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ABSTRACT

BACKGROUND: Thrombosis is a common disease in the western world. Coagulation factor
Xl (FXII) has been considered irrelevant for coagulation for a long time, but newer research
shows its major role in many thrombotic diseases. This project aimed to characterize a deep
vein thrombosis model in mice, to establish immunostainings for FXIl and its potential
activators, and to use those stainings to analyse the thrombosis model.

METHODS: Frozen and paraffin sections of murine deep vein thrombosis were stained with
Haematoxylin and Eosin a Picrosirius red. A protocol for immunofluorescence was tested and
enhanced, and stainings for neutrophil granulocytes, neutrophil extracellular traps (NETS),
platelets, and FXII/FXIla were established.

RESULTS: The results show that the thrombus size as well as the amount of red blood cells
decreases over time, while the amount of collagen increases. The leucocyte density increases
as well, and NETs show a maximum after 2 days. Platelets show a non-significant tendency
to increase over time. FXII increases from 6 hours to 2 days after thrombus formation and
stays on the same level afterwards. In double stainings, FXII shows an association with DNA
and histones.

DISCUSSION/CONCLUSION: The results show the process of thrombus reorganization and
resolution. NETs are found in later states of thrombosis and are likely to influence thrombus
formation, stability, and reorganization with over all procoagulant properties. FXII initiates
coagulation but probably also plays a role in thrombus organization in this setting. Neutrophil
derived FXII could be an additional source of FXII.

ZUSAMMENFASSUNG

HINTERGRUND: Thrombosen sind eine haufige Erkrankung der westlichen Welt.
Blutgerinnungsfaktor XII (FXIl) wurde lange Zeit als irrelevant fur die Blutgerinnung
angesehen, aber neuere Forschung zeigt seine wichtige Rolle in vielen thrombotischen
Erkrankungen. Dieses Project zielte darauf ab, ein tiefe Venenthrombosen-Modell in Mausen
zu charakterisieren, Immunfarbungen fir FXII und seine potenziellen Aktivatoren zu etablieren
und diese Farbungen zu nutzen, um das Thrombosen-Modell zu analysieren.

METHODEN: Gefrier- und Paraffinschnitte von tiefen Venenthrombosen aus Mausen wurden
mit Hamatoxylin und Eosin und Picrosirius rot angefarbt. Ein Protokoll fir Immunfluoreszenz
wurde getestet und verbessert und Farbungen fir neutrophile Granulozyten, neutrophil
extracellular traps (NETs), Thrombozyten und FXII/FXlla wurden etabliert.

ERGEBNISSE: Die Ergebnisse zeigen, dass die ThrombusgréRe sowie die Menge an
Thrombozyten mit der Zeit abnehmen, wahrend die Menge an Kollagen zunimmt. Die
Leukozytendichte nimmt ebenfalls zu und NETs zeigen einen Hohepunkt nach zwei Tagen.
Thrombozyten zeigen eine nicht signifikante Zunahmetendenz. FXII nimmt von 6 Stunden auf
2 Tage nach Thrombusentstehung zu und bleibt danach auf demselben Niveau. In
Doppelfarbungen zeigt FXII eine Assoziation mit DNA und Histonen.
DIKUSSION/SCHLUSSFOLGERUND: Die Ergebnisse zeigen den Prozess der
Thrombusneuorganisation und -auflosung. NETSs finden sich in spateren Thrombusstadien und
beeinflussen wahrscheinlich die Thrombusbildung, Stabilitdt und Reorganisation mit
insgesamt prokoagulatorischen Eigenschaften. FXII initiiert die Blutgerinnung, aber spielt in
diesem Rahmen vermutlich auch eine Rolle in der Thrombusorganisation. FXII aus
Neutrophilen kénnte eine zusétzliche Quelle fur FXII sein.
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1 INTRODUCTION

1.1 Hemostasis and thrombosis

Blood is the universal transport and supply system of our body. It provides oxygen, nutrients,
and hormones, carries carbon dioxide to the lungs, distributes heat and is a fundamental part
of the immune system. The balance between blood flow and clotting must be maintained at
all time. If a vessel is damaged, the blood needs to clot to stop bleeding and to seal wounds
but if it clots inside an intact vessel it leads to the serious medical condition of thrombosis
with its main complication thromboembolism (Barett, Barman et al. 2009).

Thrombosis appears in arterial and venous beds. Arterial thrombosis is mostly caused by
arteriosclerotic plaques whereas the origins of venous thrombosis are more complex and
divers. Known risk factors for venous thrombosis are surgery or trauma, malignancy, heart
failure, inflammatory diseases and acute inflammation, varicose veins, immobilization,
advanced age, adiposity, certain drugs (e.g. chemotherapy, Thalidomide, antipsychotics),
congenital thrombophilia (e.g. Factor V Leiden, Protein S deficiency) and previous
thromboembolic events (Kyrle and Eichinger 2005). Usually the genesis of a venous
thrombosis is multifactorial. The classical Virchow’s triad describes three conditions
contributing to the development of a deep vein thrombus (DVT), namely endothelial injury,
hemodynamic changes and hypercoagulability (Mammen 1992). Newer research emphasizes
the role of inflammation in thrombotic diseases. It is an important risk factor for DVT and directly
linked to intravascular coagulation, e.g. in sepsis (Saha, Humphries et al. 2011, Aksu, Donmez
et al. 2012, Levi, van der Poll et al. 2012, Martinod and Wagner 2014).

Under healthy conditions the vessel endothelium produces anticoagulant and anti-
inflammatory substances promoting a fluid state of the blood. It expresses prostacyclin, an
effective platelet inhibitor and vessel dilator, thrombomodulin, a potent cofactor for thrombin
mediated protein C activation and other anticoagulants e.g. heparin sulfate, tissue factor
pathway inhibitor, and tissue plasminogen activator. Production of interleukin 10 (IL-10) inhibits
leucocyte adhesion and activations (Mammen 1992, Wakefield, Myers et al. 2008). But if a
vessel is damaged, blood is exposed to extracellular matrix proteins and endothelial cells are
activated initiating platelet aggregation and coagulation which is an important physiological
mechanism to stop bleeding.

A couple of mechanism are suggested how this balance can be disturbed and a thrombus
is able to form. If the endothelium is damaged or irritated, e.g. by injury (surgery, trauma) or
disturbed blood flow (e.g. varicose veins, immobilization) endothelial cells are activated. They
release von Willebrand factor (VWF), tissue factor (TF), platelet-activating factor (PAF) and
express P- and E-selectin on their surfaces. Platelet adherence and activation by vWF is
crucial for thrombus formation. Activated platelets undergo a morphological change, adhere to
the vessel wall and other platelets and release procoagulant substance from their granules,
e.g. more VWF, coagulation factors, fibrinogen, P-selectin and inorganic polyphosphates
(polyP). Together, the proteins released by the endothelium and platelets have the capability
to activate more platelets, the extrinsic pathway of coagulation and leucocytes (Kyrle and
Eichinger 2005, Brill, Fuchs et al. 2011, Fuchs, Brill et al. 2012). Moreover, polyP is able to
activate coagulation factor XlI (FXII) and therefore the intrinsic pathway of coagulation which
is a powerful pathway leading to the formation of a blood clot (Muller, Mutch et al. 2009).

The importance of the individual factors contributing to DVT is unknown but it has been
shown that activation of endothelial cells alone does not necessary lead to thrombosis
(Thomas 1994). In addition, the endothelium can be completely intact in fresh thrombi
suggestion other starting mechanism of DVT besides endothelial activation (Saha, Humphries
et al. 2011).



Activated neutrophil granulocytes could provide a starting point for thrombosis. Neutrophils
are recruited to an inflammatory site by a chemotactic gradient and activated by endothelial
cells. They can undergo NETosis, a distinct form of cell death upon which they release large
DNA structures referred to as neutrophil extracellular traps (NETs) (Fuchs, Abed et al. 2007).
Nucleic acids are known to activate coagulation via the intrinsic pathway (Kannemeier,
Shibamiya et al. 2007), NETs provide a scaffold for platelets and red blood cells (RBCs) and
they contain histones that are able to activate platelets directly (Fuchs, Brill et al. 2012,
Martinod and Wagner 2014). Vice versa, neutrophil-driven inflammation causes endothelial
damage, thus activating endothelial cells, and further, neutrophils might be able to directly start
the extrinsic pathway of coagulation by releasing TF (Saha, Humphries et al. 2011,
Darbousset, Thomas et al. 2012). Taken together, activated neutrophils promote coagulation
in many ways and are most likely an important part of thrombosis.

Red blood cells (RBCs) are one of the main components of a venous thrombus, especially
in the early phase of DVT. The exact function of RBCs in a thrombus is unknown. They are
passively trapped in the fibrin mesh of clotting blood and contribute essentially to the volume
of a fresh thrombus, but they might also actively promote thrombosis. They interact with
leukocytes and platelets by integrins expressed on their surfaces and they contain a large
amount of iron which becomes oxidized if RBCs are destroyed. Oxidized iron can cause
endothelial stress (Saha, Humphries et al. 2011, Aleman, Walton et al. 2014).

1.2 Coagulation factor XIi

1.2.1 The contact system

The contact system is a cluster of proteins that locally assembles on negatively charged
surfaces and contributes to inflammation and coagulation. It is initiated by the activation of
coagulation factor XII (FXIl, Hageman factor). The FXII zymogen is secreted mainly by the liver
and circulates in plasma (Renne 2012). If FXII binds to negatively charged surfaces a small
amount of activated FXII (FXIla) is generated by autoactivation. The serine protease FXlla

Coagulation Inflammation
EXII 3F7 C1INH
Fibrin X_
\ ..
Exl PK _—> Bradykinin

\
HK FXlla HK

_ FXII activators \
In vitro: kaolin, glass, ellagic acid, DXS

In vivo: polyP, heparin, RNA, DNA

Figure 1. The contact system. Contact with negatively charged surfaces activates FXII and
initiates procoagulant and proinflammatory reactions. Activated FXII starts the fibrin producing intrinsic
pathway of coagulation by cleavage of FXI and the inflammatory kallikrein-kininogen system by PK
mediated cleavage of HK. C1INH interferes both with FXlla and PK while the antibody 3F7 specifically
blocks FXlla. DXS, dextran sulfate; FXII, factor XlI; PK, plasma kallikrein; C1INH, C1 esterase
inhibitor. Reference: Worm, Kohler et al. (2015).



cleaves plasma prekallikrein to plasma kallikrein (PK) which reciprocally activates more FXII,
thus amplifying the signal. PK is not surface bound itself but recruited by high molecular weight
kininogen (HK). When activated, PK releases the inflammatory mediator bradykinin (BK) from
HK. BK is a powerful vessel dilator and increases vascular permeability (Shariat-Madar, Mahdi
et al. 2002). Furthermore, it stimulates endothelial cells to release other inflammatory
mediators such as prostaglandins and induces chemotaxis (Bjorkqvist, Jamsa et al. 2013).
Another important substrate for FXlla is coagulation factor XI (FXI). FXI is also surface bound
via the protein HK and is cleaved by FXIlla to its active form FXla. This starts the intrinsic
pathway of coagulation leading to the formation of thrombin and to fibrin generation (Renne
2012).

The main regulatory player in the contact system is the serpin C1 esterase inhibitor (CLINH).
This plasma protein is the most important endogenous inhibitor of FXlla and PK and prevents
overactivity of FXIl (Maas and Renne 2012) (Figure 1).

1.2.2 FEXIl activation

FXII circulates in plasma as a single chain zymogen. Binding to negatively charged surfaces
induces a conformational change and a self-proteolysis step at Argsss-Valsss (auto-activation)
occurs. A small amount of activated FXIl is generated consisting of a heavy and a light chain
connected by a disulfide-bond. This form is referred to as a-FXlla and it cleaves both its
substrates plasma prekallikrein and FXI. More a-FXlla is reciprocally generated by plasma
prekallikrein (PK). a-FXlla remains surface bound via the heavy chain while the light chain
contains the catalytic domain. Two additional cleavage steps at Argszs-Asnsss and Argsas-Leuszas
release the light chain from the heavy chain resulting in B-FXlla. The light chain retains its
proteolytic activity towards PK but is unable to further cleave FXI (Bjorkqgvist, Nickel et al. 2014,
Labberton, Kenne et al. 2015).

In vitro activation of FXII is well characterized and many non-physiological materials are
known to induce contact activation. The white clay material kaolin is commonly used in the
diagnostic assay activated partial thromboplastin time (aPTT). The aPTT measures the time
from contact activation to fibrin generation and is predominantly used to screen for coagulation
deficiencies and monitor heparin therapy (Maas and Renne 2012). Other synthetic activators
include glass, ellagic acid and metal ions such as Ni?*, Cu?*, Co?* and Zn?* immobilized on
phospholipid micelles (Mutch, Waters et al. 2012). Exposure of blood to medical devices, e.g.
during hemodialysis or extracorporeal circulation with heart-lung machines, increases the risk
of thrombosis. The polymer surfaces of common medical devices have the capability to
activate FXII, thus an antithrombotic treatment is necessary (Svensson, Friberger et al. 1996).
Furthermore, the glucan high molecular dextran sulfate (DXS) is mainly used in experimental
settings. It activates FXII but exclusively triggers the bradykinin-pathway of the contact system
without affecting coagulation (Bjorkgvist, Jamsa et al. 2013).

The in vivo triggering mechanisms of the contact system are not characterized as clearly.
Extracellular RNA can activate FXIl in plasma and DNA in the form of NETs promotes a
procoagulant state possibly through FXII activation (Kannemeier, Shibamiya et al. 2007,
Martinod and Wagner 2014). A very important in vivo activator of the contact system is
inorganic polyphosphate (polyP) released from activated platelets. Not only does polyP
contribute to thrombosis but it also provides a link between primary (cellular) and secondary
(protein-mediated) hemostasis which remained a mystery for a long time (Muller, Mutch et al.
2009).

During vascular injury, blood is exposed to the subendothelial matrix. Collagen type | and
laminin are among the most abundant proteins in the subendothelial basal membrane and they
both have the potential to activate FXIl (van der Meijden, Munnix et al. 2009, White-Adams,
Berny et al. 2010). Also, arteriosclerotic plague material initiates fibrin formation in a FXII-
dependent manner similarly to collagen (Kuijpers, van der Meijden et al. 2014). In venous



thrombosis, various cell types shed microparticles (MPs) from their membrane such as
platelets, leucocytes and endothelial cells. MPs possess a phosphatidylserine rich anionic
membrane providing a surface for assembly of the contact system (Wakefield, Myers et al.
2008).

Alike the artificial FXII activator DXS, there are also some in vivo activators that selectively
initiate the BK pathway without affecting coagulation. The highly sulfated polysaccharide
heparin is released from IgE/antigen-complex activated mast cells and plays an essential role
in allergic diseases. It induces vascular leakage and swelling via the contact system without
activating the intrinsic pathway of coagulation (Oschatz, Maas et al. 2011). Misfolded protein
aggregates, as found in patients with systemic amyloidosis, activate the contact system and
trigger BK formation. Plasma levels of PK in these patients are elevated while FXla remains
normal (Maas, Govers-Riemslag et al. 2008).

In conclusion, the molecular mechanism of FXIl activation requires surface binding and
involves multiple cleavage steps. Many substances physiologically found in the body have the
potential to activate FXII.

1.2.3 FXIl in thrombosis

The FXIl-driven contact system can initiate fibrin formation via the intrinsic pathway of
coagulation. It has been observed that patients and animals with a FXIl deficiency have a
normal hemostatic capacity and do not suffer from excessive bleeding. Deficiencies of other
coagulation factors such as Factor VIII or Factor IX, which are both activated by the extrinsic
pathway of coagulation, cause severe, life threatening bleeding disorders. TF was believed to
be largely, if not exclusively, responsible for fibrin formation in vivo for a long time (Ratnoff and
Colopy 1955, Lammle, Wuillemin et al. 1991).

