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1 INTRODUCTION

1.1 TNFa - a proinflammatory cytokine

1.1.1 Whatis TNFa?

Tumor necrosis factor alpha (TMFis a proinflammatory cytokine and the prototypica
member of the TNF protein superfamily. The polymptof approximately 17 kDa is
produced by a variety of immune cells includingymphocytes, B-lymphocytes, natural
killer cells and macrophages (1). Tdplays a key regulatory role in several inflammgtor
processes, in host defense against bacterial iofeaes well in autoimmune disorders (2,3).
TNFoa was given its name as it was first discovered9n5lwith the cytotoxic ability to Kill
mouse fibrosarcoma cells (4).

1.1.2 TNF-receptors

The cellular response to TMFis mediated through its interaction with two diffet
membrane receptors (5-7). These receptor subtyyaesely TNF-receptor 1 (TNF-R1) and
TNF-receptor 2 (TNF-R2), are of different size ame expressed to different levels in
different cells (8). While TNF-R1, with its 55 kCaso referred to as p55-receptor, is widely
expressed, expression of the 75-kDa TNF-R2 (p7&ptec) is mainly found on immune and
endothelial cells (9). Whereas the extracellulamdims of the two receptors are strikingly
similar in structure, their intracellular domaingpaar to be unrelated (10).

1.1.3 Signaling pathways

By interacting with its membrane receptors TNfan activate distinctive signaling pathways
in the cell (1,6). Since TNF-R1 and TNF-R2 areatéitially expressed on cells and tissues
TNFa can lead to a range of cellular responses anatmiboth distinct and overlapping
signal transduction pathways resulting in eithetl cdeath on one side or survival,
differentiation, proliferation, and migration oretbther side.

Among many intracellular factors involved in TNFeeptor signaling the families of the
death domain homologues and of the TNF-receptasceed factors (TRAFs) should be
mentioned (11-13). TRAF-signaling is described upastivation of both TNF-receptor
subtypes and associated with the activation (TRAF2pactivation (TRAF1) of NkeB and
consecutive regulation of proinflammatory effect4-16). TNF-R1 has an intracellular death
domain, which can interact with the death domaihsother cytosolic proteins such as
TRADD (TNF-receptor associated death domain), FA(PRas associated death domain) or
RIP (receptor interacting protein). So, by actiwatof caspase-8 and other caspasesalNF
similarly to the cell death signaling receptor K&D95) induces apoptosis (17). Other
cellular responses described upon activation of-R4Fnclude the activation of kinases such
as PKC (proteinkinase C), JNK (c-Jun NH2-terminalake) and NIK (NFReB induced
kinase) and the activation of intracellular lipagé8). PKC is well described to activate
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NADPH-oxidase in several tissues and thereforeimgaid the production of reactive oxygen
species (ROS) causing oxidative stress (19,20).

Despite multiple variations and modulations in tlevnstream signaling upon activation of
either of the two receptors the regulation of tia@s$cription factor NkeB plays a pivotal role
in TNFa signaling. However, only recently different andeevopposite receptor specific
effects have been reported (21,22), concluding ehnmiore complex downstream signaling
than simply NF«B activation and consecutive modulation of inflantonga processes. As
most information regarding TN#Fsignaling is derived from TNF-R1, the role of TN is
likely underestimated.

Figure 1.1
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Signaling pathways of TNFa through TNF-R1 and TNF-R2

TNFa can act through different TNF-receptor-subtypes. Activation of NF-kB and subsequent
induction of proinflammatory cytokines play a central role and are associated with both
TNF-receptor signaling pathways (Figure modified after Holtmann and Neurath, Current
Molecular Medicine 2004).

1.1.4 TNFd’s crucial role in inflammatory processes

Considering the downstream effects of the intratailsignaling pathways mentioned above
it is easily conceivable why TNfFplays a central role in inflammatory diseases. [é/thie
original significance of TN& in mediating necrosis in tumor cells could notdle®
successful treatment options for cancer and rerdaingted to local therapy of limb soft
tissue sarcoma (23), the role as a central playerfiammatory processes has become more
and more evident. Finally as antibodies against d M&ve been used successfully in the
treatment of several chronic inflammatory disorderxluding rheumatoid arthritis,
ankylosing spondylitis, inflammatory bowel diseas®l psoriasis when other drugs failed,
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TNFa's role, not only in the development, but also le tmaintenance of these diseases is
undisputable (24,25). Different independent clihgtadies show that inflammatory cytokines
are not limited to the inflamed tissue but releasedhe systemic circulation leading to
increased serum levels in these patients (26-30).

1.2 Inflammation and cardiovascular diseases

1.2.1 Links between inflammation and atherothrombotic diseases

It is well known that inflammation plays a criticadle in the development of atherosclerosis
and its fatal outcomes, such as myocardial infamctand ischemic stroke (31-33).
Proinflammatory cytokines including IBIN TNFa, IL-1p or IL-4 facilitate monocyte and
lymphocyte recruitment to the vascular wall via uotion of endothelial cell adhesion
molecules, such as VCAM-1, even before plaque fatonaand contribute to progression of
atherosclerotic plaque size (34,35). Lastly, als® disruption or fracture of the fibrous cap
can be promoted by CD40L, IL-1 and T&K36-38). The pivotal role of inflammatory
cytokines in atherosclerosis is further sustaingdstudies showing fewer atherosclerotic
lesions in mice lacking TNfor IL-1 (39,40). Hence, it is not surprising thptients with
atherosclerosis and atherothrombotic disorders Hmen found to have increased serum
levels of proinflammatory cytokines such as o\#hd IL-6 (41).

Figure 1.2
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Vascular effects of TNFa
TNFa signaling results in several cellular effects, which can promote the development of
cardiovascular diseases (Figure modified after Zhang et al., Clinical Science 2009).
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1.2.2 Vascular effects of TNFa

In endothelial cells, which form the inner layerldbod vessels, a variety of inflammatory
responses upon TNFstimulation are described leading to endothelsivation, which could
facilitate atherothrombosis. These include upreguia of certain leukocyte recruiting
molecules, such as E-selectin, intracellular agimesiolecule 1 (ICAM-1) and vascular cell
adhesion molecule 1 (VCAM-1) as well as releasehaimokines including IL-8, MCP-1 and
IL-10. Through activation of cyclooxygenase 2 (CQKand consecutive vasodilation by
prostaglandin Jl (prostacyclin, PG) and increased vascular permeability even thesidals
clinical signs of inflammation “rubor”, “calor” anttumor” can be observed as local effects
of TNFa on endothelial cells (42). N&B translocation, increased production of ROS
(reactive oxygen species) or influence on eNOS esgion seem to be central steps in
mediating the inflammatory effects (43-50). Figdr& summarizes effects of TMFnN cells

in the cardiovascular system.

1.3 Platelet activation and arterial thrombosis in inflammation

1.3.1 Activation of platelets and inflammation

The scenario would be simplified thinking endotlklfunction alone is involved in
inflammatory processes. Platelets are not only fthal actors in the event of arterial
thrombosis but are also playing an important ralehe pathophysiology of atherosclerotic
lesion formation, which in most cases creates tkeding ground for the thrombotic events.
It is well described that platelets represent arpartant link between inflammation,
atherogenesis and thrombosis (51-57). Platelete steveral mediators and growth factors
that play a role in several inflammatory processes]uding CD40 ligand (CD40L),
cyclooxygenase (COX), epithelial neutrophil actingtprotein 78 (ENA-78), interleukinf1
macrophage inflammatory proteiro (MIP-1a), platelet derived growth factor (PDGF),
platelet factor 4 (PF-4), p-selectin, chemokineahidg 5 (CCL5, earlier also known as
RANTES) and transforming growth facte(TGF{) (58). Similar to leukocytes, platelets can
roll on the endothelium, which takes place paradyl when the endothelium is activated
(59). Under shear stress p-selectin and its couataptors PSGL-1 or GPIb and vVWF are
mediating platelet interaction with the endothelium the absence of further stimulation
these interactions remain transient and plateletisrm to the circulation after seconds or
minutes (57). The intact endothelium has severahaeisms to prevent adhesion of platelets.
These include next to the release of nitric oxitl®©), which earlier was referred to as
endothelium derived relaxing factor (EDRF), progtdio (PGhL) and adenosine (60-62) also
the production of so called endothelium dependsmietpolarizating factor (EDHF). The
latter among other factors and substances inclpdgieicosatrienoic acid (EET), which has
recently characterized to affect platelets membrpatential through calcium dependent
potassium channels (63,64). In the recent yeargmup could show that the inhibition of
such endothelium released factors or potassiumneisirgo along with increased platelet
endothelium interaction and arterial thrombus fdrarain vivo (65-69).

In the case of activated endothelium or loss obémelium derived platelet inhibiting factors
respectively, it comes to firm platelet adhesiothi® endothelium through integrins and other
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adhesion molecules, which mediate platelet actwa#éind induction of surface exposure of
p-selectin and the release of proinflammatory cyte& stored im-granules. Among the long
and permanently expanding list of adhesion protegrewth factors, chemokines and
coagulation factors, which exert pleiotropic effedn blood and vascular cells, next to
p-selectin (70) the chemokines or chemokine-liketdies IL-13 and CD40L should be
mentioned, as their ability to induce endotheli#lammation is well investigated (71,72).
Subsequently, stimulated endothelial cells via sdvemechanisms promote atherosclerotic
plaque formation and finally more platelet actigati Thus platelets activate and maintain the
vicious circle of inflammation (57).

1.3.2 Arterial thrombus formation

While under normal conditions, platelets are at egsl flow through blood vessels without
interacting with other cells, once a site of vesl@hage is detected, passing platelets adhere
to the endothelium within seconds of the injury wcmg. A number of components of the
exposed subendothelium, first of all collagen ama-Willebrand-factor (VWF), but also
fibronectin, laminin, and thrombospondin directly iodirectly mediate platelet adhesion
through a range of platelet surface membrane rece(b1,73,74). Upon binding of receptors
with their ligands, platelets change shape to smxetheir surface and intracellular signals
cause degranulation of storage vesicles. Theseiconiore platelet activating substances
such as ADP (adenosine diphosphate) and serotonaddition thromboxane Ais released,
which also activates platelets. At the same timespholipid membrane components on the
platelets trigger the coagulation cascade resultintye generation of insoluble fibrin, which
provides stabilizing cross-links between plateletsd exposed tissue (75,76). Platelet
aggregation, which is following, together with tlest stages of the coagulation cascade
promote thrombus formation and growth eventualbuling in complete vessel occlusion.

1.3.3 Clinical observations

Clinical studies have pointed out several simitdlammatory and immunologic responses in
atherosclerosis and rheumatoid arthritis, whiclstilé representing the prototype of chronic
inflammation (36,77). In both diseases a lot of nown responses have been reported
including increased markers of T- and B-cell-, nptirage- as well as mast cell activation
and consequently also elevated serum levels girthiaflammatory cytokines TNEand IL-6
(41). Considering the crucial role of these cytekimn the pathophysiology of cardiovascular
diseases it is not surprising that patients withurhatoid arthritis are at increased risk for
cardiovascular morbidity and atherothrombotic esesuch as acute myocardial infarction
(36). More than one study in these patients colidws a not ignorable increase in
cardiovascular events, which could not be explaimgtraditional cardiovascular risk factors
(78-82). However, anticytokine therapy in thesaguas has been reported both to reduce as
well as to induce thromboembolic complications §33,

1.3.4 TNFa and arterial thrombosis in vivo

Putting clinical data anah vitro effects of TN observed in endothelial cells together could
lead to the assumption that T&lkn the vascular bed might shift the balance to @em
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prothrombotic state and deteriorate thrombotic &e8urprisinglyCambien et al.could
show in an elegant study that Tdfas antithrombotic activityn vivo after short term
treatment, a setting found for instance in the eqintase of sepsis. This was explained by an
increase in NO production in the vascular wall (8%wever this effect was reversible after
two hours and there is a lack of studies refertmdpng term effects of TNk concerning
arterial thrombosig vivo.



2  OBJECTIVE OF THE STUDY

Considering an increased risk of atherothrombotents in systemic inflammatory conditions
with elevated serum levels of TMF but antithrombotic effects (albeit short term and
reversible) in the onlyn vivo study for arterial thrombosis, the role of TdNF this context
remains unclear. Very limited data are availableualbhe more long term effects and clinical
data as well am vitro effects on vascular cells rather support prothratiolproperties of the
inflammatory cytokine. Moreover the underlying manltsms specially referring to
distinctive signaling through the different TNF-e@tor subtypes are still to be elucidated.

Therefore the aim of this study was to investigheefollowing issues:

* Does TNk increase arteriolar thrombosis and transient lgfateessel wall-interaction
in vivo?

* If so, what are the underlying mechanisms? Is & tlua direct effect on platelets or
through endothelium-mediated mechanisms?

* What role do the TNF-receptor subtypes TNF-R1 aN&-R2 play in this context?
To address these questions the dorsal skinfold beamicrocirculatory model was used for

in vivo assessment of arteriolar thrombus formation andsieat platelet-endothelium-
interaction in wildtype and TNF-receptor deficienice.



3  MATERIALS AND METHODS

3.1 Chemicals

Cell culture: Endothelial cell growth medium was purchased fi@romocell (Heidelberg,
Germany), fetal calf serum (FCS) and new born satim (NBCS) were from Biochrom
(Berlin, Germany). Accutase was purchased from R&Albe, Germany) and Collagenase
was from Roche (Basel, Switzerland). DMEM199 celledimm, EDTA, Penicillin-
Streptomycin, Trypsin and Trypsin-EDTA solution wdrom Sigma-Aldrich (Taufkirchen,
Germany).

Buffers and physiological solutions:CaCh D-Glucose, Glycerine, Glycine, Hepes, KCI,
KH.PO;, MgCl, NaHPO, NaCl and TRIS were purchased from Applichem (Daaabtst
Germany).

