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Summary

Platelets patrol at high numbers in the blood stream to fulfil their essential function
in primary hemostasis in times of vessel stress. While platelet function is beneficial
on the one side, activated platelets also participate as key players in thrombosis,
making inappropriate platelet function a major health issue. The multifaceted role of
platelets was underestimated for a long time, but now their important role in
inflammation as well as their contribution in all stages of atherosclerosis is more
frequently perceived and investigated. Platelets are involved in inflammation by
releasing their pro-coagulant and proinflammatory granule content at the site of
inflammation and actively participate by directly interacting with endothelial cells
and/or neutrophils. By doing so, platelets are able to trigger cell activation or amplify
activation dependent cell functions. Individuals with increased platelet reactivity are
at a higher potential risk for thrombosis which can lead to complete vessel occlusion
and severe outcomes such as myocardial infarction and stroke. Several
inflammatory diseases are associated with high levels of oxidative stress and
increased platelet functionality. Moreover, there is a direct link between

inflammatory diseases and high prevalence of thrombotic events.

During inflammation, activated neutrophils release myeloperoxidase (MPO), the
only enzyme that is able to form the oxidant hypochlorous acid (HOCI). Of note,
albumin which is the most abundant protein in the vasculature, is the primary target
of HOCI, with limited damage to other materials. HOCI-modified albumin was shown
to present the major fraction of advanced protein products (AOPPs), which
accumulate in several inflammatory diseases, such as renal disease, and are
markers for oxidative stress and inflammation. Whether AOPPs contribute to
coagulation abnormalities which are frequently seen in uremic patients, has not
been elucidated so far. In our study we could show a novel role for AOPPs as potent
activators of platelet function. In the present study we revealed several AOPPs
mediated changes on platelets, such as an increase in platelet adhesion molecules
(P-selectin, phosphatidylserine and cluster of differentiation 40 ligand (CD40L) as a
result of platelet granule release and protein integration in the outer platelet

membrane. Since AOPPs induced platelet aggregation and P-selectin surface
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expression could be considerably reduced when interfering with cluster of
differentiation 36 (CD36) receptor binding, we can clearly argue that CD36 is the
main platelet receptor facilitating the interactions between platelets and AOPPs. In
this thesis project we elucidated that platelets upon AOPPs exposure were activated
via a signalling cascade involving phospholipase C (PLC), phosphokinase C (PKC)
and Calcium (Ca?*) mobilisation as well as production of intracellular reactive
oxygen species (ROS). By acting on platelets, AOPPs induce platelet-endothelial
interactions as indicated by increased platelet adhesion to cultured human coronary
artery endothelial cells (HCAECs) and, of note, endothelial tissue factor (TF)

expression results from this cell-cell crosstalk.

Moreover, results obtained with in vitro modified AOPPs could be translated in a
physiological relevant context, as AOPPs isolated from sera of uremic patients
enhanced platelet aggregation dependent on their levels of oxidative modifications

in a CD36 dependent manner.

In our study cohort of end stage renal disease patients on hemodialysis, AOPPs
and serum TF levels were significantly increased. Notably, a significant correlation
of AOPPs and serum TF was found, suggesting that platelets link oxidative stress

and a prothrombotic phenotype.

Our results provide clear evidence that AOPPs formed in conditions underlying
chronic oxidative stress can contribute to increased platelet reactivity. The resulting
procoagulant phenotype on endothelial cells might contribute to the coagulation
abnormalities in uremia and other inflammatory diseases. Our findings reveal

previously unknown pro-thrombotic activities of oxidized albumin.
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Zusammenfassung

Thrombozyten zirkulieren in hoher Anzahl im Blut, wo sie ihrer essentiellen Funktion
in der primaren Hamostase nachgehen. Wahrend die Thrombozytenfunktion
einerseits physiologisch relevant ist, sind aktivierte Thrombozyten auch in
Thrombosen involviert. Eine erhohte Thrombozytenaktivierung stellt somit auch ein
groldes gesundheitliches Problem dar. Personen mit erhohter
Thrombozytenaktivierung haben ein erhohtes potenzielles Risiko fur Thrombosen,
die zu Gefalverschluss und schweren Folgeerkrankungen, wie Herzinfarkt und
Schlaganfall fihren kdénnen. Verschiedene entziindliche Erkrankungen sind mit
hohem oxidativen Stress und erhdhter Thrombozytenfunktionalitat verbunden.
Darlber hinaus gibt es eine direkte Verbindung zwischen entzindlichen
Erkrankungen und einer hohen Pravalenz von thrombotischen Ereignissen. Die
vielfaltige Rolle der Thrombozyten wurde lange Zeit unterschatzt, aber ihre wichtige
Rolle bei der Entziindungsreaktion, sowie ihr Beitrag in allen Stadien der
Atherosklerose, wird nun haufig wahrgenommen und untersucht. Durch die
Freisetzung ihrer prokoagulanten und proinflammatorischen Granula am
Entziindungsherd, und auch ihre direkte Interaktion mit Endothelzellen und/oder
neutrophilen Granulozyten, die zur  Zellaktivierung oder Verstarkung von
aktivierungsabhangigen Zellfunktionen fuhrt, sind Thrombozyten ein wesentlicher

Faktor bei Entzindungen.

Neutrophile Granulozyten sind die Hauptquelle des Enzyms Myeloperoxidase, das
einzige Enzym, das das Oxidationsmittel Hypochlorit herstellen kann. Eine
aktivierende Rolle von Hypochlorit modifiziertem Lipoproteinen niedriger Dichte
(LDL) oder Lipoproteinen hoher Dichte (HDL) auf Thrombozyten, die Uber den
Scavenger-Rezeptor CD36 vermittelt wird, ist bereits beschrieben worden. Im
Gegensatz dazu ist der Einfluss modifizierter Proteine auf Thrombozyten bisher
nicht geklart. Albumin ist das haufigste Protein im Blutkreislauf, und auch das
Angriffsziel von Hypochlorit, das kaum andere Substanzen angreift. In unserer
Studie konnten wir zeigen, dass Hypochlorit oxidiertes Albumin, sogenannte

“Advanced Oxidized Protein Products®, Thrombozyten aktivieren kénnen.
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AOPPs akkumulieren bei verschiedenen Entzindungserkrankungen, wie z.B. im
Plasma von Patienten mit Nierenerkrankungen, und sind Marker fur oxidativen
Stress. Ob AOPPs zu den bei uramischen Patienten haufig auftretenden

Gerinnungsstérungen beitragen, wurde bisher nicht untersucht.

In der vorliegenden Studie zeigen wir, dass AOPPs eine Erhdohung der
Thrombozyten Adhasionsmolekile (P-Selektin, Phosphatidylserin und CD40L)
induzieren. Dies resultiert aus der aktivierungsabhangigen Freisetzung von
Thrombozytengranula und darauffolgender Proteinintegration in die &aulere
Thrombozytenmembran. Die durch AOPPs ausgeloste Thrombozytenaggregation
und P-Selektin-Oberflachenexpression konnten erheblich vermindert werden, wenn
der Scavenger-Rezeptor CD36auf Thrombozyten geblockt wurde. Daraus lasst sich
klar schlieBen, dass CD36 ein entscheidender Rezeptor flr die Interaktion

zwischen Thrombozyten und AOPPs ist.

In der vorliegenden Arbeit konnten wir die Signalkaskade, Uber die AOPPs
Thrombozyten aktivieren, aufklaren. Sie beinhaltet die Aktivierung von
Phospholipase C, Phosphokinase C und Ca?* Mobilisierung, sowie die
intrazellulare Produktion reaktiver Sauerstoffspezies. Durch ihre Wirkung auf
Thrombozyten induzierten AOPPs Wechselwirkungen zwischen Thrombozyten und
Endothelzellen, die durch eine erhdhte Thrombozytenadhesion an kultivierten
humanen Endothelzellen gezeigt werden konnte. Von grofer Bedeutung ist auch
die Expression von endothelialem Gewebsfaktor, der aus dieser Zell-Zell-Interaktion
resultiert. AOPPs, die aus dem Serum von uremischen Patienten isoliert wurden,
konnten die Thrombozytenaggregation abhangig von ihrer oxidativen Modifikation
und dem CD36 Rezeptor verstarken. Die Resultate, die mit in vitro modifizierten
AOPPs erzielt wurden, konnten somit in einen physiologisch relevanten Kontext

gesetzt werden.

AOPPs und Gewebsfaktor waren im Serum von Patienten mit Nierenerkrankung
signifikant erhoht. Interessant dabei ist die signifikante Korrelation von AOPPs und
Gewebsfaktor, die eine starke Verbindung zwischen oxidativem Stress und einem
prothrombotischen Phanotyp zeigt. Unsere Ergebnisse liefern klare Beweise, dass
AOPPs, die unter Bedingungen mit chronischem oxidativen Stress gebildet werden,

zu einer erhéhten Thrombozytenaktivitat beitragen kénnen. Diese fuhrt zu einem

Vil



prokoagulanten ~ Phanotyp  bei  Endothelzellen, was  wiederum zu
Gerinnungsstorungen in Uramie und anderen entzundlichen Erkrankungen
beitragen konnte. Unsere Ergebnisse zeigen bisher unbekannte prothrombotische

Aktivitaten von oxidiertem Albumin.
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l. Introduction

1. The anucleate platelets - are they really cells?

The anucleate platelets are known to be the smallest and one of the most abundant
cells in the human blood stream. Within their short life time of approximately 8-11
days, the bone marrow derived platelets patrol in the circulation before they get
depleted by spleen macrophages. Whether platelets fulfil their primary and essential
role in blood coagulation or show their “dark face“ as key players in thrombosis
strongly depends on their activation state. This dual and activation dependent

function of platelets was identified already in the 19t century (1).

Platelets originate from Megakaryocytes (MK), but the exact mechanism by which
they are formed and then released from their precursors is still not clearly elucidated.
Three different models have been proposed in platelet development (2—4), however,
recent studies support the model of proplatelet formation rather than the cytoplasmic
fragmentation or the platelet budding theory (5,6). This model suggests platelets to
be released in the final step of MK development from elongated strands of MK
cytoplasm (=proplatelets), a process that is additional supported by shear from the
blood flow. MK cytoskeletal reorganization occurs in the final step of proplatelet
formation, and was described to be partially mediated by serotonin (5). This process
results in high numbers of circulating platelets (usually between 150-400 * 10°/L ),
making them - beside erythrocytes - the most abundant cells in the human blood
stream (7,8). Of note, their numbers are approximately three times higher in rodents
(9). In platelet development, one single MK gives rise to up to 1,000 non-nucleated
cell segments (7,8) that express the platelet markers CD41 and CD42b, while the

MK marker CD34 cannot be detected on their surface anymore (10).



1.1 Platelet structure — a brief overview

Still, it is a matter of debate whether platelets fulfil all the criteria to be classified as
,cells. Due to a lack of the nucleus, they have no DNA and therefore no genes they
could reorganize, pointing out a strong argument for platelets to be cell fragments
rather than fully accepted cells. Nevertheless, platelets contain cytoplasm from their
progenitor cell including several specialized organelles such as granules (a- and
dense granules), mitochondria for their energy supply, lysosomes and endosomes.
Of particular importance, platelets contain mMRNA and are therefore capable to newly
synthesize proteins with their inherit translational machinery (11-14). Platelet
associated soluble proteins like thrombospondin and vVWF (von Willebrand factor)
that are stored in the a-granules are exclusively synthesized in MKs, while others
like fibrinogen and albumin are collected from plasma by MK facilitated endocytosis
and then stored in granules (15). So, a- and dense granules contain important
factors for platelet-platelet interactions and are needed to enable platelets to actively
participate in the coagulation cascade. The platelet’s inner canalicular system
includes a series of invaginated membranes that are folded in the quiescent state
but allows the platelet to significantly increase their surface upon activation, when

they undergo a “shape change” (9).

1.2 Platelets behave as cells

Although anucleate, platelets share some common features of all cells. They
express a wide range of receptors for different purposes, such as glycoproteins
(GPs) that sense exposed structures of the extracellular matrix (ECM) in times of
vessel stress or bind the respective ligands expressed on other cell types to allow
cell-cell interactions (16,17). Via their receptors they can respond to various
molecules involved in the regulation of thrombosis and haemostasis or interact with
cytokines and chemokines to get either activated or inhibited (18,19). Upon
activation, intracellular signalling is induced via a protein phosphorylation cascade
(20), and de novo protein synthesis is accomplished by a translation machinery and
a spliceosome (21). Platelets can furthermore act in an ,intelligent” way to dangers
of the surrounding. For instance, lipopolysaccharide (LPS) acting on platelet toll-like

receptor 4 stimulate an intracellular signalling pathway that finally results in



secretion of distinct molecules. So, platelets can differ between signals, and

effectively react to a given danger (22,23).

Recent research indicates an increasing role for platelets as modulators of
lymphocyte functions. On the one hand, they control extravasation of lymphocytes,
but on the other hand they were also reported to be able to trigger the release of
neutrophil extracellular traps (NETs) that execute important functions in infection or
cancer and are associated with thrombosis (24). Interestingly, although platelets
lack the nucleus, platelets undergo activation-dependent apoptosis as shown by

several apoptosis associated markers (25,26).

When addressing the question of platelet cellularity, the issue of platelets as
.Jmmune cells* has gained huge interest since platelets are sensors of innate
immunity, affect immune cells of the adaptive immunity and are capable to initiate

inflammation. This issue was recently covered by several reviews (27-29).

2. Platelet function — a double edged sword

A simplified scheme about the dual function of platelets is given in Figure 1.

2.1 Platelet function in hemostasis

Under normal physiological conditions platelets circulate in the blood stream and
endothelial cells prevent hemostasis by the release of nitric oxide (NO) and
prostacyclin, both interfering with platelet activation (30,31). When the endothelial
barrier is disrupted in the case of injury, several subendothelial matrix proteins such
as von VWF, fibrillar collagens, fibronectin, and laminin become exposed to
circulating blood platelets and support platelet binding by interacting with platelet
receptors. Thereby, VWF binds the platelet GPIb-V-IX complex (32), collagen
interacts with glycoprotein receptor GPVI (33,34) and integrin a2B1 (35), and
fibronectin-platelet interactions are mediated by a581 and laminin by a631(32). vVWF
is crucial for initial platelet binding, especially in high shear vessels as arterioles
(36), and the absence of GPIb-V-IX is associated with bleeding disorders (37).

Ligation of GPVI with collagen activates platelets and as a consequence mediates

-3-



the shift of the main fibrinogen receptor GPlIbllla to an activated state. GPIIbllla is
the most abundant glycoprotein and changes its conformation from a low to a high
affinity state through inside-out signalling resulting in platelet aggregation as the final
event of platelet activation (38). Additionally, collagen binding induces the
generation and release of the soluble platelet agonist adenosine diphosphate (ADP)
and thromboxane Az at sites of injury. ADP acts on the G-protein-coupled receptors
P2Y1 (39) and P2Y12 (40), while TXA2 mediates its effects via and the thromboxane
receptors TPa and TPB (39). This amplifies platelet integrin adhesiveness in an
autocrine and paracrine manner, thereby promoting clot formation. Therefore,
interfering with these interactions by targeting TxAz formation (41) and/or the P2Y12
receptor (42) was shown to be beneficial in counteracting thrombus formation (43).
Activated platelets undergo a change in shape and provide a surface for the
assembly of coagulation complexes. This is important for local thrombin formation,
an enzyme that mediates conversion of fibrinogen to fibrin and further activates
platelets via their protease-activated receptors as one of the most potent stimuli.
Thus, thrombin elicited effects notably contribute to growth and stability of a blood
clot (43,44).

The adhesion of platelets to ECM proteins is the initial step in primary haemostasis
that forms a barrier against blood loss, results in platelet activation and as final steps
in aggregation and plug formation. In secondary haemostasis, the coagulation
cascade is triggered mainly by exposure of TF resulting in fibrin generation and
polymerisation that is essential to trap red blood cells and stabilize the developing
thrombus (45).

2.2. The dark site: platelets in thrombosis

Beside its beneficial physiological function in preventing blood loss, platelets are
also key players in thrombosis where their functional properties are associated with
vessel occlusion and the potential development of cardiovascular diseases with
severe outcomes. Thrombosis is mediated to a great extent by platelets and fibrin,
and basically occurs after rupture of an unstable atherosclerotic plaque exposing a
prothrombotic surface to the blood stream and its cellular components. In contrast
to a hemostatic plaque that extends in the extracellular space where it fixes the
wound at the site of injury, a thrombus starts to form in the intima, extends into the

-4-



intraluminal space and leads to hemodynamic changes. When a clot is formed in
the coronary or cerebral circulation, this can lead to severe pathophenotypes, like

myocardial infarction and stroke (46).

hemostasis

Figure 1: The dual function of platelets

Platelets and erythrocytes circulate in the blood stream as indicated in a vessel
cross section (upper left panel: healthy vessel, upper right panel: atherosclerotic
vessel). Upon vessel wall injury of a healthy artery (indicated in green), platelets get
activated and seal the wound by forming a primary hemostatic plaque that extends
into the extracellular space, with minimal clot extension into the lumen. In contrast,
upon plaque rupture of an atherosclerotic vessel (lower right panel), the activated
platelets form a thrombus that extends within the vessel. Complete vessel occlusion
is a potential result and is furthermore associated with severe pathological

outcomes.



2.3 Thrombosis: a continuing global challenge

According to the world health organisation (WHO), cardiovascular diseases account
for one-third of all annual deaths (47), whereas atherothrombotic diseases represent
the major healthcare issue (48). What has changed within the last years is the long
considered perception that it's primarily a disease of industrial counties. Although
the prevalence of noncommunicable diseases (NCDs) increases all over the world
(see Figure 2 for a statistic of annual deaths resulting from chronic diseases) the
highest rise is expected in low- and middle-income countries that already account
for approximately 80 % of atherothrombotic deaths (47). So, it is obvious that novel
and more effective antithrombotic drugs are needed. Although, research focuses on
antithrombotic strategies already for decades, the outcome in regard to mortality is
still quite small (41), thus, justifying the need of novel, more effective antithrombotic
drugs. Seen in the context of continuously rising diseases like obesity, diabetes or
other inflammatory disorders that are associated with a severe prothrombotic
phenotype, a challenging future situation is definitively given (49). Recent reports
indicate that patients suffering from diabetes are more resistant to conventional

antithrombotic drugs, further aggravating the existing situation (50).

2014: 17.5 Mio annual deaths

@ cardiovascular disease
O cancers

@ chronic respiratory diseases
@ digestive diseases

O other NCDs

@ diabetes

2030: 23.5 Mio annual deaths

Figure 2: Proportion of noncommunicable disease deaths in 2008

Noncommunicable diseases (NCDs) also known as chronic diseases account for
approximately 70 % of all deaths worldwide. Cardiovascular diseases were
responsible for almost 40 % of annual NCD deaths in 2008. According to the WHO,
deaths that underlie cardiovascular disease will rise from 17.5 Mio to 23.5 Mio
annual deaths in 2030, whereas individuals of low- and middle-income countries are

at higher potential risk.



3. Platelets in inflammation — the promiscuous platelet

It has been shown in several studies that platelets are not only central to thrombosis,
but also play important roles in inflammation per se. By doing so, they participate
either directly by releasing soluble ligands like interleukin 1 (IL-1B) (28) or favour
inflammatory reactions indirectly due to activation of endothelial cells and
neutrophils by complex cell-cell interactions. This chapter describes the potential of
platelets as mediators of inflammation, and further focuses on atherosclerosis as

example of an inflammatory disease strongly associated with thrombosis.

3.1. Platelet granules

There are several inflammatory molecules that are released from platelet granules
without a clear described function in haemostasis, thus, strengthen the role of
platelets as inflammatory cells (51). Platelets have three different type of granules:
a-granules, lysosomes and dense granules, whereas a-granules are the most
abundant, and their proteins involve factors that have described functional roles in
haemostasis, thrombosis and inflammation. Upon activation, the content of a-
granules is either released or expressed on the platelet surface, as it is known in the
case of P-selectin that is upregulated in the membrane surface during platelet
stimulation. Amongst others, a-granules contain VWF, coagulation factor V,
Interleukin (IL)-8, RANTES, fibrinogen and large amounts of platelet factor 4, a CXC
chemokine best known for affecting neutrophil and monocyte chemotaxis (52,53).
With specific regard to inflammation, a-granules released cytokines affect leukocyte
functions by regulating their movement and tissue migration as well as intracellular
ROS production (53).

Factors released from dense granules mainly act on amplifying platelet activation
responses and involve factors such as ADP and serotonin. An additional role for
serotonin in supporting platelet adhesion to the endothelium was recently shown

(54). The importance of lysosomes is mainly given by its bactericidal effects (55).



3.2 Platelet-endothelial crosstalk

Endothelial cells that line the vessels are not only a mechanical barrier between
platelets and components of the extracellular matrix but also present an anti-
thrombotic surface to the blood stream by antagonizing known platelet activation
pathways (by release of NO and prostacyclin) and degradation of the important
feedback agonist ADP (via ectonuclease activity of CD39). As a result, early studies
thus assumed that endothelial injury is needed to allow platelet binding. However,
recent in vitro studies show the potential of platelets to directly adhere to endothelial
cells upon activation of either ECs and/or platelets (56-58). Platelet adhesion to
endothelial cells was shown in several inflammatory states including ischemia and

hypercholesterolemia (59).

Platelet-endothelium adhesion also occurs under high shear stress conditions as
confirmed in several in vivo studies (60—63) indicating a multistep process that
involves platelet tethering, rolling on the endothelial lining, and strong adhesion as
final event. A simplified scheme of how platelets attach to the endothelium and
inflame endothelial cells is depicted in Figure 3. The ongoing receptor interactions
during this process are not elucidated in detail, but participation of both, selectins
and integrins are proven in this crosstalk (64). Thereby, selectins mediate the initial
loose contact of “platelet rolling”. Endothelial derived P-selectin is rapidly released
from a-granules known as Weibel-Palade bodies upon activation, and is associated
with several inflammatory conditions. In addition, E-selectin that is also expressed
upon inflammation, enables loose platelet binding (61). Rolling along the endothelial
vessel is independent of the activation state of platelets and is triggered solely by
an inflamed endothelial layer, as shown in experiments using platelets from mice

lacking P-and/or E-selectin (60).

Platelets interact with endothelial P-selectin mainly via binding with their GPIb
complex that is also known as von Willebrand factor receptor, but do also express
the ligand of P- selectin PSGL-1. It is important to mention that endothelial VWF is
also released from Weibel bodies, and P-selectin supports anchoring of VWF to
endothelial cells, providing an even more adhesive surface for platelets and their
GPIb complex (65). Nevertheless, these initial interactions are reversible and
unstable and depend on additional contacts mediated by integrins (66).



GPlIbllla is not only the major integrin involved in aggregation but due to its ability
to bind factors deposited on endothelial cells, GPlIbllla enables platelet-endothelial

interactions. Such factors involve fibrinogen, fibronectin or vWF.

GPlIbllla and avB3 have been shown to be key players in firm platelet-
endothelium adhesion under static conditions (57,67). Furthermore, platelets with
a functional inactive GPlIbllla fail to firmly adhere to activated ECs, as identified
in vivo by specifically blocking GPlibllla function (68). Although the molecular
fundamentals are incompletely understood so far, there is evolving evidence that
platelet-endothelial interactions allow cell-cell crosstalk and, thus, contribute in the

initiation and also progression of vascular inflammation.