Newer research shows that FXII contributes essentially to thrombosis. FXII gene deficient
mice are largely protected from experimental thrombosis while infusion with purified human
FXIl restores blood clotting (Renne, Pozgajova et al. 2005, Kleinschnitz, Stoll et al. 2006,
Kenne and Renne 2014). The unique role of FXII for thrombosis while being dispensable for
hemostasis offers the exiting idea of targeting FXII for safe anticoagulation. Currently used
anticoagulants like heparin, vitamin K antagonists, or new oral anticoagulants such as
Rivaroxaban successfully prevent thrombosis in many settings but they all increase the risk of
bleeding as a dangerous side effect.

Prof. Renné’ et al. developed the fully human recombinant antibody 3F7 which specifically
blocks FXlla and tested its anticoagulant properties. Mice injected with 3F7 were protected
from FeCls-induced arterial thrombosis and in an arteriovenous shunt model in rabbits 3F7
inhibited shunt occlusion as efficiently as heparin. Another outstanding finding is that targeting
FXlla prevented occlusive blood clotting in an extracorporeal membrane oxygenation (ECMO)
system adapted to rabbits. While the ECMO system occluded in less than 3 min in saline
treated rabbits 3F7 injections protected the animals as effectively as heparin without increasing
the bleeding risk (Larsson, Rayzman et al. 2014). Other groups confirmed these findings.
Revenko et al. showed that mice treated with antisense oligonucleotides (ASOs) targeting FXII
or plasma prekallikrein were protected from experimental arterial and venous thrombosis while
the hemostatic capacity was normal (Revenko, Gao et al. 2011) and Matafonov et al.
introduced another antibody targeting FXII that prevented thrombosis in an arteriovenous
shunt system in baboons (Matafonov, Leung et al. 2014).

Taken together, these results show that FXII influences coagulation in vivo, as it is essential
for thrombus formation, but it appears to be dispensable for hemostasis. This makes FXIl an
exciting novel target for safe anticoagulation.



1.2.4 Other roles of FXII

Hereditary angioedema is a rare inherited swelling disorder that is linked to FXII activation. It
is characterized by episodes of severe acute swellings of skin and mucosa tissue which can
be life threatening due to occlusion of the respiratory system (Zuraw 2008).The swelling is
caused by excessive BK formation which induces vascular leakage and inflammation. Three
types of hereditary angioedema (HAE) have been characterized. In HAE type | plasma levels
of C1 esterase inhibitor (C1INH) are reduced, the main physiological inhibitor of FXII and PK.
In HAE type Il, C1INH plasma levels are normal but C1INH shows a reduced activity and in
HAE type Il a gain of function mutation in the F12 gene is found (Joseph, Tuscano et al. 2008).
Current treatments for HAE patients include the infusion of C1INH, targeting the bradykinin
receptor B2 (B2R) or inhibiting PK (Cicardi, Banerji et al. 2010, Cicardi, Levy et al. 2010, Zuraw,
Busse et al. 2010). Targeting FXII is a novel approach to treat HAE and could be especially
efficient for HAE type Ill patients. Deficiency or pharmacologic inhibition of FXIl reduced
allergic responses in a murine anaphylaxis model (Sala-Cunill, Bjorkqvist et al. 2015).

The FXIlI zymogen serves as a growth factor as it contains epidermal growth factor-like
domains and can induce proliferation of endothelial cells and angiogenesis (LaRusch, Mahdi
et al. 2010). FXlla plays a key role in thrombus formation via the intrinsic pathway of
coagulation but it also interacts directly with fibrin. It can modulate the structure of a blood clot
independently of thrombin generation. Areas with dense fibrin depositions colocalize with FXII
in human carotid thrombi and in vitro FXII increases the fibrin density in a dose-dependent
manner (Konings, Govers-Riemslag et al. 2011). FXlla can also activate the fibrinolytic system
contributing to thrombus resolution. It is able to directly convert plasminogen to plasmin, the
main fibrinolytic enzyme, and reduces clot lysis time (Konings, Hoving et al. 2015). Therefore,
the role of FXII in thrombosis is complex. It initiates coagulation and stabilizes the blood clot
through direct interaction with fibrin, but it also contributes to fibrinolysis.

The contact system also interacts with the classical complement pathway, a part of the
innate immune system. FXlla is able to activate the C1r subcomponent of the complement
protein C1 and C1INH also inhibits C1r and C1s besides FXIl and PK (Kaplan and Ghebrehiwet
2010).

1.2.5 FXII histology in literature

Reference Tissue Antibody
(Jablonska, Markart et al. Human Lung Mouse anti-FXII (abcam)
2010)
(Konings, Govers-Riemslag | Human carotid Goat anti-human FXII (Affinity
et al. 2011) thrombi Biologicals)
(Kuijpers, van der Meijden et | human Mouse anti-FXII (US Patent
al. 2014) arteriosclerotic Application 20090304685, D.
plague Pritchard)
(Nickel, Ronquist et al. human PC3 Recombinant human anti-FXlla
2015) prostasome (Renné et al., 3F7)
cancer cells
(Nickel, Ronquist et al. 2015) | human PC3 | Goat anit-FXII/FXlla (Nordic MUDbio)
prostasome cancer
cells

Table 1: Immunostainings for FXIl in literature. The online library PubMed (National Center
for Biotechnology Information, U.S. National Library of Medicine) was searched for publications with
histological depictions of FXII (http://www.ncbi.nlm.nih.gov/pubmed, 05.11.2015). The search terms
“factor XII, fxii, and Hageman factor” were used and the figures of all listed publications were manually
examined for images of FXII histology. The table shows the found references and the tissue and
antibodies used.
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The well-known project The Human Protein Atlas (HPA) is a publicly available database aiming
to investigate the entire human proteome using well characterized antibodies (Uhlen,
Fagerberg et al. 2015). The HPA website shows immunohistochemical stainings of FXII on
paraffin sections of various healthy human tissue and cancer tissue with a polyclonal rabbit
antibody (http://www.proteinatlas.ora/ENSG00000131187-F12/tissue 07.11.2015) (Figure 2).
A few authors show well established immunostainings for FXII, but currently (2015) there is no
established protocol available for a FXII staining in murine tissue. The searched literature
exclusively shows images of stainings performed on human tissue or human cell lines.
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Figure 2: Immunostaining for FXII by the HPA. A paraffin section of a healthy human liver
shows a positive staining (brown) in the hepatocytes.
Reference: http://www.proteinatlas.org/ENSG00000131187-F 12/tissue/liver (07.11.2015)

1.3 Platelets

Platelets are small fragments of blood cells that derive from megakaryocytes in the red bone
marrow and are continuously released into the blood stream. They do not contain a nucleus
but many granules with procoagulant substances. If a vessel is injured platelets adhere and
rapidly aggregate to form a plug that seals the wound. They are essential for hemostasis and
also play a role in inflammation and thrombus formation.

If the vessel endothelium is damaged blood is exposed to the subendothelial matrix.
Platelets adhere to collagen mainly mediated by vWF binding to the platelet receptor
glycoprotein 1b-IX-V (GPIb-1X-V) but also by direct interaction with collagen. Binding of vVWF to
platelets is the major way of platelet recruitment in a thrombotic setting and platelets contain
VWF in their granules (Bryckaert, Rosa et al. 2015). Consistently, VWF is largely associated
with platelets in thrombi.

Activated platelets dramatically change their morphology. They spread and form dendrites
driven by the submembranous complex of microtubules and actin. Cytoplasm-derived
thromboxane A2 is secreted and the granules release procoagulant factors that can attract and
activate more platelets. Alpha granules contain e.g. VWF, P-selectin, platelet factor 4,
fibronectin, B-thromboglublin, fibrinogen and the coagulations factors V and Xlll. Delta or
dense granules contain ADP, calcium, serotonin and high amounts of inorganic polyP (Thon
and Italiano 2012). Platelet-derived polyP is a negatively charged polymer with a chain length
of 68-1000 phosphate residues. It has the capacity to activate the contact system as it has
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been shown in vitro. If added to human or murine plasma, polyP induces FXII activation as
efficiently as kaolin or dextran sulfate. Smaller synthetic polyP of a mean chain length < 45
phosphate units does not trigger contact activation which emphasizes the importance of the
surface size for assembly of the contact system. Animal experiments show that polyP induces
BK formation in vivo as described by Prof. Renné’s et al. PolyP initiated BK mediated vascular
leakage in an edema model in wild type while B2R” and FXIl gene deficient mice were
protected. PolyP can also mediate in vivo activation of the intrinsic pathway of coagulation.
Pulmonary thromboembolism was experimentally generated by intravenous infusion of polyP
and led to lethal events in almost all wild type mice within 5 min. In contrast, FXII gene deficient
mice were largely protected and most animals survived over 30 min (Muller, Mutch et al. 2009).

1.4 Neutrophil extracellular traps

1.4.1 Neutrophils

Neutrophil granulocytes are the most common type of immune cells and a crucial part of the
innate immune system. They develop from myeloblasts in the red bone marrow and enter the
blood stream which is tightly regulated by chemokines. During maturation, granules form in the
neutrophil cytoplasm and the nucleus receives its characteristic lobed shape. Together with
the smaller cell populations of eosinophil and basophil granulocytes adult neutrophils are
referred to as polymorphonuclear cells (PMNs) on account of their lobed nuclei. Upon infection,
the number of circulating neutrophils increases dramatically (Kumar, Abbas et al. 2014).

Neutrophils have a short life span of only 6-8 hours before they undergo a built-in cell death
program. As they contain plenty of antimicrobial substances that are also toxic to host cells
they need to be removed safely before becoming unstable. Most of the neutrophils undergo
apoptosis which includes signaling for macrophages to phagocyte the dying cell and its
remnants (Kumar, Abbas et al. 2014).

Usually PMNs are the first cell type at an infections site. They are attracted by chemokines
and cytokines, become activated, and release their antimicrobial arsenal. Inflammatory signals
such TNF-q, IL-1 and IL-17, or bacterial-derived lipopolysaccharides (LPS) activate endothelial
cells and prompt them to express P- and E-selectins and several other intercellular adhesion
molecules (ICAMs) (Borregaard 2010). Circulating neutrophils can recognize endothelial
selectins with L-selectin and P-selectin glycoprotein ligand-1 (PSGL-1) expressed on their
surfaces. This interaction marks the starting point of neutrophil activation, tether the neutrophils
to the vessel wall, and enable the characteristic rolling of the neutrophils along the
endothelium. The cells slow down and move along the vessel wall while transitory bonds
between selectins are formed and broken again. When PMNs reach a cell junction, B2-
intergrins on the cells surfaces are able to bind to ICAMs on endothelial cells and arrest them
(Sundd, Pospieszalska et al. 2011). They stop moving, start to spread, and mobilization of the
antimicrobial arsenal begins. This enables the PMNs to migrate through the endothelium and
leave the vessel. A chemotactic gradient leads them towards the inflammation site. Host- and
microbial-derived chemoattractants bind to neutrophil receptors and Toll-like receptors (TLRS)
can recognize pathogen-associated molecular patterns (PAMPs). A complex signaling
cascade induces full activation of the neutrophils and enables them to perform their premier
killing mechanisms of phagocytosis, degranulation, respiratory burst and the formation of
neutrophil extracellular traps (NETs) (Amulic, Cazalet et al. 2012).

Phagocytosis is the main strategy to eliminate pathogens and cell debris of our immune
system. Phagocytic cells recognize patrticles or bacteria with a variety of receptors and actively
internalize them together with a part of their cell membrane. A phagosome is formed within the
cell, merged with other granules and eliminated. Neutrophils can either recognize pathogens
directly by binding of PAMPs to pattern-recognition receptors (e.g. TLR) or mediated by
opsonins such as immunoglobulins or complement proteins (Lee, Harrison et al. 2003).
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Neutrophil granules contain plenty of antimicrobial substances and can be released as a
defense against bacteria. The granules can be divided into three main classes. Azurophilic
granules (peroxidase-positive or primary granules) contain myeloperoxidase (MPO), an
enzyme that is essential for the respiratory burst, as well as defensins, lysozyme,
bactericidal/permeability-increasing protein (PBl) and various serine proteases such as
neutrophil elastase (NE), proteinase 3 (PR3) and cathepsin G. Specific granules (secondary
granules) also contain antimicrobial substances such as NGAL, hCAP-18, lysozyme and the
glycoprotein lactoferrin. The gelatinase granules (tertiary granules) mostly contain
metalloproteases such as gelatinase and leukolysin. Activation of neutrophils leads to fusion
of granules with the cell membrane or phagosomes and discharge of the granules content into
extracellular space or phagosomes generating an antimicrobial milieu (Faurschou and
Borregaard 2003).

Simultaneously to the mobilization of granules, neutrophils can produce reactive oxygen
species (ROS) in a process called respiratory burst. It starts by assembly of the NADPH
oxidase complex on cell or phagosomal membranes. The NADPH oxidase reduces molecular
oxygen (Oy) to superoxide (O2) which starts a cascade of highly reactive ROS production.
Superoxide converts to hydrogen peroxide catalyzed by the superoxide dismutase and reacts
with nitric oxide to peroxynitrite. Hydrogen peroxide is a substrate for MPO to produce
hypochlorus acid. ROS are highly reactive molecules who modify and destroy microbial as well
as host proteins. They are very effective to kill bacteria but they also cause inevitable collateral
damage (Dahlgren and Karlsson 1999).

Additionally, to killing microbes, neutrophils communicate with most of the other types of
immune cells. Tissue macrophages can attract neutrophils to sites of inflammation by releasing
chemokines and vice versa activated neutrophils can recruit monocytes and enhance their
phagocytic activity. Neutrophils are also able to activate dendritic cells (DCs), induce their
maturation and they interact with natural killer cells (NKs) and lymphocytes (Amulic, Cazalet
et al. 2012).

Thus, Neutrophils are specialized, powerful immune cells that are essential for defense
against microbes and possess an arsenal of antimicrobial weapons.

1.4.2 Neutrophil extracellular traps

Neutrophil extracellular traps (NETS) are released by activated neutrophils if they undergo a
distinct form of cell death referred to as NETosis. NETs are large extracellular DNA networks
coated with histones and enzymes from neutrophil granules (Brinkmann, Reichard et al. 2004).

NETosis is a complicated process in which the chromatin is decondensed, the nucleus loses
its lobed shape and its internal membranes, the cell is lysed, and a DNA/protein mesh is
released into extracellular space.

Neutrophils can be stimulated to undergo NETosis by many pro-inflammatory substances,
e.g. bacterial membranes, LPS or IL-8. Also, the artificial neutrophil activator phorbol myristate
acetate (PMA) induces NETosis which is commonly used in research (Fuchs, Abed et al.
2007). After the neutrophils are activated, an extensive decondensation of chromatin is
observed. Heterochromatin is converted to euchromatin and the nucleus starts to expand
losing its characteristic lobed shape. Several mechanisms lead to DNA decondensation during
NETosis. The enzyme peptidylarginine deiminase 4 (PAD4) citrullinates a large amount of
histone H3 and H4 all over the nucleus. Positive charges are lost and therefore the bonds
between DNA and histones loosens (Wang, Li et al. 2009). Neutrophil elastase (NE) is
translocated to the nucleus and degrades histones, further releasing the DNA
(Papayannopoulos, Metzler et al. 2010). Also, ROS production seems to play a role in DNA
decondensation. NETosis is dependent on ROS produced by the NADPH oxidase complex
and downstream products of the respiratory burst such as hydrogen peroxide. The neutrophil
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activator PMA stimulates the NADPH oxidase and consistent with this, inhibition of the NADPH
oxidase prevents NET formation (Fuchs, Abed et al. 2007).