Chemicals and dyes:CFDA-SE was from Bachem AG (Bubendorf, SwitzerlarfdACS-
lysing-solution was from BD (Franklin Lakes, NJ, A)S L-NAA was from Enzo Life
Sciences (Lorrach, Germany), Prestained proteideiadvas from Fermentas GmbH (St.
Leon-Rot, Germany), Bromophenol blue was from Mettiemicals Ltd. (Nottingham, UK),
Nitrocellulose blocking membrane was from PEQLABotichnologie GMBH (Erlangen,
Germany), RLT buffer was from Qiagen (Hilden, Geny)a Pefabloc was from Roche
(Basel, Switzerland), llomedin was from Schering M&rlin, Germany)Murine leukemia
virus reverse transcriptase was from Superschiptitrogen (Darmstadt, Germany), BCA
reagens was from Thermo Scientific (Rockford, ILSA). Bovine serum albumin (BSA),
Acrylamid, Ammonium persulfate, Hydrogen peroxidelLuminol, Methanol,
Paraformaldehyde, Sodium Dodecyl Sulfate (SDS)jusoditrate, Temed and Tween were
all purchased from Applichem (Darmstadt, Germamgtamercaptoethanol, Cytochrom C,
DAPI, Leupeptin, Ng&vO,4, Na,O;P, NaF, P-cumaric acid, Pepstatin, Poinceau-S solution
RIPA-Buffer, Superoxide dismutase (SOD), Tritonyrieechloride and FITC-Dextran were
all purchased from Sigma-Aldrich (Taufkirchen, Gany).

Cytokines and platelet agonistsMurine TNFa. was from Chemicon International (Billerica,
USA), human TNk was from Reliatech GMBH (Wolfenbdittl, Germany), rdimbin
Receptor Activator Peptide 6 (TRAP-6) was from BaohAG (Bubendorf, Switzerland),
collagen for platelet stimulation was from Nycom®dthbH (Konstanz, Germany) and ADP
was purchased from Sigma-Aldrich (Taufkirchen, Gamny).

Anaesthetics: Fentanyl was from CuraMED Pharma GmbH (Karlsruliggrmany),
Medetomidinhydrochloride was from Orion Pharma (@&spFinland), Midazolam was from
Ratiopharm GmbH (Ulm, Germany) and Sodium-Pentatarivas purchased from Merial
GmbH (Halbergmoos, Germany).

Antibodies and primers: Anti-human p65 was from Santa Cruz Biotechnoldggnta Cruz,
USA), Anti-mouse IgG alexa fluor 546 was from Imggen (Darmstadt, Germany), Anti-
rabbit 1IgG was from Calbiochem/Merck Chemicals L{tlottingham, UK), Anti-mouse
GR-1-FITC and Rat IgG Negative control-FITC wererghased from EuroBioSciences
GmbH (Friesoythe, Germany), Anti-human TNF-R1 amdiAuman TNF-R2 were from Cell
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Signaling Technology (Danvers, MA, USA), Anti-huma@D142-FITC, Anti-human

CD62P-RPE, Anti-mouse-TNF-R1-RPE, Anti-mouse-TNFRRE, Mouse 1gG Negative
control-FITC, Hamster IgG Negative control-RPE aviduse IgG Negative control-RPE
were all purchased from Abd Serotec (Oxford, UKgedesigned GAPDH and PAI-1 TagMan
primers were purchased from Applied BiosystemsI|@ad, California, USA).

3.2 Cell culture

To investigate signaling and mechanisms on endathekells Human Microvascular
Endothelial Cells (HMEC), which is an immortalizedll line (86), as well as primary Human

Umbilical Vein Endothlial Cells (HUVEC) were used.

Table 3.1 Cell media for HMEC

HMEC growth medium (10%)

HMEC starvation medium (1%)

DMEM-199

DMEM-199

+ Fetal calf serum (FCS) 10%

+ Fetal calf serum (FCS) 1%

+ Endothelial growth media 10%

+ Penicilline/Streptamycine 1%

+ Penicilline/Streptamycine 1%

pH 7.4

pH 7.4

Table 3.2 Cell media for HUVEC

HUVEC growth medium (20%)

HUVEC starvation medium (1%)

DMEM-199

DMEM-199

+ New born calf serum (NBCS) 20%

+ New born calf serum (NBCS) 1%

+ Endothelial growth media 10%

+ Penicilline/Streptamycine 1%

+ Penicilline/Streptamycine 1%

pH 7.4

pH 7.4

Table 3.3 Collagenase A solution for detaching umbilical vein endothelial cells

Collagenase A solution

Collagenase type | (1700 U/mg)

1g

PBS+

ad 1000 ml

0.2 uym for sterilisation.

The solution was passed through the filter Membrex 25 CA with a pore size of
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Table 3.4 Phosphate buffered saline (PBS)

PBS+ PBS—
NaCl 849 8¢
KCI 0.20 g 0.20 g
Na,HPO, 1.15g 1.42 g
KH,PO4 0.20 g 0.20 g
MgCl, 0.04 g
CaCl, 0.50 g
Distilled H,O ad 1000 ml ad 1000 mi
pH 7.4

3.2.1 Isolation and cultivation of human umbilical vein endothelial cells

The human umbilical cords were provided by the etstl department of the Ludwig
Maximilians University hospital of Munich. Writteand informed consent was obtained from
all patients. To isolate human umbilical vein emdgdtl cells (HUVEC) the vein in the
umbilical cord was first rinsed with warm phosphhtgfered saline supplemented with’Ca
(PBS+, see table 3.4). To detach the endothellld tem the vessel wall, the umbilical cord
vein was incubated with 1 mg/ml collagenase A sofuftable 3.3) in a humidified incubator
for 10 minutes. The primary endothelial cells wéhen washed out of the vessel with
HUVEC growth medium (table 3.2). Following collewti of the cells, they were pelleted by
centrifugation at 1200 rpm (Heraeus Megafuge 1.08mf Kendro, Langenseldbold,
Germany) for 5 minutes at room temperature andesjuently washed with M199 medium.
Finally, the purified primary endothelial cells weobtained in standard culture flasks in
endothelial growth medium and left to grow at 37AG humidified incubator with 5% GO
When reaching confluency, the cells were passaget maintained in HUVEC growth
medium at 37 °C with 5% CQn a humidified incubator. The primary HUVEC warsed
until the third passage only. Prior to the expentaeells were starved for 3 hours in HUVEC
starvation medium (table 3.2). The investigationfoans with the principles outlined in the
Declaration of Helsinki.

3.2.2 Cultivation of human microvascular endothelial cells

Human microvascular endothelial cells (HMEC) werevided by Ades et al.(86) and
cultured in HMEC growth medium (table 3.1). Thelsalere maintained at 37 °C with 5%
CO; in a humidified incubator. Prior to the experingoells were starved for 24 hours in
HMEC starvation medium (table 3.1).

3.2.3 Passaging of cells

Confluent cells were washed once with warm PBSloweéd by incubation with trypsin-

EDTA for approximately 2 minutes to allow the mapof the cells to detach from the cell
culture dish. The enzymatic activity of trypsin wahkibited by application of the respective
media containing at least 10% serum. Non attackés were gently scraped off the dish with
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a rubber scraper and the cell suspension diluteédenespective media followed by seeding
onto new culture dishes.

3.3 Animals

All animal experiments were performed in Wildtyp&/T)- or TNF-receptor deficient
C57-BL/6 mice. WT mice were purchased from CharRiver, Sulzfeld, Germany.
TNF-R1-/- and TNF-R2-/- mice were originally obtathfrom the Jackson Laboratory (Bar
Harbor, ME, USA), and TNF-R1-/-R2-/- mice were sepsently generated by cross-breeding
of single TNF-receptor deficient mice. Animals wéred and kept at the animal department
of the Institute of Physiology Munich, where thesdha 12 hour light-dark cycle, were
allowed to move freely in their cages and had freeess to food and water. Ambient air
temperature was 24 °C and air humidity 50%. All exxpents were conducted in full
accordance with the German animal protection laler8chG) paragraphs 81, 82 and §2a and
approved by the government of Oberbayern. The tigagn conforms with th&uide for
the Care and Use of Laboratory Animalablished by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996

3.4 Invitro and ex vivo experiments

3.4.1 Flow cytometry

Flow cytometry (FACS) is a technique to analyzeesalcell parameters simultaneously. By
letting cells pass one at a time through a focuaser beam, the scattering of the light gives
information about the cell size, so called forwacdtter (FSC) and the internal complexity of
a cell, such as the extent of granulation, caliddvgard scatter (SSC). In addition to scatter, a
cytometer is also able to detect fluorescence. i@ybating cells with fluorescent labeled
antibodies the measured fluorescence can givevelatformation about the density of the
respective antigen on the cell. Flow cytometry wasd to assess the expression of p-selectin
and tissue factor on the surface of cultured eraiathcells, as well as to detect the presence
of TNF-R1 and TNF-R2 on murine neutrophils.

3.4.1.1 Assessment of surface molecules on endothelial cells

HMEC or HUVEC were grown to sub-confluence, serdamsed for 24 hours or 3 hours
respectively and incubated with sham or TN ng/ml) for 30 minutes or 4 hours. After
incubation cells were washed with PBS- and detaalmdg Accutase. They were then
collected, spun down (3000 rcf, 2 min) and resudpdnn PBS+. After 10 minutes of fixation
with 5% formaldehyde in PBS+, cells were washedimgand then incubated using
fluorescent-labeled antibodies (see table 3.5) omresponding negative controls for
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30 minutes at room temperature and darkness. Tleey then washed again and resuspended
in PBS+ before fluorescence intensity was measusatg a FACSCanto Il flow cytometer
(Becton Dickinson, USA). Data were analyzed usidAgEDiva software (Becton Dickinson)
and mean or median fluorescence, depending whetiees were normally distributed or
not, was calculated.

Table 3.5 Antibodies used for FACS analysis of endothelial surface molecules

Antibody Host Dilution Conjugate Company
Anti-human-CD62P Mouse 1:20 FITC Abd Serotec,
(p-selectin) (MC) Oxford, UK
Anti-human-CD142 Mouse 1:20 RPE Abd Serotec,
(tissue factor) (MC) Oxford, UK

3.4.1.2 Assessment of TNF-R1 and TNF-R2 on murine neutrophils

Mice were anesthetized and whole blood was dravwih &v27G syringe by cardiac puncture.
To avoid coagulation 3.13% sodium citrate was add&@. Whole blood was then incubated
with fluorescent-labeled antibodies against TNF#&il TNF-R2 (table 3.6) or respective
isotype control for 20 minutes at room temperataréhe dark. Erythrocytes were lysed and
white blood cells were fixed by adding 2 ml of FAGSing solution for 10 minutes. Cells
were spun down (700 rcf, 5 min) and washed with PBfefore being analyzed on a
FACSCanto Il flow cytometer. Neutrophil identifieat was done by forward and sideward
scatter and verified by staining with a FITC-lalok8R-1 (granulocyte antigen 1) antibody.

Table 3.6 Antibodies used for FACS analysis of TNF-receptors on neutrophils

Antibody Host Dilution Conjugate Company
Anti-mouse- Hamster (MC) 1:10 RPE Abd Serotec,
TNFR1 Oxford, UK
Anti-mouse- Hamster (MC) 1:10 RPE Abd Serotec,
TNF-R2 Oxford, UK

Anti-mouse-GR1 Rat (MC) 1:10 FITC EuroBioSciences

Friesoythe,

Germany

3.4.2 Immunofluorescent staining

The principle is to detect an antigen with a priynantibody and to visualize it by staining
with a so called secondary fluorescent-labeledbadi against the Fc-fragment of the
primary antibody. This technique was used to laealihe p65-subunit of NkB within
endothelial cells.
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3.4.2.1 Assessment of NF-kB translocation

HUVEC were grown to sub-confluence in 8-well p-eBdor fluorescence microscopy (Ibidi
GmbH, Martinsried, Germany), serum-starved for 8re@and incubated with sham or TiNF

(5 ng/ml, 4 hours). After incubation the cells wemashed with PBS+ and fixed in 2%
formaldehyde for 12 minutes. They were permeahilisg a 2 minute incubation with 0.2%
Triton and unspecific binding of the antibody wdsched with 5% BSA for 1 hour. Cells

were then incubated with an anti-p65-antibody f(faatibody) for 45 minutes and DAPI
(4',6-Diamidin-2-phenylindol) to stain the nucleustio¢ cells, followed by incubation with a
secondary fluorescent antibody for 30 minutes. rAftashing several times with 5% BSA the
cells were analyzed by fluorescent imaging usingS# Il confocal microscope (Zeiss,

Germany).

Table 3.7 Antibodies used to detect the p65-subunit of NF-kB in endothelial cells

Antibody Host Dilution Company
Primary Anti-human-p65 Mouse 1:200 Santa Cruz,
antibody (monoclonal) Heidelberg, Germany
Secondary | Anti-mouse IgG Goat 1:200 Invitrogen, Eugene,
antibody alexa fluor 546 Oregon, USA

For quantification of the distribution of p65 beewecellular cytosol and nucleus, cells were
first identified in the microscopic transmission aeowhere five pairs of regions of interest
(ROI) were placed in every image, of which one R@ds placed in the cytosolic
compartment, the corresponding one in the nucléascell. The size of a ROI was defined at
5 pnf. After placement of ROIs the microscopic mode waigiched to fluorescence within
the very same image. The mean relative fluoresceneeery ROl was then measured and the
value of the ROI within the nucleus divided by trdue of the ROI in the corresponding
cytosolic compartment. For every condition of ampemment 10 different images were
analyzed and the mean value of the ratios courg@sha experiment.

3.4.3 Western blotting

Western blotting or immunoblotting is an analytitedhnique used to detect specific proteins
in a given sample of cell or tissue lysate. Gettetghoresis is used to separate denaturated
proteins by the length of the polypeptide. The @ird are then transferred to a nitrocellulose
membrane, where they can be detected using antbealithe specific target protein. Western
blotting in this study was used to see whether loickv TNF-receptor subtypes are expressed
in cultured endothelial cells.