Platelets get stimulated as a result of platelets vessel binding, thus, leading to an
activation dependent release of their proinflammatory granules content into their
local environment. Doing so, platelets alter endothelial properties in diverse ways,
including chemotactic, adhesive but also proteolytic properties (69). Of huge
importance is platelet derived IL-1p that is not only a major stimulator of endothelial
activation but also initiates the release of IL-6 and IL-8 from endothelial cells (70),
and further increases adhesive molecules expression such as intercellular adhesion
molecule-1 (ICAM-1) and avB3 (71). The expression of these early inflammatory
genes involves activation of nuclear factor “kappa-light-chain-enhancer” of activated
B-cells. (NF-kB), whereas platelet binding directly support NFkB activation by
degradation of inhibitor of kB (IkB) (72,73).

Activated platelets can deliver chemokines and vice versa stimulate cells of the
vessel wall to locally release their chemokines. In turn, endothelial cell derived
chemokines promote platelet aggregation and adhesion, resulting in monocyte

recruitment to the inflamed endothelium (74).



Platelet Rolling Firm Adhesion

resting
GPlibllla

P-selectin

platelet

PSGL-1 activated O

GPlIbllla cpdoL |
GPlba o) cD40L Thrombosis
fibrinogen li-1p TF
P-selectin CcD40 \J/ MCP-1 Chemtaﬂs
endothelial & icam - Adhesion
VCAM
cell Migration

Figure 3: Endothelium attached platelets promote endothelial inflammation

An activated endothelium expresses P-selectin on its surface. Platelet rolling
depends on the platelet surface proteins GPIba and PSGL-1, both interacting with
endothelial P-selectin. Selectins are needed for initial contact, but only provide
reversible binding of platelets to endothelial cells. B3 integrins sufficiently mediate
stable and firm adhesion, mainly via the interaction of the activated form of GPIIbllla
(allbB3) with endothelial aV33. Activated platelets express P-selectin (promoting
platelet-neutrophil interactions) and CD40L that further stabilize platelet-endothelial
interactions via binding to endothelial CD40L. Platelets inflame the endothelial lining
by releasing IL-18 and CD40L, thus, allowing proatherogenic changes of the
endothelium that might be important in the development of vascular inflammation.
This involves MCP-1 mediated chemoattraction of leukocytes, increased VCAM-1
and ICAM-1 expression that promote the attachment of monocytes, neutrophils,
and lymphocytes to the inflamed endothelium. CD40-CD40L interactions lead to

endothelial TF expression.
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3.3 The important role of CD40L

So far, the most important platelet derived inflammatory mediator is platelet-derived
CD40 ligand (CD40L, CD154) that rapidly appears on the surface of activated
platelets and, as functionally active molecule, triggers a proinflammatory phenotype
on ECs (75,76). CD40L is a transmembrane protein of the tumor necrosis factor
family that was primarily identified on immune cells. Although CD40L is expressed
by several cells of the vasculature (including B-cells, T-cells, macrophages,
basophiles and natural killer cells, endothelial cells and smooth muscle cells) (77),
platelets are the major source of CD40L, accounting for almost 95 % of soluble
CD40L (sCD40) (78), as it was further indicated by the correlation between platelet
count and sCD40L (79). Elevated levels of CD40L are associated with
hypercholesterolemia, diabetes, ischemic stroke, and acute coronary syndromes
(80-83). Furthermore, it was investigated that high levels of sCD40L are associated
with risk of future cardiovascular events in healthy women (84), indicating a role of

CDA40L as prognostic marker.

Depending on the strength of the respective stimulus, the cleavage from the platelet
surface occurs within seconds to minutes in which the released CD40L fragment
remains trimeric and functional. Ligation of CD40 on ECs by its ligand
expressed on platelets promotes the release of IL-8 and monocyte chemotactic
protein-1  (MCP-1), both  important chemoattractants for neutrophils and
monocytes. Moreover, platelet CD40L upregulates the expression of endothelial
adhesion proteins (like E-selectin, vascular cell adhesion molecule-1 (VCAM-1)
and ICAM-1) that mediate binding of neutrophils, monocytes and lymphocytes to
the inflamed vessel. Of particular importance, platelet CD40L was shown to induce

TF on endothelial cells, that strongly links inflammation with thrombosis (85).

Its thrombotic activity is furthermore strongly linked to GPIIbllla. Due to a role of
GPlIbllla antagonists in attenuating the release of sCD40L even in the absence of
platelet aggregation clearly indicate a direct involvement of GPIIbllla in the shedding
process of CD40L (86). Moreover, direct interaction of GPlIbllla with CD40L under
high shear stress conditions promotes and stabilizes platelet thrombi, allowing

localisation of platelet induced inflammation on the vessel wall (87).
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3.4 Platelet-neutrophil interactions

When studying the platelet-neutrophil-axis, the ligation of platelet P-selectin with its
high affinity ligand (PSGL-1) is definitely in the focus of ongoing research. PSGL-1
is continuously integrated in the membrane of neutrophils. As a result of the velocity
gradient, platelets and neutrophils mainly circulate at the vessel periphery what
increases the chances of collisions (88). When platelets got activated beforehand
by inflammatory stimuli, they express P-selectin as a result of activation dependent
granules release, thus, enabling the formation of platelet-neutrophil-aggregates
(PNA (89). The relevance of these aggregates and the P-selectin dependent
recruitment of neutrophils was revealed in atherosclerosis and also in studies that
had the focus on damaged arterial surfaces. P-selectin enables tethering of platelets
to neutrophils (90,91), thus, inducing platelet-neutrophil cross-talk that results in
elevated levels of aMB2 integrin CD11b/CD18 (Mac-1) on the surface of neutrophils.
This upregulation subsequently supports firm adhesion that is mediated by
neutrophil Mac-1 and the platelet glycoprotein GPIb (92). Further stabilisation is
given by CD11a/CD18 binding to platelet adhesion molecule-2 (ICAM-2) (93) and
GPllIbllla-bound fibrinogen (94,95).

Since the amount of P-selectin is significantly higher on platelets compared to
endothelial cells, leukocytes can be easily recruited to the site of inflammation.
Neutrophils activated via PNA formation have increased binding properties to the
endothelium. Furthermore, platelets that are already attached to the endothelium
form a bridge for platelet primed neutrophils and the endothelium, thereby recruiting
neutrophils to a growing thrombus. Thrombus associated neutrophils facilitate pro-

thrombotic actions by enhancing fibrin deposition (96).

Platelets might further contribute together with CD40L to neutrophil recruitment, by
enhancing the proinflammatory phenotype of endothelial cells. Furthermore, CD40L

can directly interact with neutrophil CD40, amplifying neutrophil activation.

Of particular interest, the role of PNAs is not limited solely to neutrophil recruitment
to inflamed tissue, platelets also enhance the neutrophil defence mechanism.
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Platelets are capable to enhance the production of ROS via their soluble mediators,
thus, it is not surprising that neutrophils in PNA produce more ROS than free

neutrophils (97). This particular process was shown to be P-selectin dependent (98).

Recent research stated that platelets can induce the formation of neutrophil
extracellular traps, which are crucial for antimicrobial defence (99,100). Thereby,
neutrophils release DNA and granular components such as MPO, histones and
serine proteases (101,102). NETosis has been distinguished from other forms of
cell death (103) and contributes to coagulation and platelet aggregation (104). NETs
were shown to be able to colocalize with fibrin and von Willebrand factor within a

thrombus (105) thus providing a scaffold that protects thrombi from fibrinolysis (106).

In thrombosis, neutrophil NET formation leads to a vicious circle where direct
interactions with platelets and endothelial cells induce their activation, which in turn
promotes further NETosis. Furthermore, NET derived histones enhance the

activation of blood coagulation (104).
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Tethering of activated platelets to neutrophils depends on the interaction between

platelet P-selectin and its high affinity counter ligand neutrophilic PSGL-1.

Furthermore, L-selectin interacting with platelet PSGL-1 contributes to PNA

formation. PNA formation during inflammation further induces neutrophil activation

as indicated by neutrophilic integrin expression (CD11b/CD18). Firm adhesion is
provided by CD11b/CD18 that interacts with GPIb on platelets and CD11a/CD18

that interacts with platelet ICAM-2. The contact dependent activation of neutrophils

by circulating platelets results in increased adhesion to the endothelium and

consequent transmigration. During inflammation, endothelium attached platelets

build a bridge to enable binding of platelet primed neutrophils to endothelial cells.

Neutrophils in PNAs show increased ROS production and NET formation.
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3.5 Platelets in atherosclerosis

Atherosclerosis is the process that underlies most cardiovascular diseases and is
regulated by genetic factors and aging but is also strongly associated with
dyslipidemia, hypertension, smoking, diabetes and obesity (107). Nowadays, it is
well established that atherosclerosis is a progressive chronic inflammatory disease
characterized by lipid infiltration into the subendothelial space of large arteries (so
called plaques) and complex inflammatory interactions, based on cell-cell-crosstalk
leading to the release of various inflammatory stimuli (108). As indicated above,
platelets function as key players in vascular inflammation through the release of pro-
inflammatory granule content and their direct interactions with endothelial cells and
leukocytes. Their role in atherosclerosis has been extended within the last years:
platelets are known to contribute in all steps of atherosclerosis. Reduced
inflammatory gene expression as a result of the blockade of platelet-endothelial
interactions profoundly decreased the infiltration of leukocytes in the arterial wall.
This result establish a clear role of platelets as contributors of endothelial
dysfunction during the early steps of atherosclerosis (109). Platelet make a major
contribution to monocyte arrest and monocyte recruitment by secreting MCP-1 and
support macrophage differentiation by releasing RANTES and platelet factor-
4(110). Despite their roles in the onset of atherosclerosis, platelets are capable to
intensify inflammation in all stages of atherosclerosis by expressing membrane
molecules (such as ICAM-2, P-selectin, and CD40L) that regulate adhesion and
aggregation, chemotaxis, survival, differentiation and angiogenesis (46). Of
particular importance are the roles of P-selectin and CD40L whose inflammatory
roles have already been described in previous chapters. When plaque rupture
occurs as the final event of this chronic inflammatory condition (111), platelets
contribute as key players in thrombosis that might lead to cardiovascular

complications such as myocardial infarction and stroke (112).

So, platelets are involved in all inflammatory processes of the disease from the initial
chronic phase of atheroma initiation and its extension to the phase of acute disease,
where they initiate thrombosis upon plaque rupture. Atherosclerotic plaques are
highly procoagulant due to the presence of TF as well as various platelet activators,
such as collagen.
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3.6 TF bridges coagulation and inflammation

TF is a type | integral membrane glycoprotein and member of the cytokine receptor
superfamily (113), and certainly the key trigger for coagulation. By doing so, TF
binds to its ligand factor VII/VIla (FVII/VIla), forming the TF/FVIla complex leading

to thrombin generation, fibrin deposition, and platelet activation (114,115).

The presence of TF in atherosclerotic lesions largely contributes to its thrombogenic
potential, thereby linking inflammation with coagulation. There is striking evidence
for an important role of TF in inflammation as several experiments have
demonstrated. TF could enhance the proinflammatory functions of macrophages
(116), and upregulation of IL-8 was shown in both, keratinocytes and macrophages
(117,118). By selectively inhibiting TF, a growing thrombus can be tremendously

reduced on the site of a ruptured plaque (119).

Several cells are sources of TF, but from main importance are cells of the
vasculature (endothelial cells and smooth muscle cells) (120) as well as monocytes
(121). There is still a debate whether platelets are an additional source of TF. Due
to its location, TF is exposed to the circulation in response to inflammatory cytokines
and/or physical or chemical damage. When TF is exposed to the blood stream, most
of its functions are rapidly induced (120). The function of TF is balanced by its
counter player TF pathway inhibitor, a major anticoagulant protein that inhibits the
FVlla-TF-complex. Disruption of the tisse factor inhibitor gene leads to embryonic

lethality, indicating the importance of TF regulation by this inhibitor.

In several pathological states, including hyperlipidemia, TF that circulate in the form

of microvesicles show elevated levels in plasma compared to healthy subjects (122).
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4. Platelet interactions with lipoproteins

Despite their carrier functions, lipoproteins are able to elicit intracellular signalling in
various target cells. Interestingly, several studies revealed a correlation between
hyperlipidemia and platelet hyperreactivity, whereas platelets of hypercholesteremic
patients tended to have higher in vivo platelet activation, indicating a role for LDL in
this context (123). It was revealed that the presence of LDL alone leads to elevated
binding of fibrinogen by platelets (124), and is proposed to stimulate TXAzformation
and PKC activation, thereby inducing platelet intracellular signalling cascades (125).
Furthermore, LDL mediated effects on platelets were linked to activation of

phospholipase C and Ca?* mobilisation (126).

In later studies, the proaggregatory impact of the oxidized form of LDL (oxLDL) on
platelets was clearly shown (127-129), and due to the prothrombotic phenotype in

atherosclerosis oxLDL-platelet interactions are still in the focus of intense research.

It was assumed that the protein moiety of oxidized LDL is responsible for its
stimulatory effects on platelets, and hypochlorite oxidized LDL was shown to be a
stronger platelet agonist, compared to copper oxidized LDL (130). Additional, a
recently published study revealed a novel role for hypochlorite oxLDL in promoting
prothrombotic platelet signalling via inhibition of the NO/guanosine 3',5'-cyclic

monophosphate/protein kinase G pathway (129).

In contrast, HDL decreases agonist induced platelet aggregation in a dose
dependent manner (131) and inversely correlates with P-selectin expression on
human platelets (132). It was reported that HDL facilitates its atheroprotective and
antithrombotic effects mainly via upregulation of endothelial NO synthase, increased
production of prostacyclin and elevated selectin and TF expression on endothelial
cells, that subsequently decrease the formation of thrombin (132). The major HDL
apolipoprotein A1 was related to the protective features facilitated by HDL (133).
The results obtained in studies were oxidized HDL was used are controversial, and
mainly depend on the oxidant used for HDL modification (134—136).
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4.1 Lipoprotein-receptor-interactions

Scavenger receptors are a group of heterologous surface receptors that share the
ability to bind modified/oxidized forms of LDL. Within the last 2 decades, the list of
scavenger receptors has been enormously increased. Among them, class B
scavenger receptor CD36 and SR-BI, class E scavenger receptor LOX-1, class D
scavenger receptor CD68 were discovered on platelets, but some of these findings
could not be repeated and are therefore still a matter of debate. Especially, reports
regarding the presence of scavenger receptors type A on platelets are controversial.
Whether scavenger receptors on platelets strongly contribute to cardiovascular
pathology as well as their general role in platelet physiology has to be revealed

adequately in future studies(137,138).

CD36 (fatty acid transporter), mainly known for its role in lipid uptake and
atherosclerosis, is expressed on various cell types including endothelial cells,
macrophages and platelets. CD36 interacts with native HDL, LDL, VLDL,
thrombospondin-1, collagen but also fatty acids and pathogen derived particles
(139,140). It has been suggested that CD36 has proactivatory potential on platelets
by interacting with arachidonic acid and, moreover, decreased binding efficacy to
collagen was reported for human platelets lacking CD36 in the early stages of
adhesion (141).

Recently, a novel family of oxidized choline phospholipids (oxPCcpss) that
accumulate in dyslipidemia and are formed via different pathways during oxLDL
formation were elucidated as CD36 ligands (142). High plasma levels of oxPCcbss
were linked to increased CD36 mediated platelet reactivity, but CD36-/- mice could
respond in the same way to platelet agonists as the respective wild type mice,
strengthening the hypothesis that the prothrombotic role of CD36 might be restricted
to a dyslipidemic phenotype. These results clearly show a direct association of
dyslipedemia with oxidative stress and increased platelet reactivity. Exposure of
oxPCcpss to platelets furthermore sensitized platelets to other platelet stimuli at in
vivo relevant concentrations. In addition, plasma levels of oxPCcp3e are associated
with high levels of human platelet activation (138). Another recent finding by
Magkenzi et.al (129) extends the oxLDL-platelet CD36 knowledge, by presenting
that oxLDL promote thrombosis via binding to CD36 by interfering with platelet
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regulatory pathways. In short, oxLDL induced platelet signalling resulted in
ROS/superoxide formation via PLC activation that directly lead to platelet activation.
Of interest, ROS further contributed to platelet activation by interfering with the
inhibitory NO/cGMP/PKG pathway. This finding might explain the decreased

response of ADP and collagen that occur upon CD36 deficiency.

Distinct evidence is given that oxidized LDL binds with high affinity to platelet CD36,
whereas some groups postulate a unique role of CD36 in this interaction
(128,143,144) while others discuss a combined action of scavenger receptor-A (SR-
A and CD36 in oxLDL binding on platelets (145). Nevertheless, there are findings
ruling out a contribution of SR-A in inducing oxLDL triggered signalling in platelets
(138).

Acetylated LDL, representing a classical ligand for SR-A receptors, failed to
influence platelet activation state, raising the question whether SR-A is expressed
on platelets surface at all (146). In contrast to this speculation, p38MAPK
phosphorylation could be induced in CD36-deficient platelets, but phosphorylation
did not occur in mice lacking both CD36 and SR-A (145). In addition, experiments
using blocking antibodies for platelet CD36 indicate that CD36 is solely responsible
for a part, but not the overall binding of oxLDL (147-149).

In addition, oxLDL induced effects are also elicited by the lectin like oxidized low
density lipoprotein receptor 1 (LOX-1), which is expressed on endothelial cells,
macrophages and smooth muscle cells. In a recent study, LOX-1 mRNA and protein
were identified in human platelets and the presence of the receptor was further
confirmed in megakaryocytic cell lines. In contrast to CD36, LOX-1 expression
occurs in an activation dependent manner and is stored in a-granules in resting
platelets. Of note, LOX-1 recognizes and binds activated platelets (150,151), and
an important role for LOX-1 in thrombosis is supported by its ability to crosslink
activated, LOX-1 expressing platelets, thereby LOX-1 might contribute to thrombus

growth and stabilisation.

Class B scavenger receptor B1 (SR-BI,), a close relative of CD36, binds native as
well as oxidized lipoproteins and is expressed on the surface of various cell types
including hepatocytes and endothelial cells (152). While one group postulates SR-
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Bl to be the major receptor for oxHDL on platelets (153), others could not confirm

the presence of SR-BI on platelets (154).

Despite these discrepancies, the described role of SR-Bl on platelets involves
oxHDL mediated antiaggregatory and antithrombotic effects, whereas oxidized

phospholipid components are suspected to facilitate these beneficial effects

5. Oxidative stress in inflammation

Oxidative stress is a state of imbalance between oxidants and antioxidants, resulting
from an improperly working antioxidant defence system. The insufficient inactivation
of oxidants leads to tissue damage by accumulating reactive oxygen species (ROS)
(155).

ROS are formed by the reduction of oxygen and include free radicals such as O2. -
(superoxide), ONOQO. - (peroxynitrite) and OH- (hydroxyl) but also non-radicals such
as H20:2 (hydrogen peroxide) (156,157).

In general, there are many enzymatic sources of ROS including xanthine oxidase,
cyclooxygenases, lipooxygenases, myeloperoxidases, cytochrome P450
monooxygenase, uncoupled nitric oxide synthase peroxidases, and NADPH
oxidase. Of note, ROS production not necessarily occurs in intracellular
compartments, but can be generated extracellularly (158). Oxidative stress and a
chronic inflammatory phenotype are associated with the pathophysiology of
atherosclerosis (158,159). Blood neutrophils constitute a major source of ROS in
the circulation, and closely link oxidants to proinflammatory conditions (160). The
heme enzyme MPO is abundantly expressed in neutrophils, accounting for 5% of
total protein (161). MPO is released from neutrophil granules upon activation.
Recently, MPO was found to be co-localized with macrophages in atherosclerotic
plaques (162). MPO is the only enzyme that produces HOCI in vivo by conversion
of H202 in the presence of chloride ions (CI) (163). Within the phagolysosome, HOCI
contributes to host defence (161), but when excessively released, its strong
oxidation properties harm other components such as proteins, lipids or DNA,
thereby contributing to tissue injury (163).
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In the context of atherosclerosis, the major role of HOCI is given by its strong ability
to oxidize lipoproteins. Thereby formed oxHDL and oxLDL trigger the formation of
macrophages to foam cells, inhibits endothelial nitric oxide synthase (164) and in a
feed-back loop further enhance neutrophil degranulation and oxidants production
(165). Furthermore, the oxidized form of LDL is involved in platelet activation (166).
Beside lipoproteins, HOCI attacks plasma protein, mainly albumin and forms so

called advanced oxidized protein products (AOPPs) (167).

5.1 Platelets, oxidative stress and vascular inflammation

Beside neutrophils, also platelets and endothelial cells in their activated states are
capable to synthesize ROS (168,169), indicating a strong contribution of oxidative
stress to vascular inflammation. Furthermore, it was shown that oxygen radicals can
be generated within a growing thrombus (170), making a point for the relevance of
the already intensively ongoing discussion regarding the interplay of oxidative

stress, inflammation and risk of cardiovascular events.

Platelets were described to be capable to produce superoxide anion (171) and the
more stable H202 that can be released or is directly involved in intraplatelet
signalling cascades (172). In general, ROS were shown to have proactivatory
potential on platelets in several on inflammation or thrombosis based
pathophenotypes. Despite the direct impact on platelets, ROS furthermore
contribute to enhanced thrombosis due to the conversion of NO (173). In mice, the
link between oxidative stress and thrombosis has already been shown in a model of

hyperhomocysteinemia (174).
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5.2 Modified proteins as markers of oxidative stress

Proteins have gained full attention as markers of oxidative stress only within the last
two decades. This is surprising, since their high vulnerability to oxidants is a well-
documented finding (175), and the fact that extracellular fluids usually lack high

levels of antioxidants, makes plasma proteins a primary target for oxidation (176).

Accordingly, albumin the most abundant protein in the circulation, is prone to
oxidative attack (177). Oxidation may induce structural and functional alterations
interfering with metabolic or enzymatic properties of the protein. Oxidation can range
from modification of a single amino acid residue to complete protein denaturation or
fragmentation. In contrast to mild oxidized proteins, severe damaged proteins are
resistant to proteolysis, and modifications are often irreversible (178,179). The
important role of modified albumin as marker of oxidative stress in several

inflammatory conditions is introduced in the next chapter.

6. AOPPs are markers for oxidative stress and
inflammation

The term “Advanced oxidized protein products” (AOPPs) was first used by Witko-
Sarsat et. al, to describe a modified protein fraction that was found to accumulate in
the plasma of chronic renal disease patients. Interestingly, the highest levels of
AOPPs, mainly consisting of oxidized albumin, were measured in end stage renal
disease patietns on hemodialysis. In line with this finding, AOPP levels increased in
all stages of renal disease, thus, directly reflecting the levels of oxidative stress that
appear to increase with the severity of the disease. It was shown that subjects in an
advanced state of renal disease, but not yet on hemodialysis, had AOPP levels that
were approximately three times higher than those measured in the respective
control group (167). In this chapter, main characteristics of AOPPs, their prevalence

in inflammatory diseases and their potential interaction partners will be discussed.
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6.1 Characterisation of AOPPs

AOPPs are characterized as dityrosine-containing and crosslinked proteins that are
formed by the reaction of plasma proteins with the myeloperoxidase product HOCI.
Reactive chlorinating species are able to modify proteins in various ways. This
includes the conversion of cysteine residues to disulfides or higher oxidation
products, the conversion of cysteine and methionine residues to sulfoxides, the

oxidation of tryptophan, but also the chlorination of amino groups and tyrosine (180).

