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1. Abstract 
Marfan Syndrome (MFS) is a genetic disorder caused by a mutation in the fibrillin 1 (Fbn1) 

gene leading to various phenotypical alterations, like long bone overgrowth and ocular lens 

dislocation. Aortic root aneurysm formation is the major cause of death due to subsequent 

dissection or rupture. Current treatment options include betablockers and Losartan, which do 

not show sufficient attenuation of aneurysm formation, leaving open heart aortic root 

replacement surgery as only therapy. Myeloperoxidase (MPO), a protein abundant 

predominantly in neutrophils, has been found to play a role in the pathomechanism of aortic 

wall degeneration and subsequent aneurysm formation. Using in vivo murine disease models, 

MPO has been elucidated to not only activate but alter endothelial cells (EC) as well as to 

increase inflammatory responses. In MPO deficient MFS mice a lower intercellular adhesion 

molecule 1 (ICAM-1) expression on ascending aortic EC has been observed using 

immunofluorescence staining, as well as less leukocyte rolling, adhesion, and infiltration in 

peripheral vessels as demonstrated by intravital microscopy. In addition, inflammatory 

pathways have been found to be upregulated in MFS EC, as shown by scRNAseq. Further a 

cluster of ECs resembling lymphatic ECs strengthens the hypothesis that inflammatory 

processes play a major role in MFS pathogenesis. MPO appears to be a driving factor of 

inflammation in MFS aneurysm formation and therefore may be of therapeutic interest. 

 

1.1 Zusammenfassung in deutscher Sprache 
Das Marfan Syndrom ist eine autosomal-dominant vererbte Mutation im Fibrillin-1-Gen, die zu 

unterschiedlichen phänotypischen Ausprägungen führt. Aortenwurzelaneurysmen mit 

nachfolgender Dissektion oder Ruptur stellen die Haupttodesursache und das 

lebenszeitverkürzende Problem dar. Aktuelle medikamentöse Therapieoptionen mit ß-

Blockern und Losartan vermindern zwar das Aneurysmawachstum, jedoch bleibt die 

Aortenwurzelersatzoperation die einzig kurative Therapie.  

Myeloperoxidase, ein Protein, dass vorrangig in neutrophilen Granulozyten vorkommt, wird in 

verschiedenen Pathomechanismen kardiovaskulärer Erkrankungen, wie z.B. der 

Degeneration der Aortenwand, diskutiert. Mit Hilfe von in vivo Mausmodellen kann gezeigt 

werden, dass MPO einen Einfluss auf die Endothelzellen hat, der sich in deren 

Aktivierungszustand und ihrer Genexpression widerspiegelt. MPO-defiziente MFS Mäuse 

zeigen eine geringere ICAM-1 Expression in der aufsteigenden Aorta, sowie eine geringere 

Leukozytendiapedese in peripheren Arterien, wie intravitalmikroskopisch gezeigt werden 

kann. Dies beweist eine geminderte Immunantwort in MPO-defizienten MFS Mäusen. In einer 

single-cell RNA sequencing Analyse konnte gezeigt werden, dass inflammatorische 

Signalwege in MFS Endothelzellen im Vergleich zu Wildtypzellen hochreguliert sind, was 
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darauf hindeutet, dass aktivierte Endothelzellen und Entzündungsreaktionen zum 

Aneurysmawachstum beitragen. Es waren zwei Untergruppen der Endothelzellen zu 

identifizieren, einer ähnelt in seinem Expressionsmuster den lymphatischen Endothelzellen, 

was weiter auf inflammatorische Prozesse hinweist.  
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2. Introduction  

2.1 Cardiovascular Disease 

Cardiovascular disease (CVD) is the leading cause of death, accounting for 32% of all deaths 

worldwide, e.g. in both low- and high-income countries.1,2 It has been causing an increase of 

the number of years of life lost (YLL), as well as the disability-adjusted life years (DALY), 

contributing to rising disability and healthcare costs for decades.2 CVD includes a range of 

diseases affecting the heart and blood vessels, such as hypertension and coronary heart 

disease.3  

2.1.1.  Aortic aneurysm 

Aortic aneurysms account for 1-2% of all deaths in industrialized countries.4 Defects in the 

extracellular matrix (ECM), mainly in the medial layer of the vessel wall, cause enlargement of 

arteries, defined and categorized by their diameter.4,5 The definition of aneurysms requires a 

50% increase of normal diameter in relation to body size and age.6 Enlarged arteries are 

predisposed to dissection or rupture, resulting in a 50% sudden death rate.7 While abdominal 

aortic aneurysms (AAA) are associated with degeneration such as age or atherosclerosis,  

thoracic aortic aneurysms (TAA) are strongly associated with genetic disorders.4,8 TAA are 

further characterized by their exact localization such as root, ascending aorta, and aortic arch.9 

TAA usually remains asymptomatic until its complications cause symptoms.10 Aortic 

aneurysms are associated with increased matrix metalloproteinases (MMP) production leading 

to wall remodeling and immune cell recruitment.11 An additional major component in the 

pathogenesis of TAA is the vascular smooth muscle cell (VSMC) phenotypic switch from 

contractile to synthetic.12 Under physiological conditions, VSMC regulate vascular tone and 

diameter through contraction and dilatation, while synthetic VSMC show increased proliferation 

and migration and less proteins involved in contraction.13 

2.2 Marfan Syndrome 

2.2.1 Genetics and clinical presentation 

Marfan Syndrome is the most common inherited connective tissue disorder with a prevalence 

of 1 in 5000 individuals.14  The disease is predominantly inherited as an autosomal dominant 

trait and therefore has no gender specificity, yet 30% of MFS patients develop it as a result of 

a de novo mutation.15 Typical clinical manifestations of MFS include aortic root dilatation, 

skeletal long bone overgrowth, scoliosis and ocular lens dislocation, the main cause of death 

being TAA and subsequent aortic dissection or rupture.16 MFS is caused by several different 
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mutations, primarily found in the Fbn1 gene on chromosome 15q21.1, encoding the ECM 

protein fibrillin-1.17 Fbn1 is a 350 kDa cysteine-rich glycoprotein primarily responsible for 

structuring the extracellular microfibrils and elastic fibers, which both play an important role in 

the stability of vessels.18,19,20 

2.2.2 Pathophysiology 
Aortic dysfunction in MFS is manifested primarily in the media of the aortic wall by elastic matrix 

abnormalities, elastin loss and VSMC alterations.21,22 Several causes leading to elastin fiber 

fragmentation are known. Besides the previously described mutation in the Fbn1 gene, there 

is evidence that the transforming growth factor-b (TGF-b) is altered in its activation and 

