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Abstract

Background: Cardiovascular diseases (CVDs) are the leading cause of death worldwide
and inflammatory processes play a crucial role in their pathogeneses. Abdominal aortic
aneurysm (AAA) is a multifactorial and progressive disease with high mortality rate due to
rupture. Immune cell infiltration and inflammation contribute strongly to AAA development.
The co-stimulatory molecules CD40 and CD40L play a key role in mediating the immune
response and were previously shown to be involved in AAA formation. However, insights into
the specific role of different immune cell types and pathophysiologic processes in AAA are

scarce and pharmacologic treatment options are lacking.

Aim: The overall aim of this study was to explore and characterize the immune cell
heterogeneity in experimental elastase-induced AAA progression to identify key players,
genes and signaling pathways. This included a broad comparison of AAA pathology with
inflammatory processes involved in the related CVDs atherosclerosis and myocardial
infarction (MI), a detailed characterization of immune cell types and dynamics involved in
AAA progression, investigation of the role of CD40 signaling in AAA, and examination of T

and B cell clonality in AAA.

Methods: Different single-cell RNA sequencing (scRNA-seq) techniques, as well as flow
cytometry and immunofluorescence stainings were used to study various aspects of the
immune response in AAA progression. SCRNA-seq and scRNA-seq of T and B cell receptors
were performed at day 3, 7, 14 and 28 of elastase-induced AAA formation in mice. Saline-
perfused aortae at day 3 and 28 and aortae from non-operated mice served as controls. For
a comprehensive comparison of AAA with atherosclerosis and MI, atherosclerotic aortae
from aged apolipoprotein E-deficient (Apoe™) mice, elastase-induced AAA at day 3, 7 and
14, as well as hearts at day 1 and 5 post reperfused MI were subjected to Cellular Indexing
of Transcriptomes and Epitopes by sequencing (CITE-seq). In addition, CITE-seq was used
to determine the correlation between RNA and protein expression. CD40-deficient mice were
used to investigate the contribution of CD40 signaling to angiotensin Il-induced AAA
formation, progression and rupture. In addition, expression patterns of CD40 and CD40L

were examined using flow cytometry, immunofluorescence staining, and scRNA-seq.

Results: CITE-seq revealed that immune cell proportions varied across the three CVDs, with
T cells predominating in atherosclerosis and macrophages and neutrophils in AAA and MI.
Moreover, specific immune cell subsets and pathways were identified for each disease. In
addition, CITE-seq proved as powerful tool for characterizing subpopulations at the protein
I



level, especially since the observed correlation between protein expression and mRNA
expression was low. In AAA, the highest immune cell infiltration and the strongest
intercellular communication were observed 7 days after elastase-perfusion. Neutrophils,
macrophages, dendritic cells, NK, T and B cells, were detected at day 3, 7, 14 and 28 after
elastase-perfusion, but differed in their proportion during AAA progression. Overall,
macrophages were the predominant immune cells in AAA. In total, 30 distinct immune cell
subsets were identified in AAA, including 7 neutrophil subtypes, 4 dendritic cell populations,
10 macrophage subsets and 9 lymphocyte clusters. Of all these subtypes, interferon-
inducible cells (IFNIC) macrophages were identified as potential key player in AAA formation
and progression, as they were highly inflammatory, accounted for the largest macrophage
subset at day 7 and 14 after elastase-induced AAA formation, and were barely present in
controls. IFNIC macrophages exhibited a type-| interferon gene signature, were responsive
to IFN-B and showed a strong upregulation of the JAK-STAT-signaling pathway. Based on
protein markers obtained from CITE-seq data, a flow cytometry panel for the detection and
isolation of IFNIC macrophages was established to enable further investigations of these
cells. CD40 and CD40L expression was observed at all studied time points of elastase-
induced AAA progression. CD40-deficient mice had a significantly lower AAA incidence,
significantly reduced abdominal aortic diameter and an improved survival 28 days after
angiotensin Il infusion compared to control mice. IFNIC macrophages and CD4* T cells were
identified as key players in CD40 signaling 7 days after AAA formation. SCRNA-seq of T and
B cell receptors showed a clonal expansion of T cells, but not of B cells, in experimental
elastase-induced AAA. For T cells several clones were identified in 11 of 16 AAA samples
and 1 of 8 control samples. Only a few clones were shared between the individual AAA

samples.

Conclusion: This study provides the first in-depth analysis of immune cell subtypes and
inflammatory processes involved in elastase-induced AAA progression using scRNA-seq,
CITE-seq and scRNA-seq of T and B cells receptors. Overall, this study indicates day 7 as
critical time point in experimental AAA development, highlights the crucial role of
inflammation in the development of AAA and offers several options for new therapeutic
approaches. In particular, IFNIC macrophages, type-l interferon signaling and CDA40
signaling represent promising therapeutical targets in AAA. The observation of clonal
expanded T cells, supports the notion that specific antigen-driven T cells play a role in AAA

formation.



Zusammenfassung

Hintergrund: Kardiovaskuldre Erkrankungen (CVD) sind weltweit die haufigste
Todesursache, und Entziindungsprozesse spielen eine entscheidende Rolle bei ihrer
Entwicklung. Das Bauchaortenaneurysma (AAA) ist eine multifaktorielle und fortschreitende
Erkrankung mit einer hohen Sterblichkeitsrate aufgrund von Rupturen. Die Infiltration von
Immunzellen und Entziindungsprozesse tragen wesentlich zur Entstehung des AAA bei. Die
ko-stimulatorischen Molekile CD40 und CD40L spielen eine Schlisselrolle bei der
Vermittlung der Immunreaktion und sind nachweislich an der Entstehung des AAA beteiligt.
Es fehlt jedoch an Erkenntnissen Uber die spezifische Rolle verschiedener Immunzellarten
und —prozesse in der AAA-Pathologie und an pharmakologischen

Behandlungsmoglichkeiten.

Ziel: Das Ubergeordnete Ziel dieser Studie war es, die Heterogenitat der Immunzellen bei
der experimentellen Elastase-induzierten AAA-Progression zu erforschen und zu
charakterisieren, um wichtige Faktoren, Gene und Signalwege zu identifizieren. Dies
beinhaltete einen groben Vergleich der AAA-Pathologie mit Entziindungsprozessen, die bei
den verwandten CVDs Atherosklerose und Myokardinfarkt (Ml) auftreten, eine detaillierte
Charakterisierung der Immunzelltypen und —dynamik, die an der AAA-Progression beteiligt
sind, die Untersuchung der Rolle der CD40-Signalubertragung und der T- und B-Zell-
Klonalitat im AAA.

Methoden: Verschiedene Einzelzell-RNA-Sequenzierungstechniken (scRNA-seq) sowie
Durchflusszytometrie  und  Immunofluoreszenzfarbungen  wurden verwendet, um
verschiedene Aspekte der Immunantwort bei der AAA-Progression zu untersuchen. ScCRNA-
seq und scRNA-seq von T- und B-Zellrezeptoren wurden an Tag 3, 7, 14 und 28 der
Elastase-induzierten AAA-Bildung bei Mausen durchgefihrt. Mit Kochsalzldsung perfundierte
Aorten an Tag 3 und 28 sowie Aorten von nicht operierten Mausen dienten als Kontrollen.
Fir einen umfassenden Vergleich von AAA mit Atherosklerose und MI wurden
atherosklerotische Aorten von gealterten Apoe” Mausen, Elastase-induzierte AAA an Tag 3,
7 und 14 sowie Herzen an Tag 1 und 5 nach reperfundiertem MI einer zelluldren Indexierung
von Transkriptomen und Epitopen durch Sequenzierung (CITE-seq) unterzogen. CITE-seq
wurde zusatzlich verwendet, um die Korrelation zwischen mRNA- und Proteinexpression zu
analysieren. CDA40-defiziente Mause wurden verwendet, um die Rolle der CD40-
SignalUbertragung bei Angiotensin-Il induzierter AAA-Bildung, -Progression und -Ruptur zu
untersuchen. Darlber hinaus wurden die Expressionsmuster von CD40 und CD40L mittels

Durchflusszytometrie, Immunfluoreszenzfarbung und scRNA-seq untersucht.
1]



Ergebnisse: CITE-seq zeigte, dass die Verteilung der Immunzellen bei den drei CVDs
verschieden war, wobei T-Zellen in Atherosklerose und Makrophagen und Neutrophile in
AAA und MI Uberwiegten. AuRerdem wurden fir jede Erkrankung spezifische Untergruppen
von Immunzellen und bestimmte Signalwege identifiziert. Zusatzlich erwies sich CITE-seq
als effizientes Mittel zur Charakterisierung von Subpopulationen auf Proteinebene,
insbesondere da die beobachtete Korrelation zwischen Proteinexpression und mRNA-
Expression gering war. Bei AAA wurde an Tag 7 nach Elastase-Perfusion die starkste
Immunzellinfiltration  und  interzellulare  Kommunikation  beobachtet.  Neutrophile,
Makrophagen, dendritische Zellen, NK-, T- und B-Zellen wurden an Tag 3, 7, 14 und 28 nach
Elastase-Perfusion nachgewiesen, unterschieden sich jedoch in ihrem Anteil wahrend des
Fortschreitens des AAA. Makrophagen waren die vorherrschenden Immunzellen im AAA.
Insgesamt wurden im AAA 30 verschiedene Untergruppen von Immunzellen identifiziert,
darunter 7 Neutrophil-Subtypen, 4 dendritische Zellpopulationen, 10 Makrophagen-
Untergruppen und 9 Lymphozyten-Subpopulationen. Von all diesen Subtypen wurden IFNIC-
Makrophagen als potenzielle Schllisselakteure bei der Entstehung und dem Fortschreiten
des AAA identifiziert, da sie hochentziindlich waren, an Tag 7 und 14 nach Elastase-
induzierten AAA-Bildung die gréte Makrophagen-Subpopulation darstellten und in den
Kontrollen kaum vorhanden waren. IFNIC-Makrophagen wiesen eine Typ-I-Interferon-
Gensignatur auf, reagierten auf IFN-B und zeigten eine starke Hochregulierung des JAK-
STAT-Signalweges. Basierend auf Proteinmarkern, die aus CITE-seq-Daten gewonnen
wurden, wurde ein Durchflusszytometrie-Panel zum Nachweis und zur Isolierung von IFNIC-
Makrophagen erstellt, um weitere Untersuchungen dieser Zellen zu ermdglichen. Die
Expression von CD40 und CD40L wurde zu allen untersuchten Zeitpunkten der Elastase-
induzierten AAA-Progression nachgewiesen. CD40-defiziente Mause zeigten eine signifikant
niedrigere AAA-Inzidenz, einen signifikant reduzierten abdominalen Aortendurchmesser und
eine verbesserte Uberlebensrate 28 Tage nach Angiotensin-ll-Infusion im Vergleich zu
Kontrollmausen. IFNIC Makrophagen und CD4* T-Zellen wurden als zentrale Akteure der
CD40-Signalibertragung 7 Tage nach AAA-Bildung identifiziert. SCRNA-seq von T- und B-
Zell-Rezeptoren zeigte eine klonale Expansion von T-Zellen, aber nicht von B-Zellen, im
experimentellen Elastase-induzierten AAA. Fur T-Zellen wurden in 11 von 16 AAA-Proben
und in 1 von 8 Kontrollproben mehrere Klone identifiziert. Einige wenige Klone wurden in

mehreren verschiedenen AAA Proben gefunden.

Schlussfolgerung: Diese Studie ist die erste umfassende Analyse von Immunzellsubtypen
und Entzindungsprozessen, die an der Elastase-induzierten AAA Progression beteiligt sind,

die scRNA-seq, CITE-seq und scRNA-seq von T- und B-Zellrezeptoren verwendet.
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Insgesamt zeigt diese Studie, dass Tag 7 einen kritischen Zeitpunkt in der experimentellen
AAA-Entwicklung darstellt, verdeutlicht die wesentliche Rolle von Immunzellen bei AAA und
bietet mehrere Ansatzpunkte fur neue therapeutische Strategien. Insbesondere IFNIC-
Makrophagen, der Typ-I-Interferon-Signalweg und die CD40-Signallibertragung stellen
vielversprechende therapeutische Ziele dar. Des Weiteren unterstitzt die Beobachtung
klonal expandierter T-Zellen die Theorie, dass spezifisch antigengesteuerte T-Zellen eine
Rolle bei der AAA-Bildung spielen.
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Figure 1: Graphical Abstract of the thesis. The overall aim of this work was to decipher the immune cell
heterogeneity in experimental AAA progression and to identify key players, genes or signaling pathways.
Identification and characterization of IFNIC macrophages as key player in AAA formation: Within the
different immune cell types detected in AAA by scRNA-seq, IFNIC macrophages were characterized as highly
inflammatory and identified as potential key players in the formation and progression of AAA. Therefore, CITE-seq
was used to further investigate IFNIC macrophages at the protein level. Based on that, a flow cytometry panel
was designed to detect and isolate IFNIC macrophages. CD40-CD40L signaling is a central pathway in AAA
formation: The co-stimulatory molecules CD40 and CDA40L are highly expressed in all stages of AAA
progression. Bioinformatic analysis of cell-cell communication predicted IFNIC macrophages as main receiver and
CD4* T cells as dominant sender of CD40 signaling. CD40 deficiency protected mice from AAA formation. Clonal
expanded T cells are involved in AAA formation: scRNA-TCR-BCR-seq showed a clonal expansion of T cells,
but not B cells, in experimental elastase-induced AAA, supporting the notion that specific antigen-driven T cells
play a role in AAA formation.
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Introduction

1 Introduction

1.1 Cardiovascular diseases

Cardiovascular diseases (CVDs) encompass disorders of the heart and blood vessels,
including atherosclerosis, coronary heart diseases, myocardial infarction (MI) and aortic
diseases such as aortic aneurysms and discetions." 2 CVDs are the leading cause of death
worldwide accounting for approximately 17.9 million deaths per year.! According to the WHO,
approximately 12.1 million people died from CVDs in 2019.% Within 3 years, the number of
deaths related to CVDs worldwide has continued to rise sharply, reaching 20.5 million in
20212 CVDs are caused by a combination of environmental influences, genetic
predisposition and lifestyle factors. Main risk factors for CVDs include hypertension, smoking,
elevated cholesterol levels, diabetes, obesity, air pollution, physical inactivity and an
unhealthy diet.”® The risk of CVDs increases with age, with men being more likely to develop

CVDs than women.?
1.2 Atherosclerosis

Atherosclerosis is a complex, degenerative disease of the arteries and the main underlying
pathology of other CVDs.* 5 It is characterized by a pathological deposition of lipids in the
inner wall layer of arteries and chronic inflammation. Atherosclerotic plaque formation
develops usually asymptomatic over a period of many years and leads to the blockage of
arteries, which can result in Ml or stroke.* ® Furthermore, atherosclerosis can promote the

formation of aortic aneurysms.®

The development of an atherosclerotic plaque starts with the infiltration and deposition of
low-density lipoprotein (LDL) and other lipids in the inner layer of the artery wall (Figure 2).4 >
" Inside the artery wall, LDL is oxidized by reactive oxygen species (ROS). Macrophages are
recruited, that take up oxidized LDL and transform into foam cells. This leads to increasing
inflammatory processes in the vessel wall and more immune cells, including T and B cells
are attracted. Foam cells undergo apoptosis and necrosis building a necrotic core inside the
plaque. The continued accumulation of lipids and immune cells, along with the formation of a
fibrous cap composed of collagens, elastin and fibronectin produced by vascular smooth
muscle cells (VSMCs), forms the plaque. Rupture or erosion of the fibrous cap leads to
spontaneous interaction with systemic blood cells, which triggers thrombus formation and

results in blockage of the artery.*”

1
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Atherosclerotic lesion progression

(A) Fatty streak formation (B) Stable plaque/Fibroatheroma (C) Vulnerable plaque/ Thrombus formation
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Figure 2: Atherosclerotic plaque formation and rupture. (A) Deposition and oxidation of low-density
lipoprotein (LDL) in the inner wall layer of the artery leads to monocyte recruitment. Monocytes differentiate to
macrophages, take up oxidized LDL and transform into foam cells that trigger an inflammatory reaction. (B) A
stable plaque is formed of a lipid core and a fibrous cap. Vascular smooth muscle cells (VSMCs) produce
collagen, elastin, fibronectin and other extracellular matrix molecules that form the fibrous cap. (C) The
accumulation of necrotic foam cells builds a necrotic core. A thin fibrous cap results in a vulnerable plaque that
can rupture and initiate thrombus formation resulting in the blockage of the artery. Figure from Charla et al.?

1.3 Myocardial infarction (Ml)

Thrombus formation caused by rupture or erosion of an atherosclerotic plaque in one of the
coronary arteries of the heart, is the predominant cause of MI (Figure 3).% '° Ml is defined as
myocardial cell death due to sustained ischemia that restricts oxygen supply to the
myocardium.® The death of cardiac cells initiates an acute inflammatory response including
immune cell recruitment and clearing of damaged and dead cells.'" '? This is followed by a
reparative phase that is associated with fibrotic scar formation and neovascularization.
Inflammation plays a crucial role in cardiac repair, but prolonged or exaggerated

inflammation can have adverse effects leading to improper healing and heart failure.'? 13
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Figure 3: Myocardial infarction caused by rupture of an atherosclerotic plaque with subsequent thrombus
formation in one of the coronary arteries of the heart. Figure modified from Thygesen et al.

1.4 Abdominal aortic aneurysm (AAA)

Abdominal aortic aneurysm (AAA) is one of the most common aortic diseases and
characterized by a permanent dilation of the abdominal aorta greater than 50% or 3 cm.'® 1°
The aorta is the largest blood vessel carrying blood from the heart to the rest of the body and
was classified as separate organ in 2024.'® AAA is a multifactorial and progressive disease.
Genetic factors and inflammation strongly contribute to AAA development.'” The prevalence
of AAA is approximately four times higher in men than in women and increases with age in
both genders.'® '° In 2019, the global prevalence of AAA in men older than 60 years was
2.45% and 0.59% in women of the same age.'® AAAs are usually asymptomatic and grow
fusiform, meaning that they expand in all directions of the vessel. Most AAAs develop in the
infrarenal region of the aorta between the renal veins and the aortic bifurcation.’® Rupture of
AAA is associated with a high mortality rate, as the severe blood loss is fatal within a few
minutes. According to the Global Burden of Disease Study 2020, 150,000 deaths worldwide
are attributed to aortic aneurysms each year.' Thus, early detection of AAA is of great
importance. The primary screening method for detection of AAA and further monitoring of
AAA expansion is ultrasonography.?® To date, there is no effective drug treatment and the
only therapeutic option is surgery.?’ According to current guidelines, open surgical or
endovascular treatment should only be performed if the risk of intervention is lower than the
risk of rupture, which would lead to death if left untreated. Surgical repair of asymptomatic
AAA is recommended when the diameter exceeds 5 cm in women and 5.5 cm in men, or if

the AAA growth exceeds 1 cm per year.'®



Introduction

The aorta consists of three layers that are all effected by the dilation in AAA pathology.'® The
intima is the inner layer of the aorta and is composed of a single layer of endothelial cells.?
The middle layer, the media, comprises VSMCs, elastic fibers and collagen. The adventitia is
the outer layer of the aorta and consists of fibroblast and collagen fibers.??
Pathophysiological hallmarks of AAA formation are infiltration of inflammatory cells,
extracellular matrix (ECM) degradation, VSMC phenotype switching and apoptosis,
production of cytokines, matrix metalloproteinases (MMP) and ROS, and often thrombus
formation (Figure 4).'% 23 24 All these processes lead to vascular remodeling and weakening
of the aortic wall. Cells of both, the innate and the adaptive immune response, including
neutrophils, macrophages, dendritic cells (DCs), natural killer (NK) cells, T and B cells, play a

role in aortic wall inflammation and contribute to AAA formation.?®

Tunica Adventitia

2 Tunica Media
= Tunica Intima

2 . . _ Vascular smooth muscle
@ Envthrocyte % Neutrophil & Macrophage TR cell (VSMC)

—)ﬁ(— Platelet Monocyte = Endothelial cell (EC) @~ Apoptotic VSMC

Figure 4: Pathogenesis of AAA formation. The healthy aorta is composed of the intimal, medial, and adventitial
layer. The inner layer of the aorta, the intima, consists of a single layer of endothelial cells. The media is the
middle layer of the aorta and comprises VSMCs, elastic fibers and collagen. The adventitia consists of fibroblast
and collagen fibers. AAA pathology is characterized by inflammatory cell infiltration, such as neutrophils,
monocytes and macrophages, extracellular matrix (ECM) degradation and VSMC apoptosis. Platelet activation
and accumulation is also often associated with AAA. Figure modified from Lowis et al.?®
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1.4.1 Innate immune cells in AAA pathology

Innate immunity is characterized by rapid recruitment of immune cells to sites of injury and
inflammation through the production of cytokines and chemokines, as well as the activation
of the adaptive immune response. This first line of defense against pathogens includes

neutrophils, macrophages, DCs, NK cells, and innate lymphoid cells (ILCs).?”

Well studied is, that neutrophils are the first responders to infections and tissue damage.?®
They are the most abundant cell type in human blood and are constantly produced in the
bone marrow. Their antimicrobial functions are phagocytosis, degranulation and formation of
neutrophil extracellular traps (NETs).?% 2° In addition, they are involved in degradation of the
ECM and regulation of the immune response by producing MMPs, cytokines and other
inflammatory factors.?® 3° Although neutrophils were originally considered a homogeneous
cell population, distinct subsets of neutrophils with different functions have been described.?’
Several studies showed that neutrophils play a role in AAA formation. Elevated neutrophil
counts in blood of patients was associated with AAA formation and plasma levels of the
neutrophil markers myeloperoxidase, MMP-9, a-defensin and neutrophil elastase were
increased in AAA patients compared to healthy individuals.?> 33 In addition, depletion of
neutrophils in mice protects from elastase-induced AAA formation.®* In other studies,
reduced AAA formation was also attributed to a decreased neutrophil recruitment.3 6
Furthermore, there is evidence that NET formation could play a crucial role in AAA
development as high levels of NET-associated markers were found in mouse models and
AAA patients.3"-3°

DCs are antigen-presenting cells (APC) and activate the adaptive immune response by
presenting antigens on their cell surface to T cells.*° Depletion of DCs in mice was shown to
limit AAA growth, reduce the number of effector T cells as well as B cells in the blood, and
decrease the activity of neutrophil elastase in the plasma.*' DCs are generally divided in
conventional/classical DCs (cDCs), migratory DCs, plasmacytoid DCs (pDCs) and monocyte-
derived DCs. Migratory DCs are present in non-lymphoid tissue, including the aorta, and
encompass, among others, CD103* DCs that have been reported to be atheroprotective.*® 42
pDCs are known to produce type-l interferons (IFN) and promote inflammation.*° Yan et al.
showed that NET formation by neutrophils leads to the recruitment of pDCs in AAA.38
Depletion of pDCs and blocking of type-l IFNs reduced experimental AAA formation.3®

Monocyte-derived DCs arise under inflammatory conditions and produce tumor necrosis
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factor alpha (TNFa) and inducible nitric oxide synthase (iNOS).4% %3 Their role in AAA has not

been described, yet.

Macrophages play a central role in tissue homeostasis and inflammation.** Their main
function is to engulf and digest pathogens and present antigens to T cells. Besides
increasing inflammation and stimulating the immune system, macrophages also play an
important anti-inflammatory role and can reduce immune reactions by releasing cytokines.**
In context of AAA, macrophages are involved in ECM remodeling, promotion and resolution
of inflammation, and in tissue healing and repair.*®* Macrophages have been detected in
human AAA and experimental AAA models and represent the most common cell type in
media and adventitia of aneurysmal tissue.*>*” Macrophages can be tissue resident,
meaning they originate from embryonic precursors and are self-maintained during adulthood,
or arise from peripheral blood monocytes.** 4% Both types are involved in AAA pathology, but
the majority of macrophages are monocyte-derived macrophages.*>“® This is consistent with
the findings that monocyte depletion in mice lead to decreased macrophage accumulation in
the aortic wall and reduced Angiotensin Il (Angll)-induced AAA formation.*® Furthermore,
Hans et al. showed that reduced Angll-induced AAA formation by inhibition of Notch1
signaling was accompanied with reduced macrophage recruitment*®, suggesting an important
role for macrophages in AAA formation. Several strategies targeting macrophage
recruitment, accumulation, and activation in AAA were studied, such as inhibition of
chemokine axes, targeting specific macrophage-related cytokines, and modulation of
macrophage phenotype.*® Blocking of CXCL12/CXCR4, CCL2/CCR2 or CXCL4/CCL5
signaling was shown to reduce macrophage infiltration and protect against experimental AAA
formation.®%2 A proper ratio of pro- and anti-inflammatory cells is important for tissue
homeostasis, but in AAA, pro-inflammatory macrophages are known to dominate against
anti-inflammatory macrophages.®® Thus, modulating this ratio by increasing anti-inflammatory
macrophage polarization was found to inhibit AAA formation.® ® Originally, macrophages
were only divided into pro-inflammatory classical activated M1 and anti-inflammatory
alternative activated M2 macrophages.** However, this classification in only two types is too
simplified and does not represent the heterogeneity of macrophages in vivo.*® The emerge of
single-cell RNA sequencing (scRNA-seq) techniques led to the identification of many more
different macrophage subtypes, such as inflammatory macrophages, TREM2""
macrophages, interferon-inducible (IFNIC) macrophages, proliferative macrophages, aorta
intima-resident macrophages, cavity macrophages and SMC-derived macrophages.®>>’

Overall, macrophages play a critical role in AAA development, but roles and functions of
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distinct subsets are still unclear and treatments specifically targeting macrophage subsets

are lacking.

ILCs are lymphocytes that lack adaptive antigen receptors and represent the innate
counterpart of T cells.®® ILCs are primary tissue resident cells. They are present in lymphoid
and non-lymphoid tissue and rarely in the blood. Their functions include tissue homeostasis,
tissue remodeling, cytokine production and regulation of both innate and adaptive immune
cells. ILCs are classified in three types based on their similarity to T helper (Th) cell
subsets.%® ° ILC1s mirror Th1 cells and respond to intracellular pathogens. ILC2s are similar
to Th2 cells and react to large extracellular parasites and allergens. ILC3s are the
counterpart to Th17 cells and involved in the response to extracellular bacteria and fungi. It is
known that ILCs play a crucial role in allergy, asthma and autoimmune diseases.> However
to date, not much is known about their role in CVDs. There is evidence for both a protective
and a detrimental role.®° In context of AAA, Zhang et al. showed that ILC2s release
interleukin (IL) 5 and 13, that inhibit apoptosis of VSMCs and promotes their proliferation,

resulting in protection against experimental AAA formation in mice.®’

NK cells belong to the group of ILC1s and are the innate counterpart to cytotoxic T cells.? In
contrast to other immune cells, they can recognize and kill virus-infected cells, stressed cells
and pathogens without prior antigen sensitization. NK cells release several different
cytokines, particularly interferon gamma (IFNy) and TNFa. Cytokine production of NK cells
recruits and activates cells of the innate and the adaptive immune response.®? NK cells could
be detected in human AAA samples and the percentage of circulating NK cells was shown to
be upregulated in the blood of AAA patients compared to controls.®3¢5 Furthermore, there is

evidence that the NK cell mediated cytotoxicity pathway is activated in human AAA.%°

Natural killer T (NKT) cells share characteristics of NK cells and T cells.®” Their function is
similar to that of NK cells, but they differ in their lineage development, as NKT cells are a
subgroup of T cells. CD1d-dependent type | NKT cells (iNKT) promote aneurysm progression
by secreting cytokines that lead to increased production of matrix-degrading enzymes by
VSMC and macrophages.®® Lack of iNKT cells resulted in reduced Angll-induced AAA
formation.®® Vice versa, activation of iINKT with a-galactosylceramide led to increased AAA
incidence and inflammatory cell infiltration into the aneurysmal tissue in the Angll mouse
model.?” In contrast, Saito et al. that also used a-galactosylceramide in the Angll model, but
in obese mice, showed less AAA formation and reduced inflammatory cell infiltration after

iNKT activation.?®
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1.4.2 Adaptive immune cells in AAA pathology

The second line of defense in the immune response is adaptive immunity, which acts
antigen-specific and includes lymphocytes such as T and B cells.?” It depends on APCs of
the innate immunity that present antigens to T and B cells. The main functions of adaptive
immunity are the recognition of specific antigens and their differentiation from self-antigens,
as well as the development of an immunological memory that enables a rapid and effective
immune response in case of a second infection with the same pathogen.?” A dysfunctional
reaction of the adaptive immune system, which leads to the attack against healthy cells in the
body, is the underlying cause of autoimmune diseases.?” ° T and B cells are among the
predominant infiltrating immune cells in human AAA tissue’"”® and their presence was
confirmed in several experimental mouse models of AAA.”47® Moreover, multiple studies

have revealed that autoimmunity may contribute to the pathogenesis of AAA.”": 72.79.80

T cells express T cell receptors (TCR) and recognize antigens that are presented by APCs
via major histocompatibility complex (MHC), also known as human leukocyte antigen
(HLA).®" After activation, T cells undergo clonal expansion and differentiation to execute their
effector functions. They are generally divided in CD4* T helper cells and CD8* cytotoxic
Tcells.® T helper cells activate other cells including B cells, cytotoxic T cells and
macrophages, and are further distinguished in Th1 cells, Th2 cells, Th17 cells and regulatory
T cells (Treg).®" Cytotoxic T cells directly kill virus-infected and tumor cells, and are divided
into effector cells and memory cells.?> 8" Xiong et al. suggested a key role of CD4* T helper
cells in AAA as they showed that absence of CD4* T cells prevented AAA formation in
mice.®? Th1 and Th2 cells were found to be present in various stages of AAA development.8
Th1-derived IFNy, TNF and CD40 ligand (CD40L) are associated with macrophage
activation, regulation of VSMC apoptosis, and aortic wall remodeling.?> 8% 8 Th2 cells release
inflammatory mediators and cytokines such as IL-4, -5, -9, -10, and -13 and Fas ligand that
may contribute to aortic wall degradation and the regulation of AAA progression.25 838 |-17,
that is primarily secreted by Th17 cells, is elevated in AAA and elastase-induced AAA
formation was attenuated in IL-17-deficient mice.®® Tregs express forkhead box protein 3
(FOXP3) and are essential for limiting chronic inflammation, sustaining peripheral tolerance
and preventing autoimmunity.®” In the context of AAA, Tregs were shown to have a protective
role.® & |t was shown that CD8* cytotoxic T cells infiltrate the aneurysmal wall and release

IFNy, which promotes cellular apoptosis and recruitment of MMP-producing macrophages.®
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The main function of B cells is the presentation of antigens to T cells and the production of
antibodies.®’ They further mediate the immune response by secretion of cytokines. B cells
are mainly divided into B1 and B2 cells.®' B1 cells derive from the fetal liver and respond to
self and T cell-independent antigens by producing natural immunoglobulin (lg) M
antibodies.®’ B2 cells derive from the bone marrow and represent the majority of B cells in
adults.®” They include marginal zone B cells and conventional follicular B cells. Marginal zone
B cells can rapidly respond to blood borne antigens via IgM in a T cell-independent or T cell-
dependent manner.®" Follicular B cells undergo isotype switching in response to T cell-
dependent antigens and differentiate into memory B cells or antibody-secreting plasma cells
that can secrete all Ig isotypes.®® The role of B cells in AAA is controversially discussed.
B cell-derived immunoglobulins, such as IgM and IgG, accumulate in AAA tissue, where they
contribute to inflammation and tissue degradation.” 9 B cell depletion has been shown to
prevent AAA growth in experimental models. Schaheen et al. demonstrated that B cell
depletion with an anti-CD20 antibody reduced AAA growth in both Angll-induced and
elastase-induced AAA.%® Another study observed significantly smaller AAAs in B cell-deficient
muMT mice compared to wild-type (WT) mice following periaortic application of CaCl,.”
Injection of polyclonal IgG antibodies into muMT mice resulted in AAAs of similar size to
those in WT mice, suggesting that IgG alone is sufficient to promote AAA development.’* In
contrast, Meher et al. found no differences in experimental AAA formation between muMT
mice and WT mice, and showed that adoptive transfer of B2 cells suppressed AAA formation

and reduced the infiltration of mononuclear cells into aneurysmal tissue.”

