The impact of Interleukin-6
and alpha2-Macroglobulin on
the coagulation system

Dissertation
Zur Erlangung des Grades

Doktor der Naturwissenschaften

Am Fachbereich Biologie

Der Johannes Gutenberg-Universitat Mainz

Tanja Knopp
geb. am 28.06.1990 in VAlklingen

Mainz, August 2022



INDEX

Dekan
1. Berichterstatter:

2. Berichterstatter:

Tag der mundlichen Prufung: 15.12.2022



INDEX

INDEX
INDEX ... R nnnan |
ABBREVIATIONS .......coooiieieiieeeeeeseseesssssssssssssssssssssssssssssssssssssssssssssssnssssssssnnnsnnnsnnnns v
1. INTRODUCTION .......onnnnnnnnnnnnnsnsssnnssssssssssssssssssssssssssssssssssssssssssssnsssssssnnnns 1
1.1. The coagulation system...........cccoiiiiiiiiieccci e e 1
1.2. The interaction of inflammation and coagulation................cccceiviiiinnnn. 3
1.2.1.  The impact of Interleukin-6 on coagulation and inflammation.............. 3
1.3. The antiproteinase alpha-2-macrogobulin in the context of
NEMOSLASIS .cceeeeiiii i 7
1.4. Our mouse model of IL-6 overexpression in myeloid cells (LysM-IL-
LR 1 11T T U PR RRRSTTO 10
1.5. Objective of my thesis..........ccevviiiiiiiii 13
2. MATERIAL AND METHODS........ccco i 15
2.1. Chemicals and equipment ...........coecciiiiiirmrrcecrrr e e 15
722 = T U i - 17
ST L3 o101 =T SR 17
Tris/acetate/EDTA (TAE) buffer ..., 17
Gl DU T e 17
O N o 10 18
Sample BUFfEr (BX) ....ccooeeeeeeeeeeeeeeee 18
Separating gel buffer ... 18
Stacking gel BUfer........ooo e 18
Transfer DU ... e 19
BIOCKING DUFFEI | ... 19
1x Ammonium/chloride/potassium (ACK) buffer............cccccoiiiiiiie 19
2.3. Mouse EXperiments..........oooiiiiieciiiirccr s e e e 20
2.3.1.  LYSM-IL-BEMICE ..ot 20
2.3.2. Subtotal vena cava stenosis model...............cccoeeeiiiiiiiii 20
2.3.3.  High-frequency ultrasound..............oocuiiiiiiiiiiiiieee e 22
2.3.4. Tail bleediNng @SSAY ......ccoeeiiiiiieieeeeee e 23
2.3.5. Adenoviral construct and treatment ..., 23
2.3.6. Bone marrow transplantation ... 24
2.3.7. Euthanasia of MiCe .........ccoiiiiiiiiiii e 25
2.3.8. Organ isolation und preparation.............cccooeeieieiieeeeee 26
2.3.8.1. Mouse blood isolation ... 26
2.3.8.2.  SPIEEN...e 26

2.4. Molecular BiolOogy........ccooooeiiiiiiimiiiimcrir s r s e s s 26



INDEX

241, DNAISOIAtoON......ooiiiiii e 26
2.4.2. Quantitative real-time PCR ... 27
2.4.3. Polymerase Chain Reaction (PCR)........ccccceeiiiiiiiiiiiiiicieeee, 28
2.4.4. Agarose gel electrophOresis .........coooeeeiieiiiiieeeee 29
2.4.5. RNAsolation and measurement ... 30
P2 T 07 | I = Lo [ Yo 30
P24 Tt IR = 11T Yo I oo 11 | o | (SR 30
2.5.2.  Hepatocyte iSolation ...........coooeieiiiiiiiie 30
2.5.3.  Flow cytometry analysis...........cccooiiiiiiiiiiiiiiii e 31
2.6. BioChemistry.......cccceeiiiimiiiiiiiiiiii e 32
2.6.1.  Protein isolation ........cccooiiiiiiiiiice e 32

2.6.2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) 33

2.6.3. Western blot analySes .......cccoveiiiiiiiiiiii e 34
2.6.4. Enzyme-linked immunosorbent assay (ELISA) ...........ccccoeeiii. 35
2.7. Coagulation Biology........ccccceeemmmmmmmmmmmmmmmmmmmmmnsssssssssssssssssssssssssssssssssssssnn. 35
2.7.1.  Erythrocytes sedimentationrate .............ccccoo i 35
2.7.2. Thrombin-triggered clotting time ..., 35
2.7.3. Analysis of coagulation parameters ..o 36
2.7.4. Thrombin Generation ASSaY .......cc.ccoeiiiiiiiiiieiiieeeeeecee e 36
2% - TR & 1= ] Lo Yo | V2 PSPt 37
2.8.1.  Peripheral blood SmMear..........coooiiiiiiiiiii 37
2.8.2.  Pappenheim staining ........ccccooiiiiiiiiiiii e 37
2.8.3. Hematoxylin and eosin (H&E) staining.............cooeeeeeiiieieiiieeee 38
2.8.4. Immunofluorescence staining ..........coooeeeieiiiiiii 38
2.9. Human patient blood sample..........ccoooi e 38
2.10.  Statistical analysis .......cccccurmmmmmmimiiiiiiiii i ————— 39
L U IR 40
3.1.1.  The influence of IL-6 on the coagulation system in mice................. 40

3.1.1.  No thrombus formation after subtotal vena cava ligation in LysM-IL-6°¢
mice 40

3.1.2. Hematological analysis of blood and coagulation parameters in LysM-
IL-BOF MICE ...ttt 41

3.1.3. Myeloid IL-6 overexpression leads to delayed thrombin generation...45

3.1.4. Coagulation factors and acute phase proteins in LysM-IL-6°F mice

compared tO CONIOI MICE..... ..o e 47

3.1.5. Myeloid IL-6 overexpression results in erythrocyte aggregation......... 49

3.2. Myeloid cell-derived IL-6 leads to gut inflammation in LysM-IL-6°%

mice compared to control MICe ..........cevviiiiiiiiiiiesr i ——— 54



INDEX

3.3. IBD patients with elevated IL-6 levels shows a delayed Thrombin

converting time and formation of erythrocyte aggregates in blood.............. 56
3.4. Bone marrow transplant experiments reveal an IL-6 dose-dependent
effect on the coagulation system..............eeeeimimiiiiiiiiinieiie 59
3.5. Antagonization of A2m with small hairpin-A2m specific adeno-
associated Virus in LySM-IL-6%FE MiCe......ccoceeeirereeeereereres s se s e s sesssaes 63
3.5.1.  Establishing the small hairpin-A2m specific adeno-associated virus in
OUr LySM-IL-6F MOUSE MOTE ...ttt 63
3.5.2. Inflammatory analysis after treatment with small hairpin-A2m specific
adeno-associated virus in LysSM-1L-6%FmMiCe ...........cccooveveieeeeececeeeceeeeen 65
3.5.3. Analyzing the impact of A2m on the coagulation in mice ................... 67
S 1 T 0 01517 [ 73
4.1. The role of IL-6 during coagulation..........cccccccceiiiiimiriicccci e, 73
4.2. The complex interplay of IL-6 and coagulation in human diseases....79
4.3, CONCIUSION......c oot s s e e e s s e e e e e s 82
5. SUMMARY ... e s e e e e e e e e e e e e e e e e n e e e e e e n e e 84
6. ZUSAaMMENTASSUNG ...ccuuuuiiiiiiiiiicceiiss s e rrrrr e ss s s e e e e s s nmnss s s s e rressnnnssssssssennnns 86
7. REFERENCES....... s 89
8. LIST S e ———————————————— 101
- 20 T =« 2P 101
L 7 ol e 1 ¥ ] = O 101
9. ACKNOWLEDGEMENTS ... s s s s s s s s s s s s s s s s s s s s e s s s 103
10. VERSICHERUNG ... s 105
11. CURRICULUM VITAE ... ssssnas 106

12.  PUBLIKATIONEN UND VORTRAGE ......ccceceetrurecrererseseresaeseneresaesenessnaens 108



ABBREVIATIONS

ABBREVIATIONS

% (vIv) Volume percent

°C Degree Celsius

Mm Micrometer

A2M Alpha-2-macroglobulin

AAV Adeno-associated virus

ALAT Alanine aminotransferase

Alb Albumin

APC Activated protein C

APC Allophycocyanin

APC/Cy7 Allophycocyanin/ Cyanine dye 7
APS Ammonium persulfate

aPTT Activated Partial Thromboplastin Time
ASAT Aspartate aminotransferase

BM Bone marrow

bp Base pairs

BSA Bovine serum albumin

CaCl, Calcium chloride

CAT Calibrated automated thrombinography
CD Cluster of differentiation

cre Cre recombinase

CRP C-reactive protein

ddH,0 Double-distilled water

DNA Deoxyribonucleic acid

eGFP Enhanced green fluorescent protein
ELISA Enzyme-linked immunosorbent assay
ES Embryonic stem

ESR Erythrocytes sedimentation rate
ETP Endogenous thrombin potential
FACS Fluorescence-activated cell sorting
FCS Fetal Calf Serum

FITC Fluorescein isothiocyanate

FIX Factor IX

FIXa Activated Factor IXa

FVIII Factor VI

FVilla Activated Factor Vllla

fwd Forward

FX Factor X

FXa Activated Factor X

FXI Factor Xia

FXla Activated Factor Xia

FXII Factor Xlla



ABBREVIATIONS

FXlla Activated Factor Xlla

FXIII Factor XIlI

FXllla Activated Factor Xllla
Fachain Fibrinogen a chain

FBchain Fibrinogen B chain

Fychain Fibrinogen y chain

g Standard acceleration due to gravity
H&E Hematoxylin and eosin

HCL Hydrochloric acid

HGB Hemoglobin

IBD Inflammatory bowel disease
Il Prothrombin

lla Thrombin

IL Interleukin

INR International Normalized Ratio
IVC Inferior vena cava

LRP-1 Lipoprotein receptor-related protein-1
LYM Lymphocytes

LysM* Lysozyme M+

M Molar

MCH Mean corpuscular hemoglobin
mg Milligram

MgCl Magnesium chloride

min Minute/s

mi Milliliter

mm Milimeter

mM Millimolar

MON Monocytes

MPV Mean platelet volume

NaCl Sodium chloride

NaF Sodium fluoride

NEU Neutrophils

ng Nanogram

nm Nanometer

nM Nanomolar

oD Optical density

PB Pacific blue dye

PBS Phosphate buffered saline
PCR Polymerase Chain Reaction
PDWs Platelet distribution width

PE Phycoerythrin

PE/Cy7 Phycoerythrin/Cyanine dye 7
PerCp Peridinin-Chlorophyll-protein

PFA Roti histo Fix, 4%



ABBREVIATIONS

PLT

PPP

PRP
PVDF
PW-Doppler
gPCR
RBC
RDWs

rev

RNA

RT

SDS

SDS
SDS-Page
sec

SEM

Stat3

TAE buffer
TF

TG

tPA

TRIS
TRIS-HCL
uPA

uv

Vv

VWF
WBC

WT

Platelet count

Platelet-poor plasma

Platelet rich-plasma

Polyvinylidene difluoride

Pulse-wave Doppler

Quantitative real-time PCR

Red blood cell

Red cell distribution width

Reverse

Ribonucleic acid

Reverse transcription

Sodium dodecyl sulfate

Sodium dodecyl sulfate

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Second/s

Standard error of the mean

Signal transducer and activator of transcription 3
Tris/acetate/EDTA buffer

Tissue factor

Transgene

Plasminogen activator
Tris(hydroxymethyl)aminomethane
Tris(hydroxymethyl)aminomethane hydrochloric acid
Urokinase

Ultraviolet

Volt

Von Willebrand Factor

White blood cells

Wildtype



INTRODUCTION

1. INTRODUCTION

1.1. The coagulation system

The coagulation system is a complex and tightly regulated system that can
either promote or inhibit clot formation [1]. The balance of equilibrium is
essential: Ineffective clotting, as in hemophilia, carries the risk of bleeding [1-
4]. However, overactive coagulation can block blood vessels and induces
tissue damage, as in atherosclerotic plaque rupture and stroke [3]. Under
normal conditions, inhibiting factors keep the coagulation cascade in balance
so that blood can continue to flow. This condition is known as hemostasis [3,

5]. Two different ways of activating coagulation have been described (Figure
1).
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Figure 1 Schematic overview of the coagulation cascade. Solid arrows indicate the conversion to
an active protease, while dotted line arrows indicate the activity of the activating upstream protease.
Adapted from “Coagulation Cascade”, by BioRender.com (2022). Retrieved from
https://app.biorender.com/biorender-templates.

- -




INTRODUCTION

The intrinsic (contact) pathway (blue pathway Figure 1) is activated by the
contact of Factor XIl (FXII) with a negatively charged cell surface and with
prekallikrein and kininogen [1, 2]. It leads to cleavage and activation of the
coagulation factor Xlla (FXlla), which activates the coagulation factor Xla
(FXla) [1, 6, 7]. The FXla cleaves and activates coagulation factor [Xa (FIXa)
[6, 8]. FIXa forms a complex with coagulation factor Vllla (FVllla) and
phospholipids, which then activates Xa (FXa) [1, 6]. The activated factor Xa
cleaves prothrombin (Il), whereby thrombin (lla) is produced. Thrombin, in
turn, cleaves fibrinogen to produce fibrin monomers. The monomers are
cross-linked to form fibrin clots by coagulation factor Xllla (FXIllla) [2, 3, 6-8].
Even small amounts of thrombin are sufficient to activate the positive
coagulation feedback loop. In this case, platelets and coagulation factors V,
VIIl and Xl are activated by thrombin [9]. The additional FIXa binds with
FVllla on platelets to form the FIXa:FVllla complex. This increases the
efficiency in activating FX, which leads to a burst of thrombin formation. To
prevent uncontrolled thrombin formation, thrombin activates protein C (APC),
which binds to thrombomodulin and inhibits the cleavage of FVa and FVllla
as well as the cleavage of prothrombin [10, 11]. The interaction between the
positive and negative feedback loop enables precise control of the
coagulation. Vascular injuries initiate the extrinsic coagulation pathway [12]
(red pathway Figure 1). Tissue factor (TF) is continuously expressed on the
surface of subendothelial tissues [12-14]. Due to injury, subendothelial TF is
exposed and activates FVII. FXa, is activated by FVlla and binds the
FXa:FVa complex again, which leads to prothrombin cleavage [2, 12, 15].
Events downstream of the activation of coagulation factor Xa are the same in
the intrinsic and extrinsic pathways and is called the common pathway

(yellow pathway Figure 1) [15].

The fibrin clot is cleaved once the damaged tissue is repaired [16]. This
process is called fibrinolysis (green pathway Figure 1) [16-18]. Plasminogen
is activated either by urokinase (UPA) or plasminogen activator (tPA) to
plasmin [17, 19]. Fibrin is the main substrate of plasmin. tPA and

plasminogen bind on the fibrin surface leading to a better colocalization and
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enhanced plasmin generation [3, 16]. Activated plasmin cleaves the

cross-linked fibrin to break up the clot.

1.2. The interaction of inflammation and coagulation

There is a complicated interplay between inflammatory processes and the
coagulation system [11]. It is not uncommon to find an imbalance between
coagulation and fibrinolysis activity induced by inflammation leading to
hypercoagulation [20]. In the worst case, this may result in thrombotic events
such as myocardial infarction, stroke, or disseminated intravascular
coagulation (DIC) [21-24]. The process of inflammation is driven by different
mediators like cytokines, such as Tumor necrosis factor (TNFa), lipoproteins
and bacterial endotoxins [25]. In the clinical situation, plasma levels of
various inflammatory markers (e.g high-sensitivity C-reactive protein, serum
amyloid A) are increasingly used since an association between increased
plasma levels and cardiovascular risk has been shown [24, 26, 27]. Since
pro-inflammatory cytokines can affect all coagulation pathways, the intricate
relationship between the presence of cytokines, inflammation, and
hypercoagulation is of most interest [26]. Generally, inflammation can affect
all hemostasis: activation of platelets, activation of coagulation and

downregulation of anticoagulants and inhibition of fibrinolysis.

1.2.1. The impact of Interleukin-6 on coagulation and

inflammation

Cytokines associated with inflammatory processes are Interleukin (IL)-6,
IL-1B, TNFa, interferon-y and transforming growth factor-g [28, 29]. Different
types of cells can produce them, but macrophages and monocytes are
primary sources [30]. IL-6 is one of the most important drivers of
inflammation and stimulates many acute-phase proteins [30-32]. IL-6 is
produced at the site of inflammation and plays a crucial role in both acute
and chronic inflammation. It is a 26 kDa protein [33] and produced by many
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cell types, including activated monocytes and macrophages, endothelial

cells, adipocytes, T-helper cells, and B-cells [34, 35].
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Figure 2 Overview of some of the IL-6 producer and effects of IL-6 [34]. Created with
BioRender.com.

IL-6 production has been associated with both pro- and anti-inflammatory
effects [36]. Along with IL-1 and TNFa, IL-6 is considered to be one of the
most important cytokines during infection and plays an important role in host
defense [37]. IL-6 has protective effects during infection, but these activities
are critical for maintaining chronic inflammation [38]. This has been shown in
models of experimental autoimmune encephalomyelitis, multigenic
Castleman's disease, lupus, and plasmacytomas [39-41]. For example, IL-6
signaling plays an essential role in leukocyte recruitment and apoptosis,
maintenance of T-cell effector function, and inflammatory activation of tissue
in allergy, infection, neuroinflammation, cardiovascular disease, and
inflammation-induced cancer [41, 42]. A permanently elevated IL-6
concentration has pathological effects and is one of the main triggers for the

dysfunctional chronic inflammatory environment in rheumatoid arthritis [43].
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The levels of IL-6 and soluble IL-6 receptor in synovial fluid correlate
significantly with the severity of joint destruction [43-45]. In addition,
increased IL-6 production has been noted in inflammatory conditions such as
inflammatory bowel disease (IBD) like Crohn's disease and ulcerative colitis
[46, 47].