bioavailability by the extracellular matrix. Both canonical (SMAD-dependent) and non-

canonical (ERK, JNK, and MAPK-dependent) TGF-b signaling pathways promote TAA 

formation.23,24,25 Extracellular-signal related kinase 1/2 (ERK1/2) inhibition has been shown to 

reduce aneurysm growth in murine MFS.26 Smads are transcriptional factors that are the main 

signal transducers of the TGF-b-signaling pathway, ultimately leading to expression regulation 

of genes such as MMP and plasminogen activator inhibitor 1 (PAI-1).27 A correlation between 

elastin strand breaks and a higher level of matrix metalloproteinases (MMP) has been 

observed in MFS.28,29 Elevated levels of nitric oxide (NO), mediated by soluble guanlylate 

cyclase protein kinase cGMP-dependent (sGC-PRKG) signaling, lead to aortic wall 

degeneration.30 Accumulation of reactive oxygen species (ROS), such as NO and hydrogen 

peroxide (H2O2), lead to oxidative stress and subsequent vascular damage.31 Due to 

downregulated Akt/eNOS-induced NO production, endothelium-dependent relaxation in MFS 

appears to be impaired, resulting in increased vascular tone.32 Increased levels of ROS in 

affected aortic segments have been explained by an increased NAPDH activity and 

angiotensin II.33  



12 
 

 
Figure 1 Non-canonical and canonical TGF-b-signaling pathways34 

(1) Immune response 

Accumulating evidence suggests that inflammation occurs early on in the disease and 

correlates with the severity of aortic root dilatation.35 Elevated numbers of CD4+ T-helper cells 

in the media and CD8+ T cells in the adventitia,36 B-lymphocytes and macrophages in the 

media of TAA have been found in patients with MFS.37 Macrophage chemotaxis is stimulated 

by recombinant FBN-1 fragments and aortic extracts in both mice and humans, suggesting 

that leukocyte infiltration may account for disease progression in MFS.38,39 The role of the 

immune system in the pathogenesis of MFS pathogenesis is largely unknown. 

(2) Myeloperoxidase 

Myeloperoxidase (MPO) is a proinflammatory heme peroxidase stored mainly in neutrophil 

granulocytes, accounting for 5% of their dry mass, and to a lesser extent in monocytes.40 MPO 

is involved both in host defense as well as in the pathogenesis of inflammatory vascular 

diseases such as atherosclerosis.41 Host defense is mediated by various mechanisms. MPO 

enables the transcytosis of neutrophils through the endothelium into the extravascular space, 

mainly through electrostatic forces due to its cationic charge.42 In the subendothelial space 

MPO colocalizes with fibronectin, a protein of the extracellular matrix. Together with 

nitrotyrosine it alters the quaternary structure of the ECM-molecule leading to ECM alterations 

that contribute to tissue damage.43,44 The reactions of MPO can be roughly divided into two 

reaction cycles involving two catalytic compounds. In the halogenation cycle, Compound I 

reacts with chloride and hydrogen peroxide (H2O2) to form hypochlorous acid (HOCl), leading 

to further chlorination and oxidation processes important for neutrophil microbicidal activity. 
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During the peroxidase cycle Compound I is reduced to Compound II by losing an electron 

during oxidation of organic substrates. It generates reactive molecules such as tyrosyl radicals 

and highly reactive nitrogen dioxide, leading to nitration of protein residues, lipid peroxidation, 

and the formation of nitrotyrosine, a marker of oxidative stress and inflammatory tissue. 45,46 

MPO has been associated with several cardiovascular diseases. By lowering the NO 

availability through reduced activity of the endothelial NO synthase, MPO enhances 

endothelial dysfunction.47 It has been shown to promote TAA formation in a murine MFS model 

by affecting ROS production in the aortic wall, activating matrix degrading enzymes and 

inducing VSMC apoptosis and elastin defragmentation.48,33 Serum MPO levels have been 

shown to correlate with endothelial dysfunction and mortality in cardiovascular disease in 

humans.49,50 Further, MPO is associated with abdominal aortic aneurysm as well as intracranial 

aneurysms.51,52 MPO inhibition appears to attenuate inflammation and tissue degeneration, 

making it a promising therapeutic target.53 The vast majority of MPO-deficient patients show 

no clinical symptoms except a decreased ability to combat fungal infections.54 

2.3 Treatment 

Treatment of MFS can be divided into surgical and non-invasive therapies. Medical therapies 

consist of b1-receptor blockers55 or the angiotensin-II-receptor antagonist (ARB) Losartan. 

Losartan attenuates TGF-b-related pathways and reduces TAA growth in MFS patients to the 

same extent as b1-receptor blockers.56,24 It also lowers systemic blood pressure, which is 

beneficial in patients with aortic aneurysms.24 While these medical options are slowing the 

growth of TAA, the only treatment preventing premature death is surgical repair.57 
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2.4 Endothelial cells 

Endothelial cells (EC) line the vasculature and are connected by adherens and tight junctions.58 

EC serve as the communication layer between blood flow and vessel media.59 They obtain 

various functions for vessel function and homeostasis. EC are driving immune cell 

extravasation by expression of adhesion molecules, chemoattractants and other cell surface 

interleukins and proteins, like e.g. intercellular adhesion molecule 1 (ICAM-1) and vascular cell 

adhesion protein 1 (VCAM-1).60,61 Further, they are able to directly influence vascular tone of 

VSMC by endothelial NO synthase (eNOS).59,62  

2.4.1 Endothelial cells in aortic aneurysm 

While the role of VSMC in aneurysm formation is largely understood, the role of EC remains 

to be unraveled further. Blood flow turbulences cause endothelial alterations, leading to 

apoptosis, proliferation, increased permeability and immune cell infiltration and adhesion.59,62 

Dysregulated eNOS leads to an increase of ROS and oxidative stress in the media and 

subsequently helps aneurysm formation.59 Endothelial-to-mesenchymal transition (EndMT) is 

driven by TGF-b signaling, oxidative stress and inflammatory cytokines. EndMT describes the 

shift in the expression pattern of EC, leading to a phenotypic expression of SMC markers and 

subsequent increasing permeability of endothelium.11 Furthermore, the loss of tight junctions 

appears to play a role in TAA formation.63 

2.4.2 Lymphatic endothelial cells 

Lymphatic ECs are amongst the first cells in contact with inflammatory molecules and are 

important in controlling communication with immune cells, being able to alter the immune 

response by expression of cytokines, adhesion molecules and regulation of transport 

functions.64 They synthesize CC-chemokine ligand 21(CCL21), a chemoattractant, pro-

inflammatory chemokines, and growth factors.65 

2.5 Question and aim of work 

Considering the above facts, especially the lack of a sufficiently effective causal treatment for 

MFS patients regarding TAA formation and thus the increased risk of aortic dissection, this 

project attempts to find a possible drug target to inhibit TAA formation and growth. Considering 

the inflammatory immune response and the consecutive alteration of the ECM in the aorta, 

MPO is thought to be a driving factor and thus to be investigated further. Therefore, this project 

seeks to elucidate the role of MPO in the progression of MFS aneurysms, with a focus on 
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endothelial alterations and immune response. The hypothesis is that MPO drives the 

inflammatory response in MFS, thereby promoting TAA growth. 

