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2-DE: electroforesi bidimensional

AA: acid araquidonic

ACTH: hormona adrenocorticotropica

ADP: adenosina difosfat

ATP: adenosina trifosfat

AP1: proteina activadora-1

ApoB: apolipoproteina B

ApoE™": apolipoproteina E7/

ARA: antagonistes del receptor de lI'angiotensina II
ARN: acid ribonucleic

ARNm: ARN missatger

AT-1: angiotensina-1

BCA: acid bicinconinic

BSA: albimina de sérum bovi

cAMP: adenosin monofosfat ciclic

cGMP: guanosin monofosfat ciclic

CHO: chinese hamster ovary, ovari de hamster xinés
COX-2: ciclooxigenasa-2

CML: cél-lules musculars llises

CRP: proteina C-reactiva

CRPtg: transgenic de CRP humana

DAG: diacilglicerol

ECA: enzim convertidor de I'angiotensina

EDTA: &cid etilendiamino tetraacetic

FITC: isotiocianat de fluoresceina

FS: forward scatter, mida relativa

GAP: proteina acceleradora de |'activitat GTPasa
GDI: inhibidor de dissociacié de GTP

GEFs: factors intercanviadors de nucleotids

GP: glicoproteina

GRP78: 78 kDa glucose-regulated protein

GTP: guanosina-5'-trifosfat

HDL: lipoproteines d’elevada densitat
HMG-CoA: 3-hidroxi-3-metil-glutaril- Coenzim A
hsCRP: CRP ultrasensible

ICAM-1: molécula d'adhesié intercel-lular-1

IEF: isoelectroenfoc

Abreviatures
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Abreviatures

IL-1B: interleucina-1p

IL-6: interleucina-6

IL-8: interleucina-8

IL-10: interleucina-10

IPG: immobilized pH gradient

I5P: inositol-3-fosfat

LDL: lipoproteines de baixa densitat

LPS: lipopolisacarids

LRP-1: proteina relacionada amb el receptor de les LDL-1
MALDI-TOF: matrix assisted laser desorption ionization-time of flight
MAPK: mitogen activated protein kinase

MCP-1: proteina quimiotactica per monocits tipus 1
mCRP: CRP modificada

MMP: metaloproteasa de matriu

MPs: microparticules

NAD[P]H: nicotinamida adenin dinucleotid fosfat
natCRP: CRP nativa

NF-xB: nuclear factor xB

NO: oxid nitric

PAI-1: inhibidor del plasminogen-1

PAR: receptor activat per proteasa

PBS: phosphate buffer saline

PCR: reaccié en cadena de polimerasa

PDGF: factor de creixement derivat de plaquetes
PE: ficoeritrina

PGE;: prostaglandina E;

PGI,: prostaglandina I,

PKC: proteina cinasa C

PLA,: fosfolipasa A,

PMF: peptide mass fingerprint, empremta peptidica
PMSF: phenylmethanesulphonylfluoride

PRP: plasma ric en plaquetes

RE: reticle endoplasmatic

SC: side scatter

SDS: sodium dodecyl! sulfate, dodecil sulfat sodic
SDS-PAGE:. sodium dodecyl sulfate polyacrylamide gel electrophoresis, electroforesi en gel

de poliacrilamida amb SDS
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Abreviatures

TBS: tris buffer saline

TF: factor tissular

t-PA: activador tissular del plasminogen

TNF-a: factor de necrosi tumoral-a

TXA,: tromboxa A,

uPA: activador del plasminogen tipus urocinasa

UPR: unfolded protein response, resposta a proteines no plegades
VASP: vasodilator-stimulator phosphoprotein

VCAM-1: molécula d’adhesié cel-lular vascular-1

vWF: factor de von Willebrand
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Introduccié

1. MALALTIES D'ORIGEN ATEROSCLEROTIC

Les malalties cardiovasculars sén, segons I’'Organitzacié Mundial de la Salut, la
primera causa de mortalitat total. S’estima que l'any 2005 van morir 17,5 milions de
persones per causa d’aquestes malalties, el que representa un 30 % de la mortalitat arreu
del mén. Si no es prenen mesures apropiades, es preveu que I'any 2015 s’assolira la xifra
de 20 milions de defuncions anuals per malalties cardiovasculars (www.who.com Dades
2005). A Espanya, segons el Ministeri de Sanitat i Consum, els percentatges sén similars,
doncs I'any 2005 el percentatge de defuncions degut a malalties cardiovasculars va ésser
del 32,8 % i a Catalunya del 30,9 %, essent la primera causa de mortalitat.

Les morts per malalties cardiovasculars afecten tant a homes com a dones per
igual (les dones semblen estar més protegides gracies a les hormones durant I’'época fertil,
pero la incidéncia incrementa un cop arribada la menopausa) i, tot i que afecten de forma
molt marcada a la poblacié dels paisos desenvolupats, el 80 % de les morts es donen en
paisos amb ingressos moderats o baixos.

L'aterosclerosi, complexa malaltia cronica de la paret vascular, és la causa de la
majoria d’episodis patologics cardiovasculars entre els que s’inclou la malaltia cardiaca
coronaria (Fuster et al. 1992a; Fuster et al. 1992b; Stary 2000), les malalties
cerebrovasculars i la malaltia vascular periférica. La major part dels casos d’infart agut de
miocardi i infart cerebral sén deguts, principalment, a obstruccions que impedeixen el pas
de la sang als vasos que irriguen el cor i el cervell.

La naturalesa cronica del procés aterosclerotic, que s’inicia durant les primeres
decades de la vida, condueix a la formacié de la placa fibrosa, que consisteix en
I'acumulacié de material lipidic i proteoglicans, elements cel-lulars, teixit fibrés i diposits de
calci. Segons I’Associacié Americana del Cor, les lesions aterosclerotiques es classifiquen
en 8 tipus segons el seu grau de progressid. Les lesions aterosclerotiques, a mesura que
avancen, poden limitar eventualment el flux sanguini produint simptomes d‘isquemia
cronica. Pel contrari, si la progressio produida per una ruptura de la placa acompanyada de
complicacions trombotiques, es produeixen les sindromes agudes (Fuster et al. 1992a;

Fuster et al. 1992b; Stary 2000) (Figura 1).
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Introduccié

Figura 1. Evolucié de la lesio aterosclerotica. A les etapes inicials de l|'aterogénesi el
reclutament de cél-lules inflamatories i I'acumulacié lipidica déna lloc a la formacié del nucli
lipidic. Si la inflamacié perdura i prevaleixen els factors de risc, el nucli lipidic pot créixer.
Aquests canvis poden debilitar la coberta fibrosa i fer que la placa sigui més propensa a la
ruptura. La ruptura de la placa desencadena la formacié del trombe. Si el trombe oclou el vas,
es pot produir un infart de miocardi. Eventualment, el trombe pot reabsorbir-se i la resposta a la
lesi6 ddéna lloc al remodelat vascular, que provoca l|'engruiximent de la coberta fibrosa i
I'expansié de la intima, el que resulta en una constriccié del lumen. Les lesions estenosades
poden reduir el flux sanguini produint isquémia, que sovint provoca simptomes com l'angina de
pit. Les plaques estenotiques avancades sén més fibroses i son, per tant, menys susceptibles a

intima  Média

CEllula muscular
llisa

Artétia Adventicia
nammal

Inici de la lesio
x
Placa
estahle
Infart agut de
miocardi
e

Placa Vulnerahle

7 :
= Tramhbasi |

Coherta fibrosa

la ruptura (Libby et al. 2002b).
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Introduccié

2. PARET VASCULAR

El sistema vascular esta compost d’artéries, arterioles, capil-lars, vénules i venes.
Aquests tipus vasculars es distingeixen entre ells per la seva dimensio, morfologia i funcio
(Figura 2). Tot i aquestes diferéncies, tots els vasos sanguinis estan recoberts internament
per una monocapa de cél-lules endotelials. Depenent de la seva funcid i localitzacid, els

vasos sanguinis poden variar molt en mida i propietats estructurals i mecaniques.
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Figura 2. Caracteristiques dels vasos sanguinis

La paret vascular arterial és un organ actiu i flexible, format per tres capes
concentriques de diferent composicié cel-lular i material intersticial (Figura 3). Els diferents
components formen un teixit dinamic que s’adapta i reorganitza en resposta a diferents
estimuls mecanics, tant fisiologics com patologics (Burke et al. 1997; Sambola et al.

2003).

2.1. Intima

La tunica intima és la capa més interna de I'artéria i esta formada per I’endoteli i el
subendoteli, que limita amb la lamina elastica interna. L'endoteli esta format per una
monocapa de cél-lules endotelials que recobreixen la llum del vas. L'endoteli manté
I'nomeostasi vascular i actua com a barrera selectiva regulant l'intercanvi de molécules

entre la sang i la paret vascular. L'endoteli juga un paper molt important en la regulacié
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del to vascular produint oxid nitric (NO) i prostaglandina I, (PGI;) (Badimon et al. 2002).
L'endoteli participa en la trombosi mitjancant la sintesi i alliberament de factors
protrombotics com l'inhibidor del plasminogen-1 (PAI-1), el factor VIII i el factor de von
Willebrand (VWF) i factors antitrombotics com I'activador tissular del plasminogen (t-PA),
la trombomodulina, la ciclooxigenasa-2 (COX-2), el PGI, i el NO. El subendoteli és la
lamina basal, constituida per una fina capa de teixit conjuntiu. Per sota es troba la lamina

elastica interna, formada per una malla compacta d’elastina.
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Figura 3. Estructura de capes d’una artéria

2.2. Meadia

La tunica média és la capa de major gruix. Esta formada per cel-lules musculars
llises de paret vascular (CML) disposades circular o helicoidalment respecte |'eix del vas,
que s’encarreguen de mantenir el to vascular, i per matriu extracel-lular composta de
diferents molécules com col-lagen i elastina. La tunica media esta delimitada exteriorment

per la lamina elastica externa i internament per la lamina elastica interna.

2.3. Adventicia

La tunica adventicia és la capa més externa i esta formada per teixit conjuntiu amb
fibres de col-lagen, fibres elastiques i fibroblasts. Aquest teixit conjuntiu es prolonga de
forma gradual, relacionant-se amb les estructures veines. Per aquest teixit conjuntiu
perivascular discorre una xarxa de vasos de molt poc calibre, els vasa vasorum, que
ocasionalment penetren en la tunica media i la seva funcié sembla estar relacionada amb

el metabolisme de la paret.
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2.4. Efecte de I'entorn biomecanic sobre la paret
vascular

Les cél-lules de la paret vascular estan constantment exposades a forces
mecaniques degut al flux sanguini. Les forces hemodinamiques juguen un paper molt
important en la fisiologia i patofisiologia de la paret vascular. Les principals forces
hemodinamiques generades a la vasculatura son l'esfor¢ de cisalla a la paret, que actua
tangencialment a I'eix longitudinal del vas degut al flux sanguini, I'esforg circumferencial,
que canvia el diametre del vas com a conseqiiéncia de la pulsatilitat del flux sanguini i
I'esforc de compressid, que actua perpendicular a la paret del vas degut a la pressid

hidrostatica (Dobrin et al. 1989) (Figura 4).
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Figura 4. Representacio esquematica de les forces hemodinamiques que actuen a
la paret arterial

Les cél-lules endotelials estan constantment sotmeses a esforcos de cisalla i
esforgos circumferencials, mentre que les capes subjacents de CML i fibroblasts estan
principalment exposades a esforgos circumferencials i nivells baixos d’esforg de cisalla
provocats pel gradient de pressioé transmural que produeix el flux intersticial a través de la
paret vascular (Wang et al. 2000; Hahnet al. 2009). Les forces hemodinamiques varien
localment depenent de la geometria de les artéries. El rang de valors de cadascuna

d’aquestes forces es mostra a la taula segient:
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Taula 1. Forces hemodinamiques als diferents tipus de vasos sanguinis

Esforg de cisalla Forca de friccio deguda al flux 6-40 dines/cm? artéries
8 dines/cm? capil-lars

1-5 dines/cm? venes

Esforg de compressio Pressio hidrostatica 1-5 dines/cm? venes
Esforg circumferencial Canvis en el diametre del vas 2-18 % artéries
Pulsatilitat Batec del cor 1-2 Hz arteries

0 Hz capil-lars i venes

En regions rectes de les artéries la velocitat del flux sanguini canvia durant el cicle
cardiac, pero el flux és manté en la mateixa direccié amb perfil laminar. El flux laminar es
caracteritza per lamines de fluid paral-leles, circulant a diferents velocitats sense barrejar-
se, creant un perfil de velocitat parabolic (Goldsmith et al. 1986). La velocitat és maxima a
I’eix del flux sanguini, disminueix gradualment cap a la paret vascular, i es fa zero a la
paret. D'aquesta manera es generen esforgos de cisalla entre capes adjacents de fluid que
esdevenen maxims a la paret. En canvi, a zones de la vasculatura com bifurcacions,
curvatures i arees estenosades apareixen perfils de flux complexes que inclouen velocitats
de flux baixes, separacié de flux, gradient de flux, flux revers i, en limitades ocasions,
turbuléncia (Malek et al. 1999). Aqusests perfils de flux s’engloben sota el terme “flux
alterat".

Les forces hemodinamiques modulen la funcié vascular induint I'alliberament, per
part de I'endoteli, de molécules implicades en el control del to i remodelat vascular i en les

interaccions cél-lula-cel-lula (Davies 1995).
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3. FISIOPATOLOGIA DE L'’ATEROTROMBOSI

3.1. Inici i progressio de les lesions aterosclerotiques

Les alteracions de I'endoteli es consideren un procés causal en el desenvolupament
de les lesions aterosclerotiques, ja que comprometen la capacitat de les cél-lules
endotelials de regular la seva funcié i mantenir I'hnomeostasi de la paret vascular (Ross et
al. 1976a; Ross et al. 1976b).

La hipotesi més estesa actualment descriu l’aterosclerosi com una malaltia
inflamatoria cronica (Ross 1999) desencadenada per factors tant locals (hemodinamics)
com sistémics (hipertensio, hipercolesterolémia, infeccions, etc). La disfuncié endotelial es
considera un procés causal en l'aterosclerosi (Verma et al. 2002). Es caracteritza per una
reduccié de la biodisponibilitat de vasodilatadors, concretament de NO, i per un augment
de factors contractils, aixi com per un augment de la permeabilitat endotelial i d’estrés
oxidatiu (Kinlay et al. 2001). L'augment de la permeabilitat endotelial facilita I'entrada de
macromolecules, sobretot lipoproteines de baixa densitat (LDL) i fibrinogen. L'augment
d’estrés oxidatiu es considera un procés rellevant en la patogenesi de la disfuncié
endotelial i podria ésser la via comu de l'efecte de factors de risc sobre l’endoteli.
L'endoteli disfuncional promou la proliferaci6 de CML, la sintesi o proteolisi de matriu
extracel-lular, la inflamacié i l'activacié de les plaquetes. La clara predisposicido a
desenvolupar lesions aterosclerotiques de zones de l'arbre arterial en les que el flux
sanguini es veu alterat (bifurcacions o curvatures) indica la importancia de les condicions
hemodinamiques locals en el desenvolupament de |'aterosclerosi. De fet, s’ha demostrat
que canvis aguts en el perfil del flux modulen I'expressié de gens a I’'endoteli (Malek et al.
1999). L'endoteli disfuncional genera un ambient proaterogénic mitjangant la secrecié de
factors proinflamatoris, proliferatius i protrombotics.

La disfuncié endotelial promou el reclutament de leucocits, degut a l'augment
d’expressié de molécules d’adhesid, com la molécula d’adhesid cel-lular vascular-1 (VCAM-
1), la molécula d’adhesié intercel-lular-1 (ICAM-1), E-selectina i la proteina quimiotactica
per monocits tipus 1 (MCP-1) (Dong et al. 1998; Collins et al. 2000). Els leucocits adherits
a I'endoteli transmigren a I'espai subendotelial, on es diferencien a macrofags, capten gran
quantitat de molécules de colesterol i ésters de colesterol procedents de LDL i es
transformen en cél-lules escumoses (Kunjathoor et al. 2002), un dels components
cel-lulars caracteristics de la lesié aterosclerotica (Fuster et al. 1992a; Fuster et al. 1992b).
Un desequilibri en el balang d’entrada i sortida de lipoproteines, aixi com la seva interaccio
amb la matriu extracel-lular i posterior modificacié contribuiran a la progressié de la lesi6

aterosclerotica inicial (Figura 5).
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Figura 5. Inici de la lesio
aterosclerotica. Es produeixen
alteracions a I’endoteli i infiltracié de
LDL. Es produeix un augment de
molécules d’adhesié que afavoreix
I'adhesid de leucocits i la seva
transmigracio, aixi com I'acumulacid
de lipids i macrofags a l'intima
arterial (Ross 1999).

Perrneabilitat Migracia Adhesia Adhesig
endotelial leuCacits endotelial leucacits

Estimuls inflamatoris continuats produeixen un augment de macrofags, limfocits T i
cel-lules cebades a la neointima vascular (Hansson 2001). L'activacié d’aquestes ceél-lules
comporta l'alliberament d’enzims hidrolitics, citocines i factors de creixement que poden
lesionar I'endoteli adjacent i provocar aixi zones focalment denudades, trobant-se sovint
plaguetes adherides al teixit subendotelial exposat sobre les plagues madures. De la
mateixa manera, plaquetes i microtrombes contribuiran al creixement de la placa
mitjangant I'estimulacié de cél-lules adjacents de linterior de la placa i/o la seva
incorporacié a la lesio. El factor de creixement derivat de plaquetes (PDGF), la trombina i
el fibrinogen tenen propietats quimiotactiques i mitogéniques. Per aquest motiu, les
plaquetes son probablement decisives en I'evolucid de les plaques madures. Existeixen
altres factors mitogeénics derivats de la sang i de la propia placa, com interleucina-1 p (IL-
1B), la serotonina, la trombospondina i també neurotransmissors (catecolamines) i
hormones (angiotensina) que contribueixen al creixement de la lesid.

Les CML pateixen transformacions fenotipiques com a resposta a canvis en |'entorn
biomecanic, com poden ésser factors de creixement/inhibicié, influeéncies mecaniques,
interaccions intercel-lulars i cel-lula-matriu i mediadors inflamatoris. S’ha proposat que
I’eliminacié de la barrera formada per la lamina basal, degut a I'acci6 de metaloproteases
de matriu (MMPs) derivades de macrofags, CML i cel-lules endotelials, i la conseglent
interaccié de les CML amb els components de la matriu (col-lagen I i fibronectina) facilita el
canvi fenotipic i la migracié d’aquestes cél-lules (Barnes et al. 1999). Les CML de la tunica
media amb fenotip “contractil”, responsables de la vasoactivitat arterial, penetren a la
tunica intima i adquireixen un fenotip “sintétic”. Aquest canvi fenotipic o desdiferenciacid
confereix a les CML una major activitat funcional augmentant la seva capacitat de migrar,
dividir-se i de sintetitzar proteines de matriu extracel-lular com col:-lagen, proteoglicans i

elastina, el que suposa un major engruiximent de la tdnica intima i una reduccié del lumen
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arterial (angina estable). A més, CML amb fenotip sintétic internalitzen LDL modificades a
través de receptors com la proteina relacionada amb el receptor de les LDL-1 (LRP-1)
(Llorente-Cortes et al. 2002a) i es transformen també en cél-lules escumoses. Estudis
recents han demostrat una elevada expressié de LRP1 en CML de lesions aterosclerotiques
i s’ha demostrat que la seva expressid ve regulada per la preséncia de LDL (Llorente-

Cortes et al. 2002b; Llorente-Cortes et al. 2005) (Figura 6).

