Role of Coagulation Factor Xll in Atherosclerosis

Rolle des Koagulationsfaktors Xll in der Atherosklerose

Doctoral thesis for a doctoral degree

at the Graduate School of Life Sciences
Julius-Maximilians-Universitat Wurzburg

Section Biomedicine

Submitted by

Miriam Koch

from

Freudenstadt

Wirzburg, 2014



Submitted on:

Members of the Promotionskomitee:

Chairperson: Prof. Dr. Manfred Gessler
Primary supervisor: Prof. Dr. Alma Zernecke
Supervisor (second): Prof. Dr. Bernhard Nieswandt
Supervisor (third): Prof. Dr. Christian Weber

Date of Public Defense:

Date of Receipt of Certificate:



For my parents



Table of Contents

1 Summary/Zusammenfassung
1.1 Summary

1.2 Zusammenfassung

Index of Abbreviations

2 Introduction

2.1 Atherosclerosis

2.1.1 Atherosclerosis — An immune disease

2.1.2 The innate immune system in atherosclerosis

2.1.2.1 Monocytes
2.1.2.2 Macrophages

2.1.2.3 Dendritic cells (DCs)

2.1.3 The adaptive immune system in atherosclerosis

2.1.3.1 Thl cells
2.1.3.2 Th2 cells
2.1.3.3 Th17 cells

2.1.3.4 Regulatory T cells (Tregs)

2.1.4 The haemostatic system in atherosclerosis

2.1.4.1 Tissue factor (TF)
2.1.4.2 Factor X (FX)
2.1.4.3 Factor XI (FXI)
2.1.4.4 Factor VIII (FVIII)
2.1.4.5 Thrombin

2.1.4.6 Platelets

2.1.4.7 Tissue factor pathway inhibitor (TFPI)

2.1.4.8 Hypercoagulability models

11
13
20
20
22
22
22
23
26
30
31
32
32
33
34
34
35
35
35
36
37
38
39



2.1.4.9 Fibrinolysis
2.2 Coagulation factor Xl (Hageman factor, FXII)
2.2.1 Blood coagulation pathways
2.2.2 Factor XII
2.2.2.1 Activation of FXII
2.2.2.2 In vivo inhibitors of FXII activity
2.2.3 Functions of FXII
2.2.3.1 Coagulation and Kallikrein-Kinin-Pathway
2.2.3.2 Fibrinolysis
2.2.3.3 FXIl as a growth factor
2.2.3.4 FXIl in angiogenesis
2.2.3.5 FXII in hemostasis and thrombosis
2.2.4 FXIl in inflammation — and overview about how FXII may influence
atherogenesis
2.2.4.1 FXIl in inflammatory diseases
2.2.4.2 Interactions of FXII with immune cells
2.2.4.3 FXII and the complement system
2.2.4.4 Inflammatory functions of downstream mediators of FXII
2.2.4.5 FXII modulated fibrinolytic factors in inflammation
2.2.5 FXIl in atherosclerosis
2.3 Aim of this project
3 Material and Methods
3.1 Material
3.1.1 Consumables and technical instruments
3.1.1.1 Consumables
3.1.1.2 Technical instruments

3.1.2 Kits and reagents

39
40
40
41
42
43
43
43
44
44
44
45

a7

47
47
48
49
50
53
55
56
56
56
56
57

59



3.1.2.1 Kits
3.1.2.2 Cell culture reagents
3.1.2.3 Molecular biology reagents
3.1.3 Chemicals
3.1.4 Cytokines and growth factors
3.1.5 Antibodies
3.1.5.1 Conjugated antibodies
3.1.5.2 Unconjugated primary antibodies
3.1.5.3 Conjugated secondary antibodies
3.1.6 Primers
3.1.6.1 Primers for gPCR
3.1.6.2 Primers for genotyping PCR
3.1.7 Animals
3.1.8 Media, buffers and solutions
3.1.8.1 Media
3.1.8.2 Buffers
3.1.8.3 Solutions
3.2 Methods
3.2.1 Animal work

3.2.1.1 Mice and breeding

3.2.1.2 Sacrifice of mice and organ harvest

3.2.1.3 Organ processing for flow cytometry

3.2.1.4 Preparation of serum and plasma samples

3.2.2 Assays

3.2.2.1 Blood cholesterol and triglyceride measurements

3.2.2.2 ELISA

3.2.3 Flow cytometry

59
59
60
61
62
63
63
65
65
65
65
67
67
68
68
69
71
73
73
73
73
74
74
75
75
75

76



3.2.3.1 Surface staining 76

3.2.3.2 Intracellular staining 76
3.2.4 Histology 77
3.2.4.1 En face preparation of aortas 77
3.2.4.2 Preparation of aortic roots 78
3.2.4.3 Deparaffinization and Rehydration 79
3.2.4.4 Antigen retrieval 79

3.2.4.5 Oil-red-O lipid staining for aortas and aortic root sections 80

3.2.4.6 Collagen/Elastin staining of aortic root sections 80
3.2.4.7 T cell staining of aortic root sections 80
3.2.4.8 Macrophage (MAC) and smooth muscle cell (SMC) 81

staining of aortic root sections
3.2.4.9 Analysis of plaque area in the aorta and aortic root 81
3.2.4.10 Analysis of necrotic core area, SMC, MAC, T cell 82

and collagen content in aortic root plaques

3.2.5 Cell culture methods 82
3.2.5.1 Bone marrow-derived dendritic cell (BMDC) culture 82
3.2.5.2 Generation of L929-conditioned medium 83
3.2.5.3 Bone marrow-derived macrophage (BMM) culture 83
3.2.5.4 Antigen-specific T-cell proliferation and polarization 84
3.2.5.5 Antigen independent T-cell polarization 85

3.2.6 Nucleic acid preparation and visualization 85
3.2.6.1 Preparation of tissues for RNA isolation 85
3.2.6.2 RNA isolation 85

3.2.6.3 Reverse Transcription (RT) and quantitative Real-Time 86
PCR (gPCR)

3.2.6.4 Isolation of genomic tail DNA 86



3.2.6.5 Genotyping PCR
3.2.7 Data analysis
4 Results
4.1 Analysis of atherosclerotic lesion progression in apoE™ mice
deficient in FXII
4.1.1 General characterization
4.1.2 Plaque characterization
4.1.3 Analysis of the immunological phenotype in apoE” mice
deficient in FXII
4.2 Analysis of mice deficient in FXII under non-inflammatory,
homeostatic conditions
4.2.1 General characterization
4.2.2 Analysis of the immunological phenotype of mice deficient

in FXII

4.3 Analysis of direct FXII influences on DCs, T cells or macrophages

4.4 Analysis of changes in FXII modulated pathways

4.5 Investigating the role of C5a in DC-mediated T cell responses

4.6 Analysis of IL-12 levels and other selected cytokines in apoE™ mice

deficient in FXII

4.7 Analysis of the macrophage polarization state in apoE” mice
deficient in FXII

5 Discussion

6 References

7 Acknowledgements

8 Publications

9 Curriculum Vitae

10 Affidavit/ Eidesstattliche Erklarung

87
88
89
89

89
90
93

99

99

101

103
106
107
112

114

116
129
151
153
154

156



1 Summary/Zusammenfassung

1.1 Summary

Atherosclerosis is considered a chronic inflammatory disease of the
arterial vessel wall which is not only modulated by innate and adaptive

immune responses but also by factors of the blood coagulation system.

In general hypercoagulability seems to increase the development and
progression of experimental atherosclerosis in mice on an atherogenic
background. In addition, the great majority of coagulation proteins including
coagulation factor XlI (FXII) have been detected in early and advanced human
atherosclerotic lesions supporting the cross-link between the coagulation
system and atherosclerosis. Moreover, FXIl has been detected in close
proximity to macrophages, foam cells and smooth muscle cells in these
lesions and has been demonstrated to be functionally active in human
plagues. Although these data indicate that factor Xl may play a role in
atherogenesis a direct contribution of FXIl to atherogenesis has not been
addressed experimentally to date. Furthermore, clinical studies examining the

function of FXII in vascular disease have yielded conflicting results.

Hence, in order to investigate the function of coagulation factor XII in
atherosclerosis apolipoprotein E and FXIlI-deficient (F12"apoE™) mice were

+/+

employed. Compared to F12"*apoE™ controls, atherosclerotic lesion formation
was reduced in F12"apoE™ mice, associated with diminished systemic T-cell
activation and Thl-cell polarization after 12 weeks of high fat diet. Moreover, a
significant decrease in plasma levels of complement factor C5a was
evidenced in F12"apoE™ mice. Interestingly, C5a increased the production of
interleukin-12 (IL-12) in dendritic cells (DCs) and enhanced their capacity to
trigger  antigen-specific  interferon-gamma  (IFNy) production in
OTII CD4" T cells in vitro. Importantly, a reduction in frequencies of
IL-12 expressing splenic DCs from atherosclerotic F127apoE” versus
F12"*apoE” mice was observed in vivo, accompanied by a diminished splenic

[112 transcript expression and significantly reduced IL-12 serum levels.



Consequently, these data reveal FXIl to play an important role in
atherosclerotic lesion formation and to promote DC-induced and systemic
IL-12 expression as well as pro-inflammatory T-cell responses likely at least in

part via the activation of the complement system.
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1.2 Zusammenfassung

Die Arteriosklerose wird als eine chronisch entziindliche Erkrankung der
arteriellen GefaBwand angesehen, welche nicht nur durch Antworten des
angeborenen und erworbenen Immunsystems, sondern auch durch Faktoren

des Blutgerinnungssystems beeinflusst wird.

Aus Tierstudien weil3 man, dass Hyperkoagulabilitdt im Allgemeinen die
Entwicklung und das Fortschreiten der Arteriosklerose in M&ausen mit
atherogenem Hintergrund steigert. Ferner wurde die Mehrheit der
Blutgerinnungsproteine inklusive des Koagulationsfaktors Xl (FXII) in frihen
und fortgeschrittenen  arteriosklerotischen L&sionen in  Menschen
nachgewiesen, was eine mogliche Verbindung zwischen Koagulationssystem
und Arteriosklerose untermauert. Dartber hinaus wurde der FXII in diesen
Lasionen im unmittelbaren Umfeld von Makrophagen, Schaumzellen und
glatten Muskelzellen nachgewiesen und dessen funktionelle Aktivitat in
humanen Plaques aufgezeigt. Obwohl diese Daten eine Funktion von FXII in
der Arteriosklerose nahelegen, wurde eine direkte Beteiligung von FXII an der
Atherogenese bislang experimentell noch nicht untersucht. Ferner erzielten
klinische Studien, welche die Funktion von FXIl in GefaRRerkrankungen
untersuchten, widerspruchliche Resultate.

Um die Funktion des Koagulationsfaktors XII in der Atherosklerose zu
untersuchen, wurden daher Apolipoprotein E und FXIlI-defiziente (F12"apoE™)
Mause eingesetzt. Die Ausbildung arteriosklerotischer Lasionen war in

+/+

F12"apoE” Mausen im Vergleich zu F12*"*apoE™ Kontrollen reduziert. Dies
ging mit einer verringerten systemischen T-Zell Aktivierung und Thl-Zell
Polarisierung nach 12-woéchiger atherogener Diat einher. Ferner konnte eine
signifikante Reduktion der Cb5a-Plasmaspiegel in F12"apoE” Mausen
nachgewiesen werden. Interessanterweise konnte Cba die Interleukin-12
(IL-12) Produktion in dendritischen Zellen (DCs) steigern, sowie deren
Fahigkeit erhdhen, eine antigen-spezifische Interferon-gamma (IFNy)
Produktion in vitro, in OTII CD4" T-Zellen zu induzieren. Insbesondere konnte

in vivo eine Reduktion IL-12-exprimierender DCs in Milzen arteriosklerotischer

11



F12"apoE” im Vergleich zu F12"*apoE” Mausen beobachtet werden, welche
mit einer verminderten Expression an 1112 Transkripten in der Milz und

signifikant reduzierten IL-12 Serumspiegeln einherging.

Zusammenfassend zeigen diese Daten, dass FXII eine wichtige Rolle in
der Bildung arteriosklerotischer Lasionen spielt und die DC-vermittelte und
systemische IL-12 Expression, sowie pro-inflammatorische T-Zell Antworten,

vermutlich teilweise Uber eine Aktivierung des Komplementsystems, fordert.

12
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2. Introduction

2.1 Atherosclerosis

Atherosclerosis is considered a chronic inflammatory disorder of the

I*® and represents the main cause of morbidity and mortality

arterial vessel wal
in the western world. Progression of atherosclerosis is characterized by a
gradual reduction in vessel lumen, accompanied by an increased risk for
plaque rupture, and is the underlying cause of coronary artery disease (CAD)
or cerebrovascular disease with complications such as acute coronary

syndrome (ACS), myocardial infarction or stroke*®.

Although hyperlipidemia is still considered to be the major risk factor for
the development of atherosclerosis®, due to extensive studies in the field of
atherogenesis it is also quite clear that disease initiation and progression are
far more complex and involve a multifaceted network of cellular and molecular
responses’. Moreover, numerous individual risk factors, such as age,
smoking, hypertension, hypercholesterolemia, diabetes, obesity, genetic
disorders or physical inactivity all promote endothelial damage and

dysfunction’.

It is well accepted by the scientific community that the initiation of
atherosclerosis that precedes lesion formation is caused by endothelial
activation and dysfunction altering the homeostatic functions of the
endothelium including an increase in endothelial permeability and the
up-regulation of adhesion molecules (Figure 2.1) such as vascular
cell-adhesion molecule-1 (VCAM-1)*®°. There is strong experimental and
clinical evidence that high blood lipid and cholesterol levels promote
atherosclerosis. In the blood cholesterol is transported by low-density-
lipoproteins (LDL). LDL particles consist of esterified cholesterol, triglycerides,
phospholipids, free cholesterol and apolipoprotein B100 (ApoB100) and
accumulate in the arterial intima where they bind to proteoglycans of the
extracellular matrix (ECM) via ApoB100, which makes them an important

factor in the initiation of vascular inflammation and atherosclerosis®#1%1,
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LDL particles are retained in the intima where they accumulate and
undergo oxidative modifications resulting in the activation of endothelial cells
and macrophages and the initiation of inflammatory responses. LDL and
oxLDL, the latter covering a broad spectrum of chemical modifications**?,
promote the activation of the endothelium and result in the up-regulation of
adhesion molecules and the migration of leucocytes from the circulation into
the intima, promoting fatty streak formation®*2. Fatty streaks are early lesions
consisting of sub-endothelial lipid depositions, T cells and lipid-laden
monocytes and macrophages (foam cells). This progression of lesion
formation is accompanied by T-cell activation, smooth muscle cell (SMC)
migration from the media into the intima, increased adherence of platelets to
the dysfunctional endothelium, exposed collagen or macrophages, as well as
continuous recruitment of leucocytes contributing to inflammation and thus

promoting the formation of advanced lesions® (Figure 2.1).

A
Endothelial Formation of
dysfunction: \’- fatty-streak
monocyte | | lesions
adhesion
Endothelial Leukocyte Endothelial Leukocyte | |Smooth-muscle  Foam-cell Teell ;uulu;.wﬁ‘il‘\“nf and entry
permeability migration adhesion adhesion migration formation  activation platelets of leukocytes
Fibro- | Unstable
proliferative | ( plaque:
growth | rupture &
thrombosis
Macrophage accumulation Fu!nmliu!ml Fibrous-cap formation Plaque rupture Thinning of fibrous cap Hemorrhage im‘ml plaque

Figure 2.1 The progression of atherosclerotic plaques. Source: Adapted from
Ross R. 1999,
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Advanced atheromas (mature plaques) are characterized by the
presence of a lipid rich necrotic core, containing leucocytes, lipids, cholesterol
crystals, apoptotic cells and cell debris and are covered by a fibrous cap that
prevents the contact of pro-thrombotic plaque material with the blood and
consists mainly of smooth muscle cells and collagen fibers®™.
Interferon-gamma (IFNy) from activated Th1l cells in the plague has been to
inhibit the production of interstitial collagens by vascular smooth muscle cells
(VSMCs) and to cause apoptosis of SMCs. In addition CD40 ligation was
demonstrated to increase the expression of matrix-degrading proteases such
as matrix metalloproteinases (MMPs) by macrophages®. This results in a
thinning of the fibrous cap and gives rise to the formation of unstable rupture-

prone fibrous plaques™®**

(Figure 2.1). Upon plaque rupture, pro-thrombotic
plaque content is exposed to the blood triggering thrombus formation which
may ultimately result in vascular occlusion causing severe clinical

complications such as myocardial infarction or ischemic stroke®*3°.

2.1.1 Atherosclerosis - An immune disease

Although various non-immune cells are involved in atherosclerosis
including endothelial cells (ECs), vascular smooth muscle cells and platelets, it
is nowadays well established that atherosclerosis is a chronic inflammatory
disease, with both innate and adaptive immunity playing major roles in disease

initiation and progression***>1¢,

2.1.2 The innate immune system in atherosclerosis

2.1.2.1 Monocytes

Already at the early stage of endothelial activation, monocytes, dendritic
cells (DCs) and T cells get recruited to the intima in response to chemokines
that are released from endothelial cells upon endothelial activation.
Monocytes, as part of the innate immune system, are among the first cells to

enter the intima'’, due to their rapid mobilization from the blood under

22



inflammatory conditions. They are recruited to the sites of endothelial
dysfunction by chemokines and adhesions molecules and transmigrate
through the endothelium'® where they promote a pro-inflammatory

environment.

In mouse models, an increased influx and accumulation of the
inflammatory Ly6C™ monocyte subset was observed®®. Ly6C'® monocytes also
enter atherosclerotic lesions, however less efficiently?®. Whereas Ly6Chi
monocytes are thought to promote inflammation, the Ly6C'™ monocyte subset
is considered to resolve inflammation’’. The importance of monocyte
recruitment in atherogenesis has been experimentally proven since inhibition
of monocyte migration by either blocking attracting chemokines or the cognate
chemokine receptors on the monocytes results in a reduction of

atherosclerosis??2,

In addition, Ly6C"™ monocytes within the lesion were demonstrated to
differentiate into macrophages induced by EC- or SMC-derived macrophage-
colony stimulating factor (M-CSF)'®?. However, under inflammatory
conditions monocytes can also develop into monocyte-derived DCs, which
possess many of the conventional DC features®*. Moreover, under certain
inflammatory conditions monocytes may express the pan DC marker CD11c,
along with MHCII and co-stimulatory molecules, acquiring a DC phenotype but
maintaining functional characteristics of monocytes®. Also, in CD11c”apoE”
mice under hypercholesterolemic conditions, deficiency of CD11c results in
diminished monocyte/macrophage accumulation in the lesions and attenuated
+ u

atherosclerosis possibly due to a lack of CD11c
to ECs?®.

foamy” monocyte adhesion

2.1.2.2 Macrophages

Macrophages represent not only the predominant cell type in
atherosclerotic lesions®*’ but also promote lesion development and
progression. It has been demonstrated that besides monocyte-derived
macrophages also resident aortic macrophages, local proliferation of

macrophages as well as apoptosis of macrophages contribute to disease
23



progression’’?®. The importance of macrophages in plaque development is
also emphasized by the report of a direct correlation between the number of

plague-infiltrating macrophages and lesion size®.

Several studies demonstrated the presence of classically activated,
infammatory M1 and alternatively activated, reparative M2 macrophage
subsets in human and murine atherosclerotic plaques®”*3!. A recent study
moreover described an initial predominance of reparative Arginase-l positive
(Argl") M2 macrophages in apoE™ mice, whereas with disease progression a
phenotype switch with prevalence of M1 over M2 macrophages occurs, which
may possibly be triggered by a predominance of IFNy-producing Th1l cells in
advanced plaques®. However, the effects of M1 or M2 released cytokines,
chemokines and other factors have not been assessed so far in vivo in

atherosclerosis, making it possible to only refer to the existing in vitro data.

M2 macrophages are considered to be wound-healing macrophages
and the release of anti-inflammatory cytokines IL-4, IL-10 and IL-13 from
M2 macrophages may not only dampen EC and SMC activation via a
suppression of macrophage and T-cell activation but may also induce SMC
proliferation and formation of anti-inflammatory Th2 cells and Tregs in
atherosclerosis*?**. Since M2 macrophages are very poor phagocytes, the
inefficient oxLDL uptake by M2 macrophages makes them less prone to foam
cell formation. In addition, M2 macrophages were demonstrated to have a high
efferocytosis potential®?’ which may promote clearance of apoptotic cells in
early lesions. However, the production of various MMPs (e.g. MMP2, 9, 12
and 13) may result in plaque destabilization promoting plaque rupture in

progressed plaques?’.

M1 macrophages on the other hand may aggravate atherosclerosis
through their release of the pro-inflammatory cytokines TNFa, IL-13 and IL-6
which were shown to induce EC-activation and dysfunction as well as SMC
activation?’. The pronounced phagocytic potential together with the low
efferocytosis of M1 macrophages observed in vitro may promote foam cell
formation, necrotic core formation and plaque instability!” 18?733,
M1 macrophages have been shown to induce T and B cell chemotaxis by the

release of various chemokines like CCL5 and CCL19. In addition, this
24



macrophage subtype may drive polarization of T cells to the Thl and Thl7
types by the release of cytokines such as IL-6, IL-1B, IL-12 and IL-23%"33,
Also, the production of the matrix metalloproteinases MMP1, MMP3 and
MMP9 in M1 macrophages may facilitate matrix remodeling as well as a
subsequent thinning of the fibrous cap which may ultimately lead to plague

rupture?’.

Monocyte-derived macrophages possess a large variety of toll-like
receptors (TLRs) and other pattern recognition receptors (PRRs). TLRs have
been shown to possess pro-atherosclerotic functions, since deficiency of
myeloid differentiation primary response gene 88 (MyD88) which is a key
adaptor for signaling of the majority of TLRs, or a deletion of certain TLRs
such as TLR4, which has been demonstrated to also recognize oxLDL*,

results in reduced atherosclerosis®®.

Macrophages accumulating in the atherosclerotic lipid rich lesions have
the capacity to phagocytose native or modified LDL, the latter via scavenger
receptors (SRs) such as scavenger receptor A (SR-A) as well as CD36 as a
member of the B family ultimately resulting in foam cell formation'”*®. Recent
studies however suggest that additional mechanisms of uptake also play a
role’’. Phagocytosis and receptor-activation trigger enhanced release of
pro-inflammatory cytokines and chemokines, which are known to promote

increased recruitment and activation of other disease promoting cell types®”.

While in early lesions apoptotic cells and inflammatory debris are
efficiently cleared by other macrophages via efferocytosis limiting lesion
progression, in advanced lesions this removal of apoptotic macrophages is
impaired with consequences such as secondary necrosis and necrotic core
formation'’. This in turn triggers further lesional inflammation as well as
enhanced leucocyte recruitment. The great importance of macrophages in
disease development was moreover demonstrated by studies showing that
mice deficient in M-CSF possess reduced macrophage numbers resulting in

atheroprotection®®.
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2.1.2.3 Dendritic cells
DC subtypes and DC functions

Another very important group of innate immune cells with respect to
atherosclerosis are dendritic cells (DCs), which represent together with
macrophages, as professional antigen-presenting cells (APCs), an important

link between the innate and adaptive immune system3%4°,

DCs are an extremely heterogeneous cell population which can be
divided into several groups according to their origin (lymphoid DCs, myeloid
DCs, monocyte-derived DCs), location in the body (dermal DCs, Langerhans
cells, splenic DCs and vascular DCs) or function (steady-state DCs,
inflammatory DCs)**2. There are four suggested major categories of DCs,
namely conventional DC (cDC), Langerhans cells (LCs), plasmacytoid DCs

(pDCs) and monocyte-derived DCs***.
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Figure 2.2 Dendritic cell mediated immunoregulation of T cells. Dependent on the
activation status of DCs and the antigens they encounter they may either promote
immunity or tolerance. Source: Shortman K. & Liu Y.J. 2002*,
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Immature DCs, characterized by a high phagocytic potential and low

levels of the antigen-presenting molecules MHC class | and 11*

, patrol through
the tissue where they capture, process and present foreign or self-antigens as
MHC-peptide complexes on their surface. Exogenous antigens are presented
via MHC class Il whereas endogenous or self-antigens are presented via
MHC class I*°. Maturation of DCs can be induced by various factors including
pro-inflammatory cytokines (e.g. type | and Il interferons, TNFa) or pathogenic
stimuli (CpG-motifs, bacterial DNA, LPS, HSPs, viral dsRNA), recognized via
PPRs, TLRs and cytokine receptors*“®4’_ Mature DCs are characterized by
reduced phagocytic capacity, up-regulation of MHC class | or II molecules,
co-stimulatory molecules (e.g. CD80, CD86) and specific adhesion receptors
(e.g. ICAM-1, LTA-3)**® Following antigen exposure primed DCs home to the
T cell areas of secondary lymphoid organs such as spleen and lymph nodes
where they efficiently present the antigen-peptide complexes to naive CD4" or
cytotoxic CD8" T cells in order to evoke adaptive immune responses *°.

DCs however are not only involved in initiating immunity but also in the
induction of central and peripheral T-cell tolerance. Central tolerance is
mediated by intrathymic DCs which initiate the apoptotic death of self-reactive
cells in the thymus**°°>!. Peripheral tolerance however may be maintained by
different mechanisms. While there is some evidence of a specialized subtype
of regulatory DCs, it is also possible that the maturation state of DCs defines
their role in immunity and tolerance. The latter concept suggests that under
steady-state conditions immature tissue-resident DCs or mature but quiescent
DCs can induce T-cell anergy or apoptosis thereby maintaining tolerance,
whereas immunity is induced only by mature and fully activated DCs>***
(Figure 2.2). Apart from inducing T-cell anergy, DCs promote peripheral
tolerance by induction of Tregs and suppression of naive T-cell

activation51'55'56 57.
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DCs in atherosclerosis

Similar to the observation of an accumulation of CD11c" DCs in the
normal arterial intima in mice in areas which are predisposed to
atherosclerosis®®, a network of DCs can already be detected in the arterial
intima of healthy young individuals®. DCs are also present in atherosclerotic
lesions of humans and mice®®. With progression of atherosclerosis the
number of CD11c" cells increases, a process that at least in part depends on
the fractalkine receptor CX3CR1 and the vascular cell adhesion molecule 1
(VCAM-1), since genetic deletion of the genes encoding for these molecules
results in decreased DC frequencies®®®. Apart from the recruitment of DCs
into vascular lesions, DCs in the intima can also derive from circulating
Ly6c™" and Ly6c'™ monocytes®, from GM-CSF mediated intimal proliferation
of lesional DCs® or from an impaired egress of monocyte-derived DCs as a

result of hyperlipidemia in advanced plaques®®®’.

Several lines of evidence point to a modulatory role of DCs in
atherosclerosis. A reduced DC accumulation due to genetic deficiency of
CX3CR1 or CCR5, for example, results in diminished atherosclerotic plaque

21,63,67

formation due to impaired DC migration Furthermore, a lack of

co-stimulatory molecules or molecules crucial for antigen presentation resulted

in reduced T-cell responses and decreased atherosclerosis®®°

, supporting an
important role of DCs and other APCs in atherogenesis. The close contact
between mature DCs and T cells detected in atherosclerotic plaques® as well
as the presence of clonally expanded T cells’® moreover support a local
interaction between DCs and T cells within atherosclerotic lesions?, which may
ultimately yield in antigen-specific T-cell activation or re-stimulation in the
arterial vessel wall®”"*. Furthermore, there is proof that residential intimal DCs
accumulate lipids and differentiate into foam cells initiating nascent foam cell

lesion formation in early stages of atherosclerosis’?.

DCs contribute to plaque development by different mechanisms. On the
one hand they can produce various pro-inflammatory cytokines such as TNFa,
IL-6 and IL-12%"""®. The pro-atherogenic role of IL-12 has been confirmed in
several studies showing that blockade or deficiency of IL-12 in atherosclerotic

475 \whereas administration of
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recombinant IL-12 shows the opposite effect’®. Even though the release of
IL-12 from DCs seems to play an essential role in Thl induction, DCs may
also modulate Thl and Th17 polarization via IL-23 and IL-27 release’”®",
CCL17-expressing DCs, however, were demonstrated to restrain Treg
hemostasis which results in aggravated atherosclerosis in apoE” mice®. Yet,
a depletion of CD11¢c*CD11b"'CD103" DCs due to FIt3 deficiency aggravated
atherosclerotic lesion formation in Ldlr” mice. The increase in lesion burden
was accompanied by a severe reduction in aortic Treg numbers and increased
levels in the pro-inflammatory cytokines TNFa and IFNy, demonstrating that
Flt3-signaling dependent CD11c¢*CD103" DCs function as tolerogenic DCs
protecting against atherosclerosis?” 3. While TNFa seems to exert exclusively
pro-atherogenic functions, since deficiency reduces lesion size ®, IL-6 seems
to play a dual role in atherogenesis, acting as a potent pro-inflammatory
mediator but also exerting anti-inflammatory effects®*®°. On the other hand,
DCs may also contribute to atherogenesis by the recruitment of T cells,
monocytes and DCs into lesions via the release of chemokines such as
CCL17 (TARC), CCL22 (MDC), CCL2 (MCP-1) and CCL4 (MIP-1B)®"87:88

Apart from their role in cell recruitment, T-cell activation and
differentiation in atherogenesis, DCs have been demonstrated to be implicated
in the control of cholesterol homeostasis and lipid content. Depletion of
resident intimal CD11c” DCs under hypercholesterolemic conditions results in
a significant reduction in lipid accumulation and foam cell formation in very
early stages of disease’?. However, short-term depletion of CD11c* DCs leads
to cholesterol elevation under high fat diet®®. Equally an increase in DC
life-span by DC-specific overexpression of hBcl-2 results in lowering of

cholesterol levels and a reduction in lesion size®.

Importantly, it is not only DCs modulating cholesterol and lipid
homeostasis, but conversely elevated levels of LDL and oxLDL in
hypercholesterolemia are capable of altering DC-phenotype and function; a
process strongly dependent on the extent and nature of lipoprotein
modifications. While native LDL and oxLDL upregulate co-stimulatory
molecule expression in DCs, and oxLDL induces expression of CCR7 and

scavenger receptors, IL-6 release as well as DC-induced T-cell proliferation;
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high concentrations of highly oxidized LDL result in apoptosis®>®*. In addition,
it has been demonstrated that resident intimal DCs are not only capable of

accumulating lipids but also to induce foam cell lesion formation’.

Hence, the overall extent of dyslipidemia seems to differentially
modulate DC functions. While low or moderate dyslipidemia may aggravate
local inflammation due to peripheral sequestration of activated DCs, resulting

from an impaired migration to the lymph nodes®%?

, data addressing the
impact of excessive dyslipidemia on DC function is inconsistent. While one
study demonstrates that DCs remain functional antigen-presenting cells which
maintain their ability to prime CD4" T cells even loaded with excess

93
|

cholesterol™, another study suggests that myeloid CD8a™ DCs become hypo-

responsive in severe dyslipidemia and fail to induce solid Thl responses, due

to impaired expression of co-stimulatory molecules and IL-12 production®®%*,

2.1.3 The adaptive immune system in atherosclerosis

Although the innate immune systems plays an important role in
atherosclerosis, cells of the adaptive immune system such as T and
B lymphocytes are also present in atherosclerotic lesions, however to a lesser
extent. CD3" T cells, which comprise approximately 10% of the cells in

atherosclerotic lesions™ are considered to be key players in atherogenesis.

The majority of the CD3" T cells found in lesions are of the o type, with
a CD4" to CD8" T-cell ratio in advanced lesions comparable to that in the

I*3. After activation of

blood, even though TCRyd T cells are present as wel
lymphatic T cells upon presentation of athero-specific antigens such as oxLDL
from migrated APCs, CD4" T cells turn into T helper cells (Figure 2.3)
whereas CD8" T cells form cytotoxic T lymphocytes (CTLs), which then are
recruited to the lesion site directed by adhesion molecules and chemokines.
In addition, T cells have also been demonstrated to undergo clonal expansion

implying antigen-specific reactions within the lesions’**°.
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Figure 2.3 Polarization of naive T cells to T helper cell subsets with upregulation of
subset specific transcriptions factors (STAT3, STAT4, STAT6, FOXP3, GATA-3, T-bet
or RORyt) and signature cytokines (IFNy, IL-4, TGFR, IL-17) by DCs dependent on
the cytokine milieu. Source: Zou W. & Restifo N.P. 2010%.

2.1.3.1 Thl cells

Atherosclerosis is considered to be a T helper type 1 (Thl) driven
disease'®*®  with Thl cells representing the majority of T cells in
atherosclerotic lesions®. This concept is supported by the fact that T cells
reactive to oxLDL, the major antigen in plaques, have been demonstrated to
be of the Thl subtype'®. A hallmark of Th1 cells is the production and release

of IFNy, a pro-inflammatory cytokine, promoting disease progression.

IFNy is a cytokine with pleiotropic functions depending on the cell type
in the plaque. It has been shown to activate macrophages promoting the
production of pro-inflammatory cytokines, pro-thrombotic mediators, as well as
nitric oxide. In endothelial cells (ECs), it inhibits proliferation, whereas in
smooth muscle cells (SMCs), it restricts not only their proliferation and
differentiation but also limits collagen production thereby promoting

inflammation, ECM degradation and plaque destabilization™.
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The pro-atherogenic potential of Thl cells has been experimentally
confirmed employing atherosclerotic mouse models with deficiencies in
Thl-related genes. A significant reduction in atherosclerotic lesion burden was
observed in mice deficient in Ifng or the Ifng-receptor underlining the
pro-atherogenic role of Thl cells™'®. A similar decrease was detected in mice
lacking 1118 or 1112 which encode for important Thl inducing cytokines or with
deletion of Thx21 encoding for the main Th1 differentiation transcription factor
T-bet"*1941% sypporting these data, treatment of mice with IL-12, IL-18 or

IFNy has been demonstrated to promote lesion formation’®101:106.107

2.1.3.2 Th2 cells

The potential roles of Th2 and Th17 cells have also been investigated in
the context of atherosclerosis, however yielding conflicting results. The typical
Th2 related cytokines are IL-4, IL-5 and IL-13 '®® and this T helper cell subset
is known to mainly interact with B cells. The role of Th2 cells in atherosclerosis
however is not so easy to delineate. While some studies report a

474,109

pro-atherogenic role for IL- another study failed to detect changes™’.