3.4.3.1 Cell lysates

To obtain protein lysates the cells were washec avith PBS+ and immediately put on ice

and lysed for 10 minutes using ice-cold lysis huftable 3.8). The cells were then scraped
off the dish with a rubber scraper and passed tegeathrough a 29G needle. The debris was
removed from the lysate by centrifugation at 10,§00r 10 minutes and at a temperature of
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4 °C. The protein concentration for the remainirguson was determined using BCA
(bicinchoninic acid) protein assay reagent kit adog to the manufacturer’s protocol. The
protein lysates were either directly analyzed gtKeozen at -20 °C until further handling.

Table 3.8 Buffer to lyse tissue culture cells grown in monolayer

Lysis buffer

KH,PO4 20 mM
EDTA (Ethylenediaminetetraacetic acid) | 1 mM
Pefablock 1 mM
Leupeptin 1 uM
Pepstatin 1 uM
NaF 50 mM
Na,O-7P 40 mM
NasVO, 2 mM
pH 7.3

Before usage of the buffer, Triton X-100 was added to a final concentration of 1%.

3.4.3.2 Assessment of protein concentration

Protein concentration was measured using the B@ificoninic acid) protein assay reagent
kit and is based on the biuret reaction, wheré*Gsi reduced to Cii by proteins in an
alkaline medium. Addition of bichinconinic acid tsato a purple-coloured end product
which can be detected colometrically at 562 nmsnd product is formed by the chelation
of two molecules of BCA with one Gl and is almost linear with increasing protein
concentrations. 10l of protein lysate was added to a well in a 96l \wkdte formate prior to
application of 200ul BCA solution (mixed according to the supplier'etpcol). Every
sample was measured in triplicates with SpectraF({@@can, Crailsheim, Germany). A
dilution series with BSA (2 mg/ml in distilled wajewas run alongside with the protein
lysates for the establishment of a standard cdrae.mixture was incubated for 30 minutes at
37 °C prior to measurement at 550 nm.

The protein concentration was calculated accortbrige following formula:

fX)=mx+Db

where x has to be dissolved to reveal the protein amounntgi m is the gradient of the
standard curveh is the axis intercept of the standard curve #rjlis the absorbance data
obtained.

3.4.3.3 SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis)

Proteins were thawed on ice and 25i¢pwere mixed with 1x loading dye, denaturated at
100 °C for 5 minutes before separated on a 10% BRGE consisting of a 4% stacking gel
and a 10% separation gel covered in 1x runningebyffomposition of gel and buffers are
listed in table 3.9). As a reference for proteiresa prestained protein ladder solution was
separated together with the proteins. The currest set to 35 mA and the proteins were left
to run until the loading dye front was approximgtelcm from the edge of the gel.
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Table 3.9 Gel and buffers for electrophoresis

Separation gel (10%):

Distilled H20 20 ml
Tris 1.5 M pH 8.8 12.5 ml
Sodium dodecyl sulfate (SDS) 10% 0.5 ml
Acrylamide/Bisacrylamide 30% / 0.8% (w/v) 16.6 ml
Ammoniumpersulfate 10% (w/v) 0.25 ml
Temed 0.025 ml

Stackin g gel (4%):
Distilled H20 6 ml

Tris 0.5 M pH 8.8 2.5 ml
SDS 10% (w/v) 0.1 ml
Acrylamide/Bisacrylamide 30% / 0.8% (w/v) 1.3 ml
Ammoniumpersulfate 10% (w/v) 0.05 ml
Temed 0.01 ml

For both gel solutions, 4D, Tris, Acrylamide/Bisacrylamide were mixed andjaesed before
addition of SDS, Ammoniumpersulfate and TEMED. Upauring the separation gel, a layer
with butanol was added on top of the gel to previefrom drying while polymerising. The
butanol layer was meticulously washed off with ilesdt water before pouring the stacking
gel on top of the separation gel.

Loading dye (4x)

Tris HCI pH 6.8 0.25M
SDS 8%
Glycerine 40%
Bromphenolblue 0.02%
Mercaptoethanol 400 mM
Running buffer (5x)

Tris Base 123.8 mM
Glycine 959.1 mM
SDS 17.3 mM

3.4.3.4 Blotting

The separated proteins were then transferred ontmitcellulose membrane by

electrophoresis using semi-dry blotting. For thig nitrocellulose membranes together with
filter papers were soaked in transfer buffer (taBl&0). The membrane and filters were
stacked as a “sandwich” in the following ordertefil paper, membrane, gel and filter paper.
To check for equal amounts of protein and succegsiting, the membrane was incubated
with Poinceau S solution (Sigma-Aldrich, Taufkirahegsermany) which was removed by
washing before further handling. To prevent undpediinding of the antibodies the
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membrane was blocked with blocking buffer for 3Gatés prior to a 1 hour incubation with
the primary antibody diluted in the respective klag buffer at 37 °C or at 4 °C over night.
Unbound antibody was removed by washing 3 timesbfarinutes with TBS/T (table 3.10).

The membrane was then incubated for 1 hour at teomperature or at 4 °C over night with a
secondary antibody conjugated with horseradish xp@ase. After washing 3 times as
described above, the enzymatic activity was deteafgon addition of chemiluminescence
detection kit for horseradish peroxidase accordingthe supplier's protocol with a

bioluminescence detection system attached to tatlimera (Sequoia).

Table 3.10 Buffers for blotting

Transfer buffer

Glycine 39 mM
Tris Base 48 mM
SDS 0.037%
Methanol 10%

Tris buffered saline (TBS) (10x)

Tris 24.2 ¢
NaCl 58.44 g
Distilled H20 ad 1000 ml

Tris buffered saline with Tween (TBS/T)

TBS 1x
Tween 20 0.1%
pH 7.6

Blocking buffer
Bovine serum albumine (BSA) 5% in TBS/T

3.4.4 Quantitative real-time PCR

Real-time polymerase chain reaction (RT-PCR), adledquantitative real time polymerase
chain reactionis a method based dPCR which is used to amplify and simultaneously
quantify a targete®NA molecule. If combined witheverse transcriptioreal-time PCR can be
used to quantifymessenger RNAMRNA) in cells or tissues. RT-PCR was used tesss
MRNA-amount of plasminogen-activator-inhibitor 1A(FL) in cultured endothelial cells.

3.4.4.1 PAI-1 transcription in endothelial cells

HMEC were grown to sub-confluence, serum-starve®fbhours and incubated with sham
or TNFu (5 ng/ml) for 30 minutes or 4 hours. After incubatcells were washed with PBS-
and lysed quickly in 300 ul/3-cm-dish RLT bufferié@en, Hilden, Germany) containing 1%
beta-mercaptoethanol to eliminate ribonucleaseasel@ during cell lysis. RNA isolation was
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performed immediately. Total RNA was isolated bydally Mini Kit (Qiagen) according to
the manufacturer’s protocol including digestionDdfA during the procedure by RNase-Free
DNase Set (Qiagen). Purity was checked by RNA-dettephoresis and absorbance at
230 to 320 nm. For RT-PCR, 2 pg of isolated totslARunderwent random primed reverse
transcription using a modified murine leukemia simeverse transcriptase (Superscript; Life
Technologies, Germany). In parallel, 2 pg aliquetere processed without reverse
transcription to control for contaminating genorbDidA.

Real-time PCR was performed on a TagMan ABI 77@fusece detection system (Applied
Biosystems, Darmstadt, Germany) using heat-activlitgDNA polymerase. GAPDH was
used ageference housekeeping gene. All contemsasisting of distilled KO were negative
for target and housekeeper. Quantification was dyrehe Pfaffl method (87)Commercially
available pre-developed TagMan reagents were usedhke human target gene PAI-1
(Applied Biosystemsand the endogenous control gene GAPDH (Appliedsgitems). The
data shown in the figures are normalized to GAPBH measurements were performed in
duplicates.

3.4.5 Cytochrome C assay

Cytochrome C is a heme protein and part of the chitadrial electron transport chain. The
ferricytochrome C can be directly reduced by suyiee(Q,") to ferrocytochrome C.

Fe* - Cyt.C+ 0, —» Fé" - Cyt.C + O,

This reduction leads to an increase in the absagbapectrum of cytochrome C at 550 nm,
which can be photometrically monitored. To deteoe tsuperoxide dependent part of
cytochrome C reduction the difference in absorbadme®veen samples incubated with or
without superoxide dismutase has to be calculdtenin Lamber-Beers-Law E sc d the
concentration of produced superoxides can be detedn(E = extinctiong = extinction
coefficient = 21 mmol/l cit for cytochrome C at 550 nm; ¢ = concentration; dayer
thickness). The cytochrome C reduction method vl io measure superoxide release of
cultured endothelial cells.

3.4.5.1 Assessment of endothelial superoxide release

HUVEC were grown to sub-confluence and serum-sthfee3 hours before the experiments.
To prevent modulating effects of NO all measuremmevdre performed in the presence of the
NO synthase inhibitor L-NAA (R-Amino-L-argninine; 30umol/l), which was added to the
cell medium 30 minutes before starting TINE5 ng/ml) stimulation. After 4 hours of
treatment with TNE or sham endothelial cells were incubated in cekgIDMEM medium
containing 4Qumol/l cytochrome C with or without SOD (200 unit$)mAfter 30 minutes the
supernatant was removed, and the reduction of bytore C was spectometrally measured at
550 nm (Ultrospec 2000, Amersham Pharmacia Biotegtperoxide release was calculated
as described above.
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3.4.6 Platelet aggregation studies

Platelet aggregation was measured in human or meRs$e (platelet rich plasma) using the

turbidimetric method described by Born (88). Théicg aggregometer is a fixed wavelength
spectrophotometer, where a beam of infrared ligiies through the test sample (PRP) and
another shines through the reference sample, wtacitains PPP (platelet poor plasma).
When the PRP is stirred and stimulated by platdenists platelets start to form increasingly
larger aggregates and the PRP begins to cleamwviafiomore light to pass through. The

increase in light transmittance is directly propmral to the amount of aggregation and is
amplified and recorded digitally.

3.4.6.1 Platelet aggregation in human PRP

Blood was drawn from the cubital vein of healthymtan volunteers. Written informed
consent was obtained from all blood donors. To @méwblood from clotting syringes were
containing 10% of 0.11 mol/l sodium citrate. HunRRP was obtained by centrifugation of
the whole citrated blood at 340 rcf for 15 minuteRP was incubated with TNK5 ng/ml)

or sham for different times. PPP was obtained bytrifagation of PRP for 5 minutes at
3000 rcf. Aggregation was started by adding ADPllagen or TRAP to PRP under
continuous stirring at 1000 rpm at 37 °C and mess$iloy using a 2-channel-aggregometer
(ChronoLog 490-2D, Havertown, PA, US). Percentajsmaximal platelet aggregation was
analyzed 6 minutes after addition of the stimulateng Aggrolink software (ChronoLog,
USA).

3.4.6.2 Platelet aggregation in murine PRP

For platelet aggregation in mouse PRP the protwegl analogue to the procedure for platelet
aggregation in human PRP with minor modificatiohole blood was drawn by cardiac
puncture from anesthetized mice with 27G syringegaining 1:10 sodium citrate to prevent
coagulation. Murine whole blood was diluted witlatelet resuspension buffer (table 3.12) to
increase the volume and centrifugation was donel3t rcf for 10 minutes. Platelet
aggregation was then performed as described above.

3.5 Invivo experiments

3.5.1 Anaesthesia

Animal surgical procedures were performed undertsleom anesthesia. As anaesthetics the
drugs listed in table 3.11 were used. Anaesthetiese diluted in saline and administered
intraperitoneally. After the experiments the angnadere killed by injection of an overdose
(2 g/kg) of sodium pentobarbital (Merial GmbH, Hadgmoos, Germany).

18



3 Materials and methods

Table 3.11 Anaesthetics used for surgical procedures in mice

Anaesthetic Dosis Company

Midazolam 3 mg/kg Ratiopharm GmbH, Ulm, Germany

Fentanyl 0.03 mg/kg | CuraMED Pharma GmbH, Karlsruhe,
Germany,

Medetomidinhydrochloride | 0.3 mg/kg Pfizer, Berlin, Germany; produced by
Orion Pharma, Espoo, Finland

3.5.2 Dorsal skinfold chamber implantation

The dorsal skinfold chamber, which was developedhat Institute of Surgical Research,

LMU Munich, Germany, is a well established modeldacrocirculation and already used in

several studies in mice and other rodents (89-91).

After the animals were anaesthetized as describedeathe hair on the back was removed by
a hair clipper (Aesculap) and chemical depilatidtiicamed, Schwarzkopf). Eyes were

protected by application of Dexpanthenol ointmeRbdhe Germany, Grenzach-Whylen,

Germany). After disinfection with alcohol 70% sutameous vessels were visualized
diaphanoscopically and an extra manufactured chamiaele up of two inversed plates of

titanium was implanted. The chamber and the surgiscuments were sterilized prior to the

surgical procedure. In the chamber a circular wma® building the frame for an extra cut

circular coverslip (g 11.7 mm, Menzel, Braunschyeighich covers a circular area where the
skin was removed on one side in a way that the skithe opposite side is attached via
adhesion and its blood vessels can be observedostagically and microscopically (see

figure 3.1). All experiments were performed at animum of 24 hours after chamber

implantation. Animals showing abnormal blood flowthin the vessels of the dorsal skinfold

chamber arterioles were excluded from the experisaen

3.5.3 Carotid catheterization

Animals with an intact microcirculation underwertratid artery catheterization, which was
needed for application of drugs or injection oflaged platelets to investigate platelet-vessel
wall-interaction.

The surgical procedure of catheterization was peral under the same short time
anaesthesia protocol as described above. The dghitid artery was dissected from
connective tissue and a 20 cm polyethylene tuli28(thm ID, 0.61mm OD; SIMS Portex,
U.K.), which was prior thinned by mechanic elongafi was introduced in the common
carotid. The tube was fixed to the artery and thlecataneous tissue by a nonabsorbable
surgical silk suture (5-0, Fine Science Tools, ld#drg, Germany), placed subcutaneously
and led out of the body on the back. The tube \Wweshéd by saline, closed at the distal end
and fixed to the dorsal skinfold chamber to avomhipulation by the animals.
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Figure 3.1

Dorsal skinfold chamber mouse model

The dorsal skinfold chamber is made up of two inversed plates of titanium, where a circular
window is building the frame for an extra cut circular coverslip (the paper clip is shown as a
size comparison) through which the microcirculation can be observed. We used this model
to investigate arterial thrombosis and platelet-endothelium-interaction in vivo. The right
upper panel shows a mouse carrying the implantation.