Figura 6. Formacio de l'estria
de greix i placa fibrosa.
Retenciod i modificacid de les LDL
a l'espai subendotelial.
Acumulacié de cel-lules
escumoses derivades de la
captacio de LDL modificades pels
macrofags i CML. Les plaques
evolucionen incrementant
I'acumulacié de lipid
extracel-lular, I'adhesio
plaquetaria i la secrecio de

\ factors de creixement que
Migracia Formacidcel Activacia  Adhesiai  Adhesid i estimulen la migraci6 de les CML
CMLY  escumoses cel. T agregacio  transmigracio (Ross 1999).

El col-lagen I és un dels components principals de la lesié vascular (Barnes et al.
1999). D’altra banda, glucosaminoglicans i fibres d’elastina son importants en la captacio
de lipid per part de la paret i contribueixen significativament a la calcificacié de la placa
aterosclerotica. De fet, s’associa la progressié de la calcificacié d’elastina amb el remodelat
de la matriu extracel-lular. Es desconeixen els mecanismes moleculars que regulen la
calcificacié vascular. No obstant, s’ha proposat que, de la mateixa manera que en
osteogénesi, es produeix un balang entre inductors i inhibidors (proteina Gla, osteocalcina,
osteonectina, osteopontina, glucosaminoglicans) (Steitz et al. 2001). Estudis recents
indiquen que algunes d’aquestes proteines, tals com la proteina Gla i I'osteonectina no
només intervenen en la mineralitzacié de la placa, sind també en la diferenciacio de les
CML. El procés de calcificacid es veu afavorit pel retorn de les CML al seu fenotip contractil
(Steitz et al. 2001). S’ha descrit que els canvis en les CML miointimals sén reversibles en
quant a I'expressié de proteines contractils. Per tant, els canvis fenotipics podrien ésser un
requisit en el procés de reparacié vascular, amb una disminucio inicial, reflexant un canvi a
un estat menys diferenciat caracteritzat per una elevada capacitat de creixement i, més

tard, una rediferenciacié de les cél-lules i un retorn a un estat contractil.
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3.2. Complicacio de la lesio aterosclerotica

El mecanisme responsable de la transformacié brusca d’una patologia vascular
estable en una altra que posa en risc la vida del pacient acostuma a ésser la ruptura de la
placa i la superposicié de processos trombotics (Fuster et al. 1992a; Fuster et al. 1992b).

El risc de ruptura de la placa aterosclerotica depén més de la seva composicio i
vulnerabilitat (tipus de placa) que del grau d’estenosi (mida de la placa). Les plaques amb
baix contingut lipidic i fibroses (plaques estables) son dures i, en general, resistents a la
ruptura. Clinicament sén sovint innoqles, perd poden donar lloc a episodis d'isquémia
quan el flux es veu compromeés. Son plaques que generalment oclueixen el vas lenta i
progressivament, el que permet el desenvolupament de vasos col-laterals i,
conseqlientment, les manifestacions cliniques sén escasses a llarg termini. Les plaques
fibrolipidiques sén molt més vulnerables a la ruptura, essent responsables de la majoria de
complicacions cliniques (Dickson et al. 2003). Histologicament, les plaques vulnerables
contenen un important nucli lipidic extracel-lular, una elevada densitat de ceél-lules
escumoses, poca quantitat de CML i estan recobertes per una fina capa de teixit fibros. Aixi
doncs, aquestes plaques sén poc estables i son més propenses a la ruptura que les plaques
fibroses, riques en col-lagen. El debilitament de la coberta fibrosa predisposa a la ruptura,
la qual acostuma a produir-se en arees on la coberta fibrosa és menys gruixuda i existeix
una major infiltracié de cél-lules inflamatories i on les forces mecaniques que actuen sobre
la placa sén majors. En el cas de plaques excéntriques, la ruptura sovint té lloc en zones
laterals, on I'extrem de la placa s’uneix a la paret vascular adjacent, amb menor grau de

lesid (Fuster et al. 1992a; Fuster et al. 1992b) (Figura 7).

Acimmlacia Formarid Formacii coherta

Ruptura de la Dehilitament Hemarragia
macrifans nuch nacrogic fihrnsa

placa coberta fibrosa intraplaca

Figura 7. Complicacio de la lesi6 aterosclerotica. A) Lesié avancada. Augmenta
la proliferacio i migracié de les CML que envolten el nucli lipidic. Incrementa la secrecid
de matriu extracel-lular per les CML, provocant I'engruiximent de la coberta fibrosa. B)
Ruptura de la placa. L'activitat de determinats enzims com les MMPs contribueix a la
ruptura de la coberta fibrosa i a la formacié del trombe mural (Ross 1999).
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La “ruptura de la placa” implica I’'exposicié al corrent sanguini del nucli lipidic i
altres components de la placa, altament trombogénics, desencadenant la superposicié d'un
trombe, que oclou el vas sanguini (Figura 8). Per contra, “l'erosié de la placa” s’identifica
com a perdua de la monocapa endotelial en segments arterials. La ruptura de la placa és
de gran rellevancia clinica, essent el procés subjacent en el 70 % de morts per sindromes
coronaries agudes, mentre que els processos d’erosid constitueixen el 30 % dels casos de
mortalitat deguda a trombosi coronaria aguda. Els processos de ruptura tenen lloc amb
més frequéncia en homes menors de 50 anys, mentre que els d’erosié es donen amb igual
freqléncia en homes i dones d’aquest interval d’edat. El procés erosiu esta incrementat en

pacients fumadors i afecta especialment a dones premenopausiques.

Figura 8. Artéries coronaries d’un pacient que va patir mort sobtada. L'artéria de
I'esquerra presenta placa aterosclerotica fibrotica (placa estable) mentre que la de la dreta
presenta abundants cristalls de colesterol i superposicié d’un trombe sobre una zona de
ruptura (placa inestable).

41



Introduccié

3.3. Factors causals en la progressio de I'aterosclerosi.

Plaques d’alt risc

3.3.1. Inflamacioé

Procés d’inflamaci6 a la coberta fibrosa

Els processos inflamatoris no només promouen la iniciacié i evolucié de
I'aterosclerosi, sind que també contribueixen decisivament al procés de disrupcié de la
placa aterosclerotica. La preséncia de macrofags activats es relaciona amb processos de
ruptura de la placa. Aixi, les lesions causants de les sindromes coronaries agudes contenen
molts més macrofags que les lesions que produeixen angina estable (14 % vs. el 3 % de
placa ocupada per macrofags) (Moreno et al. 1994). Els macrofags tenen la capacitat de
degradar la matriu extracel-lular per fagocitosi directa i mitjancant la secrecié d’enzims
proteolitics (col-lagenases, gelatinases i estromelinases) so6n capagos de degradar el
col-lagen i la lamina elastica de la placa aterosclerotica (Galis et al. 2002). A més, els
macrofags també secreten citocines i factors quimiotactics, que atreuen al nucli
ateromatds un major nombre de monocits/macrofags, cél-lules T i cél-lules cebades.
Juntament amb la generacié de productes toxics (radicals lliures i productes d’oxidacio
lipidica), aquests enzims faciliten el dany de la paret vascular, contribuint a la debilitacio
de la coberta fibrosa predisposant-la a la ruptura. En un intent de missié defensiva de
protegir la paret vascular d'una excessiva acumulacié de lipoproteines, els macrofags
entren eventualment en apoptosi, alliberant el seu contingut en factor tissular (TF)
(Littlewood et al. 2003). La ruptura d’aquestes lesions, riques en TF, desencadena la
coagulacié a l'entrar el TF en contacte amb la sang circulant (Moons et al. 2002).
L'apoptosi dels macrofags podria representar un vincle d’unié entre la inflamacié i les
complicacions trombotiques que tenen lloc al llarg de la malaltia aterosclerotica.

La contribucio d’altres estirps de cel-lules inflamatories (cél-lules cebades, cél-lules
T, neutrofils) en la vulnerabilitat de les lesions esta menys caracteritzada. Les cél-lules
cebades es localitzen preferentment en regions laterals de les plaques coronaries
avancades (Kaartinen et al. 1994), tot i que en proporcié molt baixa si es compara amb el
nombre de macrofags presents en les mateixes arees (relacié cél-lules cebades i macrofags
aproximadament 1:20). Es important destacar que la majoria d’aquestes cel-lules (85 %)
es troben activades o degranulades, de manera que secreten potents enzims proteolitics i
citocines proinflamatories com el factor de necrosi tumoral-a (TNF-a) (Kaartinen et al.
1996) i que els mediadors derivats de la seva degranulacié poden induir events oclusius al
desencadenar vasoespasme coronari. A més, contenen granuls remanents que sén

alliberats i sovint fagocitats per macrofags adjacents, amb el que poden induir la produccié
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de cél-lules escumoses. Estudis recents suggereixen que les cél-lules cebades activades
contribueixen al debilitament de la placa aterosclerotica mitjancant la secrecié de
mediadors, com proteoglicans heparinoides i quimasa, que afecten al creixement,
funcionalitat i apoptosi de les CML. A diferéncia de les cel-lules cebades, els limfocits T
estan presents a totes les fases aterogéniques, suggerint que es ddéna una resposta
immunitaria dirigida a antigens especifics, com és el cas de les LDL oxidades (Hansson
2001). Existeixen evidéncies que sostenen que les cél-lules T podrien precedir als
monocits/macrofags en la lesio inicial. Els limfocits T faciliten la propagacié de la resposta
immunitaria (atraient més leucocits cap al nucli de la lesid), estimulen monocits/macrofags
i redueixen la poblaciéo de CML. D’altra banda, escassament es troben neutrofils en plaques
intactes (Weiss 1989), pero en ocasions poden trobar-se en plaques trencades situats per

sota dels trombes coronaris, i es creu que penetren a la placa poc després de la ruptura.

Altres fonts d’inflamacid

El procés aterosclerotic i les seves complicacions trombotiques per si mateixes sén
fonts d’estimuls inflamatoris (Ross 1999; Libby 2002a). No obstant, diversos estudis han
postulat I'existéncia de fonts alternatives d’inflamacié que contribueixen a la complicacid
de la malaltia aterosclerotica (Cusack et al. 2002). En aquest sentit, la reperfusié del cor
isquémic ha demostrat jugar un important paper en la resposta inflamatoria, mitjangant el
reclutament de ceél-lules inflamatories a les zones danyades (Hoffman et al. 2004) o
mitjancant la sobreproduccié d’espécies reactives d’‘oxigen, realgant aixi la resposta
inflamatoria local (Kakio et al. 2000). A més, també es creu que el propi teixit miocardic
necrotic contribueix a l'alliberament de citocines proinflamatories, com interleucina-6 (IL-
6), IL-1p i TNF-a que al mateix temps indueixen la produccié hepatica de proteina C-
reactiva (CRP), un marcador clau d’inflamacié sistemica (Libby et al. 1999).

D’altra banda, diversos estudis cas-control (Mattila et al. 1989; Mattila et al. 1993)
i estudis longitudinals (Mattila et al. 1995; Beck et al. 1998) han suggerit que la malaltia
periodontal podria contribuir al desenvolupament de la cardiopatia coronaria isquémica.
Estudis longitudinals mostren que la malaltia periodontal precedeix a la malaltia coronaria.
Els pacients amb periodontitis agresives com periodontitis d‘inici precog, periodontitis
refractaries i diabetes mellitus insulino-dependent presenten monocits amb fenotip
hiperinflamatori (Shapira et al. 1994). S’ha proposat que l'associacié d'aquest fenotip amb
la malaltia periodontal i I'aterosclerosi sigui el vincle entre ambdues malalties. Aquests
monocits juguen un paper molt important en la formacié de la placa d’ateroma i al mateix
temps, la interacciéo dels lipopolisacarids (LPS) amb els monocits és fonamental en
I'alliberaci6 de mediadors inflamatoris (IL-1B, TNF-a), que condueixen a la destruccio

periodontal. Aquests mediadors poden iniciar I’'adhesié i agregacio plaquetaria i afavoreixen
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la deposicid de cél-lules escumoses carregades de lipids i colesterol a la intima. A més, les
citocines alliberades pels monocits, junt amb el PDGF incrementen la proliferaci6 de CML

augmentant el gruix de la paret vascular i disminuint aixi el lumen vascular.

3.3.2. Neovascularitzacio

Les lesions vulnerables habitualment presenten neovascularitzacié (de Boer et al.
1999). La presencia de capil-lars angiogeénics a l'intima vascular esta associada amb
I'aparicié de sindromes coronaries cliniques i amb la presencia de malaltia oclusiva
simptomatica de carotida. Estudis recents han demostrat un augment de densitat de
microcapil-lars en les zones laterals de la placa amb hemorragia interna i en fibroateromes
amb coberta fibrosa debilitada, aixi com en lesions amb elevada infiltracié de macrofags
(Moreno et al. 2004). Aquestes observacions posen de manifest la relacié entre inflamacié i
neovascularitzacié. L'angiogénesi contribueix a la inestabilitat de la placa degut, en part, a
una major exposicid local a forces mecaniques en les arees de neovascularitzacid, aixi com
a un augment d’infiltraci6 de monocits/macrofags, afavorida per I'existéncia de cél-lules
endotelials activades als neocapil-lars (Moreno et al. 2004). A més, s’ha observat que
processos angiogénics a I'adventicia estimulen I’'engruiximent de la tunica intima (Khurana
et al. 2004). S’ha postulat també que cél-lules progenitores presents a la placa o
circulants, procedents del moll de |'os, podrien originar aquests neocapil-lars. Igualment,
degut a I'ambient proinflamatori en el que es desenvolupa el creixement dels vasos, es

creu que els macrofags també podrien col-laborar en el procés de neovascularitzacio.

3.3.3. Fatiga

A la inestabilitat de la placa aterosclerotica també contribueixen un important
nombre de factors mecanics com l'estirament, la pressid, la compressio, el plegament i la
flexié. Aquests processos es produeixen de forma reiterada i ciclica, fatigant i debilitant la
coberta fibrosa de la lesio, facilitant aixi la ruptura espontania. D’aquesta manera, si
disminueix la freqliéncia (ritme cardiac) i la magnitud de la carrega (relacionada amb
I'esforg de cisalla i la pressid), es podria reduir el risc de ruptura de la placa (Hjalmarson et
al. 1990). No obstant, l'efecte d’aquests factors mecanics depén en gran part de les
propietats mecaniques i elastiques del material que compon la placa aterosclerotica. Aixi,
petits canvis estructurals a la placa, amb la conseglent variaciéo de les seves propietats
mecaniques, son suficients per produir la transicié d’estabilitat a inestabilitat i viceversa

(Finet et al. 2004).
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3.3.4. Sang vulnerable

En un terg dels casos de sindrome coronaria aguda, en particular mort sobtada, no
es produeix ruptura de la placa aterosclerotica vulnerable, sind erosidé superficial de la
placa moderadament estenotica i fibrosa (Virmani et al. 2000). La formacié del trombe en
aquests casos depén principalment d’un estat hipertrombogénic de la sang, provocat per
una serie de factors sistémics (hiperlipemia, tabaquisme, hiperglicemia). Observacions
recents suggereixen que la hipertrombogenicitat associada a aquests factors podria estar
relacionada amb l'activacié d’interaccions leucocit-plaqueta associades amb I‘alliberament
del TF i l'activaci6 de la trombina. Nivells alts de TF en sang s’han associat a
hipertrombogenicitat en pacients amb angina inestable i malaltia coronaria cronica. A més
de macrofags apoptotics, microparticules (MPs) i CML activades presents a la placa
aterosclerotica semblen ésser una font de TF i, per tant, contribueixen a la complicacié

aterotrombotica.
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4. FORMACIO DEL TROMBE ARTERIAL. IMPLICACIO
DE LES PLAQUETES

Plaquetes i fibrina son els components principals dels trombes formats en zones on
es produeix la ruptura de la placa aterosclerotica, perd també participen activament en el
desenvolupament i progressié de la mateixa. Aixi doncs, les plaquetes juguen un paper
primordial en el procés aterotrombotic.

Les plaquetes sén cel-lules sanguinies anucleades, que s’originen a partir del
citoplasma dels megacariocits al moll de I'os (Hartwig et al. 2003) i tenen una vida mitja
de 7-10 dies. Les plaquetes circulen com a “sentinelles” de la integritat vascular, on
discriminen entre endoteli integre i arees amb lesié. En condicions fisiologiques, aquesta
funcionalitat de les plaquetes contribueix a I'hemostasia, perd en artéeries danyades pot
donar lloc a I'oclusié trombotica del lumen vascular i I'obstruccié del flux sanguini amb les
subseglients complicacions cliniques (Badimon et al. 1992). El principal desencadenant de
la formacidé del trombe hemostatic en resposta al dany vascular és la pérdua d’integritat de
I’endoteli, que exposa el contingut extracel-lular de la placa aterosclerotica altament
trombogénic al torrent sanguini. La resposta de les plaquetes a aquest esdeveniment té
lloc en tres etapes successives pero integrades entre elles, que consisteixen en adhesid,

activacié i agregacié.

Figura 9. Imatges de microscopia confocal de plaquetes activades
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4.1. Efecte del flux en la formacio del trombe

Els parametres fluidodinamics més rellevants que descriuen la influéncia del flux
sanguini en la formacié del trombe sén la velocitat de cisalla (y) i I'esforg de cisalla (z).
L'esforg de cisalla es defineix com la forga tangencial per unitat d’area exercida en direccié
del flux. L'esfor¢ de cisalla esta proporcionalment relacionat amb la velocitat de cisalla:
t=n+ on n és la viscositat de la sang (n= 3 cp). Els valors de velocitat i esfor¢ de cisalla de
diferents parts de la vasculatura es poden calcular a partir del diametre del vas i del cabal
volumétric (Taula 2). En condicions fisiologiques les velocitats de cisalla sén baixes als
vasos grans i augmenten amb la disminucié del diametre del vas, arribant a 5000 s als

capil-lars.

Taula 2. Parametres fluidodinamics

Aorta ascendent 2,3-4,5 50-300 2-10
Artéria femoral 0,5 350 11
Artéries petites 0,03 1500 55
Capil-lars 0,0006 2000-5000 -
Venes grans 0,5-10 200 7
Vena cava inferior 2,0 50 2
Artéries estenosades 0,025 20000 3000

Les velocitats de cisalla en artéries estenotiques poden ésser extremadament
elevades, superant els 20000 s a I'apex d’estenosis severes (Roux et al. 1991; Slack et
al. 1993; Strony et al. 1993; van Zanten et al. 1994). S’ha de tenir en compte que els
calculs de la velocitat i I'esfor¢ de cisalla es basen en un model simplificat, assumint flux
estacionari i no flux pulsatil. A més, la sang no és un fluid Newtonia, ja que la viscositat de
la sang no és constant sind que disminueix amb la velocitat de cisalla. Les propietats no-
Newtonianes de la sang es deuen a la preséncia de cél-lules vermelles, que constitueixen la
major part del volum cel-lular de la sang. Tot i aquestes limitacions, la velocitat i I'esforg
de cisalla descriuen les propietats del flux a la paret vascular i defineixen les condicions del
flux quan s’inicia la formacio del trombe. Subseglientment, els perfils de velocitat i esforg
de cisalla canvien continuament degut a I'arquitectura del trombe creixent, I'oclusio del
lumen i al corresponent canvi local en el flux sanguini (mL/min). D'altra banda, les forces

de cisalla poden produir la fragmentacid, translocacié o embolitzacié del trombe mural.