Moreover, 1L-13 and IL-5 have been demonstrated to confer

atheroprotection™***2,

It is also important to note that Th2 cells very likely play only a
subordinate role in atherosclerosis, since only few T cells in human plaques
were producing the prime Th2 cytokines IL-4 and IL-5, while the majority of
cells present in the plague were shown to express IL-2, IFNy, IL-12, IL-18 and

TNFa, all of them being involved in Thl responses® 3.

2.1.3.3 Th17 cells

The main cytokine produced by Thl7 cells is IL-17 which has been
shown to be involved in the pathogenesis of a number of autoimmune
diseases including rheumatoid arthritis (RA), inflammatory bowel disease (IBD)

114,115

and asthma IL-17 expressing T cells have been detected in
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atherosclerotic lesions of mice and humans''®'*’, nonetheless the data

regarding the role of Th17 cells in atherogenesis is contradictory.

While a number of studies support a pro-atherogenic role for IL-17, with
antibody blockade of IL-17A, overexpression of a soluble IL-17 decoy
receptor, reconstitution of lethally irradiated Ldir” mice with 1117ra” bone

marrow and deficiency of ILL7RA or IL-17A in apoE” mice leading to a

reduction in atherosclerosis!*!18123: other studies have failed to detect

changes in plaque burden?*1?°

126,127

or even evidenced atheroprotective

effects

2.1.3.4 Regulatory T cells (Tregs)

Another important subset of CD4" T cells involved in atherosclerosis are
the so-called regulatory T cells (Tregs), which maintain immunological
tolerance to self-antigens and terminate excessive T-cell responses. Tregs are
characterized by the expression of the transcription factor FoxP3 and the IL-2
receptor a-subunit CD25. Tregs are capable of suppressing the
antigen-presenting potential of DCs by downregulation of CD80/CD86
co-stimulatory molecule expression in an LFA-1 and CTLA-4 dependent
manner*?®. Several studies have demonstrated an anti-atherogenic role of
Tregs in atherosclerosis, since a reduction or depletion of Tregs has been

129,130 and low

shown to be associated with an increase in lesion burden
numbers of Foxp3® Tregs were detected in all stages of human atherosclerotic
lesions™**. Moreover, there is experimental proof that IL-10 and TGFB, being
key cytokines of Tregs, exert atheroprotective functions*?***2. Another line of
evidence supporting the atheroprotective role of Tregs is provided by a study

demonstrating a reduction in lesion burden upon adoptive transfer of Tregs™2.
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2.1.4 The haemostatic system in atherosclerosis

Increasing data implies a role of the coagulation system not only in
atherothrombosis™® but also in the onset and progression of

atherosclerosis®*1%.

Besides their interaction with other coagulation
zymogens, many coagulation proteases may also modulate inflammation by
signaling via a family of G-protein coupled receptors (GPCRSs) called protease
activated receptors (PARs)'®. In general, hypercoagulability in mice shows a
tendency to increased atherosclerosis and vice versa'®*. Moreover, a broad
range of functionally active coagulation factors were detected in early and
advanced human atherosclerotic lesions; early atherosclerotic lesions showing
a more pro-coagulant phenotype compared to stable advanced lesions'®’.
Besides the demonstrated co-localization of coagulation factors, mainly with
SMCs and macrophages in atherosclerotic plaques, a local synthesis of

certain coagulation factors within atherosclerotic vessels was suggested*’.

2.1.4.1 Tissue factor (TF)

Several coagulation factors have been implicated in atherogenesis,
including tissue factor (TF), the main physiological trigger of blood
coagulation®®, which binds to the active coagulation factor Vlla (FVlla) and

139,140 within - atherosclerotic

mediates signaling via the PAR-2 receptor
lesions, TF has been shown to be present in the relatively acellular lipid-rich
core and to be expressed by different cell types including macrophages,
endothelial cells, VSMCs and foam cells******, However, in murine models of
atherosclerosis diminished TF expression did not result in reduced
atherosclerotic lesion formation'*®. On the other hand, a number of human

studies indicate a role of TF in vascular disease***4’ 148,
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2.1.4.2 Factor X (FX)

Other studies suggest a modulatory role of downstream mediators of
the extrinsic and intrinsic coagulation pathway such as FXa and thrombin in
atherosclerosis’®*. Activated FX can act alone or in complex with TF-FVlla
through PAR-1 and -2, which are expressed in various cell types including
ECs, VSMCs, DCs and leucocytes®®’. It not only promotes the production of
pro-inflammatory cytokines and chemokines such as IL-6 and CCL2, growth
factors and cell-adhesion molecules but also increases TF expression and
induces the proliferation of VSMCs**!4%1%0 Moreover, although not altering
plaque progression, the specific FXa inhibitor, rivaroxaban was shown to
dampen inflammatory responses and to promote lesion stability in the apoE™

mouse model**2.

2.1.4.3 Factor Xl (FXI)

A possible modulatory role of FXla, which was shown to be activated by

152-155

FXlla but also FXIl-independently by thrombin Is supported by clinical

studies demonstrating an association of inhibitory complexes of FXla as well

as FIXa with acute myocardial infarction (AMI)*®.

2.1.4.4 Factor VIII (FVIII)

While various studies explore the role of the extrinsic or the common
pathway of coagulation, hardly any studies focus on the impact of the intrinsic
pathway of coagulation in atherogenesis. The intrinsic pathway of coagulation
in atherosclerosis so far was assessed in hemophilia A mouse models that
were deficient in coagulation factor VIII (FVIII). In apoE™ mice, deficiency in
FVIII resulted in significantly reduced lesion formation mainly at early stages of
atherogenesis, which was accompanied by diminished fibrin(ogen) deposits
and absence of platelets in the lesions compared to controls, despite
increased hyperlipidemia®’. However, this effect was not perceived in the

| 158

Ldlr” mouse mode Again, clinical studies focusing on the role of

hypocoagulability (FVIII or FIX deficiency) on atherogenesis reveal conflicting
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data’®. The majority of these studies, however, indicate that hemophilia does

not protect against atherosclerosis™*°,

2.1.4.5 Thrombin

Thrombin (Flla) generated from prothrombin via the prothrombinase

4138 and fulfills

complex in the course of coagulation, can act via PAR-1, 3 and
a large variety of functions apart from representing the central coagulation
protease’® 2, These include the induction of pro-inflammatory molecules
such as IL-6, MCP-1, IL-8 or MIF as well as of cell adhesion molecules,
thereby enhancing the recruitment of monocytes into the vessel wall*®?.
Furthermore, thrombin triggers endothelial dysfunction induces ROS-formation
and promotes VSMC migration and proliferation as well as angiogenesis*®?.
In addition, thrombin may drive atherogenesis through the activation of
platelets, which have been shown to participate in all stages of

atherosclerosis!®*16°

. Possibly as a negative feedback mechanism during
coagulation, it binds to thrombomodulin, supporting the activation of protein C
(APC formation) which exerts anti-coagulant as well as anti-inflammatory
functions. Besides, thrombin itself holds anti-inflammatory functions since it
dampens immune reactions by suppressing IL-12 and promoting IL-10
release’*. However, thrombin may finally promote atherosclerosis progression
when endothelial expression of thrombomodulin and the endothelial cell
protein C receptor are diminished due to endothelial dysfunction in the process

134,162,166

of disease . The pro-atherogenic potential of thrombin has been

validated in several animal studies'®®, demonstrating that specific thrombin

inhibition results for example in a reduction of restenosis in rabbits®’.

In addition, direct thrombin inhibitors such as melagatran have been
verified to attenuate atherosclerotic lesion formation, promote plaque stability
and diminish MMP-9 synthesis in apoE™ mice®®. Antithrombin and heparin
cofactor 1l (HCII) share their ability to inactivate thrombin, FXa and FIXa'**.
While clinical studies reveal conflicting data concerning the role of HCII in
atherosclerosis and CAD either suggesting it to be anti-atherogenic or non-

169,170

predictive , mouse studies clearly indicate an anti-atherogenic function of
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this factor, since deficiency in HCII results in enhanced neointima formation

and atherogenesis*’*72.

2.1.4.6 Platelets

Besides their established role in hemostasis and thrombosis, platelets
have been demonstrated to be important mediators in pro-inflammatory
diseases, including atherosclerosis'’®'"*. Extensive studies in recent years
revealed that platelets not only mediate atherothrombosis upon plaque rupture

but also are important modulators in disease onset and progression.

Adherence of platelets to atherosclerosis-prone sites has been
demonstrated by intravital microscopy to occur before lesions are even

detectable!”>17®,

In experimental mouse models of atherosclerosis it has
moreover been shown that platelet specific glycoproteins such as the integrins
GPIba and GPIIb/llla (allbB3) as well as glycoprotein VI (GPVI) contribute to
atheroprogression. Deletion of the a-subunit in GPIIb/llla reduces lesion size
in the carotid arteries and the aortic arch of apoE™ mice due to a reduction of
platelet adhesion to dysfunctional ECs and extracellular matrix after
endothelial denudation*’’. Likewise, deletion of platelet GPlba in apoE” mice
resulted in reduced intimal leucocyte accumulation and diminished lesion
formation, supporting the importance of platelet adhesion to the endothelium
for the initiation of lesion formation'’®. Furthermore, GPVI which binds to the
activated atherosclerotic endothelium already at early stages of
atherosclerosis (possbily via fibronectin) seems to play a pro-atherogenic role,
since soluble GPVI-Fc or selective inhibition of GPVI using anti-GPVI
antibodies resulted in a reduction of transient platelet adhesion, improved
endothelial function accompanied by attenuated lesion formation in apoE”
mice and cholesterol-fed rabbits*’®. GPVI however may also affect disease
progression by modulation of platelet-leucocyte interactions, since it has been
shown to increase monocyte recruitment to the vascular wall via EMMPRIN
(CD147)-GPVI interactions™"®.

P-Selectin is expressed on the surface of platelets and ECs upon

activation and subsequent release from its intracellular stores (a-granules,
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Weibel-Palade bodies)'™*. The importance of platelet P-Selectin in
atherosclerosis has been experimentally proven since P-Selectin deficiency
protects from advanced atherosclerosis'®. Moreover, repetitive injections of
activated P-Selectin sufficient platelets into apoE” mice were shown to
exacerbate atherosclerosis while injection of P-Selectin deficient platelets
reduced lesion formation'’*'®!. P-Selectin is not only important for platelet-
endothelium but also for platelet-leucocyte interactions. Via P-Selectin
platelets bind P-Selectin glycoprotein ligand 1 (PSGL-1) on leucocytes thereby
forming platelet-leucocyte aggregates (PLAs), which promote activation of
ECs and transmigration of leucocytes'’®. This interaction moreover induces
the release of pro-inflammatory chemokines (CCL2, CCL5) and cytokines (e.g.
IL-18), as well as augmented P-Selectin expression by ECs, thereby

promoting leucocyte rolling " 8182,

Additionally, CDA40-ligand (CD40L) expressed by platelets also
contributes to thrombotic and inflammatory processes in atherosclerosis, as
shown by administration of CD40L-deficient platelets. These failed to induce
aggravation of atherosclerosis as observed with CD40L-sufficient platelets'®:.
Moreover, CD40L-sufficient platelets have been revealed to transiently
increase pro-atherogenic effector T cells while reducing Treg numbers which

very likely contributes to disease progression*®?,

Furthermore, soluble factors released from platelets upon activation are
crucial for disease promotion. It has been shown that e.g. RANTES (CCL5)
deposition by platelets induces monocyte arrest on inflamed atherosclerotic
endothelium®®®. Likewise, the platelet chemokine PF4 (CXCL4), detected in
fatty streaks and lesions in humans'®, correlates with disease progression

and a lack of PF4 displayed diminished lesion formation®’4*8°,

2.1.4.7 Tissue factor pathway inhibitor (TFPI)

The importance of the coagulation system in atherogenesis is further
underscored by animal studies that delineate the role of tissue factor pathway
inhibitor (TFPI) not only as main inhibitor of the TF-FVIla complex*®’ but also

for the TF-mediated pro-atherogenic signaling events***. Animal models have
38



shown that TFPI is a potent inhibitor of MMPs and hence a decrease in TFPI
expression results in an upregulation of MMPs vyielding vulnerable unstable
plaques. TFPI moreover suppresses endothelial migration, monocyte
recruitment, angiogenesis and the release of pro-atherogenic factors such as
CCL2 or MMP-2 thereby restricting neointima formation and restenosis*®®*%*.
In line with these data, mice bearing a partial deficiency in TFPI displayed
significantly increased lesion formation'®?. Additionally, a vascular-directed
overexpression of TFPI has been demonstrated to reduce plasma cholesterol

levels and atherosclerotic lesion formation®®

2.1.4.8 Hypercoagulability models

Studies with mice on atherogenic background displaying a
hypercoagulable phenotype including Factor V (FV) Leiden mutation mice,
mice with a heterozygous protein C deficiency or mice with a thrombomodulin
Pro/Pro mutation showed increased atherosclerotic lesion burden™®**%,
However, FV Leiden mutation mice and TM Pro/Pro mice both displaying a
hypercoagulable phenotype due to increased thrombin formation also showed
an enhanced plaque stability, indicating that hypercoagulability may support a

more stable plaque phenotype®®.

2.1.4.9 Fibrinolysis

Since coagulation results in active thrombin generation and the

conversion of fibrinogen to fibrin is a key function of thrombin'®’

, impaired
fibrin removal due to reduced fibrinolysis results in extensive fibrin deposition
in the course of atherosclerosis'®. Both, fibrinogen and fibrin exert
pro-inflammatory functions by inducing the expression of TNFa and IL-1f3 in
monocytes/macrophages as well as chemokines (e.g IL-8 and MCP-1) in ECs

and fibroblasts®®

and may further drive atherosclerosis. Accumulation of fibrin
due to impaired fibrinolysis may promote atherosclerosis progression by

contribution to the intimal mass.
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2.2 Coagulation factor XIl (Hageman Factor, FXII)

2.2.1 Blood coagulation pathways

Blood coagulation represents a part of the haemostatic response to
vessel injuries culminating in thrombin generation and fibrin formation
(secondary hemostasis) in order to maintain vascular integrity. One can
distinguish between two pathways of blood coagulation - the extrinsic pathway
(tissue factor pathway) and the intrinsic pathway (contact activation pathway).

In the extrinsic pathway, TF is exposed to plasma components in the
course of vessel injury. TF-FVII(a) complexes (extrinsic factor Xase) are
formed which activate FIX and FX. FVII bound to TF can get activated by
FVila, FIXa and FXa resulting in feedback amplification. FXa binds and
activates FV forming the so-called pro-thrombinase complex that converts
prothrombin (FIl) to thrombin (Flla). Thrombin feedback results in partial
activation of platelets, the activation of additional FV well as of the intrinsic
coagulation factors FXI and FVIII thereby amplifying the reaction. FIXa forms
the intrinsic factor Xase complex with its co-factor Vllla and is capable to
activate FX at a up to 100-fold higher rate than the TF-FVli(a) complex.
Thrombin then cleaves fibrinogen resulting in fibrin formation. Fibrin polymers
finally get covalently cross-linked, mediated by thrombin-activated FXllla

forming a stable fibrin clot*®*2%’ (Figure 2.4).

The intrinsic coagulation pathway however is initiated when Factor Xl
gets auto-activated upon (FXIl, Hageman factor) exposure to negatively
charged (anionic) surfaces. FXlla subsequently activates FXI which leads to
the activation of FIX. FIXa forms the so called intrinsic Xase complex with
FVIlla which can then also convert FX into its activated form (Figure 2.4). At
that step, both coagulation pathways merge into the common pathway
resulting in fibrin generation®*®2%*. However, although FXII has been shown to
contribute to fibrin formation in vitro, it seems to be dispensable for hemostasis
in vivo since FXII-deficiency in humans or mice does not result in extended
bleeding despite a prolongation of the activated partial thromboplastin time

(aPTT)208,209
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Figure 2.4 Coagulation cascade with intrinsic, extrinsic and common pathway.
Source: Schumacher W.A. et al. 2010°%,

2.2.2 Factor XllI (Hageman factor)

FXII is part of the so-called plasma contact system which consists of the
plasma proteins factor XII (FXII), factor XI (FXI), plasma prekallikrein (PK) and
the  non-enzymatic  cofactor high  molecular weight kininogen
(HK, HMWK)*%?1 EXIl being the zymogen of the serine protease FXlla is
produced and secreted primarily in the liver**??®, However, FXIl mRNA
expression in humans has also been detected in the placenta®®® and FXII
protein expression has recently been demonstrated in human lung fibroblasts
upon TGFB1 stimulation?**. Since there is only very limited literature regarding
the structure or function of FXIl in mice, the literature discussed in the

following will mainly be related to FXII in humans.
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2.2.2.1 Activation of FXII
Contact activation of FXII

Factor Xll can be activated upon exposure to negatively charged

surfaces or by kallikrein. Besides various non-physiological activators such as

glass, kaolin, elagic acid or high molecular weight (HMW) dextrane-sulfate®*°,

also several potential physiological in vivo activators have been recently

215

identified including heparin from mast cells“™>, extracellular RNA released from

218 collagen®’, polyphosphates released from dense granules

of activated platelets®®#°  very-low density lipoprotein  (VLDL)

220

damaged cells
phospholipids®® or misfolded proteins®**. Misfolded protein aggregates were
shown to selectively trigger FXIl mediated activation of the kallikrein-kinin
system without initiating coagulation®’*. The mechanisms for such a selective
activation are still elusive, but it is speculated that higher local concentrations
of prekallikrein (PK) compared to FXI or a preference towards B-FXlla (FXII
fragment, Hageman factor fragment Hf) formation as a result of differences in

FXII binding may be responsible for the shift towards kallikrein activation®™.

Activation of FXIl on endothelial cell surfaces

Apart from contact activation, FXII can also be activated on endothelial
cells. FXIl, HMWK and PK can bind to endothelial cells in a Zn** dependent
manner via a multiprotein assembly consisting of endothelial cell urokinase
plasminogen activator receptor (UPAR), Cytokeratin-1 (CK-1) and the first
complement component receptor gC1gR%?. It has been shown that FXII and
HMWK compete for the same binding sites on the endothelial cell surface®*.
Moreover, lower concentrations of Zn?" are sufficient for the binding of the
HMWK/PK complex when compared to FXII. In addition, in absence of FXII in
the plasma, activation of PK on endothelial cell surfaces was unaltered
compared to normal plasma, indicating that PK when assembled on HK is

initially activated independent of FXII on endothelial cell surfaces®*.

This suggests that on endothelial cells FXII activation is secondary to

PK activation and rather contributes to the extent of measured enzymatic
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activity®®

. Moreover, a PK activator identified to be the serine protease
prolylcaboxypeptidase (PRCP) was purified from endothelial cells®*®%?’. The
preferential activation of PK by PRCP over the activation by FXlla-a on
endothelial cells in vivo may result from the very low Michaelis constant (K)
for PRCP activation of PK when compared to that of FXlla-a on negatively

charged surfaces®?.

2.2.2.2 In vivo inhibitors of FXII activity

The main physiological inhibitor of FXlla in plasma is considered to be
C1 esterase inhibitor (C1INH)?**?%_|t binds irreversibly to a-FXlla and B-FXlla
inhibiting more than 90% of FXlla in plasma®°. C1INH however has additional
substrates such as Kallikrein, FXla and the complement proteases C1lr and
Cls. Plasminogen activator inhibitor-1 (PAI-1), antithrombin Ill, a2-antiplasmin
and a2-macroglobulin have also been described to reduce FXII activity,

however less effectively”**3+2%,

Recently it has been reported that
histidine-rich glycoprotein (HRG) is also capable to inhibit FXII autoactivation

and FXlla-mediated FXI activation®®3,

2.2.3 Functions of FXII

2.2.3.1 Coagulation and Kallikrein-Kinin-Pathway

Upon activation, FXlla (FXlla-a) initiates the intrinsic pathway of
coagulation via the activation of FXI triggering thrombin generation and fibrin
formation (Figure 2.5). As part of the kallikrein-kinin system (KKS) FXlla leads
to the formation of active plasma Kkallikrein by proteolytic cleavage of
prekallikrein. Plasma kallikrein then reciprocally not only activates more FXII to
FXlla but also cleaves HMWK to liberate the pro-inflammatory, pro-angiogenic
and vasoactive mediator bradykinin (Figure 2.5) and a biologically active

two-chain kininogen fragment (HKa)?!+2342%> 228
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2.2.3.2 Fibrinolysis

FXII has also been shown to possess fibrinolytic properties. Fibrinolysis
is the dissolution of fibrin clots into fibrin degradation products. FXII structurally
resembles the fibrinolytic proteins tissue-type plasminogen activator (t-Pa) and
urokinase-plasminogen activator (u-Pa) and has been reported to activate
plasminogen either directly or via FXla or Kkallikrein yielding plasmin
formation®3*%*°. The direct contribution of FXlla as a plasminogen activator

has been shown to be more than 20% in normal plasma®*®?4*,

Kallikrein can mediate fibrinolysis by direct conversion of pro-urokinase
to uPA?* or through liberation of bradykinin which induces the release of tPA
from endothelial cells?*. An additional mechanism by which FXII may enhance
fibrinolysis is the inactivation of PAI-1 which has been demonstrated in in vitro
assays®**. FXlla may also negatively affect fibrinolysis through activation of
FXI, since FXla indirectly drives anti-fibrinolytic functions by promoting
thrombin  mediated thrombin-activatable fibrinolysis inhibitor (TAFI)

activation?4>246

. In conclusion, it can be stated that FXII is directly and
indirectly involved in pro- as well anti-fibrinolytic pathways. However, the

net-effect of contact mediated fibrinolysis in vivo seems not clear.

2.2.3.3 FXIl as a growth factor

FXlla as well as its zymogen FXII exert mitogenic effects
EGF-responsive cell lines such as HepG2 hepatocytes, fetal alveolar type I
cells, aortic smooth muscle cells and EC-12 endothelial cells and epithelioid

carcinoma cells in vitro4"-24°

2.2.3.4 FXIl in angiogenesis

It has also been shown that FXII and FXlla are involved in angiogenic
responses. FXII conducts direct angiogenic effects via binding of uPAR, EGFR
and integrins®®® already at very low concentrations. Moreover, FXIl has been
demonstrated to induce aortic sprouting in mice®° in vitro. Nonetheless, FXII

44



is dispensable for angiogenesis during development, implicating a role of FXII
mediated angiogenesis mainly in tissue repair in response to injury or in

inflammation?°.
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Figure 2.5 FXII functions upon activation on anionic surfaces. Source: partially
adapted from Schmaier A.H. 2008%%%.

2.2.3.5 FXIll in hemostasis and thrombosis

Various experimental data indicate that FXIlI-mediated thrombin
formation is not essential for hemostasis. First of all, it has been shown that
humans or mice with severe FXIl-deficiency do not display a relevant bleeding
phenotype despite a prolonged aPTT?°??*!, Furthermore, it was demonstrated
that FXI can get activated by thrombin itself and that this is the preferential
mechanism of FXla formation in vivo™***?! |n addition, FXla mediated

thrombin formation seems only to be essential when the extrinsic pathway is
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impaired, e.g. in presence of low TF levels®®*?*. TF/FXIl deficient mice
however are viable and were not altered from low TF mice which confirms that

FXIl is non-essential for hemostasis?%2%%,

Although being dispensable for hemostasis in vivo, FXII seems to play a
pivotal role in pathological thrombus formation since FXII-deficient mice were
shown to display defective thrombus formation and stabilization using different
experimental thrombosis models®>?*®, While the initiation of thrombus
formation on the vessel wall is not impaired, FXIlI and also FXI are involved in
the stabilization of occlusive blood clots. Hence, FXII and FXI deficiency result

256258 | ikewise,

in unstable thrombi that fail to induce vessel occlusion
employing the Rose Bengal/laser injury carotid artery thrombosis model, a role
of FXlla mediated FXI activation in thrombus formation was demonstrated in

vivo?®®,

Also, FXII deficiency is protective in cerebral ischemia due to impaired
FXII-dependent fibrin formation/deposition, resulting in a significantly reduced
infarct volume when employing the transient middle cerebral artery occlusion
(tMCAO) model®®. Pharmacological targeting of FXIl activity using PCK
(H-D-Pro-Phe-Arg-chloromethylketone) or recombinant human albumin
Infestin-4 also mediated protection from cerebral ischemia without affecting

normal hemostasis?>%2°

Since FXI deficient mice are also protected from thrombotic vessel
occlusion®®, and specific inhibition of FXlla-mediated FXI activation impaired

thrombus formation in baboons®®

it is very likely that the FXII mediated
pathological thrombus formation is mainly exerted via the intrinsic pathway of
coagulation. This hypothesis is further supported by data demonstrating that a
combined FXI and FXII deficiency in mice does not result in an additional
thromboprotection in a pulmonary embolism model when compared to mice

with single deficiencies* %%

Based on the results gained from FXII deficient mouse models or
inhibitors of FXII activity one would expect FXII-deficient human patients to be
protected from thrombosis®’. Clinical studies however revealed opposing

data, some suggesting that FXII deficiency predisposes for thromboembolic
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diseases?%2253

thrombotic risk?*1:264-266

while others failed to correlate FXII deficiency with increased

2.2.4 FXIl in inflammation — and overview about how FXII may

influence atherosclerosis

2.2.4.1 FXIl in inflammatory diseases

Besides the important function of FXII in pathological thrombus

formation?°224°

, FXIl is also implicated in the regulation of inflammatory
processes. This is in line with the contribution of increased FXII activity and
other factors of the contact system to hereditary angioedema®’?®® and the
described activation of the contact system in other pro-inflammatory diseases
such as mast cell driven edema formation, arthritis, sepsis, infection and
allergy®*>2612%9270 ‘Moreover, a pro-inflammatory role of the contact system in
experimental arthritis, enterocholitis and sepsis has been described?".
In addition, FXlla was shown to directly interact with different types of immune

cells potentially modulating their functions.

2.2.4.2 Interactions of FXIl with immune cells

Already in the 1990s it has been shown that the essential contact-phase
proteins HK, FXI, FXIl and PK can assemble on the surface of human
neutrophils suggesting a potential role for local kinin production at sites of
inflammation®’?. Similarly, macrophages may fulfill an analogous role, since
FXII can not only bind to the U-937 monocyte/macrophage cell line through
Mac-1 and gC1gR, but the assembly of HK, FXII and PK on macrophages
results in the production and release of high amounts of active kinins®’>.
However, also in absence of FXII significant amounts of kinins were formed,
suggesting an additional FXIll-independent mechanism of PK activation on
macrophages®’>. Neutrophils (PMNs) can bind FXlla and fibrin protofibrils
resulting in increased FXlla-dependent thrombin generation and platelet-
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independent  fibrin  formation through elastase/cathepsinG mediated
pathways®®’. In addition, FXlla was demonstrated to activate neutrophils
inducing human neutrophil aggregation and degranulation®’*. Moreover, FXlla,
probably via a domain in its heavy chain, reduces the expression Fc gamma
recpeptor | (FcyRI), which represents the binding site for monomeric

immunoglobulin G (IgG) on monocytes or macrophages?’.

FXlla is also capable of triggering the activation of the chemo-attractant
chemerin®®. Activated chemerin may then recruit pDCs, monocyte-derived
DCs and macrophages or tissue macrophages via chemokine-like receptor 1
(CMKLR1)-mediated chemotaxis®’®. FXlla may also directly affect cytokine
secretion from innate immune cells, since FXlla was shown to be a potent
inducer of IL1B release from human monocytes in vitro, accompanied by an

increase in IL-1-induced IL-6 expression®’’.

2.2.4.3 FXIl and the complement system

Besides its function to activate the pro-inflammatory kallikrein-kinin
system vyielding kallikrein activation and bradykinin formation, FXIlI has been
demonstrated to also be involved in the activation of the complement system.
Hageman factor fragment (B-FXlla; Hf), cleaved from a-FXlla by kallikrein, is
able to directly activate the C1-complex (C1qr,s;) to Clr and C1s, triggering

the classical cascade of the complement system?’827® 228

, Which finally can
result in the generation of anaphylatoxins like C3a and Cb5a, both of which
exert a variety of pro-inflammatory functions. In addition, plasma kallikrein
being a downstream mediator of activated FXII has been shown to activate C3

in humans®° and to induce a C5a-like molecule in rabbits®** (Figure 2.5).

Besides its role in fighting bacterial, viral and parasital infections by
means like chemoattraction, opsonization and lysis, clearance of apoptotic and

necrotic cells by phagocytosis?®*28

, the complement system has also been
associated with increased inflammation in and progression of
atherosclerosis®®>?’. The anaphylatoxins C3a and C5a have moreover been

demonstrated to modulate adaptive immune responses triggering induction of
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different effector T cell subsets, besides their classical functions in innate

immunity and host defense®®®.

A potential role of the complement system in atherosclerosis is further
supported by studies demonstrating the augmented presence of complement
components such as C3, C5 and C5b-9%%9?"! the local synthesis of

292,293

complement components in the plague as well as the expression of

anaphylatoxin receptors C3aR and C5aR in human lesions®®.

2.2.4.4 Inflammatory functions of downstream mediators of FXII

Mediators downstream of FXlla such as FXla, bradykinin and plasma
kallikrein themselves possess a variety of mechanisms to modulate

inflammatory processes.

FXla is capable of inhibiting IL-8- or fMLP-triggered chemotaxis of
polymorphonuclear leucocytes®®. In addition, specific inhibiton of FXI
activation in an abdominal sepsis model as well as FXI-deficiency in a
listeriosis model resulted in decreased coagulopathy and attenuated

inflammation?%6:2%7,

8 and elastase

Plasma Kkallikrein can induce neutrophil activation®
release”®. However, the most important mechanism by which kallikrein
modulates inflammation is the cleavage of HMWK to release bradykinin, which

acts through the two G-protein coupled receptors B1 (B1R) and B2 (B2R)*".

Bradykinin increases vascular permeability and promotes the release of
nitric oxide (NO) and prostacyclin from ECs thereby inducing vasodilation,

inhibiting platelet function and the proliferation of VSMCs?*

. Upon vessel
injury however, bradykinin can enhance the proliferation of VSMCs stimulating
vascular repair’’*. Bradykinin has also been reported to induce IL-12 release

300301 “yet in the

from DCs via the B2-receptor mediating Thl responses
context of atherosclerosis, selective deficiency of the inflammatory B1R in
apoE” mice was shown to augment atherosclerotic lesion formation and to
predispose for the development of aortic aneurysms under

hypercholesterolemia®®?. Angiotensin conversion enzyme (ACE)-inhibitors
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303304 and to even have beneficial

have been shown to be cardioprotective
effects on endothelial dysfunction at different stages of atherosclerosis®*®, due
to the prevention of bradykinin degradation and angiotensin Il formation. While
a number of animal studies suggest a positive impact of ACE inhibitors on
regression of plaque burden, clinical studies revealed conflicting results>®.
Besides, there are studies demonstrating that a genetic kininogen deficiency
may predispose for aortic aneurysm development but does not affect

atherosclerosis®®,

2.2.4.5 FXIl modulated fibrinolytic factors in inflammation

FXII and its downstream factors may also alter inflammatory processes
via their fibrinolytic activities which were already mentioned. Fibrinolytic
factors, although being beneficial with respect to prevention of thromboembolic
complications, also possess pro-inflammatory functions, some of which may

even promote atherogenesis.

Plasmin

Plasmin, besides its function as a key enzyme in fibrinolysis, is also
involved in inflammation. In addition to fibrin, plasmin is able to cleave various
other substrates including coagulation factors V and VIII, metalloproteinases,
extracellular matrix proteins and the complement components C3 and
C5%73% Furthermore, this protease directly affects a number of different cell
types including monocytes, macrophages, DCs, ECs, SMCs and platelets. In
monocytes, it induces e.g. the expression of pro-inflammatory cytokines,
tissue factor and MMP-1, leukotriene release and chemotaxis. In DCs, plasmin
can not only induce a chemotactic response but also trigger IL-12 release,

driving Th1 responses®®=3°.

Plasmin and also plasma kallikrein, as a downsteam mediator of
activated FXII have been shown to reduce HDL-induced cholesterol efflux
from foam cells in vitro®**. This indicates a pro-atherogenic function of these

two proteases by impairment of cholesterol efflux from macrophage foam cells
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either directly by cleavage of HDL, reducing or abolishing its capability to
accept cholesterol from foam cells or indirectly by activation of MMPs>!.
Moreover, plasmin was detected in close proximity to DCs in atherosclerotic
lesions implying a possible role of plasmin in DC recruitment to the vessel wall
and the induction of adaptive immune responses which may exacerbate

308310 |n endothelial cells, plasmin induces prostacyclin

disease progression
synthesis and MCP-1 release, inhibits thrombin mediated PAR-1 signaling, at
high concentrations it may even induce apoptosis. In addition, plasmin triggers

the proliferation of SMCs>%".

The potential role of plasmin in atherogenesis has been assessed in
atherosclerotic mouse models showing conflicting results®®.  While
plasminogen-deficient mice were shown to display reduced transplant

312" plasminogen deficiency in apoE™

atherosclerosis (graft arterial disease)
mice enhanced lesion formation under hypercholesterolemic conditions>*.
The latter study is contradictory to a study from 2008 which demonstrated that
plasminogen deficiency in presence or absence of uPA overexpression results
in diminished aortic root lesions®**, supporting a pro-atherogenic role of

plasmin(ogen).
PAI-1

The role of the anti-fibrinolytic factor plasminogen activator inhibitor 1
(PAI-1) in atherosclerosis is also quite contradictory and inconclusive since
animal studies suggest PAI-1 to be either atheroprotective, pro-atherogenic or

to play no role in lesion progression®*>3%’,

uPA

Besides its pivotal role in plasmin generation, uPA is involved in a
number of other processes including cell adhesion, migration, differentiation
and proliferation as well as the degradation of extracellular matrix (ECM)>2.
Macrophages and SMCs within human atherosclerotic lesions are able to

secrete UPA and also express UPAR on their surface®®.

