestre-Roig et al., 

2020). By depositing chemotactic proteins such as cathepsin G on the endothelium, they can 

directly stimulate monocyte recruitment (Ortega-Gomez et al., 2016). Neutrophils have also been 

shown to stimulate LDL oxidation, macrophage pro-inflammatory activity and foam cell 

formation (Delporte et al., 2014; Soehnlein et al., 2008). In advanced atherosclerotic lesions, they 

contribute to plaque destabilization by secreting neutrophil extracellular traps (NET), web-like 

structures composed of DNA and antimicrobial as well as cytotoxic proteins that strongly promote 

inflammation (Warnatsch et al., 2015).  

Lastly, although the role of cells of the adaptive immune system in atherogenesis is not elucidated 

in detail, it is becoming increasingly clear that also T cells, a highly abundant population in human 

atherosclerotic plaques, contribute to atherosclerosis progression in various ways. Specifically, they 

are suspected to stimulate an autoimmune response against LDL peptides (Saigusa et al., 2020), 

shedding new light on atherosclerosis as a potential autoimmune disease.  

1.1.2 Role of platelets in atherosclerosis 

While the role of leukocytes in atherosclerosis is well established, the involvement of platelets – 

small cellular fragments circulating in large numbers within the blood – is just increasingly 

uncovered. Platelets are derived from megakaryocytes (MKs), giant cells residing in the bone 

marrow which continuously slough off large quantities of platelets, fully equipped with their 

proteome but without a nucleus, into the bloodstream (Patel et al., 2005). In a resting status, 

platelets are discoid-shaped, but can rapidly change their morphology upon activation and secrete 

a plethora of bioactive molecules from endogenous compartments. α-granules are the main protein 

storage compartment in platelets, containing over 300 distinct molecules including chemokines, 

growth factors, angiogenic and hemostatic mediators, proteases, and necrotic agents (Maynard et 

al., 2007), while dense granules store small molecules such as serotonin, adrenaline, Ca2+, and ADP, 

and lysosomes specifically contain proteolytic enzymes (Pagel et al., 2017).  

Platelets are typically activated by platelet agonists binding to dedicated surface receptors on their 

membrane. In hemostasis, exposed collagen from damaged vessels binds to platelets either directly 

or via endothelial or platelet-released von Willebrand factor (vWF), thereby stimulating 
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glycoprotein receptors, while soluble agonists, such as adenosine diphosphate (ADP), 

thromboxane A2, and thrombin trigger platelet activation via G protein-coupled receptors (Davì 

& Patrono, 2007). All these receptors increase to varying degrees the cytosolic Ca2+ concentration 

followed by an actin-myosin-based contraction that supports both platelet activation and granule 

release (Rink & Sage, 1990; Varga-Szabo et al., 2009). Thereby, platelets undergo morphological 

changes by forming protrusions of their plasma membrane, thus increasing the platelet surface and 

supporting the release of granule factors into the extracellular space via the open canalicular 

system, a large intracellular tunneling network directly connected to the cell surface (Heijnen & 

Korporaal, 2017). Crucial for platelet aggregation is ultimately the transition of platelet surface 

integrin αIIbβ3 from its resting to an activated state, which allows crosslinking of platelets via 

fibrinogen and thrombus formation (Nieswandt et al., 2009). 

The maintenance of hemostasis by clogging injured vessels for preventing blood loss is regarded 

as the main task of platelets. However, in the context of atherosclerosis, this life-saving function 

can be turned into a vicious threat by promoting excessive thrombosis up to subsequent occlusion 

of arteries. Thereby, platelets may be activated by collagen/vWF and tissue factor exposed at 

ruptured or eroded plaques and thrombus formation potentiated by proinflammatory cytokines 

and thrombogenic mediators, for instance, neutrophils undergoing NETosis (Libby et al., 2019). 

Yet, just in recent years, it has come apparent that platelets also contribute to atherosclerosis at a 

much earlier step in atherogenesis. In pro-atherosclerotic mice, they were observed to adhere to 

intact endothelium even before atherosclerotic lesions were manifest (Massberg et al., 2002). 

Potential causal factors for enhanced platelet reactivity in atherosclerosis are circulating 

lipoproteins, e.g., oxidized lipids binding via platelet surface CD36 (Magwenzi et al., 2015; Podrez 

et al., 2007) or phospholipid products as generated under the influence of oxidative stress 

(Panigrahi et al., 2013). Also, disturbed flow increases platelet reactivity, particularly mediated by 

vWF which is conformationally activated upon shear stress (Rana et al., 2019). Subsequently, 

platelets express surface receptors such as P-selectin or CD40 ligand which were shown to initiate 

adhesion molecule expression and inflammatory chemokine release in EC, thus promoting local 

leukocyte recruitment (Burger & Wagner, 2003; Henn et al., 1998; May et al., 2002). 

Another crucial function of platelets in atherosclerosis is their interaction with leukocytes. 

Endothelium-adherent platelets can form protrusions from their membrane in regions of high 

shear stress to activate rolling monocytes and neutrophils (Tersteeg et al., 2014). Additionally, 

platelets commonly aggregate with circulating monocytes and neutrophils (Li et al., 2000), a 

process primarily mediated by platelet P-selectin and CD40 ligand derived from α-granules upon 
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activation. Platelet leukocyte aggregate formation promotes leukocyte invasion into atherosclerotic 

lesions but also triggers foam cell formation and cytokine production in macrophages beyond the 

circulation (Badrnya et al., 2014; Barrett et al., 2019). 

Apart from favoring leukocyte recruitment by direct leukocyte or EC contact, platelets also release 

a myriad of pro-atherogenic factors upon stimulation. One key factor is chemokine (C-C motif) 

ligand (CCL) 5 which is deposited on activated EC and significantly fosters monocyte and 

neutrophil recruitment by attracting leukocytes to atherosclerosis-prone regions of arteries 

(Schober et al., 2002; Veillard et al., 2004; von Hundelshausen et al., 2001). Also, platelet factor 4 

(PF4), an important mediator in coagulation, is released in high abundancy from platelets and 

particularly induces pro-atherosclerotic functions in macrophages (Erbel et al., 2015; Gleissner et 

al., 2010). Further important platelet-derived chemokines are C-X-C motif ligand (CXCL) 12, 

which has been genome-wide significantly associated with CAD by genetic risk variants affecting 

its encoding gene (Samani et al., 2007), CXCL5, and CXCL16, but also matrix metalloproteinases 

2 and 9, e.g., which promote extracellular matrix degradation and thereby support leukocyte ingress 

into atherosclerotic plaques (Bakogiannis et al., 2019). Although platelets are incapable of de novo 

transcription, they are endowed with a specific repertoire of transcripts by their progenitors 

(Supernat et al., 2021). This allows also for the time-dependent synthesis of protein mediators such 

as interleukin (IL) 1β (Denis et al., 2005). Furthermore, a fairly recent finding is that platelets can 

also release microvesicles, containing a similar cargo to platelets themselves into the circulation, 

thus modulating inflammation distal from the site of their activation (Konkoth et al., 2021). This 

cargo may also include nucleic acids, particularly microRNAs, which have been found to target 

EC, thus affecting adhesion molecule expression or angiogenesis in vitro – with in vivo implications 

remaining to be explored (Coenen et al., 2021). 

Strikingly and in contrast to their pro-atherogenic properties, platelets also emerged as essential 

components to maintain the integrity of the endothelium, thus impeding vascular leukocyte 

recruitment. Although these functions have yet to be studied in detail, discussed causal 

mechanisms include maintenance and promotion of EC growth particularly by releasing soluble 

factors such as adenine nucleotides, angiopoietin-1 (ANGPT1), platelet-derived growth factor, 

stromal cell-derived factor-1 or lipid mediators (Gros et al., 2014). Besides, they also contribute to 

inflammation-resolving processes, e.g., by emitting prostaglandin E2, transforming growth factor 

β, or expressing C-type lectin-like receptor 2 which increase expression of anti-inflammatory 

factors in leukocytes and direct the cells towards a reparative phenotype (Ludwig et al., 2022).  

To summarize, platelets contribute in a multifaceted and multidirected manner to both the 
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development and progression of atherosclerosis and atherothrombotic complications, as well as 

to its containment (Figure 3). This is in line with the plethora of pro-atherogenic, but also anti-

inflammatory factors discovered within the platelet granule cargo (Maynard et al., 2007) which can, 

released into the circulation, affect a broad range of cell types even beyond the endothelium. 

 

Figure 3 Role of platelets in atherosclerosis. a. Platelets are involved in early steps of atherogenesis. Upon 
stimulation, e.g., triggered by hypercholesterolemia or shear forces, platelets facilitate leukocyte recruitment by 
depositing chemokines on the endothelium, binding to endothelial cells and capturing circulating leukocytes, or by 
directly binding and activating leukocytes in the circulation. Additionally, platelets can also synthesize IL-1β from 
progenitor mRNA stored in their cytoplasm upon activation or release microvesicles containing bioactive proteins or 
genetic material, thus triggering inflammatory actions beyond their local environment. Platelets were also shown to 
mediate macrophage activation and foam cell formation in the arterial wall. Still, platelets also carry a plethora of 
factors important for angiogenesis and inflammation resolution, thus fulfilling anti-inflammatory properties in 
atherosclerosis. b. In the acute event of plaque rupture or erosion, exposed collagen or vWF induces platelet 
aggregation and thrombus formation. This is accompanied by the secretion of various immunomodulatory granule 
components from platelets and the activation of neutrophils, which in turn contribute to platelet activation and 
thrombosis via NET formation. Abbreviations: EC, endothelial cell; IL, interleukin. Created with BioRender.com. 

1.1.3 Risk factors for atherosclerosis 

As elucidated above, hypercholesterolemia is a crucial risk factor for atherosclerosis development. 

Elevated levels of circulating lipoproteins, especially LDL, are indisputably linked to 

atherosclerosis (Borén et al., 2020) and therefore the main target of atherosclerosis prevention 

strategies today. However, also hypertension, smoking, diabetes mellitus, and obesity have long 
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been recognized as risk factors for the incidence of atherosclerosis, and interventions aimed at 

mitigating their hazard are among the holistic approaches targeting atherosclerosis progression, 

particularly in high-risk patients (Visseren et al., 2021). Yet, atherosclerosis-related diseases 

continue to present as the leading cause of death in Western countries (Timmis et al., 2022) and 

even though intensified lipid-lowering treatment strategies markedly reduce major cardiovascular 

events in treated individuals, a high residual risk for such events remains (Baigent et al., 2010; 

Ridker, 2017). Therefore, it has become clear that to fight atherosclerosis, broader therapeutic 

strategies are warranted. 

A positive family history represents another important risk factor for atherosclerosis, but until 20 

years ago, few genetic mutations causally involved in the disease were identified. Then, genome-

wide association studies (GWAS) emerged as a novel tool to potentially expand the horizon of 

known factors causally involved in atherogenesis by comparing genome-spanning characteristic 

genetic variants between large groups of CAD patients and healthy individuals. As a result, today, 

more than 300 genomic variants significantly associated with CAD and MI risk have been revealed 

(for an overview see Chen & Schunkert, 2021). Importantly, many of the affected genes do not 

impact classical risk factors but pathways not previously linked to the pathophysiology of 

atherosclerosis. Among these recently associated players are several inflammation-related factors 

such as the IL-6 receptor (CARDIoGRAMplusC4D Consortium, 2013), platelet EC adhesion 

molecule (PECAM) 1 (Howson et al., 2017), or CXCL12 (Samani et al., 2007). 

Another pathway brought into the cardiovascular research spotlight as a result of GWAS is the 

nitric oxide (NO)- cyclic guanosine-3′,5′-monophosphate (cGMP) pathway. Strikingly, variants in 

several of its coding genes have been associated with CAD risk in recent years, rendering it a highly 

interesting target for further atherosclerosis-related research, as discussed in detail in the following. 

1.2 Cardiovascular implications of sGC-signaling 

1.2.1 The NO-sGC-cGMP pathway 

NO is a gaseous molecule, in the vasculature mainly produced from EC through the action of the 

endothelial NO-synthase (eNOS). It has been identified several years ago as a central mediator of 

vasodilatation (Furchgott & Zawadzki, 1980; Ignarro et al., 1987). The soluble guanylyl cyclase 

(sGC) is the primary receptor for NO in cells and is mainly composed as a heterodimer of one α1- 

and one β1-subunit encoded by the genes GUCY1A1 and GUCY1B1, respectively. Although also 
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α2- and β2-isoforms have been described, the α1β1-heterodimer is regarded as the canonical sGC 

enzyme due to its high abundance and activity in human cells (for an overview see Wobst et al., 

2018). sGC consists of four functionally different domains: An N-terminal heme-NO/oxygen (H-

NOX) domain, a Per/Arnt/Sim (PAS) domain, a coiled-coil (CC) domain, and a C-terminal 

catalytic domain (CD) where guanosine 5′-triphosphate (GTP) is converted to cGMP (Figure 4). 

The binding of NO to the heme cofactor located in the β1-sGC subunit induces conformational 

changes, thus catalyzing the enzymatic formation of the second messenger cGMP from GTP. 

 

Figure 4 Protein structure of human sGC. a. Domain organization depicting the four modular domains and the 
heme and GTP substrate binding sites of human α1β1-sGC. b+c. cryo-electron microscopy structure of the inactive 
b) and activated state c) during NO-triggered conformational changes. Abbreviations: GTP, guanosine 5′-
triphosphate; NO, nitric oxide; sGC, soluble guanylyl cyclase; H-NOX, PAS, CC, and CD designate the protein 
domains, for more information see text. Reprinted with permission from Springer Nature: Figure 1a,c,d, and Figure 
2a,b from reference (Kang et al., 2019), copyright © 2019. 

Downstream effects of cGMP are mediated by cGMP-dependent protein kinases (PKG) and ion 

channels, while phosphodiesterases (PDE) catalyze its degradation (Schmidt et al., 1993). PKG I 

is regarded as the central regulator of the pathway’s vascular effects, leading to SMC relaxation 

(Warner et al., 1994) and inhibition of platelet aggregation (Dangel et al., 2010). These effects are 

mainly mediated by inositol 1,4,5-trisphosphate receptor (IP3-R)-associated cGMP-kinase 

substrate (IRAG), vasodilator-stimulated phosphoprotein (VASP), and myosin light-chain 

phosphatase (MLCP) (Francis et al., 2010).  

IRAG forms a trimeric complex with PKG I and IP3-R and reduces Ca2+ release from the 

endoplasmic reticulum. In SMC, this leads to decreased myosin light-chain phosphorylation and 

subsequent vasorelaxation, whereas in platelets, the decreasing intracellular Ca2+ concentration 

retards cytoskeletal rearrangement preceding platelet aggregation (Schlossmann & Desch, 2011). 
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Similarly, PKG I-mediated activation of MLCP promotes SMC dilation and subsequently, lowers 

blood pressure by disrupting actin-myosin light-chain binding and muscle contraction (Lincoln, 

2007). VASP, by contrast, is a substrate of both cAMP- and cGMP-dependent protein kinases and 

is closely involved in integrin αIIbβ3 activation as a crucial step in platelet aggregation (Aszódi et 

al., 1999). The NO-sGC-cGMP pathway is schematically depicted in Figure 5. 

 

Figure 5 Overview of the NO-sGC-cGMP signaling pathway. The endothelial NO-synthase catalyzes the 
formation of NO which subsequently stimulates sGC in effector cells to form cGMP. The main downstream targets 
of cGMP are protein kinases, ion channels, and cGMP-degrading phosphodiesterases. The protein kinase G is a 
central regulator of sGC function by phosphorylating different effector proteins, thus promoting the pathway's most 
famous functions, smooth muscle cell relaxation and inhibition of platelet aggregation. Abbreviations: cGMP, cyclic 
guanosine-3′,5′-monophosphate; eNOS, endothelial NO synthase; GMP, guanosine 5′-monophosphate; GTP, 
guanosine 5′-triphosphate; IRAG, inositol trisphosphate receptor-associated cGMP-kinase substrate, MLCP, myosin 
light-chain phosphatase; NO, nitric oxide; PDE, phosphodiesterase; PKG, protein kinase G; sGC, soluble guanylyl 
cyclase; VASP, vasodilator-stimulated phosphoprotein. Adapted with permission from John Wiley and Sons: Figure 
1 from reference (Feil & Kemp-Harper, 2006). Created with BioRender.com. 

1.2.2 sGC-signaling and atherosclerosis 

Endothelial dysfunction is a hallmark of atherogenesis and is characterized by impaired vascular 

NO availability. It leads to several pro-atherogenic responses which ultimately promote endothelial 

adhesion molecule expression and leukocyte recruitment (Förstermann et al., 2017). 

Mechanistically, disturbed flow, LDL, and intimal leukocyte accumulation as central pillars of 

atherogenesis may all lead to endothelial dysfunction by either downregulating expression of the 

eNOS encoding gene NOS3 (Davis et al., 2004), uncoupling eNOS leading to superoxide 

formation (Lu & Kassab, 2004), or decreasing eNOS accessibility (Blair et al., 1999), respectively. 
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Moreover, oxidative stress promotes the formation of heme-oxidized sGC, hence strongly 

impairing the sensitivity of sGC for NO (Stasch et al., 2006). In line, CAD patients display impaired 

sGC function in platelets compared with healthy controls (Ahrens et al., 2011). To conclude, 

atherogenesis is strongly correlated with decreased NO-sGC-cGMP signaling. Yet, genetic studies 

in recent years have made it increasingly clear that impaired NO signaling may not only be a 

consequence but also a potential causal factor in the development of atherosclerosis. Particularly, 

GWAS and exome-sequencing revealed several variants in NO-sGC pathway-related coding genes 

to be significantly associated with CAD or MI risk in humans; affecting eNOS (Nikpay, 2015), α1-

sGC (CARDIoGRAMplusC4D Consortium, 2013), PDE3 and 5 (Klarin et al., 2017; Nelson et al., 

2017), and IRAG (Webb, 2017).  

Common and rare risk variants impacting the pathway’s two key enzymes eNOS and sGC were 

found to be associated with reduced sGC signaling or activity and vice versa, genetic predisposition 

to enhanced NO-sGC-signaling was related to reduced CAD risk (Emdin et al., 2018). Importantly, 

a subsequent mediation analysis suggested that these effects exceed those explained by their impact 

on vascular pressure alone (Emdin et al., 2018). The first direct genetic link between impaired sGC 

signaling and MI risk was uncovered in 2013 in a family severely affected by premature MI 

(Erdmann et al., 2013). As a causal factor, private mutations in both GUCY1A1 and CCT7, a gene 

encoding for a modulator of sGC function, were identified. Collectively, these mutations strongly 

reduced both α1- and β1-sGC protein expression, particularly in platelets, and could be linked to 

accelerated thrombus formation as a potential cause of premature MI (Erdmann et al., 2013). In 

the same year, the risk variant G of the rs7692387 locus in GUCY1A1 was genome-wide 

significantly associated with CAD risk (CARDIoGRAMplusC4D Consortium, 2013). Importantly, 

this variant is highly frequent in the European population, with only 4% homozygous carriers of 

the non-risk allele (CARDIoGRAMplusC4D Consortium, 2013; for an overview see Wobst et al., 

2018). rs7692387 is located in an enhancer region, where the risk variant decreases the region’s 

affinity for binding of the transcription factor ZEB1, leading to significantly less α1-sGC 

expression in platelets and SMC of homozygous risk allele carriers (Kessler et al., 2017).  

In line, lower Nos3 or Gucy1a1 expression were also associated with increased aortic atherosclerotic 

lesions (Bennett et al., 2015; Kuhlencordt et al., 2001) and platelet aggregation (Dangel et al., 2010) 

in rodents. Further studies linked enhanced sGC activity with reduced leucocyte adhesion to 

atherosclerotic plaques (Ahluwalia et al., 2004), neointimal formation (Sinnaeve et al., 2001), and 

atherosclerotic plaque formation (Tsou et al., 2014). Also, previous work from our group indicated 

larger atherosclerotic plaques (Figure 6) and increased vascular inflammation in mice particularly 
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lacking platelet sGC (Stroth, 2022). To summarize, genetic and mechanistic studies provide sharp 

evidence for a link between sGC signaling and atherosclerosis; yet, the underlying cellular and 

molecular mechanisms are poorly understood. 

 

Figure 6 Atherosclerotic plaque formation in aortic roots of platelet sGC-deficient mice. Larger atherosclerotic 
plaques in aortic roots of Pf4-Cre+Gucy1b1LoxP/LoxPLdlr−/− compared with Pf4-Cre+ Gucy1b1+/LoxPLdlr−/− mice after 10 
weeks of Western diet. Reprinted under the terms of the Creative Commons CC BY license: Figure 1a from reference 
(Mauersberger et al., 2022). The experiment was conducted by Marlène Stroth (Deutsches Herzzentrum München). 

1.3 Therapeutic options to counter atherosclerosis 

1.3.1 Anti-atherosclerotic therapies 

Due to the important role of lipids in atherogenesis, the treatment of hyperlipidemia is currently 

the dominant strategy to lower atherosclerosis-related risk. Apart from lifestyle modifications, 

decreasing plasma LDL levels can be achieved pharmaceutically either by statins, which lower 

endogenous LDL production, by ezetimibe, which reduces intestinal absorption of dietary LDL, 

or by novel intensified therapeutics such as proprotein convertase subtilisin kexin (PCSK) 9 

inhibitors which increase LDL receptor function. A 2010 meta-analysis calculated that with each 

1 mM of LDL reduction, the annual rate of major vascular events can be reduced by 20% (Baigent 

et al., 2010). Despite their primary effect on LDL biosynthesis, several pleiotropic, i.e., LDL-

independent, effects of statins have been described in the literature. For instance, statins were 

reported to upregulate eNOS expression and activity and reduce SMC proliferation as well as 

platelet reactivity (Oesterle et al., 2017). Whether these effects indeed occur independently from 

LDL or are rather secondary effects of lower LDL plasma concentrations is, however, still a matter 

of debate (Yu & Liao, 2022). 

Nonetheless, even intensified LDL lowering leaves a considerable residual risk for cardiovascular 

complications in atherosclerosis patients (Guedeney et al., 2019). In this regard, the role of 

triglyceride-rich lipoproteins has gained much attention in the last years as another lipid-related 
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risk factor in atherosclerosis (Nordestgaard, 2016). Indeed, the omega-3 fatty acid ester icosapent 

ethyl was reported to further decrease the risk of major cardiovascular events in patients treated 

with statins (Bhatt et al., 2019). However, this effect was accompanied by decreased plasma LDL 

concentrations in the treatment group and therefore not directly attributable to triglyceride-

lowering alone. The triglyceride-lowering class of fibrates, on the other hand, could so far not 

confirm an additive beneficial effect on CAD risk in statin-treated patients – while notably not 

affecting LDL values (Virani, 2022). As other metabolic diseases such as hypertension or type 2 

diabetes mellitus often coincide alongside atherosclerosis and are causally involved in its 

pathogenesis, affected patients are likewise treated with antihypertensive and antihyperglycemic 

agents (Visseren et al., 2021). Two classes of antidiabetic agents in particular, sodium-glucose 

cotransporter-2 (SGLT2) inhibitors and glucagon-like peptide-1 (GLP-1) receptor agonists, have 

attracted considerable attention in recent years as valuable agents for lowering cardiovascular 

mortality – making SGLT2 inhibitors a mainstay of heart failure treatment today, even in the 

absence of diabetes (Marx et al., 2022; Vaduganathan et al., 2022). 

Additionally, anti-platelet drugs are commonly used in the context of secondary prevention of 

major cardiovascular events, for example in patients who have already undergone MI (Visseren et 

al., 2021). Two such frequently used agents, aspirin, and clopidogrel, inhibit platelet aggregation 

by blocking the formation of thromboxane A2 or by antagonizing the ADP-receptor P2Y12, 

respectively. Still, due to the inherently increased risk of bleeding, anti-thrombotic agents are not 

equally suitable for all patients. As a matter of fact, clinical trials did not show a clear benefit of 

aspirin in primary prevention (for an overview see Ridker, 2018). Interestingly, a recent study 

found a direct association between the rs7692387 GUCY1A1 risk variant and the benefit of aspirin 

in primary prevention: homozygous carriers of the G risk variant had less, whereas A allele carriers, 

in contrast, had even more cardiovascular events under aspirin (Hall et al., 2019). As a result, such 

tailored treatment strategies could also gain a foothold in future atherosclerosis therapy to better 

weigh the risk-benefit ratio of different treatment options for different subgroups or individuals – 

as already common, e.g., in oncology (Ashley, 2016). 

Nonetheless, despite major advances in treatment options, atherosclerosis-related diseases 

continue to be the world’s major cause of death, including in high-income countries such as 

Germany (Statistisches Bundesamt (Destatis), 2021). One causal factor is certainly insufficient 

targeting of at-risk individuals through early treatment. Another could be that the existing 

treatment options are not comprehensive enough. Therefore, treatment options beyond currently 

available strategies are necessary to fight this global threat. 
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1.3.2 Outlook to potential future therapeutic targets 

The broad involvement of immune cells in atherogenesis makes the potential of anti-inflammatory 

therapies a hot topic in the cardiovascular community (Libby, 2021). Indeed, several randomized 

controlled trials are underway or have been already conducted to investigate the effect of anti-

inflammatory drugs in atherosclerotic patients. Canakinumab, an IL-1β neutralizing antibody, was 

the first solely anti-inflammatory drug to prove efficient for lowering the incidence of major 

cardiovascular events in high-risk CAD patients (Ridker et al., 2017). Due to a relatively poor cost-

benefit ratio and higher risk of infections, canakinumab did not move into clinical use for 

atherosclerosis-related indications. However, another anti-inflammatory agent, colchicine, has only 

recently emerged as a suitable tool to reduce the risk of MI, stroke, or cardiovascular death in CAD 

patients by 25% in addition to standard care treatment (Fiolet et al., 2021). Consequently, 

colchicine has already entered European guidelines as an additional therapeutic option in high-risk 

patients and may herald a new era of anti-inflammatory drugs in CAD (Visseren et al., 2021). 