3.5.4 Intravital microscopy

Intravital fluorescence microscopy was performedngisa modified microscope (Zeiss
Axiotech Vario, Germany, figure 3.2). For the expants mice were positioned in special
plexiglas tubes, where the dorsal skinfold chandzer be fixed on the table not allowing
mice to maneuver, which is required for the experita. Fluorescence illumination was
provided by an X-Cite® 120Q microscope light sousgstem (Exfo life sciences division,
Ontario, Canada) and images were recorded witlgitaticamera (AxioCam HSm, Carl Zeiss
Germany). The exposure time for intravital recogdiof blood flow or platelet-endothelium-
interaction was 60 ms.
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Figure 3.2
(A) (B)

00:22.02

Intravital microscopy of the microcirculation in the dorsal skin

(A) A specially modified microscope linked to a digital camera was used for intravital
imaging. Mice were positioned in a Plexiglas tube on the table in a way they were not
allowed to maneuver the dorsal skinfold chamber during the experiments. (B) Fluorescent
dyes allow visualization of blood flow (upper panel) or blood cells (e.g. platelets as shown in
the lower panel) in the vessels.

3.5.5 In vivo TNFa-stimulation

For all intravital experiments TNFwas administered via the carotid catheter in & ddsich
was calculated to match serum concentrations aj/Bln a dose that caused effettsvitro
and was previously used in studies of similar de¢g®).

3.5.6 Intravital assessment of arterial thrombosis

Intravital thrombotic vessel occlusion time waseas®gd in arterioles of WT- or TNF-receptor
deficient mice in the dorsal skinfold chamber moételr induction of intraarterial thrombosis,

the ferric chloride superfusion method was used6®b5 Before the experiments blood vessel
flow was digitally recorded and regular blood flewas confirmed for all analyzed arterioles.
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To visualize vessel lumina before vessel injuryB0f a 5% fluoresceine-isothiocyanate-
labeled dextran solution (FITC-Dextran, MW 150,0@3citation maximumi = 490 nm,
emission maximum. = 520 nm) was infused via the carotid catheters Tway formation of
thrombi was apparent as sparing in the fluoreslkagled plasma (see figure 3.2, panel B and
also figure 4.7, panel B). Injury to the vasculaalivwas then performed by application of
30 ul of a ferric chloride solution (25 mmol/l) onarterioles, using a standardized protocol.
Movies were recorded until blood flow ceased ordbleast 6 minutes if no vessel occlusion
occurred.

3.5.7 Mouse platelet isolation and staining

For observation oin vivo platelet-endothelium-interaction by intravital muscopy platelets
from donor mice were isolated and fluorescentlyelall. Whole blood was drawn from
anesthetized mice by cardiac puncture. To prevéobdb from clotting syringes were
containing 10% of sodium citrate. The citrated vehblood was spun at 130 rcf and the
obtained PRP was incubated with the fluorescent @#DA-SE (5-Carboxyfluorescein
diacetate; 17 pmol/l; excitation maximu= 492 nm, emission maximum= 517 nm) at
dark for 30 minutes. Labeled platelets were theanspt 340 rcf and resuspended in a
buffered calcium free physiologic solution (tabl&2. For centrifugation lloprost (10 ng/ml)
was added to prevent platelet activation. The tgbdf the isolated and stained platelets to
aggregate was tested by platelet aggregometr\3(4e@).

Table 3.12 Buffer for platelet resuspension

Calcium free physiologic solution for platelet resu spension
NaCl 4,03 g (138 mM)
KCI 0,1 g (2,7 mM)
NaHCO; 0,5 g (12 mM)
NaH,PO,4 0,03 g (0,4 mM)
MgCl, x 6H,0 0,1 g (0.49 mM)
D-Glucose 0,45 g (5 mM)
Hepes 0,6 g (5 mM)

Ad 500 ml distilled water

pH 7.35

3.5.8 Intravital analysis of platelet-vessel wall-interaction

For intravital studies of transient platelet intg¢ran with the intact vessel wall isolated and
fluorescent-stained murine platelets were injesiadhe carotid artery catheter and observed
in the dorsal skinfold chamber model. Movie seqesmaf 30 seconds in 4-6 vessel segments
in each animal were recorded and analyzed usingo\Agion Software (Carl Zeiss,
Germany). Vessels with abnormal flow were exclufiedn analysis. Velocities of single
platelets were calculated with the formula vAx/At being Ax the assessed length of the
platelet trace in single images aftithe exposure time of each single picture. Platedssel
wall-interaction (PVWI) was expressed in frequeriggtograms consisting of all platelet
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velocities analyzed. Histograms were normalizedh® maximum platelet speed within a
vessel to exclude biasing influences of alteredodbldlow velocities between different
arterioles. As a consequence a rightward shift latefet velocity distribution within a
histogram expresses less PVWI, whereas a leftwlaiftl Sgnalises increased PVWI at the
arteriolar wall. Platelets with less than 5% of Hedocity of the fastest platelets were defined
asrolling platelets(see figure 3.2, panel B and also figure 4.8). &tglet was considered as
firmly adherent when not moving for at least 10cets.

3.6 Statistical analysis

All statistical analyses were performed using SigBiat version 3.5. With normally

distributed data, the Student’s t-test was usedompare two groups while the one-way
ANOVA with Dunn’s correction was used for multiptomparisons. The Mann-Whitney
Rank sum test was performed when comparing two pgrowhich were not normally

distributed, whereas comparisons between seveoalpgrnot exhibiting normal distribution

was achieved by analyzing the data with the aralg$ivariance on ranks. All data are
presented as means +/- SEM (standard error of tban)n Differences were considered
significant when the error probability level was(RG5.
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4  RESULTS

4.1 Superoxide formation in endothelial cells

To confirm previously described effects of T&NBn the cellular redox system the release of
superoxide (@) was measured using the cytochrom C assay in HUVHGe
photometrically recorded SOD (superoxide dismutassjsitive fraction of cytochrome C
(expressed as difference in absorbance) depicts pteeluction of @~ and was
0.044 +/-0.01 /well in untreated cells, whereas whas significantly elevated to
0.099 +/-0.03 /well in cells stimulated with TFor 1 hour in a dose of 5 ng/ml (n=15,
P< 0.01 vs. control; figure 4.1).

Figure 4.1
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Superoxide (O, ") formation in cultured endothelial cells

0, formation was assessed by measuring the SOD (superoxide dismutase) sensitive fraction
of cytochrome C reduction in HUVEC and was significantly increased when cells were treated
with TNFa (5ng/ml, 1h).

** P<0.01 vs. control (n=15)

4.2 Translocation of the p65-subunit of NF-kB

ROS such as © can be involved in several pathways of intracatidignaling and are well
known to activate the transcription factor NB: Therefore the translocation of the p65-
subunit of NF«B to the nucleus was assessed upond Blinulation in cultured endothelial
cells using immunofluorescence imaging. TiNFeatment (5 ng/ml; 1 h) of HUVEC resulted
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in threefold increase in the ratio of relative flescence between nucleus and cytosol
(3.28 +/-0.28) in comparison to controls, wheredts 1.49 +/-0.16 (n=15, P<0.01 vs. control,
figure 4.2).

Figure 4.2
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Translocation of the p65-subunit of NF-kB in cultured endothelial cells

The localization of the p65-subunit of the transcription factor NF-kB was analyzed in HUVEC
by immunofluorescence imaging. (A) The immunofluorescent staining shows p65 localized
mostly in the cytosol when cells were sham treated (left image, arrows), while a
translocation to the nucleus could be observed in HUVEC stimulated with TNFa (right image,
arrowheads). (B) Quantitative analysis shows an increased nuclear to cytosol ratio of p65-
fluorescence in cells treated with TNFa (5ng/ml, 1h).

** P<0.01 vs. control (n=15)
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4.3 Endothelial adhesion molecule expression

Since the transcription factor NdB can upregulate several cell surface membraneaulele

it was investigated whether and at what time &N#ads to an up-regulation of the adhesion
molecule p-selectin (CD62P), which is describeglay a critical role in mediating platelet-
endothelium-interaction. The expression of p-selesas measured on the cell membrane of
HMEC and HUVEC by flow cytometric analysis. Whilesplectin was barely detectable on
the surface membrane of either non stimulated HME®nly 30 minutes after stimulation
with TNFa (5 ng/ml), the adhesion molecule was significantigregulated in HMEC
stimulated for 4 hours, where the mean of the ixeafluorescence was elevated by
10.2 +/-1.3 % compared to non stimulated cells (850n=9; figure 4.3). To see whether
TNFa leads to an increase in adhesion molecules alpanmary endothelial cells, p-selectin
surface expression was assessed in HUVEC. Thet effeENFu in these cells was much
more striking, as the mean in the relative fluoeese was 50.4 +/-13.7 % higher than in
untreated cells (P<0.05, n=5; figure 4.3).

Figure 4.3
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P-selectin (CD62P) expression on the surface of cultured endothelial cells

The appearance of the adhesion molecule p-selectin was measured on the surface of HMEC
and HUVEC by FACS analysis. In HMEC as well as in primary endothelial cells (HUVEC)
p-selectin was significantly upregulated in cells being treated with TNFa (5ng/ml, 4h)
compared to sham treated cells.

RFU: Relative fluorescence units.

* P<0.05 vs. control (n=5-9)
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4.4 Tissue factor expression on endothelial cells

To investigate whether mechanisms independent ftben primary haemostasis could
contribute to prothrombotic properties of TiNRhe amount of tissue factor (CD142)
expressed on cultured endothelial cells was medstiigsue factor is a protein playing a
crucial role in the activation of the extrinsic Imagy of the coagulation cascade and is
described to be upregulated under inflammatory itmmd. Thus tissue factor was detected
on the surface membrane of HMEC by FACS analyser afeatment with TNé& 5 ng/ml.
The expression of tissue factor expression wastsfidgput not significantly decreased when
stimulating cells for 30 minutes but raised up lie threefold after stimulating cells with
TNFa for 4 hours (fold increase vs. baseline 3.35 3t(ompared to non stimulated cells;
P<0.01, n=10; figure 4.4).

Figure 4.4
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Tissue factor on the cell membrane of cultured endothelial cells

Tissue factor was detected on HMEC by FACS analysis. While no increase was found half an
hour after stimulation with TNFa (5ng/ml), the expression on the cell membrane was
significantly enhanced when cells were treated for 4 hours.

RFU: Relative fluorescence units

** P<0.01 vs. baseline (n=10)

4.5 PAI-1 mRNA in endothelial cells

As another primary haemostasis independent mechanmssibly contributing to
prothrombotic effects of TNEthe transcription of PAI-1 (Plasminogen activatdribitor 1)
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was analyzed, which is one of the most potent itdrib of fibrinolysis. Real time polymerase
chain reaction (RT-PCR) was used to measure mRNaAldein cultured endothelial cells

(HMEC) upon stimulation with TNé& 5 ng/ml for 30 minutes or 4 hours. The mRNA-ratio
PAI-1 to GAPDH was slightly increased after half laour but more than fivefold higher

compared to baseline when stimulating endotheli@lscfor 4 hours (fold increase

5.32 +/-0.47 vs. baseline; P<0.01, n=16; figurg.4.5

Figure 4.5
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PAI-1 (plasminogen activator inhibitor 1) transcription in endothelial cells

MRNA levels of PAI-1 were analyzed by RT-PCR after endothelial cells were stimulated with
TNFa. In HMEC TNFa (5ng/ml) raised PAI-1 mRNA ratio slightly after 30min but a striking
increase was observed after 4 hours.

** P<0.01 vs. baseline (n=12)

4.6 Platelet aggregation in PRP

To consider direct effects of TFon platelets, aggregation was assessedtro in human
PRP using light transmission aggregometry (Borné&had). Incubation of PRP with TNF
5 ng/ml for different times did not affect the atyilof platelets to form aggregates upon
stimulation with several commonly used plateletragis. The ADP (5 umol/l) dependent
aggregation was not influenced by TeNFheither after a short time of incubation nor @afte
4 hours (figure 4.6, panel A). No changes couldseen with other stimuli like collagen
5-10 pug/ml (figure 4.6, panel B) or TRAP (thrombgceptor activating protein) 5 pmol/l
(figure 4.6, panel C) and TNHtself did not cause aggregation either (datashotvn).
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Figure 4.6
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Platelet aggregation in human PRP (platelet rich plasma)

Aggregation studies were performed in human PRP using light transmission aggregometry.
(A) ADP (5umol/l) dependent platelet aggregation at different time points was not changed
when PRP was incubated with TNFa (5ng/ml) compared to the respective control PRP.
(B) TNFa (5ng/ml, 30min) did not change aggregation when platelets were stimulated with
different doses of collagen. (C) The representative image is showing characteristic platelet
aggregation traces upon stimulation of PRP with TRAP (5umol/l). No significant difference in
either slope or maximal amplitude of the curves was apparent between TNFa and sham
treated platelets. TRAP: Thrombin-receptor-activating-protein. (n=9-10, each)
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4.7 Arterial thrombus formation in vivo

To analyze the effect of TNFon thrombus formatiom vivo, next the time to thrombotic
arterial vessel occlusion following injury to thascular wall was assessed. Therefore the
ferric chloride superfusion model in the dorsah$tdd chamber in the mouse was used. The
time to complete microvascular thrombotic vessadlugion upon injury was significantly
accelerated from 259.5 +/-30.6 s in control anin@l$57.8 +/-31.3 s in animals treated with
TNFa 5 ng/ml (which was the calculated plasma level nigiven TNF at a dose of
0.4 pg/kg) 4 hours prior to the experiment (n=80B5 vs. control animals). Time to
thrombotic vessel occlusion was not significantbcelerated compared to control animals
when TNFe. was given only half an hour prior to the experim@#1 +/-54.3 s; n=5; figure
4.7 and table 4.1).