Two different IL-6-receptors are involved in IL-6 signaling (Figure 3). On the
one hand, IL-6 can bind to the membrane bound receptor complex composed
of the IL-6 receptor a (IL-6Ra) and the gp130 subunit [48, 49]. This IL-6R is
only expressed on certain cell types, for example, hepatocytes and B-cells
[50], while endothelial cells and hematopoietic cells do not express the
receptor (Figure 3) [51, 52]. On the other hand, IL-6 can bind to the soluble
IL-6 receptor a (slL-6Ra) [53]. This soluble form is generated by proteolytic
cleavage of membrane-bound IL-6Ra [32, 53, 54]. IL-6 together with sIL-6Ra
forms the sIL-6Ra-IL-6 complex that binds the gp130 subunit (Figure 3). All
cells expressing the gp130 subunit are thus able to bind the slL-6Ra-IL-6
complex, which activates I|L-6 trans-signaling [54]. In principle, the
sIL-6Ra-IL-6 complex can activate all cells that express gp130 [54-57], but

different cell types react differently to this activation.
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IL-6 binding to soluble
IL-6R

IL-6R

IL-6 binding to
membrane-bound IL-6R

IL-6

(soluble)

GP130 Gp13g 'LOR

!
}

Transkription

Figure 3 Schematic overview of the IL-6 signaling pathway. IL-6 can bind to soluble IL-6R or
membrane-bound IL-6R. Both options lead to the formation of a complex with gp130. IL-6 signals are
transduced intracellularly via the JAK/STAT pathway [54]. Created with BioRender.com.

Inflammation is considered as risk factors for venous thromboembolism
(VTE) development and elevated IL-6 levels might contribute [58]. Acute
inflammation, sepsis, or systemic infection with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) are clinical VTE risk factors that can
modulate thrombosis through inflammatory mediators [59-63]. Hence, these
patients have to be screened thoroughly for VTE development [64-67]. In
contrast, diseases like inflammatory bowel disease (IBD), where IL-6 is also
of central relevance, are associated with bleeding complications like
gastrointestinal bleeding [68]. But IBD is also associated with doubled risk of
thrombosis [69, 70]. Up to now, the role of IL-6, which has diverse effects on
coagulation, is incompletely understood and will be discussed in the following

section of my thesis.

Amrani and colleagues were able to show that IL-6 can regulate the
transcription of fibrinogen [71]. Fibrinogen consists of three polypeptides (q,
B, and y) encoded by separate genes. There are promoter regions in a- and
y-Fibrinogen that can be activated by IL-6 [72, 73]. However, it has also been

shown that other cytokines involved in inflammation (IL-18, IL-4, IL-10, IL-13)
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may inhibit the activating effect of IL-6. For example, IL-1R blocks STAT-3
binding in rats [73]. Here the complex influence of cytokines on hemostasis
becomes clear. Increased fibrinogen levels are not only a risk factor for
thrombotic events, but are also known as a risk factor for cardiovascular and
coronary heart disease [74-76]. In their work, Osterud & Rapaport were able
to show that elevated IL-6 levels do not only increase TF expression but also
enhance TF surface presentation on monocytes. [77, 78]. Increased TF
concentration increases thrombin generation, as TF activates FX by TF-FVlla
complex. Nevertheless, IL-6 may also have an indirect effect here, as it
stimulates the inflammation and expression of acute-phase proteins, which in
turn may increase the procoagulant activity of TF [79]. As with fibrinogen,
other cytokines may counteract the activating effect of IL-6. Also, FVIII can
be stimulated by IL-6, which leads to an up-regulation of FVIIIl. IL-6 has been
shown to induce megakaryocytic maturation and increase platelet count in
vitro and in vivo [80-83]. Furthermore, platelets are able to produce IL-6Ra
[83, 84]. Peng and colleges could show that animals treated with IL-6 react
faster to thrombin stimulation [83, 84].

In summary, the current literature suggests that IL-6 has a prothrombotic

influence on the coagulation system.

1.3. The antiproteinase alpha-2-macrogobulin in the

context of hemostasis

Alpha-2-macroglobulin (human A2M) is a proteinase inhibitor, which can
inhibit a multitude of proteases and non-proteases [85-90]. These include
growth factors, TNF-a, incorrectly folded proteins and cytokines [91-93]. The
reason for that is the A2M bait region which consists of many protease
cleavage sites [94]. A2M is evolutionary highly conserved because of its role
in innate immunity [95-97] and is well known as an acute-phase protein.
Isaac and colleagues could show that depending on the stimuli, A2M is
significantly increasing during inflammation in mice [89]. IL-6 can influence
the A2M expression in the liver: IL-6 binds the IL-6Ra or sIL-6Ra receptor

and activates the Janus kinase (Jak) pathway and transcription's signal
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transducer and activator of transcription 3 (Stat3). Stat3 can bind the A2M

gene promotor, which results in increased transcription of A2M [98-100].
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Figure 4 Biological function of A2M adapted from [101]. Tetrameric A2M changes its conformation
by covalent binding to proteases (shown in purple), which leads to the exposure of the binding sit on
A2M for LRP1. Binding to LRP-1 induces the clearance of the A2M complex. Besides that, A2M can
bind noncovalent ligands like cytokines, growth factors and misfolded proteins. Created with
BioRender.com.

Hepatocytes mainly produce A2M, and also macrophages and fibroblasts are
capable to produce it [88, 102, 103]. In humans, two 180kDa large subunits
form by covalent disulfide bonds dimers, and two dimers then build by
non-covalently binding a 720 kDa homotetramer (Figure 4) [101, 104-106].
The bait region of A2M is located close to the reactive thioester binding site
[104, 106]. If a proteinase binds via the thioester binding, a change in
conformation occurs (Figure 4) [104, 106]. This leads to the release of the
binding sites for low-density lipoprotein receptor-related protein-1 (LRP-1),
which is responsible for the clearance of the A2M protease-complex [107,
108]. There is also the possibility that A2M exists as a dimer structure [101].
Hypochlorite induces the dissociation of tetrameric A2M [101]. This results in

reduced chaperone activity [101]. However, cytokines and misfolded proteins
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can still bind. As a result of the dissociation, the binding sites for LRP-1 are
exposed, facilitating degradation in a protease-independent manner
(Figure 4) [101].

A2M is associated with coagulation and fibrinolysis (Figure 5) [109]. It has an
anticoagulant effect mainly due to thrombin inhibition, while it also displays

antifibrinolytic properties by inhibiting plasmin [110-112].

In vivo, A2M is the main inhibitor of free FXa [112, 113]. Via radioactive
labeling it was discovered, that A2M binds up to 90% of free FXa in mice
within two minutes [114]. A2M can bind to APC (Activated Protein C) and
inhibit their effector function [115]. Martos and colleagues showed a
correlation between APC-A2M complex plasma levels and venous
thromboembolism [116]: The risk of venous thrombosis increased with lower
plasma concentrations of the APC-A2M complex [116]. The A2ZM-dependent
APC inhibition depend on Ca?*, Mn?* and Mg®‘[110]. The important role of
the interaction of A2M and thrombin has been described by diverse groups
[85, 117-119]. If A2M binds thrombin, the ability of thrombin to cleave
fibrinogen, which is necessary for clot formation is inhibited. The thrombin
activity towards smaller binding partners is less influenced, because they still
can reach the binding site of thrombin [85, 117, 120, 121]. Thrombin binds to
A2M by covalent bonds due to the lysine groups in the proteinase, which
reacts with the thioester bonds of the A2M subunits [117, 120]. Mosher
already described in 1976 that A2M can activate FXIIl in the presence of
another protein [122]. This can be attributed to the crystal structure of the
receptor-binding domain of A2M. This crystal structure demonstrates that it is
approximately 100-residue of the C-terminal domain of FXIIl very similar
[106]. Shing was able to show that A2M can be a direct ligand for one of the
two FXIIl subunits [123]. However, the exact function and the relationship
between A2M and FXIII are not fully understood [123]. It is known that A2M
inhibits fibrinolysis [87, 124, 125]. In addition to the direct inhibition of
plasmin, A2M also inhibits tissue plasminogen activator (t-PA), urokinase and

kallikrein, which also indirectly impact on fibrinolysis [87, 124, 125].
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1.4. Our mouse model of IL-6 overexpression in myeloid
cells (LysM-IL-6°F mice)

In the following work, | used a new mouse, which allows a conditional IL-6
overexpression combined with an enhanced green fluorescent protein
(eGFP), which has been previously described by my former colleague
Rebecca Jung (Schueler et al. [126]). IL-6 overexpressing mice were
generated by gene targeting embryonic stem (ES) cells [127]. A targeting
vector has been designed by inserting the cDNA coding for IL-6, followed by
an internal ribosome entry site (IRES) and the cDNA coding for an enhanced

green fluorescent protein (eGFP) (Figure 6A). The mouse was generated in

10



INTRODUCTION

the same way as the K14-IL-17A™* mouse before [128]. Following
homologous recombination into C57BL/6-V6.5 ES cells, the IL-6°F mice have
been generated by injection of the cells into fertilized embryos. Crossing
homozygous IL-6°%°F female mice to LysMCre® male mice results in
LysM-IL-6°F mice overexpressing IL-6 in LysM* cells heterozygously and
Cre™%™e |ittermate controls (IL-6°F). Myeloid IL-6 overexpression was
confirmed by flow cytometry of splenocytes (Figure 6B and C). Only myeloid
cells showed the coupled eGFP signal in addition to the IL-6 product
(Figure 6B and C). Furthermore, IL-6 stimulated B-cells to produce IL-6
(Figure 6B and C). Myeloid IL-6 overexpression led to an increased level of

circulating plasmatic IL-6 in LysM-IL-GOE

mice compared to not detectable
IL-6 levels in control mice (Figure 6D). The elevated IL-6 levels in the
LysM-IL-6°F mice were lower than what is seen in acute sepsis [129].
Rebecca Jung was able to show that IL-6-mediated inflammation influenced
survival [126]. At 10 weeks of age, the mice showed an increased mortality

(Figure 6C) [126].
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Figure 6 IL-6 overexpression in myeloid cells leads to a reduced live expectancy. A. Generation
of the IL-6°F allele by using homologous recombination in embryonic stem cells (C57BL/6-V6.5). Upon
Cre-mediated recombination, a lox-P-flanked transcriptional STOP cassette was excised 5’ of an IL-6
cDNA insert and an IRES-eGFP element, allowing the expression of IL-6 and eGFP at the same time
under the control of the chicken B-actin (CAG) promoter. B. Flow cytometric analysis of splenocytes
from LysM- -IL-6°F mice and control mice. Cells were stained for CD11b, B220 and CD90.2 and gated
versus GFP signal, respectively. Representative plots of n = 4 mice are shown. C. Flow cytometry
analysis of splenocytes from LysM-IL- -6°F mice and control mice. Cells were stained for CD11b, B220
and CD90.2 and gated versus IL-6 signal, respectlvely Representative plots of n = 4 mice are shown.
C. Plasmatic IL-6 levels in 10 weeks old LysM-IL- 6°F compared to control mice (n.d. = not detectable)
N =19-28, Mann-Whitney t-test. D: Kaplan-Meier survival curve of LysM- -IL-6%F and control mice.
N =8 16, Log-rank (Mantel-Cox) test. Figure modified along [117]
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1.5. Objective of my thesis

The cytokine IL-6 is of prime importance for switching between the innate
and adaptive immune systems [25]. Furthermore, IL-6 appears to influence
hemostasis in different ways [73, 130, 131]. Up to now, the exact impact of
IL-6 on the coagulation cascade is not well understood. The aim of my thesis
is to investigate the influence of IL-6 in hemostasis with a particular focus on

coagulation.

In the first part, | investigated the impact of IL-6 on the coagulation system. |
analyzed a mouse strain allowing a Cre-mediated IL-6 expression in myeloid
cells to study the risk of developing venous thrombosis. Based on the
literature, | expected an increased rate of venous thrombosis. Nevertheless, |
was confronted with an increased bleeding tendency and reduced venous
thrombus formation in the IL-6 overexpression mice. Hence, | wanted to
perform a hematological analysis of the blood and the coagulation factors
compared to age-matched littermate controls in order to better understand
why this bleeding tendency occurred. Furthermore, | wanted to investigate
how the acute phase protein A2M was possibly influencing this biological
setting since it is already known that 1lI-6 can trigger A2m expression and
participate in coagulation regulation. Since the effect of IL-6 may not only
depend on myeloid cell-derived IL-6 | wanted to understand whether the
coagulation phenotype that the mice show can be reconstituted by
transferring bone marrow cells into control mice. In addition, as part of these
experiments, it should also be examined whether the IL-6 effect was
dose-dependent and whether even small amounts of donor bone marrow

were sufficient to depict the clinical picture.

The results | observed in our mouse model may also be of interest in human
diseases, because IL-6 also plays an essential role in the development of
IBD [66]. In a “bench-to-bedside” approach, | investigated the impact of
elevated IL-6 levels in the acute phase of the disease on clotting and

thrombin formation in acute phase IBD patients.
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In the last part of my thesis, | aimed to analyze if the increased bleeding
tendency in LysM—IL-6OE mice was directly associated with the A2M driven

thrombin inhibition.

In total, | performed my thesis to understand the impact of myeloid cell-
derived IL-6 on the coagulation cascade and to clarify why mice with

increased myeloid IL-6 formation had a reduced thrombus formation.
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2. MATERIAL AND METHODS

2.1. Chemicals and equipment

Table 1: List of chemicals

Chemical Supplier Country
2-mercaptoethanol Fluka Chemie GmbH Buchs, Switzerland
Acetic acid Sigma-Aldrich St. Louis, MO, USA
Acrylamide/Bis (40% L6ésung) Bio-Rad Hercules, CA, USA
Agarose Basic BC AppliChem Darmstadt, Germany
Braunol® B. Braun Melsungen, Germany

BD FACS Lysing Solution

Becton Dickson GmbH

Franklin Lakes, NJ,
USA

Bepanthen® (Eye Cream) Bayer AG Leverkusen, Germany
Bovine Serine Albumin Carl Roth Karlsruhe, Germany
Calciumchlorid (CaCl2) Carl Roth Karlsruhe, Germany
Dulbecco’s phosphate buffered Gibco® life

saline without CaCl2 and MgCI2 | technologies™ or garsbad. GA, US4
(PBS) Sigma-Aldrich ' ’ ’

ECL Plus WB Detection Systems

GE Healthcare

Chicago, IL, USA

Ethanol

AppliChem GmbH

Darmstadt, Germany

Ethylenediaminetetraacetic acid
(EDTA)

Fluka Chemie
GmbH

Buchs, Switzerland

Fentanyl y-Janssen 0,5 mg

Janssen-Cilag GmbH

Neuss, Germany

Flumazenil-hameln 0,1 mg/ml

Hameln pharma plus

Hameln, Germany

Fetal Calf Serum (FCS) Boehringer Mannheim, Germany
Glycerol Carl Roth Karlsruhe, Germany
High Capacity RNA to DNA Applied Biosystems Foster City, CA, USA
HEPES Gibco® Nie Carlsbad, CA, USA
technologies™
Hydrochloric acid (HCI) Merck Darmstadt, Germany
Isoflurane: Forene® Abbott Chicago, IL, USA
Isopropyl alcohol Heidinger Stuttgart, Germany
Liberase™ TM Roche Basel, Switzerland
Magnesium chloride (MgCl) Roche Basel, Switzerland
Microscopy Entellan® Merck® Darmstadt, Germany

Midazolam-hameln

Hameln pharma plus

Hameln, Germany

Precision Plus Dualcolor Protein
Standards

Bio-Rad

Hercules, CA, USA

Proteinase K Roche Basel, Switzerland

QuantiTect Probe RT-PCR Kit Qiagen Hilden, Germany

RPMI Media 1640 Gibco® life Carlsbad, CA, USA
technologies™

Roti histo Fix, 4% (PFA) Carl Roth Karlsruhe, Germany

Sodium chloride (NaCl) Carl Roth Karlsruhe, Germany
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Sodium deoxycholate

Carl Roth

Karlsruhe, Germany

Sodium dodecyl! sulfate (SDS)

Serva Electrophoresis

Heidelberg, Germany

Sodium fluoride (NaF)

Carl Roth

Karlsruhe, Germany

Sodium pyruvate

Gibco® life
technologies™

Carlsbad, CA, USA

TagMan® Gene Expression Assay

Applied Biosystems™

Foster City, CA, USA

Thromboin Sigma-Aldrich St. Louis, MO, USA
;I'_ll:;gfg{droxy methyl)aminomethane Carl Roth Karlsruhe, Germany
Temgesic 0,3 mg/mi Reckitt Benckiser i!ough, United
ingdom
Tris(hydroxymethyl)aminomethane
hydrochloric acid (TRIS-HCI) Carl Roth Karlsruhe, Germany
TRIzol™ Thermo Fischer Waltham, MA, USA
Scientific
Gibco® life
Trypan blue technologies™ Carlsbad, CA, USA
Tween® 20 Applichem Darmstadt, Germany

Table 2: List of Instruments and equipment

Name
Aspiration system: Vacusafe

Supplier

Integra Bioscience, Biebertal,
Germany

Attune NxT Flow Cytometer

Thermo Fisher Scientific Inc, MA,
USA

Centrifuges: 5417R Heraeus or
Megafuge 16R

Thermo Scientific, Langenselbold,
Germany

Dumont #5/45 Forceps

FST Fine Science Tools GmbH,
Heidelberg, Germany

Eppendorf Thermomixer comfort

Eppendorf, Hamburg, Germany

Extra Fine Graefe Forceps FST Fine Science Tools GmbH,
Heidelberg, Germany
Extra Narrow Scissors FST Fine Science Tools GmbH,

Heidelberg, Germany

Gel Doc XR

Bio-Rad, Hercules, CA, USA

Graefe Forceps

FST Fine Science Tools GmbH,
Heidelberg, Germany

Halsted-Mosquito Hemostats

FST Fine Science Tools GmbH,
Heidelberg, Germany

Heating Block, MB-102

BIOER, Hangzhou, China

Leica M50 Mikroskop

Leica Microsysteme, Wetzlar,
Germany

Leica Sp8 (Confocal)

Leica Microsysteme, Wetzlar,
Germany

MAGPIX® Luminex’'s xXMAP®

Luminex, MV 's-Hertogenbosch,
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Netherlands

Sterile workbench: Hera Safe

Thermo Scientific, Langenselbold,
Germany

T3000 Thermocycler

Biometra, Géttingen, Germany

Tecan Spark®

Tecan, Mannedorf, Switzerland

TGeneTouch Thermal Cycler

BIOER, Hangzhou, China

Thermocycler:

Bioer Technology, Hangzhou,
China

TMyCycler™ Thermal cycler

Bio-Rad, Hercules, CA, USA

Ultrasound device:
Vevo 770 or 3100 System

Visual Sonics, Toronto, Canada

2.2. Buffer

Lysis buffer

TRIS 50 mM
EDTA 25 mM
NaCl 300 mM
SDS 0.2% (vIv)
Proteinase K 0.2 mg/ml

pH adjusted to 7.8.