As mentioned above the formation of AOPPs depends on the phagocytic enzyme
MPO, indicating an important role for activated neutrophils in the context of plasma
AOPP formation (167). Moreover, a correlation between the amount of circulating
neutrophils and plasma concentration of AOPPs has been shown in patiens with
uremia (181). In vitro AOPPs are formed by addition of reagent HOCI to plasma
albumin, the in vivo major source of AOPPs in human plasma (177). Thereby, the
concentration of the chlorinated oxidant added directly correlates with the measured
AOPP levels, providing evidence that AOPP formation directly results from oxidation
of plasma proteins with HOCI (167). Moreover, a kinetic model could predict plasma
proteins as the major target of HOCI, that elicits almost no damage to other materials
(180). AOPPs consist of two main fractions: the high molecular-weight AOPPs (600
kDa) which are albumin aggregates formed by disulfide bridges and/or dityrosine
crosslinking, while the low molecular weight AOPPs (80 kDa) contain albumin in its
monomeric form (167). When size exclusion chromatography was performed, low
and high molecular AOPPs were almost not detectable in plasma of healthy
(167,182). AOPP concentrations are measured by a spectrophotometric method at
340 nm and expressed in chloramine-T equivalents (183) (see method section for
further details). AOPP levels correlate with plasma levels of dityrosine, a hallmark
of protein oxidation, and the advanced glycation end-products (AGE)- pentosidine,

both established markers of post translational mediated protein damage (167).
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6.2 Albumin — the major AOPP in blood

Human serum albumin (HSA) represents the most abundant protein in plasma and
accounts for more than 50% of total proteins. Once secreted from the liver to the
blood stream, the 66kDa protein has a half-life of approximately 20 days. Within this
lifespan, albumin can pass through the circulation around 15,000 times and can be
recruited by neutrophils to the site of inflammation where it triggers antioxidative
defence activities (184,185). So, beside its function as transporter protein and
negative acute phase protein, albumin is the major extracellular antioxidant
(186,187) accounting for around 70 % of free radical trapping activity in plasma
(184).

Of note, the antioxidative properties of albumin are accomplished to a high extend
by methionine (Met) and cysteine (Cys) (188). Only one of the 35 cysteine residues
is in the reduced state (Cys 34), and majorly accounts for its antioxidative properties
(185).

6.3 AOPPs in renal disease and other inflammatory conditions

As already mentioned above, AOPPs were first described in chronic kidney disease,
where the highest levels were found in patients on hemodialysis followed by patients
on peritoneal dialysis. Of note, traditional risk factors failed to explain the highly
prevalent cardiovascular phenotype in patients with chronic renal disease. AOPPs
were proposed as non-traditional risk factors for predialytic cardiovascular events
that result from atherosclerosis (189). AOPPs as markers for oxidative stress and
mediators of inflammation were found to be elevated in patients with coronary artery
disease, diabetes mellitus, systemic sclerosis, and colorectal cancer among other

chronic diseases (176).

The chronic inflammatory stress prevalent in renal disease is mainly a feature of the
high oxidative stress levels caused due to neutrophil and monocyte activation and
ROS production, respectively. While neutrophils are the main source of ROS that
result from the NADPH complex, monocytes to a large extent, are provided for the
production of proinflammatory cytokines such as IL-1, TNF-a, and IL-6. Importantly,

both cells are capable to produce MPO, an enzyme strongly associated with
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atherosclerosis (190,191). This link was shown by studies that discovered MPO in
aortic atheromatous plaques, while the enzyme could not be detected in aortae of
healthy subjects (192).

End stage renal disease patients have a dramatically increased mortality rate when
compared to the age matched general population (193). Cardiovascular
complications account for almost half of these deaths, whereas atherosclerotic
occlusive accidents are involved at least in every second cardiovascular case of
death (194).

The high prevalence of cardiovascular disease complications upon dialysis therapy
lead to the assumption that atherosclerosis is initiated already before starting
dialysis in the earlier phases of renal disease (193). There is compelling evidence
that in renal disease inflammation, oxidative stress markers and cardiovascular

disease are strongly associated (167,195-197).

Beside the crucial role of uremic toxins in inflammation, AOPPs might be important
mediators of cardiovascular disease. AOPPs were shown to competitively inhibit the
HDL receptor SR-BI, thus, preventing its full potential for cholesterol ester uptake
and respective plasma HDL-cholesterol clearance (198). Interestingly in a
subsequent study it was shown that, AOPPs are irreversibly SR-BI
antagonists(199). AOPPs were also shown to promote the formation of foam cells,
by interfering with the cholesterol efflux capacity of macrophages (198) and to

activate monocytes and neutrophils (200)
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6.4 Receptors for AOPPs

As shown in several diseases, AOPPs accumulate in the circulation as well as in
several tissues, and their functions were associated with severe conditions. As a
consequence, research that focuses on the elucidation of potential interaction
partners for AOPPs was intensified. The aim was to extend the current knowledge

on how AOPPs facilitate their effects, and to find potential therapeutically targets.

The first receptors found in this regard were the receptor of AGE products (RAGE)
on the surface of endothelial cells (201,202) and the scavenger receptor CD36 was
identified to interact with AOPP-albumin (203). In the kidney, RAGE expression is
upregulated upon chronic AOPP loading (204), and RAGE-AOPP interactions were
shown to induce ROS production via activation of NAD(P)H oxidase. Interfering with
the binding of AOPPs to CD36 decreased the activation of the AOPP induced renin—
angiotensin system in tubular cells (176). Similar to RAGE, CD36 triggers a
coagulation cascade that involves activation of PKC and NAD(P)H, superoxide
formation and NF-kB activation, finally resulting in inflammation of the vascular

endothelium and renin-angiotensin system activation (203).

With specific regard to inflammation and lipid disorders, SR-Bl was identified to
irreversible bind AOPP-albumin (199), thus, interfering with the beneficial effects of
its ligand HDL. Several studies could clearly demonstrate a protective role of SR-BI
in cardiovascular disease as reviewed by Rigotti et al. (205). In in vivo experiments,
intravenous injections of AOPPs resulted in higher levels of total plasma cholesterol
(206).
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7. Aim of the study

Thrombosis is associated with high oxidative stress levels as found in several
inflammatory conditions. As a result, oxidative modified proteins accumulate in the
plasma of patients suffering from inflammatory diseases, such as renal disease.
Previous studies could show that plasma albumin is the major target of chlorinated
oxidants that are formed by the neutrophilic enzyme MPO. Neutrophil activation is

yet another typical characteristic of inflammation.

While the impact of oxidative modified lipoproteins like oxLDL on platelets was
already revealed in detail in the context of atherosclerosis and thrombosis, studies
that elucidate a potential role of oxidized proteins on platelets have not been

performed so far.

Given that (i) the half-life of albumin in plasma is significantly higher compared to
the half-life of lipoproteins, and (ii) levels of oxidized albumin are associated with
cardiovascular disease, we hypothesized a potential role of AOPPs on platelet

function.

With regard to functional platelet properties, we wanted to determine platelet
activation markers, platelet aggregation, and platelet adhesion upon treatment with
AOPPs. Moreover, we were interested whether AOPPs via binding to platelet
scavenger receptors induce signalling cascades necessary for platelet activation
and a prothrombotic phenotype. In the broader context of thrombosis, we wanted to
reveal whether AOPPs stimulated platelets promote a procoagulant phenotype in

endothelial cells.

In short, the main focus of this work was to investigate whether oxidative modified
albumin (AOPPs) alter platelet reactivity, thereby linking inflammation and a pro-

thrombotic phenotype.
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Il. Material and Methods

1. Material

1.1 Reagents

3,3"-dihexyloxacarbocyanine iodide Sigma

ADP Probe & Go, Sigma
Antibody diluent DAKO

BD Cell Fix BD Biosciences
BD FACS Flow BD Biosciences
BSA, Fraction V PAA

CsHsNaszO7 * 2H20 Merck

CaClz Merck

Collagen Probe & Go
Cytochalasin B Sigma
D(+)-Glucose monohydrate Merck

NaNs3 Sigma

DMSO Carl Roth GMBH

Dulbecco’s PBS 1x liquid - CaClz2, MgClz Invitrogen
Dulbecco’s PBS 1x liquid +CaClz, MgCl2 Invitrogen
EDTA Carl Roth GMBH

Fibrinogen Sigma



Annexin V Binding Buffer
HEPES

KCI

MgCl2

Na2HPO4 * 2 H20

NaCl

NaHCOs

NaOH

Sodium citrate

FBS “Gold”“ (EU approved)
Plastic labware for cell culture
Aqua Bidest

HiTrap Blue HP

JBS Methylation Kit
PD-10 Desalting Columns
PD MiniTrap G-25

NaOH 1mM

KH2PO4

Superoxide detection kit
NaOCl

Potassium iodide (KI)
Chloramine T-hydrate 98 %
CsHsNa3zO7

Fibronectin

BD Biosciences
PAA

Merck

Carl Roth GMBH
Merck

Carl Roth GMBH
Merck

Carl Roth GMBH
Sigma

PAA

PAA

Fresenius Kabi
GE Healthcare
Jena Biosciences
GE Healthcare
GE Healthcare
Merck

Merck

Enzo Life Sciences
Sigma

Sigma

Sigma

Merck

Sigma
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Gelatin powder

Trypsin

Citric acid monohydrate
Polyethylene glycol (PEG) solution
Ethanol (EtOH) 99 %
Vena8Flouro+ Biochips
Vena8 Enothelial+ Biochips
Thrombin

U-73122

Chelerythrine

BAPTA-AM

Annexin V

L-NAME

TF ELISA

Fucoidan

HCI

100 Sterican

Merck
PAA
Merck
Sigma
AustrAlco
THP

THP
Probe&Go
Sigma
Sigma
Sigma

BD

Sigma
American Diagnostica
Sigma
Sigma

Brown
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1.2 Antibodies

anti-CD36 antibody [clone FA6-152] Abcam
polyclonal anti-SR-A antibody Abcam
anti-SRBI antibody (NB400-101) Novus Biological
anti-CD32 antibody Abcam
CD62P antibody-FITC BD Biosciences
IgG Isotype control antibody-FITC BD Biosciences
IgG Isotype control antibody-PE BD Biosciences
anti-CD154 (CD40L) antibody-FITC BD Biosciences
Anti-CD142 antibody-PE BD Biosciences

1.3 Buffers and Solutions

Fix solution

30 ml FACS flow
10 ml distilled water
1 ml CellFix

Wash buffer for preparation of washed platelets
140 mM NacCl

10 mM NaHCOs3

2.5 mM KClI

0.9 mM Naz2HPO4 * 2 H20

2.1 mM MgClz

22 mM CsHsNasOr

0.055 mM D(+)-Glucose monohydrate

0.35% BSA

pH 6.5

Detachment buffer for TF expression
PBS

25 mM HEPES

10 mM EDTA
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Tyrode Buffer for preparation of washed platelets

10 mM HEPES

134 mM NaCl

1 mM CacClz

12 mM NaHCOs3

2.9 mM KCI

0.34 mM NazHPO4 * 2 H20
1mM MgCl2

0.055 mM D(+)-Glucose monohydrate

pH 7.4

Buffer for albumin isolation

Binding buffer: 50mM KH2PO4, pH=7

Elution buffer: 50mM KH2PO4, 1.5M KCI, pH=7

1.4 Equipment and Software

ABX Micros 60

Apact 4004

CellixVenaFlux software

DucoCell software

FACS Calibur flow cytometer
Hamamatsu ORCA-03G digital camera
Mirus nanopump

Olympus IX70 fluorescence microscope
Zeiss Axiovert 40 CFL microscope
Nano Drop 1000

xMark Microplate Spectophotometer
Mini Spin

Centrifuge 5810 R

Megafuge 1.0 R

Horiba Medical (Tulln, Austria)
LABIiTec (Ahrensburg, Germany)
Cellix Ltd (Dublin, Ireland)

Cellix Ltd

Becton-Dickinson (Mountain View, USA)
Hamamatsu (Herrsching, Germany)
Cellix Ltd

Olympus (Vienna, Austria)

Zeiss (Vienna, Austria)

Thermo Scientific

BioRad

Eppendorf

Eppendorf

Kendro Labratory Products
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2. Methods

2.1 Blood collection

The study was approved by the Institutional Review Board (Ethics committee of the
Medical University Graz). Blood was taken from end stage renal disease patients
undergoing dialysis treatment prior to dialysis sessions and from patients after
kidney transplantation during a scheduled outpatient clinical visit. Patients with
malignancy, pregnancy, chronic inflammatory bowel disease, active alcohol abuse,
severe organ dysfunction unrelated to renal dysfunction or patients with clinical
evidence of active infection were excluded from the study. Age and sex matched
control subjects that did not take any medication and had no evidence of renal
disease were included in the study. All blood volunteers signed an informed consent
form in agreement with the Institutional Review Board of the Medical University of
Graz. All methods were carried out in accordance with the approved guidelines.

Serum samples were stored at -70 °C until further use.

2.2 Preparation of washed platelets

Blood was drawn from healthy volunteers after they signed an informed consent
form. Whole blood was collected using sodium citrate (3.8 %) as anticoagulant and
immediately centrifuged at 400 x g for 20 minutes to obtain platelet rich plasma
(PRP). To prepare human washed platelets as used for this study, fresh PRP was
mixed with 2 % ethylenediaminetetraacetic acid (EDTA) in a 1:20 ratio to the PRP,
whereas usually 10 ml of PRP were taken. This was then followed by centrifugation
at 1000 x g for 15 minutes. Supernatant was discarded and the pellet re-suspended
in 1 ml of a low pH wash buffer. Additional 9 ml of wash buffer were added and
platelets were washed twice by centrifugation at 1000 x g for 15 minutes. The pellet
finally re-suspended in tyrode buffer at a physiological and the suspension was filled
up to the initial volume of PRP used. Washed platelets were immediately used for

functional platelet assays.
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2.3 Isolation of albumin from serum

Albumin from end stage renal disease patients and controls was separated from
other serum proteins by affinity chromatography using HiTrap Blue HP 1 ml columns
(GE Healthcare) according to the instructions of the manufacturer. In brief, after
equilibration of 5 column volumes of binding buffer lipoprotein deficient serum
(LPDS) was applied at a flow rate of 0.5 mL/min using an AKTA FPLC system (GE
Healthcare). Afterwards, the column was washed again with binding buffer (5
column volumes) before albumin was eluted with 5 column volumes of elution buffer.
The purified samples were then passed over PD-10 desalting columns to exchange

the high salt elution buffer for phosphate buffered saline (PBS).

2.4 AOPPs assay

The AOPPs - assay was performed as previously described (207). In brief, serum
was depleted of apoB-containing lipoproteins with polyethylenglycol (PEG). 400 uL
PEG-solution (20% PEG in 200 mmol/L glycine buffer, pH = 7.4) was added to 1 mL
serum, thoroughly mixed and incubated for 20 minutes at room temperature.
Precipitate was pelleted by centrifugation (10,000 x g, 30 min) and the supernatant,
referred to as LPDS was used for AOPP detection. Subsequently, 10 uL LPDS was
mixed with 40 ul of 0.2 M citrate buffer and incubated for 2 minutes on a shaker.
Afterwards, absorbance at 340 nm and optical density at 595 nm were measured
within one hour on a Nano Drop 1000 (Peglab, Erlangen, Germany)
spectrophotometer. Absorbance was converted into the respective AOPP
concentrations by means of a standard curve ranging from 1 to 100 y mol/L
chloramine-T as described (199). AOPP concentrations were expressed as u mol/L

of chloramine-T equivalents.
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2.5 In vitro AOPPs preparation

AOPPs were prepared by incubation of albumin with hypochlorous acid in the
absence of free amino acid/carbohydrates/lipids to exclude the formation of AGEs-
like structures as previously described (199). For albumin oxidation a 100-fold molar
excess of hypochlorous acid over albumin was used. After gently mixing, the AOPPs
preparation was shortly centrifuged and incubated for 30 minutes on ice. Afterwards,
the modified albumin preparations were passed over PD MiniTrap G-25 columns
(GE-healthcare) to remove excess reactants and immediately stored at — 70 °C until

further use.

Reduction of N-Chloramines — preparation of “aged” AOPPs

To investigate whether N-chloramines are involved in AOPPs elicited effects on
platelets, hypochlorous acid modified albumin was incubated for 5 days at 37 °C to
allow total decomposition of N-chloramines. AOPPs that were formed that way are
referred to as “aged” AOPPs and were directly used in platelet aggregation

experiments and compared to “aged” albumin treated platelets.

Reductive Methylation — preparation of methylated AOPPs

Reductive Methylation was performed using the JBS methylation kit, according to
the protocol of the manufacturer (JBS methylation kit, Jena Biosciences). Thereby,
formaldehyde is used as alkylating reagent and dimethylamine borane complex as
reducing reagent, a combination that was described to have the mildest effect on
the biochemical properties of the target proteins. All reactions were carried out on
ice and all reagents provided by the kit were freshly prepared before use.
Methylation instructions recommended the use of 1 mL protein (dissolved in PBS)
within the concentration range between 1 and 10 mg/ml. Respective concentrations
of albumin and AOPPs were used as target proteins for methylation. Solution A was
prepared by dissolving 6 mg of dimethylamine borane complex in 100 ul reagent
grade water. Then 20 pl of the prepared solution A was given to the target protein
solution before solution B (containing 1 M formaldehyde) was added. The reaction
mixture was gently mixed and then incubated at 4 °C for 2 hours. Afterwards, this
step was repeated by adding the same amount of reagents A and B to the protein
solution. After another 2 hours of incubation, 10 ul of solution A were added and the
final preparation was stored at 4 °C overnight. The next morning, the reaction was

-35-



stopped by adding solution C, containing 1 M Tris (pH= 7.5). If precipitates were
observed after overnight incubation, they were removed in a centrifugation step
before addition of solution C. To separate the methylated protein from the reaction
mixture, size exclusion chromatography using PD-10 columns (GE healthcare) was
performed. The methylated protein was stabilized by solution D, containing 50 mM
dithiothreitol. The final concentration of dithiothreitol in the sample ranges between
1-5 mM. Methylated albumin and methylated AOPPs were directly used for platelet

aggregation experiments.

2.6 Platelet aggregation

Platelet aggregation was recorded at 37 °C with constant stirring using the 4-
channel platelet aggregometer APACT4004 (LABiTec, Ahrensburg, Germany) that
works on the principle of light transmission aggregometry, as previously described
(208). Platelet aggregation of freshly prepared washed platelets was induced with
AOPPs (25-100 p g/mL), methylated AOPPs (100 pg/ml) or “aged” AOPPs
(100pg/ml) and respective albumin controls. If not stated otherwise, platelets were
incubated with AOPPs for 2 minutes. In experiments using isolated albumin of end
stage renal disease patients (patients AOPPs), platelets were pre-incubated with
patient AOPPs for 10 minutes, before platelet aggregation was started by addition
of ADP (5-20 uM) in the presence of fibrinogen (1 ug/mL). The concentration of
ADP was adapted to yield 30-50% platelet aggregation in the presence of pooled
albumin preparations that were isolated before from healthy control subjects.
Platelet aggregation was measured for 4 min with constant stirring (1000 rpm) at
37° C. The blocking antibodies/inhibitors were added 10 min before in vitro prepared
AOPPs or patient AOPPs were added. Data are expressed as percent of maximum
light transmission, with non-stimulated washed platelets being 0% and tyrode buffer
being 100%. In some cases data are expressed normalized to the aggregation
response achieved by albumin or AOPPs isolated from control subjects. In general,
washed platelets were used for aggregation experiments within 3.5 hours after blood

take to assure proper platelet functionality.
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2.7 P-selectin and CD40L surface expression

Activated platelets express certain receptors specific for their activation state, such
as P-selectin and CD40L. Activation dependent surface expression experiments
were carried out according to previous established protocols (208). In brief, washed
platelets were incubated with albumin or AOPPs for 5 min. To compare levels of
activation, P-selectin expression was induced with ADP (3 uM) in the presence of
cytochalasin B in a final concentration of (5 pg/ml). Cytochalasin B facilitates the
translocation of P-selectin from platelet granules to the surface. CD40L was
stimulated with thrombin (200 U/mL), known as one of the strongest platelet
agonists, shown several times to significantly induce CD40L expression.
Inhibitors/blocking antibodies were added 20 min before platelet stimulation. For P-
selectin and CD40L staining, platelets were incubated at room temperature for 30
min in the presence of an anti-CD62P-FITC labelled antibody (15 ug/mL) against P-
selectin or anti-CD40L-FITC labelled antibody (15 pg/mL). Afterwards, the reaction
was stopped with ice cold PBS without CaClz and MgCl2 and samples were
centrifuged at 400 x g for 7 min. The supernatant was discarded and cells fixed with
fix solution (1 ml Cellfix, 10 ml distilled water and 30 ml cold FACS flow). Fixed
platelets were measured with a FACS Calibur flow cytometer (Becton-Dickinson).
FITC labelled antibodies were detected in FL-1 channel and an increase in P-
selectin and CD40L expression was given when an increase in FL-1 channel could

be measured. Fluorescence values were normalized to vehicle treated samples.

2.8 Phosphatidylserine surface exposure

To measure the exposure of the late activation marker phosphatidylserine on the
surface of platelets, 200 pl of washed platelets (3 x 107/mL) were incubated for 10
minutes with albumin, AOPPs or the positive control collagen (10 ug/ml). To each
sample 2.5 yl FITC labelled Annexin V was added and platelet samples were
incubated at room temperature for further 15 minutes. Platelets were washed by
centrifugation and re-suspended in binding buffer according to the manufacturer's
protocol (BD Biosciences, Germany), and phosphatidylserine exposure on platelets
was measured as Annexin V staining within one hour using flow cytometry. Data are
expressed as % Annexin positive cells, whereas gating occurred with untreated and

unlabelled platelets.
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2. 9 Intracellular ROS production

Washed platelets (1 x 108/mL) were mixed with superoxide detection probe (Enzo
Life Sciences, Lausen, Switzerland) and incubated according to the manufacturer’s
protocol for 30 min at 37 °C. Subsequently, platelets were pre-incubated with
vehicle, the superoxide dismutase (SOD) mimetic Manganese (lll) tetrakis(1-
methyl-4-pyridyl)porphyrin  (MnTMPyP, 50 pg/mL) or blocking antibodies at
indicated concentrations for another 30 minutes, respectively. This was followed by
incubation with AOPPs or collagen (10 pg/mL) for additional 15 minutes at room
temperature. Superoxide/ROS production was immediately assessed by a FACS
Calibur flow cytometer (Becton-Dickinson) as an increase in fluorescence intensity

(FL-2 channel). Superoxide production was normalized to vehicle treatment.

2.10 Platelet adhesion under flow conditions

Platelet adhesion experiments under flow were performed to address two different
issues. First, biochips were coated either with collagen or fibrinogen to determine
whether AOPPs stimulated platelets adhere to ECM proteins. Second, washed
platelets were perfused over a biochip pre-coated with HCAECs to reveal whether
platelet adhesion to an intact endothelial monolayer is altered upon AOPPs

treatment.