The uPA/UPAR system has been implicated to play a role in

atherogenesis, since uPA was not only shown to be expressed by
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macrophages and SMCs in human atherosclerotic lesions, but local uPA

818319 |n  addition,

expression also correlates with lesion severity
overexpression of uPA in arteries seems to result in arterial constriction and
lumen loss and accelerates intimal growth in rabbits®°. A different study
however has shown that deficiency of uPA promotes the progression and
instability of atherosclerotic lesions in apoE™ mice, increases fibrin content and
decreases cellularity and collagen content resulting in a more vulnerable

plaque phenotype®.

Selective overexpression of uPA in macrophages leads to accelerated

322 In line with

atherosclerosis and coronary artery occlusion in apoE™ mice
these data, bone marrow transfer (BMT) experiments with bone marrow from
macrophage targeted uPA-deficient mice into apoE™ mice showed a significant
reduction in lesion size when compared to recipients of bone marrow from
uPA-WT mice. However, no changes in aortic root intimal area between the
two groups were detected®?®. An additional study confirms former results that
macrophage-expressed uPA accelerates atherosclerotic lesion progression
and promotes aortic dilation. Moreover, it shows that most of the effects are
largely uPAR independent®?*. In addition, an upregulation of S100A8/A9 gene
expression was detected in macrophage-targeted uPA overexpressing mice.
These genes encode for calgranulin A and B which have been demonstrated

324325 Furthermore, it was demonstrated that

to be atherogenic in mice
macrophage-expressed uPA accelerates plague growth and induces aortic
root dilation in a plasminogen-dependent manner***. A recent study has
shown that uPA promotes the differentiation of monocytes into macrophages
and also attenuates oxLDL-induced apoptosis of macrophages in vitro

possibly favoring atherosclerosis progression®?°.
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2.2.5 FXIl in atherosclerosis

Only limited data exists concerning the role of FXIl in atherosclerosis,
the majority of it being derived from clinical studies evaluating the role of FXII

in vascular disease.

However, contradictory findings on the function of FXII in vascular
disease in humans have been described. In several clinical studies an
association between plasma triglyceride levels and partially also plasma
cholesterol levels with increased plasma concentrations of FXlla in coronary
heart disease has been demonstrated®?’*!. Taken together with data showing
that VLDL phospholipids can trigger activation of the contact activation

pathway in platelet-rich plasma (PRP) and whole blood®?°

, these studies may
indicate that increased plasma lipoprotein levels as they occur in
hyperlipidemia, may be responsible for the positive associations between

plasma levels of triglyceride-rich lipoproteins and FXlla levels.

Elevated levels of activated FXIl were positively associated with
cholesterol levels and other conventional risk factors for coronary heart

disease, suggesting FXIl to serve as a marker of atherosclerotic vascular

327,329

damage . In line with these findings, increased levels of activated FXII

were demonstrated to be associated with an elevated risk of coronary heart

332,333

disease , coronary artery calcification®”’, coronary atherosclerosis*® as

well as with the extent of coronary stenosis and a past history of myocardial
infarction®°. While several studies indicate an association between high
circulating FXlla levels and disease severity or the risk of coronary heart

322,330,325326334  other studies concluded that low levels of activated

327,332,335

disesase

FXII neither protect from coronary heart disease nor serve as a

predictor for thrombotic pathologies?®>?%°. Various studies suggest FXlla rather

to be a risk marker for atherogenicity rather than exerting direct atherogenic

functions27:32°,

Yet again, it was also shown that low FXII activity or lower plasma FXII

or FXlla may constitute a risk factor for coronary heart disease®®*3%,

myocardial infarction®*’

338,339

or myocardial re-infarction in patients with ischemic
heart disease
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An increase in factor Xll levels upon hypercholesterolemic conditions
was also seen in mouse studies with Ldlr’ mice, though levels of activated

FXIl were not investigated in this study>*.

In addition, the presence of
functionally active FXII in early and advanced human atherosclerotic lesions
was demonstrated by Borissoff et al.'*’. However, they observed that most
coagulation factors detected, including FXII, exert higher activities in early
atherosclerotic lesions (EAL) in comparison to stable advanced atherosclerotic
lesions (SAAL), indicating a more pro-coagulant state in EAL throughout all

vessel wall layers'®’,

Moreover, FXIl mRNA was detected in the arterial vessel wall,
suggesting a local expression of FXIl in human atherosclerotic lesions. By
immunohistochemistry, Borissoff et al. demonstrated a focal endothelial
distribution and a scarce and focal co-localization of FXII with macrophages
and foam cells and intimal SMCs™’. Medial SMCs were found to be highly
positive for FXII, and even in the adventitia, the vasa vasorum and fibroblasts,

FXII was present, indicating possible cell-directed effects of FXII**’.
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Aim of this project:

It has become clear that atherogenesis is not only modulated by the
innate and adaptive immune system but also by the blood coagulation system.
It is evident that the haemostatic system besides being involved in the late
stages of atherosclerosis, where it triggers atherothrombosis upon plague
rupture, also seems to impact the development of atherosclerosis. So far, the
vast majority of studies however focused on the role of the extrinsic
coagulation system on disease progression, while the influence of the intrinsic
coagulation system herein mainly still remains elusive. Moreover, most studies
predominantly emphasize the effect of single coagulation factors on plaque
development and progression, while often insufficiently linking coagulation and

the pro-inflammatory immune phenotype, observed in atherosclerosis.

Coagulation factor Xll, as part of the contact activation pathway, upon
activation not only triggers the intrinsic coagulation cascade but also is
involved in activation of the kallikrein-kinin system, the complement system
and the fibrinolytic system. Up until now, human studies evaluating the role of
FXII in the context of cardiovascular disease revealed quite conflicting data.
Therefore, it appears crucial to clarify the role of this factor in the context of

atherogenesis and disease progression.

Hence, the aim of this thesis was to address the role of FXIl in
atherosclerotic lesion formation, employing apolipoprotein E-deficient (apoE™)

mice deficient in FXII.
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3. Material and Methods

3.1. Material

3.1.1 Consumables and technical instruments

3.1.1.1 Consumables

10 /20 /200 /1000 pl filter tips

Starlab (Hamburg, Germany)

10 /200 /1000 pl pipette tips

Sarstedt (NUmbrecht, Germany)

15 ml/ 50 ml tubes

Sarstedt (NUmbrecht, Germany)

384-well plates

Life Technologies (Darmstadt,
Germany)

6-/ 24-well plates

Sarstedt (NUmbrecht, Germany)

70 pum cell strainer

BD (Heidelberg, Germany)

96-well plates, round bottom

Sarstedt (NUmbrecht, Germany)

Bottle filter top

Sarstedt (NUmbrecht, Germany)

Coverslips

VWR (Ismaning, Germany)

EDTA-coated tubes

Sarstedt (NUmbrecht, Germany)

FACS tubes

BD (Heidelberg, Germany)

Hemocytometer

Labor optic (Friedrichsdorf,
Germany)

High fat diet (21% milk fat, 0.15%
cholesterols, 19.5% casein)

Altromin (Lage, Germany)

Injection needles (26 gauge)

Dispomed (Gelnhausen, Germany)

LS-columns

MS-columns

Pre-separation filters

Miltenyi Biotec (Bergisch
Gladbach, Germany)

Nunc Maxisorp ELISA plates

Thermo Scientific (St. Leon-Rot,
Germany)

PAP pen for immunostaining

Sigma Aldrich (Taufkirchen,
Germany)

Paraffin

Vogel (Giessen, Germany)

PCR-tubes

Biozym (Vienna, Austria)
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Poly-L-lysin glass slides

Menzel GmbH (Braunschweig,
Germany)

Serum gel tubes

Sarstedt (NUmbrecht, Germany)

Starfrost Slides

KNITTEL (Braunschweig,
Germany)

Stericup filters 0.2 um

Sarstedt (NUrnbrecht, Germany)

Superfrost Plus Slides

Thermo Scientific/Menzel
(Braunschweig, Germany)

T175 flasks

T25 flasks

Sarstedt (NUmbrecht, Germany)

Tissue culture dishes (100x20 mm)

0.2 um filter unit

Sartorius (Géttingen, Germany)

1.5 ml reaction tubes

Sarstedt (NUmbrecht, Germany)

1/10/20 ml syringes

BD (Heidelberg, Germany)

5/ 10/ 25 ml serological pipettes

Sarstedt (NUmbrecht, Germany)

3.1.1.2 Technical instruments

Automated vacuum tissue processor
ASP 200S

Leica (Wetzlar, Germany)

Balance CP225D

Balance TE3102S

Sartorius (Gottingen, Germany)

Cell culture incubators

Binder (Tuttlingen, Germany)

Centrifuge Heraeus Multifuge 3XR

Thermo Scientific (St. Leon-Rot,
Germany)

Cryostat CM3050 S

Leica (Wetzlar, Germany)

Dissection tools

Fine Science Tools
(Heidelberg, Germany)

Eppendorf 5430R centrifuge

Eppendorf (Hamburg, Germany)

FACS Canto Il

BD (Heidelberg, Germany)

FLUOstar OPTIMA

BMG Labtech (Ortenberg, Germany)

Freezer and refrigerators

Liebherr (Bulle, Switzerland)
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Gel electrophoresis chamber
Sub-cell GT

Bio-Rad (Munich, Germany)

Heraeus Dry-air oven

Heraeus Fresco 17 centrifuge

Heraeus HERAfreeze, -80°C freezer

Thermo
(St. Leon-Rot, Germany)

Leica upright microscope DM4000 B

Leica (Wetzlar, Germany)

Microwave oven

Privileg (Stuttgart, Germany)

Multipette Xstream

Eppendorf (Hamburg, Germany)

Multiskan EX plate reader

Nanodrop ND-2000

Thermo Scientific
(St. Leon-Rot, Germany)

Pipettes (1/ 10/ 20/ 100/ 1000 pl )

VWR (Ismaning, Germany)
Eppendorf (Hamburg, Germany)

pipetus, electronic pipette controller)

Hirschmann Laborgeréte
(Eberstadt, Germany)

Power Supplies for electrophoresis
PowerPac basic

Bio-Rad (Munich, Germany)

RAININ Multichannel pipettes
(8- /12- channel)

Mettler-Toledo (Giessen, Germany)

Rotary microtome RM 2255

Leica (Wetzlar, Germany)

Stereomicroscope SZX10

Olympus (Hamburg, Germany)

Sterile benches for cell culture
SK-1200

BDK Luft- und Reinraumtechnik
(Sonnenbihl, Germany)

Stretching table H1220

Leica (Wetzlar, Germany)

Sysmex KX-21N

Sysmex (Norderstedt, Germany)

Thermal PCR Cycler S1000/C1000

Bio-Rad (Munich, Germany)

Thermomixer comfort/standard

Eppendorf (Hamburg, Germany)

Tissue embedding station EG1160

Leica (Wetzlar, Germany)

Tissue floating bath 1052

GFL (Burgwedel, Germany)

Vortex mixer VV3

VWR (Ismaning, Germany)

Water bath

P-D Industriegesellschaft mbH
(Dresden, Germany)
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3.1.2 Kits and reagents

3.1.2.1 Kits

Amplex red cholesterol assay kit

Life Technologies (Darmstadt,
Germany)

CD4+CD62L+ T cell isolation kit Il

CD11b microbeads

CD11c microbeads

Miltenyi (Bergisch Gladbach, Germany)

Cytofix/Cytoperm staining kit

BD (Heidelberg, Germany)

EnzyChrom triglyceride assay kit

Biotrend (Cologne, Germany)

First strand cDNA synthesis kit

Thermo Scientific (St. Leon-Rot,
Germany)

FoxP3 transcription buffer
staining set

eBioscience
(Frankfurt a. Main, Germany)

Murine bradykinin ELISA Kit

Holzel-Diagnostica (Kéin, Germany)

Murine IL-12 mini ELISA development
kit

Peprotech (Hamburg, Germany)

Nucleo spin RNA II

Macherey-Nagel (Duren, Germany)

QIA shredder kit

RNeasy micro kit

RNeasy mini kit

Qiagen (Hilden, Germany)

3.1.2.2 Cell culture reagents

Bovine serum albumin (BSA)

Sigma-Aldrich (Taufkirchen, Germany)

Fetal calf serum (FCS)

PAA (Pasching, Austria)

Hank's balanced salt solution (HBSS)

Penicillin/Streptomycin

Dulbecco’s Phosphate buffered saline
(DPBS) w/o calcium/magnesium

RPMI-1640 (GlutaMAX)

B-Mercaptoethanol

0.05% Trypsin-EDTA

HEPES

Life Technologies
(Darmstadt, Germany)
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3.1.2.3 Molecular biology reagents

ABTS liquid substrate solution Sigma-Aldrich
(Taufkirchen, Germany)
Brefeldin A Sigma-Aldrich

(Taufkirchen, Germany)

Collagenase D

Roche (Mannheim, Germany)

Cytofix solution

BD (Heidelberg, Germany)

Futhan (FUT-175)

Sigma-Aldrich
(Taufkirchen, Germany)

Gene ruler 1kb plus DNA ladder

Thermo Scientific
(St. Leon-Rot, Germany)

Hanks balanced salt solution (HBSS)

Life Technologies
(Darmstadt, Germany)

lonomycin

Sigma-Aldrich
(Taufkirchen, Germany)

Liberase blendzyme TL (#3)

Roche (Mannheim, Germany)

mouse serum

Sigma-Aldrich
(Taufkirchen, Germany)

Normal horse serum

Normal mouse serum

Normal rabbit serum

VectorLaboratories
(Buringam, Canada)

OVA323-339
(aa-sequence: NH-lle-Ser-GIn-Ala-Val-His-Ala-
Ala-His-Ala-Glu-lle-Asn-Glu-Ala-Gly-Arg-OH)

AnaSpec (Seraing,Belgium)

PCR Master Mix

Thermo Scientific
(St. Leon-Rot, Germany)

Perm/Wash buffer

BD (Heidelberg, Germany)

Phorbol-12-myristat-13-acetat (PMA)

Sigma-Aldrich
(Taufkirchen, Germany)

Proteinase K

Thermo Scientific
(St. Leon-Rot, Germany)

rabbit serum

Sigma-Aldrich
(Taufkirchen, Germany)

Streptavidin-HRP

BD (Heidelberg, Germany)

SYBR green Mix (2x)

Thermo Scientific
(St. Leon-Rot, Germany)

Tissue Tek OCT compound

Sakura Finetek
(Staufen, Germany)

TMB substrate solution Sigma-Aldrich
(Taufkirchen, Germany)
Vectashield with DAPI VectorLaboratories

(Burlingam, Canada)

Vitro-Clud

R. Langenbrinck
(Emmendingen, Germany)
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3.1.3 Chemicals

Absolute ethanol p.A.

AppliChem (Darmstadt, Germany)

Acetic acid

Sigma-Aldrich (Taufkirchen, Germany)

Acid aldehyde

Sigma-Aldrich (Taufkirchen, Germany)

Ammoniumchloride (NH4CI)

Carl Roth (Karlsruhe, Germany)

Basic fuchsin

Sigma-Aldrich (Taufkirchen, Germany)

Citric acid

Carl Roth (Karlsruhe, Germany)

Concentrated hydrochloric acid

AppliChem (Darmstadt, Germany)

Disodium carbonate (Na,CO3)

Sigma-Aldrich (Taufkirchen, Germany)

Disodium phosphate (Na;HPO,)

Carl Roth (Kalsruhe, Germany)

Ethanol 100%, denatured

Carl Roth (Kalsruhe, Germany)

Ethanol 70%, denatured

Carl Roth (Kalsruhe, Germany)

Ethylendiaminetetraacetic acid (EDTA)

Sigma-Aldrich (Taufkirchen, Germany)

Gelatin (from bovine skin —type B)

Sigma-Aldrich (Taufkirchen, Germany)

Hemalm

Carl Roth (Kalsruhe, Germany)

Hydrochloric acid (HCI)

Carl Roth (Karlsruhe, Germany)

Isopropanol

Carl Roth (Kalsruhe, Germany)

Lidocain-HCI

Sigma-Aldrich (Taufkirchen, Germany)

Monopotassium phosphate (KH2PO,)

Carl Roth (Karlsruhe, Germany)

Mowiol 4-88 Carl Roth (Karlsruhe, Germany)
Oil-Red-O Sigma-Aldrich (Taufkirchen, Germany)
Paraformaldehyde Carl Roth (Karlsruhe, Germany)

Potassium chloride (KCI)

Carl Roth (Karlsruhe, Germany)

Potassiumhydrogen carbonate
(KHCO3)

Carl Roth (Karlsruhe, Germany)
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Saturated aqueous picric acid

Sigma-Aldrich (Taufkirchen, Germany)

Sirius red

Sigma-Aldrich (Taufkirchen, Germany)

Sodium citrate (NaCl)

Carl Roth (Karlsruhe, Germany)

Sodium dodecyl sulfate (SDS)

Carl Roth (Karlsruhe, Germany)

Sodium acetate (NaOAc)

Carl Roth (Karlsruhe, Germany

Sodium hydroxide (NaOH)

AppliChem (Darmstadt, Germany)

Sodiumhydogen carbonate (NaHCO3)

Sigma-Aldrich (Taufkirchen, Germany)

Sucrose

Sigma-Aldrich (Taufkirchen, Germany)

Sulfuric acid (H2SO,)

AppliChem (Darmstadt, Germany)

TRIS Carl Roth (Karlsruhe, Germany)
Triton-X100 Carl Roth (Karlsruhe, Germany)
Tween-20 AppliChem (Darmstadt, Germany)
Xylene Carl Roth (Karlsruhe, Germany)

3.1.4 Cytokines and Growth-factors

rmC5a R&D Systems
(Wiesbaden-Nordenstadt, Germany)

rmGM-CSF Peprotech (Hamburg, Germany)

rmTNFa Peprotech (Hamburg, Germany)
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3.1.5 Antibodies

3.1.5.1 Conjugated antibodies

Epitope Fluorophore Clone Manufacturer
B220 FITC RA3-6B2 eBioscience
(Frankfurt, Germany)
CD115 PE AFS98 eBioscience
(Frankfurt, Germany)
CD11b FITC M1/70 eBioscience
(Frankfurt, Germany)
CD11b PerCP-Cy5.5 M1/70 eBioscience
(Frankfurt, Germany)
CD11b V500 M1/70 eBioscience
(Frankfurt, Germany)
CD11c Alexa Fluor 488 N418 eBioscience
(Frankfurt, Germany)
CD11c APC N418 eBioscience
(Frankfurt, Germany)
CD11c FITC N418 eBioscience
(Frankfurt, Germany)
CD19 APC eBiolD3 eBioscience
(Frankfurt, Germany)
CD19 FITC 1D3 BD (Heidelberg,
Germany)
CD25 APC PC61.5 eBioscience
(Frankfurt, Germany)
CD3e FITC 145-2C11 eBioscience
(Frankfurt, Germany)
CD3e PerCP Cy5.5 145-2C11 BD (Heidelberg,
Germany)
CD3e V450 500A2 BD (Heidelberg,
Germany)
CD3e V500 500A2 BD (Heidelberg,
Germany)
CD4 APC RM4-5 eBioscience
(Frankfurt, Germany)
CD4 FITC GK1.5 eBioscience
(Frankfurt, Germany)
CD4 PE RM4-5 eBioscience
(Frankfurt, Germany)
CD4 PE-Cy7 GK1.5 eBioscience
(Frankfurt, Germany)
CD40 APC 1C10 eBioscience
(Frankfurt, Germany)
CD44 PerCP-Cy5.5 IM7 eBioscience
(Frankfurt, Germany)
CD45 APC-Cy7 30-F11 BD (Heidelberg,
Germany)
CD62L PE-Cy7 MEL-14 eBioscience
(Frankfurt, Germany)
CD80 APC 16-10A1 eBioscience

(Frankfurt, Germany)
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CD86 PE GL1 eBioscience
(Frankfurt, Germany)

CD86 PE PO3.1 eBioscience
(Frankfurt, Germany)

CD88 Alexa Fluor 647 10/92 AbD Serotec
(Dussel-
dorf, Germany)

CD8a PE 53-6.7 eBioscience
(Frankfurt, Germany)

CD8a PE-Cy7 53-6.7 eBioscience
(Frankfurt, Germany)

CD8a V500 53-6.7 BD (Heidelberg,
Germany)

F4/80 APC BMS8 eBioscience
(Frankfurt, Germany)

F4/80 V450 BMS8 eBioscience
(Frankfurt, Germany)

FoxP3 PE FJK-16s eBioscience
(Frankfurt, Germany)

Grl PerCP-Cy5.5 RB6-8C5 BD (Heidelberg,
Germany)

IFNg APC XMG1.2 BD (Heidelberg,
Germany)

IL-12 PE C15.6 BD (Heidelberg,
Germany)

IL-17a PE eBiol7B7 eBioscience
(Frankfurt, Germany)

MHCII APC M5/114.15.2 eBioscience
(Frankfurt, Germany)

MHCII eFluor 450 M5/114.15.2 eBioscience
(Frankfurt, Germany)

MHCII FITC 2G9 BD (Heidelberg,
Germany)

SMA (smooth | Cy3 1A4 Sigma-Aldrich

muscle actin) (Taufkirchen,
Germany)

TCRDb PerCP-Cy5.5 H57-597 eBioscience
(Frankfurt, Germany)

TCRb V450 H57-597 BD (Heidelberg,
Germany)

TCRgd APC eBioGL3 eBioscience
(Frankfurt, Germany)

TCRgd FITC GL3 eBioscience

(Frankfurt, Germany)
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3.1.5.2 Unconjugated primary antibodies

Epitope Clone Manufacturer
CD3 CD3-12 AbD Serotec (Dusseldorf,Germany)
Isotype control IgG2a AbD Serotec (Dusseldorf,Germany)
for CD3 staining
Mac-2 M3/38 Cedarlane (Burlington, Canada)
Isotype control for SC-2026 Santa-Cruz (Dallas, USA)
Macrophage staining
C5a 152-1486 BD (Heidelberg, Germany)
CD3 AF/LE 145-2C11 BD (Heidelberg, Germany)
CD28 AF/LE 37.51 BD (Heidelberg, Germany)

3.1.5.3 Conjugated secondary antibodies

Epitope Fluorophore Clone Manufacturer
Anti-Rat Alexa 488 Polyclonal goat Life Technologies
anti-rat (Darmstadt,Germany)
Cbha Biotin 52-278 BD (Heidelberg, Germany)
3.1.6 Primer

3.1.6.1 Primer for gPCR

Primer below were purchased from Eurofins MWG Operon (Ebersberg,
Germany) unless indicated otherwise.

MRNA Name Sequence

mArgl MARGL1 for 5-GGAAAGCCAATGAAGAGCTG-3’
MARG1 rev 5-GATGCTTCCAACTGCCAGAC-Z

mCd80 mCDB80 for 5-TCGTCTTTCACAAGTGTCTTCAG-3
mCD80 rev 5-TTGCCAGTAGATTCGGTCTTC-3

mCd86 mCD86 for 5-GAAGCCGAATCAGCCTAGC-3’
mCD86 rev 5-CAGCGTTACTATCCCGCTCT-3'

mCd74 mCD74 for 5-CACCGAGGCTCCACCTAA-3
mCD74 rev 5-GCAGGGATGTGGCTGACT-3’




mHprt mHPRT for 5-TCCTCCTCAGACCGCTTTT-3’
MHPRT rev 5-CCTGGTTCATCATCGCTAATC-3’
mlcaml1 mICAML for 5-TGGCCTGGGGGATGCACACT-3
mICAML1 rev 5-GGCTGTAGGTGGGTCCGGGT-3
migfl mIGF1 for 5-TCGGCCTCATAGTACCCACT-3
mIGF1 rev 5-ACGACATGATGTGTATCTTTATTGC-3’
mll4 miL4 for 5'-CAACGAAGAACACCACAAGAG-3
miL4 rev 5-ATGAATCCAGGCATCGAAAAGC-3
mll6 mIL6 for 5-GTGGCTAAGGACCAAGACCA-3
mIL6 rev 5'-ACCACAGTGAGGAATGTCCA-3
mll10 mIL10 for 5-TGCACTACCAAAGCCACAAGG-3’
mIL10 rev 5-TGGGAAGTGGGTGCAGTTATTG-3
mil12a mlL-12a
Quantitect primer assay QT01048334
Qiagen (Hilden, Germany)
mMrcl MmMRCL1 for 5-CACTCATCCATTACAACCAAAGC-3’
MMRC1 rev 5-CAGGAGGACCACGGTGAC-3
mNos2 mNOS?2 for 5-GTTCTCAGCCCAACAATACAAGA-3
MNOS2 rev 5-GTGGACGGGTCGATGTCAC-3’
mPecaml | mPECAM1 for 5-GGAACGAGAGCCACAGAGACGG-Z
MPECAM1rev |5-GCTTTCGGTGGGGACAGGCTC-3’
mPselectin | mPselectin for 5-CTGCCCCATGCTCTGTTGGGC-3’
mPselectin rev | 5-CCCCAACCACCTGCCTCCGT-3’
mTgfb mTGF for 5-GACGTCACTGGAGTTGTACGG-3
MTGFp rev 5-GGTTCATGTCATGGATGGTGC-3’
mTnfa mTNFa for 5-CTGTAGCCCACGTCGTAGC-3’
MTNFa rev 5-GGTTGTCTTTGAGATCCATGC-3’
mVcaml mVCAML1 for 5-TGATTGGGAGAGACAAAGCA-3

mMVCAM1 rev

5-AACAACCGAATCCCCAACTT-3
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3.1.6.2 Primer for genotyping PCR

Gene Name Sequence

ApoE IMRO 180 5'-GCCTAGCCGAGGGAGAGCCG-3'
IMRO 181 S'-TGTGACTTGGGAGCTCTGCAGC-3
IMRO 182 5'—-GCCGCCCCGACTGCATCT-3

F12 WT-forward | 5-GGCCTCTTGTATTGACTGATGA-3'
WT-reverse | 5-AACTGCCATCATAACGTTAGCC-3
KO-forward | 5-GCAGAGGTTACGGCAGTTTGTCTCTCC-3'

oTlI oIMR 1825 | 5-GCTGCTGCACAGACCTACT-3
oIMR 1826 | 5'-CAGCTCACCTAACACGAGGA-3
oIMR 1880 | 5'-AAAGGGAGAAAAAGCTCTCC-3'
0IMR 1881 | 5'-ACACAGCAGGTTCTGGGTTC-3'

3.1.7 Animals

C57BL6/J (BI6)

B6.129P2-ApoE™""/J (ApoE™)

Jackson laboratories (Maine,

B6.Cg-Tg(TcraTcrb)425Cbn/J (OT-II)

USA)

B6. 129P2-ApoE™""/J (ApoE™) F127 | Kindly provided by Prof. Dr.

Bernhard Nieswandt, Wirzburg
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3.1.8 Media, buffers and solutions

3.1.8.1 Media

DC medium

RPMI-1640 media with 2 mM L-glutamine
10 % (v/v) FCS

100 U/ml penicillin/streptomycin

50 uM B-mercaptoethanol

L929 growth medium

RPMI-1640 medium with 2 mM L-glutamine
10 % FCS

100 U/ml penicillin/streptomycin

25 mM HEPES

L929 conditioned medium

e Cultured L929 cells in L929 growth medium for 10 days
e Collected spent medium at day 10
e Sterile filtration of SN through a 0.2 um filter

IL-17a/lIFNy stimulation medium (for intracellular staining)

DC medium

50 ng/ml PMA

750 ng/ml ionomycin
2.5 pug/ml brefeldin A

IL-12 stimulation medium (for intracellular staining)

e DC medium
e 2.5 ug/ml brefeldin A
e 1 pug/mlLPS
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3.1.8.2 Buffers

Phosphate buffered saline solution (PBS)

137 mM NacCl

2.7 mM KCI

18.61 mM Na,HPO,
1.8 mM KH,PO,4

DDW

pH was adjusted to 7.4

Red blood cell lysis buffer (RBC buffer)

155 mM NH4CI
10 mM KHCO3
0.1mM EDTA
DDW

Hank's Complete

e 1x HBSS
e 0.6 % BSA
e 300 pM EDTA, pH 8.0

FACS staining buffer

1x PBS

2 % BSA

2 % mouse serum
2% rabbit serum

MACS buffer

e 0.5% w/vBSA
e 2mM EDTA, pH 8.0
e add PBS, sterile filtration

FACS staining buffer (Stock)

PBS

2 % BSA

2 % mouse serum
2% rabbit serum



FACS staining buffer (Working solution)

e 1 part HBSS
e 1 part FACS staining buffer stock

Tail lysis buffer

10 mM Tris, pH 8.0
10 mM EDTA, pH 8.0
10 mM NacCl

0.5 % SDS

DDW

TAE buffer

40 mM Tris

20 mM acetic acid
1 mM EDTA
DDW

Sodium Carbonate buffer

e 4.2 gNaHCO3

. 1.78 g Na,COj;

e (.S.to 500 ml with DDW
e pH was adjusted to 9.5

Blocking/Staining buffer for CD3 T cell staining
e 0.1%BSAin PBS

Blocking/Staining buffer for Mac-2 macrophage staining
la-SMC actin smooth muscle cell staining

1x PBS

1 % BSA

2 % normal mouse serum
2 % normal rabbit serum
2 % normal horse serum
0.1 % Triton X-100
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3.1.8.3 Solutions

Antigen retrieval stock solution A

e 2.10 % citric acid
e DDW

Antigen retrieval stock solution B

e 2.94 % sodium citrate
e DDW

Antigen retrieval working solution

e (.18 parts stock solution A
e 0.82 parts stock solution B
e 9 parts DDW

Aldehyde-Fuchsin solution

stock solution

e 70 % (v/v) Ethanol
e 0.5 % (w/v) aldehyde fuchsin

working solution

¢ 50 ml aldehyde fuchsin stock solution

e 2.5 ml acid aldehyde

¢ 1 ml concentrated hydrochloric acid

e solution kept at RT o/n and filtered prior to use

Kaiser’s glycerin jelly

Stock solution:

e 4 ggelatin
e 21 ml DDW
e 25 ml glycerin

Working solution:

e 3 parts Kaiser’s glycerin jelly stock solution
e 7 parts DDW
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Lidocaine-EDTA

e 1xPBS
e 10mMEDTA pH 8.0
e 0.4 % w/v Lidocaine-HCI

Liberase Blendzyme

Stock solution:

70 mg Liberase Blendzyme TL was dissolved in 2 m| DDW
(storage at -20°C)

Working solution:

1:20 dilution of Liberase Blendzyme Stock solution in RPMI-1640

Mowiol solution

e 2.4 g Mowiol 4-88
e 6 gglycerol
e 6 ml DDW

Stir to mix at RT for several hours. 12 ml of 0.2 M Tris (pH 8.5) was added and
heated to 50 °C for 10 min with mixing in between. After the Mowiol powder
was dissolved, solution was cleared by centrifugation at 5000 g for 15 minutes.

Solution was stored in aliquots at 20°C.

Oil-Red-O (ORO) Lipid Staining Solution

Stock solution:

e isopropanol
e 0.5% (w/v) Oil-Red-O

Working solution:

e 180 ml stock solution
e 120 ml DDW
e incubation for 1h at RT, followed by filtration

Picrosirius Red solution

e 0.1% (w/v) picrosirius red
e saturated aqueous picric acid
e solution was mixed thoroughly and filtered prior to use
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3.2 Methods

3.2.1 Animal work
3.2.1.1 Mice and breeding

C57BL/6J (B6), B6.129P2-ApoE™Y"/J (apoE™),
C57BL/6-Tg(TcraTerb)*?°®™J (OT-11) mice were obtained from The Jackson
Laboratory (Maine, USA). F127 mice and F12”apoE” mice were kindly
provided by Bernhard Nieswandt (RVZ, Wiirzburg). ApoE” mice were crossed
with B6.F127 to obtain F12”apoE” mice. All mice were bred and maintained in
the Zentrum fur Experimentelle Molekulare Medizin (ZEMM), Zinklesweg 10,
97078 Wirzburg (B6) or in the animal facility of the Rudolf-Virchow-Zentrum
(RVZ), Josef-Schneider-Str. 2, 97080 Wirzburg (OTIl, apoE”, F127, F12"
apoE™).

For induction of atherosclerosis at the age of 8 weeks, age-matched

+/+

F12"apoE™ and apoE™ controls (stated from now on as F12"*apoE™) were
placed on atherogenic diet (21 % milk fat, 0.15 % cholesterol, 19.5 % casein,
Altromin) for 12 weeks. All experiments conducted were approved by local

authorities.

3.2.1.2 Sacrifice of mice and organ harvest

Mice were sacrificed by cervical dislocation. Blood was obtained from
the retro-orbital plexus or by cardiac puncture and collected in EDTA-
containing tubes or serum-separation tubes. Mice were then slowly flushed
with PBS by trans-cardiac perfusion prior to harvesting organs for FACS
analysis. Harvesting of organs for histology was performed after an additional
perfusion step with 4 % PFA.
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3.2.1.3 Organ processing for flow cytometry

For preparation of single cell suspensions, spleens and lymph nodes
(brachial, axillary, inguinal and para-aortic) were dissected and passed
through 70 pum cell strainers. Single cell suspensions from the bone marrow
(BM) of the femurs of mice were obtained by flushing the bone marrow cavities
with Hank's complete and passing the cells through a 70 um cell strainer. Cell

suspensions were washed once in Hank's complete.

Splenocytes and BM cells were subjected to red blood cell lysis by a
5 min incubation with 3 ml RBC lysis buffer at RT. Lysis was terminated by
addition of 7-10 ml Hank's complete followed by centrifugation (350 g, 5 min at

4°C). Cells were resuspended in Hank's complete for further use.

Aortas were cleaned from extraneous fat, dissected and cut into small
pieces into a reaction tube containing 200 ul Blendzyme working solution.
Aortic digestion was performed for 30 min at 37°C on a thermo-shaker
adjusted to 1400 rpm. Every 10 min samples were pipetted up and down.
Following digestion samples were passed through a 70 pm cell strainer,

washed once with Hank’s complete and adjusted with Hank's for further use.

Peripheral blood for FACS analysis was obtained from the retro-orbital
plexus and collected in EDTA-containing tubes. 150 ul blood was lysed in 3 ml
RBC lysis buffer for 5 min at RT. Lysis was stopped with Hank's complete and
resuspended in Hank's complete after centrifugation.

3.1.2.4 Preparation of serum and plasma samples

Blood was collected in serum gel tubes by cardiac puncture, allowed to
clot at RT for 30 min and centrifuged at 10 000 g for 5 minutes at 20°C to
obtain serum. Serum samples were stored in aliquots at —80°C.