 

 
Figure 2 MPO affecting aneurysm formation hypothesis 

Binding of leukocytes to endothelium bound adhesion molecules leads to MPO release into 

the aortic wall. MPO leads to production of ROS and intensifies the inflammatory response 

resulting in increased adhesion molecule production, and thereby increased leukocyte 

diapedesis. Endothelial cells are activated and altered. The activation of MMPs, and the TGF-

b signaling pathway leads to the destruction of ECM. 
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3. Material and Methods  

3.1 Material 

3.1.1 Mouse model 

Heterozygous Fbn1C1041G/+ (MFS) mice with a missense mutation in the Fbn1 gene (glycine for 

cysteine substitution at position 1041) on C57BL/6J background were purchased from Jackson 

Laboratory (#:012885) and were crossed with MPO-deficient mice (MPO-/-) in the animal facility 

of the University of Cologne to obtain MPO-deficient MFS mice (MFSxMPO-/-). Wild type (WT) 

and MPO-deficient littermates were analyzed as controls. Animals were maintained according 

to institutional guidelines, and all experiments approved by the local Animal Care and Use 

Committees (Ministry for Environment, Agriculture, Conservation and Consumer Protection of 

the State of North Rhine-Westphalia: State Agency for Nature, Environment and Consumer 

Protection (LANUV), NRW, Germany, AZ: 84-02.04.2019.A033) and conformed to the 

guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals 

used for scientific purposes. Male mice were sacrificed at 12 weeks for tissue dissection and 

further processing. Therefore, mice were deeply anaesthetized by isoflurane inhalation 

(Isofluran-Piramal®, Piramal Critical Care, Voorschoten, The Netherlands; 5% vol/vol for 

induction and 2% vol/vol for maintenance of anaesthesia) and subcutaneous injection of 

buprenorphine (TEMGESIC®, Indivior Europe Limited, Dublin, Ireland; 0.1 mg per kg body 

weight). Pedal reflex testing was used to confirm adequate anesthesia and mice were 

euthanized by cardiac exsanguination. 

3.1.2 Antibodies 

Antibody    Species  Dilution  Product information 
Anti-Ly6G    rat   1:200   Abcam, AlexaFluor 594, 

            ab307167 

Anti-ICAM-1   hamster  1:200   Invitrogen, MA5405 

Anti-vWF   mouse  1:100   Dako, A0082  

Anti-MPO    rabbit   1:200   Calbiochem, 475915  

Anti-Nitrotyrosine   goat   1:300   LSBioSciences, LS-C124272 

Anti-Fibronectin   mouse  1:50   Sigma Aldrich, f0791 

DAPI        1:1000  Thermo Fischer, D1306 

Anti-GAPDH   rabbit   1:10000  Cell Signaling, 2118  

Anti-pERK 1/2   rabbit   1:1000  Cell Signaling, 9101  

Anti-ERK 1/2   rabbit   1:1000  Abcam, 209321 



17 
 

Anti-NOX2    rabbit   1:1000  Abcam, 129068  

Anti-NOS2    rabbit   1:1000  Abcam, ab15323 

Anti-pSMAD2   rabbit   1:1000  Cell Signaling, 18338  

Anti-SMAD2/3   rabbit   1:1000  Abcam, ab71109 

Anti-TGF-ß receptor 1  rabbit   1:200   Santa Cruz, sc-399 

Anti-TGF-ß receptor 2  rabbit   1:1000  Abcam, ab186838  

Anti-Cleaved caspase 3 rabbit   1:1000  Cell Signaling, 9661 

 

Secondary Antibody   Species  Dilution  Product Information 
Anti-rat Alexa 594  rat   1:50   Invitrogen, a11007 

Anti-Hamster Cy3  goat   1:200   Dianova, 127-165-099 

Anti-Mouse Alexa Fluor 488 chicken  1:500   Invitrogen, A21200 

Anti-rabbit Alexa Fluor 488 goat   1:500   Abcam, ab150077 

Anti-rabbit, HRP   goat   1:10000  Invitrogen, 31460 

 

Isotype Controls        Product information 
Rat IgG isotype         Invitrogen 31933 

Armenian Hamster IgG isotype      Invitrogen, 14-4888-8 

Goat IgG isotype         Invitrogen, 02-6202 

 

3.1.3 Consumables 
Product     Manufacturer     Article number 
Sterile pipette tips:  

0,5-20µl       Biosphere                                             70.1116.210 

20 µl       SurPhob                                   VT0220 

2-100 µl      Biosphere                                             70.760.212 

2-200 µl     Biosphere                                             70.760.21 

1250 µl     SurPhob                                   VT0270 

Serological pipettes: 

5 ml                  Greiner Bio-One, Kremsmünster            606 180 

10 ml      Greiner Bio-One, Kremsmünster            607 180 

25 ml      Greiner Bio-One, Kremsmünster             760 180 

50 ml      Greiner Bio-One, Kremsmünster             760 180 

Cuvette      Sarstedt, Nümbrecht               67.742 

Scalpel                Feather Safety Razor                 02.001.30.015cv 

Reaction vials:  
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1,5 ml     Sarstedt, Nümbrecht              72.706.400 

2 ml      Sarstedt, Nümbrecht             72.659.400 

5 ml      Eppendorf, Hamburg             EP0030122321 

12-Well Plate    Sarstedt, Nümbrecht             83.3921 

Gloves     Remesco, Wien                                      D1502-17            

Falcons: 

15 ml      Greiner Bio-One, Kremsmünster  188 271-N 

50 ml                            Greiner Bio-One, Kremsmünster            27/261 

Filter 22 µm         Sartorius, Göttingen            17846-ACK 

Chamber slide    Thermo-Fisher, Waltham           143361 

Cover glass                             Th. Geyer, Renningen                             7695031 