The striking advent of the NO-sGC-pathway in the context of CAD risk in GWAS also makes 

this pathway a promising therapeutic target, all the more so because such treatment options are 

already available (Figure 7). Nitrates, a class of NO donors including nitroglycerine, are established 

Figure 7 Mechanism of action of commonly used NO-sGC-cGMP pathway-targeting drugs. Endogenously 
produced or pharmaceutically delivered NO activates the reduced (Fe2+), heme-containing form of sGC and promotes 
the subsequent formation of cGMP. sGC stimulators target Fe2+-sGC and trigger cGMP formation by stabilizing the 
NO-heme complex. Oxidative stress, as involved in atherogenesis, enhances peroxynitrite formation from NO and 
oxidizes sGC (Fe3+) which promotes loss of the heme group, rendering it unresponsive to NO. Such functionally 
inactive sGC can be targeted by sGC activators. Further downstream, inhibitors of phosphodiesterase isoforms 3 or 
5 increase cGMP availability by inhibiting its enzymatic degradation. Abbreviations: cGMP, cyclic guanosine-3′,5′-
monophosphate; eNOS, endothelial NO synthase; NO, nitric oxide; ONOO-, peroxynitrite; PDE, phosphodiesterase; 
ROS, reactive oxygen species; sGC, soluble guanylyl cyclase. Based on reference (Sandner et al., 2021). 
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drugs for rapidly improving oxygen supply to the heart in acute angina pectoris attacks due to their 

local antihypertensive effect. The rapid decrease in effectiveness with frequent use known as nitrate 

tolerance, though, is a major drawback of these agents (Kraehling & Sessa, 2017). PDE inhibitors 

such as sildenafil target further down the pathway and increase cGMP bioavailability indirectly by 

inhibiting its degradation (for an overview see Dang et al., 2020). They are commonly used due to 

their beneficial effect on blood pressure for example in pulmonary hypertension (PH). 

Just recently, the novel class of sGC stimulators and activators, which directly stimulate sGC, 

entered the market. Importantly, both groups can activate the enzyme independently of NO. sGC 

stimulators stabilize the active state of sGC in the absence or synergically in presence of NO 

(Figure 8), whereas sGC activators specifically target inactive oxidized or heme-free sGC (Liu et 

al., 2021). 

 

Figure 8 Schematic model of sGC activation following sGC stimulator binding. Conformational change from 
inactive to NO- and riociguat-bound state. The sGC stimulator riociguat binds to heme between H-NOX and CC 
domains and thereby stabilizes the active, cGMP-formation catalyzing conformation of α1β1-sGC. Reprinted under 
the terms of the Creative Commons CC BY license: Parts of Figure 5 from reference (Liu et al., 2021). 

Inactive sGC particularly forms under the impact of oxidative stress, a risk factor strongly involved 

in atherogenesis, and promotes loss of the ferrous heme group bound to β1-sGC (Sandner et al., 

2021). Therefore, sGC activators might be interesting candidates to restore sGC activity in diseases 

critically implicating oxidative stress. Riociguat was the first sGC stimulator available for patients 

and is used for treating PH, whereas vericiguat was just approved for the treatment of heart failure 

with reduced ejection fraction (HFrEF) in 2021 (Armstrong et al., 2020). Further indications and 

substances are currently investigated in clinical trials. 
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1.4 Aim  

Although efforts have been made worldwide to elucidate the exact circumstances that cause 

atherosclerotic plaques to form in arteries, only parts of the answer have been unraveled so far. 

With help of genome-wide association studies, the NO-sGC-cGMP-pathway has attracted 

attention among cardiovascular researchers, as several genetic variants impairing the functions of 

its mediators were associated with CAD in humans. Despite many important functions in various 

cell types, it is not completely clear how exactly impaired functions of this pathway promote CAD 

risk.  

Two key vascular functions which are both transmitted via sGC activity are platelet inhibition and 

SMC relaxation leading to decreased blood pressure (Thoonen et al., 2015). In line, studies showed 

that both SMCs and platelets are crucially affected by CAD risk variants in sGC-encoding genes 

in humans (Kessler et al., 2017). However, it was indicated that the effect of sGC on atherosclerosis 

extends beyond the pathway’s most famous function, lowering blood pressure (Emdin et al., 2018). 

This renders a role beyond SMC likely. Together with the fact that the involvement of platelets in 

atherosclerosis is increasingly but still not well understood, this led to the central aim of this thesis: 

To specifically investigate the role of sGC in platelets in the context of atherosclerosis.  

Therefore, two different approaches were pursued: in vivo experiments on functionally sGC-

deficient as well as atherosclerotic mice treated with an sGC stimulator, complemented by in vitro 

cell culture and platelet functional assays.
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2 Materials 

2.1 Mice 

2.1.1 C57BL/6 J 

C57BL/6 J represents the most widely used inbred wildtype (WT) strain and is commercially 

available via The Jackson Laboratory, Bar Harbor, ME, USA (#000664). Both female and male 

animals were used for experiments at 10 to 25 weeks of age, representing wildtype mice. All other 

mouse strains used were on the genetic background of C57BL/6 J. 

2.1.2 Ldlr−/− 

Ldlr−/− mice were purchased from the Jackson Laboratory (full name: B6.129S7-Ldlrtm1Her/J, 

#002207) and expanded for in-house breeding. By the insertion of a neomycin resistance cassette 

into exon 4, this strain is predicted to encode a truncated non-functional low-density lipoprotein 

receptor protein unable to bind LDL. The mice present with elevated serum cholesterol levels and 

develop atherosclerotic plaques when fed a high-cholesterol diet. Both female and male animals at 

8 to 12 weeks of age were subjected to the experiments. 

2.1.3 Pf4-Cre+Gucy1b1LoxP and Pf4-Cre+Gucy1b1LoxPLdlr−/− 

Platelet-specific sGC knockout mice (Pf4-Cre+Gucy1b1LoxP/LoxP) were received from the group of 

Prof. Andreas Friebe (Universität Würzburg, Germany). Pf4-Cre+Gucy1b1+/LoxP and Pf4-

Cre+Gucy1b1LoxP/LoxP mice were bred to receive control (Pf4-Cre+Gucy1b1+/LoxP) and platelet-specific 

sGC knockout (Pf4-Cre+Gucy1b1LoxP/LoxP) littermates used for in vitro experiments. For in vivo 

experiments, Pf4-Cre+Gucy1b1LoxP strains were crossbred with Ldlr−/− mice to generate a 

homozygous, pro-atherosclerotic Ldlr−/− background and mated to receive control (Pf4-

Cre+Gucy1b1+/LoxPLdlr−/−) and platelet-specific sGC knockout (Pf4-Cre+Gucy1b1LoxP/LoxPLdlr−/−) 

animals. Male and female littermates at 8 to 12 weeks of age were included in the experiments. 

2.1.4 Irag1-Pf4-Cre 

Pf4-Cre+Irag1LoxP/LoxP mice were received from the group of Prof. Jens Schlossmann (Universität 
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Regensburg, Germany). The strain was generated by LoxP-flanking of exon 3 in the Irag1 gene 

(Desch et al., 2010) and crossbreeding with transgenic Pf4-Cre+ mice as described above. Obtained 

platelet-specific Irag1-deficient mice were backcrossed on a C57BL/6 J background for ten 

generations. 

2.1.5 UBC-GFP 

C57BL/6- Tg(UBC-GFP)30 Scha/J mice, abbreviated UBC-GFP in the following, ubiquitously 

express the green fluorescent protein (GFP) and are therefore a useful tool for cell tracking 

analyses such as adoptive transfer experiments (3.1.3). The strain was purchased from The Jackson 

Laboratory (#004353) and expanded by in-house breeding. For experiments, both female and male 

animals were used at 10 to 12 weeks of age. 

2.2 Primary cells 

2.2.1 C57BL/6 primary aortic endothelial cells 

Primary murine aortic endothelial cells (#C57-6052, mAoEC) were purchased from Cell Biologics 

(Chicago, IL, USA). 

2.3 Antibodies 

2.3.1 Flow cytometry antibodies 

Table 1 Antibodies used for flow cytometry 

Reactivity Clone Conjugate Manufacturer Catalogue # 

mouse B220 RA3-6B2 PE BioLegend 103208 

mouse CD115 AFS98 BV510 BD Biosciences 750893 

mouse CD11b M1/70 APC-Cy7 BioLegend 101225 

mouse CD45  30-F11 BV605 BioLegend 103140 

mouse CD45.2 104 PerCP/Cy5.5 BioLegend 109827 

mouse CD49b DX5 PE BioLegend 108908 

mouse CD90.2 53-2.1 PE BioLegend 140308 

mouse F4/80 BM8 PE-Cy7 BioLegend 123113 

mouse Ly6C HK4.1 BV421 BioLegend 128031 
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mouse Ly6G 1A8 PE BioLegend 127608 

mouse NK-1.1 PK136 PE BioLegend 108708 

mouse Ter119 TER-119 PE BioLegend 116208 

2.3.2 Further antibodies 

Table 2 Antibodies used for histology, Western blotting, and in vivo fluorescence 

Reactivity Clone Conjugate Manufacturer Catalogue # 

GAPDH D16H11 - 
Cell Signaling 

Technology 
5174 

mouse 1-sGC polyclonal - 
self-raised – kindly provided by  

Prof. Andreas Friebe (Würzburg) 

mouse CD115 AFS98 Biotin BioLegend 135508 

mouse CD11b M1/70 -/PE BioLegend 101201/101225 

mouse Ly6C HK1.4 AF488 BioLegend 128022 

mouse Ly6G 1A8 PE BioLegend 127608 

mouse monocytes + 

macrophages 
MOMA-2 - Abcam ab33451 

rabbit IgG H&L polyclonal HRP 
Cell Signaling 

Technology 
7074 

rat IgG H&L polyclonal HRP Abcam ab6734 

2.4 Enzymes and growth factors 

Table 3 Enzymes and growth factors used 

Product Manufacturer Catalogue 

# 

Headquarters 

Collagenase from Clostridium 

histolyticum, Type I 

Sigma-Aldrich/ 

Merck 
C0130 St. Louis, MO, USA 

Collagenase from Clostridium 

histolyticum, Type XI 

Sigma-Aldrich/ 

Merck 
C7657 St. Louis, MO, USA 

Deoxyribonuclease I bovine 
Sigma-Aldrich/ 

Merck 
D5319 St. Louis, MO, USA 

FBS Superior 
Sigma-Aldrich/ 

Merck 
S0615 St. Louis, MO, USA 

Hyaluronidase from bovine 

testes, Type I-S 

Sigma-Aldrich/ 

Merck 
H3506 St. Louis, MO, USA 

Phosphatase Inhibitor Cocktail 

(100X) 

Thermo Fisher 

Scientific 
78428 Waltham, MA, USA 

Protease Inhibitor Cocktail 

(100X) 

Thermo Fisher 

Scientific 
87785 Waltham, MA, USA 
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SCF (mouse) Miltenyi Biotec 
130-101-

693 

Bergisch Gladbach, 

Germany 

TPO (mouse) Miltenyi Biotec 
130-096-

301 

Bergisch Gladbach, 

Germany 

Trypsin/EDTA 

(0.04% (w/v)/0.03% (w/v)) 
Promocell C-41020 Heidelberg, Germany 

2.5 Nucleic acids 

2.5.1 TaqMan probes 

Table 4 TaqMan probes used 

Target TaqMan probe Dye 

Gapdh Mm99999915_g1 VIC-MGB_PL 

Gucy1a1 Mm01220285_m1 FAM-MGB 

Gucy1b1 Mm00516926_m1 FAM-MGB 

Gucy1a2 Mm01253540_m1 FAM-MGB 

Gucy1b2 Mm00555742_m1 FAM-MGB 

rs7692387 C__29125113_10 FAM-MGB 

2.5.2 Primers 

Table 5 Sequences of primers used for genotyping of mice 

Gene of interest Target site Primer sequence 

Gucy1b1 (LoxP-)Gucy1b1 

(forward) 

AAG ATG CTG AAG GGA AGG ATG C 

(LoxP-)Gucy1b1 

(reverse) 

CAG CCC AAA GAA ACA AGA AGA AAG 

Irag1 (LoxP-)Irag1 Intron 

E2/3 (forward) 

AAG GAG CTC CGT GTT TTG CA 

(LoxP-)Irag1 Intron 

E2/3 (reverse) 

CAC TAC GCC ATT CTG CTG CC 

Pf4-Cre Pf4-promoter 

(forward) 

CCC ATA CAG CAC ACC TTT TG 

Cre (reverse) TGC ACA GTC AGC AGG TT 

Ldlr Ldlr (forward) TAT GCA TCC CCA GTC TTT GG 

Ldlr wildtype-

specific (reverse) 

CTA CCC AAC CAG CCC CTT AC 

Ldlr mutant-specific 

(reverse) 

ATA GAT TCG CCC TTG TGT CC 
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The synthesis of the primers was commissioned to the company Eurofins Genomics (Ebersberg, 

Germany) and products diluted 1:10 to a concentration of 10 µM prior to use. 

2.6 Chemicals and solutions 

2.6.1 Chemicals 

Table 6 Chemicals used 

Chemical Manufacturer Catalogue 

# 

Headquarters 

2-APB Tocris Bioscience 1224 Bristol, UK 

2-Methylbutane 
Sigma Aldrich/ 

Merck 
277258 St. Louis, MO, USA 

2-propanol ≥99.8% Carl Roth 6752 Karlsruhe, Germany 

Acetic acid, 100% Ph. Eur. Carl Roth 6755.1 Karlsruhe, Germany 

Acetone ≥99.5% Sigma Aldrich/ 

Merck 
179124 St. Louis, MO, USA 

Adenosin-5-diphosphat (ADP) mölab 0203001 Langenfeld, Germany 

Agarose, LE Biozym Scientific 840004 
Hessisch Oldendorf, 

Germany 

BAY-747 Bayer AG n.a. Wuppertal, Germany 

BAY-826 Tocris Bioscience 6579 Bristol, UK 

Bovine Serum Albumin (BSA) 
Sigma Aldrich/ 

Merck 
A2153 St. Louis, MO, USA 

Chloroform 
Sigma Aldrich/ 

Merck 
372978 St. Louis, MO, USA 

Dimethyl sulfoxide (DMSO) Carl Roth A994.1 Karlsruhe, Germany 

Dinaciclib Selleck Chemicals S2768 Houston, TX, USA 

Ethanol absolute Merck Millipore 1070172511 Billerica, MA, USA 

Ethanol denatured ≥96% Carl Roth T171 Karlsruhe, Germany 

Ficoll-Paque PREMIUM GE Healthcare 17-5442-02 Chicago, IL, USA 

Hydrochloric acid (HCl), 6 M Carl Roth 0281 Karlsruhe, Germany 

Kaiser’s glycerol gelatin Carl Roth 6474.1 Karlsruhe, Germany 

KT-5823 
Santa Cruz 

Biotechnology 
sc-3534 Dallas, TX, USA 

MK-2206 hydrochloride Selleck Chemicals S1078 Houston, TX, USA 

Nonfat dry milk powder AppliChem A0830 Darmstadt, Germany 

O.C.T. Compound Sakura Finetek 62550 Tokyo, Japan 

Oil red O 
Sigma Aldrich/ 

Merck 
O0625 St. Louis, MO, USA 

PAR4-AP (Ala-Tyr-Pro-Gly- Sigma Aldrich/ A3227 St. Louis, MO, USA 
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Lys-Phe-NH2) Merck 

peqGREEN DNA/RNA dye VWR International 732-3196 Radnor, PA, USA 

Ravoxertinib (GDC-0994) Selleck Chemicals S7554 Houston, TX, USA 

Ro 32-0432 Merck Millipore 557525 Burlington, MA, USA 

Sodium chloride AppliChem A2942 Darmstadt, Germany 

Sodium nitroprusside dihydrate 

(SNP) 
Carl Roth HN34.1 Karlsruhe, Germany 

TRIS hydrochloride ≥99% Carl Roth 9090 Karlsruhe, Germany 

Tween 20 AppliChem A1389 Darmstadt, Germany 

U46619 Tocris Bioscience 1932 Bristol, UK 

UltraPure Distilled Water 

(DNase/RNase Free) 

Thermo Fisher 

Scientific 
10977 Waltham, MA, USA 

Xylene (isomers) Carl Roth 4436.2 Karlsruhe, Germany 

β-mercaptoethanol 
Sigma Aldrich/ 

Merck 
M3148 St. Louis, MO, USA 

2.6.2 Buffers, solutions, and media 

2.6.2.1 Commercial buffers and solutions 

Table 7 Commercially available buffers and solutions used 

Product Manufacturer Catalogue 

# 

Headquarters 

10X PBS, pH 7.4 
Thermo Fisher 

Scientific 
70011044 

Waltham, MA, 

USA 

10X RBC Lysis Buffer BioLegend 420301 
San Diego, CA, 

USA 

10X RIPA 

 

Cell Signaling 

Technology 
9806S 

Danvers, MA, 

USA 

10X TRIS-borate-EDTA (TBE) 

buffer 

Thermo Fisher 

Scientific 
15581028 

Waltham, MA, 

USA 

10X Tris/Glycine/SDS Bio-Rad 161-0772 
Hercules, CA, 

USA 

2X Laemmli Sample Buffer Bio-Rad 1610737 
Hercules, CA, 

USA 

32% Formaldehyde Aqueous Solution 

Electron 

Microscopy 

Sciences 

15714 
Hatfield, PA, 

USA 

6X Gel Loading Dye 
New England 

Biolabs 
B7024S 

Ipswich, MA, 

USA 

AEC Substrate Abcam ab64252 Cambridge, UK 

Bouin’s solution 
Sigma Aldrich/ 

Merck 
HT10132 

St. Louis, MO, 

USA 

Buffer RLT Plus QIAGEN 1053393 Hilden, Germany 
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Collagen (horse tendon), 100 µg/ml mölab 0203009 
Langenfeld, 

Germany 

Color Prestained Protein Standard, 

Broad Range (10-250 kDa) 

New England 

Biolabs 
P7712 

Ipswich, MA, 

USA 

DPBS (without Ca2+, Mg2+) 
Thermo Fisher 

Scientific 
14190144 

Waltham, MA, 

USA 

Ethylenediaminetetraacetic acid 

(EDTA) disodium salt solution (0.5 

M) 

Sigma-Aldrich/ 

Merck 
E7889 

St. Louis, MO, 

USA 

Haematoxylin (Gill II) Merck Millipore 1051752500 
Darmstadt, 

Germany 

Heparin sodium (25,000 U/5 ml) Panpharma 
PZN: 

16200037 
Luitré, France 

HEPES solution (1 M) 
Sigma-Aldrich/ 

Merck 
83264 

St. Louis, MO, 

USA 

M-PER Mammalian Protein 

Extraction Reagent 

Thermo Fisher 

Scientific 
78503 

Waltham, MA, 

USA 

Mountex MEDITE 41-4021 
Burgdorf, 

Germany 

Normal Rabbit Serum Blocking 

Solution 

Vector 

Laboratories 
S5000 

Newark, CA, 

USA 

Trypan Blue Solution 0.4% 
Sigma-Aldrich/ 

Merck 
93595 

St. Louis, MO, 

USA 

VX-702 solution (10 mM in DMSO) Selleck Chemicals S6005 
Houston, TX, 

USA 

 

2.6.2.2 General buffers and solutions 

1X phosphate buffered saline (PBS) 

100 ml   10X PBS  

ad 1000 ml Millipore water 

containing a final concentration of 1.1 mM KH2PO4, 0.16 M NaCl, 2.97 mM Na2HPO4, pH 7.4; 
stored at room temperature (RT) for up to two weeks 

1X red blood cell (RBC) lysis buffer 

10 ml   10X RBC lysis buffer  

ad 100 ml Millipore water 

containing ammonium chloride, potassium carbonate, EDTA at unpublished concentrations, pH 
7.1-7.4; stored at RT, prepared anew each day 

1X radioimmunoprecipitation assay (RIPA) buffer 

2 ml   10X RIPA 

ad 20 ml Millipore water 

containing a final concentration of 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 
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mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3VO4, 1 µg/ml leupeptin; aliquoted and stored at -20 °C 

M-PER lysis buffer 

50 µl  Protease Inhibitor Cocktail 

50 µl  Phosphatase Inhibitor Cocktail 

ad 5 ml   M-PER extraction reagent 

Prepared freshly prior to use, stored at 4°C 

1X TBE buffer 

100 ml   10X TRIS-borate-EDTA (TBE) buffer 

ad 1000 ml Millipore water 

containing a final concentration of 0.1 M TRIS, 90 mM boric acid, 1 mM EDTA, pH 8.3;  
stored at RT 

70% (v/v) ethanol 

35 ml   Ethanol absolute  

ad 50 ml UltraPure Distilled Water  

prepared under DNAse/RNase-free conditions, stored at RT 

2.6.2.3 Cell isolation solutions 

MACS buffer 

5 g Bovine Serum Albumin (BSA) 

4 ml Ethylenediaminetetraacetic acid (EDTA) disodium salt solution (0.5 M) 

ad 1000 ml 1X PBS (see 2.6.2.2) 

containing a final concentration of 5 mg/ml BSA, 2 mM EDTA, 1 mM KH2PO4, 0.16 M NaCl, 
2.97 mM Na2HPO4, pH 7.4; sterile filtered and stored at 4°C, prepared anew for each experiment 

Collagenase I stock solution 

10,000 U Collagenase Type I 

1 ml DPBS 

aliquoted and stored at -20°C 

Collagenase XI stock solution 

12,500 U Collagenase Type XI 

1 ml DPBS 

aliquoted and stored at -20°C 

Hyaluronidase stock solution 

12,000 U Hyaluronidase Type I-S 

1 ml DPBS 

aliquoted and stored at -20°C 
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2.6.2.4 Flow cytometry buffers and solutions 

FACS buffer 

5 g Bovine Serum Albumin (BSA) 

ad 1000 ml 1X PBS (see 2.6.2.2) 

containing a final concentration of 5 mg/ml BSA, 1 mM KH2PO4, 0.16 M NaCl, 2.97 mM 
Na2HPO4, pH 7.4; stored at 4°C, prepared anew for each experiment 

2.6.2.5 Histology solutions 

4% formaldehyde solution 

12.5 ml 32% Formaldehyde Solution 

ad 100 ml 1X PBS (see 2.6.2.2) 

stored at 4°C for up to two weeks 

10% rabbit serum blocking solution 

10 ml Normal Rabbit Serum Blocking Solution 

0.5 g Bovine serum albumin 

ad 100 ml 1X PBS (see 2.6.2.2) 

stored at 4°C for up to three days 

Oil red O stock solution 

0.5 g Oil red O 

100 ml 2-propanol 

Filtered through filter paper and stored at RT 

2.6.2.6 In vitro treatment solutions 

50 U/ml heparin 

10 µl Heparin sodium (25,000 U/5 ml) 

ad 1000 µl DPBS  

stored at RT, prepared anew shortly before each experiment 

BAY-747 stock solution 

15 mg BAY-747 

200 µl DMSO  

stored at 4°C, prepared anew weekly 

SNP stock solution 

30 mg sodium nitroprusside (SNP)  

500 µl DMSO  

vortexed until fully dissolved, stored at RT, prepared anew for each experiment  
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ADP stock solution 

42.72 mg (1 vial)  Adenosine diphosphate (ADP) 

500 µl UltraPure Distilled Water  

stored at 4°C, prepared anew each month 

PAR4-AP stock solution 

1 mg  PAR4-AP 

500 µl UltraPure Distilled Water  

aliquoted and stored at -20°C 

U46619 stock solution 

1 mg  U46619  

100 µl UltraPure Distilled Water  

aliquoted and stored at -20°C 

2-APB stock solution 

10 mg  2-APB 

888 µl DMSO 

aliquoted and stored at -20°C 

Ro 32-0432 stock solution 

1 mg  Ro 32-0432 

409 µl DMSO 

aliquoted and stored at -20°C 

KT-5823 stock solution 

100 µg  KT-5823 

40.4 µl DMSO 

aliquoted and stored at -20°C 

Dinaciclib stock solution 

5 mg  Dinaciclib 

252 µl DMSO 

aliquoted and stored at -20°C 

MK-2206 stock solution 

5 mg  MK-2206 

208 µl DMSO 

aliquoted and stored at -20°C 

Ravoxertinib stock solution 

5 mg  Ravoxertinib 

227 µl DMSO 

aliquoted and stored at -20°C 
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BAY-826 stock solution 

5 mg  BAY-826 

88,8 µl DMSO 

aliquoted and stored at -20°C 

2.6.2.7 Western blotting solutions 

2X Laemmli buffer 

50 µl  β-mercaptoethanol 

950 µl 2X Laemmli 

containing 65.8 mM Tris-HCl, pH 6.8, 26.3 g/ml glycerol, 2.1% (v/v) SDS, 0.01% bromophenol 
blue, 710 mM β-mercaptoethanol; stored at -20 °C 

1X running buffer 

100 ml 10X Tri/Glycine/SDS 

ad 1000 ml  Millipore water 

containing 25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3; stored at RT 

1X PBS-T 

100 ml 10X PBS 

2 ml   Tween 20 

ad 1000 ml  Millipore water 

containing a final concentration of 1 mM KH2PO4, 0.16 M NaCl, 2.97 mM Na2HPO4, 0.2% v/v 
Tween 20, pH 7.4; stored at RT 

25/50 mg/ml milk in PBS 

2.5/5 g nonfat dry milk powder 

ad 100 ml  1X PBS (2.6.2.2) 

stored at 4 °C for up to two days 

2.6.2.8 Media and cell culture solutions 

Table 8 Commercially available media and cell culture solutions used 

Product Manufacturer Catalogue # Headquarters 

Complete Mouse Endothelial 

Cell Medium /w Kit 
CellBiologics M1168 Chicago, IL, USA 

DPBS (without Ca2+, Mg2+) 
Thermo Fisher 

Scientific 
14190144 Waltham, MA, USA 

Gelatin-Based Coating Solution CellBiologics 6950 Chicago, IL, USA 

HEPES buffered saline solution Promocell C-40020 Heidelberg, Germany 

IMDM + GlutaMAX 

supplement 

Thermo Fisher 

Scientific 
31980030 Waltham, MA, USA 

Penicillin-Streptomycin (5,000 

U/ml) 

Thermo Fisher 

Scientific 
15070063 Waltham, MA, USA 

RPMI 1640 Medium (ATCC-

Modification) 

Thermo Fisher 

Scientific 
A1049101 Waltham, MA, USA 
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kept under sterile conditions, stored at 4°C for up to four weeks 