Plasma samples for measurement of active complement components
were obtained using EDTA/futhan treated tubes (1 mg/ml EDTA; 0.1 mg/ml
FUT-175)**, since futhan prevents in vitro complement activation. Plasma

samples were stored at —80°C.
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3.2.2 Assays

3.2.2.1 Blood cholesterol and triglycerid measurements

Triglycerid levels in serum were measured using the Amplex Red
cholesterol assay kit or the EnzyChrom triglyceride assay kit, respectively,
according to the manufacturer’s instructions using a FLUOstar OPTIMA plate

reader.

3.2.2.2 ELISA
IL-12 ELISA

IL-12 protein levels were quantified in serum using the murine IL-12
mini ELISA development kit (Peprotech) according to the manufacturer's

instructions.

Bradykinin ELISA

Bradykinin levels were quantified in serum using a bradykinin ELISA Kit
(Uscn, Wuhan (China)) according to the manufacturer’s instructions.

Cb5a ELISA

Cb5a levels were determined in plasma samples, obtained from blood

341 to inhibit in vitro activation of

collected in EDTA/futhan-containing tubes
complement. 96-well plates for ELISAs were pre-coated with purified rat
anti-mouse Cb5a antibody (not cross-reacting o/n with C5, clone 152-1486)
diluted in sodium carbonate coating buffer (pH 9.5) o at 4°C. Plate was
washed 5 times in PBS containing 0.05 % Tween-20. Non-specific binding
was blocked with 10 % FCS for 1h at RT. Subsequently, plate was washed
5 times with PBS/0.05 % Tween-20 and incubated with plasma samples and
standards for 2 h at RT. After 5 washes which were performed as described
before, plate was incubated with a biotin-labeled rat anti-mouse C5a detection
antibody (clone 152-278, BD Biosciences) for 1 h at RT followed by additional
5 washing steps prior to incubation with the streptavidin-HRP conjugate
(1:2000 dilution) for 30 minutes at RT. Before adding the TMB substrate

solution for up to 30 min at RT in the dark plate was washed again 7 times in
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PBS/Tween. The reaction was stopped using 2N H,SO, and plate was read

within 30 min at 450 nm (adapted from Pavlovski et al.)**,

3.2.3 Flow cytometry

3.2.3.1 Surface staining

Single cell suspensions from organs or blood were washed once in
Hank's complete, distributed into 96-well round bottom plates, followed by
resuspension in 50 pl of a 1:1 mixture of FACS staining buffer and Hank's
complete. Antibodies for surface staining were added in a 1:300 dilution and
incubated for 30 minutes at 4°C in the dark. Following staining, cells were
washed twice with 200 upl Hank's complete per well and measured
immediately or fixed with Cytofix solution (diluted 1:2 with PBS) and stored at

4°C till measurement.

3.2.3.2 Intracellular Staining

IFNy and IL-17a staining

For intracellular staining of IFNy and IL-17a cell suspensions were
subjected to a 4 hour stimulation with DC media supplemented with 50 ng/ml
PMA, 750 ng/ml lonomycin and 2.5 ug/ml Brefeldin A at 37°C, 5 % CO..

Following stimulation cells were washed once with Hank's complete.
Surface staining was performed as described in 3.2.3.1, however surface
antibodies were diluted in a 1:2 dilution of BD Stain buffer and incubated
30 minutes at 4°C, followed by two washes with 200 pl/well diluted BD Stain
buffer. After pulse vortexing, cells were incubated for 20 min at 4°C with
100 pl/well Cytofix/Cytoperm buffer (BD). Plate was washed twice with 200 pl
1x Perm/Wash buffer (BD) followed by a 30 min incubation at 4°C with
intracellular antibodies (anti-mouse IFNy and anti-mouse IL-17A) in a 1:100
dilution in 1x Perm/Wash buffer. After staining, cells were washed twice with
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1x Perm/Wash buffer and either resuspended in Hank's complete or fixed
using Cytofix solution (1:2 diluted in PBS).

FOXP3 staining

Surface staining was performed as described in 3.2.3.1. Intracellular
staining was performed using the eBioscience FoxP3 transcription buffer
staining kit. After pulse vortexing, cells were incubated for at least 30 min at
4°C with 100 pl/well of fixation buffer 1:4 diluted with fixation diluent in the
dark. After two washes in 200 pl/well permabilization buffer cells were stained
with anti-mouse FOXP3 antibody in a final dilution of 1:100 in 50 pl/well
permeabilization buffer. Samples were stained for 30 min at 4°C followed by
two washes with 200 pl/well permeabilization buffer. Cells were respuspended

in Hank's complete for flow cytometric analyses.

IL-12 staining

Prior to staining, splenocytes were stimulated with 100 ng/ml rmTNF-a
and 5 pg/ml Brefeldin A for 4 h at 37°C , 5 % CO,. After surface staining,
intracellular staining using conjugated anti-mouse IL-12 antibodies was

performed as described in 3.2.3.2.

3.2.4 Histology

3.2.4.1 En face preparation of aortas

Mice were sacrified and blood was drawn for serum by cardiac
puncture. Mice were flushed first with PBS followed by 4 % PFA in PBS via
trans-cardiac reperfusion. Aortas were dissected, and mounted on rubberized
glass slides after removal of excessive fat. Aortas were incubated in 4 % PFA
in PBS o/n. After removal of adventitial tissue, staining for lipid depositions
was performed using Oil-Red-O and aortas were mounted using Kaiser’'s

glycerin jelly.
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3.2.4.2 Preparation of aortic roots

Hearts were dissected after fixation by reperfusion with 4 % PFA in
PBS. After fixation in 4 % PFA o/n, hearts were processed using an automated

vacuum tissue processor according to the following protocol

Reagent Step  Duration Temperature
70 % ethanol 1 1 hour

70 % ethanol 2 1 hour

96 % ethanol 3 1 hour

96 % ethanol 4 1 hour

100 % ethanol 5 1 hour

100 % ethanol 6 1 hour

100 % ethanol 7 1 hour

Xylene 8 1 hour 45 °C
Xylene 9 1 hour 45 °C
Xylene 10 1 hour 45 °C
Paraffin 11 1 hour 62 °C
Paraffin 12 1 hour 62 °C
Paraffin 13 over night 62 °C

After embedding in paraffin blocks, 5 um serial transversal sections
through the aortic root were cut. The cuts were allowed to stretch in a tissue
floating bath or stretching plate adjusted to 40°C. Slides were dried o/n at
56°C and stored at RT for further analyses.

Alternatively for cryo-sections, hearts were fixed in 4 % PFA in PBS as
described. For cyro-protection of the tissue, fixing solution was then
exchanged against 30 % Sucrose solution in PBS for 24 h before freezing the
heart in 1:1 OCT/PBS mixture compound and prior to cutting 5 pum serial

sections through the aortic root.
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3.2.4.3 Deparaffinization and Rehydration

Paraffin sections were deparaffinzed according to the following protocol:

Reagent Step Duration
Xylene 1 15 minutes
Xylene 2 15 minutes
Xylene 3 15 minutes
100 % ethanol 4 1 minute
100 % ethanol 5 1 minute
90 % ethanol 6 1 minute
70 % ethanol 7 1 minute
70 % ethanol 8 10 minutes
ddH,O 9 10 minutes

After deparaffinization of paraffin sections, either Oil-Red-O staining for
quantification of lesion formation or antigen retrieval prior to subsequent

immune-histochemical stainings was performed.

3.2.4.4 Antigen retrieval

For antigen retrieval, working solution was pre-warmed in the
microwave prior to placing the slides. De-paraffinized sections were then
heated in a microwave for 10 min before half of the solution was discarded
and replaced with fresh antigen retrieval solution. After additional 10 min of
heating, the slides were allowed to cool down for 30 min at RT in the antigen
retrieval solution. Slides were then washed twice for 5 min in PBS prior to
immune-histochemical stainings. Cryosections did not require antigen retrieval
and were only washed twice for 5 min in PBS before performing immune-

histochemical staining.
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3.2.4.5 Oil-Red-O0 lipid staining for aortas and aortic roots

Samples were washed in PBS for 5 min, followed by ten short dips in
60 % isopropanol. After 15 minutes incubation in Oil-Red-O working solution,
samples were dipped ten more times in 60 % isopropanol and mounted with
Kaiser's glycerin jelly (aortas), Mowiol (cryosections of aortic roots) or
Vitro-Clud (paraffin sections of aortic roots).

3.2.4.6 Collagen/Elastin staining of aortic root sections

After deparaffinization, sections were rehydrated in 70 % ethanol,
followed by staining in aldehyde fuchsin working solution for 15 min at RT.
Subsequently, slides were dipped five times in 70 % ethanol and placed in
deionized water for 5 minutes. Samples were stained for 90 min in sirius red
solution at RT followed by a 1 min incubation in 0.01 M hydrochloric acid at
RT. After dehydration via an ascending alcohol series to xylene slides were
dried and mounted with Vitro-Clud.

3.2.4.7 T cell staining of aortic root sections

After deparaffinization and antigen-retrieval, aortic root sections were
air-dried and borders of the roots were circled using a pap pen. The following
incubation steps were performed in a humidified incubation chamber. After
blocking in 50 pl blocking buffer for 30 min, buffer was removed and slides
were incubated with a final concentration of 20 pg/ml primary a-human CD3
antibody or isotype control in staining buffer o/n at 4°C followed by a 15 minute
wash in PBS on a shaker. Samples were washed two more times in PBS for
5 min prior to incubation with the Alexa-488 conjugated secondary antibody at
a final concentration of 4 pg/ml in staining buffer for 1-2 h at RT. After
secondary antibody incubation, sections were washed in PBS as mentioned
before. After the last wash step, excessive liquid was removed and slides were
mounted using Vectashield containing DAPI for counterstain of the nuclei.
Borders were sealed with nail polish.
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3.2.4.8 Macrophage (MAC) and smooth muscle cell (SMC) staining of

aortic root sections

After deparaffinization and antigen-retrieval as described, aortic root
sections were air-dried and borders of the roots were circled using a pap pen.
The following incubation steps were performed in a humidified incubation
chamber. After blocking in 50 pl blocking/staining buffer for 30 min at RT,
buffer was removed and sections were incubated with 50 pl antibody cocktalil
over night at 4°C. Antibody cocktail contained a-mouse Mac2 and
Cy3-conjugated a-mouse SMA antibodies in final concentrations of 1.67 pg/ml
and 5 pg/ml respectively in blocking/staining buffer. After washing the slides
for 15 min and 2 times 5 min at RT, PBS was removed and a-rat Alexa 488
antibody was added at a final concentration of 4 pg/ml in 1 % BSA for 1 h at
RT in the dark. After secondary antibody incubation, sections were washed in
PBS as mentioned before. After the last wash step, excessive liquid was
removed and slides were mounted using Vectashield with DAPI for

counterstain of the nuclei. Borders were sealed with nail polish.

3.2.4.9 Analysis of plaque area in the aorta and aortic root

Quantification of the atherosclerotic lesion area in aortas was performed
by marking the total aortic area and the plaque area using Diskus image
analysis software.

Plaque area in the aortic root was analyzed in 3 sections per animal.
The total area of the aortic roots as well as the plague area was marked using

Diskus image analysis software.
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3.2.4.10 Analysis of necrotic core area, SMC, MAC, T cell and collagen

content in the aortic root plaque

For each staining, two sections per mouse (close to the sections

chosen for plaque quantification) were analyzed.

Necrotic core area was analyzed in the same slides that were used for
MAC/SMC staining. Necrotic core area was quantified by marking the acellular
necrotic core area in the plaque as well as the total plague area using Diskus

image analysis software.

For SMC analysis; total plaque area, SMC area, number of SMCs,
number of non-smooth muscle cells as well as the total number of plaque cells
were analyzed using Diskus image analysis software. For macrophage
analysis the same analysis was performed.

T cell analysis was performed by analyzing the total number of T cells in
the plague, the number of non T cells and the total number of cells in the

plaque using Diskus image analysis software.

Collagen content analysis was performed by analyzing polarized
images of the collagen-positive area per valve and the total plaque area per

valve using Image J software.

3.2.5 Cell culture methods

3.2.5.1 Bone marrow-derived dendritic cell (BMDC) culture

Femurs were removed from donor mice and cleaned from excessive
tissue. The bones were prepared under aseptic conditions. After a short wash
in 70 % ethanol followed by a wash in PBS, marrow cavities were flushed with
PBS and bone marrow was passed through a 70 um cell strainer to obtain
single cell suspensions followed by a wash in PBS. After centrifugation for
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5 min at 350 g, cells were resuspended in DC medium, counted and seeded at
a density of 2x10° cells/ml in DC medium supplemented with 50 ng/ml
GM-CSF in 10 cm dishes. Culture medium supplemented with GM-CSF was
replaced after 3 days and then every second day for a total of 7-8 days; cells
were maintained at a density of 2-10° cells/ml throughout the culture®. After a

differentiation period of 7-8 days cells were used for further experiments.

3.2.5.2 Generation of L929-conditioned media

Macrophage-colony stimulating factor (M-CSF, CSF-1) is highly
expressed by the L929 mouse cell line®** and L929 cell-conditioned medium

was used as a source of M-CSF in our BMM cultures.

L929 cells were thawed from liquid nitrogen by adding warm media.
Cells were then resuspended gently and washed twice in a 20x volume of
media to remove DMSO. After the last wash, cell pellet was resuspended in
5 ml L929 medium and seeded in T25 flasks. In order to expand the cells,
cultures were split when confluent at a ratio of > 1:3 into T175 flasks. Media
was changed at least twice per week. To obtain conditioned media, five
confluent T175 flasks were split to 26 T175 flasks. Each flask was
supplemented with 55 ml of L929 medium. The cells were kept for 10 days at
37°C, 5 % CO;, in the incubator. For collection of the media, it was centrifuged
at 350 g for 5 min and supernatant was sterile filtered using bottle top vacuum

filters, aliquoted into 50 ml portions and stored at -80°C for further use.

3.2.5.3 Bone marrow-derived macrophage (BMM) culture

Single cell suspensions from BM were obtained as described in 3.2.5.1
and cultured at a density of 2x10° cells/ml in DC medium supplemented with
15 % L929 conditioned medium for 7 days to generate BMMs***. Media was
replaced every 2 days till day 7 by aspirating the supernatant, a careful wash
of the plate with PBS and replacement with fresh DC media supplemented
with 15 % L929-conditioned medium.
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To harvest the BMMs, media was aspirated and detached adding
approximately 5 ml Lidocaine-EDTA solution to the plate. Plate was tapped
and mixed well with a pipette followed by 2-5 min incubation at 37°C.
Lidocaine-EDTA solution containing detached cells was transferred into a
50 ml reaction tube containing DC media. These steps were repeated
2-4 times till the majority of cells were detached. After centrifugation, cells
were adjusted to 1x10° cells/ml in DC medium supplemented with 15 %
L929-conditioned medium and allowed to attach at least for one day before

performing further experiments.
3.2.5.4 Antigen-specific T-cell proliferation and polarization

Naive CD4 T cells were isolated from spleen and lymph nodes of
transgenic OT-Il mice using the CD4"CD62L" T Cell isolation kit 1l according to
the manufacturer’s instructions. Isolated cells were adjusted to 20x10° cells/ml
and incubated with 5 uM CFSE in DC medium for 10 min at 37 °C for antigen-
dependent proliferation or left untreated for antigen-dependent polarization.
Cells were washed once with DC medium and 1.5x10° naive T cells were
seeded with 0.5x10° OVA pulsed BMDCs in DC medium. For OVA loading,
BMDCs were adjusted to 1x10° cells/ml and incubated with 0.25 pg/ml
OVA3233% for 45 min at 37°C. OVA pulsed DCs were washed once in DC
media before adding to the T cells. Cells were incubated in 96-well round
bottom plates for 48 h at 37°C before staining for flow cytometry. As negative
controls for proliferation assays, non-OVA pulsed BMDCs were cultured with
CFSE labeled T cells. For in vitro T-cell polarization, no CFSE staining of
CD4'CD62L" T cells was performed. Antigen-dependent polarizations were
performed for 3 days at 37°C in presence of 5 ng/ml and 20 ng/ml rmC5a,

human FXllaa or left untreated.
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3.2.5.5 Antigen independent T-cell polarization

Naive CD4" T cells isolated from C57BI6/J mice were stimulated with
anti-mouse CD3 (2.5 pg/ml, BD Biosciences)/anti-mouse CD28 antibodies
(1 ng/ml, BD Biosciences) in presence of rmC5a (5 ng/ml or 20 ng/ml) or
human FXllaa (100 ng/ml) for 3 days in DC medium. T-cell polarization was

analyzed by flow cytometry.

3.2.6 Nucleic acid preparation and visualization

3.2.6.1 Preparation of tissues for RNA isolation

Cultured cells were pelleted for 10 min at 350 g, flash frozen in liquid
nitrogen and stored at -80 °C for RNA isolation. Tissues (spleen, lymph nodes
or aortas) were isolated from sacrificed mice after trans-cardiac reperfusion
with PBS, flash frozen in liquid nitrogen and stored at -80 °C till processed.

Frozen tissues were ground to powder in presence of liquid nitrogen
using mortar and pistil. Ground tissue was transferred into 1.5 ml reaction
tubes and RNA isolation was performed according to the manufacturer’s

instructions.

3.2.6.2 RNA isolation

Total RNA was isolated using RNeasy mini, micro (for aortas) or
NucleoSpin RNA Il kit according to the manufacturer’s instructions. RNA
concentration and purity was determined using a Nanodrop 2000

spectrometer.
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3.2.6.3 Reverse transcription (RT) and quantitative Real-Time PCR
(qPCR)
cDNA synthesis was performed with the first strand cDNA synthesis kit

using oligo dT primers according to the manufacturer’s instructions.

Quantitative PCR (qPCR) was performed using 20 ng cDNA per
reaction and gene specific primer sets at a final concentration of 200-500 nM
in a 10 pl reaction mixture including maxima SYBR green/ROX qPCR master
mix. Primer standard curves with serial dilutions of cDNA were included to
verify primer efficiencies. Moreover, non-template controls were included to

exclude buffer or primer contaminations.

The gPCR included an initial activation step of 15 min at 95°C, followed
by 45 cycles of 15 sec denaturation at 95°C, 30 sec hybridisation at 60°C or
55°C, dependent on the gene specific primer sets used, and 30 sec elongation
at 72°C. For melting curve analysis, subsequent steps of 15 sec at 95°C, 15
sec at 60°C and again 15 sec at 95°C were performed. Results were analyzed
using the AACt method®®.

3.2.6.4 Isolation of genomic tail DNA

Mouse tails were incubated in 190 pl tail lysis buffer supplemented with
10 ul Proteinase K (1 mg/ml) for 5-6 h or o/n in a thermo block adjusted to
56°C and 1400 rpm. After digestion, samples were centrifuged for 10 min at
20,000 g and SN was transferred into a fresh 1.5 ml reaction tube. Genomic
DNA was precipitated by adding 300 pl tail lysis buffer, 50 pl 3M NaOAc and
450 ul isopropanol. Genomic DNA was pelleted by centrifugation at 20,000 g
for 30 min. SN was discarded and genomic DNA was washed by adding 500
pl 70 % EtOH. After another centrifugation step at 20,000 g for 20 min, SN
was discarded and pellet was air-dried. DNA was resolved in 75 pl 10 mM
Tris, pH 8.0. DNA concentration and purity was measured, DNA was adjusted

to 150 ng/pl and stored at 4°C for consecutive genotyping.
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3.2.6.5 Genotyping PCR

For genotyping, reactions were set up in PCR-tube strips in a final
volume of 25 pl including 2x PCR master mix, 0.5 uM of each primer and 3 pl
genomic DNA. The reactions were filled up to 25 pl with nuclease-free water.
The PCR programs for the OTII, apoE and F12 genotyping and the expected

band sizes were as follows:

OTII
step temperature duration cycle
1 94°C 3 no
2 94°C 30
3 56°C 1 35x
4 72°C 1
S 72°C 1 no
6 10°C °0 no
TCRa: approximately 160 bp
TCRp: approximately 500 bp
ApoE
step temperature duration cycle
1 94°C 3 no
2 94°C 30"
3 68°C 30 35x
4 72°C 40"
5 72°C 4 no
6 10°C 0 no
ApoE™"*: approximately 155 bp
ApoE™ : approximately 248 bp
F12
step temperature duration cycle
1 96°C 4 No
2 94°C 30
3 58°C 30" 35x
4 72°C 45"
5 72°C 5 No
6 10°C 0 No

F12""*: approximately 842 bp
F127 : approximately 492 bp
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PCR products were analyzed on 1.5 % agarose gels containing 13 pl
Midori Green/ 250 ml gel volume. Gels were run at 140 V for approximately
70-100 min depending on the expected band sizes. Bands were visualized

under UV-light using a gel documentation system.

3.2.7 Data analysis

Flow cytometry data was analyzed in Treestar FlowJo 10.0.4 (Ashland,
USA). PCR data was analyzed in Life Technologies’ Sequence Detection
System (SDS) 2.4.1 (Darmstadt, Germany). Quantification of atherosclerotic
lesion area and immunohistochemical analyses were performed using the
image analysis software Diskus (Konigswinter, Germany).

Statistical analyses were performed in GraphPad Prism 5.02 (La Jolla,
USA). Data represent mean + SEM and were analyzed by Student’s t-test,
ANOVA with Tukey’s or Dunn's multiple comparison test, non-parametric
Mann-Whitney test or Kruskal-Wallis test with Dunn’s post-hoc test, as
appropriate using GraphPad Prism 5.02 software (La Jolla USA). Differences

with p<0.05 were considered to be statistically significant.
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4. Results

4.1. Analysis of atherosclerotic lesion progression in apoE™

mice deficient in FXII

4.1.1 General characterization

To investigate the contribution of coagulation factor XII in
atherosclerotic lesion development, age and sex matched F12”apoE™ and
F12"*apoE™ mice were placed on atherogenic diet for 12 weeks as described
in the material methods part. When comparing spleen or lymph node numbers
between the two groups, no differences were observed (Figure 4.1 a,b),

showing that lymphoid organs were not altered in size.
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Figure 4.1. Size of secondary lymphoid organs in F12 apoE and F12° apoE ‘mice after
12 weeks of high fat diet.
Spleen (a) and lymph node (b) S|ze assessed by cell cdunts of spleen and para-aortic lymph

nodes from atherosclerotic F12" apoE and F12” ‘apoE mice after 12 weeks of high fat diet.
Bars represent mean + SEM (n=6-10).

Since diet-induced atherosclerosis is accompanied by hyperlipidemia,
total cholesterol and triglyceride levels were determined in serum samples of
F12"apoE” and F12"*apoE” mice revealing no difference between groups.

Body weight was also unaltered (Table 4.1).
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Table 4.1 Lipid levels and body weight

F12"*apoE F12*apoE
Serum cholesterol [ug/ml] 7033.0 £ 513.9 6810.0 £ 637.1
Serum triglycerides [umol/L] 817.4+77.43 988.6 + 133.4
Body weight [g] 225105 24.4+£0.9

Total serum cholesterol,/serum triglycerides and body weight of atherosclerotic

_/- A
F12+’+apoE and FlZ"'apoE mice after 12 weeks of high fat diet. Values are expressed as
mean + SEM.

4.1.2. Plague characterization

The extent of lesion formation was assessed by analyzing lesion area in
serial aortic root sections as well as in en face aortas. Compared to
F12"*apoE™ controls, F12"apoE” mice displayed a significant reduction in
the total plaque area as well as the percent plaque area in the aortic root
(Figure 4.2a, data not shown). Atherosclerotic lesion area (as percent of total
aortic surface area) was also observed to be significantly decreased in the
aortas of F12"apoE™ mice (Figure 4.2b), clearly demonstrating that FXII

promotes atherosclerotic lesion formation.
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Figure 4.2. Deficiency of FXIl in apoE"' mice reduces atherosclerotic lesion formation.
Atherosclerotic lesion formation was analyzed in F12+/+ap0E"' and F12'/'ap0E"' mice fed a high
fat diet for 12 weeks. (a) Quantification of plaque area in Aldehyde-Fuchsin stained aortic root
sections (representative sections are shown, scale bars, 200 um) and (b) in Oil-Red-O stained
aortas (representative aortas are shown). Data represent mean + SEM. *p<0.05, **p<0.01,
**n<0.001

When analyzing potential differences in cellular plague composition by
quantitative immuno-staining, no changes in relative Mac-2* macrophage
area, relative a-actin® smooth muscle cell area, CD3" T cell numbers, relative
collagen area or acellular necrotic core area in aortic root sections were
detected in F127apoE” mice compared to F12"*apoE” controls

(Figure 4.3c-Q), indicating an overall unaltered plaque phenotype.
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Figure 4.3. Deficiency of FXIl in apoE"' mice reduces atherosclerotic lesion formation.
(c) Quantification of the Mac-2" macrophage area, (d) a-smooth muscle actin® smooth muscle
cell area, (e) CD3" T cells numbers, (f) Sirius-red” collagen area and (g) acellular necrotic core
area in aortic root sections. Data represent mean + SEM.

It is well known that vascular adhesion molecules become up-regulated
upon endothelial activation in the onset of atherosclerosis. Since vascular
adhesion molecules play an important role in the recruitment of immune cells
to atherosclerotic lesion sites and hence in the development and progression

34634 mMRNA expression of the typical vascular adhesion

of atherosclerosis
molecules Vcaml, Ilcaml, Pecaml and Pselectin was analyzed in the aortas
of F12"apoE” and corresponding controls, exposing no alterations between
groups (Figure 4.4) which is in line with the observed absence of an altered

plaque phenotype.
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Figure 4.4. Deficiency of FXII in apoE'/' mice does not alter adhesion molecule
expression in aortas.

MRNA expression of cell adhesion molecules Vcam1, Pecaml, Icaml and Pselectin in aortas
of F12"apoE” mice (white bars) compared to F12"*apoE” controls (black bar) after 12 weeks
of high fat diet (normalized to hprt and expressed relative to control, data represent mean *
SEM, n=4-5

4.1.3 Analysis of the immunological phenotype in apoE” mice deficient in
FXII

To characterize the immunological phenotype of these mice in the
context of atherosclerosis, flow cytometric analyses of various immune cell
types including cells from the innate (monocytes, neutrophils) as well as the
adaptive (B cells, T cells) immune system were performed in blood and

secondary lymphoid organs.

a b
= 8 = 15
8 6 T 8
SE ¢ T E
; N 5 0.5
o 2 o
= =
F12++ F127- F12++ F127-
apoE” apoE™”" apoE” apoE™”

Figure 4.5. ApoE/ mice deficient in FXIl show no alteration in circulating leucocyte or
platelet count.

(a) White blood cell (WBC) and (b) platelet (PLT) counts in whole blood, assessed by Sysmex
measurement. Data represent mean = SEM, n=6-8

93



No changes in circulating leukocyte or platelet counts were observed
(Figure 4.5a,b) and frequencies of circulating CD115°CD11b" monocytes,
CD115CD11b*Gr-1"" neutrophils or B220" B cells did not differ between
groups (Figure 4.6a-d).
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Figure 4.6. ApoE mice deficient in FXIl show no alteration in frequencies of circulating
monocytes, neutrophils or B cells.

Flow cytometric analyses in blood (a-d) of atherosclerotic F12 apoE (n 9) and F12 apoE
(n= 62 mice fed a hlgh fat diet for 12 weeks. Frequenmes of CDllb CD115 monocytes (a)
Gr-1 and Gr- 1 subsets among CDllb CD115 monocytes (b); CDllb CD115
neutrophils (c) and 8220 B cells (d) were quantitated. Data represent mean = SEM.
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The analysis of T-cell distribution and phenotype in organs of

+/+

F12"apoE” mice compared to F12"*apoE™ controls in spleen and blood
revealed no substantial alterations in frequencies or numbers of CD3" T cells
(Figure 4.7a,d) or CD4" and CD8" T cell frequencies among CD3" T cells
(Figure 4.8b,e), whereas in lymph nodes a small but significant increase in
CD3" T cell frequencies (Figure 4.7h) was evidenced comprising an increase

in CD4" as well as a decrease in CD8" T cells (Figure 4.7i).

In addition, T-cell activation and polarization were included in the
analysis, since both of them were shown to promote atherogenesis®. In terms
of T-cell activation all organs analyzed displayed a significant decrease in
frequencies of CD44"CD62L"° memory effector T cells as well as an increase
in CD62L"CD44"° naive T cell frequencies among CD4* T cells (Figure
4.7¢,f,0,j,K).
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Figure 4.7. F12"apoE" mice display reduced T-cell activation

Flow cytometric analyses of T cell distributions in spleens (a-c), blood (d-g) and lymph nodes
(h-k) of atherosclerotic F12**apoE™ (n=9-10) and F12"apoE™ mice (n=6) after 12 weeks of
high fat diet feeding. Frequencies or numbers of (a,d,h) CD3" T cells among CD45"
leukocytes, (b,e,) CD4" and CD8" T cells among CD3" T cells, (cfj) activated
CD44""CD62L" and (c,g,k) naive CD62L""CD44™ CD4" T cells (representative dot plots
are shown). Data represent mean + SEM; *p<0.05, **p<0.01, ***p<0.001.
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Furthermore, T helper cell subsets were assessed by intracellular
staining revealing a substantial reduction in IFNy" Thl cells among the
CD4" population in spleen, blood and lymph nodes of F12"-apoE” mice when

+/+

compared F12"*apoE” controls (Figure 4.8a,d,g). Frequencies of
IL-17"Th17 cells tended to be decreased without reaching statistical
significance (Figure 4.8a,c,f), and no alterations in Foxp3"CD25" regulatory
T cells were observed between groups (Figure 4.8b,e,h). These data
demonstrate that protracted atherosclerotic lesion formation in F12"apoE™

mice is associated with diminished T-cell activation and Th1 cell polarization.
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Figure 4.8. F12'/'ap0E"'mice display reduced Thi-polarization.

Flow cytometric analyses of T cell distributions. Frequencies of (a,d,g) IFNy" and (a,c,f)
IL-17a” CD4" T cells (representative dot plots are shown), and of (b,e,h) Foxp3'CD25" CD4"
T cells in spleens (a-b), blood (c-e) and lymph nodes (f-h) of atherosclerotic FlZ"“apoE"'
(n=8-10) and F12"'apoE"' mice (n=6) after 12 weeks of high fat diet feeding. Data represent
mean = SEM; *p<0.05, *p<0.01, **p<0.001.
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4.2 Analysis of mice deficient in FXIl under non-inflammatory

homeostatic conditions

4.2.1 General characterization

The marked reduction in T-cell activation and polarization seen in
F12"apoE™ mice under atherosclerotic conditions raised the question whether
FXIl may already influence the T cell phenotype in a non-inflammatory
homeostatic setting. Therefore, healthy F127" mice on normal chow were

compared to B6 controls to analyze the mice under physiological conditions.

Analogous to pro-atherogenic conditions, neither changes in circulating
leucocyte or platelet counts nor alterations in the size of lymphoid organs

between groups were detected (Figure 4.9).
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Figure 4.9. Circulating leucocyte and platelet counts and size of secondary lymphoid
organs in F12"*and F12” mice on normal chow

(a) White blood cell (WBC) and (b) platelet (PLT) counts in whole blood, assessed by Sysmex
measurement. Spleen (c) and lymph node (d) size, assessed by spleen weight and absolute
counts of para-aortic lymph nodes from healthy F12"" and F12" mice on normal chow. Bars
represent mean + SEM (n=4-5).
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In line with findings under atherosclerotic conditions in mice on apoE™
background, the frequencies of circulating CD115°CD11b* monocytes, CD115
CD11b*Gr-1"9" neutrophils or CD19* B cells did not differ between groups
(Figure 4.10).
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Figure 4.10. Mice deficient in FXIl show no alterations in frequencies of circulating
monocytes, neutrophils or B cells.

Flow cytometric analyses in blood (a- d) of healthy F12 (n 5) and F12 (n 5) mice on normal
chow. Frequenmes of CDllb CD115 monocytes (a); Gr- 1 and Gr- 1 subsets among

CDllb CD115 monocytes (b); CDllb CD115 neutrophils (c) and 8220 B cells (d) were
quantitated. Data represent mean + SEM.
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4.2.2 Analysis of the immunological phenotype of mice deficient in FXII

Again, the T-cell compartment itself was not altered with respect to
CD3" T cell frequencies or numbers between the two groups in all organs
analyzed. Also, the CD4" and CD8" frequencies among CD3" T cells were
unchanged, with exception to a small but significant decrease in CD8" T cell

frequencies in the lymph nodes of F127 mice when compared to B6 controls

(Figure

4.11).
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Figure 4.11. Deficiency of FXIl does not alter T-cell activation under homeostatic
conditions.

Flow cytometric analyses of T cell distributions in spleens (a-d), blood (e-h) and lymph nodes
(i-) of healthy F12"* and F12" mice (n=4-5 each). Frequencies or numbers of CD3" T cells
among CD45" cells (a,e,i), CD4" and CD8" T cells among CD3" T cells (b,f,j), memory effector
CD44"" cD62L"" (c,g,k) and naive CD62L"%" CD44"" (d,h,l) CD4" T cells. Data represent
mean = SEM. *p<0.05
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Remarkably however, no substantial changes were observed in the
T-cell compartment with respect to T-cell activation (Figure 4.11) or
polarization (Figure 4.12) in spleen, blood and lymph nodes when comparing

+/+

healthy, chow-fed F12” mice versus F12 controls, indicating that
atherosclerosis-related inflammation triggers FXII-dependent modulation of

T-cell activation and polarization.
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Figure 4.12. Deficiency of FXIl does not alter T-cell polarization under homeostatic
conditions.

Flow cytometric analyses of IL-17a” CD4" (a,d,g), CD4" IFNy" (b,e,h) and of Foxp3'CD25"
CD4" T cells (c.f,i) in spleen (a-c), blood (d-f) and lymph nodes (g-i) of healthy F12*"* and
F12" mice (n=4-5 each). Data represent mean = SEM.
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4.3 Analysis of direct FXIl influences on DCs, T cells or macrophages

To gain insight into the mechanisms by which FXIlI may trigger T-cell
activation, Th1 polarization as well as the aggravation in atherosclerotic lesion
formation, different pathways in which FXIl has been shown to play a role

were further investigated.

