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SUMMARY

Atherothrombosis and, specifically intracoronaryothbosis is a major
cause of acute coronary syndromes (ACS) and coesdywof morbidity
and mortality throughout the world. While managemeh acute ST-
elevation myocardial infarction (STEMI) has draralty improved over
the last years, there is still a need to find thyosis-related biomarkers
for an early identification of ischemic processad a better stratification
of patients that have suffered an ACS. In fact,isicbemia time, defined
as the time from the onset of symptoms to repesfydias been recently
suggested as the “New Gold Standard for STEMI-Cafidiis thesis
mainly focuses on the protein composition of thelwding coronary
thrombus, occurring both in the native coronaryeres and in the
commonly implanted coronary stents. The study basethe proteomic
analysis of coronary thrombi, obtained after pexnabus coronary
intervention (PCI), has provided consistent evidemd the dynamic
composition of the coronary thrombi in relationtwihe time of ischemia,
and has resulted in the identification of novelnbdokers of potential use
to be translated to the clinical practice. Furthemen the comparison of
native and in-stent-thrombosis has allowed thetifieation of proteins
that might serve as interesting therapeutic tangepsevent thrombosis in

patients who undergo PCI with stent-implantation.
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RESUMEN

La enfermedad aterotrombotica y concretamente lamlosis
intracoronaria es la mayor causa de los sindromesnarios agudos
(SCA), y consecuentemente de morbilidad y mortdlida el mundo. El
manejo de los pacientes con infarto agudo de ndazaon elevacion del
segmento ST ha mejorado considerablemente entlo®élarios, a pesar
de esto sigue siendo necesario encontrar biomaesgara la deteccion
temprana de los procesos isquémicos y que permitanestratificacion
mas eficiente de los pacientes que han sufridovente isquémico agudo.
De hecho, el tiempo de isquemia, definido comadeshpo entre el inicio
del dolor y la revascularizacién, ha sido reciemsta definido como el
parametro fundamental en el tratamiento de losepgées con STEMI.
Este trabajo de tesis esta enfocado a elucidasntgasicion proteica de
los trombos coronarios oclusivos que se formanotat las arterias
coronarias nativas como en aquellas con stentsttdi® se basa en el
analisis protedmico de trombos coronarios en réacl tiempo de
isquemia, con la finalidad de encontrar nuevos hroadores para
trasladar a la practica clinica. Ademés, la congénaentre trombos
nativos y trombos desarrollados sobre el stent ipedmidentificacion de
proteinas diferenciales que podrian ser futuranadiderapéuticas para
prevenir la formacién del trombo en pacientes smogta angioplastia
coronaria transluminal percutanea (ACTP) con impleidn de un stent

coronario.
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PREFACE

Cardiovascular disease remains one of the majaesaaf mortality and
morbidity in the world. Acute coronary syndromesC@) most often
result from atherothrombosis, a disease charaetkiiy atherosclerotic
lesion disruption with superposed thrombus fornmatibat critically
decrease coronary blood flow. ACS are life-threigig conditions, which
comprise a group of clinical symptoms associateith wcute myocardial
ischaemia with or without infarction. There areethitypes of ACS, ST-
segment elevated myocardial infarction (STEMI), 1®¥Fsegment
elevated myocardial infarction (NSTEMI), and un$abangina.
Particularly, STEMI is a leading cause of mortality developed
countries. Therefore, STEMI-patients require rajpidiation of therapy
aimed at achieving reperfusion and cardiovasculateptive medications.
Today, diagnosis of STEMI-patients is made by eteetrdiography and
the use of plasma biomarkers that result from #eratic cardiac tissue
due to the ischemia period. The total ischaemie thetween symptom
onset and provision of reperfusion therapy is aomdgterminant of the
clinical outcomes. Indeed, increasing body of ewads support the view
that the ischemic time rather than medical contactreatment time
should be the new gold standard for STEMI care.thigrreason, there is
an increasing need for the identification of newnbarkers for an early
detection of atherothrombotic processes and isahew@nts turning in an
STEMI-ACS.

The introduction of intracoronary stents greatlgreased the safety and
applicability of percutaneous coronary intervensiorHowever, stent
thrombosis (ST), the most feared complication atent implantation,
has emerged as an important entity to be prevesgeduse of its clinical

impact owing to a high risk of myocardial infaretiand death.

The work presented in this thesis has been conducteProfessor

Badimon’s research groupat the “Institut Catala de Cieéncies

XXVII



PREFACE

Cardiovasculars” (ICCC) in Barcelona, a group vatiigh translational
research experience, specifically focusing on thwlewstanding of
mechanisms involved in the initiation, progressamd complication of
atherosclerosis and ischemic diseases. To thiecesihe work of this
thesis has been mainly focused on the characternzat the evolving
composition of human coronary thrombus obtainethf@®TEMI patients
and the identification of thrombus proteins thaarde in relation both
pain-to-PCl elapsed time and in-stent thrombosi potential relevance

in clinical outcome.
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BMI Body mass index

BMS Bare-metal stent

BSA Bovine serum albumin

CABG Coronary artery bypass grafting
CAD Coronary artery disease
cDNA Complementary DNA

CD40L CDA40 ligand
3-[(3-cholamidopropyl)dimethylammonio]-1-

CHAPS propanesulfonate

CHD Coronary artey disease
CK-MB Creatin-Kinase isoform B
COX Cyclooxygenase

CPK Creatine phosphokinase
CRP C-reactive protein

CT Thrombus on native coronary artery
Ccv Coefficient of variation

CvD Cardiovascular disease

Cx Circumflex artery

DALY Disability Adjusted Life Years
DE Distal embolization

XL
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DES Drug-eluting stents

DIGE Difference gel electrophoresis

DTT Dithiothreitol

ECs Endothelial cells

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme Linked ImmunoSorbent Assay
ESC European society of cardiology
ESI Electrospray ionization

eNOS Endothelial nitric oxide synthase
FFAu Unbound free fatty acids

FITC Fluorescein isothiocyanate

FMC First medical contact

GOT Glutamic-oxaloacetic transaminase
GP Glycoprotein

GPT Glutamic-pyruvic transaminase
HBV Hepatitis B virus

HCV Hepatitis C virus

HDL High density lipoproteins

HDL-C High density lipoproteins cholesterol
HIV Human immunodeficiency virus

HMW High molecular weight
HMWK High molecular weight kininogen

HRG Histidine-rich glycoprotein

hs-CRP High sensitivity CRP

Hsp Heat shock protein

H20; Hydrogen peroxide

ICAM-1 Intracellular cell adhesion molecule-1
IEF Isoelectric focusing

IFN-y Interferon-y

ILT Intraluminal thrombus

IL-1B Interleukin-B

XLIV
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V.
IVUS
LAD
LC
LDL
LDL-C
LMW
LVEF
MACE
MALDI
MCP-1
M-CSF
MDD
Ml
MMPs
MPO
MPs
MRI
MS
MS/MS
m/z

NF-kB
NO
NOS

NOX
NSTEMI

Ischaemia modified albumin
Ingenuity pathway analysis
Interquartile range

In stent thrombosis

lon trap

International unit

Intravenous

Intravascular ultrasound

Left anterior descending artery
Liquid chromatography

Low density lipoproteins

Low density lipoprotein cholesterol
Low molecular weight

Left ventricular ejection fraction
Major adverse cardiac events
Matrix-assisted laser desorption/ionization
Monocyte chemotactic protein-1
Macrophage colony-stimulating factor
Minumum detectable dose
Myocardial infarction

Matrix metalloproteases
Myeloperoxidase

Microparticles

Magnetic resonance imaging
Mass spectrometry

Tandem mass spectrometry

Mass-to-charge ratio

Nuclear factor kappa-light-chain-enhancer of attidaB
cells

Nitric oxide

Nitric oxide synthase

Nicotinamide adenine dinucleotide phosphatelase
Non-ST segment elevated myocardial infarctio

XLV
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OCT
OPUS
oxLDL
07
PAI-1
PAPP-A
PARs
PBS
PCI
PDGF
Pfn-1
PFP

pl

PMF
PMNs
pPClI
PRDX-1
PRDX-2
PRP
PSGL-1
PVDF
Q
RBCs
RCA
ROC
ROS
SAP
sCD40L
SD

SDS

SDS-
PAGE

SES

XLVI

Optimal cutting temperature

Orbofiban in Patients with Unstable coronamydsomes
Oxidized LDL

superoxide

Plasminogen activator inhibitor-1
Pregnancy-associated plasma protein-A
Platelet protease-activated receptors
Phosphate buffered saline
Percutaneous coronary intervention
Platelet —derived growth factor

Profilin-1

Platelets free plasma

Isoelectric point
Peptide mass fingerprint
Polymorphonuclear neutrophils
Primary percutaneous coronary intervention
Peroxiredoxin-1

Peroxiredoxin-2

Platelets rich plasma

P-selectin glycoprotein ligand 1
Polyvinylidene difluoride

Quadrupole

Red blood cells , Erithrocytes

Right coronary artery
Receiver-operating characteristic
Reactive oxygen species

Serum amyloid P component

Soluble CD40 ligand

Standard deviation

Sodium Dodecyl Sulphate

Sodium Dodecyl Sulphate - PolyAcrylamide
Electrophoresis

sirolimus-eluting stent

Gel
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SM Smooth muscle

SMC Smooth muscle cells

SOD Superoxide dismutase

STEMI ST-segment elevated myocardial infarction
TAFI Thrombin activable fibrinolysis inhibitor
TF Tissue factor

TG Triglyceride

TGF$ Transforming growth factor beta

TIMI Thrombolysis in Myocardial Infarction
TNF-a Tissue necrosis factos-

nT Troponin T

tPA Tissue plasminogen activator

TOF Time-of-flight

Total-C Total cholesterol
TRAP Thrombin receptor activating peptide
TXA2 Thromboxane A2

UA Unstable angina

uPA Urokinase plasminogen activator
VCAM-1 Vascular cell adhesion molecule-1
VSMC Vascular smooth muscle cells
VWF Von Willebrand factor

wB Whole blood

2-DE Two-dimensional electrophoresis

2-D PAGE Two-dimensional polyacrylamide gel electrophoresis
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1. Cardiovascular disease

Cardiovascular disease (CVD) is currently the momhmon cause of
death globally, (Murray et al., 2012). Accordingtte Global Burden of
Disease Study the 29.6% of all deaths worldwide ¢1%.1 million
deaths) were caused by CVD in 2010, (Nichols et 2014) which
represents more than all communicable, maternahatal and nutritional
disorders combined, and doubles the humber of daathsed by cancers
(Lozano et al., 2012). In addition, it has beeinestied that the number of
deaths caused by CVD will increase to reach 23I4omipeople by the
year 2030 (World Health Organization, 2013).

CVD is also the leading cause of death in Eurdjigure 1). Despite the
recent decrease in mortality rates in many cowtri@éVvD is still
responsible for over 4 million deaths per yearselto half of all deaths in
Europe. Death rates from coronary heart diseaseDjCate generally
higher in Central and Eastern Europe than in Nomth&outhern and
Western Europe. The proportion of all deaths thatadtributable to CVD
Is substantially greater among women (51%) than (&fo) (Nichols et
al 2014).

Moreover, CVD is responsible for 151 million Disltlyi Adjusted Life
Years (DALY), accounting for 10% of the total DAL¥stimated on a
global scale for the year 2008 (World Health Orgation, 2011).

In Spain, according to the report published by Khiaistry of Health,
Social Policies and Equality, CVD is also the maiause of death
accounting for 29% of all-cause mortality. Thisslghtly different from
that observed in Catalonia, where it represent$.492 (Ministerio de
Sanidad Servicios Sociales e Igualdad, 2008).

Of the total cost of CVD in the European Union,uard 54% is due to
health care costs, 24% due to productivity losses 22% due to the

informal care of people with CVD.
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Figure 1. Proportion of all death due to major causs in Europe. Adapted
from (Nichols et al 2014) *No data are available Amdorra
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2. Acute coronary syndrome

Acute coronary syndromes (ACS) are life-threateniogditions which
comprise a group of clinical symptoms associateth wcute myocardial
ischaemia with or without infarction (Badimon et.,aP002). These
conditions are usually the result of a reductiorblimod flow associated
with a coronary artery becoming narrowed or block#dough
atherosclerosis and atherothrombosis. Common phagisagogy of ACS
Is plaque disruption or erosion. There are threesyof ACS, ST-segment
elevated myocardial infarction (STEMI), non-STsegineelevated
myocardial infarction (NSTEMI) and unstable angiaa of which are
diagnosed using electrocardiograms and biomarkers.

Particularly, STEMI is a leading cause of mortality developed
countries. The objective of treatment for a patwwith ACS is to restore
the blood flow to the heart (revascularization) Faatients with the
clinical presentation of STEMI within 12h of symptoonset and with
persistent ST-segment elevation, the European tgodk cardiology
(ESC) Guidelines 2012 recommend that early mechhfRercutaneous
coronary intervention, PCI) or pharmacological rfymion should be
performed as early as possible (Authors/Task Fetcal., 2014; Task
Force on the management of et al., 2012).

Retrospective, a study on nearly 100,000 patieitts STEMI in the US
has revealed that, the improvements in door-twbaltimes (from a
median 83 minutes in 2005-2006 to 67 minutes in 82R009),
apparently is not significantly translated into eduction in in-hospital
mortality (Menees et al., 2013), highlighting tlzetf that door-to-balloon
time constitutes a fraction of the total myocardsthaemia time that
begins at the time of the onset of the symptomseaut$ after successful
reperfusion. In the STEMI guidelines, the concept‘dnor-to balloon

time” was replaced with “first medical contact/FME&-device time”
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(Aggarwal and Menon, 2013). The total ischaemic efinbetween
symptom onset and provision of reperfusion theriagyrobably the most
important factor to improve clinical outcomes. Fais reason, there is an
increasing need for the identification of new biokess for an early
detection of atherothrombotic events such as anyteardial infarction.
The introduction of intracoronary stents greatlgreased the safety and
applicability of PCI. However, in-stent thrombog¢iST), the most feared
complication after stent implantation, has emergedn important entity
to prevent because of its clinical impact owing @ohigh risk of
myocardial infarction and death (Burzotta et aDp2, Claessen et al.,
2014; De Luca et al., 2013).
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3. Atherothrombosis

Atherothrombosis is a systemic arterial diseaségirally involving
mostly the intima of large- and medium-sized systeanteries such as
carotid, aorta, coronary, and peripheral arte¢kerothrombosis occurs
when a thrombus forms superposed on a disruptedudace-eroded
atherosclerotic plaque. The most common event drigg
atherothrombosis is the rupture of unstable plagb®&$£5%) (Sakakura et
al., 2013) leading to direct contact between tlainminal blood and the
lipid rich core (Badimon et al., 2002; Fuster et &005). In addition,
eroded plaques, that present small or absent dipid, may also lead to
occlusive thrombosis (30-35%) (Fuster et al., 2@¥kakura et al., 2013).
Atherothrombosis is clinically manifested as comgndeart disease
(myocardial infarction and angina), peripheral @atalisease and cerebral
ischaemia (Leys, 2001; Viles-Gonzalez et al., 20@Bjgure 2).
Atherosclerosis, mechanism underlying atherothraishds a systemic
disease that starts early in childhood and progeessymptomatically
through the adult life until dramatically changets icourse when
complicated by thrombosis. Atherosclerosis is cotigrized by the
progressive accumulation of lipids, cells and otb&od components
within the wall of medium and large-sized arterfé¢ges-Gonzalez et al.,
2004). This process can be summarized in diffepdatses, from early
lesions to plaque rupture. In the early phases taetlal dysfunction,
cholesterol transport, innate and adaptive immumspanse and
calcification mechanisms. , play an important rdf@r the advanced
phases, remodeling, vasa vasorum neovascularizamohmechanisms of

plague rupture are key steps.
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Figure 2. Clinical manifestation of atherothromboss Adapted from Vile-
Gonzalez et al (2004)

3.1. Pathophysiology of atherothrombosis

3.1.1 Initiation and progression of atherosclerotidesion

The earliest changes that precede the formatiathafrosclerotic lesions
take place in the vascular endothelium. Endothekdls (ECs) modulate
their functional capacity in response to differstimuli and modify its

functional status to contribute to the homeostagishe vascular wall

(Michiels, 2003).

Under physiological conditions, endothelial celte gesistant to adhesion
and aggregation of inflammatory cells and platelptemote fibrinolysis

and control vascular tone. These antiatherogeropgsties are mainly
driven by the endothelial nitric oxide synthase @3y enzyme (Loscalzo,
2001). Nitric oxide (NO) synthesis and release emy platelet

activation, induces vasodilatation and blocks thkpre&ssion of nuclear-
factor kappa B (NReB) -regulated genes. NEB comprises a family of
redox-sensitive transcription factors recognizedcascal regulators of

the expression of many proinflammatory genes, aglthose encoding
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for adhesion molecules [vascular cell adhesion ocuéel (VCAM-1),
intercellular cell adhesion molecule-1 (ICAM- 1) danE-selectin],
chemokines, cytokines, and enzymes producing imflatary mediators,
such as cyclooxygenase (COX)-2. Under pathologicalitions, such as
risk factors and mechanical injury, the endotheliubecomes
dysfunctional which is characterized by decreas&d dynthesis, thus
facilitating vessel wall entry and oxidation of aitating lipoproteins,
monocyte internalization, smooth cell proliferatiand extracellular
matrix deposition, finally leading to a prothromigostate within the
vessel lumen (Ignarro and Napoli, 2004; Voetscil.e2004).

Early lesions are calledatty streaksand consist in subendothelial
accumulation of low density lipoproteins (LDL) andfiltration of

immune cells, such as macrophages, T cells andeabs(Figure 3)

Initial lesion Progression Advanced lesion

Coagulation Thrombus
T-Lymphocytes Platelets (9]

Monocytes

Adventtia

Figure 3. Atherosclerotic plaque formation. ECs, endothelial cells; VSMC,
vascular smooth muscle cells, LDL, low density ppateins; M-CSF,
macrophage colony-stimulating factor; MCP-I, mortecghemotactic protein-1;
PDGF, platelet-derived growth factor; T@F+tranforming growth factor beta;
VWF, von Willebrand factor. Adapted from Badimondt al., (2009).
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Intravascular lipid accumulation is increased wh#re levels of
circulating LDL are elevated. LDL penetrate throughe arterial
endothelium into the intima, there the interactwith proteoglycans
favours their retention in the vessel wall (Borerale 1998). Once in the
subendothelial space, LDL suffer modifications {tation, aggregation,
glycation) and become more atherogenic, triggeangascade of pro-
inflammatory processes, which contribute to theuidment of monocytes
and T-lymphocytes into the vessel wall. It has beported that adhesion
molecules such as ICAM-1, VCAM-1, P-selectin, Eestih (Collins et
al., 2000; Dong et al., 1998; Nakashima et al.,8)%%e important for
adhesion of leukocytes and monocytes to endothelpnomoting their
migration into the subendothelial space. Furtheemtbre presence of
molecules such as macrophage colony-stimulatingofa¢gM-CSF)
contributes to monocyte differentiation to macragds increasing their
expression of scavenger receptors that will allbent to uptake greater
amounts of lipids, transforming into foam cells (fathoor et al., 2002).
Activated macrophages, T-cells and ECs continueasshg growth-
regulatory molecules and cytokines that contritotéhe progression of

atherosclerosis.

The progression of the lesion involves the migraid vascular smooth
muscle cells (VSMC) from the media layer to thennat layer and their
proliferation in response to mediators such asefg@aterived growth
factor (PDGF). VSMC produce extracellular matrixeCM)

macromolecules such as collagen, elastin and miytsans and form a
fibrous cap that covers the plaque (Katsuda and, R&03). VSMC
phenotype and ECM composition are key determindots plaque
progression. Moreover VSMC and macrophages withénatherosclerotic
intima internalize modified LDL evolving into foargells that will

contribute to the evolution of the plaque and thnfation of the necrotic
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core, a key process in the progression of the aslctarotic plaques and
their evolution to unstable plaques with high r@$krupture (Ross, 1999;
Virmani et al., 2000)(Figure 4).
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Figure 4. Determinants of plaque vulnerability Adapted from Fuster et al
(2005).
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3.1.2 Complication of advanced lesion

The main complications of atherosclerosis are thogesed by the
formation of an occlusive thrombus as a consequehpé&que rupture or
erosion (Badimon et al., 2009), when the sub-erdiailspace containing
tissue factor, collagen, and von Wilembrand fa¢@WF) or the plaque’s
necrotic core are exposed to blood components gL @§00). Thrombi
formed can interrupt blood flow locally or emboliaed lodge in distal
arteries (Libby et al., 2011).