MK isolation medium 

50 ml FBS Superior 

5 ml Penicillin-Streptomycin 

ad 500 ml  IMDM, GlutaMAX 

prepared under sterile conditions, stored at 4°C for up to four weeks 

MK growth medium 

50 ml FBS Superior 

5 ml Penicillin-Streptomycin 

200 µl 0.5 mg/ml TPO solution in UltraPure Distilled Water  

100 µl 0.1 mg/ml SCF solution in UltraPure Distilled Water 

ad 500 ml  IMDM, GlutaMAX 

containing 200 ng/ml TPO and 20 ng/ml SCF, prepared under sterile conditions, stored at 4°C 
for up to four weeks 

2.7 Commercially available kits 

Table 9 Commercially available kits used 

Product Manufacturer Catalogue # Headquarters 

Adrenaline High Sensitive ELISA 
DLD 

Diagnostika 
EA632 

Hamburg, 

Germany 

blackPREP Rodent Tail DNA Kit IST Innuscreen 
845-BP-

0010250 
Berlin, Germany 

CytoSelect Leukocyte-Endothelium 

Adhesion Assay 
Cell Biolabs CBA-210 

San Diego, CA, 

USA 

High Capacity RNA-to-cDNA kit 
Thermo Fisher 

Scientific 
4388950 

Waltham, MA, 

USA 

Human Angiopoietin-1 Quantikine 

ELISA Kit 
R&D Systems DANG10 

Minneapolis, MN, 

USA 

KAPA2G Fast HotStart 

Genotyping PCR Mix 

Kapa 

Biosystems/ 

Roche 

KK5621 
Wilmington, MA, 

USA 

Mouse Angiopoietin-1 PicoKine 

ELISA Kit 

Boster Biological 

Technology 
BOS-EK1296 

Pleasanton, CA, 

USA 

Mouse CXCL15 ELISA Kit Abcam ab193720 Cambridge, UK 

Mouse CXCL4/PF4 Quantikine 

ELISA Kit 
R&D Systems MCX400 

Minneapolis, MN, 

USA 

Mouse CXCL7 / PBP ELISA Kit Abcam ab236713 Cambridge, UK 

Mouse Endostatin ELISA Kit Abcam ab263894 Cambridge, UK 

Mouse GRO gamma ELISA 

Kit (CXCL3) 
Abcam ab272191 Cambridge, UK 
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Mouse LIX Quantikine ELISA Kit R&D Systems MX000 
Minneapolis, MN, 

USA 

Mouse RBP4 Quantikine ELISA 

Kit 
R&D Systems MRBP40 

Minneapolis, MN, 

USA 

Mouse sP-Selectin/CD62P 

Quantikine ELISA Kit 
R&D Systems MPS00 

Minneapolis, MN, 

USA 

Mouse TREML1 PicoKine ELISA 

Kit 

Boster Biological 

Technology 
BOS-EK1522 

Pleasanton, CA, 

USA 

Mouse VEGF ELISA Kit Abcam ab209882 Cambridge, UK 

Pierce BCA Protein Assay Kit 
Thermo Fisher 

Scientific 
23225 

Waltham, MA, 

USA 

Pierce Coomassie Plus (Bradford) 

Assay Kit 

Thermo Fisher 

Scientific 
23236 

Waltham, MA, 

USA 

Proteome Profiler Mouse XL 

Cytokine Array 
R&D Systems ARY028 

Minneapolis, MN, 

USA 

Puregene Blood Kit QIAGEN 158489 Hilden, Germany 

RNeasy Plus Mini Kit QIAGEN 74139 Hilden, Germany 

Serotonin ELISA Kit Abcam ab133053 Cambridge, UK 

SuperSignal West Dura Extended 

Duration Substrate 

Thermo Fisher 

Scientific 
34075 

Waltham, MA, 

USA 

TaqMan Fast Universal PCR 

Master Mix (2X) 

Thermo Fisher 

Scientific 
4364103 

Waltham, MA, 

USA 

TaqMan Universal Master Mix II, 

no UNG 

Thermo Fisher 

Scientific 
4440040 

Waltham, MA, 

USA 

Trichrome Stain (Masson) Kit 
Sigma Aldrich/ 

Merck 
HT15 

St. Louis, MO, 

USA 

Weigert’s Iron Hematoxylin 

Solution 

Sigma Aldrich/ 

Merck 
HT1079 

St. Louis, MO, 

USA 

2.8 Consumables 

Table 10 Special consumables used 

Consumable Manufacturer Catalogue # Headquarters 

4–20% Mini PROTEAN 

TGX™ Precast Protein Gels, 

10-well 

Bio Rad 4561094 Hercules, CA, USA 

40 µm cell strainer Corning 352340 Corning, NY, USA 

70 µm pluriStrainer mini 
pluriSelect Life 

Science 
43-10070-40 Leipzig, Germany 

Anti-PE MicroBeads Miltenyi Biotec 130-048-801 
Bergisch Gladbach, 

Germany 

Biotin-Dynabeads 
Thermo Fisher 

Scientific 
11047 Waltham, MA, USA 
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CS&T Research Beads BD Biosciences 655050 San Jose, CA, USA 

Hard and Soft Tissue Omni Tip 

Plastic Homogenizing Probes 

Omni 

International 

32750H/ 

32750 
Kennesaw, GA, USA 

Heparin-coated micro 

capillaries 
Brand 749311 Wertheim, Germany 

LS columns Miltenyi Biotec 130-042-401 
Bergisch Gladbach, 

Germany 

MicroAmp fast optical 96 well 

reaction plate, 0.1 ml 

Thermo Fisher 

Scientific 
4346907 Waltham, MA, USA 

Microvette 500 K3 EDTA, 500 

µl 
Sarstedt 20.1341 Nümbrecht, Germany 

Minutien Pins 
Fine Science 

Tools 
26002-20 Foster City, CA, USA 

Phase Lock Gel Heavy 1.5 ml 

vials 
5PRIME 2302810 Hilden, Germany 

Pipette tips for aggregometry möLab 
0303032  

 
Langenfeld, Germany 

S-Monovette Hirudin, 1.6 ml Sarstedt 04.1959.001 Nümbrecht, Germany 

S-Monovette K3 EDTA, 9 ml Sarstedt 02.1066.001 Nümbrecht, Germany 

Ser/Thr Kinase array 
PamGene 

International 
PamChip  

’s-Hertogenbosch, the 

Netherlands 

Stir bars (micro) möLab 0403013 Langenfeld, Germany 

Streptavidin MicroBeads Miltenyi Biotec 130-048-101 
Bergisch Gladbach, 

Germany 

SuperFrost Plus microscope 

slides 
Menzel J1800AMNZ 

Braunschweig, 

Germany 

Test tubes – micro (7.25 x 55 

mm) 
möLab 0303014 Langenfeld, Germany 

UltraComp eBeads 
Thermo Fisher 

Scientific 
01-2222-42 Waltham, MA, USA 

Whatman filter paper grade 1 Cytiva 1001-125 
Marlborough, MA, 

USS 

2.9 Devices and utensils 

Table 11 Devices and utensils used 

Device Manufacturer Type Headquarters 

Automated hematology 

analyzer 
Sysmex XP-300 Kobe, Japan 

Benchtop centrifuge Eppendorf Centrifuge 5425 R Hamburg, Germany 

Biomolecular imager GE Healthcare 
Amersham ImageQuant 

800 
Chicago, IL, USA 

CO2 incubator Thermo Fisher Heracell VIOS 160i Waltham, MA, USA 
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Scientific 

Cryostat 
Leica 

Biosystems 
CM3050 S Wetzlar, Germany 

Digital microscope 

cameras 

Leica 

Microsystems 
DFC450 C Wetzlar, Germany 

Carl Zeiss Axiocam ERc 5s 
Oberkochen, 

Germany 

Electron multiplier 

CCD camera 

Hamamatsu 

Photonics 
9100-02 Hamamatsu, Japan 

Electrophoresis power 

supply 
Consort EV215 Turnhout, Belgium 

Flow cytometer  BD Biosciences LSRFortessa San Jose, CA, USA 

Fluorescence 

microscopes 

Olympus BX51 Tokyo, Japan 

Leica DMRB Wetzlar, Germany 

Hemocytometer Brand 717805 Wertheim, Germany 

Kinase array station 
Pam Gene 

International 
PamStation 

’s-Hertogenbosch, the 

Netherlands 

Large centrifuge 
Thermo Fisher 

Scientific 
Heraeus Megafuge 16R Waltham, MA, USA 

Microtiter shaker IKA-Werke MTS 4  Staufen, Germany 

Millipore water system Merck Millipore Milli-Q Reference Burlington, MA, USA 

Omni Tissue 

Homogenizer 

Omni 

International 
TH220 Kennesaw, GA, USA 

Orbital shaker ELMI Shaker S4 Riga, Latvia 

Plate reader Tecan Infinite M200 PRO 
Männedorf, 

Switzerland 

Platelet aggregation 

profiler 
Bio/Data PAP-8 v2.0 Horsham, PA, USA 

QuadroMACS 

Separator 
Miltenyi Biotec 130-090-976 

Bergisch Gladbach, 

Germany 

Real-time PCR system 
Thermo Fisher 

Scientific 

Applied Biosystems ViiA 

7 Real-Time PCR System 
Waltham, MA, USA 

Roller mixer Bibby Sterilin Stuart SRT9D Stone, UK 

Semi-dry protein 

transfer system 
Bio-Rad Trans-Blot Turbo Hercules, CA, USA 

Stereomicroscope Carl Zeiss Stemi 2000-C 
Oberkochen, 

Germany 

Thermal cycler 
Thermo Fisher 

Scientific 

Applied Biosystems 

Veriti, 4375305 
Waltham, MA, USA 

Thermal cycler 
Thermo Fisher 

Scientific 

Applied Biosystems 

Veriti Thermal Cycler, 

96-Well 

Waltham, MA, USA 

Thermoshaker Biosan TS-100 C Riga, Latvia 

Ultrasonic bath Merck Eurolab Qualilab USR 9 Bruchsal, Germany 
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Spring Scissors 

Vannas-Tübingen  

Fine Science 

Tools 
15003-08 Foster City, CA, USA 

Vertical gel 

electrophoresis system 
Bio-Rad 

Mini-PROTEAN Tetra 

cell 
Hercules, CA, USA 

2.10 Software 

Table 12 Software used 

Software Distributor Headquarters 

BioNavigator (version 6.3) 
PamGene 

International 

‘s-Hertogenbosch, the 

Netherlands 

FACS Diva software (version 8.0.1) BD Biosciences San Jose, CA, USA 

FlowJo (version 9.9.6) Tree Star Ashland, OR, USA 

GraphPad Prism (version 9.4.1) 
GraphPad 

Software 
San Diego, CA, USA 

ImageJ2 (version 2.3.0) 

National 

Institutes of 

Health 

Bethesda, MD, USA 

ImageQuant LAS TL (version 8.1) 
Leica 

Microsystems 
Wetzlar, Germany 

LAS (version 4.5) 
Leica 

Microsystems 
Wetzlar, Germany 

PAP-8E software (version 1.0.8) Bio/Data Horsham, PA, USA 

TaqMan Genotyper software (version 

1.3) 

Thermo Fisher 

Scientific 
Waltham, MA, USA 

Tecan i-control 2.0 (version 3.9.1.0) Tecan Männedorf, Switzerland 

ViiA 7 software (version 1.2.2) 
Thermo Fisher 

Scientific 
Waltham, MA, USA 

ZEN 2.3 (blue, version 2.3.69.1000) Carl Zeiss Oberkochen, Germany 
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3 Methods 

3.1 Murine models 

The complexity and only partially elucidated pathogenesis of atherosclerosis require the use of 

animal models for many scientific questions. Due to the rapid reproduction cycle, availability of 

genetic manipulation, and quick development of atherosclerotic lesions under pro-atherosclerotic 

conditions, mice are the most widely used animal model in atherosclerosis research. Sharing about 

95% of their protein-coding genes with humans, also the conservation of pathways associated with 

atherosclerosis between both species is highly significant (for an overview see von Scheidt et al., 

2017). 

3.1.1 Selection of strains 

Since the sGC in platelets consists of one α1- and one β1-subunit which are encoded by the genes 

Gucy1a1 and Gucy1b1, respectively, a functional knockout of sGC can be achieved by genetic 

depletion of either of the two genes. In this project, mice with impaired Gucy1b1 expression were 

used, since in contrast to ubiquitous α1-depletion (Mergia et al., 2006), loss of the β1-subunit is not 

reported to be functionally compensated by other β-subunits. 

To deplete sGC-mediated functions specifically in platelets, Pf4-Cre+Gucy1b1LoxP/LoxP mice were 

used. The strain was generated by the group of Prof. Andreas Friebe (Universität Würzburg, 

Germany) using the Cre/LoxP system: This technology is based on the function of the protein 

Cre recombinase, deleting target gene sequences which are flanked by specific LoxP (locus of 

X(cross)-over in P1) recognition sequences (Orban et al., 1992; Sternberg & Hamilton, 1981). To 

this end, Gucy1b1LoxP/LoxP mice (Friebe et al., 2007) carrying a LoxP-flanked exon 10 of the β1 

subunit expressing gene Gucy1b1 were mated with Pf4-Cre 

tg/+ mice expressing the protein Cre-

recombinase in a platelet-specific manner (Rukoyatkina et al., 2011). This was achieved by 

introducing a Cre-encoding mouse bacterial artificial chromosome (BAC) construct into the 

promoter of the MK- and platelet-marker protein PF4 encoding gene. The same principle was 

used for the generation of Pf4-Cre+Irag1LoxP/LoxP mice by the group of Prof. Jens Schlossmann 

(Universität Regensburg, Germany).  

Wildtype mice are comparatively resistant to the development of atherosclerosis regardless of diet 

due to low levels of circulating lipoproteins (Gisterå et al., 2022). Therefore, the mouse model 
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usually requires an additional genetic modification in lipoprotein-related genes, most commonly, 

depletion of the LDL receptor or apolipoprotein E encoding genes Ldlr or Apoe, respectively. Due 

to a relatively similar cholesterol distribution compared to human plasma (Gisterå et al., 2022), 

Ldlr−/−-mice were selected for backcrossing the respective mouse strains on a pro-atherosclerotic 

background. 

3.1.2 Breeding 

Mice were kept in a specific pathogen-free area with HEPA-filtered room air and received a ssniff 

standard diet and water ad libitum unless stated otherwise. Littermates of the same sex were housed 

together in a maximum number of 8 animals per stock cage (800 cm2) or 5 animals per 

experimental cage (501 cm2), where possible, to exclude effects of different gut microbiomes in 

different cages. Cages were illuminated with an automatic light regime of 12 h in a day-night 

rhythm and temperature was kept constant between 20-22°C at a humidity of 45-60%. 

3.1.1 Western Diet 

To accelerate the formation of atherosclerotic plaques in Pf4-Cre+Gucy1b1LoxPLdlr−/−, Pf4-

Cre+Irag1LoxPLdlr−/−, and Ldlr−/− strains, respectively, animals were fed a Western diet (21.2% fat 

and 0.2% cholesterol by weight; TD.88137; Envigo, Indianapolis, IN) ad libitum. The feeding 

period was ten weeks for determining atherosclerotic plaque size and composition and six weeks 

for observational in vivo leukocyte adhesion experiments and analyzing atherosclerotic plaque size 

in early atherogenesis. The experiments were conducted in accordance with the German legislation 

on the protection of animals and approved by the local animal care committee (Regierung von 

Oberbayern, GZ: ROB-55.2-2532.Vet_02-15-176, ROB-55.2-2532.Vet_02-16-191, ROB-55.2-

2532.Vet_02-18-177). According to these previously established protocols, mice were assessed for 

well-being daily, and weight gain was monitored weekly. Additionally, the protocol stipulated 

removing individual mice with increased stress levels or rare abnormalities (severe weight loss, 

occurrence of malignancy) from the experiments prematurely to ensure animal welfare and to 

preclude bias in the experimental results. 

3.1.2 In vivo sGC stimulation 

To analyze the influence of pharmacological sGC stimulation on atherogenesis, the novel sGC 
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stimulator BAY-747 (N-(2-amino-2-methylbutyl)-8-[(2,6-difluorobenzyl)oxy]-2,6-dimethylimid 

azo[1,2-a]pyridine-3-carboxamide) was kindly provided by Dr. Peter Sandner (Bayer AG, 

Wuppertal, Germany) and used in a concentration of 150 ppm (360 µM) for all experiments, as 

the substance only slightly influences blood pressure when applied in this concentration in vivo 

(Krishnan et al., 2021).  

For in vivo sGC stimulation, Ldlr−/− mice received a Western diet (21.1% crude fat and 0.15% 

cholesterol, E15721-34; TD.88137 modified; ssniff, Soest, Germany) enriched with either 0 

(control group) or 150 ppm (treatment group) of BAY-747 ad libitum for six or ten weeks, 

respectively, as stated in the respective section. 

3.1.3 Adoptive transfer of leukocytes 

Adoptive transfer is an established method to trace leukocyte migration from the circulation into 

different organs in vivo (Heidt et al., 2014). Thereby, leukocytes that can be distinguished from the 

cells of the recipients – commonly by expressing GFP – are injected intravenously into the 

organisms of interest. Importantly, these injected leukocytes are equally numbered and of the same 

origin for all experimental groups, to specifically compare the recruitment capabilities of the target 

tissues. By detecting the GFP signal 24 h later, presence of the adoptively transferred leukocytes 

can be explored, e.g., in the aorta. Because the donor cells can only be found in aortic plaques after 

they have invaded from the blood via the recruitment cascade described in section 1.1.1, this is a 

suitable experimental design to study leukocyte recruitment into atherosclerotic plaques. 

Table 13 Composition of antibody mix for adoptive transfer experiment 

Volume (per sample) Reagent Final concentration 

4.5 µl anti-Ly6G-PE- antibody 0.9 µg/ml 

4.5 µl anti-CD115-biotin antibody 0.9 µg/ml 

ad 1,000 µl MACS buffer (2.6.2.3)  

In the present experiment, Ldlr−/− recipient mice were fed a Western diet for six weeks (3.1.1) to 

induce early atherosclerotic plaques. Bone marrow from ubiquitous GFP-expressing mice was 

isolated by crushing humeri, femora, tibiae, pelvis, and spine in ice-cold MACS buffer using a glass 

mortar and pestle after bones were cleared from muscle and fat tissue. The obtained cell 

suspension was filtered through a 40 µm strainer and centrifuged at 300 g for 10 min at 4°C. To 

specifically isolate monocytes and neutrophils, cells were incubated with cell-specific anti-Ly6G-

PE and anti-CD115-biotin antibodies (Table 13) for 15 min on ice.  
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After removing excess antibodies by washing and centrifuging the samples in MACS buffer, cells 

were resuspended in a mixture of complementary microbeads (Table 14) for 15 min on ice in order 

to create magnetic bead complexes of target, Ly6G, and CD115-expressing cells via PE-anti-PE-

antibody or biotin-streptavidin binding, respectively.  

Table 14 Composition of microbead mix for adoptive transfer experiment 

Volume (per sample) Reagent 

70 µl Anti-PE-MicroBeads 

70 µl Streptavidin-MicroBeads 

ad 500 µl MACS buffer (2.6.2.3) 

Cells were subsequently washed and positively selected over LS columns on a QuadroMACS 

Separator. Hereby, undesired cells not binding to the microbeads were flushed, while monocytes 

and neutrophils remained magnetically attached to the columns. The columns were removed from 

the magnetic field, and the positively selected cells were rinsed from the columns, washed, and 

adjusted to a concentration of 10 million cells per 300 µl in DPBS. Purity and GFP-expression of 

isolated monocytes and neutrophils was confirmed by flow cytometry analysis as described in 

section 3.3. Lastly, Ldlr−/− recipient mice were intravenously injected with 300 µl of the GFP+-

leukocyte suspension 24 h before harvesting organs.  

3.1.4 Intravital fluorescence microscopy 

Following the six weeks’ Western diet (section 3.1.1), Pf4-Cre+Gucy1b1+/LoxPLdlr−/− mice and Pf4-

Cre+Gucy1b1LoxP/LoxPLdlr−/− mice were transported to the local Institute for Cardiovascular 

Prevention (IPEK) and anesthetized with a combination of midazolam, medetomidine, and 

fentanyl (5, 0.5, and 0.05 mg per kg body weight, respectively). After confirming the desired 

deepness of anesthesia, mice were subjected to intravital microscopy of the right carotid artery 

bifurcation by Prof. Oliver Söhnlein (Universität Münster, Germany) as described previously 

(Winter et al., 2018). Shortly, circulating leukocytes were labeled in vivo by intravenous injection of 

1 µg/mouse PE-conjugated anti-Ly6G, Alexa Fluor 488-conjugated anti-Ly6C, and, in a second 

round, PE-conjugated anti-CD11b antibodies (2.3.2). The right common carotid artery was 

exposed at the level of the bifurcation and adhesion of the stained leukocytes to the atherosclerotic 

vessel wall documented by recording 30-second movies using an Olympus BX51 microscope with 

a Hamamatsu 9100-02 EMCCD camera and a 10X saline-immersion objective. Neutrophils 

(Ly6G-PE+), monocytes (Ly6C-Alexa Fluor 488+), and myeloid cells (CD11b-PE+) remaining 

stationary within the specified 30 s were regarded as adherent and absolute numbers were 
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determined in a blinded manner by Prof. Söhnlein. 

3.2 Harvesting of target tissues 

Untreated or atherosclerotic mice (section 3.1.1) were sacrificed under deep isoflurane anesthesia 

(4% V/V) by retrobulbar exsanguination using heparin-coated capillaries.  

If applicable, an antibody directed against the pan-leukocyte marker CD45 (Table 15) was injected 

intravenously 5 min before sacrificing animals to distinguish blood leukocytes from tissue-resident 

or -invaded leukocytes in subsequent flow cytometry analyses. 

Table 15 in vivo labeling of blood leukocytes for flow cytometry analysis 

Volume (per mouse) Reagent Final concentration 

10 µl anti-CD45-antibody 20 µg/ml 

ad 100 µl DPBS  

3.2.1 Isolating blood leukocytes 

Per mouse, 50 µl of blood was transferred to 5 ml polystyrene tubes for flow cytometry analyses 

and residual blood was collected into EDTA-coated microvettes, stored on ice, and centrifuged at 

1,000 g for 15 min at 4°C. The supernatant plasma was stored at -80°C for routine plasma 

cholesterol determination by the in-house clinical chemistry department or enzyme-linked 

immunosorbent assays (section 3.7.4). Blood samples for flow cytometry were subjected to 1X 

RBC lysis buffer and incubated for 5 min at room temperature (RT) to lyse red blood cells. The 

reaction was stopped by adding 3 ml of 1X PBS. Cells were spun down at 400 g for 8 min at 4°C 

and resuspended in FACS buffer (section 3.3). 

For isolating peripheral blood mononuclear cells (PBMC) for Western blotting (3.7.2), 1 ml of 

blood was diluted with DPBS in a 1:1 ratio and carefully layered on top of a 1.5 ml Ficoll-Paque 

PREMIUM layer at RT in a 5 ml polystyrene tube. After a 30-min centrifugation at 400 g without 

brake, the interphase containing PBMC was washed in DPBS and spun down at 400 g for 10 min. 

The cell pellet was subjected to red blood cell lysis in 5 ml 1X RBC lysis buffer at RT for 5 min. 

After washing samples in DPBS, cells were manually counted in a 1:100 dilution of trypan blue 

using a hemocytometer, centrifuged at 100 g for 10 min to remove platelets, and, per million cells, 

resuspended in 20 µl of 1X RIPA buffer containing 1:100 protease inhibitor. Samples were stored 

at -80°C until further processing. 
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3.2.2 Dissecting aortae, aortic roots, and lung 

After opening the chest and cutting the vena cava, the right ventricle was flushed with 20 ml of 

1X PBS. The superior lobe of the right lung was excised, washed in DPBS, and snap-frozen in 

liquid nitrogen. After removing residual lung and gastrointestinal organs as well as perivascular fat 

and surrounding other tissue, aortae were excised 2 mm distant from the aortic root and 1 mm 

distal from the common iliac artery bifurcation. Aortae were either stored for up to 2 h in ice-cold 

1X PBS for flow cytometry preparations (3.2.2.1), in a 4% formaldehyde solution at 4°C for 

subsequent histology (3.4.4), or specimens were washed in DPBS followed by snap-freezing in 

liquid nitrogen for protein isolation (3.7.1).  

Hearts were cut transversely at the upper third level, and the surrounding tissue along the aortic 

roots was partially removed with a scalpel. Small portions of surrounding muscle were preserved 

to stabilize the vascular root, and samples were embedded in tissue molds in O.C.T. compound. 

Specimens were snap-frozen in -80°C cold 2-methylbutane and stored at -80°C. 

3.2.2.1 Preparing single-cell suspensions of aortic leukocytes 

Aortae were transferred to vials containing ice-cold aortic digestion buffer (Table 16), minced 

using fine scissors, and incubated for 1 h at 37°C and 750 rpm agitation.  

Table 16 Leukocyte isolating digestion mix 

Volume (per sample) Reagent Final concentration 

45 µl Collagenase I stock solution (2.6.2.3) 450 U/ml 

10 µl Collagenase XI stock solution (2.6.2.3) 125 U/ml 

5 µl Hyaluronidase stock solution (2.6.2.3) 60 U/ml 

3.7 µl Deoxyribonuclease I  60 U/ml 

20 µl 1 M HEPES solution 20 mM 

ad 1000 µl DPBS  

Cell suspensions were filtered through 40 µm nylon cell strainers, washed in 40 ml FACS buffer, 

centrifuged at 400 g for 8 min at 4°C, and resuspended in 300 µl FACS buffer for flow cytometry 

staining (3.3). 

3.2.2.2 Tissue lysing for Western blotting 

Frozen aortae and lungs were transferred to 2 ml vials containing 500 µl of ice-cold 1X RIPA 

buffer enriched with 1:100 protease inhibitor solution and minced with scissors to a fine tissue 

suspension. Subsequently, samples were homogenized using the Omni Tissue homogenizer with 

soft (lung) or hard (aorta) tissue tips three times for 10 s on ice. Samples were lysed for 1 h on ice 



Methods: Flow cytometry 

 39 

and stored at -80°C until further processing (3.7.1). 