The nucleus further expands until it fills most of the intracellular space. Internal nuclear
membranes break down which is one characteristic of NETosis (Fuchs, Brill et al. 2012). The
chromatin fuses with antimicrobial granular proteins such as additional neutrophil elastase
(NE), myeloperoxidase (MPO), cathelin-related antimicrobial peptide (CRAMP) and cathepsin
G (Brinkmann, Reichard et al. 2004, Papayannopoulos, Metzler et al. 2010). As the last step
of NETosis, the neutrophils die by lysis of the cell membrane and the DNA web, mixed with
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Figure 3: Scheme of NET formation and functions. The neutrophil is activated, granular
enzymes such as NE translocate to the nucleus and the chromatin is decondensed. Internal
membranes break down and the NET is released by cytolysis. NETs trap bacteria and provides a
scaffold for platelet aggregation. Reference: Fuchs, Brill et al. (2012)

antimicrobial proteins, is released into extracellular space as a NET (Fuchs, Brill et al. 2012)
(Figure 3).

NETosis differs clearly from apoptosis and necrosis and represents a third form of cell
death. Apoptosis is characterized by induction of caspases and, in contrast to NETosis,
chromatin is condensed and fragmented. During necrosis, the nucleus loses its structure and
becomes a homogeneous mass, integrity of the cell membrane is lost, and proteins are
released uncontrolled into extracellular space while NETs are never observed. Inconsistent to
NETosis, in both apoptosis and necrosis the nuclear envelope remains intact until the cell is
dead (Fuchs, Abed et al. 2007). Thus, NETosis is a distinct form of cell death that neutrophils
use as a weapon against microbes.

NETSs are able to efficiently trap bacteria, gram-positive species like Staphylococcus aureus
as well as gram-negative like Salmonella typhimurium and kill them with the associated
antimicrobial proteins. They help in preventing the spreading of an infection and also in
eliminating the bacteria (Brinkmann, Reichard et al. 2004). NETs also have procoagulant
properties. The large DNA network provides a scaffold for RBCs and platelets and supports
their aggregation. Some of the histones associated with NETs can directly activate platelets.
The DNA strands give a developing thrombus more stability as they form fibrillic structures
similar to fibrin (Fuchs, Brill et al. 2012). Furthermore, NETs are large negatively charged
structures that are likely to activate coagulation FXII as it has been shown for other nucleic
acids and in vitro. This way NETs would directly promote the coagulation cascade leading to
fibrin generation and not only adherence of the cellular thrombus components (Martinod and
Wagner 2014). NETs are present in human and experimental murine DVT and they have a
large impact in certain thrombotic diseases. PAD4"- mice which are unable to perform NETosis
are protected from experimental thrombosis in the inferior vena cava (Martinod, Demers et al.
2013) and a deficient NET-degradation is found in patients with acute thrombotic
microangiopathy (Jimenez-Alcazar, Napirei et al. 2015).
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1.5 Histological techniques

1.5.1 Cryosections vs. paraffin embedding

An important advantage of cryosectioning is an excellent preservation of antigens. The unfixed
tissue is rapidly frozen conserving proteins in a near-native state (Bratthauer 2010). Detection
of sensitive antigens is possible, and a wide range of antibodies can be used in
immunostainings. Cryosectioning is also a fast and simple method to prepare tissue sections
as it only requires a few materials and no time for tissue preparation e.g. fixation and
dehydration, is needed. It is possible to acquire sections within minutes after collecting tissue
samples making it a valuable technique not only for laboratories but also for fast intraoperative
cancer diagnostics (Esbona, Li et al. 2012), (Bertz, Schmitz-Drager et al. 2012). A major
disadvantage of cryosectioning is the fragility of cryoblocks. The original morphology can be
lost due to cutting artifacts such as large gaps and cracks and the section thickness is limited
to approximately 5 um, depending on the tissue. Thinner sections tend to tear apart entirely
and cannot be wused but thicker sections give more background staining in
immunofluorescence. Weaker specific signals of immunolabeled antigens can be masked
entirely. Paraffin wax is harder and less brittle then Tissue-Tek® O.C.T.™ Compound used for
cryoembedding and thinner sections can be achieved.

As a great advantage over cryosectioning, paraffin gives the tissue stability and support
during sectioning and the tissue integrity is preserved a lot better. Especially with fragile tissue
paraffin embedding produces fewer sectioning artifacts. A disadvantage of paraffin sectioning
it the extensive tissue processing. Prior to embedding the organs are harshly fixed, dehydrated,
and heated and the paraffin needs to be washed off from the sections before staining. Antigens
might be lost or become undetectable by antibodies. Heat-mediated antigen retrieval is a
valuable technique to partially counteract this problem (Shi, Taylor et al. 2013).

1.6 Project aims

Despite being dispensable for hemostasis, FXIl is required for fibrin formation during
thrombosis. However, the complex mechanisms of thrombus formation including FXII
activation in vivo are not fully understood. | aimed to characterize the activation of the protease
FXIl in histological sections of murine deep vein thrombi using immunohistochemistry. A
deeper understanding of the in vivo activation of FXII and its role in thrombus formation is
important for a comprehensive knowledge of coagulation and could lead to new safer
treatments and prevention strategies for thromboembolic and potentially inflammatory
diseases.

Aim 1: To characterize the formation, reorganization, and resolution of murine deep vein
thrombi using by paraffin sections stained with standard histological methods such as
hematoxylin and eosin stain (H&E).

Aim 2: To characterize the timely and spatially distribution of potential sources of FXII
activators, namely neutrophils, NETs, and platelets, using immunofluorescence techniques
within thrombi.

Aim 3: To establish a specific method for the detection of FXII in murine tissue using

immunofluorescence. The method should enable to detect the colocalization of FXII and its
potential activators within murine deep vein thrombi.
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2 MATERIALS AND METHODS

2.1 Murine DVT model

All experiments with living animals were performed by Miguel Jiménez-Alcazar, Laboratory of
Molecular Inflammation, Institute of Clinical Chemistry and Laboratory Medicine, University
Medical Center Hamburg-Eppendorf. The tissue samples collected in his experiments were
further used in this project.

In brief, 10-12 weeks old male wild type and genetically altered mice with a deletion of the
F12 or the PAD4 gene (Pauer, Renne et al. 2004, Li, Li et al. 2010) with the C57BL/6J
background were used in the experiments. Mice were subjected to anesthesia by isoflurane
inhalation. After the plantar reflex could no longer be provoked, a laparotomy was performed
by a midline incision following the Linea alba. The abdominal organs were exteriorized to
acquire excess to the inferior vena cava (IVC). All visible branches of the IVC were bound with
Prolene 6-0 (Ethicon, Scotland) thread. The aorta and the IVC were separated and the IVC
was ligated right below the left renal vein with Prolene 6-0 thread. Next, the organs were
arranged back into the abdominal cavity, the peritoneum and skin were sutured with Vicryl 6-
0 and silk 6-0 (Ethicon, Scotland) thread, respectively. At the indicated time points of 6 hours,
2 days, 7 days, and 21 days after IVC ligation animals were again subjected to anesthesia by
isoflurane inhalation and blood was obtained through retro-orbital bleeding. To collect the
DVTs from below the IVC ligation the mice were sacrificed by cervical dislocation, then
perfused with PBS and PFA and the DVTs were extracted along with surrounding vessel wall.
The DVTs were placed in 4% neutral buffered PFA for 24 hours at 4°C for paraffin embedding
or directly snap frozen for cryosectioning.

2.2 Tissue sectioning

Paraffin sectioning for this project was done by the Mouse Pathology Core Facility, University
Medical Center Hamburg-Eppendorf. Briefly, fresh tissue was fixed in 2% PFA overnight,
dehydrated through an alcohol series, washed in Xylene, infiltrated with molten paraffin and
finally embedded in molten paraffin. Sections were cut with a standard microtome at 3 pm
thickness.

For cryosectioning, fresh DVTs were washed 3 x 5 min in PBS and directly snap frozen in
Tissue-Tek® O.C.T.™ Compound (Sakura) on a -60°C cooling plate. Sections were cut with a
CryoStar™ NX70 Cryostat (Thermo-Scientific) according to the manufacturers manual at 5 um
thickness.

To encounter the difficulties of sectioning fresh frozen DVT, which are very fragile and brittle,
a protocol to cryoprotect tissue and increase its stability was introduced later on in this project.
It has been shown that submerging tissue samples in 30% sucrose solution in PBS prior to
freezing can increase the quality of tissue sections in murine brain (Currle and Monuki 2007).
For cryosectioning with sucrose treatment, fresh DVTs were fixed in 4% neutral buffered PFA
for 1h and washed 3 x 5 min in PBS with rocking. The tissue was submerged to 30% (w/v)
sucrose in PBS solution and incubated overnight at 4°C. First, the tissue floats on the surface
but after a couple of hours’ incubation time depending on the sample size, it sinks to the bottom.
The DVTs were snap frozen in Tissue-Tek® O.C.T.™ Compound (Sakura) in an isopentane
bath on dry ice (approx. -80%C). Cryoblocks were equilibrated to -20°C for 30 min and
sectioned with a CryoStar™ NX70 Cryostat at 5 ym thickness.

For both sucrose treated and non-sucrose treated sections, the specimen was collected on
slides (SuperFrost/Plus Objektrager, No. 2409/1, In vitro diagnostic, Glaswarenfabrik Karl
Hecht KG) and dried 30 min at room temperature. Finished slides were stored at -20°C.
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Subsequently, slides were thawed to room temperature in a sealed plastic bag for 30 min and
stained.

2.3 Histological staining techniques

For Hematoxylin and Eosion staining, paraffin slides were deparaffinized in Xylene
(Chemsolute® 12419, Th. Geyer) for one hour and rehydrated through a decreasing alcohol
series (2 x 100% ethanol, 95% ethanol, 80% ethanol, 70% ethanol, 50% ethanol, 30% ethanol,
and 2 x aqua dest. For 5 min each). Slides were stained in Hematoxylin solution modified acc.
to Gill Il (Merck Millipore 105174) for 45 secs, rinsed in aqua dest. and differentiated with 0.3%
acid alcohol (hydrochloric acid 0,3% in 70% ethanol) for 30 sec. The counterstain was done in
Eosin Y (Sigma-Aldrich E5388) 0,25% working solution 30 sec. Slides were dehydrated
through an increasing alcohol series (80% ethanol, 96% ethanol, 3 x 100% ethanol for 15 sec
each), washed in Neo-Clear® (Merck Millipore 109843) for 15 sec and mounted with Neo-
Mount® (Merck Millipore 109016).

For Picrosirius Red staining, slides were deparaffinized in Xylene for one hour, rehydrated
through a decreasing alcohol series (2 x 100% ethanol, 95% ethanol, 80% ethanol, 70%
ethanol, 50% ethanol, 30% ethanol, and 2 x aqua dest. For 5 min each), stained in Picrosirius
Red solution (0.5 g Direct Red 80, Sigma-Aldrich 365548, in 500 ml of saturated agueous
solution of picric acid) for one hour and washed 2 x 5 min in 0.1% acetic acid. Slides were
rinsed with aqua dest. and counterstained with Hematoxylin solution modified acc. to Gill 11l for
45 secs. Slides were rinsed in auga dest., dehydrated through an increasing alcohol series
(80% ethanol, 96% ethanol, 3 x 100% ethanol for 15 sec each), washed in Neo-Clear® (Merck
Millipore 109843) for 15 sec and mounted with Neo-Mount® (Merck Millipore 109016).

In H&E, nuclei show a basophilic staining in blue while most of the cytoplasmic components
and fibrin are stained in acidophilic pink. RBCs are stained bright red. Alike H&E, nuclei are
stained in blue with hematoxylin in the Picrosirius Red stain, while maost of the other intracellular
and extracellular components are stained in soft red or brown. Collagen shows a specific
intensive dark red staining.

2.4 Immunofluorescence

2.4.1 Standard protocol for immunofluorescence

For cryosections, slides were thawed to room temperature for 30 min and fixed in 2% neutral
buffered PFA for 10 min. Paraffin sections were deparaffinized in Xylene for 1 hour at room
temperature and rehydrated through a decreasing alcohol series (2 x 100% ethanol, 95%
ethanol, 80% ethanol, 70% ethanol, 50% ethanol, 30% ethanol, and 2 x aqua dest. For 5 min
each).

A heat mediated antigen retrieval was performed for most stainings on paraffin sections,
e.g. rabbit anti H3cit (abcam ab5103), mouse anti sSDNA (in house), rabbit anti FXlla (Sigma-
Aldrich SAB4500831). For the sodium citrate antigen retrieval buffer, stock solution A was
prepared with 21,01 g citric acid and 1l aqua dest., stock solution B with 29,41 g sodium citrate
and 1l aqua dest. The working solution of the buffer was prepared fresh each time with 4,5 ml
stock solution A, 20,5 ml stock solution B and 250 ml aqua dest. Slides were placed in a cuvette
filled with the working solution of the buffer which was placed in a jar filled with water. Slides
were boiled for 8 min in a microwave and allowed to sit in the hot buffer for additional 15 min.
Slides were washed 3 x 5 min in PBS.

Sections with and without antigen retrieval were circled with a delimiting pen (Dako Pen, Dako
S200230-2). A blocking step to block unspecific protein binding was performed with either with
2% BSA (Sigma-Aldrich A3059) or ~1% gelatin from cold water fish skin (Sigma-Aldrich
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G7765) in PBS + 0.1% Triton for 45 min at room temperature. Slides were washed 3 x 5 min
in PBS.

Primary antibody was diluted according to the product information or at a dilution of 1:10 to
1:200 depending on the staining results in PBS + 0.05% Tween20 (PBST) and incubated
overnight at 4°C. Slides were washed 3 x 5 min in PBST.

For a double immunofluorescent staining with primary antibodies raised in different host
species (e.g. one mouse and one rabbit antibody), both antibodies were incubated
simultaneously. Slides were washed 3 x 5 min in PBST.

A fluorophore labeled secondary antibody (Molecular Probes, Alexa Fluor® 488, 546 or 555
conjugated) specific for the fc-fragment of the primary antibody was diluted 1:500 in PBST and
incubated one hour at room temperature. Slides were washed 3 x 5 min in PBST.

Nuclei were stained with DAPI (Invitrogen™ D1306) diluted 1:5000 in PBS for 2 min. Slides
were washed 3 x 5 min in PBST and 1 x 5 min with aqua dest. and mounted with Vectashield®
mounting medium (Vector Laboratories H-1400).

Detailed protocols, a complete list of all antibodies used and images of all performed
immunostainings are included in the supplemental material.

2.4.2 Blocking buffers

Efficient blocking reduces unspecific antibody binding and improves the contrast of a specific
immunostaining to the background. Three different blocking buffers were tested with PBS as
a control. Cryosections were thawed to room temperature and fixed with 2% PFA for 10 min.
Blocking buffers were added - Buffer A: 2% BSA in PBS + 0.1% Triton, Buffer B ~1% gelatin
from cold water fish skin in PBS + 0.1% Triton, Buffer C 5% goat serum + 1% BSA in PBS +
0.1% Triton. Secondary antibody goat anti rabbit IgG Alexa Fluor® 546 conjugate (Molecular
Probes A-11010) was incubated 1h at room temperature. Nuclei were stained with DAPI
(Invitrogen™ D1306) diluted 1:5000 in PBS for 2 min. and slides were mounted with
Vectashield® mounting medium (Vector Laboratories H-1400). No primary antibody was
added as this experiment was done to evaluate background fluorescence depending on the
blocking buffer.