Clonality and diversity analysis of the adaptive immune receptor repertoire (AIRR), which is
the union of all B and T cell receptors of one individual, provide insights into disease
mechanisms. The AIRR can change greatly with the onset and progression of diseases and
AIRR sequencing is increasingly used to investigate clonal expansion and diversity of T and
B cells in pathological contexts such as autoimmune diseases, sterile inflammatory diseases,
infections, and cancer.** % The TCR repertoire is estimated to comprise 107 unique receptors
in humans and 10° in mice.®® The B cell repertoire is even larger, with an estimated size of
10" in humans and 10" in mice.*” ® TCRs and B cell receptors (BCRs) are highly diverse
heterodimers that recognize an immense variety of antigens.®®* BCRs consist of a
combination of heavy and light chains, while TCRs are built by a combination of o/ or y/d
chains (Figure 5 A). Most TCRs consist of a combination of a and  chains. These receptors
are generated through variable, diversity, and joining (VDJ) recombination, which involves
the rearrangement of the V-, D-, and J-gene segments (Figure 5 B). For the formation of

TCR a chains and BCR light chains, only V- and J-genes are involved in the recombination

9



Introduction

process. Additional diversity is achieved by the random addition or deletion of nucleotides at
the junction sites between the gene segments and through chain pairing. Somatic
hypermutation further contributes to a greater diversity of BCRs. Each receptor chain
contains three hypervariable loops termed complementarity determining regions (CDR) that
are essential for antigen binding. CDR3 is commonly used as a region of interest to identify
T and B cell clones due to its high diversity and key role in antigen binding.% %192 A clone is
defined as a set of cells that express identical immune receptors, which implies that the
receptors consist of the same V-, D-, and J-genes and encode the identical CDR3 nucleotide

sequence.'??
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Figure 5: Structure of a TCR and schematic illustration of VDJ recombination of the TCRp gene
respectively. A: The TCR consists of two polypeptide chains, in most cases one alpha and one beta chain. TCRs
are defined by three regions: the variable (v), constant (c) and transmembrane regions. The variable region (v)
contains the antibody binding site. B: The somatic recombination of the TCRp gene begins with D-J
recombination, followed by V-DJ joining. This random recombination of the different segments generates TCR
diversity. After transcription, the intervening sequences are spliced, producing the TCR chain transcript, which
includes the V, D, J, and C region segments. Then, the transcript is translated into protein. Figure created with
Biorender and modified from Fuijii et al.'®3

Autoimmune responses are characterized by the presence of self-reactive T cells,
autoantibodies and inflammation.”® Investigation of the TCR-MHC complex provided
evidence that AAA pathology involves a specific antigen-driven T cell response.”" 7° Different
studies detected a clonal expansion of T cells in AAA lesions, associated AAA with MHC
class I and Il types, and identified self- or non-self-antigens that may be related to AAA.”"- 80
104107 The presence of clonally expanded TCRs in aneurysmal lesions of patients with AAA
or thoracic aortic aneurysms (TAA) was shown by several studies'®®'%, supporting the
assumption that AAA may be promoted by specific antigen-driven T cells. In addition, clonal
expansion of Tregs was found in experimental elastase-induced AAA formation in mice.'®
There is also evidence that an autoimmune reaction directed against self-antigens present in

10
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the aortic wall plays a role in AAA pathogenesis. Zhou et al. identified a natural IgG antibody
against fibrinogen in aortic tissues of elastase-induced AAA that contributes to AAA
formation by activating the complement lectin pathway.’® Another study indicates that a
collagen-associated 80-kDA protein present in the aneurysm wall may be a potential target of
the autoimmune response in AAA.'% They showed that 8 of 10 IgG antibodies, including
autoantibodies, isolated from the aortic wall of AAA patients reacted with an 80-kDa protein
from aortic microfibrillar extracts. This protein was located in the adventitial connective tissue
matrix.'® Further investigation of the role of T cells, B cells, and Ig involved in AAA in context

of an autoimmune response can be useful to improve the understanding of AAA pathology.
1.5 The co-stimulatory molecules CD40 and CD40L

Co-stimulatory molecules play a crucial role in adaptive immunity and in mediating
inflammation. Cluster of differentiation 40 (CD40) and its ligand CD40 ligand (CD40L) are co-
stimulatory molecules that amplify the immune response by providing a second signal after
the interaction of MHC and TCR to properly activate T cells (Figure 6).""° CD40 and CD40L
are type | and Il transmembrane proteins that belong to the tumor necrosis factor receptor
(TNFR) family."% " CD40 is expressed on a wide range of cells. It was initially identified on
B cells'?, but is also found on other APCs such as neutrophils, monocytes, DCs and
macrophages.''% """ Additionally, CD40 is expressed on endothelial cells, fibroblasts and
epithelial cells. CD40L is predominantly expressed by T cells, but can also be detected on
platelets, activated B cells and endothelial cells. In addition, there is a soluble form of CD40L
(sCD40L). Under inflammatory conditions, CD40L expression has been observed on mast

cells, monocytes, NK cells and basophils.!% 11

Binding of CD40L to CD40 leads to the recruitment of TNFR-associated factors (TRAFs).'"3
TRAF1, TRAF2, TRAF3, TRAF5, and TRAF6 can bind to CD40. Depending on the bound
TRAF protein, different pathways are activated, including the nuclear factor kB (NF«B)-
signaling pathway, the mitogen-activated protein kinase (MAPK) pathway, phosphoinositide
3-kinase (PI3K) pathway and the phospholipase Cy (PLCy) pathway (Figure 6).'1% 113
Independent of TRAFs, Janus family kinase 3 (JAK3) can bind directly to the cytoplasmic
domain of CD40 and activates the signal transducer and activator of transcription (STAT)
pathway.'* Activation of these different pathways results in transcription of various genes

that mediate humoral and cellular immune response.’'% 113

CD40-CD40L signaling has a distinct impact on different cell types. In T cells, CD40L co-
stimulation leads to cytokine production and promotes differentiation into T helper cells, that
11
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support B cell-mediated antibody responses and memory formation.''% "% In B cells, CD40-
CD40L engagement promotes survival, proliferation, isotype switching, immunoglobulin
production, and cytokine secretion that mediate immune cell recruitment and inflammation.'°
In addition, CD40-CD40L signaling influences B cell differentiation towards memory B cells
rather than plasma cells."® In other APCs, like monocytes and DCs, CD40-CD40L
interaction enhances survival, cytokine production, nitric oxide synthesis, and antigen cross-
presentation.'® Overall, CD40 signaling leads to full maturation of DCs to effectively induce

activation and differentiation of T cells.

TCR CD40L

1% signal 2 signal 3 signal

MHC I CDh40

CI'RAF'I /2/3

N
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L J
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Figure 6: CD40/CD40L signaling. An antigen-presenting cell (APC) presents a bound antigen via its major
histocompatibility complex (MHC) to the T cell receptor (TCR) of a T cell, which is the first signal for activation of
the T cell. Simultaneously, CD40, expressed on the APC, binds to its ligand CD40L, expressed on the T cell, and
provides a second signal. This leads to the release of cytokines, which enhance the response and provide the
third signal. After binding of CD40L to CD40 TRAF proteins are recruited that activate different pathways including
NFxB, MAPK, PI3K and PLCy. JAK3 can bind to CD40 independent of TRAF proteins and activates the STAT
pathway. Activation of these pathways results in transcription of various genes and the release of cytokines that
enhance the immune response. Created with Biorender based on Strohm et al.'"”

1.6 The role of CD40-CD40L signaling in CVDs

Since CD40-CDA40L signaling regulates inflammation by mediating cell differentiation and
inducing secretion of several pro-inflammatory cytokines and chemokines, it plays an
important role in CVDs. Multiple studies found elevated sCD40L plasma levels in patients

12
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with CVDs and healthy individuals that were associated with an increased risk of recurrent
and future cardiovascular events.''®'2! Thus, sCD40L can be used as risk marker for CVDs.
In atherosclerosis, CD40 signaling is involved in plaque initiation, immune cell recruitment, as
well as plaque destabilization and rupture.’?? Inhibition of CD40 signaling using an anti-
CD40L antibody in hyperlipidemic mice resulted in smaller atherosclerotic lesions with
reduced lipid content and less inflammatory cells.' However, treatment with anti-CD40L
antibody, caused thromboembolic complications in non-human primates and patients.'?* 125
Inhibition of CD40-TRAF6 signaling led also to a reduction of atherosclerotic lesions and a
more stable, anti-inflammatory plaque phenotype in apolipoprotein E deficient (Apoe™) mice,
while specifically blocking of CD40-TRAF2/3/5 signaling had no beneficial effects on
atherosclerosis.'?® 27 Since atherosclerosis is the main underlying cause for MI, CD40
signaling also plays a crucial role in MIl. Our working group showed that activation of CD40
signaling via an agonistic CD40 antibody in mice resulted in larger infarct sizes and impaired
cardiac function after ischemia reperfusion.’?® Vice versa, blocking of CD40-TRAF6 signaling
showed beneficial cardiac function by reducing scar size. In a mouse model of non-ischemic
heart failure, inhibition of CD40-TRAF6 signaling resulted in an improved cardiac function
due to reduced fibrosis and immune cell recruitment.’?® In context of AAA, CD40L-deficiency
and pharmacological blocking of downstream CD40 signaling via TRAF6 was shown to
protect against AAA formation and rupture.®* '* Thus, CD40 and CD40L are promising

therapeutic targets and their role in CVDs, especially in AAA requires further investigation.
1.7 scRNA-sequencing techniques

ScRNA-seq has become the state-of-the-art technology to uncover the composition of
different cell types and functions in complex tissues by deciphering the complexity and
heterogeneity of RNA transcripts in single cells.”®' Since Tang et al. developed the first
approach of scRNA-seq in 2009'%2, an increasing number of modified and improved scRNA-
seq technologies were developed, including Cellular Indexing of Transcriptomes and
Epitopes by Sequencing’? (CITE-seq) and scRNA sequencing of TCRs and BCRs (scRNA-
TCR-BCR-seq)." CITE-seq enables the simultaneous analysis of protein and transcriptome
measurements using oligonucleotide-labeled antibodies that can be subjected to
sequencing.”?® scRNA-TCR-BCR-seq is a powerful tool to investigate T and B cell clonality,
AIRR overlap between individuals, V-gene usage, and diversity.'% In contrast to bulk RNA
sequencing of TCRs and BCRs, scRNA-TCR-BCR-seq provides information on TCR chain
pairing, has a higher resolution and is more suitable for investigating the TCR specificity for

an antigen of interest.®*
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2 Objectives of the study

AAA is a complex, multifactorial and life-threatening disease associated with SMC apoptosis,
ECM degradation, extensive immune cell infiltration and inflammation. Although the major
cell types involved in AAA are known, a detailed characterization of the cell types and their
specific function in AAA is lacking and appropriate targets for drug therapy have not yet been
identified. Specific antigen-driven T cells and CD40-CD40L signaling were shown to play a
crucial role in AAA development and represent potential therapeutic targets. The use of
scRNA-seq techniques enables a comprehensive and unbiased characterization of the cell
types and genes involved in AAA development. Deeper analysis of the appearance of cell
types, diverse functional states of the cells as well as changes in their molecular profile with
progression of AAA, is essential to understand the underlying pathological mechanisms
involved in the development and progression of AAA and to identify potential targets for
therapeutic intervention. The overall aim of this work was to decipher the immune cell
heterogeneity in experimental AAA progression and to identify key players, genes or
signaling pathways. CD40-CD40L signaling was hypothesized to play a crucial role in AAA
pathology and was specifically investigated. In addition, the hypothesis that AAA exhibits
features of an autoimmune response and is driven by antigen-specific T cells was examined.

Thus, this thesis is divided into the following three parts:

1) Characterization of immune cell heterogeneity in experimental AAA
progression and identification of potential therapeutic targets
A comprehensive analysis of immune cell subsets involved at different stages of
elastase-induced AAA progression was performed using flow cytometry,
immunofluorescence stainings, scRNA-seq and CITE-seq. CITE-seq was furthermore
utilized to compare the immune cell responses in AAA with those observed in
atherosclerosis and MI to identify common or unique immune signatures across these

CVDs and to examine the correlation between RNA and protein expression.

2) Investigation of the role of CD40-CD40L signaling in AAA
CDA40-deficient mice were used to investigate the contribution of CD40 signaling to
Angll-induced AAA formation, progression and rupture. Flow cytometry,
immunofluorescence staining and scRNA-seq was performed to examine CD40 and
CDA40L expression in AAA and to identify cell types that are involved in CD40-CD40L

signaling.
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3) Examination of T and B cell clonality in experimental AAA
scRNA-TCR-BCR-seq was performed to analyze T and B cell clonality in elastase-
induced AAA progression to explore potential antigen-driven immune responses and

their relevance to AAA pathology.

These objectives aim to provide a detailed understanding of the immune landscape in AAA

and to potentially identify novel therapeutic targets for this disease.

15



Material and Methods

3 Material and Methods

3.1 Mice

Male C57BL/6J mice aged 10-11 weeks were purchased from Janvier Labs (Saint-Berthevin,
France). Apoe” mice were purchased from Jackson Laboratories (JAX, Bar Harbor, Maine,
USA). Some studies were performed on tamoxifen (TAM)-inducible, global CD40-deficient
mice with Apoe” background (Apoe” Cd40"" CreER™ and their Cre negative (Cre")
littermates previously generated by us.'™° Genotypes were confirmed using polymerase chain
reaction that was performed by Transnetyx (Cordova, USA). Mice were housed under
standard laboratory conditions with a 12 h light/dark cycle in the central facility premises for
animal research and scientific animal protection tasks (ZETT) at the Heinrich-Heine-
University Dusseldorf. Mice had ad libitum access to drinking water and standard chow. All
animal studies were performed according to Animal Research: Reporting of In Vivo
Experiments (ARRIVE II) guidelines™® and approved by the regional authority (LANUV;
North-Rhine-Westphalia State Agency for Nature, Environment and Consumer Protection;
license approval number AZ 81-02.04.2018.A408, 2024-419-Grundantrag and 81-
02.04.2020.A225.) in accordance with the European Convention for the protection of

vertebrate animals used for experimental and other scientific purposes.

3.2 Porcine pancreatic elastase (PPE) perfusion model to induce AAA

formation

To induce AAA in male C57BL/6J mice, the PPE perfusion model was used as previously
described by Pyo et al.™" Briefly, the mice received analgesics by injecting 0.1 mg/kg body
weight (bw) buprenorphine (Temgesic©; Indivior Europe, Dublin, Irleand) subcutaneously
(s.c.) 30 min prior to surgery. The mice were anesthetized with isoflurane (initial 3%, then
1.5%) and oxygenated air and were placed on a heated pad at 37°C. After absence of the
toe reflexes, laparotomy was performed, and the proximal and distal infrarenal aorta was
isolated and temporarily ligated. The aorta was punctured, a catheter was inserted, and the
infrarenal part was perfused with sterile isotonic saline containing type | PPE (2.5-3 U/ml
cat#E1250 Merck, Darmstadt, Germany) or 0.9% sodium chloride (NaCl, sham surgery)
under 120 mmHG for 5 min. Elastase concentrations ranged from 2.5 to 3 U/ml depending
on the batch number, as different concentrations were necessary to trigger the same AAA
incidence and size. After perfusion, the aortic puncture was sutured, the ligations were

removed, and the abdomen was closed. Afterwards, mice received Metamizol (Zentiva, Prag,
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Czech Republic, 1.33 mg/ml, sweetened) via the drinking water for three days. If required,
mice additionally received buprenorphine (0.1 mg/kg bw, s.c.) in the first eight hours. The
mice were monitored regularly until the end of the experiment. The surgeries to induce AAA

were performed by the technical assistants Julia Odendahl and Stefanie Becher.

3.3 Angiotensin Il (Angll) model to induce AAA formation in CD40

deficient mice

The Angll model was used to induce AAA formation in the TAM-inducible global CD40 KO-
model (Apoe” Cd40"" CreER™ mice strain). Two weeks prior Angll-pump implantation, Apoe
- Cd40" CreER™ mice were injected intraperitoneally (i.p.) with 100 yl TAM (cat# T5648,
Merck, 1 mg/injection) solved in peanut oil (cat#P2144, Merck) to induce a global CD40
deficiency. TAM injections were repeated daily for 5 consecutive days. Cre" littermates, that

served as controls, received TAM injections at the same time.

Apoe’ Cd40"" CreER™ mice and Apoe™ Cd40"" Cre*! littermates were continuously infused
with Angll via osmotic pumps (model 1004, Alzet, Cupertino, USA) at a rate of 1 pg/kg/min
for 28 days, as described by Daugherty et al.”® One day prior to implantation, osmotic
pumps were filled with Angll (cat#A9525, Merck) and primed by incubating them in 0.9%
sodium chloride (NaCl; cat#B8101153, Fresenius Kabi, Bad Homburg, Germany) at 37°C.
Mice received analgesics by injecting buprenorphine (0.1 mg/kg bw, s.c.) 30 minutes before
surgery. Anesthesia was induced with 3% isoflurane and maintained at 1.5%, with mice
placed on a heated pad at 37°C. After absence of toe reflexes, a subcutaneous pocket was
created over the right shoulder of the mouse. The pump was inserted with the moderator
head directed caudally and the incision was sutured. Postoperative analgesia was provided
by administering Metamizol (1.33 mg/ml, sweetened) in the drinking water for a minimum of

two days. Mice were monitored regularly until the end of the experiment.

If mice died prior to the experimental endpoint, an autopsy was performed to determine the
cause of death. Mice that died from rupture of an aneurysm were included in the analysis of
AAA incidence.

3.4 Ischemia reperfusion (I/R) model to induce Mi

The I/R model was used to induce reperfused Ml in male C57BL/6J mice. Shortly before
surgery, mice were injected with buprenorphine (0.1 mg/kg bw, s.c.). After 30 min, they were

briefly anesthetized with 3% isoflurane in an inhalation chamber and then intubated using a
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venous cannula (Vasofix Safety Kanlle 20 G 1,1x25 mm, B. Braun, Melsungen, Germany).
Mice were placed on a heated surgery table and anesthesia was maintained with isoflurane
(2%) and oxygenated air (30% oxygen) at a respiratory volume of 0.2 to 0.25 mL and a
respiratory rate of 140 breaths per minute. Electrocardiogram (ECG) and body temperature
(37°C) were constantly monitored. To induce MI, the left anterior descending coronary artery
(LAD) was occluded for 45 min using a 7-0 prolene thread as previously described.’® MI
induction was verified by ECG (ST-segment elevation) and an optical control (heart discolors
brightly below the thread). After 45 min, the suture was reopened to allow reperfusion of the
LAD. Mice received buprenorphine every 4 h (0.1 mg/kg body weight, s.c.) during the day. At
night, they received buprenorphine in their drinking water for 3 days and were monitored
regularly until the end of the experiment. The surgical procedures were performed by the

technical assistant Stefanie Becher.
3.5 Aortic diameter measurement

Non-invasive ultrasound imaging was used to measure the aortic diameter prior to surgery
(baseline) and AAA development and progression was monitored weekly. The Vevo 3100
high-resolution in vivo imaging system with a 25-55 MHz transducer (MX550D, VisualSonics
Inc., FUJIFILM, Toronto, Canada) was used for imaging. Mice were anesthetized with
isoflurane (initially 3%, then 1.5%) and placed on a heated pad at 37°C. Aspiration rate ECG,
and body temperature were monitored during the entire time of imaging. To assess the aortic
diameter, longitudinal B-mode images of the infrarenal aorta were acquired. The aortic
diameter was analyzed from leading to leading edge (LTL, Figure 7) in three cardiac cycles
at end-diastole using the Vevo LAB 5.6.0 software. AAA incidence was defined as an

increase in aortic diameter of at least 1.5-fold.

LTL

oTo ITI

Figure 7: Scheme of different methods to determine the aortic diameter in ultrasound images. The vessel
diameter can be measured from the anterior external wall to the posterior internal wall, which is referred to as the
leading to leading (LTL) edge. The outer to outer (OTO) method measures the external aortic diameter and the
inner to inner (ITI) method measures the internal aortic diameter. Figure created with Biorender.
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3.6 Organ harvesting

Mice were sacrificed at day 3, 7, 14 and 28 post PPE or sham surgery and at day 1 and 5
after I/R surgery. For scRNA-seq experiments, 10 min prior to organ harvesting mice were
injected intravenously (i.v.) with 100 pyl CD45-FITC antibody (cat#553079, dilution 1:1000
BioLegend, San Diego, California, USA) to label circulating leukocytes. Mice were weighted,
anesthetized and received analgesia with ketamine (100 mg/kg bw; Ketaset, Zoetis,
Pasippany, New Jersey, USA) and xylazine (10 mg/kg bw; Rompun, Bayer, Leverkusen,
Germany). After the absence of toe reflexes, blood was collected from the heart with a
heparinized syringe. Thorax and abdomen were opened, the vena cava was cut, and the
cardiovascular system was perfused with cold DPBS (cat#D8537, Merck) through the left
ventricle of the heart. The infrarenal part of the aorta was isolated by carefully removing all

fatty tissue, collected, and stored in DPBS on ice until further processing.
3.7 Preparation of single cell suspensions

For further analysis of aortic and cardiac cells by flow-cytometry, scRNA-seq and CITE-seq,

single cell suspensions were prepared according to the following protocols.
3.7.1 Digestion of aortic tissue into single cells

The isolated infrarenal aortae were digested into single cells based on the protocol from Hu
et al.’ Briefly, aortic tissue was cut into 1-2 mm pieces and transferred into an enzyme mix
containing 400 U/ml collagenase | (cat#C0130-100MG, Merck), 120 U/ml collagenase XI
(cat#C7657-25MG, Merck), 60 U/ml hyaluronidase I-S (cat#H3506-100MG, Merck), and 60
U/ml Dnase | (cat#11285932001, Merck) in DPBS supplemented with calcium and
magnesium (DPBS*, cat#D8662, Merck) and 20 mM HEPES (cat#15630106, Thermo Fisher
Scientific, Waltham, Massachusetts, USA). The aortae were incubated in the enzyme mix for
50 min on a shaker (600 rpm) at 37°C. The cell suspension was filtered through a 100 ym
cell strainer (cat#43-50100-50, pluriSelect Life Science, Leipzig, Germany). The remaining
aortic tissue was mashed with a syringe plunger through the cell strainer, which was rinsed
several times with DPBS. After centrifugation (10 min, 450 x g, 4°C), the cells were

resuspended in cold DPBS until further processing.

For flow cytometric analysis, cells were subsequently resuspended in RPMI-1640
(cat#R7388, Merck) supplemented with 10% fetal calf serum (cat#F9665, Merck) and
incubated on a shaker (600 rpm, 12 min, 37°C). Finally, cells were centrifuged (10 min, 450 x

g, 4°C), resuspended in DPBS and stored on ice.
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3.7.2 Digestion of cardiac tissue into single cells

Hearts were cut into small pieces and digested with an enzyme mix containing the enzymes
A, D and R from the Tissue Dissociation Kit 1 (cat#130-110-201, Miltenyi Biotec, Bergisch
Gladbach, Germany) in RPMI-1640 for 15-20 min at 37°C with shaking. Next, the cell
suspension was passed through a 100 ym strainer and subsequently filtered through a 40
pum stainer (cat#43-50040-51, pluriSelect Life Science). The strainer was washed with RPMI-
1640, the filtered cells were centrifuged for 5 min at 450 x g at 4°C and the supernatant was
removed. The cell pellet was resupended in red blood cell lysis buffer containing 8.29 mg/ml
ammoniochloride, 1 mg/ml potassium bicarbonate and 0.0375 mg/ml sodium-
ethylenediaminetetraacetic acid (Na-EDTA) in water (pH 7.4; central pharmacy, university
hospital Dusseldorf, Germany) and incubated for 5 min. Cells were centrifuged for 5 min at
450 x g at 4°C. and supernatant was discarded. The pellet was resuspended in 3 ml of cold
DPBS. To remove debris, 1 ml of debris removal solution (#cat130-109-398, Miltenyi Biotec)
was added and carefully overlaid with 4 ml of cold DPBS. Samples were centrifuged for 10
min at 3000 x g at 4°C leading to the formation of three phases. The upper two phases
containing DPBS and debris were removed. Remaining cells in the lowest phase were
resuspended in cold DPBS and again centrifuged for 10 min at 3000 x g at 4°C. After

discarding the supernatant, cells were resuspended in 1 ml of cold DPBS and stored on ice.
3.8 Sequencing experiments

Three different sequencing techniques were used in this work. scRNA-seq and CITE-seq
were performed to investigate the cell heterogeneity in AAA progression. sScCRNA-TCR-BCR-
seq was used to analyze T and B cell clonality in AAA. CITE-seq was additional used to
compare the immune response in MI, atherosclerosis and AAA, and to examine mRNA-
protein-correlation. Aortae of C57BL/6J mice harvested at day 3, 7, 14 and 28 after PPE
surgery and at day 3 and 28 after sham surgery were subjected to scRNA-seq as well as
scRNA-TCR-BCR-seq. Pooled non-perfused aortae of non-operated mice served as
additional controls. (Table 1). For CITE-seq, aneurysms were harvested at day 3, 7 and 14
after PPE surgery, aortae with atherosclerotic lesions were harvested from old ApoE’ mice

and hearts were removed at day 1 and 5 after I/R surgery (Table 2).
3.8.1 Staining and sorting of single cells for scRNA-seq and TCR-BCR-seq

Cell suspensions of aortae were transferred to a 96-well plate and centrifuged for 5 min at

500 x g and 4°C. Cells were stained with a staining mix containing Fc receptor blocker
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(cat#101320, TruStain FcX™, BioLegend, 1:100), viability stain (cat#423102, Zombie Aqua™
Fixable Viability Kit, BioLegend, 1:500), CD45-APC/cyanine 7 (#cat103116, BiolLegend,
clone 30-F11, 1:200), TER-119-FITC (#cat116206 , BioLegend, clone TER-119, 1:200), and
C0443 CD41 (cat#133943, BioLegend, Barcode Sequence ACTTGGATGGACACT, 1:1400)
in DPBS. In addition, an individual TotalSeq Hashtag antibody (BioLegend, TotalSeq™-C)
was added to the single-cell suspension of each aortic tissue (Table 1). The hashtag
antibodies allow the combination of several samples in the same 10X sequencing run and
are needed to demultiplex cells from individual samples. Ten samples were labeled with an
antibody from the TotalSeq™-C series. Two additional hashtag antibodies were built by
combining the antibodies MHC |[-biotin (BioLegend, clone 28-8-6) and CDA45-biotin
(BioLegend, clone 30-F11) with the streptavidin-conjugated barcodes TotalSeq™ C971 or
C972 (Table 1). The samples were stained with the staining mix and hashtag antibodies for
15 min at room temperature (RT) in the dark. After centrifugation (5 min, 500 x g, 4°C), the
supernatant was discarded, and cells were resuspended in MACS buffer (cat#130-091-221,
Miltenyi Biotec) for following cell sorting. Cell sorting was performed on a MoFlo XDP
(Beckman Coulter, Krefeld, Germany) with assistance from Dr. Katarina Raba at the Core
Flow Cytometry Facility at the Institute for Transplantation Diagnostics and Cell Therapeutics
of the university hospital Disseldorf. From each aortic suspension, up to 3000 living CD45*
cells and 3000 living CD45" cells were collected. If the corresponding cell count from one
suspension was not reached, this was compensated by collecting more cells from another
suspension (Table 1). All collected cells were combined into one reaction tube and
centrifuged for 5 min at 500 x g at RT. The supernatant was removed, and cells were
resuspended in MACS buffer (#cat130-091-221, Miltenyi Biotec). Viability and number of
cells was examined using the BD Rhapsody™ Scanner (DC, Becton Dickinson GmbH,
Heidelberg, Germany). Recounting of the cells confirmed approximately 60000 living cells
that were subjected to scRNA-seq and TCR-BCR-seq.

Table 1: Overview of mice used for scRNA-seq and TCR-BCR-seq. For each mouse the time point, the used

hashtag antibody, the sequencing run and the number of collected immune (CD45*) and non-immune (CD45)
cells are listed.

Mouse Time point Hashtag antibody Sequencing Number of  Number of
run CD45*cells CD45 cells
#1 sham d28 CO0301 cat# 155861 1 747 3000
#2 sham d28 C0302 cat# 155863 1 2211 3000
#3 d28 CO0303 cat# 155865 1 3000 3000
#4 d28 C0304 cat# 155867 1 3450 3000
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#5 d14 C0305 cat# 155869 1 3450 3000
#6 d14 C0306 cat# 155871 1 3450 3000
#7 d7 C0307 cat# 155873 1 3450 3000
#8 d7 C0308 cat# 155875 1 3450 3000
#9 d3 C0309 cat# 155877 1 3450 3000
#10 d3 C0310 cat# 155879 1 3450 3000
#11 sham d3 C0971 cat# 405271 1 3000 3000

MHC I-Biotin cat# 114603
CD45-Biotin cat# 103103

#12 sham d3 C0972 cat#t 405273 1 3000 3000
MHC I-Biotin cat# 114603
CD45-Biotin cat# 103103

#13 sham d28 C0301 cat# 155861 2 2 55

#14 non-perfused C0302 cat# 155863 2 139 2515
#15 d28 CO0303 cat# 155865 2 2150 1886
#16 d28 C0304 cat# 155867 2 2240 2450
#17 d7 C0305 cat# 155869 2 8500 6800
#18 d7 C0306 cat# 155871 2 8500 6800
#19 d7 C0307 cat# 155873 2 8500 6800
#20 d3 CO0308 cat# 155875 2 5170 818
#21 d3 CO0309 cat# 155877 2 1325 246
#22 d3 CO0310 cat# 155879 2 5170 1270
#23 sham d3 C0971 cat# 405271 2 365 478

MHC |-Biotin cat# 114603
CD45-Biotin cat#103103

#24 non-perfused C0972 cat#405273 2 149 2670
MHC [-Biotin cat#114603
CD45-Biotin cat#103103

3.8.2 Staining and sorting of single cells for CITE-seq

For CITE-seq cells were stained with a staining mix containing Fc receptor blocker
(cat#101320, TruStain FcX™, BioLegend, 1:100), CD45-APC/cyanine 7 (cat#103116,
BioLegend, clone 30-F11, 1:200) and TotalSeq™-A Mouse Universal Cocktail, V1.0
(cat#199901, BioLegend, 1:1200). The TotalSeq™-A Mouse Universal Cocktail, V1.0
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contains 119 antibodies against cell surface antigens of immune cells and 9 isotype control
antibodies (supplementary table 1). An individual TotalSeq™B hashtag antibody
(BioLegend) or a cell multiplexing oligo (CMO) sequence (10X Genomics) was added to
each sample for multiplexing (Table 2). Samples were stained with the staining mix and
hashtag antibodies for 15 min at RT in the dark. After centrifugation (5 min, 500 x g, 4°C), the
supernatant was discarded and the cells were resuspended in MACS buffer (#cat130-091-
221, Miltenyi Biotec). 4',6-Diamidin-2-phenylindol (DAPI, cat#62248, Thermo Fisher
Scientific, 1 ng/ml) was added to the cells and cells were sorted using a MoFlo XDP. Cell
sorting was performed with assistance from Katarina Raba at the Core Flow Cytometry
Facility at the Institute for Transplantation Diagnostics and Cell Therapeutics of the university
hospital Diusseldorf. For each sample approximately 6700 CD45" cells were collected to
reach a total number of approximately 60,000 cells. All cells were combined into one reaction
tube and centrifuged for 5 min at 500 x g at RT. The supernatant was removed, and the cells
were resuspended in MACS buffer (#cat130-091-221, Miltenyi Biotec). Viability and number
of cells was examined using the BD Rhapsody-System. Approximately 40,000 cells were
loaded on the 10X chip for CITE-seq.

Table 2: Overview of mice used for CITE-sequencing. For each mouse the condition, the used hashtag
antibody and the number of collectec CD45* immune cells are listed.

Mouse Condition Hashtag antibody Number of CD45" cells
#1 AAA d3 B0305 cat# 155839 6700
#2
#3 AAA d7 B0304 cat#155837 6700
#4
#5 AAA d14 B0301 cat#155831 6700
#6
#7 I/R d1 CMO311 cat#2000317 6700
#8
#9 I/IR d5 B0309 cat#155847 6700
#10
#11 Apoe ™ CMO310 cat#2000316 6700
#12
#13 Apoe™ B0306 cat#155841 6700
#14
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3.8.3 Generation of single-cell library

Single-cell libraries were generated with the 10X Chromium Controller system utilizing the
Chromium Next GEM Single Cell 5’ Kit v2 (cat#CG000331, 10X Genomics, Pleasanton, CA,
USA) according to the instructions of the manufacturer. Sequencing was carried out on a
NextSeq 550 system (lllumina Inc. San Diego, CA, USA) with a mean sequencing depth of
~50,000 reads/cell for gene expression and ~20,000 reads/cell for the TotalSeq-ADT library.
The T cell and B cell libraries and the hashtag libraries were sequenced at ~5000
reads/cells. Library generation was performed by Dr. Tobias Lautwein at the Genomics &

Transcriptomics Laboratory in Dusseldorf.
3.8.4 Processing of 10X genomics single-cell data

Raw sequencing data was processed using the 10X Genomics CellRanger software (v6.0.2).
Raw BCL files were demultiplexed and processed to Fastq files using the CellRanger
mkfastq pipeline. Alignment of reads to the mm10 genome and the corresponding VDJ gene
references and UMI counting was performed via the CellRanger multi pipeline to generate a

gene—barcode matrix.
3.8.5 Preprocessing of scRNA- and CITE-seq data

Data was analyzed using the R package Seurat v4."! First, the hashtag library was added as
assay to the metadata of the RNA library. For CITE-seq, the ADT library, which contains the
protein expression data, was additional added as assays to the metadata of the RNA library.
Cells with less than 200 RNA counts or more than 30% mitochondrial RNA were excluded.
Data were normalized with the function NormalizeData() with the normalization method
LogNormalize and a factor of 10,000. In this normalization step feature counts for each cell
were divided by the total counts for that cell multiplied by the scale.factor (10000) and then
natural-log transformed using log1p. ScaleData() was used to scale the expression level for
each feature by dividing the centered feature expression levels by their standard deviations.
Principal component analysis (PCA, 75 dimensions), variable gene finding, cell clustering,
and uniform manifold approximation and projection (UMAP) dimensional reduction (30
dimensions) were performed. Doublets were removed with DoubletFinder v2.0'*? and cells

with positivity for more than one hashtag were also excluded.
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3.8.6 Identification of cell clusters by scRNA- and CITE-seq

Immune cell clusters present in the CITE-seq dataset were assigned based on mRNA and
protein expression (Table 3). False-positive antibody bindings were identified and excluded
using nine isotype controls. Neutrophils, macrophages, DCs, NK cells, T cells and B cells
were identified in the CITE-seq data (Table 3).

In the scRNA-seq dataset immune cells were identified by expression of Ptprc (encoding for
CD45) and non-immune cells by absence of Ptprc expression. Based on the expression of
specific mMRNAs, Ptprc-negative cells were identified as endothelial cells, VSMCs, fibroblasts
and myofibroblasts (Table 3). The obtained immune cell clusters were assigned as
neutrophils, macrophages, DCs, B cells, T cells and NK cells (Table 3). Next, neutrophils,
macrophages/DCs and T/B/NK cells were bioinformatically selected and separately
reclustered (30 dimensions) to obtain a more detailed cluster resolution. FindAlIMarkers()
was used to find differentially expressed genes for each subcluster. Clusters that accounted

for less than 0.5% of all immune cells were excluded from further analysis.