3.2.1 Differentiating and culturing megakaryocytes 

To obtain MK and progenitors, humeri, femora, tibiae, and os ilii of mice from both genotypes 

were collected and separated from the muscle and connective tissue. After removal of the proximal 

epiphysis, the bones were placed with the opening facing downwards into sterile 0.5 ml tubes and 

transferred into sterile 1.5 ml reaction tubes containing 100 µl MK isolation medium. The bottoms 

of the 0.5 ml tubes were previously pricked with an 18 G needle to allow the bone marrow to flow 

into the 1.5 ml tube during subsequent centrifugation at 2,500 g for 1 min (Heib et al., 2021). Cells 

were suspended in 1 ml MK isolation medium, centrifuged at 300 g for 5 min, and incubated in 

4.5 ml 1X RBC lysis buffer for another 5 min. After adding 9 ml of DPBS and centrifugation at 

300 g for 5 min, cells were vigorously pipetted up and down in 5 ml MK isolation medium, filtered 

through 70 µm cell strainers, and centrifuged at 300 g for 5 min. After manually determining cell 

numbers, cells were resuspended in MK growth medium to a concentration of 1×107 cells/ml and 

kept in T75 cell culture flasks in a humidified incubator with 5% CO2 at 37°C. Cells were cultured 

for 9 days and fresh medium was added every second day. 

Cultivation of bone marrow cells in a TPO-enriched medium resulted in the differentiation of 

progenitor cells into MKs, which were visible under the microscope as semi-adherent, 

exceptionally large cells with an irregular surface. Cells were harvested by BSA density gradient 

filtration as follows (Drachman et al., 1997): After detaching the cells with a cell scraper and 

centrifugation at 400 rpm for 10 min, they were resuspended in 4 ml of DPBS and carefully placed 

on top of a layer of 4 ml of 1.5% BSA solution over a second layer of 4 ml of 3% BSA solution in 

a 15 ml tube. Due to their high density, MKs sedimented to the bottom after 40 min at RT, while 

other cells were retained in the upper 0-1.5% BSA solution. The bottom, MK-containing 2 ml was 

collected, washed in DPBS, and resuspended in 4 ml Dulbecco’s PBS before being subjected to 

another 0-3% BSA gradient filtration step to obtain a pure population. Cell number was 

determined manually and cells were resuspended in 350 µl of Buffer RLT Plus at a concentration 

of 50.000 cells/µl and stored at -80°C for further processing (3.8.1.1). 

3.3 Flow cytometry 

Flow cytometry is a valuable method to identify and quantify cell populations in single-cell samples 

after labeling with fluorophore-conjugated antibodies directed against characteristic cellular 
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antigens. In the system, one cell at a time is passed through a laser beam and, depending on its 

size, granularity, and antibodies bound, recognized by the light scattered from its surface or emitted 

from the antibody-conjugated fluorophores. 

3.3.1 Flow cytometry analysis of leukocytes 

Blood and aortic cells were stained for hematopoietic lineage markers by adding a mixture of 

phycoerythrin (PE) conjugated lineage-specific antibodies (Table 17) for 15 min at 4°C. Unbound 

antibody was washed off by adding 1 ml of FACS buffer and centrifuging samples at 400 g for 8 

min at 4°C before resuspending cells in 300 µl of FACS buffer. 

Table 17 Composition of antibody mix 1 for leukocyte staining 

Volume (per sample) Reagent Dilution 

0.5 µl anti-B220-PE antibody 1:600 

0.25 µl anti-CD49b-PE antibody 1:1200 

0.1 µl anti-CD90.2-PE antibody 1:3000 

0.5 µl anti-NK1.1-PE antibody 1:600 

0.5 µl anti-Ter119-PE antibody 1:600 

0.5 µl anti-Ly6G-PE antibody 1:600 

ad 50 µl FACS buffer (2.6.2.4)  

A second round of staining was conducted using leukocyte-specific antibodies (see Table 18) for 

another 15 min at 4°C before cells were washed as stated above and resuspended in 300 µl of 

FACS buffer.  

Table 18 Composition of antibody mix 2 for leukocyte staining 

Cells were submitted to flow cytometry on a BD LSRFortessa. Lasers were calibrated weekly using 

CS&T Research Beads and compensated using UltraComp eBeads conjugated with each of the 

antibodies used prior to performing experiments. 

Cells were submitted to flow cytometry on a BD LSRFortessa and analyzed using FlowJo software. 

After excluding non-viable cells (as identified by FSC-A vs. SSC-A) and multiplets (identified by 

Volume (per sample) Reagent Dilution 

0.5 µl anti-Ly6C-BV421 antibody 1:600 

0.5 µl anti-CD115-BV510 antibody 1:600 

1.0 µl anti-CD45.2-PerCP/Cy5.5 antibody 1:300 

0.5 µl anti-F4/80-PE-Cy7 antibody 1:600 

0.5 µl anti-CD11b-APC-Cy7 antibody 1:600 

ad 50 µl FACS buffer (2.6.2.4)  
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FSC-A vs. FSC-W and SSC-A vs. SSC-W), neutrophils were identified as lineagehigh(CD45.2/ 

CD11b)highCD115low. Monocytes were identified as lineagelow (CD45.2/CD11b/CD115)high 

Ly6Chigh/low and macrophages as lineagelow(CD45.2/CD11b/F4/80)highLy6Clow/int. 

In adoptive transfer experiments, the number of CD45.2high/CD11bhigh/GFPhigh cells within the 

aorta was assessed and normalized to the exact number of injected cells. 

3.4 Histology 

3.4.1 Preparation of samples 

Frozen aortic root specimens (3.2.2) were cut into 5 µm sections using a cryostat set to -20°C and 

transferred onto microscope slides. Among the sections showing at least two complete cusps, 

every fifth slide was subjected to tissue staining. 

3.4.2 Masson’s trichrome staining 

For Masson’s trichrome staining, sections were hydrated in Millipore water and fixated in a 4% 

formaldehyde solution for 45 s. Afterward, slides were mordanted in Bouin’s solution at 56°C for 

15 min and cooled in warm tap water before being subjected to freshly prepared Weigert’s iron 

hematoxylin solution for 5 min according to the manufacturer’s recommendations, followed by a 

5-minute washing step in running tap water. Subsequently, using the Trichrome Staining (Masson) 

kit, specimens were stained in Biebrich scarlet-acid fuchsin solution for 5 min, rinsed in Millipore 

water, incubated in phosphotungstic/phosphomolybdic acid solution and aniline blue solution for 

5 min each, and rinsed in 1% aqueous acetic acid solution for 2 min. Slides were dehydrated in 70, 

96, and 100% ethanol followed by a washing step in xylene and covered with Mountex mounting 

medium. Specimens were digitalized using a 5X objective on a Leica digital microscope camera, 

plaque size was determined per sample in a blinded fashion using ImageJ, and mean total plaque 

size (in µm2) was calculated per animal. 

3.4.3 Immunohistochemistry 

For immunohistochemistry, specimens were fixated in ice-cold acetone for 10 min, blocked in 

10% rabbit serum blocking solution for 1 h, and stained using unconjugated anti-CD11b or anti-
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monocyte + macrophage antibody (diluted 1:200 or 1:50, respectively, in 10% rabbit serum 

blocking solution) in a humidified chamber overnight. Subsequently, samples were incubated in a 

1:200 dilution of anti-rat HRP-conjugated secondary antibody in 10% rabbit serum blocking 

solution for 1 h at RT and staining was developed by adding AEC substrate for 10 min. Afterward, 

cell nuclei were counterstained in hematoxylin Gill II solution for 2 min, rinsed for 8 min in 

running tap water, and mounted in warm Kaiser’s glycerol gelatin. Images were captured using a 

5X objective on a Leica digital microscope camera and CD11b or monocyte and macrophage area 

per total plaque area was calculated using automated color-thresholding in ImageJ. 

3.4.4 En face analysis 

After being subjected to 4% formaldehyde solution for 24 h (3.2.2), aortae were washed in a 60% 

solution of 2-propanol in Millipore water for 10 min and incubated at 37°C for 30 min in Oil red 

O working solution which was freshly prepared as directed in Table 19 and filtered twice through 

filter paper.  

Table 19 Oil red O working solution 

Subsequently, the aortae were washed in 60% 2-propanol, cut opened longitudinally using spring 

scissors, and pinned on a black pad with Minutien pins. Specimens were imaged on a Stemi 2000-

C microscope connected to an Axiocam ERc 5s camera using ZEN 2 software. Percent of lesion 

area was determined manually in a blinded fashion as ORO-positive area of total en face aortic area 

from the aortic root to the branch of the right renal artery using Image J software. 

3.5 In vitro activation of platelets 

3.5.1 Generation of murine platelet suspensions 

Per mouse, 800 µl of blood was collected from the retrobulbar plexus into 2.0 ml tubes containing 

200 µl of 50 U/ml heparin solution and gently mixed after adding 1 ml of DPBS. Samples were 

centrifuged for 10 min at 100 g and RT without active deceleration and platelet-rich plasma (PRP) 

was either used directly (3.5.3) or subjected to a second 10-min centrifugation step at 700 g. 

Volume Reagent Final concentration 

300 ml Oil red O stock solution (2.6.2.5) 3 mg/ml 

200 ml Millipore water  
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Supernatant platelet-poor plasma (PPP) was stored at -80°C and pelleted platelets either 

resuspended in 100 µl of 1X RIPA buffer containing 1:100 protease inhibitor and stored at -80°C 

for protein measurements or further processed by shake-activation (3.5.4). Platelet count was 

measured using an automated hematology analyzer. 

3.5.2 Generation of human platelet suspensions 

Venous blood from healthy volunteers was collected into hirudin Monovettes using an approved 

study protocol by the local ethics committee of the Technical University of Munich (387/17 S). 

All participants gave written informed consent. Samples were centrifuged at 170 g for 13 min at 

RT without active deceleration. PRP was subjected to shake-activation (3.5.4) and platelet count 

was determined using an automated hematology analyzer. 

3.5.3 Aggregometry 

In aggregometry, platelet aggregation can be monitored by measuring differences in light 

transmission caused by aggregating platelets in suspension in response to added platelet agonists.  

10X working solutions of required substances were prepared freshly from the respective stock 

solutions (2.6.2.6) by serial dilutions in UltraPure Distilled Water (Table 20). Vehicle solutions 

were prepared accordingly. 

Table 20 Concentrations of substances used for aggregometry 

Substance Final concentration Vehicle (final concentration) 

SNP 10 µM 0.4% DMSO 

BAY-747 150 ppm 0.4% DMSO 

ADP 2 µM UltraPure Distilled Water 

PAR4-AP 75 nM UltraPure Distilled Water 

U46619 5 µM UltraPure Distilled Water 

Collagen 1 µg/ml UltraPure Distilled Water 

Per tested condition and mouse, 200 µl of PRP were transferred to glass cuvettes and, after adding 

either 25 µl of sodium nitroprusside (SNP), BAY-747 solution, or vehicle, incubated at 37°C with 

constant stirring on a PAP-8 turbidimetric platelet aggregation profiler. Residual PRP was 

centrifuged at 700 g for 10 min to receive PPP used for blanking. Thrombocyte aggregation was 

induced by adding 25 µl of ADP, PAR4-AP, U46619, or collagen working solutions and platelet 

aggregation was recorded over 5 min to measure area under the curve (AUC) using the respective 

software. Subsequently, samples were transferred to 1.5 ml vials and spun down for 15 min at 
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maximum speed and 4°C. The supernatant was transferred to new vials and stored at -80°C for 

further processing (3.7.4). 

3.5.4 Shake-activation 

If not stated otherwise, pelleted platelets (3.5.1, 3.5.2) were carefully resuspended in 370 µl of 

RPMI 1640 and activated by orbital shaking for 30 min at 1000 rpm in a thermoshaker set to 25°C. 

Subsequently, samples were centrifuged at 12,000 g for 10 min and the supernatant was either used 

directly in subsequent experiments or stored at -80°C. Platelet count was analyzed simultaneously 

with an automated hematology analyzer. 

3.5.5 sGC stimulation and protein kinase inhibition 

2X BAY-747 (final concentration 150 ppm, 0.4% DMSO) and kinase inhibitor working solutions 

(Table 21, 0.2% DMSO) were freshly prepared from the respective stock solutions (2.6.2.6) by 

serial dilutions in DPBS. Vehicle solutions were prepared accordingly. Pelleted platelets (3.5.1) 

were gently resuspended in 870 µl RPMI 1640 and added in a 1:1 ratio to either vehicle or 

respective compound solutions, mixed gently, and incubated for 30 min at RT prior to shaking 

(3.5.4). 

Table 21 Kinase inhibitor working solutions 

Inhibitor Affected kinase Final concentration 

2-APB Inositol triphosphate receptor (IP3-R) 10 µM 

Ro 32-0432 Protein kinase C (PKC) 5 µM 

KT-5823 Protein kinase G (PKG) 10 µM 

Dinaciclib Cyclin-dependent kinase (CDK) 2/5/9 100 nM 

MK-2206 Akt 1 µM 

Ravoxertinib Extracellular signal-regulated kinases (ERK) 10 µM 

VX-702 p38α mitogen-activated protein kinase (MAPK) 10 µM 

3.5.6 PamGene Serine/Threonine Kinase Array 

Following shake activation (3.5.4), BAY-747 and vehicle-treated platelets were centrifuged at 1,200 

g for 5 min and resuspended in ice-cold M-PER lysis buffer to a concentration of 200×106 platelets 

per 100 µl. Platelets were incubated for 15 min on ice and each sample was pipetted up and down 

eight times every 5 min using 200 µl pipette tips to ensure proper cell dissolution. Lysates were 

centrifuged at 20,000 g for 15 min and protein content was determined using the Pierce Coomassie 
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Plus Assay Kit according to the manufacturer’s recommendations. Samples were stored at -80°C 

until being further processed by Dr. Emiel van der Vorst (RWTH Aachen, Germany) using the 

PamChip Ser/Thr Kinase array as described previously (Peters et al., 2022) to determine 

serine/threonine kinase profiles in the platelet lysates. The array contains 144 peptide sequences 

harboring specified phosphorylation sites, which are subsequently phosphorylated dependent on 

the specificity and activity of the kinases present in the sample. By fluorescently labeled anti-

phospho-detection antibodies and a respective LED imaging system, thus, the phosphopeptide 

fingerprints based on the kinase activity in the samples are identified and correlated to upstream 

kinases using the PhosphoNET database (Kinexus Bioinformatics Corporation, 2019). 

3.6 Cell culture 

3.6.1 Culturing murine endothelial cells 

Murine aortic endothelial cells (mAoEC) were cultured in complete endothelial cell medium in 

gelatin-coated cell culture flasks in a humidified incubator with 5% CO2 at 37°C. The medium was 

exchanged every second day and cells were split for a maximum of five cycles. 

3.6.2 Leukocyte-endothelium adhesion assay 

mAoEC were seeded at 30.000 cells/well in gelatin-coated 96-well plates prior to performing 

experiments and incubated in a humidified incubator until forming a continuous monolayer. 

Activated platelet supernatant was generated freshly as stated in section 3.5.4. from either 

C57BL/6 J (wildtype), Pf4-Cre+Gucy1b1+/LoxP, or Pf4-Cre+Gucy1b1LoxP/LoxP mice. 

Monocytes and neutrophils were isolated from the bone marrow of wildtype mice using MACS 

cell separation columns as described in section 3.1.3, using either anti-Ly6G-PE, anti-CD115-

Biotin, or both antibodies and respective beads. Using the CytoSelect Leukocyte-Endothelium 

Adhesion Assay, isolated cells were resuspended in RPMI 1640 at 1.25×106 cells/ml and 

fluorescently labeled with LeukoTracker solution (kit component, 1X final concentration) for 30 

min. Cells were washed twice and resuspended in RPMI 1640 at 1×106 cells/ml. 

Endothelial culture medium was aspirated and 250 µl of leukocyte suspension was added to each 

well, followed by 50 µl of platelet supernatant. Samples were assayed in triplicates and incubated 

for 30 min. Afterward, plates were washed trice in 1X PBS to remove non-adherent cells, lysed in 
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150 µl of 1X lysis buffer (kit component) for 5 min, and fluorescence of lysed endothelium-

adherent leukocytes was measured on a plate reader at 535 nm using 485 nm for excitation. 

For preincubation experiments, platelets were resuspended in 540 µl RPMI 1640 and, in addition 

to treating samples as explained above, neutrophils or monocytes and EC separately incubated 

with 50 µl of activated Pf4-Cre+Gucy1b1LoxP/LoxP platelet supernatant or vehicle for 30 min in 96-

well-plates. Subsequently, both cell types were washed trice in RPMI 1640, incubated together for 

another 30 min in the absence of platelet supernatant, and readout performed as explained above. 

To determine the effects of TIE2-receptor inhibition on in vitro leukocyte adhesion, BAY-826 or 

vehicle solutions were added to mAoEC culture medium to a final concentration of 0.5 µM BAY-

826 and 0.1% DMSO for 5 h prior to performing the adhesion assay in the presence of activated 

platelet supernatant. 

3.7 Qualitative and quantitative protein analyses 

3.7.1 Preparation of cell or tissue protein solutions 

Samples were thawed on ice and sonicated for 30 s followed by 30 s on ice for a total of three 

rounds and centrifuged at maximum speed for 30 min and 4°C to remove cell debris. Protein lysate 

was transferred to new 1.5 ml vials and protein content was determined using the Pierce 

bicinchoninic acid (BCA) assay kit and 2 µl of protein sample according to the manufacturer’s 

recommendations. The assay is based on the reduction of Cu2+ in an alkaline environment to Cu+, 

which forms a violet complex with BCA that is photometrically detectable at 562 nm. Protein 

content was determined using a standard series of BSA solutions of known concentration (stock 

solution included in the kit). 

3.7.2 Western blotting 

Following electrophoretic separation, Western blotting enables the visualization of particular 

proteins via specific antibodies using a chemiluminescent reaction of the enzyme horseradish 

peroxidase (HRP) and its respective substrate.  

In the first step, a sample volume equivalent to 20 µg (PBMC), 25 µg (lung), or 30 µg (aorta and 

platelets) protein was mixed 1:1 with 2X Laemmli buffer and made up to a total volume of 30 µl 
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with 1X Laemmli buffer (prepared by diluting 2X Laemmli buffer in 1X RIPA buffer). Samples 

were denatured at 95°C for 5 min and loaded onto 4-20% gradient precast polyacrylamide gels in 

a vertical electrophoresis chamber. 5 µl of a broad range color prestained protein standard served 

as the size standard. Chambers were filled with 1X running buffer and electrophoresis was 

performed at 100 V for approximately 90 min to separate proteins according to their size.  

Next, the gel was placed on a ready-to-use Mini 0.2 µm PVDF membrane using the Trans-Blot 

Turbo Transfer System and blotted by semi-dry transfer for 7 min at 1.3 Ampere and a maximum 

of 25 V. Membranes were incubated in 50 mg/ml milk in PBS at RT for 1 h on a rocker set to 35 

rpm for blocking, transferred into a 50 ml tube containing 4 ml of the primary antibody mixture 

(Table 22), and incubated on a roller at 4°C overnight. 

Table 22 Primary antibody solution for Western blotting 

Reagent Final dilution 

Rabbit anti-mouse 1-sGC antibody 1:1,000 

Rabbit anti-GAPDH XP antibody 1:200,000 

25 mg/ml milk in PBS (2.6.2.7) carrier solution 

Subsequently, membranes were washed trice for 5 min in 25 ml of 1X PBS-T and incubated in 50 

ml of anti-rabbit secondary antibody in a dilution of 1:100,000 in 25 mg/ml milk in PBS for 1 h at 

RT on a rocker at 35 rpm. Membranes were washed three times for 10 min in 25 ml of 1X PBS-T 

before being incubated in 2 ml of freshly prepared SuperSignal Substrate solution according to the 

manufacturer’s recommendations for 5 min. Proteins were subsequently visualized using the 

ImageQuant 800 and respective software. 

3.7.3 Cytokine profiling of activated platelet releasate 

To detect differential protein release in wildtype and sGC-deficient platelets, shake-activated 

platelet supernatant of Pf4-Cre+Gucy1b1+/LoxP and Pf4-Cre+Gucy1b1LoxP/LoxP mice (3.5.4) was subjected 

to the Proteome Profiler Mouse XL Cytokine Array according to the manufacturer’s protocol. In 

principle, the assay consists of antibody-spotted nitrocellulose membranes able to capture over 

100 different proteins which are incubated with the samples overnight at 4°C. Subsequently, 

membranes are exposed to a mixture of respective biotinylated detection antibodies followed by 

streptavidin-HRP and visualized with chemiluminescent reagents in a manner similar to Western 

blotting. Signals were detected using the ImageQuant 800 imager and signal intensities were 

digitalized using ImageQuant TL software after background subtraction. Signal intensities of target 
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proteins were normalized to signal intensities for reference spots in each sample. In total, six 

samples per genotype were tested. 

3.7.4 Enzyme-linked immunosorbent assays 

Enzyme-linked immunosorbent assays (ELISA) are used to quantify specific proteins in samples. 

Usually, well-plates pre-treated with immobilized antibodies to specifically capture the protein of 

interest are incubated with the sample, unbound material washed off, and well-plates again 

subjected to an enzyme-linked, antigen-specific detection antibody. By adding a substrate solution, 

the enzyme reaction yields a colored product with color intensities relative to the amount of the 

specific protein in the sample. Absolute protein amounts are determined from a standard curve, 

utilizing standard solutions measured in parallel with the samples in the assay. 

The ELISA kits used to determine the amounts of adrenaline, angiopoietin-1 (ANGPT1), 

chemokines C-X-C motif ligand (CXCL)3, 4, 5, 7, and 15, endostatin, P-selectin, retinol binding 

protein 4 (RBP4), serotonin, vascular endothelial growth factor (VEGF), and triggering receptor 

expressed on myeloid cells like 1 (TREML1) are listed in Table 9. All assays were performed 

according to the manufacturer’s protocol. Samples were diluted according to the recommendations 

in the manual or according to pre-tests performed with different dilutions of the samples. Readout 

was generally performed using the Infinite M200 PRO plate reader at 450 nm, followed by 

subtraction of the reference background values measured at 540 nm and conversion of the 

obtained absorbance values based on the standard curve using a Four Parameter Logistic (4PL) 

regression. 

3.8 Genotyping and gene expression analyses 

3.8.1 Isolating nucleic acids 

3.8.1.1 RNA isolation and cDNA synthesis 

To isolate RNA, cells were disrupted by the guanidine-isothiocyanate-containing Buffer RLT Plus 

to inactivate ribonucleases. Buffer RLT Plus treated samples (3.2.1) were thawed, pipetted into 

QIAshredder spin columns to homogenize lysates, and further processed according to the RNeasy 

Plus Mini Kit manual. Genomic DNA was removed using a highly concentrated salt solution by 

precipitating it on gDNA Eliminator spin columns. Subsequently, samples were treated with 
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ethanol to precipitate RNA, which was bound to silica-based columns, washed, and eluted from 

columns with 30 µl of UltraPure Distilled Water. RNA was quantified using a NanoQuant Plate 

on an Infinite M200 PRO plate reader. 

Subsequently, respective volumes corresponding to 25 ng RNA per sample were subjected to 

cDNA synthesis using the High Capacity RNA-to-cDNA kit. The cDNA reaction mix (Table 23) 

was prepared in 8-well strips and incubated at 37°C for 60 min followed by 5 min at 95°C and 

subsequent cooling at 4°C with help of a thermal cycler. Samples were stored at -20°C until further 

processing. 

Table 23 Preparation of cDNA synthesis reaction 

Amount (per sample) Reagent 

10 µl 2X RT Buffer Mix 

1 µl 20X RT Enzyme Buffer Mix  

25 ng RNA sample 

ad 20 µl UltraPure Distilled Water  

 

3.8.1.2 DNA isolation 

DNA was isolated from mouse ear punches obtained during the marking of each animal using the 

blackPREP Rodent Tail DNA Kit as recommended in the manual and eluted using 100 µl of 

Elution buffer.  

To determine the genotype of human subjects (3.5.2), whole blood was collected into EDTA-

coated tubes and DNA was isolated using the Puregene Blood Kit according to the manufacturer's 

protocol. Hereby, isolation followed a similar principle to that described for RNA isolation. 

3.8.2 Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) is a three-step procedure to exponentially amplify a specific DNA 

sequence in vitro (Mullis et al., 1986). The reaction mix contains a Taq polymerase, the template 

DNA, nucleotides, and primers which are short sequences of complementary nucleotides 

specifically binding to both ends of the desired DNA sequence. In the first step, single-stranded 

DNA is generated by denaturing DNA at a temperature of 95-98°C, causing the break-down of 

hydrogen bonds between complementary bases. During the second step, a primer-specific 

temperature between 55-65 °C is applied to enable the annealing of primers to the DNA template. 

In the last step, the temperature is elevated to 68-72°C and enables the Taq polymerase to 
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synthesize a new, complementary DNA strand. Due to exponential amplification, a 25-fold to 40-

fold repetition of this procedure allows for the generation of large amounts of the respective DNA 

sequences. 

3.8.2.1 Endpoint polymerase chain reaction and agarose gel electrophoresis 

In endpoint PCR, the resultant amplified DNA sequence can be used for qualitative analyses such 

as genotyping. To this end, murine DNA (3.8.1.2) was subjected to genotype-specific PCR 

reactions using the KAPA2G Fast HotStart Genotyping PCR Mix (Table 24) and the cycling 

protocol given in Table 25. 

Table 24 Preparation of PCR reaction mixes 

Volume (per sample) Reagent 

12.5 µl 2X KAPA2G Fast HotStart ReadyMix 

1.25 µl (Gucy1b1), 0.75 µl (Irag1), 0.3 µl (Pf4-Cre), or 

0.6 µl (Ldlr), respectively 
10 µM forward primer, gene-specific 

1.25 µl (Gucy1b1), 0.75 µl (Irag1), 0.3 µl (Pf4-Cre), or 

0.6 µl (Ldlr), respectively 
10 µM reverse primer, gene-specific 

1 µl Template DNA 

ad 25 µl UltraPure Distilled Water 

PCR reactions were prepared for each region of interest using the forward and reverse primers as 

listed in section 2.5.2. For genotyping Ldlr−/− mice, samples were subjected to two separate PCR 

reactions using 0.6 µl of the common forward primer and the specific reverse primer to detect 

either the Ldlr−/− wildtype or mutant gene sequence. 