2.4.3 Reducing autofluorescence

All tissue autofluorescence to a certain extend which can reduce the staining quality
significantly. To test the effect of the lysochrome dye Sudan Black B as a background reducing
agent, a normal immunofluorescent staining on paraffin sections with a primary antibody
mouse anti ssDNA (in house, 2 pug/ml) and a secondary antibody goat anti mouse IgG Alexa
Fluor® 488 conjugate (Molecular Probes, 10 pg/ml) was performed as described above. Prior
to mounting, the slides were treated with a 0.1% Sudan Black B (Sigma-Aldrich 199664)
solution in 70 % ethanol for 20 min.

2.4.4 Double indirect immunostaining with species equivalent antibodies

A lot of antibodies targeting FXII or potential FXII activators were raised in rabbits. A protocol
for a double indirect immunostaining with species equivalent primary antibodies by Tornehave
et al. (Tornehave, Hougaard et al. 2000) was tested and used for this project.

The first steps of the double staining followed the standard protocol for immunofluorescence
as described above. Paraffin slides were deparaffinized in Xylene, rehydrated through an
alcohol series and a heat mediated antigen retrieval in sodium citrate buffer was done in a
microwave for 8 min. Sections were blocked with BSA or gelatin from cold water fish skin
blocking buffer. The first primary antibody, e.g. rabbit anti VWF (Dako A0082, 2 ug/ml), was
incubated over night at 4°C. The first secondary antibody goat anti rabbit IgG Alexa Fluor®
546 conjugate (10 pg/ml) was incubated 1h at room temperature.
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To block binding of the second secondary antibody to the first primary antibody the slides
were boiled in a microwave in sodium citrate buffer for 5 min as described for the antigen
retrieval in the standard protocol.

The second immunostaining followed. The second primary antibody, e.g. rabbit anti Histone
H3 (Abcam ab1794, 2 pg/ml), was incubated 1h at room temperature and subsequently the
second secondary antibody goat anti rabbit IgG Alexa Fluor® 488 conjugate (10 pg/ml) was
incubated 1h at room temperature. Nuclei were stained with DAPI (Invitrogen™ D1306) diluted
1:5000 in PBS for 2 min. Slides were washed 3 x 5 min in PBST and 1 x 5 min with aqua dest.
and mounted with Vectashield® mounting medium (Vector Laboratories H-1400).

2.5 Primary antibodies included in this project

Target Concentration Marker for Manufacturer
(Product Number)
Lymphocyte antigen 6 | 2 ug/ml Neutrophils Bio X Cell
complex locus G6D (BEOO75-1)
(Ly6G)
Myeloperoxidase 2 pg/ml Neutrophils Dako
(MPO) (A0398)
Neutrophil elastase 1 pg/mi Neutrophils abcam
(NE) (ab68672)
cathelin-related 1 pg/mi NETs Innovagen
antimicrobial peptide (PA-CRPL-100)
(CRAMP)
Citrullinated histone 3 2 pg/ml NETs abcam
(H3cit) (ab5103)
Histone 3 (H3) 2 ug/ml NETs/Histones/DNA | abcam
(ab1791)
Histone complex 2ab 2 pg/ml Histones/DNA abcam
(ab5103)
Single stranded DNA 2 pg/ml DNA Sigma-Aldrich
(ssDNA) (MAB3034)
Von Willebrand Factor | 2 pg/mi VWF/Platelets Dako
(VWF) (A0082)
Cluster of 2 ug/ml Platelets Biozol
differentiation 41 (BLD-133901)
(CD41)
Fibrinogen 2 ug/ml Fibrinogen Bio-Rad
(BSG-4440-8004)
Thrombin 2 pg/ml Thrombins Santa Cruz
Biotechnology
(sc-16972)
Macrophage receptor 2 pg/ml Macrophages Bio-Rad
F4/80 (F4/80) (MCA497RT)
Active caspase-3 5 pg/ml Caspase 3 BD Biosciences
(Casp3) (C92-605)
FXlla 5 pg/ml FXlla (Larsson, Rayzman et
al. 2014) 3F7
FXlla 2 pg/ml FXlla Sigma-Aldrich
(SAB4500831)
FXII/FXlla 2 pg/ml FXI/FXlla Sigma-Aldrich
(HPA003825)
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FXII Dilution 1:500, FXII (Saito, Ishihara et al.
1:100 1985) P5-2-1
FXlla 2 pg/ml FXlla Excell Biotech Ltd.
(FX1199-4)
FXII/FXlla 2 ug/ml FXII/FXlla Reference: Ravon
D.M. et al.
(F1)
FXII/FXIla Dilution 1:100 FXI/FXIla Nordic-MUbio
(GAHU/EXIIN)
FXII Dilution 1:500, FXII (Schwieder 2004)
1:100 AB1-435
FXII/FXlla 2 ug/ml FXII/FXlla Affinity Biologicals
(GAFXII-AP)

Table 2: Antibodies used in immunostainings. The Table shows all antibodies that were
included in this project as primary antibodies for immunostainings. In the first row the targeted protein
is named and in the third row the cell type or structure is it commonly found on.

2.6 Western blot

Western blots with murine wild type and FXII”- plasma as well as healthy and FXII-deficient
human plasma were performed with nine different antibodies targeting FXII. Purified FXII
(haematologic technologies inc., human coagulation factor xii, HCXII-0155) was used as a
control. Citrated mouse plasma was collected from the retro-orbital sinus, healthy human
plasma was obtained from volunteer donors by the Institute of Transfusion Medicine, University
Medical Center Hamburg-Eppendorf, FXII deficient plasma was from George King Bio-Medical
(Product-No. 1200). Samples were diluted in Laemmli sample buffer (Bio-Rad 1610737), for
reducing conditions B-mercaptoethanol (Carl-Roth 4227) was added. Samples were denatured
at 95°C for 5 min in a Thermomixer® comfort (Eppendorf AG, Germany). 12% sodium dodecyl
sulfate polyacrylamide gel (SDS-PAGE, SDS Sigma-Aldrich 71729, TEMED BioRad 161-0800,
APS Serva Electrophoresis GmbH 13375) were precast. Samples were loaded and the gels
were placed in an XCell SureLock® running chamber (Thermo Fisher Scientific) connected to
a PowerEase® 500 power supply (Thermo Fisher Scientific). The chamber was filled with
running buffer and the gels were run at 200V for one hour.

Next, the gels were placed inside a transfer cassette (Hoefer TE24) with a nitrocellulose
membrane (BioRad 1620175) and fixed in a transfer chamber (Hoefer TE22). The chamber
was filled with transfer buffer and proteins were transferred onto the membrane at 150 V for 2
hours. After transfer was complete, membranes were blocked with 0.5% fat-free milk powder
in tris-buffered saline + 0.05% Tween20 for 1 hour at RT. Available antibodies targeting FXII
were diluted according to the product information or a standard dilution of 1:1000 in 0.5% milk
powder and incubated with the membranes for 1h at room temperature. Appropriate
horseradish peroxidase conjugated secondary antibody (Invitrogen) was diluted 1:10.000 in
0.5% milk powder and incubated 1 hour at RT. Washing steps in between were done with 1x
TBST. Blots were incubated with ECL™ Western Blotting Detection Kit (GE Healthcare) for 1
min at RT and exposed to ECL™ Hyperfilms™ (GE Healthcare). Films were developed with a
Curix 60 (AGFA HealthCare).
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2.7 Analyzing and quantifying images

Stainings were imaged with the ApoTome widefield imaging system from Carl Zeiss AG. The
Zeiss software AxioVision Rel. 4.8 was used to acquire mosaic pictures and for pictures editing.
For immunofluorescent stainings the background was set to black based on the isotype control
and the contrast was enhanced orientated on the histogram of the grayscale image. Pictures
were exported to .jpeg format and quantified with ImageJ 1.48v (Wayne Rasband, National
Institutes of Health, USA). The thrombus was manually selected using the polygon selection
tool and the area was determined with the measure area function. To quantify fluorescent
stained area a threshold was set in grayscale images and covered areas were measured. A
colored threshold in RGB images was used for H&E and Sirius Red stainings. Cells were
automatically counted by selecting them with a threshold in a grayscale image and using the
particle count function. Particles smaller than 50um? where excluded. Manual cell counts were
performed with the ImageJ cell counter plugin (Kurt De Vos, University of Sheffield, Academic
Neurology, version 2010/12/07).

Statistical analyzes were performed with GraphPad Prism 5 (GraphPad Software, Inc.). t-
test was used to compare two data sets to each other and one-way ANOVA to compare three
or more data sets such as image quantifications of the four different time points of the DVT
model.
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3 RESULTS

3.1 Optimization of immunofluorescence techniques

3.1.1 Tissue sectioning method

For this project, paraffin- and cryoembedding was used to prepare tissue sections. DVTs are
especially fragile and clotted blood is so brittle that a consistent quality of cryosections could
not be achieved with a standard embedding protocol for the CryoStar™ NX70 Cryostat. The
guality of paraffin sections was clearly superior over cryosections (Figure 4).

A B 1000 pm

i

il ‘ ARk § b N
Figure 4: Paraffin-embeddings preserves the tissue morphology. A) Paraffin section,
murine DVT 2 days after IVC ligation. B) Cryosection, murine DVT 7 days after IVC ligation.
Hematoxylin-Eosin staining reveals larger gaps and cracks (blue arrows) in the cryosectioned tissue
in comparison to paraffin-embedded tissue. Black arrows indicate the position of the ligation; red arrow
indicates the flow direction of blood in the vessel.

3.1.2 Cryoprotecting tissue

Antigen preservation in cryosections is usually superior to paraffin sections in
immunostainings, as it enables a wider range of antibodies binding to their targets. To enable
a wider range of antibodies for immunostainings, a method to enhance the quality of
cryosections was tested.

Fresh DVT were submerged to 30% (w/v) sucrose in PBS solution and incubated overnight
at 4°C prior to freezing and sectioning. Ice crystal forming in a high percentage sucrose solution
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are a lot smaller than in pure water, which makes the tissue less brittle. The quality of DVT
sections with sucrose treatment is clearly superior over normal cryosections. There were
visibly less cutting artifacts like gaps and cracks, the tissue didn’t tear apart during sectioning
and the overall integrity was preserved well. A stable quality of tissue sections could be
achieved. In comparison to paraffin sections, the tissue tended to fold on the edges of the
thrombus during sectioning. A DAPI staining of sucrose treated murine liver visualizes the
better preservations of cells. In normal cryosections of the liver, most of the hepatocyte nuclei
break and lose their characteristic round shape. In paraffin sections, they stay intact. With
sucrose treatment, most of the nuclei remained stable and the overall morphology was
comparable to paraffin (Figure 5).

A) Paraffin B) With sucrose C) Without sucrose

1000 pm

Figure 5: Cryoprotecting tissue with sucrose solution. Submerging tissue samples in 30%
sucrose solution overnight enhances tissue stability during snap freezing and cryosectioning. A-C)
H&E staining. A) Paraffin section, murine DVT 2 days after IVC ligation. B) Cryosection with sucrose
treatment, murine DVT 2 days after IVC ligation. C) Cryosection without sucrose treatment, murine
DVT 7 days after IVC ligation. D-F) Healthy murine liver stained with DAPI. D) Paraffin section. Most
of the nuclei are intact. E) Cryosection with sucrose treatment. F) Cryosection without sucrose
treatment. A lot of nuclei are deformed and lost their characteristic round shape.
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3.1.3 Blocking buffers

Unspecific antibody binding and background staining are general issues in
immunofluorescence, which can be reduces by the use of blocking buffers. Three different
blocking buffers were tested containing BSA, gelatin from water fish skin or goat serum.

BSA and gelatin from cold water fish skin produced approx. the same amount of background
fluorescence (mean brightness value 40,50 and 50,32) while goat serum blocking buffer was
a lot brighter (mean brightness value 95,89, Figure 6). Both BSA and gelatin from cold water
fish skin were used as blocking reagents for immunostainings. Especially all antibodies
targeting FXII were tested with gelatin from cold water fish skin as BSA has a chance to contain
bovine FXII. Gelatin from cold water fish skin does not consist of any mammalian proteins
reducing the risk of unwanted cross-reactions.

A) No buffer B) BSA C) Fish gelatin D) goat serum

Al)

A2)

A3)

A4)

Mean: 35,48 Mean: 40,50 Mean: 50,32 Mean: 95,89
H)

Figure 6: Unspecific antibody binding with different blocking buffers. Healthy murine
liver (n = 4 animals), cryosections. Slides were incubated with blocking buffer for 30 min at RT, then
secondary antibody goat anti-rabbit IgG Alexa Fluor® 546 conjugate was added and incubated for
1h at RT. A) PBS + 0.1 Triton. B) 2% BSA in PBS + 0.1 Triton. C) ~1% gelatin from cold water fish
skin in PBS + 0.1 Triton. D) 5% goat serum + 1% BSA in PBS + 0.1 Triton. A1-4) Animal 1 to 4. H)
Histograms of the red RGB channel of the combined images of all four animals with mean brightness
values for each blocking buffer. Serum blocking buffer produces more unspecific staining than BSA
or gelatin from cold water fish skin.
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3.1.4 Reducing autofluorescence

Besides background staining, autofluorescence of tissue samples can cause background
fluorescence in immunostainings. The contrast to specific signals is reduced and faint signals
can be masked entirely. The lysochrome dye Sudan Black B binds unspecific to lipids and
lipoproteins and is used to visualize lipids. It is non-fluorescent and it has been shown that it
can reduce autofluorescence (Schnell, Staines et al. 1999).

An immunostaining with the antibody mouse anti sSsSDNA (Sigma-Aldrich MAP3034, 2 ug/ml)
and a secondary antibody goat anti mouse IgG Alexa Fluor® 488 conjugate (Molecular Probes,
10 pg/ml) was performed on murine liver sections with treatment of 0.1% Sudan Black B
(Sigma-Aldrich 199664) solution in 70 % ethanol for 20 min. prior to mounting. Liver is known
to show a strong autofluorescence. Background fluorescence was clearly decreased while the
specific immunostaining was unaffected (Figure 7). Subsequently, Sudan Black B was used in
all immunostainings.

A) Without Sudan Black B B) With Sudan Black B

Figure 7: The lysochrome dye Sudan Black B reduces autofluorescence of liver.
Immunostaining with an antibody against ssDNA on murine wild type liver. A) Without Sudan Black B
treatment. B) With 0.1% Sudan Black B treatment. Slides were incubated with Sudan Black B after the
normal immunostaining procedure. While the ssDNA staining is still bright, autofluorescence of
hepatocytes is highly reduced.

3.1.5 Double indirect immunostaining with species equivalent antibodies

A double indirect immunofluorescent staining with the primary antibodies rabbit anti VWF (Dako
A0082, 2 ug/ml) and rabbit anti Histone H3 (Abcam ab1794, 2 ug/ml) was done as described
in methods to test the protocol for double stainings with species equivalent antibodies. The two
antibodies rabbit anti vWF and rabbit anti Histone H3 show clearly different staining patterns.
Performing the double staining with microwaving the slides in sodium citrate buffer to block
binding of the second secondary antibody to the first primary antibody in between the two
stainings gave two distinguishable signals. They matched with the signals observed in single
stainings that were done simultaneously as a control. The microwave treatment successfully
blocked free binding sites of the first primary antibody without eluting the antigen-antibody
complex (Figure 8).
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A) Double staining B) Single staining C) Single staining H3
vWF and H3 vWF

Merge:
DNA
Platelets
H3

Platelets

H3

Figure 8: Double indirect immunofluorescent staining with two primary antibodies
raised in rabbits. In this sequential staining approach microwave treatment after the first primary
and first secondary antibody blocked free binding sites of the first primary antibody, allowing the
second staining with an antibody raised in rabbit, but didn't elute the antigen-antibody-complex of the
first staining. Paraffin sections of a Murine DVT 2 days after IVC ligation, wild type. A) Double staining
with two polyclonal rabbit antibodies, anti-Von Willebrand factor (VWF) and anti-Histone H3. B) Single
staining rabbit anti-vWF. C) Single staining rabbit anti-H3.