Platelet adhesion to collagen/fibrinogen

Vena 8 biochips (Cellix Ltd, Dublin, Ireland) were coated with fibrinogen (200 pg/mL)
or collagen (200 pug/mL) at 4°C overnight as described (208). On the next day, the
chips were blocked with BSA (10 ug/mL) for 30 minutes at room temperature and
subsequently rinsed with PBS containing 0.9 mmol/L Ca?* and 0.5 mmol/L Mg?*.
Washed platelets were incubated with AOPP-albumin (100 ug/mL) and immediately
perfused over the fibrinogen/ collagen coated channels at constant shear stress of
0.5 dyne/cm? for 6 minutes using the Mirus nanopump (Cellix). Platelet adhesion
was recorded on an Olympus IX70 fluorescence microscope and an Olympus
UPlanF1-20/0.40 lens, using a Hamamatsu ORCA-ER digital camera and the
Olympus CellP software. Cell images of 3 microscopic fields from each channel

were captured, and images were analysed using DucoCell software (Cellix).
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Platelet adhesion to endothelial cells

To investigate platelet adhesion to human coronary artery endothelial cells
(HCAECSs) under flow conditions, Vena 8 Endothelial + biochips (Cellix Ltd, Dublin,
Ireland) were coated with fibronectin (20 pug/mL) at 4 °C overnight. On the next day,
the chip was first rinsed with Dulbecco’s modified PBS containing 0.9 mmol/L Ca?*
and 0.5 mmol/L Mg?* and HCAECs (75.000 cells in 14 uL medium) were seeded in
each channel. Cells were incubated for 20 minutes at 37 °C to allow cells to attach
to the channels. Subsequently, medium was added and cells were then incubated
for 2 hours at 37 °C. Afterwards, washed platelets were incubated with aloumin (100
pMg/ml) or AOPPs (100 p g/mL) and immediately perfused over the HCAEC
monolayer at constant shear stress of 0.5 dyne cm? for 6 minutes using the Mirus
nanopump (Cellix). Platelet adhesion was recorded on an Olympus [X70
fluorescence microscope and an Olympus UPlanFI-20/0.40 lens, using a
Hamamatsu ORCA-ER digital camera and the Olympus CellP software. Cell images

of 3 microscopic fields from each channel were captured.

2.11 Cell culture of human coronary artery endothelial cells
(HCAECSs)

HCAECs were cultured as previously described (209). Cells were purchased from
Lonza (Verviers, Belgium) and cultured in EGM-2 MV Bullet medium (Lonza)
containing 5% fetal bovine serum (FBS) at 37 °C in humidified 5% CO2. Endothelial
cells from two different HCAEC donors were passaged at 80-90% confluence and
were used from passage 6-9. 50,000 cells were plated on 48-well plates (Greiner,

Germany) and used for experimental procedures one day after reaching confluence.
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2.12 Determination of TF

TF surface expression on HCAECs

Washed platelets were treated with albumin (100ug/ml), AOPPs (100 pg/mL) or
thrombin (200 U/mL) for 10 minutes before platelet suspensions were diluted 1:1
with pre-warmed endothelial growth media (EGM-2 MV Bullet medium + 5 % FBS).
Subsequently, platelets were added to confluent HCAECs that were plated on 48-
well culture plates. Cell culture plates were centrifuged for 2 minutes at 750 x g to
allow cell-cell interaction during the following incubation period (3 hours, 37 °C). For
control experiments, albumin (100 ug/ml) or AOPPs (100 pg/ml) in the absence of
platelets (control experiment 1) or the supernatants of albumin (100 ug/ml) or
AOPPs (100ug/ml) treated platelets (control experiment 2) were added to HCAECs.
After co-cultivation with HCAECs, supernatants were removed and detachment
buffer was added to all wells and cells were incubated for 30 minutes at 37 °C.
Afterwards, the well content was collected and transferred to FACS tubes. After a
washing step (5 min, 400 x g), the supernatant was discarded and cell pellets were
incubated with anti-TF antibody (0,5 ug/mL) at 4 °C for 30 minutes. Cells were
washed again (5 min, 400 x g) and the pellet re-suspended in fixative solution before

samples were measured by flow cytometry.

TF surface expression on platelets

For experiments where TF expression on platelets was determined, albumin (100
pg/ml) and AOPPs (100 ug/mL) were added to freshly prepared washed platelets.
Platelets were then incubated for 30 min in the presence of an anti-TF antibody (0.5
pg/mL). Further steps were performed as described for P-selectin surface

expression.

Determination of serum TF levels

Serum TF levels of uremic patients and controls were determined using the
IMUBIND ELISA kit (American Diagnostica Inc, Stamford, CT) according to the
manufacturer’s protocol. In brief, 100 ul of TF standard or diluted serum sample (1:4
with sample buffer containing 1 % BSA) was added in microwells pre-coated with
capture antibody. Wells were covered and incubated overnight at 4 °© C.The next

day, wells were washed four times with wash buffer (provided by the company) to
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minimise unspecific binding to the capture antibody. This was followed by addition
of 100 pl of a biotinylated detection antibody that specifically recognizes bound TF.
After incubation of 1 hour at room temperature, wells were again washed four times
with wash buffer. Afterwards, 100 uL of diluted enzyme conjugate (12 pL of Enzyme
Conjugate to 12 mL of Enzyme Conjugate Diluent) were added to each well and
incubated for one hour. The enzyme conjugate contains a streptavidin conjugated
horseradish peroxidase (HRP) that finally allows the formation of the antibody -
enzyme detection complex. Wells were washed four times before 100 ul of TMB
substrate solution were added. Within the incubation time of 20 minutes the
substrate reacts with HRP, creating a blue coloured solution. Afterwards, the
reaction was stopped by adding 50 pl of stop solution (0.5M H2S0O4) to increase the
sensitivity. TF levels of the yellow coloured samples were determined by reading
the absorbance on a microwell platereader at a wavelength of 450 nm within 30
minutes. Measured sample values were compared with those of the standard curve.

TF levels of patient and control serum samples were expressed as pg/mL.

2.13 Statistical analysis

Data are shown as mean + SEM for n observations using platelets from different
donors. Washed platelets that could not be induced by AOPPs or ADP were
assumed to be functional ineffective and were excluded from the study. Each n in
each experiment represents an individual donor. Comparisons of groups were
performed using one-way ANOVA with Bonferroni’s post-hoc test. Results obtained
with patient samples were analysed with non-parametric tests due to the small
sample size. Differences in between the three groups were analysed with the
Kruskal-Wallis with Dunn’s post-hoc test. Probability values of P < 0.05 were
considered as statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).

Correlation between patient AOPPs and serum TF levels was determined with linear
regression analysis, P and r? value are shown in the respective figure. All graphs of
the calculated data were drown with Graph Pad Prism 5. Adobe lllustrator was used

for figures in the introduction and discussion section.
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lll. Results

AOPPs used for the following experiments were formed in vitro by exposure of
hypochlorous acid to human serum albumin as described previously (199). The
AOPP content of in vitro modified AOPPs was comparable to AOPP levels that were
measured in albumin isolated from end stage renal disease patients, referred to as
“patient AOPPs”. This chapter outlines our findings regarding the impact of in vitro
generated or isolated patient AOPPs on platelet function and the resulting

prothrombotic endothelial phenotype.

1. AOPPs increase ADP and collagen induced platelet
aggregation of washed platelets

First, potential effects of AOPPs on platelets were tested using washed platelets
isolated from the plasma of healthy donors. When in vitro formed AOPPs (100
Mg/ml) were exposed to freshly prepared washed platelets, both, ADP and collagen
induced platelet aggregation was increased compared to albumin treated platelets
4-fold (Figure 5), indicating a gain of proaggregatory properties of oxidative

modifications.

Of note, albumin and vehicle (PBS without Ca?* and Mg?*) treated platelets did not
differ in their aggregation response (Figure 5). If not stated otherwise, no difference
between vehicle and albumin treated platelets was achieved in all following platelet

assays performed.
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Figure 5: AOPPs increase ADP and collagen stimulated platelet aggregation
of washed human platelets

(a,b) Platelets were pre-incubated with vehicle (v), albumin (alb, 100 ug/ml) or
AOPPs (100ug/ml) for 2 minutes, before stimulation occurred with either (a) ADP (5
-10uM) in the presence of fibrinogen (5 ug/ml) or (b) collagen (5 -10 ug/ml) to
achieve approximately 20 % aggregation. Recording of light transmission
aggregometry was started directly after stimulation of platelets and platelet
aggregation was measured for 5 minutes (n=5). All values are shown as
mean + SEM. ***P < 0.001 as indicated.

2. AOPPs induce aggregation of washed platelets

Based on the strong and rapid increase in platelet aggregation, AOPPs were tested
for their ability to trigger aggregation independent of platelet pre-stimulation with
known platelet agonists. AOPPs (25-100 ug/ml) induced platelet aggregation in a
concentration dependent manner, whereas albumin failed to transmit

proaggregatory effects (Figure 6a, b).

Moreover, platelet aggregation assays were performed in the presence of EGTA to
exclude platelet agglutination. In the case of platelet agglutination, platelet-platelet
interaction results from crosslinking of nearby platelets, independent of platelet
activation and participation of the major platelet integrin GPllbllla that is

-43 -



continuously expressed on platelets but only able to bind fibrinogen in its activated

state.

A functional active GPlIbllla depends on Ca?* mobilisation. As the calcium chelator
EGTA (1 and 5 mmol/l) concentration dependently decreased, AOPPs induced
platelet aggregation (Figure 6c¢), activation of GPllIbllla inside-out signalling i.e.

platelet activation is definitely involved in AOPP mediated effects on platelets.
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Figure 6: AOPPs trigger platelet aggregation, not agglutination, in a
concentration dependent manner

(a,b) Albumin (alb) or AOPPs at indicated concentrations were added to washed
platelets two minutes before aggregation was recorded using light transmission
aggregometry. One representative tracing out of 5 is shown in (a), whereas
quantification of the concentration dependent increase in platelet aggregation is
shown in (b). (¢) EGTA (1 mM and 5mM) was added to platelets 10 minutes prior to
stimulation with AOPPs (100 ug/ml) and reduced the proaggregatory effect of
AOPPs in a concentration dependent manner, thereby excluding platelet
agglutination (n=3). All values are shown as mean + SEM. *P< 0.05, **P< 0.01 and
***P< 0.001 as indicated.
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3. AOPPs induce upregulation of platelet activation
markers

The activation of platelets by proaggregatory stimuli leads to degranulation of
platelet a-granules, allowing the procoagulant glycoprotein P-selectin to integrate in
the outer platelet membrane. The crucial role of P-selectin is given by its contribution
to inflammatory and prothrombotic cell-cell interactions, as it occurs between
platelet P-selectin and its ligand P-selectin glycoprotein ligand-1 (PSGL-1) present

on human neutrophils.

The activation dependent surface expression of P-selectin was determined by flow
cytometry using a labelled anti-P-selectin antibody. AOPPs promoted the
upregulation of platelet P-selectin comparable to stimulation with ADP (3 uM) as
shown in Figure 7a. Addition of cytochalasin B (5ug/ml) is necessary to induce
degranulation of ADP stimulated platelets. In contrast, AOPPs facilitated a-granule
secretion, and consequent P-selectin upregulation was not altered in the presence
of cytochalasin B (data not shown), suggesting a different mechanism of activation.
While P-selectin is a marker for early platelet activation, the exposure of
phosphatidylserine on the platelet outer membrane is a marker of late and
irreversible platelet activation. However, only strong agonists (like thrombin or
collagen) are capable of triggering the conversion to procoagulant

phosphatidylserine exposing platelets (210).

Phosphatidylserine exposure on platelets can be determined with labelled Annexin
V, which binds specifically to surface expressed PS. AOPPs lead to a 5-fold
increase in Annexin V positive platelets compared to albumin as presented in Figure
7b. Thus, the AOPPs induced expression of the procoagulant marker
phosphatidylserine was similar potent when compared to collagen stimulation
(10 ug/mL) which was performed as positive control (Figure 7b).
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Figure 7: AOPPs induce upregulation of the platelet activation markers P-
selectin and phosphatidylserine

(a) Upregulation of P-selectin on the surface of platelets was measured by flow
cytometry using an FITC-labelled anti-CD62P antibody against P-selectin. Platelets
were incubated with albumin (100 ug/mL), AOPPs (100 ug/ml) or the positive control
ADP (3 uM) in the presence of cytochalasin B (6 ug/mL) for 10 minutes. Obtained
FL1 fluorescence levels were normalized to vehicle (veh) treated platelets and
shown as percentage over vehicle (n= 7). (b) Platelets were exposed to vehicle
(veh), albumin (100ug/mL), AOPPs (100ug/mL) or the positive control collagen (coll,
10ug/mL) for 10 minutes and FITC-labelled Annexin V was used to determine
surface expression of PS. Results are shown as percentage Annexin V-positive
platelets (n= 7). All values are shown as mean+ SEM. **P< 0.01, ***P< 0.001 as

indicated.

4. AOPPs promote platelet adhesion to fibrinogen under
flow conditions

As shown in platelet aggregation experiments, addition of AOPPs to washed
platelets induced activation of the platelet glycoprotein GPlIIbllla, which in vivo
facilitates adhesion to the ECM protein fibrinogen that is exposed to the blood
stream in times of vessel stress. Consequently, platelet adhesion to fibrinogen was
evaluated in the presence of AOPPs using a system that mimics vessel flow

conditions. Thereby, washed platelets treated with AOPPs or albumin were perfused
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over fibrinogen (100 pg/ml) coated biochip channels, while respective adhesion was

recorded after three minutes of platelet perfusion.

AOPPs treated platelets showed significantly higher platelet adhesion to fibrinogen
when compared to albumin, where only small aggregates could be detected (Figure
8a). Platelet adhesion images of repeated experiments were analysed with a
standardized image quantification program that counts the area covered by
platelets. Image quantification clearly confirmed the significant increase in platelet

adhesion (Figure 8b).
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Figure 8: Platelet adhesion to fibrinogen is elevated upon AOPPs exposure

(a, b) Platelets were treated with albumin (alb, 100 ug/ml) or AOPPs (100 ug/ml)
and then perfused over fibrinogen (100ug/ml) coated biochip channels at constant
Shear stress. Platelet adhesion was video monitored and one representative picture
is shown in (a), whereas the area covered by platelets was calculated from 3
different pictures of each platelet donor (n=4) after 3 minutes of platelet perfusion
(b). AOPPs induced increase in platelet adhesion is indicated in arbitrary units given
by the calculation with DucoCell Software. Values are shown as mean+ SEM.

**P< 0.01 as indicated.
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5. N-Chloramine formation is responsible for the
proaggregatory effects of AOPPs

It is known that hypochlorous acid, the oxidant formed in vivo by neutrophilic MPO
and used for in vitro preparation of AOPPs, primary targets e-amino groups of lysine
residues. As a result, formation of lysine chloramines occurs along with the loss of
the positive charge. It was previously reported in our group that the amino acids
tyrosine, lysine, histidine and arginine are modified upon exposure of HOCI to
albumin, whereas lysine residues showed the highest extend of oxidative

modifications.

To test whether lysine residues specifically play a role in AOPP triggered platelet
activation, the chlorination of lysines was prevented by reductive methylation, or
freshly prepared in vitro AOPPs were incubated for 5 days at 37 °C to allow total
decomposition of N-chloramines. Thereby formed AOPPs are referred to as
methylated and “aged” AOPPs. After respective albumin modifications, methylated
and aged AOPPs were tested on its effects on platelet aggregation of washed

platelets as shown in Figure 9.
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Figure 9: N-Chloramines are responsible for AOPPs triggered aggregation

Platelets were pre-incubated with albumin (alb, 100 ug/ml), aged albumin (100
ug/ml), methylated albumin, AOPPs (100ug/ml), aged AOPPs (100ug/ml) or
methylated AOPPs for 2 minutes before stimulation with ADP (5 -10uM) in the
presence of fibrinogen (6 ug/ml) to achieve approximately 20 % aggregation.
Recording of light transmission aggregometry was started directly after stimulation
of platelets, and platelet aggregation was measured for 5 minutes (n=5). All values

are shown as mean + SEM. ***P < (0.001 as indicated.

6. AOPPs activate platelets via CD36

The induction of a rapid and strong platelet response let us assume that AOPPs
elicit their effects on platelets via directly binding to platelet surface receptors. In
this context, we assessed a potential role of scavenger receptors that were
reported to interact with oxidized lipoproteins. Although literature has not yet been
able to clearly identify which scavenger receptors are present on platelets, there
are studies that report the expression of class A scavenger receptor LOX-1 (211),
class B scavenger receptors SR-Bl (153), and CD36 (146) on the surface of
platelets. Of additional importance, AOPPs were already described to be SR-BI
(199) and CD36 (203) ligands on other cell types.
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To test interactions between AOPPs and receptors on platelets, washed platelets
were pre-incubated with several blocking antibodies prior to addition of AOPPs.
Of note, only blocking of scavenger receptor CD36 could significantly reduce
AOPP-induced platelet aggregation, whereas blocking antibodies against SR-BI
and SR-A failed to show any effects (Figure 10a). The anti-CD36 antibody used
in this experimental setting is known to specifically block an epitope responsible
for oxLDL-binding and since it was reported that the Fc portion of this antibody is
capable of inducing platelet aggregation independently (212), platelets were pre-
incubated with a specific antibody (anti-CD32, 1ug/ml) against Fcy receptors.
Blocking the oxidized LDL binding site of CD36 was concentration dependent and
blocking of the Fcy receptor was necessary to counteract Fcy induced platelet
aggregation (Figure 10b). In addition, no intrinsical effect of CD32 was found
(Figure 10b). However, blocking of CD36 did not result in total inhibition of platelet
aggregation like described for oxLDL (213), suggesting a role for another, yet

unknown platelet receptor that might be involved in AOPPs induced effects.

In the context of SR-A receptors, we also used fucoidan, since its role as SR-A
blocking agent in platelet assays was described (145). Although preincubation with
fucoidan (50 ug/ml) did not affect AOPPs mediated platelet aggregation (data not
shown), its recently demonstrated proaggregatory role via platelet CLEC-2 receptor
(214) exclude fucoidan as a suitable substance in this context. Therefore, a specific
SR-A blocking antibody was used to explicitly rule out a contribution of SR-A

receptors (Figure 10a).

To provide further evidence for the crucial role of CD36 in AOPP mediated effects
on platelets, P-selectin upregulation was detected in the presence of an anti-
CD36 antibody. P-selectin expression was diminished approximately 60 % when
anti-CD36 (4 ug/ml) was exposed to platelets prior to AOPPs stimulation (Figure
10c).
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Figure 10: Scavenger receptor CD36 is involved in AOPPs triggered platelet
aggregation and P-selectin upregulation

(a) Platelets were incubated with an anti-CD36 blocking antibody (4 ug/mL), an anti-
SR-A blocking antibody (4 ug/mL), an anti-SRBI blocking antibody (4 ug/mL) and a
respective isotype control for 10 minutes before AOPPs (100ug/mL) were added. In
all cases, platelets were preincubated with a specific antibody against the Fcy
receptor (anti-CD32, 1 ug/ml). Data are presented normalized to AOPPs induced
platelet aggregation (n= 3-7). (b) Platelets were preincubated with indicated
concentrations of anti-CD36 antibodies in the presence or absence of anti-CD32
antibodies before platelets were stimulated with AOPPs (n=4). (c) Expression of the
activation dependent marker P-selectin upon exposure of albumin (alb, 100ug/mi)
or AOPPs (100 ug/ml) was detected in the presence of an anti-CD36 blocking
antibody (4ug/mL) or isotype control. Results were normalized to vehicle treated
platelets (n= 3—6). All values are shown as mean + SEM. *P< 0.05, **P< 0.01, ***P<
0.001 as indicated
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7. AOPP-induced platelet aggregation depends on
intracellular ROS/superoxide production

CD36 was recently associated with platelet hyperactivity and platelet intracellular
ROS production (138). Superoxide was shown to be produced by activated platelets
to increase aggregation, and to be furthermore involved in integrin activation (129).
Therefore, a superoxide detection probe was used to clarify whether AOPPs

promote ROS production in platelets.

As depicted in Figure 11, treatment of platelets with AOPPs resulted in ROS
formation that was comparable to platelet ROS formation upon collagen (10 pg/ml)
exposure. Induction of this response was almost completely reversed by the SOD
mimetic MNnTMPyP, (50 pg/ml), whereas the eNOS inhibitor L-N6-Nitroargenine
methyl ester (L-NAME) did not affect superoxide production in platelets (Figure
11a). In line with these results, MnTMPyP pentachloride diminished AOPPs
triggered platelet aggregation (Figure 11b), while different concentrations of L-
NAME did not result in any aggregation changes (Figure 11c). Therefore we
concluded that interfering with platelet NO production has no impact on platelet

aggregation mediated by AOPPs.

Taken together, these results clearly indicate a role of ROS in AOPP triggered
platelet activation and aggregation. Of note, L-NAME and MnTMPyP showed no
intrinsic effects neither when measuring platelet superoxide production nor in

aggregation assays (data not shown).
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Figure 11: AOPPs triggered platelet aggregation depends on ROS
production

(a) ROS/superoxide production of platelets treated with vehicle (veh), albumin (alb,
100 pg/mL), AOPPs (100 ug/mL) or the positive control collagen (coll, 10 ug/mL)
were performed with or without pretreatment of the SOD mimetic MnTMPyP
(50umol/L) or the eNOS inhibitor L-NAME. Levels of intracellular ROS are shown
relative to vehicle treatment. ROS were assessed by flow cytometry (n= 3). (b, c)
Platelets were incubated with different concentrations of MnTMPyP (b) or L-Name
(c) respectively, to test whether superoxide or eNOS play a role in AOPPs induced

platelet aggregation. All values are shown as mean + SEM. ***P< 0.001 as indicated

8. Platelet evoked intracellular ROS production is not
related to CD36 activation

Since recent literature pointed out ROS production as a downstream event of CD36
activation (213), we hypothesized that ROS production in platelets occur via this
signalling pathway. Furthermore, based on our findings that incubation of platelets
with the superoxide dismutase mimetic almost completely abolished AOPPs
induced proaggregatory effects, a contribution of CD36 in this context seemed to be
most likely. Nevertheless, blocking of CD36 did not change intracellular ROS
levels (Figure 12), suggesting that additional receptors might play a role in
AOPPs triggered ROS production.
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Figure 12: Scavenger receptor CD36 is not involved in AOPPs evoked ROS
production

Platelets were incubated with vehicle (veh), albumin (alb, 100ug/ mL) or AOPPs
(100 ug/ml), in the presence of anti-CD36 (4 ug/ml) or isotype control. Antibodies
were added 10 minutes in advance. All values are shown as mean + SEM. ***P<
0.001 as indicated

9. AOPPs mediate the activation of PLC, PKC and
mobilisation of Ca?*

Next, we wanted to gain insights in AOPPs triggered intraplatelet signalling. A
common signalling pathway that was elucidated in several cell types links PLC and
PKC activation to intracellular ROS production. We assumed that PLC and PKC
activation might also play a role in AOPP mediated platelet effects, as it was also
recently reported that ligation of CD36 by oxLDL caused activation of PLC and this
further extends to activation of PKC (143). Moreover, ligation of CD36 by oxLDL
was shown to stimulate PKC-dependent generation of ROS (129). In general, PKC
was shown to play an important role in granule secretion and subsequent platelet
aggregation (215). Ca?* mobilisation occurs downstream of PLC activation, is
activated by diacyl glycerol (DAG), and is essential for platelet activation, e.g.

platelet aggregation.

To deepen our understanding of the processes whereby AOPPs induced platelet
aggregation, we investigated whether the presence of several inhibitors could
interfere with AOPPs mediated proaggregatory effects. We observed that AOPPs
triggered platelet aggregation was inhibited by the PLC inhibitor U-73122 and the
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PKC inhibitor chelerythrine in a concentration dependent manner as depicted in
Figure 13a and Figure 13b, respectively.

For agonist induced elevation of free intracellular Ca?* levels, Ca?* is released from
intracellular stores, but also enters the cell from the outside. Extracellular Ca?* is
required for AOPPs induced platelet aggregation as shown in Figure 13c. The
chelation of intracellular Ca?* with BAPTA-AM (20 uM) resulted in a significant
reduction in AOPP-induced platelet aggregation (Figure 13c).