Efficient T-cell activation and T helper cell polarization are shaped by
co-stimulatory molecule engagement and exposure to a specific cytokine
milieu, with the expansion of Th1l T cells critically depending on IL-12 secretion

from DCs3493°°,

Since FXIl was demonstrated to be capable of binding various cell
types in vitro including VSMCs as well as macrophage-like cell lines, the first
approach was to investigate whether FXII may directly affect DC activation or
T-cell polarization. BMDCs generated from C57BI/6J mice were therefore
stimulated with different concentrations of human FXllaa, ranging from
10 ng/ml to 3 pg/ml for 6 hours. Human FXIl has been shown before to
function in mice®*. However, no changes were detected in the Cd74 (MHCII)
expression or the expression of the co-stimulatory molecules Cd80, Cd86 and
Cd40 on mRNA level (Figure 4.13a, data not shown) when compared to

untreated controls.
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Figure 4.13. FXIl does not alter DC activation or phenotype

(@) MRNA expression of co-stimulatory molecules Cd80, Cd86, Cd40 and Cd74 (MHCII) and
(b) expression of cytokines 116, 1110, 114, ll1b, Tgfb or 1112 in BMDCs left untreated (control) or
after treatment with human FXllaa (100 ng/ml) for 6 h (normalized to hprt and expressed
relative to untreated controls, n=4 each). Data represent mean + SEM.
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Moreover, with the exception of 1112, no alterations in cytokine
expression on MRNA level could be observed (Figure 4.13b, data not
shown). While with increasing concentration of human FXllaa 1112 mRNA
levels were upregulated (Figure 4.14a), this increase was not reflected by
increased IL-12 protein expression as confirmed by ELISA from the

supernatants of FXllaa treated DCs (Figure 4.14b).
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Figure 4.14. FXIl does not consistently alter DC activation or phenotype

(a) 1112 mRNA and (b) IL-12 protein expression of untreated (UT) DCs or after treatment with
increasing concentrations of human FXllaa (normalized to hprt and expressed relative to
untreated controls, n=4 each). Data represent mean = SEM. *p<0.05

In addition, treatment of anti-CD3/CD28-antibody stimulated naive
T cells with human FXllaa did not reveal changes in Thl or Thl7 cell

polarization (Figure 4.15) when compared to untreated controls.
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Figure 4.15. FXIl does not alter T-cell polarization in vitro

Flow cytometric analyses of (a) IFNy" T cells and (b) IL17a" T cells frequencies among the
CD4" T cell population in anti-CD3/CD28-antibody stimulated CD4" T cells treated with
hFXllaa (100 ng/ml) or left untreated (control). Data represent mean + SEM; n=4

Treatment of B6 macrophages with hFXllaa also did not result in
changes in macrophage polarization, as demonstrated by unchanged mRNA
levels of the M2 markers 1110, Argl, Mrcl and Igfl as well as the M1 marker
[16. mMRNA levels of the M1 marker 1112 were undetectable in both groups
(Figure 4.16). It seems thus very unlikely that direct effects of FXII mediate

altered immune cell activation.
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Figure 4.16. FXIl does not alter macrophage polarization

MRNA expression of M2 and M1 macrophage polarization markers 1110, Arg1, Mrc1, Igfl, 1I6 in
hFXllaa (100 ng/ml) treated B6 macrophages (white bars) compared to untreated controls
(black bar) (normalized to hprt and expressed relative to control. Data represent mean + SEM,;
n=3
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4.4 Analysis of changes in FXII modulated pathways

Since FXII however is involved in several pathways besides the intrinsic
pathway of coagulation, including the activation of the complement system as

211’228’230’351, it was crucial to

well as the initiation of the kallikrein-kinin system
explore whether FXII deficiency results in alterations of these pathways in
apoE” mice on atherogenic diet.

Therefore, changes in the kallikrein-kinin system were assessed by
guantification of bradykinin serum levels. However, no reduction in bradykinin

+/+

levels in F12""apoE™ mice when compared to F12**apoE” controls could be
observed (data not shown). Evaluating a possible role of FXII in complement
activation, C5a plasma levels were quantitated as a readout for complement
activation, revealing a significant decrease in plasma levels of complement

+/+

factor C5a in F127apoE” mice compared F12"*apoE™ controls (Figure 4.17).
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Figure 4.17. Reduced plasma levels of C5ain F12"apoE” mice
C5a protein levels in plasma of F12"*apoE™ (n=10) and F12"apoE” mice (n=9) after 12
weeks of high fat diet feeding, as quantified by ELISA. Data represent mean + SEM; *p<0.05.
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4.5 Investigating the role of C5a in F12"apoE” mice and in DC-mediated

T cell responses

Given that complement factor C5a was previously shown to modulate
immune responses®®®, we verified the capacity of C5a to modulate DC-driven
T-cell responses. The induction of antigen-specific IFNy* but not IL-17" CD4"
OTII T cells was significantly enhanced in the presence of recombinant murine
Cb5a (rmC5a) in a concentration-dependent manner, when compared to T cells
exposed to OVA-loaded but otherwise untreated BMDCs (Figure 4.18, data
not shown), corroborating that C5a can drive Thl T-cell polarization. Notably,
these changes in T cell phenotype mirrored the marked decrease in

frequencies of Thl cells in atherosclerotic F12""apoE” mice.
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Figure 4.18. C5a functions in DC - T cell interaction.

OVA¥33% peptide-pulsed BMDCs were co-cultured with naive CD4" OTII T cells for 3 days in
the presence or absence of rmC5a at indicated concentrations. Representative dot plots of
intracellular staining for IFNy and IL-17 in CD4" T cells are shown; quantification of
IFNy" T cells (n=3 independent experiments performed in triplicates). Data represent mean
+ SEM; *p<0.05, **p<0.01.

To address whether C5a can directly affect T-cell activation, isolated
naive T cells were stimulated with rmC5a and anti-mouse CD3/CD28
antibodies. No changes in frequencies of IFNy" Th1 or IL-17" Th17 cells were
detected (Figure 4.19), which is in line with absence of the C5a receptor
CD88 on T cells*?.
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Figure 4.19. rmCb5a does not directly affect T-cell polarization in absence of DCs.
Isolated naive CD4" T cells stimulated with anti-mouse CD3/CD28 antibodies were co-cultured
for 3 days in the presence or absence of rmC5a at indicated concentrations. Quantification of
IFNy" CD4" T cells (a) and IL17a” CD4" T cells (b), assessed by flow cytometry. Data
represent mean + SEM; n=3

Importantly, no changes in the mRNA expression of the complement
Cba receptor (Cd88) were observed in spleen, lymph nodes or aortas between

groups (Figure 4.20).
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Figure 4.20. FXIl deficiency does not alter Cd88 expression
MRNA expression of Cd88 in (a) lymph node, (b) spleen and (c) aorta of FlZ"'apoE"' mice and
F12+/+apoE"' controls. (normalized to hprt). Data represent mean = SEM; n=4-5

However when comparing Cd88 mRNA levels in the aortas of both
groups to those of age matched wild-type C57BIl/6J mice a significant increase
in Cd88 gene expression compared to F127apoE” and F12**apoE™ on
12 weeks high fat diet was observed (Figure 4.21), which is consistent with

previous reports®>,
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Figure 4.21. Cd88 expression is enhanced under atherosclerotic conditions
MRNA expression of Cd88 in aorta of age matched B6, F12+/+apoE"' and F12'/'ap0E'/' mice.
(normalized to hprt and normalized to B6 control) n=4-5, data represent mean + SEM.

Efficient T-cell activation and T helper cell polarization were
demonstrated to be shaped by co-stimulatory molecule engagement and
exposure to a specific cytokine milieu, with the expansion of Thl T cells
critically depending on IL-12 secreted from DCs**°. Moreover, several studies
have illustrated a role for C5a and other anaphylatoxins in the modulation of
adaptive immune responses, demonstrating a direct link between Cba
modulated DC functions and altered T helper cell responses®®3>*,

Therefore it was investigated whether exogenous C5a stimulation may
modify DC functions. Treatment of BMDCs with increasing concentrations of
rmC5a did not affect co-stimulatory molecule expression by DCs, as
evidenced by unaltered mRNA (Figure 4.22a-c) and protein (Figure 4.22d-f)

expression of CD80, CD86 and CDA40.
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Figure 4.22. rmC5a does not alter co-stimulatory molecule expression by DCs

(a-c) mMRNA expression and protein expression (d-f) of co-stimulatory molecules CD80 (a,d),
CD86 (b,e), and CD40 (c,f), in BMDCs from B6 mice left untreated (control) or after treatment
with rmC5a at indicated concentrations for 12 h, analyzed by qPCR (n=5) or flow cytometry.
MRNA expression was normalized to hprt and presented relative to untreated controls.
Representative histograms for CD80, CD86 and CD40 mean fluorescence intensity (MFI) are
shown (solid black line — UT, dotted dark grey line - CD80, CD86 or CD40 respectively with
5 ng/ml C5a treatment, filled dark grey line — CD80, CD86 or CD40 respectively with 20 ng/ml
Cbha treatment, filled grey line - fluorescence minus one control (FMO). Data represent
mean * SEM.

In line with these data, no changes in co-stimulatory molecule
expression by splenic DCs were observed in atherogenic F12"apoE™ mice

+/+

when compared to F12"*apoE™ controls as assessed by flow cytometric

measurement of CD80, CD86 and CD40 (Figure 4.23).
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Figure 4.23. Deficiency of FXII in apoE"' mice does not alter co-stimulatory molecule

expression by DCs

Protein expression of co-stimulatory molecules CD86 (a,d), CD80 (b,e), and CD40 (c,f), in
CD11c*MHCI" DCs from F12"apoE™ mice and F12**apoE" controls after 12 weeks of high
fat diet assessed by flow cytometry; data represent mean + SEM (n=3-5). Representative
histograms for CD86, CD80 and CD40 mean fluorescence intensity (MFI) are shown (solid
black line — F12"*apoE” DCs, solid red line - F12" apoE™".

Real time-PCR analyses of BMDCs treated with increasing
concentrations of C5a however displayed a trend towards elevated mRNA
expression of 1112 (Figure 4.24a) and a significant increase in IL-12 protein
levels in supernatants compared to untreated controls (Figure 4.24b),
supporting the co-culture data and demonstrating that C5a induces secretion

of IL-12 by DCs.
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Figure 4.24. Increase in IL-12 levels in BMDCs upon C5a stimulation

(a) 1112 mRNA expression in BMDCs left untreated (controls) or stimulated with C5a for 12 h
(n=4 each), normalized to Hprt and expressed relative to controls. (b) IL-12 protein expression
in supernatants of untreated (UT) or Cba-stimulated BMDCs after 12 h, normalized to
untreated controls. Data represent mean + SEM; *p<0.05; n=5

4.6 Analysis of IL-12 levels and other selected cytokines in apoE”’-mice
deficient in FXII

Notably, a significant reduction in IL-12 expressing splenic
CD11c*MHCII* DCs from atherosclerotic F127apoE” mice compared to
F12"*apoE™ mice fed a high fat diet for 12 weeks was detected (Figure 4.25).
No alterations in the frequencies of CD11c"MHCII"™ DCs among CD45" cells

between the groups were observed (data not shown).
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Figure 4.25. Deficiency in FXIl in apoE"' mice entails areduction in IL-12 expression

(a) Frequencies of IL12" ¢DCs in the spleen of F12""apoE” (n=15) and F12"apoE” mice
(n=12) after 12 weeks of high fat diet feeding, as assessed by flow cytometry; representative
dot plots are shown. Data represent mean + SEM; **p<0.01
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The decrease in IL-12" DCs was paralleled by a clear decline in 1112

+/+

mRNA expression in spleens of F12"apoE™ compared to F12"*apoE” mice
(Figure 4.26a), together with a marked reduction in IL-12 serum levels

(Figure 4.26Db).
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Figure 4.26 Deficiency in FXIl in apoE"' mice entails areduction in IL-12 expression.
1112 mRNA expression in spleens of F12+/+ap0E'/' and FlZ"'apoE"' mice (normalized to hprt
and expressed relative to F12+’+apoE"' controls, n=8-10 mice); (b) IL-12 protein levels in
serum of F12"*apoE” and F12"apoE” mice after 12 weeks of high fat diet feeding, as
quantified by ELISA (n=5 mice per group). Data represent mean = SEM; *p<0.05, **p<0.01

Analysis of additional cytokines known to be released by DCs besides
112 revealed a significant elevation in [16 MRNA levels upon C5a treatment.
Tgfb levels showed a rather small but significant increase. Moreover, a trend
towards higher Il1b levels compared to untreated controls was observed,

which did not reach statistical significance (Figure 4.27).
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Figure 4.27. Alterations of ll1b, 116 and Tgfb levels in BMDCs upon Cb5a stimulation

II1b, 116 and Tgfb mMRNA expression in BMDCs left untreated (UT) or stimulated with C5a for
12 h, normalized to hprt and expressed relative to untreated controls. Data represent
mean + SEM; *p<0.05. n=4 each
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Analysis of the same cytokine panel in spleens from F12*"*apoE” and
F12"apoE™ mice after a 12 week high fat diet revealed a significant decrease
in 116 expression together with an elevation in Tgfb expression in FXII deficient
mice compared to controls, which possibly contributes to the anti-inflammatory
phenotype observed in F12”apoE” mice. Interestingly 1l1b levels were

unaltered between groups (Figure 28).
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Figure 4.28. Alterations in 116 and Tgfb mRNA levels in spleens of FXII
ll1b, 116 and Tgfb MRNA expression in spleens from F12"*apoE” and F12"apoE” mice after
12 weeks of high fat diet. Data represent mean + SEM; *p<0.05

4.7 Analysis of the macrophage polarization state in apoE”™ mice
deficient in FXII

To rule out potential influences of macrophages to the observed
phenotype, enriched splenic F12"apoE” CD11c'C11b'F4/80" macrophages
and the corresponding controls were evaluated with respect to the expression
of M1 and M2 macrophage polarization markers. Though, no changes in the
M1 markers Nos2, 116 and 1l112 or the M2 markers 1110, Argl, Mrcl and Igfl
could be detected between groups (Figure 4.29), indicating an unaltered
macrophage phenotype in FXII deficient mice under atherogenic conditions.
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Figure 4.29. Deficiency in FXIl in apoE"' mice does not alter macrophage polarization
mMRNA expression of M2 macrophage markers 1110, Argl, Mrcl, Igfl and M1 macrophage
markers Nos2, 116 and 1112 were analyzed in enriched CD11c” C11b*F4/80" macrophages from
F12"*apoE™ and F12"apoE” mice after 12 weeks of high fat diet (normalized to hprt and
expressed relative to F12+/+apoE"' controls), data represent mean + SEM. n=4 mice per group.

These data demonstrate that FXII, at least partially via C5a activation, is
required for efficient IL-12 production by DCs and the establishment of a
systemic IL-12 environment, known to promote a pro-atherogenic Thl
phenotype and atherosclerotic lesion formation®>>°.

Hence, scrutinizing the role of coagulation factor Xll in atherosclerosis
employing FXII-deficient mice crossed with atherosclerosis-prone apoe™ mice,
we were able to establish FXII as being a critical mediator in driving
atherosclerotic lesion formation, complement activation and supporting

systemic pro-inflammatory T-cell responses.
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5. Discussion

Atherosclerosis as a chronic inflammatory disease has been previously
demonstrated to be influenced not only by the innate and adaptive immune
system**>3°3¢ hyt also by the haemostatic system comprising platelets and

coagulation factors'3*1%,

The majority of experimental mouse studies
investigating hypercoagulability, induced by genetic modifications such as
FV Leiden mutation, partial protein C deficiency, thrombomodulin mutation or
partial TFPI deficiency, on atherogenic background support a mainly
pro-atherogenic role of a procoagulant phenotype in the development and

progression of the disease!3>192:194-1%

To date, the majority of studies examining the impact of the haemostatic
system on atherosclerosis however focus on the role of the so-called extrinsic
pathway of coagulation or the common pathway and the coagulation factors
involved as well as other parts of hemostasis including platelets or
anti-coagulant factors (e.g. TFPI, protein C, thrombomodulin, heparin

co-factor 11)*?"1%8,

While FXIl has been demonstrated to be present and functionally active
in human atherosclerotic lesions*®” and increased FXII levels were observed in
early atherosclerosis in low density lipoprotein receptor-deficient mice®*°, its
function in vascular disease remains controversial. In clinical studies FXlla has
been shown to correlate with conventional risk factors such as hyperlipidemia

and cholesterolemia®?’-3%!

and to the risk of coronary heart disease or to
disease severity®?#330:325.326.334 " ther studies, however, have concluded that
low FXII activity or lower plasma FXII or FXlla may even increase the risk for
CHD?**3# and myocardial infarction®*’. Since earlier studies have been
inconclusive and contradicting, this project investigates the role of FXII in

atherosclerosis.

To investigate the role of FXII deficiency in atherosclerosis FlZ"'apoE"’

+/+

mice and corresponding F12*"*apoE” controls were placed on a 12 week
high-fat diet, revealing no alterations in body weight, triglyceride or cholesterol

levels between groups, indicating that FXIlI does not have an impact on lipid
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metabolism. These data also exclude changes in lipid levels as an underlying

cause for any differences observed in lesion size.

+/+

In comparison to F12"*apoE™ controls, F12"apoE™ mice displayed a
significant reduction in plaque size in aortic roots as well as aortas,
demonstrating FXII to be important for driving atherosclerotic lesion formation.
This data is consistent with a study from Khallou-Laschet et al. which
assessed the role of the intrinsic coagulation pathway in atherogenesis in
hemophilic FVIII"apoE™ mice'®. FVIlla is a co-factor for activated FIXa in the
intrinsic pathway of coagulation downstream of FXlla and FXIa**"%%®, This
study reported a pro-atherogenic role of FVIII in early-stage lesion formation,
which was accompanied by reduced fibrinogen deposits and diminished

157 ‘While the reduction in lesion size observed in FVIII"

platelet attachment
apoE” mice is in line with our data, it is important to note that with the
experimental setup employed by Khallou-Laschet et al. it is not possible to
ascribe the effects they detected to an activation of the intrinsic coagulation
pathway by FXlla, since FXI being directly downstream of FXIl has been
shown in several studies to be also activated by thrombin independently of
FXlla, at least in vitro®?**°. Moreover, thrombin generation also results from
activation of the extrinsic pathway via TF activation. Importantly, FIX can be
directly activated via the extrinsic TF-FVIla complex independently from the
intrinsic pathway**° and FVIII activation is not only mediated by thrombin but
also by FXa*°. Besides employing a F12 deletion model, not only the intrinsic
pathway of coagulation is suppressed but also all other pathways that FXII is

involved in.

The assessment of cellular plague composition showed an overall
unaltered plaque phenotype revealing no changes in relative macrophage,
smooth muscle cell or collagen content as well as unchanged T cell numbers
and necrotic core size. However, it was rather unexpected to detect no
changes in relative SMC or macrophage content since immune-histochemical
analysis of human atherosclerotic lesions has shown FXII in close proximity to
macrophages and vascular smooth muscle cells**’. Likewise, there is in vitro
evidence of FXIl assembly on a macrophage-like cell line?”® and VSMC?**°

suggesting possible cell-directed functions of FXIIl. Indeed, it has been
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demonstrated that FXII is capable of inducing proliferation of aortic SMCs in
vitro®®®. Yet, given the unaltered SMC content, it seems unlikely that FXII has

a profound effect on SMCs in atherosclerosis.

In this project the effect of FXII deficiency on macrophage content has
been investigated immune-histochemically in the plaque revealing no
differences. Moreover, quantitative real-time analyses for macrophage
polarization markers in enriched CD11¢’CD11b*F4/80" macrophages from the
spleens of these mice were performed. Analysis of typical M1 and M2
macrophage polarization markers however exposed no differences between
groups. This is in line with the unaltered mMRNA expression data obtained from
FXllaa treated bone marrow-derived macrophages when compared to
untreated controls. Together these data indicate that deficiency of FXII alters
neither the macrophage content in the plaque nor the phenotype of

macrophages under atherosclerotic conditions.

When analyzing secondary lymphoid organs and blood, no changes in
organ size or absolute leucocyte counts were detected between F127apoE™

+/+

mice and F12"*apoE” controls. Moreover, no differences in circulating
leucocytes, frequencies of monocytes, neutrophils, B- or T cells could be
observed, which indicates an unaltered recruitment of these cell types into the
periphery or atherosclerotic lesions. This is supported by an unaltered gene
expression of vascular cell adhesion molecules such as Vcaml, Pecaml,

Icam1 and Pselectin in the aorta of both groups.

F12"apoE™ mice on HFD were not only shown to display decreased
CD4" T-cell activation but also to have significantly lower frequencies of
IFNy-producing T cells among the CD4" T cell population, suggesting FXII to
trigger T-cell activation and to elicit a Thl response under atherogenic
conditions. This data is very remarkable since atherosclerosis has been

proven to be a Thi driven disease*®"%

, its signature cytokine IFNy provoking
pro-inflammatory and pro-atherogenic responses*®>%31%’ Hence, the decline
in IFNy-producing Thl cells in FXII-deficient mice results in the decrease in

atherosclerosis.
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Although a clear trend towards reduced Thl7 frequencies was
observed, the overall percentage of IL-17a producing CD4" T cells is rather
low so that the differences in Th17 frequencies observed between both groups
are probably negligible compared to the impact of the detected Thl changes.
Nevertheless, it cannot be excluded that the decrease in Thl7 frequencies

108,111-116
or

witnessed in FXIlI-deficient mice may possibly promote
diminish*°!?° the anti-atherogenic effect of FXII deficiency in the apoE”
mouse model. Yet, it is clear that the strongly distinctive Th1l-mediated effects
on atherosclerosis outweigh any such possible effects derived from Thl7

related changes.

As no alterations in systemic T-cell activation and polarization could be
observed under physiological homeostatic conditions in BI6 mice deficient in
FXII, atherosclerosis-related inflammatory processes seem to trigger
FXII-dependent modulation of immune responses. This may be possibly
associated with an increased burden of in vivo contact activators of FXII, such
as extracellular RNA®, collagen®’, polyphosphates released from activated

218219 misfolded proteins®**, or very-low-density lipoprotein (VLDL)

220

platelets
phospholipids®=® under these conditions. Most of these triggers may be
enhanced under atherosclerotic conditions. In line, increased FXIl plasma
levels have been observed in early atherosclerosis in hyperlipidemic
low-density lipoprotein receptor-deficient mice®*® and FXlla levels have also
been shown to correlate with conventional risk factors such as hyperlipidemia
and cholesterolemia in humans®***3?2, FXIl has moreover been co-localized to
SMCs and focally to macrophages in human atherosclerotic lesions, which

may provide an additional, local source for FXII in atherosclerosis*®’.

Since T-cell activation and polarization are strongly dependent on
antigen-presentation by and cytokine release from DCs and an expansion of
Thl T cells was verified to critically depend on IL-12 secreted from DCs3*%3%,
it was obvious to initially investigate direct effects of activated FXIl on DCs and
T cells. However, despite the strong effects on DCs and T-cell phenotype
observed in mice deficient in FXII, such changes could not be recapitulated in
these cell types by the addition of FXlla in vitro, suggesting that effectors

down-stream of FXII affect immune cell responses.
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A reduction in bradykinin levels in the serum of F127apoE” mice;
bradykinin being a part of the kallikrein-kinin system; could not be observed,
even though this would have been expected, as an earlier study demonstrated
reduced levels of bradykinin in FXIl-deficient mice®®°. These conflicting data
however may reflect a predominance of FXIll-independent prekallikrein
activation?*?? in F12""apoE™ mice or diminished levels of bradykinin-cleaving
plasma proteases such as neutral endopeptidase (NEP) secondary to the
reduction in C5a levels®®. An additional possibility might be reduced levels of
the bradykinin-cleaving protease angiotensin converting enzyme (ACE) in F12

+/+

"apoE” mice compared to F12"*apoE” controls, as a secondary effect to the

diminished Thl phenotype in these mice. ACE was demonstrated to

accumulate in human atherosclerotic lesions®®*%

and to play a role in the
modulation of atherosclerosis®®®. Furthermore, there is experimental evidence
that type Il interferons such as IFNy can upregulate ACE-expression in
myeloid cells*®*®. Thus, reduced IFNy levels as consequence of a diminished
Th1 response in F12"apoE” mice may lead to a reduction in ACE expression
limiting bradykinin degradation. It has to be emphasized that the possible
explanations for the absence of reduced bradykinin levels in F12"apoE” mice
mentioned above are so far plain hypothetical assumptions lacking

experimental evidence.

Besides its essential function in triggering the intrinsic coagulation
pathway which was not addressed in this thesis, FXII has also been shown to
initiate complement activation®®%*, Indeed, markedly decreased C5a plasma
levels in F12"apoE” mice support an important role of FXII in complement
activation under inflammatory conditions in atherosclerosis. These data
support and extend previous findings showing reduced complement activation

upon FXII neutralization under inflammatory conditions in septic baboons>®’.

FXII may trigger complement activation either directly via the classical

278,279

pathway through Hageman factor fragment (Hf) , indirectly via plasma

280,281

kallikrein, cleaving C3 to C3a or C5 to a C5-like peptide , or by factors
downstream of FXII, such as thrombin, FXla, plasmin, FXa and FIXa, which
are capable of cleaving C3 and C5 to C3a and C5a, respectively**’*%®.Also,

various coagulation factors from the extrinsic pathway (TF, FVlla, FVIl) have
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failed to generate C3 or C5 cleavage activity”™’, strengthening the role of the

intrinsic coagulation pathway with respect to complement activation.

Additionally, plasma kallikrein activated by FXlla on dermatan sulfate
(DS) has been shown to cleave complement component factor H (FH), which
is a negative regulator of the alternative pathway of complement, accelerating
the decay of C3 and C5 convertases, thereby limiting C3a and Cba
production®®®. Thus, a cleavage of FH may result in increased levels of the
anaphylatoxins C3a and Cb5a. This could indeed represent an additional
mechanism for FXlla-mediated complement modulation, since atherosclerosis
progression was demonstrated to be accompanied by increased levels of
certain  proteoglycans, including DS-containing  proteoglycans in
atherosclerotic lesions®®. An overview about these potential FXII-mediated

pathways for C5a induction are illustrated in Figure 5.1.

VLDL, extracellular RNA
R S hat

misfoI:;t; proteins....
Classical pathway

—_— C» of complement

/ N\

—’ FXla ,:z@/

C3a C5a

Figure 5.1 Potential FXlla-mediated mechanism for C5a induction

Blue arrows indicate the actions of the illustrated factors upon activation; green arrows
illustrate the complement activating actions of factors downstream of FXII activation as
described in literature. FXla, FIXa, FXa, Thrombin and Plasmin result in C3 and C5 activation.
Ultimately also the classical pathway of complement activated via FXIlaf can result in
formation of the anaphylatoxins C3a and Cb5a.
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Importantly, C5a has been shown to not only be present in human
unstable coronary lesions®®* but also to serve as a predictor of cardiovascular
events in advanced atherosclerosis®’!. Likewise, increased C5a levels caused
by a polymorphism in the C5 gene represent a risk factor for adverse outcome

in patients with atherosclerosis®’%.

While C5"apoE™ mice do not display any alterations in plaque size in

the aortic root®”®

, pharmacological blockade of the C5a receptor (C5aR) has
been shown to reduce atherosclerotic burden®? as well as neointimal
hyperplasia after carotid denudation injury in atherosclerotic mice®,
suggesting pro-atherogenic effects of C5aR activation. The inconsistencies
between experimental data on C5 in the context of atherosclerosis may be due
to different experimental approaches in these studies. The majority of studies
scrutinizing the role of Cba in atherosclerosis however suggest a

pro-atherogenic role.

Cbha contributes to and modulates inflammation in various ways, as it
has been shown to be chemotactic for leucocytes (e.g. neutrophils, T cells,
monocytes), to increase vascular permeability, to cause contraction of SMCs,
to trigger histamine release from mast cells and an oxidative burst in

neutrophils with formation of reactive oxygen species (ROS)?#23"°,

376,377

Moreover, C5a induces the expression of adhesion molecules and

378

tissue factor’’® on ECs and promotes the release of inflammatory mediators

such as IL-1p%"9, IL-6%%%! TNF-o®%2, 1L-8%%%* and OSM®*° but also of

%0 In line, a

cytokines considered to be anti-inflammatory such as TGF(
concentration-dependent increase of 116 and Il1b transcript levels as well as a
small but significant increase in Tgfb levels was observed upon
Cbha-stimulation of BMDCs. These in vitro data were partially recapitulated
in vivo where a significant decline in 116 levels in spleens from F12"apoE” was

seen when compared to controls.

Also, reduced 16 levels in F127apoE” may explain the reduction in
Thl7 frequencies, since IL-6 has been demonstrated to be crucial for Th17
induction®®*2%’. Yet, the elevation in Tgfb and unaltered Il1b transcript levels

in vivo do not match the in vitro data, suggesting other factors and mediators
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in F12""apoE™ mice to also play a role in defining the cytokine environment in
these mice. Furthermore, it has to be noted that the in vivo data was
generated from total splenocytes and not from isolated DCs making it
impossible to directly compare both data sets. Nevertheless, the increase in
Tgfb and the reduction in Il6 transcript levels in vivo probably further contribute

to a less inflammatory phenotype.

An excessive activation of the complement system and high C5a levels
can be observed in several inflammatory diseases such as sepsis and

rheumatoid arthritis3®8-38°,

Apart from their classical modulatory role in
inflammation, the anaphylatoxins C3a and Cb5a were recently also
demonstrated to play an important role in DC and T-cell mediated diseases

modulating adaptive immune responses®®.

Abrogation of C5aR signaling in DCs was reported to result in Th17 and
Treg expansion®®. Conversely, in studies employing different experimental
models such as EAE and auto-immune arthritis, pharmacological Cb5a
blockade or general C5aR deficiency caused impaired Thl7
differentiation®**%2. Also, C5a was demonstrated to promote IL-17 production
from human T cells dependent on B7, IL-1B8 and IL-6 expression from

monocytes®®,

While no alterations in Treg frequencies were observed, a clear trend
towards diminished Th17 levels was detected in F12"apoE™ mice in this
study. In vitro assays stimulating BMDCs with C5a however did not alter Th17
frequencies. Discrepancies between these results and literature may be
ascribed to an incomplete abolishment of C5a signaling in our model. Instead,
C5a levels in F12"apoE™ mice are markedly reduced still enabling a certain
amount of signaling, which could be a possible explanation. In addition,
differences in the in vitro data in this project such as lack of modulations in
co-stimulatory molecule expression and unaltered Th17 frequencies following
Cbha stimulation presented in this thesis may be explained by differences in the
experimental setup, including variances in C5a concentrations or stimulation
time compared to previously published studies. The decrease in Thl7

+/+

frequencies in F12"apoE™ mice compared to F12"*apoE™ controls after HFD

however may be attributed partially to the reduced 116 levels in these mice,
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since the IL-6-gp130-Stat3 pathway is crucial for RORyt expression in T cells

and Th17 development®®.

Cha-C5aR interactions were also shown to positively regulate

DC activation and DC-induced T-cell proliferation and IFNy production®*>3%.

Murine splenic APCs and BMDCs from C5- or C5aR-deficient mice or C5aR-
antagonist treated BMDCs employed in different experimental models elicited
impaired T-cell responses and displayed diminished MHC and co-stimulatory

molecule expression. Moreover the DCs in these models showed reduced

IL-12 production and impaired Thl responses®®®3%.  Conversely, Cba

stimulation performed in some of these studies up-regulated DC activation,

396,397 396

IL-12 expression and DC-mediated Thl polarization®".Conflicting

literature demonstrating C5a to up-regulate or down-regulate IL-12 expression

396402 could be attributed to different

| 397

by antigen-presenting cells (APCs)
experimental designs as demonstrated by Lalli et a

It has also been demonstrated that C5a can induce IL-12 production

and induction of Thl responses in macrophages®®®%*’

which also represent a
local source of complement proteins*®®. However, in this project no alterations
in transcript levels of M1 or M2 markers between F12"apoE” mice and
controls on atherogenic diet were noticed in vivo. Yet, a contribution of
macrophages to the observed Thl phenotype cannot be totally excluded

based on transcript levels only.

While no changes were detected in co-stimulatory molecule expression
in BMDCs treated with different concentrations of C5a or in DCs from
atherosclerotic apoE™ versus F127apoE™ mice in vivo, an augmented IL-12
secretion in Cha-treated BMDCs could be observed. Although C5a may cause
these changes by affecting cells other than T cells and DCs, the lack of C5aR

on T cells®®?

, an unaltered T-cell activation in the presence of Cb5a, together
with the Cba-triggered enhancement in naive T-cell differentiation towards
IFNy-producing Thl cells in co-cultures with C5a-stimulated BMDCs strongly
argues for a direct effect of C5a on DCs. Notably, these changes in T-cell
phenotype recapitulated the marked decrease in frequencies of
CD44"CD62L" effector/memory T cells and Thl cells in atherosclerotic

F12"apoE™ mice.
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By employing a C5aR1/GFP knock-in mouse model to track C5aR
expression, it was shown that C5aR is expressed on monocytes/inflammation-
induced macrophages and cultured BMDCs, whereas myeloid DCs in the
spleen did not express this receptor®>2. Together with changes in the systemic
T cell phenotype in atherosclerotic F12”apoE” mice but not in healthy F12"
mice it may be conceivable that C5aR-responsive DCs in our study are
derived from circulating monocytes, as previously demonstrated in

atherosclerosis®.

IL-12 production by DCs was previously shown to be linked to an
increased capacity to stimulate T-cell proliferation and IFNy secretion®**3*°.
Similarly, reduced frequencies of IL-12 expressing CD11c*MHCII® DCs,
together with a strong reduction in 1112 mRNA expression in the spleen and
decreased IL-12 serum levels are very likely to underlie limited T-cell activation
and Thl polarization, and in turn retarded atherosclerotic lesion formation in

atherosclerotic F127apoE™ mice.

A hypothetical model, illustrating potential mechanisms by which FXII
may promote a pro-atherogenic Thl response aggravating atherosclerosis,
combining data from this thesis and literature is depicted in Figure 5.2.
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Figure 5.2. Hypothetical model for potential FXIl-mediated regulations of a
pro-atherogenic Thlresponse under atherosclerotic conditions.