47




Introduccié

L'augment de velocitat de cisalla provoca la migracio dels eritrocits cap a l'eix del
flux, creant un gradient de concentracié heterogeni d’eritrocits al llarg del flux. En
conseqliéncia, les plaquetes, al ésser més petites, es concentren a la paret del vas amb
I'augment de la velocitat de cisalla. A més, els moviments rotatius dels eritrocits amb el
flux empenyen encara més les plaquetes cap a la paret (Goldsmith et al. 1986; Aarts et al.
1988), augmentant aixi la concentracié de plaquetes a la paret del vas. Aixi, la formacié de
trombes plaquetars augmenta gradualment amb l'augment de la velocitat de cisalla.
L'adhesié plaquetaria augmenta amb la velocitat de cisalla fins als 2000 s, després es
manté constant fins valors al voltant de 5000 s™ i disminueix amb velocitats més elevades.
L'adhesidé plaquetaria esta controlada per dos mecanismes limitants (Turitto et al. 1975). A
velocitats de cisalla baixes (<300 s!) I'adhesi6 és dependent de la difusi, mentre que a
velocitats elevades (>1300 s*) és dependent de la conveccid. A velocitats intermédies hi
contribueixen els dos processos.

El transport de plaquetes per part dels eritrocits depén de I’hematocrit i de la
rigidesa i tamany dels eritrocits. La rigidesa dels eritrocits juntament amb la viscositat del
plasma sanguini determinen la viscositat de la sang (van Breugel et al. 1992). Un augment
en la viscositat del plasma resulta en un augment en l'adhesié plaquetaria (Aarts et al.
1984). L'augmentada viscositat sanguinia que es troba en pacients com pacients amb
diabetis mellitus podria explicar, en part, el major risc trombotic que presenten aquests
pacients.

D’altra banda, la preséncia d’estenosis, que imposen alteracions rapides i
remarcades del flux laminar, incrementa l'adhesié plaquetaria (Badimon et al. 1989;
Barstad et al. 1994). Els canvis en la velocitat i I'esfor¢ de cisalla son extremadament
rapids en aquestes regions. A més, també es poden produir recirculacions i irregularitats
en el flux en regions anteriors i posteriors de I'estenosi (Sakariassen et al. 1993). Aquests
perfils complexes de velocitats i esforcos de cisalla indueixen |'activacié plaquetaria (Holme
et al. 1997; Nesbitt et al. 2009), aixi com la formacié6 de MPs derivades de les plaquetes

(Holme et al. 1997).

4.2. Morfologia de les plaquetes

L'estructura de les plaquetes s’adapta a les diferents funcions que realitzen, amb zones
anatomiques preferentment dedicades a cadascuna d’elles (Figura 10). Aixi, es
distingeixen les diferents parts (de Gaetano G.M. 1984):

a) El glicocalix, format per glicoproteines (GP) que envolten la membrana plasmatica.

Aquestes proteines intervenen en el transport de molécules a la membrana, en
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e)
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I'antigenicitat, en la interaccié intraplaquetaria (agregacid) o amb la superficie
subendotelial (adhesio).

Immediatament per sota de la membrana plasmatica es troba el citoesquelet, que
és el responsable del manteniment de la forma de la plagueta. Esta format per
microtubuls i filaments contractils, un sistema de proteines molt organitzat i
regulat.

El sistema canalicular obert connectat amb la superficie, que consisteix en una
serie d’invaginacions tubulars a la membrana plasmatica que penetren a l'interior
de la plaqueta.

El sistema tubular dens, que és un complex de membranes originat a partir del
reticle endoplasmatic (RE) del megacariocit. Al sistema tubular dens s’acumulen
elevades concentracions de calci quan la plaqueta esta inactivada, i s’allibera al
citoplasma en resposta a la induccié amb agonistes.

Els granuls densos, granuls o i lisosomes, morfologicament similars, es
distingeixen entre ells pel seu contingut. Els granuls densos contenen adenosina
difosfat (ADP), adenosina trifosfat (ATP), serotonina i Ca®*. Els granuls o, molt més
abundants que els densos, contenen nombroses proteines com PDGF, factor
plaquetar 4, trombospondina, fibrinogen i tromboglobulina. Els lisosomes, que
representen un petit percentatge del total dels granuls de la plaqueta, contenen
enzims com catepsines, hidrolases i porteases, que només s’alliberen en resposta a
estimuls molt forts.

Mitocondries i particules discretes de glucogen. L'energia requerida a les diferents
activitats de la plaqueta procedeix tant de la fosforilacié oxidativa mitocondrial com

de la glucolisi realitzada per enzims citoplasmatics.

Sistema canalicular obert

LISoGomS

Mitocdncria

Gramul dens

Membrana plasmética

Filamants cortractils
Sistema tubwdar dens

Figura 10. Esquema d’una seccid sagital d’'una plaqueta
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4.2.1. Receptors plaquetars

Els receptors plaquetars transmembrana, altament regulats i especialitzats,
s’uneixen a agonistes i a altres lligands adhesius. D’entre els diferents receptors d’adhesié
destaquen les GP heterodimeériques de la familia de les integrines. Les integrines s’uneixen
a proteines plasmatiques i de la matriu extracel-lular i determinen les interaccions ceél-lula-
substrat i cel-lula-cel-lula. Les integrines no només intervenen en l'adhesi6 i I'agregacio,
sind que permeten la senyalitzacié intercel-lular bidireccional. Cada integrina consisteix en
una cadena-o i una cadena-p unides de forma no covalent. A la taula 3 es presenten els
diferents receptors plaquetars, amb els seus lligands i les diferents vies de senyalitzacié en
les diferents etapes de la formacio del trombe. El receptor GPIb no és una integrina, tot i
que es troba formant un complex amb GP IX i GP V, aixi com tampoc ho és la GPVI, el

principal receptor del col-lagen.

Taula 3. Receptors, lligands i vies de senyalitzacio de la formacio del trombe

Inici
Adhesid vWF GPIb-IX-V PI 3-K i altres (?)
Col-lagen aB1, GVI-FcRy SYK/PLCy
Fibrinogen/fibrina abPs3 SYK/pp125™K
Fibronectina asPy ?
Laminina oeP1 ?
Propagacio
Activacio a-trombina PAR1, PAR4 Gq, Gi2, Gi/Rho, PLC;
GPIb-IX-V ?
ADP P2Y, Gq, (G12)/Rho, PLCy
P2Y12 G]z/adenilil ciclasa (7)
TxA; TP Gq, Glz/RhO, PLCB
Epinefrina oA G,/adenilil ciclasa (?)
Agregacio Fibrinogen, vWF, apPs (activada) SHC
Fibronectina
Estabilitzacio P-selectina PSGL-1, GPIb- ?
IX-V, i altres (?)
Efrina B1 EPH cinases LYN, FYN
(A4/B1)
CDA40 lligand ampP3 (activada) ?
GAS6 AXL PI 3-K, PLC
Inhibicié PECAM-1 PECAM-1 SHP2
PGI, IP G¢/adenilil ciclasa (?)
?, descongeut; AXL, receptor tirosin-cinasa; EPH, receptor de I'efrina; FYN, shrinkage-activated
tyrosine kinase; GAS6, growth arrest-specific 6; LYN, tyrosine kinase; PECAM-1, moléecula d’adhesid
cel-lular plaquetaria-1; PI3-K, fosfatidilinositol 3-cinasa; PL, fosfolipasa; PSGL, lligand de P-selectina;
SHC, Src homology domain-containing transforming protein; SHP2, small heterodimer protein
(Ruggeri 2002).
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S’han identificat també diversos receptors plaquetars que no son integrines. Les
proteines amd dominis rics en leucina presenten una conformacio en forma de ferradura-
o/B, que proporcionen estabilitat estructural, com el complex GP Ib/IX/V (Du 2007), que
juga un paper critic en l'adhesid plaquetaria. Les tetraspanines constitueixen una
superfamilia de proteines de membrana que intervenen activament en l'adhesié cel-lular
(Kotha et al. 2008) i estan implicades en la senylitzacié de la GPIIb-IIla (Longhurst et al.
1999) i en l'estabilitzaci6 del trombe. La P-selectina, una proteina transmembrana,
s'emmagatzema als granuls intracel-lulars i es troba a la membrana només quan la
plaqueta esta activada (McEver 2001). La P-selectina facilita i estabilitza les interaccions

plaqueta-leucocit.

4.3. Adhesio plaquetaria

El primer pas en la cascada hemostatica és la interaccié6 de la plaqueta amb la
matriu extracel-lular exposada, que conté un bon nombre de macromolécules adhesives
com laminina, fibronectina, col-lagen i VWF. Els mecanismes d’adhesidé plaquetaria a les
zones de lesid vascular estan mediats principalment per les condicions reologiques
prevalents. La sang circula amb major velocitat per la zona central del vas que per la
paret, generant aixi esforgos de cisalla entre capes adjacents de fluid que esdevenen
maxims a la paret. El coeficient de resisténcia, que oposa agregaci6 i adhesid, augmenta
amb l'esfor¢ de cisalla i, en conseqliéncia, els seus efectes en la formacié del trombe
plaguetar son més rellevants en arteries que en venes. En condicions d’elevada velocitat
de cisalla (>650 s!) I'enllag de la GPIba al domini Al del vWF unit al col-lagen és la
principal interacci6 adhesiva capac de produir I'adhesié inicial de les plaquetes a la
superficie, perd no pot mediar I’'adhesid irreversible per si mateixa (Savage et al. 1996).
Quan el VWF s’uneix al col-lagen, la transicié a una adhesié més estable té lloc en questid
de segons, indicant una activacié que podria estar facilitada per la senyalitzacié originada
per estimuls mecanics dels enllagcos VWF-GPIba sotmesos a esforcos de tensié (Mazzucato
et al. 2002). En aquest punt del procés, el vVWF plasmatic s’uneix a la superficie de les
plaquetes adherents i activades, en una interaccié que implica la unié de la integrina oupps
amb la sequiéncia Arg-Gly-Asp en el domini C1 del vWF (Ruggeri et al. 1983; Goto et al.
1995). El vWF unit a la membrana plaquetaria és el substrat al qual, en condicions
d’elevada velocitat de cisalla, plaquetes circulants s’adhereixen a través de la GPIba per
mantenir el creixement del trombe en un procés que es repeteix en successives capes

(Savage et al. 1998; Ruggeri et al. 1999).
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Figura 11. Mecanisme d’adhesié plaquetaria. La interaccid GPIba-vWF regula I'adhesio
inicial permetent la interacci6 de GPVI amb el col-lagen de la matriu extracel-lular,
desencadenant un canvi de les integrines a un estat d’elevada afinitat i I'alliberament
d’ADP i TXA,. Paral-lelament, el TF desencadena localment la formacié de trombina que
també contribueix a l'activacid plaquetaria (Varga-Szabo et al. 2008).

L'enllag GPIba-vWF té una dissociacid rapida i, per tant, és insuficient per mediar
I’'adhesio estable, perd en canvi manté les plaquetes en contacte directe amb la superficie
amb una translocacié continua en la direccié del flux sanguini (Savage et al. 1998). Durant
aquest rolling les plaquetes entren en contacte amb el col-lagen de la matriu extracel-lular
mitjancant la GPVI. La GPVI s’uneix amb poca afinitat al col-lagen i tampoc és capag de
mediar adhesié per si mateixa, perd desencadena la senyalitzacié intracel-lular que
provoca un canvi en les integrines a un estat d’alta afinitat i s’indueix la secrecié de
mediadors secundaris com I'’ADP i el tromboxa A, (TXA,;) (Varga-Szabo et al. 2008).
Aquests agonistes juntament amb la trombina produida localment, contribueixen a
I'activacio cel-lular estimulant receptors que s’uneixen a proteines G, les quals indueixen
diferents cascades de senyalitzacid i actuen sinergicament per induir I'activacié plaquetaria
total (Figura 11). L'adhesié ferma de les plaguetes a la matriu extracel-lular esta finalment
mediada per integrines d’elevada afinitat Bl que s’‘uneixen al col-lagen (a2Bp1), la
fibronectina (a5p1) i la laminina (a6p1), aixi com per la integrina plaquetaria majoritaria

arpPs, que interacciona amb la fibronectina i el vWF unit al col-lagen.
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La caracteritzacié del mecanisme d’adhesié plaquetaria és valida en models
simplificats on s’estudia I'adhesié plaquetaria sobre substrats purificats de col-lagen. No
obstant, cal remarcar la contribucié relativa d’aquest mecanisme en el procés d’adhesid i
formacio global del trombe sobre la placa aterosclerotica, on hi participen altres
mecanismes degut a la preséncia dels diferents components de la placa (Badimon et al.
1988; Merino et al. 1994) i a la generacié de trombina, que ddna lloc a la formacié de

fibrina (Mailhac et al. 1994).

4.4. Activacio plaquetaria i activitat procoagulant

Els estimuls originats en les etapes inicials de I'adhesié plaquetaria, aixi com els
agonistes secretats o generats a les zones de dany vascular, actuen a través de cascades
de senyalitzacid sineérgiques per augmentar les propietats adhesives i procoagulants de les
plaguetes adherides o circulants en zones proximals a la lesi6 (Savage et al. 2001).
L'activacid6 comenga amb la uniéo de lligands adhesius i agonistes a receptors de la
membrana plaquetaria i es propaga per reaccions de senyalitzacié intracel-lular que
impliquen enzims, substrats i cofactors disposats en interaccions especifiques proteina-
proteina i proteina-lipid. L'activacié plaquetaria esta estrictament regulada negativament
per l'accié de substancies inhibidores com la prostaciclina i el NO, que contribueixen a la
limitacio de la formacié del trombe en els limits de la lesié de la paret vascular. Els
principals inductors de l'activacio plaquetaria son el col-lagen i el vVWF d’entre els substrats
adhesius; la a-trombina generada a la superficie de plaquetes estimulades; I’ADP secretat
per cel-lules vasculars i plaquetes estimulades; I'epinefrina i el TXA,.

La trombina activa les plaquetes mitjancant proteines G unides a receptors
acoblats a receptors activats per proteasa (PARs) que transformen talls proteolitics
extracel-lulars en senyalitzacié intracel-lular (Coughlin 2000; Sambrano et al. 2001). Els
PARs regulen la resposta derivada de proteines G, donant lloc a I'activaci6 de la fosfolipasa
Cs i aquesta hidrolitza el fosfatidilinositol-4,5-difosfat associat a la membrana per produir
missatgers secundaris com l'inositol-3-fosfat, que contribueix a la mobilitzacié de calci, i el
diacilglicerol, que activa la proteina cinasa C. L'augment de calci intracel-lular regula molts
processos que donen lloc a l'agregacio plaquetaria, incloent I'activacié de la fosfolipasa A,
(PLA;) dependent de p38 MAPK (“mitogen activated protein kinase”), que hidrolitza els

fosfolipids de membrana, produint acid araquidonic (AA) i sintesi de TXA, (Figura 12).
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Figura 12. Mecanismes d’activacio plaquetaria. Senyalitzacié dels receptors d'adhesid,
especialment GPVI unit al col-lagen, i en menor grau a,p; unit a col-lagen i GPIba unida al
domini A1 de vVWF, que actuen sinérgicament amb la senyalitzacié d’agonistes solubles per
induir l'activaciéo plaquetaria mitjancant una xarxa de mecanismes de senyalitzacio.
L'agregacié plaquetaria es produeix pel canvi conformacional de la integrina aypBs, que
adquireix I'habilitat d’unir-se al fibrinogen (Ruggeri 2002). Al i A3: dominis del vWF; RGD:
seqléncia especifica de VWF situada al domini C1.

L'’ADP és un agonista feble que, directament, només indueix canvi de forma i
agregacio reversible, mentre que la subseglient secrecié i agregacié secundaria son
causades per la sintesi de TXA, induida per I’ADP. No obstant, I’ADP és essencial en la
funcié plaquetaria perque després de secretar-se dels granuls densos amplifica les
respostes induides per altres agonistes. L'’ADP interacciona amb dos receptors especifics.
La transduccid del senyal implica per una banda un augment transitori de calci
citoplasmatic regulat pel receptor acoblat a proteina G, P2Y;, i per una altra, la inhibicié de
I'adenil ciclasa mediada per un altre receptor acoblat a proteina G, el P2Y;,. L'epinefrina i
el TxA, també activen les plaquetes mitjancant receptors especifics acoblats a proteina G
(Ruggeri 2002).

La tipica manifestacio fenotipica de I'activacié plaquetaria implica la polimeritzacio
de l'actina amb la reorganitzacié del citoesquelet, la secrecidé del contingut dels granuls i
I’'agregacié dependent de la modulacié de la unié del lligand soluble a la integrina ayPs. La
secrecié produeix l'alliberament del contingut dels granuls al citoplasma (per exemple ions

de calci) i a I'espai extracel-lular (per exemple VWF, factors de creixement i nucleotids) i la
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translocacié de proteines de membrana a la superficie cel-lular (per exemple, P-selectina).
Tots aquests processos realcen l'activacido i agregacié de les plaquetes. Una altra
conseqliéncia important de l'activacié plaquetaria és I'exposicié de fosfatidilserina a la
superficie de la plaqueta, un fosfolipid anionic, que proporciona punts d’acoblament per
I'ensamblatge d’enzims i cofactors de la cascada de la coagulacié en complexes funcionals.
Aixi, l'activitat procoagulant de les plaquetes activades déna lloc a la generacié de

trombina i facilita la deposicid de fibrina, contribuint a I'estabilitat del trombe.

4.5. Canvi de forma de les plaquetes

Les plaquetes responen a nombrosos estimuls canviant de forma discoidal, quan es
troben en repds, a estructures més rodones amb pseudopodies (Mannucci et al. 1967;
Born 1970; Hovig 1970). Les transicions morfologiques de les plaquetes associades al
canvi de forma representen un index sensible de I'activacié plaquetaria. Aquests canvis es
consideren generalment, la primera resposta fisioldgica mesurable en resposta a la
induccido amb agonistes especifics, i té lloc abans del procés d’agregacio. El canvi de forma
de les plaquetes té lloc en dues etapes. En primer lloc, la forma discoidal es contrau
donant lloc a una forma arrodonida irregular. Aquesta transicidé requereix un augment dels
nivells de calci intracel:lular i l'activacié de la gelsolina per tallar I'actina. L'accié de la
gelsolina al cortex de la plaqueta desestabilitza |'estructura organitzada i rigida del
citoesquelet plaquetar (Hartwig 1992). Seguidament, amb una major superficie de
contacte, la plaqueta estén filopodies.

L'ensamblatge de l'actina controla aquests canvis morfologics. Aixi, les proteines
que modulen la dinamica de l'actina tenen una funcié important com a mediadores de la
senyalitzacid transmembrana durant el canvi de forma de les plaquetes. Aquestes
proteines sén la miosina, la gelsolina, VASP (vasodilator-stimulator phosphoprotein), la
moesina, l'adducina i la cofilina. La fosforilaci6 de la cadena lleugera de la miosina
corelaciona amb l'inici del canvi de forma (Daniel et al. 1984; Nachmias et al. 1985), i
concomitantment amb |'associacié de la miosina al citosquelet d’actina (Fox et al. 1982;
Paul et al. 1999). La formacié de filopodies esta principalment mediada per la gelsolina
(Witke et al. 1995; Kiuru et al. 2000). En canvi, VASP es fosforila en resposta a
vasodilatadors i inhibidors que augmenten els nivells de guanosin monofosfat ciclic (cGMP)
i adenosin monofosfat ciclic (cAMP) i inhibeix el canvi de forma estabilitzant els filaments

d’actina i evitant el desensemblatge per accié de la gelsolina (Harbeck et al. 2000).
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4.5.1. Proteines Rho

Les proteines Rho juguen un important paper en l‘organitzacié del citoesquelet
d’actina (Chardin et al. 1989). Un gran nombre d’estudis ha permes establir la implicacié
d’aquestes proteines en la regulacié de la contractilitat, I'adhesié i la migracié cel-lular, la
transduccié de senyal i el control del cicle cel-lular (Mackay et al. 1998). Les proteines Rho,
o de la superfamilia Ras, es coneixen també com proteines G de baix pes molecular i sén
capaces d’unir GTP (guanosina-5'-trifosfat).