Since BAPTA-AM is solved in DMSO, and an antiaggregatory function of DMSO is
described (216), the impact of BAPTA-AM on AOPPs treated platelets was
compared to a DMSO vehicle. DMSO reduced platelet aggregation by
approximately 20 % (Figure 13c).
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Figure 13: AOPP-induced platelet activation depends on activation of PLC
and PKC and Ca2+ mobilisation

(a, b, c) Washed platelets were preincubated with different concentrations of the
PLC inhibitor U-73122 (1.5 and 3 umol/L) (a), the PKC inhibitor chelerythrine (Chel,
5 and 10 umol/L) (b) as well as the Ca?* scavenger BAPTA-AM (BAPTA, 20umol/L)
(c), before AOPPs (100 ug/mL) were added. The decrease of platelet aggregation
is shown as percentage of normalized AOPPs response. BAPTA-AM effects were
compared to DMSO treated platelets (n= 3-5). All values are shown as
mean + SEM. *P< 0.05, ***P< 0.001 as indicated
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10. AOPPs upregulate CD40L on platelets and increase
platelet adherence to endothelial cells

Activated platelets intensify inflammatory processes by expressing membrane
molecules on their surface that influence several biological functions in the vessel
wall. Platelets were shown to express the ligand of CD40 (CD154) within seconds
of exposure to distinct agonists (85).The CD40-CD40L interaction represents an

important link between platelet activation and inflammation.

For that purpose we assessed whether AOPPs induce expression of CD40L. As

indicated in Figure 14a, CD40L was upregulated upon exposure of AOPPs.

This finding raises the question whether adhesion properties of AOPP-activated
platelets are changed under flow conditions. Therefore, human coronary artery
endothelial cells were cultivated in a Vena Biochip (Figure 14, left panel) and
platelets were perfused over the biochip at constant shear stress. Photographs
were taken after 3 minutes of perfusion to visualize platelet binding properties.
Notably, AOPPs (100 ug/ml) caused increased adherence to HCAECs as
indicated by arrows in Figure 14 (right panel).
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Figure 14: AOPPs cause increased platelet adhesion to HCAECs and trigger
upregulation of CD40L on platelets

(a) Platelets were treated with AOPPs (100 ug/mL) or albumin (alb, 100 pug/mL) for
2 minutes and then perfused over a HCAEC monolayer (left panel) with constant
shear stress. Adhesion of platelets to HCAECs as a result of the respective
treatment is shown in the right panel. Platelet aggregates are indicated by arrows.
Images were taken 6 minutes after the start of perfusion (n=3) (b) Platelets were
preincubated with vehicle (veh), albumin (alb, 100 ug/mL), AOPPs (100 pg/mL) or
thrombin (thromb, 200 U/mL), and CD40L expression was assessed by flow
cytometry. Data indicate the percentage of CD40L expression over vehicle
treatment (n =5). Results are shown as mean + SEM of percentage TF expression

compared to vehicle treatment. ***P <0.001 as indicated.
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11. AOPPs induce TF expression on HCAECs via platelet-
endothelial interactions

Ligation of CD40-CD40L upon exposure of several platelet agonists is associated
with TF expression on endothelial cells, thereby promoting a prothrombotic
phenotype (75). When AOPPs stimulated platelets were exposed to HCAECs,
they caused a considerable induction of endothelial TF as measured by flow
cytometry (Figure 15a). Thrombin (200 U/ml) was used as positive control, since
it was described to be a strong inducer of platelet mediated TF expression on
endothelial cells (75).

To make sure that soluble factors released by platelets are not sufficient to induce
TF on endothelial cells, we incubated HCAECs with supernatants of platelets that
were prior incubated with AOPPs. In addition, albumin or AOPPs were added to
cultured HCAECs in the absence of platelets, to exclude direct effects of AOPPs
on endothelial TF expression. This control experiment was from particular
importance, since it was described that AOPPs induced the expression of several
endothelial surface proteins. Of note, the levels of TF were not altered when
endothelial cells were treated with AOPPs alone (Figure 15b) or with

supernatants of platelets incubated with AOPPs (Figure 15c).

Moreover, to rule out platelet derived TF in this context, we measured TF
expression on platelets stimulated with AOPPs. Surface expression pattern of TF
was also unchanged on platelets upon AOPPs exposure (Figure 15d).Taken
together, these results provide strong evidence for direct platelet-endothelial
interaction via CD40L-CD40.
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Figure 15: AOPPs mediate endothelial TF expression via a direct platelet-
endothelium interaction

(a) Platelets were pre-exposed to vehicle (veh), albumin (alb, 100 ug/mL), AOPPs
(100 pg/mL) or the positive control thrombin (thromb, 200 U/ml) before they were
added to a HCAECs monolayer to allow cell-cell interaction (n = 3). (b) Supernatants
that were obtained by centrifugation of vehicle (veh), albumin (alb, 100 ug/mL) or
AOPPs (100 pg/mL) treated platelets were added to a HCAECs monolayer (n = 3—
4) (c¢) Vehicle (veh), albumin (100 pg/mL) or AOPPs (100 pg/mL) were directly
added on a HAECs monolayer in the absence of platelets (n=3-4). (d) Platelets
were exposed to albumin (100 pg/mL) or AOPPs (100 ug/mL). (a—d) TF surface
expression on HCAECs (a-c) or platelets (d) was determined with a PE-labelled
anti-TF-antibody by flow cytometry. All results are shown as mean+ SEM of
percentage TF expression compared to vehicle treatment. **P <0.01, ***P <0.001

as indicated.

12. Patient AOPPs enhance platelet aggregation
dependent on their oxidative modifications

Elevated levels of AOPPs were shown to accumulate in plasma of end stage renal
disease patients and were strongly associated with disease severity. Furthermore,

they and are independent cardiovascular risk factors (176,206).

All patient samples we used for this study were collected at the Department of
Internal Medicine, Clinical Division of Nephrology at the Medical University of Graz.

To demonstrate that our in vitro experiments can be translated into the in vivo
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situation we isolated albumin from patient and control sera. End stage renal disease

patients are known to have the highest AOPPs levels (167), whereas AOPP levels

have not been determined in the sera of kidney transplant recipients (KTx) so far.

Further information about the respective patient group is given in the method section

and the clinical characteristics of all study subjects are shown in Table 1.

n 14 28 29
Age (y) 40 (25-73) 54 (18-81) 53 (24-75)
Male/female 717 14/13 11/19
Dialysis (months) - 111+22 -
Cardiovascular disease - 17/27 15/30
Statins - 4/27 6/30
Antihypertensive agents - 12/27 21/30
Antiaggregant agents - 8/27 7/30
EPO - 2/27 2/30
Anticoagulants - 4/27 4/30
Albumin (g/dL) 47409 3.9+ 0.6° 40+0.8
Hemoglobin (g/dL) 143+0.2 11L.1+2.1° 124+2.2°
Phosphate (mmol/L) 1.240.1 1.6+0.3 14+0.2
Creatinine (mg/dL) 0.9+0.0 8.1+ 1.6° 1.6+0.3
Ca*" (mmol/L) 24400 22+04° 25405

Table 1: Clinical characteristics of study subjects

Results are given as medians with the interquartile range or as mean + SD.
Significance from the Kruskal-Wallis with Dunn post hoc test was accepted at the

level of 0.001 versus control (?) and at the level of 0.05 versus control (°)
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To determine the levels of protein modifications, AOPPs were detected in ApoB
depleted serum of hemodialysis patients, kidney transplant recipients (KTx) and
controls. Thereby, relative absorbance of samples and a chloramine-T standard
was measured on a photospectrometer at a certain wavelength. Afterwards,

AOPP concentration was expressed as uymol/L of chloramine-T equivalents.

In good agreement with previously published papers (180) (199) HD-patients
showed significantly increased AOPP levels compared to controls (Figure 16a).
Interestingly, AOPPs measured in KTx patients were significantly decreased
compared to HD-patients, almost reaching levels of healthy subjects (Figure 16a).
This clearly indicates that oxidative stress is reduced after kidney transplantation,

resulting in decreased protein oxidation.

To elucidate whether the levels of in vivo protein modifications are sufficient to
induce platelet aggregation we isolated albumin from serum of uremic patients
(patient AOPPs) and respective controls. Of note, patient AOPPs amplified ADP
stimulated platelet aggregation dependent on the levels of their oxidative
modifications (Figure 16b). In these experiments, the aggregation response of
patient AOPPs treated platelets was shown relatively to control albumin treated

platelets.

In line with our in vitro data, elevated levels of platelet aggregation as a result of
patient AOPPs treatment could be reduced by blocking CD36 on platelets (Figure
16c¢).
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Figure 16: The proaggregatory potential of AOPPs isolated from ESRD
patients depends on oxidative modifications and is mediated via CD36

(a) Levels of AOPPs (umol/l) from ApoB depleted serum samples were determined.

Study cohort consisted of end stage renal disease patients on hemodialysis (n = 28,
HD), subjects after kidney transplantation (n =29, KTx) and control subjects (n = 14,
Ctrl) (b) Patient AOPPs (1 mg/mL) isolated from end stage renal disease patients
on HD (n=21) were added 10 minutes before aggregation was stimulated with ADP
(5—-20 yM) in the presence of fibrinogen (5 ug/mL). The ADP concentration used
lead to approximately 30-40 % platelet aggregation in the presence of albumin
(1 mg/mL) isolated from control subjects. A significant correlation between serum
levels of AOPPs and platelet aggregation in the presence of AOPPs isolated from
HD-patients is depicted. Platelet aggregation is normalized to albumin isolated from
control subjects. (¢) AOPPs (1mg/mL) isolated from a HD-patient was added to
platelets in the presence of an anti-CD36 antibody (4 ug/mL) or isotype control.
Platelets were incubated 10 minutes with the respective antibodies in the presence
of an anti-CD32 antibody (1 ug/ml). One representative tracing is shown. *P< 0.05
***P <0.001 as indicated.
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13. Serum levels of AOPPs and TF significantly correlate
in renal disease patients and controls

Elevated serum TF levels are a marker of inflammation, and TF expression was
shown to be induced by oxLDL (217). Furthermore, blood TF is likely to contribute
to a thrombotic phenotype after rupture of a plaque. Since our results were in line
with other groups that could show a role for activated platelets to potently trigger TF
expression on endothelial cells (75), we were interested in serum TF levels of our
study cohort. Levels of soluble TF in serum was determined with a commercially

available ELISA using the same patient samples as for AOPP measurements.

TF levels were profoundly increased in HD patients, whereas TF levels in  kidney
transplant patients were not significantly higher compared to controls (Figure 17a).
This suggests that the high oxidative stress and prothrombotic phenotype is
markedly reduced after kidney transplantation. Interestingly, measured TF
concentration and AOPP levels in this study cohort showed significant correlation
(Figure 17b).
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Figure 17: Serum TF levels are upregulated in ESRD disease patients on HD,
and TF levels correlate significantly with AOPPs levels

(a) TF concentration was determined from serum samples of end stage renal
disease patients on HD (n = 28), subjects after kidney transplantation (KTx, n = 29)
and controls (n=14) with ELISA. (b) Correlation between serum levels of AOPPs
and concentration of TF measured with ELISA. ***P <0.001 as indicated.
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IV. Discussion

In the present work, we provide compelling evidence that albumin upon oxidative
modification acts as a potent activator of platelet functions. AOPPs thereby trigger
the expression of early and late platelet activation markers (P-selectin, CD40L and
phosphatidylserine), and promote platelet adhesion to fibrinogen and collagen (the
major protein present in the extracellular matrix exposed upon vascular injury).
Furthermore, treatment with AOPPs allows platelets to strongly attach to cultivated
endothelial cells (HCAECs), whereas a contribution of the CD40-CD40L-axis is most
likely in enabling platelet-endothelial interactions. Moreover, AOPP activated
platelets promote TF expression on endothelial cells via direct cell-cell interactions.
Of note, the platelet scavenger receptor CD36 was identified as the main transmitter
of AOPP triggered functions. A scheme of the proposed procoagulant activity of
AOPPs on platelets is depicted in Figure 18 and results are discussed in detail in

the following chapters.

It is a general accepted finding that increased platelet reactivity is associated with
enhanced prospective risk for coronary events with a deadly outcome (218). Since
blood platelets are the key players in the process of hemostasis and thrombosis, it
is hardly surprising that changes in their reactivity can lead to severe outcomes.
Many of these lethal phenotypes result from thrombosis that can occur as a direct
consequence from abnormalities in platelet function, i.e. platelet hyperreactivity
(219). Inappropriate platelet activation combined with a high prothrombotic potential
can be found in several pathophysiological states like atherosclerosis (220),

diabetes (221) or the metabolic syndrome (222).

Several lines of evidence were given that atherosclerosis, the major source of

morbidity and mortality in the Western world (47), is an inflammatory disease.

Inflammation indeed drives all phases of atherosclerosis, from inception, through
progression, and ultimately acute thrombotic complications (plaque rupture and
probably plaque erosion) (223).

Among others, C-reactive protein and MPO, as a marker of leukocyte activation,

have been clearly linked with atherosclerosis and leukocytes per se have been
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detected in atherosclerotic lesions (224). In the case of atherosclerosis, increased
platelet reactivity coincide with inflammation and systemic high oxidative stress
levels (225).

Accelerated atherosclerosis has been observed in chronic renal disease, an
inflammatory condition associated with accumulating AOPPs resulting from chronic
oxidative stress levels (181). Patients that receive hemodialysis live in a state of
chronic platelet activation that is related on the one hand to uremia and on the other
hand directly to the dialysis procedure (226,227). In addition, renal disease is linked

to a prothrombotic phenotype (228).

(Lipo)protein modification occurs as a result of high oxidant levels in the blood
stream. There are several oxidants involved in the oxidation of lipoproteins such as
lipoxygenase, peroxynitrite and hypochlorous acid (229-231) and among these,
MPO derived hypochlorous acid is of special interest since it was reported that the
functional properties of hypoxLDL differ from all other forms of oxLDL. During
hypoxLDL formation, hypochlorous acid almost exclusively attacks the protein part
of the lipoprotein, without inducing the production of lipid peroxides (232). In vivo
relevance was illustrated for hypochlorous acid modified lipoproteins (192) and MPO
per se (233) in human atherosclerotic lesions. Of note, hypoxLDL was shown by
several groups to directly activate platelets via platelet expressed surface receptors
(126-128).

Interestingly, there was no study that revealed potential effects of hypochlorous acid
modified albumin in the context of platelet functions. We hypothesized that this might
be of particular interest, since albumin is the major target for hypochlorous acid in
the circulation, and AOPPs were shown to accumulate in several inflammatory
diseases, with unchallenged high levels in chronic renal disease (183). Given that
inflammatory diseases are strongly associated with increased platelet reactivity and
thrombotic complications, it was the aim of this study to reveal potential effects of

AOPPs on platelet reactivity.
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1. Platelet aggregation and receptor signalling

Our first results indicated that freshly modified AOPPs not only enhance the
aggregatory response of ADP or collagen pre-treated platelets, but are furthermore
able to trigger platelet aggregation independent of pre-stimulation. Induction of
platelet aggregation occurred in a concentration dependent manner and AOPPs
were identified as strong platelet stimuli. Of note, the AOPP-mediated effects on
platelets strongly depend on N-chloramines since “aged” AOPPs, consisting of
albumin fractions in which chloramines are almost completely eliminated, lose their
ability to affect platelet functions. To strengthen this result, reductive methylation
was performed to interfere with protein associated chloramine formation. In line with
the results obtained with “aged” AOPPs, no difference could be observed between
hypochlorous acid treated and native albumin, thus providing evidence for the
relevance of unstable, protein-associated N-chloramines in AOPP-induced platelet

activation.

As already shown for LDL, the underlying oxidation procedure seems to strongly
influence its functional properties, even though when oxidation resulted in
comparable modifications. In contrast to hypoxLDL, platelet aggregation properties
were not altered when LDL was oxidised by trace metal (130). Although there is still
a lack of knowledge regarding in vivo occurring oxidation mechanism, a hallmark of
oxLDL oxidation is the increased binding affinity to scavenger receptors (234), key

players in the development of atherosclerosis (235).

Of note, several scavenger receptors have been reported to be expressed on
platelets. Based on the rapid and strong aggregation response that occurred upon

AOPPs exposure, an involvement of platelet receptors was considered most likely.

A large body of evidence supports the role of CD36 as a major glycoprotein
expressed on platelets, but its distinct function remained obscure for a long time.
Among others, CD36 was identified to directly interact with thrombospondin-1,
oxLDL, fatty acids and microbial DAGs (236). Recently, platelet CD36 has moved
back into the focus of research when Podrez et. al could described a role for a novel
family of oxidized choline glycerophospholipids (oxPCcpss) that accumulate in
dyslipidemia and are formed during LDL oxidation. oxPCcpss were shown to interact

-66 -



with platelet CD36, thereby linking this scavenger receptor with oxidative stress,
dyslipidemia and a prothrombotic phenotype (142).

This was in line with previous results that dyslipidemia associated
pathophysiological states show higher platelet reactivity and enhanced
thrombogenic potential (138). Especially for hypoxLDL, a role as potent trigger of
platelet aggregation and granule dependent P-selectin expression as well as
GPlIbllla activation was clearly established by several independent groups
(145,166,237).

In our study, the scavenger receptor CD36 was identified as a main transmitter of
AOPP triggered functions, since platelet aggregation, as well as P-selectin
expression could be significantly reduced in the presence of a CD36 antibody. Since
AOPP-induced platelet function could not be reversed completely by blocking CD36,

so we checked for the contribution of other scavenger receptors in this context.

The scavenger receptor SR-BI was recently described in our group to interact with
AOPPs due to its modified lysine residues. Furthermore, it was observed that N-
chloramines transform plasma albumin into irreversible inhibitors of SR-BI (199).
Based on this findings, we also investigated a potential role for platelet SR-BI in
interacting with AOPPs. Interestingly, blocking SR-BI using an anti-SR-BI blocking
antibody failed to influence platelet aggregation triggered by AOPPs. Beside the
possibility that platelet CD36 is the predominant receptor on platelets for oxidized
lipoproteins, with only minimal contribution of SR-BI, there is also a huge

discrepancy in literature regarding the presence of SR-BI on platelets (153,154).

A distinct role for scavenger receptors type A (SR-A) in mediating oxidized
lipoprotein signals on platelets is also a matter of debate. While some groups
propose a mechanism in which platelet activation pathways are initiated by a
combined action of CD36 and SR-A (145), others provide evidence for a unique role
for CD36 (128,143,144). (. Groups that propose fucoidan as appropriate inhibitor of
SR-A receptors in platelet aggregation might not be familiar with its additional role
as platelet agonist via CLEC-2 (238). Nevertheless, we could rule out a contribution
of SR-A receptors in AOPPs mediated platelet aggregation since the presence of a
specific antibody against SR-A receptors did not change the aggregation response

upon AOPPs exposure. With specific regard to scavenger receptor LOX-1, we
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considered a contribution of this receptor in AOPP-mediated platelet activation
unlikely, since LOX-1 has been described to be expressed on platelets only in an
activation-dependent manner (211).Taken together, CD36 was the only scavenger

receptor we could clearly define a role in platelet activation and aggregation.

Platelet aggregation triggered by the activated form of GPlIbllla is the final result of
agonist dependent platelet activation and strongly depends on intraplatelet
signalling pathways which are receptor specific, but usually converge into common
signalling events (239). Our findings indicate that AOPPs, in line with almost all
platelet agonists, activate PLC, which is known to catalyse the hydrolysis of
phosphatidyl inositol 4, 5 bisphosphate to the second messengers inositol
triphosphate and DAG. DAG further activate Ca?* mobilisation from internal stores
and promote activation of PKC, key events in the intraplatelet activation cascade
that finally result in platelet aggregation. Although the intracellular release of Ca?*in
response to stimuli is assumed to be smaller compared to the extracellular Ca2*
influx (240), it seems to be crucial in AOPP-induced platelet activation, as chelation
of intracellular Ca?* by BAPTA-AM almost completely abolished platelet
aggregation. The chelation of extracellular Ca?* also interferes with platelet
activation and furthermore allows the exclusion of platelet agglutination in this
context. Classical PKCs, particularly PKC a were described to play a critical role in

the release of platelet granule and subsequent platelet aggregation (215).

AOPPs were previously demonstrated to activate NAD(P)H oxidase through a PKC
dependent pathway, thereby promoting ROS production in several cell types
(202,241). In platelets, hypoxLDL was identified to stimulate ROS through a
pathway involving CD36 and PKC activation (129). Platelet intracellular
ROS/superoxide was upregulated in the presence of AOPPs, and the SOD mimetic
MnTMPyP potently reduced AOPP triggered platelet aggregation. This let us
assume that CD36 might be relevant in this context. Surprisingly, blocking of CD36
did not interfere with ROS production, and the mechanism how AOPPs stimulate

ROS production remains obscure and needs to be further investigated.

-68 -



other
receptors?

PLATELET
ACTIVATION_

AGGREGATION
N —

Figure 18:

AOPRPs triggered platelet activation and its prothrombotic effects

AOPPs promote platelet activation as indicated by upregulation of P-selectin,
phosphatidylserine (PS) and CD40L. These effects are mediated via interaction of
AOPPs with the platelet receptor CD36, although additional AOPP-receptor-
interactions cannot be ruled out in this context. AOPPs trigger intracellular signalling
involving ROS formation, activation of PLC and PKC and calcium mobilisation.
Platelet aggregation, as the final event of platelet activation, is induced by AOPPs.
AOPP activated platelets adhere to the fibrinogen and endothelial cells, whereas
they induce the expression of endothelial TF as a result of direct cell-cell

interactions.
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2. Platelet activation markers and platelet-endothelial
interactions

P-selectin is released from a-granules and integrated in the platelet membrane in
an activation dependent manner. A significant upregulation of P-selectin could be
determined in the presence of AOPPs. Of note, the role of P-selectin is not limited
as indicator of early platelet activation, it is furthermore a critical mediator of platelet-

neutrophil interaction (242).

Platelet-neutrophil aggregates are known to circulate in several inflammatory
diseases. They are required to recruit neutrophils to inflamed tissue by inducing the
upregulation of adhesive molecules, thereby “priming” neutrophils to efficiently
adhere to the endothelium. The surface interactions between platelets and
neutrophils contribute to several neutrophil elicited functions such as chemotaxis
(required for neutrophil tissue migration), phagocytosis and ROS production. Of
note, P-selectin has a unique role in these activities (242). Higher levels of platelet
neutrophil aggregates were shown to be prevalent in several conditions associated
with cardiovascular disease and they might contribute equally to the thrombotic and
inflammatory processes (243,244). Evidence is given for the absolute requirement
of the platelet P-selectin/PSGL-1 axis for neutrophil recruitment in atherosclerosis
and injured arterial surfaces (245,246), and platelet P-selectin is directly involved in
intracellular ROS production of neutrophils as shown with platelets from patients
with inflammatory bowel disease (17). ROS production is potentiated in neutrophils
complexed to platelets and furthermore enhanced when platelet neutrophil

aggregates are activated by ADP, released from activated platelets (244).

Via platelet P-selectin, AOPPs are expected to contribute to the inflammatory and
thrombotic potential of neutrophils. Neutrophil activation, i.e. ROS production, leads
to increased production of MPO derived hypochlorous acid, thus, potentially creating
a positive feedback loop. In general, targeting P-selectin/PSGL-1 and thereby
interfering with the formation of complexes between platelets and neutrophils, might
be an effective novel antiinflammatory strategy. The performance of several
antibodies in clinical trials is currently under investigation (247).