Table 25 PCR cycling protocol 

Step Temperature Duration Cycles 

Initial denaturation 95°C 3 min 1 

Denaturation 95°C 15 sec  

35 Annealing 60°C 15 sec 

Extension 72°C 1 sec/kb 

Final extension 72°C 1 min/kb 1 

Amplification products were visualized by horizontal agarose gel electrophoresis at 120 V in 1X 

TBE buffer. The agarose gel was prepared by dissolving 1 g/ml agarose in 1X TBE buffer under 

heating. PeqGREEN dye was added to the mixture in a 1:20,000 dilution to enable DNA 

visualization before the gel was allowed to solidify in a specified mold. The 2-Log DNA Ladder 

ranging from 0.1 to 10.0 kb was used as a size reference and before loading, samples were mixed 

6:1 with 6X purple loading dye. Gels were imaged under UV light in the ImageQuant 800 
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biomolecular imager. DNA bands were analyzed according to their size. Genotyping was 

performed for every single animal before inclusion in experiments. 

3.8.2.2 Real-time quantitative polymerase chain reaction (qPCR) 

Real-time quantitative PCR allows for the quantification of gene sequences in a sample. After 

enzymatically converting RNA to cDNA, this method can also be used to determine the 

expression of specific genes. For this purpose, i) murine cDNA (3.8.1.1) or ii) DNA from human 

subjects (3.8.1.2) who were enrolled for in vitro platelet experiments (3.5.2) was subjected to real-

time quantitative PCR using gene-specific pre-designed TaqMan probes (2.5.1). The assays contain 

a sequence-specific primer pair and a sequence-specific probe labeled with the fluorescent dyes 

FAM™ or VIC™ at the 5’-end as well as a quencher at the 3’-end. After hybridization of probes 

and primers with their target sequences, the Taq-DNA-polymerase synthesizes the complementary 

strands and as soon as reaching the probes, cleaves the fluorophores from the probe and quencher, 

thereby releasing the fluorophore signals subsequently detected by the system. 

Murine cDNA qPCR reactions were prepared according to Table 26 and performed in MicroAmp 

fast optical 96 well reaction plates on a ViiA 7 system (Thermo Fisher Scientific) using the cycle 

conditions given in Table 27 and respective software. Ct values were normalized against Gapdh Ct 

values measured in parallel with each sample to calculate ΔCt. Relative gene expression levels 

between samples were calculated by the ΔΔCt method using the average ΔCt of Gucy1b1 wildtype 

samples as a reference. Data were log-transformed to obtain fold change. 

Table 26 Preparation of qPCR gene expression reaction mix 

Volume (per sample) Reagent 

5 µl TaqMan Fast Universal PCR Master Mix 

0.167 µl TaqMan probe Mm99999915_g1 (Gapdh, 60X) 

0.5 µl Gene of interest specific Taqman probe (20X) 

1 µl cDNA sample 

ad 10 µl UltraPure Distilled Water 

Table 27 Cycle conditions for gene expression qPCR 

Step Temperature Duration Cycles 

Initial denaturation 95°C 20 s 1 

Denaturation 95°C 1 s 
45 

Annealing/Extension 60°C 20 s 

Human blood leukocyte DNA was genotyped for the GUCY1A1 risk variant using the TaqMan 

SNP rs7692387 Genotyping Assay. Reaction mixes were prepared according to Table 28 in 96-
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well plates using the cycling conditions given in Table 29. Genotypes were analyzed with the 

TaqMan Genotyper software. 

Table 28 Preparation of qPCR genotyping reaction mix 

Volume (per sample) Reagent 

12.5 µl TaqMan Universal Master Mix II, no UNG 

1.25 µl TaqMan SNP genotyping probe for rs7692387 (20X) 

1 µl DNA (10 ng/µl) 

ad 25 µl UltraPure Distilled Water 

Table 29 Cycle conditions for genotyping 

Step Temperature Duration Cycles 

Initial denaturation 95°C 10 min 1 

Denaturation 95°C 15 s 
40 

Annealing/Extension 60°C 1 min 

Post-PCR read 60°C 30 s 1 

3.9 Statistical analyses 

The normality distribution of data was assessed using the Kolmogorov-Smirnov test or the 

Shapiro-Wilk test for sample sizes n<5. Normally distributed data were analyzed using a two-tailed 

Student’s unpaired or paired t-test as appropriate. For comparison of more than two groups, a 

repeated measures one-way ANOVA test followed by a Dunnett’s or Tukey’s multiple 

comparisons test, or a mixed-effects analysis was performed, as appropriate. Non-normally 

distributed data were analyzed by the Mann-Whitney test. To determine statistical outliers, the 

two-sided ROUT’s test was used. If applicable, the removal of outliers is indicated in the respective 

figure legends. Likewise, sample sizes or the numbers of replicates, respectively, are specified in 

the figure legends and visualized in the figures (each symbol represents one animal/biological 

replicate) and data are displayed as the mean and standard error of mean (s.e.m.). Statistical 

significance was assumed if p-values were <0.05; in the case of investigating more than two groups 

after adjustment for multiple testing. Statistical analyses were performed using GraphPad Prism 

software. 
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4 Results 

4.1 Confirmation of platelet sGC depletion in the experimental model 

4.1.1 Genotyping and β1-sGC protein expression 

Mice were enrolled in knockout and control groups according to the genotyping results obtained 

by agarose gel electrophoresis following sequence-specific PCR of earlobe-isolated DNA from 

each animal. The LoxP-flanked (floxed) Gucy1b1 sequence was only deleted in presence of Cre 

recombinase, with protein expression limited to platelets and megakaryocytes by its dependency 

on Pf4-expression. Therefore, the genotyping strategy was to detect the floxed sequences in the 

earlobe DNA material. As depicted in Figure 9a, Gucy1b1LoxP/LoxP mice were identified by one band 

at 790 bp representing the floxed alleles, whereas a heterozygous Gucy1b1+/LoxP genotype was 

detected by showing both the mutant and wildtype band at 680 bp. The Irag1+/LoxP genotype was 

identified by two bands at 259 and 280 bp indicating the mutant allele and one band at 224 bp for 

the wildtype allele, whereas Irag1LoxP/LoxP was detected by only one band at 259 bp. The presence of 

Pf4-Cre was assured by a PCR amplification product of 450 bp. Ldlr mutated mice were detected 

Figure 9 Gucy gene and transcript expression analysis. a. The desired genotype of breeding and experimental 
mice was assured by gel electrophoresis of sequence-specific PCR products from isolated earlobe DNA as specified 
in the text. b. Gucy RNA expression in megakaryocytes of Pf4-Cre+Gucy1b1+/LoxP and Pf4-Cre+Gucy1b1LoxP/LoxP mice. The 
first panel shows Gucy1b1 and Gucy1a1 and the second one Gucy1b2 and Gucy1a2 expression in relation to Gucy1b1 
wildtype expression. Each symbol represents one independent animal. Two-sided unpaired t-test (pairwise 
comparisons). Data are mean ± s.e.m. Abbreviations: bp, base pairs. Adapted under the terms of the Creative 
Commons CC BY license: Extended Data Figure 1b,c from reference (Mauersberger et al., 2022). 



Results: Confirmation of platelet sGC depletion in the experimental model 

 54 

by a PCR product at 179 bp, while wildtype alleles produced a signal at 350 bp (not shown). 

Next, β1-sGC depletion in platelets of Pf4-Cre+Gucy1b1LoxP/LoxP mice was verified and potential 

compensational upregulation of other Gucy1 transcripts was tested. Platelets are anuclear and 

therefore incapable of de novo transcription, but are endowed with their proteome and a specific 

repertoire of transcripts by their progenitor megakaryocyte (MK) cells (Supernat et al., 2021). 

Therefore, RNA was directly extracted from MKs, which were isolated from the bone marrow of 

6 Pf4-Cre+Gucy1b1+/LoxP and 5 Pf4-Cre+Gucy1b1LoxP/LoxP mice and cultured ex vivo in order to augment 

cellular material. RNA was subjected to qPCR using Gucy1b1-, Gucy1b2-, Gucy1a1-, and Gucy1a2-

specific probes, respectively. As shown in Figure 9b, Gucy1b1 expression was downregulated in 

Pf4-Cre+Gucy1b1LoxP/LoxP platelet progenitors by 89.6 ± 0.7% compared with controls (p=0.001), 

while levels of Gucy1a1 transcripts were unchanged. Of note, Gucy1a2 and Gucy1b2 expression was 

negligible (second panel) and numerically alone could not compensate for the β1-sGC deficit by 

upregulated expression, in line with the literature reporting α1β1-sGC to be the only relevant 

isoform in platelets (Makhoul et al., 2018). Therefore, it can be excluded that higher expression of 

other sGC-subunits thwarted the desired effect of β1-sGC depletion in this mouse model. 

Lastly, in order to ensure protein deletion of β1-sGC in platelets, different tissues isolated from 

Pf4-Cre+Gucy1b1+/LoxP and Pf4-Cre+Gucy1b1LoxP/LoxP mice were subjected to protein isolation and 

Western blotting using an anti-β1-sGC antibody. Apart from platelets, also aortae and PBMCs were 

assessed for β1-sGC expression due to their relevance in atherosclerosis. Lung tissue was included 

because of its high content of smooth muscle cells (SMC), expressing high levels of sGC. As shown 

in Figure 10, β1-sGC expression was greatly reduced in platelets (not quantified), whereas other 

tissues tested were not relevantly affected, suggesting a platelet-targeted β1-sGC depletion in the 

Pf4-Cre+Gucy1b1LoxP/LoxP mouse line. 

 

Figure 10 β1-sGC expression in atherosclerosis-relevant tissues of platelet sGC-deficient mice. Representative 
Western blot of three independently performed tests shows equal β1-sGC levels and GAPDH as loading control in 
peripheral blood mononuclear cells, aorta, and lung but strongly reduced β1-sGC amount in platelets in Pf4-
Cre+Gucy1b1LoxP/LoxP compared with Pf4-Cre+Gucy1b1+/LoxP mice. Abbreviations: GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; PBMC, peripheral blood mononuclear cells. Reprinted under the terms of the Creative Commons CC 
BY license: Extended Data Figure 1a from reference (Mauersberger et al., 2022). 
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4.1.2 Effects of β1-sGC depletion on platelet aggregation 

In order to confirm the functional phenotype of the mouse model in platelets, platelet aggregation 

was examined using PRP of Pf4-Cre+Gucy1b1LoxP/LoxP and Pf4-Cre+Gucy1b1+/LoxP mice in vitro and 

aggregation was recorded on an optical aggregometer. Samples were stimulated with the platelet 

agonists adenosine diphosphate (ADP), the platelet-activated receptor 4 agonist PAR4-AP, the 

thromboxane analog U46619, or collagen which all trigger platelet aggregation via a different 

receptor. Suitable concentrations of the reagents were determined in preliminary experiments. As 

Figure 11 Platelet aggregation in presence of different platelet agonists and SNP. Aggregation profiles of 
platelets from control (Pf4-Cre+Gucy1b1+/LoxP) and platelet sGC-deficient (Pf4-Cre+Gucy1b1LoxP/LoxP) mice after 
stimulation with (a) 2 µM ADP, (b) 75 nM of the platelet-activated receptor 4 agonist PAR4-AP, (c) 5 µM of the 
thromboxane analog U46619, or (d) 1 µg/ml collagen. Each experiment was performed in the presence of DMSO 
(vehicle, 0.4%) or the nitric oxide donor sodium nitroprusside (SNP, 10 µM), which decreased platelet aggregation 
only in sGC wildtype platelets (Pf4-Cre+Gucy1b1+/LoxP). Each symbol represents one independent animal. Aggregation 
tracings represent the mean values of the investigated animals. Unpaired t-test (except (a), vehicle and (d), vehicle: 
Mann-Whitney test). Data are mean ± s.e.m. Abbreviations: ADP, adenosine diphosphate; AU·min, arbitrary units, 
here depicting area under the curve over 5 min of acquisition; SNP, sodium nitroprusside. Reprinted under the terms 
of the Creative Commons CC BY license: Extended Data Figure 2 from reference (Mauersberger et al., 2022). 
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shown in Figure 11, no differences in aggregation were detectable under baseline conditions (0.4% 

DMSO) when platelets of both genotypes (n=6 each) were stimulated with ADP, PAR4-AP, or 

collagen, while platelets lacking functional sGC showed slightly less aggregation after U46619 

stimulation compared with sGC wildtype platelets as measured by area under the curve (AUC) of 

aggregation curves (244.0 ± 12.2 vs. 281.5 ± 4.9 arbitrary units (AU·min); p=0.02). Next, samples 

were briefly incubated with the NO donor sodium nitroprusside (SNP) before the platelet agonists 

were added. Importantly, this resulted in inhibited platelet aggregation in Pf4-Cre+Gucy1b1+/LoxP, but 

not in Pf4-Cre+Gucy1b1LoxP/LoxP platelets following the addition of all four platelet agonists (lower 

panels of Figure 11a, b, c, and d; ADP: 118.2 ± 9.8 vs. 236.5 ± 8.2 AU·min; PAR4-AP: 16.7 ± 3.0 

vs. 323.7 ± 12.4 AU·min; U46619: 13.5 ± 2.1 vs. 246.0 ± 12.1 AU·min; collagen: 22.3 ± 5.2 vs. 294.7 

± 8.3 AU·min). As expected, due to functional sGC-deficiency, the Pf4-Cre+Gucy1b1LoxP/LoxP mice 

were unresponsive to the NO donor sodium nitroprusside (SNP) which inhibits platelet 

aggregation via sGC stimulation. 

4.2 Atherosclerosis-related phenotype of mice lacking platelet sGC  

4.2.1 Basic characteristics  

Pf4-Cre+Gucy1b1LoxP/LoxPLdlr−/− and Pf4-Cre+Gucy1b1+/LoxPLdlr−/− mice were fed a high cholesterol 

(Western) diet for either 6 weeks (atherogenesis) or 10 weeks (advanced atherosclerosis) in order 

to investigate the impact of sGC deficiency in platelets on atherosclerosis-related phenotypes. Only 

a negligibly small number of animals (<0.5% in all groups; not shown) had to be removed 

prematurely from the experiments, and no genotype-specific abnormalities or increase in stress 

symptoms were observed between both groups.  

The body weight of the animals is depicted in Figure 12a before and after Western diet and shows 

no significant difference between both groups (n=11), suggesting similar calorie intake. Figure 

12b+c displays plasma cholesterol and PRP platelet levels at the end of the ten-weeks Western 

diet. Neither of the investigated values revealed significant differences between Pf4-

Cre+Gucy1b1LoxP/LoxPLdlr−/− and Pf4-Cre+Gucy1b1+/LoxPLdlr−/− mice, indicating no relevant influence 

of platelet sGC on lipid metabolism or blood platelet counts in this model. Also, plasma levels of 

the chemokines CXCL3, 5, 7, and 15, which were introduced in an additional copy in the genome 

of these mice via the BAC clone used for the generation of the respective strain, were not 

significantly different between both groups (Appendix Figure 1). 
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To assess blood leukocyte numbers and any related impact on leukocyte recruitment to 

atherosclerotic plaques, monocytes and neutrophil levels in full blood were investigated by flow 

Figure 13 Blood leukocyte numbers in platelet sGC-deficient mice after Western diet. Total leukocytes, 
neutrophils, Ly6Chigh, or Ly6Clow monocytes display no quantitative differences in the blood of Pf4-
Cre+Gucy1b1LoxP/LoxPLdlr−/− compared with Pf4-Cre+Gucy1b1+/LoxPLdlr−/− mice after 10 weeks of Western diet (n=10 vs. 
n=11 independent animals). Each symbol represents one animal. Unpaired t-test. One outlier was removed in the 
analysis of Ly6Clow monocytes according to the ROUT method. Data are mean ± s.e.m. Reprinted under the terms 
of the Creative Commons CC BY license: Extended Data Figure 3d from reference (Mauersberger et al., 2022). 

Figure 12 Body weight development and blood characteristics in mice lacking platelet sGC. No significant 
differences between Pf4-Cre+Gucy1b1LoxP/LoxPLdlr−/− and Pf4-Cre+Gucy1b1+/LoxPLdlr−/− mice regarding (a) body weight at 
baseline (left) and after ten weeks of Western diet (right), (b) plasma cholesterol levels, and (c) PRP platelet count as 
assessed using an automated hematology analyzer. Each symbol represents one animal. Data are mean ± s.e.m. 
Unpaired t-test. Reprinted under the terms of the Creative Commons CC BY license: Extended Data Figure 3a-c from 
reference (Mauersberger et al., 2022). 
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cytometry using fluorophore-conjugated antibodies raised against common surface markers of the 

respective cells. The gating strategy as well as resultant absolute cell numbers per group are 

depicted in Figure 13. No quantitative differences in total leukocytes, neutrophils, and pro-

inflammatory Ly6Chigh or anti-inflammatory Ly6Clow monocytes were detected between the blood 

of 10 atherosclerotic Pf4-Cre+Gucy1b1LoxP/LoxPLdlr−/− and 11 Pf4-Cre+Gucy1b1+/LoxPLdlr−/− mice. 

Therefore, it can be concluded that the blood supply for leukocyte migration into inflammatory 

tissues is not markedly different between both groups. 

4.2.2 Atherosclerotic plaque formation 

The size and cellular composition of atherosclerotic plaques are key markers of atherosclerosis 

progression in mice. A characteristic anatomic site to investigate for this use is the aortic root, as 

plaques readily form in the vicinity of aortic valves due to altered blood flow characteristics. Pf4-

Cre+Gucy1b1LoxP/LoxPLdlr−/− mice were already shown to exhibit significantly larger atherosclerotic 

lesions in aortic roots than respective controls after 10 weeks of Western diet (Figure 6). Thus, to 

comprehend the plaque distribution throughout the whole aorta, en face-opened aortae from both 

groups were analyzed from the aortic arch to the branch of the right renal artery by oil red O 

staining. This stain specifically highlights lipids as a typical marker of atherosclerotic plaques. As 

shown in Figure 14a, Pf4-Cre+Gucy1b1LoxP/LoxPLdlr−/− mice revealed larger aortic plaques than 

controls after 10 weeks of Western diet (5.4 ± 0.7% (n=8) vs. 3.9 ± 0.2% (n=9), p=0.03). 

Figure 14 Atherosclerotic plaque formation in mice lacking platelet sGC. Enhanced atherosclerotic plaque 
formation as assessed by (a) aortic en face ORO staining and (b) monocyte and macrophage content in 12 (a: 8) Pf4-
Cre+Gucy1b1LoxP/LoxPLdlr−/− mice compared with 14 (a: 9) Pf4-Cre+Gucy1b1+/LoxPLdlr−/− mice that were fed a Western 
diet for 10 weeks. Two-sided unpaired t-test. Each symbol represents one independent animal. Data are mean ± s.e.m. 
Abbreviations: MOMA-2: monocyte and macrophage specific antibody, ORO: oil red O. Reprinted under the terms 
of the Creative Commons CC BY license: Figure 1b,c from reference (Mauersberger et al., 2022). 



Results: Atherosclerosis-related phenotype of mice lacking platelet sGC 

 59 

Abdominal parts of the aortae were not included in the analysis, as they did not display appreciable 

lesions in both groups.  

Next, in order to test whether larger aortic plaques were also concomitant with a higher density of 

leukocytes, particularly monocytes and macrophages, immunohistochemistry was performed on 

aortic root sections from both groups using a cell type-specific antibody. Indeed, Pf4-

Cre+Gucy1b1LoxP/LoxPLdlr−/− mice exhibited higher monocyte and macrophage content per plaque 

area, as indicated by the brown chromogenic stain in the representative images in Figure 14b (49.1 

± 4.2% (n=12) vs. 38.8 ± 2.8% (n=14), p=0.04). To conclude, aortic lesions were significantly 

larger in sGC-deficient mice compared with controls, concomitant with a higher density of 

monocytes and macrophages within the atherosclerotic plaques. 

4.2.3 Vascular inflammation 

Apart from aortic plaque size, the cellular composition of immune cells within plaques is an 

important marker of vascular inflammation in mice. To follow up on the finding of higher 

monocyte and macrophage density within aortic plaques in Figure 14b, aortic leukocyte 

Figure 15 Vascular inflammation in mice lacking platelet sGC. Flow cytometry analysis of aortic cell suspensions 
reveals higher numbers of leukocyte subsets in Pf4-Cre+Gucy1b1LoxP/LoxPLdlr−/− compared with Pf4-
Cre+Gucy1b1+/LoxPLdlr−/− mice (n=11 per group). Two-sided Mann–Whitney U-test. Each symbol represents one 
independent animal. Data are mean ± s.e.m. Reprinted under the terms of the Creative Commons CC BY license: 
Figure 1e from reference (Mauersberger et al., 2022). 
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subpopulations of Pf4-Cre+Gucy1b1LoxP/LoxPLdlr−/− and Pf4-Cre+Gucy1b1+/LoxPLdlr−/− mice were 

subsequently quantified by flow cytometry after 10 weeks of Western diet. As depicted in Figure 

15, mice lacking platelet sGC displayed significantly higher numbers of macrophages (14,895 ± 

1,912 vs. 9,463 ± 1,211 cells, p=0.02), inflammatory Ly6Chigh monocytes (1,829 ± 262 vs. 964 ± 129 

cells, p=0.01), as well as neutrophils (974 ± 170 vs. 392 ± 60 cells, p=0.001) within aortae than 

sGC-wildtype mice (n=11 each). 

4.2.4 In vivo leukocyte adhesion 

The next question addressed was whether the finding of larger plaque sizes and higher content of 

leukocyte populations within plaques was due to active leukocyte recruitment from the blood. 

Leukocyte adhesion to EC is the first step of recruitment into atherosclerotic plaques and was 

therefore assessed as a surrogate marker of active leukocyte recruitment in vivo. Therefore, intravital 

fluorescence microscopy was conducted on the right carotid artery bifurcation of Pf4-

Cre+Gucy1b1LoxP/LoxPLdlr−/− and respective control mice after six weeks of Western diet, representing 

an early phase of plaque growth. Imaging and subsequent analyses were conducted by Prof. Oliver 

Söhnlein (Universität Münster, Germany). To this end, CD11b+ myeloid cells were fluorescently 

labeled and found to adhere in higher numbers to arteries of 13 Pf4-Cre+Gucy1b1LoxP/LoxPLdlr−/− 

compared with 11 Pf4-Cre+Gucy1b1+/LoxPLdlr−/− mice (20.9 ± 1.5 vs. 13.6 ± 1.4, p=0.001). Similarly, 

Figure 16 In vivo leukocyte adhesion in mice lacking platelet sGC. Leukocyte adhesion to atherosclerotic 
plaques was assessed by fluorescence intravital microscopy in right carotid artery bifurcations. Significantly larger 
amounts of adherent (a) CD11b+ cells, (b) Ly6Chigh monocytes, and (c) neutrophils were found in Pf4-
Cre+Gucy1b1LoxP/LoxPLdlr−/− (n=13) compared with Pf4-Cre+Gucy1b1+/LoxPLdlr−/− mice (n=11) following a 6 weeks 
Western diet. Each symbol represents one independent animal. Two-sided unpaired t-test. Data are mean ± s.e.m. 
Reprinted under the terms of the Creative Commons CC BY license: Figure 1d and Extended Data Figure 4 from 
reference (Mauersberger et al., 2022). Measurement and analysis were conducted by Prof. Oliver Söhnlein (Universität 
Münster, Germany). 
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Ly6Chigh monocytes (5,5 ± 0.6 vs. 3.6 ± 0.6, p=0.046) and neutrophils (17.3 ± 1.2 vs. 9.2 ± 1.0, 

p<0.0001) adhered in higher numbers to atherosclerotic plaques in mice lacking platelet sGC 

(Figure 16). Essentially, at this early time point, aortic plaque sizes were not significantly different 

between both groups (Appendix Figure 2). This observation is important, as the presence of 

atherosclerotic lesions strongly increases leukocyte recruitment. Therefore, it can be indeed 

assumed likely, that leukocyte adhesion – the first step toward leukocyte ingress into plaques – is 

causally involved in plaque formation in platelet-specific sGC-deficient mice. 

4.3 Investigating the atherogenic effects of platelet sGC deficiency in vitro 

4.3.1 In vitro leukocyte-endothelium adhesion 

The above results clearly indicate enhanced leukocyte adhesion to atherosclerotic plaques in 

platelet sGC-deficient mice. Thus, the next step was to perform in vitro adhesion experiments to 

further investigate how the mutant platelet genotype is linked to increased leukocyte-endothelium 

adhesion. To mimic as closely as possible the in vivo adhesion of leukocytes to EC in early 

atherosclerosis of sGC-deficient mice, wildtype EC and wildtype leukocytes isolated from 

C57BL/6 J mice were therefore incubated with releasate of either Pf4-Cre+Gucy1b1+/LoxP or Pf4-

Cre+Gucy1b1LoxP/LoxP derived platelets. By using platelet-released factors, a key mechanism of 

platelets to influence early atherogenesis was targeted while avoiding platelet aggregation in the 

sense of atherothrombosis during the experiment. Similarly, shaking – which is intended to mimic 

impaired flow in atherosclerosis-prone arteries and only moderately activates platelets as shown 

by the reduced release of granule components as compared with platelet agonists (Appendix Figure 

3) – was preferred to agonist-stimulated activation because of its stronger link to the role of 

platelets in early atherogenesis. The resultant experimental scheme is depicted in Figure 17a. 

As a result and in line with the in vivo findings, Pf4-Cre+Gucy1b1LoxP/LoxP platelet releasate enhanced 

both monocyte (33,125 ± 1,313 vs. 27,039 ± 555 relative fluorescence units (RFU), p=0.006) and 

neutrophil adhesion (33,810 ± 1,139 vs. 27,824 ± 758 RFU, p=0.0002, n=8) to EC by over 20% 

compared with respective controls (Figure 17b). In contrast, using neutrophils from Pf4-

Cre+Gucy1b1LoxP/LoxP mice did not increase their adhesion to wildtype EC when incubated with 

wildtype platelets compared with Pf4-Cre+Gucy1b1+/LoxP neutrophils (Appendix Figure 4), clearly 

attributing this phenotype to lack of sGC in platelets. 
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Figure 17 In vitro leukocyte adhesion in presence of sGC-deficient platelet releasate. a. Experimental scheme: 
Platelets were isolated from Pf4-Cre+Gucy1b1+/LoxP and Pf4-Cre+Gucy1b1LoxP/LoxP mice, activated by shaking, and 
supernatant incubated with EC and leukocytes derived from wildtype animals. b. Both monocytes and neutrophils 
adhered more to EC when incubated with Pf4-Cre+Gucy1b1LoxP/LoxP platelet supernatant. Each symbol represents one 
sample derived from one independent animal (n=8 per group). Two-sided unpaired t-test. Data are mean ± s.e.m. 
Abbreviations: BM, bone marrow; PLT, platelet; RFU, relative fluorescence units. Reprinted under the terms of the 
Creative Commons CC BY license (b): Figure 2a,b from reference (Mauersberger et al., 2022). 