La uni6 d’agonistes als receptors exposats a la superficie de les plaquetes activen
les proteines Rho-GTPases, que indueixen canvis en la concentracié de calci citoplasmatic,
en la reorganitzacié del citoesquelet i en I'agregacié i secrecié de les plaquetes (Bodie et
al. 2001). En termes generals, l'activitat de les proteines Rho es regula de forma ciclica
mitjancant la unié a GTP, que condueix a l'activacid i la hidrolisi, que torna la proteina al
seu estat inactiu. Aquest cicle es produeix gracies a |'assisténcia de proteines auxiliars, que
promouen l'intercanvi de nucleotids units a proteina (factors intercanviadors de nucleotids,
GEFs) o faciliten l'activitat GTPasa (proteina acceleradora de l'activitat GTPasa, GAPs).
Finalment, existeixen proteines que inhibeixen lintercanvi de nucleotids, units a la
proteina, estabilitzant la forma inactiva (inhibidor de dissociacié6 de GTP, GDIs) (Geyer et
al. 1997).

Les proteines Rho presenten dues formes: inactiva (citoplasmatica) i activa (unida
a membrana). En la seva forma activa, les proteines Rho activen la cinasa depenent de
Rho, RhoK, la qual fosforila i inactiva la fosfatasa de la cadena lleugera de la miosina, que
promou l'ensamblatge dels filaments de miosina i la contractilitat cel-lular. La seva uni6 a
membrana depén d’un residu isoprenoide (en uns casos geranilgeranil i en altres farnesil),
que forma part de la seva estructura i serveix d’ancorament d’aquestes proteines a la

membrana. Una altra regulacié de les proteines Rho pot donar-se per unié a inhibodors

com RhoGDI que les manté al citoplasma impedint la seva unié6 a membrana (Figura 13).
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Figura 13. Esquema de la via d'actuacié de RhoA
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4.6. Agregacio plaquetaria

L'agregacié és l'etapa d’amplificacié que déna lloc a I'acumulacié de plaquetes al
trombe hemostatic. Esta regulada per substrats adhesius units a la membrana de
plaquetes activades. La principal conseqliéncia de l'activacié és un canvi conformacional
del receptor aypPs, també conegut com GPIIb-IIla (Woodside et al. 2001), que implica un
canvi en la seva funcié d’unié a lligand. La aypB3 activada contribueix a I'adhesio estable i
regula la immobilitzacié de proteines solubles adhesives com el vWF, el fibrinogen i la
fibronectina a la superficie de plaquetes adherents; aquest és el substrat on es recluten
més plaquetes. L'estabilitat dels agregats és tan important com el rati de creixement a
I’hnora de determinar si un trombe produira I'oclusié del vas. Estudis recents han demostrat
que CD40 lligand present a la membrana de plaquetes activades esta implicat en
I'estabilitat de I'agregat mitjangant la seva uni6 a apPs (Andre et al. 2002).

D’altra banda, durant la formacié del trombe també es produeix el reclutament
d’altres cél-lules sanguinies; freqlientment es troben eritrocits, neutrofils i de vegades
monocits, que arriben intactes a la zona de lesid, perd responen a la preséncia dels
components de secrecié de la plaqueta, incrementant aixi la produccié de substancies

protrombotiques.

4.7. Coagulacio i fibrinolisi

El procés de la coagulacio reforca I'estabilitat de I'agregat plaquetar mitjancant la
formacio de fibres insolubles de fibrina. La fibrina es forma a partir del fibrinogen, que és
soluble, per I'accidé de la trombina, un enzim proteolitic que normalment es troba en forma
de protrombina. La protrombina s’activa a través de la cascada de la coagulacié, que
implica una série de reaccions en cadena que integren zimogens i cofactors. A la cascada
de la coagulacié es distingeixen dues vies d’activacié: la via intrinseca i la via extrinseca,
les quals convergeixen en |'activacio del Factor X.

La ruptura de la placa activa la coagulacié a partir de I'exposicié del TF a la superficie
vascular desendotelizada. ElI contingut en TF determina, en part, el grau de
trombogenicitat de la placa aterosclerotica (Toschi et al. 1997). El TF és una glicoproteina
de baix pes molecular, present a l’'adventicia normal i a les plaques aterosclerotiques
(Grybauskas 2003), tot i que també es troba a la sang en forma encriptada i pot induir-se
en cel-lules endotelials i monocits en resposta a diferents estimuls. També s’ha detectat
preséncia de TF en MPs circulants derivades de cel-lules endotelials i monocits. D’altra
banda, alguns grups han demostrat expressio de TF en plaquetes, tot i que existeix certa
controversia (Mackman 2006). El TF és capac d’iniciar la via extrinseca de la coagulacié al

formar un complex d’alta afinitat amb els factors de coagulacié VII/VIIa que aixi activen
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els factors IX i X i, finalment, la generacié de trombina, que transformara fibrinogen en
fibrina.

La funcié de la fibrinolisi consisteix basicament en degradar les malles de fibrina i
dissoldre el quall. Es un sistema amb molts punts d’autoregulacié on I’'enzim que degrada
la fibrina és la plasmina. El plasminogen és el precursor de la plasmina, que s’activa amb
el t-PA o amb l'activador del plasminogen tipus urocinasa (uPA) quan ambdues molécules
es troben a la superficie de la fibrina. La plasmina circulant és rapidament inactivada per
I'ax-antiplasmina. El sistema fibrinolitic també es regula mitjancant inhibidors especifics

dels activadors del plasminogen, com pot ésser el PAI-1.
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5. FACTORS DE RISC DE L'/ATEROTROMBOSI

La recerca epidemiologica en els darrers trenta anys ha establert una série de
factors de risc, que s6n comuns en pacients que presenten malaltia aterosclerotica. Entre
els factors de risc de major importancia destaquen el tabaquisme, el sedentarisme, la
hipertensid, les dislipémies, l'estrées i la diabetis. Factors no modificables com la
predisposicié geneética, l'edat i el sexe sén també factors de risc per a la patologia
cardiovascular. No obstant, recentment s’han descrit nous marcadors de risc
cardiovascular com la lipoproteina (a), la hiperhomocisteinémia, els processos infecciosos,
la periodontitis, el fibrinogen, la microalbumindria, les molécules d’adhesié solubles
(sVCAM-1, sP-selectina), la fosfolipasa A2 associada a la lipoproteina (LP-PLA-2) i la CRP
(Manolio 2003).

El paper de la CRP com a marcador i modulador de la malaltia cardiovascular es
descriu en un capitol independent més endavant.

La preséncia d'un o més factors de risc incrementa la incidéncia primaria de la
malaltia aterosclerotica, promou la manifestacié de la malaltia a una edat temprana i un
cop la patologia aterosclerdtica és clinicament aparent contribueix a accelerar la seva
progressio (Fuster et al. 1992a; Fuster et al. 1992b). Tanmateix, si s’eviten o es redueixen
els factors de risc, tot i en preséncia de lesions aterosclerotiques aparents, pot reduir-se el
risc de ruptura de la placa i la presentacié de complicacions cliniques (Burke et al. 1997;

Sambola et al. 2003).

5.1. Tabaquisme

El consum de tabac és la causa evitable més important de morbilitat i mortalitat
deguda a coronariopaties (Leone 2003). Dades cliniques i dades procedents d’autopsies
associen el fumar amb la progressié rapida d’aquesta malaltia i mostren que el seu grau de
severitat es relaciona directament amb el consum de tabac. El monoxid de carboni i la
nicotina procedents del tabac produeixen disfuncié endotelial, agregacié plaquetaria i
vasoconstriccié. El tabac augmenta l'alliberament de catecolamines, les quals augmenten
els nivells de fibrinogen i potencien l'activacié plaquetaria. A més, el tabac indueix un
increment agut de la pressid arterial, una reduccid de la resisténcia vascular coronaria i de
I'alliberament d’oxigen, un increment de nivells d’homocisteina i CRP i una reduccié de
lipoproteines d’elevada densitat (HDL), aixi com una major deposicié de lipid extracel-lular
a la placa, el que suposa una major vulnerabilitat (Leone 2003). El risc associat al tabac

sembla ésser rapidament reversible i directament relacionat amb una resposta causa-
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efecte, el que suggereix que el tabac indueix principalment processos aguts a la paret

vascular.

5.2. Sedentarisme

L'exercici regular pot retardar I'evolucid de la placa i sembla proporcionar proteccio
sobre l'infart de miocardi i la mort sobtada per malaltia coronaria. La practica regular
d’exercici millora I'activitat endotelial produint un increment de la biodisponibilitat de NO
(Walther et al. 2004). No obstant, |'exercici brusc i I'activacié neurohormonal simpatica
associada augmenten l|'alliberament de catecolamines i poden desencadenar l'inici d’infart
de miocardi a través de la ruptura brusca de la placa, I'activacié plaquetaria i la coagulacié

i/o vasoconstriccio coronaria.

5.3. Diabetis i obesitat

S’estima que un 10 % de les persones entre 30 i 89 anys pateix diabetis. Les
complicacions cliniques de la diabetis suposen un risc elevat de patir episodis coronaris
aguts trombotics. Les plaquetes de malalts diabétics presenten hipereactivitat i
hiperagregabilitat (Creager et al. 2003; Luscher et al. 2003). A més, els malalts diabetics
pateixen hipertensid, retinopatia, malalties renals i neuropaties, que incrementen el risc

cardiovascular. L'obesitat, per la seva banda, augmenta el risc de patir diabetis.

5.4. Hipertensio

La pressid sanguinia elevada és el factor més determinant en el desenvolupament
de l'ictus. Un 35 % de la poblacidé pateix hipertensio i aquest percentatge augmenta fins a
un 68 % en la poblacié de major edat. Diversos estudis han demostrat que els inhibidors
de l'enzim convertidor de I'angiotensina (ECA) i els antagonistes del receptor de
I'angiotensina II (ARA) afavoreixen |'estabilitzacié de la placa aterosclerotica i la reduccié
d’events cardiovasculars (Mancini et al. 1996; Brosnan et al. 2002). L’angiotensina II
provoca disfuncié endotelial i indueix |I'expressié de VCAM-1 i CRP, afavorint I'adhesi6é de
monocits a I'endoteli i mantenint un estimul inflamatori cronic, amb el que contribueix a la
formacio de lesions aterosclerdtiques (Kim et al. 2000). La inhibicié dels efectes de
I'angiotensina II sembla afectar no només la progressio de la lesid i la vulnerabilitat de la
placa, sin6 també els mecanismes desencadenants de I'inici de la malaltia (Hayek et al.

1999; Strawn et al. 2000).
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5.5. Dislipemies

Existeix una relacié directa entre els nivells de colesterol total en serum i el risc de
cardiopatia coronaria. Concretament, el colesterol LDL és un dels principals factors
desencadenants d‘alteracions a lI’endoteli vascular, aixi com del desenvolupament i
progressio del procés aterogenic. Aixi, un perfil lipidic amb nivells elevats de colesterol LDL
i triglicérids i nivells baixos de colesterol HDL s’associa amb un risc elevat de patir malaltia

cardiovascular. La seva disminucié s’ha associat a una reduccié del risc de cardiopatia

coronaria i a un retard en la progressio de |'aterosclerosi coronaria (LaRosa 2003).
Les estratégies actuals dirigides a reduir els nivells de LDL circulants es basen en la

modificacio dels habits dietétics i en terapies farmacologiques.
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6. ESTATINES EN ATEROTROMBOSI

Mdltiples estudis clinics i angiografics han demostrat que I'Us de farmacs
hipolipemiants (estatines, fibrats, acid nicotinic) inhibeix la progressié de l'aterosclerosi,
redueix l'infart de miocardi i els events coronaris (4S; WOSCOPS).

D’entre aquests farmacs, les estatines han demostrat ésser farmacs segurs, facils
d’emprar i s’han convertit en els més receptats per reduir el colesterol plasmatic i aixi
afavorir I'estabilitzacié i la regressié de la placa aterosclerotica (estudis WOSCOPS i CARE).
Els resultats clinics han demostrat que els beneficis terapéutics obtinguts amb [IUs
d’estatines van més enlla dels esperats per la reduccié dels nivells de colesterol plasmatic,
el que suggereix que part dels seus beneficis poden ésser independents del seu efecte
hipolipemiant sistémic (Vaughan et al. 1996; Maron et al. 2000). Els efectes independents
de les estatines explicarien la temprana eficacia clinica d’aquests farmacs tant en
prevencié primaria (estudis MIRACL, WOSCOPS, CARE) com en prevencié secundaria (4S).

Les estatines inhibeixen de forma parcial, reversible i competitiva la sintesi
intracel-lular de colesterol. En conseqliéncia, els diposits intracel-lulars hepatics de
colesterol disminuieixen, produint la disminucié dels nivells plasmatics de colesterol LDL i
de triglicérids i augmentant els de colesterol HDL, millorant aixi el perfil lipidic global. Les
estatines son inhibidors de la 3-hidroxi-3-metil-glutaril Coenzim A (HMG-CoA) reductasa,
I’enzim responsable de catalitzar la formacié de mevalonat, el que resulta en una reduccié

de la sintesi del colesterol (Figura 14).
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Figura 14. Via de la sintesi del colesterol
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La inhibicié6 de mevalonat també déna lloc a una reduccié dels nivells de derivats
isoprenoides, els quals participen en la isoprenilacié de petites GTPases de la familia de
Rho/Rac/Cdc42 (Brown et al. 2006). La isoprenilacié facilita I'activacié i translocacio
d’aquestes proteines des del citosol a la membrana plasmatica, el que facilita la seva
funcionalitat en senyalitzacié intracel-lular. Aixi, les estatines inhibeixen la proliferacid
cel-lular i milloren la funcié endotelial incrementant la biodisponibilitat de NO (Dupuis et al.
1999), disminuint l'estrés oxidatiu i I'endotelina-1. Les estatines també redueixen la
inflamacié perqué inhibeixen |'expressié de molécules d’adhesié, redueixen l'acumulacioé
lipidica en CML (Llorente-Cortes et al. 1998), estabilitzen la placa aterosclerotica i
incrementen la fibrinolisi (Figura 15). Tot i que s’han trobat resultats contradictoris sobre
I'efecte de diferents estatines en la funcid plaquetaria, hi ha evidéncies de les seves
propietats antitrombotiques. Estudis amb animals hiperlipémics han demostrat que les
estatines modulen la resposta plaquetaria i redueixen el potencial trombotic de la paret

vascular (Alfon et al. 1999; Casani et al. 2005).
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Figura 15. Principals efectes beneficiosos relacionats amb les estatines.

D’altra banda, recentment s’han demostrat nous efectes citoprotectors de les
estatines mitjancant la induccié de la glucose-regulated protein 78 (GRP78) en macrofags
(Chen et al. 2008). La proteina GRP78 és una proteina majoritaria del RE i juga un paper
primordial en la homeostasi del RE. A més de la seva funcid6 com a chaperona, la GRP78
s’expressa a la superficie de diferents tipus cel-lulars (Misra et al. 2002; Misra et al. 2004;
Davidson et al. 2005) i la seva desregulacié esta implicada en diverses malalties com el
cancer (Arap et al. 2004), l'aterosclerosi, la trombosi (Bhattacharjee et al. 2005) i
malalties autoinmunes (Corrigall et al. 2001).

Des de l'aparicié dels primers inhibidors de la HMG-CoA reductasa, la recerca
farmacologica ha evolucionant produint diferents compostos: mevastatina, lovastatina
(producte natural), simvastatina (derivat semisintétic de la lovastatina), pravastatina

(bioderivat de la mevastatina), fluvastatina, atorvastatina, cerivastatina i rosuvastatina
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(totes d’origen sintétic). Totes aquestes estatines produeixen un efecte qualitativament
similar sobre el perfil lipidic, entre un 32 % i un 55 % de reduccié de colesterol LDL
circulant a les dosis maximes recomanades. Estudis recents han demostrat millors
resultats amb estatines en terapies agressives que amb terapies moderades en pacients
amb malaltia coronaria (Cannon et al. 2004; Nissen et al. 2005). El tractament agressiu
produeix una major reduccié dels nivells de LDL i CRP, suggerint la relacié entre aquests
dos marcadors i la progressié de la malaltia (Cannon et al. 2004; Nissen et al. 2005).

La rosuvastatina és un nou inhibidor de la HMG-CoA reductasa. Es un hidroxiacid
enantiomeric simple que s’administra en forma de sal calcica amb lipofilicitat relativament
baixa (Figura 16). Estudis in vitro i in vivo han demostrat que la rosuvastatina inhibeix la
HMG-CoA reductasa i la sintesi de colesterol en un grau significativament superior al
d’altres estatines. De fet, l'estudi ASTEROID va demostrar que el tractament amb

rosuvastatina produia regressio de la placa aterosclerotica (Nissen et al. 2006).
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Figura 16. Estructura de la rosuvastatina

Tanmateix, l'estudi JUPITER (Ridker et al. 2008) ha demostrat recentment els
efectes beneficiosos (disminucié de morbilitat i mortalitat cardiovascular) associats al
tractament amb rosuvastatina a través de la reduccio dels nivells de CRP en pacients sense
evidencies de malaltia cardiovascular pre-existents i nivells de colesterol LDL normals,
posant de manifest no només l'impacte de la inflamacié sobre el risc cardiovascular, siné
també possibles noves indicacions terapéutiques associades a I'Us d’estatines en prevencio
primaria i secundaria.

De totes maneres, es desconeix el paper directe de la rosuvastatina sobre les
complicacions trombotiques i si la rosuvastatina pot regular l|'adhesié i activacié
plaquetaria. Es probable que la rosuvastatina produeixi un major grau de cardioproteccio

que altres estatines mitjancant mecanismes independents de la reduccié del colesterol.
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7. PAPER DE LA CRP COM A MARCADOR I
MODULADOR DE L'ATEROTROMBOSI

El reconeixement de la inflamacié com a contribuent principal en la progressié de
la malaltia aterotrombotica ha provocat la focalitzaci6 de nombrosos esforcos en
caracteritzar els mecanismes inflamatoris especifics i en identificar marcadors no invasius
que permetin detectar l'activacié inflamatoria subjacent amb el propodsit de poder avaluar
el risc cardiovascular. La CRP, un reactant de fase aguda, ha estat investigat en base a
aquests dos objectius. Estudis epidemiologics han demostrat un augment del risc de patir
events cardiovasculars en pacients amb nivells elevats de CRP (Liuzzo et al. 1994; Ridker
et al. 1997; Danesh et al. 1998; Lindahl et al. 2000). Aquests fets, conjuntament amb
evidéncies experimentals que revelen la preséncia de CRP en lesions aterosclerotiques
(Ross 1999; Libby 2002a; Hansson 2005) i dades cliniques que associen la disminucié de
nivells de CRP amb algunes terapies preventives, han donat lloc a la hipotesi de que la CRP
sigui tant un marcador com un causant de la malaltia aterotrombotica (Jialal et al. 2004;

Verma et al. 2004).