Mayor components of atherothrombotic plagues areohhnective tissue
extracellular matrix, including collagen, proteazays, and fibronectin

elastic fibers; 2) crystalline cholesterol, chabegt esters, and
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phospholipids; 3) cells such as monocyte-derivedcroghages, T-
lymphocytes, and smooth-muscle cells; and 4) thoirmbmaterial with
platelets and fibrin deposition. These above desdricomponents vary in
proportion among different plaques, thus giving fis a heterogeneity or
spectrum of lesions with different pathophysiol@dipatterns. Plaques
susceptible to erosiomre those with loss and/or dysfunction of the
luminal endothelial cells. There is usually no diddial defect or gap in
the plaque, which is often rich in smooth muscléscnd proteoglycans.
Plaques susceptible to rupture (vulnerable plaqiegjure 4) are
characterized by a thin and collagen-poor fibrays with few VSMC and
abundant macrophages. High content of extra- atrd-gellular lipid
deposits are also associated with a high-risk dfierability to rupture
(Badimon et al., 2009). Activated macrophagesgliscand mast cells
present at lesion sites produce several types ofeaules (i.e.
inflammatory cytokines, proteases, coagulationdiastfree radicals, and
vasoactive molecules) that can contribute to ddstabthe plague by
affecting the formation of a stable fibrous caplded, collagen synthesis
inhibition due to pro-inflammatory cytokines suchiaterferony (IFN-y)
as well as degradation of ECM components by théeplhytic activity of
matrix metalloproteases (MMPSs) and cysteine pretease key events in
the destabilization of plaques. Besides, it cad teehemorrhage from the
vasa vasorumesulting in thrombus formation (Libby, 2002; Ls1s2000).
In addition, the combination of pro-inflammatory takines, such as
interleukin-38 (IL-1p), tissue necrosis factor{TNF-o), and IFNy induce
apoptosis of VSMC promoting plaque rupture (RudganA., 2007)
(Figure 3) Platelets also play a fundamental role in bothftinmation of
the atheromatous plaque and the thrombotic procesglting in the
clinical presentation of acute atherothromboticresefollowing plaque

rupture.

10



INTRODUCTION

3.2. Risk factors

Atherothrombosis is considered a dynamic, progvesand multifactorial
disease, which develops as a consequence of theagtibn between
genetic and environmental factors. These condittmascalled risk factors
and while some of them can be controlled, treatednodified (e.qg.
hypercholesterolemia, hypertension, obesity, etathers such as age,
gender and family history cannot be modified (Worldealth
Organization, 2011 (Figure 5).

| Atherothrombosis Risk Factors |

| Non-modifiable | | Modifiable |
Age Obesity
Gender Smoking
Family history Sedentarism
Ethnicorigin Hypertension

Diabetes mellitus
Hypercholesterolemia

Figure 5. Major risk factors for atherothrombosis.

Among the main modifiable risk factors, we find:

Hypercholesterolemia: several studies, including EBRHEART (Yusuf

et al., 2004), have reported a strong associat@wden the advent of
cardiovascular events and hypercholesterolemiacisfy high levels of
low density lipoprotein cholesterol (LDL-C), indiiag that it can be
considered as a major cause of vascular damage remddeling
(Badimon et al.,, 2009). Indeed, high levels of ltotholesterol
(>200mg/dl), low-density lipoprotein cholesterol 130mg/dl) and

triglycerides (>150mg/dl) increase the risk of ledisease and stroke,

11
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causing approximately 2.6 million deaths (4.5% atht deaths) (World
Health Organization, 2009).

Hypertension: is considered as one of the most itapb causes of
premature death. Blood pressure levels have bemmnsto be positively
and progressively related to the risk of stroke eobnary heart disease
(Lawes et al., 2008).

Smoking: a large number of epidemiological, clihigad laboratory
studies have demonstrated that smoking causes Ulaetffiécts on the
heart and blood vessels, where it contributes tioénelial dysfunction, an
early key event in atherogenesis (Leone, 2003).kBrgds estimated to
cause nearly 9% of all CVD (World Health Organiaati2009).

Obesity: is a growing health problem worldwideisltstrongly related to
other major cardiovascular risk factors such asshwmsion, high blood
cholesterol and triglycerides levels and insulirsis@nce. Risk of
cardiovascular disease and type 2 diabetes in@esteadily with an
increasing body mass index (BMI, a measure of waigllative to height)
(Kumanyika et al., 2008).

12
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4. Arterial Thrombosis

Arterial thrombi that develop at site of plaque ttup or erosion are
dynamic and evolve in stage. When the thin fibroap is disrupted,
collagen and tissue factor (TF) become exposetbtairfg blood, which

triggers the accumulation and activation of plagelend converts
fibrinogen to fibrin, thereby initiating thrombusrfmation. Thrombus in
acute atherothrombotic events can be either pgrtiaf completely

occlusive. The former is primarily composed of elat aggregates, and
the latter of platelet aggregates and a fibrin-gtdt that is generated by
the coagulation cascade. The presence of thosmbimmay block blood

flow and reduce oxygen supply (ischaemia) in théecééd arteries,

resulting in the clinical manifestations of ath&rombotic diseases
(Yunoki et al., 2013).

In rare cases, ACS may have a non-atheroscleretiolagy such as
arteritis, trauma, dissection, thromboembolism, gemital anomaly,

cocaine abuse or complication of cardiac cathetBom (Fuster et al.,
2005).

4.1. Cellular components of the thrombi

Although fibrin forms the core matrix of thrombheir structure also
depends on the cellular elements embedded in thveorie Platelets are
essential in the initial stages of thrombus foromatiThey adhere and
aggregate at sites of blood vessel wall injury H#reh serve as a surface
for coagulation reactions, which determine thelfsteucture of the fibrin
clot. Leukocytes form mixed aggregates with plagebend thus influence
the structure of thrombi. After activation they ia#e different proteases
(elastase, cathepsin G, and matrix metalloprotes)abat further enhance

von Willebrand factor-dependent platelet adhesWnlfner, 2008).

13
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4.1.1 Platelets

The first step in thrombus formation involves pletedhesion, activation
and aggregatior(Figure 6). Platelets roll, adhere, and spread on the
subendothelial collagen matrix to form an activaptatelet monolayer.
During the rolling phase, adhesion is mediatednibgraction between the
glycoprotein (GP) Ib/V/IX receptor complexes on fiatelet surface with
VWF and between the GP VI and GP la proteins witlagen at sites of
vascular injury (Savage et al.,, 1996). These iotemas lead to the
adhesion of flowing platelets to the extracellutaatrix, thereby enabling
the binding to the collagen receptor. Interactmtween vVWF and GP
Ib/V/IX is required for the initial adhesion of pédets to the
subendothelium under conditions of high shear siscim arterioles of the
normal circulation or large arteries with patholmdilumen restrictions.
Binding of platelet GPVI to collagen plays a cehtrale in platelet
activation through multiple intra cytoplasmic patys (i.e., elevation of
intracellular Ca2+, phosphoinositide metabolism,ogghorylation of
cytoplasmic and nuclear proteins). Platelets becastevated after the
initial tethering, which allows their irreversibldhesion to the surface
and the binding of plasma vWF and fibrinogen to iheegrin allbp3
(Ruggeri et al., 1999; Savage et al., 2QFlgure 6).

The increase in the concentration of free calciesults in a number of
structural and functional changes of the plate\trphologically, the
platelet changes dramatically from a disc to aysgphere. The granules
in the platelet are centralized and their contemés discharged into the
lumen of the open canicular system, from which they released to the
exterior. Long membrane projections brought aboutabshape-change
reaction allow platelets to interact to form aggteg. Shape change is
mediated by the platelet cytoskeleton, composedrbgrganized network

of microtubules and actin filaments and a numbeassociated proteins,

14
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linked to a variety of platelet signaling moleculgtartwig, 1992). Thus

platelet shape change results in extensive reagton of the

cytoskeleton network, polymerization of actin, amgosin light chain

phosphorylation; these responses vary in a timd-stimulus-dependent
manner (Daniel et al., 1984; Mannucci and Shar@719Secretion of

dense and alpha granules, containing several soadgbnists, especially
thromboxane A2 (TXA2), adenosine diphosphate (AQ#)] serotonin,

which cooperatively promote further activation, reétnent of additional

platelets from the circulation and amplificationtbé signal for thrombus
formation (Badimon et al., 2009).

In addition to the synthesis and release of soldgenists, platelets
provide a catalytic surface for the assembly ofgotetion complexes
necessary for thrombin generation. Thrombin is agntire most potent
stimulators of platelets through proteolytic clegwaand activation of
platelet protease-activated receptors (PARSs), fipaity PAR1 and PAR4

on human platelets (Coughlin, 1999; Sambrano g2@01).

A final step is the formation of platelet aggregatEhis event is mediated
by the binding of adhesive proteins to the ligaadeptive form of the
GPIlIb/llla  receptor. The receptive form of GPIIEl also binds

fibrinogen molecules, which form bridges betweejaeent platelets and
facilitate platelet aggregation. Other adhesives Gicluding fibronectin,

VWEF, and vitronectin, also bind to these receptés.a result of these
multiple reactions, platelets become aggregatexarttemostatic plug. P-
selectin induces formation of platelet monocyte raggtes, which can
stimulate the release of inflammatory mediatoratddts interact with
neutrophils through P-selectins afi@ and B3 integrins. In resting
platelets, selectins are stored in the membrane-grinules and upon
activation they are redistributed to the platelerface and initiate
adhesion to leukocytes. Besides capturing neutimplplatelets also

secrete neutrophil and endothelial activators iimdyicproduction of

15
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inflammatory cytokines and release of neutrophidngles including
proteases (serine proteases and matrix metall@sesg (Wohner, 2008).
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Figure 6. Platelet adhesion and aggregatioAdapted from Varga-Szabo et al.
(2008)

4.1.2. Leucocytes

Blood circulating, leukocytes are in a resting, Jadhesive state,
Stimulatory signals mediated by selectins which erposed on the
activated endothelial surface, promote the rolldeukocytes followed
by their adhesion to allow transendothelial mignati

Specifically B2-integrins are the most important players in hiscess.

The major counter-receptors for th@2-integrin isotypes are the
intercellular adhesion molecules (ICAMs). vWf ratsuleukocytes by
mediating both rolling and stable adhesion of tekscIndependently of
their interaction with platelets, leukocytes canmedily bind to vWf

through P-selectin glycoprotein ligand 1 (PSGL-1Eirculating

neutrophils are captured by the selectins presertigd activated

endothelium, which trigger the fusion of secretagsicle membranes

with the plasma membrane and the up-regulation @itrophil p2-

16
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integrins and chemotactic receptors (Pendu e@Dg; Zarbock et al.,
2007).

4.1.3. Red blood cells

Erythrocytes (RBCs) predispose to thrombosis srialy blood viscosity.
A high hematocrit increases the residence timarotikating platelets and
coagulation factors near the activated endothelithmreby increasing
their collision with the vessel wall (Goldsmith &t, 1995). RBCs also
have a chemical signaling role in hemostasis. Theymote platelet
aggregation and degranulation by releasing ATP &mP. RBCs

contribute to the activation of the coagulationceae by losing their
phospholipid asymmetry and serve as a procoagslafdce (Zwaal and
Schroit, 1997).

Moreover, RBCs influence the structure of the fibmetwork. Thus, fibrin
has larger pores when it is formed in the presaricdherefore, RBCs
may determine the physical properties of fibrifeeting profoundly the

course of its dissolution (Weisel and Litvinov, 300

4.2. Blood coagulation

Activation of the coagulation cascade occurs préynppon vascular

injury. Proteins of the coagulation cascade gelyecaktulate in plasma as
inactive zymogens that are converted to active wlasign factors on the
surface of activated platelets. A fibrin monolay®tthe first circulation-

related response to atherosclerotic plaque damsgggesting a rapid
onset of TF-dependent thrombin formation closeh® damaged vessel
wall (Celi et al., 2003; Mailhac et al., 1994; Mewt al., 1994; Toschi et
al., 1997). TF expression, mainly by endothelidlscand macrophages,
increases in conditions of inflammation or injupgcurring during plaque

destabilization and rupture. TF interacts with déacVlla, forming an
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activating complex which binds and activates factorand factor IX
amplifying the coagulation pathway (Badimon et 4899; Toschi et al.,
1997). The last phase of the coagulation cascadieéria formation by
thrombin. Thrombin interacts with fibrinogen, formgi fibrin and inducing
activation of factors V, VIII and XlI that amplifhe coagulation cascade,
finally leading to clot formation and cross-linkingith factor Xllla.
Thrombin formed during the initial phases of thagualation process is
significantly increased by positive feedback aratgdet activation.

The implication of the extrinsic coagulation patihwia atherosclerosis
has been demonstrated by a large number of stbdiesowadays there is
an emerging body of evidence suggesting the invodrd of intrinsic
coagulation proteins in the etiology of cardiovdacdisease (Siegerink et
al., 2012)FXII modulate fibrin clot structure, inpeEndently of thrombin
generation (Konings et al., 201(Bigure?).

4.3. Spontaneous fibrinolysis

The fibrinolytic system is involved in the lysis ofots and also acts to
restrict thrombus propagation beyond the site ofuryjn as a
counterregulatory mechanism of the coagulationadescThe efficacy of
fibrinolysis is demonstrated by the spontaneousnfapion that occurs in
about 30% of patients with myocardial infarctione{ood et al., 1983)
(Rentrop et al., 1989; Stone et al., 2001)Indeathtsmeous lysis of the
thrombus does occur not only in unstable angina dsb in acute
myocardial infarction (AMI) (Fuster et al., 2005).

Fibrinolysis is activated simultaneously with fitori formation.
Plasminogen is released from the liver to the &atoon and converted to
plasmin (active form) by tissue plasminogen actwv#PA) and urokinase
(uPA) (Abbate et al., 2012). Plasmin has greatyfifor fibrin and,

when incorporated into the clot, degrades fibrim @hereby promotes
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proteolysis of the thrombotic substrate. Howeueistable thrombi, cross-
linking of fibrin masks tPA-binding sites, thus proting fibrin from
degradation. Moreover, tPA and uPA are inhibited gdgsminogen
activator inhibitor-1 (PAI-1) and activated by ppbslipid membrane
components released at sites of vascular injuryaddition, increased
levels of circulatingn2-antiplasmin block plasmin, leading to enhanced
thrombus resistance to proteolysis. Thrombin atdibie fibrinolysis
inhibitor (TAFI) also contributes to the overalldiection in fibrinolysis.
Thrombin may activate TAFI but the rate of actigatis increased by the
thrombin—  thrombomodulin  complex. Once activated, AFT
downregulates fibrinolysis by the removal of C-terah lysines from
fibrin. As a consequence the binding of plasminoged t-PA to the
fibrin clot is inhibited (Foley et al., 2018Figure?).

Intrinsic pathway Extrinsic pathway

—Kininogen/Kallikrein

FXII 41—'FXII3

FVil
FXI —l> FXla
l Vlll Antithrombin Il
FIX ——— F'i‘a F al+ TF (SERPINC1)
FX FXa FX
FXIII (2A2B
Prothrombin —1>Thrombin ( )
(FIn) (Flla) —————— ™ 1‘——>FXIIIb
FXIlla

Fibrinogen Fibrinogen Soluble fibrin

degradation products (mfnomef)
Insoluble fibrin AZAP
(polymer) (SERPINF2)
Plasmi Fibrin clot’ (polymer 5
crossl-link) AZM

PAI-1— tPA, _
I Urokinase

D-dimer

Plasminogen
Vitronectin

Tetranectin

Figure 7. Coagulation and fibrinolytic system
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5. Thrombus composition in native coronary arteries

Coronary thrombosis is a dynamic process that, ddit@n to the
atherosclerotic vessel wall, includes plasma pnstaind blood cells with
a direct influence on its morphology, evolution aedtative resolution.
Thrombosis has been largely studied in model systienvitro or ex vivq
in peripheral vessel and microcirculation gost-mortem(Kramer et al.,
2010; Sartori et al., 2011; Shenkman et al., 204ihur et al., 2004;
Virmani et al., 2006). Nowadays aspiration of ec@ny thrombus at PCI
allows studyingin vivo retrieved samples of ongoing thrombosis in
humans. Up to now, available information is mainbased on
histopathological and immunohistochemical analysisl only in the
recent years other techniques as scanning electrimnoscope and
proteomics tools have been applied (Alonso-Orgad.e2014; Silvain et
al., 2011).

The most accepted classification of coronary thnasnbased on their
composition, have been done using histopatholodg®etiniques which
have allowed to determine the thrombus age (Heesigle Gouveia et al.,
2002; Murakami et al., 1998; Rittersma et al., 200%irombi composed
by alternating layers of platelets mixed with fibend intact granulocytes
and erythrocytes are classified as early thromHdi ¢ky). The Iytic
thrombus (1 to 5 days) present a homogenizatiostrottural elements
and degraded inflammatory cells. The organizedntbies (<5 days) is
composed by a basal in-growth of smooth muscle ¢8IMC) and or EC
with or without accumulated proteoglycan matrix. fglaver, the presence
of activated TF has been detected in coronary thrahSTEMI patients
(Palmerini et al., 2013).

20



INTRODUCTION

5.1. Coronary thrombus composition and ischaemiaitne

Up to now, thrombus age, considered as the timmdrdbetween the
initiations of thrombus formation and the lumen lasmn, has been
related to thrombus composition as mentioned abblavever in the
recent years the time of ischaemia defined asitie from the symptom
onset to clinical intervention (PCI) has been cdedd as a more relevant
parameter in the study of the thrombus composifRetent studies, based
on electron microscopy (Silvain et al., 2011), halown a dynamic
evolution both in fibrin and cell composition ofeththrombi during
STEMI. These results suggest that the time of isgha is a key
determinant in the type of interaction betweentkitembus and the vessel
and, hence, on the progression of the underlyisgwar disease. Studies
based on immunohistological analysis have also atggp the influence
of the ischaemia elapsed time in the platelet cunté the coronary
thrombus showing platelets as the dominant cellpmmant of thrombi in
the early phase of STEMI (Nagata et al., 2004)

However the dynamic evolution of intracoronary thbus growth and
composition in ACS is still poorly known. Up to npthere is a lack of
studies analyzing the protein pattern of coron&nprhbi in relation to
their dynamic evolution.

It is extremely important to elucidate the evolatiof thrombus
composition during the ischaemia to improve pasieptognosis because
in this time-frame the clinical manifestation ae tonsequent myocardial

damage occurs.
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5.2. Coronary thrombus composition and clinical outome

Several studies have investigated the relation dmtw thrombus
composition and patients’ clinical outcome. Eryttyte component in
coronary thrombi has been linked with the presaxaistal embolization
(DE) during PCI(Fokkema et al., 2009) and erythteaych thrombi are
frequently observed in patients with impaired myd@d reperfusion
(Yunoki et al 2012). High neutrophil density in taspirated thrombi has
been associated with impaired coronary microcitauia and left
ventricular dysfunction (Arakawa et al., 2009). thermore the presence
of CD34- positive primitive cells in intracoronamarombi positively
correlates with restenosis (lwata et al., 2010)ddition the presence of
organized thrombus, which showed ingrowth of smaeotiscle cells, is an
independent predictor of long term mortality (Krareeal., 2008).
Recently, Barba and coworkers, using magnetic sesmimaging (MRI)
have reported a correlation between the charatosrisf the thrombi and
the myocardial perfusion status as measured witlsegjinent resolution
in the ECG in STEMI patients after PCI (Barba et2011).

Although association between coronary thrombus @srapt and clinical
outcomes has been investigated, no exhaustive estulave been
performed on the relation between protein compmwsiof the coronary

thrombus and patient’s clinical outcome.
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6. Coronary stent thrombosis

In stent thrombosis (IST) is a rare but usuallyasabphic event, leading
to acute vessel closure, frequently associated @ikelevation MI or
sudden cardiac death (Daemen et al., 2007; Holiras €010).
Thrombosis associated to coronary stenting is dégm@non several
factors related to patient, lesion, and procedusall post-procedural
intervention.