To detect the identified subpopulations also in the CITE-seq data, a label transfer from the
scRNA-seq dataset to the CITE-seq dataset was performed to annotate the cells.
FindTransferAnchors() was used to find a set of anchors between both datasets, which were
used to transfer the cell annotations. During the label transfer each cell received a prediction

score, which was used to validate the accuracy of the label transfer.

The Seurat functions Vinplot(), FeaturePlot(), RidgePlot() and DotPlot() were used to

visualize the normalized and log-transformed expression of genes and proteins.
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Table 3: mRNAs and proteins that were used to identify different cell types by scRNA- and CITE-seq

Cell type mRNA protein
Neutrophils S100a8, S100a9 CD11b, Ly6G
Macrophages Cd14, Cd68, Lyz2, Itgam, CD11b, CD68, F4/80
Adgre1
DCs ltgax, Cd209a, Ccr7 CD11c
NK cells Nkg7, Gzma, Kirb1c NK1.1
T cells Cd3d, Cd3e, Cd3g, Cd28 CD3
B cells Cd19, Cd79a, Cd79b CD19, CD79b

Endothelial cells

Cdh5, Pecam1, Fabp4

VSMCs Myh11, Tagin, ActaZ2 -
Fibroblasts Dcn, Col1a1, Col3a1 -
Myofibroblasts Cthrc1 -

3.8.7

Analysis of gene ontology, pathway responsive genes and scoring of biological

processes

Gene Ontology (GO) analysis was performed using the R package ClusterProfiler
v.4.12.0."3 44 Function enrichGO() was used to find enriched gene sets for each cluster or
disease based on the database org.Mm.eg.db v.3.19.1."* Benjamini and Hochberg’s method
was applied to adjust the resulting p-values. pvalueCutoff() was set to 0.05, qvalueCutoff()

was set to 0.2.

Progeny v1.26.0'* was used to infer the activity of 14 pathways based on consensus gene

signatures that were obtained from perturbation experiments.'46

To further characterize the cell clusters, a score of inflammation and proliferation was
calculated by averaging the expression of gene signatures related to these processes. 197
inflammation-related genes were derived from GSEA MM3890'#" and 312 genes associated
with leukocyte proliferation were obtained from GSEA MM9599 (GO:0070663).
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3.8.8 Cell-cell communication analysis

For the inference and analysis of cell-cell communication CellChat v2.1.2'® 4% was used.
CellChat infers cell-cell communication based on gene expression data and the ligand-
receptor interaction database CellChatDB.mouse. In short, CellChat identified differentially
over-expressed ligands and receptors for each cell group utilizing Wilcoxon rank sum test.
Each interaction was assigned with a probability score that is modeled by the law of mass
action based on the average expression values of a ligand by one cell group and that of a
receptor by another cell group, as well as their cofactors. In the analysis presented in this
work the effect of cell proportion in each cell group was considered for the probability

calculation. Then significant interactions were identified with a permutation test.

3.8.9 Bioinformatic modeling of a flow cytometric gating strategy to identify and sort
IFNICs

The macrophage populations present in the CITE-seq dataset were bioinformatically
isolated. FindAlIMarkers() was used to identify marker proteins for each subpopulation.
Proteins that were suitable to distinguish IFNICs from one or more other subsets were used
to bioinformatically model a gating strategy for flow cytometry. The gating was simulated by
defining a threshold for the expression level and continuing the analysis only with cells that
were above the threshold. After each subdivision step the gating efficiency was evaluated
visually by a UMAP-plot. For better comparison to flow cytometric gating, gating of all
immune cells present in aneurysmal tissue in the CITE-seq data was additional performed by
displaying the log transformed expression in bi-axial gating plots and selecting the cells using
the function CellSelector().

3.8.10 scRNA-TCR-BCR-sequencing analysis

T cells were defined by expression of Cd3e, Cd3d, Cd3g, and Cd28. B cells were defined by
the expression of Cd19, Cd79a, and Cd79b. T and B cells were isolated bioinformatically and
merged with the preprocessed scRNA-TCR-BCR-seq data.

Preprocessing of the scRNA-TCR-BCR-seq data included quality control and adding the
library of the hashtag antibodies. Only receptors with exactly one alpha/heavy chain and one
beta/light chain were used for analysis. Sequences of single chains, more than two chains
per receptor, and non-matching chains were excluded from the analysis. The hashtag
information was merged with the 10X output file to enable the assignment of TCRs and
BCRs to the different mice. The Immunarch package v 0.6.9'%° was used to analyze CDR3
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length distribution, clone abundance, repertoire overlap, germline gene V-gene usage, clonal
expansion, and diversity estimation. We defined a clone as a set of T or B cells expressing
the same receptor that consists of the same V-, D-, and J-genes and encodes an identical
CDRS3 nucleotide sequence. Two-sample permutation-based Kolmogorov—Smirnov test was
used to compare CDR3 length distributions with the function ks tesf() from R package
“twosamples”. Bonferroni correction was used for multiple comparisons. To compare the
correlation strength of the V-gene usage in the TCR alpha chain with the V-gene usage in
the TCR beta chain, the individual correlation coefficients were compared with a two-tailed
Mann—-Whitney U test.

3.8.11 Database comparison (TCR and BCR)

The two databases vdjdb'™' (version from 30.03.2022) and McPAS'™? (version from
05.08.2021) were used for comparison with the AAA data. The databases contain TCR
CDR3 sequences from different species for various diseases. Only murine CDR3 sequences
were used for comparison and sequences with less than 4 amino acids and diseases with
less than 5 CDR3 sequences were excluded. Categories and diseases that made no sense
for our analysis were removed (“HomoSapiens”, “GallusGallus”, “Synthetic”, “MusMusculus”).
For vdjdb 5206 sequences and for McPAS 3530 sequences remained for analysis. After
merging the two databases and filtering for unique CDR3 sequences, 4331 CDR3 sequences
remained for comparison with the AAA data set. One-sided Fisher's exact test with
Bonferroni or Benjamini-Hochberg correction was performed using R v4.0 software to
examine the overrepresentation of TCR clones in our data set that are associated with
diseases or antigens according to the two databases. Differences with p < 0.05 were

considered significant.

3.9 Flow cytometry

Two different antibody panels were used to stain aortic cells (Table 4). The “differential
leukocyte panel” was used to analyze the distribution of neutrophils, macrophages, NK cells,
T cells and B cells in aneurysmal tissue. The CD40 panel was used to examine CD40

expression on neutrophils, macrophages and B cells.

For flow cytometric analysis, 100 pl of single-cell suspensions obtained from aortic tissue
were transferred into a 96-well v-bottom plate. CountBright™ Absolute Counting Beads
(cat#C36950, Thermo Fisher Scientific) were added to each sample stained with the

“Differential leukocyte panel” to determine cell counts after processing. The cells were
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centrifuged for 5 min at 500 x g and 4°C and stained with Fc receptor blocker (cat#101320,
TruStain FcX™ anti-mouse CD16/32, BioLegend, 1:100) and viability stain (cat#423102,
Zombie Aqua™ Fixable Viability Kit, BioLegend, 1:500) at RT for 10 min in the dark. After
centrifugation (5 min, 500 x g, 4°C), supernatant was discarded and cells were stained for 20
min at RT in the dark with the “Differential leukocyte panel” or the “CD40 panel’ (Table 4).
Cells were centrifuged (5 min, 500 x g, 4°C) and resuspended in DPBS supplemented with
0.5% bovine serum albumin.

Table 4: Fluorochrome-labelled antibodies used for flow cytometric analysis. The table shows the

antibodies with their fluorochrome, the clone, the dilution, the cat#, the manufacturer and in which panel the
antibody was used.

Antibody-Conjugate Clone Dilution Cat# Manufacturer Panel
CD45-v450 30-F11 1:200 103133  BiolLegend Both
CD11b-APC-Cy7 M1/70 1:200 101225  BiolLegend Both
Ly6C-PE HK1.4 1:133.3 128007  BiolLegend Both
Ly6G-PerCP-Cy5 1A8 1:100 127615 BioLegend Both
CD19-FITC MB19-1  1:100 101505  BiolLegend Both
NK1.1-PE-Cy7 PK136 1:200 108713  BiolLegend Differential
leukocyte panel
CD3-APC 145- 1:200 100312 BioLegend Differential
2C11 leukocyte panel
CD40-APC 3/23 1:80 124611 BioLegend CD40 panel

The samples were acquired with the BD FACSVerse™ Cell Analyzer (BD, Heidelberg,
Germany), and data were analyzed using FlowJo software v10.5.3 (Becton Dickenson
GmbH). Figure 8 shows the gating strategies to analyze immune cell numbers (A) and CD40
expression (B) on different immune cells in aortic tissue. Absolute cell numbers were
calculated using the following formula according to the user guide of the CountBright™

Absolute Counting Beads:

cells (Cell Count x Counting beads volume) ) ) beads
Absolute Count ( il ) = x Counting beads concentration ( " )

"~ (Counting beads count x Cell volume)
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Figure 8: Flow cytometric gating strategies to measure the number of immune cells and their CD40
expression in aortic tissue. A: Representative gating strategy for the differential leukocyte panel. Counting
beads were identified using forward- and sideward scatter-area (FSC-A, SSC-A) and their positivity for V450 and
V500. Single cells were detected using forward scatter-height (FSC-H) and FSC-A. Viable leukocytes were
determined by a positive signal for CD45* and a negative signal for the viability dye Zombie. Viable leukocytes
where then distinguished in neutrophils (CD11b*Ly6G*), macrophages (CD11b*Ly6G"), NK cells (NK1.1*), B cells
(CD19*) and T cells (CD3"*). B: Representative gating strategy for the CD40 panel. Single cells were again
detected using FSC-H and FSC-A. Viable cells, neutrophils, macrophages and B cells were identified by the same
protein expression patterns that were used in the differential leukocyte panel. Then, the CD40 expression of the
different cell types was determined by measuring the mean fluorescence intensity (MFI).
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3.9.1 IFNIC panel

To detect IFNIC macrophages in the aortic tissue, single-cell suspensions were stained with
the IFNIC panel (Table 5) and measured by flow cytometry. First, cells were transferred to a
FACS tube and CountBright™ Absolute Counting Beads (cat#C36950, Thermo Fisher
Scientific) were added. Then the samples were centrifuged (500 x g, 5 min, 4°C) and the
supernatant was discarded. The cell pellet was stained with Fc receptor blocker
(cat#101320, TruStain FcX™ anti-mouse CD16/32, BioLegend, 1:100) and viability stain
(cat#C36628, Viakrome808 fixable viability dye, Beckman Coulter, 1:40) at RT for 20 min in
the dark. Cells were centrifuged (500 x g, 5 min, 4°C), supernatant was removed and cells
were incubated with the IFNIC panel for 20 min at RT in the dark. After that, cells were
centrifuged (5 min, 500 x g, 4°C) and resuspended in DPBS with 0.5% bovine serum
albumin. Samples were acquired with the CytoFLEX LX flow cytometer equipped with basic
optical filter setup (Beckman Coulter) and analyzed with the FlowJo software v10.5.3 (Table
5). Absolute cell numbers were calculated according to the user guide of the CountBright™
Absolute Counting Beads as mentioned before. The IFNIC panel was established by master
student Noura Kharrat under my supervision.

Table 5: Antibodies used for the IFNIC panel. The table shows the antibodies with their fluorochrome, the
clone, the dilution, the cat# and the manufacturer.

Antibody-Conjugate Clone Dilution Cat# Manufacturer

CD45-BUV496 30-F11 1:40 364-0451-80 Thermo Fisher Scientific
eBioscience™

CD11b-BUV661 M1/70 1:200 376-0112-82 Thermo Fisher Scientific
eBioscience™

CD3-BV510 17A2 1:200 100234 Biolegend

CD11¢c-BV510 N418 1:200 117337 Biolegend

CD19-BV510 6D5 1:100 115546 Biolegend

NK1.1-BV510 PK136 1:100 108738 Biolegend

Ly-6A/E-BV605 D7 1:200 108133 Biolegend

CD40-BV785 3/23 1:200 124645 Biolegend

CD36-Alexa488 HM36 1:100 102608 Biolegend

Ly6G-PerCP-Cy5 1A8 1:200 127616 Biolegend

Ly6C-PE HK1.4 1:80 128007 Biolegend

IFNAR1-APC MAR1-5A3 1:200 127314 Biolegend
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3.9.2 Sorting of IFNIC macrophages

For sorting, the cells were stained with the IFNIC panel as described above, but instead of
Viakrome808 Zombie NIR™ Fixable Viability Kit (cat#4231025, BioLegend) was used as
viability dye. Sorting of the cells was performed with a FACS Symphony S6 (BD) by Dr.
Stefanie Lichtenberg and Dennis Muller (Core Facility Flow Cytometry, University hospital
Dusseldorf). Sorted cells were collected into Eppendorf tubes containing RLT lysis buffer
(cat#1015762, Qiagen, Hilden, Germany).

3.10 RNA Isolation, reverse transcription, pre-amplification and gPCR

Quantitative polymerase chain reaction (qPCR) was used to quantify the expression of type-I
IFN signature genes in different macrophage subsets isolated from experimental AAA tissue

by cell sorting.

RNA isolation of sorted cells was performed with the RNeasy® Micro Kit (cat#74004, Qiagen,
Hilden, Germany) according to manufacturer’s instruction. As a final step, RNA was eluted
with 14 ul RNAse free water. RNA concentration was determined with the DS-11 FX
spectrophotometer (DeNovix, Wilmington, USA). All samples were diluted to the lowest RNA
concentration, transcribed into cDNA and amplified with the SuperScript™ IV Single
Cell/Lowlnput cDNA PreAmp Kit (cat#11752048, ThermoFisher Scientific) according to the
manufacturer’s protocol. This kit enables uniform and global preamplification of full-length
cDNA that can be further used for gPCR. Reverse transcription and preamplification with 11
cycles were performed on a Fast Gene Ultra Cycler Gradient FG-TCO01 thermocycler (Nippon
Genetics Europe, Diren, Germany). qPCR was performed with the TagMan™ Fast
Advanced Master-Mix (cat#4444557, ThermoFisher Scientific) using a Quantstudio 7 Flex
real-time-PCR-system (Thermo Fisher Scientific). Interferon regulatory factor 7 (Irf7, cat#
MmO00516793 g1, Thermo Fisher Scientific), interferon-stimulated gene 15 (Isg15, cat#
MmO01705338_s1, Thermo Fisher Scientific), Interferon-induced protein with tetratricopeptide
repeats 3 (/fit3, catht Mm01704846_s1, Thermo Fisher Scientific), C-X-C- motif chemokine 10
(Cxcl10, cat# MmO00445235 m1, Thermo Fisher Scientific) and Cd40 (cat#
MmO00441891_m1, Thermo Fisher Scientific) were used as target genes. Glycerinaldehyd-3-
phosphat-Dehydrogenase (Gapdh, caté#Mm99999915 g1; Thermo Fisher Scientific) served

as house-keeping gene.
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3.11 Embedding and sectioning of aortae

Harvested aneurysms were fixed in 4% paraformaldehyde (cat#J61984-AP, ThermoFisher
Scientific) for 1 h at RT and dehydrated in 30% sucrose (cat#S1888, Merck) in DPBS at 4°C
overnight. Afterwards, aneurysms were embedded in Tissue-Tek® O.C.T. compound
(cat#4583, Sakura Finetek, Amsterdam, the Netherlands) and stored at -80°C until cryo
sectioning. Each aneurysm was cut into 5 um thin sections (cryotome CM 3050 S, Leica)
according to a predefined scheme. To obtain a complete overview of the entire aneurysm,
sections from 16 different levels of the aneurysm are collected on four different slides (A
(levels 1-4), B (levels 5-8), C (levels 9-12) and D (levels 13-16)). In order to be able to
perform different histological examinations of an aneurysm, 20 such slide combinations were
prepared per aneurysm. For this purpose, consecutive sections from each level were applied
to 20 different slide sets. The trimming size between each layer was adjusted to the size of
the aneurysms. For small aneurysms (0 — 3 mm) 100 ym were trimmed, for medium-sized
aneurysms (3 — 3.5 mm) 150 ym were trimmed and for large aneurysms (> 3.5 mm) 200 pm

were trimmed between the 16 layers.
3.12 Immunofluorescence co-staining

For each aneurysm the largest tissue section and the two neighboring sections were
selected for immunofluorescence co-staining to evaluate immune cell numbers and their
CD40 expression in aneurysmal tissue. Cryo sections were thawed for 20 — 30 min at RT
and subsequently baked at 60°C for 30 min. The tissue sections were re-hydrated for 5 min
in DPBS and incubated in block and permeabilization solution containing 0.5% BSA
(cat#8076.3, Carl Roth GmbH, Karlsruhe, Germany), 0.1% saponin (cat#S4521, Merck) and
0.2% fish gelatine (cat#G7765, Merck) for 1 h. Afterwards sections were stained with either
Ly6G (cat#551459, BD Biosciences, end concentration 5 pg/ml in blocking solution), F4/80
(cat#ab6640, Abcam, end concentration 5 ug/ml in blocking solution), CD11c¢ (cat#14-0114-
82, Thermo Fisher Scientific, end concentration 5 ug/ml in blocking solution), CD19
(cat#152402, Biolegend, end concentration 5 pug/ml in blocking solution) or CD3e
(cat#553058, BD Biosciences, end concentration 10 ug/ml in blocking solution) at 4°C
overnight. On the next day, tissue sections were washed three times for 3 minutes with
DPBS and incubated with the corresponding secondary antibody either Donkey anti-Rat IgG
(H+L) Highly Cross-Adsorbed Secondary Antibody Alexa Fluor™ 594 (cat#A-21209, Thermo
Fisher Scientific, 1:1000 in DPBS) or Goat Anti-Armenian hamster IgG H&L Alexa Fluor®
568 (cat#ab175716, Abcam, 1:100 in DPBS) for 1 h at RT. After washing thrice with DPBS,

33



Material and Methods

sections were incubated with either CD40 (cat#ab13545, Abcam, end concentration 10 pug/mli
in blocking solution) or CD40L (#cat PA5-78983, Thermo Fisher Scientific, end concentration
10 pg/ml in blocking solution) at 4°C overnight. Tissue sections were washed three times for
3 minutes with DPBS, incubated with Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody Alexa Fluor™ 660 (cat#A-21074, Thermo Fisher Scientific, 1:1000 in
DPBS) for 1 h at RT and washed again thrice with DPBS. The autofluorescence of the tissue
was quenched using the Vector® TrueVIEW™ autofluorescence quenching kit (cat#SP-
8400-15, Vector Laboratories, Newark, California, USA) according to the manufacturers’
instruction. This was followed by a washing step with DPBS. Tissue sections were stained
with DAPI (cat#62248, Thermo Fisher Scientific, 1:1000) for one minute and mounted using
ProLong™ Diamond Antifade Mountant (cat#P36961, Thermo Fisher Scientific).
Immunofluorescence stainings were carried out by bachelor student Kea Mara Tonnilten

under my supervision.

3.13 RNAscope®

A RNA fluorescent in situ hybridization assays (RNA FISH) was used to detect IFNIC
macrophages in human and murine aneurysmal tissue sections. Double “Z” oligo
RNAscope® probes were hybridize to the target RNAs Irf7 (Mm-Irf7-C3, cat#534541-C3,
ACD™ Bio-Techne, Minneapolis, Minnesota, USA) and Adgre? (Mm-Adgre1 C1,
cat#460651, ACD™ Bio-Techne) defining IFNIC macrophages. In this assay, the signal
amplification technology for RNA FISH is combined with Tyramide Signal Amplification (TSA)
technology for an enhanced detection of the fluorescent-labeled target RNAs in tissue
sections. The amplified RNA signal by RNAscope® probes were visualized by TSA Vivid™
fluorophores depending on the RNAscope® probe channel.

In line to the company protocol for the RNAscope® Multiplex Fluorescence Reagent Kit v2
(cat#323100, ACD™ Bio-Techne), preamplifiers, amplifiers and dyes were used regarding
each specific probe channel. In short, cryo sections were baked for 30 min at 60°C and then
immersed in 4% paraformaldehyde for 15 minutes at 4°C. The sections were dehydrated
sequentially for 5 minutes each in 50% ethanol, 70% ethanol and twice in 100% ethanol,
followed by air drying. To block tissue peroxidases, RNAscope® hydrogen peroxidase was
applied to each section and incubated for 10 min at RT. Sections were washed in distilled
water. For antigen retrieval, slides were transferred into pre-warmed target retrieval solution
and boiled for 5 min at 98 - 102°C. After boiling, slides were rinsed in distilled water at RT,
followed by a washing step in 100% ethanol, and air dried. Next, 60 pl of RNAscope®

Protease Ill were added to each section and slides were incubated in a humidity chamber at
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40°C for 30 minutes. Afterwards, the slides were washed twice with distilled water. For probe
hybridization, excess liquid was removed, and 50 pl of the desired probe was applied to each
section. Slides were incubated at 40°C for 3 hours. After incubation, slides were washed
twice for 2 minutes in wash buffer. To amplify the probes, 60 ul of Amplifier 1 were applied to
each section and incubated at 40°C for 30 minutes in a humidity chamber. Then slides were
washed twice for 2 minutes with wash buffer. This procedure was repeated for Amplifiers 2
and 3, with Amplifier 3 incubated for 15 minutes. The amplification was followed by
horseradish peroxidase (HRP) treatment, that was dependent on the used probe channel.
The sections were covered with the appropriate HRP of the channel and incubated for 15
minutes at 40°C. After washing, the selected fluorescent dye (e.g. TSA Vivid™ Dye 520, 580
or 650, 1:750 in TSA buffer) was applied on the slide and incubated for 30 minutes at 40°C.
Afterwards slides were washed two times for 2 minutes in wash buffer. Four drops of HRP
blocker were added and incubated for 15 minutes at 40°C, followed by washing with wash
buffer.

In addition to the RNA scopes, an antibody-based immunofluorescence staining using the
macrophage marker F4/80 (cat# ab6640, Abcam, end concentration 5 ug in DPBS) and the
Alexa Fluor 488 linked donkey anti-Rat IgG (H+L) secondary antibody (cat#A-21208, Thermo
fisher scientific, 1:1000 in DPBS) was performed as described before. After incubation of the
secondary antibody and the following washing step, the autofluorescence of the tissue was
quenched using the Vector® TrueVIEW™ autofluorescence quenching kit. After washing,
tissue sections were covered with mounting medium ProLong™ Diamond Antifade Mountant
with DAPI (cat#P36971, Thermo fisher scientific). RNA scope staining was performed by Dr.

Susanne Pfeiler.
3.14 Image acquisition and analysis

The stained tissue sections were imaged using a HC PL APO 40x/0.95 objective on a Leica
DM6 B microscope equipped with a DFC9000 fluorescence camera. Images were obtained

using the LASX software (Leica).
3.15 Statistical analysis

Data are presented as mean * standard deviation (SD). Statistical analysis and graphical
illustrations of data obtained from ultrasound measurements, flow cytometry,
immunofluorescence staining and gPCR were performed using GraphPad Prism 8
(Graphpad Prism Inc., La Jolla, USA). Normal distribution of the data was tested using the

Kolmogorov-Smirnov test. Unpaired T-test with Welch’s correction was used to test for
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significant differences between two groups of normal distributed data. If data was not
normally distributed the unpaired Mann-Whitney (two-tailed) test was used to compare two
groups. One-way analysis of variance (ANOVA) with Tukey’s multiple comparisons or
Kruskal-Wallis-test with Dunn’s multiple comparison was used to examine the influence of
one categorical independent variable on a continuous dependent variable for normally or
non-normally distributed data, respectively. Two-way ANOVA with Sidak’s multiple
comparisons was used to examine the influence of two different categorical independent
variables on a continuous dependent variable. The Log-rank (Mantel-Cox) test was
performed to compare the distributions of survival of two groups. Significant differences of
AAA incidence between two groups were tested with the two-sided Fisher’s exact test. The
incidence of an AAA/TAA or no AAA/TAA was expressed and presented as percentage.
P<0.05 was considered as statistically significant and further significance levels were stated
as *p<0.05, **p<0.01, **p=<0.001, ****p<0.0001.
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4 Results

4.1 Characterization of the immune response in AAA using scRNA- and
CITE-seq

4.1.1 Identification of immune cells in CVDs using CITE-seq

Inflammation plays a crucial role in CVDs. Atherosclerosis and AAA are both chronic
inflammatory diseases, while Ml is characterized by an acute inflammatory response. The
three diseases are linked, as atherosclerosis is the major underlying cause of Ml and can be
a risk factor for AAA. Moreover, all three diseases share risk factors and are based on similar
pathologies. CITE-seq was used to compare the different CVDs and investigate whether

similar inflammatory processes and cell types are essential for the three diseases.

The workflow of the CITE-seq experiment is described in Figure 9. Previously described
mouse models were used to mimic atherosclerosis, AAA and MI. Shortly before organ
harvesting, mice were injected i.v. with a CD45-FITC antibody to label circulating immune
cells. Atherosclerotic aortae from aged Apoe™ mice (n = 2), aneurysmal tissue harvested at
day 3 (n=1),7 (n=1)and 14 (n = 1) after elastase-perfusion, and hearts removed at day 1
(n=1)and 5 (n = 1) after ischemia reperfusion were digested into single cells. For each
condition two mice were pooled. Single-cell suspensions were stained with a viability dye,
CD45-APC-Cy7 as well as an individual hashtag antibody that enable unique labeling of all
cells of a particular sample. Additional, cells were stained with a cocktail of 119 antibodies for
CITE-seq. Only immune cells present in the tissues (CD45-APC-Cy7* cells) were collected
and subjected to sequencing. Thus, this dataset enables a comprehensive and parallel

analysis of atherosclerosis, AAA, and Ml without batch effects.
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Figure 9: Experimental workflow of CITE-seq. Atherosclerotic aortae from aged Apoe™ mice, AAA induced by
elastase-perfusion and infarcted hearts induced by I/R surgery were used. Shortly before organ harvesting, mice
were injected i.v. with an CD45-FITC antibody. Aortae and hearts were harvested and digested into single cells.
Single-cell suspensions were stained with a viability dye, a CD45-APC-Cy7 antibody, a cocktail of 119 CITE-seq
antibodies and an individual hashtag antibody. CD45-APC-Cy7* immune cells were collected and subjected to
CITE-seq.

After preprocessing and quality control of the CITE-seq data, 2,833 immune cells obtained
from atherosclerotic aortae, 4,049 immune cells received from aneurysmal tissue and 2,400
immune cells obtained from infarcted cardiac tissue were used for analysis. CITE-seq data
was used to identify different immune cell types present in atherosclerosis, AAA and MI
based on marker genes and by expression of surface proteins. Neutrophils, macrophages,
DCs, NK cells, T cells and B cells could be identified (Figure 10 A). Neutrophils were defined
by mRNA expression of S100a8 and S7100a9 (Figure 10 B) and by protein expression of
Ly6G and CD11b (Figure 10 C). mRNA expression of Cd74, Cd68, Lyz2, Adgre1 and ltgam
was used to identify macrophages (Figure 10 B). On protein level, macrophages were
confirmed by expression of CD11b, CD68, and F4/80 (Figure 10 C). DCs were defined based
on mMRNA expression of ltgax and Cd209a (Figure 10 B) and protein expression of CD11c
(Figure 10 C). NK cells were identified by mRNA expression of Nkg7, Gzma and Kirb1c
(Figure 10 B) and confirmed by protein expression of NK1.1 (Figure 10 C). mRNA expression
of Cd3d, Cd3e, Cd3g and Cd28 (Figure 10 B) as well as protein expression of CD3 (Figure
10 C) were used to define T cells. For identification of B cells Cd19, Cd79a and Cd79b were
used as marker genes (Figure 10 B). Protein expression of CD19 and CD79b confirmed the
annotation (Figure 10 C).
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Figure 10: Identification of immune cell clusters in CVDs using mRNA and protein markers. A: UMAP-Plot
displaying the main immune cell clusters present in atherosclerosis, AAA and MI. Neutrophils, macrophages, DCs
NK cells, T cells and B cells were detected in aortic and cardiac tissue using CITE-seq. B: Dotplot diagram
showing the normalized and log-transformed expression level of marker genes that were used to identify the
different immune cell clusters. C: Dotplot diagram displaying the protein expression of surface markers used to
identify different immune cell types. The color of the dot shows the expression level (orange = high expression,
blue = low expression) and the size of the dot indicates the percentage of cells inside the cluster expressing the

gene or protein.
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4.1.2 Different cell types and pathways play a role in atherosclerosis, AAA, and Ml

After identifying the immune cell types present in the three CVDs, the distribution of immune
cells was compared between atherosclerosis, AAA and MI. The UMAP-plot displays cells
associated with atherosclerosis in yellow, cells present in AAA in turquoise and cells
detected in MI in purple (Figure 11 A). Overall, the pattern of the cell clusters appeared
similar for all three disease models, but some differences could be observed. Different
subsets of neutrophils were present in AAA and MI. Furthermore, two macrophage clusters
appeared specific for Ml and one T cell cluster was mainly present in atherosclerosis (Figure
11 A). The comparison of the proportion of immune cell types revealed that atherosclerosis
was dominated by T cells that accounted for 47.8% of all immune cells, while AAA and MI
were dominated by macrophages (32.4% and 48.3%) and neutrophils (27.5% and 34.8%;
Figure 11 B). Atherosclerosis contained also more B cells than AAA and MI. The highest
proportion of NK cells was detected in AAA (Figure 11 B). The comparison of the different
time points of AAA showed an increase of T cells from 6.2% at day 3 to 28% at day 14
(Figure 11 C). In contrast, the proportion of neutrophils strongly decreased from 62.8% at
day 3 to 7.4% at day 7 and 13% at day 14 of AAA formation. Macrophages, which
represented the largest proportion of immune cells, accounted for 16.9% on day 3 of AAA
formation, were most abundant on day 7 with 47.3%, and slightly decreased to 32.9% on day
14. Only small differences in the immune cell distribution were observed between day 1 and
5 after Ml (Figure 11 C). The proportion of neutrophils decreased from 43% on day 1 to
28.6% on day 5, and instead the proportion of macrophages increased from 36.2% on day 1
to 57.3% on day 5.
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Figure 11: Differences in immune cell proportions in atherosclerosis, AAA and MI. A: UMAP-plot displaying
the immune cells detected in atherosclerosis, AAA and MI. Each disease is shown in a different color. Immune
cells obtained from atherosclerosis, AAA and MI are colored in yellow, turquoise and purple respectively. B
Proportion of neutrophils, macrophages, DCs, NK cells, T cells and B cells in atherosclerosis, AAA and MI. C:
Percentage distribution of neutrophils, macrophages, DCs, NK cells, T cells and B cells at day 3, 7 and 14 after
elastase-induced AAA formation (left panel) and at day 1 and 5 after reperfused MI (right panel).

GO analysis was performed to gain insights into the immunological processes involved in
atherosclerosis, AAA and MI. Differentially-expressed genes (DEGs) were identified for each
disease and used to find enriched gene sets that are associated with biological processes. In
comparison to AAA and MI, atherosclerosis contained enriched gene sets associated with
synapse translation, lymphocyte and T cell differentiation, antigen receptor-mediated
signaling pathway, as well as positive regulation of cell activation (Figure 12). Genes
involved in regulation and activation of the innate immune response were enriched in AAA. In
addition, genes associated with pattern recognition receptor signaling pathway, cytokine-
mediated signaling pathway and extrinsic apoptotic signaling pathway were enhanced in
AAA. MI showed predominantly an enrichment of genes associated with immune cell
migration, chemotaxis and regulation of the inflammatory response. Genes involved
response to molecule of bacterial origin and lipopolysaccharide were also enhanced (Figure
12).
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Figure 12: Upregulated biological processes in atherosclerosis, AAA and MI. Bar plots displaying the top ten
enriched gene ontology (GO) terms for atherosclerosis, AAA and MI. The GO terms are shown on the y-axis and
the gene count is displayed on the x-axis. The color code indicates the adjusted p-value.

4.1.3 Characterization of the immune response in AAA progression

Even though, CITE-seq revealed differences in immune cell distribution in all three
investigated CVDs, this work mainly focuses on the role of different immune cell types and
signaling pathways in the development and progression of AAA. To characterize the immune
response at different stages of AAA, the general distribution of several immune cell types
was investigated 3, 7, 14 and 28 days after elastase-induced AAA formation using flow
cytometry and immunofluorescence stainings. Ultrasound imaging was performed to monitor
the development of AAA. The absolute number of infiltrated leukocytes, neutrophils,
macrophages, NK cells, B cells and T cells was assessed with flow cytometry.
Immunofluorescence staining were additionally used to count and localize neutrophils,
macrophages, DCs, T cells and B cells in the aneurysmal tissue. Furthermore, scRNA-
sequencing was performed to investigate the immune response in different stages of
elastase-induced AAA progression in more detail by characterization of subpopulations,

analysis of signaling pathways and investigation of cell-cell communication patterns.

Ultrasound measurements showed a significant increase in aortic diameter of aortae
perfused with elastase compared to control aortae perfused with saline 3, 7, 14 and 28 days
after the surgery (Figure 13). Baseline measurements revealed an average diameter of 0.7
mm for healthy aortae. AAA was defined as an increase in aortic diameter of at least 1.5 fold.
In saline-perfused aortae no AAA development was observed, although a slight increase in
aortic diameter was measured compared to baseline. Elastase-perfused aortae already
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showed a significant larger aortic diameter than saline-perfused aortae after 3 days.
However, a 1.5-fold dilation of the aorta was first reached at day 7. The aortic diameter
increased further from day 7 to day 28. In detail, elastase-perfusion led to an average aortic
diameter of 0.99 mm (fold change: 1.41) on day 3, 1.17 mm (fold change 1.67) on day 7,
1.21 mm (fold change 1.73) on day 14 and 1.34 mm (fold change 1.91) on day 28.
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Figure 13: Analysis of abdominal aortic diameter using ultrasound measurement baseline (BL) and 3, 7,
14 and 28 days post saline or elastase perfusion of the aorta. AAA was defined as an increase in aortic
diameter of at least 1.5-fold. Two-way ANOVA with Sidak’s multiple comparison test. **p<0.01, ****p < 0.0001.