Table 4.1 Thrombotic arterial occlusion time upon vessel injury in vivo after TNFa treatment
(5ng/ml) in WT mice. Values are expressed as mean +/- SEM.

Time of n Occlusion time (s) P-value vs. non treated
treatment (min) animals
0 13 259.5 +/-30.6 -
30 5 241.0 +/-54.3 P=0.837
240 8 157.8 +/-31.3 P<0.05

4.8 Platelet-endothelium-interaction in vivo

To have a more distinctive look at the endotheltmamsient platelet-vessel wall-interaction
(PVWI) and firm adhesion of platelets to the vesgall was investigatedh vivo by intravital
microscopy in the dorsal skinfold chamber. FollogvinNFa treatment (5 ng/ml calculated
plasma level, 4 h) PVWI was enhanced as indicatedh beftward shift in platelet flow
velocity distribution pattern and a significant degse in the median platelet velocity from
4.0 mm/s in control animals (n=3294 platelets, fledent animals, range: 0.3-11.5 mm/s) to
3.7 mm/s in TNk treated animals (n=3239 platelets, 5 differentmahs, range:
0.6-15.3 mm/s, P<0.05 vs. control animals; figu&).AWhen observingolling platelets that
were defined as platelets with a velocity of ldsant 5% of the maximal platelet velocity
measured within a vessel, i.e. platelets direciigracting with the endothelium, their fraction
relating to all analyzed platelets was only 0.D:#/% in control animals and not significantly
higher in TNF treated animals, where it was 0.4 +/-0.6 % (n=5).
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Figure 4.7
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Arterial thrombus formation in vivo

Time to thrombotic arterial vessel occlusion was measured in vivo in the ferric chloride
superfusion model in the dorsal skinfold chamber in mice. (A) TNFa (5ng/ml) treatment for
30 minutes did not enhance thrombotic vessel occlusion, but 4 hours after stimulation with
the same dose time to complete thrombotic vessel occlusion was markedly accelerated (see
also table 4.1). (B) The image shows thrombus formation in arterioles of the dorsal skinfold
chamber after injury with ferric chloride. The white arrow is pointing at a thrombus, which is
spared by the fluorescin-labeled plasma and almost occluding the vessel. Black arrows are
indicating blood flow.

* P<0.05 vs. non treated animals (n=8).
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Figure 4.8
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Platelet-vessel wall-interaction (PVWI) in vivo

Transient platelet interaction and firm adhesion to the endothelium was analyzed by
intravital microscopy in the dorsal skinfold chamber in mice after injection of fluorescently
labeled platelets from a donor animal. Quantitative analysis is performed by assessment of
platelet velocities, which can be calculated from the length of the trace of a platelet in one
single picture when knowing the exposure time. (A) Platelet velocities were displayed in
frequency histograms. The median platelet velocity was decreased in mice treated with
TNFa (5ng/ml, 4h; lower histogram) compared to control animals (upper histogram) as
indicated by a leftward shift in platelet velocity distribution pattern concluding more PVWI in
TNFa treated mice. Platelets with a velocity of less than 5% of the maximal platelet velocity
(platelets left of the vertical bold line in the histograms, indicated by arrow) were defined as
rolling platelets. The fraction of rolling platelets relating to all analyzed platelets was very
low and not significantly different between animals stimulated with TNFa and control
animals. (B) The images show digital records of carboxy-fluorescin labeled platelets in
arterioles of the dorsal skinfold chamber. The lower image is showing increased platelet-
endothelium-interaction with rolling platelets (arrow).
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4.9 TNF-receptor subtypes on endothelial cells

Since TNFu is known to exert its effects through differenteptor subtypes, namely TNF-R1
and TNF-R2, the presence of these receptors ortlexlthd cells was checked for. Therefore
western blotting of whole cell lysates of cultureddothelial cells was performed and the
TNF-receptor subtypes were immunologically detect®dth TNF-R1 and TNF-R2 were
present in HMEC and could be found also in primangothelial cells (HUVEC) showing
their characteristic protein band at 55 kDa for TRIEF and 75 kDa for TNF-R2 (figure 4.9,
panel A).

4.10 TNF-receptor subtype expression in WT and TNF-receptor KO mice

Next it was investigated whether and to what amtumtwo TNF-receptor subtypes TNF-R1
and TNF-R2 are expressed in WT, TNF-R1-/-, TNF-Radd TNF-R1-/-R2-/- mice. Since
TNF-receptors are known to play a role in whitedol@ells and these cells are relatively easy
available, the density of TNF-R1 and TNF-R2 was sneed on the surface of neutrophil
granulocytes by FACS analysis of whole blood dralmn cardiac puncture. While on
neutrophils of WT mice both receptor subtypes wanesent in a considerable amount, in
TNF-receptor KO mice the respective receptors waceessfully knocked out. In TNF-R1 or
TNF-R2 deficient animals the expression of the eeipe non knocked-out receptor subtype
was not significantly different from the expressarserved in WT mice (fig. 4.9, panel C).

4.11 Arterial thrombus formation in vivo in TNF-receptor KO mice

After detection of the presence of both TNF-R1 @ahF-R2 on endothelial cells, distinctive
effects by the two receptor subtypes regardingriattéhrombosis were analyzed after
stimulation with their ligand TN& Time to complete thrombotic occlusion of the ae®
upon exogenic injury of the vessel by ferric chderisuperfusion was measured in the dorsal
skinfold chamber model as described in the metleatian. The ability of TNE (5 ng/ml,

4 h) to accelerate arterial thrombus formatilmrvivo observed in WT mice (figure 4.7) was
much more striking in TNF-R1-/- mice, where the m&assel occlusion time after treatment
with TNFo was reduced to 62.4 +/-13.1 s (n=5, P<0.05 vansteated TNF-R1-/-; figure
4.10, panel A). In TNF-R1-/- animals also the rigkatacceleration of thrombotic arterial
vessel occlusion by TNFwas enhanced compared to WT animals. While thenraerial
vessel occlusion time was reduced by TNiF WT mice by 37.5 +/-12.1 %, it was decreased
by 71.1 +/-6.1 % in TNF-R1-/- mice after treatmewith TNFa (n=5-8; P<0.05 vs. WT
treated with TNk; figure 4.10, panel B and table 4.2). In mice lagkTNF-R2 or both,
TNF-R1 and TNF-R2, TNé did not significantly accelerate arterial thrombasmationin
vivo. Without treating animals with TNFtime to thrombotic vessel occlusion was not
significantly affected in either of the TNF-receptdeficient animals compared to WT
animals (fig. 4.10, panel A and table 4.2).
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Figure 4.9
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Expression of TNF-R1 and TNF-R2 was assessed in cultured human endothelial cells by
Western blotting and in white blood cells of WT and TNFR-KO mice by FACS analysis. (A) The
representative blots show the characteristic protein bands for TNF-R1 and TNF-R2 detected
at 55 kDa and 75 kDa respectively in whole cell lysates of both HMEC and HUVEC. (B) Murine
neutrophils were identified in the Dot blot by FACS analysis of murine whole blood by
forward (FSC) and sideward scatter (SSC). (C) Quantitative analysis reveals TNF-R1 and
TNF-R2 were present on the surface of neutrophils in WT mice. In TNFR-KO mice the
respective receptor was successfully knocked out, whereas the respective non-knocked-out
receptor was expressed to a similar level as in WT animals. * P<0.05 vs. WT (n=4).
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Table 4.2: Relative reduction of thrombotic arterial vessel occlusion time in vivo after TNFa
treatment (5ng/ml, 4h) in TNFR-KO mice. Values are expressed as mean +/- SEM.

Genotype n Relative reduction of time to P-value vs.
vessel occlusion by TNF a (%) untreated animals
WT 8 37.5+/-12.1 P<0.05
TNF-R1-/- 5 71.1 +/-6.1 P<0.05
TNF-R2-/- 5 31.9 +/-16.3 P=0.11
TNF-R1-/-2-/- 5 18.9 +/-20.4 P=0.43
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Arterial thrombus formation in vivo in TNF-receptor KO mice

(A) As already shown in figure 4.7 for WT mice the time to thrombotic arterial occlusion
assessed upon vessel injury with ferric chloride was significantly accelerated with TNFa
(5ng/ml, 4h; black circles, solid line). This effect was even stronger when TNF-R1 deficient
mice were treated with TNFa (light gray circles, long-dashed line). In mice lacking TNF-R2
only (dark gray circles, short-dash line) or both TNF-receptor subtypes (white circles, spotted
line) TNFa did not significantly affect arterial thrombosis. (B) In TNF-R1-/- mice (grey bar)
also the relative acceleration of arterial thrombus formation by TNFa was significantly
stronger compared to the relative acceleration by TNFa in WT mice (black bar).

* P<0.05 vs. respective sham treated animals (n=5-10); # P<0.05 (n=5)
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4.12 Platelet-vessel wall-interaction in vivo in TNF-R1-/- mice

Considering TNF-R1 deficient mice showing enhaneegrial thrombus formation upon
TNFa stimulation in the ferric chloride superfusion mbglatelet-vessel wall-interactian
vivoin this genotype was investigated in our modehadorsal skinflold chamber.

The leftward shift in platelet velocity pattern ioating increased platelet-endothelium-
interaction in WT mice after treatment with TS ng/ml calculated plasma level, 4 h) in
the group of TNF-R1-/- mice treated likewise wascmumore prominent. Median platelet
velocity in these animals was significantly lowéan in WT animals treated in the same
manner (figure 4.11, panel A and table 4.3). Ins¢hanimals TNé raised the fraction of
rolling platelets (defined as those platelets with a vgldi=low 5% of the maximum platelet
velocity), which was only 0.4 +/-0.3 % in WT-mickut 4.1 +/-1.0 % in TNF-R1-/- mice
treated with TNk (n=5, P<0.01 vs. WT; figure 4.11, panel B anddahB). When comparing
maximum platelet velocities in the analyzed vesdmByveen animals as an approximate
measure of flow velocity, no significant differenwas found between the genotypes.

Table 4.3 Platelet-endothelium-interaction after TNFa treatment (5ng/ml, 4h) in vivo in WT
and TNF-R1-/- mice. Values are expressed as median and range for platelet velocity and as
mean +/- SEM for fraction of rolling platelets.

Genotype n Analyzed Platelet velocity Rolling platelet s
platelets (mm/s) (fraction in %)
WT 5 3239 3.7 (0.6-15.3) 0.4 +/-0.6
TNF-R1-/- 5 3091 2.7 (0.1-13.0) 4.1 +/-1.0

4.13 Platelet aggregation in TNF-R1-/- mice

To check whether the prothrombotic effects obselme@INF-R1-/- mice could be due to a
direct activation of platelets platelet aggregastudies were performezk vivoin PRP from
TNF-R1-/- mice. Platelets from these animals showed differences in the ability to
aggregate with or without prior incubation with T&NB ng/ml to different stimuli including
ADP (n=5; figure 4.12), collagen and TRAP and iffadtent time ranges. TNFalone did not
induce aggregation in the murine PRP either.
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Figure 4.11
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Platelet-vessel wall-interaction (PVWI) in vivo in TNF-R1 deficient mice
Platelet-endothelium-interaction was analyzed by intravital microscopy in the dorsal skinfold
chamber after injection of fluorescently labeled platelets from a donor animal. (A) Platelet
velocities are displayed in frequency histograms. The left shift in the distribution pattern of
platelet velocities when TNF-R1-/- mice (lower histogram) were treated with TNFa (5ng/ml,
4h) indicates more PVWI in these animals compared to WT animals (upper histogram)
treated likewise. Those platelets with a velocity of less than 5% of the maximal platelet
velocity, which are settled on the left of the vertical bold line in the histograms (indicated by
arrow), were defined as rolling platelets and were significantly more frequent in the TNF-R1
deficient group compared to the WT group if both were treated with TNFa. (B) When
qguantifying rolling platelets after TNFa treatment the fraction related to all analyzed
platelets was significantly higher in mice lacking TNF-R1 (gray bar) compared to WT animals
(black bar; see also table 4.3).

* P<0.05 vs. WT mice (n=5)
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Figure 4.12
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Platelet aggregation in PRP (platelet rich plasma) of TNF-R1 deficient mice

PRP from WT and TNF-R1-/- mice was obtained from anticoagulated whole blood drawn by
cardiac puncture and aggregation studies were performed using light transmission
aggregometry. (A) TNFa did not influence ADP (20umol/l) dependent platelet aggregation ex
vivo in PRP from either WT or TNF-R1 deficient mice. The platelet aggregation maximum
after incubation with TNFa (5ng/ml, 30min) was not significantly different in PRP from
TNF-R1-/- mice compared to PRP from WT mice either. (B) The representative traces upon
stimulation with ADP for WT (blue trace) and TNF-R1-/- mice (black trace) show a similar
pattern of aggregation (n=5).
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5 DISCUSSION

5.1 TNFa and atherothrombotic disease

Cardiovascular diseases are still the number orageath causes in developed countries and
not only of scientific but also of economical ird@st. The understanding of the
pathophysiology of these diseases is fundament@bpooach this immense challenge for our
health systems.

It is now more than a decade ago, wHeuss et al.claimed atherosclerosis to be an
inflammatory disease (31) and hereby got a balinglto put cardiovascular diseases more
and more in a wider spread context. The role dlimmation has not only shown to be
essential in the development of cardiovascularagisge but also seems to influence heavily
the fatal endpoints as myocardial infarction andks (32,33). As these events are lastly the
consequence of arterial occlusion by thrombus ftionatreatment and prevention so far has
focused primary on direct inhibition of plateletbut also on improving endothelial
dysfunction e.g. by blocking deleterious effects Amgiotensin-2 (ACE-inhibitors) or
catecholamines (betablockers) or on lowering lipikls (statines). However, modifying the
inflammatory component of cardiovascular diseasef®ishas not been established in routine
medical treatment.