Pathophysiological mechanisms leading to IST ajeactivation of the
extrinsic pathway of the coagulation cascade indulbg exposure of
blood to prothrombotic subendothelial constitue@jsthe characteristics
of the stent struts, and/or polymer material legdim 3) persistent slow
coronary blood flow and low shear stress; 4) inadég| pharmacological
suppression of platelet activation; and 5) the gmes of a systemic
prothrombotic state (Claessen et al.,, 2014). Maimhechanical
mechanisms have been proposed to explain the héghof IST in
STEMI. Stent strut penetration of an underlying rodc core may
augment inflammation and fibrin deposition and ithineointimal
growth, resulting in uncovered stent struts (Cdstaat al., 2004).

Acute, subacute, late and very late IST have beefned as IST
occurring within 24 hours, between 24 h and 30 dagsween 30 days
and one year, and longer than one year from pR&Eperctively (Cutlip et
al., 2007). Very late drug-eluting stents (DES)othbosis is associated
with histopathological signs of inflammation andravascular ultrasound
(IVUS) evidence of vessel remodeling. Compared wather causes of
myocardial infarction (Ml), eosinophilic infiltraseare more common in
thrombi harvested from very late DES thrombosisrtipaarly in
sirolimus-eluting stent (SES), and correlate witle textent of stent

malapposition (Cook and Windecker, 2009).
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Few studies, based mostly on histochemical analgishihira et al.,
2010), have compared native with stent coronargntini suggesting no
differences between both groupdp to now, however, there is a lack of
consistent information on differences in compositibetween stent-

induced and in native coronary arteries formedrttas.

6.1. Predictors of stent thrombosis

Predictors of IST have been studied in registried post hoc analyses
from clinical trials, (van Werkum et al., 2008hd may be categorized
into those related to the (Btent ( hypersensivity to drug coating or
polymer, incomplete endothelialisation, stent degig(2) patient
(diabetes mellitus, high C-reactive protein (CREYels, renal failure,
specific genetic backgroujid(3) lesion characteristics (lesion length,
implantation of multiple stents, small vessel ditang and (4)
procedural intervention (inadequate stent expansion, incomplete stent
apposition, stent deployment in necrotic core) (s et al., 2010).
Despite the numerous possible risk factors, thetnomsnmon and
consistent predictors of stent thrombosis are eariplatelet therapy
discontinuation, extent of coronary disease, arghtsnumber/length
(D'Ascenzo et al., 2013).

6.2. Oxidative stress after coronary artery intervation

Oxidative stress, characterized by an imbalancedsst the generation of
reactive oxygen species (ROS) and the capacity hef intrinsic

antioxidant defense system, has been implicatederdifferent stages of
the pathogenesis of cardiovascular diseases. ROfaruced by various
biological systems, including uncoupling of nitogide synthase (NOS),

nicotinamide adenine dinucleotide phosphate oxidagdOX),
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mitochondrial  uncoupled respiration, xanthine og&la and
cyclooxygenase (Bedard and Krause, 2007; Liu andangu 2008;
Turrens, 2003).

Coronary stent interventions are associated witheased vascular levels
of reactive oxygen species in conjunction with ralte endothelial and
smooth muscle cell function (Juni et al., 2013; Kiadakis et al., 2010).
After bare-metal stent (BMS) deployment, there ecruitment of
inflammatory cells, such as neutrophils. These scgdtoduce ROS,
contributing to the vascular pathological conditi@htani et al., 2006).
Moreover, BMS implantation increases expressionN@X subunits
leading to additional superoxide {Q production. This pathway is
considered to be the main ROS-generating pathwepglaoronary stent
implantation. @™ anions induce VSMC and fibroblast proliferation and
migration, leading to neointimal growth. The prefiiting neointimal cells
produce ROS, leading to more accumulation of teceads that may react
with NO, resulting in decreased NO bioavailabiliyith subsequent
endothelial dysfunction (Chaabane et al., 2013;Hamtakis et al., 2010).
Furthermore, DES are a double-edged sword. On and, lthey prevent
IST by elution of an antiproliferative drug that hibits VSMC
proliferation and migration (Chaabane et al., 2013) the other they
contribute to vascular abnormalities by inductidnRDS in the vessel
wall. Specifically NOX and mitochondria play a fiardental role in the
vascular ROS generation after DES deployment, heptti a reduced NO
bioavailability and endothelial dysfunction (Jabs a., 2008). The
endothelial dysfunction ultimately leads to the elepment of in-stent

thrombosis.
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7. Biomarkers in acute coronary syndromes

The National Institutes of Health define a biomarke “a characteristic
that is objectively measured and evaluated as ditator of normal
biological process and pathogenic process”.

In the past, diagnosis of ACS in the emergency demat was mainly
based on clinical symptoms and electrocardiogragindings, and
markers of tissue damage and necrosis were usedigport clinical
suspicion.

New biomarkers are necessary for a better diagnastli management of
patients that present chest pain. Over the last years, the role of
markers has taken up increasingly more space inlifesthreatening
conditions.

That is the reason why in the recent years, a laogly of research has
focused on the search for biomarkers for earlyatiete of ACS (Kossaify
et al., 2013; Mueller, 2014; Tousoulis et al., 2012

Biomarkers can be classified i@sk stratification biomarkers (screening
for subclinical disease)diagnostic biomarkers (recognizing overt
disease), anghrognostic biomarkers (predicting future disease course,
including recurrence and response to therapy, ammitoring efficacy of
therapy) (Aldous, 2013; Gerszten et al., 2QFlgure 8).

2 C= T 042

INFLAMMATION AND ACUTE RESPONSE A ISCHAEMIA l NECROSIS
CELLULAR STRESS

EARLY PHASE
PLAQUE INSTABILITY

HEMOSTATIC MARKERS

RISK STRATIFICATION BIOMARKERS DIAGNOSTIC BIOMARKERS PROGNOSTIC BIOMARKERS -

Figure 8. Biomarkers in ACS
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Necrosis

Until now the only group of accepted biomarkerstfer diagnosis of ACS
are cardiac troponindDaubert and Jeremias, 2010 troponin T and
| subunits are expressed only in cardiac musclectwiallows these
biomarkers to be highly specific for myocardial @aya. After myocardial
cell death, cardiac troponin levels remain detdetldy days (4—7 days for
subunit | and more than 10-14 days for subuniHbwever, detection of
troponin in the blood could be delayed in myocdrehgury, given that

cellular necrosis typically requires 2—-4 hours &ket place after an
ischemic event (Aldous et al., 2012). Despite tleeetbpment of new
high-sensitivity troponin assays to reduce thesihoéd for early diagnosis
of myocardial infarction (Keller et al., 2009; Makon et al., 2007;
Reichlin et al., 2009), troponin elevation has beketected in several
other condition different from ACS presentation pBuand Alagona,
2008). Therefore, the use of high-sensitive tropsnfor the early
detection of MI has shown controversial results doeits lack of

specificity (Patil et al., 2011).

Another necrosis marker is Creatin-Kinase isoform(@K-MB), an
enzyme that catalyzes the conversion of creatinglosphocreatine
consuming ATP and releasing energy for muscle ectian. For many
years, CK-MB activity was used in the diagnosisMif because of its
early release pattern (2—4 hours after cardiacyhj@iven the prolonged
half-life of CK-MB, current guidelines recommend @G#B mass dosage
in combination with other more specific markersc{sas cardiac troponin
and myoglobin) in the evaluation of patients wittsgected reinfarction
soon after acute Ml or cardiac surgery (Hamm et28l11; Taylor, 2012)
(Table 1).
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Ischaemia

In order to improve the patient clinical outcomesiimportant to make a
diagnosis of myocardial ischaemia in advance, ah@absence, of the
occurrence of irreversible damage (Morrow et @03). As the explicit

goal, only a marker that precedes necrosis andifsethe prevention of
its consequences can meet clinical needs (Morr@k,e2003).

A marker of cardiac ischaemia could also be vakabl distinguishing

acute MI from non-ischaemic causes of myocardiaross that lead to
the increase in cardiac troponins.

The increase in free fatty acids unbound to albufRAu) in the blood

with acute myocardial ischaemia has been evaludtedthe early

identification of cardiac ischaemia (Apple et 2002). FFAu elevations
occur early before the raising of traditional maskef cardiac necrosis
(Kleinfeld et al., 1996) (Kleinfeld et al 2002; Ada et al 2002).

Moreover FFAu has shown more that 90% of sengjtivitthe diagnosis
of myocardial ischemia at admission (Kleinfeld &f 4996; Panteghini,
2004)(Table 1).

Albumin is a plasma protein produced by hepatocytes, ardeisnost
important protein regulating blood pressure andgparting of several
molecules and ions. It has been shown that, dusicufe myocardial
ischemia, the N-terminal site of serum albuminlisrad by free radicals,
reducing its cobalt binding capacity. This reductis the basis of the
albumin cobalt-binding test for laboratory deteration of ischaemia-
modified albumin (Bar-Or et al., 2001; Bar-Or et, &000; Panteghini,
2004). However, increases in IMA can also be oleseduring ischaemia
related to the injury of organs other than myoaardi In addition, a

deletion defect of the N-terminus of albumin hasrbédocumented in a
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non-ischaemic individual that was responsible @tuced cobalt binding
and, consequently, for false-positive test resdltaus, the specificity of
the measurement of IMA for myocardial ischaemiaunexs additional

investigation (Bhagavan et al., 20@Zpble 1).

Hemostatic markers

The most important hemostatic biomarker is D —Dirmaespecific product
of degradation of cross-linked fibrin. It appeassaaresult of the balance
between the ongoing process of thrombus formatiah tae dissolution
that occurs at the site of active plaques in AG&@ding myocardial cell
damage and the release of protein content (Hural.et1985). It is
detectable early and remains elevated for days afteischemic event.
The role of D-dimer in ACS is not totally clear atfetre are controversial
results. Gurfinkel et al. described normal levelsDedimer in patients
with MI (Gurfinkel et al., 1995). In contrast theeee different authors
that have reported significantly higher plasma Bweli concentrations in
patients with ischemia compared with non-ischenaitemts (Bayes-Genis
et al., 2000; Orak et al., 2010). Besides, Led @r@osed D-dimer not
only as a diagnostic biomarker but also as a uselfolcal tool for

predicting complications of Ml (Lee et al., 199Thble 1).

Inflammatory markers

Inflammation plays a key role in the development gmogression of
atherosclerotic lesion (Libby, 2002). Starting frahis concept, many
inflammatory markers have been proposed as ACS aramrtver time.
Among them, C-reactive protein (CRP), myeloperoz@éPO), soluble
CD40 ligand (sCD40L), and white blood cells (WBQ@uat have been
widely studied (Hatmi et al., 2010; Tousoulis et 2012)(Table 1).
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CRP is an acute-phase protein of the innate imnsyseem. The use of
high sensitivity CRP (hs-CRP) assays have demdedtra strong
correlation as an independent risk factor for fatuwardiac events
(Heeschen et al., 2000; Koenig, 2013; Lindahl et2800; Liuzzo et al.,
1994; Morrow et al., 1998). Specifically, CRP le/gb 10mg/L) are
consistent with an increased risk of a cardiovasoevent and may reflect
a silent inflammatory process in patients withotitience of other causes
of inflammation.(Riker et al 2004) Different studies have suggeshed
hs-CRP predicts new coronary events in patients WS and unstable
angina, and risk of restenosis after revasculaozatprocedures,
independently of troponin T (TnT)(Heeschen et 2000; Lindahl et al.,
2000; Morrow et al., 1998).

Furthermore, high levels of hs-CRP have been ds=trias a poor
prognostic factor of long-term cardiovascular outes in STEMI patients

with a long ischaemia time ( > 6 hours) (Kim et 2013)(Table 1).

CD40 ligand (CD40L) is a cellular cytokine expretsey activated

platelets, stimulated lymphocytes, endothelialszedmooth muscle cells,
and macrophages. It is released into the peripleexallation as sCD40L
after being cleaved by proteases. CD40L has a palterole as a

proinflammatory and procoagulant mediator. Theeefor has been

investigated as a prognostic biomarker of atheootiwotic risk. However,

there is still poor evidence for its use in clinipaactice as a diagnostic
biomarker and controversial evidence for its usa psognostic biomarker
(Jefferis et al., 2011; Plaikner et al., 200Bble 1).

MPO is a lysosomal enzyme, released from neutrophiliangies,
monocytes, and some subtypes of tissue macrophBggsnts with ACS

have a reduction in intracellular neutrophil MPQaas both the left and
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right coronary beds, suggesting that widespreatrogwhil activation may
underlie ACS. In a prospective study patients WGBS and elevated
MPO levels had an increase in the risk of deatkllcat 72 hours(Baldus
et al., 2003). In this study MPO levels were ndatexl to TnT, CRP, or
sCD40L, suggesting that MPO provides independenbgrmstic
information distinct from other established bionmak The most
important use of MPO may be early riskatification of patients with
non-ST-elevation MI (NSTEMI)(Armstrong et al., 2Q06Prolonged
ischaemia induces a greater inflammatory respdmese short periods of

ischemia with an increase of MPO (Tanaka et aD52(rable 1).

Another, even simpler and universally available keaof inflammation is
the WBC count. Increases in WBC count have beeoc&ged with the
development of coronary artery disease (CAD), withincreased event
rate in stable CAD, and a higher 30 day mortdlitythe setting of AMI
(Cannon et al., 2001; Mueller et al., 200Bable 1).

However, inflammatory markers are not specific ®€S. Thus any
coexisting chronic disease could modify the basadybinflammatory
level, resulting in very low specificity (Yayan, 28). Because of these
characteristics, all these markers of inflammasbowed no added value
in early stratification of MI. Nevertheless, becausf their sensitivity
these markers have been proposed as prognostsvahdion-monitoring
markers (Rashidinejad et al., 2012).

Plaque instability

Pregnancy-associated plasma protein-A (PAPP-A) izire-binding

metalloproteinase that is produced in the placead, also by vascular

31



INTRODUCTION

endothelial cells and fibroblasts. In ACS patie®®#PP-A has a good
correlation with risk stratification and adverserdiac events, with a
release pattern between 2 and 30 hours after aelhde. An extensive
meta-analysis by Long et al suggested that higheasld of PAPP-A could
indicate a moderate increase in the long-term ridk adverse

cardiovascular outcomes, supporting its furtheesgtigation as a valuable
prognostic predictor in ACS (Long et al., 20{Bable 1).

Monocyte chemotactic protein-1 (MCP-1) is a chemekihat activates
mononuclear phagocytes by promoting leukocyte-dradioim binding

and migration to sites of inflammation. In the OPWSrbofiban in

Patients with Unstable coronary Syndromes) TIMIrd&l, MCP-1 levels

were associated with an increased risk of deathloafter 10 months,
even after adjustment for traditional risk factdveasurement of MCP-1
in the coronary sinus blood of patients with unktabngina has
demonstrated an association between MCP-1 levealstlam extent of
coronary atherosclerosis as assessed by corongrggaam.(Amstrong
2006 ) A direct linear correlation was found betwéschemia time and
MCP-1 production (Tanaka et al., 20@®gable 1).

Cellular stress

MI leads to an oxidative stress situation that eaysotein alteration both
at functional and structural level (Westfall and&Bo, 1992). Heat shock
proteins (Hsp) are molecular chaperones with a nfaimction in
intracellular repair processes (Gething and Sankyr@992; Lindquist
and Craig, 1988). Hsp proteins have a dual funatioole in MI. Thus,
Hsp levels change in response to stress situatiodgor this reason they
can be considered as markers of MI. Moreover, lscaof their

chaperone activity Hsp have a potential value the@peutic tool
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Different authors have described an increase of7BlSp response to
ischaemia state (Benjamin et al., 1990; Knowltoalgt1991). Moreover,
decreased Hsp27 plasma levels have been reportquhtiants with
atherosclerosis, which supports the view of Hspaamarker of this
pathological condition (Martin-Ventura et al., 200 addition, several
studies have related increased Hsp levels with rdiagrotective role
(Donnelly et al., 1992; Marber et al., 1993; Marbetal., 1994)Table 1).

Thus, the variety of biomarkers for ischaemia aiygeardial necrosis are
very useful for recognition of Ml and unstable arai(UA), but have
limited diagnostic value in the early stage of theyndromes. Besides,
there is an increasing need for the identificatidnew biomarkers in
order to obtain tools for an early detection andogposis of

atherothrombotic events such as AMI.
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Group Marker Advantage Disadvantage
Necrosis Troponins High sensitivity/ Irreversible
(T, specificity injury
CK-MB Standardized Low sensitivity/
measurement specificity
Myoglobin High sensitivity Unspecific
Ischaemia FFAu Early detection / high Preliminary
sensitivity results
IMA Early detection Unspecific/
Truncated
forms
Inflammation/ CRP Prognostic and Lack of
Acute diagnostic value threshold
response
WBC Simple and accesible Lack of data in
clinical practice
sCD40L Prognostic and Unspecific
diagnostic value
MPO Post-event risk Overlapping
prediction values
Stress Hsp 70 Cytoprotective role Needs
validation
Hsp 27 Disease evolution Needs
validation
Coagulation D-Dimer Role in Contradictory
coagulation/fibrinolysis results
Plague MCP-1 Role in plaque Overlapping
instability instability values
Coline High sensitivity/ Lack of data in
specificity clinical practice
PAPP-A Early detection Lack of data in
clinical practice

Table 1 Advantage and disadvantage of biomarkers in ACSAdapted
from Vasan (2006)
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8. Proteomic approach for the discovery of new

biomarkers

The “omics” tools are becoming very useful in thscdvery of new
biomarkers; among them, proteomics is playing aiigant role in the
development of new tools in cardiovascular diaghamnd prognosis
(Arab et al.,, 2006). Proteomics differs from “gencsfi in both
complexity and dynamic variability. Thus, the gemoin stable and gives
information about the potential of an organism, ks the proteome is
constantly changing according to the moment-to-nmaniateractions
between the genome and the environméntis important to study
proteins, because they reflect what is happeniriigdrorganism (Tunon et
al., 2010).Humans have 30,000 to 40,000 genes (Venter eR@D]),
however, a singlgene might yield different proteins, due to altéivea
splicing of transcripts and protein post-transiaglochanges. Proteomic
analysis provides a unique opportunity to undecsthe pathophysiology
of disease in a non-biased manner. Therefore, wdgleomic studies
allow risk prediction, proteomics permits the deyshent of candidate
biomarkers for the diagnosis, staging, and trackihdisease (Arab et al.,
2006)

Proteomics is defined as the systematic analysispiafteins for
identification, quantification, post-translatiomabdifications, subcellular
localization, protein-protein interactions, and natic activity
(Aebersold, 2003). The advantage of protein markser conventional
physiological variables is the improvement in bdatpecificity and
sensitivity of disease detection and monitoringhvei concurrent increase
in the information available to the clinician. Reiois are biomarkers but

also molecules directly involved in the pathogeniechanism of the
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disease, thus providing relevant information abitgitseverity, therapy
responsiveness, and prognosis.

Potential markers identified by proteomic approachmist be validated
prior to their routine clinical application. Theggression of a potential
biomarker toward routine clinical use involves thegages: identification,
validation, and application (Edwards et al., 2008).

Proteomic approaches combine protein separatiadmigaees, both gel
and gel-free based methodologies, and protein ifaeton technologies
using mass spectrometry with bottom up or top damproaches (Arab et
al., 2006; Gianazza et al., 2014; Tunon et al.020Figure 9A).

8.1. Bi-dimensional electrophoresis (2-DE)

The main gel-based methodology for protein sepamatis two-
dimensional gel electrophoresis (2-DE) (Gorg et #99; Smith, 2009).
In the first dimension, proteins are separated raoeg to their isoelectric
point (pl) within an immobilized pH gradient, a pess called isoelectric
focusing (IEF). In the second dimension, sodium edgt sulfate
polyacrylamide gel electrophoresis is used to fr#eparate the proteins
according to their molecular mass. The use of these orthogonal
physico-chemical properties of separation leads bagh resolving power
of the technique by allowing the mapping of hundreaf proteins
simultaneously (Schoenhoff et al., 200®)ter staining, (usually with
Coomassie Blue, colloidal silver, or fluorescenteslygels are digitized
and analyzed by dedicated software in order to itgtigkly and
quantitatively determine the proteins with differexpression profiles
between the compared groups. Spots of interestheamnbe easily excised
from the gel in order to be characterized by MS Xbto et al., 2009).