Flow cytometric analysis of aortic tissue revealed a significant increase of CD45" immune
cells 3, 7, 14 and 28 days after elastase perfusion compared to saline perfusion (Figure 14
A). The highest immune cell infiltration in saline-perfused aortae was observed after 3 days
and decreased over time, indicating that the surgery itself triggers an inflammatory reaction.
The highest number of immune cells in aneurysmal tissue was detected 7 days after AAA
induction and the absolute number of leukocytes was significantly higher on day 7 compared
to day 28 (Figure 14 B). Neutrophils (Figure 14 D), macrophages (Figure 14 E), NK cells
(Figure 14 F), T cells (Figure 14 G) and B cells (Figure 14 H) also reached the highest cell
number in aneurysmal tissue 7 days after elastase perfusion. Overall, macrophages were the

most abundant immune cell type in AAA (Figure 14 C). Three days after elastase perfusion
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the infiltrated immune cells in aneurysmal tissue encompassed mainly macrophages and
neutrophils, whereas NK, B and T cells were barely abundant. On day 7 and 14 a strong
infiltration of all immune cell types was observed. The least inflammation was observed 28
days after elastase-induced AAA formation. The detected immune cells on day 28 were

predominantly macrophages and lymphocytes, mainly T cells (Figure 14 C-H).

For each embedded and sectioned AAA, the tissue section with the largest dilation was
identified and selected for immunofluorescence staining together with adjacent sections. In
total, four consecutive tissue sections of each AAA, harvested 3, 7, 14 or 28 days after
elastase-induced AAA formation, were stained for neutrophils, macrophages, DCs, T cells
and B cells. The average number of cells counted in all four sections was calculated.
Consistent with the flow cytometry results, the highest number of neutrophils (Figure 15 A),
macrophages (Figure 15 B), DCs (Figure 15 C), T cells (Figure 15 D) and B cells (Figure 15
E) was found 7 days after elastase-induced AAA formation. The number of B cells was even
significantly higher at day 7 compared to all other time points (Figure 15 E). From day 14 to
day 28 the number of B cells also increased significantly. Overall macrophages and
neutrophils were the most abundant immune cells (Figure 15 A+B). The representative
images of immunofluorescence stainings showed that the immune cells mainly accumulate in
the adventitia (Figure 15 A-E). Neutrophils were also found in the media (Figure 15 A). DCs
(Figure 15 C) and B cells (Figure 15 E) seemed to form clusters in specific areas of the AAA,

while the other cells were distributed over the whole aneurysm.
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Figure 14: Flow cytometric analysis of the immune cell distribution in aortic tissue from mice 3, 7, 14 and
28 days after saline or elastase perfusion of the aorta. A: Absolute number of CD45* immune cells in the
aortic tissue 3, 7, 14 and 28 days after elastase perfusion compared to saline perfusion. Unpaired T-test with
Welch’s correction or Mann Whitney test. B: Absolute number of CD45* immune cells at day 3, 7, 14 and 28 after
elastase perfusion. Kruskal-Wallis-test with Dunn’s multiple comparison. C: Stacked bar plot presenting the
average number of neutrophils, macrophages, NK cells, T cells and B cells at day 3, 7, 14 and 28 after elastase-
induced AAA formation. D-H: Absolute cell numbers of neutrophils (D), macrophages (E), NK cells (F), T cells (G)
and B cells (H) in aortic tissue at day 3, 7, 14 and 28. Statistical analyses were performed using one-way ANOVA
with Tukey’s multiple comparison or Kruskal-Wallis-test with Dunn’s multiple comparison. Data are presented as
MeanSD. *p<0.05, **p<0.01, ***p < 0.001.
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Figure 15: Immunofluorescence analysis
reveals accumulation of immune cells in
the adventitia. Average number of Ly6G*
neutrophils (A), F4/80* macrophages (B),
CD11c* DCs (C) and CD19* B cells (D)
counted in four consecutive tissue sections
per AAA 3, 7, 14 and 28 days after elastase-
perfusion of the aorta and representative
images of immunofluorescence stainings (day
7, right). Neutrophils (A), macrophages (B),
DCs (C) and B cells (D) are displayed in
green. Nuclei that were stained with DAPI are
shown in blue. Scale bar 500 ym (overview)
and 100 ym (zoom); L = Lumen. Data are
presented as MeantSD. Statistical analyses
were performed using one-way ANOVA with
Tukey’s multiple comparison. **p<0.01, ****p
< 0.0001.
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scRNA-seq was performed to further analyze immune cell content in AAA progression (Figure
16). Infrarenal aneurysms were harvested at day 3 (n = 5), day 7 (n = 5), day 14 (n = 2) and
day 28 (n = 4) after elastase perfusion. Saline-perfused aortae harvested at day 3 (n = 3) and
day 28 (n = 3), as well as non-perfused aortae (n = 2; three aortae were pooled into one
sample) were used as controls. The experimental workflow started with the induction of AAA
or a sham surgery by perfusing the infrarenal aorta of male C57BL/6J mice with elastase or
saline. Shortly before organ harvesting, mice were injected i.v. with a CD45-FITC antibody to
label circulating immune cells. The infrarenal parts of the aortae were isolated, digested into
single-cell suspensions and stained with viability dye, CD45-APC-Cy7 as well as an individual
hashtag antibody. Equal amounts of immune cells (CD45) and non-immune cells (CD45)

were collected and subjected to scRNA-seq and TCR-BCR-sequencing.
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Figure 16: Experimental workflow of scRNA-seq and TCR-BCR-seq. Aortae were harvested 3, 7, 14 and 28
days after elastase-perfusion and 3 and 28 days after saline perfusion. Non-perfused aortae were used as
controls. Shortly before organ harvesting, mice were injected i.v. with an CD45-FITC antibody. Infrarenal parts of
the aortae were harvested and digested into single cells. Single-cell suspensions were stained with viability dye,
CD45-APC-Cy7 antibody and an individual hashtag antibody. CD45* immune cells and CD45" non-immune cells
were collected and subjected to scRNA-seq and TCR-BCR-seq.

Immune cells as well as non-immune cells present in aneurysmal tissue were analyzed by
scRNA-seq. After quality control and pre-processing 19,479 cells were used for analysis.
VSMCs, endothelial cells, myofibroblasts, fibroblasts, neutrophils, macrophages, DCs, T cells,
NK cells and B cells could be detected in aneurysmal tissue (Figure 17 A). First, immune cells
were identified by expression of Ptprc (encoding for CD45) and non-immune cells by absence
of Ptprc expression (Figure 17 B). Ptprc negative cells were further identified as VSMCs by
expression of Myh11, Acta2 and Tagin (Figure 17 C), endothelial cells by expression of
Pecam1, Fabp4 and Cdh5 (Figure 17 D), myofibroblasts by expression of Cthrc1 (Figure 17
E) and fibroblasts by expression of Dcn, Col1a1 and Col3a1 (Figure 17 F).
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Within the immune cell fraction, neutrophils, macrophages, DCs, B cells, T cells and NK cells
were found. Neutrophils were defined by mRNA expression of S100a8 and S7100a9 (Figure
17 G). mRNA expression of Cd714, Cd68, Lyz2, Iltgam and Adgre1 was used to identify
macrophages (Figure 17 H). DCs were defined based on mRNA expression of Cd209a and
Itgax (Figure 17 I). mRNA expression of Cd3d, Cd3e, Cd3g and Cd28 was used to define
T cells (Figure 17 J). NK cells were identified based on mRNA expression of Gzma, Nkg7 and
Kirb1c (Figure 17 K) and Cd719, Cd79a and Cd79b were used for the identification of B cells
(Figure 17 L).
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Figure 17: Identification of immune and non-immune cell clusters in AAA using scRNA-seq. A: UMAP-Plot
displaying the main cell clusters detected in aneurysmal tissue after elastase perfusion. VSMCs, endothelial cells,
myofibroblasts, fibroblasts, neutrophils, macrophages, DCs, T cells, NK cells and B cells were detected in aortic
tissue. B-L: Feature plots showing the normalized and log-transformed expression level of representative mRNAs
used as marker for immune cells (B), VSMCs (C), endothelial cells (D), myofibroblasts (E), fibroblasts (F),
neutrophils (G), macrophages (H), DCs (l), T cells (J), NK cells (K) and B cells (L).

49



Results

The main focus of this thesis lays on the inflammatory immune response involved in AAA
pathology, thus immune cells were further characterized. To visualize the extent of immune
cell infiltration in aortic tissue at different time points, the percentage of viable, infiltrating
immune cells from the single cell gate obtained from the cell sorting was calculated for each
sample used for scRNA-seq (supplementary figure 1, supplementary table 2). The average
percentage of viable infiltrating immune cells from the single cell gate was calculated for each
time point and is displayed in the size of the pie charts (Figure 18 A). The proportion
represented by each cluster was calculated, since the number of cells contained in the
scRNA-seq data set used for analysis did not accurately reflect the numbers of immune cells
present in aortic tissue at the different stages of AAA. The highest ratio of living infiltrating
immune cells to single cells was observed at day 14, followed by day 7 and day 3. The
proportion of different immune cell types showed that neutrophils were most abundant at day
3, while macrophages were the predominant cell type at day 7 and 14. At day 28, T cells were
the most abundant cells and the proportion of B cells increased in comparison to the earlier
time points, although the overall number of immune cells present in aortic tissue was strongly
reduced (Figure 18 A). Due to inflammation caused by the surgery, some immune cells were
detected 3 days after saline perfusion but their number strongly decreased until day 28. The
distribution pattern of the different immune cell types in the controls was similar to the immune
cell distribution of the corresponding AAA samples, but in much lower numbers. Healthy
aortae of non-treated mice contained only a few immune cells (0.03% of single cells,

supplementary table 2).

GO analysis was performed to gain insights into the immunological processes involved in
different stages of AAA development. This analysis revealed an enrichment of genes involved
in chemotaxis and migration of leukocytes, neutrophils and granulocytes at day 3 after AAA
induction (Figure 18 B). At day 7 genes associated with response to virus, interferon beta
(IFNB) and cytokine mediated signaling pathways were enriched. Genes involved in B cell-
mediated immunity, complement activation and positive regulation of fibroblast apoptosis
were enhanced on day 14 in comparison to the other time points. GO analysis showed an
enrichment of genes associated with positive regulation of cell-cell adhesion and T cell-
mediated immunity 28 days after elastase-induced AAA formation. In control mice, genes

involved in structure organization were enriched (Figure 18 B).
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Figure 18: Distribution of immune cells and upregulated biological processes at different time points post
elastase-induced AAA formation analyzed with scRNA-seq. A: Percentage distribution of neutrophils,
macrophages, DCs, B cells, T cells and NK cells during AAA progression and in sham controls. The size of the
pie charts represents the average ratio of viable immune cells to single cells based on the data from cell sorting.
B: Dotplot displaying the top three enriched GO terms for non-perfused aortae, saline-perfused aortae at day 3
and 28, as well as elastase-induced AAA at day 3, 7, 14 and 28. The color code indicates the gene ratio equals
the number of differentially expressed genes against the number of genes associated with a GO term. The size of

the dot represents the log-normalized adjusted p-value.
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scRNA-seq was used to identify and characterize subpopulations of the different immune cell
types in AAA. To improve clustering resolution, 3,956 neutrophils, 5,351 macrophages/DCs,
and 3,385 lymphocytes, including T, B, and NK cells, were selected, separately reclustered
and analyzed. Reclustering of the cells resulted in 8 distinct neutrophil subsets (Figure 19 A),
4 DC subpopulations (Figure 20 A), 12 different macrophage subsets (Figure 20 A) and 10
lymphocyte clusters (Figure 21 A). To identify the different subpopulations, DEGs were
identified for each cluster (supplementary table 3-5). For further characterization analysis of
GO and signaling pathway activities were performed to gain insights into the functional roles
of the different immune cell subsets. In addition, inflammation and proliferation scores were
calculated for each cluster by averaging the expression of 197 inflammation-related genes
and 312 proliferation-related genes. Moreover, the distribution of the different immune cell
subsets over AAA progression was studied. The main findings of these analyses are
summarized in the following paragraph. A detailed characterization of each neutrophil
subset, each DC and macrophage subtype, as well as each lymphocyte population can be
found in chapter 4.1.4, 4.1.5 and 4.1.6.

Of the 8 neutrophil subsets found, one was excluded from analysis as it accounted only for
0.16% of all immune cells included in this analysis. The remaining 7 clusters were identified
as two pro-inflammatory neutrophil subtypes, interferon-inducible cells (IFNIC) neutrophils,
young neutrophils, Mmp9* neutrophils, Cd74" neutrophils and remodeling neutrophils (Figure
19). Pro-inflammatory and IFNIC neutrophils represented the largest neutrophil subsets at all
time points of AAA formation (Figure 19 B). They were associated with chemotaxis, migration
and type-| IFN signaling (Figure 19 D). In addition, pro-inflammatory pathways such as Tnfa,
TGFB and JAK-STAT-signaling were upregulated in these cells (Figure 19 E) and they
received a high inflammation score (Figure 19 F). Non-inflammatory neutrophil subsets, such
as remodeling neutrophils and Mmp9* neutrophils, accounted for only a small proportion
(Figure 19 B).

Within the DCs classical DCs, Cd703" DCs, activated DCs and pDCs were found in elastase-
induced AAA (Figure 20 and Figure 21). According to GO all DC subsets were involved in
antigen processing and presentation via MHC |l (Figure 20 D). Activated DCs, which showed
a high CD40 expression, were additionally involved in regulation of leukocyte cell-cell
adhesion, leukocyte proliferation and lymphocyte activation (Figure 20 C and D). They
represented the smallest, but most inflammatory DC subset (Figure 20 B and F). Classical
DCs accounted for the largest proportion of DCs and showed no striking changes in their

proportion during AAA progression (Figure 20 B). Cd703" DCs were anti-inflammatory and
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increased with AAA progression. pDCs were most abundant at day 7 and 14 and barely

present in controls (Figure 21 B).

Two of the 12 detected macrophage subsets, were excluded from analysis due to low cell
number and ribosomal RNA contamination. The remaining 10 clusters were identified as
IFNIC macrophages, Pf4* macrophages, Cd72" macrophages, Lgals3" macrophages, Chil3*
macrophages, pro-inflammatory macrophages, T cell-like macrophages, proliferative
macrophages, proliferative T cell-like macrophages and remodeling macrophages (Figure
20). Pf4* macrophages exhibited a gene signature associated with resident macrophages
and constituted the largest macrophage subset in healthy aorta and sham-operated controls
(Figure 20 B and C). In contrast, they represented only a small part of macrophages in AAA.
Pro-inflammatory macrophages, IFNIC macrophages, and Lgals3" macrophages expressed
inflammation-related genes and were involved in chemotaxis, type-l IFN signaling and
leukocyte migration (Figure 20 C and D). Their proportion highly increased in AAA compared
to controls (Figure 20 B). Lgals3" macrophages were not present in healthy aorta and were
most abundant at day 3 and 7 after elastase-induced AAA. IFNIC macrophages accounted
for the largest macrophage subset at day 7 and 14 of AAA formation. Their proportion
strongly decreased at day 28 and they were not so frequent in controls. IFNIC macrophages
were characterized by a type-l IFN gene signature and a strong activation of the JAK-STAT
pathway (Figure 20 D and E). Genes involved in Trail, Hypoxia, NFkB and TNFa signaling
were also upregulated (Figure 20 D). Moreover, IFNIC macrophages reached the second
highest inflammation score of all macrophage subsets (Figure 20 F). Cd72" macrophages,
Chil3* macrophages and remodeling macrophages were less inflammatory and more
associated with structural changes such as wound healing, cell junction disassembly and
ECM remodeling (Figure 20 D and F). Two macrophage clusters were found to express
T cell associated genes and were therefore termed T cell-like macrophages (Figure 20 C).
Both clusters comprised a high number of cells and were detected in three independent
scRNA-seq experiments. One of this T cell-like macrophage clusters additionally expressed
proliferating genes (Figure 20 C). However, proliferating macrophages accounted for only a

small proportion of all macrophages (Figure 20 B).

Within the lymphocytes, NK cells, NKT cells, ILC type 2 and 3, B cells and 4 distinct subtypes
of T cells, including Cd4* T cells, Cd8" T cells, pro-inflammatory T cells and Tregs, were
identified (Figure 21). Another cluster that accounted only for 0.14% of all immune cells, was
excluded from further analysis. NK and NKT cells together constituted the majority of
lymphocytes at all time points of AAA formation (Figure 21 B). They reached their highest
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proportion at day 3 and decreased with AAA progression. In contrast, ILCs, B cells and Cd4*
T cells increased with AAA progression and peaked at day 28. Cd4® T helper cells, which
represented the largest T cell subset in AAA, were associated with T cell activation and
differentiation as well as leukocyte cell-cell adhesion (Figure 21 B-D). Cd8* T cells were
mainly involved in lymphocyte differentiation and expressed genes associated with a memory
phenotype (Figure 21 C and D). Tregs represented only a small subset in AAA and were

more abundant in controls (Figure 21 B). ILC3s were more frequent than ILC2s in AAA.
4.1.4 Detailed characterization of neutrophil subpopulations in AAA by scRNA-seq

Reclustering of 3,956 neutrophils resulted in 8 distinct subpopulations (Figure 19 A). DEGs
for each cluster can be found in supplementary table 3. Cluster 7 contained only 21 cells and
accounted for 0.16% of all immune cells included in this analysis and was therefore excluded

from further analysis. All other clusters were further characterized.

Neutrophils belonging to cluster 0 and 4 showed high expression of pro-inflammatory
chemokines and cytokines such as Cxcl2, Tnf, Ccl3, ll1a, Nirp3 and Il1rn, and are further
referred to as pro-inflammatory neutrophils (Figure 19 C). Pro-inflammatory neutrophils 1
(Cluster 0) was one of the two predominant subsets of all neutrophils at all investigated time
points (Figure 19 B). Pro-inflammatory neutrophils 2 (Cluster 4) represented only a small
proportion of neutrophils in AAA (Figure 19 B). GO analysis showed that cluster 0 was
involved in neutrophil migration and chemotaxis and cluster 4 was associated with reactive
oxygen species metabolic processes (Figure 19 D). Examination of the activities of various

metabolic pathways using PROGENy'*

revealed that the pro-inflammatory pathways Tnfa
and NFxB were higher upregulated in cluster 4 than in cluster 0. Genes involved in the
proliferation-promoting MAPK pathway were most strongly upregulated in cluster 4 (Figure
19 E). To further differentiate cluster 0 from cluster 4, scores for inflammation and
proliferation were calculated by averaging the expression of 197 inflammation-related genes
and 312 proliferation-related genes. The inflammation score was similar in both clusters,

whereas cluster 4 exhibited a slightly higher proliferation score than cluster O (Figure 19 F).

Cluster 1 represented the second major neutrophil population and consisted of previously
described interferon-inducible cells (IFNIC)'™3 54 (Figure 19 A and B). They showed a high
expression of many interferon-stimulated genes (ISGs) and directly interferon regulatory
factor 3 (IRF3)-dependent genes (Figure 19 C). IFNIC neutrophils were highly responsive to
IFNB and the JAK-STAT pathway, that is activated by IFNs'®°, was highly upregulated in
these cells (Figure 19 D and E). Genes involved in the inflammatory pathways NF«xB and
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TNFa were also upregulated in IFNIC neutrophils compared to the other neutrophil clusters.

Furthermore, IFNIC neutrophils received the highest inflammation score (Figure 19 F).

Young, immature neutrophils are described by an expression of Mmp8, Retnlg, Ifitm6, Sipi
and Wfdc17'* 1% representing cluster 2, the third largest neutrophil population in AAA
(Figure 19 A-C). According to GO analysis young neutrophils were involved in defense

response to bacterium and antimicrobial response as well as cell chemotaxis (Figure 19 D).

Cluster 3 contained Mmp9 expressing neutrophils and was associated with cellular response
to oxidative stress (Figure 19 C and D). Mmp9* neutrophils accounted for only a small
proportion of neutrophils in AAA, except for day 3 post AAA formation, where they
represented the second largest population with 25% (Figure 19 B). However, they reached

the lowest inflammation score of all neutrophil clusters (Figure 19 F).

Cluster 5 represented a small subpopulation that highly expressed Cd74 and other genes
associated with antigen processing and presentation of exogenous peptide antigen via MHC
class Il, and was termed Cd74* neutrophils (Figure 19 A-D). A similar subset of neutrophils,
termed HLA-DR*CD74"*, was previously described as terminally mature neutrophil subset.'s’
No striking differences were found in up- or downregulation of signaling pathways or in the
inflammation and proliferation score compared to the other neutrophil clusters (Figure 19 E
and F).

Neutrophils of cluster 6 expressed Mgp, Col3a1, Col1a2, Col1a1 that were involved in
collagen fibril and extracellular matrix organization and Sparc and Dcn that were associated
with regulation of vasculature development (Figure 19 C and D). This population was barely
abundant during AAA progression and reached the highest proportion in the sham control at
day 28 (Figure 19 B). Analysis of pathway responsive genes showed an upregulation of
genes involved in TGFB in these remodeling neutrophils (Figure 19 E). The majority of

remodeling neutrophils received a low inflammation score (Figure 19 F).
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Figure 19: Characterization of neutrophil subtypes in AAA. A: UMAP-Plot showing eight different neutrophil
clusters. Cluster 7 was removed from further analysis. The other clusters were identified as pro-inflammatory
neutrophils 1, IFNIC neutrophils, young neutrophils, Mmp9* neutrophils, pro-inflammatory neutrophils 2, Cd74*
neutrophils and remodeling neutrophils. B: Percentage distribution of the identified neutrophil subsets over
progression of AAA and in the controls. C: Dotplot displaying the normalized and log-transformed expression level
of marker genes for each cluster. The color of the dot shows the expression level (orange = high expression, blue
= low expression) and the size of the dot indicates the percentage of cells inside the cluster expressing the gene.
D: Dotplot presenting the top three enriched GO terms for each neutrophil cluster. The color code indicates the
gene ratio equals the number of DEGs against the number of genes associated with a GO term. The size of the
dot represents the log-transformed adjusted p-value. E: Heatmap showing the activity of different pathways in the
neutrophil subpopulations based on the expression of pathway responsive genes. F: Inflammation score (left
panel) and proliferation score (right panel) are presented in a ridgeline plot as average expression of 197
inflammation-related genes and 312 proliferation-related genes for all neutrophils clusters.
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4.1.5 Detailed characterization of DC and macrophage subpopulations in AAA by
scRNA-seq

Reclustering of 5,351 cells yielded 3 DC and 12 macrophage subpopulations (Figure 20 A).
DEGs for each DC and macrophage cluster can be found in supplementary table 4. Cluster 7
yielded only a few DEGs including long non-coding RNA (IncRNAs) Gm42418 and Gm26917
(Figure 20 C) that are associated with ribosomal RNA contamination.’® Cluster 14
encompassed only 31 cells, representing 0.24% of all immune cells. Based on that cluster 7

and 14 were removed from further analysis.

The first DC cluster (cluster 1) represented the largest DC cluster in AAA and was
characterized by expression of Kird1, Ifitm1 and many MHC Il associated genes such as
Cd74, H2-Ab1, H2-Aa (Figure 20 B and C). GO analysis likewise revealed expression of
genes that are involved in antigen processing and presentation via MHC Il as well as peptide

antigen assembly (Figure 20 D). Thus, cluster 1 was further referred to as classical DCs.

The second DC subpopulation (cluster 9) expressed DC-associated genes Fit3, Irf8, Clec9a,
Wdfy4 and ltgae (Figure 20 C). Based on the expression of ltgae, encoding for CD103, this
population was termed Cd703" DCs, that are also known as classical Flt3-dependent DCs.*?
Cd103" DCs increased with AAA progression and were most abundant at day 28 (Figure 20
B). GO analysis revealed expression of genes that are involved in peptide antigen assembly,
antigen processing and presentation via MHC |l (Figure 20 D). The analysis of pathway
responsive genes using PROGENy showed a slight upregulation of genes involved in WNT
signaling and downregulation of genes associated with Hypoxia, Trail, NFkB and TNFa
signaling in Cd703" DCs (Figure 20 E).

The third and smallest DC population (cluster 11) was identified as activated DCs. They
expressed among others Fscni1, Ccr7, ll4i1 and Cd40. Activated DCs were involved in
regulation of leukocyte cell-cell adhesion, leukocyte proliferation and lymphocyte activation
(Figure 20 D). In addition, TGFp and PI3K signaling pathways were upregulated (Figure 20
E). Activated DCs received a higher inflammation score compared to the other two DC

subtypes (Figure 20 F).

Within the macrophage subpopulations we found interferon-inducible cells, termed IFNIC
macrophages, (cluster 0) that were first described in an experimental model of myocardial
infarction'® and were also identified in atherosclerosis’® and AAA'®. Similar to the

previously described IFNIC neutrophils, IFNIC macrophages were characterized by
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expression of ISGs and directly IRF3-dependent genes (Figure 20 C). GO analysis revealed
that IFNIC macrophages were also responsive to IFNB and involved in virus response
(Figure 20 D). In IFNIC macrophages the JAK-STAT pathway was most strongly
upregulated, but also genes involved in Trail, Hypoxia, NFkB and TNFa signaling were
upregulated compared to the other clusters (Figure 20 E). IFNIC macrophages reached the
second highest inflammation score of all macrophage subsets (Figure 20 F). Interestingly,
the number of IFNIC macrophages changed to a greater extent during the course of AAA
than most of the other populations (Figure 20 B). In the early phase of AAA (day 3-14), they
occurred much more frequently than in the late stage and the controls. At day 7 and 14

IFNIC macrophages accounted for the largest macrophage subset with 30.5% and 27.1%.

Cluster 2 showed high expression of Pf4 (Figure 20 C) and was therefore termed Pf4*
macrophages. Pf4, encoding CXCL4, was already shown to be expressed on macrophages,
is chemotactic for neutrophils, monocytes and fibroblasts, promotes monocyte survival and
induces differentiation of monocytes into macrophages.'®? 6 Pf4* macrophages expressed
genes associated with resident-like macrophages (e.g. F13a1, Gas6, Mrc1, Ccl8, and
Cbr2).5¢ 57 The percentage distribution showed that this resident-like Pf4* macrophages
constitute the largest macrophage subset in healthy aorta and the sham controls (Figure 20
B). During AAA formation, these cells represented only a small fraction of macrophages. Pf4*

macrophages were associated with chemokine-mediated signaling (Figure 20 D).

Cluster 3 consisted of Cd72" macrophages that were associated with leukocyte migration
(Figure 20 C and D). CD72" macrophages were previously described as bone-marrow
derived, pro-inflammatory macrophage subset that may serve as a therapeutic target for
CVDs."® In this dataset, Cd72* macrophages obtained a moderate inflammation score
(Figure 20 F). Cd72" macrophages were detected at all time points of AAA and reached the
highest proportion at day 14.

Cluster 4 highly expressed Lgals3, encoding Galectin-3/Mac-2 (Figure 20 C), which regulates
chemotaxis and inflammation, including macrophage activation and migration.’®® 1% GO
analysis confirmed that Lgals3" macrophages were involved in leukocyte migration and
chemotaxis (Figure 20 D). Lgals3* macrophages were not present in healthy aorta and were

most abundant at day 3 and 7 after elastase-induced AAA (Figure 20 B).

Cluster 5, further referred to as Chil3* macrophages, showed relatively higher expression of
chitinase-like protein 3 (Chil3) also known as Ym1 (Figure 20 C). Ym1 was shown to be

mainly expressed on macrophages and neutrophils and is upregulated in the acute stage of
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inflammatory injury.'®” This is also reflected in this dataset as the highest proportion of Chil3*
macrophages was detected at day 3 after elastase or saline perfusion of the aorta (Figure 20
B).

Pro-inflammatory mediators such as Cxcl2, Ccl3, ll1b, Tnf, TIr2 and Nirp3 were highly
expressed in cluster 6 (Figure 20 C). These pro-inflammatory macrophages were most
abundant at day 3 of AAA and were associated with migration and chemotaxis of immune
cells (Figure 20 B and D). They showed the strongest upregulation of the inflammatory
pathways NFkb and TNFa and also reached the highest inflammation score compared to the

other macrophage clusters (Figure 20 E and F).

Cluster 10 and 12 consisted of proliferative macrophages that expressed many genes
involved in cell division and proliferation e.g. Stmn1, Ccna2, Top2a, Birc5, Hmgb2, Smc2,
Tubbb, Cks1b, Mki67 and Cdca8 (Figure 20 C and D). In both proliferative macrophage
clusters genes associated with MAPK signaling were highly upregulated and genes
associated with cell cycle arrest and apoptosis (p53 and Trail) were downregulated (Figure
20 E). In addition, genes involved in estrogen and EGFR signaling, both activating the MAPK

pathway, were upregulated.

Two of the macrophage clusters (8 and 12) expressed the T cell associated genes Cd3d,
Cd3e, Cd3g, Cd4, Cd8a, Cd8b1 (Figure 20 A, B and C). Cluster 12 seemed to be a
proliferative form of cluster 8. Thus, cluster 8 was termed T cell-like macrophages and cluster
12 proliferative T cell-like macrophages. Based on the proportion these T cell-like

macrophages were most frequent on day 28 post AAA (Figure 20 B).

Cluster 13 represented the smallest macrophage subset and was identified as remodeling
macrophages based on expression of genes associated with collagen fibril organization and
ECM organization such as Col1a1, Col1a2, Col3a1, Dcn, Bgn, Sparc and Mgp (Figure 20 A,
B, C and D). Genes involved in TGFf signaling that promotes synthesis of ECM molecules
especially of collagen type 1 were highly upregulated in remodeling macrophages (Figure 20
E).
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Figure 20: Characterization of DC and macrophages subtypes in AAA. A: UMAP-plot displaying 3 distinct DC
and 12 different macrophage cluster. IFNIC macrophages, classical DCs, Pf4* macrophages, Cd72*
macrophages, Lgals3* macrophages, Chil3* macrophages, pro-inflammatory macrophages, T cell-like
macrophages, Cd7103* DCs, proliferative macrophages, activated DCs, proliferative T cell-like macrophages and
remodeling macrophages were identified in AAA. Cluster 7 and 14 were removed from further analysis. B:
Percentage distribution of the identified DC and macrophages clusters during progression of AAA and in the
controls. C: Dotplot showing the normalized and log-transformed expression level of marker genes for each
cluster. The color of the dot shows the expression level (orange = high expression, blue = low expression) and the
size of the dot indicates the percentage of cells inside the cluster expressing the gene. D: The top 3 enriched GO
terms for each DC and macrophage cluster are presented in a dotplot. The color code indicates the gene ratio
equals the number of DEGs against the number of genes associated with a GO term. The size of the dot
represents the log-transformed adjusted p-value. E: Heatmap showing the activity of different pathways in the
different subpopulations of DCs and macrophages based on expression of pathway responsive genes. F: The
inflammation score is presented in a ridgeline plot as average expression of 197 inflammation-related genes for
all subsets.
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4.1.6 Detailed characterization of lymphocyte subpopulations in AAA by scRNA-seq

Reclustering of 3,385 lymphocytes resulted in 11 distinct subpopulations (Figure 21 A).

DEGs for each lymphocyte cluster can be found in supplementary table 5.

Cluster 4 and 10 contained B cells that were identified by expression of Cd79a and Cd79b.
Cluster 10 accounted only for 0.14% of all immune cells and was therefore excluded from
further analysis. Cluster 4 showed high expression of /Ighm and low expression of Ighd and
was identified as B2 cells (Figure 21 A and C). B2 cells were associated with antigen
presentation via MHC Il and represented a small fraction of lymphocytes in AAA most

frequently on day 28 (Figure 21 B and D).

NKT cells (cluster 0) expressed the T cell markers Cd8a, Cd8b1, Cd3e, Cd3d and the
NK cell markers Kirc1, Nkg7 and Gramd3 (Figure 21 A and C). NKT cells were associated
with thymic T cell selection as well as NK cell mediated immunity and cytotoxicity (Figure 21
D). Cluster 1 was identified as NK cells based on the expression of Irf8, Nkg7, Kire1, Kirk1,
Kirb1c and Gzma (Figure 21 C). Genes involved in cell killing were enriched in this cluster
(Figure 21 D). NKT and NK cells together were the predominant lymphocyte cluster at all
time points and accounted for 26.7-51.8% of all lymphocytes present in AAA (Figure 21 B).

Cluster 2 contained Cd4* T cells that were associated with T cell activation and differentiation
as well as leukocyte cell-cell adhesion (Figure 21 A, C and D). The proportion of Cd4* T cells
increased with progression of AAA until day 14, where they represented the second largest

lymphocyte cluster (Figure 21 B).

Based on mRNA expression of Ltb, II7r (encoding CD127), Junb, Ikzf3 and Cd40Ig cluster 3
was identified as innate lymphoid cells (ILC) type 3'® (Figure 21 A and C). Cluster 9 showed
high expression of Gata3, /I7r, Rora, Areg, and Kirg1 and thus, was identified as ILC2
cells'®®17" (Figure 21 A and C). ILC2 cells were associated with regulation of leukocyte
differentiation (Figure 21 D). Both ILC cluster were most abundant at day 28 after sham- or
PPE-surgery (Figure 21 B).

Cluster 5 expressed several pro-inflammatory genes such as ll1b, Cxcl2, Clec4e, Ccrl2 and
I11r2 and were termed pro-inflammatory T cells (Figure 21 A and C). According to GO
analysis genes involved in chemotaxis were enriched in this cluster (Figure 21 D).

Furthermore, pro-inflammatory T cells received the highest inflammation score (Figure 21 E).
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Cluster 6 represented a small lymphocyte subset and contained Cd8" T cells that were
mainly involved in lymphocyte differentiation (Figure 21 A, B and D). Cd8" T cells further
expressed S1pr1, Ccr7, Tcf7 and Kif2 (Figure 21 C), indicating a memory phenotype.'?