7.1. CRP com a marcador de risc cardiovascular

Més de 30 estudis epidemiologics han demostrat una associacid significativa entre
nivells elevats de CRP en plasma i la prevalenga de malaltia aterosclerotica vascular, risc
de recurréncia d’events cardiovasculars en pacients amb malaltia ja establerta o incidéncia
de primers events cardiovasculars en pacients amb risc. Concretament, almenys 24 estudis
prospectius que mesuraven CRP ultrasensible (hsCRP) van demostrar una relacié
consistent i robusta entre els nivells de hsCRP i el risc de patir events cardiovasculars
futurs (Ridker et al. 1997; Danesh et al. 1998; Ridker et al. 2002; Danesh et al. 2004). La
CRP s’afegeix a factors de risc tradicionals per predir events coronaris, i existeixen almenys
set estudis en els que la CRP es va incloure a les taules de Framingham (Framingham Risk
Score) com a eina d’avaluacié global de risc cardiovascular. Amb aix0, els pacients es
poden categoritzar en base al seu risc i nivells de CRP com: baix (<1mg/L), intermig (2-3
mg/L) i alt (>3 mg/L) basats en el promig de dues mesures obtingudes amb una diferencia
d’un minim de dues setmanes (Pearson et al. 2003). No obstant, nivells de CRP >10 mg/L
no es poden utilitzar per avaluar risc cardiovascular, havent de descartar altres processos
inflamatoris actius (infeccions, trauma, etc). Addicionalment, nivells elevats de CRP també

s’han relacionat amb el nivell de necrosi miocardica en pacients amb infart de miocardi
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amb elevacié del segment ST (Cusack et al. 2002), indicant la capacitat del dany miocardic
de disseminar la resposta inflamatoria local a 6rgans distals.

D’altra banda, terapies especifiques que sén efectives en prevencié primaria i
secundaria han demostrat reduir els nivells de CRP i/o mitigar el risc associat amb nivells
alts d’aquest marcador (Libby et al. 2002b). Aquestes observacions proporcionen
evidéncies indirectes que han donat lloc a un creixent interés per la CRP com a contribuent
directe de I"aterotrombosi.

L'aparicié de la CRP com el marcador inflamatori més estudiat clinicament és en
gran part degut a les seves propietats analitiques i preanalitiques. Les propietats
biologiques de la CRP aixi com la seva cinética —una vida mitja de 18 h, manca d’associacio
amb la ingesta i els cicles circadians- fan que sigui una proteina sérica relativament estable
en comparaci6 amb molts altres marcadors. D’altra banda, els assajos de la CRP son
sensibles, reproduibles, estandaritzats internacionalment, relativament poc cars i
ampliament disponibles (Ledue et al. 2003). A més, la disponibilitat de preparacions de
CRP per calibratge d’aquests assajos també ha proporcionat una font molt convenient de

CRP exdgena per experiments amb animals i in vitro.

7.2. Conformacions de la CRP

La CRP és una proteina plasmatica que pertany a la familia de les pentraxines. El
seu nivell en plasma és de 0,8 mg/L (Shine et al. 1981) i augmenta fins a 1000 vegades
en 24-72 h en resposta a moltes formes de dany tissular, infeccid i inflamacié (Pepys et al.
1983). La CRP es troba en, almenys, dues conformacions diferents amb propietats i
activitats bioldgiques diferents; la forma nativa (natCRP) i la forma monomérica (mCRP)

(Figura 17).

Figura 17. Estructura pentameérica de CRP

66



Introduccié

7.3. CRP nativa

natCRP és un disc ciclic format per 5 subunitats globulars idéntiques no glicosilades
de 23 kDa, unides de forma no-covalent. Es una proteina molt soluble en sérum que
presenta afinitat calci-dependent pels monoésters de fosfat, en particular la fosfocolina. Té
altres lligands intrinsecs com les lipoproteines plasmatiques natives i modificades (Pepys et
al. 1983), membranes cel-lulars danyades (Volanakis et al. 1979), cél-lules apoptotiques
(Gershov et al. 2000) i fibronectina (Salonen et al. 1984). D’entre els lligands extrinsecs es
troben components bacterials, fongs i parasits. Quan s’uneix a aquests lligands, la CRP és
reconeguda pel factor del complement C1q, produint aixi I'activacié de la via classica del
complement. En sérum, els nivells de CRP augmenten rapidament en resposta a estimuls
inflamatoris. El gen que codifica per a les subunitats de CRP es troba al cromosoma 1
(Whitehead et al. 1983). La CRP es sintetitza principalment al fetge i la seva induccié en
hepatocits esta regulada principalment a nivell transcripcional per la citocina IL-6 i en
menor grau per la IL-1B i el TNF-a (Mackiewicz et al. 1991). natCRP és la conformacié de
CRP que es mesura en la practica clinica diaria i representa el classic reactant de fase

aguda.

7.3.1. Localitzacio

En la majoria dels estudis publicats, les preparacions comercials de CRP i els
anticossos anti-CRP s’han fet servir sense distingir entre les dues isoformes de la CRP. Tot
i aquesta limitacid, els efectes observats generalment s’han atribuit a la forma nativa
(natCRP) i, per tant, es resumeixen en aquesta seccidé. Estudis immunohistoquimics van
demostrar que la CRP es dipositava amb LDL oxidades o enzimaticament modificades i
amb el complex del complement C5b-9 a la paret arterial (Torzewski et al. 2000). Alguns
grups (Yasojima et al. 2001; Jabs et al. 2003) també han reportat col-localitzacié de la
CRP i components del complement amb CML i macrofags en teixits arterials normals i en
placa.

Cal remarcar, perd, que la majoria d'anticossos policlonals anti-CRP utilitzats per
immunohistoquimica reconeixen antigens de natCRP i mCRP (Ying et al. 1989). A més,
I'anticos monoclonal anti-CRP clon 8, ampliament utilitzat per la deteccié de CRP en la
paret vascular, ha demostrat detectar predominantment mCRP i no natCRP (Schwedler et

al. 2003).
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7.3.2. Estudis in vitro

Els efectes de CRP en monocits/macrofags i en cél-lules endotelials i musculars
s’han interpretat principalment com a proinflamatoris i proaterotrombotics (Jialal et al.
2004; Mazer et al. 2004). Els potencials efectes sobre diferents vies es presenten a la
Figura 18. Un aspecte important del dany endotelial i del desenvolupament inicial de
I’aterosclerosi que involucra la CRP pot estar relacionat amb |'elevada produccié de radicals
d’oxigen (Landmesser et al. 2001). De fet, I'expressi6 de CRP en artéries coronaries
col-localitza freqliientment amb p22°P", component essencial de la nicotinamida adenin
dinucleotid fosfat (NAD[P]H) oxidasa, font important d’espécies reactives d’oxigen a la
vasculatura (Kobayashi et al. 2003). D’altra banda, la CRP regula a l'alca I’ARN missatger
(ARNm) i I'expressié de proteina del receptor de |'angiotensina I en CML (Wang et al.
2003), a través del qual la NADP(H) oxidasa podria estimular-se. Un estudi recent ha
demostrat que la CRP inhibeix la dilatacié mediada per NO dependent de I’endoteli a través
de l'activacié de p38 MAPK i NAD(P)H oxidasa (Qamirani et al. 2005).

No obstant, la CRP també produeix efectes que podrien interpretar-se com a
vasculoprotectors. En aquest sentit, la CRP produeix vasorelaxaciéo independent de
I'endoteli (Sternik et al. 2002) i hiporeactivitat a fenilefrina produida per un augment de
NO en vasos humans in vitro i regulacié a l'alca de proteines inhibidores del complement
en cél-lules endotelials (Li et al. 2004). Els efectes duals de la CRP en la resposta cel-lular i
immune poden explicar-se, en part, per variables metodologiques. En primer lloc, molts
grups no controlaven la preséncia de contaminants en les preparacions comercials de CRP,
com LPS o azida sodica. Diversos estudis han demostrat que els efectes proinflamatoris,
proapoptotics, antiproliferatius i antiangiogénics de preparacions comercials de CRP poden
atribuir-se a la presencia d’azida sodica, LPS, o ambdds (Liu et al. 2005; Taylor et al.
2005). En segon lloc, I'emmagatzematge prolongat de CRP purificada en abséncia d’'ions de
calci o en preséncia d’agents quelants déna lloc a la conversié espontania de natCRP en
mCRP (Zouki et al. 2001). Diversos estudis han demostrat que les diferents isoformes de
la CRP presenten bioactivitats diferents in vitro. natCRP, lliure de contaminacions amb LPS,
azida sodica o mCRP, atenua eficagment la resposta inflamatoria inhibint I'activacio,
I'adhesio i el trafic de neutrofils (Zouki et al. 1997; Zouki et al. 2001). natCRP també
inhibeix I'agregacié de plaquetes humanes en resposta a diversos estimuls (Fiedel et al.
1982; Vigo 1985). En canvi, natCRP minimament oxidada o agregada per temperatura
indueix I'agregacié plaquetaria (Fiedel 1985; Miyazawa et al. 1988). D’altra banda, el cultiu
de cél-lules endotelials coronaries humanes amb natCRP durant periodes de temps curts no
indueix la secreci6 de citocines ni I'expressiéo de moléecules d'adhesié (Khreiss et al. 2004a;

Khreiss et al. 2005). Tot i aix0, un estudi recent ha demostrat que natCRP regula a l'alga la
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produccio d’interleucina-8 (IL-8) i PAI-1 en ceél-lules endotelials d'aorta humana i redueix la

secrecid de prostaciclina i NO sintasa (Devaraj et al. 2006).
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Figura 18. Efectes anti- i pro- inflamatoris de natCRP. La majoria dels resultats in
vitro recolzen el paper proinflamatori de natCRP. No obstant, en molts casos, la preséncia
de contaminants i de mCRP en les preparacions de CRP pot haver estat el causant dels
efectes observats.

7.3.3. Models animals

L'estudi de natCRP en animals d’experimentacié també ha donat lloc a resultats
duals. Per exemple, ratolins que expressaven el gen de CRP humana (CRPtg) van resultar
ésser resistents a endotoxémia (Xia et al. 1997) i a infeccié fatal amb Streptococcus
pneumoniae (Szalai et al. 1995) o amb Salmonella enterica (Szalai et al. 2000).
L'expressid del gen de la CRP humana també s‘associa amb una reduccié de bacteremia
comparat amb animals de soca salvatge infectats. En canvi, la injeccié per via parenteral
de CRP humana en rates va produir un augment del dany tissular en infart de miocardi
dependent del complement (Griselli et al. 1999). L'expressié del gen de la CRP humana en
ratolins ApoE”" va accelerar la progressié de l'aterosclerosi (Paul et al. 2004). Diversos
estudis recents han estudiat I'impacte de la CRP sobre I'aterogénesi sobreexpressant CRP

humana (Hirschfield et al. 2005; Kovacs et al. 2007) o de conill (Reifenberg et al. 2005) en
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ratolins ApoE”". Cap d’aquests estudis ha trobat evidéncies de que CRP fos aterogénica. En
un altre estudi es va suggerir que CRP podria ésser protrombotica perqué ratolins CRPtg
van presentar una major resposta trombotica després de sotmetre’ls a dany vascular
(Danenberg et al. 2003). De totes maneres, els efectes de CRP observats en ratolins no
son extrapolables a humans perqué CRPtg humana o de conill no activa el complement

muri, un component crucial en la progressidé de |'aterosclerosi.

7.4. CRP modificada

natCRP pot dissociar-se en les seves subunitats monomeriques individuals com,
per exemple, quan s’'associa a la membrana cel-lular (Ji et al. 2007). Aquesta
reorganitzacido conformacional modifica significativament I'estructura de CRP, aixi com la
seva solubilitat i antigenicitat. Aquesta diferent conformacié de CRP es coneix com CRP
“monomerica” o “modificada”, mCRP. De la mateixa forma que natCRP, mCRP és una
proteina estable que es troba de forma natural, tot i que no és detectable en sérum. mCRP
es caracteritza per una reduida solubilitat i una certa tendencia a autoagregar-se,
representant la forma unida a teixit de CRP. mCRP es pot obtenir in vitro per quelacié amb
urea, condicions acides o calor (Potempa et al. 1983; Kresl et al. 1998). S’han identificat
antigens que reaccionen de manera creuada amb anticossos anti-mCRP en
monocits/macrofags humans (Kolb-Bachofen et al. 1995), cél-lules epitelials del tracte
respiratori (Gould et al. 2001) i intima arterial tant normal com inflamada (Diehl et al.

2000).

7.4.1. Localitzacio

mCRP és un constituent natural de la intima vascular (Diehl et al. 2000) i
probablement té funcions regulatories especifiques en la homeostasi vascular. Estudis
recents han reportat expressio de mCRP en ceél-lules endotelials i en matriu extracel-lular
en lesions aterosclerotiques de ratolins ApoE™~ (Schwedler et al. 2005). La interaccié entre
la fibronectina de la matriu i CRP és dependent del pH (Suresh et al. 2004). En condicions
fisioldgiques, la unié de Ca?* a CRP evita la interacci6 amb fibronectina de la matriu
extracel-lular. No obstant, en zones de pH baix, com a la placa aterosclerotica o als
tumors, la CRP unida a Ca?' adquireix la capacitat d‘interaccionar amb fibronectina. Es
desconeix si aquesta diferent capacitat d’unié implica canvis conformacionals de CRP. En
plaques de ratolins ApoE”" s’ha detectat col-localitzacié de mCRP amb macrofags i Apo B,

el que suggereix que mMCRP podria participar en el desenvolupament de cél-lules

70



Introduccié

escumoses. Aix0 lliga amb el fet que la unié de CRP a LDL natives, oxidades o modificades
enzimaticament té lloc principalment quan CRP ha sofert canvis conformacionals.

Un nombre creixent d’evidéncies confirma la sintesi extrahepatica de CRP. S’ha
detectat CRP (ARNm i proteina) en limfocits (Bray et al. 1988), cél-lules mononucleades de
sang periférica (Murphy et al. 1991), cel-lules Kupffer de rata, macrofags (Kolb-Bachofen
et al. 1995), illots pancreatics, neurones (Yasojima et al. 2000), teixit adipds (Ouchi et al.
2003), cel-lules endotelials, CML (Yasojima et al. 2001; Jabs et al. 2003), ronyd i ceél-lules
epitelials del tracte respiratori (Gould et al. 2001). La majoria de la CRP sintetitzada
extrahepaticament és poc soluble, la proteina no és secretada, s'expressa
intracel-lularment o unida a la membrana cel-lular i expressa antigenicitat de mCRP. Aixi
doncs, fins que no es demostri el contrari, no es pot assumir que la CRP sintetitzada
extrahepaticament sigui la forma soluble pentamérica de CRP. Es possible que les
subunitats de CRP sintetitzades extrahepaticament no es processin en forma de discs
pentamerics i que romanguin com a proteines poc solubles, autoagregades, que puguin

depositar-se en zones localitzades al voltant de les cél-lules que les hagin sintetitzat.

7.4.2. Estudis in vitro

In vitro, la pérdua de la simetria pentameérica s’ha associat predominantment amb
un fenotip proinflamatori (Figura 19). Per exemple, mCRP inhibeix I'apoptosi espontania en
neutrofils humans (Khreiss et al. 2002) i promou l'adhesié a cél-lules endotelials de
coronaria humana per un mecanisme dependent de CD18 (Zouki et al. 2001). A més,
mMCRP indueix la secrecié d'IL-8 en neutrofils mitjancant l'activacié de NF-«xB (nuclear
factor «B) i APl (proteina activadora-1) (Khreiss et al. 2005). En altres estudis s’ha
observat una inhibici6 de la quimiotaxi dels neutrofils produida per mCRP similar a la
produida per natCRP (Heuertz et al. 2005). D’altra banda, mCRP pero no natCRP, activa
rapidament cel-lules endotelials a través d’'un mecanisme dependent de p38 MAPK (Khreiss
et al. 2004a). En canvi, natCRP necessita temps d’incubacié prolongats (>24 h) per activar
cel-lules endotelials. D’altra banda, Khreiss i els seus col-laboradors (Khreiss et al. 2004b)
van reportar que mCRP accelerava la formacié d’agregats neutrofil-plagueta mitjancant
una regulacié6 oposada de natCRP i mCRP de P-selectina i CD11/CD18. Els efectes de
natCRP en neutrofils, plaquetes i cél-lules endotelials es reverteixen remarcablement, tot i
que no completament, bloquejant el receptor FcyRII (CD32), mentre que els efectes de
mCRP es reverteixen només bloquejant el receptor FcyRIII (CD16), suggerint la

participacio de receptors diferents per les diferents isoformes de CRP.

71



Introduccié

4

MCP-1
IL-8 T
Célules 4 KLk
endotelials | -] 1
= veanet 1
= . E-sslacting T .
Curmotax l ]- Meutrofils
(" adhesia a cel lules andotalials T
Apoptosi | ::‘
MNeutrafils % Produccid dé supsrdmd T
Agragacia T o I | In vivo
f | 8 T Crivoamant tumaral 1 |
. e
J Fussiacing 1 5
Plagquetes
[ Agregacid amb neulnalils T

-

' iﬁ "5, ANTIINFLAMATORI

Ay
[

PROINFLAMATOR!

= -
Y £y

) A \

Figura 19. Efectes anti- i pro- inflamatoris de mCRP. La major part del les activitats
in vitro sdn consistents amb un paper proinflamatori de mCRP.

7.4.3. Models animals

Els efectes in vivo de mCRP soén encara forca desconeguts. En ratolins portadors
d’una linia cel-lular d’adenocarcinoma de mama, el tractament amb mCRP va frenar
eficagment la progressiéo i el creixement del tumor (Kresl et al. 1999). Aquestes
observacions son consistents amb un paper de mCRP relacionat amb I'increment de la
vigilancia immunitaria, amplificant mecanismes d’immunitat innata.

Un estudi recent va fer servir un model d’inici d‘aterosclerosi en ratolins ApoE”
amb injeccié subcutania de dosis baixes de CRP durant un periode de temps llarg
(Schwedler et al. 2005). En aquest model es va observar que natCRP humana accelerava
la progressié de l'aterosclerosi i, en canvi, mCRP prevenia parcialment la formacié de la
placa. L'augment d’aterosclerosi induida per natCRP es va associar amb una regulacié a
I'alca de ICAM-1 i VCAM-1. En canvi, la injeccié de mCRP va resultar en una reduccié de la
progressio de l|'aterosclerosi induint I’'expressié d’interleucina-10 (IL-10). Cal remarcar
perd, que aquest model no reflexava els nivells sistemics de CRP ni I'efecte directe de CRP

circulant sobre la formacio de la placa aterosclerotica.
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Es important destacar que els estudis de CRP realitzats amb el model muri no sén
extrapolables a humans perque la CRP no és un reactant de fase aguda en ratolins. El
desenvolupament de ratolins transgénics que sobrexpressen CRP també presenta
limitacions degut a que la CRP humana és una proteina “estrangera” en el ratoli i ha donat
lloc a resultats controvertits.