Trislacetate/EDTA (TAE) buffer

TRIS 40 mM
Acetic acid 18 mM

NaCl 100 mM
EDTA 10 mM

Git buffer

Guanidiniumthiocyanat 4 M
Na-Citrat pH=7,0 25 mM
N-Lauroylsarcosin 0.5 %
B-Mecaptoehtanol 0.1 mol/l
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RIPA buffer

Triton X-100, 1%
Tris pH 7.4-7.6 20 mM
NaCl 150 mM
NaF 1 mMI
EDTA 1mM
EGTA 1mM
Glycerolphosphatase 1 mM
SDS 1%
PMSF 100 mM
protease phosphatase 0.1%
inhibitor cocktail

Sample buffer (6x)

SDS 19
Bromophenol blue 4 mg
Glycerol 3.6 ml
2-mercaptoethanol 600 pl

Add ddH20 up to 12 ml.

Separating gel buffer

Tris-HCL 1.5M
pH adjusted to 6,6 with HCL.

Stacking gel buffer

Tris-HCL 500 mM

pH adjusted to 8,8 with HCL.

18
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Transfer buffer

Tris 12.4 mM
Glycine 01 M
Methanol 10 % (v/v)
Blocking buffer |

Tris 500 mM
NaCl 1.3 M
Tween® 20 0.1 % (v/v)

1x Ammonium/chloridelpotassium (ACK) buffer

NH4CI 1.5M

KHCO3 100 mM

EDTA-2Na 100 mM
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2.3. Mouse Experiments

All animal experiments were approved by the land of Rhineland-Palatinate
(approval number G15-1-051). Mice were bred and housed in the facilities of

the Translational Animal Research Center (TARC) Mainz.

2.3.1. LysM-IL-6°F Mice

In 1987, Sauer et al. developed the Cre/loxP-system, which can generate
genetically modified animals [132, 133]. Marth and Rajewsky further
developed this system: either for upregulation or downregulation/knock-out of
a gene of interest [127, 134]. Making use of the Cre recombinase from
Bacteriophage P1, it is feasible to cut out a specific sequence [134]. The
requirement is that loxP sites flank the sequence of interest. It is in
consequence possible to use a tissue or cell-specific Cre to induce the gene

deletion in a tissue or cell type-specific manner [127, 134].

LysM-IL-6°F mice overexpress IL-6 in all Lysozyme M* (LysM*) cells. The
LysM gene is expressed in myeloblasts, immature and mature macrophages,
and neutrophils [135, 136]. To generate this mouse strain, LysM-Cre mice
[136] were crossed to IL-6°F mice (generated by S. Karbach and A.
Waisman, Jung and Knopp et al submitted to Cardiovasc Res.). IL-6°F mice
express an additional copy of the IL-6 gene, which is inserted into the
ROSA26 locus, combined with a STOP-codon flanked by loxP sites. Through
Cre-mediated recombination, the STOP-codon is excised and IL-6 is
constantly overexpressed. By using the LysM-Cre, IL-6 was overexpressed in

all myeloid cells.

2.3.2. Subtotal vena cava stenosis model

The vena cava stenosis model was performed in 8-12 week-old mice as
described bevor [137-139]. The bodyweight of the mice was determined and

the dosage of the anesthesia was adjusted accordingly. Anesthesia was
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applied by intraperitoneal injection of a mixture of fentanyl (0.05 mg/kg;
Janssen-Cilag GmbH), medetomidine (0.5 mg/kg; Pfizer Deutschland
GmbH), midazolam (5 mg/kg; Ratiopharm GmbH). The hair in the ventral
abdominal area was completely removed with depilatory cream and the skin
was disinfected with Octeniderm (octenidine dihydrochloride 0.1 g,
1-propanol (Ph.Eur.) 30.0 g, 2-propanol (Ph.Eur.) 45.0 g). To ensure the
depth of the anesthesia, the intercalary reflex was tested. The eyes were
covered with Bepanthen eye ointment for protection. The mouse was fixed on
a 37 °C warming plate in the supine position. Then the abdominal cavity was
opened: first, the skin, then the muscle layer, and the peritoneum were
opened. A piece of gauze moistened with isotonic saline solution was
prepared next to the mouse. Then the intestine was exposed and put out to
the right (or left, depending on the surgeon's needs); if necessary, an incision
of the duodenocolic ligament was made here. The intestine was kept moist
with 0.9% NaCl and the left/right-sided abdominal wall was stretched with a
holding thread if necessary. The ligature operation itself was performed by
dissecting the inferior vena cava (IVC) (blunt) up to the confluence of the
renal vein. With curved forceps, the IVC was tunneled at the level of the
confluence, a surgical thread was pulled through (8/0 thread) and a spacer
was inserted before tightening. After the ligation, the spacer was removed. At
the end, the muscles were sutured using a continuous suture and the skin
was sutured with 7/0 thread with a single button suture [140-142]. After the
operation, anesthesia antagonization was performed using s.c. injection of
atipamezole (0.05 mg/kg) and flumazenil (0.01 mg/kg). The mice remained in
the cage on a warming plate until signs of decreasing sedation were

observed.

For postoperative analgesic therapy, a single subcutaneous injection of
buprenorphine (0.075 mg/kg) was administered directly after the procedure.
On the two following days, analgesia was carried out using carprofen
(5 mg/kg body weight).

The vena cava stenosis model was performed in cooperation with |

I \ho performed here bachelor thesis in our working group.
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2.3.3. High-frequency ultrasound

To determine the thrombus formation following IVC ligation in mice,
high-frequency ultrasound was performed by using the device Vevo 3100
(Visualsonics) with the transducer 550 (25-55 MHz) [143]. The mice were
sedated with isoflurane (mask anesthesia, 0.5-5% in room air) and positioned
on their back on a 37 °C warming plate. If necessary, the hair was removed
from the abdominal area and contact gel was applied. During the
examination, body temperature was monitored with a rectal probe and kept at
37°C. Electrocardiography and respiratory rate were checked non-invasively
via the contact electrodes and maintained at 500 beats per minute [141]. The
ultrasound head was aligned along the linea alba for duplex sonography of
IVC. In the sham group, the vascular wall of the vein was visualized by the
more dense structure compared to the surrounding fatty tissue. In the
experimental group, the side of the ligation was visualized, and venous
thrombi were identified by a high fibrin density which is more compact than
blood. The reduction of the blood flow in the vein was quantified by
pulse-wave Doppler and color Doppler. With the pulse-wave Doppler
(PW-Doppler), the speed of blood flow was analyzed in a selectable sample
volume. The PW-Doppler sends short and quick pulses of ultrasound and
uses the effect of moving particles changing the innate pulse. These are
analyzed with regard to the Doppler-shift, taking into account the return time
in which no second ultrasonic wave is emitted [144]. Color Doppler visualizes
the flow direction and velocity within a defined area. The direction of flow
towards the transducer is usually shown in red, away from the transducer is

shown in blue color.

To study the formation of thrombosis, we measured the area and the length
three days after ligation. After ultrasound analysis, the mice were transferred
back to the cage, to fully awaken within a few minutes.
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2.3.4. Tail bleeding assay

The tail bleeding time is an in vivo assay in which the interaction of platelets

and damaged vessel wall leads to sufficient

plug formation. It is defined as the time after which the bleeding has
completely stopped [145, 146]. This assay was performed in 8-12 week old
mice. The bodyweight of the mice was determined and the dosage of the
anesthesia was adjusted accordingly. Anesthesia was applied by
intraperitoneal injection of a mixture of fentanyl (0.05 mg/kg; Janssen-Cilag
GmbH), medetomidine (0.5 mg/kg; Pfizer Deutschland GmbH), midazolame
(5 mg/kg; Ratiopharm GmbH). Mice were placed in a prone position. A
10 mm long distal piece of tail was removed with a scalpel and the tail was
placed in a pre-warmed (37°C) isotonic saline solution. Afterward the mice
were monitored over 12 min and bleeding time was recorded as described

previously [146].

2.3.5. Adenoviral construct and treatment

The knockdown with an adeno-associated virus (AAV) is an in vitro and in
vivo method to knock down a specific target gene in nearly all cell types
[147]. First, the AAV-shRNA vector was constructed as a plasmid in E. coli
and then transfected into packaging cells using helper plasmids. The plasmid
comprises the following components: The vector region lies between the
inverted terminal repeats (ITRs). The shRNA expression cassette placed
between the two ITRs is introduced into the target cells together with the viral
genome. The shRNA is expressed from a U6 promoter. It leads to the
degradation of the target gene mRNA in infected cells. When the AAV virus is
added to target cells, the single-stranded linear DNA genome is introduced
into the cells, where it is converted to double-stranded DNA by the host cell's
DNA polymerase machinery. AAV vector DNA forms episomal concatemers
in the host cell nucleus. The concatemer remains in non-dividing cells until
they die, but dividing cells does dilute the concatemer; hence, the knockdown
effect is reversible.
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The adenoviral construct was generated by Vector Biolabs (Pennsylvania,
USA): AAV8-mCherry-U6-mA2m-shRNA delivered murine small hairpin A2m
cDNA (RefSeq: NM 175628) under control of an U6 promotor to achieve
knockdown of the A2m gene. AAV8-mCherry-U6-scrmb-shRNAserved as a
negative control. 2x10"" GC were injected via the tail vein and mice were

analyzed after 5 weeks (7).

LysM-IL-6°¢/ AAV Final analysis
Control injection
i {5 weeks > - 4@

Age: [
4 weeks ‘n{(ﬁ

Figure 7 Experimental set-up for treatment with AAV8shRNA A2m or AAV8shRNA scrmb. Four
week old mice were treated with AAV8-mCherry-U6-mA2m-shRNA or
AAV8-mCherry-U6-scrmb-shRNAserved for five weeks. Afterward, the mice are analyzed regarding the
inflammatory and coagulation phenotype. Created with BioRender.com.

2.3.6. Bone marrow transplantation

Bone marrow (BM) chimeras were created by transplanting hematopoetic
stem cells from a donor animal to a recipient animal. Wild type C57BL/6 mice
carry the leukocyte marker Ly5.2 (CD45.2). C57BL/6 Ly5.1 mice express the
marker Ly5.1 (CD45.1), making it easy to identify the adoptively transferred
cells in the organs of recipient mice by staining with anti CD45.1 [148-150].
Different amounts of LysM-IL-6°F and control BM were mixed and transferred
in order to analyze a dose-dependent effect of transplanted BM.Donor
animals were euthanized by an isoflurane overdose and bone marrow was
isolated from the femur and tibia. BM mainly consists of pluripotent
hematopoietc stem cells, as well as mature hematopoetic cells arising from

the lymphoid, and erythroid lineages [151].
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Titrated bone marrow transfer

Borgal Post-transplantation Final analysis
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donor: \
Control
LysM-IL-6°¢

Figure 8 Schematic representation of bone marrow transplantation. C57BL/6-Ly5.1 mice are
irradiated on day 0, one day after donor bone marrow is transferred. Bevor and after irradiation they
are treated with Borgal for 7 days. The post-transplant phase is 70 days. Afterward, the mice are
analyzed regarding the inflammatory and coagulation phenotype. Created with BioRender.com.

The recipient animals are lethally irradiated (9.5 Gy) 24 h before BM
transplant. 5x10° cells were transferred into the irradiated recipient animals
by intravenous injection into the tail vein (Table 3). The irradiation induces an
intermittent immune compromise, animals received antibiotic-containing
drinking water (Borgal®; contains: Sulfadoxinum 62.5 mg/ml,
Trimethoprimum 12.5 mg/ml) 7 days before the irradiation and up to 7 days
after transplantation. The final experiment takes place 70 days after bone

marrow transplantation (Figure 8).

Table 3: Transplant scheme

Donor Recipient
100% Control BM C57BL/6 Ly5.1
100% LysM-IL-6¢ C57BL/6 Ly5.1
10% LysM-IL-6° + 90% Control BM | C57BL/6 Ly5.1

2.3.7. Euthanasia of mice

Mice were sacrificed by inhalation overdose of isoflurane. Organs were
collected and were either fixed in PFA or shock frozen in liquid nitrogen. Cells
were isolated as described in the following chapter.

25



MATERIAL AND METHODS

2.3.8. Organ isolation und preparation
2.3.8.1. Mouse blood isolation

Whole blood sample were obtained by cardiac puncture of the right ventricle
using a 26-gauge needle (Sterican® Gr. 18, G 26 x 1"/ @ 0.45 x 25 mm,
B.braun, Germany) into syringes containing citrate (ratio 1:10) to prevent

coagulation.

To isolate plasma, whole blood was centrifuged at 200 g for 4 min followed
by 30 s at 2,000 g at room temperature to obtain platelet rich-plasma (PRP).
PRP was stored at -80 °C until further use.

If the blood was used for Thrombin generation or different Platelet assays,
platelet count in the obtained PRP was performed using the cell counter
KX-21N (Sysmex Corporation). The remaining blood was centrifuged 10 min
at 2000 g to obtain PPP (platelet-poor plasma) that was used to adjust to
PRP platelet count to 200x10° platelets/!.

2.3.8.2. Spleen

Spleen was isolated from mice, minced through a nylon cell strainer (40 pm)
and washed with PBS/FCS 2% (v/v). Red blood cells were lysed by adding
1 ml of 1x ACK buffer for 3 min at room temperature and the reaction was
stopped by adding 9 ml PBS/FCS 2% (v/v). After centrifugation (300 x g,
6 min, 4 °C), the cell pellet was filtered through gaze to remove fat tissue,
resolved in 10 ml PBS/FCS 2% (v/v) and counted.

2.4. Molecular Biology

2.4.1. DNA isolation

Ear biopsies were used to isolate genomic DNA to identify the mouse

genotype. For this purpose, biopsies are digested (digestion mix: 100 ul
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Lysis-Buffer, 2 pyl proteinase K, 10mg/ml) at 56 °C for 2 h. Isopropanol
(100 pl) was added to precipitate genomic DNA from the remaining cell
debris and the samples were centrifuged at 14,000 rpm for 20 minutes. The
supernatant was discarded and the pelleted DNA was washed twice with
300 pl of ethanol (70% (v/v) (centrifugation 14,000 rpm for 10 minutes) and
dried at 37 °C for 10 min. Finally, DNA was solved in 300 pl distilled water
and stored at 4 °C.

2.4.2. Quantitative real-time PCR

Quantitative real-time PCR was used to examine the expression of specific
genes in the liver. A distinction can be made between a two-step RT-PCR
and a one-step RT-PCR. The cDNA reverse transcription (RT) takes place
first with RNA as a template in the two-step variant. A sample of this RT
reaction is then used in a subsequent PCR, in which the cDNA serves as a
template [152]. As a result, the conditions in the two reactions can be
optimally adjusted to the enzymes used in each case. In addition, a large
number of transcripts (20-100) can be amplified from a single cDNA
synthesis [153].

In contrast to the two-step variant, the one-step variant performs the reverse
transcription and the PCR in one single reaction [154]. Since one of the two
primers is used in the reaction for the cDNA first strand synthesis,
sequence-specific primers are an indispensable prerequisite for the one-step
RT-PCR. Advantages of the one-step PCR are simple usage and less risk of
contaminations since no transfer is necessary between RT and PCR reaction
[154, 155].

Either the one-step TagMan® Gene Expression Assay (Applied
Biosystems™, Foster City, CA, USA) or the two-step the PowerUp™
SYBR™ Green Master Mix (Applied Biosystems™, Foster City, CA, USA)
was used for quantitative real-time PCR [156, 157]. This was done according
to the manufacturer's specifications. All primers used are listed in Table 4

below.
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Table 4: Primer used for the Quantitative real-time PCR.