3.2 Immunofluorescence for FXIl and its activators

3.2.1 Visualizing activators of FXII

To visualize FXII activation in vivo, immunostainings for NETs and platelets as its potential
activators were established. This project aimed to characterize NETs and platelets in the DVT
time course and establish a double staining with FXII as the next step.

NETSs stimulate fibrin formation (Fuchs, Brill et al. 2012) and their properties make them a
likely candidate for activating FXII in vivo. The large DNA fibers provide a negatively charged
surface for assembly of the contact system and NETs are abundant in thrombosis. A specific
marker for NETotic neutrophils and NETSs is citrullinated Histone H3 (H3cit). To visualize NETSs,
immunostainings with the antibody rabbit anti H3cit (Abcam ab5103, 2 ug/ml) were performed
according to the standard protocol described in methods with the secondary antibody goat anti
rabbit IgG Alexa Fluor® 546 conjugate (Molecular Probes). As a control, the staining was done
with protein arginine deiminase 4 (PAD4) gene deficient animals where no signal could be
detected. PAD4 is an enzyme that citrullinates histones, which is an essential step in NETosis
(Figure 9).
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Figure 9: Visualizing NETs in thrombus. The antibody rabbit anti H3cit (Abcam ab5103, 2
Mg/ml) shows a clear staining signal in an immunostaining. Tissue: murine DVT 2 days after IVC
ligation, paraffin sections. A) Staining for H3cit on wild type. B) Isotype control. C) Staining for H3cit
on PAD4-,

A)

20 pm

Figure 10: Visualizing platelets. The antibody rabbit anti VWF (Dako A0082, 2 ug/ml) is suitable
for immunostainings for platelets. Tissue: murine DVT 2 days after IVC ligation, paraffin sections., wild
type. A) Staining for vVWF. B) Isotype control.

Platelets contain various procoagulant substances in their granules. Recently, it has been
shown that PolyP from dense granules can activate FXII in vivo (Muller, Mutch et al. 2009) and
therefore provide a link between primary and secondary hemostasis. Platelets, a prime source
of PolyP during thrombosis, can be visualized in immunofluorescence. In this project, the
antibody rabbit anti VWF (Dako A0082, 2 ug/ml) was used according to the protocol described
in methods with goat anti rabbit IgG Alexa Fluor® 546 conjugate (Molecular Probes) as a
secondary antibody (Figure 10). Platelets contain VWF in their granules and in a DVT setting
VWEF binds to its receptors on platelet surfaces and is highly associated with them (Bryckaert,
Rosa et al. 2015). Therefore, vVWF can be used as a marker for platelets in DVT.

Additional immunostainings for targets associated with DVT and inflammation were
established, e.g. for neutrophils. The cells can be identified in a simple H&E staining due to
their characteristic nucleus und neutrophilic cytoplasm, but it can be difficult to visualize them
in immunofluorescence. Staining methods using antibodies are more specific and especially
immunofluorescence is valuable to display multiple antigens simultaneously. Several
antibodies were used in this project to visualize neutrophils. The antibodies rat anti Ly6G (Bio
X Cell, BEOQ75-1) and rat anti Ly6G/Ly6C (BioLegend, 108401) both target a neutrophil
surface protein. Further, rabbit anti MPO (Dako A0398) and rabbit anti NE (Abcam ab68672)
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target granular proteases which are also associated with NETs. Besides H3cit, cathelicidin-
related antimicrobial peptide (CRAMP) stained with rabbit anti CRAMP (Innovagen PA-CRPL-
100) is a specific marker for NETs. Histones where visualized with the antibodies rabbit anti
H3 (histone H3, Abcam ab1791) and mouse anti 2ab (histone complex H2A/H2B, (ab5103,
Abcam). Extracellular DNA colocalized with MPO or NE is a strong indicator for NETs. DNA,
in addition to DAPI, was visualized with the antibody mouse anti SSDNA (single stranded DNA,
Sigma-Aldrich MAP3034). After a heat mediated antigen retrieval most of the DNA in the
specimen is single stranded and therefore this antibody stained DNA ubiquitously.

Besides VWF, platelets where visualized with the antibody rat anti CD41 (Biozol BLD-
133901). This staining only worked on cryosections where it showed a signal conformable to
the VWF staining. The antibody sheep anti fibrinogen (Bio-Rad BSG-4440-8004) stained both
fibrinogen and fibrin and the antibody goat anti thrombin (Santa Cruz Biotechnology sc-16972)
prothrombin and thrombin. Macrophages infiltrate thrombus in a later state of a DVT than
neutrophils. They were visualized with the antibody rat anti F4/80 (Bio-Rad MCA489RT)
targeting a macrophage surface protein.

A complete list and images of all performed immunostainings is included in supplemental
material.

3.2.2 Visualizing FXII

Antibodies targeting FXII/FXlla tested in immunostainings
Target Host | Concentration/ | Manufacturer Staining signal | Staining
Dilution (Product Paraffinsection | signal

Number) Cryosection

FXlla Human 1:500 (Larsson, - -
Rayzman et al.
2014) (3F7)

FXlla Rabbit 2 pg/ml Sigma-Aldrich Yes yes
(SAB4500831)

FXII/FXlla | Rabbit 2 ug/ml Sigma-Aldrich - yes
(HPA00835)

FXI Mouse 2 pg/ml (Saito, Ishihara - -
et al. 1985) (P5-
2-1)

FXlla Sheep 2 pg/ml Excell Biotech - -
Ltd. (FXI199-4)

FXII/FXlla | Mouse 2 ug/ml Ravon D.M. et - -
al. (F1)

FXIl/FXlla | Goat 2 pg/ml Nordic-Mubio - -
(GAHU/EXII)

FXII Rabbit 1:500 (Schwieder - Yes
2004) (AB1-435)

FXIl/FXIla | Goat 2 pg/ml Affinity - -
Biologicals
(GAFXII-AP)

Table 3: Staining FXIl. Nine different antibodies targeting FXII/FXlla were tested in
immunostainings of murine wild type DVT. The antibody rabbit anti FXlla (Sigma-Aldrich SAB4500831)
produces a signal in immunostainings on paraffin sections. On cryosections, the three antibodies rabbit
anti FXlla (Sigma-Aldrich SAB4500831), rabbit anti FXII (Sigma-Aldrich HPA003825), and mouse anti
murine FXII (Schwieder 2004), AB1-435) produced staining signals.
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Nine different antibodies targeting FXIlI were tested in immunostainings on paraffin sections
and cryosections of murine DVT 2 days after IVC ligation according to the protocols described
in methods (Table 3).

On paraffin sections, the antibody rabbit anti FXlla (Sigma SAB4500831) produced a
staining signal while the isotype control was negative. The staining was performed with the
standard protocol described in methods with a concentration of 2 pg/ml for the primary antibody
and with goat anti rabbit IgG Alexa Fluor® 546, 532, or 488 conjugates (Molecular Probes, 10
pg/ml) as secondary antibodies. The signal was bright with a high contrast to the background,
it had a clearly distinguishable pattern of large dots associated with nuclei stained with DAPI
and it was reproducible (Figure 11, n = 13 experiments).

On cryosections, three antibodies produced a staining signal that did not appear in the
isotype control: rabbit anti FXIla (Sigma-Aldrich SAB4500831), rabbit anti FXII (Sigma-Aldrich
HPA003825), and mouse anti murine FXII ((Schwieder 2004), AB1-435). The staining with the
antibody rabbit anti FXlla (Sigma-Aldrich SAB4500831) had the same pattern as on paraffin
sections and it was bright with a strong contrast to the background. Stainings with the
antibodies rabbit anti FXIl (Sigma-Aldrich HPA003825) and mouse anti murine FXII
((Schwieder 2004), AB1-435) appeared remarkably similar, but both antibodies produced more
background staining. The signal was localized around leucocytes within the thrombus and had
a dotted pattern (Figure 11).

)

B) Figure 11: Staining for
FXII/FXIla.

Tissue: murine DVT 2 days after [VC
ligation, WT.

A, B) Staining FXlla on paraffin
sections with the antibody rabbit anti
FXlla (Sigma-Aldrich SAB4500831).
C, D) Staining FXIla on cryosections
with the antibody rabbit anti FXlla
(Sigma-Aldrich SAB4500831).

E, F) Staining FXII on cryosections
with the antibody rabbit anti FXII
(Sigma-Aldrich HPA003825).

G, H) Staining FXII on cryosections
with the antibody mouse anti murine
FXII ((Schwieder 2004), AB1-435).
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3.3 Thrombus characterization

Paraffin sections of DVTs from the different time points of the DVT time course model were
used to characterize basic parameters like the thrombus size and its main components. Tissue
sections were analyzed using histological techniques and image quantification. This approach
gives a good overview of the development of the DVTs in the time course model.

The thrombus size decreases in the DVT time course. Comparing the thrombus size at the
different time points shows a significant reduction from 2 days to 21 days (p = 0,0236). As a
non-significant tendency, the size increases from 6 hours to 2 days where it reaches its
maximum and decreases linearly from 2 days to 7 days and to 21 days (Figure 12).
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Figure 12: Thrombus size
decreases over time.
Sections of the murine wild
type DVT time course were
imaged and the size was
measured with ImageJ.

A) representative example of
DVTs in the time course. Black
line marks the thrombus area,
red arrow the directions of
blood flow in the vessel and
black arrow the position of the
IVC ligation.

B) Quantitative analysis of
the thrombus size over time
with  significant decrease
from 2 to 21 days (p =
0,0236).

30



Also, the amount of red blood cells (RBCs) decreases in the DVT time course. RBCs are one
of the main components of a fresh DVT. At the 6 hours’ time point they filled over 60% of the
thrombus size. The amount of RBCs decreases significantly from 6 hours to 21 days (p =
0,0026) with a tendency of a linear decrease by the 2 days’ and 7 days’ time points (Figure

13).
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Figure 13: The amount of red blood
cells decreases over time.

A) H&E staining of the murine DVT time course,
representative images. RBCs are stained in
bright red. The images visualize the decreasing
amount of RBCs and also the reduction of
thrombus size. Black arrow indicates the
position of the ligation; red arrow indicates the
flow direction of blood in the vessel.

B) Quantification of the H&E staining with
ImageJ. The graph shows the percentage of
bright red areas of the total thrombus in the
murine DVT time course. Bright red areas
decrease significantly from 6 hours’ to 21 days’
time point following a linear trend.
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In contrast, collagen accumulates in the DVT time course. In the first 7 days, the amount of
collagen is very low and stays at approximately the same level. At the 21 days’ time point over
40% of the thrombus consist of collagen. The amount of collagen increases highly significant
from 2 days to 21 days (p = 0,0025, Figure 14.

These results show that thrombosis is not a static event but undergoes a dramatic change
over time. The thrombus is essentially rebuilt during the complex process of thrombus
development and resolution.

6 hours 2 days 7 days 21 days

Figure 14: Collagen accumulates

in the DVT time course.
) A) Sirius Red staining of the murine wild
Kk type DVT time course. The images
visualize the increasing amount of
collagen stained in dark red within the
thrombus. Collagen appears in the vessel
wall remnants at all time points and in the
—o: thrombus after 21 days. Black arrow
= indicates the position of the ligation; red
arrow indicates the flow direction of blood

sy

0]
o
]

(02}
o
1

00

% dark red stained area
per thrombus
FaN
i

20+ in the vessel.
o B) Quantification of the Sirius Red
0- P staining. The dark red areas were

““H b4 1
6 hours 2days 7 days 21days

measured with ImagedJ. The graph shows
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the percentage of dark red areas of the
murine DVT time course after IVC ligation total thrombus size in the murine DVT
time course. Dark red areas increase
significantly from the 2 days’ to the 21
days’ time point.
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3.4 NETs in the DVT time course

NETs have an important impact on DVT in mouse models and appear in human
thromboembolic diseases (Martinod and Wagner 2014). In experimental thrombosis NETs
provide a scaffold for RBCs and platelets similar to vVWF and fibrin and they interact with
endothelial cells (Brill, Fuchs et al. 2012).

Leucocytes with neutrophils as their most common cell type migrate into the thrombus and
influence thrombus remodeling. The leucocyte density increases in the DVT time course. To
guantify the leucocyte density sections of a total of 20 murine wild type DVT were stained with
DAPI. Nuclei within the thrombus were counted using the ImageJ particle count function and
set in ratio with the thrombus size to receive the leucocyte density. The leucocyte density
increases significantly from 6 hours to 21 days (p = 0,0030) and from 2 days to 21 days (p =
0,0437). It must be considered that especially at the 21 days’ time point other cells with nuclei,
such as fibroblasts and macrophages, are found within the thrombus which cannot be
differentiated from leucocytes by this method (Figure 15).
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Figure 15: Leucocyte density. The graph shows the amount of leucocytes per mm? in sections
of a murine DVT. Sections were stained with DAPI and the amount of stained nuclei within the
thrombus was calculated with ImageJ 1.48v particle counter. There is a significant increase of
leucocytes from 6 hours to 21 days and 2 days to 21 days. Leucocytes migrate into the thrombus and
influence its development and remodeling.

NETs show a maximum at the 2 days’ time point of the DVT time course. 6 hours after IVC
ligation only sporadic NETs can be detected within thrombi. NETs increase significantly from
6 hours to the 2 days’ time point (p = 0,0164) and then decrease again by 21 days (p = 0,0038,
Figure 16). In conclusion, only very few NETs are present in the initial state of thrombus
formation but a lot more after 2 days.
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o Figure 16. NETs in the DVT time
" course.
NETs show a maximum at the 2 days’ time

4 point of the DVT time course.
2 %o A) Representative immunostaining for H3cit
g as a marker for NETs. Murine DVT 7 days
£ 31 o after IVC ligation.
‘g o] B) Quantification of the H3cit staining of the
© 2- murine DVT time course with ImageJ. The
% graph shows the percentage of stained
3 . & areas of the total thrombus. The amount of
= %o o NETs increases from 6 hours to 2 days and
z o o then decreases again to 21 days.
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3.5 VWF in the DVT time course

Platelets are crucial for both hemostasis and thrombosis and recent findings have shown that
platelet-derived PolyP activates FXII initiating the intrinsic pathway of coagulation (Muller,
Mutch et al. 2009). The mean platelet amount increased slightly from every time point to the
next in the murine DVT time course but only shows a tendency of platelet accumulation. It has
to be considered, that the increasing amount of platelets could also be an effect of decreasing
thrombus size while the total number of platelets remains stable (Figure 17).
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3.6 FXIlin the DVT time course

FXII is crucial for the formation of a DVT and influences its devolvement in many ways. It
accumulates after 2 days in the DVT time course. Immunostainings with the antibody rabbit
anti FXlla (Sigma-Aldrich SAB4500831, 2 ug/ml) were performed on paraffin sections of a total
of 20 murine wild type DVT of the time course. At the 6 hours’ time point, only little of the
thrombus is positive for FXII but the amount increases significantly to the two days’ time point
(p = 0,0202) and then remains at approximately the same level. The first two time points show
a similar kinetics to NETs but in contrast to NETs FXII levels do not decrease (Figure 18).