Platelet factors can target both leukocytes and EC to mediate leukocyte adhesion. Thus, to clarify 

which cell type was specifically affected by platelet factors in this assay, neutrophils and EC were 

incubated separately with sGC-deficient-platelet releasate and then added to the respective other, 

naïve, cell type that was not contacted with platelet factors. Compared with mutual or neutrophil-

exclusive incubation, EC exposed to the platelet material strongly enhanced subsequent adhesion 

of neutrophils (31,383 ± 1,731 vs. 25,097 ± 1,709 and 22,254 ± 1,662 RFU, padj=0.04 and 0.0003, 

respectively, n=12 sample pairs, Figure 18a). A similar result was observed when monocytes 

Figure 18 Leukocyte adhesion after preincubating leukocytes or EC with platelet releasate. a. Enhanced 
neutrophil adhesion after preincubation of ECs compared with neutrophils with supernatant of activated platelets 
from Pf4-Cre+Gucy1b1LoxP/LoxP mice. Non-preincubation conditions with mutual incubation of both cell types with 
platelet material following Figure 17 were included as a standard. Each symbol represents one paired sample (each 
derived from n=12 independent animals). Repeated measures one-way ANOVA with Tukey test for multiple testing. 
b. Monocyte adhesion after exposing monocytes or EC to releasate of sGC-deficient platelets. Each symbol represents 
one paired sample (derived from n=8 independent animals). Two-sided paired t-test. Data are mean ± s.e.m. 
Abbreviations: EC, endothelial cells; RFU, relative fluorescence units. Reprinted under the terms of the Creative 
Commons CC BY license: Figure 2c and Extended Data Figure 5 from reference (Mauersberger et al., 2022). 
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instead of neutrophils were included in this experiment, with significantly more adherent 

monocytes after exclusive exposure of EC to platelet releasate than to releasate-exposed 

monocytes (30,007 ± 2,406 vs. 24,626 ± 1,683 RFU, p=0.02, n=8 sample pairs, Figure 18b).  

These data indicate that sGC deficiency in platelets results in an altered release of soluble factors 

from platelets after activation. These factors contribute to increased adhesion of neutrophils and 

monocytes to EC, primarily by targeting EC. 

4.3.2 Differentially released factors from sGC-deficient platelets 

Next, in order to identify differentially released soluble factors from platelets lacking functional 

sGC, a cytokine profiling assay capable of detecting more than 100 cytokines was performed on 

Pf4-Cre+Gucy1b1LoxP/LoxP and Pf4-Cre+Gucy1b1+/LoxP platelet releasates. Thereby, two proteins with 

release dynamics potentially influenced by sGC were identified: Angiopoietin-1 (ANGPT1), which 

was found at lower levels (3.2 ± 0.4 (n=7) vs. 6.7 ± 0.8 (n=8) arbitrary units (AU), p=0.002), and 

retinol-binding protein 4 (RBP4; 4.4 ± 0.5 vs. 3.7 ± 0.5 AU, p=0.01, n=8 each), which was found 

at higher levels in sGC-deficient platelet samples (Figure 19). ANGPT1 is a glycoprotein mainly 

secreted by peri-endothelial cells and platelets which regulates angiogenesis and cell permeability 

(Milam & Parikh, 2015). RBP4 is a retinol transport protein involved in ocular physiology but also 

associated with CAD risk (Sun et al., 2013). Therefore, both proteins appeared to be promising 

candidates for further investigation. 

 

Figure 19 Differentially released soluble factors from shake-activated platelets lacking sGC. Cytokine profiling 
suggested decreased angiopoietin-1 and increased retinol binding protein 4 levels in Pf4-Cre+Gucy1b1LoxP/LoxP compared 
with Pf4-Cre+Gucy1b1+/LoxP platelet releasate after shaking. Each symbol represents one sample (derived from n=8 or 
7 independent animals). Two-sided unpaired t-test. One outlier was removed in the analysis of ANGPT1 according 
to the ROUT method. Data are mean ± s.e.m. Abbreviations: ANGPT1, angiopoietin-1; AU, arbitrary units; RBP4, 
retinol binding protein 4. Reprinted under the terms of the Creative Commons CC BY license: Figure 3a from 
reference (Mauersberger et al., 2022). 
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Next, the assumption of differentially released ANGPT1 and RBP4 from sGC-deficient platelets 

was verified by ELISA. ANGPT1 was confirmed to be significantly less present in Pf4-

Cre+Gucy1b1LoxP/LoxP compared with Pf4-Cre+Gucy1b1+/LoxP platelet releasate after shaking (30.4 ± 6.4 

vs. 60.3 ± 4.7 ng/ml, p=0.004, n=6 each; Figure 20a). However, enhanced RBP4 amount in these 

samples could not be replicated (Figure 20b, n=5 each) and was therefore not pursued further. 

Additionally, a selection of other important platelet α- and dense granule factors including PF4, P-

selectin, and serotonin was examined by ELISA, but none of the factors tested was found in 

significantly different quantities in the platelet releasate of both groups (Appendix Figure 5). In 

order to clarify whether differential amounts of ANGPT1 in platelet releasate are due to lower 

protein expression or due to altered release kinetics, ANGPT1 was quantified in quiescent 

platelets. As depicted in Figure 20c, ANGPT1 amount was not markedly different between control 

and sGC-deficient platelets (5.5 ± 0.3 vs. 5.2 ± 0.3 pg/103 platelets, p=0.52, n=6 each), indicating 

similar ANGPT1 expression in both groups. Likewise, ANGPT1 content in platelet-poor plasma 

(PPP) was not altered in mice of both genotypes (0.6 ± 0.2 (n=6) vs. 0.4 ± 0.1 ng/ml (n=5), p= 

0.46). This renders it unlikely that ANGPT1 was released more into the circulation from sGC-

deficient platelets prior to their isolation. 

In summary, these data support the notion that lack of sGC in platelets inhibits ANGPT1 release 

from platelets upon activation. 

 

Figure 20 Differential release of ANGPT1 from shake-activated platelets lacking sGC. Protein quantification 
by ELISA in platelet releasate from Pf4-Cre+Gucy1b1LoxP/LoxP compared with Pf4-Cre+Gucy1b1+/LoxP mice (n=6 each) 
confirms (a) lower platelet ANGPT1 release from sGC-deficient platelets after shaking, whereas (b) RBP4 platelet 
releasate concentrations (n=5 each) were not significantly altered. ANGPT1 content in (c) unstimulated platelets and 
(d) PPP indicate no difference between samples (n=5 and 6 independent animals, respectively). Two-sided unpaired 
t-test. Data are mean ± s.e.m. Abbreviations: ANGPT1, angiopoietin-1; PPP, platelet-poor plasma; RBP4, retinol 
binding protein 4. Reprinted under the terms of the Creative Commons CC BY license: Figure 3c,d and Extended 
Data Figure 7i from reference (Mauersberger et al., 2022). 
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4.4 Linking platelet sGC activity and ANGPT1 

4.4.1 ANGPT1 and leukocyte-endothelium adhesion 

In the next step, it was tested whether ANGPT1 as the only confirmed differentially released 

protein from over 100 tested cytokines in sGC-deficient platelet releasate is indeed linked to the 

leukocyte adhesion phenotype (section 4.3.1). To this end, ANGPT1-mediated effects on EC were 

interrupted by using an inhibitor of the tyrosine kinase TIE2 (tyrosine kinase with 

immunoglobulin-like and EGF-like domains 2). TIE2 functions as the ANGPT1 receptor on EC 

and mediates ANGPT1-related functions via intracellular signaling (Peters et al., 2004). In this 

experiment, EC were therefore incubated with the TIE2-specific inhibitor BAY-826 or vehicle 

and subsequently, adhesion of neutrophils quantified in presence of platelet releasate. Indeed, as 

shown in Figure 21, neutrophil adhesion to EC increased by 17% (± 1.2%, p=0.04, n=11 sample 

pairs) when the ANGPT1-TIE2-axis was interrupted by the inhibitor. Since BAY-826 is 

specifically targeting TIE2, the only known receptor mediating ANGPT1 function in the 

vasculature (Schneider et al., 2017), these data suggest that less release of ANGPT1 from activated 

sGC-deficient platelets is associated with more adhesion of leukocytes, particularly neutrophils, to 

EC. Although ANGPT1 is likely not the only protein affected by sGC deficiency, these results 

may contribute to a better understanding of how sGC deficiency and leukocyte recruitment to EC 

are related in vivo. 

 

Figure 21 Neutrophil-endothelium adhesion in interrupted ANGPT1-TIE2 signaling. Wildtype neutrophils 
increase adhesion to EC after incubation with activated wildtype platelet releasate in presence of the Tie2 inhibitor 
BAY-826 (0.5 μM) compared with vehicle conditions. Two-sided paired t-test on n=11 sample pairs derived from 
independent animals. Data are mean ± s.e.m. Abbreviations: FC, fold change. Reprinted under the terms of the 
Creative Commons CC BY license: Figure 3e from reference (Mauersberger et al., 2022). 

4.4.2 ANGPT1 and sGC expression in humans 

While sGC expression in Pf4-Cre+Gucy1b1LoxP/LoxP platelet progenitors is genetically reduced to near 

zero (Figure 9), human carriers of the rs7692387 risk variant also exhibit markedly reduced sGC 
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expression in whole blood samples (Kessler et al., 2017). Therefore, ANGPT1 levels in human 

platelet samples were quantified analogously to the murine samples as a function of GUCY1A1 

risk or non-risk genotype at the rs7692387 locus. Hence, PRP was isolated from 5 healthy subjects 

per genotype (non-risk: AA/AG vs. risk: GG) and shake-activated releasate subjected to ELISA. 

The baseline characteristics of the enrolled individuals are depicted in Table 30. Age, gender, 

presence of CAD, and intake of antiplatelet medication were all comparable in the enrolled 

participants. Platelet counts as measured in PRP were tendentially lower in carriers of the risk 

genotype, but the difference was not statistically significant. 

Table 30 Baseline characteristics of individuals enrolled for investigating platelet ANGPT1 release. Unless 
otherwise indicated, data are mean ± s.e.m. * Unpaired t-test, † Chi-square test. Abbreviations: PRP, platelet-rich 
plasma. Reprinted under the terms of the Creative Commons CC BY license: Supplementary Table 3 from reference 
(Mauersberger et al., 2022). 

Characteristic AA/AG genotype GG genotype p-value 

Age, years 37.4 ± 5.3 30.8 ± 1.8 0.27* 

Female gender, n (%) 4 (80) 4 (80) >0.99† 

Presence of CAD, n (%) 0 (0) 0 (0) >0.99† 

Antiplatelet medication, n (%) 0 (0) 0 (0) >0.99† 

PRP platelet count, 103 platelets 365.8 ± 52.2 261.0 ± 18.2 0.09* 

Platelet releasate derived from homozygous risk variant carriers indeed revealed significantly lower 

ANGPT1 levels compared with non-risk variant-related samples (4.5 ± 0.7 vs. 8.3 ± 1.4 ng/ml, 

p=0.04, Figure 22a). In line with the mouse data, unstimulated platelets furthermore did not exhibit 

differential levels of ANGPT1 prior to activation (12.3 ± 1.9 vs. 12.1 ± 1.6 ng/ml, p=0.94, Figure 

22b). This indicates a link between sGC function and platelet ANGPT1 release under physical 

stress also in humans. 

 

Figure 22 ANGPT1 levels in human platelet releasate and unstimulated platelets. a. ANGPT1 levels in platelet 
releasate of five individuals carrying the GUCY1A1 (rs7692387) non-risk (AA, AG genotype) allele and five 
homozygous carriers of the risk allele (GG genotype) indicates significantly lower release from risk allele platelets as 
assessed by ELISA. b. ANGPT1 content in quiescent platelets is comparable between both groups. Each symbol 
represents one individual. Two-sided unpaired t-test. Data are mean ± s.e.m. Reprinted under the terms of the Creative 
Commons CC BY license (a): Figure 4f from reference (Mauersberger et al., 2022). 
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4.5 sGC stimulation in platelets  

The above results clearly indicate that sGC deficiency decreases platelet ANGPT1 release, 

increases leukocyte-endothelium adhesion, and, as a suggestive consequence, promotes 

atherosclerotic plaque formation and vascular inflammation in mice. Next, in order to prove a 

biological correlation between ANGPT1 release and sGC activity, sGC was stimulated – in 

contrast to the previous experiments based on sGC deficiency. Apart from genetic modifications, 

this can be accomplished by the use of sGC stimulators or activators, a new class of drugs already 

approved for the treatment of PH or HFrEF (section 1.3.2). Here, the novel sGC stimulator BAY-

747 with similar properties as vericiguat was used. Up to a concentration of 150 ppm, only minor 

hypotensive effects of BAY-747 were observed in mice (Krishnan et al., 2021). Therefore and for 

reasons of uniformity, a concentration of 150 ppm of BAY-747 was chosen for all experiments. 

4.5.1 Functional implications 

First, targeting of platelets by BAY-747 was verified by aggregometry. To this end, platelets were 

incubated with BAY-747 or vehicle before aggregation was induced by ADP. As shown in Figure 

Figure 23 Platelet aggregation in presence of the sGC stimulator BAY-747. ADP-induced platelet aggregation 
(2 µM) in platelets (n=3 each) isolated from Pf4-Cre+Gucy1b1LoxP/LoxP or Pf4-Cre+Gucy1b1+/LoxP mice is similar under 
baseline conditions (upper panel). Upon sGC stimulation (lower panel, 150 ppm BAY-747), Pf4-Cre+Gucy1b1+/LoxP 
platelets abolish ADP-induced aggregation whereas Pf4-Cre+Gucy1b1LoxP/LoxP platelets are unaffected by BAY-747. 
Each symbol represents one independent animal. Aggregation tracings represent the mean values of investigated 
animals. Two-sided unpaired t-test. Data are mean ± s.e.m. Abbreviations: ADP, adenosine diphosphate, AU·min: 
arbitrary units, here depicting area under the curve over 5 min of acquisition. Reprinted under the terms of the Creative 
Commons CC BY license: Extended Data Figure 9 from reference (Mauersberger et al., 2022). 
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23, aggregation was comparable between both groups under baseline conditions (vehicle). As 

expected, Pf4-Cre+Gucy1b1LoxP/LoxP platelets displayed the same aggregatory behavior in presence of 

BAY-747, whereas sGC-functional Pf4-Cre+Gucy1b1+/LoxP platelets were unresponsive to ADP 

aggregation (224.3 ± 17.0 vs. 4.0 ± 1.5 AU·min, p=0.0002, n=3 animals per group). 

Next, ANGPT1 release from platelets after shaking was measured in the absence and presence of 

150 ppm BAY-747 in paired samples derived from 4 independent wildtype animals. In line with 

the previous results which indicated a positive correlation between platelet ANGPT1 release and 

sGC activity, sGC stimulation doubled ANGPT1 levels in platelet releasate after shake-activation 

(133.8 ± 6.5 ng/ml vs. 64.0 ± 4.3 ng/ml, p=0.002; Figure 24a). Thus, these results strengthen the 

hypothesis that sGC specifically stimulates the release of ANGPT1 in platelets upon activation. 

Subsequently, the leukocyte-endothelium adhesion phenotype was again tested on sGC-stimulated 

platelets. For this purpose, neutrophils were isolated from the bone marrow of wildtype mice and 

incubated with wildtype EC as well as platelet releasate obtained from wildtype platelets after 

shaking. Hereby, platelets from 7 independent sample pairs were incubated either with vehicle or 

150 ppm of BAY-747 prior to shaking. As displayed in Figure 24b, neutrophil adhesion to EC was 

found to be decreased by 15.6% (± 6.5%, p=0.02) when stimulated with releasate of platelets 

treated with BAY-747 instead of vehicle. These data point toward a contribution of sGC in the 

leukocyte recruitment process – suggestively by a mechanism that involves ANGPT1 release. 

4.5.2 Signaling pathways involved 

The previous results plainly indicate the involvement of ANGPT1 release in sGC-mediated 

functions; still, it is not clear how exactly sGC activity in platelets is mechanistically linked to 

Figure 24 Effects of BAY-747 on platelet-induced ANGPT1 release and neutrophil adhesion. a. ANGPT1 
release from wildtype platelets is significantly enhanced upon sGC stimulation with 150 ppm BAY-747 compared 
with vehicle (n=4 sample pairs from independent animals). b. Neutrophil adhesion to wildtype EC after incubation 
with supernatant from n=7 activated wildtype platelets from independent animals is decreased after preincubation 
with 150 ppm BAY-747. Two-sided paired t-test. Data are mean ± s.e.m. Abbreviation: FC: fold change. Reprinted 
under the terms of the Creative Commons CC BY license: Figure 4a,b from reference (Mauersberger et al., 2022). 
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ANGPT1 release from platelet granules. The sGC pathway has numerous effector proteins and 

functions. One prominent protein downstream of PKG previously linked to platelet aggregation, 

though, is IRAG. Therefore, it was first tested, whether ANGPT1 release would also be altered in 

mice lacking IRAG in platelets. To this end, platelets were isolated from 6 Pf4-Cre+Irag1LoxP/LoxP and 

6 IRAG wildtype mice (Pf4-Cre+Irag1+/LoxP or Pf4-Cre+Irag1+/+) and ANGPT1 quantified in shake-

activated platelet supernatant by ELISA. Although Pf4-Cre+Irag1LoxP/LoxP platelets indicate lower 

levels of ANGPT1 in platelet supernatant after shaking than controls, this difference was not 

statistically significant (40.8 ± 6.1 vs. 54.0 ± 4.7, p=0.12; Figure 25). These data suggest the 

involvement of other proteins in the ANGPT1-release mechanism. 

Subsequently, to understand which downstream sGC-cGMP pathways rather than IRAG 

influence ANGPT1 release upon platelet activation by shaking, central intracellular mediators of 

platelet pathways were separately targeted by specific inhibitors and subsequently, ANGPT1-

release from treated wildtype platelets determined (Figure 26). 

Thereby, assaying literature-approved kinase inhibitors at common concentrations (see Table 21) 

in 6 independent platelet samples, neither cyclin-dependent kinases (CDK) 2, 5, and 9 nor Akt, 

extracellular signal-regulated kinases (ERK), or p38α mitogen-activated protein kinase (MAPK) 

were found to be directly involved in the platelet ANGPT1-release mechanism (p≥0.90 for all 

comparisons; Figure 26a). In contrast, both inhibitors of protein kinases C (PKC) and G 

significantly inhibited ANGPT1 release from platelets after shaking (-23.8 ± 2.8 ng/ml padj=0.001 

and -21.3 ± 3.5 ng/ml padj=0.004, respectively; Figure 26b). PKG I is described as a central sGC-

cGMP downstream mediator in platelets, thus, the observation that its inhibition also attenuates 

ANGPT1 release is highly suggestive. The PKC family, on the other hand, comprises many 

different isoforms and is known as a key mediator of platelet granule secretion (Harper & Poole, 

2010). Therefore, it tends to exert an opposite role to PKG in terms of platelet activation, although 

its link to cGMP-signaling is not completely understood. 

Figure 25 ANGPT1 release from shake-activated platelets lacking IRAG. No significant difference in ANGPT1 
release from sGC-deficient platelets from Pf4-Cre+IragLoxP/LoxP compared with control mice (n=6 each) after shaking as 
assessed by ELISA. Two-sided unpaired t-test. Data are mean ± s.e.m. Abbreviations: ANGPT1, angiopoietin-1. 
Reprinted under the terms of the Creative Commons CC BY license: Extended Data Figure 8 from reference 
(Mauersberger et al., 2022). 



Results: sGC stimulation in platelets 

 70 

Additionally, inhibiting the inositol 1,4,5-trisphosphate receptor (IP3-R) led to significantly 

decreased ANGPT1 levels in platelet releasate after shaking (-23.9 ± 1.4 ng/ml padj=0.0002, Figure 

26b). IP3-R is directly associated with IRAG and PKG I and functions as a Ca2+ channel in the 

endoplasmic reticulum. In contrast to IRAG, its activation favors platelet activation and granule 

secretion (Schlossmann & Desch, 2011) and therefore, may contribute to the understanding of 

how sGC, a platelet-silencing mediator per se, may be associated with ANGPT1 release.  

In order to verify the implicated involvement of the kinases not only in ANGPT1 release but also 

in sGC activation processes within platelets, additionally, serine/threonine kinase profiling was 

performed on sGC-stimulated wildtype platelets (n=6 independent samples) treated with BAY-

747, which was technically operated by Dr. Emiel van der Vorst (RWTH Aachen, Germany). As 

displayed in Figure 27, sGC stimulation indeed led to a marked increase in the activity of kinases 

from the AGC group (encircled), which comprises the PKC and PKG family and thus confirms 

their involvement in both ANGPT1 release and NO signaling downstream of sGC. A full list of 

the differentially active kinases following sGC stimulation can be found in Appendix Table 1. The 

results of the underlying phosphorylation of specific peptide sequences used to assign the kinases 

are listed in Appendix Table 2. 

Figure 26 ANGPT1 levels in platelet releasate following incubation with different inhibitors. a. 
Pharmacological inhibition of MAPK (10 µM VX-702), CDK 2/5/9 (100 nM Dinaciclib), ERK (10 µM Ravoxertinib), 
and Akt kinase (1 µM MK-2206) does not result in diminished ANGPT1 release from wildtype platelets after shaking 
as determined by ELISA (n=6). b. Significantly attenuated ANGPT1 levels in wildtype platelet releasate after shaking 
from IP3-R- (10 µM 2-APB), PKC- (5 µM Ro 32-0432), and PKG- (10 µM KT-5823) treated platelets (n=6). One 
outlier was removed from the PKG group (n=5) according to the ROUT’s test. Each symbol represents paired 
samples derived from independent animals. Mixed-effects analysis (ANOVA with Dunnett’s multiple comparison 
test). Data are mean ± s.e.m. Abbreviations: CDK, cyclin-dependent kinase 2/5/9; ERK, extracellular signal-regulated 
kinase; IP3-R, inositol 1,4,5-trisphosphate receptor; MAPK, mitogen-activated protein kinase; PKC, protein kinase C; 
PKG, protein kinase G. Reprinted under the terms of the Creative Commons CC BY license: Figure 4c,d from 
reference (Mauersberger et al., 2022). 



Results: sGC stimulation in atherosclerosis 

 71 

 

Figure 27 Serine/threonine kinase profiling in platelets stimulated with BAY-747. The CORAL kinome tree 
represents kinases with differential activity in wildtype platelets upon treatment with 150 ppm of BAY-747 (n=6 
samples per group, each derived from one independent animal). Activity is particularly increased in the protein kinase 
A, G, and C family (AGC, encircled). Effect size and directionality is encoded in branch and node color (red: increased 
activity; blue; decreased activity in BAY-747 vs. vehicle treated platelets), while node size provides the computed kinase 
rank order. A median final score >1.2 was set as cut-off value. Abbreviations: AGC, A, G, and C kinases; CAMK, 
Ca2+/calmodulin-dependent protein kinases; CK1, casein kinase 1; CMGC, CDK, MAP, GSK, and CDK-like kinases; 
STE, serine/threonine-specific protein kinases; TK, thymidine kinase; TKL, tyrosine kinase-like kinases. Measurement 
and analysis were conducted by Dr. Emiel van der Vorst (RWTH Aachen, Germany). 

Taken together, kinase and inhibitor screenings confirmed a role for PKG, the direct downstream 

target of cGMP signaling, but also PKC and IP3-R in sGC-mediated ANGPT1 release, while 

another important mediator of cGMP functions, IRAG, was not significantly associated with 

ANGPT1 release. 

4.6 sGC stimulation in atherosclerosis 

The above in vitro data show that sGC stimulation increases ANGPT1 release from platelets and 

inhibits leukocyte endothelium adhesion in an inverse manner to sGC deficiency in platelets. 

Therefore, the ultimate step was to investigate whether sGC stimulation could, consistently, 

attenuate atherogenesis in vivo. To this end, atherosclerosis-prone Ldlr–/– mice were fed a Western 
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diet for 10 weeks, containing either 0 or 150 ppm of the sGC stimulator BAY-747. Plasma 

concentrations of BAY-747 in these mice were measured by Dr. Lisa Dietz (Bayer AG, Wuppertal, 

Germany) and can be appreciated in Appendix Figure 6. 

4.6.1 Basic characteristics of sGC-stimulated mice 

Mice were analyzed for baseline parameters comprising plasma cholesterol, platelet count, and 

body weight following the 10 weeks Western diet and BAY-747 treatment. As depicted in Figure 

28, all of the above characteristics were found to be unaltered in BAY-747 compared with vehicle-

treated animals (n=8-12 mice per group). These results indicate no relevant influence of sGC 

stimulation on lipid metabolism or blood platelet numbers in this model. 

 

Figure 28 Mouse blood characteristics and body weight following BAY-747 treatment. No significant 
differences between sGC stimulator- and control-fed mice regarding (a) plasma cholesterol levels (n=12), (b) blood 
platelet numbers (n=9 in treatment, n=8 in control group), or (c) body weight after ten weeks of Western diet (n=12). 
Each symbol represents one animal. Data are mean ± s.e.m. Unpaired t-test. Reprinted under the terms of the Creative 
Commons CC BY license: Figure 10a-d from reference (Mauersberger et al., 2022). 

Next, to exclude the possibility that plaque formation might be affected by differential availability 

of leukocytes in the blood – the central pool of leukocytes for recruitment into atherosclerotic 

plaques – leukocyte populations were quantified in the blood of both vehicle and sGC stimulator 

treated Ldlr−/− mice (n=12 independent animals per group) by flow cytometry after 10 weeks of 

Western diet. As depicted in Figure 29, no quantitative differences in total leukocytes, neutrophils, 

and pro-inflammatory Ly6Chigh or anti-inflammatory Ly6Clow monocytes were found between the 

two groups, indicating no influence of sGC stimulation on leukocyte supply from the circulation.  
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Figure 29 Blood leukocyte numbers and subsets in sGC-stimulated Ldlr−/− mice. Flow cytometry reveals no 
significant quantitative differences in total leukocyte, neutrophil, and monocyte levels. Each symbol represents one 
independent animal (n=12). Two-sided unpaired t-test. Two outliers were removed in the analysis of neutrophils (150 
ppm group; n=10) and Ly6Chigh monocytes (150 ppm group; n=11) according to the ROUT method. Data are mean 
± s.e.m. Reprinted under the terms of the Creative Commons CC BY license: Extended Data Figure 10f from 
reference (Mauersberger et al., 2022). 