Importantly, 2-DE not only allows the separation pfoteins from
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complex biological samples, (Schoenhoff et al.,90fut it also enables
the visualization of post translational modificasoand isoforms of the
same protein as a shift in their isoelectric p@ntmolecular mass (Seo
and Lee, 2004).

Another gel-based approach is called difference ejekctrophoresis
(DIGE). DIGE is performed by labelling up to threetein samples with
specific fluorescent dyes (such as Cy2, Cy3, anfl) @yior to be run on
the same 2-DE geDifferent samples can be then co-separated in the
same 2-DE gel and co-detected by using the overidieir fluorescent
patterns. An internal standard is used for norratittm (Lilley and
Friedman, 2004jFigure 9A).

8.2. Mass Spectrometry (MS) identification

Mass SpectrometryMS) represents a powerful tool in the developmént o
the proteomics field. MS permits the measuremenhefmass-to-charge
ratio (m/z) of gas-phase ions formed from molecwu®s! provides a
measure of the abundance of each specie (JunghmiufThiede, 1997;
Yates, 2000).

Following separation by 2-DE, proteins of interast excised from the
gel and digested by trypsin (bottom up approachg ®btained peptides
are then subjected to analysis by MS. Another amiras topdown
proteomics where no proteolytic cleavage were pewad before
ionization.

A mass spectrometer consists of three componamisn source amass
analyzer, and adetector. The detector measures the value of an indicator
quantity and thus provides data for calculatingdbandance of each ion
present in the sample. As a result, mass specsuwbtained, which is a

plot of the ion signal as a function of the ratitzrifThomas et al., 2011).
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Commonly used ion sources with solid and liquidldgecal samples
respectively are matrix-assisted laser desorpimmzation-MALDI and
electrospray ionization-ESI (Gianazza et al., 20Zhou and Veenstra,
2008) . MALDI represents a good choice to analyagh hmolecular
weight compounds as proteins. In MALDI, ionizatia® achieved by
mixing the sample with organic compounds that effige to form a
matrix. ESI allows the analysis of a larger ranfienolecules respect to
MALDI (Griffiths and Wang, 2009). This spectrometeaporizes the
sample directly from the liquid phase by electragpiionization or
nebulizer with an electrical field to disperse g@mple (Griffiths et al.,
2001). For this technique, a gel-free liquid chrtogaaphy (LC)
separation step is usually employed before detectio

After ionization, ions are filtered in the mass lgmar depending to their
m/z before detection (Mann et al., 2001). There seweral mass
analyzers, among them, the time-of-flight (TOFE tjuadrupole (Q) and
the quadrupole ion trap (IT) (Gianazza et al., 20&h4e the most
commonly used.

In the TOF analyzer, the peptides are acceleratea ielectrical field and
are sent to a flight tube, at the end of which detector is located. The
particles have all the same charge and their védsalepend only on their
masses. Small molecules fly faster than large ohies.resolution can be
improved using a reflectron that corrects the kmenergy distribution in

the direction of the ion toward the detec{&iigure 9 A-B).
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Figure 9. Schematic representation of principal preeomic approches (A) and
of MALDI TOF/TOF (B)

In order to improve protein identification togethwith the spectra
resulting from the ratio m/z, the peptide massdnpgint (PMF) technique
has been developed. This technique requires thegdytic digestion of
the proteins after separation by 2-DE by specifidaeor exopeptidases
(Table 2) (Courchesne et al., 1997; Staudenmann et al., 199®) most
commonly used enzyme is trypsin. This serine jps#ecleaves in a very
reproducible manner peptide chains at the carbeide¢ of the amino
acids lysine or arginine. The measured peptidesesasre compared with
the theoretical mass obtained with thesilico digestion of the proteins in
databases (Mascot, ProFound) (Griffiths and Wa@§92Peng and Gygi,
2001).

The presence of a protein mixture can significarttymplicate the

analysis and potentially compromise the resultspidal for the PMF
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based protein identification is the requirementaof isolated protein.
Mixtures of proteins typically require the additedruse of tandem MS
(MS/MS) based protein identification to achievefisignt specificity of
identification. A peptide can then be selected laraken up in a collision
chamber. The resulting fragments are sent to thectte, and their
masses are obtained. The sequence of the peptdistasmined by the
analysis of the fragmentation spectrum. These segseare then used for
database searching. Fragmentation spectra are fdieerehighly
informative and can be powerful tools for charaeteg post-translational
modifications and fode novosequencing of unknown proteins (Tunon et
al., 2010).

Shotgun proteomics does not quantify actual prokewel but relies on
peptides to estimate protein abundance. Reliabmtdication is more
readily obtained for high abundant components fdrictv multiple
peptides are detected and accurately quantified. IBav abundant
proteins, reliable quantification can be impossileigpecially in complex
biological samples. Thus, although the gel-freeraqgh is more sensitive
in identifying low abundant proteins, it is not mesarily better for
quantifying proteins in very complex biological gales or tissues
(Didangelos et al., 2009).
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Cleavage Sites and

Digestion Conditions

Trypsin Serine Protease Carboxyl side of arginine
(R) and lysine (K)
Ammonium bicarbonate
buffers (pH 8.0).
1:20 to 1:100 (w/w)
enzyme to protein ratio
Digestion at 37°C for 2
hours to overnight

Endoproteinase Glu-C  Serine Endoproteinase  Carboxyl side of glutamate
(G).
Ammonium bicarbonate
buffers (pH 7.8)
Carboxyl side of glutamine
(G) and asparagine (N)
Phosphate buffers (pH 4.0)
1:20 to 1:100 (w/w)
enzyme to protein ratio
Digestion at 37°C for 2
hours to overnight

Pepsin Digestive Protease Carboxyl side of tyrosine
(Y), tryptophan (W),
phenylalanine (F), and
leucine (L)

Acidic conditions (pH 2-4)
1:50 (w/w) enzyme to
protein ratio

Digestion at 37°C for 6
hours to overnight

Chymotrypsin Digestive Protease Carboxyl side of tyrosine
(Y), phenylalanine (F), and
tryptophan (W) Ammonium
bicarbonate buffers (pH 8)
1:20 to 1:100 (w/w)
enzyme to protein ratio
Digestion at 37°C for 2
hours to overnight

Endoproteinase Arg-C  Sulfhydryl Proteinase Carboxyl side of arginine
(R) residues
Ammonium bicarbionate
buffers (pH 8)
1:10 to 1:20 (w/w) enzyme
to protein ratio
Digestion at 37°C overnight

Table 2Proteases used for protein digestion in mass specinetry.
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9. Background in cardiovascular proteomics

Cardiovascular proteomic studies have two main aifisstly the
association of proteins that might be potentialrapeutic targets for
interventions to a specific function or diseasecddély, the discovery of
novel proteins which are altered in abundance difeisuspecific
modifications in response to disease states andecoently could be
considered as potential biomarkers (Petricoin.e2802).

Proteomic technologies are increasingly being applito identify
biomarkers and therapeutic targets associated titthmbus formation
and the subsequent presentation of a clinical restaifion. These studies
range from the global profiling of whole plasmantore focused analyses
of blood and vascular components including plaseldeukocytes,
erythrocytes, and their microparticles (MPs), adl we atherosclerotic

lesions (Howes et al., 2008).

9.1. Vascular proteomics

Few studies have used proteomic approaches totigasatherosclerotic
lesions. The main obstacle in these studies is the hetesmysn
composition of atherosclerotic plagues (Mayr et 2006; Stary, 1994;
Stary et al., 1994). The first attempts to anallimenan atherosclerotic
lesions by 2-DE were undertaken almost 30 years &gmstnyet al.
(Stastny et al.,, 1986) compared the protein contipasiof human
fibrofatty lesions with lesion-free segments of th@nan aortic intima.
This study suggested that changes in protein coitiosnight occur in
the human aortic intima during the initial stagéatberogenesis.

In addition, the 2-DE profile of coronary arteri@sboth coronary artery
disease patients and healthy controls has beeyzadalDerived from this

study an association between excessive iron staaagea high risk of
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CAD has been reported (You et al., 2003). More ndgede la Cuesta
and colleagues have described 13 differential preta the intimal layer

of human atherosclerotic coronaries using a DIGPpr@gch. These
proteins were implicated in VSMC migration, coaduala, apoptosis, and
heat shock response (de la Cuesta et al., 2011).

An alternative approach in vascular proteomicshescomparison of the

secretome of cultured normal and pathological imdgide la Cuesta et al.,
2012; Martin-Ventura et al., 2004).

To overcome limitations of vessel wall heteroggneiiroteomic studies
of laser capture microdissected section in humaanawy atherosclerotic
areas have been carried out. Based on this methgpdoBagnato and
coworkers have described the first large scaleeproic map of human
coronary atherosclerotic plaques, which includdstal of 806 proteins
mainly involved in vascular remodeling and atheragis (Bagnato et al.,
2007).

However, differential proteomics between diseased mormal vascular
tissues remain a challenge, as a consequence maiintize cellular

heterogenicity of the atherosclerotic lesions.

The most feasible alternative is to use culturespcific cell types. To
this respect studies based on differential proteopaitterns in cultured
endothelial cells (EC) (Bruneel et al., 2003; Pyalket al., 2009; Scheurer
et al., 2004) and smooth muscle cells (SMC) (Dupdrat., 2005; Garcia-
Arguinzonis et al., 2010; Mayr et al., 2004) ingesse to cardiovascular
risk factors have been largely performed in themégears.

A mayor limitation in these studies is the lack pzfracrine interaction

between different cells types a key process inratizéerosis.
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9.2. Plasma/serum proteomics

The human plasma/serum proteome holds the pronhiaer@volution in
disease diagnosis and therapeutic monitoring. Ri&smrum is not only
the primary clinical specimen but also represen¢slargest and deepest
version of the human proteome present in any sarfdesma/serum has
an extraordinary dynamic range with more than i of magnitude of
concentration between the abundance of albumintlaadarest proteins
now measured in the clinical practice (Andersoal e2004).

Several studies have demonstrated changes in asenalserum levels of
biomarkers related to inflammation, platelet adiowa coagulation,
myocyte necrosis, and plaque rupture in patients wCS (Badimon et
al., 2012; Donahue et al., 2006).

Plasma/serum is a very rich source for biomarkscaliery. However,
because of its great complexity it must be subtivaated prior to
proteomic analysis. Therefore analysis of plasmarsesamples by 2-DE
requires removal of the high abundance proteinga @sevious step to
obtain consistent results. However, there areiestuthat have used
undepleted plasma samples for proteomics studieteel, plasma of
healthy individuals and those undergoing UA andidr have been
compared using 2-DE/MALDI-MS (Mateos-Caceres ef 2004). This
study reported differential expression levels oédfic al-antitrypsin,
apolipoprotein A1l and fibrinogepchain isoforms between the analyzed
groups; whereas other work (Marshall et al., 2088%0d on MALDI-TOF
spectral analyses of plasma peptides revealedfiiratopeptide A and
complement C3f peptides have a characteristic sgdepattern in M.
Other comparative study of plasma (albumin- and-dg@leted) profiles
between subjects with and without CAD has iderdiSeveral differential
proteins, including fibrinogen-chain, collagerw3 and complement C1
and C5a (Donahue et al., 2006). In more recentegudasing 2-DE and
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mass-spectrometry (MALDI-TOF/TOF), Cubedo et al.algped the

serum proteome of patients with AMI, and their fesurevealed

significant changes in the ApoJ proteomic profdlele to a differential

glycosylation pattern, within the first 6 hourseafthe onset of the event
(Cubedo et al.,, 2011). Expanding this findings CQldb@nd coworkers
have demonstrated a coordinated decrease in imnu@sponse

inflammation-related proteins, and an increase énurs amyloid P

component (SAP) related to the activation of thessical complement
pathway, in the late post-AMI (Cubedo et al., 2013)

9.3. Thrombus proteomics

Thrombus is a complex sample to analyze becausts tieterogeneous
composition. For this reason, most of the protecstudies are conducted
on isolated components of the thrombus or using dberetome of

thrombus samples.

Thus, proteomic studies have been largely applieglatelets (Lopez-
Farre et al.,, 2011; Pena et al., 2011; Senzel et2809), and in

particularly on activated platelets in comparisdthwesting ones. Global
proteomic analyses of thrombin receptor activatipgptide (TRAP)

stimulated platelets have identified 62 differelhtiadegulated proteins
following platelet activation (Garcia et al., 2004jore focused studies
have been carried out on the tyrosine phosphopraeoof platelets
activated with collagen-related peptide and thron{arcia et al., 2006).
In order to point out proteins potentially relevamthrombus formation,

proteomic approaches have also been used to stheyldood cells such
as leucocytes, both mononuclear (Rosengren éQfl5)and granulocytes
(Lominadze et al., 2005; Yoon et al., 2005) In jgatar the proteomic

study on polymorphonuclear neutrophils (PMNs) itadafrom patients

with abdominal aortic aneurysm (AAA) has revealedeareased catalase
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expression in PMNs highlighting the important rofehe oxidative stress
in AAA evolution and intraluminal thrombus (ILT) fmation (Ramos-
Mozo et al., 2011). Red blood cells are also dyaotolved in thrombus
formation (Yunoki et al., 2012) (Yunoki et al 2012¥5lobal red blood
cells proteome profiling has been performed usi@gMLS/MS, providing
the identification of 181 proteins, including sealemembers of the globin
family (Goodman et al., 2007; Kakhniashvili et 2004).

An alternative approach is the analysis of thentios secretome. These
studies, mainly performed in ILT revealed an assiomi between
peroxiredoxin-1 (PRDX-1) (Martinez-Pinna et al. 12}, thombospondin-
1 and clusterin (Moxon et al., 2011) identified the thrombus
conditioned medium and the pathogenesis of AAA.

Recently, Alonso-Orgaz and coworkers (Alonso-Orghal., 2014) have
applied several proteomic approaches in an attémpmtbtain a global
view of the thrombus proteomic profile. Althougheyhidentified 708
proteins, they did not investigate the clinicalekgince of the identified

proteins in the thrombus formation process
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10. Concluding remarks and unresolved issues

Atherothrombosis is a systemic multifactorial dseshat occurs when a
thrombus forms superposed on a disrupted or sudamed
atherosclerotic plaque leading to the clinical preation of acute
coronary syndromes. Atherothrombosis is a dynammcgss that, in
addition to the atherosclerotic vessel wall, inesiyplasma proteins and
blood cells with a direct influence on its morphplo evolution, and
tentative resolution. The mechanisms of thrombusddion on disrupted
and eroded atherosclerotic plagques have been thecswf substantial
investigation. At the site of plaque disruptionatplets deposit and form
aggregates that anchor the newly formed stablenfibetworks. In
addition to platelet deposition in the injured ardee clotting mechanism
Is activated by the exposure of the de-endotheédlivascular surface.
The implication of the tissue factor (TF)-dependexirinsic coagulation
pathway in atherosclerosis has been widely studiemlvadays there is
also an emerging body of evidence suggesting thehiament of intrinsic
coagulation proteins in the etiology of cardiovdacdisease.
Nevertheless, the composition of the occluding ribyos, its changes in
function of the elapsed time of ischaemia andhitsraction and cross-talk
with the other cells is not fully known. Therefoprpfiling intracoronary
thrombus cellular and soluble proteins may be ategy to identify novel
factors in thrombosis.

Even though stent implantation has largely improtregclinical outcome
of ACS patients, concerns still remain regarding tisk of IST and the
high mortality rate associated. The cellular thrasmtxomposition has
been associated with redox imbalance in diseasediartissues and
oxidative stress has been linked to an impairedcanal reperfusion in
STEMI patients. However, until now, there are nmgistent studies

comparing the proteomic composition of in-stentothbus with those

47



INTRODUCTION

formed in native coronary arteries, making unctearpotential molecular
pathways linking the high rate of mortality in ISand thrombus

composition.
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HYPOTHESIS AND AIMS

Plasma proteins and blood cells, in addition tosgksvall components,
influence thrombus morphology and its eventual Itggem. Recent

evidences suggest that thrombus-age is an indepepodsdictor of long-

term mortality in STEMI patients and that the mbityadue to in-stent

thrombosis is significantly higher compared withrtabty due to a native

thrombus. Nevertheless, the composition of theuntioh thrombus, its

changes with time of evolution and its interactiamd cross-talk with

other blood cell types and with the triggering dtdis is not fully known.

Therefore, profiling intracoronary thrombus progemay be a strategy to
identify novel factors in thrombosis.

Thehypothesisof this study is that

“Coronary thrombus formation is a dynamic process ntegrating both
cellular and protein components on various proportbns that would
contribute to its stability and characteristics. The thrombus
composition would change in function of the time ofschemia or time
of evolution, rendering different clinical conditions and myocardial

function damage.”
The specifimbjectivesproposed to prove this hypothesis were:

1. Characterize the evolving cellular and protein cosion of human
coronary thrombus obtained from patients with STHMielation to

pain-to-PCI elapsed time.

2. ldentify serum/plasma proteins with a potential evaince as

biomarkers of occlusive thrombus-age and patigmtsynosis.
3. Characterize the composition of thrombi growingargtents.

4. Investigate the coordinated changes in coagulaBtated proteins
and the fibrinogen distribution profile in evolvingpronary thrombi

obtained from patients with STEMI.
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MATERIALS AND METHODS

1. Study design

Dynamic changes in structure and composition obrary thrombi as a
function of the ischaemia time were investigategraitein and cellular
level. To this aim occlusive coronary thrombi offglient age, defined by
pain to PCl-elapsed time, were obtained by aspimdtiom patients with
ST segment elevation myocardial infarction and abti@rized by a
differential proteomic approach and advanced aallumicroscopy.

Protein markers of the occlusive thrombus age haea also investigated
in the peripheral circulation to determine theirtgmtial value as
biomarkers of the onset of pain to PCIl elapsed timeSTEMI.

Additionally, the differential protein signature af-stent thrombus in
comparison to acute occlusive thrombi in nativeonary arteries was

investigatedigure 10).
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Figure 10. Schematic experimental design.

55



MATERIALS AND METHODS

2. Study population

The present thesis includes studies performed IBEMBTpatients with
occlusive thrombosis in native coronary arteriesafter stenting. A
written informed consent was obtained from all ipgyaints prior to the
studies. All study protocols were approved by tbeesponding Ethical
Committee of the hospital in charge of the clinisildy and were
conducted according to good clinical practice amdhie Declaration of
Helsinki for studies using human subjects.

STEMI patients undergoing PCI and thrombus aspinatvere intervened
at the Cardiology Department of Hospital Sant FBar¢elona) (Group 1);
a second group were treated at the Cardiology Dmpat of Hospital
Puerta de Hierro (Madrid) (Group 2). In additiong@up of STEMI-
patients with an acute new-onset myocardial infanct&rriving to the
emergency room of Hospital Sant Pau (Group 3) weskided. Control

groups of healthy donors were included for compaggiurposes.

Group 1: STEMI-patients admitted at the Cardioldggpartment of

Hospital Sant Pau

A group of 86 STEMI patients undergoing PCIl was luded.

Percutaneous coronary intervention was performedordng to

guidelines.