En resum, la CRP esta demostrant ésser un potent marcador de risc
cardiovascular. Els estudis experimentals que relacionen la CRP com un agent causal de la
malaltia aterotrombotica continuen emergent. De totes maneres calen més estudis
adrecats a la bioactivitat diferencial de les isoformes de la CRP en la malaltia

aterotrombotica, aixi com la validacid clinica del paper de la isoforma monomeérica de CRP.
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Objectius

Les plaquetes juguen un paper fonamental en els processos trombotics i en les
seves manifestacions cliniques, aixi com en el desenvolupament de la malaltia
aterotrombotica. Els mecanismes d’adhesié plaquetaria i formacié de trombes arterials
venen determinats en gran mesura per I’entorn biomecanic, concretament per la velocitat i
I'esfor¢ de cisalla local. Malgrat els avencos realitzats en els darrers anys en prevencio
primaria i secundaria de les malalties cardiovasculars, en els propers anys la malaltia
aterosclerotica i les seves complicacions trombotiques continuaran essent la principal
causa de mortalitat. El present treball pretén aprofundir en el coneixement de diferents
mecanismes relacionats amb els processos inflamatoris implicats en el desencadenament

de la trombosi arterial, concretament en els processos d’adhesid i activacio plaquetaries.

Degut a la creixent importancia del paper de la CRP no només com a marcador
sind com a modulador de la malaltia cardiovascular ens varem plantejar la hipotesi que la
CRP podria afectar I'adhesié plaquetaria. Tanmateix, degut a la controvérsia que ha sorgit
dels estudis amb CRP varem hipotetitzar que les diferents isoformes de la CRP podrien
tenir diferents efectes sobre el creixement del trombe en condicions de flux arterial.

D’altra banda, es desconeix si la isquémia per se, en abséncia de malaltia
aterosclerotica subjacent i altres factors de risc, pot produir una resposta inflamatoria
aguda tant local com sistémica que indueixi l'activacié i I'adhesio de les plaquetes. Per
aquest motiu varem plantejar estudiar I'efecte del temps d’oclusié sobre la resposta
inflamatoria local i sistéemica desencadenada i la subseglient adhesié i activacio
plaquetaria.

Finalment, degut a que els efectes beneficiosos de les estatines en la prevencié de
la malaltia aterotrombotica van més enlla dels seus efectes hipolipemiants, ens varem
proposar estudiar l'efecte del bloqueig de la HMG-CoA reductasa sobre la formacié del

trombe i identificar nous potencials mecanismes d’accid sobre les plaquetes.

D’aquesta manera, la hipotesi general plantejada en aquest treball consisteix en
que, la inflamacid, ja sigui desencadenada per la proteina C-reactiva o la isquéemia
miocardica, o bé modulada pel bloqueig de la HMG-CoA reductasa esta directament
implicada en el desencadenament de processos d’adhesié i activacié plaquetaries i,

conseqlientment en el risc de trombosi arterial.
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Per desenvolupar aquesta hipotesi els objectius especifics que es van plantejar

van ésser els seglents:
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Objectiu I. Estudiar els efectes de les diferents isoformes de la CRP sobre el

creixement del trombe.

1. Avaluar l'efecte de les isoformes nativa i modificada de CRP (natCRP i mCRP),
tant en forma circulant com immobilitzades, sobre la deposicié plaquetaria, la
mida dels agregats i I'alcada del trombe en condicions de flux arterial.

2. Estudiar la distribucié de les diferents isoformes de CRP dins I'estructura dels
trombes formats en condicions de flux arterial.

3. Analitzar l'efecte de les diferents isoformes de CRP sobre I'activacié

plaquetaria.

Objectiu II. Estudiar si la isquémia miocardica presenta propietats

proinflamatories i protrombotiques a nivell local i sistémic.

1. Avaluar la resposta inflamatoria local produida per oclusid coronaria en un
model porci d’infart de miocardi, mitjancant I'analisi dels nivells d’expressio
cardiacs de mCRP, IL-6, TNF-a.

2. Analitzar la distribucié de mCRP al teixit cardiac.

3. Avaluar l'efecte del temps d’olcusié coronari en l'activacié i deposicio de les

plaguetes.

Objectiu III. Estudiar si el bloqueig de la HMG-CoA reductasa inhibeix la

deposicio plaquetaria, aixi com els mecanismes implicats en el procés.

Avaluar l'efecte de la rosuvastatina sobre la deposicié plaquetaria en diferents
condicions de flux.

Identificar proteines de les plaquetes modulades pel tractament amb
rosuvastatina.

Analitzar i caracteritzar el paper de la GRP78 (glucose regulated protein 78) de la

plagueta en la formacio del trombe.



METODOLOGIA






Metodologia

1. PREPARACIO I CARACTERITZACIO DE NATCRP I
MCRP I DELS SEUS ANTICOSSOS

Com s’ha comentat anteriorment, la preséncia de contaminants (especialment LPS
i azida sodica) en preparacions de CRP ha donat lloc a resultats controvertits en estudis de
CRP in vitro, fet que ha questionat la validesa de molts d’aquests estudis. Per aquest
motiu, es va tenir especial cura en la preparacio i caracteritzacio de les diferents isoformes

de CRP.

1.1. Obtencio de natCRP i mCRP

natCRP humana d’alta puresa (Calbiochem) es va emmagatzemar en tampé de 10
mM/L Tris, 140 mM NaCl i 2 mM CaCl, a pH 8,0 per evitar la formacié espontania de mCRP
a partir de la forma nativa del pentamer. La forma monomeérica de CRP es va obtenir per
quelaci6 amb urea de la forma nativa, segons van descriure Potempa i els seus
col-laboradors (Kresl et al. 1998). Breument, natCRP (1 mg/mL) es va quelar amb 10
mM/L d’acid etilendiamino tetraacetic (EDTA) i es va incubar amb 8,0 M d’urea durant 6 h
a 37 °C. La urea es va eliminar dialitzant contra un tampo6 TBS de reduida forga ionica (10
mM Tris-HCI i 0,05 M NaCl a pH 7,3). La concentraci6 de mCRP es va determinar pel
metode de I'acid bicinconinic (BCA). Es van seguir les indicacions establertes per la casa
comercial i es va fer servir una recta patré d’albimina de sérum bovi (BSA). Tant les
mostres diluides com la recta patré es van incubar amb el reactiu durant 30 min a 37 °C i
es va llegir I'absorbancia a 562 nm. La solucié filtrada es va emmagatzemar a 4 °C i es va

utilitzar durant les seglents 24 h.

1.2. Caracteritzacio dels anticossos

Els anticossos dirigits especificament a la isoforma nativa (clon 1D6) i a la isoforma
monomeérica (clon 8C10) van ésser gentilesa del Dr. Larry Potempa (Ying et al. 1989;
Schwedler et al. 2003) i les seves especificitats es van demostrar mesurant les seves

caracteristiques d’afinitat d'unié.
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Figura 20. Afinitats d’'uni6 a mCRP i natCRP dels anticossos anti-mCRP (clon
8C10) i anti nat-CRP (1D6).

1.3. Caracteritzacio de mCRP i natCRP: Electroforesi i
dot blot

Per validar la total modificacio de les isoformes de CRP, es va realitzar una
electroforesi per distingir les dues isoformes segons el meétode descrit per Taylor i
col-laboradors (Taylor et al. 2007). Es van utilitzar gels d’acrilamida del 12 % i es va
efectuar l'electroforesi a 30 mA amb gels de 0,75 mm en una unitat d’electroforesi de
BioRad (BioRad Powe Pac 300). Per obtenir les proteines en condicions desnaturalitzants
les mostres es van escalfar 10 min a 90 °C i es va afegir p-mercaptoetanol a I'lL %. També
es van analitzar les proteines en condicions no desnaturalitzants. Les proteines es van
visualitzar per tinci6 amb blau de comassie. La tincié amb blau de comassie es va fer en
agitacié suau amb una solucié 1:1 de Comassie Brilliant Blue R (Merck) i 20 % d'acid
acetic durant 20 min. Un cop tenyits, els gels es van rentar amb una solucié d’etanol,
aigua i acid acétic (3:6:1) per eliminar I'excés de colorant.

En condicions no desnaturalitzants, natCRP va correr com una banda difusa amb
un pes molecular aparent de 40-80 kDa. En canvi, mCRP apareixia com una sola banda
ben definida amb un pes de 23 kDa (Figura 21A). Es va poder observar que natCRP no
estava contaminada amb mCRP doncs no es va detectar la preséencia de cap banda a 23
kDa. També es va poder observar la completa transformacié de CRP en la forma
monomeérica amb urea perqué mCRP va migrar com una sola banda amb un pes de 23
kDa. A l'escalfar i reduir les mostres amb B-mercaptoetanol natCRP es desnaturalitzava i
corria com una sola banda de forma similar a mCRP. Aquest meétode d’electoforesi va

permetre comprovar qualitativament la correcta modificacié6 de mCRP.
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La puresa de les preparacions de les diferents isoformes de CRP també es va
analitzar per dot blot. Tot i que el dot blot no és una técnica quantitativa, és una eina molt
util per determinar la preséncia de natCRP en preparacions de mCRP i viceversa, ja que no
es sotmeten les mostres a cap tipus de desnaturalitzacié com en el cas de I'electroforesi i
s’evita la transformacié de CRP perqué la immobilitzacié es fa sobre un substrat no
carregat. Per fer el dot blot es van immobilitzar natCRP i mCRP en diferents dilucions
directament sobre membranes de nitrocel-lulosa. Les membranes es van bloquejar amb
proteines de la llet al 5 % (llet en pols descremada) en tampd TBS (tris buffer saline, 0,1
M NaCl, 10 mM Tris Base, pH 7,4) amb 0,05 % de Tween 20. A continuacié es van incubar
les membranes amb els corresponents anticossos especifics de cada una de les isoformes
de CRP (anti-mCRP clon 8C10 i anti-natCRP clon 1D6). Després de rentar les membranes
amb TBS-Tween es va incubar amb anticos secundari unit a peroxidasa de rave. El revelat
de les membranes es va fer amb un substrat per a la peroxidasa (SuperSignal West Dura,
Pierce) i es va captar el senyal per quimioluminiscéncia (Chemi-Doc, BioRad).

El dot blot va permetre comprovar la puresa de la preparaciéo comercial de natCRP,

aixi com la total transformacié de mCRP amb el tractament amb urea (Figura 21B).
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Figura 21 A. Electroforesi de natCRP (N) i mCRP (M) en condicions no
desnaturalitzants (a) i en condicions desnaturalitzants (b). B. Dot blot de natCRP
i MCRP amb anticos anti-mCRP (a) i anti-natCRP (b).

L'azida sodica es va eliminar de les preparacions de CRP dialitzant contra grans
volums de tampd de TBS. Els nivells d’endotoxina en les preparacions de CRP es trobaven

per sota del limit de deteccié de I'assaig de limulus (<0,125 EU/mL).
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2. OBTENCIO DE SANG I PLAQUETES

Pels estudis in vitro de CRP i rosuvastatina (Articles I i III) es va obtenir sang
procedent de voluntaris sans, no fumadors, que no havien pres farmacs antiplaquetars en
els darrers 15 dies. Els procediments van ésser aprovats pel Comité de Recerca de
I’'Hospital de la Santa Creu i Sant Pau. La sang es va extreure per puncié venosa i es va
recollir en heparina sodica (10 UI/mL) o citrat sodic al 3,8 % en proporcié 1:10 v/v, en
funcié de I'experiment.

D’altra banda, també es va obtenir sang porcina de femelles de raca Landrace
Large White, d’'uns 46 kg de pes. Els procediments van seguir les guies de I’American
Physiological Society de recerca animal. La sang es va extreure per puncié de la vena
femoral.

Per l'estudi de l'efecte de I'oclusié coronaria sobre la resposta inflamatoria i
activacié plaquetaria (Article III) la sang porcina es va extreure per puncié de la vena
femoral en diferents temps: TO (20 min després de I'administracié del bolus d’heparina i
just abans d’iniciar l'oclusié de l'artéria coronaria); T30 (30 min després de l'inici de
I'oclusid); T90 (90 min després de l'inici de 'oclusid).

La sang es va mantenir en agitaciéo suau a 20 °C i es va fer servir durant les
seglients 2 h des de la seva extraccié. El recompte plaquetar i leucocitari, aixi com
I’'hnematocrit estaven dins el rang de normalitat. Pels experiments de perfusio les plaquetes
es van marcar amb mepacrine 10 uM. El mepacrine és un antibiotic fluorescent que es
concentra als granuls densos de plaquetes i leucocits i no té cap efecte en la funcid
plaquetaria en aquesta concentracié. Plaquetes i leucocits es distingeixen clarament per
epifluorescéncia i qualsevol fluorescencia dels eritrocits és neutralitzada per I’'hemoglobina

(Savage et al. 1999).
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3. EXPERIMENTS DE PERFUSIO IN VITRO AMB
CAMBRA PLANA

3.1. Preparacio de substrats trombogénics

Es va preparar una dissolucié d'acid acetic 0,5 M, pH 2,8 que contenia 10 ug/mL de
col-lagen I i es va aplicar sobre porta-objectes de vidre préviament rentats amb aigua i
etanol al 70 %. Els porta-objectes es van incubar amb la solucidé de col-lagen en cambra
humida durant 20 h a 4 °C o durant 1 h a temperatura ambient. A continuacié es van
rentar els porta-objectes amb tampd PBS (phosphate buffer saline) per eliminar el

col-lagen no immobilitzat.

Taula 4. Tampo6 PBS

NaCl 147 mM
KCl 2,7 mM
Na,HPO, 10 mM

En alguns casos els porta-objectes una vegada recoberts de col-lagen I es van
incubar 3 h a 37 °C amb 5 pug/mL de natCRP o mCRP per immobilitzar les diferents

isoformes de CRP amb les fibres de col:lagen.

3.2. Cambra de perfusio

El model de cambra plana de perfusidé va ésser desenvolupat per Sakariassen i els
seus col:-laboradors (Baumgartner 1973; Turitto 1974; Sakariassen et al. 1989) i ha estat
ampliament utilitzat per estudiar mecanismes d’adhesié plaquetaria i de formacié de
trombes en condicions de flux. La cambra plana de perfusié permet simular de manera
simplificada condicions hemodinamiques arterials d’elevada velocitat de cisalla. S’utilitza
un porta-objectes de plastic o vidre recobert de material vascular com fibres de col-lagen,
matriu extracel-lular, cél-lules endotelials o biomaterials per analitzar la potencial adhesio
plaquetaria i la formacié de trombes en condicions de flux.

El sistema consisteix en un reservori de fluid, un circuit de tubs de silicona, una

bomba peristaltica (Master Flex, Cole Parmer) i la cambra de perfusio, que permet exposar
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diferents substrats al flux sanguini. La cambra esta formada per una base de policarbonat
amb tres sortides (entrada i sortida de flux i connexié a buit) i un porta-objectes (recobert
de col-lagen). La base i el porta-objectes estan separats per una lamina o gasket de
silicona. El sistema es manté estanc mitjancant I'aplicacio del buit. El flux a I'interior de la
cambra és laminar amb valors de velocitat de cisalla coneguts d’entre 50 i 10500 s, que
venen donats per la geometria de la lamina de silicona i per la velocitat del flux sanguini,

segons l’'equacio:

2
y=6Q/ab
on:
y = velocitat de cisalla (s™!)
a = algada del canal de la cambra de perfusié (cm)
b = amplada del canal (cm)

Q = cabal volumeétric (mL/s)

Porta-objectes
recobert de collagen |

20 em —m
|

Lamina de silicona
(gasket)

(a)

Amplada (o)

Entrada de flux Buit Sortida de flux

Figura 22. Esquema de la cambra plana de perfusio

Els parametres “a” i “b” venen definits per la geometria dels gaskets de silicona

disponibles, que es presenten a la taula segient:
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Taula 5. Dimensions dels gaskets disponibles

Per a cada geometria de gasket es pot calcular la relacié lineal entre el cabal

volumeétric proporcionat per la bomba peristaltica i la velocitat de cisalla.

goon
Figura 23. Relacié de la velocitat

de cisalla amb el cabal
volumeétric en funcié de la
geometria dels gaskets
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Per optimitzar al maxim el volum de sang necessari pels experiments de perfusié
es van utilitzar els gaskets de menor amplada (A i B). Per obtenir valors de velocitat de

cisalla elevats (1500 s™!) es va fer servir el gasket de menor gruix (A).

Bany termostatat Bomba peristaltica
Bomba Cambra de

peristaltica perfusio
(_\ J '
> IJI | |
buit

/ Cambra de perfusid
» ) Sang
5 YA
/ : / — efluent

Tampd  Sang

Tampd Tyrode _ ] Tyrode

Figura 24. Representacié del sistema de perfusi6
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El sistema es va muntar i es va omplir de tampd Hepes-Tyrode. Després d'1 min
de preperfusié amb el tampd, es va perfundir sang per la cambra plana a velocitats de
cisalla constants d’entre 100 s i 3000 s durant 5 min. Per simular condicions de flux
vends amb velocitat de cisalla baixa es van fer les perfusions a 250 s, i per simular
condicions hemodinamiques d’elevada velocitat de cisalla les perfusions es van fer a 1500
s, Un cop transcorregut el temps de perfusid, el sistema es va reperfundir 1 min amb
tampd Hepes-Tyrode mantenint les mateixes condicions de flux. Durant els experiments de
perfusid el sistema es va mantenir a 37 °C submergint el sistema (a excepcié de la bomba

peristaltica) en un bany termostatat.

Taula 6. Tampo Hepes-Tyrode

NaCl 134 mM
Na,HPO,x12H,0 0,34 mM
KCl 2,9 mM
NaHCO; 12 mM
MgCl,x6H,0 1 mM
Hepes 20 mM

Després de cada perfusid, els porta-objectes recoberts de col-lagen es van
desmuntar del sistema amb molta cura, es van rentar amb PBS i es van fixar amb
paraformaldehid al 3,8 % durant 15 min. Els porta-objectes un cop fixats es van tornar a
rentar amb PBS i es van muntar amb Glycerol Mounting Medium (Dako Cytomation) pel

posterior analisi per microscopia confocal.
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4. VISUALITZACIO DE LA DEPOSICIO PLAQUETARIA
I DE LA FORMACIO DEL TROMBE PER MICROSCOPIA
LASER CONFOCAL

La microscopia confocal, a diferéncia de la microscopia optica tradicional ofereix la
possibilitat d’obtenir “seccions optiques” de la mostra, permetent I'estudi tridimensional de
la mostra. En les técniques classiques de microscopia Optica, la llum interacciona amb la
mostra a diverses profunditats i la imatge presenta arees borroses degut a la llum
procedent de zones fora del pla d’enfocament. El principi de la microscopia confocal, en
canvi, es basa en eliminar la llum reflexada o fluorescent procedent dels plans fora
d’enfocament, il-luminant una petita zona de la mostra i captant el feix de llum procedent
del pla focal, i eliminant els feixos procedents dels plans inferiors i superiors.

La deposicié plaquetaria sobre les fibres de col-lagen es va visualitzar i analitzar
per microscopia laser confocal (Leica TCS SP2). Es va utilitzar un laser d’Ar Kr de 488 nm
com a font d’excitacid i un objectiu HCX PL APO 20x / 0.7 IMM CORR. Es van captar series
d'imatges de fluorescéncia en un format de 1024x1024 pixels i es van processar amb el
software de Leica TCS-AOBS. Per determinar la deposicié plaquetaria mitja i la mida dels
agregats plaquetars formats es van adquirir sistematicament cinc camps de la superficie
d’adhesid (750 um x 750 um), descartant les zones d’entrada i sortida del flux on el flux no
és laminar. Es va aplicar un dintell de senyal per distingir les plaquetes del fons i es va
aplicar sistematicament sempre el mateix valor per analitzar les séries d’'imatges de cada
experiment. La superficie ocupada per plaquetes (deposicié plaquetaria) i I'area individual
dels agregats es van calcular amb el software NIH Image (programa de domini public cedit
pel Dr. Wayne Rasband, National Institute of Health, versié 1.62). El grau de deposicid
plaquetaria es va expressar com l|'area coberta per plaquetes per camp analitzat
(um?/camp) i la mida dels agregats es va calcular mesurant |'area dels agregats plaquetars

superiors a 100 um? i es va expresar en um>.
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Figura 25. Imatge
representativa de
plaquetes marcades amb
mepacrine adherides a
col-lagen en
experiments de perfusio.