4.6.2 Atherosclerotic plaque formation and vascular inflammation 

To clarify whether sGC stimulation can retard atherosclerotic plaque formation, first, aortic roots 

were isolated from Ldlr−/− mice fed a 10-weeks Western diet with or without the sGC stimulator 

BAY-747 and subjected to histology. Subsequently, plaques were visualized by Masson's trichrome 

staining. Thereby, collagen, a main component of vessel walls and the fibrous cap of 

atherosclerotic lesions, is stained blue, whereas cytoplasm and muscle tissue display a red color. 

Nuclei, in contrast, are visible as dark spots. As depicted in Figure 30a, Ldlr−/− mice treated with 
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BAY-747 exhibited significantly smaller atherosclerotic lesions in aortic roots than Ldlr−/− mice of 

the control group which were fed the Western diet without the sGC stimulator (62.5 ± 16.1 (n=7) 

vs. 123.1 ± 18.6 ×103 μm2 (n=9), p=0.03). Furthermore, myeloid cell accumulation as determined 

by CD11b+ area of aortic root plaques was found to be significantly lower in mice from the 

treatment group (30.3 ± 5.8% (n=8) versus 50.5 ± 6.3% (n=11) of plaque area, p=0.04). 

 

Figure 30 Atherosclerotic plaque formation in mice after pharmacological sGC stimulation. a. Aortic root 
atherosclerotic plaques were significantly larger in Ldlr−/− mice fed a 150 ppm BAY-747 enriched Western diet for 10 
weeks (n=7) than in the control group (n=9), which was fed the same diet without the sGC stimulator. b. 
Immunohistology reveals significant higher accumulation of CD11b+ cells in the aortic roots of mice from the 
treatment group (n=8) compared with controls (n=11). Each symbol represents one independent mouse. Two-sided 
unpaired t-test. Data are mean ± s.e.m. Reprinted under the terms of the Creative Commons CC BY license: Figure 
5b,c from reference (Mauersberger et al., 2022). 

Subsequently, aortae of Ldlr−/− mice subjected to the same treatment as stated above were analyzed 

by flow cytometry. Compared with control mice, BAY-747-treated mice harbored significantly 

lower numbers of neutrophils (1,201 ± 192 (n=11) vs. 1,885 ± 232 (n=12), p=0.04) and 

macrophages (13,915 ± 1,550 vs. 22,156 ± 2,737, n=12 each) in the aortae after 10 weeks of 

Western diet (Figure 31). Ly6Chigh monocytes follow the same trend, with a p-value close to the 

significance threshold (1,485 ± 348 vs. 2,688 ± 531, n=12 each, p=0.07). A higher quantity of 

leukocytes within the aortae indicates larger atherosclerotic plaques and/or higher leukocyte 

density within plaques, both factors of which are correlated to a higher risk of plaque rupture or 

erosion. To conclude, BAY-747 significantly attenuated plaque formation and leukocyte 

accumulation in aortic roots and whole aortae, respectively, in atherosclerosis-prone mice. 
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Figure 31 Vascular inflammation in mice after pharmacological sGC stimulation. Aortic cell suspensions of 
Ldlr−/− mice that were fed a 150 ppm BAY-747 enriched Western diet for 10 weeks contained significantly fewer 
macrophages and neutrophils compared with respective controls (n=12 each), as analyzed by flow cytometry. Each 
symbol represents one independent mouse. Two-sided unpaired t-test. Data are the mean ± s.e.m. One outlier was 
removed in the analysis of neutrophils (150 ppm; n=11) according to the ROUT test. Reprinted under the terms of 
the Creative Commons CC BY license: Figure 5d from reference (Mauersberger et al., 2022). 

4.6.3 In vivo leukocyte recruitment 

Ultimately, it was investigated whether decreased lesion formation and reduced leukocyte 

accumulation within aortic plaques in sGC-stimulated mice were due to diminished recruitment of 

leukocytes from the blood – as suggested by the in vitro results. To this end, Ldlr−/− mice were 

again fed a Western diet containing either 0 ppm (control group) or 150 ppm BAY-747. In order 

to investigate early atherogenesis, in this experiment mice were only fed the Western diet together 

with the sGC stimulator for 6 weeks instead of 10. The experimental scheme is illustrated in Figure 

32 (top). After 6 weeks, each mouse was injected intravenously with equal numbers of monocytes 

and neutrophils. These cells were freshly isolated from the bone marrow of ubiquitous GFP+ 

reporter mice – as a result, injected cells could be distinguished from the endogenous cells 

afterward. 24 hours later, taking into account the relatively short lifespan of leukocytes in the 

circulation (Patel et al., 2021), aortae were subjected to flow cytometry and the amount of GFP+ 

– i.e., recruited – cells was determined. Indeed, mice treated with 150 ppm of the sGC stimulator 
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exhibited significantly fewer GFP+ myeloid cells in aortic cell suspensions than untreated mice 

(21.4 ± 3.3 vs. 42.8 ± 6.9 cells, n=8 each, p=0.01, Figure 32). Thus, it can be concluded that BAY-

747 treatment significantly reduces aortic leukocyte recruitment in atherosclerotic mice. 

 

Figure 32 Leukocyte recruitment in mice after pharmacological sGC stimulation. a. Study scheme depicting 
the experimental setup of GFP+ monocyte and neutrophil adoptive transfer in Ldlr−/− mice following a 6-weeks 
Western diet enriched with 0 or 150 ppm of BAY-747. The panel below shows a representative flow cytometry plot 
of GFP+ cells retrieved in the aortae 24 hours later. b. Significantly lower numbers of GFP+ cells in aortic suspensions 
of 150 ppm BAY-747 compared with vehicle-treated mice (n=8 independent animals). Two-sided unpaired t-test. 
Data are the mean ± s.e.m. Abbreviations: GFP, green fluorescent protein. Reprinted under the terms of the Creative 
Commons CC BY license: Figure 5a from reference (Mauersberger et al., 2022). 
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5 Discussion 

When Robert F. Furchgott, Louis J. Ignarro, and Ferid Murad deciphered the nitric oxide (NO) 

signaling pathway in the 1980s, they could not have anticipated that it not only significantly 

influences blood pressure and hemostasis, but is also associated with one of the leading causes of 

death worldwide: coronary artery disease (CAD). This association was established only in the last 

decades, particularly by means of genome-wide association (CARDIoGRAMplusC4D 

Consortium, 2013; Nelson et al., 2017; Nikpay, 2015; Webb, 2017) and exome sequencing studies 

(Dang et al., 2021; Emdin et al., 2018; Erdmann et al., 2013) that linked the occurrence of several 

polymorphisms in genes tightly involved in the formation, the fate, or downstream functions of 

the NO signaling pathway to a significantly higher risk of CAD and myocardial infarction (MI). 

Although the soluble guanylyl cyclase (sGC) and other proteins of this pathway are expressed in 

almost all tissues, the key functions of NO signaling, regulation of vascular tone and platelet 

activation, particularly affect vascular smooth muscle cells (SMC) and platelets. In line, functional 

studies investigating the risk variant rs7692387 in GUCY1A1, the sGC-subunit α1 encoding gene, 

found significantly less sGC expression in SMC and platelets of risk-allele carriers (Kessler et al., 

2017). Importantly, the actual impact of the rs7692387 GUCY1A1 non-risk variant on CAD 

incidence is reported to be significantly greater than expected from its effect on blood pressure 

alone (Emdin et al., 2018) – a function which is mainly mediated by SMC. Thus, investigations of 

sGC signaling beyond its blood pressure-lowering effects in the context of CAD have been 

intensified with a particular focus on platelets – bearing in mind the direct effects of sGC on 

platelets and a recent study correlating the common rs7692387 locus sGC risk variant with the 

benefit of aspirin, a widely used antiplatelet treatment, in secondary prevention of cardiovascular 

events in CAD patients (Hall et al., 2019). 

Therefore, in a series of in vivo and in vitro experiments, a long-neglected cell type and a signaling 

pathway of unprecedented importance in atherogenesis research until a few years ago were jointly 

put into focus here: Platelets, and their contribution to sGC-mediated effects on atherosclerosis. 

In short, it was revealed that lack of platelet sGC promotes, while pharmacologically stimulating 

sGC activity mitigates atherosclerosis. Thereby, leukocyte recruitment into atherosclerotic plaques 

was indicated as a causally involved mechanism in both scenarios. As one potentially effect-

mediating protein, angiopoietin-1 (ANGPT1) was consistently identified as a differentially released 

platelet factor in both sGC-deficient and sGC-stimulated murine, as well as sGC-reduced human 

platelets. Each of these aspects will be separately discussed in detail below. 
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5.1 Platelet sGC influences atherosclerotic plaque formation in mice 

By investigating atherosclerotic plaque formation and vascular inflammation in this thesis, mice 

lacking platelet sGC indeed presented with i) larger atherosclerotic plaques and ii) enhanced aortic 

leukocyte accumulation compared with sGC wildtype mice following a Western diet – two major 

indicative signs of atherosclerosis. As a possible mechanistic hint, platelet sGC-deficient mice were 

shown to increase leukocyte adhesion to plaque-prone carotid arteries in vivo, which favors 

increased leukocyte recruitment into aortic plaques. In line, the presence of shake-activated 

releasate from sGC-deficient platelets increased leukocyte adhesion to endothelial cells (EC) in 

vitro. In addition to the above-mentioned genetic association studies, this is in broad agreement 

with the literature: E.g., a previous study on ubiquitous Nos3-deficient mice linked impaired NO-

sGC signaling with enhanced leukocyte adhesion to atherosclerotic plaques (Ahluwalia et al., 2004) 

as well as increased atherosclerosis (Kuhlencordt et al., 2001). Moreover, genetic variants 

associated with reduced Gucy1a1-expression were likewise associated with enlarged aortic 

atherosclerotic lesions in mice (Bennett et al., 2015; Kessler et al., 2017). Vice versa, further evidence 

for a crucial influence of sGC activity on atherosclerosis may come from another study that 

showed reduced neointimal formation after genetic upregulation of α1β1-sGC in mice (Sinnaeve et 

al., 2001). In contrast, though, globally Gucy1a1-deficient mice on a pro-atherosclerotic 

background revealed reduced atherosclerotic plaque formation compared with α1-sGC-competent 

mice (Segura-Puimedon et al., 2016). However, it has been suggested that this contradictory result 

may be due to a compensatory upregulation of α2-sGC, which can indeed form a functional sGC 

enzyme with the β1-subunit in SMC (Mergia et al., 2006). Platelets do not express relevant amounts 

of α2- or β2-sGC (Burkhart et al., 2012), which was confirmed by gene expression studies on 

megakaryocytes here. Therefore, a possible compensatory effect of α2-sGC can be excluded for 

the mouse model used in this thesis.  

Further, to interpret the results, it is important to consider the nature of the platelet-specific 

knockout, which is based on the introduction of a Cre-encoding construct into the Pf4-promoter. 

This leads to the exclusive activity of Cre in Pf4-expressing cells, i.e., cells of the megakaryocyte 

lineage. However, it was reported that Pf4 may also be expressed in certain leukocyte populations 

(Schaffner et al., 2005). By using specific reporter mice, one publication even found a 15-60% 

activation of myeloid and lymphoid lineages (Calaminus et al., 2012), suggesting the Pf4-Cre model 

to be not specific for the megakaryocyte lineage. sGC deficiency not only in platelets but also in 

leukocytes would indeed confound the results of the in vivo experiments in this study. It is not 

clear, though, how abundantly circulating leukocytes express Pf4 in general, and it apparently varies 
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widely depending on environmental factors and the specific model used. For instance, another 

group reported Pf4-Cre expression in less than 1% of the CD45-positive cells (Pertuy et al., 2015), 

while further publications reported their Pf4-Cre-based knockout model to be restricted to the 

megakaryocytic lineage (Rudolph et al., 2019; Tiedt et al., 2006). Therefore, as i) protein expression 

of β1-sGC in PBMCs was not found to be visibly altered in sGC-deficient compared with wildtype 

mice in our model and ii), the confirmatory in vitro data in this project were gathered on isolated 

platelets from this mouse model only, it appears unlikely that sGC deficiency in leukocytes 

substantially influenced the results of this research project. Further evidence may also come from 

the observation, that – in contrast to sGC-deficient platelet releasate used to stimulate wildtype 

leukocytes – leukocytes derived from platelet-specific sGC-deficient mice did not increase 

adhesion after incubation with wildtype platelet releasates and therefore, do not have a substantial 

impact on the adhesion phenotype observed in mice with sGC-deficient platelets here. 

Nevertheless, to completely rule out off-target effects of sGC depletion in leukocytes in this mouse 

model, it would be necessary to quantify β1-sGC expression in circulating leukocytes after Western 

diet, or to verify the in vivo findings using a different platelet-specific mouse model. Such an 

alternative might be the Cp1ba-Cre model, though, it is paralleled by other disadvantages such as 

Cre-recombination within the native Gp1ba gene, likely affecting platelet biology and offering only 

minor experimental experience on basis of this model so far (Gollomp & Poncz, 2019). 

Besides, genetic modifications always bear the risk of undesired effects, which is also true for the 

introduction of Cre in the mouse model. For instance, it has been reported in the literature that 

off-site Cre activity may impair angiogenesis or affect the numbers and functions of hematopoietic 

cells (Rashbrook et al., 2022). Therefore, to control for potential toxic influences of Cre-expression 

in the Pf4-Cre mouse model, single-floxed littermate controls that likewise express Pf4-Cre were 

used, contrary to the common use of homozygously floxed, but Cre-lacking controls (Pertuy et al., 

2015). This strategy is also suitable to meet further model-related confounding effects such as 

those related to the mouse bacterial artificial chromosome (BAC) clone which was used to 

introduce Cre in the mouse genome. 

Lastly, it is important to reflect that this work provides results from in vitro and mouse in vivo studies 

that cannot fully resemble human physiology. Despite the large overlap with the human 

transcriptome, mouse models differ from the human organism in many respects, making their 

findings only partially transferable. Nevertheless, the vast majority of CAD-associated human risk 

genes studied showed consistent results in mice (von Scheidt et al., 2017), rendering mouse models 

a valuable tool to gain insight into the disease and particularly into its development, as they offer 
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the unique possibility of studying atherosclerosis in a much smaller time frame while allowing for 

multiple genetic manipulations (Gisterå et al., 2022). Further, in addition to the concordant 

findings from the genetic studies discussed above, consistent results in in vitro studies regarding 

decreased platelet ANGPT1 release from sGC-lacking murine as well as sGC-1-reduced human 

platelets discussed below support a possible translation. 

5.2 Platelet sGC positively influences ANGPT1 release  

The idea of sGC as an endogenous brake of platelet aggregation, as recently described (Wen et al., 

2018) and confirmed by previous results in sGC-deficient mice in vivo (Dangel et al., 2010; 

Erdmann et al., 2013), is clearly reflected in the literature. Also, the results on atherosclerosis 

formation and leukocyte recruitment in this thesis point toward a higher pro-inflammatory activity 

in platelets lacking sGC. Likewise, the inhibitory role of the NO donor SNP or the sGC stimulator 

BAY-747 in platelet aggregation in response to diverse platelet agonists in vitro clearly indicates a 

platelet-silencing effect of sGC, which is absent in platelets lacking sGC. Unexpectedly, however, 

it was also found that upon physical shaking, platelet sGC positively influences the release of the 

α-granule component ANGPT1 – a process usually linked to platelet activation, as mirrored by 

enhanced ANGPT1 release from platelets upon thrombin stimulation (Li et al., 2001). In fact, the 

concept that the sGC pathway uniquely and exclusively silences platelets has also been challenged 

by other findings: E.g., it was shown that the major cGMP effector kinase PKG downstream of 

sGC-signaling plays an important stimulatory role in both platelet activation and secretion (Li et 

al., 2003; Li et al., 2004; Vogel et al., 2015; Yin et al., 2008). This is also reflected by another study 

performed on platelet sGC-deficient mice which indicates a stimulatory rather than an inhibitory 

role of sGC in platelet aggregation (Zhang et al., 2011) as well as the finding, that a rare loss-of-

function mutation in GUCY1A1 leads to platelet stimulation (Hervé et al., 2014). As a possible 

explanation, a biphasic role of sGC/cGMP signaling was proposed, consisting of an initial 

stimulatory response that promotes platelet activation and aggregation, followed by an inhibitory 

response that is partially sGC-independent and inhibits excessive platelet aggregation (Li et al., 

2003; Zhang et al., 2011), in line with the abovementioned data. 

Although it needs to be acknowledged that ANGPT1 is likely not the only mediator of sGC effects 

in atherosclerosis, it can nevertheless be regarded as a substantial finding with implications also in 

human platelets. As such, decreased sGC availability in human platelets of the CAD-associated 

risk variant rs7692387 was consistently associated with reduced ANGPT1 release upon shaking. 
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Importantly, this positive correlation of sGC availability and ANGPT1 release was independent 

of the total ANGPT1 content, which was equal in wildtype platelets and platelets with depleted or 

impaired sGC availability in mice and men, respectively. This suggests a direct influence of sGC 

availability on ANGPT1 release rather than translational processes, consistent with the fact that 

release can already be observed shortly after incubation of platelets with the sGC stimulator. 

Additionally, a transcriptomic sub-analysis querying ANGPT1 expression in tissues of CAD 

patients in the STARNET database (Franzén et al., 2016), which contains RNA-Seq data from 

cardiometabolic tissues of patients undergoing coronary artery bypass graft surgery, renders a 

common pathway of ANGPT1 and platelet sGC likely (Figure 33). Specifically, ANGPT1 – which 

is mainly expressed in platelets and peri-endothelial cells but was detected in seven co-expression 

modules of atherosclerosis-relevant tissues including aorta, blood, and skeletal muscle – was co-

expressed with both GUCY1A1 and GUCY1B1, along with enrichment for genes involved in 

platelet activation in 6 of 7 tissues.  

 

Figure 33 ANGPT1 expression in different tissues from CAD patients. a. ANGPT1 is expressed in different 
STARNET co-expression modules from multi-tissue RNA-Seq of approximately 600 CAD patients. The arrow 
denotes co-expression module 11 from whole-blood samples (BLOOD). b. Heatmap of Pearson’s correlation 
coefficients of genes in co-expression module 11, showing positive correlation of ANGPT1, GUCY1A1, and 
GUCY1B1 and enrichment for platelet activation genes (false discovery rate = 6.863×10−13, Enrichr). Abbreviations: 
AOR, aorta; LIV, liver; MAM, mammary artery; SF, subcutaneous fat; SKLM, skeletal muscle; VAF, visceral fat. 
Reprinted under the terms of the Creative Commons CC BY license: Figure 3f,g,h from reference (Mauersberger et 
al., 2022). Analysis was conducted by Simon Koplev (University of Cambridge, UK). 

ANGPT1, on the other hand, is an important pro-angiogenic factor that, by binding the TIE2 

receptor on EC, promotes endothelial integrity and inhibits vascular inflammation (Brindle et al., 

2006; Gamble et al., 2000). This clearly implies anti-atherogenic functions of ANGPT1 regarding 

leukocyte recruitment, which has been confirmed by several studies that specifically described 

ANGPT1 as an opponent of inflammatory or VEGF-mediated leukocyte transmigration (Alfieri 

et al., 2014; Ismail et al., 2012; Kim et al., 2001; Pizurki et al., 2003; Wang et al., 2004). Accordingly, 

ANGPT1 was shown to protect from the development of cardiac allograft atherosclerosis 
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(Nykanen et al., 2003) and was described as an important factor in preventing plasma leakage 

during leukocyte diapedesis (Braun et al., 2020) with in vivo implications, e.g., in endotoxin-induced 

septic shock (Witzenbichler et al., 2005). Yet, other studies have found opposite effects of 

ANGPT1 on atherosclerosis, in particular by promoting monocyte and neutrophil migration and 

atherosclerotic plaque formation (Ahmad et al., 2010; Burnett et al., 2017; Fujisawa et al., 2017). 

Revisiting the above hypothesis of a biphasic role of sGC in platelet aggregation, it could be 

speculated that the observed pro-inflammatory functions of ANGPT1 specifically appear in 

emergency events of excessive platelet activation such as atherothrombosis in MI, which 

subsequently requires massive leukocyte recruitment into the affected tissues (Moggio et al., 2022). 

This might be triggered by peak levels of ANGPT1 that outbalance its protective effects on EC 

by pro-atherogenic functions on leukocytes. Indeed, plasma or in vitro concentrations of ANGPT1 

in the above-mentioned studies, respectively, exceeded by far physiological levels – levels in vivo 

most likely only reached by pro-thrombotic platelet stimuli such as thrombin. This is supported 

by the fact that in contrast to agonist-induced release, shaking (Alard et al., 2015) is a relatively 

mild form of shear stress-induced activation that does not lead to platelet aggregation, and 

therefore, rather resembles early phases of atherogenesis unrelated to atherothrombosis. 

Consequently, following the hypothesis of a biphasic role of sGC and ANGPT1 in atherosclerosis, 

the results obtained from this thesis resemble sGC and ANGPT1 functions during development 

rather than acute complications of atherosclerosis, and thereby support a beneficial, disease-

mitigating effect of both factors. 

5.3 ANGPT1 release might be linked to sGC signaling via protein kinases 

G and C 

Since the correlation of ANGPT1 release with sGC activity can thus be considered experimentally 

well established, the question immediately arises as to how exactly sGC mechanistically influences 

the release of ANGPT1. Apart from a potential ANGPT1/TIE2/NO pathway in endothelial 

target cells, no such axis is described in the literature within platelets so far. Downstream of sGC 

and its effector protein cGMP, the protein kinase G (PKG) and its two main target proteins IRAG 

and VASP are among the most famous mediators of NO signaling. IRAG was described as a 

central mediator of cGMP-dependent inhibition of platelet aggregation (Schinner et al., 2011) and 

was therefore the first intuitive target of further research in an effort to pin down a potential 

activation route that connects sGC activity to ANGPT1 release. IRAG is a direct binding partner 

of PKG and the inositol 1,4,5-trisphospate receptor (IP3-R) and inhibits IP3-R-induced Ca2+-
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release from intracellular stores (Schlossmann et al., 2000). After shake-activating platelets from 

wildtype mice and mice that genetically lack IRAG, though, ANGPT1 release was not significantly 

altered – excluding IRAG as a central mediator in the sGC-ANGPT1 release axis. Although this 

finding may be surprising, considering the crucial involvement of IRAG in platelet physiology, it 

is in line with the phenotype of enhanced ANGPT1 release following sGC activation – a function 

per se requiring platelet activation.  

Next, two complementary approaches, involving kinase and inhibitor screening assays, were 

employed. On one hand, serine/threonine kinase profiling was utilized as an unbiased tool to 

identify kinases that are significantly involved in sGC stimulation, while on the other hand, by 

incubating platelets with specific small molecule inhibitors prior to physical activation, selected 

important intracellular mediators implicated in NO signaling, but also other pathways were 

investigated for their direct effect on ANGPT1 release. Thereby, PKG but also protein kinase C 

(PKC) were identified as significantly involved proteins in both sGC stimulation and ANGPT1 

release. The involvement of PKG is not surprising, as it is the key downstream target of cGMP 

signaling, thus contributing to most sGC-mediated functions (Makhoul et al., 2018). Even more, 

the finding that this kinase is also involved in ANGPT1 release once again confirms the correlation 

between ANGPT1 and sGC. Conversely, PKC is not traditionally linked to sGC signaling. It was 

rather described as an upstream activator of PKG (Hou et al., 2003; Lopes-Pires et al., 2015), but 

also suggested as a mediator of PKG-induced ischemic preconditioning, a phenomenon that leads 

to cardioprotection following brief ischemia (Costa et al., 2005). However, PKC is well known for 

its crucial involvement in platelet secretion. Platelet agonists, by binding to specific receptors on 

the platelet surface, intracellularly activate phospholipases and their two messenger proteins 

inositol 1,4,5-trisphosphate (IP3) as well as 1,2-diacylglycerol. While IP3 acts via the IP3 receptor 

(IP3-R), 1,2-diacylglycerol activates PKC, which is particularly involved in granule secretion 

(Offermanns, 2006). Thereby, different PKC isoforms fulfill specific functions in granule secretion 

with sometimes divergent effects (Harper & Poole, 2010). In the kinase screening performed, 

several isoforms of PKC were found to be involved in ANGPT1 release, while for the inhibitor 

screening assay, a broad-spectrum PKC inhibitor was used. Therefore, further experiments are 

necessary to clearly identify the PKC subtypes involved in the sGC-ANGPT1 signaling pathway. 

Nevertheless, the finding that NO-sGC signaling – known for its platelet silencing effects – is also 

correlated with platelet secretion, is very intriguing. It can only be speculated whether the 

downstream PKC effects are targeted, i.e., ANGPT1-specific, or a sign of general platelet activation 

following sGC activation. Therefore, further studies are warranted to better understand how PKG 

and particularly, PKC are involved in sGC stimulation and ANGPT1 release. Besides, it also has 
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to be taken into account that PKG and PKC might fulfill distinct, non-related functions following 

sGC stimulation. Yet, a recent study screening for PKG substrates using human recombinant 

PKG I and II also found PKC, specifically PKCα, as a top target of PKG-mediated 

phosphorylation, indicating a direct link between both kinases (Roy et al., 2021). 

Additionally, IP3-R as the third binding partner in the trimeric complex of PKG I and IRAG was 

also identified as a mediator of ANGPT1 release following platelet activation by shaking. In 

contrast to IRAG, IP3-R is associated with Ca2+ release and platelet activation and might therefore 

explain ANGPT1 release in sGC-stimulated platelets following activation – although no direct 

activation of IP3-R by PKG in platelets has been described in the literature so far. Such direct 

activation by PKG I, though, has been described for the neuronal splice form of IP3-R (Wagner 

et al., 2003). It remains to be seen whether a similar, alternative pathway of IP3-R activation via 

PKG I might also be active in platelets. 