A loading dose of clopidogrel of 600 mg and maiatese of 75 mg/day
were administered. Aspirin was administered as & 189 loading dose
followed by 100 mg /day. All the patients receivatl dose of i.v. heparin
before PCI (1 mg/kg) or 0.7 mg/kg in those patiemiso received
abciximab. Dosages of GPIIb/ llla were a bolus &¥f50mg/kg i.v. and
0.125 mg/kg/min infusion (maximum 10 mg/min) for AGurs.
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To investigate the effect of onset-of-pain-to-Pi@ie& on the composition
of STEMI thrombus, two groups were selecte8lhours onset-of-pain-to-
PCI (T3 group, n = 33) and >6 hours onset-of-paiRCI (T6 group, n =
32). The range time between 3 and 6 hours was @dlin the initial
stage of the study in order to clearly differemtibetween early (<3h) and
late (>6h) phases of ischemia. Clinical charadiessof STEMI patients
are provided inTable 3. In the validation phase STEMI patients in the
range between 3 and 6 hours (T3-6 group, n = 2d)aacontrol group of
28 subjects without any cardiovascular event befe@uitment were
included.
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T3 6
mn=33) (m=32)
Paszt medical History of (%)
PCT 9
CABG 3
Penpharal vasculopathy a ]
Time delay in minutes (median [TQR])
Syvmptom onset to medical contart 24 [15-44] 272 [100-455]
Hospital admiszion to PCI TE[45-103] 310 [263-T44]
Symptom onset fo PCI 110 [54-150] 615 [449-823]
Clinical prezentation
Eillip {mean= 3DV 13303 14370 %
TIMI flow grade (mean”20 0.3z0.% 0.7z
Infarct-related artery (o)
LAD fd 66
RCA 87 66
Cx 4 2
Antitrombotic treatment (%4)
AZA 100 51
Clopidogrel 32 68
Haparn 100 100
GrplIk Tl inhubitor 35 7
Eeperfusion (%a)
T flowr grade 3 bafore PCI ] 13
TINI flow grade 3 after PCI 23 30

ASA = acetylsalicylic acid; CABG = coronary artelpypass grafting; Cx = circumflex
artery; LAD = left anterior descending artery; Ppercutaneous coronary intervention;
RCA = right coronary artery; TIMI = thrombolysis Myocardial Infarction

Table 3. Clinical characteristic of STEMI-patients(Group 1)
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Group 2: STEMI-patients admitted at the Cardioldggpartment of

Hospital Puerta de hierro

The study population comprised a group of 19 p&iemmitted with ST-
elevation myocardial infarction undergoing PCl ass@d with
thromboaspiration followed by stent implantationin®l patients were
intervened by PCIl because of in-stent thrombus )(I&Td ten because of
thrombus formation on native coronary arteries (CT)

Both groups were matched for age, gender, cardiolasrisk factors and
biochemical parameteréTable 4). Similarly, pharmacological treatments
have been also taken into account when possibkdihg dose of clopidogrel
and aspirin was 600 and 300 mg respectively. Ratimcluded after 2011
received a loading dose of 60 mg of prasugrel aamht@nance of 10mg/day.
All the patients received heparin before PCI (5000and 1000 U every 30
minutes during the procedure. Dosages of GPIIbMNkre a bolus of 180
png/kg i.v. and 2 pg/kg /min infusion for 12 h.
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CT IST p-value
(n=10) @=09)
Age 66=15 6110 ns
Male (%) 80 78 ns
Risk factors (%)
Active smoker 30 33 ns
Diabetes 10 11 ns
Hypertension 50 56 ns
Dyslipemia 60 56 ns
Ischemia time
Symptom onset to PCI (min) 255+137 334180 ns
Biomarkers on admission
Troponin I (ug/L) 72145 218+204 ns
CPK (U/L) 17981117 3716x45 ns
CRP (mg/L) 12483 78+109 p=0.05
Previous treatment (%)
Statin 50 100 p=0.01
Anti-HT 70 100 ns
GPIIb/IIIa antagonist (%) 90 89 ns
Reperfusion assessment (%)
TIMI flow grade 3 before PCI 0 0 ns
TIMI flow grade 3 after PCI 80 89 ns

Anti-HT=antihypertensive; CPK = creatine phosphalsie; CRP= C-reactive protein; PCI
= percutaneous coronary intervention; TIMI = thrantylsis in Myocardial Infarction (0=
no perfusion, 1= penetration without perfusion p2etial reperfusion, 3= complete

reperfusion).

Table 4. Background description and clinical charateristics of STEMI-

patients (Group 2)
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Group 3: STEMI-patients admitted at the Emergeraynr of Hospital

Sant Pau

The study was performed in a group of patients §8th an acute new-
onset myocardial infarction (AMI) arriving to thertergency Room and a
control group of 60 healthy individuals who attedder a routine health
check. Characteristics of AMI and control groups antlined inTable 5
AMI patients were admitted with chest pain and saggd of ACS at the
Hospital Sant PauExclusion criteria were a previous documented or
suspected myocardial infarction and antithrombtgatment because of
the AMI onset before arriving to the emergency raamd time of the first
blood collection. None of the patients includedthie study were under
anti-inflammatory treatment. Patients includedhe study did not present
further co-morbidities such as cancer, chronicdtibms (HIV, HCV and

HBV), autoimmune diseases or thyroid hormones diar.
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GOT = Glutamic-oxaloacetic transaminase; GPT =&hit-pyruvic transaminase; LVEF

AMI-patient Controls
(n=38) (n=60)
Age 6112 62E8
Females / Males (IV) 10/28 15745
Total-C (mg/dL) 213 £ 31 216142
HDL-C (mg/dL) 45 +11 40+14
LDL-C {mg/dL) 135+ 46 142 +37
TG (mg/dL) 184 £74 120+ 24
Creatinine (pmolL) 112+ 38 81+19
GOT (UL) 76 54 21x5
GPT (UL) 39£17 22+11
CEP-peak (mg/L) * 69 £32 -
Troponin-T (ugzl) 0 -
peak levels at 12+ 1h* Tot64 -
Necrosis (g) 1941459 -
Killip class (%0)
I 87 -
I 10 -
II - -
IV 3 -
LVEF (%) 5612 -

= Left ventricular ejection fraction; * Highest was after admission.

Table 5. Clinical characteristics of AMI-patients Group 3) and control

subjects.
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3. Sample collection

3.1. Thrombi samples

Thrombi were collected during Percutaneous Corotragyvention (PCI).
All thrombi were routinely macroscopically estiméte appearance for
size and color. Thrombi were collected in one orrensegments.
Aspirated thrombi were immediately washed to elmenattached red
blood cells and weighted. Samples were snap-frexehstored at -80°C
until analysis, or fixed in 4% paraformaldehyde,beaided in optimal
cutting temperature (OCT) compound and stored d&°G8 for

immunohistochemical and confocal analy&ig(re 11).

7 - [ |
‘ 7“* [
,}b\.
L pc Thrombus
> & PBS wash :
recollected in
Y the filter

Washed i>

Thrombus Thrombus
snap-frozen

Thrombus
embedded in OCT

(el rrem

Confocal microscopy Proteomic Study
Immunohistochemistry

Figure 11. Thrombus sample collection
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3.2. Blood from patients and healthy donors

Plasma

Peripheral and coronary blood were collected in ElEthylenediamine
tetraacetic acid) tubes at the time of PCI, frorbital vein and directly
from coronary artery through the thrombectomy deviespectively.
Hematological parameters were measured using medmailysis system
(Medonic CA 530). In addition, blood was obtainednf healthy donors
in 3.8% sodium citrate or EDTA. Blood was centriidgl0 minutes at
150g to obtained platelet rich plasma and 15 mswde 16100g for

obtaining platelet free plasma. Plasma was aligqLatel stored at -80°C.

Serum

Blood samples, withdrawn from cubital vein from Algétients and
healthy donors were collected to prepare serunodivas centrifuged 30
minutes at 1811g, aliquoted, and stored at -808@urS specimens from

hemolysis blood samples were excluded.
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4. Sample preparation

4.1. Total protein extraction

Frozen thrombi (coronary anieh vitro generated) were extracted with
urea/thiourea detergent buffer (7 mol/L urea; 2inthiourea; 2% chaps)
and sonicated. Thrombi lysate suspensions weregiftgig 10 minutes at
16000 g and supernatants were snap-frozen in liniidgen and stored
at -80°C until proteomic analysis was performed.

4.2. Plasma/serum protein depletion

The six most abundant proteins (albumin, IgGs, |gfensferrinal anti-
trypsin and haptoglobin) were depleted from serumh plasma samples
used for proteomic studies in order to increaselugéisn and detection
power. To this aim a specific affinity cartridgetiwvhigh binding capacity
(Multiple Affinity Removal Spin Cartridge, AgilenTechnologies) was
used. Briefly, the targeted high-abundant proteimse simultaneously
captured by immobilized antibodies when crude lgjiwal samples were
passed through the cartridge. Selective immunotiepleprovides an
enriched pool of low abundant proteins for dowrestne proteomic
analysis.

After protein depletion, the low-abundance protdimghe flow-through
fraction were concentrated using spin concentratath a 5,000 Da
molecular weight cut-off (Spin Concentrators forotems, Agilent

Technologies)
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4.3. Sample Clean-up

Sample clean-up procedure consists in the elimdnabf compounds
(ionic detergents, salts, nucleic acids and lipithglt can interfere with
isoelectrofocusing (IEF) and western blot. Afteegpitation, the proteins
were washed and resuspended in the IEF/2-D confpatéhydration

buffer for IEF or Laemmli sample buffer, for SDS-BE.

In this study, the clean-up procedure has beenusdy for preparation of
in vitro clot extracts for 2-DE analysis and in coronamothbi samples
prepared for western blot analysis. Clean-up wdsapplied to coronary
thrombi samples prepared for 2-DE analysis becatisesample amount
limitation. Clean-up was performed using the ReadgR2-D clean-up Kit

(BioRad).

4.4. Protein quantification

Protein concentration was measured with the 2-D nQu&it (GE
Healthcare).

This procedure is based on the quantitative prtiph of proteins.
Therefore, the assay is compatible with the reagamed in the
preparation of samples for 2-D electrophoresisjuiing detergents,
reductants, and ampholytes. Precipitated proteiasresuspended in a
copper-containing solution and unbound copper isasueed with a
colorimetric agent. The color density is inversedyated to the protein

concentration.
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5. Proteomic analysis

5.1. Two dimensional electrophoresis

Rehydration step: Dry strip gels were rehydrataisthg IPGbox (GE

Healthcare) by the immersion into the rehydratiolutson (7M urea, 2M
thiourea, 2% chaps, 1.6% DTT, 0.2% ampholytes ab2% bromphenol
blue) containing the sample overnight prior to tfiest dimension

separatiorfFigure 12).

First dimension separation: Proteins are first sspd on the basis of

their pl using the IEF technique. For analyticadl gmeparative gels, 100
pg and 30Qug of protein were respectively loaded in 17-cmsiryps (pH
3-10 or 4-7 Bio-Rad Laboratories, Hercules, Q/jgure 12).

Equilibration: A conditioning step is applied toopgins separated by IEF
prior to the second-dimension. This process reddisesfide bonds using
DTT (50mM Tris-HCI pH8.8, 6M urea, 2% SDS, 30% ghyal and 2%
DTT) and alkylates the resultant sulfhydryl growpshe cysteine residues
using iodoacetamide (50mM Tris-HCI pH8.8, 6M uréé&p SDS, 30%
glycerol and 2,5% iodoacetamid@jigure 12).

Second dimension separation: Second dimension esdved in 12%
SDS-PAGE gels. The protein fraction loaded on a RAGE gel must be

in a low ionic strength denaturing buffer that ntains the native charges
of proteins and keeps them in a soluble state. tiBjglcoresis was

performed using an Ettan Daltsix System (GE Healtc Uppsala,

Sweden). Gels were developed by fluorescent Flaomstajning (Bio-Rad

Laboratories, Hercules, CA,) and image digitalizesing a fluorescence
scanner (Typhoon 9400, GE-Healthcare, Uppsala, &wégigure 12).
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5.2. Differential protein analysis

Analysis for differences in protein patterns wasf@ened with the PD-

Quest 8.0 (Bio-Rad Laboratories) using a singletemahat included all

gels. To each spot was assigned a relative vahtectitrresponded to the
single spot volume compared to the volume of albtspin the gel

following background subtraction and normalizatidretween gels

(Figure 12).
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6. Protein identification by mass spectrometry

Protein identification was performed by mass-speoatry (MALDI
TOF-TOF). As a previous step, selected spots wgoised from gels
using an Ettan Spot Picker (GE Healthcare). Tioeeethe spots were

processed as follows:

- washed with 500ul of Ambic 25mM

- dried by adding Ambic 25mM/50%ACN and 100%ACN

- subjected to SpeedVac to complete dryness

- digested using trypsin (Promega) 0.05-0.1 mg/mL

- generated peptides were cleaned up and concentiated
ZipTipU-C18 filters (Millipore)

- peptides were mixed (1:1) with matrixa-¢yano-4-
hydroxycinnamic acid 5mg/mL)

- samples were applied to Prespotted AnchorChip ®late
(Bruker Daltonics, Bremen, Germany) surrounding the

calibrants provided on the plates.

Samples were analyzed by matrix — assisted lasssrpkgon/ionization
time-of-flight using an AutoFlex IlI Smartbeam MALDOF/TOF
(Bruker Daltonics, Bremen, Germany). Spectra wecguiged with
flexControl on reflector mode (mass range 850-400@, reflector 1:
21.06 kV; reflector 2: 9.77kV; ion source 1 voltad® kV; ion source 2:
16.5kV; detection gain 2.37x) with an average od@%dded shots at a
frequency of 200 Hz. Each sample was processed figttAnalysis
(version 3.0, Bruker Daltonics, Bremen, Germany)sidering a signal-
to-noise ratio over 3, applying statistical caltma and eliminating

background peaks.
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For identification, peaks between 850 and 1000 Ym/egre excluded,

since they mainly refer to matrix peaks. Spectraewaenalyzed by the

BioTools software (version 3.2, Bruker Daltonicse®en, Germany) and
proteins were identified using the MASCOT searchSwviss-Prot 57.15
database [Taxonomy: Homo Sapiens, Mass Tolerande %00, up to 2

trypsin miss cleavage, Global Modification: Carbdomethyl (C),

Variable Modification: Oxidation (M)]. Identificatn was carried out by

peptide mass

fragmentation (TOF/TOF). Identification was accepteith

higher than 5@Figure 12).
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Figure 12. Schematic view of proteomic methodology
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7. Assays for protein quantification and

characterization

7.1. Western blot

Protein extracts were separated in one dimensiG@uaium Dodecyl
Sulphate-PolyAcrylamide Gel Electrophoresis (SDSSEA, as originally
described by Laemmli (Laemmli, 1970). Briefly, @bof protein extract
were mixed with loading buffer (0.25M Tris pH 6.8% SDS, 40%
Glycerol, 0.02% bromphenol blue with 400mM mercagitanol) and
incubated at 95°C for 5 minutes before being loao#d the SDS-
polyacrylamide gels (4% stacking gel and 10-12%nmm gel). Once
separated proteins were electrotransferred in sgr@hditions (Semidry
transfer system, or transblot BioRad), detectech vepecific primary
antibodies Table 6) and visualized either with fluorescence or

chemiluminescence.

Fluorescence Protein were electrotransferred to P\{Bolyvinylidene
difluoride) membranes. Detection was performed qusire appropriated
primary antibody combined with the Dye Double Wastdlot kit

(Invitrogen). Band fluorescence was determined viighhoon 9400 (GE
Healthcare) and band quantification was performadguimageQuant TL
software (GE Healthcare). Protein load was norradlizsing total protein

fluorescent signal.

Chemiluminescence Proteins were transferred to ocggtlulose

membranes. To confirm that proteins were correditgnsferred,
membranes were stained with Ponceau solution (Ortis] 1M NaCl,
0.05% Tween-20, pH 7.4). Membranes were then bbbaleng bovine
serum albumin (BSA, 5%) to avoid unspecific bindiafy antibodies.
Specific secondary antibodies against differentmahispecies were used

conjugated with horseradish peroxidase. Detectioprotein bands was
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achieved by chemiluminescence using a peroxidaggnetic reaction
(Supersignal, Pierce) and images were obtained wifhemiDocTM
XRS system. Band intensities were quantified usmgge Lab software
(Bio-Rad). Protein load was normalized using tgbabtein Ponceau

signal.

erlitri]girgy Reference Dilution :r?ggong?ry Paper
Pfn-1 0022-01, Inmunoglobe  1/500 Anti-rabbit 1
PRDX2 Ab50862, Abcam 1/2000 Anti-muose 2
SOD 574596, Calbiochem 1/1000 Anti-sheep 2
CD61 Mﬁi???' Merck- /1000  Anti-mouse 2
CD31 M0823,Dako 1/1000 Anti-mouse 2
SM actin MO0851,Dako 1/5000 Anti-mouse 2

Table 6. Antibodies and working conditions used fowestern blot analysis.

7.2. Enzyme Linked ImmunoSorbent Assay (ELISA)

Plasma and serum levels of specific proteins weuanttatively
determined by ELISA.

Plasma profilin-1(Pfn-1), was determined in corgnand peripheral
plasma samples by a double antibody sandwich endinked
immunosorbent assay (Uscn Life Science, Inc. MiggBity, TX) with a
lower limit of detection of 30 pg/mL. The intra-agsand the inter-assay
precision are respectively CV<10% and CV<12%.

Plasma P-selectin was determined in peripheraln@asamples by a

double antibody sandwich enzyme-linked immunosartessay (R&D
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Systems, Inc., Minneapolis, MN). The minumum detble dose (MDD)
of human P-Selectin is typically less than 0.5 rig/ithe intra-assay and
the inter-assay precision are respectively CV<enth@V<10%.

The human high sensitivity C-Reactive Protein (hBERMillipore,
Billerica, Ma) kit is a double polyclonal antibodsandwich enzyme
immunoassay. The intra-assay and the inter-assayatica are
respectively CV <10 % and CV < 12% %. Sensitivi20 ng/mL.
Systemic total high molecular weight kininogen (HMWand FXI
concentrations were determined in serum by conipetiind non-
competitive sandwich enzymelinked immunosorbenayagéssayPro, St.
Charles, MO; USA), respectively, using immobilisegolyclonal
antibodies, as described by the providers. Thectete limits of the
assays were 0.12 g/ml for HMWK and 1.5 ng/ml forlFKhe intra-assay
and the inter-assay variation are respectively C8%<and CV < 8% %
for HMWK and CV<6%-CV<8% for FX[Table 7).

Detection Intra/inter assay

Protein Reference

limits variability
Pfn-1 SEC233hu, Uscn 30 pg/ml  CV<10%-CV<12¢6
P-selectin BBEG6, R&D 0.5 ng/ml  CV<6%-CV<10%
hsCRP CYT298, Merck-Millipore 0.20 ng/mL CV<10%-CV<12%
HMWK EK1001-1, AssayPro 0.12 g/ml  CV<5%-CV<8%
FXI EF1001-1, AssayPro 1.5ng/ml  CV<6%-CV<8%

Table 7. ELISA kits used in the study
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7.3. Immunohistochemistry

Immunohistochemical analysis has been used fotifttion of cellular
components and fibrin content in occlusive coron#tgombi. Serial
sections (5um thick) of OCT embedded thrombi were placed ory+el
lysine coated slides and treated with hydrogen xieeo (HO,) for
inhibition of endogenous peroxidase activity anthviiorse or goat serum
to block non-specific bindings. Therefore, slidesrevincubated for 2h
with  primary  antibodies and detected with avidiotin
immunoperoxidase technique. Antibodies used in imwhistochemical
analysis are listed inTable 8 The chromogen used was 3.3-
diaminobenzidine. Thrombus morphology was analyzigd hematoxylin
and eosin stain. The images were captured by Nikefipse 80i
microscope and digitized by Retiga 1300i Fast cana¢r400x. Positive
areas for each antigen were calculated from arageeof 5-fields/sample
with ImageJ 1.37v software. The values were givea gercentage of the
total thrombus area (content (%) = [positive stdiaeea/total thrombus
area] x100).
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Secondary

Primary

antibody ~ Reference Dilution 2 ibody Paper
— 1
macrophages MCA1478, Serotec 1/200b|oynylated
anti-mouse
- 1
macrophages M1919, Sigma 1/200Piotinylated
anti-mouse
- 1
CD61 MO075, Dako 1/400 bloynylated
anti-mouse
ioti 1
cD3 A0452 Dako 1/50 Diotinylated
anti-rabbit
ioti 1
fibrinogen  A0080, Dako 1/200 Piotinylated
anti-rabbit
ioti 1
neutrophil ab6872, Abcam 1/50 biotinylated
anti-rabbit
ioti 1
CD105 AF1097, R&D 1/50 blo'FlnyIated
anti-goat
CcD34 NCL_END, Novocastra /50 2iotinylated 1
_ anti-mouse

Table 8. Antibodies and working conditions used foimmunohistochemistry
analysis.