Beside P-selectin, AOPPs also significantly increased the surface expression of

phosphatidylserine, a marker for strong and late platelet activation that is associated
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with  platelet apoptosis. Negatively charged phospholipids, such as
phosphatidylserine are usually located in the inner leaflet, thus explaining the
procoagulant activity of the inner membrane. Surface expression of
phosphatidylserine is necessary to provide a suitable surface for the pro-
thrombinase complex. Thereby, surface-exposed phosphatidylserine allows binding
of activated factor V, in turn recruiting Ca?* dependent factor X and prothrombin
attach to the platelets surface and lead to increased thrombin generation (248). Of
interest in this regard, thrombin generation as indicator of pro-coagulant activity was
found to be more than 2-fold higher in uremic patients compared to healthy controls.
This was assumed to result from increased phosphatidylserine externalisation of
platelets from uremic patients that was determined by flow cytometry. These results
contribute to the view that the thrombophilic potential in patients with renal disease,
might be, at least partially, ascribed to increased levels of platelet

phosphatidylserine exposure (249).

While P-selectin upregulation is crucial for neutrophil binding, and
phosphatidylserine might mainly contribute to the procoagulant functions of
activated platelets, CD40L expression allows binding of platelets to endothelial cells.
In addition, a recent finding is that CD40 is expressed on neutrophils (250). Although
there is little knowledge given so far, a study that investigated the distinct role of
CD40-CD40L interactions on platelets and neutrophils found increased neutrophilic
ROS levels, further promoting platelet activation and sCD40L release, thus,

contributing to a redox controlled positive feedback reaction (251).

It was shown that intraplatelet ROS formation is associated with CD40L integration
in the outer platelet membrane (252). We observed that platelets treated with
AOPPs showed elevated levels of CD40L surface expression as well as enhanced
binding properties to cultured endothelial cells under flow conditions. This is in line
with the recent assumption that activated platelets are capable to bind to an intact
endothelial layer, regardless of a pre-activated or injured i.e. collagen exposing
vessel wall (77). Although CD40L is expressed on several cells of the vasculature,
about 95 % of the soluble CD40L is platelet derived (253). Platelet bound as well as
soluble CD40L show proinflammatory properties(75), further establishing the role of
activated platelets as important modulators of inflammation. Moreover, several lines

of evidence suggest that CD40L might be at the heart of the atherosclerotic process,
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since it contributes to the progression of atherosclerotic lesions, but also in the
inflammatory aspects of thrombosis per se (78). Amongst others, one study clearly
showed the prothrombotic activity of CD40L, as infused recombinant sCD40L was

effective in normalising the thrombosis defect prevalent in CD40L-/- mice (87).

Of interest, the prothrombotic potential of platelet sSCD40L seems to be ultimately
linked to the major platelet glycoprotein GPlIbllla. Antagonizing GPlIbllla interferes
with the shedding of CD40L from activated platelets (86), and direct interactions of

these proteins stabilize thrombi under conditions of high shear stress (87).

Pioneering work of Henn et. al describe that a direct interaction between endothelial
CD40 and its ligand lead to a procoagulant endothelial phenotype by directly
inducing surface expression of TF (75). TF is the most important player in the
initiation of the extrinsic way of blood coagulation. TF, together with factor VIl forms
the extrinsic pathway of coagulation. Thereby, the complex of TF and factor Vlla
activates factor IX and factor X, leading to fibrin formation as a final result of this
cascade activation (254). TF can be formed and released by several different cell
types of the vasculature such as monocytes, endothelial cells and smooth muscle
cells (120,121). High amounts of TF can be found in atherosclerotic plaques (255),
and this might be the major source that drives thrombosis. Statins interfere with
monocyte/macrophage TF production and are expected to reduce the prothrombotic
potential of a plaque after rupture (217). Of note, sCD40L is associated with
increased risk of cardiovascular events in patients with coronary artery disease
(256), indicating an important role for the CD40L-TF-axis in promoting a
prothrombotic phenotype.

In addition, when we incubated AOPPs activated platelets with endothelial cells,
elevated levels of TF were observed on HCAECs. AOPPs were previously shown
to directly act on endothelial cells and promote the expression of adhesive
molecules like ICAM-1 or VCAM, both shown on mRNA and protein levels (202). In
addition, an active compound of oxidized LDL was shown to directly induce TF
expression on endothelial cells (257).Therefore, we had to rule out the possibility
that TF upregulation did occur independent of platelets as a consequence of AOPPs
directly acting on endothelial cells. Our findings strongly suggest a contribution of
the platelet CD40L-CD40 axis, since AOPPs alone or the supernatant of AOPPs
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treated platelets failed to influence TF expression on endothelial cells. Furthermore,
to rule out a contribution of platelet TF in this setting, we revealed TF expression on
AOPPs activated platelets. In line with several other groups we failed to identify TF
on platelets. While early publications suggested blood platelets as major sources of
TF, being stored in their a-granules and released upon activation (258), a recent
report failed to detect TF or its activity after platelet stimulation with collagen (259).
Interestingly, it was shown that upon LPS stimulation of whole blood, TF is directly
transferred from monocytes to platelets (260), what might explain the discrepancies
regarding platelet derived TF. Nevertheless, it was also reported that platelets in a
quiescent state express TF pre-mRNA that is spliced during platelet activation,

finally leading to an increase in procoagulant activity (14).

3. AOPPs in chronic kidney disease patients

In our study cohort, AOPPs were found to be significantly higher in chronic kidney
disease patients compared to healthy controls, a result that was in line with previous
investigations (166) (199). Levels of AOPPs determined in serum of patients after
kidney transplantation were still higher than levels of AOPPs observed in controls,
but significantly reduced compared to hemodialysis patients. Kidney transplantation
is the preferred therapy for the majority of patients with end stage renal disease
because overall survival and quality of life are better than with hemodialysis (261),
hence reduced AOPPs might be one of the factors contributing to the decreased

cardiovascular mortality of renal transplant patients.

We further investigated the impact of AOPPs isolated from patient and control
samples on platelet functions. Patient AOPPs enhanced platelet aggregation, and
this effect was directly dependent on their levels of oxidative modifications. This is
an important finding that might contribute to the understanding of high platelet
reactivity in oxidative stress associated inflammatory conditions (262,263). Given
that patient AOPPs had the functional ability to increase platelet aggregation via
CD36, effects seen before with in vitro modified albumin can be considered in a
physiological relevant context. The AOPP content of 1 mg/ml of our in vitro
generated albumin was 7.0 pmol/L and therefore comparable to the content of

isolated AOPPs (2-10 pymol/L). Nevertheless, one has to keep in mind that in vivo
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generated AOPPs are not identical to the in vitro modified proteins, given that

endogenous modification pathways of proteins are by far more complex.

Another major finding of our study was that levels of AOPPs and TF concentrations
exhibited a significant correlation, thereby linking high oxidative stress levels directly
with a prothrombotic phenotype. Interestingly, TF levels of kidney transplant patients
were in a similar range when compared to controls that might, at least in part reflect
decreased oxidative stress in this patient group, thereby interfering with the platelet
CD40L-CD40 axis that favours TF factor expression.

4. Summary and conclusion

To sum up, our study presents a novel role for AOPPs as potent platelet activators.
AOPPs potential to activate platelets strongly depends on N-chloramines, formed
upon oxidative modification of albumin with hypochlorous acid. AOPP-induced
platelet activation involves platelet scavenger receptor CD36, common intraplatelet
signalling events involving ROS production, and expression of surface proteins such
as P-selectin, phosphatidylserine and CD40L. These activation markers are
integrated in the platelet membrane upon granule release, thereby allowing cell-cell
interactions with other cell types and the formation of procoagulant platelets. Via
direct interactions with endothelial cells, AOPP-stimulated platelets induce a
prothrombotic and proinflammatory phenotype on endothelial cells by inducing
endothelial TF expression. Interestingly, AOPPs isolated from renal disease
patients and controls significantly correlated with TF levels measured from the
respective serum sample, indicating a strong link between oxidative stress in
inflammation, platelet reactivity and a prothrombotic phenotype. Our data suggest
that oxidative modified proteins, as occurring in several inflammatory diseases, can
directly affect platelet functionality. AOPPs might therefore play a considerable role
in the onset and progression of cardio-thrombotic diseases and might therefore

present novel pharmacological targets.

-74 -



V. References

10.

11.

12.

13.

14.

Garraud O, Cognasse F. Are Platelets Cells? And if Yes, are They Immune
Cells? Front Immunol. Frontiers; 2015 Feb 20;6:70.

Italiano JE, Shivdasani RA. Megakaryocytes and beyond: the birth of
platelets. J Thromb Haemost. 2003 Jun;1(6):1174-82.

Malara A, Balduini A. Blood platelet production and morphology. Thromb
Res. 2012;129(3):241-4.

Machlus KR, Thon JN, Italiano JE. Interpreting the developmental dance of
the megakaryocyte: a review of the cellular and molecular processes
mediating platelet formation. Br J Haematol. 2014 Apr;165(2):227-36.

Ye JY, Liang EY, Cheng YS, Chan GCF, Ding Y, Meng F, et al. Serotonin
enhances megakaryopoiesis and proplatelet formation via p-Erk1/2 and F-
actin reorganization. Stem Cells. 2014 Nov;32(11):2973-82.

Avanzi MP, Izak M, Oluwadara OE, Mitchell WB. Actin inhibition increases
megakaryocyte proplatelet formation through an apoptosis-dependent
mechanism. PLoS One. 2015;10(4):e0125057.

Hartwig J, Italiano J. The birth of the platelet. J Thromb Haemost. Blackwell
Science Inc; 2003 Jul;1(7):1580-6.

Thon JN, Italiano JE. Platelets: production, morphology and ultrastructure.
Handb Exp Pharmacol. 2012;(210):3-22.

White JG, Clawson CC. The surface-connected canalicular system of blood
platelets--a fenestrated membrane system. Am J Pathol. American Society
for Investigative Pathology; 1980 Nov;101(2):353-64.

Panuganti S, Schlinker AC, Lindholm PF, Papoutsakis ET, Miller WM.
Three-stage ex vivo expansion of high-ploidy megakaryocytic cells: toward
large-scale platelet production. Tissue Eng Part A. 2013 Apr;19(7-8):998—
1014.

Shi DS, Smith MCP, Campbell RA, Zimmerman PW, Franks ZB, Kraemer
BF, et al. Proteasome function is required for platelet production. J Clin
Invest. 2014 Sep;124(9):3757-66.

Rowley JW, Weyrich AS. Coordinate expression of transcripts and proteins
in platelets. Blood. 2013 Jun 27;121(26):5255—6.

Zimmerman GA, Weyrich AS. Signal-dependent protein synthesis by
activated platelets: new pathways to altered phenotype and function.
Arterioscler Thromb Vasc Biol. 2008 Mar;28(3):s17-24.

Schwertz H, Tolley ND, Foulks JM, Denis MM, Risenmay BW, Buerke M, et
al. Signal-dependent splicing of tissue factor pre-mRNA modulates the
thrombogenicity of human platelets. J Exp Med. 2006 Oct 30;203(11):2433—-
40.

-75-



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Youssefian T, Massé JM, Rendu F, Guichard J, Cramer EM. Platelet and
megakaryocyte dense granules contain glycoproteins Ib and llb-llla. Blood.
1997 Jun 1;89(11):4047-57.

Curtis BR, McFarland JG. Human platelet antigens - 2013. Vox Sang. 2014
Feb;106(2):93-102.

Mammadova-Bach E, Ollivier V, Loyau S, Schaff M, Dumont B, Favier R, et
al. Platelet glycoprotein VI binds to polymerized fibrin and promotes
thrombin generation. Blood. American Society of Hematology; 2015 Jul
30;126(5):683-91.

Garraud O, Cognasse F. Platelet Toll-Like Receptor Expression: The Link
Between “Danger” Ligands and Inflammation. Inflamm Allergy - Drug
Targets. 2010 Dec 1;9(5):322-33.

Elzey BD, Tian J, Jensen RJ, Swanson AK, Lees JR, Lentz SR, et al.
Platelet-Mediated Modulation of Adaptive Immunity: A Communication Link
between Innate and Adaptive Immune Compartments. Immunity.
2003;19(1):9-19.

Liu F, Morris SA, Epps JL, Carroll RC. Demonstration of an activation
regulated NF-kB/I-kBa complex in human platelets. Thromb Res.
2002;106(4):199-203.

Denis MM, Tolley ND, Bunting M, Schwertz H, Jiang H, Lindemann S, et al.
Escaping the Nuclear Confines: Signal-Dependent Pre-mRNA Splicing in
Anucleate Platelets. Cell. 2005;122(3):379-91.

Kappelmayer J, Beke Debreceni |, Vida A, Antal-Szalmas P, Clemetson KJ,
Nagy B. Distinct effects of Re- and S-forms of LPS on modulating platelet
activation. J Thromb Haemost. 2013 Apr;11(4):775-8.

Berthet J, Damien P, Hamzeh-Cognasse H, Arthaud C-A, Eyraud M-A, Zéni
F, et al. Human platelets can discriminate between various bacterial LPS
isoforms via TLR4 signaling and differential cytokine secretion. Clin
Immunol. 2012;145(3):189-200.

Demers M, Wagner DD. NETosis: a new factor in tumor progression and
cancer-associated thrombosis. Semin Thromb Hemost. 2014 Apr;40(3):277—-
83.

LEYTIN V, ALLEN DJ, MYKHAYLOV S, LYUBIMOV E, FREEDMAN J.
Thrombin-triggered platelet apoptosis. J Thromb Haemost. Blackwell
Publishing Ltd; 2006 Dec;4(12):2656—-63.

Gyulkhandanyan A V, Mutlu A, Freedman J, Leytin V. Selective triggering of
platelet apoptosis, platelet activation or both. Br J Haematol. 2013
Apr;161(2):245-54.

Li C, LiJ, LiY, Lang S, Yougbare |, Zhu G, et al. Crosstalk between
Platelets and the Immune System: Old Systems with New Discoveries. Adv
Hematol. Hindawi Publishing Corporation; 2012;2012:384685.

SMYTH SS, MCEVER RP, WEYRICH AS, MORRELL CN, HOFFMAN MR,
AREPALLY GM, et al. Platelet functions beyond hemostasis. J Thromb

-76 -



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Haemost. Blackwell Publishing Ltd; 2009 Nov;7(11):1759—66.

Semple JW, ltaliano JE, Freedman J. Platelets and the immune continuum.
Nat Rev Immunol. 2011 Apr;11(4):264—74.

Cheng Y, Austin SC, Rocca B, Koller BH, Coffman TM, Grosser T, et al.
Role of prostacyclin in the cardiovascular response to thromboxane A2.
Science. 2002 Apr 19;296(5567):539—-41.

Gkaliagkousi E, Ferro A. Nitric oxide signalling in the regulation of
cardiovascular and platelet function. Front Biosci (Landmark Ed.
2011;16:1873-97.

Ruggeri ZM. Platelet adhesion under flow. Microcirculation. 2009
Jan;16(1):58-83.

Moroi M, Jung SM, Shinmyozu K, Tomiyama Y, Ordinas A, Diaz-Ricart M.
Analysis of platelet adhesion to a collagen-coated surface under flow
conditions: the involvement of glycoprotein VI in the platelet adhesion.
Blood. 1996 Sep 15;88(6):2081-92.

Nieswandt B, Watson SP. Platelet-collagen interaction: is GPVI the central
receptor? Blood. American Society of Hematology; 2003 Jul 15;102(2):449—
61.

Santoro SA. Identification of a 160,000 dalton platelet membrane protein
that mediates the initial divalent cation-dependent adhesion of platelets to
collagen. Cell. Cell Press; 1986 Sep;46(6):913-20.

Savage B, Saldivar E, Ruggeri ZM. Initiation of Platelet Adhesion by Arrest
onto Fibrinogen or Translocation on von Willebrand Factor. Cell.
1996;84(2):289-97.

L6 Pez JA, Andrews RK, Afshar-Kharghan V, Berndt MC. Bernard-Soulier
Syndrome. J Am Soc Hematol Hematol. 1998;91(3111H).

Shattil SJ, Kim C, Ginsberg MH. The final steps of integrin activation: the
end game. Nat Rev Mol Cell Biol. 2010 Apr;11(4):288-300.

Huang J-S, Ramamurthy SK, Lin X, Le Breton GC. Cell signalling through
thromboxane A2 receptors. Cell Signal. 2004;16(5):521-33.

Hollopeter G, Jantzen HM, Vincent D, Li G, England L, Ramakrishnan V, et
al. Identification of the platelet ADP receptor targeted by antithrombotic
drugs. Nature. 2001 Jan 11;409(6817):202—7.

Antithrombotic Trialists’ Collaboration. Collaborative meta-analysis of
randomised trials of antiplatelet therapy for prevention of death, myocardial
infarction, and stroke in high risk patients. BMJ. 2002 Jan 12;324(7329):71—
86.

A randomised, blinded, trial of clopidogrel versus aspirin in patients at risk of
ischaemic events (CAPRIE). Lancet. 1996;348(9038):1329-39.

Michelson AD. Antiplatelet therapies for the treatment of cardiovascular
disease. Nat Rev Drug Discov. 2010 Feb;9(2):154—-609.

-77 -



44,

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Coughlin SR. How the protease thrombin talks to cells. Proc Natl Acad Sci U
S A. 1999 Sep 28;96(20):11023-7.

Mackman N. Gene targeting in hemostasis. tissue factor. Front Biosci. 2001
Feb 1;6:D208-15.

Jackson SP. Arterial thrombosis--insidious, unpredictable and deadly. Nat
Med. 2011;17(11):1423-36.

Burden: mortality, morbidity and risk factors.

Ross R. Atherosclerosis — An Inflammatory Disease.
http://dx.doi.org/101056/NEJM199901143400207. Massachusetts Medical
Society ; 2008;

Bhatt DL, Boston F. What Makes Platelets Angry Diabetes, Fibrinogen,
Obesity, and Impaired Response to Antiplatelet Therapy?*.

Angiolillo DJ, Bernardo E, Sabaté M, Jimenez-Quevedo P, Costa MA,
Palazuelos J, et al. Impact of Platelet Reactivity on Cardiovascular
Outcomes in Patients With Type 2 Diabetes Mellitus and Coronary Artery
Disease. J Am Coll Cardiol. 2007;50(16):1541-7.

Coppinger JA, O’Connor R, Wynne K, Flanagan M, Sullivan M, Maguire PB,
et al. Moderation of the platelet releasate response by aspirin. Blood.
American Society of Hematology; 2007 Jun 1;109(11):4786-92.

Deuel TF, Senior RM, Chang D, Griffin GL, Heinrikson RL, Kaiser ET.
Platelet factor 4 is chemotactic for neutrophils and monocytes. Proc Natl
Acad Sci U S A. 1981 Jul;78(7):4584—7.

Blair P, Flaumenhaft R, Frojmovic MM, Milton JG, White JG, Clawson CC, et
al. Platelet alpha-granules: basic biology and clinical correlates. Blood Rev.
Elsevier; 2009 Jul;23(4):177-89.

Duerschmied D, Suidan GL, Demers M, Herr N, Carbo C, Brill A, et al.
Platelet serotonin promotes the recruitment of neutrophils to sites of acute
inflammation in mice. Blood. 2013 Feb 7;121(6):1008-15.

Rendu F, Brohard-Bohn B. The platelet release reaction: granules’
constituents, secretion and functions. Platelets. 2001 Aug;12(5):261-73.

Bombeli T, Schwartz BR, Harlan JM. Adhesion of activated platelets to
endothelial cells: evidence for a GPlIbllla-dependent bridging mechanism
and novel roles for endothelial intercellular adhesion molecule 1 (ICAM-1),
alphavbetagd integrin, and GPIbalpha. J Exp Med. Rockefeller University
Press; 1998 Feb 2;187(3):329-39.

Gawaz M, Neumann FJ, Dickfeld T, Reininger A, Adelsberger H, Gebhardt
A, et al. Vitronectin receptor (alpha(v)beta3) mediates platelet adhesion to
the luminal aspect of endothelial cells: implications for reperfusion in acute
myocardial infarction. Circulation. American Heart Association Journals;
1997 Sep 16;96(6):1809-18.

Gawaz M, Neumann FJ, Ott I, Schiessler A, Schomig A. Platelet function in
acute myocardial infarction treated with direct angioplasty. Circulation.

-78 -



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

American Heart Association Journals; 1996 Jan 15;93(2):229-37.

Rumbaut RE, Thiagarajan P. Platelet Adhesion to Vascular Walls. Morgan &
Claypool Life Sciences; 2010;

Massberg S, Enders G, Leiderer R, Eisenmenger S, Vestweber D,
Krombach F, et al. Platelet-endothelial cell interactions during
ischemia/reperfusion: the role of P-selectin. Blood. American Society of
Hematology; 1998 Jul 15;92(2):507-15.

Frenette PS, Moyna C, Hartwell DW, Lowe JB, Hynes RO, Wagner DD, et
al. Platelet-endothelial interactions in inflamed mesenteric venules. Blood.
American Society of Hematology; 1998 Feb 15;91(4):1318-24.

Frenette PS, Johnson RC, Hynest R 0, Wagner DD. Platelets roll on
stimulated endothelium in vivo: An interaction mediated by endothelial P-
selectin. Cell Biol. 1995;92:7450—4.

Johnson RC, Mayadas TN, Frenette PS, Mebius RE, Subramaniam M,
Lacasce A, et al. Blood cell dynamics in P-selectin-deficient mice. Blood.
American Society of Hematology; 1995 Aug 1;86(3):1106—14.

Subramaniam M, Frenette PS, Saffaripour S, Johnson RC, Hynes RO,
Wagner DD. Defects in hemostasis in P-selectin-deficient mice. Blood.
American Society of Hematology; 1996 Feb 15;87(4):1238—42.

Romo GM, Dong JF, Schade AJ, Gardiner EE, Kansas GS, Li CQ, et al. The
glycoprotein Ib-IX-V complex is a platelet counterreceptor for P-selectin. J
Exp Med. 1999 Sep 20;190(6):803—-14.

Ruggeri ZM. Platelets in atherothrombosis. Nat Med. Nature Publishing
Group; 2002 Nov;8(11):1227-34.

Bombeli T, Schwartz BR, Harlan JM. Adhesion of activated platelets to
endothelial cells: evidence for a GPlIbllla-dependent bridging mechanism
and novel roles for endothelial intercellular adhesion molecule 1 (ICAM-1),
alphavbetagd integrin, and GPlbalpha. J Exp Med. 1998 Feb 2;187(3):329—
39.

Massberg S, Enders G, Matos FC, Tomic LI, Leiderer R, Eisenmenger S, et
al. Fibrinogen deposition at the postischemic vessel wall promotes platelet
adhesion during ischemia-reperfusion in vivo. Blood. American Society of
Hematology; 1999 Dec 1;94(11):3829-38.

Gawaz M. Role of platelets in coronary thrombosis and reperfusion of
ischemic myocardium. Cardiovasc Res. 2004 Feb 15;61(3):498-511.

Kaplanski G, Farnarier C, Kaplanski S, Porat R, Shapiro L, Bongrand P, et
al. Interleukin-1 induces interleukin-8 secretion from endothelial cells by a

juxtacrine mechanism. Blood. American Society of Hematology; 1994 Dec
15;84(12):4242-8.

Gawaz M, Brand K, Dickfeld T, Pogatsa-Murray G, Page S, Bogner C, et al.
Platelets induce alterations of chemotactic and adhesive properties of
endothelial cells mediated through an interleukin-1-dependent mechanism.
Implications for atherogenesis. Atherosclerosis. 2000;148(1):75-85.