Cluster 7 was identified as Tregs based on the expression of Tnfrsf18, Ctla4, Il2ra, Ikzf2 and
Foxp3'? and represented only a small proportion of the lymphocytes detected in AAA
(Figure 21 A, B and C).

Cluster 8 expressed the DC marker genes ltgax and Cd209a as well as Cd8 (Figure 21 C)
which indicates that these cells might be pDCs. This cluster further expressed Ptprc, Bst2
and Siglech (Figure 21 C) that are known to be expressed on pDCs. GO analysis additionally
revealed that pDCs were associated with antigen processing and presentation via MHC 1l
(Figure 21 D). pDCs were mostly present at day 7 and 14 of AAA progression and barely

abundant in controls (Figure 21 B).
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Figure 21: Characterization of lymphocyte subsets in AAA. A: UMAP-Plot displaying 11 different lymphocyte
populations detected in AAA. NKT cells, NK cells, Cd4* T cells, ILC3s, B2 cells, pro-inflammatory T cells,
Cd8* T cells, Tregs, pDCs and ILCs were identified. Cluster 10 was removed from further analysis. B: Percentage
distribution of the identified lymphocyte subsets over progression of AAA and in the sham and non-perfused
controls. C: Dotplot showing the normalized and log-transformed expression level of marker genes for each
cluster. The color of the dot shows the expression level (orange = high expression, blue = low expression) and the
size of the dot indicates the percentage of cells inside the cluster expressing the gene. D: The top 3 enriched GO
terms for each lymphocyte cluster are presented in a dotplot. The color code indicates the gene ratio equals the
number of DEGs against the number of genes associated with a GO term. The size of the dot represents the log-
transformed adjusted p-value. E: The inflammation score is presented in a ridgeline plot as average expression of
197 inflammation-related genes for all lymphocyte subsets.
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4.1.7 Cell-cell communication analysis in AAA progression

CellChat'*® %® was used to infer and analyze the cell-cell communication at different stages
of elastase-induced AAA. Since immune cells not only communicate with each other, but
also exchange signals with structural cells, the communication between all immune cells as
well as endothelial cells, VSMCs, fibroblast and myofibroblasts detected with scRNA-seq
was analyzed. The highest number of interactions was predicted for day 7 and 28 (Figure 22
A). Greater differences between the time points were observed in the interaction strength,
which reflects the calculated communication probability. The effect of cell proportions that are
reflected in the size of the dots in the circle plots was considered for calculation of the
communication probability (Figure 22 B). The strongest interaction was received at day 7 of
AAA progression and the weakest interaction at day 28 (Figure 22 A). At day 3, cell-cell
communication was dominated by myofibroblasts and neutrophils, especially young and pro-
inflammatory neutrophils (Figure 22 B and C). Neutrophils showed a strong autocrine
signaling as well as outgoing interaction with macrophages. They received the strongest
signaling from myofibroblasts, fibroblasts and macrophages. Myofibroblasts showed high
outgoing interaction with macrophages and neutrophils, while also signaling autocrine
(Figure 22 C). At day 7, myofibroblasts and neutrophils were still strongly involved in cell-cell
communication, but the interaction strength of macrophages was much higher than at day 3
(Figure 22 C). In particular, IFNIC macrophages showed a large increase in signaling
strength and were the main receiver of communication signals at day 7. In addition, IFNICs,
myofibroblasts and fibroblasts had the strongest outgoing interaction strength at day 7.
Myofibroblasts and fibroblasts were also the main signal senders 14 days post elastase-
induced AAA. Macrophages, especially IFNICs, and VSMCs were the dominant receivers of
communication signals. Furthermore, macrophages showed a strong autocrine signaling
(Figure 22 B and C). The interaction strength of neutrophils was reduced in comparison to
day 3 and 7. At day 28, fibroblasts drove the cell-cell communication by sending strong
signals to macrophages, in particular to Pf4* and T cell-like macrophages. Fibroblasts also
interacted with all other cell types. In contrast to the earlier time points, NK cells and T cells
were more strongly involved in cell-cell communication at day 28, whereas the interaction
strength of IFNICs was highly reduced at this later time point (Figure 22 C). Overall, the most
prominent immune cell infiltration as well as the strongest intercellular communication was
obtained on day 7, indicating a critical time point in AAA development. Among the immune
cells, IFNIC macrophages were most involved in cell-cell signaling, especially at day 7, and

appear to play an important role.
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Figure 22: CellChat inference of cell-cell communication reveals strongest interaction at day 7 with IFNIC
macrophages and myofibroblasts as main drivers of communication. A: Number of inferred interactions and
interaction strength at day 3, 7, 14 and 28 after elastase-induced AAA of all cells. B: The interaction strength
between the main immune cells, including neutrophils, DCs, macrophages, NK cells, T cells and B cells, and
structural cells, including endothelial cells, VSMCs, fibroblasts and myofibroblasts, 3, 7, 14 and 28 days after
elastase-induced AAA formation is displayed in circle plots. Circle sizes are proportional to the number of cells in
each cell group. Line colors are consistent with the sources as sender. The thickness of the lines indicates the
signal strength. C: Comparison of major sources and targets of communication signals in 2D space at different
stages of elastase-induced AAA. For each subpopulation the count is represented by the circle size, the outgoing
interaction strength is shown on the x-axis and the incoming interaction strength is displayed on the y-axis.
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4.1.8 CITE-seq can be used to validate subpopulations identified by scRNA-seq

Identification of immune cell subpopulations can be challenging and there is no commonly
used nomenclature yet. Information on protein expression obtained from CITE-seq can be
helpful in verifying and confirming subpopulations identified by scRNA-seq. Thus, the cluster
labels from the scRNA-seq data were transferred to the CITE-seq data to further analyze the
subpopulations. Except for Cd74" neutrophils, remodeling neutrophils and remodeling
macrophages, which represented the smallest clusters in AAA, all subpopulations identified
in the scRNA-seq data could be also detected in the CITE-seq data (Figure 23 A). Overall,
the label transfer showed high accuracy with an average prediction score of 0.81. The
prediction score is a value between 0 and 1 indicating the accuracy of predicted cell
annotation based on label transfer (Figure 23 B). Cell annotation was most accurate for DCs
and lymphocytes with average prediction scores of 0.93 and 0.90, respectively. Lower
accuracy was shown for macrophages with 0.75 and neutrophils with the lowest prediction

score of 0.69 for label transfer (Figure 23 B).

CITE-seq data was utilized to examine the expression of proteins corresponding to the
mRNAs used to identify clusters by scRNA-seq. CITE-seq data confirmed that Cd703" DCs
identified by mRNA expression of ltgae additionally express CD103 at protein level (Figure
23 C). CD40, which is known to be upregulated on activated DCs'"3, was also more strongly
expressed at protein level on activated DCs compared to classical and Cd703* DCs (Figure
23 C). Next, the two macrophage clusters T cell-like macrophages and proliferative T cell-like
macrophages, which expressed macrophage markers as well as T cell markers on mRNA
level, were investigated with CITE-seq. For T cell-like macrophages, CITE-seq data revealed
strong expression of the macrophage marker CD11b, and low expression of the T cell
associated proteins CD3, CD4 and CD8a (Figure 23 D), while proliferative T cell-like
macrophages expressed less CD11b, and showed stronger expression of CD3, CD4 and
CD8a compared to all other macrophage subsets. The annotation of Cd4* and Cd8" T cells
could be validated with CITE-seq, as Cd4" T cells strongly expressed CD4 at protein level
and Cd8" T cells strongly expressed CD8a at protein level (Figure 23 E). In addition, protein
expression of the pDC markers CD8b, B220 and Siglec H was detected in the cluster
identified as pDCs by scRNA-seq (Figure 23 E and F). Lastly, strong CD127 expression in
ILC2s and ILC3s confirmed that both clusters were properly identified as ILCs (Figure 23 G).
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Figure 23: Validation of subpopulations identified by scRNA-seq using protein expression measured with
CITE-seq. A: UMAP-plot showing all subpopulations that could be detected in the CITE-seq data. Each dot
represents a single cell. Each subpopulation is displayed in a different color. B: The prediction score that
indicates the accuracy of the label transfer from scRNA-seq data to CITE-seq data is presented for each single
cell in a feature plot. The color code represents the prediction score. C: CD103 and CD40 protein expression in
classical DCs, Cd7103* DCs and activated DCs. D: Protein expression of CD11b, CD3, CD4 and CD8a across the
macrophage subpopulations IFNIC Mac, Pf4* Mac, Cd72* Mac, Lgals3* Mac, Chil3* Mac, pro-inflammatory Mac,
T cell-like Mac, proliferative Mac and proliferative T cell-like Mac. E: CD4 and CD8a protein expression on the
lymphocyte subsets NKT cells, NK cells, Cd4* T cells, ILC3s, pro-inflammatory T cells, Cd8* T cells, Tregs,
ILC2s, pDCs and B2 cells. F: Expression level of the pDC marker proteins B220 and Siglec-H on lymphocyte
subsets. G: Protein expression of the ILC marker CD127 across lymphocyte subsets.
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4.1.9 CITE-seq is a powerful method for examining mRNA-protein-correlation

Based on the previously described results, protein expression appears to correspond to
MRNA expression. However, this is not always the case and correlation between mRNA and
protein abundances in mammals is known to be weak.'” " To examine the degree of
mRNA-protein-correlation in the CITE-seq dataset, the spearman correlation for all 119
detected proteins with their corresponding mMRNA expression was calculated separately for
each cell cluster (Figure 24). Red color indicates a positive correlation, blue color shows a
negative correlation and grey color represents a Spearman’s rho of 0, which indicates no
correlation. Overall, the heatmap displayed a mixed pattern. Some of the proteins, e.g. Ly6G
and Ly6C, showed no correlation with their corresponding mRNA expression for almost all
cell clusters (Figure 24). Ly6C was highly expressed on protein level, but no expression
could be detected on mRNA level (Figure 25 A), resulting in an overall Spearman’s rho of
-0.005 (Figure 25 B). For other proteins, e.g. CD11¢c, CD73, CD49d and Ly6A/E, a positive
correlation with their mRNA expression was obtained for the majority of clusters (Figure 24).
Ly6A/E showed corresponding mRNA and protein expression across the different cell types
(Figure 25 C), as reflected in a moderate positive correlation (r = 0.57, Figure 25 D). The
majority of the proteins obtained a strong positive correlation between protein and mRNA
expression for specific cell types, but no correlation for other cell populations (Figure 24).
The protein expression of the macrophage marker F4/80 for example positively correlated
with the mRNA expression in one neutrophil and one DC subset and in 7 of 9 macrophage
subsets. In all other cell types, no correlation was observed (Figure 24). Few proteins like
B220 and CD185 showed even a negative correlation between mRNA and protein

expression (Figure 24).

68



Cluster

M Neutrophils
Il Vacrophages

Figure 24: Spearman
correlation between mRNA
and protein expression of
119 proteins across cell
clusters detected by CITE-
seq. Protein names are shown
on the left side of the heatmap
and cluster names are shown
at the bottom. Color bars on
top and bottom of the heatmap
indicate the immune cell type
of the cluster (neutrophils,
macrophages, DCs, NK cells,
B cells, T cells). The color
gradient of the heatmap
represents the obtained
spearman-rho. Red indicates a
positive correlation, blue
shows a negative correlation
grey represents no correlation
(r = 0). Black arrows and
boxes highlight examples of
proteins with no correlation to

= 5Eiells corresponding RNA

M5 cels expression  (Ly6G, Ly6C),

B Tcels strong  positive  correlation

(CD11c, CD73, CD49d,

spearman-rho  LYBA/E), positive correlation

for specific cell types (F4/80)

0.6 and negative  correlation
0.3 (B220, CD185).

0
-0.3

NK cells

P4+ Mac
classical DCs
proliferative Mac

IFNIC Mac
pro-inflammatory Mac|

Cds+ Tcells
Lgals3+Mac
Chil3+Mac

T celldlike Mac
Cd103+DCs
pro-inflammatory T cells
IFNIC Neutro

young Neutro
pro-inflammatory Neutro1
Mmp9+ Neutro
activated DCs.

pro-inflammatory Neutro2

69

proliferative T cell-like Mac



Results

>

6 _ Ly6C protein expression B
.%Z o LY6C mRNA expression o %1 N ‘:?;
IR Luil”hﬂ |

S5 % ST AR IERTT
Qédbf@o Q \‘d\ D?e’-bo \eogs &@&@

,\ &
9° &
o"(&g@ é 6@ 6‘6\
$¢ ¢
C Ly6A/E protein expression D
k=)
24
o4
D 3
2
g g’
a E 1
E w
Q
: go
- T T T T T T
0 1 2 3 4 5
LyBA/E protein expression

VP co O o \%\‘;\Eo\% $ 2B s 06; &
X 0&&&&&@&@@ KIS HE KIS So

RGrey D L qr (‘\ x
& S P r;}“ 2R FOR
o S
A v e /\Q‘? . @é@
i o Ca WO
oS5 R ¢
&< ¢

Figure 25: Representative comparison of protein and mRNA expression across all clusters and resulting
overall spearman correlation for Ly6C and LyB6A/E in all cell types. A: Normalized and log-transformed
expression level of Ly6C protein and mRNA across all clusters displayed in a violin plot. B: Overall spearman
correlation of Ly6C protein and mRNA expression for all cell types. R = -0.005. C: Normalized and log-
transformed expression level of Ly6A/E protein and mRNA across all clusters shown in a violin plot. B: Overall
spearman correlation of Ly6A/E protein and mRNA expression for all cell types. R = 0.57.

4.2 The role of CD40 and CD40L signaling in AAA

Inflammatory processes are a hallmark of AAA pathology and are regulated by the
interaction of co-stimulatory molecules like CD40 and CD40L. Previous works already
showed that CD40-CD40L signaling plays a crucial role in AAA development and
progression. CD40L-deficiency and pharmacological blocking of downstream CD40 signaling
via TRAF6 protects against AAA formation and rupture.3* 3% One aim of this work was to
further investigate the role of CD40-CD40L signaling in AAA and to identify the cell types
involved in the underlying pathophysiology.
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4.2.1 CDA40-deficiency protects from aortic aneurysm formation and rupture

First, the effect of global CD40-deficiency on Angll-induced aortic aneurysm formation and
rupture was examined using CD40-deficient Apoe”Cd40""CreER™ mice and their Apoe™
Cd40" CreER™ littermates as control. In contrast to the elastase-perfusion model used in this
work so far, mice in the Angll-model develop not only aneurysms in the abdominal section of
the aorta but also thoracic aortic aneurysms (TAA). In addition, the rupture of aortic
aneurysms can be studied in the Angll-model. The Kaplan-Meier curve showed improved
survival of CD40-deficient mice, suggesting fewer ruptures of AAA or TAA in
Apoe”Cd40"CreER™ mice compared to their Apoe”’ Cd40""CreER" littermates (Figure 26
C). Nevertheless, the difference in survival did not reach the significance level (p = 0.15).
Next, the incidence of aortic aneurysms was examined. AAAs and TAAs that reached a
1.5-fold expansion in aortic diameter or that ruptured were classified as aortic aneurysms.
The incidence of AAA or TAA formation was significantly reduced in CD40-deficient mice
(Figure 26 D). In addition, this was reflected in macroscopic images (Figure 26 A) and
ultrasound measurements that revealed a significantly decreased abdominal aortic diameter

in CD40-deficient mice on day 28 after Angll-pump implantation (Figure 26 B and E).
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Figure 26: Global CD40-deficiency protects against aortic aneurysm (AA) formation induced via Angll
infusion. A: Representative macroscopic images of aortae harvested from Apoe’-Cd40"CreER™ and
Apoe’-Cd40" CreER™ mice 28 days after Angll-induced AAA formation. Scale bar = 2 mm. B: Representative
ultrasound images of the abdominal aorta baseline (BL) and 28 days after Angll pump implantation of
Apoe-Cd40"CreER™ and Apoe’Cd40"CreER™ mice. Scale bar = 1 mm. C: Kaplan-Meier survival curve of
CD40-deficient Apoe™Cd40""CreER™ mice (n = 23) and their Apoe’-Cd40"1CreER" littermates (n = 13) after
Angll-pump implantation. Log-rank (Mantel-Cox) test. p = 0.15. D: Incidence of AAA or TAA, in
Apoe™-Cd40"CreER™ mice (n = 23) and their Apoe’-Cd40"CreER™ littermates (n = 13) after Angll-pump
implantation. Mice that died due to AAA or TAA rupture were included in this analysis. Two-sided Fisher exact
test. p = 0.0002. E: Ultrasound measurements of abdominal aortic diameter baseline and at day 28 after Angll-
pump implantation of Apoe”Cd40"CreER™ mice (n = 17) and their Apoe”-Cd40"CreER* littermates (n = 7).
Data are presented as mean + SD. Two-way ANOVA with Sidak’s multiple comparison post-test. *p<0.05,
***p<0.001.

4.2.2 Expression patterns of CD40 and CD40L in elastase-induced AAA

To examine CD40 and CD40L expression and identify CD40- and CD40L-expressing cell
types in AAA, scRNA-seq, CITE-seq, flow cytometry and immunofluorescence stainings were
used. First CD40 mRNA expression was examined in human AAA tissue using the published
scRNA-seq dataset GSE166676.'"® Re-analysis of this dataset containing human AAA tissue
and control tissue showed expression of CD40 on all identified cell types, including T cells,
epithelial cells, neutrophils, B cells, NK cells, macrophages, fibroblasts/SMCs and endothelial
cells in human AAA tissue (Figure 27 A). B cells exhibited the strongest CD40 expression in
human AAA. In control tissue, CD40 was barely expressed. Next, mRNA expression of CD40
was studied in the scRNA-seq dataset presented in this work containing experimental

elastase-induced AAA in mice. In murine AAA Cd40 was likewise stronger expressed in AAA
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compared to control tissue, but instead of B cells, macrophages and DCs were the
predominant Cd40-expressing cells (Figure 27 B). Comparison of Cd40 expression on
macrophages and DCs at the different time points revealed the highest number of Cd40
expressing macrophages and DCs at day 7 after elastase-induced AAA formation (Figure 27
C). However, this is probably due to the fact that there is a higher number of macrophages
and DCs in aneurysmal tissue at day 7 compared to the other time points. Cd40 was
expressed on almost all macrophage and DC subsets with IFNIC macrophages, classical
DCs and activated DCs exhibiting the strongest Cd40 expression (Figure 27 D). Protein
expression of CD40 in murine AAA was examined using the CITE-seq dataset. On protein
level, CD40 was strongest expressed on B cells, followed by DCs and macrophages (Figure
27 E). CD40 protein was expressed on all macrophage and DC subsets and on B2 cells
(Figure 27 F). Activated DCs exhibited the strongest CD40 protein expression.
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Figure 27: CD40 expression patterns in AAA obtained from scRNA-seq and CITE-seq. A: CD40 mRNA
expression on T cells, epithelial cells, neutrophils, B cells, NK cells, macrophages, fibroblasts/SMC and
endothelial cells in human AAA tissue (red) and control tissue (grey). Re-analysis of the scRNA-seq dataset
GSE166676. B: Cd40 mRNA expression on fibroblast/SMC, macrophages, neutrophils, T cells, DCs, NK cells,
B cells and endothelial cells in elastase-induced AAA (red) compared to saline and non-perfused controls (grey)
obtained from scRNA-seq. C: Expression level of Cd40 mRNA in macrophages and DCs at day 3, 7, 14 and 28 in
the scRNA-seq dataset. D: Cd40 mRNA expression level on macrophage and DC subpopulations in the scRNA-
seq dataset. E: CD40 protein expression level obtained from CITE-seq on macrophages, neutrophils, T cells,
DCs, B cells and NK cells at day 3, 7 and 14. F: CD40 protein expression on macrophage, DC and B cell subsets
present in the CITE-seq dataset.
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Flow cytometry was used to examine differences in the expression of CD40 on neutrophils,
macrophages and B cells between saline- and elastase-perfused aorta, as well as between
day 3, 7, 14 and 28 post surgery using mean fluorescence intensity (MFI) (Figure 28).
Samples with less than 10 neutrophils, macrophages or B cells were excluded from analysis.
For neutrophils no significant differences in the expression level of CD40 were observed
(Figure 28 A). The samples showed a high variation especially at day 3 and 28, which is
probably due to low cell numbers (Figure 28 B). While the CD40 expression on macrophages
seemed to decrease in saline-perfused aortae from day 3 to day 28, it tended to increase in
elastase-perfused aortae. On day 28, CD40 expression on macrophages was even
significantly increased in elastase-perfused aortae compared to saline-perfused aortae. In
B cells CD40 expression was higher in elastase-perfused aortae compared to saline-

perfused aortae at all time points (Figure 28 C). However, the differences were not

significant.
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Figure 28: CD40 expression on immune cells at different stages of AAA formation measured with flow
cytometry. Mean fluorescence intensity (MFI) of CD40 measured on Ly6G* neutrophils (A), CD11b*Ly6G"
macrophages (B) and CD19* B cells (C) at day 3, 7, 14 and 28 after elastase or saline perfusion of the aorta.
Data are presented as mean + SD. Statistical analysis was performed using two-way ANOVA with Sidak’s
multiple comparison post-test. *p<0.05.
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These flow cytometric analyses of CD40 expression on immune cells was corroborated by
histological analyses. Immunofluorescence co-staining of neutrophils, macrophages, DCs
and B cells with CD40 showed that approximately 60% to 80% of the immune cells
expressed CD40 (Figure 29 A-D). Neutrophils and macrophages displayed the strongest
CD40 expression 7 days after elastase-induced AAA formation (Figure 29 A and B). The
proportion of CD40-expressing cells was significantly higher on day 7 compared to day 28.
For DCs and B cells no significant differences in the proportion of CD40-expressing cells

between the different time points were observed (Figure 29 C and D).
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Figure 29: Proportion and localization of CD40-expressing immune cells in aneurysmal tissue. Percentage
of CDA40-expressing neutrophils (A), macrophages (B), DCs (C) and B cells (D) detected with
immunofluorescence staining 3, 7, 14 and 28 days after elastase perfusion. Representative images of different
immune cells (green), CD40 expression (red) and merged images, as well as quantification of the proportion of
CD40-expressing cells. Nuclei were stained with DAPI (blue). White arrows indicate double positive cells. Scale
bar = 20 ym. Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparison post-
test or Kruskal-Wallis test with Dunn’s multiple comparison post-test. *p<0.05
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CD40L mRNA expression in human and murine AAA was examined using the published
scRNA-seq dataset GSE166676"'7° and the scRNA-seq dataset presented in this work, which
contains experimental elastase-induced AAA in mice. Protein expression of CD40 was
investigated with immunofluorescence staining. In human AAA, CD40L was mainly
expressed on T cells and on few NK cells (Figure 30 A). In murine elastase-induced AAA
Cd40lg was likewise predominantly expressed on T cells, but also detected on some
macrophages, DCs and NK cells (Figure 30 B). Very low Cd40lg expression was only
occasionally detected in the controls of both datasets (Figure 30 A and B). The highest
number of Cd40Ig-expressing T cells was observed 28 days after elastase-induced AAA
formation (Figure 30 C). Cd40lg was predominantly expressed on Cd4" T cells and ILC3s
(Figure 30 D). Few pro-inflammatory T cells, Cd8* T cells and Tregs also expressed Cd40lg,
while no expression was detected on ILC2s. Immunofluorescence co-staining of CD3 with
CDA40L revealed that on average 80% of the T cells expressed CD40L 3, 7 and 14 days after
elastase-induced AAA formation (Figure 30 E). On day 28, the proportion of CD40L-

expressing T cells increased and 96.8% of all T cells expressed CD40L.
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Figure 30: CD40L expression patterns in human and murine AAA. A: CD40L mRNA expression on T cells,
epithelial cells, neutrophils, B cells, NK cells, macrophages, fibroblasts/SMC and endothelial cells in human AAA
tissue (grey) and control tissue (red). Re-analysis of the scRNA-seq dataset GSE166676. B: mRNA expression
level of Cd40Ig on fibroblast/SMC, macrophages, neutrophils, T cells, DCs, NK cells, B cells and endothelial cells
in elastase-induced AAA (grey) compared to saline and non-perfused controls (red). C: Expression level of
Cd40Ig on T cells at day 3, 7, 14 and 28. D: Cd40Ig expression level on T cell subsets present in aneurysmal
tissue obtained by scRNA-seq. E: Percentage of CDA40L-expressing CD3* T cells detected with
immunofluorescence staining 3, 7, 14 and 28 days after elastase perfusion (bar plot). Representative images of
immunofluorescence co-staining of CD3* T cells (green) and CD40L (red). Nuclei were stained with DAPI (blue).
White arrows indicate double positive cells. Scale bar = 20 um. Data presented as mean + SD.

4.2.3 IFNIC macrophages are the main receiver of CD40 signaling in AAA

CellChat can be used to investigate specific signaling pathways by identifying signaling roles
of cell groups, computing the contribution of each ligand-receptor pair, visualizing the gene
expression of ligands and receptors as well as visualizing cell-cell communication mediated
by a single ligand-receptor pair. Since this chapter focus on the role of the co-stimulatory
molecules CD40 and CD40L, which were shown to be most expressed at day 7 after
elastase-induced AAA, CellChat was utilized to predict CD40 signaling at day 7 of AAA
development. This prediction identified Cd4* T cells as strongest sender of CD40 signaling,

followed by ILC3 cells, proliferative T cell-like macrophages and Tregs (Figure 31 A). The
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dominant receiver of the CD40 signal were IFNIC macrophages and Lgals3* macrophages.
Myofibroblasts, DCs, as well as most of the neutrophil and macrophage subpopulations were
also predicted to receive CD40 signaling. All macrophage and DC subsets and the pro-
inflammatory T cells functioned as influencers of CD40 signaling. The CD40 signaling
pathway in the CellChat database includes not only signaling via CD40L and CDA40, it also
contains the interaction of CD40L with /tgam+ltgb2 (encoding for CD11b and CD18, which is
also known as Mac-1), and ltga5+Itgb1 (encoding for CD49e and CD29, also known as VLA-
5)."7 Looking at the contribution of each ligand-receptor pair involved in CD40 signaling, the
CD40L-CDA40 interaction was predicted to have the weakest impact in AAA at day 7 (Figure
31 B). However, considering the expression pattern of CD40L and its different receptors, the
CD40 expression was restricted to all three DC subsets, IFNIC macrophages, Cd72*- and
T cell-like macrophages, while the other two receptors were expressed on almost all cell
types (Figure 31 C). Accordingly, CD40L-CD40 interaction seemed to be most specific in
AAA at day 7 and was predicted to occur predominantly between Cd4* T cells and IFNIC
macrophages or classical DCs (Figure 31 D). IFNIC macrophages also interacted with
CD40L expressing Cd4* T cells or ILC3s via Mac-1, but not via VLA-5. CD40L-Mac-1
interaction was observed in almost all cell types (Figure 31 D). CD40L-VLAS5 signaling was
strongest between Cd4* T cells and myofibroblast, as well as Lgals3* macrophages (Figure
31 D).
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Figure 31: CD40 signaling at day 7 post elastase-induced AAA. A: Heatmap showing the CD40 signaling
pathway network at day 7 indicating dominant senders and receivers of CD40 signaling, as well as mediators and
influencers. The color code represents the importance of the cell type. B: The relative contribution of the three
ligand-receptor pairs Cd40lg-(ltgam+ltgb2), Cd40Ig-(ltga5+ltgb1) and Cd40lg-Cd40 to CD40 signaling 7 days
after AAA formation is presented in a bar plot. C: Violin plots showing the expression level of Cd40Ilg, Cd40, ltga5,
Itgam, Itbg1 and ltgb2 across all cell types. D: Circle plots displaying the cell-cell communication via Cd40lg-Cd40
(left panel), Cd40Ig-(ltgam+ltgb2) (middle panel) and Cd40ig-(ltga5+ltgb1) (right panel). Line colors are consistent
with the sources as sender. The thickness of the lines indicates the signal strength.
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4.3 Detection and isolation of IFNIC macrophages in CVDs

The previous results showed that IFNIC macrophages represented a crucial immune cell
population at day 7 and 14 after elastase-induced AAA, when immune cell infiltration and
inflammation are most prominent. Their highly inflammatory properties and extensive
communication with other cells, especially as primary recipients of CD40 signaling, highlight
their potential as crucial mediators of AAA-related inflammation and immune responses.
Thus, investigating IFNIC macrophages could provide valuable insights into the mechanism
driving AAA and identify potential therapeutic targets. To enable further investigation of
IFNIC macrophages this part of the thesis aimed to establish a method to identify and isolate

these cells from aneurysmal tissue.

IFNIC macrophages were detected in AAA, atherosclerosis and Ml using CITE-seq (Figure
32 A). Of the three CVDs, IFNICs were most frequently in AAA and least abundant in
atherosclerosis. In AAA, they reached the highest proportion on day 7 with 19.7% of all
immune cells. On day 14 they accounted for 12.7% of all immune cells and on day 3 only for
1.5% (Figure 32 B). In atherosclerosis, IFNIC macrophages represented only 0.2% and
1.1% of all immune cells. In MI, the proportion of IFNIC macrophages increased from 2.6%
on day 1 to 7.3% of all immune cells on day 5 (Figure 32 B). In addition, IFNIC macrophages
were identified and localized in aneurysmal tissue using RNA scope staining in combination
with a usual antibody staining (Figure 32 C). At the RNA level, RNA scopes for Irf7, which
was previously defined as one of the best markers for IFNIC macrophages by scRNA-seq,
and the macrophage marker Adgre1 were used. To confirm the detection of the cells on
protein expression level, anti-F4/80 antibody was used. The co-localization of the IFNIC
marker /rf7 with the macrophage marker Adgre1 and F4/80 antibody defined the detection of

IFNIC macrophages in aneurysmal tissue (Figure 32 C).

To further investigate IFNIC macrophages, a flow cytometry panel was designed to identify
IFNIC macrophages in aneurysmal tissue and collect them for further investigations. As
some of the planned experiments for further downstream applications require viable cells,
intracellular stainings that include fixation of the cells were not suitable for the panel.
Accordingly, it was not feasible to use the corresponding proteins for the identified IFNIC
marker genes, as most of the proteins are intracellular and correlation between gene and
protein expression is poor.'® 178 Thus, the CITE-seq data was used to identify surface
proteins that were expressed on IFNIC macrophages and can be used to distinguish IFNIC

macrophages from the other macrophage subsets.
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Figure 32: Detection of IFNIC macrophages in experimental AAA, atherosclerosis and Ml A: UMAP-plot of
immune cell clusters in AAA, atherosclerosis and Ml observed with CITE-seq. IFNIC macrophages are highlighted
in blue, while all other cells are displayed in grey. B: Bar plot presenting the proportion of IFNIC macrophages of
all immune cells in AAA at day 3, 7 and 14, atherosclerosis and Ml at day 1 and 5. C: Representative images of
the identification of IFNIC macrophages in AAA tissue based on Irf7 (white) and Adgre1 (green) RNA expression
(RNA scope staining) in combination with antibody staining for macrophages with F4/80 antibody (red). Scale bar
5 um.

First, all macrophage subpopulations present in aneurysmal tissue were bioinformatically
isolated and differentially-expressed proteins for each macrophage subset were identified
using the Seurat function FindAlIMarkers() (supplementary table 6). Overall, the expression
profile of the 119 antibodies detected with CITE-seq was rather similar for the different
macrophage subsets resulting in only few marker proteins for the different clusters. For
IFNIC macrophages only two differentially-expressed proteins (CD36 and Ly6C) were found
(Figure 33 A, supplementary table 6). Both marker proteins were not exclusively expressed
on IFNIC macrophages as CD36 and Ly6C were even higher expressed on Chil3*
macrophages. Proliferative T cell-like macrophages, proliferative macrophages and pro-
inflammatory macrophages could be clearly identified and distinguished from the other
subsets by exclusively expressed proteins (Figure 33 A). All other macrophage subsets were

difficult to distinguish based on the obtained marker proteins.

As no specific marker proteins for IFNIC macrophages could be found using CITE-seq, a
combination of CD11b, Ly6C, CD36 and Ly6A/E was used to distinguish IFNIC macrophages
(colored in pink) from the other macrophage subclusters (Figure 33 B). For each of the
proteins a threshold for the expression level was defined and only cells above this threshold
were used for further analysis. First, only macrophages that showed a CD11b expression

82



Results

higher than 2.5 were selected leading to the elimination of proliferative T-cell like
macrophages (Figure 33 B). Next, cells that highly expressed Ly6C (expression level > 2.5)
were bioinformatically isolated, resulting in the exclusion of almost all Pf4* macrophages and
proliferative macrophages. Further subdivision of cells with an expression level of CD36 >1.5
eliminated the remaining proliferative macrophages. Last, all cells with a protein expression
level of Ly6A/E higher than 2 were bioinformatically isolated. Unfortunately, almost half of the
IFNIC macrophage population was lost during this rigorous gating step. However, this step
was necessary to get rid of the majority of Lgals3* and Chil3* macrophages. In the end,
mostly IFNIC macrophages were left, but it was not possible to isolate IFNICs solely, as
Cd72* macrophages could not be clearly distinguished from IFNICs with the available protein
markers in the CITE-seq dataset (Figure 33 C). In the end, this bioinformatically sequential
subdivision of the cells led to a computed isolation and enrichment of IFNIC macrophages
that were defined as CD11b*, Ly6C"9", CD36* and LyBA/E*.

For easier transfer to flow cytometry, “bi-axial” gating plots and the function CellSelector()
were used to model the gating strategy similar to flow cytometry gating (Figure 33 D). For
this gating model, all immune cells present in aneurysmal tissue were isolated from the
CITE-seq data. First, protein expression level of CD45 and CD11b on all immune cells were
displayed in an “bi-axial” gating plot. All immune cells expressed CD45, but only neutrophils,
macrophages and DCs expressed CD11b. CD11b* cells were selected and the expression of
Ly6G and Ly6C on these cells was examined. In this step, neutrophils could be distinguished
from macrophages and DCs by their Ly6G expression. After excluding Ly6G* neutrophils,
Ly6CMo" cells were selected for further gating as the majority of IFNIC macrophages was
identified as Ly6C"9". Finally, IFNIC macrophages were selected as Ly6A/E* and CD36" cells
(Figure 33 D).