Primer T Forward Reverse
Name
TCC TCC ATC ACC TAC | GAT CGC GCA ACT
FXII— | Factor Xil CAG CA GTTGGTTT
ACC TAC TAT CCATCG | CTC CCC TCC CAT
Sl Raadel CAC AG GAA GTATT
x| Focor ix TGCTGGTGCCAAGTTGG | TGCTTGCACCTGCCAT
ATT TTTT
CAC CAACAT GTTTGC | GCT GGT AAA GAG
AUl U TAC TTG GTC TC AGA TTT CAC TCC C
wr | Von Wilebrand | CTT CTG TAC GCC TCA | GCC GTT GTAATT
Factor GCTATG CCCACACAAG
| Foctor x TTC CGG ATG AACGTG | ATG CGT GCG TCC
GCC CCT AAA ACC GCT
CGATCT GCT CAAAAT | CAT GTG CCC CTT
Fv | Factor v CAA GAA GGT AAC G GGT ATT GCT GTT
TCC
. CTG GTTATAAAG GGC | GCC AGC ACA GAA
PT | Prothrombin | ~ 5 TGAC CAT GTT GTC AG
7 | arorsn | AGC CAA GTC GCT AAG | AAT CGT TCT TGG
ATT TCA AGG GGC AG
Fachain Fibrinogen a GCC CAACGA GAGACT |GTCATT CAG GCT
chain GTG AT GCC GAA AC
Foohain | F0genf | TGAGCCTCC TGATGT | TGG CAG AGATGG
chain GGT TTC GCT TAT GT
Fychain | Fbrinogeny | CCA CGA GAC AAG CAT | CAC TTT CTT 1GG
chain TCG GT CGC CCT TG
o | @2 AGG TGC TGAGGTATC | AGG AGATCC TGT
Macroglobulin GGA AC GTGTTC TGC

2.4.3. Polymerase Chain Reaction (PCR)

The genotype of the mice should be determined by Polymerase Chain
Reaction (PCR) [158]. A PCR reaction master mix was used, which
contained 2x Taq Plus Mix (2x Taq Plus Master Mix (Dye3 Plus, Vazyme),
2.5 nM specific primer, distilled water and 2 yl genomic DNA. The PCR
cycler (Table 5). the
double-stranded DNA was first denatured by heating to 94-95 °C for 5 min

reaction was performed in a thermal Here,
and followed by 35 amplification cycles that start at 94-95 °C for 30-40 sec,
followed by the annealing of the primers to the single stranded DNA at
54-58 °C (corresponding to the specific annealing temperature in Table 5)
and the elongation at 70-72 °C for 30-45 sec. The PCR reaction was finished

after one final elongation step at 70 °C for 5-10 min [154, 158].
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Table 5: List of gene loci, primer name and sequence, annealing temperature and band size. The
primers were obtained from Metabion International AG, Martinsried, Germany. Cre = Cre recombinase,
fwd = forward, rev = reverse, bp = base pairs, WT = wildtype, TG = transgene.

Gene Annealing Band
locus Primer Name Sequence Temperature size
General Cre | 5-GGA CAT GTT CAG GGA TCG
Cre fwd. CCA GGC G-'3 o
locus | General Cre | 5-GCA TAA CCA GTG AAA CAG 58 °C 250 bp
rev. CATTGC TG-'3
Rosa FA 5-AAA GTC GCT CTG AGT TGT
osa TAT-3
Rosa 5-GGA GCG GGA GAA ATG GAT o WT: 624 bp
locus Rely || e SEA TG: 200 bp
. 5°-CAT CAA GGA AAC CCT GGA
SpliAcB CTA CTG-3
5-CCC AGA AAT GCC AGA TTA CG-
Cre8 3
5-CTT GGG CTG CCAGAATTT ° WT: 350 bp
LysM Cre MLys1 CTC-3 54 °C TG: 780 bp
5-TTA CAG TCG GCC AGG CTG
MLys2 AC-"3
" IL-6 fwd. 5'-CT{\ CTC GGC AAA CCT AGG
transgene TeTom 5-GCT GCC TGC AAA GGG TCG P
: CTA CAG-'3

2.4.4. Agarose gel electrophoresis

Agarose gel electrophoresis is used as a standard method to identify DNA
fragments [154, 159]. To separate the amplification product, agarose powder
was dissolved in TAE buffer to a final concentration of 2%. The agarose
suspension was boiled in a microwave and cooled to a temperature of
50-60 °C. Then Midori Green Advance (NIPPON Genetics, Diuren, Germany)
was added, the suspension was casted to a gel electrophoresis chamber and
a comb was used to form wells. After polarization, the gel was placed into the
electrophoresis chamber filled with TEA buffer and the comb was carefully
removed. The PCR reaction mix was loaded into the wells with an additional
well that contains the DNA-marker (100 bp DNA Ladder, New England
Biolabs) and an electric field (120-130 V) was applied. Due to its anionic
charge, the DNA moves in the electric field from the cathode to the anode.
The mobility depends on the molecular size and length. The DNA dye Midori
Green Advance binds to the DNA and could be detected by ultraviolet (UV)
light in the UV imager (Gel Doc™, Bio-Rad, USA).
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2.4.5. RNA isolation and measurement

Isolated liver tissue was pulverized and homogenized in Git buffer. RNA
isolation was based on the phenol-chloroform extraction protocol [160]. RNA
concentration was measured with NanoDrop™ spectrophotometer (Thermo
Fisher) or Tecan's Spark® NanoQuant Plate™ (Tecan Spark, Tecan Inc.,

Mannedorf, Switzerland).

2.5. Cell Biology

2.5.1. Blood count

Complete blood counts and hematocrit were determined with an automatic
cell counter VetScan HM5 (Abaxis Europe GmbH, Germany). It uses the
impedance technology: Neutrally charged blood cells pass through an
electrically charged area, which generates an altered pulse. The number of

pulses per minute is measured.

Blood was drawn as described in section 2.3.8.1 and 50 ul of it used

immediately afterwards and measured using the VetScan HM5.

2.5.2. Hepatocyte isolation

To prove the successful down-regulation of A2M by the adenoviral construct
as described in 2.3.5, primary hepatocytes were isolated, and the mCherry
signal was measured. For this purpose, the liver was perfused, and digested
with collagenase. The hepatocytes were isolated from other cells, and
afterward, the single-cell suspension was cultured. The isolation was

performed according to the protocol [161] in cooperation with |
I
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2.5.3. Flow cytometry analysis

Single cell solutions of the spleen were stained with fluorogenic antibodies to
differentiate between specific cell populations as described recently [162].
First, the pelleted single cells were resuspend in PBS/FCS 2% (v/v) and
incubated with anti-CD16/CD32 (Bio X Cell, West Lebanon, USA) to block
unspecific binding sides for 10 min at 4°C. Next, cells were washed with
100 pl PBS/FCS 2% (v/v), centrifuged (300 x g, 6 min, 4 °C) and the antibody
master mix was added and incubated for 30 min at 4 °C. The used antibodies
are listed in Table 6. Afterward, the cells were washed like before, and the
stained cells were acquired at the Attune NxT Flow Cytometer (Thermo
Fischer Scientific, MA, USA) and analyzed using FlowJo Software (BD, New
Jersey, USA).

Table 6 List of antibodies for flow cytometric staining. PerCP = Peridinin-Chlorophyll-protein, APC
= Allophycocyanin, PE/Cy7 = Phycoerythrin/ Cyanine dye 7.

Antigen Fluorophore | Dilution Clone Isotype Supplier
B220/CD45R | PerCP efl.710 1:100 RA3-6B2 | RatlgG2a | eBioscience™
F4/80 APC 1:400 BMS8 Rat IgG2a | eBioscience™
Viability dye |  efluor780 1:1000 - - eBioscience ™
Ly6C eflour450 1:800 HK1.4 Rat IgG2c | eBioscience™
CD45.2 Brilliant Violet 1:200 104 Rat IgG2b | eBioscience™
' 510
Ly6G Super Bright 1:800 1A8 Rat IgG2a | eBioscience™
600
CD90.2 Super Bright 1:100 53-2.1 Rat IgG2a | eBioscience™
) 645
CD11b PE/Cy7 1:1200 M1/70 Rat IgG2b | eBioscience™

Figure 9 shows the gating strategy to analyze the CD11b" myeloid cells and
subdivide the populations into Ly6G*Ly6C* neutrophils, Ly6G-Ly6C"", or
Ly6G-Ly6C"" monocytes/macrophages. Initially, the doublets were excluded
in the upper row of Figure 9. In the next step, CD45" viable cells and all
double negative cells for B or T-cells (B220 CD90.2 ) were gated. All CD11b”
cells were then further divided into Ly6G*Ly6C* neutrophils, Ly6G Ly6C"™" or
Ly6G Ly6C"" monocytes/macrophages [163].
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Figure 9 Gating strategy of isolated splenocytes. Spleen cells were gated on doublets (upper row),
viable CD45+, B220- CD90.2-(marked red) and expression of CD11b+, Ly6G and Ly6C was examined.
Representative plot of LysM-IL-6OE splenocytes is shown.

2.6. Biochemistry

2.6.1. Protein isolation

Isolated liver tissue was pulverized and homogenized in RIPA buffer. The
samples were lysed for 15 min on ice and centrifuged at 11000 x g for 15 min
at 4°C. The supernatant, which contains the soluble proteins, was
transferred and the protein concentration was determined by Lowry Assay
(DC™ Protein Assay, Bio-Rad, USA). The assay was performed according to

the manufacturer's instruction and the protein concentration was measured
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photometrically at 750 nm with the Tecan Spark® reader (Tecan,

Switzerland).

2.6.2. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

SDS-PAGE is a widely used method based on the discontinuous
SDS-PAGE, first described by Laemmli et al [164]. Proteins are separated in
the presence of sodium dodecyl sulfate (SDS) due to their molecular weight
in the direction of the anode. By adding an anionic detergent, the intrinsic
charge of the proteins is covered, those anionic micelles with a constant net
charge per unit of mass are created. B-mercaptoethanol in the sample buffer
reduces disulfide bridges in the polypeptide chains. The molecular mass of

the proteins is then determined by electrophoresis [154].

Depending on the molecular weight of the protein of interest, gels were
prepared according to Table 7. Protein lysates were diluted to an appropriate
concentration with 6x sample buffer. Polymerized gels were installed in the
electrophoresis tank, filled with 1 x running buffer (10x Tris/Glycine/SDS
Electrophoresis Buffer, bio-rad, USA) and samples were loaded into the gel.
A prestained protein marker was applied (Prestained Protein Marker BlueStar
PLUS, Nippon Genetics, Lab Supplies) to examine the protein regarding to
its molecular size. The electrophoresis was performed with the
Mini-Protean-llI-System (Bio-Rad, USA), by applying a voltage of 80 V till the
samples enter the stacking gel. Subsequently, the voltage was changed to

120-140 V till a sufficient separation of the protein marker could be seen.
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Table 7: Components of SDS-PAGE gel

Separating Gel Stagzllng
Chemical
7,5 % 10 % 4%
ddH20 54 ml 4.8 ml 3.2ml
Stacking gel buffer 2,5ml 2,5ml -

Separating gel buffer - - 1,2 mil
Acrylamide/bis-Acrylamide 1,88 ml 3ml 0,5 ml
10 % (v /v) SDS 100 pl 100 pl 50 pl

10 % (v/v) APS 100 pl 100 pl 50 pl

TEMED 10 pl 10 pl 5l

2.6.3. Western blot analyses

Immediately after the gel electrophoresis, the separated proteins were
transferred to a protein-binding membrane. The standard method for protein
blotting is electrophoretic transfer, whereby the proteins are transferred from
the gel to a membrane by applying a voltage. In this work, the wet tank
method was used [165]. For this purpose, a 0.2 uym polyvinylidene difluoride
(PVDF) membrane was first activated in methanol for 5 min and then
incubated in transfer buffer for 5 minutes. The gel was placed onto the PVDF
membrane, and both were placed between Whatman™ papers and installed
in the transferring cassette. The cassette was filled with transfer buffer and a
voltage of 100 V for 90 min was applied [154].

Afterward, the unspecific proteins were blocked by incubating the membrane
with blocking buffer | for 1 h at RT. Subsequently, incubation of membranes
was performed overnight, at 4°C with A2m (R&D Systems) and a-Actinin
(Cell Signaling Technology) primary antibodies followed by incubation with
secondary antibodies for 1 h, at room temperature (Sheep IgG
HRP-conjugated Antibody, R&D). Bands were detected using the GE
Healthcare ECL Western Blotting Detection Reagents (Thermo Scientific
Technologies). Relative densitometry was determined using Fusion Fx

Imaging System (Vilber Lourmat).
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2.6.4. Enzyme-linked immunosorbent assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA) is a well-established
immunological assay to detect different proteins [154]. In our case, sandwich
ELISA was used, where first an antibody raised against the antigen of
interest is captured [154]. Afterward, all antigens in the added sample are

bound and can be finally detected by a chromogenic substrate [25].

IL-6 in plasma was determined with mouse IL-6 ELISA Kit (BD Biosciences)
and was done according to the manual. D-dimer level was measured in
plasma using Mouse D-Dimer (D2D) ELISA Kit (Kamiya Biomedical
Company) as well as 1gG-1, 1gG-3, IgM, and lambda chain (LifeSpan

BioSciences) according to the manufacturer's manual.

2.7. Coagulation Biology
2.7.1. Erythrocytes sedimentation rate

The Erythrocytes sedimentation rate (ESR) measures the distance in
millimeters which erythrocytes fall within an hour [166, 167]. An increased
sedimentation rate is influenced by the increased amount of molecules with a
higher weight and asymmetry [166, 167]. These proteins cause the
negatively charged red blood cells reject each other. Fibrinogen has an effect
that is twice as strong as all other alpha and gamma globulins, while albumin
has the weakest effect on ESR [168]. ESR was determined using 200 pl
citrated blood using ESR Stand for Microvette CB 200 sedimentation system

(Sarstedt). Sedimentation was measured in mm after 1 and 2 h.

2.7.2. Thrombin-triggered clotting time

Thrombin-triggered clotting time is a self-established coagulation assay to

measure the time till a constant amount of thrombin and calcium (CaCl,)

35



MATERIAL AND METHODS

need to convent fibrinogen to fibrin in whole blood in vitro. The time that is

necessary for the formation of a stable clot is measured in seconds.

Clotting of 50 pl of citrated blood was triggered by 100 ul of CaCl,
(final concentration 250 mM and 0.1 U/ml of thrombin (Sigma). Clotting was
triggered by adding 7.5 yl of CaCl; (final concentration 250 mM) and 0.1 U/mi
of thrombin to 100 pl of whole blood in plastic tube with a metal bead. Tubes
were placed on a tube roller SU1400 (Sunlab) (30 rotations per min) with an
inclination of 25 degree. Time was stopped once the beads started to make
complete rotation in the glass tube. Influence of A2m and IL-6 on the clotting
time were evaluated using the same settings in HBS buffer (NaCl 150 mM,
HEPES 20 Mm) containing 5 g/l of fibrinogen (Sigma-Aldrich) with or without
20 g/l A2m or with or without 800 pg/ml IL-6.

2.7.3. Analysis of coagulation parameters

International Normalized Ratio (INR), activated Partial Thromboplastin Time
(@PTT), VWF and serum albumin levels as well as peripheral liver levels
were measured along standard protocols in the Central Laboratory,

University Medical Center Mainz, Germany.

2.7.4. Thrombin Generation Assay

Another global coagulation assay is the Thrombin Generation (TG) assay
which determines the potential of a given blood sample to form thrombin
[169, 170]. The Calibrated automated thrombinography (CAT) (Stago,
Gennevilliers, France) measures transient levels of thrombin activity over
time in platelet-poor plasma (PPP) or platelet-rich plasma (PRP) by
continuously monitoring the cleavage of a fluorogenic thrombin substrate
[169, 170]. A low amount of TF triggers coagulation, so the clotting depends
on the positive feedback loops, but it is still susceptible to the anticoagulant

pathways [169, 170]. TG assay provides information about the process of
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prothrombin activation and thrombin degradation [171]. By measuring TG in
whole blood the assay is more physiological, because it consists of all
circulation blood cells and it already been reported that abnormal functions of

blood cells can contribute to coagulation disorders [172, 173].

CAT assay in PRP, PPP and whole blood was performed in a microtiter plate
fluorometer (Fluoroskan Ascent, ThermolLabsystems) using a dedicated
software program (Thrombinoscope BV) [174]. For PRP and PPP, thrombin
generation was triggered by 1 pM tissue factor and 4 uM phospholipids [175].
Thrombin generation curves were recorded in triplicate. Whole blood CAT
was performed as described previously [176]. The parameters calculated by
the software were lag time, thrombin peak, time to peak, velocity, time to the
tail, and endogenous thrombin potential (ETP), corresponding to the area
under the curve. Pipetting time was added to the whole blood lag time [174,

175]. Thrombin Generation assay was performed in cooperation with |

2.8. Histology

2.8.1. Peripheral blood smear

Two slides were used to obtain a monolayer of blood cells. 5 pl of citrate
blood was placed on the end of one and approached with the second slide
from the free side until it made wide contact. Then it was swiped back in the
other direction so that the blood was thinned out without pressure. As a
result, the blood cells were scattered and could be assessed in a better way.

The slide were air dried (20 min) and methanol fixed for 10 min.

2.8.2. Pappenheim staining

The staining according to Pappenheim differentiates the different cell types of
the blood and allows a distinction to be made between eosinophilic,

basophilic and neutrophilic cells [177]. Granulocyte, lymphocytes and
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erythrocytes can also be quantitatively determined [177]. The Panoptical Fast
Staining Kit was used. Peripheral blood smear was stained for 3 min in
staining solution 1. After briefly draining, the samples were stained in solution
2 for 4 min and rinsed in tap water for 1 min. After the peripheral blood

smears were air-dried, pictures were taken with the microscope.

2.8.3. Hematoxylin and eosin (H&E) staining

Hematoxylin and eosin (H&E) staining was performed in cooperation with the

Core Facility Histology, University Medical Center, Mainz.

2.8.4. Immunofluorescence staining

Methanol fixed blood smears were blocked with 0.05% Tween 20, 1% Bovine
serum albumin (BSA) and stained with anti-IL-6 (Host: rabbit, abcam), anti
A2m (Host: sheep, R&D Systems) primary antibodies at 4°C overnight [178].
After being washed three times with PBS the slides were incubated with
secondary antibodies (Donkey anti-Sheep 1gG (H+L) Cross-Adsorbed
Secondary Antibody, Thermo Fisher Scientific and Anti Rabbit IgG H&L,
Abcam) for 1 h at room temperature in the dark. After three washing steps,
slides were counterstained and mounted with ProLong Diamond Antifade
Mountant with DAPI (Thermo Fisher Scientific). Analysis was performed with

Zeiss LSM710 confocal microscope (Carl Zeiss AG).

2.9. Human patient blood sample

Blood of patients with acute phase of colitis (Crohn’s disease, ulcerative
colitis or colitis indeterminate) was analyzed (coagulation parameters, blood
picture and standard laboratory values and histological analysis of blood
smears) and compared to the blood of age- and gender-matched controls

without colitis. These analyses were carried out according to the principles of
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the declaration of Helsinki and approved by the local ethics committee and
the respective national authorities (Landesarztekammer Rheinland-Pfalz Nr.
2019-14135 1 and Nr. 873.199.10 7208).