-79-



72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

Gawaz M, Neumann FJ, Dickfeld T, Koch W, Laugwitz KL, Adelsberger H, et
al. Activated platelets induce monocyte chemotactic protein-1 secretion and
surface expression of intercellular adhesion molecule-1 on endothelial cells.
Circulation. American Heart Association Journals; 1998 Sep
22;98(12):1164-71.

Gawaz M, Page S, Massberg S, Nothdurfter C, Weber M, Fisher C, et al.
Transient platelet interaction induces MCP-1 production by endothelial cells
via | kappa B kinase complex activation. Thromb Haemost. 2002
Aug;88(2):307-14.

von Hundelshausen P, Weber KS, Huo Y, Proudfoot AE, Nelson PJ, Ley K,
et al. RANTES deposition by platelets triggers monocyte arrest on inflamed
and atherosclerotic endothelium. Circulation. American Heart Association
Journals; 2001 Apr 3;103(13):1772-7.

Henn V, Slupsky JR, Grafe M, Anagnostopoulos I, Forster R, Muller-
Berghaus G, et al. CD40 ligand on activated platelets triggers an
inflammatory reaction of endothelial cells. Nature. 1998 Feb
5;391(6667):591-4.

Buchner K, Henn V, Grafe M, de Boer OJ, Becker AE, Kroczek RA. CD40
ligand is selectively expressed on CD4+ T cells and platelets: implications
for CD40-CD40L signalling in atherosclerosis. J Pathol. 2003
Oct;201(2):288-95.

Schénbeck U, Libby P. The CD40/CD154 receptor/ligand dyad. Cell Mol Life
Sci. 2001 Jan;58(1):4—43.

André P, Nannizzi-Alaimo L, Prasad SK, Phillips DR. Platelet-derived
CD40L: the switch-hitting player of cardiovascular disease. Circulation.
American Heart Association Journals; 2002 Aug 20;106(8):896-9.

Viallard J-F, Solanilla A, Gauthier B, Contin C, Déchanet J, Grosset C, et al.
Increased soluble and platelet-associated CD40 ligand in essential
thrombocythemia and reactive thrombocytosis. Blood. American Society of
Hematology; 2002 Apr 1;99(7):2612—4.

Tousoulis D, Androulakis E, Papageorgiou N, Briasoulis A, Siasos G,
Antoniades C, et al. From Atherosclerosis to Acute Coronary Syndromes:
The Role of Soluble CD40 Ligand. Trends Cardiovasc Med.
2010;20(5):153-64.

El-Asrar MA, Adly AA, Ismail EA. Soluble CD40L in children and
adolescents with type 1 diabetes: relation to microvascular complications
and glycemic control. Pediatr Diabetes. 2012 Dec;13(8):616—-24.

Stokes KY, Calahan L, Hamric CM, Russell JM, Granger DN. CD40/CD40L
contributes to hypercholesterolemia-induced microvascular inflammation.
Am J Physiol Heart Circ Physiol. American Physiological Society; 2009
Mar;296(3):H689-97.

Garlichs CD, Eskafi S, Raaz D, Schmidt A, Ludwig J, Herrmann M, et al.
Patients with acute coronary syndromes express enhanced CD40
ligand/CD154 on platelets. Heart. 2001 Dec;86(6):649-55.

-80-



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Schoénbeck U, Varo N, Libby P, Buring J, Ridker PM. Soluble CD40L and
cardiovascular risk in women. Circulation. American Heart Association
Journals; 2001 Nov 6;104(19):2266-8.

Slupsky JR, Kalbas M, Willuweit A, Henn V, Kroczek RA, Muller-Berghaus
G. Activated Platelets Induce Tissue Factor Expression on Human Umbilical
Vein Endothelial Cells by Ligation of CD40. Thromb Haemost. Schattauer
Publishers; 1998;80(6):1008—-14.

Nannizzi-Alaimo L, Alves VL, Phillips DR. Inhibitory Effects of Glycoprotein
lIb/llla Antagonists and Aspirin on the Release of Soluble CD40 Ligand
During Platelet Stimulation.

André P, Prasad KSS, Denis C V, He M, Papalia JM, Hynes RO, et al.
CD40L stabilizes arterial thrombi by a beta3 integrin--dependent
mechanism. Nat Med. 2002 Mar;8(3):247-52.

Goldsmith HL, Spain S. Margination of leukocytes in blood flow through
small tubes. Microvasc Res. 1984 Mar;27(2):204-22.

Goldsmith HL, Lichtarge O, Tessier-Lavigne M, Spain S. Some model
experiments in hemodynamics: VI. Two-body collisions between blood cells.
Biorheology. 1981;18(3-6):531-55.

Yang J, Furie BC, Furie B. The biology of P-selectin glycoprotein ligand-1:
its role as a selectin counterreceptor in leukocyte-endothelial and leukocyte-
platelet interaction. Thromb Haemost. 1999 Jan;81(1):1-7.

Evangelista V, Manarini S, Sideri R, Rotondo S, Martelli N, Piccoli A, et al.
Platelet/polymorphonuclear leukocyte interaction: P-selectin triggers protein-
tyrosine phosphorylation-dependent CD11b/CD18 adhesion: role of PSGL-1
as a signaling molecule. Blood. American Society of Hematology; 1999 Feb
1;93(3):876-85.

Simon DI, Chen Z, Xu H, Li CQ, Dong J f, Mcintire L V, et al. Platelet
glycoprotein ibalpha is a counterreceptor for the leukocyte integrin Mac-1
(CD11b/CD18). J Exp Med. 2000 Jul 17;192(2):193-204.

Diacovo TG, DeFougerolles AR, Bainton DF, Springer TA. A functional
integrin ligand on the surface of platelets: intercellular adhesion molecule-2.
J Clin Invest. American Society for Clinical Investigation; 1994 Sep
1,94(3):1243-51.

Altieri DC, Bader R, Mannucci PM, Edgington TS. Oligospecificity of the
cellular adhesion receptor Mac-1 encompasses an inducible recognition
specificity for fibrinogen. J Cell Biol. 1988 Nov;107(5):1893-900.

Wright SD, Weitzt JI, Huangt AJ, Levin SM, Silverstein4 SC, Loiket JD.
Complement receptor type three (CD11b/CD18) of human
polymorphonuclear leukocytes recognizes fibrinogen. Immunology.
1988;85:7734-8.

Palabrica T, Lobb R, Furie BC, Aronovitz M, Benjamin C, Hsu YM, et al.
Leukocyte accumulation promoting fibrin deposition is mediated in vivo by P-
selectin on adherent platelets. Nature. 1992 Oct 29;359(6398):848-51.

-81-



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Peters MJ, Dixon G, Kotowicz KT, Hatch DJ, Heyderman RS, Klein NJ.
Circulating platelet-neutrophil complexes represent a subpopulation of
activated neutrophils primed for adhesion, phagocytosis and intracellular
killing. Br J Haematol. Blackwell Science Ltd; 1999 Aug;106(2):391-9.

Suzuki K, Sugimura K, Hasegawa K, Yoshida K, Suzuki A, Ishizuka K, et al.
Activated platelets in ulcerative colitis enhance the production of reactive
oxygen species by polymorphonuclear leukocytes. Scand J Gastroenterol.
2001 Dec;36(12):1301-6.

Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al.
Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in
septic blood. Nat Med. Nature Publishing Group; 2007 Apr 25;13(4):463-9.

Caudrillier A, Kessenbrock K, Gilliss BM, Nguyen JX, Marques MB,
Monestier M, et al. Platelets induce neutrophil extracellular traps in
transfusion-related acute lung injury. J Clin Invest. 2012 Jul;122(7):2661-71.

Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil
elastase and myeloperoxidase regulate the formation of neutrophil
extracellular traps. J Cell Biol. Rockefeller University Press; 2010 Nov
1;191(3):677-91.

Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil extracellular traps kill bacteria. Science. 2004 Mar
5;303(5663):1532-5.

Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze |, Wahn V, et al. Novel
cell death program leads to neutrophil extracellular traps. J Cell Biol.
Rockefeller University Press; 2007 Jan 15;176(2):231-41.

Gould TJ, Vu TT, Swystun LL, Dwivedi DJ, Mai SHC, Weitz JI, et al.
Neutrophil Extracellular Traps Promote Thrombin Generation Through
Platelet-Dependent and Platelet-Independent Mechanisms. Arterioscler
Thromb Vasc Biol. Lippincott Williams & Wilkins; 2014 Sep 1;34(9):1977-84.

Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers DD,
et al. Extracellular DNA traps promote thrombosis. Proc Natl Acad Sci.
National Academy of Sciences; 2010 Sep 7;107(36):15880-5.

Martinod K, Wagner DD. Thrombosis: tangled up in NETs.
2014;123(18):2768-76.

Demirbag R, Yilmaz R, Kocyigit A. Relationship between DNA damage, total
antioxidant capacity and coronary artery disease. Mutat Res Mol Mech
Mutagen. 2005;570(2):197-203.

Nording HM, Seizer P, Langer HF, Garraud O, Bianchi ME. Platelets in
inflammation and atherogenesis. 2015;

Massberg S, Brand K, Gruner S, Page S, Muller E, Muller I, et al. A critical
role of platelet adhesion in the initiation of atherosclerotic lesion formation. J
Exp Med. 2002 Oct 7;196(7):887-96.

Springer TA. Traffic signals for lymphocyte recirculation and leukocyte
emigration: The multistep paradigm. Cell. Cell Press; 1994 Jan;76(2):301—

-82 -



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

14.

Michelson AD, Barnard MR, Krueger LA, Valeri CR, Furman MI. Circulating
monocyte-platelet aggregates are a more sensitive marker of in vivo platelet
activation than platelet surface P-selectin: studies in baboons, human
coronary intervention, and human acute myocardial infarction. Circulation.
American Heart Association Journals; 2001 Sep 25;104(13):1533—7.

Bhattacharjee G, Ahamed J, Pedersen B, EI-Sheikh A, Mackman N, Ruf W,
et al. Regulation of Tissue Factor-Mediated Initiation of the Coagulation
Cascade by Cell Surface Grp78. Arterioscler Thromb Vasc Biol. Lippincott
Williams & Wilkins; 2005 May 19;25(8):1737—43.

Bazan JF. Structural design and molecular evolution of a cytokine receptor
superfamily. Proc Natl Acad Sci U S A. 1990 Sep;87(18):6934-8.

Tilley R, Mackman N. Tissue Factor in Hemostasis and Thrombosis. Semin
Thromb Hemost. Copyright © 2006 by Thieme Medical Publishers, Inc., 333
Seventh Avenue, New York, NY 10001, USA.; 2006;32(1):005-10.

Mackman N. Role of Tissue Factor in Hemostasis, Thrombosis, and
Vascular Development. Arterioscler Thromb Vasc Biol. Lippincott Williams &
Wilkins; 2004 Mar 4;24(6):1015-22.

Cunningham MA, Romas P, Hutchinson P, Holdsworth SR, Tipping PG.
Tissue factor and factor Vlla receptor/ligand interactions induce
proinflammatory effects in macrophages. Blood. 1999 Nov 15;94(10):3413—
20.

Hjortoe GM, Petersen LC, Albrektsen T, Sorensen BB, Norby PL, Mandal
SK, et al. Tissue factor-factor Vlla-specific up-regulation of IL-8 expression
in MDA-MB-231 cells is mediated by PAR-2 and results in increased cell
migration. Blood. 2004 Apr 15;103(8):3029-37.

Wang X, Gjernes E, Prydz H. Factor Vlla induces tissue factor-dependent
up-regulation of interleukin-8 in a human keratinocyte line. J Biol Chem.
2002 Jun 28;277(26):23620-6.

Badimon JJ, Lettino M, Toschi V, Fuster V, Berrozpe M, Chesebro JH, et al.
Local Inhibition of Tissue Factor Reduces the Thrombogenicity of Disrupted
Human Atherosclerotic Plaques : Effects of Tissue Factor Pathway Inhibitor
on Plague Thrombogenicity Under Flow Conditions. Circulation. Lippincott
Williams & Wilkins; 1999 Apr 13;99(14):1780-7.

Bach RR. Tissue Factor Encryption. Arterioscler Thromb Vasc Biol.
Lippincott Williams & Wilkins; 2005 Dec 29;26(3):456-61.

Osterud B. Cellular interactions in tissue factor expression by blood
monocytes. Blood Coagul Fibrinolysis. 1995 Jun;6 Suppl 1:S520-5.

Owens AP, Mackman N. Microparticles in hemostasis and thrombosis. Circ
Res. 2011 May 13;108(10):1284-97.

Shattil SJ, Bennett JS, Colman RW, Cooper RA. Abnormalities of
cholesterol-phospholipid composition in platelets and low-density
lipoproteins of human hyperbetalipoproteinemia. J Lab Clin Med. 1977

-83 -



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Feb:89(2):341-53.

Relou IAM, Hackeng CM, Akkerman J-WN, Malle E. Low-density lipoprotein
and its effect on human blood platelets. Cell Mol Life Sci C. Birkhauser
Verlag; 60(5):961-71.

Koller E, Volf |, Gurvitz A, Koller F. Modified low-density lipoproteins and
high-density lipoproteins. From investigation tools to real in vivo players.
Pathophysiol Haemost Thromb. 2006;35(3—4):322—45.

Bochkov VN, Voino-Yasenetskaya TA, Tkachuk VA. Epinephrine potentiates
activation of human platelets by low density lipoproteins. Biochim Biophys
Acta - Mol Basis Dis. 1991 Sep;1097(2):123-7.

Stellos K, Sauter R, Fahrleitner M, Grimm J, Stakos D, Emschermann F, et
al. Binding of oxidized low-density lipoprotein on circulating platelets is
increased in patients with acute coronary syndromes and induces platelet
adhesion to vascular wall in vivo--brief report. Arterioscler Thromb Vasc Biol.
2012 Aug;32(8):2017-20.

Carnevale R, Bartimoccia S, Nocella C, Di Santo S, Loffredo L, llluminati G,
et al. LDL oxidation by platelets propagates platelet activation via an
oxidative stress-mediated mechanism. Atherosclerosis. Elsevier; 2014
Nov;237(1):108-16.

Magwenzi S, Woodward C, Wraith KS, Aburima A, Raslan Z, Jones H, et al.
Oxidized LDL activates blood platelets through CD36/NOX2-mediated
inhibition of the cGMP/protein kinase G signaling cascade. Blood. 2015 Apr
23;125(17):2693-703.

Volf I, Roth A, Cooper J, Moeslinger T, Koller E. Hypochlorite modified LDL
are a stronger agonist for platelets than copper oxidized LDL. FEBS Lett.
2000 Oct 20;483(2—-3):155-9.

Lerch PG, Spycher MO, Doran JE. Reconstituted high density lipoprotein
(rHDL) modulates platelet activity in vitro and ex vivo. Thromb Haemost.
1998 Aug;80(2):316—-20.

Mineo C, Deguchi H, Griffin JH, Shaul PW. Endothelial and antithrombotic
actions of HDL. Circ Res. 2006 Jun 9;98(11):1352—-64.

Kontush A, Chantepie S, Chapman MJ. Small, dense HDL particles exert
potent protection of atherogenic LDL against oxidative stress. Arterioscler
Thromb Vasc Biol. 2003 Oct 1;23(10):1881-8.

Zabe M, Feltzer RE, Malle E, Sattler W, Dean WL. Effects of hypochlorite-

modified low-density and high-density lipoproteins on intracellular Ca2+and
plasma membrane Ca2+-ATPase activity of human platelets. Cell Calcium.
Churchill Livingstone; 1999 Dec;26(6):281—7.

Ardlie NG, Selley ML, Simons LA, Hassall DG, Forrest LA, Bruckdorfer KR,
et al. Platelet activation by oxidatively modified low density lipoproteins.
Atherosclerosis. Elsevier; 1989 Apr;76(2—-3):117-24.

Nofer J-R, Walter M, Kehrel B, Wierwille S, Tepel M, Seedorf U, et al. HDL3-
Mediated Inhibition of Thrombin-Induced Platelet Aggregation and

-84 -



137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Fibrinogen Binding Occurs via Decreased Production of Phosphoinositide-
Derived Second Messengers 1,2-Diacylglycerol and Inositol 1,4,5-tris-
Phosphate. Arterioscler Thromb Vasc Biol. Lippincott Williams & Wilkins;
1998 Jun 1;18(6):861-9.

Moore KJ, Freeman MW. Scavenger Receptors in Atherosclerosis: Beyond
Lipid Uptake. Arterioscler Thromb Vasc Biol. Lippincott Williams & Wilkins;
2006 Aug 1;26(8):1702-11.

Podrez EA, Byzova T V, Febbraio M, Salomon RG, Ma Y, Valiyaveettil M, et
al. Platelet CD36 links hyperlipidemia, oxidant stress and a prothrombotic
phenotype. Nat Med. 2007 Sep;13(9):1086-95.

Ohgami N, Nagai R, Ikemoto M, Arai H, Kuniyasu A, Horiuchi S, et al. CD36,
a member of class B scavenger receptor family, is a receptor for advanced
glycation end products. Ann N 'Y Acad Sci. 2001 Dec;947:350-5.

Calvo D, Gomez-Coronado D, Suarez Y, Lasunciéon MA, Vega MA. Human
CD36 is a high affinity receptor for the native lipoproteins HDL, LDL, and
VLDL. J Lipid Res. American Society for Biochemistry and Molecular
Biology; 1998 Apr;39(4):777-88.

Tandon NN, Ockenhouse CF, Greco NJ, Jamieson GA. Adhesive Functions
of Platelets Lacking Glycoprotein IV (CD36).

Podrez EA, Poliakov E, Shen Z, Zhang R, Deng Y, Sun M, et al.
Identification of a novel family of oxidized phospholipids that serve as
ligands for the macrophage scavenger receptor CD36. J Biol Chem. 2002
Oct 11;277(41):38503-16.

Magwenzi S, Woodward C, Wraith KS, Aburima A, Raslan Z, Jones H, et al.
Oxidized LDL activates blood platelets through CD36/NOX2-mediated
inhibition of the cGMP/protein kinase G signaling cascade. Blood [Internet].
2015 Apr 23 [cited 2016 May 31];125(17):2693—-703. Available from:
http://www.ncbi.nIm.nih.gov/pubmed/25710879

Badrnya S, Schrottmaier WC, Kral JB, Yaiw K-C, Volf |, Schabbauer G, et al.
Platelets mediate oxidized low-density lipoprotein-induced monocyte
extravasation and foam cell formation. Arterioscler Thromb Vasc Biol. 2014
Mar;34(3):571-80.

Korporaal SJA, Van Eck M, Adelmeijer J, ljsseldijk M, Out R, Lisman T, et al.
Platelet Activation by Oxidized Low Density Lipoprotein Is Mediated by Cd36
and Scavenger Receptor-A. Arterioscler Thromb Vasc Biol. Lippincott
Williams & Wilkins; 2007 Aug 2;27(11):2476-83.

Volf I, Moeslinger T, Cooper J, Schmid W, Koller E. Human platelets
exclusively bind oxidized low density lipoprotein showing no specificity for
acetylated low density lipoprotein. FEBS Lett. 1999 Apr 23;449(2-3):141-5.

Pearce SF, Roy P, Nicholson AC, Hajjar DP, Febbraio M, Silverstein RL.
Recombinant glutathione S-transferase/CD36 fusion proteins define an
oxidized low density lipoprotein-binding domain. J Biol Chem. 1998 Dec
25;273(52):34875-81.

-85 -



148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Takahashi Y, Fuda H, Yanai H, Akita H, Shuping H, Chiba H, et al.
Significance of membrane glycoproteins in platelet interaction with oxidized
low-density lipoprotein. Semin Thromb Hemost. 1998;24(3):251-3.

Endemann G, Stanton LW, Madden KS, Bryant CM, White RT, Protter AA.
CD36 is a receptor for oxidized low density lipoprotein. J Biol Chem. 1993
Jun 5;268(16):11811-6.

Oka K, Sawamura T, Kikuta K, ltokawa S, Kume N, Kita T, et al. Lectin-like
oxidized low-density lipoprotein receptor 1 mediates phagocytosis of
aged/apoptotic cells in endothelial cells. Proc Natl Acad Sci U S A. 1998 Aug
4;95(16):9535-40.

Kakutani M, Masaki T, Sawamura T. A platelet-endothelium interaction
mediated by lectin-like oxidized low-density lipoprotein receptor-1. Proc Natl
Acad Sci U S A. National Academy of Sciences; 2000 Jan 4;97(1):360—4.

Krieger M. Scavenger receptor class B type | is a multiligand HDL receptor
that influences diverse physiologic systems. J Clin Invest. 2001
Sep;108(6):793—-7.

Valiyaveettil M, Kar N, Ashraf MZ, Byzova T V, Febbraio M, Podrez EA, et
al. Oxidized high-density lipoprotein inhibits platelet activation and
aggregation via scavenger receptor Bl. Blood. American Society of
Hematology; 2008 Feb 15;111(4):1962-71.

Urban S, Zieseniss S, Werder M, Hauser H, Budzinski R, Engelmann B.
Scavenger Receptor Bl Transfers Major Lipoprotein-associated
Phospholipids into the Cells. J Biol Chem. American Society for
Biochemistry and Molecular Biology; 2000 Oct 27;275(43):33409-15.

Sies H. Oxidative stress: oxidants and antioxidants. Exp Physiol. 1997 Mar
1;82(2):291-5.

Ray R, Shah AM, Cai H, Harrison DG, Shah AM, Halcox JP, et al. NADPH
oxidase and endothelial cell function. Clin Sci (Lond). Portland Press
Limited; 2005 Sep;109(3):217-26.

Nickenig G, Harrison DG. The AT1-Type Angiotensin Receptor in Oxidative
Stress and Atherogenesis: Part |: Oxidative Stress and Atherogenesis.
Circulation. Lippincott Williams & Wilkins; 2002 Jan 22;105(3):393—6.

Griendling KK, FitzGerald GA. Oxidative Stress and Cardiovascular Injury:
Part I: Basic Mechanisms and In Vivo Monitoring of ROS. Circulation.
Lippincott Williams & Wilkins; 2003 Oct 21;108(16):1912—6.

Mazor R, ltzhaki O, Sela S, Yagil Y, Cohen-Mazor M, Yagil C, et al. Tumor
Necrosis Factor-: A Possible Priming Agent for the Polymorphonuclear
Leukocyte-Reduced Nicotinamide-Adenine Dinucleotide Phosphate Oxidase
in Hypertension. Hypertension. Lippincott Williams & Wilkins; 2010 Feb
1;55(2):353-62.

Brill A, Chauhan AK, Canault M, Walsh MT, Bergmeier W, Wagner DD.
Oxidative stress activates ADAM17/TACE and induces its target receptor
shedding in platelets in a p38-dependent fashion.

-86 -



161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Himmelfarb J, Stenvinkel P, Ikizler TA, Hakim RM. The elephant in uremia:
Oxidant stress as a unifying concept of cardiovascular disease in uremia.
Kidney Int. 2002;62(5):1524-38.

Chen JW, Breckwoldt MO, Aikawa E, Chiang G, Weissleder R, Baldus S, et
al. Myeloperoxidase-targeted imaging of active inflammatory lesions in
murine experimental autoimmune encephalomyelitis. Brain. Oxford
University Press; 2008 Apr;131(Pt 4):1123-33.

Kao MPC, Ang DSC, Pall A, Struthers AD. Oxidative stress in renal
dysfunction: mechanisms, clinical sequelae and therapeutic options. J Hum
Hypertens. Nature Publishing Group; 2010 Jan 3;24(1):1-8.