As the CITE-seq dataset is limited to the 119 used antibodies, it is likely that other surface
proteins not included in the CITE-seq dataset would represent better markers for IFNICs.
Thus, interferon-alpha/beta receptor subunit 1 (IFNAR1), that activates the JAK-STAT
signaling pathway upon binding of type-I IFNs'® 7° was included in the final flow cytometry
panel. Finally, IFNIC macrophages were characterized as CD11b*, Ly6C"9", CD36", Ly6A/E*,
IFNAR*. To investigate the CD40 expression on IFNIC macrophages, CD40 was also
included in the panel. The panel was complemented with a viability dye, the leukocyte
marker CD45, with a dump channel containing CD3, CD19, CD11c and NK1.1 to exclude
T cells, B cells, DCs and NK cells, respectively, and with Ly6G to exclude neutrophils (Table

5 in method section).
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Figure 33: Marker proteins of macrophage subsets and gating strategy to identify IFNIC macrophages
based on CITE-seq data. Macrophages present in aneurysmal tissue were bioinformatically isolated from the
CITE-seq dataset. FindAllMarkers() was used to identify differentially-expressed proteins for each cluster.
Selected proteins were used to model a flow cytometric gating strategy to identify IFNIC macrophages. A: The top
markers for each macrophage subtype are presented in a dotplot. The size of the dot represents the percentage
of cells belonging to one cluster that expressed the protein. The color code indicates the average expression level
of the protein in the cluster. Black boxes indicate the identified marker genes per cluster. B-D: Bioinformatically
modeled gating strategy using CD11b, Ly6C, CD36 and Ly6A/E to bioinformatically enrich IFNIC macrophages.
IFNIC macrophages are colored pink. B: Expression level of CD11b, Ly6C, CD36 and Ly6A/E on macrophages is
show in violin plots. Black boxes indicate the selected cells for subsequent gating. Cells with CD11b and Ly6C
expression >2.5, CD36 expression > 1.5 and Ly6A/E expression > 2 were selected, leading to exclusion of most
other macrophage subsets but also of some IFNIC macrophages. C: Dimplots before and after gating
demonstrating the bioinformatically enrichment of IFNIC macrophages. D: Bi-axial gating plots of protein
expression and CellSelector() function were used to model the gating strategy similar to flow cytometry gating. All
immune cells present in aneurysmal tissue were used and each cell type is displayed in a different color. First,
CD45*CD11b* cells were selected, then Ly6G-Ly6C"e" cells were gated and finally IFNIC macrophages were
identified as Ly6A/E*CD36* cells.
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The resulting flow cytometry panel was used to identify and collect IFNIC macrophages from
murine tissue. Since IFNIC macrophages are also present in Ml and a larger number of mice
with reperfused MI were more easily accessible than mice with AAA, mice hearts were
harvested 5 days after inducing experimental MI, digested into single-cells, stained with the
IFNIC panel and subjected to cell sorting. The collected cells were further analyzed using
gPCR. CD11b*Ly6C"" cells (Sort 1) were collected as negative control (Figure 34 A).
CD11b*Ly6CM"Ly6A/E*IFNAR1* cells (Sort 2) and CD11b*Ly6C""Ly6A/E*IFNAR1- cells
(Sort 3) were collected as assumed IFNICs. RNA was isolated from the 3 samples collected,
pre-amplified and analyzed with qPCR for the expression of the IFNIC-marker genes Irf7,
Isg15, Ifit3, Cxcl10, and Cd40. The CD11b*Ly6CM"Ly6A/E*IFNAR1* cells of sort 2 and the
CD11b*Ly6CM"Ly6A/E*IFNAR1- cells of sort 3 showed a higher expression of Irf7, Isg15,
Ifit3 and Cxcl10 compared to the CD11b*Ly6C"" cells of sort 1 (Figure 34 B). While the
expression of Isg15 and [fit3 was similar in sort 2 and sort 3, Irf7 and Cxcl/10 were slightly
higher expressed in sort 3 compared to sort 2. Cd40 expression was highest in sort 3,

followed by sort 1 and lowest in sort 2.

85



Results

N e

FSC-H
1

50

T T[T I [T IT T TT I [TT T[T
S0 100 150 200 250

FSC-W

CD45

LERLRLLLL
t

1)

T ||||'r l.-l-illlll
0 10*

Zombie

11 ro

LyBAE+IFNAR+
Sort 2

104

L1

Sort 3

IFNAR1

?3

1
m

Ly6AE+IFNAR-

2 0

T TTTTIT] T T TTTT T T T
T ‘" T
10 10 10

LyBA/E

Irf7 Isg15 Ifit3 Cxcl10 Cd40
0.15+ 0.15+ 0.015 39 1.6
1.5
0.10+

0.010- 1.4

1.3

0.05

0.005- 1.2

24(-AACH) Irf7/Gapdh
24(-AACH) Ifit3/Gapdh

1.1

2A(-AACH) Isg15/Gapdh

25(-AACH) Cxcl 0/Gapdh

2M-AACH) Cd40/Gapdh

0.00-

0.00- 0.000- 1.0-

N Vv 4] N un -] LY 4+ b LY Vv 41 LY YV b
"906 6°¢ rs°¢ G.;°é 9°¢ rs"é C:P& 60(» G}’é 60(» G)°é f:P<g rs°<\ 60& 6°¢

Figure 34: Cell sorting of IFNIC macrophages from infarcted hearts and analysis with gPCR. A: Gating
strategy for sorting and collecting of CD11b*Ly6C'" cells (Sort 1, green), CD11b*Ly6CM"Ly6A/E*IFNAR1* cells
(Sort 2, purple) and CD11b*Ly6CM"Ly6A/E*IFNAR1- cells (Sort 3, blue). B: Expression of Irf7, Isg15, Ifit3, Cxcl10
and Cd40 normalized to Gapdh expression in the three different sorts obtained by gPCR.

Next, the IFNIC panel was used to quantify the number of IFNIC macrophages present in
elastase-induced AAA compared to saline-perfused aortae 7 days after the surgery. The
gating strategy to detect IFNIC macrophages is displayed in Figure 35 A and B for a
representative experiment. First single-cells were identified using forward scatter-height
versus forward scatter-area. Then viable immune cells were determined with CD45 and the
viability marker Viakrome808. From the viable immune cells only CD11b* myeloid cells were
selected. DCs, NK cells, B cells and T cells were excluded using the markers CD11c, NK1.1,

CD19 and CD3. The CD11b" myeloid cells were distinguished in macrophages and
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neutrophils with Ly6G. Within the CD11b*Ly6G™ macrophages IFNIC macrophages were
identified as Ly6C"e", IFNAR1* and Ly6A/E*. The gating strategies of saline-perfused control
aorta (Figure 35 A) and elastase-perfused aorta (Figure 35 B) showed already a difference in
overall number of cells and also in abundance of IFNIC macrophages. In the saline-perfused
aorta no IFNIC macrophages were detected, while IFNIC macrophages could be detected in
elastase-perfused aorta. The quantification of absolute cell number of IFNIC macrophages in
the whole aortic tissue using counting beads revealed significant more IFNIC macrophages
in elastase-induced AAA compared to saline-perfused controls (Figure 35 C). On average
937 IFNIC macrophages were detected in AAA, while only 13 IFNIC macrophages could be

found in controls.
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Figure 35: Flow-cytometric quantification of IFNIC macrophage count in elastase-induced AAA and saline-
perfused control aortae 7 days after surgery. Gating strategy for IFNIC macrophages in saline-perfused aorta
(A) and elastase-induced AAA (B) 7 days after surgery. Cells and counting beads were identified using sideward-
and forward scatter-area (SSC-A, FSC-A). Single cells were detected using forward scatter-height (FSC-H) and
FSC-A. Viable immune cells were determined as CD45* and negative for the viability dye Viakrome808. Next,
CD11b* and CD11¢c’, CD19-, CD3- and NK1.1- were selected. From these cells only Ly6G-and Ly6Chd" cells were
selected. Finally, IFNICs were identified as IFNAR1* and Ly6A/E* Ly6C"ish macrophages. C: Absolute number of
IFNIC macrophages in aortic tissue 7 days after saline- (n=5) or elastase- (n=5) perfusion. Unpaired T-test with
Welch’s correction. ****p<0.0001
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4.4 Investigation of T and B cell clonality in elastase-induced

experimental murine abdominal aortic aneurysm

The adaptive immune system is also known to play an important role in AAA formation.
T and B cells infiltrate the aneurysmal tissue in high numbers and characteristics of an
autoimmune response are described in AAA. To investigate a potential antigen-specific
immune response, we examined T and B cell clonality in elastase-induced AAA using
scRNA-TCR-BCR-seq. The following results were published as scientific paper in Frontiers in

Cardiovascular Medicine in 2023.12
4.4.1 scRNA sequencing workflow

The experimental workflow started with the induction of AAA by perfusing the infrarenal aorta
of male C57BL/6J mice with elastase or NaCl (Figure 36 A). AAA formation was monitored
and analyzed via ultrasound imaging prior to surgery, at d7, d14 and d28. Infrarenal aortae
were harvested on day 3, 7, 14 and 28 after PPE surgery and on day 3 and 28 after sham
surgery and images were taken for macroscopic analysis. Additionally, infrarenal aortae from
6 non-treated C57BL/6J mice of which three were pooled into one sample were harvested for
sequencing. In total 24 samples were subjected to scRNA sequencing and immunoreceptor
analysis. All mice that underwent PPE surgery developed an AAA confirmed by ultrasound or
macroscopic analysis of the infrarenal aorta (Figure 16 B and supplementary figure 2).
Aortae were harvested and digested into single cell suspensions. Single cells were stained

and sorted and then subjected to scRNA sequencing as well as scRNA-TCR-BCR-seq.

Consistent preprocessing of immune receptor scRNA-seq data is crucial for comparable
data. We suggest using only those immune receptor data, with all fragments intact and both
chains (a/ for TCR or heavy/light for BCR) present. Receptors with only one, or more than
two chains, that can appear in the data frame due to sequencing errors, were excluded. After
that, the information of the hashtag antibodies was added to the data to assign an immune
receptor specifically to one cell of a specific mouse. Subsequently, the receptors were
assigned to the corresponding cell in our scRNA-seq dataset. The majority of the immune
receptor analysis such as clonality, repertoire overlap, V-gene usage and diversity was
performed with the R package immunarch.”™ In addition, comparison of the AAA data with

public databases to identify disease-associated receptors was performed (Figure 36 C).
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Figure 36: Experimental and bioinformatic workflow as well as quality control of the data. A: Experimental
workflow. AAA was induced in mice via perfusion of the infrarenal aorta with elastase. NaCl perfusion of the aorta
served as sham-operated control. AAA development was monitored by ultrasound imaging. Prior to organ
harvesting mice were intravenously injected with a fluorophore labeled CD45 antibody. Harvested infrarenal
aortae were digested into single cells and stained with antibodies and hashtags. Cells were sorted for living
leukocytes and living non-leukocytes. scRNA-seq as well as scRNA-TCR-BCR-seq was performed. B: Abdominal
aortic diameter was analyzed using ultrasound images of baseline (BL), d7 (n=5), d14 (n=2) and d28 (n=2) post
PPE surgery and BL and d28 (n=1) post sham surgery. C: Bioinformatic workflow including preprocessing and
data analysis. Three preprocessing steps were performed as quality control for the data. Only fully intact
sequences are retained for analysis. The information for the hashtag antibodies was added to the scRNA-TCR-
BCR-seq data. The receptors were assigned to the corresponding cells in the scRNA-seq data set. The main data
analysis including clonality, repertoire overlap, V-gene usage and diversity was performed with the immunarch R
package. In addition, the data was compared with public databases. D: T cell amounts (light bar color) and T cell
amount exhibiting an intact TCR (dark bar color) in aortic tissue on different AAA disease stages received from
scRNA-seq data. The amount of T cells increases with AAA progression. E: Flow cytometric analysis of T and B
cell numbers in aortic tissue 3 (n=7), 7 (n=5), 14 (n=5) and 28 (n=8) days after sham operation and 3 (n=11), 7
(n=9), 14 (n=10) and 28 (n=8) days after PPE-induced AAA formation.
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4.4.2 Analysis of scRNA-TCR-BCR-seq data

To assure adequate data quality, we processed the TCR and BCR sequencing data and
evaluated basic statistics. The raw data contained 3370 TCR sequences (1484 TCR alpha
chains (TRA), 1886 TCR beta chains (TRB)) and 1745 BCR sequences (570 immunoglobulin
heavy chains (IgH), 1131 immunoglobulin kappa (IgK) light chains, 44 immunoglobulin
lambda (IgL) light chains). We observed a high number of immune receptors with only one
sequenced chain and some receptors with more than two chains, which were excluded from
subsequent analysis (supplementary figure 3). Only T cells with both productive TRA and
TRB chains and B cells with both productive heavy and light chains were used for analysis.
After that step 2296 TCR chains (1148 pairs of TRA and TRB chains) and 980 BCR chains
(490 pairs of heavy and light chains) remained. We next filtered for receptors that could be
associated with a hash-tagged cell and retained 2012 TCR chains and 770 BCR chains.
Assignment of the immune receptors to the corresponding cells in our scRNA-seq data
revealed that only 47% of BCRs were expressed in B cells (defined by mRNA expression of
Cd19, Cd79a, Cd79b) while, the majority of TCRs (79%) was expressed in T cells (defined
by mRNA expression of Cd3e, Cd3d, Cd3g, Cd28), whereas the remaining immune
receptors were found on other cell types (supplementary figure 4). TCRs and BCRs not
expressed in the respective lineage were excluded to avoid analysis of false positive
receptors due to sequencing artifacts. The final analysis included 1592 TCR chains (796
pairs of TCRs) and 358 BCR chains (179 pairs of BCRs).

We next compared the number of immune receptors with that of T and B cells which were
present in our scRNA-seq dataset and displayed the distribution across the time points and
samples (Figure 36 D, supplementary figure 5, supplementary table 7). Overall, there were
less B cells (325) than T cells (2376) in AAA tissue and 3 out of 24 samples did not contain
B cells (non-treated, d3, sham d28) (supplementary figure 5, supplementary table 7). The
total number of T and B cells increased with AAA progression until day 7 (Figure 36 D and
supplementary figure 5). We corroborated our findings by flow cytometry revealing a peak of
lymphocytes at day 7 in AAA. Of note, only few cells were detected in sham operated mice
(Figure 36 E). A fully productive TCR could be assigned to 33.5% of the present T cells
(2376 T cells, 796 TCRs) (Figure 36 D). Thus, a large proportion of TCR sequences present
in AAA were missing due to inefficient sequencing. In our data 55.1% of B cells had a
matching BCR (325 B cells, 179 BCR). In 4 out of 24 samples no BCRs could be detected,
these were sham-operated or early time points (non-treated, sham d3, d3, sham d28)

(supplementary figure 5 B, supplementary table 7).
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4.4.3 Estimating clonal expansion by spectratyping

Spectratyping identifies the pattern of the CDR3 length distribution.’® Comparing the shape
of the CDR3 length distribution between control and disease can indicate presence of clonal
expansion in a repertoire. Deviations from the normal pattern might be due to the high
frequency of a specific CDR3 sequence and are therefore associated with clonal
expansion.’® We compared the CDR3 length distribution of TCRs in AAA across all time
points, and controls using the two-sample permutation-based Kolmogorov-Smirnov test
(Figure 37 A). The resulting p-value of 0.92 suggests that the CDR3 length followed the
same distribution in AAA and controls. To compare the CDR3 length distribution between the
different disease stages, we performed pairwise two-sample permutation-based Kolmogorov-
Smirnov tests and used Bonferroni correction for multiple comparisons. We did not observe
significant differences between the CDRS3 length distribution at the different time points
(Figure 37 B).

Receptor clonality can also be investigated by determining the number of unique clones and
the clone abundance. A clone was defined as set of cells expressing the same receptor that
consists of the same V-, (D-) and J-genes, and encode an identical CDR3 nucleotide
sequence. The majority of TCRs in AAA, sham-operated, and non-treated aortae were
unique (Figure 37 C, supplementary table 8). Only one sample of the sham-operated and
non-treated aortae and 11 AAA samples contained T cell clones (Figure 37 C,
supplementary table 8). However, the clones were infrequent in AAA samples (occurring 2 to
5 times), whereas in the one sham-operated sample, 1 of the 4 T cell clones present
encompassed 25 cells (Figure 37 D, supplementary table 8). The frequencies of the T cell
clones, their V-, D- and J genes of alpha and beta chain, as well as their CDR3 nucleotide
and amino acid sequences are shown in supplementary table 9. The extent of receptor
clonality can be indicated with an evenness profile of the repertoire.’®" The alpha values
represent different diversity indices with different weights on expanded clones. Higher alpha
values give more weight to expanded clones, while alpha = 0 weights every clone equally
regardless of its frequency. Therefore, high receptor clonality is indicated as a highly uneven
curve and no receptor clonality is associated with a completely even curve (Figure 37 E). In
our study, the sham operated d28 sample, in which one clone was identified 25 times (Figure
37 D), exhibited also the highest clonality, whereas all other sham operated or non-treated
samples showed no clonality (Figure 37 E). Additionally, 11 AAA samples from different time

points showed a lower extent of receptor clonality.
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Figure 37: CDR3 length distribution and clone abundance indicates expanded T cell clones in elastase-
induced aneurysm in mice. A: No changes in CDR3 length distribution of TCRs (paired chains) between AAA
including all different disease stages (red) and control samples including sham operated and non-treated mice
(blue). The proportion is plotted against the amino acid (aa) CDR3 length. B: No alterations in CDR3 length
distribution of TCRs (paired chains) between samples of different disease stages (d3, d7, d14, d28) and sham
operated as well as non-treated samples (different colors). The proportion is plotted against the amino acid (aa)
CDR3 length. C: Amount of all TCR clones per sample (light bar color) including the amount of unique clones
(dark bar color). The majority of TCR clones were found to be unique. Multiple copies of one clone appear only in
one of the sham_d28 samples and in 11 of the AAA samples. D: Line Plot indicating the number and abundance
of clones per sample. In the sham_d28 sample exhibiting clones with multiple copies, one clone is present 25
times. Whereas, in AAA samples one clone only appears 2 to 5 times E: Evenness Plots indicating the extent of
clonal expansion for every sample One sham operated sample 28 days after perfusion exhibits the highest
clonality. The other control samples show no receptor clonality. Eleven AAA samples show some clonal
expansion. Abbreviations: CDR = complementarity determining regions.
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4.4.4 Investigating the TCR repertoire similarity

Repertoire overlap analysis is commonly used to identify “public’ TCRs that are shared
between individuals.'® The R package immunarch provides several methods to measure
receptor similarities between individuals. Using the function “public’ specified the exact
number of shared immune receptors between different repertoires, thereby revealing that in 7
instances a TCR sequence was shared by 2 AAA samples (Figure 38 B). Additionally,
repertoire similarity can be investigated by identifying TCRs of different individuals containing
the same V-region genes. Fragments of V-region genes are classified into families according
to their nucleotide sequence similarity (at least ~70%). Specific V-gene usage patterns have
been associated with different diseases and were shown to change in response to
therapeutic approaches.’® 84 In our data the V-gene usage of the beta chain (TRBV)
correlated stronger than the V-gene usage of the alpha chain (TRAV) of the TCR (Two-tailed
Mann-Whitney test, p = <0.0001, Figure 38 C and D). A deeper analysis of the distribution
and frequency of used TRBV genes revealed a high usage of TRBV3, TRBV19, and
TRBV12-2+TRBV13-2 in AAA samples at day 7, 14 and 28 (Figure 38 E). TRBV12-
2+TRBV13-2 is a term for a common alternate splicing between the first exon of TRBV12-2
and the second exon of TRBV13-2. TRBV19 was present in 5 and TRBV3 in 2 of the
expanded clones. Further Vbeta genes that were used by 2-3 of the expanded TCRs are
TRBV10, TRBV13-1, TRBV13-5, TRBV2, TRBV20 and TRBV29 (supplementary table 9).
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Figure 38: Comparing the different TCR repertoires reveals shared TCR sequences, a high correlation of
the V-gene usage and several frequently used TRBV genes in AAA. A: Legend and color code. B: Analysis of
the TCR repertoire overlap shows that in 7 instances two AAA samples contain one equal TCR. The color code in
the heatmap indicates the different samples. C+D: The V-gene usage of the TCR alpha chain (C) and of the TCR
beta chain (D) is correlated and hierarchical clustered between the different samples using spearman
correlations. Color gradient indicates the level of correlation (blue = negative correlation, red = positive
correlation). The color code on the axes indicates the different samples. E: Distribution and frequency of TRBV
genes occurring in all samples. Frequently used TRBV genes in AAA samples are TRBV3, TRBV19, and
TRBV12-2+TRBV13-2 at day 7, 14 and 28. Abbreviations: TRA = TCR alpha chain; TRAV = TCR alpha chain v
gene; TRB = TCR beta chain; TRBV = TCR beta chain v gene.
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4.4.5 Dataset comparison with public TCR and BCR databases

We compared the presence of CDR3 sequences in our dataset with the two public TCR
databases VDJdb™' and McPAS-TCR'™? to investigate if TCR clones in our dataset are
associated with other diseases or antigens.'® VDJdb is a curated database of TCR
sequences with known antigen specificities containing TCR information of 3 different species
(Homo Sapiens, Macaca Mulatta and Mus Musculus) and various diseases.'' McPAS-TCR
is a database of TCR sequences found in T cells that were associated with various
pathological conditions in humans and in mice." TCRs with less than 4 amino acids and
diseases with less than 5 TCRs were excluded. Accordingly, for VDJdb 5206 TCRs found in
Influenza (3156 TCRs), Lymphocytic choriomeningitis virus (LCMV) (151 TCRs), Murine
cytomegalovirus (MCMV) (1463 TCRs), Plasmodium Berghei (245 TCRs), Respiratory
syncytial virus (RSV) (125 TCRs) and Vesicular stomatitis virus (VSV) (66 TCRs) and for
McPAS-TCR, 3530 TCRs which were assigned to 21 different diseases/pathogens were
used for analysis (supplementary table 10). After merging the two databases and filtering for
unique CDR3 sequences, we obtained 4331 CDR3 sequences for comparison with the AAA
data set. One-sided Fisher’'s exact test was used to examine the overrepresentation of TCR
clones in our data set that are associated with diseases or antigens according to the two
databases (Figure 39 A). Our dataset shared 55 CDR3 sequences with the public databases
which were assigned to MCMV, LCMV, Influenza, Plasmodium Berghei, VSV, Diabetes type
1 and Tumor. The obtained p-values were adjusted for multiple testing using Bonferroni
correction. Bonferroni correction resulted in no significant p-values indicating there were no
TCR clones overrepresented in our data set that are associated with diseases or antigens

according to the two databases (Figure 39 B and supplementary table 11).
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Figure 39: Overlap of AAA-associated CDR3 sequences with public databases. A: Venn diagram indicating
the overlap of our TCR data with the public TCR databases (VDJdb and McPAS-TCR) representative for the
disease MCMV. Our data shares 21 CDR3 sequences with the public databases that are associated with MCMV
and 35 CDR3 sequences that are associated with other diseases. One-sided Fisher’'s exact test with Bonferroni
correction for multiple comparison was used to examine the overrepresentation of TCR clones in our data set that
are associated with diseases or antigens. B: Barplot displaying the amount of sequences per disease in our data.
Abbreviation: Abbreviation: COPD = chronic obstructive pulmonary disease, Col Il = collagen Il, EAE =
experimental autoimmune encephalomyelitis, GVD = Graft vs host disease, HSV1 = Herpes simplex virus 1, HIV
= human immunodeficiency virus, LCMV = Lymphocytic choriomeningitis virus, MCMV = Murine cytomegalovirus,
MuLV = murine leukemia virus, RSV = Respiratory Syncytial Virus, SLE = systemic lupus erythematosus, VSV =
Vesicular stomatitis virus.

44.6 No clonal expansion or repertoire overlap of BCRs in elastase-induced

aneurysm in mice

The CDR3 length distribution of the BCRs showed no differences between AAA and control
at the disease stages (Figure 40 B, pairwise two-sample permutation-based Kolmogorov-
Smirnov test resulted in no significant differences). 98% of BCR clones were unique (176 of
179 clones were unique). As mentioned before, BCRs were present in only 20 of 24 samples
in our dataset. The samples that lacked BCRs were control samples or early disease stages
that are known to contain few B cells overall (non-treated, sham d3, sham d28, d3). BCRs
that appear more than once were found in two of these 20 samples. One day 28 sample
contained one BCR that was present thrice, one day 7 sample had one BCR that appeared
twice (Figure 40 C). The evenness profile likewise indicated a higher clonality for these two
AAA samples in comparison to all other samples that showed no clonality (Figure 40 D and
supplementary figure 6). Next, we investigated the isotype distribution of the BCR heavy
chains. The most frequent isotype was IGHM, followed by IGHD (Figure 40 E). The similarity
measurement of the BCR repertoire present in the different samples showed that two AAA
samples (d7 and d28) share 1 BCR (Figure 40 F). Otherwise, there was no similarity
between the different samples. The correlation of V-gene usage between the different
samples was likewise low (Figure 40 G). The strongest, yet still weak correlation was found
between one non-treated control and one d3 sample (r = 0.701). Overall, these data revealed
no evidence for clonality among B cells in AAA.
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Figure 40: Elastase-induced AAA shows no BCR clonality. A: Legend and color code. B: Histogram
indicating the CDRS3 length distribution of the BCRs (paired chains). The proportion is plotted against the amino
acid (aa) CDR3 length. The color indicates whether the TCRs belong to an aorta isolated at d3, d7, d14 or d28
after PPE or sham surgery or to a non-treated aorta. C: Barplot displaying the number of all BCR clones (pale
color) and only unique clones (vibrant color) per mice. Almost all BCR clones are unique. D: Evenness Plot
indicating the extent of clonal expansion for every sample. E: Barplot indicating the isotype distribution of the BCR
heavy chain (IGH) in the different conditions. Most frequent isotypes for all conditions are IGM and IGD. F: BCR
repertoire overlap displayed in a heatmap. Color bars on the top and left side of the heatmap indicate the time
point. G: Heatmap presenting the spearman correlation and hierarchical clustering of the BCR heavy chain (IGH)
V-gene usage of the different samples. Color gradient indicates the level of correlation (blue = weak correlation,
red = strong correlation). Color bars on the top and left side of the heatmap indicate the experiment and the time

point.
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5 Discussion

This study aimed to investigate different aspects of the immune reaction involved in AAA
pathology. First, the immune cell types present at different stages of elastase-induced AAA
formation and their interaction were characterized in detail. The aim of this comprehensive
study was to identify key players and signaling pathways in AAA to enable better treatment of
AAA patients. Next, the role of CD40-CD40L signaling in AAA, which is a promising target for
therapies, was investigated. Based on the results, IFNIC macrophages were identified as
potential key player in AAA and CD40 signaling, and were thus further studied. In a further
approach to better characterize and identify the pathogenesis of AAA, this study investigated
whether autoimmune processes play a role in AAA progression. For this purpose, scRNA-

TCR-BCR-seq was used to investigate T and B cell clonality in AAA.
5.1 Characterization of the immune response in AAA

In this work, flow cytometry, immunofluorescence staining, scRNA-seq and CITE-seq was
used for a detailed characterization of immune cell types that are involved in elastase-
induced AAA progression. In addition, the immune response involved in AAA was compared

with inflammatory processes occurring in related CVDs such as atherosclerosis and M.

Inflammation is a common denominator of atherosclerosis, AAA and MI, and all three
disease share common risk factors. Moreover, all three diseases are linked, as
atherosclerosis is the underlying cause of Ml and can be a risk factor for AAA.* ¢ Based on
the many similarities between AAA and atherosclerosis, it has long been thought that AAA is
dependent on atherosclerosis. Recent evidence suggests that both diseases are
independent of each other but share risk profiles and pathological processes.® In this work,
CITE-seq was used for a comprehensive comparison of the immune response in
atherosclerosis, AAA and MI. While most cell types were present in all three diseases, their
proportions differed. In general, atherosclerosis was dominated by T cells, while in AAA and
MI macrophages and neutrophils were the predominant immune cells. Ml is in the first days
characterized by acute inflammation involving infiltration of cells of the innate immune
system, including neutrophils and macrophages.'” 12 Atherosclerosis is characterized by
chronic inflammation, mainly characterized by infiltration of lymphocytes and macrophages.*
5 Although AAA is described as chronic inflammatory disease'’, it contained mostly acute
inflammatory cells according to CITE-seq. This discrepancy may be explained by the early

time points after elastase-induced AAA formation that were studied, reflecting acute rather
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than chronic inflammation. However, 14 days after elastase-perfusion a strong increase in
T cells and a strong decrease in neutrophils were observed, which may indicate the shift
from acute to chronic inflammation. In detail, different neutrophil subsets appeared to play a
crucial role in AAA compared to MI, two macrophage clusters seemed to be specific for Mi
and one T cell cluster for atherosclerosis. In addition, GO analysis revealed enrichment of
different genes and pathways. Atherosclerosis was linked to adaptive immune response,
AAA to innate immune activation and cytokine signaling, and MI to chemotaxis and leukocyte
migration. Despite similarities, some immune cells and pathways appear to be disease-
specific or to play a larger role in one of the diseases, supporting the concept that AAA is
independent of atherosclerosis. To make a conclusive comparison between AAA and
atherosclerosis, it will also be necessary to examine cell interactions at later time points in

AAA development in the future.

Next, the immune response at different time points after elastase-induced AAA formation
was studied in more detail. In addition, appropriate controls using sham-operated mice 3 and
28 days after the surgery were included. These controls are important to determine that the
changes observed are due to AAA formation and not to the previous surgery for AAA
induction in the animal model when analyzing immunoregulatory processes. Neutrophils,
macrophages, DCs, NK, T and B cells, were detected at day 3, 7, 14 and 28 after elastase-
perfusion, but differed in their proportion in these stages of AAA progression. Although the
surgery itself triggered inflammation, the number of infiltrated immune cells was significantly
less in saline-perfused aortae compared to elastase-perfused aortae. Therefore, the
inflammation triggered by the surgery seems to have no high impact on the results and is
negligible. Non-perfused aortae contained only few immune cells. The strongest immune cell
infiltration into the aneurysmal tissue was observed 7 days after elastase-perfusion.
Immunofluorescence staining showed that the majority of immune cells was located in the
adventitia. Overall, macrophages were the most abundant immune cells, which is consistent
with other studies.*> 46 186. 187 Ag expected, neutrophils, that are the first responders to tissue
damage?®, were most frequent at the earliest time point day 3, followed by day 7 and were
barely abundant at later stages. T and B cells, which are part of the adaptive immune
response and require activation by APCs?’, were barely observed on day 3. Their absolute
number peaked on day 7, and in percentage terms they accounted for the majority of
immune cells on day 28. Overall, T cells were much more frequent than B cells. In human
AAA, T and B cells are described as predominant infiltrating immune cells.”"”* Human AAA
tissue used for studies usually comes from patients who have undergone surgery, implying

an advanced stage of the AAA. Therefore, day 28 after elastase-induced AAA formation is
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most comparable to human AAA samples. However, this emphasizes the importance of
mouse models that allow studies at early stages of AAA formation, which is necessary for a
better understanding of AAA pathology and can help to identify potential therapeutic
strategies. The comparison of the different time points of AAA development revealed not only
differences in the proportion of immune cells, but also in immunological processes and cell-
cell communication. The strongest cell-cell communication was observed at day 7, where
IFNIC macrophages and myofibroblasts were the main driver of communication. In general,
inflammatory cell subsets and myofibroblasts were the strongest sender and receivers of

communication signals at all studied time points.

The cellular heterogeneity of AAA was investigated in other studies using different
experimental models to induce AAA such as Angll model, CaCl, model or the external peri-
adventitial PPE application (ePPE)."®'%" Two of these studies provide a detailed
characterization of immune cell types present in ePPE-induced AAA formation at day 7 and
14.185. 187 Yang et al. studied the CaCl, model at day 4, but focused only on macrophages,
SMCs and fibroblasts.'® The three studies investigating the Angll model at day 28, provide
no detailed characterization of immune cell subtypes.'®-'%" This study is the first that
performed scRNA-seq of AAAs induced by the PPE model and that compared multiple time
points of AAA formation, providing valuable insights into disease progression. Moreover, this
work presents the first CITE-seq data of AAA, enabling simultaneous measurement of RNA
and protein expression. None of the mouse models completely mimics the complex
pathology of human AAA, but each model provides insights on specific aspects.'% Therefore,
systematic scRNA-seq studies in different animal models are needed to better understand
the complex pathology and diversity of factors contributing to AAA. The PPE model is
considered the best model to resemble human AAA, as it features fusiform AAA growth in
the infrarenal part of the aorta, altered hemodynamics, fibrosis, humoral immune response,
imbalanced proteolysis and angiogenesis.'¥ However, thrombus formation and rupture, that

are important characteristics of human AAA, cannot be studied with the PPE model.