FXIl leads to an upregulation of C5a under atherosclerotic conditions in the apoE"' mouse
model as indicated by the green arrow. Potential mechanism for the observed Cb5a
upregulation are depicted in Figure 5.1. The upregulation of C5a induces IL-12 expression and
release from DCs. IL-12 polarizes naive T cell towards a Thl phenotype (dark blue arrows).
This model of C5a induced DC activation and T cell polarization was confirmed in this thesis in
vitro. Apart from this potential FXII-mediated modulation of a pro-atherogenic Thl response,
FXII may also result in an activation of plasmin, which was demonstrated to induce IL-12
production in monocyted-derived DCs thereby promoting Thl responses (light blue arrows,
thin). Furthermore the upregulation of C5a may influence other cell types apart from DCs,
since macrophages were shown to release OSM upon Cb5a treatment and OSM is able to
induce IL-12 expression in DCs supporting Th1 responses (light blue arrows, thick)

This model however also points out the limitations of this thesis. While
reduced Cb5a-levels can be considered to at least partially contribute to the
phenotype observed in F127apoE™ mice under atherosclerotic conditions, the
participation of other factors modulated by FXlla under atherogenic conditions
cannot be ruled out. The serine protease plasmin, activated either directly by
FXlla or indirectly via kallikrein or FX1a?**%*° for instance could also promote
pro-atherogenic Thl responses, since plasmin may not only promote
atherosclerosis through suppression of HDL-induced cholesterol efflux from
foam cells**, but also through induction of monocyte-derived DC chemotaxis
as well as IL-12 production triggering Thl polarization®°. Furthermore, C5a

may not only directly act on DCs eliciting IL-12 production and release,
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thereby promoting Thl responses but also indirect ways are conceivable. C5a
has been shown for example to drive oncostatin M (OSM) expression in
human macrophages via AP-1 activation®*> and OSM again was confirmed to

stimulate IL-12 expression in DCs supporting Th1 immune responses*®.

Likewise, it should be contemplated that FXII may modulate
atherosclerosis through additional mechanisms apart from the C5a-mediated

promotion of a pro-atherogenic Th1l phenotype delineated in this thesis.

Although a direct influence of activated FXIl on macrophages seems
unlikely according to the in vitro data in this project, FXlla may modulate other
innate immune cells including neutrophils or monocytes as FXlla was
demonstrated to be a potent inducer of IL-1B and IL-6 release from human
monocytes®’’ and to mediate neutrophil aggregation and degranulation as well
as fibrin deposition®”**°®, both of which could contribute to disease
aggravation. Plasma kallikrein and plasmin, being downstream mediators of
FXII, were described to impair HDL-induced cholesterol efflux from foam cells
in vitro, suggesting a pro-atherogenic function of these two proteases®'*. FXII

may further result in an increase of pro-fibrinolytic (|PAI-1, tuPA, tplasmin)>®

240.242-244 a5 well as anti-fibrinolytic (1 TAFI1)?4>? functions. Depending on the
net-effect of these changes in vivo, FXIl deficiency may either aggravate
atherosclerosis due to impaired fibrinolysis possibly promoting thrombotic

5 or vice versa. FXIl mediated

events in late stages of atherosclerosis®
increase in u-PA levels could influence atherosclerosis moreover in additional
ways besides its function as plasminogen activator yielding plasmin

228-232,310,311

formation , since local uPA expression itself was shown to correlate

with lesion severity in human plaques®*3*°

and overexpression of uPA in
macrophages resulted in accelerated lesion formation in several experimental
studies®*32%324  Also, although this thesis clearly shows an influence of FXII
on C5 activation, an in vivo modulation of other complement components such
as C1%'®%"® and C3?8°3% as implicated by literature has to be considered as
well. Such changes may potentially contribute to the phenotype observed
under FXII deficiency, since C3a similar to C5a has been demonstrated to
induce BMDC-mediated Th1 responses in different experimental models*®’#%.

Further experiments however would need to be pursued in F12”apoE™ mice
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on atherogenic diet to investigate additional FXII mediated mechanisms that

may contribute to the phenotype of these mice.

In summary, this thesis for the first time demonstrates that the
deficiency of FXII inhibits atherosclerotic lesion formation in the apoE” mouse
model by modulating adaptive immune responses, extending the notion that a
cross-talk between coagulation, complement activation and immunity is critical
in inflammation and atherosclerosis. FXIlI-deficiency results in a lowered
systemic C5 complement activation, diminished frequencies of IL-12
expressing DCs and a systemic reduction in IL-12 levels, together with an
attenuation of T-cell activation and Thl polarization. These data demonstrate
that FXII, by promoting a pro-atherogenic DC/T cell phenotype, drives
atherosclerotic lesion development. FXII may thus not only serve as a marker
of atherosclerotic vascular damage, but functions to directly contribute to

atherosclerotic lesion formation.

128



10

11

12

13

14

15

16

17

18

19

20

21

6. References

Ross, R. Atherosclerosis--an inflammatory disease. The New England journal of medicine 340,
115-126, doi:10.1056/NEJM199901143400207 (1999).

Hansson, G. K. & Hermansson, A. The immune system in atherosclerosis. Nature immunology
12, 204-212, doi:10.1038/ni.2001 (2011).

Libby, P. Inflammation in atherosclerosis. Nature 420, 868-874, doi:10.1038/nature01323
(2002).

Weber, C. & Noels, H. Atherosclerosis: current pathogenesis and therapeutic options. Nature
medicine 17, 1410-1422, doi:10.1038/nm.2538 (2011).

van der Wal, A. C. & Becker, A. E. Atherosclerotic plaque rupture--pathologic basis of plaque
stability and instability. Cardiovascular research 41, 334-344 (1999).

Ross, R. & Harker, L. Hyperlipidemia and atherosclerosis. Science 193, 1094-1100 (1976).
Vogel, R. A. Coronary risk factors, endothelial function, and atherosclerosis: a review. Clinical
cardiology 20, 426-432 (1997).

Busse, R. & Fleming, I. Endothelial dysfunction in atherosclerosis. Journal of vascular research
33, 181-194 (1996).

Crowther, M. A. Pathogenesis of atherosclerosis. Hematology / the Education Program of the
American Society of Hematology. American Society of Hematology. Education Program, 436-
441, doi:10.1182/asheducation-2005.1.436 (2005).

Skalen, K. et al. Subendothelial retention of atherogenic lipoproteins in early atherosclerosis.
Nature 417, 750-754, doi:10.1038/nature00804 (2002).

Tabas, ., Williams, K. J. & Boren, J. Subendothelial lipoprotein retention as the initiating
process in atherosclerosis: update and therapeutic implications. Circulation 116, 1832-1844,
doi:10.1161/CIRCULATIONAHA.106.676890 (2007).

Matsuura, E., Kobayashi, K., Tabuchi, M. & Lopez, L. R. Oxidative modification of low-density
lipoprotein and immune regulation of atherosclerosis. Progress in lipid research 45, 466-486,
doi:10.1016/j.plipres.2006.05.001 (2006).

Hansson, G. K. & Libby, P. The immune response in atherosclerosis: a double-edged sword.
Nature reviews. Immunology 6, 508-519, doi:10.1038/nri1882 (2006).

Halvorsen, B. et al. Atherosclerotic plaque stability--what determines the fate of a plaque?
Progress in cardiovascular diseases 51, 183-194, doi:10.1016/j.pcad.2008.09.001 (2008).
Hansson, G. K., Robertson, A. K. & Soderberg-Naucler, C. Inflammation and atherosclerosis.
Annual review of pathology 1, 297-329, doi:10.1146/annurev.pathol.1.110304.100100
(2006).

Hansson, G. K. Atherosclerosis--an immune disease: The Anitschkov Lecture 2007.
Atherosclerosis 202, 2-10, doi:10.1016/j.atherosclerosis.2008.08.039 (2009).

Moore, K. J. & Tabas, I. Macrophages in the pathogenesis of atherosclerosis. Cell 145, 341-
355, doi:10.1016/j.cell.2011.04.005 (2011).

Ley, K., Miller, Y. I. & Hedrick, C. C. Monocyte and macrophage dynamics during
atherogenesis. Arteriosclerosis, thrombosis, and vascular biology 31, 1506-1516,
doi:10.1161/ATVBAHA.110.221127 (2011).

Swirski, F. K. et al. Ly-6Chi monocytes dominate hypercholesterolemia-associated
monocytosis and give rise to macrophages in atheromata. The Journal of clinical investigation
117, 195-205, doi:10.1172/JCI29950 (2007).

Tacke, F. et al. Monocyte subsets differentially employ CCR2, CCR5, and CX3CR1 to
accumulate within atherosclerotic plaques. The Journal of clinical investigation 117, 185-194,
doi:10.1172/1CI28549 (2007).

Combadiere, C. et al. Combined inhibition of CCL2, CX3CR1, and CCR5 abrogates Ly6C(hi) and
Ly6C(lo) monocytosis and almost abolishes atherosclerosis in hypercholesterolemic mice.
Circulation 117, 1649-1657, doi:10.1161/CIRCULATIONAHA.107.745091 (2008).

129



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Mestas, J. & Ley, K. Monocyte-endothelial cell interactions in the development of
atherosclerosis. Trends in cardiovascular medicine 18, 228-232,
do0i:10.1016/j.tcm.2008.11.004 (2008).

Smith, J. D. et al. Decreased atherosclerosis in mice deficient in both macrophage colony-
stimulating factor (op) and apolipoprotein E. Proceedings of the National Academy of
Sciences of the United States of America 92, 8264-8268 (1995).

Belz, G. T. & Nutt, S. L. Transcriptional programming of the dendritic cell network. Nature
reviews. Immunology 12, 101-113, doi:10.1038/nri3149 (2012).

Drutman, S. B., Kendall, J. C. & Trombetta, E. S. Inflammatory spleen monocytes can
upregulate CD11c expression without converting into dendritic cells. Journal of immunology
188, 3603-3610, d0i:10.4049/jimmunol.1102741 (2012).

Wu, H. et al. Functional role of CD1lc+ monocytes in atherogenesis associated with
hypercholesterolemia. Circulation 119, 2708-2717,
doi:10.1161/CIRCULATIONAHA.108.823740 (2009).

Butcher, M. J. & Galkina, E. V. Phenotypic and functional heterogeneity of macrophages and
dendritic cell subsets in the healthy and atherosclerosis-prone aorta. Frontiers in physiology
3, 44, doi:10.3389/fphys.2012.00044 (2012).

Andres, V., Pello, O. M. & Silvestre-Roig, C. Macrophage proliferation and apoptosis in
atherosclerosis. Current opinion in lipidology 23, 429-438,
do0i:10.1097/MOL.0b013e328357a379 (2012).

Khallou-Laschet, J. et al. Macrophage plasticity in experimental atherosclerosis. PloS one 5,
e8852, doi:10.1371/journal.pone.0008852 (2010).

Kadl, A. et al. Identification of a novel macrophage phenotype that develops in response to
atherogenic  phospholipids  via  Nrf2.  Circulation  research 107, 737-746,
doi:10.1161/CIRCRESAHA.109.215715 (2010).

Bouhlel, M. A. et al. PPARgamma activation primes human monocytes into alternative M2
macrophages with anti-inflammatory properties. Cell metabolism 6, 137-143,
doi:10.1016/j.cmet.2007.06.010 (2007).

Kleemann, R., Zadelaar, S. & Kooistra, T. Cytokines and atherosclerosis: a comprehensive
review of studies in mice. Cardiovascular research 79, 360-376, do0i:10.1093/cvr/cvn120
(2008).

Murray, P. J. & Wynn, T. A. Protective and pathogenic functions of macrophage subsets.
Nature reviews. Immunology 11, 723-737, doi:10.1038/nri3073 (2011).

Miller, Y. I. et al. Toll-like receptor 4-dependent and -independent cytokine secretion induced
by minimally oxidized low-density lipoprotein in macrophages. Arteriosclerosis, thrombosis,
and vascular biology 25, 1213-1219, doi:10.1161/01.ATV.0000159891.73193.31 (2005).
Michelsen, K. S. et al. Lack of Toll-like receptor 4 or myeloid differentiation factor 88 reduces
atherosclerosis and alters plague phenotype in mice deficient in apolipoprotein E.
Proceedings of the National Academy of Sciences of the United States of America 101, 10679-
10684, doi:10.1073/pnas.0403249101 (2004).

Kunjathoor, V. V. et al. Scavenger receptors class A-I/Il and CD36 are the principal receptors
responsible for the uptake of modified low density lipoprotein leading to lipid loading in
macrophages. The  Journal of  biological  chemistry 277, 49982-49988,
doi:10.1074/jbc.M209649200 (2002).

Weber, C., Schober, A. & Zernecke, A. Chemokines: key regulators of mononuclear cell
recruitment in atherosclerotic vascular disease. Arteriosclerosis, thrombosis, and vascular
biology 24, 1997-2008, doi:10.1161/01.ATV.0000142812.03840.6f (2004).

Qiao, J. H. et al. Role of macrophage colony-stimulating factor in atherosclerosis: studies of
osteopetrotic mice. The American journal of pathology 150, 1687-1699 (1997).

Steinman, R. M. Linking innate to adaptive immunity through dendritic cells. Novartis
Foundation symposium 279, 101-109; discussion 109-113, 216-109 (2006).

130



40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Paul, W. E. Bridging innate and adaptive immunity. Cell 147, 1212-1215,
doi:10.1016/j.cell.2011.11.036 (2011).

Naik, S. H. Demystifying the development of dendritic cell subtypes, a little. Immunology and
cell biology 86, 439-452, doi:10.1038/icb.2008.28 (2008).

Shortman, K. & Naik, S. H. Steady-state and inflammatory dendritic-cell development. Nature
reviews. Immunology 7, 19-30, doi:10.1038/nri1996 (2007).

Satpathy, A. T., Wu, X, Albring, J. C. & Murphy, K. M. Re(de)fining the dendritic cell lineage.
Nature immunology 13, 1145-1154, doi:10.1038/ni.2467 (2012).

Shortman, K. & Liu, Y. J. Mouse and human dendritic cell subtypes. Nature reviews.
Immunology 2, 151-161, doi:10.1038/nri746 (2002).

Mellman, I. & Steinman, R. M. Dendritic cells: specialized and regulated antigen processing
machines. Cell 106, 255-258 (2001).

Savina, A. & Amigorena, S. Phagocytosis and antigen presentation in dendritic cells.
Immunological reviews 219, 143-156, doi:10.1111/j.1600-065X.2007.00552.x (2007).
Steinman, R. M. Some interfaces of dendritic cell biology. APMIS : acta pathologica,
microbiologica, et immunologica Scandinavica 111, 675-697 (2003).

Banchereau, J. et al. Immunobiology of dendritic cells. Annual review of immunology 18, 767-
811, doi:10.1146/annurev.immunol.18.1.767 (2000).

Satthaporn, S. & Eremin, O. Dendritic cells (I): Biological functions. Journal of the Royal
College of Surgeons of Edinburgh 46, 9-19 (2001).

Ardavin, C., Wu, L., Ferrero, I. & Shortman, K. Mouse thymic dendritic cell subpopulations.
Immunology letters 38, 19-25 (1993).

Manicassamy, S. & Pulendran, B. Dendritic cell control of tolerogenic responses.
Immunological reviews 241, 206-227, doi:10.1111/j.1600-065X.2011.01015.x (2011).

Suss, G. & Shortman, K. A subclass of dendritic cells kills CD4 T cells via Fas/Fas-ligand-
induced apoptosis. The Journal of experimental medicine 183, 1789-1796 (1996).

Albert, M. L., Jegathesan, M. & Darnell, R. B. Dendritic cell maturation is required for the
cross-tolerization of CD8+ T cells. Nature immunology 2, 1010-1017, doi:10.1038/ni722
(2001).

Shortman, K. & Heath, W. R. Immunity or tolerance? That is the question for dendritic cells.
Nature immunology 2, 988-989, doi:10.1038/ni1101-988 (2001).

Takeda, M., Yamashita, T., Sasaki, N. & Hirata, K. Dendritic cells in atherogenesis: possible
novel targets for prevention of atherosclerosis. Journal of atherosclerosis and thrombosis 19,
953-961 (2012).

Steinman, R. M. The control of immunity and tolerance by dendritic cell. Pathologie-biologie
51, 59-60 (2003).

Steinman, R. M., Hawiger, D. & Nussenzweig, M. C. Tolerogenic dendritic cells. Annual review
of immunology 21, 685-711, doi:10.1146/annurev.immunol.21.120601.141040 (2003).
Jongstra-Bilen, J. et al. Low-grade chronic inflammation in regions of the normal mouse
arterial intima predisposed to atherosclerosis. The Journal of experimental medicine 203,
2073-2083, doi:10.1084/jem.20060245 (2006).

Millonig, G. et al. Network of vascular-associated dendritic cells in intima of healthy young
individuals. Arteriosclerosis, thrombosis, and vascular biology 21, 503-508 (2001).

Erbel, C. et al. Functional profile of activated dendritic cells in unstable atherosclerotic
plaque. Basic research in cardiology 102, 123-132, doi:10.1007/s00395-006-0636-x (2007).
Bobryshev, Y. V., Taksir, T., Lord, R. S. & Freeman, M. W. Evidence that dendritic cells
infiltrate atherosclerotic lesions in apolipoprotein E-deficient mice. Histology and
histopathology 16, 801-808 (2001).

Bobryshev, Y. V., Babaev, V. R., Lord, R. S. & Watanabe, T. Ultrastructural identification of
cells with dendritic cell appearance in atherosclerotic aorta of apolipoprotein E deficient
mice. Journal of submicroscopic cytology and pathology 31, 527-531 (1999).

131



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

Liu, P. et al. CX3CR1 deficiency impairs dendritic cell accumulation in arterial intima and
reduces atherosclerotic burden. Arteriosclerosis, thrombosis, and vascular biology 28, 243-
250, doi:10.1161/ATVBAHA.107.158675 (2008).

Geissmann, F., Jung, S. & Littman, D. R. Blood monocytes consist of two principal subsets
with distinct migratory properties. Immunity 19, 71-82 (2003).

Zhu, S. N., Chen, M., Jongstra-Bilen, J. & Cybulsky, M. I. GM-CSF regulates intimal cell
proliferation in nascent atherosclerotic lesions. The Journal of experimental medicine 206,
2141-2149, doi:10.1084/jem.20090866 (2009).

Llodra, J. et al. Emigration of monocyte-derived cells from atherosclerotic lesions
characterizes regressive, but not progressive, plaques. Proceedings of the National Academy
of Sciences of the United States of America 101, 11779-11784, doi:10.1073/pnas.0403259101
(2004).

Koltsova, E. K. & Ley, K. How dendritic cells shape atherosclerosis. Trends in immunology 32,
540-547, doi:10.1016/}.it.2011.07.001 (2011).

Buono, C. et al. B7-1/B7-2 costimulation regulates plaque antigen-specific T-cell responses
and atherogenesis in low-density lipoprotein receptor-deficient mice. Circulation 109, 2009-
2015, doi:10.1161/01.CIR.0000127121.16815.F1 (2004).

Sun, J. et al. Deficiency of antigen-presenting cell invariant chain reduces atherosclerosis in
mice. Circulation 122, 808-820, doi:10.1161/CIRCULATIONAHA.109.891887 (2010).

Paulsson, G., Zhou, X., Tornquist, E. & Hansson, G. K. Oligoclonal T cell expansions in
atherosclerotic lesions of apolipoprotein E-deficient mice. Arteriosclerosis, thrombosis, and
vascular biology 20, 10-17 (2000).

Mallat, Z., Taleb, S., Ait-Oufella, H. & Tedgui, A. The role of adaptive T cell immunity in
atherosclerosis. Journal of lipid research 50 Suppl, $364-369, doi:10.1194/jlr.R800092-JLR200
(2009).

Paulson, K. E. et al. Resident intimal dendritic cells accumulate lipid and contribute to the
initiation of atherosclerosis. Circulation research 106, 383-390,
doi:10.1161/CIRCRESAHA.109.210781 (2010).

Morelli, A. E. et al. Cytokine production by mouse myeloid dendritic cells in relation to
differentiation and terminal maturation induced by lipopolysaccharide or CD40 ligation.
Blood 98, 1512-1523 (2001).

Davenport, P. & Tipping, P. G. The role of interleukin-4 and interleukin-12 in the progression
of atherosclerosis in apolipoprotein E-deficient mice. The American journal of pathology 163,
1117-1125, doi:10.1016/S0002-9440(10)63471-2 (2003).

Hauer, A. D. et al. Blockade of interleukin-12 function by protein vaccination attenuates
atherosclerosis. Circulation 112, 1054-1062, doi:10.1161/CIRCULATIONAHA.104.533463
(2005).

Lee, T. S, Yen, H. C., Pan, C. C. & Chau, L. Y. The role of interleukin 12 in the development of
atherosclerosis in ApoE-deficient mice. Arteriosclerosis, thrombosis, and vascular biology 19,
734-742 (1999).

Oppmann, B. et al. Novel p19 protein engages IL-12p40 to form a cytokine, IL-23, with
biological activities similar as well as distinct from IL-12. Immunity 13, 715-725 (2000).
Langrish, C. L. et al. IL-12 and IL-23: master regulators of innate and adaptive immunity.
Immunological reviews 202, 96-105, doi:10.1111/j.0105-2896.2004.00214.x (2004).

Iwakura, Y. & Ishigame, H. The IL-23/IL-17 axis in inflammation. The Journal of clinical
investigation 116, 1218-1222, doi:10.1172/JCI28508 (2006).

Smits, H. H. et al. Commensal Gram-negative bacteria prime human dendritic cells for
enhanced IL-23 and IL-27 expression and enhanced Thl development. European journal of
immunology 34, 1371-1380, doi:10.1002/eji.200324815 (2004).

de Jong, E. C., Smits, H. H. & Kapsenberg, M. L. Dendritic cell-mediated T cell polarization.
Springer seminars in immunopathology 26, 289-307, doi:10.1007/s00281-004-0167-1 (2005).

132



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

Weber, C. et al. CCL17-expressing dendritic cells drive atherosclerosis by restraining
regulatory T cell homeostasis in mice. The Journal of clinical investigation 121, 2898-2910,
doi:10.1172/JCI44925 (2011).

Choi, J. H. et al. FIt3 signaling-dependent dendritic cells protect against atherosclerosis.
Immunity 35, 819-831, doi:10.1016/j.immuni.2011.09.014 (2011).

Ohta, H. et al. Disruption of tumor necrosis factor-alpha gene diminishes the development of
atherosclerosis in ApoE-deficient mice. Atherosclerosis 180, 11-17,
doi:10.1016/j.atherosclerosis.2004.11.016 (2005).

Schuett, H., Luchtefeld, M., Grothusen, C., Grote, K. & Schieffer, B. How much is too much?
Interleukin-6 and its signalling in atherosclerosis. Thrombosis and haemostasis 102, 215-222,
doi:10.1160/TH09-05-0297 (2009).

Ait-Oufella, H., Taleb, S., Mallat, Z. & Tedgui, A. Recent advances on the role of cytokines in
atherosclerosis.  Arteriosclerosis, thrombosis, and vascular biology 31, 969-979,
doi:10.1161/ATVBAHA.110.207415 (2011).

Huang, D. R., Wang, J., Kivisakk, P., Rollins, B. J. & Ransohoff, R. M. Absence of monocyte
chemoattractant protein 1 in mice leads to decreased local macrophage recruitment and
antigen-specific T helper cell type 1 immune response in experimental autoimmune
encephalomyelitis. The Journal of experimental medicine 193, 713-726 (2001).

Bystry, R. S., Aluvihare, V., Welch, K. A., Kallikourdis, M. & Betz, A. G. B cells and professional
APCs recruit regulatory T cells via CCLA. Nature immunology 2, 1126-1132, doi:10.1038/ni735
(2001).

Gautier, E. L. et al. Conventional dendritic cells at the crossroads between immunity and
cholesterol homeostasis in atherosclerosis. Circulation 119, 2367-2375,
doi:10.1161/CIRCULATIONAHA.108.807537 (2009).

Manthey, H. D. & Zernecke, A. Dendritic cells in atherosclerosis: functions in immune
regulation and beyond. Thrombosis and haemostasis 106, 772-778, doi:10.1160/TH11-05-
0296 (2011).

Niessner, A. & Weyand, C. M. Dendritic cells in atherosclerotic disease. Clinical immunology
134, 25-32, doi:10.1016/j.clim.2009.05.006 (2010).

Angeli, V. et al. Dyslipidemia associated with atherosclerotic disease systemically alters
dendritic cell mobilization. Immunity 21, 561-574, doi:10.1016/j.immuni.2004.09.003 (2004).

Packard, R. R. et al. CD11lc(+) dendritic cells maintain antigen processing, presentation
capabilities, and CD4(+) T-cell priming efficacy under hypercholesterolemic conditions
associated with atherosclerosis. Circulation research 103, 965-973,
doi:10.1161/CIRCRESAHA.108.185793 (2008).

Shamshiev, A. T. et al. Dyslipidemia inhibits Toll-like receptor-induced activation of
CD8alpha-negative dendritic cells and protective Thl type immunity. The Journal of
experimental medicine 204, 441-452, doi:10.1084/jem.20061737 (2007).

Liuzzo, G. et al. Monoclonal T-cell proliferation and plaque instability in acute coronary
syndromes. Circulation 101, 2883-2888 (2000).

Zou, W. & Restifo, N. P. T(H)17 cells in tumour immunity and immunotherapy. Nature
reviews. Immunology 10, 248-256, doi:10.1038/nri2742 (2010).

Benagiano, M. et al. T helper type 1 lymphocytes drive inflammation in human
atherosclerotic lesions. Proceedings of the National Academy of Sciences of the United States
of America 100, 6658-6663, doi:10.1073/pnas.1135726100 (2003).

Tedgui, A. & Mallat, Z. Cytokines in atherosclerosis: pathogenic and regulatory pathways.
Physiological reviews 86, 515-581, doi:10.1152/physrev.00024.2005 (2006).

Frostegard, J. et al. Cytokine expression in advanced human atherosclerotic plaques:
dominance of pro-inflammatory (Thl) and macrophage-stimulating cytokines.
Atherosclerosis 145, 33-43 (1999).

133



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

Stemme, S. et al. T lymphocytes from human atherosclerotic plaques recognize oxidized low
density lipoprotein. Proceedings of the National Academy of Sciences of the United States of
America 92, 3893-3897 (1995).

Gupta, S. et al. IFN-gamma potentiates atherosclerosis in ApoE knock-out mice. The Journal
of clinical investigation 99, 2752-2761, doi:10.1172/JCl1119465 (1997).

Laurat, E. et al. In vivo downregulation of T helper cell 1 immune responses reduces
atherogenesis in apolipoprotein E-knockout mice. Circulation 104, 197-202 (2001).

Buono, C. et al. Influence of interferon-gamma on the extent and phenotype of diet-induced
atherosclerosis in the LDLR-deficient mouse. Arteriosclerosis, thrombosis, and vascular
biology 23, 454-460, doi:10.1161/01.ATV.0000059419.11002.6E (2003).

Buono, C. et al. T-bet deficiency reduces atherosclerosis and alters plaque antigen-specific
immune responses. Proceedings of the National Academy of Sciences of the United States of
America 102, 1596-1601, doi:10.1073/pnas.0409015102 (2005).

Elhage, R. et al. Reduced atherosclerosis in interleukin-18 deficient apolipoprotein E-
knockout mice. Cardiovascular research 59, 234-240 (2003).

Whitman, S. C., Ravisankar, P. & Daugherty, A. Interleukin-18 enhances atherosclerosis in
apolipoprotein E(-/-) mice through release of interferon-gamma. Circulation research 90,
E34-38 (2002).

Whitman, S. C., Ravisankar, P., Elam, H. & Daugherty, A. Exogenous interferon-gamma
enhances atherosclerosis in apolipoprotein E-/- mice. The American journal of pathology 157,
1819-1824 (2000).

Lichtman, A. H. Adaptive immunity and atherosclerosis: mouse tales in the AJP. The American
journal of pathology 182, 5-9, doi:10.1016/j.ajpath.2012.10.006 (2013).

King, V. L., Szilvassy, S. J. & Daugherty, A. Interleukin-4 deficiency decreases atherosclerotic
lesion formation in a site-specific manner in female LDL receptor-/- mice. Arteriosclerosis,
thrombosis, and vascular biology 22, 456-461 (2002).

King, V. L., Cassis, L. A. & Daugherty, A. Interleukin-4 does not influence development of
hypercholesterolemia or angiotensin ll-induced atherosclerotic lesions in mice. The American
journal of pathology 171, 2040-2047, doi:10.2353/ajpath.2007.060857 (2007).

Binder, C. J. et al. IL-5 links adaptive and natural immunity specific for epitopes of oxidized
LDL and protects from atherosclerosis. The Journal of clinical investigation 114, 427-437,
doi:10.1172/1CI120479 (2004).

Cardilo-Reis, L. et al. Interleukin-13 protects from atherosclerosis and modulates plaque
composition by skewing the macrophage phenotype. EMBO molecular medicine 4, 1072-
1086, d0i:10.1002/emmm.201201374 (2012).

Uyemura, K. et al. Cross-regulatory roles of interleukin (IL)-12 and IL-10 in atherosclerosis.
The Journal of clinical investigation 97, 2130-2138, doi:10.1172/JCI1118650 (1996).

Chen, S., Crother, T. R. & Arditi, M. Emerging role of IL-17 in atherosclerosis. Journal of innate
immunity 2, 325-333, doi:10.1159/000314626 (2010).

Miossec, P. IL-17 and Th17 cells in human inflammatory diseases. Microbes and infection /
Institut Pasteur 11, 625-630, doi:10.1016/j.micinf.2009.04.003 (2009).

Erbel, C. et al. Expression of IL-17A in human atherosclerotic lesions is associated with
increased inflammation and plaque vulnerability. Basic research in cardiology 106, 125-134,
doi:10.1007/s00395-010-0135-y (2011).

de Boer, O. J. et al. Differential expression of interleukin-17 family cytokines in intact and
complicated human atherosclerotic plaques. The Journal of pathology 220, 499-508,
doi:10.1002/path.2667 (2010).

Erbel, C. et al. Inhibition of IL-17A attenuates atherosclerotic lesion development in apoE-
deficient mice. Journal of immunology 183, 8167-8175, doi:10.4049/jimmunol.0901126
(2009).

134



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

van Es, T. et al. Attenuated atherosclerosis upon IL-17R signaling disruption in LDLr deficient
mice. Biochemical and biophysical research communications 388, 261-265,
do0i:10.1016/j.bbrc.2009.07.152 (2009).

Smith, E. et al. Blockade of interleukin-17A results in reduced atherosclerosis in
apolipoprotein E-deficient mice. Circulation 121, 1746-1755,
doi:10.1161/CIRCULATIONAHA.109.924886 (2010).

Gao, Q. et al. A critical function of Th17 proinflammatory cells in the development of
atherosclerotic  plaque in  mice. Journal of immunology 185, 5820-5827,
doi:10.4049/jimmunol.1000116 (2010).

Butcher, M. J., Gjurich, B. N., Phillips, T. & Galkina, E. V. The IL-17A/IL-17RA axis plays a
proatherogenic role via the regulation of aortic myeloid cell recruitment. Circulation research
110, 675-687, doi:10.1161/CIRCRESAHA.111.261784 (2012).

Usui, F. et al. Interleukin-17 deficiency reduced vascular inflammation and development of
atherosclerosis in Western diet-induced apoE-deficient mice. Biochemical and biophysical
research communications 420, 72-77, doi:10.1016/j.bbrc.2012.02.117 (2012).

Madhur, M. S. et al. Role of interleukin 17 in inflammation, atherosclerosis, and vascular
function in apolipoprotein e-deficient mice. Arteriosclerosis, thrombosis, and vascular biology
31, 1565-1572, doi:10.1161/ATVBAHA.111.227629 (2011).

Cheng, X. et al. Inhibition of IL-17A in atherosclerosis. Atherosclerosis 215, 471-474,
doi:10.1016/].atherosclerosis.2010.12.034 (2011).

Danzaki, K. et al. Interleukin-17A deficiency accelerates unstable atherosclerotic plaque
formation in apolipoprotein E-deficient mice. Arteriosclerosis, thrombosis, and vascular
biology 32, 273-280, doi:10.1161/ATVBAHA.111.229997 (2012).

Taleb, S. et al. Loss of SOCS3 expression in T cells reveals a regulatory role for interleukin-17
in atherosclerosis. The Journal of experimental medicine 206, 2067-2077,
doi:10.1084/jem.20090545 (2009).

Onishi, Y., Fehervari, Z., Yamaguchi, T. & Sakaguchi, S. Foxp3+ natural regulatory T cells
preferentially form aggregates on dendritic cells in vitro and actively inhibit their maturation.
Proceedings of the National Academy of Sciences of the United States of America 105, 10113-
10118, doi:10.1073/pnas.0711106105 (2008).

Ait-Oufella, H. et al. Natural regulatory T cells control the development of atherosclerosis in
mice. Nature medicine 12, 178-180, doi:10.1038/nm1343 (2006).

Klingenberg, R. et al. Depletion of FOXP3+ regulatory T cells promotes hypercholesterolemia
and atherosclerosis. The Journal of clinical investigation 123, 1323-1334,
doi:10.1172/JCI63891 (2013).

de Boer, O. J., van der Meer, J. J., Teeling, P., van der Loos, C. M. & van der Wal, A. C. Low
numbers of FOXP3 positive regulatory T cells are present in all developmental stages of
human atherosclerotic lesions. PloS one 2, €779, doi:10.1371/journal.pone.0000779 (2007).
Mor, A. et al. Role of naturally occurring CD4+ CD25+ regulatory T cells in experimental
atherosclerosis. Arteriosclerosis, thrombosis, and vascular biology 27, 893-900,
doi:10.1161/01.ATV.0000259365.31469.89 (2007).

Khrenov, A. V., Ananyeva, N. M., Griffin, J. H. & Saenko, E. L. Coagulation pathways in
atherothrombosis. Trends in cardiovascular medicine 12, 317-324 (2002).

Borissoff, J. I., Spronk, H. M. & ten Cate, H. The hemostatic system as a modulator of
atherosclerosis. The New England journal of medicine 364, 1746-1760,
doi:10.1056/NEJMral1011670 (2011).