In the classical chronic inflammatory disorderstaumatoid arthritis or inflammatory bowel
diseases the modulation of inflammatory cytokineshsas TNk or IL-1 has been very
successful, especially when the traditional arftammatory drugs are failing. The reasons
why anticytokine therapy so far could not succeedthe treatment and prevention of
cardiovascular diseases (92) can be numerous adl fwan scientific as well as economical
aspects. Nevertheless this approach remains ofhgltatogical interest since the role of
inflammation in these illnesses has more and morest out to be of great importance — even
if more complex as initially expected.

The aim of this study was to address the role ofFdNis one of the best described
inflammatory cytokines and to characterize its @feconcerning arterial thrombus formation
and platelet activation, the latter being also ingoat in the early pathophysiological steps of
atherosclerotic plaque formation. The role of gietseeand endothelial cells in these processes
was analyzed and the specific signaling by theskfit TNF-receptor subtypes TNF-R1 and
TNF-R2 was elucidated.

5.2 The dorsal skinfold chamber as a mouse model to investigate arterial
thrombosis and platelet-vessel wall-interaction in vivo

As described in detail in the methods section vitahmicroscopy was used as a tool to study
arterial thrombus formation and platelet-vessellwaéractionin vivo. The dorsal skinfold
chamber mouse model allows a direct view into therauirculation and effects can be
observed for an extended time period (91). It hasnbused for a number of applications
ranging from investigation of tumor growth to thf#feets of vasoactive agents (89-91).
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Compared to othen vivo models, anesthesia is not required during the rerpats so that
bias by anesthetic drugs must not be consideretis#dvantage of this model in the setting
used here is that it assesses effects on the rmmutation, whereas atherothrombosis is
predominantly a problem of large vessels. Indeiedjrfgs from the microcirculation need to
be applied very carefully to other vascular bedsweler, the model used in this study has
been successfully used for similar studies bef6f£66,69) and the findings did very well
correlate with the pathophysiology and clinical édyations in larger vessels (93,94). Finally
the microcirculation has the advantage that presessan be observed via intravital
microscopy and digitally recorded in a very higlalify so that it is possible to visualize and
analyze also very moderate effects in a precisesatettive manner.

5.2.1 Assessment of arterial thrombosis in vivo

A range of murine thrombosis models in differergatdar beds are described in the literature
including chemical injury, photochemical inducedidation injury (light-dye technique)
(95,96), direct laser injury, temporary ligationtbe vessel, intraluminal mechanical as well
as electrical injury (97). In principle, almost eyetechnique can be applied in the
microcirculation, however, some methods such aditg of these small arterioles or venules
are very difficult to apply without damaging thesgel and so causing relevant bias.
Chemically induced vascular injury by ferric chiei superfusion is a well approved model
for arterial thrombosis, which is reliably applitatalso for very small vessels and established
in our group (65,69). It must be said, howevert tuperfusion in the microcirculation does
not allow very selective injury, i.e. all cells tife vessel wall are hit by the chemical. The
technique was applied in the vivo model, where FITC-dextran was used as a fluoréscen
dye to stain plasma so that the progressive grofvthrombi can be visualized as increasing
negative contrast in the labeled plasma.

5.2.2 Analysis of platelet-endothelium-interaction in vivo

Based on the dorsal skinfold chamber model in qoug a method to analyze platelet-
endothelium-interaction was developed (65,69).dRtatactivation is not only relevant when
it comes to vascular injury, but in the last yemegvation of platelets and transient interaction
with the endothelium have also been described tiluence the development of
atherosclerotic lesions (51-58). Digital recordshajh quality using a high speed camera
permit to selectively investigate these transietgractions of labeled platelets from a donor
animal with the intact endothelium.

To quantify platelet-interaction with the vasculaall platelet velocities were calculated as
described in detail in the method section and [g@ateelocity profiles within a vessel were
analyzed. There is no fixed definition ofalling platelet in a movie sequence. In this study
those platelets were defined as “rolling platelets&it showed a velocity of less than 5 % of
the velocity of the fastest analyzed platelet witlai vessel representing the blood flow.
Hereby a more strict definition @blling was applied compared to that used in other studies
of platelet-vessel wall-interaction (98). The défon reflects the intention to only detect
those platelets that really interact considerablthvthe endothelium through cell surface
adhesion molecules such as p-selectin or GPIb/VW& hereby play a role in the
pathophysiology of atherosclerosis.

40



5 Discussion

A limitation of this method is certainly that theadyzed platelets are from another individual.
Even if in vivo selective targeting of specific platelet surfacgigens by antibodies is
possible, it would not be sufficient for adequaisualization and analysis of platelet rolling
on the vessel wall. However, the platelet isolafram allogenous donors is well established
and activation by the isolation or staining proessas well as the ability of the platelets to
aggregate was tested by vivoplatelet aggregation studies. Moreover by usiaggits from
donor animals, there is the possibility to investigplatelet-endothelium-interaction between
individuals with different genetic backgrounds ati@reby to find out something about
whether platelet or endothelium dependent factasantributing to the findings.

Another point to mention is the role of leukocytesich in the model used in this study are
not stained and therefore not visible for analySisice white blood cells are well known to
interact with platelets and their interaction wglatelets and the endothelium is playing an
important role in the development of atherosclerdtisions (74,99-101) this would be an
interesting aspect and should be subject for fuglkperiments.

5.3 TNFa - pro- or antithrombotic?

There is compelling evidence that T&NRas prothrombotic properties from several clinical
studies proclaiming an increased risk for athemtiyotic events in diseases associated with
high plasma levels of TNF(36,41,77-82) independently from the classic aascular risk
factors. Additionally a lot ofn vitro studies in endothelial cells have been publisiddch
show effects of TNé& potentially favoring prothrombotic effects (43-56)owever, there is a
lack of in vivo studies concerning direct links between inflamoratand atherothrombotic
diseases. Surprisingly, in the only vivo study investigating the influence of ThFon
arterial thrombosi€ambien et aldescribe an antithrombotic effect of TalBfter exogenous
administration (85). This effect was observed adtesrt term administration of TNFpeaking

30 minutes after application and is explained gmd generation of NO in the vessel wall.
The antithrombotic effect was fully reversed afferhours and the observation was not
extended for a longer period. Even if these obsemvs are not necessarily inconsistent with
findings of clinical studies there is a need fathier studies to clear this problem.

In thein vivo model of arterial thrombosis used in this studylesar prothrombotic effect of
TNFa could be observed. Time to thrombotic vessel @ichuupon injury was significantly
accelerated after animals had been stimulated iy with TNFo for 4 hours. These
prothrombotic properties were not seen, when satmg mice for only half an hour. When
analyzing platelet interaction with the intact etiedbium after stimulation with TNk i.e.
without endothelial injury, a slight leftward shiit the platelet velocity histogram was
noticed, indicating a tendency towards increasethngonication of platelets with the
endothelium. However the amountrolling platelets, i.e. platelets mechanically interacting
with endothelial cells through surface adhesionenwles such as p-selectin or GPIb and
VWEF, was not changed by TNF

Different paramenters in endothelial cells and gt potentially resulting in increased

arterial thrombosis or favoring interaction of plats with the endothelium were investigated.
In cultured human endothelial cells activation df-&B, release of @ and regulation of
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adhesion molecules as well as parameters indepefrdem the primary haemostasis were
assessed upon stimulation with TdNFndeed, increased production of Cand translocation
of the p65-subunit of NikB already could be measured after an hour of inboavith
TNFa. After 4 hours — but not after 30 min — of stintida with TNFu there was a significant
increase in endothelial surface membrane p-selegtimich is well known to play an
important role in platelet-endothelium-interacti(@®,98,102). Also effects not related to the
primary haemostasis, which are going along withtlpmmbotic effects, such as the
expression of tissue factor (CD 142) on endothal&ls and endothelial mMRNA of PAI-1
were manifold increased upon TFstimulation. Similar to p-selectin expression thes
parameters were not elevated after only half arr lmdustimulation but markedly after 4
hours.

Taken together, these results show prothrombotipasties of TNk in vivo. These effects
could not be observed after a short stimulatiothwWiNFo of only half an hour but arterial
thrombus formation was clearly enhanced after 4$108ilso the observations in endothelial
cells are highly supporting evidence for prothrotibproperties of TNE:.

The in vivo data do well support clinical studies reflectingrrelations between chronic
inflammatory disorders and atherothrombotic evertd the endothelial effects agree with
those already described in the literature. &Nfxerted prothrombotic effecis vivo only 4
hours after stimulation and also timevitro effects on endothelial cells as p-selectin omugss
factor upregulation and increased mRNA levels of-PAvere not seen after half an hour of
incubation with TNle but after 4 hours.

The results did not confirm antithrombotic effeofSTNFo observed in anothén vivo study

of arterial thrombosis bZambien et al(85). In the mentioned study antithrombotic effect
were due to a rapid release of endothelial NO arly feversed after two hours. Acute
elevation of TNk can be found e.g. in the acute phase of sepdighbbonic inflammation is
associated with ongoing increased levels of inflatary cytokines. The results obtained in
this study do not put potential antithrombotic effeof TNFe after short term administration
into question, but rather refer to the more longtite effects of the cytokine as found in
chronic inflammatory disorders. Indeed, severat@f of TN were not observed after half
an hour but already after four hours. After a shiane of stimulation TNE in our model did
not reveal any significant effects — neither pror antithrombotic. Local differences between
distinctive vascular beds could be responsibletifis, since antithrombotic effects were
described in mesenteric arterioles while the expenits in this work were performed in the
microvascular bed of the dorsal skin. It shoulddle said, that oun vivo model of arterial
thrombosis is rather eligible to detect prothronmbttan antithrombotic effects.

5.4 What are the mechanisms underlying the prothrombotic effects of
TNFa?

The striking prothrombotic effects of TNFn thein vivo model raise the question about what
mechanisms are responsible for the observations. milin issue is whether accelerated
thrombus formation is due to a direct effect of TN&n platelets or based on indirect,
endothelium-mediated mechanisms. The endotheliubuiisling the inner layer of a blood

vessel so that endothelial cells can directly ateor communicate with the blood cells. An
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intact endothelium is necessary to keep thrombasid thrombolysis, coagulation and
fibrinolysis in balance. Several pathological cdiwtis can affect endothelial cells and
thereby influence the physiological equilibrium. ierous studies have investigated effects
of TNFa on endothelial cells; vitro. When looking at the cytokine’s properties beibtpao
influence thrombus formation or to activate plaleeffects as downregulation of eNOS,
increased production of ROS and activation of ®are well described (43-50). In this
study a cultured endothelial cell line (HMEC) adlves primary endothelial cells (HUVEC)
were used to investigate effects potentially reésglin increased susceptibility for arterial
thrombosis. Additionally direct effects of TNFN platelets were considered.

5.4.1 ROS formation and activation of NF-kB in endothelial cells

Reactive oxygen species (ROS) are molecules comggoxygen that are highly reactive due
to the presence of unpaired electrons. ROS areomigt a product of the normal oxygen
metabolism, but have also important roles in céjinaling by functioning as second
messengers (103,104). An increase in ROS leveds, lahown as oxidative stress, which
happens for instance upon environmental stress asctV or heat exposure can lead to
significant cell damage. Endothelial or plateletivied ROS can exert prothrombotic effects
by directly activating platelets or decreasingttiveshold for platelet activation (68,105,106).
As a scavenger of endothelial and platelet deriX€d, earlier also referred as EDRF
(endothelium derived relaxing factor), Ohas prothrombotic properties by decreasing the
bioavailability of this very important inhibitor foplatelets under physiological conditions
(48,107,108). Also in their function as intracedlulmessengers e.g. by activation of the
transcription factor NkeB (109,110) @~ can contribute to endothelial dysfunction and
therefore lead to a more prothrombotic state. is $kudy a markedly elevated formation of
O, in HUVEC and a translocation of the p65-subunitNf«B could be found after
incubating the cells with TNE The transcription factor NkB is well described to play a
role in many inflammatory processes and its adowais also known to induce up-regulation
of cell adhesion molecule expression (50) medigtiagelet-endothelium-interaction.

5.4.2 Upregulation of endothelial adhesion molecules

Considering activation of NkB, an interesting question was whether BN#ould influence
endothelial surface membrane adhesion moleculedeeth a considerable increase in
p-selectin expression on HMEC as well as on HUVBQld be measured after 4 hours of
incubation with TNle. Endothelial p-selectin is known to play an essémole in platelet-
endothelium-interaction and is best described & dbntext of platelet rolling (59,98,102).
Elevated amounts of p-selectin on the surface db#elial cells can promote rolling and
adhesion of platelets and hereby not only facdithtombus formation but also contribute to
the development and progression of atherosclelegions.

5.4.3 Mechanisms other than primary hemostasis

As mentioned in the introduction, arterial thromlboisnation and following occlusion of the
vessel is a very complex pathophysiological procesere next to platelets and endothelial
cells also other influencing factors play a rolaeTplasmatic coagulation, also referred to as
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secondary hemostasis, interacts with the primargds¢asis and the cleavage of fibrinogen
by thrombin is necessary to stabilize a thrombus.

Tissue factor is a protein playing a crucial raiehe activation of the extrinsic pathway of the
coagulation cascade (111). In a physiological emvitent endothelial cells express, if at all,
very little tissue factor. However, the protein @escribed to be upregulated under
inflammatory conditions (112-114). The resultshrststudy agree with data in the literature
and are showing a severalfold upregulation of &ssetor on endothelial cella vitro after

4 hours of TNk stimulation. By binding activated coagulation tactIl, tissue factor
activates the extrinsic pathway of the coagulataeacade and contribute to the growth and
stabilization of a thrombus. Additionally tissuectiar can induce the generation of
microparticles, which are recruited to the siteaaf injury and can contribute to increased
thrombin generation (111).