2.10. Statistical analysis

Statistical analysis was performed with GraphPad Prism software (version 9;
GraphPad Software Inc.). Data were analyzed for normal distribution with
Kolmogorow—Smirnow test. When normal distribution was given unpaired
Student’s t-test to compare two experimental groups, and the one-way
ANOVA test with Tukey post-hoc test for comparison of more than two

groups. If no normal distribution was given,

Two test groups were analyzed with a Mann—-Whitney U test if no normal
distribution was given. The two-way ANOVA with Bonferroni post hoc test
was used for more than two test groups and more than one measurement,
Kruskal-Wallis test with Dunn's multiple comparisons or comparison of
selected columns was used as appropriate and indicated in the Figure

legends. Survival curves were compared with Log-rank (Mantel-Cox) test.

If no normal distribution was given, Mann—-Whitney U test was applied for
comparison of two groups, and Kruskal-Wallis with Dunn’s multiple
comparison test to compare more than two groups as indicated in the figure
legends. Aortic relaxation curves were compared with two-way ANOVA with
Bonferroni post hoc test. Survival curves were compared with Log-rank
(Mantel-Cox) test.

P values of <0.001, <0.01, and <0.05 were considered statistically significant
and marked by 3, 2, and 1 asterisks (*) or hash sign (#), respectively. Data

are presented as mean * standard error of the mean (SEM).
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3. RESULTS

3.1.1. The influence of IL-6 on the coagulation system in

mice

As described in Section 1.4, the LysM-IL-6°F mouse strain overexpresses

6°F mouse strain

IL-6 in all myeloid cells. In the following figures, the LysM-IL-
is depicted in bright red. IL-6°F mice, without the Cre-recombinase, were
used as littermate control mice. In the following, these mice are referred to as

control mice and are shown in grey.

3.1.1. No thrombus formation after subtotal vena cava

60E

ligation in LysM-IL-6~" mice

Besides its essential function in inflammation, IL-6 was also described as a
potentially pro-thrombotic cytokine [179]. Figure 10A shows no morphological
difference in the structure of the inferior vena cava in LysM-IL-6°F mice
compared to age-matched control mice. The mice underwent a subtotal [VC
ligation [143, 180]. I 2d | were able to show that no
thrombosis formed three days after the operation in LysM-IL—6OE mice
compared to the control mice. This could be confirmed by both H&E staining
and high-frequency ultrasound examination (Figure 10B) [181]. An average
thrombosis size of 5.6 mm in the control group could be detected after the
subtotal IVC ligature compared to no thrombus formation in LysM-IL—6OE
mice (Figure 10C). Furthermore, it could be observed during the operation
that LysM-IL-6OE mice had a greater risk of developing unstoppable bleeding
during manipulation compared to the control mice. This unexpected
phenotype led us to further investigate the coagulation status in LysM-IL-6°F

mice.
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Figure 10 No thrombus formation in LysM-IL-(S""E mice compared to control mice. A. H&E staining
of isolated IVC of LysM—IL-6OE and control mice and B. three days after subtotal vena cava ligation,
representative picture of IVC, n = 3, scale bar represents 200 ym. C. High-frequency ultrasound
analysis of IVC three days after subtotal IVC ligation (lower panel). The arrow shows the site of ligation.
Representative image of n = 3 mice per group. D. Quantitative evaluation of IVC three days after
subtotal IVC ligation, n = 4-5, Mann-Whitney t-test. Data are presented as mean + SEM, ** p <0.01.

3.1.2. Hematological analysis of blood and coagulation

parameters in LysM-IL-6°F mice

The number of white blood cells (WBC) is made up of neutrophils (NEU),
lymphocytes (LYM), and monocytes (MON) [18]. To examine the cellular
composition of the blood, blood samples were measured using the VetScan
HMS as described in section 2.5.1. As shown in Figure 11A, overexpression
of IL-6 in myeloid cells led to an increased WBC number, which can be
explained by an increased MON and NEU count. Furthermore, there was a
reduced red blood cell (RBC) count and lower hemoglobin (HGB) value

which resulted in a decreased mean corpuscular hemoglobin (MCH)

41



RESULTS

detectable in LysM-IL-6°F mice compared to the control mice (Figure 11B).
As seen in the right panel of Figure 11B, LysM-IL-6°F mice showed a
possible anisocytosis due to the significantly increased red cell distribution
width (RDWs). These data suggest that an increased number of immature
erythrocytes without a nucleus, so-called reticulocytes, cycled in the blood of
LysM—IL-6OE mice. The total platelet count was unchanged in LysM—IL-6OE

mice compared to the control mice, but MPV and PDWs were significantly

6OE

increased in LysM-IL- mice compared to control mice (Figure 11C). The

6OE

change in these parameters indicated that the platelets of LysM-IL- mice

had been enlarged compared to control mice (Figure 11C) [182]. Constitutive

overexpression of IL-6 led to a hematological alteration in LysM-IL-6OE

6OE

compared to control mice, but this did not explain why the LysM-IL- mice

were protected from venous thrombus formation.
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Figure 11 Hematological analysis of LysM-IL-(:i':’E mice compared to control mice. A. White blood
cells (WBC) divided into lymphocyte (LYM), monocyte (MON) and neutrophil (NEU) count. B. Red
blood cell (RBC) count and the parameters hemoglobin (HGB), mean corpuscular hemoglobin (MCH),
and red cell distribution width (RDWs). C. Platelet count (PLT), mean platelet volume (MPV), and
platelet distribution width (PDWs); n= 6-28, Mann-Whitney t-test and unpaired Student’s t-test, Results
as mean = SEM. * p <0.5, ** p <0.01, *** p < 0.001 vs. control.

To get an overview of how IL-6 could influence the coagulation cascade in
LysM-IL-6OE mice, the activated Partial Thromboplastin Time (aPTT), the
International Normalized Ratio (INR), the tail bleeding time as well as the

whole blood thrombin converting time (Figure 12) were analyzed. Figure 12A
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6OE

shows that aPTT and INR were prolonged in LysM-IL- mice compared to

littermate controls. As shown in Figure 12B, a significantly prolonged tail
bleeding time compared to control mice could be observed. The experiment

60E

had to be terminated after 12 minutes, as the LysM-IL- mice did not stop

bleeding. The thrombin-triggered clotting time was also significantly

prolonged in LysM-IL-6°F

mice compared to control mice (Figure 12C). The
mice showed no thrombus formation following subtotal IVC ligation but a
delayed aPTT, INR and bleeding time as well as thrombin-triggered clotting

time depicting an increased bleeding phenotype.

A B c
Whole blood
250' 10' ok 15' i 250' s
e . =) >12min T — e
200- ! 0.8+ | o%ee = P % 2 200 .
: M =
— ° () 10. l_J) [}]
= 1501 o 0.6 o £ £ E 150
- = - c ¥ o
& = o 52
& 1001 0.41 = . g 1001 ° |
I I go
50 0.2] = £ ° 50
o (o]
0- 0.0 0 0

[ control [ LysM-IL-6°F

Figure 12 Coagulation parameters in LysM-IL-6oE compared to control mice. A. Left panel:
activated Partial Thromboplastin Time (aPTT), n = 9-13, unpaired Student's t-test. Right panel:
International Normalized Ratio (INR), n = 13-16, Mann-Whitney t-test. B. Tail bleeding time in
LysM-IL-6OE vs. control mice. n = 6-7, Mann-Whitney t-test. C. Thrombin-triggered clotting time in
citrated whole blood from LysM-IL-GOE and control mice, n = 5, unpaired Student’s t-test. ** p < 0.01,
***p <0.001. Data are presented as mean + SEM.

Due to the prolonged aPTT, the next step was to investigate whether there
was a lupus anticoagulant effect. Lupus anticoagulants are antiphospholipid
antibodies that interfere with clotting tests. These are IgG or IgM
immunoglobulins that bind phospholipids [183]. Since phospholipids are a
starting reagent for aPTT, antiphospholipid antibodies may prolong this
clotting test [184, 185]. After mixing LysM-IL-6OE whole blood with control
whole blood, the clotting was reassessed, and INR and aPTT were
normalized in the mixed blood of LysM-IL-6°F mice (Figure 13A). If a clotting
inhibitor such as a lupus anticoagulant were present, the inhibitor would
interact with the control whole blood and prolonged the clotting time. As the

clotting time of the mixed whole blood was normalized in LysM-IL-6°F mice,

e



RESULTS

the presence of an inhibitor such as the lupus anticoagulant was less likely
[183]. However, the experiment showed an insufficient clotting factor amount
in LysM-IL-6OE mice supplemented with blood from control mice as it could be
normalized by supplementing of control blood. Furthermore, Figure 13B
indicates no significant increase in D-dimer level basal or after three days
IVC ligation in LysM-IL-6OE compared to control mice, indicating no

microthrombus formation.
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Figure 13 Neither lupus anticoagulant effect nor microthrombus formation in LysM-IL-6°E mice
compared to control mice. A. INR (left) and aPTT (right) of LysM-IL-6°E, control mice and mixed
blood (1 :2255” = 3-5, Kruskal-Wallis test with Dunn’s multiple comparisons test. B. D-Dimer detection in
LysM-IL-6-~ and control mice before and after inferior vena cava ligation (IVC). n = 6-17, One-way
analysis of variance and Turkey’s post hoc test. ** p <0.01, *** p < 0.001.

3.1.3. Myeloid IL-6 overexpression leads to delayed thrombin generation

The thrombin generation in Platelet-rich, Platelet-poor plasma and whole
blood was tested to understand the cause of prolonged thrombin converting
time in the LysM-IL-6OE mice. Figure 14A and C showed a significantly
delayed lag time and time to peak of thrombin in Platelet-rich and whole
blood in LysM-IL-6OE compared to control mice. The endogenous thrombin
potential was increased in Platelet-rich and whole blood in LysM-IL-6OE
compared to control mice (Figure 14A and C). In contrast, Platelet-poor
plasma displayed a significantly lower endogenous thrombin potential in
LysM-IL-6OE compared to control mice (Figure 14B). However, delayed
thrombin generation cannot explain the delayed thrombin conversion time in

LysM-IL-6°F mice. Furthermore, it did not explain that there was no thrombus
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6OE

formation in the LysM-IL- mice compared to control mice. For this, a very

low ETP would have had to be proven.
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Figure 14 Thrombm generation in LysM- -IL-6°€ mice. A. Thrombin generation in platelet rich plasma
from LysM-IL- 6° compared to control mice. Left panel: representative curves of thrombin generation.
Right panel: Calculated lag time, ETP and Time to peak, n = 7-12, unpaired Students t-test or Mann-
Whitney t-test. B. Thrombin generation in platelet poor plasma from LysM-IL- 6% compared to control
mice. Left panel: representative curves of thrombin generation. Right panel: Calculated lag time, ETP
and Time to peak, n = 6, urg)alred Student’s t-test or Mann-Whitney t-test. C. Thrombin generation in
whole blood from LysM-IL-6~- compared to control mice. Left panel: representative curves of Thrombin
generation. Right panel: Calculated lag time, ETP and Time to peak, n = 8, unpaired Student's t-test or
Mann-Whitney t-test. * p <0.5, ** p <0.01, *** p < 0.001
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3.1.4. Coagulation factors and acute phase proteins in

LysM-IL-6°F mice compared to control mice

As described above, the prolonged thrombin generation did not sufficiently
explain the absence of thrombosis because this would have required a lower
ETP. Therefore, | analyzed the expression level of the coagulation factors
and acute phase in the next step. The coagulation factors FXI/ and FIX were
reduced in LysM-IL-6OE mice compared to littermate control mice, but the
expression of FXII, FVIII, FX, FV, and FVII was not altered (Figure 15).
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Figure 15 Myeloid IL-6 overexpression influences the expression of coagulation factors and
leads to increased hepatic A2m expression. A. Liver mMRNA expression of coagulation factors XII
Xl, IX, VIII, VWF, X, V, Il, AT, fibrinogen subunit a, B, y, and A2m respectively from LysM-IL- -6%F
normalized to control mice (100 % indicated by red dashed line), n = 5-6, unpaired Student’s t-test or
Mann-Whitney t-test. Plasma concentration of (B) VWF, n = 7-9, unpaired Student’s t-test and (C)
fibrinogen. n = 8-9, unpaired Studentst-test C. Activity of coagulation factors XlI, XI, VIII, X, V, I, XIII,
and AT in plasma of LysM-IL- 6°F and control mice. n = 4-10. Unpaired Student's t-test or Mann-
Whitney t-test. * p < 0.05, ** p < 0.01, *** p <0.001. Data are presented as mean + SEM.

On top, VWF and fibrinogen subunit expression were significantly increased
in the LysM-IL-6° liver, which goes in line with an increased VWF and
fibrinogen level in plasma of LysM-IL-6OE mice compared to control mice
(Figure 15B). In Figure 15C, the increased plasmatic activity of FXI, FVIII,
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FX, and antithrombin is shown in LysM-IL-6OE mice, while the plasmatic

activity of FIX, FIl, and FXIIl were significantly decreased in LysM-IL-6°

mice compared to control mice.
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Figure 16 Liver analysis of in LysM-IL-G""E mice compared to control mice. A. H&E staining of liver
from LysM-IL-6°E and control mice, scale bar = 50 pm. B. Measurement of serum alanine
aminotransferase (ALAT) and aspartate aminotransferase (ASAT) activity and bilirubin concentration.
N = 5-11, Mann-Whitney t-test ** p < 0.01, *** p < 0.001. Data are presented as mean + SEM. C.
Protein level of A2m in liver of LysM-IL-6° and control mice. Left panel: representative western blot.
Right panel: relative 10D of A2m in relation to a-actinin, n =6, Mann-Whitney t-test. D. Albumin in
LysM-lL-6OE and control mice: Left panel: Albumin mRNA expression in liver. Right Panel: Plasma
concentration of albumin. n = 3-4, Mann-Whitney t-test.

The liver is one of the most important producers of coagulation factors [186].
Hence, the functionality is essential for an adequate coagulation [186].
LysM-IL-6°F mice showed a mild liver inflammation compared to control mice
(Figure 16A), but, Bilirubin, ALAT and ASAT were not altered (Figure 16B).
The expression of a2 Macroglobulin (A2m) was significantly elevated in
LysM-IL-6°E mice compared to control mice and the protein concentration

6OE

was also increased in the liver of LysM-IL-6~- mice compared to control mice

(Figure 15 and Figure 16C). Albumin expression and plasma concentration of

6°E mice compared to control mice

albumin were decreased in LysM-IL-
(Figure 16D). These results showed that myeloid derived IL-6 in myeloid cells
evokes liver inflammation and impacts on the coagulation factors, but their
alteration did not completely explain the absence of thrombus formation or

the the increased bleeding tendency after manipulation.
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3.1.5. Mpyeloid IL-6 overexpression results in erythrocyte

aggregation

While working with blood samples of LysM-IL-6°F mice, we observed that
already five minutes after the blood sample were taken, we could see a clear
separation between erythrocytes and plasma (Figure 17A). To quantify this, |
determined the erythrocyte sedimentation rate (ESR) and found a
significantly increased ESR in LysM-IL-6°% mice than control mice (Figure
17B). To investigate the cause of increased ESR, | performed Pappenheim

stainings of LysM-IL-6°¢

whole blood compared to control whole blood. Here,
| detected the formation of erythrocyte aggregates (Figure 17C). The
erythrocyte aggregates seems to be the reason for the increased ESR in
LysM-IL-6OE compared to control mice. In the presence of certain
macromolecules, such as fibrinogen and immunoglobulin erythrocytes tend to
aggregate and form cylindrical structures called "erythrocytes rouleaux or

money rolls" that resemble coins in a pile [4, 166].
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Figure 17 Myeloid IL-6 overexpression leads to an increased erythrocyte sedimentation rate
(ESR) and formation of erythrocyte aggregates. A. Representative images of blood samples. B.
Erythrocyte sedimentation rate (ESR) after 1 hour and 2 hours from LysM- -IL-6°F compared to control
mice, n = 11-14, unpaired Student’s t-test. C. Pappenheim staining of whole blood from LysM-IL- 6°F
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and control mice. Representative images of n = 3-7 mice are shown. Scale bar = 20 ym. Quantification
of the relative erythrocytes / money roll proportion (number of erythrocytes per money roll), n = 3. * p
<0.5, ** p <0.01, *** p < 0.001

Whole blood was diluted in a ratio of 2:3 in order to examine the binding
stability of the erythrocyte aggregates. The lower panel of Figure 18A

illustrates that the dilution per se was already sufficient to destroy the

6°F mice. In undiluted blood,

6OE

erythrocyte aggregates in the blood of LysM-IL-

the thrombin-triggered clotting time was extended in LysM-IL- mice

(Figure 12). In diluted blood, the thrombin-triggered clotting time showed the

60E

opposite effect and was faster in LysM-IL- compared to control mice

(Figure 18). This indicates, on the one hand, that the erythrocyte aggregate

6°F mice. On the other

formation is a slight binding of erythrocytes in LysM-IL-
hand, this findings indicates that erythrocytes seem to influence the

thrombin-triggered clotting time.
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Figure 18 Formation of erythrocyte rouleaux is associated with increased thrombin-triggered
clotting time and A2m. A. PaEppenheim staining of whole blood (upper panel) and 2/3 diluted blood
(lower panel) from LysM- L-6°F and control mice. Representative images of n = 3-7 mice are shown.
Scale bar = 20 pm. B. Thrombin-triggered clotting time in citrated undiluted blood and in 2/3 diluted
blood from LysM-IL-6OE and control mice, n = 5, unpaired Student’s t test.* p < 0.05, ** p<0.01, **p <
0.001. Data are presented as mean + SEM. C. In vitro thrombin-triggered clotting time of fibrinogen
conversion with or without a-2 macroglobulin (A2m), IL-6, and activated protein C (APC). n = 4-10,
Kruskal-Wallis test with Dunn’s multiple comparison.