7.4. Confocal microscopy

Confocal microscopy was mainly used for studiescabcalization of

proteins and specific cell component in the thrormaki well as for
determining the structure of fibrin fiber. Brieflthrombi and total blood
in vitro clots were fixed with 4 % paraformaldehyde at raemperature.
Serial thrombus sections (5 pm thick) were immabdi on poly-L lysine-
coated coverslides in a humidified chamber andaatbto adhere for 2 h.
Samples were then washed with PBS, permeabilizednwequired, with
0.5 % Tween for 5 minutes, incubated for 30 minutgl blocking buffer

(1% bovine serum albumin in PBS), and incubatec wite primary

antibodies. Coverslides were washed and incubatddtihe appropriate
secondary antibody and Hoechst (for nuclei labgjlifmmunostained

coverslides were washed and covered with Prolorid @atifade reagent
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(Molecular Probes, Leiden, Netherlands). Imagesewscorded on a
Leica inverted fluorescence confocal microscopecd &@CS SP2-AOBS,
Wetzlar, Germany) with HCX PL APO 63x/1.2W CORR/®Iobjective.
Fluorescent images were acquired in a scan formd®24 x 1024 pixels
in a spatial data set (x y z) and were process#d tve Leica Standard
Software TCS-AOBS. Negative controls with no prignaantibody
labelling that were run with each set of experimeshowed no
fluorescence. Antibodies used in confocal micrpgcanalysis are listed
in Table 9.

Three dimensional rotation projections were creditech stack series of
selected thrombi (0.@m distances). The maxim projection showing the z-
value by colour was created and thereafter a 3@ioo animation was

performed creating a projection every 2°.

Image analysis: Measurements of the length of ittexs were performed
on two-dimensional reconstructions of the opticatt®ns and each
micrograph was processed with the same algoritingule NIH Image

software (public domain software by Dr Wayne RashaNational

Institutes of Health, v1.46e). After normalizatiohthe scale for the grey
level a morphological filter was applied. The réswf the length of the
fibers were expressed as mm. Negative controls matprimary antibody

labeling run with each set of experiments showefluwescence.
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;::Ei% Reference Dilution Saeni?br:)ddzyy Paper
2322096”' 350,American Diagnostica 1/50 2{:;;%%?388 !
CD61-FITC VI-PL2, BD Biosciences ~ 1/50 A iaoot !
CD105  AF1097, R&D yso Anrooa !
Pfn-1 0022-01, Inmunoglobe 1/50 Anti-rabbit !

AlexaFuor-633

Table 9. Primary antibodies and fluorophore-conjugaed secondary
antibodies used for confocal microscopy.
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8. In vitro experiments

To performin vitro studies blood was obtained from healthy donors in
3.8% sodium citrate or EDTA.

8.1.1n vitro clot formation

Citrate whole blood (WB), platelets rich plasma EJRind platelets free
plasma (PFP) were used to generateitro clots after addition of 25mM
Cl,Ca at 37°C for 30 minutes. Absence of leukocytd3RP samples was
confirmed by flow cytometry (additional methods) darcell count
(Hematology analyzer, Medonic CA 530 vitro generated clots were
washed with PBS and stored at -8QF@jure 13).

8.2. Platelet aggregation

Platelet aggregation was assessed on the Multipleéyzer (Dynabyte® |,
Munich, Germany), using adenosine diphosphate [ADRM], collagen [2
pg/mL] and thrombin receptor-activating peptide [TIRA: 64 uM] in
citrate -anticoagulated whole blood (0.3 ml pet)tes

Measurements were performed between 0.75 and 1.s hafter
venipuncture (time window given by the manufactugtr — 240 minutes).
Aggregation was continuously recorded over 5 msutetwo independent
measuring units (four silver-coated conductive @ppires) per test. The
increase of impedance due to the attachment oélptatto the electrodes
was detected and transformed separately to arpid@gregation units [U]
plotted against time [AU * min]. Aggregation measdirwas quantified as
the area under the curve [AUC]. This was calculdtech the mean values
from the two curves (internal control: acceptededénces between curves:
< 20 %). The method reproducibility was 6.5 %. Afteetermination of

aggregation time for the different agonist using lt\late analyzer,
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experiments were reproduced by stopping the reaction 10 seconds and 4
minutes after the agonist addition. After inducing platelet aggregation,
samples were centrifuged to obtain platelet free plasma and stored at -80°C
(Figure 13).

In vitro experiments

In vitro clot formation

wB RP  PFP
+ Blood from healthy donors

Cl,C

()

R

Fibrin fibers [ ———
, R
"‘('7/— & SN [
2 Platelets Errriige
[TH7 safin

PMNs

—

i
g

...‘ Erythrocyte

Figure 13. Schematic view oin vitro experiments: clot formation and platelet
aggregation.
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9. Bioinformatic analysis (Ingenuity pathway analyss)

The statistically significant neural network anchaaical pathway in
which the identified proteins were involved werageated through the

use of IPA (Ingenuity System, www.ingenuity.com).

Functional analysis of a network: The functioaahlysis of a network

identifies the biological functions and/or diseastst are most
significant to the molecules in the network. Thuke network
molecules associated with biological functions andliseases in the
Ingenuity Knowledge Base were considered for thalymis. Right-
tailed Fisher's exact test was used to calculgtevalue determining
the probability that each biological function anddsease assigned to
that network is due to chance alone.

Canonical pathway analysis: Canonical pathway amalyas used to

identify the pathways from the IPA library that wenost significant to
the data set. The significance of the associatetwéen the data set
and the canonical pathway was measured in 2 wagysatib of the
number of molecules from the data set that mapshéo pathway
divided by the total number of molecules that mapshe canonical
pathway is displayed. 2) Fisher's exact test wasl is calculate a p-
value determining the probability that the assommtbetween the
genes in the data set and the canonical pathwexpisined by chance

alone.
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10. Statistical analysis

In the different studies, data were usually exmédsss median and inte
quartile range (IQR) except when indicated. A tiest normality was
performed using the Shapiro-Wilks test. Group diffees were
determined by non parametrical and parametricalkdsnn—Whitney test
or t-test) for non normal and normal data, respefti Categorical
variables were compared using tffetest or Fisher exact test. Bivariate
correlations between variables were determined g@a8nan or Pearson
correlation coefficients.

Wilcoxon test was used for repeated measurememtsdefermine the
correlation between two or more variables and @paese variable a
bivariate analysis (correlation or t-test) was perfed followed by a
multiple lineal regression model (stepwise selectiof variables)
including those variables statistically significantthe bivariate analysis
to assess the most parsimonious model. Minimaliredsample size was
calculated and validated using the JavaScript-basethod for simple
power/sample size calculation when two independgriups are
compared, provided in http://www.stat.ubc.ca/~nd#itats/ssize/n2.html.
Receiver-operating characteristic (ROC) analysas wsed to obtain the
sensitivity and specificity of the assays. Statadtanalysis was performed
with the Stat View 5.0.1 and IBM SPSS Statisticd 0 software. N
indicates the number of subjects tested. A p-vale05 rsionwas

considered significant.
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RESULTS

1. Paper 1

“Changes in thrombus composition and profilin-1 rekase in acute

myocardial infarction”.

llaria Ramaiola, Teresa Padro’, Esther Pefia, Quiah-Babot, Judit
Cubedo, Victoria Martin-Yuste, Manel Sabate, LiredBnon

Eur Heart J. 2014 Sep 12. pii: ehu356. [Epub ahebgrint]

The objective of this study was to investigate the evolving
composition of human coronary thrombus in ST-sedreévation
myocardial infarction (STEMI) in function of elagbkeime of

ischaemia.

In conclusion our results show a dynamic evolution of coronary
thrombi both in structure and cell composition aguaction of
ischaemia time. Aged ischaemic thrombi were mdcelyito have
reduced Pfn-1 content releasing Pfn-1 to the catowh. Onset-of-
pain-to-PCIl elapsed time in STEMI patients and keage of
occlusive thrombus can be profiled by Pfn-1 levielsnd in the

peripheral circulation.
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Eur Heart J. 2014 Sep 12. pii: ehu356. [Epub ahead of print]

Changes in thrombus composition and profilin-1 release in_ acute
myocardial infarction.

llaria Ramaiola, Teresa Padr6d, Esther Pefa, Oriol Juan-Babot,| Judit
CubedoVictoria Martin-Yuste, Manel Sabate, Lina Badimon
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RESULTS

2. Paper 2

“High-molecular-weight kininogen and the intrinsic coagulation

pathway in patients with de novo acute myocardialnfarction”.

Judit Cubedo, llaria Ramaiola, Teresa Padro, Vi@telartin-Yuste,

Manel Sabate-Tenas, Lina Badimon

Thromb Haemost. 2013 Dec;110(6):1121-34

The objectiveof this study was to investigate the coordinatednges in
coagulation-related proteins in the evolution afer acute myocardial
infarction (AMI).

In conclusion our results demonstrate an active exchange betwee
HMWK forms and a decrease in FXI indicative of imsic pathway
activation, together with an increase in fibrinogeirmma turnover and D-
dimer formation in the early phase post-AMI. Morenv coronary
thrombi showed a dynamic evolution in fibrinogen mpmsition
depending on the duration of ischemia influencimgus fibrinogen-

related products content.
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Thromb Haemos®2013 Dec;110(6):1121-34. doi: 10.1160/TH13-05-
0381. Epub 2013 Aug 29.

High-molecular-weight kininogen and the intrinsisagulation pathway
in patients with de novo acute myocardial infangtio

Judit Cubedo, llaria Ramaiola, Teresa Padro, Vigtddartin-Yuste,
Manel Sabate-Tenas, Lina Badimon
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RESULTS

3. Paper 3

“Imbalance in stress-homeostasis related proteins the proteomic

profile of in-stent thrombus”

llaria Ramaiola , Judit Cubedo, Teresa Padrd, d&mécolea, Ana Blasco

, Lina Badimon

Manuscript in preparation

The objectiveof this study was to to characterize in-stentritsas (IST)
in comparison to thrombus formed on native cororatgries, identifying

differencial proteins with potential relevance bhical-outcome.

In conclusion our results reveal important structural differemén IST
versus thrombi in native vessels with a highly wlaHl profile. Moreover
the detected imbalance in redox-related proteinsldcanduce an
accumulation of KO, contributing to an increased oxidative damage in

in-stent thrombus.
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Imbalance in stress-homeostasis related proteins the

proteomic profile of in- stent thrombus
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ABSTRACT

Background The incidence of in-stent thrombosis has been
reported in 0.5-2%, but despite being a quantidfivminor
problem, in-stent thrombosis has a major clinioghact owing to a
high risk of myocardial infarction and death. Thomrtality due to
in-stent thrombosis has been reported to be as hgh0%.
Moreover, 20% of patients with a first in-stent dimbosis
experience a recurrent in-stent thrombosis episatlen 2 years.
The objective of the present study was to charaetantra-stent
thrombus in comparison to thrombus formed on natweonary
arteries.

Methods Nineteen patients clinically treated as per gumnds and
thromboaspiration (within the first 6 hours aftéetonset of the
event) were included in the study. Nine patientsewstervened by
PCl because of in-stent thrombus (IST) and ten umsscaof
thrombus formation on native coronary arteries (OHe retrieved
thrombi were frozen and the thrombus proteomic ijgrofvas
characterized by 2D-electrophoresis and mass-gpeetry.

Results Identified proteins were mainly related to the sedsand
coagulation system (52%), followed by structurabtpins (23%),

and proteins with enzymatic activity (7%) bindingdatransport
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related proteins (6%). IST showed a higher conténgtructural-

related proteins such as gelsolin, actin cytoplasnitropomyosin,
and myosin, without changes in fibrin(ogen) relapedducts. IST

thrombus showed an imbalance in redox-homeostasisted

proteins with an increase in superoxide dismutaskaadecrease in
peroxoredoxin-2. Moreover, superoxide dismutase ontifius

content was positively correlated with platelets.

Conclusions Our results reveal important structural differenoe

in-stent thrombus versus spontaneous thrombi inenaessels with
a highly cellular profile. Moreover the detectedbeance in redox-
related proteins could induce an accumulation gdtontributing

to an increased oxidative damage in in-stent thisnb
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INTRODUCTION

Management of acute ST-elevation myocardial infanc{STEMI)
has undergone dramatic improvements during thetpeest decades
and in-hospital and 30-day mortality rates havemé&edously
decreased from 15-20% in the pre-thrombolytic &3et5% by the
use of primary percutaneous coronary interventi®®PCl) in
controlled trials by experienced centres under nogti trial
conditions! PPCI following STENT implantation has improved
survival as compared to thromboly$isgven though concerns still
remain regarding the risk of in-stent thrombosisthie setting of
STEMI.® 8 Several studies have reported an incidence ofeinis
thrombosis (ST) of 0.5-2%, but despite being a ttaively minor
problem, ST has a major clinical impact owing tdigh risk of
myocardial infarction and death. Thus, mortaliteda ST has been
reported to be as high as 40 % in subacute ST @mthYery late
thrombosis: "° Moreover diabetes, post-procedural TIMI 0-2 flow
and an ischemia time of more than 6 hours have beewn to be
independent predictors of ST.

Mechanical procedures may explain the high ris®fin STEMI.
Stent strut penetration of an underlying necroticeamay augment

inflammation and fibrin deposition and inhibit neemal growth,
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resulting in uncovered stent struts. Furthermaeduced epicardial
flow and vasoconstriction may lead to stent undergi with
incomplete stent apposition and underexpansionnguifie index
procedure Several studies have demonstrated associations of
coronary thrombus characteristics with myocardiatfysion®-1#
restenosis? left ventricular function/remodeling; 2 ischemia
time!® and long term mortality” ¥ Moreover the cellular
thrombus composition has been associated with redbalance in
diseased arterial tissd€sand oxidative stress has been linked to an
impaired myocardial reperfusion in STEMI patietitsdowever,
untiil now, there are no studies comparing the oroie
composition of in-stent thrombus with those formied native
coronary arteries, making unclear the potentialemaar pathways
linking the high rate of mortality in ST and throasgcomposition.
Herein we have performed a differential proteommalgsis of in-
stent thrombus in comparison with those formed ative coronary

arteries to underscore the potential pathways betimombus

formation and the high risk in ST patients.
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MATERIALS AND METHODS

Study population

The study population comprised a group of 19 p&iedmitted
with ST-elevation myocardial infarction who had engbne
percutaneous coronary intervention (PCIl) associatetth

thromboaspiration followed by stent implantation.

Ten patients were intervened by PCI because ofeimtshrombus
(IST) and ten because of thrombus formation onvaatioronary
arteries (CT). To investigate the effect of stanthe thrombus
composition, thrombi retrieved from patients withn-stent
thrombosis (IST; n = 9) and those formed on nateeonary
arteries (CT; n = 10) were comparatively investgat

Loading dose of clopidogrel and aspirin was 600 &3 mg
respectively. From 2011 to the patients was admnaied prasugrel:
loading dose of 60 mg and maintenance of 10 mg/ddlythe

patients received heparin before PCI (5000 Ul) 40d0 Ul every
30 minutes during procedure. Dosages of GPIlIbiléaxe bolus of
180 pg/kg i.v. and 2 pg/kg /min infusion for 12 h.

Demographic and clinical characteristics of botbugs of patients

are provided imrable 1.
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The studies were conducted according to the piiesipof

Helsinki's Declaration. All patients gave writtenformed consent
before enrolment.

A schematic view of the workflow of the study isosm in

Supplemental Figure 1.

Thrombus collection and sample preparation

Thrombi aspired from the coronary artery throughe th
thrombectomy device were immediately frozen. Prestp to
protein extraction thrombi were washed with PBSusoh to
eliminate un-attached superficial blood cells. Bgtion was
performed using urea/detergent buffer (7 mol/L pr@aol/L
thiourea; 2% CHAPS) as previously described.Protein
concentration was measured with 2D-Quant Kit (GEaltheare,
Uppsala, Sweden). All processed samples were stareé3D°C until

used.

Proteomic analysis

Analysis of differential protein expression patterand protein

identification was performed by a proteomic apploasing two-
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dimensional electrophoresis and mass-spectromdamtification,
as previously described.?°

Two-dimensional gel electrophoresis (2-DE): For lyinzal and

preparative gels, 10Qg and 300ug of protein of the urea/chaps
thrombi extracts were respectively loaded in 17dny strips (pH
3-10 linear range, GE Healthcare, Uppsala, Sweder) the
proteins were separated by electrofocussing aaogrdo their
isoelectric point (pl). Second dimension was resglin 12% SDS-
PAGE gels. Electrophoresis was performed using ttanEDaltssix
System (GE HealthCare, Uppsala, Sweden). Gels developed
by fluorescent Flamingo staining using a TyphoorO®4GE-
HealthCare, Uppsala, Sweden).

Analysis for differences in protein patterns wasig@ened with the
PD-Quest 8.0 (Bio-Rad Laboratories, Hercules, @&)ng a single
master that included all gels. Each spot was asdign relative
value that corresponded to the single spot voluamepared to the
volume of all spots in the gel, following backgrausubtraction and
normalization between gels.

Mass spectrometry analysis: For mass spectromatiaglysis,

proteins were identified, by matrix-assisted laser
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desorption/ionization time-of-flight (MALDI-TOF) uwsg an
AutoFlex 1lI Smartbeam MALDI-TOF/TOF (Bruker Daltas,
Bremen, Germany). Samples were applied to Prespotte
AnchorChip plates (Bruker Daltonics, Bremen, Genpan
surrounding the calibrants provided on the platsectra were
acquired with flexControl on reflector mode, (maasge 850-4000
m/z, reflector 1: 21.06 kV; reflector 2: 9.77kV;niosource 1
voltage: 19 kV; ion source 2: 16.5kV; detectionrgai37x) with an
average of 3500 added shots at a frequency of 20&E&th sample
was processed with flexAnalysis (version 3.0, BrukKaltonics,
Bremen, Germany) considering a signal-to-noiseoratver 3,
applying statistical calibration and eliminatingckground peaks.
For identification, peaks between 850 and 1000 )Xmizre
excluded, since they mainly refer to matrix pea8pectra were
analyzed by the BioTools software (version 3.2,kruDaltonics,
Bremen, Germany) and proteins were identified usiting
MASCOT search on Swiss-Prot 57.15 database [Targnblomo
Sapiens, Mass Tolerance 50 to 100, up to 2 trypsss cleavage,
Global Modification: Carbamidomethyl (C), Variak{odification:
Oxidation (M)]. Identification was accepted withsaore higher

than 56.
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Western Blot validation

Thrombus protein extracts (28 of total protein) were resolved in
12% SDS-PAGE under reducing conditions and elaetnsferred
to nitrocellulose membranes in semidry conditiodgagsBlot
Turbo transfer system, BioRad). Detection was peréal with a
polyclonal antibody against superoxide dismutas#0dO0 dilution,
Calbiochem), and monoclonal antibodies against ypesdoxin-2
(1:2000 dilution, Abcam), and CD61 (1:1000 dilutidviillipore).
After the addition of the secondary anti-mouse ady (1:10000
dilution, Dako) chemiluminescence detection wadquered with
ChemiDoc XRS (BioRad). Band intensity quantificatiovas
performed using ImageLab v4.0 software (BioRadptétn load

was normalized with total protein signal.

In-silico bioinformatic analysis

The statistically significant neural network anch@aical pathway
in which the identified proteins were involved wegenerated
through the use of IPA (Ingenuity System, www.ingéncom).

Functional analysis of a network: The functiomaalalysis of a

network identified the biological functions andthseases that were
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most significant to the molecules in the networkheTnetwork
molecules associated with biological functions andliseases in
the Ingenuity Knowledge Base were considered fer dhalysis.
Right-tailed Fisher's exact test was used to caleuh p-value
determining the probability that each biologicahdtion and/or
disease assigned to that network is due to chdane.a

Canonical pathway analysis: Canonical pathway amalgentified

the pathways from the IPA library that were mogngicant to the

data set. The significance of the association batwibe data set
and the canonical pathway was measured in 2 wagyA: ratio of

the number of molecules from the data set that n@afise pathway
divided by the total number of molecules that miapthe canonical
pathway is displayed. 2) Fisher's exact test wasl i@ calculate a
p-value determining the probability that the asatioh between the
genes in the data set and the canonical pathwaxpkined by

chance alone.

Statistical analysis
Data are expressed as median and interquartiles reQdr] unless
stated. N indicates the number of subjects testiedmality was

assessed by using Shapiro-Wilks test. Categoriaghbies were
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compared using?2 test.Statistical analysis was performed with Stat
View5.0.1 software. Mann—Whitney testing was used for
comparison between stent (IST) and no-stent thremsb@CT)

groups. A p-values 0.05 was considered significant.
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RESULTS

Clinical characteristics of the study population

There was no significant difference in demograpthiaracteristics
and cardiovascular risk factors between IST ando@ffents Table
1). IST-patients showed significant higher levels<C&P, CPK, and

Troponin I. More than 80% of PCI procedures wersasful.