Loeffen, R., Spronk, H. M. & ten Cate, H. The impact of blood coagulability on atherosclerosis
and cardiovascular disease. Journal of thrombosis and haemostasis : JTH 10, 1207-1216,
doi:10.1111/j.1538-7836.2012.04782.x (2012).

Coughlin, S. R. Thrombin signalling and protease-activated receptors. Nature 407, 258-264,
doi:10.1038/35025229 (2000).

135



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

Borissoff, J. I. et al. Early atherosclerosis exhibits an enhanced procoagulant state. Circulation
122, 821-830, d0i:10.1161/CIRCULATIONAHA.109.907121 (2010).

Bach, R. R. Initiation of coagulation by tissue factor. CRC critical reviews in biochemistry 23,
339-368 (1988).

Chen, J. et al. Tissue factor--a receptor involved in the control of cellular properties, including
angiogenesis. Thrombosis and haemostasis 86, 334-345 (2001).

Mackman, N. Role of tissue factor in hemostasis, thrombosis, and vascular development.
Arteriosclerosis, thrombosis, and vascular biology 24, 1015-1022,
doi:10.1161/01.ATV.0000130465.23430.74 (2004).

Toschi, V. et al. Tissue factor modulates the thrombogenicity of human atherosclerotic
plaques. Circulation 95, 594-599 (1997).

Wilcox, J. N., Smith, K. M., Schwartz, S. M. & Gordon, D. Localization of tissue factor in the
normal vessel wall and in the atherosclerotic plaque. Proceedings of the National Academy of
Sciences of the United States of America 86, 2839-2843 (1989).

Thiruvikraman, S. V. et al. In situ localization of tissue factor in human atherosclerotic
plaques by binding of digoxigenin-labeled factors Vlla and X. Laboratory investigation; a
journal of technical methods and pathology 75, 451-461 (1996).

Hatakeyama, K. et al. Localization and activity of tissue factor in human aortic atherosclerotic
lesions. Atherosclerosis 133, 213-219 (1997).

Breitenstein, A., Tanner, F. C. & Luscher, T. F. Tissue factor and cardiovascular disease: quo
vadis? Circulation journal : official journal of the Japanese Circulation Society 74, 3-12 (2010).

Tilley, R. E. et al. Atherosclerosis in mice is not affected by a reduction in tissue factor
expression.  Arteriosclerosis, thrombosis, and vascular biology 26, 555-562,
doi:10.1161/01.ATV.0000202028.62414.3¢ (2006).

Annex, B. H. et al. Differential expression of tissue factor protein in directional atherectomy
specimens from patients with stable and unstable coronary syndromes. Circulation 91, 619-
622 (1995).

Marmur, J. D. et al. Identification of active tissue factor in human coronary atheroma.
Circulation 94, 1226-1232 (1996).

Gasic, G. P., Arenas, C. P., Gasic, T. B. & Gasic, G. J. Coagulation factors X, Xa, and protein S as
potent mitogens of cultured aortic smooth muscle cells. Proceedings of the National
Academy of Sciences of the United States of America 89, 2317-2320 (1992).

Borensztajn, K., Peppelenbosch, M. P. & Spek, C. A. Factor Xa: at the crossroads between
coagulation and signaling in physiology and disease. Trends in molecular medicine 14, 429-
440, doi:10.1016/j.molmed.2008.08.001 (2008).

Zhou, Q. et al. Evaluation of plaque stability of advanced atherosclerotic lesions in apo E-
deficient mice after treatment with the oral factor Xa inhibitor rivaroxaban. Mediators of
inflammation 2011, 432080, doi:10.1155/2011/432080 (2011).

Kravtsov, D. V. et al. Factor XlI contributes to thrombin generation in the absence of factor
Xll. Blood 114, 452-458, doi:10.1182/blood-2009-02-203604 (2009).

Naito, K. & Fujikawa, K. Activation of human blood coagulation factor XlI independent of
factor XII. Factor Xl is activated by thrombin and factor Xla in the presence of negatively
charged surfaces. The Journal of biological chemistry 266, 7353-7358 (1991).

Gailani, D. & Broze, G. J., Jr. Factor Xl activation in a revised model of blood coagulation.
Science 253, 909-912 (1991).

Oliver, J. A., Monroe, D. M., Roberts, H. R. & Hoffman, M. Thrombin activates factor XI on
activated platelets in the absence of factor Xll. Arteriosclerosis, thrombosis, and vascular
biology 19, 170-177 (1999).

Minnema, M. C. et al. Activation of clotting factors Xl and IX in patients with acute
myocardial infarction. Arteriosclerosis, thrombosis, and vascular biology 20, 2489-2493
(2000).

136



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

Khallou-Laschet, J. et al. Role of the intrinsic coagulation pathway in atherogenesis assessed
in hemophilic apolipoprotein E knockout mice. Arteriosclerosis, thrombosis, and vascular
biology 25, €123-126, d0i:10.1161/01.ATV.0000171995.22284.9a (2005).

Fabri, D. R., de Paula, E. V., Costa, D. S., Annichino-Bizzacchi, J. M. & Arruda, V. R. Novel
insights into the development of atherosclerosis in hemophilia A mouse models. Journal of
thrombosis and haemostasis : JTH 9, 1556-1561, doi:10.1111/j.1538-7836.2011.04410.x
(2011).

Biere-Rafi, S. et al. Factor VIII deficiency does not protect against atherosclerosis. Journal of
thrombosis and haemostasis : JTH 10, 30-37, d0i:10.1111/j.1538-7836.2011.04499.x (2012).
Siller-Matula, J. M., Schwameis, M., Blann, A., Mannhalter, C. & Jilma, B. Thrombin as a multi-
functional enzyme. Focus on in vitro and in vivo effects. Thrombosis and haemostasis 106,
1020-1033, doi:10.1160/TH10-11-0711 (2011).

Crawley, J. T., Zanardelli, S., Chion, C. K. & Lane, D. A. The central role of thrombin in
hemostasis. Journal of thrombosis and haemostasis : JTH 5 Suppl 1, 95-101,
doi:10.1111/j.1538-7836.2007.02500.x (2007).

Borissoff, J. I., Spronk, H. M., Heeneman, S. & ten Cate, H. Is thrombin a key player in the
'coagulation-atherogenesis' maze? Cardiovascular research 82, 392-403,
do0i:10.1093/cvr/cvp066 (2009).

Gawaz, M., Langer, H. & May, A. E. Platelets in inflammation and atherogenesis. The Journal
of clinical investigation 115, 3378-3384, doi:10.1172/JCI27196 (2005).

Langer, H. F. & Gawaz, M. Platelet-vessel wall interactions in atherosclerotic disease.
Thrombosis and haemostasis 99, 480-486, doi:10.1160/TH07-11-0685 (2008).

Projahn, D. & Koenen, R. R. Platelets: key players in vascular inflammation. Journal of
leukocyte biology 92, 1167-1175, doi:10.1189/jlb.0312151 (2012).

Laszik, Z. G., Zhou, X. J., Ferrell, G. L., Silva, F. G. & Esmon, C. T. Down-regulation of
endothelial expression of endothelial cell protein C receptor and thrombomodulin in
coronary atherosclerosis. The American journal of pathology 159, 797-802,
doi:10.1016/S0002-9440(10)61753-1 (2001).

Chen, X. et al. Hirulog-like peptide reduces restenosis and expression of tissue factor and
transforming growth factor-beta in carotid artery of atherosclerotic rabbits. Atherosclerosis
169, 31-40 (2003).

Bea, F. et al. Melagatran reduces advanced atherosclerotic lesion size and may promote
plaque stability in apolipoprotein E-deficient mice. Arteriosclerosis, thrombosis, and vascular
biology 26, 2787-2792, doi:10.1161/01.ATV.0000246797.05781.ad (2006).

Aihara, K. et al. Heparin cofactor Il is a novel protective factor against carotid atherosclerosis
in elderly individuals. Circulation 109, 2761-2765, doi:10.1161/01.CIR.0000129968.46095.F3
(2004).

Giri, T. K., Ahn, C. W., Wu, K. K. & Tollefsen, D. M. Heparin cofactor Il levels do not predict the
development of coronary heart disease: the Atherosclerosis Risk in Communities (ARIC)
study.  Arteriosclerosis,  thrombosis, and vascular  biology 25, 2689-2690,
doi:10.1161/01.ATV.0000193888.71297.f3 (2005).

Aihara, K. et al. Strain-dependent embryonic lethality and exaggerated vascular remodeling
in heparin cofactor ll-deficient mice. The Journal of clinical investigation 117, 1514-1526,
doi:10.1172/1CI27095 (2007).

Vicente, C. P, He, L. & Tollefsen, D. M. Accelerated atherogenesis and neointima formation
in heparin cofactor Il deficient mice. Blood 110, 4261-4267, doi:10.1182/blood-2007-04-
086611 (2007).

Semple, J. W,, Italiano, J. E., Jr. & Freedman, J. Platelets and the immune continuum. Nature
reviews. Immunology 11, 264-274, doi:10.1038/nri2956 (2011).

Lievens, D. & von Hundelshausen, P. Platelets in atherosclerosis. Thrombosis and
haemostasis 106, 827-838, doi:10.1160/TH11-08-0592 (2011).

137



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

Theilmeier, G. et al. Endothelial von Willebrand factor recruits platelets to atherosclerosis-
prone sites in response to hypercholesterolemia. Blood 99, 4486-4493 (2002).

Massberg, S. et al. A critical role of platelet adhesion in the initiation of atherosclerotic lesion
formation. The Journal of experimental medicine 196, 887-896 (2002).

Massberg, S. et al. Platelet adhesion via glycoprotein Ilb integrin is critical for
atheroprogression and focal cerebral ischemia: an in vivo study in mice lacking glycoprotein
llb. Circulation 112, 1180-1188, doi:10.1161/CIRCULATIONAHA.105.539221 (2005).
Bultmann, A. et al. Impact of glycoprotein VI and platelet adhesion on atherosclerosis--a
possible role of fibronectin. Journal of molecular and cellular cardiology 49, 532-542,
doi:10.1016/j.yjmcc.2010.04.009 (2010).

Schulz, C. et al. EMMPRIN (CD147/basigin) mediates platelet-monocyte interactions in vivo
and augments monocyte recruitment to the vascular wall. Journal of thrombosis and
haemostasis : JTH 9, 1007-1019, doi:10.1111/j.1538-7836.2011.04235.x (2011).

Dong, Z. M., Brown, A. A. & Wagner, D. D. Prominent role of P-selectin in the development of
advanced atherosclerosis in ApoE-deficient mice. Circulation 101, 2290-2295 (2000).

Huo, Y. et al. Circulating activated platelets exacerbate atherosclerosis in mice deficient in
apolipoprotein E. Nature medicine 9, 61-67, doi:10.1038/nm810 (2003).

Dole, V. S., Bergmeier, W., Mitchell, H. A., Eichenberger, S. C. & Wagner, D. D. Activated
platelets induce Weibel-Palade-body secretion and leukocyte rolling in vivo: role of P-
selectin. Blood 106, 2334-2339, doi:10.1182/blood-2005-04-1530 (2005).

Lievens, D. et al. Platelet CD40L mediates thrombotic and inflammatory processes in
atherosclerosis. Blood 116, 4317-4327, doi:10.1182/blood-2010-01-261206 (2010).

von Hundelshausen, P. et al. RANTES deposition by platelets triggers monocyte arrest on
inflamed and atherosclerotic endothelium. Circulation 103, 1772-1777 (2001).

Pitsilos, S. et al. Platelet factor 4 localization in carotid atherosclerotic plaques: correlation
with clinical parameters. Thrombosis and  haemostasis 90, 1112-1120,
doi:10.1267/THRO03061112 (2003).

Koenen, R. R. et al. Disrupting functional interactions between platelet chemokines inhibits
atherosclerosis in hyperlipidemic mice. Nature medicine 15, 97-103, doi:10.1038/nm.1898
(2009).

Lwaleed, B. A. & Bass, P. S. Tissue factor pathway inhibitor: structure, biology and
involvement in disease. The Journal of pathology 208, 327-339, doi:10.1002/path.1871
(2006).

Jang, Y. et al. Influence of blockade at specific levels of the coagulation cascade on restenosis
in a rabbit atherosclerotic femoral artery injury model. Circulation 92, 3041-3050 (1995).
Oltrona, L. et al. Inhibition of tissue factor-mediated coagulation markedly attenuates
stenosis after balloon-induced arterial injury in minipigs. Circulation 96, 646-652 (1997).
Zoldhelyi, P., Chen, Z. Q., Shelat, H. S., McNatt, J. M. & Willerson, J. T. Local gene transfer of
tissue factor pathway inhibitor regulates intimal hyperplasia in atherosclerotic arteries.
Proceedings of the National Academy of Sciences of the United States of America 98, 4078-
4083, d0i:10.1073/pnas.061004098 (2001).

Kopp, C. W. et al. Inhibition of restenosis by tissue factor pathway inhibitor: in vivo and in
vitro evidence for suppressed monocyte chemoattraction and reduced gelatinolytic activity.
Blood 103, 1653-1661, doi:10.1182/blood-2003-04-1148 (2004).

Westrick, R. J. et al. Deficiency of tissue factor pathway inhibitor promotes atherosclerosis
and thrombosis in mice. Circulation 103, 3044-3046 (2001).

Pan, S. et al. Vascular-directed tissue factor pathway inhibitor overexpression regulates
plasma cholesterol and reduces atherosclerotic plague development. Circulation research
105, 713-720, 718 p following 720, doi:10.1161/CIRCRESAHA.109.195016 (2009).

Seehaus, S. et al. Hypercoagulability inhibits monocyte transendothelial migration through
protease-activated receptor-1-, phospholipase-Cbeta-, phosphoinositide 3-kinase-, and nitric

138



195

196

197

198

199

200

201

202

203

204

205

206

207
208

209

210

211

212

213

214

oxide-dependent signaling in monocytes and promotes plaque stability. Circulation 120, 774-
784, doi:10.1161/CIRCULATIONAHA.109.849539 (2009).

Castellino, F. J., Ganopolsky, J. G., Noria, F., Sandoval-Cooper, M. J. & Ploplis, V. A. Focal
arterial inflammation is augmented in mice with a deficiency of the protein C gene.
Thrombosis and haemostasis 96, 794-801 (2006).

Eitzman, D. T. et al. Homozygosity for factor V Leiden leads to enhanced thrombosis and
atherosclerosis in mice. Circulation 111, 1822-1825,
doi:10.1161/01.CIR.0000160854.75779.E8 (2005).

Davie, E. W. & Kulman, J. D. An overview of the structure and function of thrombin. Seminars
in thrombosis and hemostasis 32 Suppl 1, 3-15, doi:10.1055/s-2006-939550 (2006).

Robbie, L. A., Booth, N. A,, Brown, A. J. & Bennett, B. Inhibitors of fibrinolysis are elevated in
atherosclerotic plaque. Arteriosclerosis, thrombosis, and vascular biology 16, 539-545 (1996).
Szaba, F. M. & Smiley, S. T. Roles for thrombin and fibrin(ogen) in cytokine/chemokine
production and macrophage adhesion in vivo. Blood 99, 1053-1059 (2002).

Davie, E. W. & Fujikawa, K. Basic mechanisms in blood coagulation. Annual review of
biochemistry 44, 799-829, doi:10.1146/annurev.bi.44.070175.004055 (1975).

Jackson, C. M. & Nemerson, Y. Blood coagulation. Annual review of biochemistry 49, 765-811,
doi:10.1146/annurev.bi.49.070180.004001 (1980).

Furie, B. & Furie, B. C. Molecular and cellular biology of blood coagulation. The New England
journal of medicine 326, 800-806, doi:10.1056/NEJM199203193261205 (1992).

Spronk, H. M., Govers-Riemslag, J. W. & ten Cate, H. The blood coagulation system as a
molecular machine. BioEssays : news and reviews in molecular, cellular and developmental
biology 25, 1220-1228, d0i:10.1002/bies.10360 (2003).

Langer, H. & Gawaz, M. [The coagulation cascade--clinical implications]. Herz 30, 170-175,
doi:10.1007/s00059-005-2691-8 (2005).

Mackman, N., Tilley, R. E. & Key, N. S. Role of the extrinsic pathway of blood coagulation in
hemostasis and thrombosis. Arteriosclerosis, thrombosis, and vascular biology 27, 1687-1693,
doi:10.1161/ATVBAHA.107.141911 (2007).

Schumacher, W. A., Luettgen, J. M., Quan, M. L. & Seiffert, D. A. Inhibition of factor Xla as a
new approach to anticoagulation. Arteriosclerosis, thrombosis, and vascular biology 30, 388-
392, doi:10.1161/ATVBAHA.109.197178 (2010).

Butenas, S. & Mann, K. G. Blood coagulation. Biochemistry. Biokhimiia 67, 3-12 (2002).

Pauer, H. U. et al. Targeted deletion of murine coagulation factor Xl gene-a model for
contact phase activation in vivo. Thrombosis and haemostasis 92, 503-508,
doi:10.1267/THRO04090503 (2004).

Ratnoff, O. D. & Colopy, J. E. A familial hemorrhagic trait associated with a deficiency of a
clot-promoting fraction of plasma. The Journal of clinical investigation 34, 602-613,
doi:10.1172/JCI1103109 (1955).

Maas, C., Oschatz, C. & Renne, T. The plasma contact system 2.0. Seminars in thrombosis and
hemostasis 37, 375-381, doi:10.1055/s-0031-1276586 (2011).

Renne, T., Schmaier, A. H., Nickel, K. F., Blomback, M. & Maas, C. In vivo roles of factor XIlI.
Blood 120, 4296-4303, doi:10.1182/blood-2012-07-292094 (2012).

Gordon, E. M., Gallagher, C. A., Johnson, T. R., Blossey, B. K. & Ilan, J. Hepatocytes express
blood coagulation factor Xl (Hageman factor). The Journal of laboratory and clinical medicine
115, 463-469 (1990).

Neth, P., Arnhold, M., Nitschko, H. & Fink, E. The mRNAs of prekallikrein, factors XI and XII,
and kininogen, components of the contact phase cascade are differentially expressed in
multiple non-hepatic human tissues. Thrombosis and haemostasis 85, 1043-1047 (2001).
Jablonska, E., Markart, P., Zakrzewicz, D., Preissner, K. T. & Wygrecka, M. Transforming
growth factor-betal induces expression of human coagulation factor Xll via Smad3 and JNK
signaling pathways in human lung fibroblasts. The Journal of biological chemistry 285, 11638-
11651, doi:10.1074/jbc.M109.045963 (2010).

139



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

Oschatz, C. et al. Mast cells increase vascular permeability by heparin-initiated bradykinin
formation in vivo. Immunity 34, 258-268, doi:10.1016/j.immuni.2011.02.008 (2011).
Kannemeier, C. et al. Extracellular RNA constitutes a natural procoagulant cofactor in blood
coagulation. Proceedings of the National Academy of Sciences of the United States of America
104, 6388-6393, doi:10.1073/pnas.0608647104 (2007).

van der Meijden, P. E. et al. Dual role of collagen in factor Xll-dependent thrombus
formation. Blood 114, 881-890, doi:10.1182/blood-2008-07-171066 (2009).

Smith, S. A. et al. Polyphosphate modulates blood coagulation and fibrinolysis. Proceedings
of the National Academy of Sciences of the United States of America 103, 903-908,
doi:10.1073/pnas.0507195103 (2006).

Muller, F. et al. Platelet polyphosphates are proinflammatory and procoagulant mediators in
vivo. Cell 139, 1143-1156, doi:10.1016/j.cell.2009.11.001 (2009).

Klein, S., Spannagl, M. & Engelmann, B. Phosphatidylethanolamine participates in the
stimulation of the contact system of coagulation by very-low-density lipoproteins.
Arteriosclerosis, thrombosis, and vascular biology 21, 1695-1700 (2001).

Maas, C. et al. Misfolded proteins activate factor Xl in humans, leading to kallikrein
formation without initiating coagulation. The Journal of clinical investigation 118, 3208-3218,
doi:10.1172/JCI35424 (2008).

Mahdi, F., Madar, Z. S., Figueroa, C. D. & Schmaier, A. H. Factor Xl interacts with the
multiprotein assembly of urokinase plasminogen activator receptor, gC1qR, and cytokeratin
1 on endothelial cell membranes. Blood 99, 3585-3596 (2002).

Reddigari, S. R., Shibayama, Y., Brunnee, T. & Kaplan, A. P. Human Hageman factor (factor XII)
and high molecular weight kininogen compete for the same binding site on human umbilical
vein endothelial cells. The Journal of biological chemistry 268, 11982-11987 (1993).

Motta, G., Rojkjaer, R., Hasan, A. A,, Cines, D. B. & Schmaier, A. H. High molecular weight
kininogen regulates prekallikrein assembly and activation on endothelial cells: a novel
mechanism for contact activation. Blood 91, 516-528 (1998).

Rojkjaer, R., Hasan, A. A., Motta, G., Schousboe, |. & Schmaier, A. H. Factor Xl does not
initiate prekallikrein activation on endothelial cells. Thrombosis and haemostasis 80, 74-81
(1998).

Shariat-Madar, Z., Mahdi, F. & Schmaier, A. H. ldentification and characterization of
prolylcarboxypeptidase as an endothelial cell prekallikrein activator. The Journal of biological
chemistry 277, 17962-17969, doi:10.1074/jbc.M106101200 (2002).

Shariat-Madar, Z., Mahdi, F. & Schmaier, A. H. Recombinant prolylcarboxypeptidase activates
plasma prekallikrein. Blood 103, 4554-4561, d0i:10.1182/blood-2003-07-2510 (2004).
Schmaier, A. H. The elusive physiologic role of Factor XIl. The Journal of clinical investigation
118, 3006-3009, doi:10.1172/JCI36617 (2008).

Pixley, R. A., Schapira, M. & Colman, R. W. The regulation of human factor Xlla by plasma
proteinase inhibitors. The Journal of biological chemistry 260, 1723-1729 (1985).

Stavrou, E. & Schmaier, A. H. Factor XIl: what does it contribute to our understanding of the
physiology and pathophysiology of hemostasis & thrombosis. Thrombosis research 125, 210-
215, doi:10.1016/j.thromres.2009.11.028 (2010).

Schapira, M. Major inhibitors of the contact phase coagulation factors. Seminars in
thrombosis and hemostasis 13, 69-78, doi:10.1055/s-2007-1003476 (1987).

Berrettini, M., Schleef, R. R., Espana, F., Loskutoff, D. J. & Griffin, J. H. Interaction of type 1
plasminogen activator inhibitor with the enzymes of the contact activation system. The
Journal of biological chemistry 264, 11738-11743 (1989).

MacQuarrie, J. L. et al. Histidine-rich glycoprotein binds factor Xlla with high affinity and
inhibits contact-initiated coagulation. Blood 117, 4134-4141, doi:10.1182/blood-2010-07-
290551 (2011).

140



234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

Schousboe, I. & Nystrom, B. High molecular weight kininogen binds to laminin--
characterization and kinetic analysis. The FEBS journal 276, 5228-5238, do0i:10.1111/j.1742-
4658.2009.07218.x (2009).

Bryant, J. W. & Shariat-Madar, Z. Human plasma kallikrein-kinin system: physiological and
biochemical parameters. Cardiovascular & hematological agents in medicinal chemistry 7,
234-250 (2009).

Goldsmith, G. H., Jr., Saito, H. & Ratnoff, O. S. The activation of plasminogen by Hageman
factor (Factor Xll) and Hageman factor fragments. The Journal of clinical investigation 62, 54-
60, doi:10.1172/JCI1109113 (1978).

Mandle, R. J., Jr. & Kaplan, A. P. Hageman-factor-dependent fibrinolysis: generation of
fibrinolytic activity by the interaction of human activated factor Xl and plasminogen. Blood
54, 850-862 (1979).

Kluft, C., Dooijewaard, G. & Emeis, J. J. Role of the contact system in fibrinolysis. Seminars in
thrombosis and hemostasis 13, 50-68, doi:10.1055/s-2007-1003475 (1987).

Braat, E. A., Dooijewaard, G. & Rijken, D. C. Fibrinolytic properties of activated FXII. European
journal of biochemistry / FEBS 263, 904-911 (1999).

Colman, R. W. Activation of plasminogen by human plasma kallikrein. Biochemical and
biophysical research communications 35, 273-279 (1969).

Levi, M. et al. Contact system dependent fibrinolytic activity in vivo: observations in healthy
subjects and factor Xl deficient patients. Agents and actions. Supplements 38 ( Pt 2), 292-298
(1992).

Ichinose, A., Fujikawa, K. & Suyama, T. The activation of pro-urokinase by plasma kallikrein
and its inactivation by thrombin. The Journal of biological chemistry 261, 3486-3489 (1986).
Brown, N. J., Nadeau, J. H. & Vaughan, D. E. Selective stimulation of tissue-type plasminogen
activator (t-PA) in vivo by infusion of bradykinin. Thrombosis and haemostasis 77, 522-525
(1997).

Tanaka, A., Suzuki, Y., Sugihara, K., Kanayama, N. & Urano, T. Inactivation of plasminogen
activator inhibitor type 1 by activated factor Xl plays a role in the enhancement of
fibrinolysis by contact factors in-vitro. Life sciences 85, 220-225,
doi:10.1016/j.1fs.2009.05.014 (2009).

Minnema, M. C. et al. Enhancement of rabbit jugular vein thrombolysis by neutralization of
factor XI. In vivo evidence for a role of factor Xl as an anti-fibrinolytic factor. The Journal of
clinical investigation 101, 10-14, doi:10.1172/JCI781 (1998).

Bouma, B. N. & Meijers, J. C. Fibrinolysis and the contact system: a role for factor Xl in the
down-regulation of fibrinolysis. Thrombosis and haemostasis 82, 243-250 (1999).
Schmeidler-Sapiro, K. T., Ratnoff, O. D. & Gordon, E. M. Mitogenic effects of coagulation
factor Xll and factor Xlla on HepG2 cells. Proceedings of the National Academy of Sciences of
the United States of America 88, 4382-4385 (1991).

Gordon, E. M. et al. Factor Xll-induced mitogenesis is mediated via a distinct signal
transduction pathway that activates a mitogen-activated protein kinase. Proceedings of the
National Academy of Sciences of the United States of America 93, 2174-2179 (1996).
Fernando, A. N., Fernando, L. P., Fukuda, Y. & Kaplan, A. P. Assembly, activation, and
signaling by kinin-forming proteins on human vascular smooth muscle cells. American journal
of physiology. Heart and circulatory physiology 289, H251-257,
doi:10.1152/ajpheart.00206.2004 (2005).

LaRusch, G. A. et al. Factor XII stimulates ERK1/2 and Akt through uPAR, integrins, and the
EGFR to initiate angiogenesis. Blood 115, 5111-5120, doi:10.1182/blood-2009-08-236430
(2010).

Gailani, D. & Broze, G. J., Jr. Factor Xl activation by thrombin and factor Xla. Seminars in
thrombosis and hemostasis 19, 396-404, doi:10.1055/s-2007-993291 (1993).

141



252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

von dem Borne, P. A., Meijers, J. C. & Bouma, B. N. Feedback activation of factor XI by
thrombin in plasma results in additional formation of thrombin that protects fibrin clots from
fibrinolysis. Blood 86, 3035-3042 (1995).

Cawthern, K. M. et al. Blood coagulation in hemophilia A and hemophilia C. Blood 91, 4581-
4592 (1998).

Oral presentations. Journal of Thrombosis and Haemostasis 7, 1-316, doi:10.1111/j.1538-
7836.2009.03473_1.x (2009).

Cheng, Q. et al. A role for factor Xlla-mediated factor Xl activation in thrombus formation in
vivo. Blood 116, 3981-3989, d0i:10.1182/blood-2010-02-270918 (2010).

Renne, T. et al. Defective thrombus formation in mice lacking coagulation factor XIl. The
Journal of experimental medicine 202, 271-281, doi:10.1084/jem.20050664 (2005).

Rosen, E. D., Gailani, D. & Castellino, F. J. FXI is essential for thrombus formation following
FeClI3-induced injury of the carotid artery in the mouse. Thrombosis and haemostasis 87,
774-776 (2002).

Wang, X. et al. Effects of factor IX or factor XI deficiency on ferric chloride-induced carotid
artery occlusion in mice. Journal of thrombosis and haemostasis : JTH 3, 695-702,
doi:10.1111/j.1538-7836.2005.01236.x (2005).

Kleinschnitz, C. et al. Targeting coagulation factor Xll provides protection from pathological
thrombosis in cerebral ischemia without interfering with hemostasis. The Journal of
experimental medicine 203, 513-518, doi:10.1084/jem.20052458 (2006).

Hagedorn, |. et al. Factor Xlla inhibitor recombinant human albumin Infestin-4 abolishes
occlusive arterial thrombus formation without affecting bleeding. Circulation 121, 1510-
1517, d0i:10.1161/CIRCULATIONAHA.109.924761 (2010).

Renne, T. The procoagulant and proinflammatory plasma contact system. Seminars in
immunopathology 34, 31-41, doi:10.1007/s00281-011-0288-2 (2012).

Bach, J. et al. Coagulation factor XII (FXIl) activity, activated FXII, distribution of FXIl C46T
gene polymorphism and coronary risk. Journal of thrombosis and haemostasis : JTH 6, 291-
296, doi:10.1111/j.1538-7836.2007.02839.x (2008).

Halbmayer, W. M., Mannhalter, C., Feichtinger, C., Rubi, K. & Fischer, M. The prevalence of
factor XlI deficiency in 103 orally anticoagulated outpatients suffering from recurrent venous
and/or arterial thromboembolism. Thrombosis and haemostasis 68, 285-290 (1992).
Girolami, A., Ruzzon, E., Lombardi, A. M., Cabrio, L. & Randi, M. L. Thrombosis-free surgical
procedures in severe (Homozygote) factor Xl deficiency: report of four additional cases and
literature review. Clinical and applied thrombosis/hemostasis : official journal of the
International Academy of Clinical and Applied Thrombosis/Hemostasis 10, 351-355 (2004).
Zeerleder, S. et al. Reevaluation of the incidence of thromboembolic complications in
congenital factor Xll deficiency--a study on 73 subjects from 14 Swiss families. Thrombosis
and haemostasis 82, 1240-1246 (1999).

Koster, T., Rosendaal, F. R., Briet, E. & Vandenbroucke, J. P. John Hageman's factor and deep-
vein thrombosis: Leiden thrombophilia Study. British journal of haematology 87, 422-424
(1994).

Cichon, S. et al. Increased activity of coagulation factor Xll (Hageman factor) causes
hereditary angioedema type lll. American journal of human genetics 79, 1098-1104,
doi:10.1086/509899 (2006).

Bracho, F. A. Hereditary angioedema. Current opinion in hematology 12, 493-498 (2005).
Nickel, K. F. & Renne, T. Crosstalk of the plasma contact system with bacteria. Thrombosis
research 130 Suppl 1, $S78-83, d0i:10.1016/j.thromres.2012.08.284 (2012).

McLaren, M., Alkaabi, J., Connacher, M., Belch, J. J. & Valenete, E. Activated factor Xll in
rheumatoid arthritis. Rheumatology international 22, 182-184, doi:10.1007/s00296-002-
0219-6 (2002).

142



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

Colman, R. W. Biologic activities of the contact factors in vivo--potentiation of hypotension,
inflammation, and fibrinolysis, and inhibition of cell adhesion, angiogenesis and thrombosis.
Thrombosis and haemostasis 82, 1568-1577 (1999).

Henderson, L. M., Figueroa, C. D., Muller-Esterl, W. & Bhoola, K. D. Assembly of contact-
phase factors on the surface of the human neutrophil membrane. Blood 84, 474-482 (1994).
Barbasz, A. & Kozik, A. The assembly and activation of kinin-forming systems on the surface
of human U-937 macrophage-like cells. Biological chemistry 390, 269-275,
doi:10.1515/BC.2009.032 (2009).

Wachtfogel, Y. T. et al. Purified plasma factor Xlla aggregates human neutrophils and causes
degranulation. Blood 67, 1731-1737 (1986).

Chien, P., Pixley, R. A., Stumpo, L. G., Colman, R. W. & Schreiber, A. D. Modulation of the
human monocyte binding site for monomeric immunoglobulin G by activated Hageman
factor. The Journal of clinical investigation 82, 1554-1559, doi:10.1172/JC1113765 (1988).
Zabel, B. A. et al. Chemerin activation by serine proteases of the coagulation, fibrinolytic, and
inflammatory cascades. The Journal of biological chemistry 280, 34661-34666,
doi:10.1074/jbc.M504868200 (2005).

Toossi, Z. et al. Induction of expression of monocyte interleukin 1 by Hageman factor (factor
XIl). Proceedings of the National Academy of Sciences of the United States of America 89,
11969-11972 (1992).

Ghebrehiwet, B., Silverberg, M. & Kaplan, A. P. Activation of the classical pathway of
complement by Hageman factor fragment. The Journal of experimental medicine 153, 665-
676 (1981).

Ghebrehiwet, B., Randazzo, B. P., Dunn, J. T., Silverberg, M. & Kaplan, A. P. Mechanisms of
activation of the classical pathway of complement by Hageman factor fragment. The Journal
of clinical investigation 71, 1450-1456 (1983).

DiScipio, R. G. The activation of the alternative pathway C3 convertase by human plasma
kallikrein. Immunology 45, 587-595 (1982).

Wiggins, R. C., Giclas, P. C. & Henson, P. M. Chemotactic activity generated from the fifth
component of complement by plasma kallikrein of the rabbit. The Journal of experimental
medicine 153, 1391-1404 (1981).

Sarma, J. V. & Ward, P. A. The complement system. Cell and tissue research 343, 227-235,
doi:10.1007/s00441-010-1034-0 (2011).

Taylor, P. R. et al. A hierarchical role for classical pathway complement proteins in the
clearance of apoptotic cells in vivo. The Journal of experimental medicine 192, 359-366
(2000).

Ricklin, D., Hajishengallis, G., Yang, K. & Lambris, J. D. Complement: a key system for immune
surveillance and homeostasis. Nature immunology 11, 785-797, doi:10.1038/ni.1923 (2010).
Niculescu, F. & Rus, H. Complement activation and atherosclerosis. Molecular immunology
36, 949-955 (1999).