L'alcada dels agregats plaquetars es va calcular a partir de la reconstruccié
topografica de les series d’'imatges captades transversalment (0,5 pm de distancia entre
imatges de seccions adjacents). A partir de la reconstruccié topografica es va mesurar tant
I'alcada maxima com l'algada mitja dels agregats plaquetars. En casos concrets es van
crear projeccions tridimensionals amb rotacié d’agregats plaquetars seleccionats,
construides a partir de séries d’'imatges captades transversalment, de 235 um x 235 um x
50 um (1 pum de distancia entre imatges de seccions adjacents). A partir de la
reconstruccié tridimensional es va crear la projeccié maxima i es va mostrar el valor de z
(lI'alcada) amb una escala de colors, i seguidament es va crear una rotacié de 90°, creant

una projeccié cada 2°.

5. IMMUNOFLUORESCENCIA DE PLAQUETES

5.1. Plaquetes adherides

Es van fer experiments de perfusié amb plaquetes sense marcar amb mepacrine.
Després de les perfusions es van desmuntar els porta-objectes de la cambra de perfusio,
es van rentar amb PBS pH 7,4 i es van fixar 15 min amb paraformaldehid 3,8 %. Un cop
fixades les mostres es van rentar amb PBS i es van bloquejar amb una solucié de PBS amb
BSA a I'l %. Seguidament, es van incubar les mostres amb un potenciador de senyal
(Signal Enhancer) durant 30 min. Després, es van rentar les mostres amb PBS i es van
incubar amb I'anticos primari durant 1 h a temperatura ambient. A continuacid, es van

rentar les mostres amb PBS per eliminar 'anticds no unit i es van incubar les mostres 1 h
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amb l'anticos secundari conjugat amb un fluorocrom. Després de la segona incubacid es
van rentar les mostres amb PBS i es van muntar amb Prolong Gold antifade reagent. Es
van captar imatges de fluorescéncia amb un microscopi laser confocal (Leica TCS SP2) i les
plaquetes es van visualitzar amb un objectiu HCX PL APO 63x / 1.2 W CORR/0.17 CS.
Com a font d’excitaci6 es van fer servir els lasers de 488 nm i de 633 nm i, a més, es van
captar imatges de transil-luminacié en un fotomultiplicador separat. Per descartar falsos
positius es van fer tincions de mostres sense anticdos primari. En els marcatges multiples
es van triar les longituds d’ona d’emissié i excitaci6 amb especial cura per evitar
solapament dels canals de captacidé de les diferents molécules analitzades. El grau de

col-localitzacié de diferents proteines es va mesurar amb el programa Metamorph.

5.2. Plaquetes en suspensio

Es va recollir sang effluent, procedent d’experiments de perfusid, i sang sense
perfundir i es va fixar 20 min amb paraformaldehid 3,8 %. A continuacid, es va obtenir
plasma ric en plaquetes (PRP) per centrifugaciéo (17 min a 200 g). Les plaquetes es van
aillar centrifugant el PRP a 3100 rpm 15 min. Les plaquetes es van ressuspendre en PBS i
es van rentar dos cops. A continuacid, les plaquetes es van deixar dipositar sobre plaques
recobertes de poli-L-lisina durant un minim de 3 h. Un cop dipositades les plaquetes, es va

procedir amb el protocol d’immunofluorescéncia descrit anteriorment.

Figura 26. Imatge representativa d'immunofluorescéncia de plaquetes.
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Taula 7. Anticossos utilitzats en immunofluorescéncia

CRP Clon C8, Sigma Ratoli 1:100
mCRP Clon 8C10 (no comercial) Ratoli 1:100
natCRP Clon 1D6 (no comercial) Ratoli 1:20

P-selectina Pharmingen Ratoli 1:20
Glicoproteina IV Pharmingen Ratoli 1:20
GRP78 C-20 Santa Cruz Cabra 1:50

TF American Diagnostica Ratoli 1:50

GPIIIa Pharmingen Ratoli 1:20

6. CITOMETRIA DE FLUX

L'aplicacié de la citometria de flux en l'estudi de les plaquetes presenta molts
avantatges perqué les plaquetes poden ésser analitzades en el seu medi fisiologic incloent
eritrocits i leucocits. La manipulacié minima de les mostres evita interferéncies per
I'activacio in vitro i redueix les possibles pérdues de subpoblacions de plaquetes. No
obstant, aquest métode només mesura la funci6 de plaquetes circulants, pero si les
plaquetes activades sén eliminades rapidament o estan adherides a les parets dels vasos
sanguinis o a circuits extracorporis poden no existir evidéncies de I'activacio plaquetaria.

Per I'analisi dels marcadors d’activacié plaquetaria CD62P, CD63 i PAC-1 per
citometria de flux, les mostres de sang préviament tractades amb les diferents isoformes
de CRP es van diluir 1:10 en Hepes-Tyrode. Es van preparar aliquotes de 25 uL i es van
activar amb col-lagen (5 pug/mL, 5 min, 37 °C) i ADP (1 uM, 5 min, 37 °C). Per I'analisi de
CD62P i CD63 es va utilitzar com a marcador de plaquetes independent d’activaciéo un
anticos monoclonal contra CD41 (Pharmingen) conjugat amb isotiocianat de fluoresceina
(FITC). L'expressio de P-selectina i CD63 es va analitzar amb anticossos monoclonals de
ratoli conjugats amb ficoeritrina (PE) anti-CD62P i anti-CD63, respectivament. El canvi
conformacional de la GPIIb-IIIa es va mesurar amb PAC-1 conjugat amb FITC (Beckton
Dickinson). PAC-1 és un anticos monoclonal que reconeix un epitop de la GPIIb-IIIa quan
es troba en la conformacié d’elevada afinitat pel seu lligand, el fibrinogen. En alguns casos
es va estudiar la resposta de CRP en preséncia de 2,5 ng/mL d’anticos bloquejant de CD16

(clon 3G8, Pharmingen). Les mostres de sang amb els anticossos es van incubar a
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temperatura ambient en abséncia de llum durant 20 min. Per determinar el grau d'unio
inespecifica dels anticossos amb les plaquetes es van preparar mostres control amb
immunoglobulines no immunes marcades amb FITC i PE. Es va utilitzar el citometre de flux
de Coulter Epics XL (Beckman Coulter). La poblacié de plaquetes es va identificar per la
seva mida relativa (Forward Scatter, FS), complexitat interna (Side Scatter, SC) i per
I'associacié amb CD41. Es van mesurar un total de 10000 events i es va analitzar el
percentatge de ceél-lules positives amb el programa Expo32 ADC XL 4 Color. Les fraccions
de plaquetes positives fluorescents per a cada marcador es van obtenir després de restar

la fluorescéncia inespecifica en els controls.

Taula 8. Anticossos utilitzats en citometria de flux

P-selectina CD62P-PE Pharmingen

GPIIb CD41-FITC Pharmingen

GPIIIa CD61-FITC Pharmingen

GPIIb/IIIa d’elevada afinitat PAC-1-FITC Pharmingen
GP53 CD63-PE Pharmingen
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Figura 27. Histograma representatiu d'una mostra de sang on es distingeix
la poblacié de plaquetes per la seva mida relativa (FS) i la complexitat
interna (SC)
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7. PROTEOMICA DE PLAQUETES

La proteomica és l'estudi del conjunt de proteines (proteoma) que pot expressar
un genoma. El proteoma de qualsevol cel-lula, en un moment donat, representa només
una fraccié de totes les proteines possibles que pot expressar el genoma. Les proteines
que s’expressen o es modifiquen varien en funcié de les circumstancies (patologies,
farmacs, etc). L'estudi detallat de les proteines responsables pot establir les bases
moleculars de diferents patologies i proporcionar nous marcadors diagnostics i noves
estratégies terapéutiques. En situacions patologiques croniques l'expressido anormal de
proteines es reflexa en concentracions alterades d’aquestes. No obstant, en condicions
agudes, on la resposta rapida no permet la sintesi de proteines, es reflexa en
modificacions postraduccionals de proteines ja existents. Els canvis al perfil proteic es
detecten comparant les proteines presents en una mostra control davant una mostra
patologica, i identificant i quantificant les proteines diferencialment expresades. Les
modificacions postraduccionals s’estudien individualment sobre cada proteina per

espectrometria de masses, que permet identificar i localitzar aquestes modificacions.

7.1. Extraccio de proteina

Es van aillar plaquetes abans i després de circular a través de la cambra de
perfusié per centrifugacié (250 g, 10 min) a temperatura ambient per obtenir PRP. El
nombre de plaquetes es va ajustar a 4x10® plaquetes/mL i es van centrifugar a 1400 g
durant 15 min per obtenir pellets de plaquetes que es van congelar a -80 °C.

Les proteines plaquetaries es van extreure en funci6 de la seva solubilitat
diferencial i es va obtenir un subproteoma soluble en tampd Tris-HCI (fraccid citosolica) i
un subproteoma soluble en urea (fracci6 de membrana i citoesquelet). Breument, les
mostres es van homogeneitzar en tampd de Tris-HCI 40 mM, es van incubar 15 min a
temperatura ambient i es van centrifugar a 16000 g (20 min, 4 °C). Els pellets de proteina
es van rentar un cop amb el tampd Tris-HCl i seguidament es van extreure amb un tampé
d’urea/tiourea-chaps (Taula 9) durant 15 min a temperatura ambient i es va procedir com
en el pas anterior. Abans de separar les proteines per electroforesi bidimensional es van
eliminar sals i altres contaminants amb un kit comercial (2D-CleanUp Kit, Amersham). La

concentracio de proteina es va determinar amb 2D-Quant Kit (GE-Healthcare).
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Taula 9. Tampo urea/tiourea

Urea 7M
Tiourea 2M
CHAPS 4 %
Tris-HCI 40 mM

7.2. Electroforesi bidimensional (2-DE)

L'electroforesi bidimensional es basa en la combinacié de les técniques
d’isoelectroenfoc (IEF), que separa les proteines segons el seu punt isoeléctric, i
electroforesi en gels de poliacrilamida (sodium dodecyl sulfate polyacrylamide gel
electrophoresis, SDS-PAGE), que separa les proteines en funcié del seu pes molecular. El
resultat final no és un gel amb bandes sind amb punts o spots, on cadascun dels quals
correspon a una proteina de diferent pes molecular i punt isoeléctric.

Per a la primera dimensid, I'lEF, es va utilitzar la cel-la Protean-IEF (BioRad) i es
va emprar el métode descrit per Molloy i col-laboradors (Molloy et al. 1998) amb algunes
modificacions. Breument, es van resuspendre 150 ug de proteina en 350 uL de tampo de
rehidratacié (Taula 10) i es va carregar la mostra en tires IPG (Immobilized pH Gradient)
de 17 cm (rang linear de punt isoeléctric 3-10, Biorad) durant 16 h amb rehidratacié activa
a 50 V. Després d'aquest temps les proteines es van enfocar mitjancant un augment

progressiu del voltatge fins a 10000 V en 5 h amb un pas final a 10000 V fins a 70000 V/h.

Taula 10. Tampo de rehidratacio

Urea 7M
Tiourea 2M
CHAPS 2%

DTT 100 mM
Amfolits 0,2 %

Després de I'IEF les tires es van equilibrar primer amb una solucié reductora amb

pH 8,8 (Taula 11) i després amb una solucidé alquilant (Taula 12) durant 15 min. Les tires
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IPG un cop equilibrades es van transferir per a la segona dimensié (SDS-PAGE) en gels de
poliacrilamida del 10 %. L’electroforesi es va dur a terme en un sistema Protean (Ettan
Dalt, Amersham) a 17 W/gel. Després de l|'electroforesi els gels es van fixar amb una
solucié de 30 % etanol i 10 % acid acétic durant un minim de 2 h. A continuacid les
proteines dels gels es van marcar fluorescentment amb flamingo (BioRad) durant 3 h i

finalment es van rentar 3 cops amb H,0.

Taula 11. Solucié reductora

Tris-HCI 50 mM
Urea 6M
SDS 2%

Glicerol 30 %
DTT 2%

Taula 12. Solucié alquilant

Tris-Hcl 50 mM
Urea 6M
SDS 2%

Glicerol 30 %

Iodoacetamida 2,5 %

7.3. Analisi diferencial d'imatge

Els gels marcats amb fluorescéncia es van escanejar (Typhoon 9400) i es va
analitzar l'expressio diferencial de proteines entre els diferents tractaments amb el
programa 7.3 PD-Quest (BioRad), fent servir un Unic patré que inclogués tots els gels de
cada experiment independent. Es va assignar a cada spot un valor relatiu que corresponia
al volum individual del spot comparat amb el volum de tots els spots del gel, després

d’haver normalitzat els gels entre si i d’extreure el fons.
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7.4. Identificacio de proteines per espectrometria de
masses (MALDI-TOF)

Els spots de proteina seleccionats es van analitzar per espectrometria de masses
amb un espectrometre tipus MALDI-TOF (Matrix Assisted Laser Desorption Ionization- Time

of Flight) (Molloy et al. 1998).

7.4.1. Preparacio de les mostres

Els punts o taques de proteines d’interés es van extreure dels gels de 2-DE amb un
equip Ettan Spotpicker (Amersham), es van rentar amb bicarbonat d’amoni 50 mM i
metanol al 50 % (2 cops 20 min), es van deshidratar amb acetonitril 100 % (2 cops 20
min) i seguidament es van assecar al buit. Un cop assecades les proteines dins els trossets
de gel, aquestes es van digerir enzimaticament amb 20 ng/uL de tripsina porcina
(Promega) durant 4 h a 37 °C o 16 h a 4 °C. Els péptids procedents de la digestid
enzimatica in-gel (1 uL) (Vondriska et al. 2001) es van barrejar en proporcié 1:1 amb 5
mg/mL de matriu (acid a-ciano-4-hidroxicinamic) i es van deixar assecar sobre una placa
d’acer inoxidable que posteriorment es va introduir a I'espectrometre de masses. De la
mostra restant, després de la digestié amb tripsina, es van extreure els peptids amb una
solucio de bicarbonat d’amoni 50 mM i acid trifluoroacétic al 0,5 % (2 cicles de 20 min) i es

van mantenir els extractes secs a 4 °C.

7.4.2. Espectrometria de masses

Dins el MALDI-TOF els peéptids procedents de la digestié amb tripsina, barrejats
amb la matriu, es van ionitzar amb un pols de laser. Els péptids ionitzats, es vaporitzen i
s6n accelerats per un camp eléctric, passant per un tub de buit d'una longitud
determinada. Com que els péptids ionitzats tenen tots la mateixa carrega, el temps de vol
(time of flight) per recorrer la longitud del tub és proporcional a la seva massa (m/z). El
conjunt de les masses dels péptids procedents d’'una mateixa proteina es coneix com
“empremta peptidica” (PMF, Peptide Mass Fingerprint) i s'obté un espectre de masses on
es representa la relacid m/z en funcié de la freqliéncia (intensitat) amb que aquest i6 és
detectat. La massa de cada péptid es relaciona algoritmicament amb la seva seqliéncia
d’aminoacids. L'empremta peptidica obtinguda es compara amb les masses teoriques dels
peptids que es produirien al digerir les proteines de la base de dades, i amb aquesta

comparacié s’identifica la proteina analitzada (Shevchenko et al. 1996; Jonsson 2001).
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Els espectres generats pel MALDI es van calibrar internament amb els pics
corresponents als productes d’autodigestié de la tripsina, amb Angiotensina III (m/z=
897.531) i amb ACTH (hormona adrenocorticotropica, m/z=2465.199). Les masses dels
péptids dels espectres obtinguts es van comparar contra la base de dades del National
Center for Biotechnology Information amb el programa ProFound™ i es van confirmar amb
una cerca amb Mascot (Matrixscience) seleccionant la base de dades SwissProt. Degut al
fet que la base de dades per proteines humanes és molt més extensa que la de proteines
de porc, les seqliéncies de les proteines humanes identificades es van comparar amb les
de les corresponents proteines porcines i es van validar si assolien una identitat superior al
80 %. La identificacié de les proteines es va basar en la mesura de com a minim 10
péptids amb un minim del 50 % de péptids coincidents i una cobertura superior al 20 %.

L'expectativa minima per a una identificacié valida es va considerar 0,01 i P<0,05.
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8. OBTENCIO DE PROTEINA. SUBFRACCIONAMENT
DE PLAQUETES

Es van aillar plaquetes (abans i després de circular a través de la cambra de
perfusid) per centrifugacié (250 g, 10 min) a temperatura ambient per obtenir PRP. El
nombre de plaquetes es va ajustar a 4x10® plaquetes/mL i es van centrifugar a 1400 g

durant 15 min per obtenir pellets de plaquetes que es van congelar a -80 °C.

8.1. Lisat total

Per obtenir el lisat total de proteines plaquetaries es van resuspendre els pellets de
plaquetes a 4 °C afegint 750 uL de tampd de lisi (Taula 13) amb 1 % de Tritd per cada
12x10® plaquetes i es van incubar 30 min. Per obtenir la maxima dissociacié dels
components cel-lulars, es van sonicar les mostres 3 cops durant 10 s i 'homogeneitzat es
va congelar a -80 °C durant un minim d’1 h. Després de descongelar, les mostres es van
centrifugar a maxima velocitat durant 20 min a 4 °C. El sobrenedant obtingut es va recollir

i guardar a -80 °C fins la seva utilitzacio.

Taula 13. Tampo de lisi

Tris-HCI pH 7,5 0,01 M
KCl 0,15 M
PMSF 2,9 mM
Leupeptina 1 ug/mL
Aprotinina 3 pg/mL

8.2. Subfraccionament de plaquetes

Per obtenir les subfraccions de proteines solubles (citosol) i insolubles (membrana i
citoesquelet) es van resuspendre els pellets de plaquetes a 4 °C afegint 750 pL de tampd
de lisi sense Tritd per cada 12x108 plaquetes. Per dissociar bé els components cel-lulars, es
van vortejar les mostres durant 10 min a 4 °C i I'homogeneitzat es va congelar a -80 °C

durant un minim de 20 min. Després de descongelar les mostres es van centrifugar 5 min
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a 4000 rpm a 4 °C. Els sobrenedants d’aquesta primera centrifugacié es van
ultracentrifugar (Beckman) a 30000 rpm durant 1 h a 4 °C. Els sobrenedants obtinguts
amb la ultracentrifugacié corresponien a la fraccio citosolica i es van emmagatzemar a -80
°C. Els pellets obtinguts es vas dissoldre en tampd de lisi amb un 1 % de Trité (150 puL de
tampé per cada 12x10® de plaquetes inicials). Les mostres es van deixar un minim de 45
min en gel amb agitacié i homogeneitzacié intermitent. Després es van centrifugar les
mostres 15 min a 3500 rpm a 4 °C. El sobrenedant de la centrifugacié corresponia a la

fracci6 de membrana i es va emmagatzemar a -80 °C fins el seu analisi.