Filter paper         Carl Roth, Karlsruhe    CL75.1  

Syringe 1ml    BD, Madrid      303172 

Syringe 50ml           Braun, Melsungen    4617509F 

Cannula     BD, Madrid      304434 

Blades for Cryotom   EMS, Hatfield     71960 

Destruction bag    Sarstedt, Nümbrecht    86.1197 

Cryovials          VWR, Radnor     479-1375 

Precellys 0,5ml                      Bertin, Rockville, US                             P000933- 

         LYSK0-A 

Protein Gels     BioRad Laboratories Germany  4561034 
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3.1.4 Devices 

Product     Manufacturer     Article number 
pH-measuring    Mettler Toledo, Columbus   30266626 

Thermomixer    Eppendorf, Hamburg    5382000015 

Centrifuge Eppendorf 5810R  Eppendorf, Hamburg    5811000015 

Plate Reader    Thermo Fischer, Waltham   11590685 

Homogenizator    Bertin Instruments, Montigny-le.  P000669PR240A

     Bretonneux, France 

Cell Counter    BioRad, Hercules    1450102 

NanoDrop     Thermo Fischer, Waltham   ND-ONE- 

Digital microscope   Keyence, Osaka, Japan   BZ-X810 

Trans-Blot Turbo    BioRad, Hercules, USA   690BR031130 

Fusion FX, Western Blot Imager Vilber, Collégien, France   12200866 

Nitrogen Tank    Harsco, Husum     CFE-160/280 

Intravital microscope   Leica Microsystems, Germany  DM6 FS 

      

3.1.5 Chemicals 

Product     Manufacturer     Article number 
TRIS Base     Carl Roth, Karlsruhe    AE15.2 

Tween 20     Sigma-Aldrich, St. Louis   P7949 

Triton X-100    Thermo Fischer, Waltham   85111 

PBS tablets    Thermo Fischer, Waltham   18912-012 

PBS sterile     Thermo Fischer, Waltham   10010-023 

Running buffer    Novex      LC2675 

Transfer buffer    BioRad, Hercules    10026938 

NaCl 0,9%     Fresenius Kabi, Bad Homburg  B240423 

BSA      Carl Roth, Karlsruhe    8076.3 

Femto     Thermo-Fisher, Waltham   34096 

ECL       GE Healthcare, Chicago   RPN2106 

Glycin          PanReac, Schaffhausen    A1067,1000 

EDTA 0,5 M pH 8          PanReac, Schaffhausen   A4892,0500 

SDS  20%          PanReac, Schaffhausen   A0675,0500 

IGEPAL            Sigma-Aldrich, St. Louis   CA-630 

Acetone           Chem Solute, Roskilde    2654.2500 

Ethanol absolut          Chem Solute, Roskilde                     2246.1000 
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Ethanol 70%          Otto Fischar, Saarbrücken           707 1074 

Hydrochloric acid 37%                    Carl Roth, Karsruhe                         9277.1 

Isoflurane           Priamal, Voorschoten                  09714675 

Tissue-Tek           Sakura, Alphen aan den Rijn                   4583 

Trizol           Quiagen, Hilden                     79306 

Protease-Inhibitor         Roche, Basel     04693159001 

Phospho Stop          Roche, Basel                  4906845001 

Dithiothreitol (DTT)                 Sigma-Aldrich, St. Louis                       43816 

Nitrocellulose membranes          Cytiva, Marlborough, USA                   10600001 

Ampuwa                      Fresenius Kabi, Bad Homburg                1088811   

Ponceau-S     Sigma-Aldrich, St. Louis   P7170 

Fluorescence Mounting medium  Dako       S3023 

Vascular Cell Basal Medium  ATCC, Virgina     PCS-100-030 

VSMC Growth Kit   ATCC, Virgina     PCS-100-042 

Human AoSMC    Bioscience, Lonza    CC-2571 

Prestained protein marker  Thermo Scientific     PL00001 

Calibration solutions 

pH 10,01     Hanna Instruments          HI70010P 

pH 7,01      Hanna Instruments            HI70007P  

pH 4,01      Hanna Instruments            HI70004P 

 

3.1.6 Kits 

Product     Manufacturer     Article number 
Pierce BCA-Protein-Assay Kit        Thermo-Fisher, Waltham, USA      23225 

SuperSignal™ West Femto    

Maximum Sensitivity Substrat        Thermo-Fisher, Waltham USA  34094 

Amersham™ ECL™ Western  

Blotting Detection Reagents            GE Healthcare, Little Chalfont, UK        RPN2106 

TrueVIEW® Autofluorescence 

Quenching Kit                                  Vector, Burlingame, USA                    SP-8400       

 

3.1.7 Buffer 

 RIPA Buffer 

Tris-HCl 50mM 
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NaCl 150mM 

Igepal 1% 

Na-Desoxychalat 0,5% 

SDS 0,1% 

EDTA 1mM 

Glycerol 10% 

pH 7,5 

Table 1 RIPA buffer for protein isolation of aortic tissue 

 Per 15ml RIPA-buffer 1 phosphatase and protease inhibitor-pill by Roche was added. 

 

 10x TBS 10x TBS-T 

Tris Base 0,5M 0,5M 

NaCl 1,5M 1,5M 

Tween 20 - 0,1% 

pH 7,5 7,5 

Table 2 TBS and TBST buffer for Western Blot Analysis 

 

 4x Lämmli 

Tris Base 126mM 

Glycerol 40% 

SDS 8% 

Bromophenol Blau 0,04% 

pH 6,8 

Table 3 4x Lämmli buffer for Western Blot Analysis 

To produce 4x Lämmli + DTT, DTT was mixed with 4x Lämmli 1:9. 
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3.2 Methods 

3.2.1 Immunofluorescence (IF) 

(1)  Aortic Tissue 

For histological preparation, mouse ascending aorta specimens were embedded in Tissue 

Tec, cryopreserved and stored at -80°C. Frozen 8 µm thick sections of the aortas were air 

dried at room temperature for 10 minutes before fixation in cold acetone for 10 minutes. 

Permeabilization was performed with 0.1% Triton-X-100 diluted in phosphate-buffered saline 

(PBS) for an additional 10 minutes before blocking specimens with blocking solution (3% 

bovine serum albumin (BSA) and 10% fetal calf serum in 1x PBS) for one hour at room 

temperature. Primary antibody diluted in blocking solution was incubated overnight at 4°C in a 

dark, humidified chamber. After several rinses in 0.02% Tween-20 in 1x PBS and pure 1x PBS 

alone, the tissues were incubated with the corresponding specific secondary fluorescent 

antibody diluted in blocking solution for one hour at room temperature and rinsed again. To 

obtain a better and more specific signal, samples were treated with Vector TrueVIEW reagents 

to quench autofluorescence signals, especially for staining with a fluorescence signal at 

488nm, since elastic fibers emit an autofluorescence signal at this wavelength. For cell nuclei 

staining DAPI was used at 1/1000 dilution in PBS and incubated for 10 minutes at room 

temperature in a dark humidified chamber and rinsed again. Specimens were mounted using 

the Fluorescence Mounting medium and cooled for at least four hours before visualization. The 

specificity of the immunofluorescence staining was verified by the substitution of the specific 

primary antibody with the isotype IgG control as a negative control. 