Figure 34 Schematic representation of hypothetical ANGPT1 release from activated platelets. ANGPT1 
release from α-granules is increased in sGC-functional or BAY-747-stimulated platelets under shear stress, suggestibly 
via increased downstream PKG, PKC, and IP3-R activity and subsequent Ca2+ release from the ER. Simultaneously, 
in a finely modulated manner, PKG inhibits excessive platelet activation via IRAG, VASP, and MLCP which attenuate 
Ca2+ release and cytoskeletal rearrangements important for granule release. Abbreviations: ANGPT1, angiopoietin-1, 
cGMP, cyclic guanosine-3′,5′-monophosphate; ER, endoplasmic reticulum; GTP, guanosine 5′-triphosphate; IP3-R, 
inositol 1,4,5-trisphosphate receptor; IRAG, IP3R-associated cGMP-kinase substrate; MLCP, myosin light chain 
phosphatase; NO, nitric oxide; PKC, protein kinase C; PKG, protein kinase G; sGC, soluble guanylyl cyclase; VASP, 
vasodilator-stimulated phosphoprotein. Created with BioRender.com. 
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At the same time, the identity of the differentially phosphorylated peptides, which were used to 

infer protein kinase activity in the comparison of vehicle- versus sGC-stimulated platelets, may 

also be informative when considered separately. There, with VASP and phosphodiesterase 5A, 

peptides emerged that are well known for their involvement in NO signaling. Notably, several of 

the phosphorylated peptides overlap with the PKG I and II substrates identified in the above-

mentioned study (Roy et al., 2021). This highlights the central, downstream role of PKG in sGC 

stimulation. However, this approach also has certain limitations. For instance, impurities such as 

traces of erythrocytes and blood leukocytes in the platelet lysates, which also contain several active 

kinases, may confound the results. Moreover, indirect identification of kinases via phosphorylated 

proteins and in silico prediction using databases also carries some risk of erroneous conclusions. 

Taken together and as schematically depicted in Figure 34, the results from this thesis indicate that 

PKG, PKC, and IP3-R are involved in ANGPT1 release from platelets – the former being 

associated with platelet silencing, and the latter two being rather associated with platelet activation. 

Release of ANGPT1 by both sGC- and shake-activated platelets – a counterintuitive finding given 

the generally accepted role of sGC signaling as a platelet inhibitor – seems to be regulated by PKC 

and IP3-R activation rather than IRAG. The latter could explain how ANGPT1 is released 

downstream, but it remains unclear how PKG or upstream mediators of sGC signaling may 

stimulate – rather than inhibit – IP3-R as well as PKC. Yet, evidence from studies revealing 

involvement of NO signaling in angiogenesis or ANGPT1-mediated effects raises hope for future 

studies that may elucidate the here proposed link between sGC and ANGPT1 (Babaei et al., 2003; 

Gomes de Almeida Schirmer et al., 2020). 

Lastly, in this context, the question arises as to how exactly platelets are able to regulate the 

particular release of ANGPT1, since ANGPT1 was the only one of several proteins investigated 

found to be differentially released from sGC-deficient or sGC-stimulated platelets, respectively. 

This question is further accentuated by the fact that among the plethora of platelet-derived factors, 

often factors with opposing functions reside within the same granules in platelets (Coppinger et 

al., 2004). It can already be anticipated that there is no definite answer to this question so far, owing 

to the fact that due to their high reactivity and rapid morphogenetic changes, the molecular 

investigation of platelets is particularly challenging. One obvious solution proposed by the 

literature, though, is the existence of functionally distinct subpopulations of α-granules, thus 

allowing for the selective release of cargo by different stimuli (Battinelli et al., 2019; Chatterjee et 

al., 2011; Italiano et al., 2008; Sehgal & Storrie, 2007). The authors specifically found distinct 

localization of pro- and anti-angiogenic factors within α-granules, that were released differentially 
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by different thrombin receptor agonists, but also by ADP and thromboxane (Battinelli et al., 2011; 

Ma et al., 2005). Of note, a similar observation was made in neutrophils regarding the storage of 

ANGPT1 and VEGF (Neagoe et al., 2009). This broad evidence indeed supports the hypothesis 

of a stimulus-dependent release of pro- and antiangiogenic factors including ANGPT1 from 

platelets, which would allow for a finely targeted platelet response. On the other hand, although 

confirming a clustered rather than a homogenous cargo distribution within these granules, other 

studies challenged the notion of platelets as smart just-in-time suppliers of selected molecules and 

rather discovered random, non-thematic sorting of granule cargo (Jonnalagadda et al., 2012; 

Kamykowski et al., 2011). (Heijnen & van der Sluijs, 2015; Yadav & Storrie, 2017) – and ANGPT1 

in particular. Therefore, despite the central importance of platelet granule secretion in the 

organism, further studies are needed to understand if and how platelets regulate the differential 

release of specific granule components. 

5.4 sGC stimulators attenuate atherosclerotic plaque formation in mice 

sGC signaling in platelets was clearly indicated as a decelerator of murine atherosclerosis 

progression in the here presented results, but the translation of observations from knockout 

models onto therapeutical effects is often difficult. Therefore, the ultimate goal of this study was 

to directly query the potential therapeutic effect of sGC stimulation on atherosclerosis. Hereby, it 

was shown that oral administration of the sGC stimulator BAY-747 in mice attenuates 

atherosclerotic plaque formation and vascular inflammation. Moreover, it was indicated by 

adoptive transfer experiments, that this phenotype involves decreased leukocyte recruitment into 

aortic atherosclerotic lesions in line with the previous observations in mice lacking platelet sGC. 

These results are in accordance with other studies that showed decreased leukocyte rolling and 

adhesion in mice following administration of the sGC activator BAY 41-2272 (Ahluwalia et al., 

2004) and decreased aortic atherosclerotic plaque size in atherosclerotic mice treated with the sGC 

activator YC-1 (Tsou et al., 2014).  

While data on the efficiency of sGC stimulation or activation in human atherosclerotic patients 

are so far lacking, several human trials investigated the effect of nitrates such as nitroglycerin, 

isosorbide-mononitrate (ISDN), or -dinitrate (ISMN) in CAD patients. These substances act by 

releasing NO into the circulation and thereby stimulate the sGC signaling cascade with subsequent 

vasodilation, reduced cardiac workload, and decreased oxygen demand by the heart (Münzel & 

Gori, 2013). Therefore, they are commonly applied for treating angina pectoris (Knuuti et al., 2019) 
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and are among the oldest synthetic drugs in use today. However, while nitrates are a useful tool to 

fight acute ischemic symptoms, they scarcely showed beneficial long-term effects in this context 

in clinical studies (Divakaran & Loscalzo, 2017). This might be due to several negative effects of 

NO donors following long-term intake, including nitrate tolerance, oxidative stress, and 

endothelial dysfunction (Daiber & Münzel, 2015) – phenomena not intrinsically related to sGC 

stimulators or activators (Jabs et al., 2015; Stasch et al., 2002). Similarly, clinical studies proving the 

efficiency of sildenafil, an inhibitor of phosphodiesterase 5A, in CAD are lacking. Yet, the 

observation that CAD patients treated with sildenafil for erectile dysfunction show a reduced risk 

of all-cause mortality and myocardial infarction compared with men treated with the alternative 

drug alprostadil (Andersson et al., 2021) encourages further investigations. Meanwhile, sGC 

stimulators, which directly activate sGC either in synergy with or independently of NO, have 

emerged as new therapeutic agents in different cardiovascular diseases including pulmonary 

hypertension (Ghofrani et al., 2013) and heart failure with reduced ejection fraction (Armstrong 

et al., 2020). sGC stimulators were already proven safe in patients with chronic coronary 

syndromes in combination with nitroglycerin and ISMN (Boettcher, Düngen, et al., 2022; 

Boettcher, Mikus, et al., 2022). Overall, although clinical data are lacking to date, enhancing NO 

signaling in CAD patients represents a promising therapeutic target and the results of this thesis 

may aid in stimulating future clinical trials in atherosclerosis patients. 

It needs to be considered, though, that orally administered sGC stimulators are unspecific in their 

cellular target, and their effects reported in the above studies thus most likely exceed effects 

mediated by platelet sGC alone. For instance, hypertension is a common risk factor for 

atherosclerosis, and the known anti-hypertensive effects of sGC stimulators mediated via smooth 

muscle cells might lead to an overestimation of the effect of sGC stimulators in in vivo experiments. 

Nevertheless, it can at least be considered a nice coincidence that the platelet factor ANGPT1, 

which directly correlated with sGC activity in this thesis, also showed beneficial effects on 

experimental pulmonary hypertension, one of the approved indications for sGC stimulators (Zhao 

et al., 2003). Still, an in vitro study indicated that functional antiplatelet effects of riociguat require 

higher concentrations than those usually reached in patients (Reiss et al., 2015). Indeed, the plasma 

concentration of BAY-747 determined in the orally treated mice in this research project was 

significantly lower than the concentration used for the in vitro experiments. Yet, the correlation of 

ANGPT1 release with sGC activity was consistent also in the scenario of physiological sGC 

deficiency in platelets. Eventually, how strongly platelet sGC really contributes to the beneficial 

effects of sGC stimulation in atherosclerosis can only be clarified by further studies.   
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5.5 Conclusion 

The results obtained in this thesis allow for several conclusions, which are summarized in Figure 

35. Firstly, lack of sGC in platelets promotes atherosclerotic plaque formation and vascular 

inflammation in mice, in line with previously reported results from sGC-deficient or -stimulated 

rodents in vivo and human genetic studies. Secondly, this phenotype is particularly driven by 

increased adhesion and subsequent recruitment of leukocytes from the circulation, which was 

indicated both by in vivo microscopy and in vitro cell adhesion studies. Thirdly, one factor potentially 

involved in this phenotype is the glycoprotein ANGPT1. It was released less both by murine and 

human platelets with genetically reduced sGC availability following moderate physical activation 

and, conversely, released more by sGC-stimulated platelets. Albeit being controversially discussed 

for its impact on atherosclerosis, ANGPT1 is generally described as a guardian of vascular barrier 

function in the literature and was, accordingly, implied to negatively impact leukocyte adhesion to 

EC in vitro. This protein could well serve as a link between the observed in vitro effects and possible 

functional effects of platelet sGC in atherosclerosis. Yet, further studies are necessary to decipher 

the precise molecular mechanism linking sGC and ANGPT1 release – and to comprehend whether 

ANGPT1 is indeed causally involved in the mechanism by which sGC activity retards 

atherosclerosis in vivo. Finally, sGC is a druggable target and sGC stimulators significantly attenuate 

the progression of atherosclerosis in mice. They could therefore be a promising therapeutic 

strategy to contain atherosclerosis also in humans.  

 

Figure 35 Schematic summary of sGC-mediated effects in platelets. Depending on the endogenous 
availability/activity of sGC, more or less ANGPT1 is released from platelets. ANGPT1 is involved in reduced 
endothelial activation and subsequently reduced leukocyte recruitment of monocytes and neutrophils into 
atherosclerotic plaques in mice. Abbreviations: ANGPT1, angiopoietin-1; EC, endothelial cell; sGC, soluble guanylyl 
cyclase. Created with BioRender.com. 
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Essentially, the results of this work emphasize the crucial role of platelets and, foremost, their 

enzyme sGC in the pathology of atherosclerosis. The here performed in vivo studies in mice and 

complementary in vitro studies using human and murine biospecimens particularly indicate an 

endogenous inhibitory role of platelet sGC on EC-mediated leukocyte recruitment. Beyond the 

effect of sGC signaling in platelets, therapeutic targeting of sGC using modern sGC-modulating 

drugs may be a promising strategy to combat the residual risk of atherosclerosis-related 

complications in cardiovascular diseases – the leading cause of death worldwide.
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Appendix figures 

 

 

Appendix Figure 1 Plasma levels of BAC clone cytokines in platelet sGC-deficient mice. Plasma levels of the 
cytokines CXCL3, CXCL5, and CXCL7 did not differ between Pf4-Cre+Gucy1b1+/LoxP and Pf4-Cre+Gucy1b1LoxP/LoxP mice. 
CXCL15 was not detectable in plasma. Each symbol represents one animal. Unpaired t-test. Data are mean ± s.e.m. 
Abbreviations: CXCL, C-X-C motif ligand. 

 

 

Appendix Figure 2 Early phase atherogenesis in platelet sGC-deficient mice. No significant difference in early 
atherosclerotic plaque formation after 6 weeks of Western diet in Pf4-Cre+Gucy1b1LoxP/LoxPLdlr–/– compared with Pf4-
Cre+Gucy1b1+/LoxPLdlr–/– mice. Each symbol represents one animal. Unpaired t-test. Data are mean ± s.e.m. 
Abbreviations: ORO, Oil Red O. 
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Appendix Figure 3 Differential release of granule proteins from platelets upon shaking compared with 
agonist-stimulated release. Differential (a) α-granule and (b) dense granule component release from wildtype 
platelets after activation by shaking, adenosine diphosphate, and the thrombin-receptor agonist PAR4-AP. Each 
symbol represents paired samples derived from 6 independent animals. One outlier was removed from the PAR4-AP 
group in the measurement of serotonin and P-selectin, as well as in the ADP group in adrenaline (n=5) according to 
the ROUT’s test. Ordinary one-way ANOVA/mixed-effects analysis in case of missing values with Dunnett’s multiple 
comparisons test. Data are mean ± s.e.m. Abbreviations: ADP, adenosine diphosphate; ANGPT1, angiopoietin-1; 
PF4, platelet factor 4. 

 

 

Appendix Figure 4 In vitro leukocyte adhesion of mice lacking sGC in platelets. Pf4-Cre+Gucy1b1+/LoxP and Pf4-
Cre+Gucy1b1LoxP/LoxP monocyte and neutrophil adhesion to wildtype endothelial cells in presence of shake-activated 
wildtype platelet releasate does not differ between both groups. Each symbol represents one animal. Unpaired t-test. 
Data are mean ± s.e.m. 
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Appendix Figure 5 α- and dense granule release from sGC-deficient platelets. Release of selected important α-
granule (a) and dense granule (b) components did not significantly differ between control and Pf4-Cre+Gucy1b1LoxP/LoxP 
platelets after activation by shaking. VEGF was not detectable in either of the samples. Each symbol represents one 
animal. Unpaired t-test. Data are mean ± s.e.m. Abbreviations: PF4, platelet factor 4; TREML1, triggering receptor 
expressed on myeloid cells like 1. 

 

 
Appendix Figure 6 Plasma concentrations of mice during pharmacological sGC stimulation. BAY-747 plasma 
levels as determined by liquid chromatography and mass spectrometry analysis in female and male mice treated with 
0 or 150 ppm of the soluble guanylyl cyclase stimulator BAY-747 for 10 weeks accompanied by Western diet. Each 
symbol represents one animal. Data are mean ± s.e.m. Reprinted under the terms of the Creative Commons CC BY 
license: Extended Data Figure 1e from reference (Mauersberger et al., 2022). Measurement was conducted by Dr. Lisa 
Dietz (Bayer AG, Wuppertal, Germany). 
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Appendix tables  

Appendix Table 1 Kinase activity following sGC stimulation of platelets in vitro. List of activated kinases in 
shake-activated platelet lysate after preincubating platelets with vehicle or BAY-747 (n=6 each) by using the PamGene 
Serine/Threonine Kinase array. Mean Kinase statistic denotes directionality: a negative value displays reduced activity; 
a positive value displays increased activity in BAY-747 vs. vehicle-treated platelets. A Median Final score > 1.2 denotes 
statistical significance. Reprinted under the terms of the Creative Commons CC BY license: Supplemantary Table 5 
from reference (Mauersberger et al., 2022). Data were obtained from Dr. Emiel van der Vorst (RWTH Aachen, 
Germany). 

Kinase 

Uniprot ID 

Kinase Name Mean Kinase 

Statistic 

Median Final 

score 

Mean peptide 

set size 

Q05655 PKC[delta] 1,130534003 4,017728767 21 

Q96GD4 AurB/Aur1 1,842519447 3,966576245 4,111111111 

Q05513 PKC[zeta] 1,409749871 3,935542011 8,444444444 

Q04759 PKC[theta] 1,109819547 3,89279003 21,33333333 

O14757 CHK1 1,445007704 3,841637508 8 

P05771 PKC[beta] 1,459035801 3,841637508 7 

O14965 AurA/Aur2 1,628922625 3,707743929 4,111111111 

P31749 Akt1/PKB[alpha] 0,968654879 3,634512015 26,55555556 

P11309 Pim1 0,808835832 3,627087997 59,11111111 

Q13535 ATR 1,318854713 3,627087997 5,888888889 

Q13131 AMPK[alpha]1 1,171440519 3,578396073 10,77777778 

P05129 PKC[gamma] 1,177257426 3,571865206 12,22222222 

Q15418 RSK3 1,163851085 3,565431096 10 

P16066 ANP[alpha] 1,03010862 3,534617149 22,88888889 

O95819 HGK/ZC1 1,324783645 3,500312917 5,285714286 

P31751 Akt2/PKB[beta] 0,934008829 3,484126156 24,11111111 

Q9UIK4 DAPK2 1,484170011 3,468521083 3 

Q8NI60 ADCK3 1,173536306 3,438898616 8,777777778 

Q9P1W9 Pim2 0,846929813 3,424812155 37,77777778 

O00141 SGK1 1,354429672 3,411168274 3 

O15075 DCAMKL1 1,202951418 3,3495545 3,5 

P41743 PKC[iota] 0,953649545 3,304518324 11,88888889 

Q9HBY8 SGK2 1,137355247 3,294136288 13,77777778 

P68400 CK2[alpha]1 1,087043366 3,280668713 4 

Q15349 RSK1/p90RSK 1,03411878 3,274088368 6 

P23443 p70S6K 0,921611984 3,258060922 17 

Q02156 PKC[epsilon] 0,911089701 3,227678293 18,66666667 

P49137 MAPKAPK2 0,859129979 3,162411562 29,77777778 

P24723 PKC[eta] 1,017573452 3,084072788 13,33333333 

Q16644 MAPKAPK3 0,782153059 3,055517328 33,33333333 

Q86V86 Pim3 0,764201039 3,032452024 56,11111111 

Q9UKE5 TNIK/ZC2 1,241097254 2,907021648 3 

Q14164 IKK[epsilon] 0,974173783 2,887394998 5,777777778 
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P42345 mTOR/FRAP 1,117639876 2,791558644 4,888888889 

O96017 CHK2 0,780030989 2,635261445 21,55555556 

Q9Y6S9 RSKL2 0,885785053 2,533312245 3,5 

Q13153 PAK1 0,620772837 2,48945499 6 

Q9UQM7 CaMK2[alpha] 0,721702046 2,396206296 3 

P45984 JNK2 0,569677017 2,388064375 16 

Q16539 MAPK14 0,740365841 2,323123568 12 

P17252 PKC[alpha] 0,681218845 2,280668713 28,22222222 

Q15759 p38[beta] 0,621057491 2,278684119 5,2 

P51812 RSK2 0,596371472 2,27083521 8 

P06493 CDC2/CDK1 0,636484075 2,232102384 12,77777778 

P17612 PKA[alpha] 0,674270512 2,232102384 50,66666667 

O75116 ROCK2 0,639308186 2,15490196 4,8 

O75582 MSK1 0,62802422 2,139542205 8 

Q9UPZ9 ICK 0,641690517 1,944927618 3 

P51817 PRKX 0,710991456 1,871600731 30,66666667 

Q16566 CaMK4 0,707887703 1,864422147 12,55555556 

Q00535 CDK5 0,512221791 1,811240207 6 

P04049 RAF1 0,641641019 1,773039406 7,222222222 

Q13976 PKG1 0,594562032 1,76025019 42 

O15264 p38[delta] 0,612539299 1,707655306 13,33333333 

Q8IWB6 SgK307 0,684115928 1,666351243 3 

P53779 JNK3 0,505238007 1,601712695 20,22222222 

P45983 JNK1 0,492381529 1,573293594 20,55555556 

Q13237 PKG2 0,612393489 1,552160042 36,33333333 

P49840 GSK3[alpha] 0,512055697 1,550861147 4 

Q9UBS0 p70S6K[beta] 0,610891435 1,504178247 25 

Q16512 PKN1/PRK1 0,609467916 1,370916754 5 

Q15131 CDK10 0,514124218 1,303084719 6 

P50750 CDK9 0,49353533 1,27730028 5,666666667 
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Appendix Table 2 Peptide phosphorylation following sGC stimulation of platelets in vitro. List of 
phosphorylated peptides in shake-activated platelet lysate after preincubating platelets with vehicle or BAY-747 (n=6 
each) by using the PamGene Serine/Threonine Kinase array. Only statistically significant hits (adjusted p<0.05) are 
listed. Effect size values indicate extent and directionality (negative – down-regulation, positive – up-regulation) in 
BAY-747 vs. vehicle treated platelets. Reprinted under the terms of the Creative Commons CC BY license: 
Supplemantary Table 6 from reference (Mauersberger et al., 2022). Data were obtained from Dr. Emiel van der Vorst 
(RWTH Aachen, Germany). 

Peptide ID Assigned protein Peptide sequence Effect size 

NOS3_1171_1183 Nitric oxide synthase, 

endothelial 

SRIRTQSFSLQER 0,414994568 

ERBB2_679_691 Receptor tyrosine-protein 

kinase erbB-2 QQKIRKYTMRRLL 

1,425183296 

H2B1B_ 27_40 Histone H2B type 1-B GKKRKRSRKESYSI 0,960534573 

CENPA_1_14 Histone H3-like centromeric 

protein A MGPRRRSRKPEAPR 

1,391188502 

KPCB_19_31_A2

5S 

Protein kinase C beta type 

RFARKGSLRQKNV 

1,116446376 

ESR1_160_172 Estrogen receptor GGRERLASTNDKG 0,615124702 

VASP_271_283 Vasodilator-stimulated 

phosphoprotein 

LARRRKATQVGEK 0,550091267 

KIF2C_105_118_

S106G 

Kinesin-like protein KIF2C EGLRSRSTRMSTVS 0,801053345 

ANDR_785_797 Androgen receptor VRMRHLSQEFGWL 0,471784443 

MPIP3_208_220 M-phase inducer phosphatase 

3 

RSGLYRSPSMPEN 1,052611828 

PLEK_106_118 Pleckstrin GQKFARKSTRRSI 0,762111664 

RYR1_4317_4329 Ryanodine receptor 1 VRRLRRLTAREAA 0,496296734 

PTN12_32_44 Tyrosine-protein phosphatase 

non-receptor type 12 

FMRLRRLSTKYRT 0,394804806 

FRAP_2443_2455 Serine/threonine-protein 

kinase mTOR 

RTRTDSYSAGQSV 0,415469795 

RAF1_253_265 RAF proto-oncogene 

serine/threonine-protein 

kinase 

QRQRSTSTPNVHM 0,947622299 

ADDB_706_718 Beta-adducin KKKFRTPSFLKKS 0,649356782 

RBL2_655_667 Retinoblastoma-like protein 2 GLGRSITSPTTLY 0,453680128 

CREB1_126_138 Cyclic AMP-responsive 

element-binding protein 1 

EILSRRPSYRKIL 0,21201627 

PTK6_436_448 Protein-tyrosine kinase 6 ALRERLSSFTSYE 0,188092232 

KAPCG_192_206 cAMP-dependent protein 

kinase catalytic subunit gamma 

VKGRTWTLCGTPE

YL 

0,488101482 

GYS2_1_13 Glycogen [starch] synthase, 

liver 

MLRGRSLSVTSLG 0,386413723 

E1A_ADE05_212 Early E1A protein AILRRPTSPVSRE 0,188306496 
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GPR6_349_361 G-protein coupled receptor 6 QSKVPFRSRSPSE 0,426840454 

GSUB_61_73 Protein phosphatase 1 

regulatory subunit 17 

KKPRRKDTPALHI -0,363381147 

KCNA2_442_454 Potassium voltage-gated 

channel subfamily A member 

2 

PDLKKSRSASTIS 0,374373436 

KCNA3_461_473 Potassium voltage-gated 

channel subfamily A member 

3 

EELRKARSNSTLS 0,34637928 

NCF1_296_308 Neutrophil cytosol factor 1 RGAPPRRSSIRNA 0,142123058 

BAD_69_81 Bcl2-associated agonist of cell 

death 

IRSRHSSYPAGTE 0,294188827 

C1R_201_213 Complement C1r 

subcomponent 

ASGYISSLEYPRS 0,284779072 

CFTR_730_742 Cystic fibrosis transmembrane 

conductance regulator 

EPLERRLSLVPDS -0,118124641 

NEK3_158_170 Serine/threonine-protein 

kinase Nek3 

FACTYVGTPYYVP 0,281368822 

PDE5A_95_107 cGMP-specific 3',5'-cyclic 

phosphodiesterase 

GTPTRKISASEFD 0,580832005 

MPIP1_172_184 M-phase inducer phosphatase 

1 

FTQRQNSAPARML 0,251359463 

ANXA1_209_221 Annexin A1 AGERRKGTDVNVF 0,320334285 

NMDZ1_890_902 Glutamate receptor ionotropic, 

NMDA 1 

SFKRRRSSKDTST 0,119470917 

ACM1_444_456 Muscarinic acetylcholine 

receptor M1 

KIPKRPGSVHRTP -0,268279642 

BCKD_45_57 [3-methyl-2-oxobutanoate 

dehydrogenase [lipoamide]] 

kinase, mitochondrial 

ERSKTVTSFYNQS 0,204482242 

ERF_519_531 ETS domain-containing 

transcription factor ERF 

GEAGGPLTPRRVS 0,631763935 
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Appendices  

 

 X 

Posters and talks 

Atherosclerosis – Mechanisms and novel therapeutic targets: International Symposium 2022. Munich, Germany, 

10.10.2022: Contribution of platelet sGC to vascular inflammation in mice. 

90th European Atherosclerosis Society Congress 2022. Milan, Italy, 23.05.2022: Platelet soluble guanylyl 

cyclase deficiency promotes atherosclerosis in mice. 

Deutsche Gesellschaft für Kardiologie, 88. Jahrestagung. Mannheim, Germany, 23.04.2022: Loss of soluble 

guanylyl cyclase in platelets promotes atherosclerotic plaque formation and vascular inflammation. 

9th Cardiac Regeneration & Vascular Biology Conference. San Servolo, Italy, 18.10.2021: Loss of soluble 

guanylyl cyclase in platelets promotes atherosclerotic plaque formation and vascular inflammation. 

Munich Heart Alliance Summer Meeting 2021. Online, 19.07.2021: Loss of soluble guanylyl cyclase in 

platelets contributes to atherosclerotic plaque formation and vascular inflammation. 