Another protein which independently from primary nfustasis could affect arterial
thrombosis is plasminogen activator inhibitor 1 (BA It is the major physiologic inhibitor
of tissue-type plasminogen activator in plasma,ciwhserves as an endogenous defense
mechanism to prevent intravasal thrombosis (11B)-1Pis elevated in a variety of clinical
situations that are associated with increasedafis&chemic cardiovascular events (116-120).
Consistently with similar experiments previouslysdebed (121,122), the experiments
performed in this study showed an increase of PAIRNA in human endothelial cells upon
stimulation with TN after 4 hours. Increased PAI-1 levels can shidt thiemostasiologic
balance to the prothrombotic side by inhibiting splenogen activation and consequently
fibrinolysis and therefore display another explarator TNFa's prothrombotic properties.

5.4.4 Direct effects of TNFa on platelets

Prothrombotic properties of TNFcould also be due to a direct effect on platelEterefore
platelet aggregation was performed in PRP (platétét plasma). Different platelet agonists
such as ADP, TRAP and collagen were tested andhages in platelet aggregation could be
seen when the PRP was preincubated with o N\EFimulation for a time of 4 hours, where the
endothelial effects of TNEwere most pronounced did not show any differemcelatelet
aggregation either and TNFtself did not induce aggregation. There are dpsons of weak
direct activation of platelets by TNH123-125). Platelets are indeed described to sspre
TNF-R1 and TNF-R2 even if (at least under physimalgconditions) in a very low amount
(126). However, in this study no influence of TdNén platelets could be observed, neither in
human nor in murine PRP.

These data clearly speak for the endothelium béheg main mediator of the observed
prothrombotic effects exerted by Tk our experiments.

All of the effects of TNk observed in endothelial celi® vitro can increase platelet
responses, activation or aggregation. While in@@andothelial superoxide production and
NF-xB activation indirectly contribute to a greater cibility for arterial thrombosis (68),
elevated p-selectin directly facilitate the intéi@c of platelets with the endothelium
(98,111). Tissue factor and PAI-1 as important l&tgus of the plasmatic coagulation finally
can promote the growth and stabilization of throifidi2,115). The fact that in additionally
performed aggregation studies in PRP Nkd not have an impact on platelet aggregation,
endorses the hypothesis of an endothelium medtdtmechanism. These observations do
fit well to the findings in ouin vivo model of arterial thrombosis after vessel injunere a
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clear prothrombotic effect was mediated by TINHowever, one must be very careful when
transferring data obtained under the bench toittregl organism, and indeed it must be said
that from thein vivo findings a direct effect of TNFon platelets cannot be excluded. The
environment, where platelets roll and adhere onetidothelium and finally aggregate and
form thrombiin vivo, is much more complex than any platelet aggregatieasurementsx
vivo. Nevertheless oum vivo model of platelet-vessel wall-interaction, whereslaht
increase in transient interaction of freshly iseth{i.e. non TNE treated) platelets with a
pretreated endothelium was apparent, demonstizéed NF can lead to a prothrombotic or
platelet activating state by stimulating endothalialone.In vitro observed findings cannot
be seen isolatedn vivo, either. Effects as increased superoxide producto NF«B
activation are involved in numerous processes agiabng pathways in several cellular
systems and tissues (50,103,108), but some ofdbdities can help to explain prothrombotic
properties of TNE in vivo.

Taken together the observed prothrombotic effetthis study are mediated mainly through
the endothelium rather than through direct effectplatelets.

5.5 What TNF-receptor subtype is responsible for the effects?

It is well known that TNE is acting through different receptor subtypes distinctive
signaling upon activation of either receptor hasrbalescribed (1,5,6). The signaling
pathways mediated by the two receptors are comgubelxpartly crosslinked. However, both
TNF-receptor-subtypes are described to be expressetdothelial cells and associated with
the activation of NReB (1). Although the discovery of the different TM&ceptor subtypes
dates back to year 1984, for a long time most oFd'dl effects were attributed to signaling
trough TNF-R1 as this receptor was better chanaerand known to be expressed in most
tissues and cell types. As it is not ubiquitouskpressed, the role of TNF-R2 is less
described, if not to say underestimated. The recegpecific signaling in the recent years has
moved more and more into the focus of interest,amby because of intensive investigations
in the context of the meanwhile widely used BNRhibitors. The treatment of inflammatory
disorders led to a more extensive focus on the TédEptor subtypes, even suggesting
specific signaling through the different subtypesinly responsible for the failing of the
therapy in certain occasions. Tiblockade in more than one clinical study in hdaiture
could not show the expected improvements (92,18d)iadeed a recent study blamid et

al. highlighted opposite effects upon activation of FRE and TNF-R2 in the setting of
induced heart failure in mice (22). In recent yedN~-R2 has achieved more attention as
probably playing the crucial role in TNRnduced progression of atherosclerosis (128-130).
Considering these findings it is of great intergstfind out which one of the two main
TNF-receptor subtypes would be responsible forptwthrombotic effects observed in this
study. To address this very interesting issue iaftehrombus formation and platelet-
endothelium-interaction was compared in TNF-R1 K@eanin TNF-R2 KO mice and in
animals lacking both of the two TNF-receptor subgipln these animals also platelet
aggregation was analyzed.
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5.5.1 TNF-receptor subtype expression on endothelial cells

To investigate receptor specific effects of TNiFis fundamental to know, whether they are
expressed in the observed cells. As many parametsesinfluenced by TNkin endothelial
cells, within this work it was analyzed whether ahdo what TNF-receptors the used cells
are carrying. Qualitative analysis of TNF-recepsoibtypes in whole cell lysates clearly
proves both the 55 kDa TNF-R1 and the 75kDa TNFaR2present on cultured endothelial
cells in a considerable amount. Characteristic badild be observed in our endothelial cell
line (HMEC) as well as the primary cells (HUVEC)s Ave know TNl can activate both
receptor-subtypes we assume that the outcomesveblsare the result from signaling through
both receptor subtypes, TNF-R1 as well as TNF-R2.

However, one must also be very careful transmittiige information from the
immunoblotting to then vivo experiments. To assure that the TNF-receptor pelstyare
really expressed in endothelial cells of the munmerocirculation immunohistochemnistry is
required and to obtain information about the lalion of the receptors within the cell
immunofluorescence imaging studies are needed.pasifec gene knockdown of a single
receptor would be the necessary next step in thestigation of receptor specific effects of
TNFa the information from the blotting will be esseht@a prove effectiveness of knockdown
techniques. Some of the mentioned experiments ttheu clarify the localization of
TNF-receptors are in progress, but unfortunatelyyet included in this work. Nevertheless,
it can be said that in general both TNF-receptbityges are expressed in endothelial cells.

5.5.2 TNF-receptor expression in TNF-receptor deficient mice

To analyze receptor specific effeatsvivo C57-BL/6 mice deficient for either one of the two
TNF-receptor subtypes or both receptors were use@xclude significant overexpression of
the respective non knocked-out receptor the exjpress the neutrophils of these animals
were quantitatively analyzed. Neutrophils were uasdhey are cells of the immune system
and best described to express both receptor suhi@®). No difference was seen in the
amount of the non knocked-out receptor in TNF-remegeficient mice compared to wildtype

controls, thus concluding there is no compensaiioterms of the expression of the other
receptor. Additionally, this confirms the functionenock-down of these receptors in the
TNF-receptor deficient animals.

5.5.3 Arterial thrombosis and platelet-endothelium-interaction in TNF-receptor deficient
mice

Upon the observations that ThFenhances arterial thrombosis vivo, the very same
experiments were performed in mice lacking one athlbof the TNF-receptor subtypes.
Arterial thrombus formation, which was already d#igantly accelerated in wildtype mice
receiving TNFe 4 hours prior to the experiment, was even moreeased in mice deficient
for TNF-R1 and could not be seen in mice lackingFIRR only or both TNF-receptor
subtypes. These observations indicate that TNFsR2quired to mediate the prothrombotic
effects of TNFfe in vivo, as TNFe was not able to enhance thrombus formation, wheR-R2

IS missing as it is the case in TNF-R2- or TNF-R2-Rouble-knockout mice. The fact, that
the prothrombotic effect of TNFis less pronounced in wildtype mice, where sigmali
through both receptor subtypes is possible, leadbd suggestion that TNF-R1 may exert
antithrombotic effects or at least may have a cama®ry function. However, mice lacking
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TNF-R2, meaning only TNF-R1 activation is possilile, not show a vessel occlusion time
which is significantly longer than in mice eitheotntreated with TNE or lacking both
receptor subtypes. Therefore, activation of TNFdREs not seem to have antithrombotic
activity itself, but can attenuate the apparenttprmbotic effects exerted upon activation of
TNF-R2.

Not only arterial thrombus formation after injurytbalso the amount ablling platelets,
which was not significantly changed by T&lBtimulation in wildtype mice, was increased in
TNF-R1 KO mice. P-selectin is known to be an imaottmediator of leukocyte and platelet
rolling and indeed TNé& induced p-selectin surface expression on endatheells.
Interestinglyin vivo increasedolling of platelets could not be observed in wildtype enic
when both of the TNF-receptor subtypes are exptdessethe endothelium. We therefore
conclude signaling through TNF-R2 is responsible foansient platelet-endothelium-
interaction while TNF-R1 is partly compensating fioe effect.

5.5.4 Direct effects of TNFa on TNF-R1 deficient platelets

As the most striking prothrombotic effects of TdNF vivo were seen in TNF-R1 deficient
mice and these animals also showed an increasediranud rolling platelets, platelet
aggregation was performed in PRP (platelet ricismk) of TNF-R1 deficient mice. Similar
as in human platelets and in PRP from wildtype migelirect influence of TNkon platelets
obtained from TNF-R1 deficient mice could be obsedivThese data further confirmed the
assumption that the prothrombotic effects of TiN¥ere due to endothelial activation and not
due to a direct effect on platelets. Regarding tiservation of TNF-R2 mediating
prothrombotic effects while TNF-R1 being the courdggulating player, these effects are due
to receptor specific signaling on endothelial cbli$ not on platelets.

The results of this study show that signaling tlgfouhe different TNF-receptor subtypes
differentially contributes to the prothrombotic edfs of TNF. In fact it seems like even
opposite effects are mediated through the recepWisle TNF-R2 is the prothrombotic
player in this game, TNF-R1 rather represents tiighaombotic counterpart. The results go
along with observations in other studies where TBigeptor subtypes upon activation with
TNFa do not activate the same downstream signalingw@ath and do not result in the same
effects (22). TNF-R2 has been described to be akrdor TNFa induced atherosclerotic
lesions in mouse models for atherosclerosis (12@ice it has been shown that platelets play
an important role in the pathophysiology of athela®sis (51-56,58), the findings in this
work that TNFe mediates platelet activation and enhances plagel@bthelium-interaction
via signaling through endothelial TNF-R2 could Imeexplanation. Another study could show
an important role for TNF-R2 in TNFinduced leukocyte rolling and proposed upreguhatio
of e-selectin, vascular cell adhesion molecule ILAWI-1) and intercellular adhesion
molecule 1 (ICAM-1) as possible mechanisms (21kré&hare several similarities in terms of
involvement of cell adhesion molecules between deyie and platelet rolling on the
endothelium (74). So the present data strongly au@prole for TNF-R2 in mediatinglling

of either platelets or leukocytes on the endothelitfor how TNF-R1 is counterregulating
TNFa's prothrombotic effect$n vivo so far it can only be speculated. However, it ban
excluded that results are due to over- or undeesgmwn of the receptor subtypes in the
knockout animals. The downstream signaling pathvedyke two TNF-receptor subtypes are
very complex and partly crosslinked (6,7,9). Furtsieidies are needed to find out how the
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pathways interact with one another and are abladdulate the effects in the context of the
prothrombotic actions of TNE

In summary, it can be said that TNF-R2 is requifed thrombotic or platelet activating
effects of TNk in vivo, while signaling through TNF-R1 may exert compéonsai.e.
antithrombotic effects.

5.6 Pathophysiological and clinical consequences

Inflammation plays a crucial role in the pathopbieyy of cardiovascular diseases (32).
TNFa is one of the best characterized inflammatory liyies and together with its receptor
system it is essential in many inflammatory proees@6). In this study the influence of
TNFa and its receptors TNF-R1 and TNF-R2 on arteriabrtibus formation and platelet
activation in vivo was investigated. Arterial thrombosis is the firsdép in myocardial
infarction or stroke, mostly on the basis of atlselerotic plaques. In the last years activated
platelets and their transient interaction with thredothelium have turned out to play a
considerable role in the development of atherostitetesions (51-58).

In our study TNk promotes arterial thrombus formation and transpatelet endothelium
interactionin vivo. These effects are mediated by the endothelial -Téd¢Eptor subtype 2
while TNF-receptor subtype 1 can at least partipgensate for the effects. Hereby these data
strongly support clinical observations describingronic inflammatory disorders with
elevated levels of TNEgoing along with increased risk for atherothronbetents (78-82).
Even if several effects of TNFFshown in the past were suggestive for prothronsbeffiects

in vivo in this work accelerated thrombus formation up®fd stimulation is shown for the
first time in anin vivo model of arterial thrombosis. Regarding the medmarthere is high
evidence that our observations are endothelium-atediiand not due to direct activation of
platelets. Finally by these findings this studytedrutes to a better understanding of the very
complex distinctive signaling through the two TN#eeptor subtypes. While acceleration of
thrombotic vessel occlusion by TMRvas apparent also in wildtype mice but much more
striking in TNF-R1 deficient animals, increasednsi@nt platelet-endothelium-interaction
also referred to aslling was only seen in these animals. These observatiaysillustrate
why a successful therapeutic approach must be s@phisticated and might explain why
anticytokine therapy failed to treat cardiovasculeeases in the past. Indeed in the literature
several clinical studies of “anti-TNFtherapy” for cardiovascular diseases are described
(92,127). While monoclonal antibodies against imitaatory cytokines as TNfor IL-1 are
very successful in the treatment of certain disardas rheumatoid arthritis or chronic
inflammatory bowel diseases (24,25,71), these dmlgarly failed to help people with
chronic heart failure and even led to prematurenit@mtion of such clinical studies.
Considering the fact that TNFacts very specific and can exert even oppositeceffby
activating the two receptor subtypes, we can spéethat the use of TNFantibodies could
also dismantle beneficial effects or at least §ydite compensatory mechanisms mediated by
one of the receptors. Indeed, in terms of prevantibthrombotic events, also clinical data
from studies in patients with rheumatoid arthnigseiving anticytokine therapy including the
TNFa-antibodies Infliximab and Adalimumab as well as Holuble TNF-receptor Etanercept
remain confusing, since both increased as well asredsed risks for thrombotic
complications and thromboembolic events have besgorted (83,84). However, in the
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development and progression of atherosclerosis,-RRFseems to mediate the unwanted
effects while TNF-R1 being rather protective. Wewdld not be discouraged by initial failing
of anti-inflammatory therapy in cardiovascular dise, but try to further elucidate and clarify
pathological mechanisms. Since aside from fadiigat thrombotic events the
TNFa-TNF-receptor-signaling plays a role in the develept of atherosclerotic lesions,
specific modulation of TNF-receptors could in gexidéxe a therapeutic target.