Images were visualized and captured using a Keyence BZ-X800 microscope (Keyence, 

Osaka, Japan) at 10x magnification for a view of the entire aortic section as well as at 40x 

magnification for detailed analysis. Sections were quantified using the Keyence BZ-II analyzer 

software or Fiji/ImageJ. 

(2)  ICAM-1 

The Anti-ICAM-1 monoclonal antibody was used at a dilution of 1/200. For the negative control 

an Armenian Hamster IgG isotype control was processed in the same manner as the anti-

ICAM-1 antibody. Goat IgG anti-Armenian Hamster Cy3 was used as the secondary 

fluorescent antibody at 1/200 dilution. An anti van-Willebrandt-Factor (vWF) antibody was used 

at 1/100 dilution as a localization reference, as it is considered an EC marker.66  
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Quantitative analysis was performed using Fiji/ImageJ.67 Therefore, the IgG isotype negative 

controls were used to set the threshold for the validated specific signal and to exclude non-

specific background noise. The positive signal of ICAM-1 was set in relation to the total 

endothelial area and compared between the four groups of mice. 

(3)  MPO, Ly6G 

To demonstrate immune cell infiltration in the ascending aortic wall, sections were co-stained 

with an anti MPO antibody and a Ly6G antibody both diluted at 1/200 in 1x PBS. Isotype 

controls were treated equally. Images were used for representative purposes only and were 

not quantified.  

3.2.2 Intravital Microscopy 

Intravital microscopy was performed in collaboration with the AG Gerdes, Düsseldorf, 

Germany. Male, 10-14-week-old mice were anesthetized and injected with 100 mg/kg BW 

ketamine and 10 mg/kg BW xylazine i.p. for analgesia and placed on heating plate to avoid 

temperature drop. 100µl 0,1% Rhodamine 6G was injected via the tail to mark circulating 

leukocytes. After shaving of the scrotum, the cremaster muscle was detached from the external 

spermatic fasci and the exterior surface cleared from the connective tissue and pinned to a 

silicon board. The ventral side of the cremaster was incised from distal to proximal by 

thermocautery. For imaging, the pinned muscle was kept moist with 37°C warmed 0,9% 

sodium chloride. 60-second sequences of selected arterial vessels ranging in size between 

30µm to 50µm were acquired on 5 different areas of the cremaster muscle. Intravital imaging 

was performed with a Leica DM6 FS microscope equipped with a DFC9000 GTC camera and 

a 25x saline-immersion objective. Image sequences were acquired with the LasX software 

(Leica) and analysis of leucocyte-endothelial cell interaction was performed with Fiji 

TrackMatev6.0.168 (Fiji/ImageJ). 

3.2.3 Western Blot 

(1) Homogenization 

For protein isolation, ascending aortic specimens were mechanically lysed in RIPA Lysis Buffer 

and placed in homogenizator three times for 20 seconds each. They were then placed on ice 

for a 30 minute incubation before centrifugation for another 30 minutes at 4°C and 14.000g. 

(2) Protein Assay 



24 
 

To determine the protein concentration, 10 µL of homogenized samples were prepared using 

the Pierce™ Bicinchonic acid (BCA) Protein Assay Kit according to instructions and placed 

into a plate reader. 

(3)  Gel electrophoresis  

6µg of ascending aortic specimens, according to protein assay, were filled up to 30 µl with 

sterile distilled water and 10 µl 4x Laemmli buffer with Dithiothreitol (DTT). Samples were 

heated at 95°C for 10 minutes in a ThermoMixer, set back on ice and pipetted into gel. A 

prestained protein marker was added into one chamber of the gel for size reference. Running 

buffer was filled into the electrophoresis chambers. For alignment of samples, the 

electrophoresis was started at 60 Volt for 15 minutes, and then continued at 100 Volt.  

(4)  Blot 

For transferal of the proteins onto a cellulose membrane, filter papers and membranes were 

soaked in SDS Transfer Buffer. Gel was transferred onto stack of two filter papers and the 

membrane and topped with another filter paper. To prevent bubbles, the stack was carefully 

pressed and rolled out. The Blot chamber was placed into TransBlot® Turbo™ Transfer 

System and run for 45 minutes at 2,5 mA, 10 V. For proof of a successful transferal the 

membrane was stained with Ponceau for two minutes and then rinsed with tris-buffered saline 

with 0.01% Tween20 (TBS-T).  

(5)  Antibody preparation and Evaluation 

Membranes were blocked in blocking solution (5 % BSA in TBS-T) for one hour and incubated 

with primary antibodies diluted in blocking solution over night at 4°C at 1/1000 dilution. 

Samples were washed three times, ten minutes each, in TBS-T and then incubated with the 

secondary antibody at 1/10.000 dilution in blocking solution for one hour followed by another 

30 minutes of washing. Samples were incubated with enhanced chemiluminescence (ECL) 

substrates for 30 seconds before visualization. For image capture, the Fusion FX (Peqlab) was 

used. Quantification was performed with Fiji/ImageJ. All results have been standardized with 

GAPDH as a reference protein. 

(6)  Stripping 

For stripping the cellulose membranes of the antibodies, they were firstly washed with destillled 

water for 5 minutes and then incubated with 0.2 M NaOH for 3 minutes. Subsequently samples 

were washed with distilled water and TBS-T for five minutes each. 
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3.2.4 In-silico single-cell RNA sequencing 

(1)  NCBI SRA accession 

To investigate changes in the expression profile of EC populations between WT and MFS mice 

we examined data sets of murine aortic tissue from both WT and MFS obtained by Pedroza et 

al.69 They sacrificed mice at 4 and 24 weeks of age for aortic tissue digestion, followed by 

single-cell RNA sequencing (scRNAseq) at the Stanford Genome Sequencing Service Center. 

Samples were targeted at 5000 cells for sequencing and processed on a 10X Genomics 

microfluidics chip to generate barcoded gel bead-in emulsions (GEM). scRNAseq was 

performed on an Ilumina HiSeq 4000. The datasets are available on the Sequence Read 

Archive (SRA) of the National Center for Biotechnology (NCBI) under the accession number 

GSE153534.  