Further, FXII shows a colocalization with leucocytes in DVT. The single staining of FXII with
DAPI shows an association of the FXII signal with nuclei. It shows a pattern of dots localized
around nuclei within the thrombus, which are mostly leucocytes in this setting, whereas the
vessel walls show no staining (Figure 19).

Next, a double immunostaining for FXlla and H3 was performed on wild type and on protein
arginine deiminase 4 (PAD4) gene deficient animals (PAD4"). The experiment was designed
to further investigate the colocalization of FXII and nuclei and to see if there is a difference
when no NETs are present. A double immunostaining for FXlla and H3 was done on paraffin
section of murine wild type and PAD4” DVT two days after IVC ligation. The antibodies rabbit
anti H3 (Abcam ab1791) and rabbit anti FXlla (Sigma-Aldrich SAB4500831) were used both
at a concentration of 2 pg/ml according to the protocol for double immunostainings with two
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primaries raised in the same host species as described in methods. Hitherto, homologous
areas of the thrombi were selected, and stained particles were counted with ImageJ 1.48v.
The results show no significant difference in the FXlla particle count between wild type and
PAD4"-. Whether NETs are present are not, does not seem to influence the overall amount of
FXlla in a thrombus in this setting. Next, particles positive for FXlla and for DNA as well as
lone FXlla particles were counted. This showed that almost all FXlla particles were also

Figure 19: FXIl colocalizes with leukocytes in DVT. Immunostaining with the antibody rabbit
anti FXlla (Sigma-Aldrich SAB4500831) shows an association of FXII with leukocytes in the DVT
mouse model. The images show a murine DVT 2 days after IVC ligation, wild type. A) Overview.
White arrow indicates the position of the ligation; red arrow indicates the flow direction of blood in the
vessel. B) 20-times magnification of the marked square.
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positive for DNA (p = 0,0179) which emphasizes the association of FXlla and DNA in this
setting. Again, there was no significant difference between wild type and PAD4". Particles
positive for FXlIla and H3 were counted as well. Most particles FXlla particles also showed a

H3 staining (p = 0,0136), and again wild type and PAD4’ showed no significant difference
(Figure 20).

A) B) *
*
250~ 200+
3
) 200- °, 2 10{ o
> 1504 © 8 0
o o O 1004
L 1004 o 9
k= @ i e LY
& s0- © a 50
D L] L] u 1 L] _m_ L]
WT PAD4™" WT PAD4" WT PAD4 "
FXlla FXlla + DNA only FXlla
03] %
*
200-
o
= 0
S 150{ o
S 4]
S 1004
= 4]
@
O 5 ©
u L] L] _m_ L]
WT PAD4"  WT PAD4"
FXlla + H3 only FXlla

Figure 20: FXlla is associated with leucocytes in wild type and PAD4”. A double
immunostaining with the antibodies rabbit anti H3 (Abcam ab1791) and rabbit anti FXlla (Sigma-
Aldrich SAB4500831) was performed on three wild type and three PAD4-- DVT 2 days after IVC
ligation. The graphs show the count of stained particle in homologous thrombus areas (y-axis) for
different signals (x-axis). A) The particle count of all particles positive for FXlla shows no difference
between wild type and PAD4--. B, C) x-axis shows particles that were positive for FXlla and DNA (B)
or particles positive for FXlla and histone H3 (C), and particles that were exclusively positive for FXlla,
both in wild type and PAD4--Aimost all FXlla is associated with DNA and histone H3. Again, there is
no significant difference in wild type and PAD4--. D) Representative image of the immunostaining.
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4 DISCUSSION

4.1 Thrombus development

The development and resolution of a venous thrombus is a complicated process which involves
many cells and proteins. There are many risk factors for a thrombotic event, but the exact
mechanisms are unknown. Endothelial damage or neutrophil activation can initiate thrombosis
but those are not always found.

The development of a thrombus can be classified into three distinct states. The first state is
called unorganized. The newly formed thrombus mainly consists of red blood cells (RBCs) and
platelets. The organizing state is characterized by infiltration of inflammatory cells, in the
beginning mainly neutrophils. Fibroblasts migrate into the edges of the thrombus and collagen
deposition and neovascularization starts. In the third state, the organized state, the thrombus
has a fibrotic appearance marked by collagen rich, fibrous connective tissue and hemosiderin-
laden macrophages (Seidman and Mitchell , Savchenko, Martinod et al. 2014). The three
states also mirror the process of thrombus resolution which is closely related to wound healing.
It is characterized by a perithrombotic inflammation, neovascularization, and fibrosis which
occurs mainly during the organizing state of thrombosis. Although inflammation in general is
prothrombotic it seems to be also required for thrombus resolution, especially
monocytes/macrophages seem to play and essential role in neovascularization and fibrin
clearance. Neutrophils and macrophages express proteases such as matrix metalloproteases
that degrade the fibrin matrix and both cell types are phagocytes. Together with platelets they
release pro-angiogenic factors such as basic fibroblast growth factor (bFGF), IL-8 and vascular
endothelial growth factor VEGF. Neovascularization is essential to restore blood flow through
the vein (Modarai, Burnand et al. 2005, Henke and Wakefield 2009).

Northeast et al. found that a fresh thrombus grows until it reaches its maximum size after
two days and starts to shrink again (Northeast, Soo et al. 1995). This is also what was observed
in this project (Figure 11). The 2 days’ time point might be a hallmark in thrombus development
in which most of the thrombus is in an organizing state and resolution starts. Fibrinolysis
probably overtakes fibrin deposition and a significant number of leucocytes already infiltrated
the thrombus.

RBCs are one of the main components of a thrombus in an early state. Their function is not
known exactly but over time the iron in the hemoglobin is oxidized by ROS which leads to cell
lysis and causes stress on the endothelium (Aleman, Walton et al. 2014). In this project a
decreasing amount of RBCs was observed which fits with the concept that they passively
increase the volume of a DVT in the beginning and then die due to cell lysis. The kinetics of
RBCs in the time course show that they are abundant in a freshly formed thrombus, but no
new RBCs are recruited later and their amount decreases (Figure 12). They are important for
thrombus formation, although it is unknown if they play an active role in it.

In the organizing and organized state of thrombosis tissue fibrosis can be observed. This is
also observed in wound healing, in which it causes the formation of scars. In thrombosis, the
vessel wall is remodeled and thickened which can lead to post-thrombotic syndrome, a disease
characterized by vein valve failure and persistent venous obstruction. A rapid thrombus
resolution is essential to prevent post-thrombotic syndrome (Diaz, Wrobleski et al. 2015). An
ongoing fibrosis in the DVT especially in the late state of thrombosis was also observed in this
project. Collagen is one of the main components of fibrous connective tissue and
characterizing its deposition with the Picrosirius Red staining showed its accumulation in the
DVT time course. 6 hours after IVC ligation there was barely any collagen within the thrombus
but at the 21 days’ time point where all of the thrombus is in the organized state only a small
fibrotic plug with collagen as one of its main components remained of the thrombus (Figure
13).
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The changes in thrombus size, the decreasing amount of RBCs and collagen accumulation
all characterize the complex process of thrombus formation, development and resolution. The
fresh thrombus is rich in RBCs and grows until the 2 days’ time point then the organizing state
and the resolution starts. The thrombus shrinks, RBCs are eliminated, and fibrosis progresses.

4.2 NET kinetics

Neutrophils play a dual role in thrombosis. Activated neutrophils can promote thrombosis by
releasing NETs and through direct interaction with endothelial cells and coagulation factors but
on the other hand they can also promote fibrinolysis and play a role in neovascularization.

Neutrophils start migrating into the thrombus soon after its formation. An increasing number
of leucocytes in the DVT time course has been observed in this project. 6 hours after IVC
ligation there were already approximately 500 leucocytes/mm? thrombus area and the density
increased up to the 21 days’ time point to approximately 2000 leucocytes/mm? thrombus area
(Figure 14).

The initial neutrophil recruitment is mainly mediated by P-selectin which is expressed on
endothelial cells and platelets. The neutrophils release procoagulant NETs which provide a
scaffold for RBCs and platelets and give the thrombus more stability (Fuchs, Brill et al. 2012).
DNases are required to degrade the NETs and it has been shown that blood clots containing
DNA and histones are more resistant to fibrinolysis (Savchenko, Martinod et al. 2014). In this
project, only very few NETs were found within the thrombi 6 hours after IVC ligation. They
reached a maximum at the 2 days’ time point and then decreased again (Figure 15). Therefore,
NETs are mainly present in the organizing state of thrombosis which is also what Savchenko
et al. found in human thrombi (Savchenko, Martinod et al. 2014). NETs show a similar kinetics
to the thrombus size in the DVT time course with a strong peak at 2 days (Figure 15). The
thrombus grows until the second day were already a lot of NETs are present, thus, NETs are
likely to promote thrombus formation, stability, and/or reorganization. This is also supported by
the fact that PAD4” mice are partially protected from experimental thrombus formation
(Martinod, Demers et al. 2013). NETs are quite common in the organizing state of thrombosis
and they influence thrombus resolution which starts in this phase of thrombus development.

NETs show procoagulant properties, but neutrophils can also promote fibrinolysis and
neovascularization. Neutrophil elastase stimulates matrix metalloproteases which are
essential for the degradation of the thrombus matrix, and they express pro-angiogenic factors
(Henke and Wakefield 2009). Therefore, neutrophils likely play a role in thrombus resolution,
but their impact seems to be inferior compared to macrophages. Overall, the procoagulant
properties of neutrophils predominate their effects on thrombus resolution. Activated
neutrophils create an inflammatory milieu which is generally procoagulant, they interact with
endothelial cells and promote thrombus formation by releasing NETs. The additional thrombus
stability given by NETs slows down thrombus resolution and also the inflammatory mediators
released by neutrophils increase fibrosis. NETs are frequently found in human thrombotic
diseases and furthermore, inhibiting P-selectin, which prevents neutrophil activation
accelerates thrombus resolution and diminishes fibrosis of the vessel wall (Myers, Henke et al.
2002). Fibrin deposition is decreased, and less post-thrombotic syndromes occur (Diaz,
Wrobleski et al. 2015).

Targeting neutrophils or NETs offers new strategies to treat venous thrombosis or
thromboembolism. In combination with other drug classes, inhibiting NETosis offers a new
approach to prevent thromboembolic events and especially posthrombotic syndrome. DNases
to degrade NETs combined with tPA which is the current standard in the treatment of fresh,
occlusive thrombosis could lead to a faster way of therapeutic thrombolysis (Brill, Fuchs et al.
2012, Kim, Nam et al. 2015).

39



4.3 FXIl staining

With the improvements in tissue freezing and reducing background immunofluorescence, four
different antibodies targeting FXII were successfully used in immunostainings. The most
reliable staining was achieved with the antibody rabbit anti FXlla (Sigma-Aldrich
SAB4500831). It's labelled as targeting FXlla specifically but it likely also binds FXII as the
staining patter was the same as with the other antibodies and, apart from the fully human
recombinant antibody 3F7 (Larsson, Rayzman et al. 2014), no antibody has been reliably
tested for its specificity for FXlla.

Staining the DVT time course for FXII showed increasing levels of FXII to the two days’ time
point and a stable kinetic afterwards. FXIl activation is generally considered to initiate
thrombosis formation (Bjorkqvist, Nickel et al. 2014) and in this project there was FXII found
in the early state of thrombosis, but in this particular setting of complete occlusion of the inferior
vena cava it might play a more important role in later states of thrombosis as it's quantity
increased. It's role in the later states of thrombosis is yet unknown, but it is likely linked with
leucocytes as the double stainings showed a close association with them. This was very
consistent with all stainings. There was no difference between the FXlla staining of wild type
and PAD4-/- mice, so the connection between FXII and leucocytes/DNA in this case seems to
be independent of NET formations or at least not restricted to NETs. The observed increase
of FXIlI levels could also come from neutrophil derived FXII. It has recently been reported that
neutrophils are able to produce FXII, that has distinct functions from circulating hepatic derived
FXIl, e.g. contributes to neutrophil trafficking at sites of inflammation (Stavrou, Fang et al.
2018).
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5 CONCLUSION AND OUTLOOK

The development of a DVT is a complicated process which involves many cell types and
plasma proteins, and which is connected to inflammation.

Aim 1 of this project was to characterize a murine DVT time course with standard
histological staining techniques. | showed that the size of DVT and the amount of red blood
cells decrease over time while collagen accumulates. This represents the reorganization
process of a DVT.

Aim 2 was to characterize the timely and spatially distribution of potential sources of FXII
activators. | showed that leucocytes migrate into a newly formed thrombus and release NETSs,
which are most frequently found in the organizing state of thrombus. Both NETs and Platelets
are found in a fresh formed thrombus but are more common later, which might indicate that
also FXIl is activated in later states. However, it remains unclear how NETs exactly contribute
to thrombosis in the DVT model used in this project. In the experiments conducted with
PAD4’- mice no obvious difference to wild type was observed, but the experiments where
primarily designed to investigate a connection between FXIl and NETs. An open question for
further research could be to analyze the PAD4” mouse model in the DVT time course in greater
detail.

Aim 3 was to establish a specific method for the detection of FXII in murine tissue using
immunofluorescence to enable colocalizations of FXII and its potential activators. | established
a staining protocol for FXII/FXlla and showed, that FXlla was most common in the organizing
state of thrombosis. Further, | showed that FXII is associated with nuclei in this setting. The
exact function of FXlla in the later states of thrombosis and its role in neutrophil activities is
unclear and a continuative question that awaits further research.
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7/ SUPPLEMENTAL MATERIAL

7.1

7.1.1

Protocols

Cryoembedding with sucrose treatment

Sacrificing the animal and perfusion

1. Prepare the surgery and make sure everything needed is within reach.
2. Initiate deep anaesthesia and wait until reflexes can’t be triggered any more.
3. Bleed the animal through the venous plexus behind the eye using a glass capillary.
Catch the blood in an Eppendorf tube with coagulation activators (e.g. kaolin)
4. Kill the animal with cervical dislocation.
5. Make a cut from caudal to cranial to open the abdomen and the chest. Expose the
heart.
6. Perfuse the animal with 1x PBS. Liver should change colour from deep red to soft pink.
7. Perfuse with 4% PFA.
8. Remove the desired organs and transfer them to 4% PFA. Fix for 1-2 h.
Cryoprotection
1. Wash tissue 3x 5 min in 1x PBS with rocking.
2. Transfer tissue to a 30% sucrose solution (w/v) in 1x PBS. Tissue will not sink.
a. 150g in 500ml 1x PBS. Mix until completely dissolved. Store at 4°C.
3. Place the tissue in the fridge at 4°C overnight or until the tissue sank completely

(approx. 6h).

Embedding and freezing

1. Label cryomolds.

2. Fill a Styrofoam box with dry ice and place a steel or hard plastic box in it.

3. Place some dry ice pellets in the box and slowly add isopentane. Perform this step
under a fume hood.

4. Fill the bottom of the cryomold with OCT.

5. Transfer the tissue to the cryomold and orient it the desired way. Chilled OCT is more
viscose and helps to hold the tissue in place.