Proteomic profile of thrombus samples

As depicted inFigure 1A most of the identified proteins in
thrombus samples were secreted (54%) or had cgioda
localization (34%).Proteins involved in 8 different functional
categories were identified in the thrombus protedqRkigure 1B).
Vascular and coagulation-related proteins werentiost abundant
ones (52%), followed by structural proteins (23%eteins with
enzymatic activity (7%), and binding/transport teth proteins
(6%). Minor functional groups were proteins invalvén signal
transduction, chaperone activity, mitochondriahsiging and DNA
interaction. Several proteins related to the 4 mhAinctional
categories showed a differential proteomic proilelST thrombi
when compared to CTF{gure 2; Table 2 and Supplemental

Table 1).
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Moreover, the IPA analysis revealed that thoseethfitial proteins
were related to the functional networks of cardgmdar disease,
haematological system, oxidative stress and celtrdand survival

(Figure 3).

Stent influences the proteomic profile of coronaryhrombi

Up-requlation of structural proteins in IST

The main structural related protein identified mombus samples
was actin cytoplasmic that was detected as a single spath
apparent molecular mass of 42 kDa and pl of 5.2aand cluster of
4 spots with a molecular mass range of 25.5-23.2 &b pl range
of 5.2-5.5. Total actin intensity depicted a sigr@ht increase in the
IST group compared with CT-patients<Q.05;Figure 4A).

Another differential structural protein was myosegulatory light
chain (MLC) that was identified as two spots witmalecular mass
of 18.7 and 16.9 kDa and a pl of 4.7 and 5.0.

The total intensity of MLC was also significantlycreased in IST-
patients §p<0.05;Figure 4B).

The strongest change in structural proteins wasectld in
tropomyosin.This proteinwas identified as a cluster of 5 spots with

an apparent molecular mass between the range 2828.27.1 kDa
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and a pl range between 4.7 and 4.9. Total tropoimyiosensity
evidenced a 3.2-fold increase in the IST grqugd(05;Figure 4C).
Gelsolin, thatwas identified as a single spot with an apparent
molecular mass of 54.1 kDa and a pl of 5.1, slibareincreasing
trend in IST-patients when compared to the CT graitipough not
reaching significance~gure 4D).

Bioinformatic analysis using data mining and thé Isbftware of
the structural identified proteins revealed sigmifit changes in the
cell motility canonical pathway between the studigdoups
(p<0.0001;Supplemental Figure 3.

Changes in proteins with enzymatic activity andsmort/binding

properties

Within the differential proteins with enzymatic mdly, flavin
reductase that was identified as a single spot20kR2a and pl of
7.13 and carbonic anhydrase-1 that was identiféed single spot of
28.8 kDa and pl of 6.59 showed the most importaainge with a
3.3-fold decrease in IST-patient when comparedheo €T group
(p<0.05 for both;Figure 5A and 5B respectively). Alpha enolase
that was identified as a single spot of 47 kDa amdl of 7 showed a
decreasing trend in the IST group although not hieac

significance (10-fold mean decrease). The transpmadtein
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hemoglobin beta chain was identified as a singlet spith an
apparent molecular mass of 15.4 and pl of 7 thaticted an
increasing trend in IST-patients (3-fold mean iase when
compared to CT-patients.

Redox-homeostasis imbalance in IST

The differential proteins involved in redox homexsss showed an
opposite behaviour in IST-patients. Superoxide disise(SOD)
that was identified as a single spot of 21.6 kDa inof 7.3 showed
a significant increase in IST-patients when comgaie the CT-
group <0.05;Figure 6A). On the contrary peroxiredoxin{PRX-
2) that was identified as a single spot of 22 k[ g of 5.66
showed a significant decrease in IST when compdcedCT
thrombus samplesp€0.05; Figure 6B). This imbalance between
SOD and PRX-2 levels in IST could lead to the aadaton of
hydrogen peroxide and to an increased oxidativesstin these
thrombi Figure 6C).

Western blot validation confirmed an increasingndrein SOD
(Figure 7A) and the significant decrease in PRX-2 in ISTg@s
(p=0.038;Figure 7B). In order to analyze the impact of the platelet
content in the redox-imbalance in IST samples theumt of CD61

intensity was analyzed by WB analysis. Although thereasing
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trend in CD61 intensity in IST samples did not aohki significance
(Figure 7C), there was a direct and significant correlatietween
SOD and CD61 intensitiegigure 7D) suggesting the potential
contribution of platelets to the redox-imbalancdSii.

Fibrinogen mapping in IST and CT thrombus

As previously describetf, beta fibrinogen (FBB) was identified as
5 clusters of different molecular weight and plttrepresented the
73% of total fibrinogen upplemental Figure 3A. FBB3 cluster
corresponded to the whole fibrinogen beta chainereds FBB4,
FBB5, FBB6, and FBB7 were identified as differeatnfis of the
fragment-D of fibrinogen (Supplemental Figure 3A and
Supplemental Table 1) IST-patients did not show significant
differences in the FBB distribution profile whenngpared to CT
group (Supplemental Figure 3B and Table 2) Two gamma
fibrinogen clusters were detected in coronary throm
corresponding to entire fibrinogen gamma form aitmirfogen
gamma fragment¢Supplemental Figure 4A and Supplemental
Table 1). There were no differences in FBG distribution betwe
IST and CT-patientsSupplemental Figure 4B, C and D, and

Table 2).
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DISCUSSION

In the last years, mechanical reperfusion has provde a superior
treatment strategy in STEMI patients, leading teetier myocardial
reperfusion and lower risk of distal embolizationproving late
clinical outcomeé: * 2!Nevertheless, concerns still remain regarding
the risk of in-stent thrombosis (ST) in the settotigs TEMI, and the
high risk of mortality that reaches the 40% in shubacute in-stent
thrombosis, ten times higher than in native corgnarteries in
STEMI patients. Until now the high risk of ST in STEMI has been
mainly attributed to the mechanical procedure ehsiplacement
and the biological response of the artery to thiscedure such as
changes in the dimension of the vascular #alBut whether
thrombi grown in stent have a differential protemmposition that
may explain their higher aggressiveness remaibg telucidated.
Herein we have evaluated the possible moleculaharesms that
could explain the high risk of adverse events @mssthrombosis by
applying differential profiling proteomic and syste biology
approaches to analyze the composition of in-stemnbus (IST).
Our results have demonstrated that in-stent thrembave a
different protein composition compared with thronfbrmed in

native coronary artery. Specifically, IST show aombnated
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increase of cell-related structural proteins such actin,
tropomyosin, myosin, and gelsolin. Moreover, thecsfic marker
for erythrocytes, hemoglobin, was also increasedSh. These
changes underscore an increase in the cellularitythcombi
developed in the stent compared to those formethiive coronary
arteries. Indeed, endothelial injury and foreigaystent placement
have shown to induce platelet activation and dejoosat the site of
the lesion, with the recruitment of circulating Keaytes.
Leukocyte-platelet interactions are critical in thatiation and
progression of neointimal formation which is folleav by the
activation of chemokines and cytokines leadingh proliferation
and migration of smooth muscle cells (SMCs) witthia media and

the intima??

Previous studies have pointed out to platelets,
leukocytes and erythrocytes as sources of oxidastress in
vascular diseas€. In fact, platelet-leukocyte interaction is
accompanied by ROS production causing oxidative adpgm
Moreover, Yunoki and colleagues correlated eryty®cich
thrombus with impaired myocardial reperfusion irs@sation to
oxidative stres$? In line with these results the detected increase i

hemoglobin in IST could induce oxidative stresshmy deregulation

of the heme/iron metabolism. Indeed it has beerorteg that
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oxidation of hemoglobin leads to non-functional hasmoglobin
provoking an ischemia/hipoxia condition in the tiss 2 24
Interestingly the enzymatic reduction of methaerabigl has been
attributed to flavin reducta&?® 2’ which is an anti-oxidant enzyme
that is decreased in IST. This decrease could ibomgr to the
accumulation of methaemoglobin increasing the dridastress in
IST. Additionally we have detected a coordinatectrease of
another anti-oxidant enzyme, peroxiredoxin-2 whiels also shown

to be decreased in IST. This enzyme is mainly weolin peroxide
degradation?® 2® Moreover, IST have also shown an increase of the
redox-homeostasis enzyme superoxide dismutase. efzigme is
responsible for the transformation of; Oto produce HO,3°
therefore the increase in SOD could induce an &s&en HOzin

IST thrombiprobably due to an increase in plts content asestgd

by the positive correlation between CD61 and SObdhatensities

in WB validation analysis. In normal condition tBecess of KO>

is eliminated by the action of peroxiredoxin-2. §hun IST, the
imbalance between superoxide dismutase and pedoxire2
activities could lead to the accumulation obQd4 contribution

oxidative damagé&’ The decrease of carbonic anhydrase, protein

that protects cells from hydrogen peroxide-induapdptosis could
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contribute to the oxidative damage induced by hgdroperoxide
accumulatior??

Previous studies have reported the involvement@klih collagen
induced platelet activatidh and the propagation of platelet
aggregatiori® Therefore, the imbalance in redox-homeostasisdcoul
contribute to a higher aggressiveness of IST thioiloyp an
increased bD»-induced platelet response.

Moreover, alpha enolase that has been relatedgoxiy tolerance
in endothelial cel® showed a 10-fold decrease in IST. The
hypoxia state generated by metahemoglobin favowactive
oxygen species formation and increases the oxilatiamage.
Therefore, the detected decrease in alpha enotagd mduce an
increased susceptibility to oxidative stress in thdieu of the
thrombi developed in the stent contributing to thégher
aggressiveness of this type of thrombus.

On the other hand, IST thrombi did not show changdirinogen
proteomic profile, which has been previously shawibe affected
by other parameters such as ischemia ftiéevertheless, but the
increase of the oxidant environment present intstearteries could

lead to oxidative post-translational modificatiori Bbrinogen
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influencing both its structure and function, pheeown that has

been associated with vascular disease pathogenésis.

CONCLUSION

Overall our results reveal important differences the protein

composition of in-stent thrombus versus spontandbusmbi in

native vessels with an increase in thrombus ceitylathat

represents a source of oxidative stress. This @&amghrombus
composition together with the weakening of the @atiant

machinery favours the formation of a highly oxidati stress
environment probably contributing to the increasggressiveness
of in-stent thrombus finally leading to worse progis of IST-

STEMI-patients.
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Table 1. Background description of STEMI-patients

CT IST p-value
(n=10) @=09)
Age 66=15 6110 ns
Male (%) 80 78 ns
Risk factors (%)
Active smoker 30 33 ns
Diabetes 10 11 ns
Hypertension 50 56 ns
Dyslipemia 60 56 ns
Ischemia time
Symptom onset to PCI (min) 255+137 334180 ns
Biomarkers on admission
Troponin I (ug/L) 72145 218+204 ns
CPK (U/L) 1798+1117 3716x45 ns
CRP (mg/L) 12+83 78+109 p=0.05
Previous treatment (%)
Statin 50 100 p=0.01
Anti-HT 70 100 ns
GPIIb/IIIa antagonist (%) 90 89 ns
Reperfusion assessment (%)
TIMI flow grade 3 before PCI 0 0 ns
TIMI flow grade 3 after PCI 80 89 ns

Data are expressed as mean SD unless stated. Anti-
HT=antihypertensive; CPK = creatine phosphokinaSBP= C-

reactive protein; PCI = percutaneous coronary wetation; TIMI =

thrombolysis in Myocardial Infarction (0= no perios, 1=

penetration without perfusion, 2= partial reperfunsi3= complete
reperfusion).
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Table 2. Changes in the identified proteins in th@-DE analysis
of thrombus samples of IST and CT-patients.

cluftpe(:"{\ Protname Biological function Subcellular location 12;/‘21 p-value
1 Fibrinogen gamma chain coagulation and haemostasis secreted 0.9 ns
2 Fibrinogen gamma chain coagulation and haemostasis secreted 1.1 ns
3 Fibrinogen beta chain coagulation and haemostasis secreted 1.6 ns
4 Chain B, Crystal structure of Fibrinogen fragment D coagulation and haemostasis secreted 12 ns
5 Chain B, Crystal structure of Fibrinogen fragment D coagulation and haemostasis secreted 1.0 ns
6 Chain B, Crystal structure of Fibrinogen fragment D coagulation and haemostasis secreted 054 ns
7 Chain B, Crystal structure of Fibrinogen fragment D coagulation and haemostasis secreted 1.0 ns
8 Gelsolin structural cytoplasm 22 1 ns
9 Tubulin structural cytoplasm 1.0 ns
10 Actin cytoplasmic 1 structural cytoplasm 23 1T <005
11 Tropomyosin alpha chain structural cytoplasm 32 1 <0.05
12 Myosin light chain structural cytoplasm 22 1 <005
13 Alpha enolase enzymatic activity cytoplasm 01 4 ns
14 Carbonic anhydrase 1 enzymatic activity cytoplasm 03 4 <005
15 Flavin reductase enzymatic activity cytoplasm 03 4 <0.05
16 Protein MICAL 3 enzymatic activity cytoplasm 12 ns
17 Cytochrome P450 enzymatic activity membrane 1.1 ns
18 Peroxiredoxin-2 Redox homeostasis cytoplasm 05 ¥ <0.05
19 Superoxide dismutase [Mn] Redox homeostasis mitochondrion 29 1 <0.05
20 Beta Hemoglobin Transport/Binding red blood cells 32 1 ns
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Figure 1. Pie charts representing the (A) biologidafunction and
(B) the subcellular location distribution of the proteins identified in

Subcellular location

thrombus samples.
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Spot No. Protname
1 Fibrinogen gamma chain
2 Fibrinogen gamma chain
3 Fibrinogen beta chain
4 Chain B, Crystal structure of
Fibrinogen fragment D
5 Chain B, Crystal structure of
Fibrinogen fragment D
6 Chain B, Crystal structure of
Fibrinogen fragment D
7 Chain B, Crystal structure of
Fibrinogen fragment D
8 Gelsolin
9 Tubulin
10 Actin cytoplasmic 1
11 Tropomyosin alpha chain
12 Myosin light chain
13 Alpha enolase
14 Carbonic anhydrase 1
15 Flavin reductase
16 Protein MICAL 3
17 Cytochrome P450
18 Peroxiredoxin-2
19 Superoxide Dismutase [Mn]
20 Haemoglobin beta

Figure 2. Thrombus proteomic profile. Representative image of the
2-DE profile of thrombus samples in a pl range leetw 3 and 10
showing the mainly identified proteins.
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Figure 4. Changes in structural proteins in IST.(A) Representative
2-DE image and box plot showing the significantr@ase in the
intensity of actin cytoplasmic 1 in IST thrombusngdes compared to
CT. (B) Representative 2-DE image and box plot showing the
significant increase in the intensity of myosinulkegory light chain in
thrombus samples of IST-patients when compared Ttog@up. (C)
Representative 2-DE image and box plot showing shgnificant
increase in tropomyosin intensity in IST thrombasnples compared
to CT.(D) Representative 2-DE image and box plot showing&dtd
increase in gelsolin intensity in IST thrombus skesgompared to CT.
*p < 0.05; Mann—Whitney test.
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Figure 5. Differential proteomic profile of enzymatic proteins in
IST. Box plots and representative 2-DE images showirgsignificant
decrease in the intensity of flavin reducté&gand carbonic anhydrase
(B) in IST thrombus samples compared to CT. *p < 0.REBNN-—
Whitney test.
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Figure 7. Western blot validation of redox-homeostasis-relatd
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increasing trend in superoxide dismutase (SOB); the significant
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increasing trend in CD6ih IST thrombus samples compared to the CT
group. (D) Regression plot showing the significant and positiv

correlation between SOD and CD61 in thrombus sasnple

184



RESULTS

SUPPLEMENTAL MATERIAL
Imbalance in stress-homeostasis related proteins the

proteomic profile of in- stent thrombus

Running title: Thrombus Proteome in Stent-Throndosi

By
llaria Ramaiola BS!, Judit Cubedo PhD!, Teresa PadréPhD',
Javier Goicolea MD?, Ana Blasco MD?, Lina Badimon PhD

FESC FAHA 3

From

ICardiovascular Research Center (CSIC-ICCC) and Bitical
Research Institute Sant Pau (lIB-Sant Pau), Baneef®irector of
Invasive Cardiology Hospital Puerta de Hierro, Miajaonda,

Madrid; *Cardiovascular Research Chair UAB; Barcelona, Spain

Correspondence to:

Prof. Lina Badimon,

Cardiovascular Research Center, c/Sant Antoni MfeEClL67, 08025
Barcelona, Spain.

Phone; +34.935565880Fax: +34.935565559.

E-mail: Ibadimon@csic-iccc.org

185



RESULTS

Supplemental Table 1. Proteins identified by MALDI-

TOF/TOF in thrombus samples after 2-DE analysis.

Spot/ Protname Swiss-Prot MW range pl Mascot Sequence MS/MS

cluster No. No. (kDa) range  score ** coverage(%) ** Picop
1 Fibrinogen gamma chain P02679 67-82 5.7-6.6 91 28
2 Fibrinogen gamma chain P02679 57-64 54-58 93 17
3 Fibrinogen beta chain P02675 53-54 6.3-8.6 138 33
4 Chain B, Crystal structure of Fibrinogen fragment D GI:2781208* 41 6.4-7.4 97 25
5 Chain B, Crystal structure of Fibrinogen fragment D GI:2781208* 3031 7.1-7.8 72 16
6 Chain B, Crystal structure of Fibrinogen fragment D GI:2781208* 36-37 5.3-6.1 80 19
7 Chain B, Crystal structure of Fibrinogen fragment D GI:2781208* 29-30 5.1-5.8 94 23

8 Gelsolin P06396 54.1 41 1349.6

9 Tubulin Q9H4B7 85 1334.7
10 Actin cytoplasmic 1 P60709 93 25
5. 89 23
11 Tropomyosin alpha chain P67936 4. 60 17
12 Myosin light chain P19105 87 50

47 1382.79
13 Alpha enolase P06733 67 21

14 Carbonic anhydrase 1 P00915 62 985.5

68 1034.55

15 Flavin reductase P30043 225 7.9 63 1161.6
16 Protein MICAL 3 Q7RTP6 25.5 5.5 60 19
17 Cytochrome P450 Q6UWO02 228 6.7 60 13
18 Peroxiredoxin-2 P32119 21.7 54 68 24
19 Superoxide dismutase [Mn] P04179 68 25
20 Beta | globi; P68871 15.3 7 60 58
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Supplemetal Figure 3. Beta fibrinogen distributionprofile in PCI
thrombus proteome.(A) Representative image of the 2-DE profile of
beta fibrinogen (FBB) clusters in IST and CT sarep(B) Box plots

showing the lack of differences in FBB clustersamsn groups.
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DISCUSSION

Atherothrombosis is a major cause of clinical cavescular events such
as acute coronary syndromes. Among these, and telespirently
available therapies, ST-segment elevated myocaidiiction (STEMI)
is a leading cause of mortality in developed caastrin the recent years
the time of myocardial ischaemia defined as thes tirom the symptom
onset to successful reperfusion, has been condidee2most important
factor to improve clinical outcomes. For this reasioere is an increasing
need for the identification of new biomarkers far @arly detection of
atherothrombotic events such as acute myocardfatciion. Thrombi
obtained by PCI from coronary artery have faciiththe investigation of
real timein vivo human coronary thrombi.

In this thesis the changes in thrombus structureciation to onset-of-
pain-to-PCl elapsed time were analyzed comparimgntbi of 3 h to
thrombi of 6 h of evolution. These two groups afothbi were retrieved
from patients presenting similar characteristicsdemographics, risk
factors and in antithrombotic treatment.

This thesis demonstrates that the onset-of-palP@b-elapsed time
significantly influences the cellular and proteimngosition of the
coronary thrombi. Although we cannot conclude froor work how
plague type has affected thrombus characterisécause we do not have
plague characterization, these studies have shioatrptatelet deposition
and fibrin mass change rapidly within the first rsaf evolution.