In this thesis, 30 different immune cell subsets were identified by scRNA-seq in AAA. Seven
distinct neutrophils subsets, including two clusters of pro-inflammatory neutrophils, IFNIC
neutrophils, young neutrophils, Mmp9* neutrophils, Cd74" neutrophils and remodeling
neutrophils, were identified. Since scRNA-seq of neutrophils can be challenging due to their
low RNA content'®3, neutrophils were confirmed by protein expression of Ly6G by CITE-seq.
Yuan et al. is the only other study that characterized neutrophil subsets. They identified one

proliferative subset, two pro-inflammatory subtypes and two late-stage neutrophil clusters.'®’
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The majority of neutrophils detected in this thesis showed inflammatory characteristics and
was associated with chemotaxis, migration and type-lI IFN signaling. Non-inflammatory
neutrophil subsets, such as remodeling neutrophils and Mmp9* neutrophils, accounted for
only a small proportion. In addition, neutrophils were strong senders of communication
signals to other cells in the first 7 days of AAA formation. This emphasizes the important role
of neutrophils as a driver of inflammation and AAA development, which has also been shown
in other studies where neutrophil depletion or reduced neutrophil recruitment led to

attenuated AAA formation.34-36

So far, the role of DCs in AAA is not well known, but depletion of DCs limited AAA growth in
mice.*' Yuan et al. identified 5 different DC subsets in ePPE-induced AAA including
monocyte-derived DCs, conventional DCs type 1 and type 2, pDCs and migratory DCs."®" In
this thesis, classical DCs, CD103* DCs, activated DCs and pDCs were identified in elastase-
induced AAA. Since pDCs also express T cell markers, they were initially mistaken for
lymphocytes in the analysis and later identified as pDCs upon more precise characterization.
Therefore, they were analyzed together with lymphocytes. Classical DCs represented the
largest DC population and showed no striking changes in their proportion during AAA
progression. CD103* DCs, that were described as atheroprotective*?, were anti-inflammatory
and increased with AAA progression. Activated DCs were the smallest, but most
inflammatory DC subset. pDCs were most abundant at day 7 and 14 and barely present in
controls, suggesting a critical role in AAA formation. Specific depletion of pDCs was shown to
result in reduced AAA formation.® According to the CellChat analysis DCs played a minor
role in cell-cell-communication in AAA. Overall, DCs contribute to inflammation by activating
the adaptive immune response, and depletion of DCs appears to be effective in reducing
inflammation and thus AAA formation. However, the specific roles of different DC subsets,

needs to be further investigated.

In total, 10 different macrophage subsets were identified in AAA, including resident
macrophages and monocyte-derived macrophages. The resident-like Pf4* macrophages
were the largest macrophage subset in healthy aorta and sham controls, but represented
only a small part of macrophages in AAA. This was likewise observed by Zhao et al. in the
ePPE mouse model.’”® The majority of monocyte-derived macrophages exhibited an
inflammatory gene signature. Only the three subsets Cd72" macrophages, Chil3*
macrophages and remodeling macrophages were less inflammatory and more associated
with structural changes such as wound healing, cell junction disassembly and ECM

remodeling. This is consistent with other studies that described inflammatory and reparative
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macrophages in the ePPE model.'8 87 |t is described that pro-inflammatory macrophages
dominate against anti-inflammatory macrophages in AAA and that modulating this ratio by
increasing anti-inflammatory macrophage polarization inhibits AAA formation.®* % In this
thesis, the proportion of the inflammatory macrophage subsets, such as pro-inflammatory
macrophages, IFNIC macrophages, Lgals3* macrophages and T cell-like macrophages, was
highly increased in AAA compared to healthy aorta. IFNIC macrophages represented the
largest macrophage subset at day 7 and 14. IFNIC macrophages were also described in the
ePPE model and were recently reported to play a detrimental role in AAA.8 187. 1% Galectin-
3 (Lgals3) can promote AAA progression by activation of inflammatory macrophages that
contribute to apoptosis of VSMCs."®® In addition, proliferative macrophages were identified in
elastase-induced AAA. Proliferative macrophages were also found in ePPE- and CaCl2-
induced AAA, but represented only a minor macrophage subtype in both models.'®: 188 |n
atherosclerosis a recent study revealed that the majority of macrophages is derived from
local proliferation and suggest that targeting macrophage proliferation may represent a new
therapeutic option.' In elastase perfusion-induced AAA, proliferating cells accounted for
only a very small proportion of all macrophages and the impact of these proliferating cells
needs to be further investigated. Lastly, two macrophage clusters expressing T cell
associated genes were found in AAA by scRNA-seq. To date, nothing similar has been
described in the literature, which can be due to three possible explanations. First, this could
be explained by the fact that other datasets contain a significantly smaller number of cells
and therefore these populations were not detected. Second, these cells might be specific for
elastase perfusion-induced AAA, and to date there is no other scRNA-seq dataset available
for this model. Third, these cells may have been excluded as contaminants in other analyses.
Since duplicates were removed during preprocessing and these cells did not have a high
mitochondrial RNA or a higher RNA count than the other clusters, it can be excluded that
these cells are duplicates. Furthermore, both clusters comprised a high number of cells and
were detected in three independent scRNA-seq experiments, making a contamination
unlikely. The tissue dissociation could have led to artificial changes in cell transcription
patterns’®, but some of these cells even expressed T cell markers on protein level measured
by CITE-seq. It is feasible that these two cluster contain macrophages that have
phagocytosed apoptotic T cells. Liebold et al could show that the cellular identity of the
ingested apoptotic cell contributes to macrophage gene expression and function.'”
Altogether, the data presented in this study emphasizes the large heterogeneity of
macrophage subsets and functions and their important role in AAA formation. Furthermore, it
shows that the classical division into M1 and M2 macrophages is oversimplified and does not
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reflect macrophage heterogeneity in vivo. However, the specific role of different subsets is

still unclear and should be further investigated.

Within the lymphocytes, NK cells, NKT cells, ILC type 2 and 3, B cells and 4 distinct subtypes
of T cells were identified by scRNA-seq. B2 cells were much more frequent than B1 cells,
that were excluded from further analysis, as they accounted for less than 0.5% of all immune
cells. Notably, this corroborates previous reports of B2 dominating the B cell pool in mouse
AAA.”® The proportion of NK cells and NKT cells was highest at day 3 and decreased with
AAA progression, while the frequency of ILCs, T cells and B cells increased with AAA
progression and peaked at day 28, which is in line with previous studies.'®’ Different types of
lymphocytes play diverse roles in AAA progression. CD4" T helper cells, which represented
the largest T cell subset in AAA, secrete cytokines to recruit and activate other immune cells,
thus amplifying the immune response.?' Tregs, that are important for maintaining
homeostasis and limiting excessive inflammation, accounted for a larger proportion in
controls than in AAA.%” Several studies have found a protective role of Tregs in AAA,
suggesting the elevation of Tregs as a potential treatment option.8& 198 19 CD8* cytotoxic
T cells and NKT cells are involved in ECM degradation.®® '8 The role of ILCs in AAA is not
well known. ILCs were most abundant at day 28 of AAA formation, with ILC3s being more
prevalent than ILC2s. Yuan et al. also identified NKT cells, CD4* T cells, CD8" T cells and
Tregs in ePPE-induced AAA.'"® However, they did not detect ILCs. In return, they found
gamma-delta T cells and /fit-expressing T cells, which were not detected in this study. These
differences might be due to the different mouse models used to induce AAA formation or
differences in the bioinformatics workflow. Since there is no uniform nomenclature for
subpopulations identified with scRNA-seq, it could also be that subsets are similar but were

termed differently.

scRNA-seq is widely used to decipher cellular heterogeneity and cell type functions in
complex tissues. It enables a wide range of analyses, such as DEGs, GO enrichment,
signaling pathways, lineage tracing, cell-cell communication and cell cycle.”® However, all
analyses are based on mRNA expression of the single cells, and mRNA-protein correlation is
known to be poor, as the relation between transcription and translation is non-linear and
complex.'™ 175 Usually pearson correlation coefficients for mammalian tissues are about
0.6.'® Tian et al. compared mMRNA and protein expression of 425 genes in murine bone
marrow-derived cells and received a pearson correlation coefficient of 0.59.2°° Thus,
information obtained from scRNA-seq are limited and should be combined with proteomics

data. CITE-seq enables to study protein expression and mRNA expression simultaneously,
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and advances scRNA-seq by layering an extra dimension on top of the data.' First, this
study utilized CITE-seq to confirm cluster identification by scRNA-seq and to further
characterize identified cell types at protein level. This is especially useful to characterize rare,
previously unexplored subpopulations at the protein level, which enables further investigation
of these cells with antibody-based methods. In addition, CITE-seq was used to examine the
extent of mRNA-protein correlation. Therefore, a Spearman correlation was calculated for
each cell type for all 119 proteins detected in the CITE-seq data with their corresponding
MRNA expression. Most proteins showed a strong positive correlation with their
corresponding mRNA in specific cell types, and no correlation in other cell populations.
Proteins that are known to be expressed on macrophages for example, showed a good
correlation with mRNA expression in macrophages, but not in other cell types. Some proteins
showed a positive correlation to mRNA expression in almost all cell types, while other
proteins showed no correlation with their corresponding mRNA expression, regardless of the
cell type. For few proteins even a negative correlation between mRNA and protein
expression was obtained. Buccitelli et al. and other groups have shown that mRNA-protein
correlation can be influenced by various post-transcriptional and post-translational
parameters.'” 78 The individual half-life of proteins, that can range from a few seconds to
several days, is the major post-translational factor influencing mRNA-protein correlation.
Other factors are RNA half-life, RNA secondary structure, transcription and translation rates
that are influenced by translational modulators like regulatory proteins and small RNAs
(sRNAs), the ribosomal density and ribosome occupancy.'” '"® One study found that while
varying mRNA levels showed a strong correlation with corresponding protein levels
(r=0.89), genes with steady mRNA expression exhibited fluctuating protein levels
throughout the cell cycle (r = 0.2)."7* In addition, technical issues also influence the
correlation. Both RNA and protein measurements suffer from noise and biases that can
affect accuracy.'”® The 10x Genomics’ scRNA-seq technology for example has a higher
sensitivity for shorter genes and genes with a higher GC content.?’' In CITE-seq, ADT levels
per cell were found to be higher than mRNA levels of the same genes and less prone to
drop-out events.”3 In general, mRNA levels should not be interpreted as final output of gene
expression. Thus, it is recommended to use a combination of transcriptomic and proteomic

data as it provides information that cannot be obtained from either type of data alone.

In summary, this works provides a detailed and comprehensive analysis of immune cell
subtypes and inflammatory processes involved in AAA pathology. As scRNA-seq techniques
generate a large amount of data, this part of the thesis became considerable long and

complex. To prevent the work from becoming even more extensive, an attempt was made to
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focus on the most essential aspects. However, this means that some aspects are only dealt
with superficially and in-depth analyses are lacking in some places. Some of these more
detailed analyses were carried out already but were not included in this thesis or are planned

for future studies.

5.2 The role of CD40 signaling in AAA

The co-stimulatory molecules CD40 and CD40L are expressed on a wide range of cell types
including immune cells and non-immune cells and regulate the immune response.'% 1
CD40-CD40L signaling was previously shown to play a critical role in AAA formation and
progression. Kusters et al. observed reduced AAA incidence and less rupture 28 days after
Angll-induced AAA formation in CD40L-deficient mice.®* Blocking of downstream CD40
signaling via TRAF6 using a small molecule inhibitor also protects against Angll-induced
AAA formation and rupture as well as elastase-induced AAA as shown by our group.'®
However, the involved cell types and the underlying mechanism of the protective effect of
blocking CD40 signaling remain unclear. The aim of this study was to further investigate the

role of CD40 signaling in AAA and to identify the cell types involved.

Consistent with previous studies, in this work, significantly lower AAA incidence and
significantly reduced abdominal aortic diameter was observed in CD40-deficient mice
compared to control mice 28 days after Angll-pump implantation. In addition, CD40-deficient
mice showed an improved survival rate as there were less AAA ruptures. CD40 expression
was examined at day 3, 7, 14 and 28 after elastase-induced AAA formation on RNA level
using scRNA-seq and on protein level using CITE-seq, flow cytometry and
immunofluorescence staining. At mRNA level, CD40 was barely expressed in controls and
highly expressed in murine and human AAA tissue. In human AAA, B cells were identified as
predominant CD40 expressing cells, while in mice the majority of CD40 expressing cells
were macrophages and DCs. This might be due to the early time points of AAA formation
that were used in the mouse scRNA-seq data. However, on protein level measured with
CITE-seq B cells showed the strongest CD40 expression, followed by DCs and
macrophages. B cells are known to highly express CD40 as it is required for isotype
switching and promotes survival, proliferation, Ig production and cytokine secretion of B
cells.”® The highest number of CD40 expressing macrophages and DCs was observed at
day 7 after elastase-induced AAA formation. CD40 mRNA expression was observed in the
majority of activated DCs and in some classical DCs. Only few CD103" DCs showed CD40
MRNA expression. On protein level, CD40 expression was observed on all detected DCs,

with activated DCs exhibiting the strongest CD40 expression. CD40 signaling leads to full
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maturation of DCs and expression of CD40 is therefore used as activation marker for DCs.'"®
On mRNA level, IFNIC macrophages were the most CD40-positive macrophages. They also
highly expressed CD40 on protein level, but most other macrophage subsets expressed
CD40 at a similar extent. The discrepancy between CD40 mRNA and protein expression is
probably due to the fact that CD40 is quite stable with a half-life of approximately 13 hours
and does not need to be regenerated frequently, so that no further mRNA transcripts are
required for translation into protein.?? In addition to CITE-seq, flow cytometry and
immunofluorescence staining were used to study CD40 protein expression on neutrophils,
DCs, macrophages and B cells. CD40 expression was observed on all studied cell types.
B cells and macrophages showed a trend to higher CD40 expression in aneurysmal tissue
compared to controls. Between the different time points after elastase perfusion of the aorta
only minor differences in CD40 expression were observed, indicating that CD40 plays a role
at all stages of AAA formation and progression and is involved in both acute and chronic
inflammation. In particular, CD40 signaling is a central pathway in activation of DCs and

IFNIC macrophages.

CD40L expression was examined using scRNA-seq and immunofluorescence staining.
CDA40L expression was found in human and murine AAA tissue, while almost no expression
of CD40L was detected in controls. As expected, and in accordance with literature, CD40L
was mainly expressed on T cells. RNA expression of CD40L was also observed on some
NK cells and macrophages, which is described under inflammatory conditions.’% " The
highest number of CD40L-expressing T cells was found 28 days after elastase-perfusion,
which is probably due to the overall increase of T cells on day 28. Within the different
lymphocyte subsets Cd4* T cells and ILC3s exhibited the strongest expression of CD40L.
CDA40L expression was shown to be involved in activation of Cd4" T cells, secretion of
immunomodulatory cytokines and apoptosis.?®® 24 CD40L expression on ILCs was already
described and CD40L-expressing ILC3s were found to promote B cell survival, proliferation
and differentiation.?%> 206 |LC2 cells, that were described to have a protective role in AAAS",

was the only cluster were CD40L expression was completely absent.

scRNA-seq data was additionally used to identify key senders and receivers of CD40
signaling using CellChat. Cell-cell communication analysis predicted IFNIC macrophages as
main receivers and Cd4" T cells as dominant senders of CD40 signaling. The analysis
included not only signaling of CD40L via its receptor CD40, but also via its other two
receptors Mac-1 and VLA-5. Mac-1 is known to be expressed on monocytes, macrophages,

neutrophils and NK cells, and is required for the adhesion of immune cells to endothelial
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cells.'” CD40L that is expressed on activated endothelial cells binds to Mac-1 on rolling
immune cells to enable their firm adhesion. VLA-5 is reported to be expressed on endothelial
cells, fibroblasts, monocytes and macrophages.'’” Binding of CD40L to VLA-5 was shown to
induce ERK-signaling and IL-8 expression in monocytes, and mediates cytokine production
and adhesion of CD40L expressing T cells with fibroblasts.?’”: 208 Both receptors do not
interfere with binding of CD40L to CD40. Competitive binding assays showed that Mac-1
binding did not compete with CD40.2%° VLA-5 binds to another region of CD40L than CD40,
allowing both receptors to bind to CD40L simultaneously.?'® Of these 3 receptors, CD40 was
predicted to contribute the least to overall CD40L signaling in AAA. This finding was based
on the fact that the receptors Mac-1 and VLA-5 were expressed across many different cell
types, while CD40 expression was restricted to the three DC subsets, IFNIC macrophages,
Cd72*- and T cell-like macrophages. Thus, CD40L-CD40 signaling displays a more specific
pathway than CD40L signaling via Mac-1 and VLA-5, and affects only some specific cell
types, making it a suitable target for therapeutic approaches. IFNIC macrophages were
predicted to also interact with CD40L via Mac-1, but not via VLA-5. It should be noted, that
this analysis calculates a probability score based on gene expression of ligands and
receptors, and the law of mass action, which is a simplified model and does not reflect the
real complexity of cell-cell communication.'® '4° |n addition, the effect of cell proportion in
each cell group was considered for the probability calculation. Although these results are
only a prediction and should be confirmed with further experiments, these data provide a

solid basis and orientation for further research.
5.3 The role of IFNIC macrophages in AAA

In this study, IFNIC macrophages were identified as potential key player in AAA formation
and progression, as they were highly inflammatory and accounted for the largest
macrophage subset at day 7 and 14 after elastase-induced AAA formation. In detail, they
compromised 30.5% and 27.1% of the macrophages, respectively, and were barely present
in control conditions. IFNIC macrophages were first described as monocyte-derived
macrophages with a type-l IFN gene signature by King et al. in a mouse model of Ml in
2017.%%° The IFNIC macrophages found in AAA in this study exhibited the same type-l IFN
gene signature by showing a high expression of ISGs and directly IRF3-dependent genes,
including ffit1, Ifit2, Ifit3, Irf7, Isg15, Cxcl10, Rsad2, Usp18 and Oas/2. Furthermore, GO and
PROGENy analysis revealed that IFNIC macrophages were responsive to IFN, and the
JAK-STAT-signaling pathway was highly upregulated in these cells. The JAK-STAT signaling

pathway is activated by binding of interferons and promotes the expression of ISGs.'”® 2" Le
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et al. detected IFNIC macrophages in Angll-induced AAA in mice and also showed that JAK-
STAT-signaling is highly upregulated in these cells.’® Inhibition of this pathway with the
inhibitor Ruxolitinib decreased mRNA expression of ISGs, suggesting a critical role of JAK-

STAT signaling pathway in the differentiation of IFNICs. 1%

Type-| IFN signaling is classically known in context of viral infections and studying IFNs in
non-viral immunity is relatively novel. Type-l IFNs regulate the innate immune response by
mediating cytokine production and inflammatory pathways as well as facilitating NK cell
function and antigen presentation.’”® In addition, type-l IFNs can stimulate the adaptive
immune response by triggering high-affinity antigen-immune cell responses and the
development of an immunological memory."”® Macrophages produce IFNs under various
inflammatory conditions, ranging from viral and bacterial infections to exposures with
endogenous ligands.?"" Thus, macrophages have a broad range of nucleic acid sensors,
including retinoic acid inducible gene | (RIG-I), melanoma differentiation-associated protein 5
(MDAD5), toll-like receptors (TLRs) and cyclic GMP-AMP synthase (cGas). cGAS detects
double-stranded DNA (dsDNA) and induces IFN production via stimulator of interferon genes
(STING) (Figure 41).2"" It was shown that the pathway of DNA damage and cytosolic DNA
sensing is upregulated in IFNICs and cytosolic DNA accumulation was found in
macrophages in AAA tissues.’®* In the non-viral context of AAA pathology, it is assumed that
macrophages phagocyte dsDNAs released from apoptotic VSMCs, which bind to cGAS,
leading to type-l IFN production via STING. These type-l IFNs then bind to IFNAR and
activate the JAK-STAT signaling pathway, which induces the expression of ISGs and
changes macrophages into the IFNIC phenotype (Figure 41).159 194

In this study, IFNIC macrophages were found to additionally express CD40 and were
identified as major receiver of CD40-CD40L signaling sent by Cd4* T cells. CD40-CD40L-
signaling is known to play an important role in AAA. Inhibition of CD40-TRAF6 signaling
resulted in reduced AAA formation after elastase-perfusion, which was accompanied by a
reduction in CD40 expressing macrophages and downregulation of /fit2 at day 7."3° CD40
was shown to enhance the STING-mediated type-l IFN response by increasing STING
protein levels and reducing ubiquitination of STING.?'? Binding of CD40 to STING was
mediated by TRAF2/3 and TRAFG6 binding domains (Figure 41). In addition, IFNB and STING
levels were significantly reduced in CD40-deficient mice after N67 infection.?'> However, the
relation between CD40 signaling and type-l IFN response, as well as the role of CD40

signaling in IFNIC macrophages needs to be further investigated.
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Figure 41: Type-l IFN signaling in macrophages. Engulfed dsDNA from apoptotic cells is bound by the
cytosolic DNA sensor cGAS that activates STING via cGAMP. STING can be enhanced by binding of CD40 via
TRAF2, 3 or 6 and activates TBK1. TBK1 leads to activation and dimerization of IRF3, IRF5, and IRF7. The IRF
dimer translocates into the nucleus and induces the expression of IFNs via IFN-stimulated response elements
(ISRE). Secreted IFNs bind to the surface receptor complex IFNAR1/IFNAR2 that recruits JAK1 and TYK2. This
leads to the phosphorylation and activation of STAT1 and STAT2 that recruit IRF9. This complex translocates to
the nucleus and binds ISREs that promote the expression of ISGs resulting in a type-l IFN signature of the
macrophage Abbreviations: dsDNA = double-stranded DNA; cGAS = cyclic GMP-AMP synthase; cGAMP = Cyclic
guanosine monophosphate—adenosine monophosphate, CD40 = cluster of differentiation 40; TRAF = tumor
necrosis factor receptor-associated factors; STING = stimulator of interferon genes; TBK1 = TANK-binding kinase
1; IRF = interferon regulatory factor; ISRE = IFN-stimulated response elements, IFNs = interferons; IFNAR1/3 =
interferon-alpha/beta receptor subunit 1/2; JAK1 = janus kinase 1; TYK2 = tyrosine kinase 2, STAT = signal
transducer and activator of transcription proteins, 1ISGs = interferon-stimulated genes. Figure created with
Biorender based on figures from Siebeler et al.?!"!

IFNIC macrophages were also found in atherosclerosis and Ml in the CITE-seq dataset used
in this study, which is consistent with other studies.>” %% 16° However, IFNICs were much
more frequently represented in AAA than in atherosclerosis and MI. Type-I IFN signaling was
shown to promote atherosclerosis and to increases macrophage accumulation in the
plaques.?'® Moreover, IFNIC macrophages were found to be highly enriched in progressive
atherosclerotic plaques in mice.'® In context of Ml and AAA, IFNIC macrophages were
shown to play a detrimental role. IRF3- or IFNAR- deficient mice or mice treated with an
IFNAR neutralizing antibody showed an improved cardiac function and survival after Ml
compared to controls.’® This was accompanied by decreased inflammatory cell infiltration
and decreased expression of inflammatory cytokines and chemokines. In AAA, myeloid cell-
specific ablation of Sting1 lead to reduced aortic diameter and less rupture in Angll-induced

AAA formation and prevented completely from elastase-induced AAA formation.’®* In
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addition, Apoe™ mice that received bone marrow transplantation from mice globally deficient
in Ifnar1 or Sting1 four weeks prior to Angll infusion had improved survival, lower AAA
incidence, and reduced aortic diameter compared to mice that received bone marrow from
WT mice.

The type-l IFN phenotype is not restricted to macrophages and can occur in several cell
types.2™ In this study, also IFNIC neutrophils were identified that showed similar
characteristics to IFNIC macrophages. They exhibited a similar gene signature, were
responsive to IFNB and the JAK-STAT pathway was highly upregulated. Furthermore, IFNIC
neutrophils received the highest inflammation score of all neutrophil clusters and the
inflammatory pathways NFxB and TNFa were upregulated. Other studies detected
fibroblasts, VSMCs and also neutrophils with a type-l IFN gene signature.®3 1% 214. 215 Qne
study identified IRF3 as key driver of the transition of VSMCs to an inflammatory phenotype
in AAA.2'5 Similar to the induction of IFNIC macrophages, the inflammatory VSMC phenotype
was induced by double-stranded DNA-STING-IRF3 signaling. In Sting” mice, the aortic
stress-induced transition of VSMCs into this inflammatory phenotype was prevented.?' Ninh
et al. referred to all cells expressing ISGs collectively as IFNICs and found that colonies of
IFNICs are located around the infarct border zone after MI.2"* Furthermore, these IFNIC
colonies were located in close proximity to the sites of ventricular rupture, and mice lacking
IFNICs were protected from rupture. There is evidence that the type-l IFN response may
increase susceptibility to rupture through its inhibitory effect on fibroblast activation and
function.2 This assumption can be applied to AAAs and would explain why studies in which

type-I IFN signaling was blocked observed smaller, more stable AAAs and less ruptures.

Accordingly, IFNIC macrophages play a critical role in CVDs and display a potential
therapeutic target. To date, IFNIC macrophages are mainly characterized on RNA level by
scRNA-seq and information about protein expression is lacking, hampering further
investigations of these cells using antibody-based methods. In this study, CITE-seq was
used to explore protein expression of IFNIC macrophages and identified them as CD11b",
Ly6CMs", CD36*, Ly6A/E*. Based on this information a flow cytometry panel that additional
included IFNAR1 was established to detect and isolate IFNIC macrophages. The flow-
cytometric quantification of IFNIC macrophage count in aortic tissue showed significant more
IFNIC macrophages in elastase-induced AAA compared to saline-perfused controls 7 days
after surgery. With an average number of 13 only very few IFNIC macrophages were
detected in controls. In contrast, an average of 937 IFNIC macrophages were found in AAA.
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However, the number of IFNIC macrophages detected per AAA was high variable, which
might stem from differences in AAA size. Furthermore, it should be considered, that the
identification of markers for IFNIC macrophages was limited to the 119 antibodies detectable
in our CITE-seq data, and that the identified markers were not exclusively expressed on
IFNICs. As a result, a large proportion of IFNIC macrophages were lost during the gating
strategy. Thus, the actual number of IFNIC macrophages in AAA is probably much higher
than the number of IFNIC macrophages detected by the panel. Furthermore, the final gate
did not contain a pure IFNIC population, as the used marker combination was not able to
fully distinguish IFNIC macrophages from all other macrophage subsets. To identify better
markers, IFNIC macrophages will be isolated with the flow cytometry panel and subjected to
mass spectrometry or proteomics in the future. Nevertheless, the panel is suitable to detect
and isolate IFNIC macrophages from aortic tissue and enables further investigations of these
cells. In future studies, IFNIC macrophages could be co-cultured with fibroblasts and T cells
to investigate their interaction. Furthermore, the effect of CD40 activation and inhibition on

IFNIC macrophages could be studied.
5.4 T and B cell clonality in AAA

The following part of the discussion was published in a scientific paper in Frontiers in

Cardiovascular Medicine in 2023.192

We assessed TCR and BCR clonality in elastase-induced AAA in mice at different disease
stages using scRNA-TCR-BCR sequencing. Our results show no differences in CDR3 length
distribution of TCRs and BCRs between the different disease stages, indicating no strong
clonal expansion of immune cell receptors in elastase-induced AAA. The clone abundance
analysis likewise revealed no clonal expansion of BCRs in AAA. We found expanded T cell
clones in 68% of AAA samples and no clonality in control samples except for one.
Comparison of the immune receptor repertoires showed a low similarity between the
individual samples. Spearman correlation to compare the V-gene usage between the
different AAA samples and controls revealed that the V-gene usage of the TCR beta chain
correlates stronger than the V-gene usage of the TCR alpha chain. The most frequently used
V-genes in the TCR beta chain in AAA are TRBV3, TRBV19 and TRBV12-2+TRBV13-2.
Comparison of TCR clones identified by us revealed no overrepresentation of TCR clones
associated with diseases or antigens annotated in two public databases. The main Ig isotype
in our BCR dataset is IgM followed by IgD. While this may prompt speculation of enrichment
of B1 cells that predominantly express IgM, the overall scRNA-Seq data set suggests that B2
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cells are approximately 20-fold more frequent than B1 cells. Notably, this corroborates

previous reports of B2 dominating the B cell pool in mouse AAA.”

Antigen recognition by immune cell receptors activates naive lymphocytes prompting them to
proliferate. This process is termed clonal expansion and enables a targeted, adaptive
immune response. Yet, the term of clonal expansion still remains strongly debated as there is
no clear and consensus definition. Lu et al. investigated T cell clonality in aneurysmal lesions
of AAA patients and defined clonal expansion as presence of multiple identical copies of
TCR transcripts.’®” They reasoned that the size of the T cell repertoire makes it unlikely that
multiple identical copies of a TCR transcript would be found by chance in an independent
sample of T cells.'” According to this definition we found clonal expansion in 11 of 16 AAA

samples and in 1 of 8 control samples.

Public TCRs are shared across different individuals due to VDJ recombination biases and
might target common antigens.'® The repertoire similarity of the AAA samples was low. In 7
instances a TCR sequence and only one BCR sequence was shared by two individual AAA
samples. Next to clonal expansion and public TCRs there is also T cell convergence.
Convergent T cells are cells expressing TCRs with the identical CDR3 amino acid sequences
and variable genes, but different CDR3 nucleotide sequences.?'® Convergent T cells arise
due to codon degeneracy and can be observed in almost every individual. Pan and Li
showed that convergent T cells are different from public TCRs and seem to be antigen-
specific. According to their results TCR convergence might be a better indicator of antigen
specificity than clonal expansion. Since convergent T cells constitute only a small proportion
of the total population of T cells, studies of TCR convergence require a large number of
sequenced T cells.?'® We did not find convergent T cells in our dataset, probably due to the
small number of T cells, but expect that investigating T cell convergence in larger datasets
may be a feasible and worthwhile approach to address this important component of an

antigen-specific T cell response.

Studies with patients demonstrated the presence of clonally expanded TCRs in AAA or TAA,
supporting the paradigm of AAA as a disease driven by an antigen-specific T cell
response.’® 19619 |n particular, clonal expansion of TCR beta’ '°” and alpha'® chains was
demonstrated in AAA lesions of patients while others reported clonal expansion of y/& T cells
in AAA.”® Furthermore, TCRs were investigated in different types of TAA (patients with
Marfan syndrome, familial TAA and sporadic aneurysm) and the results indicate a similar
clonal nature of the TCRs present in TAA.'® He et al. found a preferential usage of the V-

genes Vb22 and Vb25 in lesions from patients with TAA."® Lu et al. reported multiple
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appearances (at least twice) of TRBV3 in 60% of AAA patients.'”” Atherosclerotic vascular
disease, which is also a risk factor for AAA development while it also shares some common
(immuno-)pathophysiological pathways®, is likewise associated with T cell expansion and
clonality. In particular, TCRs containing VB6 are expanded in atherosclerotic lesions of
mice.?'” Moreover, a decreased diversity of the TCR B chain repertoire was shown in human

atherosclerotic plaques due to expansion of a few T cell subclones.?'®

The main limitation of this study is the relatively small number of lymphocytes resulting in
potential undersampling. The limited number of T and B cells resulted from the naturally
scarce source (i.e. minimal aneurysm size in mice), from additional sorting procedures
(sorting of all leukocytes and not specifically T and B cells), and not fully efficient sequencing.
Indeed, we had to exclude many TCR and BCR sequences from the data due to inefficient
sequencing. The undersampling leads to the issue that the TCR and BCR copies in our data
do not represent the real absolute number of copies present in AAA, and even the ratio of the
various clones to each other does not reflect the real ratio.?'® Accordingly, this data should be
interpreted cautiously and presents restricted value for biological interpretation. Further
experiments are needed to verify the evidence of T cell clonality in elastase-induced AAA.
Until now, mouse models are gold-standard for studying mechanisms of human
pathophysiology. Yet, there are considerable differences between species regarding
genetics, physiology, and immunology which have to be considered. Although the PPE
model is the mouse model most closely resembling human AAA, it does not fully mimic the
complexity of AAA development in humans.'? 220 Human AAA feature a complex and long-
lasting disease development that is only partially resembled in experimental rodent models
that aim to recapitulate disease patterns in a few weeks. Thus, effects observed in mice have

to extrapolated with cautions to human aneurysmal and atherosclerotic disease.

To overcome the problem of undersampling, we suggest sorting at least 5000 to 10000
B and T cells instead of including all leukocytes. We detected by flow cytometry on average
120 to 430 B cells and 400 to 1600 T cells per mg AAA tissue depending on the stage of
AAA development, while lymphocyte numbers are lower in control conditions (e.g., native or
sham-operated mice; on average 120-300 B cells, 400-500 T cells/mg aortic tissue). Thus,
pooling of aneurysms from several mice is necessary to obtain a sufficient number of
lymphocytes. In this case, we recommend the use of Hashtag antibodies before pooling to
enable the assignment of the lymphocytes to the corresponding mouse and to monitor
clonality for each individual. Next, the choice of experimental model should be carefully

considered, as each model has limitations and mimics specific features of human AAA."? L
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et al. induced AAA in mice with elastase and CaPO., performed scRNA sequencing
combined with TCR sequencing of 41341 CD4" T cells isolated from AAA and found a clonal
expansion of regulatory T cells.'® This suggests that the number of analyzed cells is an
important factor for investigating TCR clonality and a high number of cells facilitates the
identification of clonal expansion. Higher cell counts increase the likelihood of detecting rare
TCR and BCR clones and allow additional investigation of T cell convergence. We would like
to recommend prioritized sequencing of the TCR and BCR libraries and to include DNA-
barcoded antibodies against B cells (CD19) and T cells (CD3), which allows for superior
identification of subpopulations in comparison to identification by mRNA expression of
feature genes. In addition to analyzing the aneurysmatic tissue itself future studies may also
include sequencing of secondary lymphoid organs (e.g., draining lymph nodes) to identify
changes in clonality, migration and activity of lymphocytes. scRNA-TCR-BCR-seq has the
advantage of a high-throughput, multi-parametric analysis of target cells. Drop-sequencing
approaches, like the commercially available 10x Genomics solution used here, allow to
interrogate the transcriptome, TCR and BCR of thousands of cells simultaneously. However,
there is a high dropout in detecting lowly expressed genes, which bears limitations: 1) this
technology is particularly advantageous in describing a diverse cell population, while other
approaches might be superior in studying transcriptional changes in related subpopulations,
2) full length transcripts of TCRs and BCRs for both chains might not be detectable in all
cells (we here identified full length TCRs and BCRs in 33.5% and 55.1% of all cells). To
uncover detailed transcriptional changes in T cell subpopulations, this approach could be
complemented by sorting these cells and performing bulk transcriptomics, which delivers a
deeper insight. Additionally, beta repertoire sequencing can be used to approximate T cell
clonality on a global level and confirm observations made by scRNA-TCR-seq. However, this
method does not provide information about the transcriptome of an individual cell or the
corresponding paired TCR alpha chain, thus not reflecting the true complex clonality. In
summary, scCRNA-TCR-BCR-seq is an excellent tool for investigating TCR and BCR clonality
if the above-mentioned points are taken into account during planning of experiments and

data analysis.
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6 Conclusion and future perspectives

AAA is a life-threatening multifactorial disease that is characterized by chronic inflammation.
To date, the complexity of AAA pathology is not fully understood and pharmacological
treatment options are lacking, but modulating the inflammation in AAA is a promising
approach for therapies. This thesis aimed to investigate various aspects of the immune
response involved in AAA pathology, including deciphering immune cell heterogeneity and
dynamics, investigating the role of CD40 signaling, and examining the clonality of T and
B cells. This study provides the first detailed characterization of immune cells in elastase-
induced AAA using scRNA-seq and CITE-seq. In total, 30 different immune cell subtypes that
are involved in AAA formation and progression were characterized. Their specific roles and
functions require further study and could help to identify new therapeutic targets, as limiting
inflammation by depletion or blocking of different immune cell types is a promising
therapeutic strategy. The highest level of immune cell infiltration as well as the strongest
intercellular communication was observed 7 days after elastase-perfusion, indicating day 7
as critical time point in experimental AAA development. However, the possibilities for early
treatment of patients are limited, as early detection of AAA formation is difficult due to the
commonly asymptomatic course of the disease. To successfully inhibit AAA growth in
patients, not only effective drugs but also better methods for detection, such as clinical
biomarkers, are needed. Thus, future studies should additionally focus on identifying suitable

biomarkers, such as signatures of inflammatory proteins in plasma.