Nuszkowski A, Grabner R, Marsche G, Unbehaun A, Malle E, Heller R.
Hypochlorite-modified low density lipoprotein inhibits nitric oxide synthesis in
endothelial cells via an intracellular dislocalization of endothelial nitric-oxide
synthase. J Biol Chem [Internet]. 2001 Apr 27 [cited 2016 Sep
29];276(17):14212-21. Available from:
http://www.ncbi.nIm.nih.gov/pubmed/11278358

Carr AC, McCall MR, Frei B. Oxidation of LDL by Myeloperoxidase and
Reactive Nitrogen Species : Reaction Pathways and Antioxidant Protection.
Arterioscler Thromb Vasc Biol. Lippincott Williams & Wilkins; 2000 Jul
1;20(7):1716-23.

Volf |, Bielek E, Moeslinger T, Koller F, Koller E. Modification of Protein
Moiety of Human Low Density Lipoprotein by Hypochlorite Generates Strong
Platelet Agonist. Arterioscler Thromb Vasc Biol. Lippincott Williams &
Wilkins; 2000 Aug 1;20(8):2011-8.

Witko-Sarsat V, Friedlander M, Capeillére-Blandin C, Nguyen-Khoa T,
Nguyen AT, Zingraff J, et al. Advanced oxidation protein products as a novel
marker of oxidative stress in uremia. Kidney Int. 1996 May;49(5):1304—-13.

Chen K, Keaney J. Reactive oxygen species-mediated signal transduction in
the endothelium. Endothelium. 11(2):109-21.

Maresca M, Colao C, Leoncini G. Generation of hydrogen peroxide in
resting and activated platelets. Cell Biochem Funct. 1992 Jun;10(2):79-85.

Gorog P, Kovacs IB. Lipid peroxidation by activated platelets: A possible link
between thrombosis and atherogenesis. Atherosclerosis. Elsevier; 1995
May;115(1):121-8.

Marcus AJ, Silk ST, Safier LB, Ullman HL. Superoxide production and
reducing activity in human platelets. J Clin Invest. American Society for
Clinical Investigation; 1977 Jan 1;59(1):149-58.

Finazzi-Agro A, Menichelli A, Persiani M, Biancini G, Del Principe D.
Hydrogen peroxide release from human blood platelets. Biochim Biophys
Acta - Gen Subj. Elsevier; 1982 Sep;718(1):21-5.

Madamanchi NR, Hakim ZS, Runge MS. Oxidative stress in atherogenesis
and arterial thrombosis: the disconnect between cellular studies and clinical
outcomes. J Thromb Haemost. 2005 Feb;3(2):254-67.

-87 -



174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Dayal S, Wilson KM, Leo L, Arning E, Bottiglieri T, Lentz SR. Enhanced
susceptibility to arterial thrombosis in a murine model of
hyperhomocysteinemia. Blood. 2006 Oct 1;108(7):2237—43.

Witko-Sarsat V, Gausson V, Descamps-Latscha B. Are advanced oxidation
protein products potential uremic toxins? Kidney Int Suppl. 2003
May;(84):S11-4.

Cao W, Hou FF, Nie J. AOPPs and the progression of kidney disease.
Kidney Int Suppl. 2014;4:102-6.

Capeillere-Blandin C, Gausson V, Descamps-Latscha B, Witko-Sarsat V.
Biochemical and spectrophotometric significance of advanced oxidized
protein products. Biochim Biophys Acta. 2004 Jun 28;1689(2):91-102.

Segal AW, Shatwell KP. The NADPH oxidase of phagocytic leukocytes. Ann
N Y Acad Sci. 1997 Dec 15;832:215-22.

Descamps-Latscha B, Witko-Sarsat V. Importance of oxidatively modified
proteins in chronic renal failure. Kidney Int Suppl. 2001 Feb;78:5S108-13.

Pattison DI, Hawkins CL, Davies MJ. What are the plasma targets of the
oxidant hypochlorous acid? A kinetic modeling approach. Chem Res
Toxicol. 2009 May;22(5):807-17.

Witko-Sarsat V, Friedlander M, Nguyen Khoa T, Capeillére-Blandin C,
Nguyen AT, Canteloup S, et al. Advanced oxidation protein products as

novel mediators of inflammation and monocyte activation in chronic renal
failure. J Immunol. 1998 Sep 1;161(5):2524-32.

Selmeci L. Advanced oxidation protein products (AOPP): novel uremic
toxins, or components of the non-enzymatic antioxidant system of the
plasma proteome? Free Radic Res. 2011 Oct 15;45(10):1115-23.

Witko V, Nguyen AT, Descamps-Latscha B. Microtiter plate assay for
phagocyte-derived taurine-chloramines. J Clin Lab Anal. 1992;6(1):47-53.

Roche M, Rondeau P, Singh NR, Tarnus E, Bourdon E. The antioxidant
properties of serum albumin. FEBS Lett. 2008 Jun 11;582(13):1783-7.

Turell L, Carballal S, Botti H, Radi R, Alvarez B. Oxidation of the albumin
thiol to sulfenic acid and its implications in the intravascular compartment.
Brazilian J Med Biol Res = Rev Bras Pesqui médicas e biolégicas / Soc Bras
Biofisica . [et al]. 2009 Apr;42(4):305-11.

Gutteridge JM. Antioxidant properties of the proteins caeruloplasmin,
albumin and transferrin. A study of their activity in serum and synovial fluid
from patients with rheumatoid arthritis. Biochim Biophys Acta. 1986 Jan
30;869(2):119-27.

Halliwell B. Albumin--an important extracellular antioxidant? Biochem
Pharmacol. 1988 Feb 15;37(4):569-71.

Bourdon E, Loreau N, Lagrost L, Blache D. Differential effects of cysteine
and methionine residues in the antioxidant activity of human serum albumin.
Free Radic Res. 2005 Jan;39(1):15-20.

- 88 -



189.

190.
191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Descamps-Latscha B, Witko-Sarsat V, Nguyen-Khoa T, Nguyen AT,
Gausson V, Mothu N, et al. Advanced oxidation protein products as risk
factors for atherosclerotic cardiovascular events in nondiabetic predialysis
patients. Am J Kidney Dis. 2005;45(1):39—-47.

Klebanoff SJ. Myeloperoxidase. Proc Assoc Am Physicians. 111(5):383-9.

Witko-Sarsat V, Gausson V, Descamps-Latscha B. Are advanced oxidation
protein products potential uremic toxins? Kidney Int. 2003 May;63:S11-4.

Hazell LJ, Arnold L, Flowers D, Waeg G, Malle E, Stocker R. Presence of
hypochlorite-modified proteins in human atherosclerotic lesions. J Clin
Invest. 1996 Mar 15;97(6):1535—-44.

Sarnak MJ, Levey AS. Cardiovascular disease and chronic renal disease: a
new paradigm. Am J Kidney Dis. 2000 Apr;35(4 Suppl 1):S117-31.

2015 USRDS Annual Data Report | Volume 1 -CKD in the United States S49
USRDS UNITED STATES RENAL DATA SYSTEM Chapter 4:
Cardiovascular Disease in Patients With CKD. 2016;

Chauveau P, Chadefaux B, Coudé M, Aupetit J, Hannedouche T, Kamoun
P, et al. Hyperhomocysteinemia, a risk factor for atherosclerosis in chronic
uremic patients. Kidney Int Suppl. 1993 Jun;41:S72-7.

Nguyen-Khoa T, Massy ZA, De Bandt JP, Kebede M, Salama L, Lambrey G,
et al. Oxidative stress and haemodialysis: role of inflammation and duration
of dialysis treatment. Nephrol Dial Transplant. 2001 Feb;16(2):335—40.

Oberg BP, McMenamin E, Lucas FL, McMonagle E, Morrow J, Ikizler TA, et
al. Increased prevalence of oxidant stress and inflammation in patients with
moderate to severe chronic kidney disease. Kidney Int. 2004
Mar;65(3):1009-16.

Marsche G, Frank S, Hrzenjak A, Holzer M, Dirnberger S, Wadsack C, et al.
Plasma-advanced oxidation protein products are potent high-density
lipoprotein receptor antagonists in vivo. Circ Res. 2009;104(6):750-7.

Binder V, Ljubojevic S, Haybaeck J, Holzer M, EI-Gamal D, Schicho R, et al.
The myeloperoxidase product hypochlorous acid generates irreversible high-
density lipoprotein receptor inhibitors. Arterioscler Thromb Vasc Biol. 2013
May;33(5):1020-7.

Witko-Sarsat V, Gausson V, Nguyen A-T, Touam M, Drieke T, Santangelo
F, et al. AOPP-induced activation of human neutrophil and monocyte
oxidative metabolism: a potential target for N-acetylcysteine treatment in
dialysis patients. Kidney Int [Internet]. 2003 Jul [cited 2016 Sep
29];64(1):82-91. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/12787398

Marsche G, Semlitsch M, Hammer A, Frank S, Weigle B, Demling N, et al.
Hypochlorite-modified albumin colocalizes with RAGE in the artery wall and
promotes MCP-1 expression via the RAGE-Erk1/2 MAP-kinase pathway.
FASEB J. 2007 Apr;21(4):1145-52.

Guo ZJ, Niu HX, Hou FF, Zhang L, Fu N, Nagai R, et al. Advanced oxidation

-89 -



203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

protein products activate vascular endothelial cells via a RAGE-mediated
signaling pathway. Antioxid Redox Signal. 2008 Oct;10(10):1699-712.

Iwao Y, Nakajou K, Nagai R, Kitamura K, Anraku M, Maruyama T, et al.
CD36 is one of important receptors promoting renal tubular injury by
advanced oxidation protein products. Am J Physiol Renal Physiol. 2008
Dec;295(6):F1871-80.

Zhou LL, Cao W, Xie C, Tian J, Zhou Z, Zhou Q, et al. The receptor of
advanced glycation end products plays a central role in advanced oxidation
protein products-induced podocyte apoptosis. Kidney Int. 2012;82(7):759—
70.

Rigotti A, Miettinen HE, Krieger M. The role of the high-density lipoprotein
receptor SR-BI in the lipid metabolism of endocrine and other tissues.
Endocr Rev. 2003 Jun;24(3):357-87.

Liu SX, Hou FF, Guo ZJ, Nagai R, Zhang WR, Liu ZQ, et al. Advanced
Oxidation Protein Products Accelerate Atherosclerosis Through Promoting
Oxidative Stress and Inflammation. Arterioscler Thromb Vasc Biol. Lippincott
Williams & Wilkins; 2006 Feb 9;26(5):1156—-62.

Holzer M, Trieb M, Konya V, Wadsack C, Heinemann A, Marsche G. Aging
affects high-density lipoprotein composition and function. Biochim Biophys
Acta. 2013 Sep;1831(9):1442-8.

Philipose S, Konya V, Sreckovic |, Marsche G, Lippe IT, Peskar BA, et al.
The prostaglandin E2 receptor EP4 is expressed by human platelets and
potently inhibits platelet aggregation and thrombus formation. Arterioscler
Thromb Vasc Biol. 2010 Dec;30(12):2416-23.

El-Gamal D, Rao SP, Holzer M, Hallstrom S, Haybaeck J, Gauster M, et al.
The urea decomposition product cyanate promotes endothelial dysfunction.
Kidney Int. 2014 Nov;86(5):923-31.

Schoenwaelder SM, Yuan Y, Josefsson EC, White MJ, Yao Y, Mason KD, et
al. Two distinct pathways regulate platelet phosphatidylserine exposure and
procoagulant function. Blood. American Society of Hematology; 2009 Jul
16;114(3):663—6.

Chen M, Kakutani M, Naruko T, Ueda M, Narumiya S, Masaki T, et al.
Activation-Dependent Surface Expression of LOX-1 in Human Platelets.
Biochem Biophys Res Commun. Academic Press; 2001 Mar;282(1):153-8.

Pollreisz A, Assinger A, Hacker S, Hoetzenecker K, Schmid W, Lang G, et
al. Intravenous immunoglobulins induce CD32-mediated platelet aggregation
in vitro. Br J Dermatol. 2008 Sep;159(3):578-84.

Assinger A, Koller F, Schmid W, Zellner M, Koller E, Volf |. Hypochlorite-
oxidized LDL induces intraplatelet ROS formation and surface exposure of
CD40L--a prominent role of CD36. Atherosclerosis. 2010 Nov;213(1):129—
34.

Manne BK, Getz TM, Hughes CE, Alshehri O, Dangelmaier C, Naik UP, et
al. Fucoidan is a novel platelet agonist for the C-type lectin-like receptor 2

-90-



215.

216.

217.
218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

(CLEC-2). J Biol Chem. 2013 Mar 15;288(11):7717—26.

Li Z, Delaney MK, O’Brien KA, Du X. Signaling during platelet adhesion and
activation. Arterioscler Thromb Vasc Biol. 2010 Dec;30(12):2341-9.

Saeed SA, Karimi SJ, Suria A. Differential effects of dimethyl sulfoxide on
human platelet aggregation and arachidonic acid metabolism. Biochem Med
Metab Biol. 1988 Oct;40(2):143-50.

Tatsumi K, Mackman N. Tissue Factor and Atherothrombosis.

Lippi G, Franchini M, Targher G. Arterial thrombus formation in
cardiovascular disease. Nat Rev Cardiol. 2011 Jul 5;8(9):502-12.

Geisler T, Langer H, Wydymus M, Géhring K, Zirn C, Bigalke B, et al. Low
response to clopidogrel is associated with cardiovascular outcome after
coronary stent implantation. Eur Heart J. The Oxford University Press; 2006
Oct;27(20):2420-5.

Schulz C, Massberg S. Platelets in atherosclerosis and thrombosis. Handb
Exp Pharmacol. 2012;(210):111-33.

Santilli F, Simeone P, Liani R, Davi G. Platelets and diabetes mellitus.
Prostaglandins Other Lipid Mediat. 2015;120:28-39.

Dentali F, Romualdi E, Ageno W, Hill J, Bessesen D, Grundy S, et al. The
metabolic syndrome and the risk of thrombosis. Haematologica.
Haematologica; 2007 Mar;92(3):297-9.

Libby P, Ridker PM, Maseri A. Inflammation and Atherosclerosis.
Circulation. 2002;105(9).

Silverstein RL. Inflammation, atherosclerosis, and arterial thrombosis: Role
of the scavenger receptor CD36.

Xiao W, Jia Z, Zhang Q, Wei C, Wang H, Wu Y. Inflammation and oxidative
stress, rather than hypoxia, are predominant factors promoting angiogenesis
in the initial phases of atherosclerosis. Mol Med Rep. 2015 Sep;12(3):3315—
22.

Stepniewska J, Dotegowska B, Chrusciana M, Gotembiewska E,
Malinowska-Jedraszczyk A, Marchelek-Mysliwiec M, et al. Platelet - derived
CD154 antigen in patients with chronic kidney disease. Clin Biochem.
2016;49(3):243-7.

Hocher B, Liefeldt L, Quaschning T, Kalk P, Ziebig R, Godes M, et al.
Soluble CD154 is a unique predictor of nonfatal and fatal atherothrombotic
events in patients who have end-stage renal disease and are on
hemodialysis. J Am Soc Nephrol. 2007 Apr;18(4):1323-30.

Martinovi¢ Z, Basic¢-Juki¢ N, Pavlovi¢ DB, Kes P. Importance of platelet
aggregation in patients with end-stage renal disease. Acta Clin Croat. 2013
Dec;52(4):472-7.

Fu S, Davies MJ, Stocker R, Dean RT. Evidence for roles of radicals in
protein oxidation in advanced human atherosclerotic plaque. Biochem J.
1998;333:519-25.

-91 -



230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

Leeuwenburgh C, Hardy MM, Hazen SL, Wagner P, Oh-ishi S, Steinbrecher
UP, et al. Reactive nitrogen intermediates promote low density lipoprotein
oxidation in human atherosclerotic intima. J Biol Chem. 1997 Jan
17;272(3):1433-6.

Folcik VA, Nivar-Aristy RA, Krajewski LP, Cathcart MK. Lipoxygenase
contributes to the oxidation of lipids in human atherosclerotic plaques. J Clin
Invest. 1995 Jul;96(1):504—10.

Hazell LJ, Stocker R. Oxidation of low-density lipoprotein with hypochlorite
causes transformation of the lipoprotein into a high-uptake form for
macrophages. Biochem J. 1993;290:165-72.

Daugherty A, Dunn JL, Rateri DL, Heinecke JW. Myeloperoxidase, a
catalyst for lipoprotein oxidation, is expressed in human atherosclerotic
lesions. J Clin Invest. 1994 Jul;94(1):437—-44.

Steinberg D, Parthasarathy S, Carew TE, Khoo JC, Witztum JL. Beyond
cholesterol. Modifications of low-density lipoprotein that increase its
atherogenicity. N Engl J Med. 1989 Apr 6;320(14):915-24.

Brown MS, Goldstein JL. Lipoprotein metabolism in the macrophage:
implications for cholesterol deposition in atherosclerosis. Annu Rev
Biochem. 1983;52:223-61.

VALIYAVEETTIL M, PODREZ EA. Platelet hyperreactivity, scavenger
receptors and atherothrombosis. J Thromb Haemost. Blackwell Publishing
Ltd; 2009 Jul;7(s1):218-21.

Coleman LG, Polanowska-Grabowska RK, Marcinkiewicz M, Gear ARL. LDL
oxidized by hypochlorous acid causes irreversible platelet aggregation when
combined with low levels of ADP, thrombin, epinephrine, or macrophage-
derived chemokine (CCL22). Blood. 2004 Jul 15;104(2):380-9.

Gitz E, Pollitt AY, Gitz-Francois JJ, Alshehri O, Mori J, Montague S, et al.
CLEC-2 expression is maintained on activated platelets and on platelet
microparticles. Blood. American Society of Hematology; 2014 Oct
2;124(14):2262-70.

Li Z, Delaney MK, O ’brien KA, Du X. Signaling during platelet adhesion and
activation.

Roberts DE, McNicol A, Bose R. Mechanism of Collagen Activation in
Human Platelets. J Biol Chem. American Society for Biochemistry and
Molecular Biology; 2004 May 7;279(19):19421-30.

Wei XF, Zhou QG, Hou FF, Liu BY, Liang M. Advanced oxidation protein
products induce mesangial cell perturbation through PKC-dependent
activation of NADPH oxidase. Am J Physiol Renal Physiol. 2009
Feb;296(2):F427-37.

Page C, Pitchford S. Neutrophil and platelet complexes and their relevance
to neutrophil recruitment and activation. Int Immunopharmacol. Elsevier
B.V.; 2013;17(4):1176-84.

Ott I, Neumann FJ, Gawaz M, Schmitt M, Schémig A. Increased neutrophil-

-92 -



244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

platelet adhesion in patients with unstable angina. Circulation. 1996 Sep
15;94(6):1239-46.

Setianto BY, Hartopo AB, Gharini PPR, Anggrahini DW, Irawan B.
Circulating soluble CD40 ligand mediates the interaction between
neutrophils and platelets in acute coronary syndrome. Heart Vessels. 2010
Jul;25(4):282-7.

Théorét JF, Bienvenu JG, Kumar A, Merhi Y. P-selectin antagonism with
recombinant p-selectin glycoprotein ligand-1 (rPSGL-Ig) inhibits circulating
activated platelet binding to neutrophils induced by damaged arterial
surfaces. J Pharmacol Exp Ther. 2001 Aug;298(2):658—64.

Hayward R, Campbell B, Shin YK, Scalia R, Lefer AM. Recombinant soluble
P-selectin glycoprotein ligand-1 protects against myocardial ischemic
reperfusion injury in cats. Cardiovasc Res. 1999 Jan;41(1):65-76.

Bedard PW, Kaila N. Selectin inhibitors: a patent review. Expert Opin Ther
Pat. 2010 Jun 21;20(6):781-93.

BEVERS EM, COMFURIUS P, VAN RIJN JLML, HEMKER HC. Generation
of Prothrombin-Converting Activity and the Exposure of Phosphatidylserine
at the Outer Surface of Platelets. Eur J Biochem. Blackwell Publishing Ltd;
1982 Feb;122(2):429-36.

Bonomini M, Dottori S, Amoroso L, Arduini A, Sirolli V. Increased platelet
phosphatidylserine exposure and caspase activation in chronic uremia. J
Thromb Haemost. 2004 Aug;2(8):1275-81.

Khan SY, Kelher MR, Heal JM, Blumberg N, Boshkov LK, Phipps R, et al.
Soluble CD40 ligand accumulates in stored blood components, primes
neutrophils through CD40, and is a potential cofactor in the development of
transfusion-related acute lung injury. Blood. 2006;108(7).

Vanichakarn P, Blair P, Wu C, Freedman JE, Chakrabarti S. Neutrophil
CD40 enhances platelet-mediated inflammation. Thromb Res. 2008
Jan;122(3):346-58.

Pignatelli P, Sanguigni V, Lenti L, Ferro D, Finocchi A, Rossi P, et al.
gp91phox-dependent expression of platelet CD40 ligand. Circulation. 2004
Sep 7;110(10):1326-9.

André P, Nannizzi-Alaimo L, Prasad SK, Phillips DR. Platelet-Derived
CD40L. Circulation. 2002;106(8).

Cimmino G, Ciccarelli G, Golino P. Role of Tissue Factor in the Coagulation
Network. Semin Thromb Hemost. 2015 Sep 26;41(7):708-17.

Ardissino D, Angelica Merlini P, Arlens R, Coppola R, Bramucci E,
Lucreziotti S, et al. Tissue factor in human coronary atherosclerotic plaques.
Clin Chim Acta. 2000 Feb;291(2):235—40.

Heeschen C, Dimmeler S, Hamm CW, van den Brand MJ, Boersma E,
Zeiher AM, et al. Soluble CD40 ligand in acute coronary syndromes. N Engl
J Med. 2003 Mar 20;348(12):1104-11.

-93-



257.

258.

259.

260.

261.

262.

263.

Bochkov VN, Mechtcheriakova D, Lucerna M, Huber J, Malli R, Graier WF,
et al. Oxidized phospholipids stimulate tissue factor expression in human
endothelial cells via activation of ERK/EGR-1 and Ca++/NFAT. Blood.
2002;99(1).

Zillmann A, Luther T, Miller |, Kotzsch M, Spannagl M, Kauke T, et al.
Platelet-Associated Tissue Factor Contributes to the Collagen-Triggered
Activation of Blood Coagulation. Biochem Biophys Res Commun. Academic
Press; 2001 Feb;281(2):603-9.

Butenas S, Bouchard BA, Brummel-Ziedins KE, Parhami-Seren B, Mann
KG. Tissue factor activity in whole blood. Blood. 2005 Apr 1;105(7):2764-70.

Breimo ES, Jsterud B. Generation of tissue factor-rich microparticles in an
ex vivo whole blood model. Blood Coagul Fibrinolysis. 2005 Sep;16(6):399—
405.

Meier-Kriesche HU, Ojo AO, Port FK, Arndorfer JA, Cibrik DM, Kaplan B.
Survival improvement among patients with end-stage renal disease: trends
over time for transplant recipients and wait-listed patients. J Am Soc
Nephrol. American Society of Nephrology; 2001 Jun;12(6):1293-6.

Handin RI, Karabin R, Boxer GJ. Enhancement of platelet function by
superoxide anion. J Clin Invest. American Society for Clinical Investigation;
1977 May;59(5):959-65.

Schneider DJ. Factors contributing to increased platelet reactivity in people
with diabetes. Diabetes Care. American Diabetes Association; 2009
Apr;32(4):525-7.

-94 -