There seems to be a connection between the erythrocyte aggregation and
the inhibition of thrombin in LysM-IL-6°% mice leading to the prolonged
thrombin-triggered clotting time in LysM-IL-6OE mice. For further investigation,
| analyzed different potential thrombin inhibitors in vitro. In addition to IL-6
and A2m, APC was also used. APS plays an important role in maintaining
homeostasis of thrombosis in vivo [187]. APC acts here by proteolytic
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inactivation of FVa and FVllla, but A2m can also inhibit the activity of APC
and thus influence coagulation [110, 116, 188]. Subsequently, the
thrombin-triggered clotting time was measured after the addition of A2m
(20 mg/ml) to buffer containing fibrinogen, which resulted in a prolongation of
the thrombin-triggered clotting time compared to buffer and fibrinogen alone
(Figure 18C). The addition of IL-6 or activated protein C (APC) had no
additional effect (Figure 18C). The combination of IL-6 and APC had no
significant effect, but IL-6 or APC in combination with A2m showed again a

prolonged thrombin converting time (Figure 18C).

Based on the in vitro experiment results, the next step was to investigate

6OE

where IL-6 and A2m were localized in the whole blood of LysM-IL- mice.

Therefore, blood smears of LysM-IL-6°F

mice compared to control mice were
prepared. After fixation with methanol, the blood smears were
immuno-stained with anti-IL-6, anti-A2m and DAPI for the cell nuclei (Figure
19). The confocal images show that IL-6 was localized on the surface of
erythrocyte aggregates of LysM-IL-GOE mice and control mice showed no IL-6
(Figure 19). Furthermore, A2m was partially located around the erythrocytes
in LysM-IL-6°F blood smears, but it also formed vesical-like structures (Figure
19). If the immuno-staining was merged, the co-localization of IL-6 and A2m
was indicated by an orange signal (Figure 19). So, we were confronted with
erythrocyte aggregates combined with collocated IL-6 and A2M in

LysM-IL-6°F mice.
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Figure 19 Myeloid IL-6 overexpression leads to formation of erythrocyte aggregates in which
IL-6 and A2m are co-localized. Immunofluorescence staining of whole blood smears from
LysM-IL-6OE and control mice. (red: IL-6; green: A2m; blue: DAPI). Scale bar represents 30 ym.
Representative images of n = 3 are shown.
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The results of this section demonstrated that myeloid cell-derived IL-6 was
associated with erythrocyte aggregates formation in whole blood, where IL-6
and A2m are co-localized around erythrocyte complexes (Figure 19).
Furthermore, A2m, which is known to inhibit thrombin [85, 117-119], causing
a prolonged thrombin-triggered clotting time, might impact the elongated

coagulation process in LysM-IL-6°F mice.

3.2. Myeloid cell-derived IL-6 leads to gut inflammation

in LysM-IL-6°F mice compared to control mice

Rebecca Jung showed that chronic expression of myeloid cell-derived IL-6
led to an increased number of neutrophils, monocytes and macrophages in

the spleen, blood, and in the aorta of Lysl\/I-IL-6OE

mice compared to control
mice [189]. This led to the assumption that cell infiltration and inflammation
might also occur in other organs. IL-6 plays an important role by the
development of autoimmune colitis [190-192], so | examined the colon more
closely for sings of inflammation. Figure 20 confirmed that LysM-IL-6°F mice
had an inflammation of the colon shown by colonoscopy (performed in
cooperation with Romy Mittenzwei) and H&E staining (Core Facility
Histology, University Medical Center, Mainz). These results support the

relevant role of IL-6 in colitis [192, 193].
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Figure 20 Analysis of colon inflammation in LysM IL-6°F mice compared to control mice. A.
Representative image of colon endoscopy (left). Statistical analysis of endosccg)e/ score (right), n = 4,
Mann-Whitney t-test. B. Histological analysis of gut inflammation in LysM-IL-6~ compared to control
mice. Representative picture of H&E staining of colon (left), Statistical analysis of histological score
(right), scale bar = 200 ym. n = 5-6, Mann-Whitney t-test. * p <0.5, ** p <0.01
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3.3. IBD patients with elevated IL-6 levels shows a
delayed Thrombin converting time and formation of

erythrocyte aggregates in blood

IL-6 is known to be essential for the induction of autoimmune colitis [190-192]
and ,as | could show in section 3.2., we had found a colitis like phenotype in
LysM-IL-GOE mice. Therefore, | analyzed a cohort of IBD patients with acute
phase of IBD to investigate the effect of elevated IL-6 levels on the
coagulation system. IL-6 and C-reactive protein (CRP) levels were
significantly increased in these patients (Figure 21A and B) [194]. Moreover,
the IBD patients showed an increase in the INR and ESR compared to age-

and gender-matched healthy controls (Figure 21C and D).
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Figure 21 Analyze of the blood from IBD patients. A. Plasma levels of IL-6 and (B) C-reactive
protein (CRP) of IBD patients in the acute phase compared to gender and age-matched controls. n = 8,
Mann-Whitney t-test. C. INR measurement of IBD patients and healthy controls, n = 4-8, Mann-Whitney
t-test. D. Erythrocytes sedimentation rate (ESR) after 1 and 2 hours of IBD patients and healthy
controls. n = 7-9, unpaired Student's t-test. * p <0.5, *** p < 0.001

The increased INR and ESR of IBD patients went in line with the observation

in LysM-1L-6°F mice compared to control mice.

In analogy to my mouse experimental approach, blood smears of IBD
patients and controls were stained for IL-6, A2M and DAPI using
immune-staining (Figure 21). The immune-staining confirmed the increased
plasmatic IL-6 level in IBD patients (Figure 21). Apart from IL-6 (red), the
proteinase A2M (green) was also elevated in blood smears of IBD patients in
the acute phase of IBD compared to the control (Figure 21). Remarkably,
blood smears of IBD patients showed also erythrocyte aggregates with a
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surface co-localization of IL-6 and A2M (Figure 22). The same co-localization
had been detected before in the LysM-IL-6°F mouse model, but the IL-6 A2M
erythrocyte co-localization was even more evident in IBD patients (Figure 22

and Figure 19).
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Figure 22 IL-6 and A2m are co-localized in the blood of IBD patients in the acute phase.
Immunofluorescence staining of whole blood smears of IBD patients in the acute phase
compared to gender and age-matched controls. (red: IL-6; green: A2m; blue: DAPI). Scale bar
represents 30 um. Representative images of n = 3 are shown.
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Whole blood thrombin converting time was significantly delayed in IBD

patients, as seen in LysM-IL-6°F

mice (Figure 12C mice and Figure 23A). A
2/3 dilution of the blood in vitro prevented thrombin-triggered clotting time
increase as seen bevor in LysM-IL-6OE mice (Figure 23). Furthermore, the

blood dilution resulted in reduced erythrocyte aggregation (Figure 23).
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Figure 23 Thrombin converting time and Pappenheim staining of whole blood from IBD patients
and control. A. Whole blood thrombin converting time in citrated undiluted whole blood and in 2/3
diluted blood of IBD patients compared to control blood, n = 5-7, unpaired Student's t-test. B.
Pappenheim staining of whole blood smears of IBD patients and healthy controls (either undiluted or
2/3 diluted). Scale bar represents 20 pm. Representative image of n = 8 are shown. ** p < 0.01, ** p <
0.001. Data are presented as mean + SEM.

These findings demonstrate that elevated IL-6 levels were associated with
delayed whole blood thrombin converting time and the formation of
erythrocyte aggregates with A2m and IL-6 in the blood of the acute phase of
human IBD and LysM-IL-6OE mice which also provided a colitis-like

phenotype.

3.4. Bone marrow transplant experiments reveal an IL-6

dose-dependent effect on the coagulation system

In the mouse model of myeloid IL-6 overexpression in LysM-IL-6OE mice, |
could demonstrate that the systemically increased IL-6 level led to impaired
coagulation. This manifested in the absence of thrombosis formation after
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subtotal IVC ligation and in a prolonged thrombin-triggered clotting time
(Figure 10 and Figure 12). The next step was to check whether there was a
correlation between IL-6 levels and the severity of the altered coagulation
response. Therefore, bone marrow (BM) chimeric mice with different ratios of
BM isolated from LysM-IL-6OE mice mixed with BM of control mice were
generated (10% and 100% LysM-IL-6°F BM: 2.3.6 Bone marrow
transplantation; Table 3). Seventy days after the transplantation, the animals

were examined.
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Figure 24 Dose-dependent effect of myeloid cell-derived IL-6 on the coagulation parameters in
mice. A. IL-6 plasma level of bone marrow chimeric mice. n = 12-13, Kruskal-Wallis test with Dunn’s
multiple comparisons test. B. aPTT and INR measurement in plasma of bone marrow chimeric mice,
n = 5-7 mice per group, Kruskal-Wallis test with Dunn’s multiple comparisons test or ordinary one-way
analysis of variance with Turkey’'s post-test. C. Fibrinogen concentration in plasma of bone marrow
chimeric mice, n = 5-7, ordinary one-way analysis of variance with Turkey’s post-test.

Figure 24A shows that the more LysM-IL-6°F

BM had been transplanted, the
higher was the plasma IL-6. In the control group (100% control BM), the
mean IL-6 level was 69.77 +/- 37.98 pg/ml, and in case 10% LysM-IL-6°F BM
had been transplanted, the systemic IL-6 level was slightly increased to
103.7 +/- 28.57 pg/ml (Figure 24A). If mice received pure BM from
LysM-IL-6°F mice, the plasmatic IL-6 level was significantly increased to
1196 +/- 304.1 pg/ml (Figure 24A). Based on these systemic IL-6 levels, |
concluded that the systemic IL-6 levels increased with an increasing amount
of transplanted LysM-IL-6OE BM. In addition to the elevated systemic IL-6
levels, the aPPT was also prolonged in mice that received pure LysM-IL-6OE
BM (Figure 24B). The parameter INR was slightly increased in both groups,
received either 10% or 100% LysM-IL-6°F BM, but the difference between

the groups was not significant (Figure 24B). Similarly, a significant increase
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in plasma fibrinogen could be observed in mice that received 100%
LysM-IL-6° BM (Figure 24C). In mice that had received 10% LysM-IL-6°F
BM, fibrinogen only increased by trend (Figure 24C). In summary, there

seemed to be an IL 6 concentration-dependent influence on the coagulation.

Figure 25 Immunofluorescence staining of blood smears from bone marrow chimeric mice.
100% Control BM, 10% LysM-IL-6°% BM, 100% LysM-IL-6°F BM Red: IL-6; green: A2m, Scale bar
represents 50 ym.

| could confirm by immune-staining of blood smears, on the one hand, that
the increased IL-6 (red) level went in line with the percentage of LysM-IL-6°%
BM that had been transferred (Figure 24A and Figure 25). On the other hand,
there was a hint of difference in intensity between the A2m (green) staining
after 10% LysM-IL-6°F BM and 100% LysM-IL-6° BM transfer (Figure 25).
Furthermore, it was already visible in the immune-staining blood smear in

mice with 10% LysM-IL-6°F BM transplantation that the erythrocytes started
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to form aggregates (Figure 25). In mice that had received 100% LysM-IL-6°%

BM, the erythrocyte aggregates were even more clearly visible (Figure 25).
This observation was confirmed again by Pappenheim staining, as shown in
Figure 26A. In parallel, the whole blood thrombin-triggered clotting time
increased with increasing systemic IL-6 levels, which depended on the
amount of LysM-IL-6° BM that had been transferred (Figure 26B).
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Figure 26 IL-6 dose-dependent effect on the thrombin-triggered clotting and erythrocytes
aggregates in mice. A. Pappenheim staining of whole blood from bone marrow chimeric mice. Scale
bar represents 200 um. Representative image of n = 3-7 is shown * p <0.5. (B) Thrombin-triggered
clotting time in cntrated whole blood from control mice, mice wnth 100% control bone marrow, mice with
10% LysM-IL- 6°€ bone marrow, mice with 100% LysM-IL- 6°% bone marrow and naive LysM-IL- 6°F
mice, n = 2-6 mice per group, Kruskal-Wallis test with Dunn’s multiple comparisons test.

In summary, the BM transplantation data show that elevated systemic IL-6
levels resulted in a prolongation of thrombin-triggered clotting time in whole
blood and led to the formation of erythrocytes aggregates in an IL-6

dose-dependent manner.

62



RESULTS

3.5. Antagonization of A2m with small hairpin-A2m

60E

specific adeno-associated virus in LysM-IL-6"~ mice

| found an impaired coagulation in the model of myeloid IL-6 overexpression
in mice, partly explained by the IL-6-driven A2m expression and the
A2m-mediated inhibition of thrombin. To further confirm this hypothesis, we
designed a small hairpin adeno-associated virus that should specifically
downregulate the expression of A2m in hepatocytes [147]. Vector Biolabs
produced the whole construct. The exact treatment regimen can be found in
Figure 7. As a control, the mice were treated with a scrambled virus. This
virus contains all the building blocks of the virus but no cDNA. The treated
LysM-IL-6°F mice, as well as control mice, were examined for inflammation
and coagulation five weeks after injection of the small hairpin-A2m / or

scrambled specific adeno-associated virus.

3.5.1. Establishing the small  hairpin-A2m specific

adeno-associated virus in our LysM-IL-6°E mouse model

First of all, | investigated whether the designed construct indeed
downregulated the expression of A2m in mice. Therefore, the
adeno-associated virus (aav) expressing a short hairpin RNA against A2m
(AAV8sShRNA A2m) was injected i.v. into LysM-IL-6°F and control mice to

reach hepatocyte-specific A2m knockdown.

63



RESULTS

*
40000' B sk %k %k ns C
- %- 5000 M 2500+
— 88 *
8 30000+ : § S 400 2000-
— - 0 =
S W £
- 20000- 303001 3 15001
Q < o . —
< Z S 200- © 1000-
(&) x < -
£ 10000- ES =
ET 1004 5001
28
0- 0- 0-
D
100 100
g * 5 |
< <
? ?
= 507 = 901
@ )
o O
[} o
o o
=== Control scrambled == Control aav A2M
. LysM IL-6°F scrambled 04— LysM IL-6°F aav A2M
0 1 2 3 4 5 0 1 2 3 4 5
Time [weeks] Time [weeks]

[ LysM-IL6°F + AAV8ShRNA scrambled
[[] Control + AAV8shRNA scrambled

Bl LysM-IL6°F + AAV8ShRNA A2m
Il Control + AAV8ShRNA A2m

Figure 27 Analysis of LysM-IL- 6°F mice treated with small halrpm-A2m specific adeno-
associated virus. A. mCherry expression in isolated hepatocyte of LysM-IL-6°¢ and control mice
treated with AAV8shRNA A2m B. A2m mRNA expression in the liver of LysM-IL- 6°F and control mice
after 5 weeks of treatment with adeno-associated virus 8 small hairpin RNA against A2m (AAV8shRNA
A2m) or AAV8shRNA scrambled. n = 7-10, Kruskal-Wallis test with Dunn’s multiple compansons test.
C. IL-6 plasma levels in AAV8shRNA A2m or AAV8shRNA scrambled treated LysM-IL-6 OF compared
to control mice. n = 4-6, Kruskal-Wallis test with Dunn’s multiple comparisons test. D. Kaplan-Meier
survival curve of LysM-IL- 6°F and control mice treated with AAV8shRNA A2m (right) or AAV8shRNA
scrambled treated (left). n = 9-12, Log-rank (Mantel-Cox) test, * p <0.5, *** p < 0.001.

In a first approach, hepatocytes of LysM-IL-6°F

treated with AAV8shRNA A2m or AAV8shRNA scrambled were isolated. If

the knockdown was successful, then, in addition to the reduced expression of

compared to control mice

A2m, the expression of mCherry would also occur in hepatocytes. Figure 27A
shows that all aav treated groups expressed the mCherry protein but not in

the untreated control mice. It was consistent with A2m mRNA expression in
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the liver which was significantly decreased in AAV8shRNA A2m treated
LysM-IL-6°F compared to AAV8shRNA scrambled treated LysM-IL-6°F mice
(Figure 27B). In addition, the aav treatment did not alter the plasma IL-6 level
(Figure 27C). Treatment with AAV8shRNA A2m resulted in a slightly
improved survival rate of LysM-IL-6OE mice - AAV8shRNA A2m treated
LysM-IL-6°® mice had no longer a reduced survival compared to
AAV8shRNA A2m treated control mice whereas in the scrambled vector

treated groups there was a reduced survival of LysM-IL-ESOE

mice compared
to control mice (Figure 27D). In summary, the results of this section show
that treatment with AAV8shRNA A2m led to a hepatocyte-specific A2m

knockdown in mice.

3.5.2. Inflammatory analysis after treatment with small
hairpin-A2m specific adeno-associated virus in
LysM-IL-6°F mice

The proteinases inhibitor A2m is known to bind different cytokines including
IL-6 [195]. However, the activity of IL-6 bound to A2m does not have to be
impaired [196]. In order to ensure that the hepatocyte-specific A2m
knockdown only affects the coagulation and does not affect inflammation, the

infiltration of cells into the spleen was investigated.

Figure 28A shows that there were no difference in the elevated number of
myeloid cells in LysM—IL-6OE mice, no matter if they were treated with
AAV8shRNA A2m or with AAV8shRNA scrambled (Control+AAV8shRNA
scrambled). The increased splenic monocytes/macrophages compartment in
LysM-IL-6OE mice was not altered after AAV8shRNA A2m treatment (Figure
28). However, there was no change in the percentage of neutrophils between
LysM-IL-6°F mice treated with AAV8ShRNA A2m or AAV8shRNA scrambled

(Figure 28).