Anticytokine therapy to prevent atherothromboticert¢ will be challenging, not only
because of distinctive TNF-receptor subtype specHignaling but also because of
economical reasons, i.e. the extremely high exmemsa health system, which is forced to
save costs. In any case, for selective receptgetad therapy the complex signaling of TdNF
certainly needs to be better understood. Howetercurrent findings suggest that a specific
blockade of TNF-R2 rather than TNF-R1 may be ofeptal therapeutic benefit in
atherothrombotic diseases.
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Cardiovascular diseases are still the number onesecaf death in the western civilization.
Arterial thrombosis as it happens in myocardiahiofion or ischemic stroke is intimately
linked with inflammation. Elevated serum levelspobinflammatory cytokines correlate with
an increased risk for atherothrombotic diseaseger@keffects of TNE, the best described
inflammatory cytokine, on endothelial cells coutsult in prothrombotién vivo properties.
However, it was unclear so far, how TéNfluences arterial thrombosis vivo, since short
term but reversible antithrombotic effects haverbdescribed. Moreover it was not known,
what role the two TNF-receptor subtypes TNF-R1 &N&-R2 play in this context.

In this study the dorsal skinfold chamber was us®@nin vivo mouse model to investigate
arterial thrombosis and platelet-endothelium-intgoa. Rolling and firm adhesion of
fluorescently labeled platelets on the intact ehedlmim were analyzed by intravital
microscopy and arterial thrombosis was assesseddaguring the time to thrombotic vessel
occlusion upon exogenous vessel injury by ferriortie superfusion.

In wildtype mice systemic stimulation with TNHFed to a significant acceleration of complete
thrombotic vessel occlusion after injury. Transigtdatelet-interaction with the endothelium
was slightly increased after treating mice with TiNBut there was no significant increase in
the amount ofolling platelets, that were defined as the platelets witlelocity of less than
5% of the maximal platelet velocity.

To find out, whether the underlying mechanismstfe observed prothrombotic effects of
TNFa were mediated through a direct effect on plateletsrather through indirect
endothelium-mediated mechanisms, sevieraitro effects of TNk on platelets and cultured
endothelial cells were investigated.

In primary human endothelial cells (HUVEC) a sigraht increase of © release was
measured by cytochrome C reduction after stimutatibthe cells with TNE. In the same
cells TNFu also led to a translocation of the p65-subunithef transcription factor NkB to
the nucleus, as assessed by immunofluorescencengnagy FACS analysis the surface
membrane expression of the adhesion molecule ptselsas measured, which plays a role
in platelet-endothelium-interaction and a significaipregulation could be observed after
stimulating endothelial cells (HMEC) for 4 hoursthviTNFa. Moreover parameters non
related to the primary hemostasis were investigalexsue factor on the surface of HMEC
was assessed and quantified by flow cytometricyaisabnd was markedly increased, when
cells were treated with TNFHor 4 hours. A similar effect could be observedP@\I-1, where
significantly elevated mRNA levels assessed by RRvere shown upon stimulation of
HMEC with TNFo.

To exclude potential direct effects of TiBn plateleteex vivoplatelet aggregation studies
using several agonists were performed in human randne platelet rich plasma (PRP).
TNFa stimulation of platelets in PRP did neither cagpentaneous aggregation, nor led to
changes in ADP-, collagen- or TRAP-induced aggiegat

To find out, which TNF-receptor subtype was resgaasfor the observed prothrombotic
effects, arterial thrombus formation and platelessel wall-interaction were studigdvivoin
TNF-R1-/-, TNF-R2-/- and TNF-R1-/-R2-/- mice. Tirt@thrombotic vessel occlusion, which
was already decreased in wildtype mice after d dEmulation, was again accelerated in
TNF-R1-/- animals. Compared to wildtype animalsTiNF-R1-/- mice, TNk also led to
increased transient platelet interaction with thdathelium, resulting in a greater amount of
rolling platelets. These effects could not be observe@NRk-R2-/- and in TNF-R1-/-2-/-
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animals. As TNE did not enhance platelet aggregation in PRP of -R4F- mice, these
results suggest that the endothelial TNF-R2 mesligtethrombotic effects of TNF

Taken together, in this study, for the first timeothrombotic effects of the inflammatory
cytokine TNFe are described using @m vivo model of arterial thrombosis. The data suggest
that endothelium mediated mechanisms underlie tbleservations. The mechanisms involve
an enhanced production o$'Q activation of NF«B and expression of the adhesion molecule
p-selectin on endothelial cells, as well as medrasinot directly related to the primary
hemostasis, such as increased tissue factor eigrems endothelial cells and mRNA levels
of PAI-1. The endothelial TNF-receptor subtype Zwequired for prothrombotic effedts
vivo, while the TNF-receptor subtype 1 partly compesddbdr these effects.

These data lead to a better understanding of the ab TNFo and its receptors in the
pathophysiology of atherothrombotic diseases. fer treatment and prevention of such
diseases by selective receptor targeted anticyeokierapy further studies are needed, but
nevertheless the findings could contribute to tlewetbpment of such approaches in the
future.
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7 ZUSAMMENFASSUNG

Herz-Kreislauf-Erkrankungen bilden die haufigste désursache in den westlichen
Industrielandern. Entzindliche Prozesse spielemlen Pathophysiologie kardiovaskularer
Erkrankungen eine entscheidende Rolle und zahkeiStudien belegen, dass erhéhte
Plasmaspiegel von proinflammatorischen Zytokinene wirNFo das Risiko fir
atherothrombotische Erreignisse wie Myokardinfamktl Schlaganfall erh6hen. Verschiedene
in der Literatur beschriebene Effekte von ToNFauf Endothelzellen koénnten eine
prothrombotische Wirkung begulnstigen. Es war bigaégoch noch nicht geklart, wie TNF
arterielle Thrombosen vivo beeinflusst, da nach kurzzeitiger Stimulation awvebhersible
antithrombotische Effekte beschrieben wurden. Whiteist nicht bekannt, welche Rolle die
beiden TNF-Rezeptor Subtypen TNF-R1 und TNF-R2é@se&m Zusammenhang spielen.

In dieser Studie wurde das Ruckenhautkammermodeatler Maus alsn vivo Modell zur
Untersuchung von arterieller Thrombose und ThromgtereEndothel-Interaktion verwendet.
Dabei wurden intravitalmikroskopisch Rollen undiéeddhé&sion von Fluoreszenz-markierten
Thrombozyten mit dem Endothel analysiert und aetleriThrombose durch Messung der Zeit
bis zum thrombotischen Gefal3verschluss nach exog&sf@l3verletzung durch Eisenchlorid-
Superfusion untersucht.

In Wildtyp Mausen flihrte die Stimulation mit TMRzu einer signifikanten Beschleunigung
des vollstandigen thrombotischen Verschlusses n@dfialverletzung. Die transiente
Interaktion von Thrombozyten mit dem Endothel war Mausen nach vierstindiger
Stimulation mit TN zwar leicht vermehrt, der Anteil der am Endothellenden
Thrombozyten unterschied sich jedoch nicht von demnbehandelten Tieren. Als rollende
Thrombozyten wurden diejenigen mit einer Geschvgkelit von weniger als 5% der
maximal gemessenen Thrombozytengeschwindigkeihigefi

Um herauszufinden, ob die beobachteten prothrostitgn Effekte Endothel-vermittelt oder
durch direkte Wirkung auf Thrombozyten bedingt simdirden verschiedene Parameter in
Thrombozyten und kultivierten Endothelzellen nadim8lation mit TNFe. untersucht. In
primaren humanen Endothelzellen (HUVEC) fuhrte &Nft einer signifikanten Erh6hung
der Superoxidproduktion, welche mittels CytochronR€duktion bestimmt wurde, sowie zur
Translokation der p65-Untereinheit von NB- in den Zellkern, welche mittels
Immunofluorescenz-Mikroskopie gemessen wurde. [Cilusbzytometrisch wurde die
Expression des fur Thrombozyten-Endothel-Interaktisedeutenden Adh&asionsmolekiils
p-Selektin an der Oberflachenmembran von Endothelzbestimmt, wobei eine signifikante
Hochregulation vier Stunden nach Behandlung mit dldEmessen werden konnte. Zudem
wurden nicht direkt auf die primare Hamostase bemegParameter untersucht und die
Expression von Tissue Faktor an der OberflacheBsiothelzellen bestimmt, welche durch
TNFo Stimulation signifikant erhoht wurde. Ahnlich wardie mittels RT-PCR gemessenen
MRNA Spiegel fur PAI-1 (Plasminogen activator intob 1) in HMEC vier Stunden nach
Stimulation mit TNFe signifikant erhoht.

Um mdogliche direkte Effekte von TNFRauf Thrombozyten auszuschliel3en wurdeivitro
Thrombozytenaggregationsmessungen in humanem PRRcleén reiches Plasma) nach
Stimulation mit verschiedenen Agonisten durchgdfiiiNFo fuhrte weder zu spontaner
Aggregation, noch wurde die ADP-, Collagen- oder APRabhéngige Aggregation
beeinflusst.
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7 Zusammenfassung

Um herauszufinden, welcher TNF-Rezeptor Subtypdi@rbeobachteten prothrombotischen
Effekte verantwortlich ist, wurden arterielle Thrbose und Thrombozyten-Endothel-
Interaktionin vivo in TNF-R1-/-, TNF-R2-/- und TNF-R1-/-R2-/- Mausemalysiert. Die
arterielle Gefallverschlusszeit, welche bereits ifdiyp Mausen durch TNé Stiumulation
beschleunigt wurde, war in TNF-R1-/- Mausen nocte&tl Im Vergleich zu Wildtyp Tieren
fuhrte TNFe in TNF-R1-/- Mausen auch zu einem erhdhten Antain rollenden
Thrombozyten. Diese Effekte konnten in TNF-R2-/-dufRNF-R1-/-R2-/- M&usen nicht
beobachtet werden. Da TMFauch die Thrombozytenaggregation im PRP von TNF-R1
defizienten Mausen nicht verstarkte, lassen diesgelihisse darauf schliel3en, dass die
prothrombotischen Effekte von TNHn vivo Uber den TNF-R2 Subtyp vermittelt werden.

Zusammenfassend konnten in dieser Studie zum ekd&rmprothrombotische Effekte des
inflammatorischen Zytokins TNFin einemin vivo Modell fir arterielle Thrombose gezeigt
werden. Die Ergebnisse weisen darauf hin, dass tBedwermittelte Mechanismen diesen
Beobachtungen zugrunde liegen. Zu diesen Mechanisméhlen vermehrte Superoxid
Produktion, NF<B Aktivierung und Hochregulierung von Adhasionsnkdllen an der
Zellmembran, sowie erhdhte Expression von TisslkgoFaind mRNA von PAI-1. Es konnte
gezeigt werden, dass der endotheliale TNF-Rezeptityp 2 fur die prothrombotischen
Effektein vivo verantwortlich ist und diese durch Signaling Udéen TNF-Rezeptor Subtyp 1
teilweise kompensiert werden kdnnen.

Diese Erkenntnisse fuhren zu einem besseren Verstgimer Bedeutung von TNFund
seinen Rezeptoren fur die Pathophysiologie voneasthrombotischen Erkrankungen. Auch
wenn fur Behandlung oder Pravention dieser Erkragkn durch gezielte Rezeptor
spezifische Therapie sicherlich weitere Studieorddrlich sind, kénnten die Ergebnisse zur
Entwicklung solcher Ansatze in Zukunft beitragen.
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8 APPENDIX

8.1 Non-standard abbreviations and acronyms

ADP
BSA
CD40L
CD62P
Da
eNOS
FACS
FITC
GPIb
HMEC
HUVEC
ICAM-1
IFNy

IL

KO
NF-«xB
NO
PAI-1
PBS
PRP
PSGL-1
PVWI
RANTES
RFU
ROS
RPE
RT-PCR
SOD
TNF-R1
TNF-R1-/-
TNF-R1-/-2-/-
TNF-R2
TNF-R2-/-
TRAP-6
VCAM-1
VWF

WT

adenosine diphosphate

bovine serum albumin

CD40 ligand

p-selectin

Dalton

endothelial nitric oxide synthase

fluorescence activated cell sorting

fluorescein isothiocyanate

glycoprotein Ib

human microvascular endothelial cells

human umbilical vein endothelial cells
intracellular adhesion molecule 1

interferon gamma

interleukin

knock out

nuclear factor kappa B

nitric oxide

plasminogen activator inhibitor 1

phosphate buffered saline

platelet rich plasma

p-selectin glycoprotein ligand 1

platelet-vessel wall-interaction

Regulated upon Activation, Normal T-celldggssed and Secreted
relative fluorescence units

reactive oxygen species

R-phycoerythrin

real time reverse transcriptase polymerha@ reaction
superoxide dismutase

tumor necrosis factor-receptor subtype 1

tumor necrosis factor-receptor subtypekhock-out
tumor necrosis factor-receptor sypletyl and 2 — double knock-out
tumor necrosis factor-receptor subtype 2

tumor necrosis factor-receptor subtypekhock-out
thrombin receptor activating protein
vascular cell adhesion molecule 1

von Willebrand factor

wildtype
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