CDA40 signaling was shown to play a critical role in all stages of AAA formation, as no striking
differences in CD40 expression were observed between the time points. Blocking of CD40
signaling is a promising therapeutic approach, but the mechanism is still lacking. In this
study, IFNIC macrophages and CD4* T cells were identified as key players in CD40 signaling
7 days after AAA formation. Although these results obtained from scRNA-seq analysis
should be interpreted with caution and need to be validated with further experiments, future
studies of the effects of CD40 inhibition on these cell types could be promising and may lead

to a better understanding of the protective effect of CD40 inhibition.

Type-I IFN signaling plays a crucial role in CVDs and inhibition of this pathway is a promising
therapeutic strategy. Since type-l IFN signaling in a non-viral context and the discovery of
IFNIC macrophages is very novel, not much is known about their exact interactions and
functions in CVDs. In this work, IFNIC macrophages were identified as key player in AAA
and a flow cytometry panel was established to detect and isolate IFNIC macrophages

enabling further investigations of these cells. Especially, the interplay of type-lI IFN and CD40
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signaling, both complex pathways that regulate inflammation, needs to be further

investigated and offers great potential for finding new approaches for therapies.

Furthermore, evidence of clonal expansion of T cells, but not of B cells, was found in
experimental elastase-induced AAA, supporting the notion that specific antigen-driven T cells
play a role in AAA formation. Due to the small number of cells further experiments are
needed to verify the evidence of T cell clonality. Since other studies found TCR clonality in
AAA lesions of patients and considering the paradigm of an autoimmune response in
aneurysmal disease, further examination of TCR- and BCR-clonality is important. The
findings of this study imply that a precise characterization of TCR and BCR distribution
requires a more extensive number of lymphocytes to prevent undersampling and to allow for
detection of rare clones and convergent T cells. This study provides an in-depth analysis of
TCR and BCR sequencing data, emphasizes the potential drawbacks and constraints of

these experiments, and offers recommendations for future investigations in this area.

Overall, this thesis highlights the critical role of inflammation in the development of AAA and
offers several options for new therapeutic approaches in further studies. In particular, type I-
IFN and CDA40 signaling in AAA will be further investigated, while interventions that target the

adaptive immune response appear also promising.
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Supplementary table 6: List of antibodies used for CITE-seq (TotalSeq™-A Mouse Universal Cocktail, V1.0). In total
128 antibodies are listed, of which 119 are antibodies against cell surface antigens of immune cells and 9 isotype controls.
The DNA_ID, the antibody description (name), the clone, the sequence and the ensemble ID are shown.

DNA_ID Description Clone Sequence Ensemble ID
A0001 anti-mouse CD4 RM4-5 AACAAGACCCTTGAG ENSMUSG00000023274
A0002 anti-mouse CD8a 53-6.7 TACCCGTAATAGCGT ENSMUSG00000053977
A0003 anti-mouse CD366 (Tim-3) RMT3-23 ATTGGCACTCAGATG ENSMUSG00000020399
A0004 anti-mouse CD279 (PD-1) RMP1-30 GAAAGTCAAAGCACT ENSMUSG00000026285
A0013 anti-mouse Ly-6C HK1.4 AAGTCGTGAGGCATG ENSMUSG00000022584
A0014 anti-mouse/human CD11b M1/70 TGAAGGCTCATTTGT ENSMUSG00000030786
A0015 anti-mouse Ly-6G 1A8 ACATTGACGCAACTA ENSMUSG00000022582
A0070 anti-human/mouse CD49f GoH3 TTCCGAGGATGATCT ENSMUSG00000027111
A0073 anti-mouse/human CD44 IM7 TGGCTTCAGGTCCTA ENSMUSG00000005087
A0074 anti-mouse CD54 YN1/1.7.4 ATAACCGACACAGTG ENSMUSG00000037405
A0075 anti-mouse CD90.2 30-H12 CCGATCAGCCGTTTA ENSMUSG00000032011
A0077 anti-mouse CD73 TY/11.8 ACACTTAACGTCTGG ENSMUSG00000032420
A0078 anti-mouse CD49d R1-2 CGCTTGGACGCTTAA ENSMUSG00000027009
A0079 anti-mouse CD200 (OX2) 0OX-90 TCAATTCCGGTAGTC ENSMUSG00000022661
A0090 Mouse IgG1, k isotype Cirl MOPC-21 GCCGGACGACATTAA
A0091 Mouse IgG2a, k isotype Ctrl MOPC-173 CTCCTACCTAAACTG
A0092 Mouse IgG2b, k isotype Ctrl MPC-11 ATATGTATCACGCGA
A0093 anti-mouse CD19 6D5 ATCAGCCATGTCAGT ENSMUSGO00000030724
A0095 Rat IgG2b, « Isotype Ctrl RTK4530 GATTCTTGACGACCT
A0096 anti-mouse CD45 30-F11 TGGCTATGGAGCAGA ENSMUSG00000026395
A0097 anti-mouse CD25 PC61 ACCATGAGACACAGT ENSMUSG00000026770
A0103  anti-mouse/human CD45R/B220 RA3-6B2 CCTACACCTCATAAT ENSMUSG00000026395
A0104 anti-mouse CD102 3C4 (MIC2/4) GATATTCAGTGCGAC ENSMUSG00000001029
A0105 anti-mouse CD115 (CSF-1R) AFS98 TTCCGTTGTTGTGAG ENSMUSG00000024621
A0106 anti-mouse CD11c¢ N418 GTTATGGACGCTTGC ENSMUSG00000030789
A0107 a”“'m‘(’gsRez/%%?)/ CD35 7 E9 GGATAATTTCGATCC ENSMUSGO00000026616
A0108 anti-mouse CD23 B3B4 TCTCTTGGAAGATGA ENSMUSG00000005540
A0110 anti-mouse CD43 S11 TTGGAGGGTTGTGCT ENSMUSG00000051457
A0111 anti-mouse CD5 53-7.3 CAGCTCAGTGTGTTG ENSMUSG00000024669
A0112 anti-mouse CD62L MEL-14 TGGGCCTAAGTCATC ENSMUSG00000026581
A0113 a”“'mo“seB?iEgg;gA‘“ » early AA41 GGTATTTCCTGTGGT ENSMUSG00000027435
A0114 anti-mouse F4/80 BM8 TTAACTTCAGCCCGT ENSMUSG00000004730
A0115 anti-mouse FceRla MAR-1 AGTCACCTCGAAGCT ENSMUSG00000005339
A0117 anti-mouse I-A/I-E M5/114.15.2 GGTCACCAGTATGAT ENSMUSG00000073421
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DNA_ID Description Clone Sequence Ensemble ID
A0118 anti-mouse NK-1.1 PK136 GTAACATTACTCGTC ENSMUSG00000030325
A0119 anti-mouse Siglec H 551 CCGCACCTACATTAG ENSMUSG00000051504
A0120 anti-mouse TCR 3 chain H57-597 TCCTATGGGACTCAG
A0121 anti-mouse TCR y/d GL3 AACCCAAATAGCTGA
Aotz antrmouse TER-TTOIEMIOId  rgR 419 GCGCGTTTGTGCTAT
A0130  anti-mouse Ly-6A/E (Sca-1) D7 TTCCTTTCCTACGCA ENSMUSG00000075602
A0157 anti-mouse CD45.2 104 CACCGTCATTCAACC ENSMUSG00000026395
A0182 anti-mouse CD3 17A2 GTATGTCCGCTCGAT ENSMUSG00000002033
Ao1gp  anti-mouse CDL217)4 (B7-H1, PD- MIH6 TCGATTCCACCAACT ENSMUSGO00000016496
A0191  anti-mouse/rat/human CD27 LG3A10  CAAGGTATGTCACTG ENSMUSG00000030336
A0192 anti-mouse CD20 SA275A11  TCCACTCCCTGTATA ENSMUSG00000024673
A0193 anti-mouse CD357 (GITR) DTA-1 GGCACTCTGTAACAT ENSMUSG00000041954
A0194 anti-mouse CD137 1785 TCCCTGTATAGATGA ENSMUSG00000028965
A0195  anti-mouse CD134 (OX-40) OX-86 CTCACCTACCTATGG ENSMUSG00000029075
A0197 anti-mouse CD69 H1.2F3 TTGTATTCCGCCATT  ENSMUSG00000030156
A0198  anti-mouse CD127 (IL-7Raq) A7R34 GTGTGAGGCACTCTT ENSMUSG00000003882
A0200 anti-mouse CD86 GL-1 CTGGATTTGTGTATC ENSMUSG00000022901
A0201 anti-mouse CD103 2 E7 TTCATTAGCCCGCTG  ENSMUSG00000005947
A0202 anti-mouse CD64 (FcyRl) X54-5[71  AGCAATTAACGGGAG ENSMUSG00000015947
A0203  anti-mouse CD150 (SLAM)  TC15-12F12.2 CAACGCCTAGAAACC ENSMUSGO00000015316
A0212 anti-mouse CD24 M1/69 TATATCTTTGCCGCA ENSMUSG00000047139
A0214  anti-human/mouse integrin B7 FIB504  TCCTTGGATGTACCG ENSMUSG00000001281
A0226 anti-mouse CD106 (Mv?:igm. p) CGTTCCTACCTACCT  ENSMUSGO0000027962
A0230 anti-mouse CD8b (Ly-3) YTS156.7.7 TTCCCTCTATGGAGC ENSMUSG00000053044
A0236 Rat IgG1, k isotype Ctrl RTK2071  ATCAGATGCCCTCAT
A0237 Rat IgG1, A Isotype Ctrl GO114F7  GGGAGCGATTCAACT
A0238 Rat IgG2a, « Isotype Ctrl RTK2758 AAGTCAGGTTCGTTT
A0240 Rat IgG2c, k Isotype Ctrl RTK4174  TCCAGGCTAGTCATT
Ao241  ArmenianHamstorlgGlsolype ricgeg  CCTGTCATTAAGACT
A0250 a”“‘mous(?\fl%ﬂ?” KLRG1 OF1/KLRG1  GTAGTAGGCTAGACC ENSMUSG00000030114
A0378  anti-mouse CD223 (LAG-3) C9B7W  ATTCCGTCCCTAAGG ENSMUSG00000030124
A0417 anti-mouse CD163 S150491  GAGCAAGATTAAGAC ENSMUSG00000008845
A0421 anti-mouse CD49b HMa2 CGCGTTAGTAGAGTC ENSMUSG00000015533
A0422  anti-mouse CD172a (SIRPa) P84 GATTCCCTTGTAGCA ENSMUSG00000037902
A0429 anti-mouse CD48 HM48-1  AGAACCGCCGTAGTT ENSMUSG00000015355
A0431  anti-mouse CD170 (Siglec-F) S17007L  TCAATCTCCGTCGCT ENSMUSG00000039013
A0440  anti-mouse CD169/Siglec-1 3D6.112  ATTGACGACAGTCAT ENSMUSG00000027322
A0441 anti-mouse CD71 RI7217  ACCGACCAGTAGACA ENSMUSG00000022797
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DNA_ID Description Clone Sequence Ensemble ID
A0443 anti-mouse CD41 MWReg30  ACTTGGATGGACACT ENSMUSG00000034664
0450 anti-mouse IgM RMM-1  AGCTACGCATTCAAT ~ENSMUSG00000076617
AO551 anti-mouse CD301a LOM-87  TGTATTTACTCACCG ENSMUSG00000000318
0552 anti-mouse CD304 3E12  CCAGCTCATTCAACG ENSMUSG00000025810
A0555 anti-mouse CD36 HM36  TTTGCCGCTACGACA ENSMUSG00000002944
0557 anti-mouse CD38 90 CGTATCCGTCTCCTA  ENSMUSG00000029084
0558 anti-mouse CD55 (DAF) RKO-3  ATTGTTGTCAGACCA ENSMUSG00000026399
0559 anti-mouse CD63 NVG-2 ~ ATCCGACACGTATTA ENSMUSG00000025351
0560 anti-mouse CD68 FA-11 CTTTCTTTCACGGGA ENSMUSG00000018774
AO561 anti-mouse CD79b (IgB) HM79-12  TAACTCAGTGCGAGT ENSMUSG00000040592
0562 anti-mouse CD83 Michel-19  TCTCAGGCTTCCTAG ENSMUSG00000015396
A0563 anti-mouse CX3CRH SAOT1F11  CACTCTCAGTCCTAT ~ENSMUSG00000052336
AO566 anti-mouse CD301b URA-1  CTTGCCTTGCGATTT ENSMUSG00000040950
0567 anti-mouse Tim-4 RMT4-54  TGCTGGAGGGTATTC ENSMUSG00000055546
AO568 anti-mouse/rat XCRH1 ZET TCCATTACCCACGTT ~ ENSMUSG00000060509
AO570 anti-mouse/rat CD29 HMB1-1  ACGCATTCCTTGTGT ENSMUSG00000025809
0571 anti-mouse IgD 11-26c2a  TCATATCCGTTGTCC ENSMUSGO00000104213
0595 anti-mouse CD11a M17/4  AGAGTCTCCCTTTAG ENSMUSGO00000030830
A0807  anti-mouse CD200R (OX2R) OX-110  ATTCTTTCCCTCTGT ENSMUSG00000022667
0809 anti-mouse CD200R3 Bal3  ATCAACTTGGAGCAG ENSMUSG00000036172
aogro  Antmouse COISE (Syndecan- 281-2 GCGTTTGTATGTACT ~ ENSMUSG00000020592
0811 a””'m"“;%g/?\f”: (BST2, 927 TGTGGTAGCCCTTGT ENSMUSG00000046718
0813 anti-mouse CD9 MZ3 TAGCAGTCACTCCTA  ENSMUSG00000030342
A0825  anti-mouse CD371 (CLEC12A) 5D3/CLEC12A GCGAGAAATCTGCAT ENSMUSGO0000053063
0827 anti-mouse CD22 OX-97  AGGTCCTCTCTGGAT ENSMUSG00000030577
noga7  antmouse | Ra (LTRLL DIH9 ~  GCGATGGAGCATGTT ENSMUSG00000026069
0839 anti-mouse Ly49H 3D10 CCAGTAGGCTTATTA  ENSMUSG00000089727
0841 anti-mouse Ly49D 4 E5 TATATCCCTCAACGC ~ ENSMUSG00000079852
0842 anti-mouse Ly-49A YE1/48.10.6  AATTCCGTCAGATGA ENSMUSG00000079853
A0846  anti-mouse CD185 (CXCR5) L138D7  ACGTAGTCACCTAGT ENSMUSG00000047880
0850 anti-mouse CD49a HMa CCATTCATTTGTGGC ~ENSMUSG00000042284
Aogs1 ~ Aant-mouse ng)d (CD11, Ly- 1B1 CAACTTGGCCGAATC  ENSMUSG00000028076
A0852  anti-mouse CD226 (DNAM-1) 10E5  ACGCAGTATTTCCGA ENSMUSG00000034028
A0854  anti-mouse CD199 (CCR9) CW-12  CCCTCTGGTATGGTT ENSMUSG00000029530
0877 anti-mouse JAML 4E10 GTTATGGTTCGTGTT ~ENSMUSG00000048534
A0881  anti-mouse CD272 (BTLA) 6A6 TGACCCTATTGAGAA ENSMUSG00000052013
0882 anti-mouse PIR-A/B 6C1 TGTAGAGTCAGACCT  ENSMUSGO0000081665
A0883  anti-mouse CD26 (DPP-4) H194-112  ATGGCCTGTCATAAT ENSMUSG00000035000
A0885  anti-mouse CD270 (HVEM)  HMHV-1B18 GATCCGTGTTGCCTA ENSMUSG00000042333
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DNA_ID Description Clone Sequence Ensemble ID
A0892 anti-mouse CD2 RM2-5 TTGCCGTGTGTTTAA ENSMUSG00000027863
A0893 a”t"mo‘frsfpgﬁfpz%t; (TNFR TR75-89  GAAGCTGTATCCGAA ENSMUSG00000028599
A0903 anti-mouse CD40 3/23 ATTTGTATGCTGGAG ENSMUSG00000017652
A0904 anti-mouse CD31 390 GCTGTAGTATCATGT ENSMUSG00000020717
A0905  anti-mouse CD107a (LAMP-1) 1D4B AAATCTGTGCCGTAC ENSMUSG00000031447
A0910 anti-mouse/rat CD61 (ﬁfﬂ%gﬁ) TTCTTTACCCGCCTG  ENSMUSG00000020689
A0915 anti-mouse VISTA (PD-1H) MIHG3 ACATTTCCCTTGCCT ENSMUSG00000020101
A0926  ant-mouse CD186 (CXCR6) SA051D1  TGTCAGGTTGTATTC ENSMUSG00000048521
A0927  anti-mouse CD159a (NKG2AB6) 16A11 GTGTTTGTGTTCCTG ENSMUSG00000030167
A0930 anti-mouse Ly108 330-AJ CGATTCTTTGCGAGT ENSMUSG00000015314
A1006 anti-mouse CD160 7HA GCGTATGTCAGTACC ENSMUSG00000038304
A1007 a”t"mo‘éseigp?ggk (gp49 H1.1 ATGTCAACTCTGGGA ENSMUSG00000112148
A1008 anti-mouse CD51 RMV-7 GGAGTCAGGGTATTA ENSMUSG00000027087
A1009 anti-mouse CD94 1843 CACAGTTGTCCGTGT ENSMUSG00000030165
A1010  anti-mouse CD205 (DEC-205)  NLDC-145  CATATTGGCCGTAGT ENSMUSGO00000026980
A1011 anti-mouse CD155 (PVR) TX56 TAGCTTGGGATTAAG ENSMUSG00000040511
A1064 anti-mouse/rat CD81 Eat-2 TTGTCACCAACTTCC ENSMUSG00000037706
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Supplementary Figure 1: Gating strategy for fluorescence activated cell sorting of single-cell suspension from
infrarenal aortas. R1 = cells, R2 = single cells, R3 = all viable leukocytes, R4 = only viable leukocytes in the aortic tissue
(circulating leukocytes are FITC*), R5 = CD45 cells (for both CD45 antibodies), R6 = CD45 APC-Cy7- cells.
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Supplementary table 2: The calculated ratio of viable CD45* cells of single cells obtained from cell sorting for all
aortae that were subjected to scRNA-seq. The table contains the time point, the number of single cells, the number of
viable CD45* cells and the calculated ratio of viable CD45" cells of single cells for each mouse.

Mouse Time point  Number of singleNumber of viable Ratio R4/R2
cells (R2) CD45* (R4)
#1 sham d28 6029 738 0.12
#2 sham d28 7205 2228 0.31
#3 d28 29285 12810 0.44
#4 d28 17960 4499 0.25
#5 d14 86524 60515 0.70
#6 d14 145203 106105 0.73
#7 d7 123142 89958 0.73
#8 d7 144286 109749 0.76
#9 d3 107520 82293 0.77
#10 d3 163035 125994 0.77
#11 sham d3 19265 10818 0.56
#12 sham d3 48294 31645 0.66
#13 sham d28 96 2 0.02
#14 non-perfused 4142 140 0.03
#15 d28 6460 2174 0.34
#16 d28 6792 2265 0.33
#17 d7 132522 75637 0.57
#18 d7 98928 54137 0.55
#19 d7 125281 71384 0.57
#20 d3 10423 5291 0.51
#21 d3 2681 1342 0.50
#22 d3 48041 22383 0.47
#23 sham d3 1893 79.6 0.04
#24 non-perfused 5286 149 0.03

Supplementary table 3-6 can be found on Sciebo under the following link:
https://uni-duesseldorf.sciebo.de/s/fFZ0nqujwdhGsVI Password: PhD-Thesis_Elster

Supplementary table 3: marker genes for neutrophils (online)
Supplementary table 4: marker genes for DC and macrophages (online)
Supplementary table 5: marker genes for lymphocytes (online)

Supplementary table 6: marker proteins for macrophages CITE-seq (online)
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Supplementary figure 2: Representative macroscopic pictures of AAA progression over time. Representative
macroscopic pictures of infrarenal aortae 3, 7, 14 and 28 post PPE surgery and 3 and 28 post sham surgery. Scale ruler:

one unit represents 1 mm.
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Supplementary figure 3: Preprocessing and quality control of scRNA TCR and BCR sequencing data. A Number of
chains per TCR in experiment. Only TCRs with two chains were used for analysis. B: Number of chains per BCR in

experiment. Only BCRs with two chains were used for analysis.
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Supplementary figure 4: Identification of B and T cells expressing BCRs and TCRs

A: Featureplots indicating the expression of the T cell markers Cd3d, Cd3e, Cd3g and Cd28 B: Featureplots displaying the
expression of the B cell markers Cd19, Cd79a and Cd79b. C: UMAP plot displaying main cell clusters in our scRNA
sequencing data. Lymphocytes are indicated in blue. D: Assignment of TCRs to the corresponding cells in scRNA
sequencing data reveals that 79% of TCRs is expressed on T cells (left). For analysis only TCRs expressed on T cells
were used (right). Each TCR is indicated by a red dot. E: Assignment of BCRs to the corresponding cells in scRNA
sequencing data reveals that 47 % of BCRs is expressed on B cells (left). Only BCRs that were expressed on B cells were
analyzed (right). Each BCR is indicated by a red dot.
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Supplementary figure 5: B cell numbers in AAA tissue increases over time.

A: Number of B and T cells in scRNA sequencing data from non-treated, sham operated (d3 and d28) and PPE-perfused

(d3, d7, d14 and d28) aortic tissue. Displayed is the mean

+ SD. The amount of B and T cells increases with AAA

progression, with the highest amount of cells on day 28 after PPE-induced AAA formation. B: B cell numbers (light bar
color) and counts of B cells exhibiting an intact BCR (dark bar color) in aortic tissue at different AAA disease stages
computed from scRNA Seq data. An intact BCR could be sequenced in 55% of the B cells
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Supplementary Table 7: Number of analyzed T cells, TCRs, B cells and BCRs per mouse

mouse timepoint T cells TCRs B cells BCRs
#1 sham d28 45 9 18 7
#2 sham d28 196 66 15 7
#3 d28 188 52 52 21
#4 d28 340 84 77 36
#5 d14 75 26 18 11
#6 d14 132 45 11 6
#7 d7 88 39 14 10
#8 d7 128 48 14 8
#9 d3 58 19 3 2
#10 d3 67 23 7 3
#11 sham d3 30 9 2 2
#12 sham d3 11 5 3 1
#13 sham d28 1 1 0 0
#14 non-treated 11 4 2 1
#15 d28 120 33 12 7
#16 d28 176 43 3 2
#17 d7 169 80 22 18
#18 d7 170 77 22 15
#19 d7 212 81 20 16
#20 d3 48 16 2 2
#21 d3 25 9 0 0
#22 d3 69 19 7 4
#23 sham d3 7 3 1 0
#24 non-treated 10 5 0 0
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Supplementary Table 8: Number of all TCRs, unique TCRs, expanded TCRs and the frequency of the expanded TCRs

per mouse.
Mouse All TCRs Unique TCRs Expanded TCRs Frequency of
expanded TCRs
#1 9 9 0 0
#2 66 37 4 25/4/2/2
#3 52 47 3 3/3/2
#4 84 77 4 5/2/2/2
#5 26 26 0 0
#6 45 40 3 3/3/2
#7 39 39 0 0
#8 48 47 1 2
#9 19 19 0 0
#10 23 22 1 2
#11 9 9 0 0
#12 5 5 0 0
#13 33 32 1 2
#14 43 42 1 2
#15 1 1 0 0
#16 80 78 1 3
#17 77 74 3 2/2/2
#18 81 78 3 2/2/2
#19 16 14 2 2/2
#20 9 9 0 0
#21 19 19 0 0
#22 3 3 0 0
#23 4 4 0 0
#24 5 5 0 0
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Supplementary Table 9: Frequencies, V-, D- and J-genes of alpha and beta chain, CDR3 nucleotide and amino acid

sequences of the expanded TCRs per mouse.

freq
mous time . .
uenc TRAV_ 4 (2 TRA | 1op car3  TRA cdr3_nt TRB_v_g TRB_d TRB_j_ 1pp 43 TRB_cdr3_nt
e point gene _gene ene _gene gene
y
sham
4 25 ] CAASELPW TGTGCAGCTAGTGAGCTCCCCTGGG TRBV13- TRBJ2- TGTGCCAGCAGTGGGGTTAACT
d28 TRAVT-4 TRAJE GGNYKPTF GAGGAAACTACAAACCTACGTTT 1 1 CASSGVNYAEQFF  A\TGCTGAGCAGTTCTTC
sham
4 4 TRAV7D TRAJ2 CAVSPPTN TGTGCAGTGAGCCCCCCCACCAATAC TRBJI- TGTGCCAGCAGTCTGGTGGAAA
d28 3 7 TGKLTF  AGGCAAATTAACCTTT TRBV26 2 CASSLVENSDYTF 1\ cTCCGACTACACCTTC
4 SMM o TRAVI3 TRAJ3 CAIDRGGN TGTGCTATAGATCGAGGAGGCAATAC 1pn s Trapq TRBJZ CTCSGGTGPNTGQL [CCACCTCCAGTOGO0CBACA
d28 2 7 TGKLIF  CGGAAAACTCATCTTT 2 YF S
sham TGTGCCAGCAGCCAAGATACTG
2 9 TRAJ3 CAVTDSNY TGTGCTGTGACGGATAGCAACTATCA TRBJ2- CASSQDTGGGYEQ
8 TRAV1 : A LoTecTeIoA TRBVS  TRBD2 | o SGGGGGGCTATGAACAGTACTT
43 d28 3 TRAVTD TRAJS CAASEGGS TGTGCAGCAAGCGAAGGAGGCAGCA 1poy1o TRBJ2- CASSWGGAGAETL [ CCCASCASTATTISEOSS,
2 3 NYKLTF  ATTACAAACTGACATTT 3 YF S AAA
43 d28 3 TRAVI3- TRAJ3 CAIGGTGN TGTGCTATAGGAGGGACAGGCAATA TRBJI- TGTGCCAGCAGCTTGGCGGGG
2 7 TGKLIF  CCGGAAAACTCATCTTT TRBV3 2 CASSLAGGDSDYTF 5GGACTCCGACTACACCTTC
43 d28 2 TRAV7D TRAJ2 CAAGTPNY TGTGCAGCCGGGACCCCTAATTACAA TRBV13- TRBJ2- TGTGCCAGCAGTCCAGGGGGC
2 1 NVLYF CGTGCTTTACTTC 3 TRBD1 7 CASSPGGSYEQYF  100TATGAACAGTACTTC
1 428 TRAV13- TRAJ3 CAIGGTGN TGTGCTATAGGGGGAACAGGCAATA TRBJI- TGTGCCAGCAGCTTAGCAGGG
5 7 TGKLIF  CCGGAAAACTCATCTTT TRBV3 2 CASSLAGGDSDYTF 550GACTCCGACTACACCTTC
# a8, TRAVI4 TRAJg CAASARNM TGTGCAGCAAGTGCACGCAACATGG 1rgy 16 TRBJ2- CASSFQGNNYAEQF ;‘%Ifgﬁ:TGGCCATGGQATGTg%ﬁ;gTTA
D-1 GYKLTF  GCTACAAACTTACCTTC 1 F a
1 428 TRAVEN CALGPASG TGTGCTCTGGGCCCCGCCTCAGGAG TRBJ2- TGTGGTGCTATAATACGGAACA
2 TRAJ GNYKPTF  GAAACTACAAACCTACGTTT TRBV20 2 CGAIRNTGALYF  6cGGGCAGCTCTACTTT
1 428 ] TRAJ5 CAASAGGN TGTGCTGCAAGTGCTGGAGGCAATAA TRBV12- TRBJ2- TGTGCCAGCTCTCTTGACTGGG
2 TRAV5-4 6 NKLTF TAAGCTGACTTTT 2 5 CASSLDWGDDTQYF 5 56ATGACACCCAGTACTTT
#  d14 5 TRAVI3 TRAJ5 CAMEPGAN TGTGCTATGGAACCTGGAGCTAACAC TRBV13- TRBJ2- pscepnTaaLyr  TOTGCCAGCAGTGAGGACAACA
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TRAJ1 CAANSGTY TGTGCAGCAAATTCTGGGACTTACCA TRBJI- TGTGCCAGCAGTAAGACAACAA
#16 d7 3 TRAV7-3 : S Jigicak TRBV19 ! CASSKTTNTEVFF | CTGCCACCACTAAGAS
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TRAV13 CAIVONTG TGTGCTATAGTCCAGAATACTGGAGG TRBJ2- TGTGCCAGCAGGCGGGACTAT
Mg A1 2 gy TRAJ2 GISGKLTF ACTAAGTGGTAAATTAACATTC TRBV10 1 CASRRDYNYAEQFF )\ cTATGCTGAGCAGTTCTTC
M8 a7 2 TRAVES TRAJ1 CALRPNSA TGTGCTCTGAGGCCCAACAGTGCAG 1pay1o TRBJ2- CASSIAGGAQDTQY [ e o,
7 GNKLTF  GGAACAAGCTAACTTTT 5 F o
TGTGCCAGCAGTATTGACAGCA
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#m8 a7 2 ] : AL v aial TRBV19 ] CASSIDSTNTGQLYF _I(_:AAACACCGGGCAGCTCTACTT
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Supplementary Table 10: Number of murine TCR sequences per disease/pathogen of the McPASTCR
database that were used for comparison with the AAA data set.

disease/pathogen Number of TCR sequences
Allograft rejection 16
Chronic obstructive pulmonary disease (COPD) 30
Collagen type Il(Col Il)-induced arthritis 20
Diabetes type 1 385
Experimental autoimmune encephalomyelitis (EAE) 97
Graft vs host disease (GVD) 67
Herpes simplex virus 1 (HSV1) 25
Human immunodeficiency virus (HIV) related 16
Influenza 1831
Lupus nephritis 16
Lymphocytic choriomeningitis virus (LCMV) 15
Lymphoma 79
Murine cytomegalovirus (MCMV) 529
Melanoma 30
Murine leukemia virus (MuLV) 8
Systemic Lupus Erythematosus (SLE) 75
Tick-borne encephalitis 12
Tumor 161
Vesicular stomatitis virus (VSV) 10
West Nile virus 70
Plasmodium Berghei 38
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Supplementary Table 11: Results from Fisher exact test for each disease in the two public databases.

Disease notin AAA in AAAdata notin AAA in AAA p- adjusted adjusted
data and not  but not in data butin data and value p-value p-value
in disease disease disease in disease (Bonferroni)
(Hochberg)
Allograft 4272 55 4 0 1 1 1
rejection
Colll-induced 4264 55 12 0 1 1 1
arthritis
EAE 4181 55 95 0 1 1 1
GVD 4236 55 40 0 1 1 1
HIV related 4261 55 15 0 1 1 1
Influenza 3109 51 1167 4 1 1 1
Lupus 4260 55 16 0 1 1 1
nephritis
MCMV 3326 34 950 21 0.006 0.13 0.12
MuLV 4272 55 4 1 1 1
Plasmodium 4066 52 210 3 0.51 1 1
Berghei
Tick-borne 4270 55 6 0 1 1 1
encephalitis
VSV 4227 54 49 1 0.47 1 1
COPD 4261 55 15 1 1 1
Diabetes 3971 50 305 0.36 1 1
Type 1
HSV1 4251 55 25 0 1 1 1
LCMV 4132 49 144 6 0.01 0.25 0.12
Lymphoma 4226 55 50 0 1 1 1
Melanoma 4246 55 30 0 1 1 1
RSV 4152 55 124 0 1 1 1
SLE 4202 55 74 0 1 1 1
Tumor 4182 54 94 1 0.71 1 1
West Nile 4241 55 35 0 1 1 1
virus
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Evenness Plot
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Supplementary figure 6: BCR receptor clonality was detected in 2 out of 20 samples.
Evenness profiles of BCR repertoire showing the extent of clonal expansion for every sample. One AAA sample
at d7 and one AAA sample at d28 after PPE-perfusion shows higher receptor clonality, whereas all other samples

exhibit no clonal expansion.
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