(2)  Raw FASTQ file processing 

Paired-end FASTQ files were uploaded to the Galaxy Human Cell Atlas server, 70 read errors 

were corrected and cell barcodes demultiplexed using MM3 RNA STARSolo. The reference 

library for mouse (Ch39/mm39) was used to map the raw aortic single-cell transcriptome reads 

using the STAR spliced read alignment algorithm.71 Then, error correction and deduplication 

of unique molecular identifiers was performed, and the per-cell gene expression was quantified 

by counting the number of reads per gene.70 

(3)  Clustering Analysis and Integrated Pathway Analysis 

Further processing of the data sets was performed in R-Studio using Seurat.72 Seurat was 

used for a quality control analysis and single cell transcriptome clustering and visualization in 

a Uniform Manifold Approximation and Projection Space (UMAP) of the output files obtained 

by STARSolo.72 Cells with less than 500 or more than 15000 transcripts were excluded from 

the analysis. Using the Seurat FindIntegrationAnchor function the single-cell data was merged. 

With the help of Principal Component Analysis for dimensionality reduction, cells were 

clustered and cluster resolution was set to 0.8 in the FindCluster function in Seurat. We 

identified marker genes for cluster calling, and then performed differential gene expression 

analysis.73 Up- and downregulated genes above a p-value of 0.05 and a log-fold-change 

between 0.5 and -0.5 were excluded to increase significance. Integrated pathway analysis was 

performed with ClueGO.74 



  

3.2.5 Cell Culture 

To investigate the effect of MPO and its derivatives in vitro on smooth muscle cells and the 

ECM, human aortic smooth muscle cells (HAoSMC) were cultured in Vascular Cell Basal 

Medium and Vascular Smooth Muscle Cell Growth Kit and ECM was isolated. 

For culturing, cells were transferred to cell culture flasks and covered with pre-warmed medium 

and kept in the incubator at 37°C. Medium was changed every two days, and cell density was 

checked daily. Passaging was performed by adding 0,5% trypsine twice, which was aspirated 

after wetting the entire cell layer. After two minutes in the incubator, medium was added to the 

monolayer, gently resuspended and cell-fluid-mixture was centrifuged in falcons at 1000rpm 

for three minutes. The medium was gently aspirated and cell pellet was resuspended with fresh 

medium and then transferred to the incubator in new culture flasks.  

When a density of 70% or more was reached, the cells were passaged and transferred to 

gelantine-coated chamber. For coating, 0.1% gelantine was applied to chamber slides and 

incubated for two hours, aspirated and slides were allowed to dry for 15 minutes. Chamber 

slides containing cells were stored in pure VSMC medium without serum for 12 hours to 

prevent albumin-MPO-interference. ECM isolation was performed in half of the chambers. 

Therefore, they were washed twice with PBS without calcium or magnesium, before incubation 

with 0,5% sodium deoxychalate (DOC) for two ten minute periods at room temperature with 

intermittent rocking. The chamber slides were then washed five times with PBS to remove all 

cells. All chamber slides, containing either isolated ECM or untreated HAoSMC were divided 

into different conditions according to the following table (Table 4). Reagents were diluted to 

the desired concentrations (Table 4), while HOCl was freshly prepared due to its volatile 

nature. To prevent reaction between MPO and H2O2, MPO was applied to the chambers five 

minutes before H2O2. A total of 0.2mL was applied to all chambers. The chamber slides were 

incubated at 37°C for two hours. Prior to two washes with PBS, isolated ECM chambers were 

fixed with 4% PFA for ten minutes at room temperature. All chamber slides were stored in PBS 

at 4°C overnight before immunofluorescence staining for fibronectin, nitrotyrosine, and DAPI 

to illustrate the effect and accumulation of nitrotyrosine as a downstream product of MPO and 

its effect on the ECM scaffold.



  

 

Control 10µg MPO / 40µM H2O2 20µg MPO / 80µM H2O2  40µg MPO / 160µM H2O2 

40µM HOCl 80µM HOCl 10µg MPO  40µM H2O2  
 

Table 4 Treatment conditions for HAoSMC and isolated ECM chamber slides 

 

3.3 Statistical analysis 

All data is presented as ± standard error of the mean (SEM). Brown-Forsythe test was utilized to 

test for normal distribution and variance equality. Ordinary one-way analysis of variance (ANOVA) 
with post-hoc Tukey´s test was performed to evaluate differences between groups and normal 

distribution and equal variance. For comparison of two groups the unpaired t-test was used. A p-
value below 0.05 was considered statistically significant. All statistical analyses were performed 
using GraphPad Prism 8.4.0 (GraphPad Software, San Diego, CA, USA, www.graphpad.com). 
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4. Results 

4.1.   Endothelium cell alteration 

To evaluate the role of endothelial cells in the disease progression and their alterations in MFS 

I performed in silico analysis of previously published aortic single cell transcriptomes from WT 

and MFS mice at the age of 24 months. We identified two endothelial cell clusters expressing 

the hallmark genes Pecam 1, Cldn5 and Ctla2a (Figure 3B). In EC cluster 1, typical EC-related 

genes such as endothelial cell-selective adhesion molecule (Esam) and tyrosine kinase wit 

immunoglobulin like and EGF like domains 1 (Tie1) were predominantly expressed. Esam 

encodes for a cell adhesion molecule of vascular endothelial cells responsible for 

angiogenesis, permeability and leukocyte transmigration.75,76,77 Tie1 is an angiopoetin receptor 

that regulates angiogenesis and EC survival, triggered by inflammatory processes.78,79 EC 

cluster 2 was smaller and characterized by Nts2, Ccl21a, Fabp4, and Lyve-1 expression 

(Figure 3B). Lymphatic vessel endothelial hyaluronic acid receptor 1 (Lyve1) is a hyaluronan 

receptor mainly expressed on lymphatic endothelial cells that also secrete CC-chemokine 

ligand 21 (CCL21), which is responsible for dendritic cell migration and is upregulated by 

inflammation.80,81 These characteristic genes suggest that EC cluster 2 contains lymphatic 

ECs. Differential gene expression analysis of the two EC clusters in MFS mice revealed 242 

differentially regulated genes in EC cluster 1 and 196 in EC cluster 2. Both EC populations 

shared 55 upregulated genes indicative of endothelial to mesenchymal transition including 

Acta2, Tagln, Myl9 and Itga8, and several collagen-encoding genes. The 43 common 

downregulated genes in MFS include EC marker genes such as Pecam1, Cldn5, and Cdh5. 