6. Fill the cryomold completely with OCT. Try to minimize bubbles.

7. Immerse the cryomold into the isopentane and wait until the OCT is completely
frozen.

8. Frozen tissue should be stored at -80°C, wrapped with plastic foil and placed in
plastic bag to prevent drying.

9. Section and stain as soon as possible.

Sectioning

1. Equilibrate cryoblocks to -20°C for at least 30 min prior to sectioning.

2. Make the desired amount of sections (see NX70 Cryostar Thermoscientific manual).

3. Air dry cryosections at RT for 30 min.

4. Store slides at -80°C. Put the box in a plastic bag with silica gel.

5. Before using the slides let them thaw in another plastic bag with silica gel for at least

30 min at RT.
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7.1.2 Immunofluorescent staining on cryosections

Sample preparation
1. Thaw frozen slides in a sealed plastic bag to room temperature
2. Mark sections with hydrophobic pen (e.g. Dako pen)

Fixation
1. Incubate the slides in 2% PFA for 15 min at room temperature
2. Wash the slides 3x 5min in 1x PBS

Antigen Retrieval, if necessary
1. Prepare Antigen-Retrieval Buffer as follows:
2. 4.5 ml solution A + 20.5 ml solution B + Aqua dest. ad 250 ml
a. Solution A: 0,1 M citric acid (21,01 g citric acid per 1 | dH20)
b. Solution B: 0,1 M sodium citrate (29,41 g sodium citrate per 1 | dH20)
c. Stock Solutions can be stored at 4°C2.

3. Place a cuvette with the Antigen-Retrieval Buffer in a glass dish filled with water
4. Place the slide in the cuvette and boil up in a microwave oven (takes approx. 10 min)
5. Boil the slides 5x 2 min
6. Take cuvette out of the dish and cool down to room temperature (approx.. 20-30 min)
7. Rinse slides with 1x PBS
8. Wash 3x 5 min in 1x PBS
Blocking
1. Prepare Blocking Buffer: 1x PBS, 1% cold water fish gelatin, 0.1% Triton X-100 (store

at -20°C).
2. Incubate the slides in Blocking Buffer for 45min at room temperature
3. Rinse with 1x PBS
4. Wash 2x 5min in 1x PBS

Primary Antibody
1. Dilute primary Antibody and Isotype Control in 1x PBS + 0.05% Tween-20 according
to the product information, final concentration e.g. 2 pg/mi
2. Incubate over night at 4°C in a wet chamber
3. Rinse with 1x PBS + 0.05% Tween-20
4. Wash 3x 5min in 1x PBS + 0.05% Tween-20

Secondary Antibody
1. Dilute secondary Antibody in 1x PBS + 0.05% Tween-20: Final Concentration e.g 10
pg/ml.

2. Incubate 60 min at room temperature protected from light
3. Rinse with 1x PBS + 0.05% Tween-20
4. Wash 3x 5min in 1x PBS + 0.05% Tween-20

DNA Staining
1. Dilute DAPI 1:5000 in 1x PBS
2. Incubate slides 2min with diluted DAPI
3. Rinse with 1x PBS
4. Wash 2x 5 min in 1x PBS and 1x 5min in Aqua dest.
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Autofluorescence reduction
1. Prepare Sudan Black B solution: 0.1% Sudan Black B in 70% ETOH. Can be stored at
room temperature.
2. Incubate slides 20 min.
3. Wash 3x 5 min in 1x PBS and 1x 5min in Aqua dest.

Cover Sections
1. Cover sections with Vectashield and Cover slip
2. Store stained slides protected from light. Image as soon as possible.

7.1.3 Immunofluorescent staining on paraffin sections

Deparaffinisation
1. 1h Xylene
2x 5 min 100% ETOH
5 min 95% ETOH
5 min 80% ETOH
5 min 70% ETOH
5 min 50% ETOH
5 min 30% ETOH
5 min Aqua dest.

©NOOGAWN

Antigen Retrieval
1. Prepare Antigen-Retrieval Buffer as follows:
2. 4.5 ml solution A + 20.5 ml solution B + Aqua dest. ad 250 ml
a. Solution A: 0,1 M citric acid (21,01 g citric acid per 1 | dH20)
b. Solution B: 0,1 M sodium citrate (29,41 g sodium citrate per 1 | dH20)
c. Stock Solutions can be stored at 4°C
Place a cuvette with the Antigen-Retrieval Buffer in a glass dish filled with water
Place the slide in the cuvette and boil up 8 min in a microwave oven
Take cuvette out of the dish and cool down 15 min
Mark the sections with a hydrophobic pen (e.g. Dako pen)
Wash 3x 5 min in 1x PBS

Nookw

Blocking
1. Prepare Blocking Buffer: 1x PBS, 1% cold water fish gelatin, 0.1% Triton X-100 (store
at -20°C).
2. Incubate the slides in Blocking Buffer for 45min at room temperature
3. Rinse with 1x PBS
4. Wash 2x 5min in 1x PBS

Primary Antibody
5. Dilute primary Antibody and Isotype Control in 1x PBS + 0.05% Tween-20 according
to the product information, final concentration e.g. 2 pg/ml
6. Incubate over night at 4°C in a wet chamber
7. Rinse with 1x PBS + 0.05% Tween-20
8. Wash 3x 5min in 1x PBS + 0.05% Tween-20

Secondary Antibody
5. Dilute secondary Antibody in 1x PBS + 0.05% Tween-20: Final Concentration e.g 10
pg/ml.
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6. Incubate 60 min at room temperature protected from light
7. Rinse with 1x PBS + 0.05% Tween-20
8. Wash 3x 5min in 1x PBS + 0.05% Tween-20

DNA Staining
5. Dilute DAPI 1:5000 in 1x PBS
6. Incubate slides 2min with diluted DAPI
7. Rinse with 1x PBS
8. Wash 2x 5 min in 1x PBS and 1x 5min in Aqua dest.

Autofluorescence reduction
4. Prepare Sudan Black B solution: 0.1% Sudan Black B in 70% ETOH. Can be stored at
room temperature.
5. Incubate slides 20 min.
6. Wash 3x 5 min in 1x PBS and 1x 5min in Aqua dest.

Cover Sections
3. Cover sections with Vectashield and Cover slip
4. Store stained slides protected from light. Image as soon as possible.

7.1.4 Double immunofluorescent staining on paraffin sections with two primary antibodies
raised in the same species

Deparaffinization
1. 1h Xylene
2x 5 min 100% ETOH
5 min 95% ETOH
5 min 80% ETOH
5 min 70% ETOH
5 min 50% ETOH
5 min 30% ETOH
5 min Aqua dest.

© N A WDN

Antigen Retrieval
1. Prepare Antigen-Retrieval Buffer (citrate buffer) as follows:
4.5 ml solution A + 20.5 ml solution B + Aqua dest. ad 250 ml

a. Solution A: 0,1 M citric acid (21,01 g citric acid per 1 | dH20)
b. Solution B: 0,1 M sodium citrate (29,41 g sodium citrate per 1 | dH20)
c. Stock Solutions can be stored at 4°C

2. Place a cuvette with the Antigen-Retrieval Buffer in a glass dish filled with water

3. Place the slide in the cuvette and boil up 8 min in a microwave

4. Take cuvette out of the dish and cool down 15 min

5. Mark the sections with a hydrophobic pen (e.g. Dako pen)

6. Wash 3x 5 min in 1x PBS

Blocking
1. Prepare Blocking Buffer: 1x PBS, 1% cold water fish gelatin, 0.1% Triton X-100 (store
at -20°C).

2. Incubate the slides in Blocking Buffer for 45min at room temperature
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3.
4.

Rinse with 1x PBS
Wash 2x 5min in 1x PBS

First primary Antibody

1.

2.
3.
4.

Dilute first primary Antibody and Isotype Control in 1x PBS + 0.05% Tween-20
according to the product information, final concentration e.g. 2 pg/ml

Incubate over night at 4°C in a wet chamber

Rinse with 1x PBS + 0.05% Tween-20

Wash 3x 5min in 1x PBS + 0.05% Tween-20

First secondary Antibody

1.

2.
3.
4.

Dilute first secondary Antibody in 1x PBS + 0.05% Tween-20: Final Concentration e.g
10 pg/ml.

Incubate 60 min at room temperature protected from light

Rinse with 1x PBS + 0.05% Tween-20

Wash 3x 5min in 1x PBS + 0.05% Tween-20

Microwave treatment
1. Place a cuvette with the Antigen-Retrieval Buffer in a glass dish filled with water
2. Place the slide in the cuvette and boil up 5 min in a microwave
3. Take cuvette out of the dish and cool down 20 min
4. Mark the sections with a hydrophobic pen (e.g. Dako pen)
5. Wash 3x 5 min in 1x PBS

Second primary Antibody

1.

2.
3.
4.

Dilute second primary Antibody and Isotype Control in 1x PBS + 0.05% Tween-20
according to the product information, final concentration e.g. 2 pg/ml

Incubate over night at 4°C in a wet chamber

Rinse with 1x PBS + 0.05% Tween-20

Wash 3x 5min in 1x PBS + 0.05% Tween-20

Second secondary Antibody

5. Dilute second secondary Antibody in 1x PBS + 0.05% Tween-20: Final Concentration
e.g 10 pg/ml.
6. Incubate 60 min at room temperature protected from light
7. Rinse with 1x PBS + 0.05% Tween-20
8. Wash 3x 5min in 1x PBS + 0.05% Tween-20
DNA Staining
9. Dilute DAPI 1:5000 in 1x PBS

10. Incubate slides 2min with diluted DAPI
11. Rinse with 1x PBS
12. Wash 2x 5 min in 1x PBS and 1x 5min in Aqua dest.

Autofluorescence reduction

7.

8.
9.

Prepare Sudan Black B solution: 0.1% Sudan Black B in 70% ETOH. Can be stored at
room temperature.

Incubate slides 20 min.

Wash 3x 5 min in 1x PBS and 1x 5min in Aqua dest.

Cover Sections
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5.
6.

Cover sections with Vectashield and Cover slip
Store stained slides protected from light. Image as soon as possible.

7.1.5 Western blot

Preparation of Running buffer, Transfer buffer, samples and gel.

1.

4.

Running buffer: Add 50 ml 20x MES SDS Running Buffer to 950 ml water to prepare
1x Running buffer. For a small gel, 500ml is enough.

Transfer Buffer 4L: 800 ml Methanol + 80 ml CAPS fill up to 4L with deionized water.
CAPS buffer: 0,5 M pH11; 1L total volume (110,69 to 1L deionized water)

Sample preparation: dilute 3 pl of sample in 5 pl Laemmli 4x sample Buffer and 1,5 pl
Dithiothreitol and fill up with aqua dest. to 20 ul. Add 1 pl B-mercaptoethanol for
reducing conditions. Heat samples at 95°C for 5 min.

Gel: Precast 12% SDS-PAGE gels.

Electrophoresis and Removing Gel

1.

Prepare the Chamber: Remove the gel cassette and rinse it with deionized water. Insert
the XCELL Sure Assembly in its unlocked position. Place the gel cassette on each side
and lock by moving the tension lever to the locked position.
Fill each chamber (upper and lower chamber) with the Running buffer.

a. Ensure that the upper buffer chambers are not leaking.
Load 10ul sample into each well of the gel. Always add the gel after filling up the
chamber with buffer.
Run gel at 200V constant; 120mA; 25 W for 1 hour.
Remove the gel: After running is complete, separate the gel cassette with the gel knife.
Carefully separate the gel from the plates with hands. Cut out the stacking gel with the
wells and the bottom part of the gel.

Blotting
1. Put the gel in a dish, containing 1x Transfer buffer.
2. Soak 3 pieces of Blotting filter paper, sponges and blotting membrane in the Transfer

buffer.

3. Place 1 piece of the pre-soaked blotting filter paper on the anode plate (black) on a
sponge of a semi-dry blotting apparatus.

4. Place the gel on the top of the filter paper and the membrane on top of the gel. Add a
filter paper on top. Roll with a roller to remove air bubbles.

5. Fill the blotting apparatus with 1x Transfer buffer and put the cassette in the tank

6. Transfer at constant 400mAor (100V constant) for at least two hour or overnight in the
cold room.

Blocking

1. Prepare the blocking solution by weighing 2.5g Milk powder and adding 50 ml TBST.
2. After complete transfer put the membrane in blocking Solution for at least 1 hour.

Primary antibody
1. Take 500ml of blocking solution in two 2ml tubes and make it to 2 ml with TBST.
2. Dilute the ab 1791 Total Histone 1/400 = 5ul Ab to 2ml.
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3. Add the antibody dilution to the membrane, seal the membrane in a plastic bag and
incubate overnight on an overhead shaker at 4°C.

Secondary antibody

1. Wash the membrane 4x in TBST for 15min. at room temperature on shaker in
dishes.

2. Dilute the second antibody (anti rabbit: HRP DiaNova) 1:20.000 (1 pl antibody in 1ml
blocking solution+ 49ml TBST).

3. Incubate 1h at room temperature on a shaker.

4. Wash the membrane 4x in TBST for 15 min in dishes /RT on a shaker.

Developing
5. Incubate with ECL Reagent for 1 min.
6. Put the membrane in a cassette for developing.
7. Expose with ECL Hyperfilms and develop in Curix 60 (AGFA HealthCare).

54



7.2 Antibodies used in and images of immunostainings

Primary antibodies used in immunofluorescent stainings

Target Ly6G Ly6G/Ly6C MPO NE
Marker for: Neutrophils Neutrophils Neutrophils Neutrophils
Manufacturer Bio X Cell BioLegend Dako abcam
(Product (BEOO75-1) (108401) (A0398) (ab68672)
Number)
Host rat rat rabbit rabbit
Clonality monoclonal monoclonal polyclonal polyclonal
Embedding paraffin paraffin paraffin paraffin
Antigen Heat Heat Heat Heat
retrieval mediated mediated mediated mediated
1st antibody 2 ug/ml 2 ug/ml 2 ug/ml 1 pg/mi
concentration
2nd antibody 10 pg/ml 10 pg/mi 10 pg/ml 10 pg/ml
concentration
Target CRAMP H3cit H3 2ab
Marker for: NETs NETs NETs Histones/DN
A
Manufacturer Innovagen abcam abcam in house
(Product (PA-CRPL- (ab5103) (ab1791)
Number) 100)
Host rabbit rabbit rabbit mouse
Clonality polyclonal polyclonal polyclonal ?
Embedding paraffin paraffin paraffin paraffin
Antigen Heat Heat Heat Heat
retrieval mediated mediated mediated mediated
1%t antibody 1 pg/ml 2 pg/ml 2 pg/ml 2 pg/ml
concentration
2" antibody 10 pg/ml 10 pg/ml 10 pg/ml 10 pg/ml

concentration
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Primary antibodies used in immunofluorescent stainings

Target SsDNA VWF CDh41 Fibrin
Marker for: DNA Platelets Platelets Fibrin
Manufacturer in house Dako Biozol in house
(Product (A0082) (BLD-133901) (59D8)
Number)
Host mouse rabbit rat mouse
Clonality ? polyclonal monoclonal monoclonal
Embedding paraffin paraffin OCT paraffin
Antigen Heat Heat - Heat
retrieval mediated mediated mediated
1st antibody 2 ug/ml 2 ug/ml 2 pg/ml 2 pg/ml
concentration
2nd antibody 10 pg/ml 10 pg/mli 10 pg/ml 10 pg/ml
concentration
Target Fibrinogen Thrombin F4/80 Active
Caspase-3
Marker for: Fibrinogen/ Thrombin/ Macrophages Caspase-3
Fibrin Prothrombin
Manufacturer Bio-Rad Santa Cruz Bio-Rad BD
(Product (BSG-4440- = Biotechnology (MCA497RT)  Biosciences
Number) 8004) (sc-16972) (C92-605)
Host sheep goat rat rabbit
Clonality polyclonal polyclonal monoclonal monoclonal
Embedding paraffin paraffin paraffin paraffin
Antigen Heat Heat Heat Heat
retrieval mediated mediated mediated mediated
1st antibody 2 pg/ml 2 pg/ml 2 pg/ml 5 pg/ml
concentration
2nd antibody 10 pg/ml 10 pg/mi 10 pg/ml 10 pg/ml
concentration

56



-

Tissue: paraffin section, murine DVT 7 days after IVC ligation, WT
Antibody: rt-a-Ly6G (Bio X Cell BEOO75-1)

-

Tissue: paraffin section, murine DVT 2 days after IVC ligation, PAD4 KO
Antibody: rt-a-Ly6G/Ly6C (BioLegend 108401)

-

Tissue: paraffin section, murine DVT 2 days after IVC ligation, WT
Antibody: rb-a-MPO (Dako A0398)
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NECG KO

Tissue: paraffin section, murine DVT 2 days after IVC ligation, WT
Antibody: rb-a-NE (Neutrophil Elastase, abcam ab68672)
Red arrow: red blood cells. White arrow: NE.