In summary, the data showed that the knockdown of A2m had no effect on
the severity of inflammation in myeloid IL-6 overexpression in LysM-IL-6°F

mice.
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Figure 28 Inflammatory cell analysis of LysM-lL-(-ZoE mice treated with AAV8shRNA A2m or
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3.5.3. Analyzing the impact of A2m on the coagulation in

mice

As upregulated A2m seemed to directly impact on the ability to convert
fibrinogen to fibrin in LysM-IL-6°F mice, | analysed the coagulation

6°F and control mice after treatment

parameters aPTT and INR in LysM-IL-
with AAV8shRNA A2m versus AAV8shRNA scrambled. Figure 29 shows that
the AAV8sShRNA A2m treatment did not affect aPTT in LysM—IL-6OE mice
compared to LysM-IL-6°F AAV8shRNA scrambled mice: LysM-IL-6°F mice
displayed still a significantly prolonged aPTT (Figure 29A). Furthermore, INR
increased by a trend in LysM-IL-GOE mice treated either with AAV8shRNA
A2m or AAV8shRNA scrambled (Figure 29B). Plasmatic fibrinogen showed
the same effect as aPTT: the levels were significantly elevated in
LysM-IL-6OE compared with control with either AAV8shRNA A2m or
AAV8shRNA scrambled adeno-associated virus (Figure 29C). So there was
no effect between LysM-IL-6°F treated with AAV8ShRNA A2m or
AAV8shRNA scrambled. These data support the idea that the myeloid IL-6
overexpression might mediate the inflammatory effect on the coagulation

cascade and not A2m alone in LysM—IL-6OE mice.
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Figure 29 Coagulation Parameter analysis of LysM-IL-(-':OE mice treated with AAV8shRNA A2m or
AAV8shRNA scrambled. A. aPTT and INR (B) from LysM-IL-SOE vs. control mice after 5 weeks of
treatment with adeno-associated virus 8 small hairpin RNA against A2m (AAV8shRNA A2m) or
AAV8shRNA scrambled, n = 7-8, unpaired Student's t-test. (B) Plasma concentration of Fibrinogen,
n=6-9, Kruskal-Wallis test with Dunn’s multiple comparisons test. * p <0.5, ** p <0.01, ** p < 0.001.
Data are presented as mean + SEM.

To elucidate the effect of A2m on the hepatic Factors Xll, XI, IX, VIII, VWF,
X, V, Prothrombin, AT, Fibrinogen subunit 8 and y expression: LysM-IL-6°F
mice treated with AAV8shRNA A2m and AAV8shRNA scrambled has been
normalized to control mice treated with AAV8shRNA scrambled. The control
mice treated with AAV8shRNA AZ2m were also normalized to control mice

treated with AAV8shRNA scrambled (Figure 29).

First of all, the data showed that the treatment of the control mice with
AAV8shRNA A2m or AAV8shRNA scrambled had no effect on the
expression of the coagulation factors in the liver (Figure 29). The coagulation
factors IX;, FX and Prothrombin were significantly upregulated in the liver of
LysM-IL-6°% AAV8sShRNA A2m mice compared to control AAV8shRNA
scrambled mice (Figure 29C, F and H). FIX and Prothrombin expression was
also significantly upregulated compared between LysM-IL-6°¢ AAV8sShRNA
A2m mice compared to LysM-IL-6°% AAV8shRNA scrambled mice
(Figure 29C and H). The expression still tended to be low if one compares
the AAV8shRNA scrambled-treated group between LysM-IL-6OE and control
mice. Comparing the AAV8shRNA AZ2m-treated LysM-IL-6OE with

AAV8shRNA AZ2m-treated control mice, the expression still tended to be low
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(Figure 29B). Figure 29A and D show that the FXII and FVIII expression was
unchanged between all groups. The treatment with AAV8shRNA AZ2m in
LysM—IL-6OE mice increased the hepatocyte FV expression compared to the
A2m-treated control mice by trend. The treatment with AAV8shRNA A2m did
not alter the expression vWF and Fibrinogen subunit B and y expression;
after the treatment, there was still an increased mRNA expression in

LysM-IL-6°E mice compared to control mice (Figure 29E, J and K).

The results show that the change in the expression of the coagulation factors
could not be attributed to the increased A2m expression alone. Rather, it can
be confirmed by this that IL-6 overexpressing has a strong influence on the

expression of vWF and Fibrinogen.
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Figure 30 Liver mRNA expression of coagulation factors of LysM-IL-Gc“E mice treated with
AAV8shRNA A2m. XII, Xl, IX, VIII. VWF, X, V, Il, AT, fibrinogen subunit B, y expression from
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scrambled, n = 8, unpaired Student’s t-test or Mann-Whitney t-test. * p <0.5, ** p <0.01, Data are
presented as mean + SEM.
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Additionally, hepatocyte-specific A2m knockdown did not prevent erythrocyte
aggregate formation in LysM-IL-6OE treated with AAV8shRNA A2m compared
to AAV8shRNA scrambled treated LysM-IL—6OE mice (Figure 31A). A detailed
analysis of money roll length shows a significant reduction of erythrocytes per
money roll in LysM-IL-6OE mice treated with AAV8shRNA A2m compared to
AAV8shRNA scrambled treated mice (Figure 31A). Hepatocyte-specific A2m

6°F mice

knockdown prevented thrombin converting time delay in LysM-IL-
compared to LysM-IL-6°F mice AAV8sShRNA scrambled. The LysM-IL-6°F
mice treated with AAV8shRNA scrambled showed a significant increase in
thrombin converting time compared to AAV8shRNA scrambled treated
control mice (Figure 31B). In summary, these data show that the thrombin

converting time could be indeed directly related to the increased A2m level.
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Figure 31 Pappenheim staining and Thrombin converting time of LysM-IL-(i°'E mice treated with
AAV8shRNA A2m or AAV8shRNA scrambled. (A) Pappenheim staining of blood smears of
LysM-IL-GOE and control mice treated with AAV8shRNA A2m or AAV8shRNA scrambled. Scale bar
represents 20 pym. Representative image of n = 6-11 are shown. Right: Quantification of the relative
erythrocytes / money roll proportion, n = 6-11. Comparison of LysM-IL-6OE treated with AAV8shRNA
A2m or AAV8shRNA scrambled with one-way ANOVA with Sidak’s multiple comparisons test. (B)
Thrombin-triggered clotting time in citrated whole blood of LysM-IL-6OE and control mice treated with
AAV8shRNA A2m or AAV8shRNA scrambled. n = 6-7 mice per group, Kruskal-Wallis test with Dunn’s
multiple comparisons test. * p <0.5, ** p <0.01, Data are presented as mean + SEM.
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4. DISCUSSION

4.1. The role of IL-6 during coagulation

The cytokine IL-6 is a key player in inflammation and supports and amplifies
the inflammatory response in infections [34, 182]. However, IL-6 had also
been described to alter coagulation differently, which is still not understood
[76, 183].

As part of my thesis, | initially wanted to investigate the potentially
pro-thrombotic effect of IL-6. Libby et al. summarized the evidence that
inflammation and thrombosis are linked [197]. Furthermore, he hypothesizes
that anti-inflammatory therapies could limit thrombosis and that
antithrombotic therapies could reduce vascular inflammation [197]. As IL-6 is
a key player in inflammation, | used a genetic mouse model based on a
myeloid cell-dependent IL-6 overexpression (LysM-IL-6°F mice). Schiiler
et al. showed that LysM-IL-6OE mice had a plasma IL-6 level of approximately
483.4 £ 87.9 pg/ml (Figure 6 and [126]). These increased levels show that
the LysM-IL-6°F mice do not have acute sepsis (IL-6 level > 60000 pg/ml).
These values are not comparable to the IL-6 values in acute sepsis [126,
129]. Thus, the LysM-IL-6°F mice are more a chronic inflammatory mouse
model rather than an acute one. Interestingly, LysM—IL-6OE mice
overexpressing IL-6 in myeloid cells showed no thrombus formation following
subtotal IVC ligation compared to control mice (Figure 10). This was
extremely surprising since IL-6 was described as a pro-thrombotic cytokine in
literature [198]. The increased number and reactivity of platelets, increased
monocyte TF production or fibrinogen concentration associated with IL-6
pointed to a pro-thrombotic environment [71, 77, 78, 83, 84]. However, the

6°% mouse model did not

chronic inflammation present in the LysM-IL-
increase the risk of thrombosis after subtotal IVC ligation but revealed an

increased risk for bleeding after manipulation.

Based on these observations, the scientific focus was placed on the impact
of IL-6 on the coagulation and its hematological components. The elevated

IL-6 levels in LysM-IL—6OE mice resulted in a strong chronic inflammatory
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phenotype, leading to increased proliferation of myeloid cells in the blood of
LysM-IL-6°F mice compared to control mice. This is consistent with IL-6 being
able to recruit and activate myeloid cells (Figure 11) [34]. Furthermore,
chronic inflammation can manifest in anemia as longterm effect [199, 200],
which was also seen in LysM-IL-6°F mice compared to control mice based on
the decreased RBC, HGB, and MCH (Figure 11). Williams et al. described
that IL-6 stimulated megakaryocytopoiesis in the bone marrow, resulting in
an increased platelet count [201]. Contrary to the common literature, the
myeloid overexpression of IL-6 in our mouse model did not increase platelet
count in the circulation compared to control mice, but enlarged platelets were
detected (Figure 11). Elevated MPV indicates usually increased PLT size
[202]. This could mean that mainly younger PLTs were present in
LysM-IL-6°F mice compared to control mice, implying a faster production of
PLTs, but at the same time also consumption or degradation of the PLTs
since the number of PLTs itself was not increased [84, 130]. The fact that the
D-dimer was not increased in LysM-IL-GOE mice compared to the controls
speaks against consumption by bleeding or thrombus formation (Figure 13B)
[203]. Another explanation would be that due to the underlying inflammatory
processes, there was an increased intracellular synthesis of pro-coagulant
and pro-inflammatory factors and degranulation of granules, leading to
hyperactivity of platelets and an increased risk of clot formation [204].

However, this was not seen in LysM-IL-6°F

mice. In contrast, a prolonged
aPTT, a prolonged bleeding time and longer thrombin-triggered clotting time
indicate impaired coagulation (Figure 12). Prolonged aPTT and INR can be
due to congenital and acquired factor deficiencies such as hemophilia A
(FVII), hemophilia B (FIX), von Willebrand disease with FVIII deficiency,
congenital deficiency of intrinsic pathway factors (FXI, FXII, prekallikrein) or
the common end route (fibrinogen, Fll, FV, FX) [205-208]. However, the
prolonged aPTT and INR also indicated autoimmune diseases with lupus
inhibitors (antiphospholipid antibodies) or inhibitors against coagulation
factors [208]. Using the plasma mixing test, it was possible to rule out that a
lupus anticoagulant was present (Figure 13A) [183, 184]. Likewise, the
analysis of the expression of the coagulation factors in the liver shows that no

hemophilia which could explain the disturbed coagulation in LysM-IL-6°F
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mice compared to control mice (Figure 15A). Furthermore, the hepatic
expression of vVWF and fibrinogen again showed a pro-thrombotic tendency
in LysM-IL-6OE mice compared to control mice, making the absence of
thrombosis formation difficult to explain at first sight. However, it is consistent
with the current state of the literature, discribing that IL-6 can upregulate the
vWF and fibrinogen expression (Figure 15A and B) [72, 131]. Due to the
prolonged thrombin-triggered clotting time in whole blood, | investigated
whether IL-6 influenced thrombin generation. If there was a very low ETP,

6°F mice

this could explain the lack of thrombosis formation in LysM-IL-
compared to control mice. First, | investigated the thrombin generation in
PRP and PPP to see the influence of the platelets on the thrombin
generation. It turned out that thrombin generation occured in PRP and PPP
and that the platelets contributed to the generation of thrombin (Figure 14A
and B). This was reflected in lower ETP in PPP of LysM-IL-6°F mice
compared to the control, but it could also be seen in the comparison between
PRP and PPP that the LysM-IL-GOE mice platelets contributed to the
generation of thrombin (Figure 14A and B). Nevertheless, the overexpression
of IL-6 in myeloid cells resulted in a delayed lag time in PPP and PRP
compared to control mice (Figure 14A and B). Furthermore, the data show
that in the presence of PLT (PRP), it took longer to reach the time to peak in
LysM—IL-6OE mice compared to the control. This could be due to the delayed
response of the PLT to thrombin activation and results in a slower expression
of procoagulant coagulation factors (FV, FXI, fibrinogen), delaying the
positive feedback loop. However, not only platelets influence the coagulation,
erythrocytes can act on the coagulation by phosphatidylserine and the
membrane triggers the contact activation [209-211]. Also, leukocytes can
express tissue factor, release procoagulant components and activate
platelets [211]. Therefore, | analysed TG in whole blood to see if these cells
acted on the thrombin generation. Whole blood TG showed that the ETP in
LysM-IL-6OE mice compared to the control was increased by trend (Figure
14C) and the lag time and time to peak was significantly deylayed in
LysM-IL-6°F mice compared to the control mice. This suggests that not the
RBC or Leukocytes impacted on the ETP but the platelets. In addition, the
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data showed a delay in the response (Lag time and time to peak) in

LysM-IL-6°F mice compared to the control mice (Figure 14).

The cytokine IL-6 is also of central importance in the SARS-CoV2 pandemic:
A complex interaction between IL-6, inflammation and coagulation has been
shown here [212]. SARS-CoV2 is associated with an increased rate of
thrombotic events, often determining clinical outcomes and contributing to
poor survival. However, bleeding complications have also been reported
[213]. De la Morena-Barrio and colleagues could show that in PPP of
SARS-CoV2 patients with an increased IL-6 level have a prolonged lag-time
and reduced ETP [214], what is exactly what we could also see in the
LysM-IL-6OE mice compared to control mice. These data so far presented the
complexity of the interaction between IL-6 and the coagulation system.
However, neither the expression of the different coagulation factors nor the
thrombin generation could explain the prolonged bleeding time in
LysM-IL-6°E mice.

Because IL-6 activated the inflammatory process, the expression of
acute-phase proteins also increases [167, 168]. This can influence the ESR
by many factors like inflammation, size, shape, and the number of red blood
cells as well as levels of serum fibrinogen and immunoglobulins [4, 167]. An
increased ESR, in turn, correlates with rouleaux formation [4]. Boss et al.
pointed out a correlation between increased IL-6 plasma levels, CRP and
ESR in rheumatoid arthritis patients [215]. This fits to our observations in the
LysM-IL-6°F mice showing the increased ESR compared to control mice
(Figure 17). The increased fibrinogen plasma levels could be a possible
cause of erythocyte rouleaux formation (Figure 15B). Bedell et al.
summarized that fibrinogen had the strongest effect on the rouleaux
formation because of its molecular weight and the asymmetric structure
[167]. However, not only fibrinogen is a possible cause, alpha and gamma
globulins also influence the charge of the erythrocytes [167]. Thus, the
elevated A2m levels might also contribute to the erythocyte rouleaux
formation because of its molecular weight and the structure (Figure 15A and

Figure 16C). In the further course of the project, it would be useful to
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consider the serum alpha and gamma globulins level of LysM-IL-6°F mice
compared to control mice, as these are also possible candidates which can
influence the erythrocyte rouleaux formation. As myeloid IL-6 overexpression
was associated with the rouleaux formation, the question arised whether the
bound erythrocytes also might influence coagulation. This could be confirmed
by dilution of the blood leading to disaggregation of erythrocyte rouleaux and
to an acceleration of thrombin-triggered clotting time. This means that clot
formation should occurs again more quickly. In addition, A2m and IL-6 were

6°F mice

found to accumulate on the surface of erythrocytes of LysM-IL-
compared to control mice, which further enhanced the rouleaux formation
(Figure 19). Erythrocytes express the IL-6 receptor as well as gp130 [83].
This explains why IL-6 most likely can binds to the surface of erythrocytes.
The data show that IL-6 did not only induce inflammation, but also led to
rouleaux formation associated with the accumulation of IL-6 and A2M and
thus erythrocytes semm to influence thrombin-triggered clotting time in

LysM-IL-6OE mice compared to control mice.

To dissect in detail the influence of IL-6 on coagulation and erythrocyte
rouleaux formation, we generated chimeric bone marrow (BM) mice with
different ratios of BM isolated from LysM-IL-6°F mice mixed with BM from
control mice. The results of these experiments showed that on the one hand,
with increasing IL-6 levels also aPTT, fibrinogen and the thrombin-triggered
clotting time increased by trend (Figure 24B, C and Figure 26B). On the other
hand, the erythrocyte rouleaux formation was also related to the IL-6 levels
(Figure 26A). The same was seen concerning the accumulation of IL-6 and
A2m on the erythrocytes. This coincides with the observation that with the
increase in IL-6, the ESR and thus the erythrocyte rouleaux formation also
increased. So, there was a direct connection between the IL-6 levels and its

effect on the rouleaux formation and the coagulation.

The present data show that myeloid overexpression of IL-6 activates
inflammatory processes, including the increased expression of the proteinase
A2m. Yoo et al. showed that IL-6 can activate the Jak pathway and Stat3,
which bind to the A2m gene promotor and upregulates the expression of
A2m [99]. This explains the increased concentration of A2m both at mRNA
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and protein level in the liver of LysM-IL-6°F mice compared to control mice
(Figure 15 A and Figure 16C). A2Zm can impact on the coagulation itself as
well as on fibrinolysis at various points in the cascade [85, 112, 115, 117-
119, 124]. The activity of the coagulation factors also shows that A2m may
have a negative influence on FXIII and FIl in LysM-IL-6°F mice compared to
control mice (Figure 15C). According to the literature, A2m is a potent
thrombin inhibitor [85, 117-119]. | could confirm this by showing that A2m
alone was able to have the most potent effect on thrombin in vitro in the
context of the thrombin-triggered clotting time (Figure 18C). Furthermore, |
showed that when other proteins are present, such as IL-6 or APC, the
thrombin-triggered clotting time was not significantly delayed compared to the
controls, but the effect is weakened. A possible explanation could be that

A2m has no preference which protein in will bind.