Cell migration and inflammation related genes were expressed in both EC clusters. EC cluster 

1 showed Cxcl2, Cxcl12 and Vcan expression, EC cluster 2 expressed Ccll4, Cxcl1 and Ncam1 

(Figure 3C, D). Gene term analysis further revealed enrichment for pathways involved in 

inflammation (granulocyte chemotaxis and endothelial cell migration) and extracellular matrix 

remodeling regarding TGF-ß-receptor signaling pathways, wound healing, collagen fibril and 

ECM organization and collagen metabolism. Pathways related to endothelial cell development 

and differentiation (endothelium development, regulation of endothelial cell proliferation, 

regulation of endothelial cell migration) and angiogenesis (vasculogenesis, regulation of 

angiogenesis angiogenesis, sprouting angiogenesis) are downregulated in both EC clusters 

(Figure 3E, F). The NO biosynthesis pathway is inactivated in MFS ECs, resulting in impaired 

vascular function.32 
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Figure 3 In silico analysis  

(A, B) In silico analysis of aortic single-cell transcriptomes obtained from WT and MFS mice.69 

Two EC clusters were identified and marker genes are reported. Venn diagrams demonstrate 

number of (C) upregulated and (D) downregulated genes in the EC clusters in MFS compared 

to WT mice. Gene pathway analysis of (E) upregulated and (F) downregulated genes in EC 

clusters in MFS compared to WT. 
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4.2.   Immune cell infiltration 

Leukocytes are attracted by chemokines and rely on adhesion molecules such as integrins for 

rolling, adhesion and transmigration.82 ECs increase expression if ICAM-1 due to the influence 

of inflammation, cytokines, and ROS pathways. This phenotypic change to ECs plays an 

important role in the leukocyte migration cascade.83 vWF-positive ECs in the aortic root from 

MFS mice showed higher levels of endothelium bound ICAM-1 than MFSxMPO-/- or control 

groups, suggesting that ECs are more activated and that more transmigration occurs in MFS 

than in WT and MFSxMPO-/- (Figure 5). 

Intravital microscopy of the cremaster muscle arteries was used to observe inflammatory 

endothelial activation in vivo and determine its pathophysiological relevance. Therefore, the 

leukocyte rolling time and distance, speed, and adhesion time was quantified. While the time 

and distance of leukocyte rolling was significantly higher in MFS compared to MFSxMPO-/-, the 

speed was lower, indicating an increased affinity to the vessel wall through higher expression 

of integrins and adhesion molecules.84 The adhesion time of leukocytes to the endothelium 

was drastically reduced in MFSxMPO-/- mice, as was the total number of leukocytes observed 

(Figure 6). The reduced leukocyte diapedesis and lower activation status of aortic EC in 

MFSxMPO-/- compared to MFS suggests that the inflammatory response in MFS is attenuated 

due to MPO deficiency. 

 

 

 

Figure 4 Representative IF image of a leukocyte in the ascending aorta of an MFS mouse 
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Figure 5 EC activation is reduced in MPO-deficient MFS mice 

(A) Representative immunofluorescence images of ascending aortic cross-sections co-stained 

for vWF (green) and ICAM-1 (yellow). The frequency of double positive cells was quantified 

(N=8-10/group). (B) Magnification of MFS aortic cross-section (C) Quantification of ICAM-1 

signal relative to vWF positive area in percentage (%). Data is presented as mean ± SEM. 

Statistical significance was determined by ordinary one-way ANOVA followed by Tukey’s 

multiple comparison test. 
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Figure 6 Vascular Inflammation is reduced in MPO-deficient MFS mice 

(A) Representative images of intravital microscopy of the cremaster muscle with indicated 

leukocyte rolling distance within 5 seconds. Quantification of (B) adhesion time, (C) rolling time, 

(D) rolling distance, and (E) rolling speed. Data is presented as mean ± SEM. Statistical 

significance was determined by ordinary one-way ANOVA followed by Tukey’s multiple 

comparison test. 
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4.3.    MAPK/ERK signaling pathway alteration  

An Immunoblot analysis performed for ERK1/2 and phosphorylated ERK1/2 shows 

downregulation in MFSxMPO-/- as compared to MFS. As ERK is a mediator of the non-

canonical TGF-ß signaling pathway, regulating cell proliferation and survival, and is known to 

drive TAA formation in MFS,23,85 this indicates that in MPO deficient MFS mice, pathways 

ultimately leading to TAA formation are attenuated. As shown by Mu et al. nitrotyrosine leads 

to phosphorylation of ERK2 and thereby to an activation of the MAPK pathway, 86 explaining 

why, in the absence of MPO, there is less activation of ERK.  
 

  
 

Figure 7 Western Blot analysis of ERK1/2 and pERK1/2 

(A) Immunoblot analysis of phosphorylated ERK1/2 normalized to ERK1/2 (n=6 per group) was 

normalized to the fold change of the wild-type mouse group, (B) representative image of an 

Immunoblot band at 44 kDa with phosphorylated ERK as the top band and ERK1/2 as the 

bottom band. Data is presented as mean ± SEM. Statistical significance was determined by 

ordinary one-way ANOVA followed by Tukey’s multiple comparison test. 
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4.4. Nitrosation in VSMC and ECM  

Treating HAoSMCs and their produced and isolated ECM with MPO and its derivatives, 

illustrates the damage of MPO and ROS on the vasculature.  

Myeloperoxidase produces 3-nitrotyrosine using H2O2 and nitrite as substrates.87 Nitrotyrosine 

serves as a marker of oxidative stress and inflammation and drives AoSMC migration, ROS 

production and phosphorylation of ERK2.86 After treatment of cells and ECM with MPO, H2O2, 

or HOCl, nitrotyrosine was produced and infiltrated the VSMCs and accumulated around the 

nucleus (Figure 8C,D). Further it can be seen that fibronectin, part of the ECM scaffold, is 

destructed after MPO and HOCl treatment. Fibronectin is essential for fibrillin organization, as 

demonstrated in in-vitro experiments with dermal fibroblasts.88 As shown by Baldus et al, MPO 

transcytoses endothelium and leads to posttranslational modification of fibronectin.44 
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Figure 8 Treatment of hAoSMC and isolated ECM with MPO and its derivatives for 2 hours  

(A) Isolated ECM treated with 10µg MPO and 40 µM H2O2, (B) Isolated ECM treated with 80µM 

HOCl, (C) hAoSMC treated with 10µg MPO and 40 µM H2O2, (D) hAoSMC treated with 80µM 

HOCl 
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5. Discussion 

In conclusion, it is revealed that MPO is involved in inflammatory processes in MFS, that EC 

alteration and activation occur in MFS, and that activation and inflammation are attenuated by 

MPO depletion in a murine mouse model of MFS. In MFS, ascending aortic ECs show 

increased expression of adhesion molecules such as ICAM-1 compared to MFSxMPO-/- and 

WT. Furthermore, the scRNAseq of MFS and WT ECs revealed EC differentiation into two 

subclusters. Inflammation, ECM remodeling, wound healing, and collagen metabolism 

pathways are enriched, whereas EC development, differentiation, and angiogenesis pathways 

are downregulated in MFS compared to WT. Activation of ECs leads to increased leukocyte 

diapedesis as demonstrated by intravital microscopy. Cell culture experiments with HAoSMCs 

and their ECM demonstrated nitrosation of VSMCs and destruction of the ECM construct. 