Niculescu, F. & Rus, H. The role of complement activation in atherosclerosis. Immunologic
research 30, 73-80, doi:10.1385/IR:30:1:073 (2004).

Speidl, W. S., Kastl, S. P., Huber, K. & Wojta, J. Complement in atherosclerosis: friend or foe?
Journal of thrombosis and haemostasis : JTH 9, 428-440, doi:10.1111/j.1538-
7836.2010.04172.x (2011).

Zhou, W. The new face of anaphylatoxins in immune regulation. Immunobiology 217, 225-
234, doi:10.1016/j.imbio.2011.07.016 (2012).

Vlaicu, R., Rus, H. G., Niculescu, F. & Cristea, A. Quantitative determinations of
immunoglobulins and complement components in human aortic atherosclerotic wall.
Medecine interne 23, 29-35 (1985).

Niculescu, F., Rus, H., Cristea, A. & Vlaicu, R. Localization of the terminal C5b-9 complement
complex in the human aortic atherosclerotic wall. Immunology letters 10, 109-114 (1985).

143



291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

Speidl, W. S. et al. The complement component C5a is present in human coronary lesions in
vivo and induces the expression of MMP-1 and MMP-9 in human macrophages in vitro.
FASEB journal : official publication of the Federation of American Societies for Experimental
Biology 25, 35-44, doi:10.1096/fj.10-156083 (2011).

Yasojima, K., Schwab, C., McGeer, E. G. & McGeer, P. L. Generation of C-reactive protein and
complement components in atherosclerotic plaques. The American journal of pathology 158,
1039-1051, doi:10.1016/50002-9440(10)64051-5 (2001).

Yasojima, K., Schwab, C., McGeer, E. G. & McGeer, P. L. Complement components, but not
complement inhibitors, are upregulated in atherosclerotic plaques. Arteriosclerosis,
thrombosis, and vascular biology 21, 1214-1219 (2001).

Oksjoki, R. et al. Receptors for the anaphylatoxins C3a and C5a are expressed in human
atherosclerotic coronary plaques. Atherosclerosis 195, 90-99,
doi:10.1016/j.atherosclerosis.2006.12.016 (2007).

Itakura, A. et al. Activated factor Xl inhibits chemotaxis of polymorphonuclear leukocytes.
Journal of leukocyte biology 90, 923-927, doi:10.1189/jlb.0411182 (2011).

Tucker, E. I. et al. Inhibition of factor Xl activation attenuates inflammation and coagulopathy
while improving the survival of mouse polymicrobial sepsis. Blood 119, 4762-4768,
doi:10.1182/blood-2011-10-386185 (2012).

Luo, D. et al. Factor Xl-deficient mice display reduced inflammation, coagulopathy, and
bacterial growth during listeriosis. Infection and immunity 80, 91-99, doi:10.1128/1A1.05568-
11 (2012).

Schapira, M., Despland, E., Scott, C. F., Boxer, L. A. & Colman, R. W. Purified human plasma
kallikrein aggregates human blood neutrophils. The Journal of clinical investigation 69, 1199-
1202 (1982).

Wachtfogel, Y. T. et al. Human plasma kallikrein releases neutrophil elastase during blood
coagulation. The Journal of clinical investigation 72, 1672-1677, doi:10.1172/1Cl1111126
(1983).

Aliberti, J. et al. Cutting edge: bradykinin induces IL-12 production by dendritic cells: a danger
signal that drives Th1 polarization. Journal of immunology 170, 5349-5353 (2003).

Monteiro, A. C. et al. Bradykinin B2 Receptors of dendritic cells, acting as sensors of kinins
proteolytically released by Trypanosoma cruzi, are critical for the development of protective
type-1 responses. PLoS pathogens 3, €185, doi:10.1371/journal.ppat.0030185 (2007).
Merino, V. F. et al. Predisposition to atherosclerosis and aortic aneurysms in mice deficient in
kinin Bl receptor and apolipoprotein E. Journal of molecular medicine 87, 953-963,
do0i:10.1007/s00109-009-0501-0 (2009).

Linz, W. & Scholkens, B. A. Role of bradykinin in the cardiac effects of angiotensin-converting
enzyme inhibitors. Journal of cardiovascular pharmacology 20 Suppl 9, S83-90 (1992).
Gohlke, P. et al. Angiotensin-converting enzyme inhibition improves cardiac function. Role of
bradykinin. Hypertension 23, 411-418 (1994).

Halkin, A. & Keren, G. Potential indications for angiotensin-converting enzyme inhibitors in
atherosclerotic vascular disease. The American journal of medicine 112, 126-134 (2002).
Kaschina, E. et al. Genetic kininogen deficiency contributes to aortic aneurysm formation but
not to atherosclerosis. Physiological genomics 19, 41-49,
doi:10.1152/physiolgenomics.00035.2004 (2004).

Amara, U. et al. Molecular intercommunication between the complement and coagulation
systems. Journal of immunology 185, 5628-5636, doi:10.4049/jimmunol.0903678 (2010).
Syrovets, T., Lunov, O. & Simmet, T. Plasmin as a proinflammatory cell activator. Journal of
leukocyte biology 92, 509-519, doi:10.1189/j1b.0212056 (2012).

Syrovets, T. & Simmet, T. Novel aspects and new roles for the serine protease plasmin.
Cellular and molecular life sciences : CMLS 61, 873-885, doi:10.1007/s00018-003-3348-5
(2004).

144



310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

Li, X. et al. Plasmin triggers chemotaxis of monocyte-derived dendritic cells through an Akt2-
dependent pathway and promotes a T-helper type-1 response. Arteriosclerosis, thrombosis,
and vascular biology 30, 582-590, doi:10.1161/ATVBAHA.109.202044 (2010).

Lindstedt, L. & Kovanen, P. T. Plasmin and kallikrein reduce HDL-induced cholesterol efflux
from foam cells. Biochemical and biophysical research communications 277, 552-557,
doi:10.1006/bbrc.2000.3704 (2000).

Moons, L. et al. Reduced transplant arteriosclerosis in plasminogen-deficient mice. The
Journal of clinical investigation 102, 1788-1797, do0i:10.1172/JCI3316 (1998).

Xiao, Q. et al. Plasminogen deficiency accelerates vessel wall disease in mice predisposed to
atherosclerosis. Proceedings of the National Academy of Sciences of the United States of
America 94, 10335-10340 (1997).

Kremen, M. et al. Plasminogen mediates the atherogenic effects of macrophage-expressed
urokinase and accelerates atherosclerosis in apoE-knockout mice. Proceedings of the
National Academy of Sciences of the United States of America 105, 17109-17114,
doi:10.1073/pnas.0808650105 (2008).

Sjoland, H. et al. Atherosclerosis progression in LDL receptor-deficient and apolipoprotein E-
deficient mice is independent of genetic alterations in plasminogen activator inhibitor-1.
Arteriosclerosis, thrombosis, and vascular biology 20, 846-852 (2000).

Luttun, A. et al. Lack of plasminogen activator inhibitor-1 promotes growth and abnormal
matrix remodeling of advanced atherosclerotic plaques in apolipoprotein E-deficient mice.
Arteriosclerosis, thrombosis, and vascular biology 22, 499-505 (2002).

Eitzman, D. T., Westrick, R. J., Xu, Z., Tyson, J. & Ginsburg, D. Plasminogen activator inhibitor-
1 deficiency protects against atherosclerosis progression in the mouse carotid artery. Blood
96, 4212-4215 (2000).

Fuhrman, B. The urokinase system in the pathogenesis of atherosclerosis. Atherosclerosis
222, 8-14, doi:10.1016/j.atherosclerosis.2011.10.044 (2012).

Kienast, J. et al. Relation of urokinase-type plasminogen activator expression to presence and
severity of atherosclerotic lesions in human coronary arteries. Thrombosis and haemostasis
79, 579-586 (1998).

Falkenberg, M. et al. Increased expression of urokinase during atherosclerotic lesion
development causes arterial constriction and lumen loss, and accelerates lesion growth.
Proceedings of the National Academy of Sciences of the United States of America 99, 10665-
10670, doi:10.1073/pnas.162236599 (2002).

Dellas, C., Schremmer, C., Hasenfuss, G., Konstantinides, S. V. & Schafer, K. Lack of urokinase
plasminogen activator promotes progression and instability of atherosclerotic lesions in
apolipoprotein E-knockout mice. Thrombosis and haemostasis 98, 220-227 (2007).

Cozen, A. E. et al. Macrophage-targeted overexpression of urokinase causes accelerated
atherosclerosis, coronary artery occlusions, and premature death. Circulation 109, 2129-
2135, doi:10.1161/01.CIR.0000127369.24127.03 (2004).

Krishnan, R. et al. Level of macrophage uPA expression is an important determinant of
atherosclerotic lesion growth in Apoe-/- mice. Arteriosclerosis, thrombosis, and vascular
biology 29, 1737-1744, doi:10.1161/ATVBAHA.109.195529 (2009).

Farris, S. D. et al. Mechanisms of urokinase plasminogen activator (uPA)-mediated
atherosclerosis: role of the uPA receptor and S100A8/A9 proteins. The Journal of biological
chemistry 286, 22665-22677, doi:10.1074/jbc.M110.202135 (2011).

Averill, M. M., Kerkhoff, C. & Bornfeldt, K. E. SI00A8 and S100A9 in cardiovascular biology
and disease. Arteriosclerosis, thrombosis, and vascular biology 32, 223-229,
doi:10.1161/ATVBAHA.111.236927 (2012).

Paland, N., Aharoni, S. & Fuhrman, B. Urokinase-type plasminogen activator (uPA) modulates
monocyte-to-macrophage differentiation and prevents Ox-LDL-induced macrophage
apoptosis. Atherosclerosis 231, 29-38, doi:10.1016/j.atherosclerosis.2013.08.016 (2013).

145



327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

Colhoun, H. M. et al. Activated factor XIl levels and factor XIl 46C>T genotype in relation to
coronary artery calcification in patients with type 1 diabetes and healthy subjects.
Atherosclerosis 163, 363-369 (2002).

Altieri, P. et al. Acute coronary syndromes do not promote prolonged in vivo FXll-dependent
prothrombotic activity. Thrombosis research 115, 65-72, doi:10.1016/j.thromres.2004.08.011
(2005).

Miller, G. J., Esnouf, M. P., Burgess, A. |., Cooper, J. A. & Mitchell, J. P. Risk of coronary heart
disease and activation of factor XlIl in middle-aged men. Arteriosclerosis, thrombosis, and
vascular biology 17, 2103-2106 (1997).

Kohler, H. P., Carter, A. M., Stickland, M. H. & Grant, P. J. Levels of activated FXII in survivors
of myocardial infarction--association with circulating risk factors and extent of coronary
artery disease. Thrombosis and haemostasis 79, 14-18 (1998).

Ishii, K. et al. Activated factor XIl levels are dependent on factor XIl 46C/T genotypes and
factor XIl zymogen levels, and are associated with vascular risk factors in patients and
healthy subjects. Blood coagulation & fibrinolysis : an international journal in haemostasis
and thrombosis 11, 277-284 (2000).

Cooper, J. A. et al. Comparison of novel hemostatic factors and conventional risk factors for
prediction of coronary heart disease. Circulation 102, 2816-2822 (2000).

Zito, F. et al. Epidemiological and genetic associations of activated factor Xl concentration
with factor VIl activity, fibrinopeptide A concentration, and risk of coronary heart disease in
men. Circulation 102, 2058-2062 (2000).

Endler, G. et al. Homozygosity for the C-->T polymorphism at nucleotide 46 in the 5'
untranslated region of the factor Xl gene protects from development of acute coronary
syndrome. British journal of haematology 115, 1007-1009 (2001).

Lowe, G. D. et al. Interleukin-6, fibrin D-dimer, and coagulation factors VIl and Xlla in
prediction of coronary heart disease. Arteriosclerosis, thrombosis, and vascular biology 24,
1529-1534, doi:10.1161/01.ATV.0000135995.39488.6¢c (2004).

Zito, F. et al. Association of the factor Xl 46C>T polymorphism with risk of coronary heart
disease (CHD) in the WOSCOPS study. Atherosclerosis 165, 153-158 (2002).

Doggen, C. J., Rosendaal, F. R. & Meijers, J. C. Levels of intrinsic coagulation factors and the
risk of myocardial infarction among men: Opposite and synergistic effects of factors Xl and
Xll. Blood 108, 4045-4051, doi:10.1182/blood-2005-12-023697 (2006).

Pedersen, O. D., Munkvad, S., Gram, J., Kluft, C. & Jespersen, J. Depression of factor XllI-
dependent fibrinolytic activity in survivors of acute myocardial infarction at risk of
reinfarction. European heart journal 14, 785-789 (1993).

Jespersen, J., Munkvad, S., Pedersen, O. D., Gram, J. & Kluft, C. Evidence for a role of factor
Xll-dependent fibrinolysis in cardiovascular diseases. Annals of the New York Academy of
Sciences 667, 454-456 (1992).

Evangelho, J. S. et al. Hypercholesterolemia magnitude increases sympathetic modulation
and coagulation in LDLr knockout mice. Autonomic neuroscience : basic & clinical 159, 98-
103, doi:10.1016/j.autneu.2010.07.010 (2011).

Pfeifer, P. H., Kawahara, M. S. & Hugli, T. E. Possible mechanism for in vitro complement
activation in blood and plasma samples: futhan/EDTA controls in vitro complement
activation. Clinical chemistry 45, 1190-1199 (1999).

Pavlovski, D. et al. Generation of complement component C5a by ischemic neurons promotes
neuronal apoptosis. FASEB journal : official publication of the Federation of American
Societies for Experimental Biology 26, 3680-3690, doi:10.1096/fj.11-202382 (2012).
Weischenfeldt, J. & Porse, B. Bone Marrow-Derived Macrophages (BMM): Isolation and
Applications. CSH protocols 2008, pdb prot5080, doi:10.1101/pdb.prot5080 (2008).

Lutgens, E. et al. Deficient CD40-TRAF6 signaling in leukocytes prevents atherosclerosis by
skewing the immune response toward an antiinflammatory profile. The Journal of
experimental medicine 207, 391-404, doi:10.1084/jem.20091293 (2010).

146



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402-408,
doi:10.1006/meth.2001.1262 (2001).

Galkina, E. & Ley, K. Vascular adhesion molecules in atherosclerosis. Arteriosclerosis,
thrombosis, and vascular biology 27, 2292-2301, doi:10.1161/ATVBAHA.107.149179 (2007).
Blankenberg, S., Barbaux, S. & Tiret, L. Adhesion molecules and atherosclerosis.
Atherosclerosis 170, 191-203 (2003).

Chia, M. C. The role of adhesion molecules in atherosclerosis. Critical reviews in clinical
laboratory sciences 35, 573-602, doi:10.1080/10408369891234282 (1998).

Gutcher, I. & Becher, B. APC-derived cytokines and T cell polarization in autoimmune
inflammation. The Journal of clinical investigation 117, 1119-1127, doi:10.1172/JCI31720
(2007).

Macatonia, S. E. et al. Dendritic cells produce IL-12 and direct the development of Th1l cells
from naive CD4+ T cells. Journal of immunology 154, 5071-5079 (1995).

Maas, C. & Renne, T. Regulatory mechanisms of the plasma contact system. Thrombosis
research 129 Suppl 2, 5S73-76, doi:10.1016/j.thromres.2012.02.039 (2012).

Dunkelberger, J., Zhou, L., Miwa, T. & Song, W. C. C5aR expression in a novel GFP reporter
gene knockin mouse: implications for the mechanism of action of C5aR signaling in T cell
immunity. Journal of immunology 188, 4032-4042, doi:10.4049/jimmunol.1103141 (2012).
Manthey, H. D. et al. Complement C5a inhibition reduces atherosclerosis in ApoE-/- mice.
FASEB journal : official publication of the Federation of American Societies for Experimental
Biology 25, 2447-2455, doi:10.1096/fj.10-174284 (2011).

Sacks, S. H. Complement fragments C3a and C5a: the salt and pepper of the immune
response. European journal of immunology 40, 668-670, doi:10.1002/eji.201040355 (2010).
Hansson, G. K., Zhou, X., Tornquist, E. & Paulsson, G. The role of adaptive immunity in
atherosclerosis. Annals of the New York Academy of Sciences 902, 53-62; discussion 62-54
(2000).

Hansson, G. K., Libby, P., Schonbeck, U. & Yan, Z. Q. Innate and adaptive immunity in the
pathogenesis of atherosclerosis. Circulation research 91, 281-291 (2002).

Kane, W. H. & Davie, E. W. Blood coagulation factors V and VIII: structural and functional
similarities and their relationship to hemorrhagic and thrombotic disorders. Blood 71, 539-
555 (1988).

Camire, R. M. & Bos, M. H. The molecular basis of factor V and VIl procofactor activation.
Journal of thrombosis and haemostasis : JTH 7, 1951-1961, doi:10.1111/j.1538-
7836.2009.03622.x (2009).

Fay, P. J. Activation of factor VIIl and mechanisms of cofactor action. Blood reviews 18, 1-15
(2004).

Iwaki, T. & Castellino, F. J. Plasma levels of bradykinin are suppressed in factor Xll-deficient
mice. Thrombosis and haemostasis 95, 1003-1010, doi:10.1160/TH06-03-0128 (2006).
Werfel, T., Sonntag, G., Weber, M. H. & Gotze, O. Rapid increases in the membrane
expression of neutral endopeptidase (CD10), aminopeptidase N (CD13), tyrosine
phosphatase (CD45), and Fc gamma-RIll (CD16) upon stimulation of human peripheral
leukocytes with human C5a. Journal of immunology 147, 3909-3914 (1991).

Diet, F. et al. Increased accumulation of tissue ACE in human atherosclerotic coronary artery
disease. Circulation 94, 2756-2767 (1996).

Ohishi, M. et al. Increased expression and co-localization of ACE, angiotensin Il AT(1)
receptors and inducible nitric oxide synthase in atherosclerotic human coronary arteries.
International journal of physiology, pathophysiology and pharmacology 2, 111-124 (2010).
Ohishi, M. et al. Enhanced expression of angiotensin-converting enzyme is associated with
progression of coronary atherosclerosis in humans. Journal of hypertension 15, 1295-1302
(1997).

147



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

Curzen, N. P. & Fox, K. M. Do ACE inhibitors modulate atherosclerosis? European heart
journal 18, 1530-1535 (1997).

Obeid, D., Nguyen, J., Lesavre, P. & Bauvois, B. Differential regulation of tumor necrosis
factor-alpha-converting enzyme and angiotensin-converting enzyme by type | and Il
interferons in human normal and leukemic myeloid cells. Oncogene 26, 102-110,
do0i:10.1038/sj.0nc.1209779 (2007).

Jansen, P. M. et al. Inhibition of factor Xll in septic baboons attenuates the activation of
complement and fibrinolytic systems and reduces the release of interleukin-6 and neutrophil
elastase. Blood 87, 2337-2344 (1996).

Huber-Lang, M. et al. Generation of C5a in the absence of C3: a new complement activation
pathway. Nature medicine 12, 682-687, doi:10.1038/nm1419 (2006).

Saito, A. Plasma kallikrein is activated on dermatan sulfate and cleaves factor H. Biochemical
and biophysical research communications 370, 646-650, doi:10.1016/j.bbrc.2008.04.027
(2008).

Radhakrishnamurthy, B., Tracy, R. E., Dalferes, E. R., Jr. & Berenson, G. S. Proteoglycans in
human coronary arteriosclerotic lesions. Experimental and molecular pathology 65, 1-8,
doi:10.1006/exmp.1998.2222 (1998).

Speidl, W. S. et al. Complement component C5a predicts future cardiovascular events in
patients with advanced atherosclerosis. European heart journal 26, 2294-2299,
doi:10.1093/eurheartj/ehi339 (2005).

Hoke, M. et al. Polymorphism of the complement 5 gene and cardiovascular outcome in
patients with atherosclerosis. European journal of clinical investigation 42, 921-926,
doi:10.1111/j.1365-2362.2012.02669.x (2012).

Patel, S. et al. ApoE(-/-) mice develop atherosclerosis in the absence of complement
component C5. Biochemical and biophysical research communications 286, 164-170,
doi:10.1006/bbrc.2001.5276 (2001).

Shagdarsuren, E. et al. C5a receptor targeting in neointima formation after arterial injury in
atherosclerosis-prone mice. Circulation 122, 1026-1036,
doi:10.1161/CIRCULATIONAHA.110.954370 (2010).

Guo, R. F. & Ward, P. A. Role of C5a in inflammatory responses. Annual review of
immunology 23, 821-852, doi:10.1146/annurev.immunol.23.021704.115835 (2005).
Foreman, K. E. et al. C5a-induced expression of P-selectin in endothelial cells. The Journal of
clinical investigation 94, 1147-1155, doi:10.1172/JC1117430 (1994).

Albrecht, E. A. et al. C5a-induced gene expression in human umbilical vein endothelial cells.
The American journal of pathology 164, 849-859, doi:10.1016/S0002-9440(10)63173-2
(2004).

lkeda, K. et al. C5a induces tissue factor activity on endothelial cells. Thrombosis and
haemostasis 77, 394-398 (1997).

Okusawa, S. et al. C5a induction of human interleukin 1. Synergistic effect with endotoxin or
interferon-gamma. Journal of immunology 139, 2635-2640 (1987).

Xu, R. et al. Complement C5a regulates IL-17 by affecting the crosstalk between DC and
gammadelta T cells in CLP-induced sepsis. European journal of immunology 40, 1079-1088,
doi:10.1002/eji.200940015 (2010).

Hopken, U. et al. Inhibition of interleukin-6 synthesis in an animal model of septic shock by
anti-C5a monoclonal antibodies. European journal of immunology 26, 1103-1109,
doi:10.1002/eji.1830260522 (1996).

Soruri, A. et al. Anaphylatoxin C5a induces monocyte recruitment and differentiation into
dendritic cells by TNF-alpha and prostaglandin E2-dependent mechanisms. Journal of
immunology 171, 2631-2636 (2003).

Ember, J. A, Sanderson, S. D., Hugli, T. E. & Morgan, E. L. Induction of interleukin-8 synthesis
from monocytes by human C5a anaphylatoxin. The American journal of pathology 144, 393-
403 (1994).

148



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

Hawlisch, H., Wills-Karp, M., Karp, C. L. & Kohl, J. The anaphylatoxins bridge innate and
adaptive immune responses in allergic asthma. Molecular immunology 41, 123-131,
do0i:10.1016/j.molimm.2004.03.019 (2004).

Kastl, S. P. et al. In human macrophages the complement component C5a induces the
expression of oncostatin M via AP-1 activation. Arteriosclerosis, thrombosis, and vascular
biology 28, 498-503, doi:10.1161/ATVBAHA.107.160580 (2008).

Bettelli, E. et al. Reciprocal developmental pathways for the generation of pathogenic
effector TH17 and regulatory T cells. Nature 441, 235-238, doi:10.1038/nature04753 (2006).
Kimura, A. & Kishimoto, T. IL-6: regulator of Treg/Th17 balance. European journal of
immunology 40, 1830-1835, doi:10.1002/eji.201040391 (2010).

Klos, A. et al. The role of the anaphylatoxins in health and disease. Molecular immunology 46,
2753-2766, doi:10.1016/j.molimm.2009.04.027 (2009).

Peng, Q., Li, K., Sacks, S. H. & Zhou, W. The role of anaphylatoxins C3a and C5a in regulating
innate and adaptive immune responses. Inflammation & allergy drug targets 8, 236-246
(2009).

Weaver, D. J., Jr. et al. C5a receptor-deficient dendritic cells promote induction of Treg and
Th17 cells. European journal of immunology 40, 710-721, doi:10.1002/eji.200939333 (2010).
Fang, C., Zhang, X., Miwa, T. & Song, W. C. Complement promotes the development of
inflammatory T-helper 17 cells through synergistic interaction with Toll-like receptor
signaling and interleukin-6 production. Blood 114, 1005-1015, do0i:10.1182/blood-2009-01-
198283 (2009).

Hashimoto, M. et al. Complement drives Th17 cell differentiation and triggers autoimmune
arthritis. The Journal of experimental medicine 207, 1135-1143, doi:10.1084/jem.20092301
(2010).

Liu, B. et al. Complement component C5a promotes expression of IL.-22 and IL-17 from
human T cells and its implication in age-related macular degeneration. Journal of
translational medicine 9, 1-12, doi:10.1186/1479-5876-9-111 (2011).

Nishihara, M. et al. IL-6-gp130-STAT3 in T cells directs the development of IL-17+ Th with a
minimum effect on that of Treg in the steady state. International immunology 19, 695-702,
doi:10.1093/intimm/dxm045 (2007).

Li, K. et al. Functional modulation of human monocytes derived DCs by anaphylatoxins C3a
and C5a. Immunobiology 217, 65-73, doi:10.1016/].imbio.2011.07.033 (2012).

Peng, Q. et al. Dendritic cell function in allostimulation is modulated by C5aR signaling.
Journal of immunology 183, 6058-6068, doi:10.4049/jimmunol.0804186 (2009).

Lalli, P. N., Strainic, M. G., Lin, F., Medof, M. E. & Heeger, P. S. Decay accelerating factor can
control T cell differentiation into IFN-gamma-producing effector cells via regulating local C5a-
induced IL-12 production. Journal of immunology 179, 5793-5802 (2007).

Moulton, R. A. et al. Complement C5a anaphylatoxin is an innate determinant of dendritic
cell-induced Thl immunity to Mycobacterium bovis BCG infection in mice. Journal of
leukocyte biology 82, 956-967, doi:10.1189/j1b.0206119 (2007).

Wittmann, M. et al. C5a suppresses the production of IL-12 by IFN-gamma-primed and
lipopolysaccharide-challenged human monocytes. Journal of immunology 162, 6763-6769
(1999).

Hawlisch, H. et al. C5a negatively regulates toll-like receptor 4-induced immune responses.
Immunity 22, 415-426, doi:10.1016/j.immuni.2005.02.006 (2005).

Braun, M. C.,, Lahey, E. & Kelsall, B. L. Selective suppression of IL-12 production by
chemoattractants. Journal of immunology 164, 3009-3017 (2000).

Karp, C. L. et al. ldentification of complement factor 5 as a susceptibility locus for
experimental allergic asthma. Nature immunology 1, 221-226, doi:10.1038/79759 (2000).
Colten, H. R., Ooi, Y. M. & Edelson, P. J. Synthesis and secretion of complement proteins by
macrophages. Annals of the New York Academy of Sciences 332, 482-490 (1979).

149



404

405

406

407

408

Jung, I. D. et al. Oncostatin M induces dendritic cell maturation and Thl polarization.
Biochemical and biophysical research communications 394, 272-278,
do0i:10.1016/j.bbrc.2010.02.153 (2010).

Goel, M. S. & Diamond, S. L. Neutrophil enhancement of fibrin deposition under flow through
platelet-dependent and -independent mechanisms. Arteriosclerosis, thrombosis, and vascular
biology 21, 2093-2098 (2001).

Juhan-Vague, I. & Collen, D. On the role of coagulation and fibrinolysis in atherosclerosis.
Annals of epidemiology 2, 427-438 (1992).

Li, K. et al. Cyclic AMP plays a critical role in C3a-receptor-mediated regulation of dendritic
cells in antigen uptake and T-cell stimulation. Blood 112, 5084-5094, doi:10.1182/blood-
2008-05-156646 (2008).

Peng, Q. et al. Local production and activation of complement up-regulates the
allostimulatory function of dendritic cells through C3a-C3aR interaction. Blood 111, 2452-
2461, doi:10.1182/blood-2007-06-095018 (2008).

150



7. Acknowledgements

Firstly, | would like to thank my supervisor Prof. Dr. Alma Zernecke for
giving me the opportunity to work in her group and for providing me this
challenging project. | am very grateful for her scientific support and input
throughout my PhD, the fruitful discussions with her and her optimism and
enthusiasm also in times when the project seemed stuck. Moreover, | would
like to thank her for the trust in me, by handing over the responsibilities for the

management of experimental mouse studies.

| also would like to thank Prof. Dr. Bernhard Nieswandt and Prof. Dr.
Christian Weber for their time and stimulating and productive discussions
related to the project of my thesis during our annual meetings and Prof. Dr.

Christian Weber of course also for his time evaluating my thesis.

Without the help and support from my dear colleagues it would have
been impossible to manage all the “big terminations” necessary to gather the
data for this thesis. Hence, many thanks to my lab mates Martin Busch,
Sweena Chaudhari, Helga Manthey, Clemént Cochain, Melanie Schott,

Theresa Moritz, Yvonne Kerstan and Louisa Molinari.

In particular, | would like to thank Martin Busch and Sweena Chaudhari
who are not only great and reliable lab mates but also became good friends
during my PhD time. | will especially always think back to the enjoyable time
we spent outside the lab climbing, having “curry nights”, geocaching, watching

basketball games or just going out for an after-work drink.

Special thanks also go to Helga Manthey, the “queen of complement”.
We always had very productive work-related discussions which | miss.
However, | also miss the fun times we had outside the lab such as cocktail

nights, and our shared affection for dirty gin martinis.

| also would like to thank Johannes Drechsler, Christine Siegl, Christine
Mais, Sabine Walter, Carmen Schéfer and Daniela Kramer for the enjoyable

lab neighborhood and their helpfulness when it came to borrow reagents and

151



for the great time we spent outside the walls of the RVZ. Furthermore, | also
thank the members of the Nieswandt group for their kind lab neighborhood,

especially Ina Thielman, Ina Hagedorn and Timo Vdgtle.

Moreover, | need to thank the bachelor students Caroline Fecher and

Franziska Neubert for their work during their bachelor thesis.

| am also very grateful to the animal care takers Marie Blum, Petra
Klausnitzer, Melanie Kraiss, Sandra Umbenhauer, Verena Maltzahn and
Wolfgang Radel from the ZEMM for their important work and their high
reliability and flexibility. In terms of animal work | also would like to express my
gratitude to Dr. Katharina Remer, who always had an open ear and helpful
suggestions for me concerning the management of experimental mouse

studies.

Special thanks also go to our IT-guys Christian Weinberger and
Bernhard Frohlich for their fast and competent help when my PC decided once
more that it dislikes me. A big thank you also to our company technicians
Daniel Gobel, Mario Artmann and Sebastian Hammerling and to our

receptionist Hilke Gehret.

| also want to thank my dear friends Daniela Emig and Karoline
Fritzsche for their continuous support throughout the time of my PhD and their

friendship.

Last but not least, | would like to thank my parents and my brother for
their unlimited reliability, support and love throughout all stages of my life.

152



8. Publications

Busch M", Koch M, Westhofen TC, Lutz MB, Zernecke A.: Dendritic cell subset
distributions in the aorta in healthy and atherosclerotic mice. submitted

Koch M., Manthey H.D., Busch M., Chaudhari S.M., Thielman I, Stegner S.,
Nieswandt B ; Zernecke A : Coagulation factor XII promotes atherosclerosis and pro-
inflammatory T cell responses in mice. submitted

Sweena M.C.", Judith C.S.", Koch M.,Manthey H.D., Busch M., Daemen M.J.,
Caballero-Franco C., Kissler S., Hermanns H.M., Zernecke A.: HIFlalpha in dendritic
cells restrains inflammation and atherosclerosis in mice. submitted

Cochain C"; Chaudhari S.M.", Koch M., Wiendl H, Eckstein HH, Zernecke A.: PD-1
deficiency exacerbates T-cell activation and atherogenesis despite expansion of
regulatory T cells in atherosclerosis-prone mice. submitted

Manthey H.D.", Cochain C.", Barnsteiner S.”, Karshovska E., Pelisek J., Koch M.,
Chaudhari S.M., Busch M., Eckstein H.H., Weber C., Koenen R.R., Zernecke A.:
Role of the chemokine receptor Ccr6 in monocyte recruitment and atherosclerosis in
mice. Thrombosis Haemostasis, 2013; 110(6)

Weber C’; Meiler S’, Déring Y., Koch M., Drechsler M, Megens R.T.A., Rowinska Z.,
Bidzhekov K, Fecher C., Ribechini E, Zandvoort M.A.M.J, Binder C.J., Jelinek I,
Hristov M, Boon L, Jung S, Korn T., Lutz M.B., Forster |, Zenke M, Hieronymus T,
Junt T., Zernecke A.: CCL17-expressing dendritic cells drive atherosclerosis by
restraining regulatory T cell homeostasis in mice. Jounal of Clinical Investigation,
2011; 121(7):2898-2910

Kraemer B.F., Schmidt C., Urban B., Bigalke B., Schwanitz L., Koch M., Seizer P.,
Schaller M., Gawaz M., Lindemann S.: High shear flow induces migration of adherent
human platelets. Platelets, 2011; 22(6):415-21

Kraemer B.F., Borst O., Gehring E.M., Schoenberger T., Urban B., Ninci E., Seizer
P., Schmidt C., Bigalke B., Koch M., Martinovic I., Daub K., Merz T., Schwanitz L,
Stellos K., Fiesel F., Schaller M., Lang F., Gawaz M., Lindemann S.: PI3 kinase-
dependent stimulation of platelet migration by stromal cell-derived factor 1 (SDF-1).
J.Mol.Med., 2010; 88(12):1277-88

153



154



155



10. Affidavit/Eidesstattliche Erklarung

AFFIDAVIT

| hereby confirm that my thesis titled “Role of Coagulation Factor Xl (FXII) in
Atherosclerosis” is the result of my own work. | did not receive any help or
support from commercial consultants. All sources and/or materials applied are
listed and specified in the thesis.

Furthermore, | confirm that this thesis has not been submitted as part of
another examination process neither in identical nor in a similar form.

Wirzburg,

EIDESSTATTLICHE ERKLARUNG

Hiermit erklare ich an Eides statt, die Dissertation ,Rolle des
Koagulationsfaktors Xl (FXII) in der Atherosklerose* eigenstandig, d.h.
insbesondere  selbstdndig und ohne Hilfe eines kommerziellen
Promotionsberaters angefertigt, und keine anderen als die von mir
angegebenen Quellen und Hilfsmittel verwendet zu haben.

Ich erklare aufl3erdem, dass die Dissertation weder in gleicher noch in
ahnlicher Form bereits in einem anderen Prifungsverfahren vorgelegen hat.

Wirzburg,

156