The coronary thrombus is rich in soluble fibrinogand fibrinogen-
derived fragments. By investigating the fibrinogdistribution profile of
thrombus from PCI patients time-dependent fibrimogdistribution
changes and a differential evolution profile of hobeta and gamma
fibrinogen have been detected. In order to vadidhe influence of the
elapsed time of ischaemia on the fibrinogen turnofeund in the
thrombus, a serum proteomic profiling approach wegormed in an

independent patient population. In line with tretettted changes in the
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thrombus proteomic profile, increased fibrinogemgaza levels in serum
in the early phase of the event have been foundretVer, AMI patients
within the first 6 h after the onset of pain showedhigh fibrinogen
gamma turnover rate. Previous studies have repantedased levels of
fibrinogen gamma in AMI patients within the firsé 2 after the event
(Mateos-Caceres et al., 2004). The increase innbgen levels in the
early phase post-AMI is clinically relevant as #@shbeen demonstrated
that fibrin clots formed in the presence of fibigiem gamma chain variant
are resistant to fibrinolysis (Collet et al., 200khterestingly, while 3 days
after the event fibrinogen gamma levels were Bijher than those found
in control subjects, fibrinogen gamma fragments ewenearly
undetectable, highlighting a decrease in fibrinoggnover.

Thrombus formation is a dynamic process, and th&avascular
fibrinolytic system continually tries to lysate tlieveloping thrombus,
leading to the release of fibrin degradation prasigean der Putten et al.,
2006). To this respect D-dimer is the primary ddgten product of
cross-linked fibrin and, therefore, serves as aatlimarker of ongoing
coagulation with fibrinolysis (Hunt et al., 1983hterestingly, the most
evident change detected in the serum proteomicl@mif AMI patients is
the very early presence of D-dimer within the fédt after the event. The
relationship between serum D-dimer levels and AGSumclear, and
published data are contradictory (Bayes-Genis .e2800; Gurfinkel et
al., 1995; Lee et al., 1997). The assay technigilzed for D-dimer
measurement is a well-recognized source of vaiigabds traditional
assays detect different fibrin compounds includirdimer, HMW fibrin
degradation products and fibrin X-oligomers (Lippt al., 2008).
Importantly, the proteomic approach together whith mass spectrometry
identification allows the specific analysis of D¥d#ir changes in the
thrombus without the interference of other fibrgdated degradation

products. Previous studies have reported the presefh D-dimer in
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plasma early after an AMI (leko et al., 2009; Omtkal., 2010). The
results of present work have demonstrated that niediis already
detected within the first 6 h after the onset & @vent before the raising
of the conventional markers of myocardial necrostse troponins.
Moreover, at this time point, D-dimer levels coatel with the extent of
myocardial necrosis.

Besides being a useful marker for early diagnd3idjmer is also a risk
factor for the development of Ml complicationshés been demonstrated
a relation between increased D-dimer levels anshthotic complications
in AMI patients (Lee et al., 1997). In the proteoranalysis, AMI patients
showed nearly undetectable D-dimer traces 3 daysr dhe event
highlighting, once more, a decrease in fibrinogemaver at this time
point. Indeed, it has been described that D-direeels reflect the extent
of fibrin turnover and active coagulation (Saigoaét 2004). Therefore,
serum profiling allowed to demonstrate that theréase in fibrinogen-
derived soluble forms clearly reflect the thromifiosnogen composition
changes and the ongoing fibrinolytic process.

Furthermore, in coronary thrombus there is a dynamange with time in
the infiltration of leucocytes subtypes. While mephils and monocytes
were already present at 3 h of thrombus evoluflelymphocytes and B-
lymphocytes appeared in thrombus of longer evalut®imilarly, these
aged occlusive thrombi (T6) showed infiltration @D105+ progenitors
and CD34+cells that were not present in 3 h ocotugirombi.

Together with the detected changes in cellulaby applying proteomic
approaches, we have discovered one of the majdinfis of this thesis.
We have reported for the first time that a sigaificpresence of Pfn-1 is
found in the coronary thrombi. Interestingly, thia-®2 content in thrombi
is inversely related to ischaemic thrombus age sTasignificantly lower
content of Pfn-1 is found in T6 thrombi (6 h painRCI). Profilin-1 is an

actin-binding protein that has been associated waitterosclerosis and
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smooth muscle cell proliferation (Caglayan et d@D10; Cheng et al.,
2011; Elnakish et al., 2012; Romeo et al., 200@égutation of the

microfilament system and signaling pathways in mekgmal cells (Bae

et al., 2010; Yun et al., 2011). Formerly knownaasinhibitor of actin

polymerization, it has been shown that it also s actn

depolymerization (Yarmola and Bubb, 2009). In natdd cells, Pfn-1

interacts with a multitude of ligands including iears phosphoinositides
and proteins containing proline-rich motifs thae d@nvolved in actin

cytoskeletal regulation, endocytosis, and genestigption, so playing an
important role in processes such as cell motittigyelopment, signaling,
and membrane trafficking(Yarmola and Bubb, 2006)platelets, Pfn-1

had been associated with shape change cytoskepetiains changes
(Goldschmidt-Clermont et al., 1991; Hartwig et 41989; Kasina et al.,
2006; Volpi et al., 2012). Data obtained by confocaicroscopy

suggested to us that Pfn-1 is released by fullivatetd and aggregated
platelets that are recruited in the initial stagethrombosis on the culprit
plaque because intrathrombus Pfn-1 levels sigmifigadecrease with
thrombus ageing.

Previous studies had shown that vascular smootttleells express
Pfn-1. In order to discriminate the source of tldeased Pfn-1 we
performed experiments that showed how Pfn-1 wasaseld by platelets.
We evidenced that, Pfn-1 is found both in the sogint and in the PRP
clots (devoid of erythrocytes and leucocytes) ansl mot found neither in
the supernatant nor in clots prepared with PFPgestqng that Pfn-1 is
secreted by fully activated platelets. Indeed weeoked that Pfn-1 is
released from platelets when they are activatel thitombin but not with

collagen, having ADP a minor effect. Interestinglyproteomic study of
the secretoma of thrombin-activated platelets ifledt Pfn-1 as one of

the components of the platelet releseates (Pieesala, 2009).
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Because of the changes seen between T3 and T6acprmombi, the
release of Pfn-1 into coronary blood was investidaindeed Pfn-1was
found in blood aspirated from the culprit corondegion, suggesting
secretion of Pfn-1 upon platelet aggregation in ¢beonary thrombus
mass. We observed that Pfn-1 levels in plasma selgrcorrelate with
Pfn-1 content in thrombi and that the longer thentbus is occluding the
coronary artery (aged thrombi) the higher Pfn-lelsvare found in the
systemic circulation because platelets become thplef Pfn-1. No
differences were detected in Pfn-1 plasma levetadmn T3 patients and
controls supporting that Pfn-1 release is stronigigendent on the elapsed
time of ischaemia. Receiver-operating characteriatialysis predicts a
cut-off level of Pfn-1(320 pg/mL) in the peripherairculation that
indicated longer than 6 h of onset-of-pain-to-Fi@let Interestingly, 85%
of the patients that had major adverse cardiacteV@ACE) within 2
weeks after PCI had plasma Pfn-1 levels above thdian value of the
entire STEMI-population. Moreover, the few casepatients withexitus
within the first 24 h after PCI had extremely higm-1 plasma levels in
their peripheral blood at 3 h (1400 pg/mL vs. 2@0ng average for the
group).

All together these data show that Pfn-1 is reledsaah fully activated
platelets (as seen with thrombin stimulation) imoo@ry thrombus where
the main trigger for thrombus formation is tissaetdr (TF) exposed by
atherosclerotic plaques that leadsriitu thrombin formation (Badimon
et al., 1999; Toschi et al., 1997).

Indeed the implication of TF-dependent extrinsiagulation pathway in
atherosclerosis has been widely studied, andkibhdsvn that TF plays an
essential role contributing to thrombosis. Theref@everal coagulation-
related markers have been investigated as to tseirin early diagnosis
(Shand et al., 2010). However, available data an rlevance of the

intrinsic coagulation pathway along the progressibAMI are limited as,
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traditionally, major attention has been focusedhenextrinsic coagulation
pathway. In this thesis, by applying proteomic teslbgies and systems
biology analysis, a time-dependent differential reggion profile of the
intrinsic coagulation pathway after an AMI with amcrease in serum
levels of coagulation proteins during the early gghafollowed by an
attenuation of those changes 3 days after the afigee event has been
found. Prior studies have demonstrated an incriaptasma of specific
coagulation proteins in the setting of ACS (Bayesis et al., 2000;
Danesh et al., 2001), yet, this is the first ststhpwing a coordinated
change in several coagulation-related moleculegrbteomic approaches
in relation to the time after the onset of AMI. Twiifferent molecular
mass forms of HMWK have been identified. Theserradethe upstream
effector of the intrinsic coagulation pathway, whis cleaved into several
LMW forms in the initiation of the coagulation casie (Mauron et al.,
2000). Specifically, kallikrein excises HMWK, refdag two bioactive
molecules: bradykinin and cleaved HMWK (Lalmanadhak, 2010).
Besides being a non-enzymatic cofactor in theatidn of the contact
phase, kininogen has also been associated withukaasanjury,
inflammation, and complement activation. This thesias shown a
decrease in the HMW form of HMWK, validated by ERISand a
coordinated increase in the LMW form suggestingpative cleavage of
HMWK in the early phase post-AMI and the activatiohthe intrinsic
coagulation pathway. Previous studies have repattesiges in HMWK
describing decreased levels in relation to AMI amastable angina
(Tanaka and Suzuki, 1994; Vaziri et al., 1992)otder to validate the
intrinsic pathway activation, FXI serum levels weftgther analized.
Specifically, an assay that measures the homodiFXérzymogen that
circulates in blood previous to its activation thgh the contact pathway
when is cleaved to form FXla has been used. A fiagmit decrease in

FXI serum levels in the early phase post-AMI hasrbfound suggesting
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its active cleavage and pointing out once moreh® dctivation of the
intrinsic coagulation pathway. Moreover, both eftes, HMWK and FXI
returned to control levels 3 days after the evelggssting an attenuation
of the intrinsic pathway and highlighting a timepdadent effect in its
activation. The detected differences in HMWK changeAMI patients 3
days after the event between proteomic and ELIS#yars were due to
the sample size used in each analysis. Indeed, wilgrthe patients used
in proteomic studies were analyzed by ELISA no ificgmt changes were
detected between the moment of admission and 3aftgrs Importantly,
in this study, besides the detected changes iklk¢/ form, a correlation
between the LMW kininogen form 3 days after adnoissind the necrosis
of the myocardium has been seen, highlighting aiptesimplication of
this form in the degree of myocardial injury.

Within the identified coagulation-related proteiso anti-coagulant
factors were found, alpha-2-macroglobulin (A2MGY amtithrombin 11
A2MG is an acute phase protein with an endogenohubitor activity of
serine proteases, such as thrombin (Guzzetta,e2(6) and protein C
(Esmon, 1992; Hoogendoorn et al., 1991). Specificalo A2MG forms
with different molecular mass have been identifiedhe present work,
with the LMW form decreased in AMI patients 3 dafser admission.
Until now different results have been reported A&MG levels in the
setting of myocardial infarction, with studies shiogvno changes within
the first 8 h after the onset (Vaziri et al., 198%) increased A2MG levels
2 days after the event (Crook et al., 1994). Moeepincreased A2MG
levels have been suggested as an indicator ofrtdgrgssion of coronary
artery disease (Mori et al., 1995). On the othendhano significant
changes were detected in the present study iriarelad antithrombin Il
levels as previously reported (Vaziri et al., 1992)

In addition, this study has demonstrated for thst fime a progressive

decrease in histidine-rich glycoprotein (HRG) lavelfter a new onset
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AMI. Like kininogen, HRG is a type 3 cystatin (Leeal., 2009), which is
able to interact with several coagulation-relatedlarules such as
plasminogen/plasmin (Poon et al., 2009) and filgem(Vu et al., 2011).
Specifically, by its interaction with fibrinogen HRRcan be incorporated
in fibrin clots retarding the rate of conversion fdfrinogen to fibrin
(Leung, 1986). Moreover, HRG can also neutralizécaagulant activity
of heparin by preventing the formation of hepanititarombin Il
complexes that inhibit activated coagulation fagtsuch as thrombin
(Lijnen et al., 1983; Lijnen et al., 1984). Themefothe observed changes
in relation to AMI might have a direct impact inémaostasis as HRG has
a dual role being able to interact with both theagdation and the
fibrinolytic system. Thus, the coordinated changeserum coagulation-
related proteins in the early phase post-AMI cordflect the ongoing
processes in the thrombus site and as a resulhaay a direct impact on
the clinical evolution of AMI patients.

Among patients with AMI, those who present a reentrevent with in-
stent thrombosis show a worst clinical outcome,n@pethe risk of
mortality ten times higher than thrombosis in natboronary arteries (De
Luca et al., 2013). Until now, the high risk ofstent thrombosis (IST) in
STEMI has been mainly attributed to the mechangcatedure of stent
placement and the biological response of the arteryhis procedure
including changes in the dimension of the vascwali (Chaabane et al.,
2013). However, up to now, it is not known whettrer thrombi grown in
stent have a differential protein composition tifmaty explain their higher
aggressiveness.

As part of this thesis the possible molecular meigms that could
explain the high risk of adverse events in stenbrttbosis have been
evaluated by applying differential profiling protaiw and system biology
approaches to analyze the composition of in-stewntbus. The obtained

results have demonstrated that in-stent thrombue hadifferent protein
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composition compared with thrombi formed in nato@onary arteries.
Specifically, thrombi generated after stenting steowoordinated increase
of cell-related structural proteins such as adtopomyosin, myosin, and
gelsolin. Moreover, the specific marker for eryttytes, hemoglobin, was
also increased in IST. These changes underscorscaease in the
cellularity of thrombi developed in the stent comgzhto those formed in
native coronary arteries. Indeed, endothelial injumd foreign body stent
placement have shown to induce platelet activadiath deposition at the
site of the lesion, with the recruitment of cirdig leukocytes.

Leukocyte-platelet interactions are critical in thigiation and progression
of neointimal formation which is followed by the taation of

chemokines and cytokines leading to the proliferathind migration of
smooth muscle cells (SMCs) within the media andititiena (Chaabane
et al.,, 2013). Previous studies have pointed outlatelets, leukocytes
and erythrocytes as sources of oxidative stregasoular disease (Martin-
Ventura et al., 2012) .In fact, platelet-leukocyiateraction is

accompanied by ROS production causing oxidative aggem Moreover,

Yunoki and colleagues correlated erythrocyte-ridivrotnbus with

impaired myocardial reperfusion in associationxtwlative stress (Yunoki
et al.,, 2012). In line with these results, the dit@ increase in
hemoglobin in IST could induce oxidative stressthy deregulation of
the heme/iron metabolism. Indeed, it has been tegpdhat oxidation of
hemoglobin leads to non-functional methaemoglobiovgking an

ischemia/hipoxia condition in the tissues (Haralet2012; Quach et al.,
2012). Interestingly the enzymatic reduction of maetmoglobin has been
attributed to flavin reductase (Juni et al., 20N&gai and Yoneyama,
1983; Yubisui et al., 1980) which is an anti-oxidanzyme that is
decreased in IST. This decrease could contributbegcaccumulation of
methaemoglobin increasing the oxidative stressSih. IAdditionally, a

coordinated decrease of another anti-oxidant enzymeoxiredoxin-2,
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has been detected in IST. This enzyme is mainlgli®d in peroxide
degradation (Mohanty et al., 2014; Rhee et al.220¥oreover, IST have
also shown an increase of the redox-homeostasignmenzsuperoxide
dismutase. This enzyme is responsible for the foamsition of O2  to
produce HO,, (Fukai and Ushio-Fukai, 2011). Therefore the ease in
SOD could induce an increase iaQd in IST thrombi probably due to an
increase in platelets content as suggested by tsitiye correlation
between CD61 and SOD band intensities in the weditst validation
analysis. In normal condition the excess ofOkis eliminated by the
action of peroxiredoxin-2. Thus, in IST, the imbala between SOD and
peroxiredoxin-2 activities could lead to the acclatian of HO, and its
contribution to oxidative damage (Martin-Ventura at, 2012). The
decrease of carbonic anhydrase, protein that gsotetls from hydrogen
peroxide-induced apoptosis could contribute to tixédative damage
induced by hydrogen peroxide accumulation (Raisateh, 1999).
Previous studies have reported the involvement gd.Hn collagen
induced platelet activation (Pignatelli et al., 898@nd the propagation of
platelet aggregation (Violi and Pignatelli, 201Pherefore, the imbalance
in redox-homeostasis could contribute to a higlggressiveness of IST
thrombi by an increased.B.-induced platelet response.

Moreover, alpha enolase that has been related poxigy tolerance in
endothelial cells showed a 10-fold decrease imtiafter stenting when
compared to native thrombi. The hypoxia state geedr by
metahemoglobin might potentiate the formation ohctee oxygen
species and the increase of oxidative damage. fnerethe detected
decrease in alpha enolase could induce an incresssceptibility to
oxidative stress in the milieu of the thrombi deysd in the stent
contributing to the higher aggressiveness of e of thrombus.

On the other hand, IST thrombi did not show chanigedibrinogen

proteomic profile. Nevertheless, the increase efdkidant environment
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present in stented arteries could lead to oxidatpest-translational

modification of fibrinogen influencing both its stture and function,

phenomenon that has been associated with vasdaase pathogenesis
(Martinez et al., 2012; Martinez et al., 2013).

These results reveal important differences in ttegein composition of

in-stent thrombus compared to spontaneous thrambaiive vessels with
an increase in thrombus cellularity and an impairesidative

environment.

In summary, the results obtained from the differsuit-studies included
in this thesis provide novel information about #welving composition of
coronary thrombus both in cellular and protein eahtin relation to the
time of ischemia. Moreover, changes in circulatprgtein levels reflect
the process ongoing in the coronary arteries, wiraly have a potential
value in the assessmeat the evolution of patients after an event. In
addition, this work brings important knowledge abdbe structural
differences in in-stent thrombus compared to thiommnative vessels,
highlighting the imbalance in redox-related proseias a potential

mechanism behind the worst prognosis of patients M3iT
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From the all results presented in this thesis weaestiablish that:

1. The elapsed pain-to-PCI time has impact in the congsition of
STEMI thrombus

» Coronary thrombi show dynamic changes in celluangosition as a

function of elapsed pain-to-PCl time:

- Older intracoronary thrombi are able to recruitcglating

inflammatory innate and adaptive immunity cells

- In aged coronary thrombi, but not in the earlygghaf ischemia,

progenitor cells are found within the thrombus.

- The recruitment of platelets is an early event.offiisi of more
than 6 h of evolution show a reduction in the nundferecruited

platelets

* The structure of fibrin changes with pain-to-P@ie¢i Aged occlusive

thrombi present an increase in fibrin network cawjiy

e Pfn-1 in thrombi is inversely related to ischentitombus age and

inversely correlates with the platelet content

 Pfn-1 is secreted from fully activated plateletdn-P levels are
increased in coronary and peripheral circulatiopatients with more

than 6h of ischemia independently of the antipitiEbatment.

2. There are time-dependent changes in the serum prédi of

coagulation related proteins in the early phase posAMI.

e Within the first 6 hours after the onset of paierthis a dynamic
exchange between HMWK and its cleaved form, ancc@edse in

FXI levels indicative of intrinsic coagulation pathy activation,
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together with an increase in fibrinogen gamma tuen@and D-dimer

formation.

The elapsed time of ischemia affects the fibrinogkstribution
profile in the evolving coronary thrombus with degsed fibrinogen
beta fragment formation and increased fibrinogemrga turnover in
the early phase post-AMI directly influencing serdibrinogen

content.

Fibrin degradation products are found in coronargrmbi but not in

in vitro generated clots

In-stent thrombi show differences in the protein cenposition

when compared to thrombi in native coronary arteries:
In-stent thrombi have a highly cellular profile.

IST showed coordinated change in enzymatic protegtated to

oxidative stress.

These findings may have clinical implications on:

208

Defining the age of the occlusive thrombus and ptegnostic
implications
The discovery of new biomarkers of the early phasieischaemic

process

Indicating that the interaction between the changig thrombi and
the vessel wall may affect the progression of thenderlying

vascular disease
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