Western blot analysis shows a trend towards downregulation of a commonly known pathway 

involved in MFS pathogenesis, the non-canonical TGF-b signaling via ERK, in MPO deficient 

MFS mice.   

Increased levels of neutrophil-derived MPO are associated with a higher risk of cardiovascular 

disease.89 MPO serum levels have been shown to correlate with endothelial dysfunction.90 This 

work demonstrates that in MFS, ECs are activated and prone to enhance inflammatory 

responses within the aortic wall through the increased expression of ICAM-1 on the EC 

surface. This leads to increased leukocyte infiltration, all of which are attenuated by MPO 

depletion in MFS. Inflammation has been shown to lead to upregulation of ICAM-1 expression 

on ECs.81 More ICAM-1 expression leads to more leukocyte diapedesis and therefore 

inflammation in the aortic wall.91 Increased leukocyte transmigration results in more MPO 

release into the aortic wall, accelerating EC dysfunction and vascular remodeling through 

oxidative stress, creating a vicious cycle. MPO and its products impair endothelial NO 

bioactivity,92 and thereby reduce endothelium dependent relaxation,93 correlating with the 

scRNAseq finding showing a downregulation of the NO biosynthesis pathway in EC cluster 1 

in MFS. Pharmacologic inhibition of MPO results in improved endothelial function and 

decreased enzymatic activity in arterial tissue.94 MPO depletion, both pharmacologic and 

genetic, leads to significantly reduced inflammatory responses, attenuation of aortic root 

aneurysm growth, MMP activation, and elastic fiber fragmentation in MFS mice.95 
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Up until now, excessive TGF-b signaling was believed to be the driving factor for MFS related 

TAA formation.23 The only therapeutic options include Losartan and β-blockers, which 

prevented aortic dilation in a mouse model.24 Subsequent clinical trials could validate 

attenuation of aortic root dilation by Losartan for human MFS patients.96 Clinical endpoints like 

dissection, aortic surgery or cardiovascular death did not significantly differ from patients 

treated with beta blockers alone.96,97 Although there is increasing evidence for the involvement 

of inflammatory processes in the progression of MFS, detailed knowledge of pathways, causes 

and consequences is scarce, and no new therapeutic targets have been clinically 

tested.36,98,99,100   

Seeing that MPO inhibition in mice proves to be a potent treatment to slow the rate of TAA 

growth, it has to be further proven for humans.95 Plasma MPO levels have been found to 

correlate with several cardiovascular diseases.101 Measurements of plasma from MFS patients 

showed significantly elevated MPO levels, as well as MPO deposition in aortic root sections.95 

This suggests that humans suffering from MFS can be detected through MPO measurement 

and might benefit from pharmacologic MPO inhibition. 

 

5.1. Limitations and strengths 

The differences in age of the mice used for IF, intravital microscopy and immunoblots 

compared to the scRNAseq mice can be viewed as a limitation of this work. Unfortunately, the 

mice used for scRNAseq were both female and male and were analyzed at 4 and 24 weeks of 

age, while all the other experiments were performed on 12-week-old male mice only. It can be 

argued that the 24-week analysis may reflect end stage disease outcomes rather than the 

driving mechanisms for TAA development. Another limitation is the absence of the MFSxMPO-

/- group in the in-silico analysis leaving open the question whether MPO deficiency, and more 

importantly, pharmacological MPO inhibition could reverse the observed effects as for example 

EC alteration. Still the results obtained by scRNAseq prove that relevant pathway and gene 

expression alterations happen in MFS ECs at both time points assessed. As correlating results 

were obtained using immunofluorescence (IF) and intravital microscopy, despite the age 

difference, it can be concluded that inflammation is a driving factor at different stages of the 

disease. 
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Intravital microscopy was successfully performed on the cremaster artery, which is widely 

regarded the most suitable option for such imaging studies due to its practicality. However, 

intravital imaging of the ascending aorta has not yet been achieved due to experimental 

limitations, including the technical and anatomical challenges associated with imaging this 

region in vivo. Despite the limitations previously mentioned, which have precluded detailed 

examination of the ascending aorta, studies have demonstrated that visceral arteries are also 

affected by MFS.102 This finding serves to reinforce the hypothesis that the inflammatory 

processes in this condition are of systemic nature. The results of the experiment show a 

significant difference in leukocyte rolling, number and adhesion. The observed differences in 

small peripheral vessels and their correlation with the elevated expression levels of ICAM-1 in 

the aortic arch, along with the altered activities of migration and inflammatory pathways in 

aortic EC, have been validated by IF and scRNAseq. These findings suggest the presence of 

heightened inflammatory responses in these regions. 

It cannot be excluded that MPO affects MFS-related TAA formation by additional mechanisms. 

Clinical endpoints such as aortic rupture or dissection were not examined because the mouse 

model used does not develop these end stage disease pathologies. Thus, findings in the 

murine MFS model cannot be applied unconditionally to human MFS patients.   

 

5.2. Implications for further research 

All of the above results indicate that MPO plays an important role in the pathogenesis of aortic 

aneurysm formation in MFS. A direct measurement of MPO activity could further substantiate 

this. PMNs are the main carriers of MPO and therefore an interesting target to look at more 

closely to see if they differ in activation or function in MFS. MFS mice could be treated with 

pharmacological MPO inhibitors to elucidate the therapeutic efficacy and possible side effects 

of a therapeutic intervention. Consecutively, as pharmacological oral MPO inhibitors have 

been proven in efficacy and safety in humans, further clinical trials of MPO inhibitors in MFS 

patients would be feasible.103 To investigate the role of endothelial activation through ICAM-1 

further and to distinguish whether the enhanced ICAM-1 activation is an effect or a driving 

factor in MFS pathogenesis,  mice could be treated with pharmacological ICAM-1 inhibitors. 

Alternatively, a mouse line with a genetic conditional ICAM-1 knockout could be bred and 

investigated.  
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