Tissue: paraffin section, murine DVT 2 days after IVC ligation, WT
Antibody: rb-a-CRAMP (Innovagen PA-CRPL-100)
Red arrow: red blood cells. White arrow: CRAMP.

Tissue: paraffin section, murine DVT 2 days after IVC ligation, WT
Antibody: rb-a-H3cit (abcam ab5103)

58



Tissue: paraffin section, murine DVT 2 days after IVC ligation, WT
Antibody: rb-a-H3 (abcam ab1791)

Tissue: paraffin section, murine DVT 2 days after IVC ligation, PAD4 KO
Antibody: ms-a-2ab (in house)

Tissue: murine DVT 2 days after IVC ligation, PAD4 KO
Antibody: ms-a-ssDNA (in house)
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-

Tissue: paraffin section, murine DVT 2 days after IVC ligation, WT
Antibody: rb-a-vWF (Dako A0082)

-

Tissue: cryosection, murine DVT 2 days after IVC ligation, PAD4 KO,
Antibody: rt-a-CD41 (Biozol BLD-133901)

Tissue: paraffin section, DVT 7 days after IVC ligation, WT
Antibody: ms-a-Fibrin (in house)
Staining worked approx. half of the times, weak signal.
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Fibrinogen

Tissue: paraffin section, murine DVT 7 days after IVC ligation, WT
Antibody: sh-a-Fibrinogen (Bio-Rad BSG-4440-8004)

Thrombin

Tissue: paraffin section, murine DVT 2 days after IVC ligation, WT
Antibody: gt-a-Thrombin (Santa Cruz Biotechnology sc-16972)

Tissue: paraffin section, murine Liver, WT
Antibody: rt-a-F4/80 (Bio-Rad MCA497RT9)
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Caspase 3

Tissue: paraffin section, murine DVT 2 days after IVC ligation, WT
Antibody: rb-a-Caps3 (Beckton-Dickinson C92-605), rt-a-Ly6G/Ly6C (BioLegend 108401)

7.3 Western blots for FXII

Antibodies targeting FXII

Target Host Manufacturer
(Product Numer)
FXlla human In house
(3F7)
FXlla rabbit Sigma-Aldrich
(SAB4500831)
FXII/FXIla rabbit Sigma-Aldrich
(HPA003825)
FXII mouse In house
(P5-2-1)
FXlla sheep Excell Biotech
Ltd.
(FXI1199-4)
FXII/FXIla mouse Ravon D.M. et
al. (F1)
FXII/FXIla goat Nordic-Mubio
GAHu/FXII)
FXII rabbit In house
(AB1-435)
FXI/FXIla goat Affinity
Biologicals
(GAEXII-AP)
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Western blot for FXII with plasma, non-reducing conditions
Markers: 170, 130, 100, 70, 55, 40, 25 kDa
1: mouse WT, 2: mouse WT + DXS, 3: mouse FXII"

4: human, human + DXS, FXII def. human
Upper half: 11 sec exposure, lower half: 100 sec. exposure

Red arrows: FXII bands, black arrow: FXlla band

63



human plasma

WT EXII--

100 kDa
70 kDa FXII
55 kDa FXlla
40 kDa

Western blot for FXII with human plasma, non-reducing
conditions
Antibody: Sigma-Aldrich (SAB4500831)

Western blot for FXII with human Western blot for FXII with plasma,
plasma, non-reducing conditions reducing conditions

Antibody: Sigma-Aldrich (HPA003825) Antibody: Affinity Biologicals (GAFXII-AP)
1: purified FXII 1: human

2: normal plasma 2: human FXII def.

3: FXII def. plasma 3: murine WT

4: plasma + kaolin 4: murine FXII"

5: plasma + polyP

6: purified FXII
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Abstract

The plasma protein factor XIl (FXIl) is the initiating protease of the procoagulant and
proinflammatory contact system. Factor XII activates both the bradykinin producing kallikrein-
kinin system and the intrinsic pathway of coagulation. Contact with negatively charged
surfaces induces auto-activation of zymogen FXII that results in activated FXII (FXIla). Various
in vivo activators of FXII have been identified including heparin, misfolded protein aggregates,
nucleic acids and polyphosphate. Murine models have established a central role of FXIl in
arterial and venous thromboembolic diseases. Despite the central function of FXII in pathologic
thrombosis, its deficiency does not impair hemostasis in animals or humans. The selective role
of FXlla in thrombosis, but not hemostasis, offers an exciting novel strategy for safe
anticoagulation based on interference with FXlla. We have generated the recombinant fully
human FXlla-blocking antibody 3F7, which abolished FXlla enzymatic activity and prevented
thrombosis in a cardiopulmonary bypass system in large animals, in the absence of increased
therapy-associated bleeding. Furthermore, 3F7 also interfered with bradykinin-driven edema
in the severe swelling disorder hereditary angioedema type lll. Taken together, targeting FXlla
with 3F7 appears to be a promising approach to treat edema disorders and thrombosis.

Coagulation Inflammation
EXII 3F7  C1INH

Fibrin ~—_ \ X_

EXI PK _—7 Bradykinin

HK FXlla HK

FXIl activators
In vitro: kaolin, glass, ellagic acid, DXS
In vivo: polyP, heparin, RNA, DNA

Figure 1. Contact with negatively charged surfaces activates FXII and initiates
procoagulant and proinflammatory reactions. Activated FXII starts the fibrin
producing intrinsic pathway of coagulation by cleavage of FXI and the inflammatory
kallikrein-kinin system by PK mediated cleavage of HK. C1INH interferes both with
FXlla and PK while 3F7 specifically blocks FXlla only.

The contact system

The contact system is a cascade of five plasma proteins with procoagulant and
proinflammatory activities. It consists of the serine proteases factor Xl (FXII, Hageman factor),
factor XI (FXI), plasma kallikrein (PK), the non-enzymatic cofactor high molecular weight
kininogen (HK) and C1 esterase inhibitor (C1INH). Activated FXII initiates the contact system
that drives the intrinsic pathway of coagulation and the inflammatory kallikrein-kinin system
leading to fibrin and bradykinin (BK) formation, respectively [1, 2]. FXII zymogen is primarily
released by hepatocytes and circulates in plasma as a single chain protein [3]. FXII binding to
negatively charged surfaces induces a conformational change. Surface bound FXII activates
itself by limited proteolysis of the single peptide-bond Argsss-Valsss (auto-activation), leading to
activated FXII (FXlla), a two chain serine protease. A single disulfide bond in each FXlla
molecule connects the heavy chain to the light chain. FXlla cleaves its substrate FXI to
generate activated FXI (FXla) and plasma prekallikrein to PK. PK reciprocally activates FXII,
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leading to amplification of the process [4]. Two further cleavage steps commencing at residues
334 and 343 release the light chain from the heavy chain that remains surface bound [5]. The
contact system proteins locally assemble on surfaces of various cardiovascular cells. While
FXII binds directly to surfaces, HK is required to bind FXI and PK [6, 7]. C1INH is the principle
endogenous inhibitor of FXlla and PK and regulates the enzymatic activity of the contact
system proteases [8] (Figure 1).

Factor Xl in coagulation

Fibrin production by the classic coagulation cascade can be initiated by two distinct
mechanisms involving vessel wall (extrinsic) or blood borne (intrinsic) factors. Both pathways
lead to the formation of thrombin, a protease that converts fibrinogen to insoluble fibrin. The
extrinsic pathway is initiated when tissue factor (TF) is exposed at sites of vascular injury and
binds to circulating coagulation factor VII (FVII) [9]. In contrast, the intrinsic pathway is initiated
by contact mediated activation of FXII and subsequent cleavage of FXI [10].

A commonly used diagnostic coagulation test, the activated partial thromboplastin time
(aPTT), is based on FXII-mediated contact activation. It is used to monitor coagulation in
patients treated with heparin, it is prolonged in the presence of lupus anticoagulant and in
inherited or acquired deficiencies in contact system proteins. Despite its high relevance in vitro,
FXII was considered to have no function for coagulation in vivo. In contrast to all other
coagulation proteases, deficiency in FXII in humans does not lead to any bleeding disorder,
despite a marked prolongation of the aPTT [11, 12]. Studies on FXII deficient (FXII7) mice
revealed an essential role of FXII in thrombosis. FXII”-mice were largely protected from vessel
occlusive thrombus formation in venous and arterial vascular beds in response to chemical or
mechanical endothelial injury [13] | would add ref 14 & 15 and skip the next sentence; it reflects
venous and arterial thrombosis[13], [14] [15]. Like their human counterparts FXII”- mice have
a normal hemostatic capacity but a prolonged aPTT [16]. Substitution of FXII”- mice with
human FXIl normalized the prolonged aPTT and restored defective thrombus formation [13],
indicating that FXIlI operates similarly in mice and humans. In addition to triggering fibrin
production, direct binding of FXlla to fibrin(ogen) modulates the fibrin clot structure leading to
increased fiber density and reduced fibrin meshwork pore size [17].

FXIl'in hereditary angioedema

The rare inherited swelling disorder hereditary angioedema (HAE) is caused by excessive BK
signalling [8]. HAE is characterized by acute swelling attacks involving the skin, the
oropharyngeal, laryngeal or gastrointestinal mucosa. Swelling events can be life-threatening
due to development of laryngeal edema and airway compromise[18]. The classic HAE types 1
and 2 (HAE | and HAE 1) are caused by deficiencies of C1INH, the major plasma inhibitor of
FXlla and PK. HAE | and HAE Il result due to deficiency in or functional loss of C1INH and
hence, these HAE types can be treated by infusion of functional C1INH [8].

A third variant of HAE exists and despite the fact that patients suffer from similar symptoms
as HAE types | and II, normal plasma levels of a fully functional C1INH are found in HAE type
Il patients [19]. HAE 11l is associated with a single missense mutation in the F12 gene leading
to an amino acid exchange, Thr309Lys [20]. It was subsequently shown that Thr309 could also
be mutated to an Arginine [21]. The underlying mechanism of HAE IIl has been enigmatic for
over a decade; recently defective glycosylation in the two mutated FXIl forms was identified.
Contact activation is largely increased in mutated FXII variants, leading to excess BK formation
in patient plasma. Both activated mast cell and contact-triggered edema was largely increased
in FXII- mice infused with recombinant FXII_Thr309Lys or FXII_Thr309Arg and a novel
transgenic mouse with inducible expression of human FXII_Thr309Lys. Together, these data
show that loss of glycosylation leads to an increased contact-induced activation of Thr309-
mutated FXII that triggers excessive BK formation. Of note, aPTT and thrombus formation
were normal in HAE Il patient plasma and HAE Ill mouse models [22].

67



FXIl activators

Binding to negatively charged surfaces activates zymogen FXII. Various in vitro activators of
FXII have been identified such as the white clay material kaolin that is used in diagnostic
assays [4]. Other non-physiologic activators include glass or ellagic acid and synthetic
phospholipid micelles decorated with bivalent cations [23]. Moreover, exposure of blood to
polymer surfaces exposed in medical devices can lead to FXII activation. Clinical procedures
such as hemodialysis and extracorporeal circulation that expose blood to large non-biologic
surfaces trigger FXlla generation and thus, are associated with a high thrombotic risk requiring
anticoagulant treatment [24]. The synthetic polysaccharide high molecular weight dextran
sulphate (DXS) is commonly used in experimental settings to activate FXII. It exclusively
activates the kallikrein-kinin system without interfering with coagulation [2]. Similarly to DXS,
the mast cell-derived polysaccharide heparin has the ability to trigger contact system
activation. IgE/antigen activated mast cells release heparin in allergic disease animal models
leading to BK formation without causing increased coagulation [25]. Consistently, activated
mast cell-driven BK formation via the contact system critically contributes to anaphylaxis and
possibly other allergic diseases[26]. Insoluble misfolded aggregated proteins selectively
activate the kallikrein-kinin system without triggering coagulation [27] and BK formed by this
mechanism contributes to inflammatory reactions seen in Alzheimer disease [28]. Extracellular
RNA and DNA have been identified as natural occurring FXII activators that trigger coagulation
and cleavage of the phosphoester bonds in the polymer backbone; use of RNAse provided
thromboprotection in a murine thrombosis model [29]. Activated neutrophils can undergo a cell
death program that leads to the formation of neutrophil extracellular traps (NETS) consisting of
nuclear DNA with histones and microbicidal proteins. This process is called NETosis and
constitutes a host defence mechanism against microbial pathogens which become trapped in
the NETs[30]. The ability of large DNA clusters to activate FXII [31] has been implicated in
both macrovascular [32] and microvascular thrombosis [33]. Activated platelets release the
inorganic polymer polyphosphate that is stored in platelet dense granules [34]. Synthetic
platelet size polyphosphate triggers coagulation in an FXII-dependent manner in vitro [35].
Human plasma experiments, thrombosis and edema models in mice revealed that
polyphosphate activated FXII in vivo and interference with the polyphosphate-FXII pathway
interfered with thrombosis and vascular leakage [36]. Supporting the critical role of
polyphosphate in FXII activation, inherited deficiency in the polymer delays clotting in platelet
rich plasma and thrombosis in Hermansky-Pudlak syndrome patients [37] and inositol
hexakisphosphate kinase 1 deficient mice [38], respectively. The polyphosphate-FXII pathway
operates independently of TF-driven (extrinsic) coagulation [39]. Recent studies using
genetically modified mice and patient plasma have shown a critical role of the polyphosphate-
FXIl pathway in prostate cancer associated thrombosis. Polyphosphates on cancer cells and
derived microparticles potently activate FXII and drive venous thrombosis in vivo [40].
Consistently, platelet derived microparticle-driven clotting is critically dependent on FXII
suggesting that microparticles from platelets also expose polyphosphate on their surface [41].

Targeting FXII

The fact that FXIl is essential for thrombosis but dispensable for hemostasis offers the first
safe strategy for anticoagulation. We produced the fully human recombinant antibody 3F7 that
specifically binds to the catalytic domain of FXlla with high affinity and completely inhibits its
protease activity. Antibody 3F7 blocks FXlla-mediated clotting in human plasma and
thrombosis in mouse models. We adapted an extracorporeal membrane oxygenation (ECMO)
system, used for infant therapy, and applied it to a rabbit model. 3F7 provided
thromboprotection as efficiently as heparin however, in sharp contrast to heparin, 3F7 did not
increase bleeding [42]. Furthermore, targeting FXlla with 3F7 interfered with edema in a
humanized HAE Il mouse model and BK-formation in HAEIII patient plasma [22]. Currently,
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treatments for acute edema attacks include infusion of C1INH [43], inhibition of kallikrein with
ecallantide (DX-88) [44] and targeting the bradykinin receptor B2R (icatibant) [45]. Inhibition of
FXlla with 3F7 could represent a novel therapeutic strategy both in the prophylaxis and acute
edema attack stages of HAE. [22]. Clinical applications of 3F7 require further investigation and
will present new possibilities for a novel safe drug to potently interfere with thrombosis and
inflammation.
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