Finally, | could show that by inhibiting A2m RNA expression using a specific
adeno-associated virus, the thrombin-triggered clotting time in LysM-IL-6OE
mice was normalized (Figure 31). The presented data shows that the
increased A2m expression negatively influenced the thrombin-triggered
clotting time in AAV8shRNA A2m-treated Lysl\/I-IL—6OE mice compared to
AAVB8shRNA AZ2m-treated control mice. As a consequence it should be
impossible to form a stable clot by cleaving fibrinogen into fibrin [85, 117,
120, 121]. However, it is also clear that the coagulation phenotype of the
LysM-IL-6°F mice cannot only be reduced to A2m overexpression. The
parameters apTT and INR were not normalized in AAV8shRNA A2m-treated
LysM-IL-6°F mice compared to AAV8shRNA A2m-treated control mice, just
like the expression of the different coagulation factors (Figure 29 and Figure
30). It shows that the IL-6-mediated influence on coagulation factors is more
complex. It would be of great interest to study the activity of the coagulation
factors after treatment with A2m adeno-associated virus to investigate the
possible influence of A2m on the coagulation factors in LysM-IL-6°F.
Furthermore, the assumption was confirmed, by Pappenheim staining of
whole blood, that A2m also influences the erythrocyte rouleaux formation in

LysM—IL-6OE mice compared to control mice (Figure 31). In total the data
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suggest that the interaction of IL-6 and A2M can influence thrombin and thus

influence also the clot formation

4.2. The complex interplay of IL-6 and coagulation in

human diseases.

Interleukin-6 is a key player in the process of inflammation and therefore also
plays a role in various diseases. Elevated IL-6 levels have been found in
inflammatory processes such as rheumatoid arthritis [44], Crohn's disease
[47, 48], ulcerative colitis [47, 48], fever [21], and sepsis [21]. Furthermore,
elevated IL-6 levels are associated with poorer myocardial infarction survival
[216]. IL-6 is a predictor of long-term cardiovascular mortality in patients with
acute coronary syndrome [217], is implicated in heart failure [218], and is
predictive of coronary artery disease [219]. In addition, IL-6 also promotes
tumor growth [220]. IL-6 is of central importance in SARS-CoV2 disease:
This again could reflects the complex interaction between IL-6, inflammation
and coagulation [212, 213]. In the context of the present work, | wanted to
check whether elevated A2m levels also occur in humans with chronic,

moderately elevated IL-6, influencing the thrombin-triggered clotting time.

IBD patients such as Crohn's disease and ulcerative colitis have elevated
IL-6 levels. Which goes in line with the fact, that LysM-IL-6°F mice showeg a
colitis-like phenotype (Figure 20). Therefore, patients with this condition were
examined more closely [47, 48]. Patients with an acute phase of IBD showed
a prolonged INR (Figure 29) and increased fibrinogen levels. Furthermore,
erythrocyte rouleaux formation in the blood went in line with increased ESR
(Figure 31). Alper et al. could show a correlation of ERS and C-reactive
protein with pediatric IBD activity [221]. After closer analysis of the blood
smears, accumulation of IL-6 and A2m on the surface of erythrocytes could
also be shown (Figure 22). This fits to our observations in the LysM-IL6°F
mice where we found the same accumulation of IL-6 and A2m on
erythrocytes (Figure 19). The thrombin-triggered clotting time was

significantly delayed in IBD patients as previously shown in the LysM-IL-6
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mice as well. (Figure 23 and Figure 11). It is noteworthy that dilution could
reverse the erythrocyte rouleaux formation and the prolonged thrombin-
triggered clotting time also in human blood. IBD alone counts as a risk factor
for venous thromboembolism but conversely, bleeding from the intestinal
tract is one of the most common signs of IBD [222, 223]. A typical symptom
of IBD is the defect in the barrier function in the intestinal epithelium [224].
The damage can vary in severity, but results in the loss of the protective
function of the barrier and an imbalance between the microbes and the host's
immune system [224]. This triggers compensatory immune reactions. In
addition to the immune response, a destroyed intestinal endothelium also has
effects on the coagulation [224]. Endothelial cells express anticoagulant
factors such as tissue factor pathway inhibitor (TFPI) and proteins that
enable PC activation such as thrombomodulin and endothelial PC receptor
(EPCR) [225-227]. In physiological conditions, these are expressed on the
surface of endothelial cells and prevent activation of the extrinsic signaling
pathway [225-227]. Inflammation leads to activation and dysfunction resulting
in the release of TFPI and EPCR [225-227]. This leads to a disturbed
endothelial anticoagulation function [225-227]. In a population-based study,
Murthy was able to show that IBD patients have a sevenfold increased risk of
developing venous thromboembolism or pulmonary embolism [69]. Besides,
there are reports that various treatment methods also increase the risk of
venous thromboembolism [70, 228]. Sandborn's study indicates that
treatment with the JAK inhibitor Tofacitinib can lead to increased pulmonary
embolism and venous thromboembolism [229]. A possible explanation for
this could be the Stat3-mediated A2m expression: There is no Stat3
expression when the Jack pathway is inhibited leading to no increased A2m
expression. And a hypothese could be, that the organism tries to counteract
the increased risk of thrombosis by A2m-induced thrombin inhibition. If this
process is interfered with by Tofacitinib administration, it could lead to an
increased prothrombotic environment and venous thromboembolism risk
increases. This could be an example of the potenteally important role of

IL-6-driven overexpression of A2m in maintaining hemostasis.

80



DISCUSSION

As already mentioned, IL-6 is also of crucial relevance in SARS-CoV2
disease [212, 213]. SARS-CoV2 is associated with an increased risk of
thrombotic events and this risk also determines the clinical outcome and may
contribute to a reduced chance of survival [230]. However, also bleeding
complications have also been reported [213]. Schramm and colleagues have
hypothesized that higher levels of A2m in childhood might contribute to a
more favorable course of SARS-CoV2 disease in children compared to adults
[231]. Within there recent publicant, they refer to the finding that A2m has
been detected on the surface of endothelial cells [231-233]. If A2m attaches
itself to the surface of the vessel wall, this could have a protective effect on
the vascular endothelium. It could serve as a protective layer between blood
cells and the vessel wall [233]. This could protect the endothelium from
circulating proteins secreted during inflammation or hemostatic events. In
turn, this could have a positive effect on the course of SARS-CoV2 disease
[231-233]. In total, this underlines how important the analysis of the crosstalk

between IL-6 and A2m in regard to the coagulation and hemostasis are.
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4.3. Conclusion

The LysM-IL-6OE mouse model shows that chronically and moderately
elevated IL-6 levels led to chronic inflammation but did not lead to
spontaneous thrombosis or bleeding basal. In case the coagulation cascade
was activated, such as following vena cava ligation we found that no
thrombus was formed and that there was a much greater tendency to bleed

after stimulation.

Figure 32 Scheme of the impact of IL-6-driven A2m overexpression on clot formation. When
coagulation is activated during IL-6-mediated inflammation, such as by injury, A2m prevents the
bleeding from stopping.

In total, the data of my theses suggest that chronic moderate IL-6 elevation
activated a vicious circle. IL-6 activated myeloid cells to produce more IL-6.
This stimulates the inflammatory cycle and impacts on the coagulation
cascade in a complex way. IL-6 mediated JAK/STAT activation binds the
A2m gene promoter region in the liver. This results in increased A2m
expression in hepatocytes. A2m is secreted into the bloodstream. Increased
levels of IL-6 and A2m lead to the erythrocyte rouleaux formation, with an
accumulation of IL-6 and A2m on the surface of the erythrocytes (Figure 33).
The increased occurrence of A2m has the consequence that it influences the
coagulation cascade by inhibition of thrombin.
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Figure 33 Scheme of the impact of IL-6 on erythrocyte rouleaux formation, myeloid cells and
A2m. Increased IL-6 levels activate the STAT3 signaling pathway. STAT3 leads to increased
expression of A2m in the liver. A2m influences coagulation and, together with IL-6, influences, among
other things, the rouleaux formation of erythrocytes.

83



SUMMARY

5. SUMMARY

In summary, my thesis points out the complex crosstalk between chronically

moderate elevated Interleukin-6 levels and the coagulation cascade.

| analyzed the impact of myeloid cell-dependent chronic IL-6 overexpression,
focusing on the coagulation system. Mice overexpressing IL-6 in the myeloid
cells (LysM-IL-6OE) had a moderately increased IL-6 level which surprisingly
resulted in no thrombus formation following subtotal IVC ligation. Instead,
myeloid-derived IL-6 overexpression led to a prolonged aPTT, INR and
thrombin-triggered clotting time. This was also reflected in a prolonged tail
bleeding time. The IL-6-driven inflammation was mirrored in the blood cell
composition: There was an increased number of white blood -cells,
neutrophils and leukocytes in the blood but with no alteration of platelet count
compared to control mice. The expression and activity of some coagulation

6°F mice

factors, such as Factor Xl and IX, were altered in LysM-IL-
compared to control mice, but this did not explain the missing thrombus
formation after subtotal IVC ligation and the bleeding tendency after
activation of the coagulation cascade. The thrombin generation in
LysM—IL-6OE mice showed that the thrombin formation is possible in PPP,

PRP and whole blood with a slight delay in the lag time and time to peak.

Myeloid-derived IL-6 resulted in chronic inflammation and a colitis-like
phenotype and it also led to increased hepatic A2m expression via STAT3
signaling. The IL-6-mediated inflammation was associated with the
erythrocyte rouleaux formation and prolonged ESR. The erythrocyte rouleaux
formation could be driven by the increased plasmatic fibrinogen levels and by
the hepatic overexpression of A2m. In in vitro experiments, the rouleaux
formation could be removed by dilution of the blood, resulting in a faster
thrombin-triggered clotting time. The proteinase A2m led to reduced thrombin
activity and was colocalized with IL-6 on the surface of erythrocytes in

LysM-IL-6°F mice compared to control mice.

In a bench-to-bedside approach, | could show that moderately elevated IL-6

levels in IBD patients had a similar impact on the coagulation cascade as
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seen in LysM-IL-6°F mice compared to control mice: There was an increased
INR and a delayed thrombin-triggered clotting time in IBD patients. The effect
of inflammation on erythrocyte rouleaux formation and ESR was also evident.
Remarkably, IBD patients also show an accumulation of A2m and IL-6 on the
surface of erythrocytes. Suggesting that A2m might plays an important role in
maintaining hemostasis because it neutralizes the prothrombotic environment

associated with inflammation.

The impact of myeloid cell-dependent IL-6 overexpression on the coagulation
system depended strongly on the systemic IL-6 level. | could show this by
generating BM chimeric mice with different ratios of BM isolated from
LysM-IL-6°F mice mixed with BM of control mice. Already 10% LysM-IL-6°F
BM was sufficient to increase the plasmatic fibrinogen levels compared to
control mice. Besides, a beginning rouleaux formation and the accumulation
of A2m and IL-6 on the erythrocyte surface were already evident. | could also
show that 10% LysM-IL-6°F BM was sufficient to delay the thrombin-triggered
clotting time and could thus harm clot formation. However, if 100%
LysM-IL-6°5  BM  was transplanted, a significantly increased
thrombin-triggered clotting time was found, as seen before in the LysM-IL-6°%

mice.

In the last part of my thesis, | used an adeno-associated virus expressing a
short hairpin RNA against A2m (AAV8shRNA A2m) to inhibit the hepatic
expression of A2m. With this experimental approach, | could show in a
straight-forward  approach that A2m  strongly influenced the
thrombin-triggered clotting time LysM-IL-6OE
By treating the LysM-IL-6°® mice with AAV8shRNA A2m, the

thrombin-triggered clotting time could be almost normalized, and the rouleaux

mice compared to control mice.

formation was also decreased.

In conclusion, myeloid cell-dependent chronic IL-6 overexpression increased
hepatic A2m expression, which contributed to delayed thrombin-triggered
clotting time and inhibited venous thrombus formation in mice. These data

illustrate a new facet of the ability of IL-6 to modulate hemostasis.
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6. Zusammenfassung

Zusammenfassend weisen die Daten meiner Dissertation auf die komplexe
Wechselwirkung zwischen chronisch moderat erhdhten

Interleukin-6-Spiegeln und der Gerinnungskaskade hin.

Ich habe den Einfluss von myeloiden Zellen abstammendem IL-6 analysiert,
mit Hilfe von Mausen (LysM-IL-6°F), die IL-6 in myeloiden Zellen
Uberexpremieren, wobei der Schwerpunkt auf dem Gerinnungssystem lag.
Mause, die IL-6 in den myeloiden Zellen Uberexprimieren, hatten einen
moderat erhdéhten IL-6-Spiegel. Dies hatte Uberraschenderweise zur Folge,
dass keine vendsen Thromben durch IVC-Ligation induziert werden konnten.
Vielmehr zeigte sich, dass eine IL-6-Uberexpression zu einer verlangerten
aPTT und INR im Plasma, sowie einer verzdogerten Thrombin-getriggerten
Gerinnungszeit im Vollblut flhrte. Dies konnte durch eine verlangerte
Schwanzblutungszeit bestéatigt werden. Die IL-6-gesteuerte Entzindung
spiegelte sich in der Blutzusammensetzung wider: Es gab eine erhdhte
Anzahl von weillen Blutkérperchen, Neutrophilen und Leukozyten im Blut,
aber ohne Veranderung der Blutplattchenzahl im Vergleich zu
Kontrollmausen. Die Expression und Aktivitat einiger Gerinnungsfaktoren,

wie Faktor X/ und [X, waren in Lysl\/I-IL—6OE

Mausen im Vergleich zu
Kontrollmausen verandert. Dies erklarte jedoch nicht die fehlende
Thrombusbildung nach subtotaler IVC-Ligation und die Blutungsneigung
nach Aktivierung der Gerinnungskaskade. Die Thrombin Generierung zeigte,
dass die Bildung von Thrombin in PPP, PRP und Vollblut mit einer leichten

Verzdgerung in der lag time and time to peak moglich war.

Myeloide IL-6 Uberexpression filhrte im Mausmodell zu einer chronischen
Entziindung und einem Colitis-ahnlichen Phanotyp. Es flhrte auch zu einer
erhohten hepatischen A2m-Expression Uber STAT3-Signalisierung. Die
IL-6-vermittelte Entzindung fuhrte zur Erythrocyten Rouleaux-Bildung
(Geldrollenbildung) und war mit einer verlangerten ESR verbunden. Die
Rouleaux-Bildung von Erythrozyten kdénnte durch die erhdhten plasmatischen
Fibrinogenspiegel und die hepatische Uberexpression von A2m begiinstigt

worden sein. Durch Verdinnung des Blutes konnte die Rouleaux-Bildung
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aufgeldést werden, was zu einer schnelleren Thrombin-getriggerten
Gerinnungszeit fuhrte. Die Proteinase A2m flhrte zu einer verminderten
Aktivitat von Thrombin und war mit IL-6 auf der Oberflache von Erythrozyten

lokalisiert.

In einem Bench-to-Bedside-Ansatz konnte ich zeigen, dass moderat erhdhte
IL-6-Spiegel bei Patienten mit  einer  chronisch-entzindlichen
Darmerkrankung einen ahnlichen Einfluss auf die Gerinnungskaskade zu

haben wie bei LysM-IL-6°F

im Vergleich zu Kontrollmausen. Es zeigte sich
einen erhdhte INR und eine verzdgerte Thrombin-getriggerte Gerinnungszeit.
Der Entzindungseinfluss auf die Rouleaux-Bildung und ESR war ebenfalls
ersichtlich. Bemerkenswerterweise zeigten Patienten mit chronisch-
entztindliche Darmerkrankung auch eine Akkumulation von A2m und IL-6 auf
der Oberflache von Erythrozyten. Dies deutete darauf hin, dass A2m eine
wichtige Rolle bei der Aufrechterhaltung der Hamostase, als auch bei der
Neutralisierung des mit Entziindungen verbundene pro-thrombotische Milieus

spielt.

Die Auswirkung der myeloischen zellabhangigen IL-6-Uberexpression auf
das Gerinnungssystem hing stark vom IL-6-Spiegel ab. Ich konnte dies
zeigen, indem ich Knochenmarkchimare mit unterschiedlichen Verhaltnissen
von Knochenmark erzeugte. Hierzu wurde Knochenmark aus LysM-IL—GOE—
Mausen mit Knochenmark von Kontrollmausen gemischt. Bereits 10 % LysM-
IL-6°F Knochenmark reichte aus, um die plasmatischen Fibrinogen spiegel
im Vergleich zu Kontrollmdusen zu erhdhen. Auf’erdem war bereits eine
beginnende Rouleaux-Bildung und die Akkumulation von A2m und IL-6 auf
der Erythrozytenoberflache erkennbar. Ich konnte auch zeigen, dass 10 %
LysM-IL-6°  Knochenmark ausreichten, um die Thrombin-getriggerte
Gerinnungszeit zu beeinflussen und somit der Blutgerinnung zu schaden.
Wenn jedoch 100 % LysM-IL—6OE Knochenmark transplantiert wurde, wurde
eine signifikant verlangerte Thrombin-getriggerte Gerinnungszeit gefunden,

wie es zuvor bei den LysM-IL-6°F -Mausen beobachtet werden konnte.

Im letzten Teil meiner Doktorarbeit habe ich ein Adeno-assoziiertes Virus
verwendet, das eine kurze Haarnadel-RNA gegen A2m (AAV8shRNA A2m)
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exprimiert, um die hepatische Expression von A2m zu hemmen. Mit diesem
experimentellen Ansatz konnte ich zeigen, dass A2m einen starken Einfluss
auf die Thrombin-getriggerte Gerinnungszeit hat. Durch die Behandlung der
Mause konnte die Thrombin-induzierte Gerinnungszeit nahezu normalisiert
werden, es zeigte sich aber auch, dass die Erythrocyten-Rouleaux-Bildung

abnahm.

Zusammenfassend flhrte die von myeloiden Zellen abhangige chronische
IL-6-Uberexpression zu einer erhdhten hepatischen A2m-Expression, die zu
einer verzdgerten Thrombin-ausgelésten Gerinnungszeit beitrug und die
vendse Thrombusbildung bei Mausen hemmte. Diese Daten
veranschaulichen eine neue Facette der Fahigkeit von IL-6, die Hamostase

zu beeinflussen.
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