9. WESTERN BLOT

La proteina obtinguda es va quantificar pel métode del BCA. L'analisi de proteines
es va realitzar per electroforesi en gels de poliacrilamida-SDS (SDS-PAGE). Es va carregar
la quantitat de proteina recomanada per la casa comercial de cada anticOs i es va barrejar
amb el tampdé de Laemli (Taula 14), en condicions reductores (amb un 1 % de B-
mercaptoetanol, i escalfant les mostres 5 min a 95 °C). El sistema d’electroforesi emprat
va ésser el Mini Protean-II (BioRad). La transferéncia de les proteines a membranes de

nitrocel-lulosa es va fer amb el sistema Trans-Blot apparatus (BioRad).

Taula 14. Tampo de Laemli

Tris-HCI 125 nM
SDS 2 %
Glicerol 5 %

Blau de bromofenol 0,003 %

Un cop finalitzada la transferéncia, les membranes es van incubar 2 min amb
vermell de Ponceau (Fluka) al 0,2 % en 1 % d’acid acétic per comprobar que la quantitat
de proteina era la mateixa en totes les mostres. Posteriorment, després de rentar les
membranes amb H,O es van bloquejar i hibridar les membranes amb els anticossos
especifics (Taula 15) com s’ha descrit anteriorment en el procediment del dot blot. De la

mateixa manera que en el dot blot, el revelat de les membranes es va fer amb un substrat
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per a la peroxidasa i es va captar el senyal per quimioluminiscéncia. La densitat optica de

les bandes es va quantificar amb el programa Quantity One (BioRad).

Taula 15. Anticossos utilitzats en western blot

Rho A Santa Cruz Ratoli 1:500
GRP78 C-20 Santa Cruz Cabra 1:1000

TF American Diagnostica 4509 Ratoli 1:1000
GPVI Abcam 63925 Conill 1:500
CD36 Abcam 17044 Ratoli 1:200
GPIb sc7070 Santa Cruz Cabra 1:500
GPIIIa Dako Cytomation Ratoli 1:500

10. IMMUNOPRECIPITACIO

Es va obtenir PRP per centrifugacié (250 g, 10 min). Per obtenir plaquetes
rentades, el PRP es va centrifugar a 1200 g en preséncia de 0,1 ug/mL de prostaglandina
E; (PGE;) durant 10 min a temperatura ambient. Les plaquetes (3x10® plaquetes/ mL) es
van rentar amb tampd Hepes-Tyrode amb PGE; (0,1 ug/mL) i es van centrifugar a 1200 g
durant 10 min a 4 °C.

El pellet de plaquetes es va lisar en fred amb 1 mL de tampd de lisi amb Tritd 1 %
i seguidament es va centrifugar a 10000 g durant 10 min a 4 °C. Alternativament, es va
procedir amb el subfraccionament de plaquetes tal i com s’ha descrit a I'apartat 8.2. El
sobrenedant del lisat de plaquetes es va incubar 30 min a 4 °C amb 50 pL d’una suspensié
de boletes d’agarosa unides a proteina A i G (Protein A/G PLUS-Agarose beads, Santa Cruz
Biotechnology) per evitar unions inespecifiques. A continuaci6 es va centrifugar la
suspensié a 14000 rpm (10 min, 4 °C) i el sobrenedant es va incubar amb lI‘anticos
d'interés (1 ug d’anticos per 100 pg de proteina) durant 6 h a 4 °C. El complex anticos-
antigen es va precipitar amb boletes d’agarosa unides a proteina A i G (200 uL/mL) durant
20 h a 4 °C i es va rentar tres cops amb tampé de lisi centrifugant a maxima velocitat
durant 20 s. Les proteines es van eluir de la resina escalfant a 95 °C durant 5 min en
tampd de Laemli i es van centrifugar a velocitat maxima 2 min. El sobrenedant resultant

corresponent a I'immunoprecipitat es va recollir.
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11. TECNIQUES ADDICIONALS QUE ES DESCRIUEN

AMB DETALL ALS ARTICLES
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Induccié d'infart agut de miocardi en el model porci

Avaluacié histopatologica del teixit miocardic infartat

Determinacié dels nivells de citocines inflamatories circulants (CRP, IL-6, TNF-a) i
de troponina-1

Obtencid de cel-lules sanguinies mononuclears periferiques

Analisi de nivells d'expressié d’ARNm per reaccié en cadena de polimerasa (PCR) a
temps real

Tromboelastografia
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ARTICLE I:

"C-Reactive Protein Isoforms Differ in their Effects on Thrombus Growth”

Blanca Molins3, Esther Pefial’?2, Gemma Vilahur'?, Carlos Mendieta®, Mark Slevin*, Lina
Badimon'~?

!Centro de Investigacion Cardiovascular, CSIC-ICCC, Hospital de la Santa Creu i Sant Pau
2Ciber Patofisiologia de la Obesidad y Nutricién, Instituto Carlos III

3Departament d’Odontoestomatologia, Facultat d’Odontologia, Universitat de Barcelona
*School of Biology, Chemistry, and Health Science, Manchester Metropolitan University,

Manchester

Arteriosclerosis Thrombosis and Vascular Biology. 2008;28;2239-2246
Factor d'impacte: 6,86

Les Isoformes de la Proteina C-Reactiva difereixen en els seus efectes sobre el

creixement del trombe

En aquest treball es va estudiar I'impacte de les isoformes nativa (natCRP) i modificada
(mCRP) de la CRP sobre l'adhesié plaquetaria i el creixement del trombe en condicions de
flux arterial.

Es va perfundir sang humana sobre substrats de col-lagen I a una velocitat de cisalla de
1500 s, i es va avaluar la superficie recoberta per plaquetes, I'area dels agregats i
I'algada del trombe per microscopia confocal. Les isoformes de CRP es van incubar amb la
sang abans dels experiments de perfusié o bé es van immobilitzar en superficies de
col-lagen i posteriorment es van exposar a la sang circulant. mCRP va produir un augment
significatiu de l'adhesié plaquetaria i del creixement del trombe tant quan es trobava en
forma circulant com en forma immobilitzada al col-lagen (P<0,05). En canvi, natCRP no va
produir cap efecte. L'analisi d'immunofluorescéncia per microscopia confocal va demostrar
la presencia de CRP a la superficie de plaquetes adherides a col-lagen i dins I'estructura
tridimensional del trombe, aixi com un augment d’expressié de P-selectina i CD36 a la
superficie de plaquetes efluents preincubades amb mCRP (P<0,05). Per citometria de flux
es va demostrar que mCRP produia un augment de l'activacié plaquetaria a través de
I'augment de P-selectina, sense afectar I’'expressio de CD63 i PAC-1.

Els resultats d’aquest treball indiquen que mCRP presenta un fenotip protrombotic induint
el creixement del trombe en condicions de flux arterial, mentre que natCRP no produeix

cap efecte.
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Cell Biology/Signaling

C-Reactive Protein Isoforms Differ in Their Effects on
Thrombus Growth

Blanca Molins, Esther Pefia, Gemma Vilahur, Carlos Mendieta, Mark Slevin, Lina Badimon

Objective—We studied the impact of native (natCRP) and modified CRF (mCREP) isoforms on platelet adhesion and

thrombus growth under arterial flow,

Methods and Resulis—Blood was perfused over type I collagen at a wall shear rate of 1500 s™', and plaelet deposition
and thrombus growth were evaluated by confocal microscopy. nitCRP and mCRP were either incubated with blood
before perfusion experiments or immobilized in the collagen surface and exposed to flowing blood. mCRP significantly
increased plateler adhesion and thrombus growth when directly incubated with blood and when immobilized on a
collagen surface (P<0.03), In comtrast, natCRP did not exert any effect. Confocal immunohistochemistry revealed the
presence of CRP on the surface of adhered platelets and within the thrombus and showed an upregulation of P-selectin
and CDGE6 in effluent platelets preincubated with mCRP (P<0.05). Flow cytometry analysis of agonist-induced plateles
activation demonstrated that mCRP, but not natCRP, significantly increased platelet surface P-selectin (F<20.05) without

modifving CD63 and PAC-1.

Conclusions—Our data indicate that whereas serum natCRP may not affect thrombus growth, mCRP displays a
prothrombotic phenotype enhancing not only platelet deposition, but also thrombus growth under arterial flow
conditions, (Arteriaseler Thromb Vase Biol, 2008;28:2239-2246.)

Key Words: C-reactive protein ® isoforms @ thrombosis @ platelets

In recent years, C-reactive protein (CRP), long associated
with inflammation, has emerged as a clinical marker of
future cardiovascular events among apparently healthy sub-
jeets and of worse prognosis in acule coronary patients.'*

Thrombus formation on rupture of an atherosclerotic
plague is believed to be the responsible event for most of the
coronary syndromes, in a process mainly mediated by plateler
adhesion, activation, and aggregation. The first response 10
vascular injury consists of platelet adhesion wo the damaged
wessel wall or 1o exposed fssue components, and is mediated
by flow-regulated imeractions that have a kev influence on
subsequent thrombus growth, often culminating in life-
threatening complications,**

Long considered merely a bystander in vascular disease,
new evidence indicates that CRP may be not only a marker,
but also an sctive plaver in the development of cardiovascular
pathology.® The role of CRP as a modulator of inflammation
and thrombosis is comroversial, because both proinflamma-
tory and antiinflammatory properties have been ascribed w
the molecule.™ For instance, CRP inhibits neutrophil cti-
vation and adhesion.* and blocks platelet aggregation in
witro, =1 whereas anerial injury in CRP-transgenic mice is
associated with increased thrombosis,'? Overexpression of

the human CRP gene in atherosclerosis-prone mice has also
shown contradictory effects on the development of athera-
sclerosis. ! To explain these apparently contradiciory ac-
tions, it was proposed that distinct isoforms of CRP were
formed during inflammation. The classically sdied serum
CRP is a pentamer composed of five noncovalently bound
globular subunits arranged as a cvclic annular disk, the
so-called native CRP (naCRP), natCRP can undergo subunit
dissociation into individual monomeric units, as when asso-
cigting with a cell-membrane.'™ These subunits undérgo a
conformational change thar significantly modifies CRP struc-
turg, solubility, and antigenicity, This form of CRP, called
modified or menomeric CRF (mCRP), is found in fibrous
tissues of normal and inflamed human blood vessel intima, '
Aldthough the expression of CRP mRNA in both normal and
plague arterial tissues has been reported, ' it remains o be
proven whether extrahepatic cells possess the machinery
necessary 1o fold 5 subunits into the native pentamer. In vitro,
mCRP can be produced from natCRP by exposing nmCRP o
heat, wrea, or acidic conditions, in the absence of calcium
ions." mCRP can also spomtaneocusly form from natCRP
during storage. Studies directly addressing the distinet iso-
forms of CRP have reported that mCRP displays proinflam-
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matary effects on neutrophils, endothelial cells, and platelets,
whereas natCRP displays antiinflammatory activities, "™

In the present dudy, we mvestigated the relative impact of
natCRP and mCRP on the dynamics of platelet adhesion and
thrombus growth under defined flow conditions. Our resulis
indicate that mCURP, but not omCRP, enhances platclet
adbhesion and thrombus growth,

Materials and Methods
See supplemental fike (available online st Mtp:fatvb.ahajournals.ong)
for expanded Methods section.

CRP Isoforms Obtention

High purity hunan amtCRP (Calbiochem) wis stored in 10 mmelL
Tres, 141 mmolL. NaCl boffer (pH 8.0) coptaining 2 mmel/T, CaCl,
to prevent spontancous formaation of mCRP from the pative pen-
tumeer, miCRP was obtained by urea chelation from purified human
CRP s described by Potempa e al.'®

Experimental Design
Venoas blood from medication-free volunteers was withdrawn in 10
Uliml. socliues beparin, Procedures were approved by the Clinical
Rescarch Commitice of our Institution,

Bloowd wis then meubabed with natCRP, mdCRP. or contred buffer
(3770, 10 mimues), Platelets were rendered fuorescent by the addition
of mepacrine 10 pmoll. (Sigma), unless otherwise specified,

Perfusion Experiments in Flat Chamber
Gilass slides were coated with type 1 collagen (4°C, overnight ). When
indicated, collagen-coated slides were incubated with 5 pg/ml of

natCRP. mCRP, or blocking baffer (1% bovine serum albamin} for
3 hours at 37°C, Coated slides were placed in a parallel plue
chamber.* A penstaltic pumg was used to perfuse blood through the
chamber at a constant shear rte of 1500 5™ for 3 minaces.

Imaging of Matelet Thrombi

Platelet deposition wis scanned with o Lesca TCS SP2 confocal laser
scanning microscope. Platelets were viewed with an APO 20X
objective. Surfoce covered by platebets and area of individual
thrombi were caloulated using NIH Image software (by Dr Wayne
Rashand, MNational Institutes of Health). Average helght of platelet
thrombi was caloulated creating o topographical image from the
spatin] alaty et acyuired amd teree-dimension] rotation projections
were created from stack senes of selected thrombi.

CRP Immunolocalization

For detection of CRP, a further set of perfision experiments with
unlabeled platelets was performed, Immumedelection of CRP on
finedd slides was pedformed with o monoclonal anti-human CRP
antibody (Sigma, clone B} and with o monoclonal antsbody (mAb)
which specifically reognives mCRP bsoform fclone BCIO kindly
provided by Dr Potempal. Coverslishes were incubated with Alexa
Fhipor 488 doskey anfimmnme lg0 (H+LL

P-Selectin and CD36 Immunostaining

Efflueet bood from perfusion experiments with Blood unlabeled with
mepicnine was collected and fixed wath 3. 3% parnformialdehyde for 30
minuies, and platelet-rich plazma was obsained by centrifugalion at 200y
for 17 manutes. Plalelets were then isolabed by contnfugation, inmobi-
lized on poly-L-lysine-coated coverslides, and incubated cither with a
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phyooerytrin (PE) conjugated anti-CDA2F mAb (Pharmingen) or a
Murescen sothiocyamate (FITC) conpugated anti-CD36G mAb (Phanm-
ingen). Plateleis were viewed with an APO 63X ohjective

Flow Cyviometry

CRP-treated samples were dilated 1110 in meosdified Tymsde BudTer and
sctivaied with collagen (5 pgiml) or ADP {1 prmolL) A CDdla
FITC mAb (Pharmingen) was used s an activation-independent marker
of platelets for CDAIP and CEO3 analysis. P-selectin and CD63 wene
asessed wath o PE-conpgnted anti-CD6ZE oAb (Phumungen) o o
PE-conjugated ani-CT¥3 mAb (Pharmingen), respectively, GPIb-[1la
conformational change was msessed with a FITCconjugated PAC-]
mAb (Beckion Dickinson). In sddinonal expenments, the responses 1o
CRP were studied in the presence of 2.5 pgfml. of fusction.blocking
anti-CO16 mAb 3GE (Phamingen),

Statistical Analysis

Drifferent conditions were performed ot beast twice in ¢ach subject
and § subjects of each reatment were assessed. After testing for
noimiel cistmbotion and equality of vanances with Levene P test,
Stwodent ¢ test or ANOVA as appropriate was used to determine
stanshical significance between freatments. A value of P<{L0% was
comsidered significam

Eesults

Contribution of CRIP Isoforms Lo

Thromhbus Formation

Freincubation of blosd with mCRFP inereased  platelen
deposition in a concentration-dependent manner. Statisi-
cally significant increase was detected with concentrulions
higher than 1 pg/ml mCRP, In the presence of 25 pgdml
mCRP, platelet deposition was maore than 3-fold higher
than in untreated blood (P<005), On the contrary, incu-
bation with natCRP did not produce any effect on plateler
deposition at any tested concentration (Figure 1A)

To clucidate the effect of CRP on aggregate size, the area
of individual thrombi formed on the collagen surfnce was
evitluated. For this purpose we quantified the area of aggre-
gates Lurger than 100 u m*. Thrombus area significantly
increased in samples tremted with mCRP in o dose-
dependent manner, with a statstically sipmificant increase
detected an concentrations higher than | pe/ml mCEP
(F=<0.05), By contrast, blood incubation with natCRP (10
pe/ml) produced inhibition on aggregate size (F<0.05) as
shown in Figure |H.

Three-dimensional topographical imaging of platele
thrombi were obtained from the spatial data set acquired by
confocal microscopy, mtCRP treatment did not yield any
effect on thrombus height. On the contrary, 3D iopographical
imaging revealed that mCRP increased thrombus height in a
concentration-dependent manner, with a statistically signifi-
cant increase detected ol concentrations higher than 1 pgfml.
mCRP (P<0.05) as shown m Figure 1C.

CRP Distribution

CRP immunodetection on the platelet surface with the anti-
body that recognizes bolth CRP isoforms wis more intense
in perfusions mn with mCRP-treated blood than those man
when ||bs.'|:||'n.|u|!|:._'_ Blood with ntCRP, as shown in i"li._‘_ml_' s
(P=005). Additionally, mCRP immunodetection with anti-
mURP antibody showed Lack of mCRP on the surface of
control and amtCRP-treated platelets, whereas mCRP was

Resultats
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g :
B
i:§| I

nAICRP

Figure 2. Representative confocal images of CRP Immunastain-
ing with anti-CRP antibody on adhensd platelets, A, control; B,

natCRP (5 ug'ml), . mCRP {5 ug/ml). The bars graphic shows
CRP expregsion on adhored platelets preincubated with natCRP
and miZRAF, Scale par s 20 um, Resulls ane expressed as val-

ues of masn endogy of tha lucrescance iIntensity =SEM normal-
lzed by mean energy of untreated samples, "P<0,05 vs natCRP,

strongly immunodetected on the surface of platelets treated
with mCRP {see supplemental Figure 1),

Because mCRP. but not nmCRP, enhanced thrombus
growth, CRP distribution within the thrombus volume was
evaluated by 3D projections of selected thrombi (Figure 3)
CRP labeling in thrombi formed when incubating blood with
natCRP appeared to be distributed as diffuse spots with a
|1:&'_|1|:| presence on the LiI".IE:L‘Ii surface (blue) than in the top
cdge (red) (Figure 310 1A through 1F). By contrasi, CRP
immunostaming in mCRP thrombi was Tound (o be distnb-
uted as aggregated patches wathin the entire volume of the
thrombus (Figure 31: 24 through 2F). Immunodetection of
mCRP revealed that mCRP was mainly localized on the
thrombus growing edge (Figure 300) See supplemental
maovie-fle with 907 rotating animatiodn

P-Selectin and CD36 Immunodetection

mCRP pretreatment, but not ntCRP, enhanced the expression
of both P-selectin and CD36 of efMuent plaeles. The percentige
of CDO2P expression increased from 36.724.3% in control
samples, 10 67,1 2509 in mCRP-treated Blood (P<0,05), Im-
munadetection of CD36 significantly increased up o T09% in
effluent pluelets incubated with mCEP compared 1w control and
nCRP-treated platelets (F<0.05; Figure 4),

Flow Cytometry Studies

Blood incubation solely with CRP isoforms did not induce
any significant effect m the expression of the platelet activa-
tiom muarkers P-selecting CIMG3, and PAC-1. Conversely, in
collagen-stimubated platelers, preincubation with mCRP sig-
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nificantly enhanced platelet P-selectin expression (P=<0.05),
and it did not exert any effect in the expression of neither
CD63 nor PAC-1. Preincubation with natCRP did not pro
duce any significant effect on the expression of CD63 and
PAC-1 in either resting or collagen-stimulated platelets (Fig
ure 5A). However, although not statistically significant,

niCRP increased Peselectin expression on collagen-induced

activated platelets because of the partial dissociation of

mlCRP into its subunits. mCRP was formed from natCRP
because of the acidity of the collagen solution needed 10
induce platelet activation. Indeed, dot bloting of nuCRP
subjected o the same conditions of the flow cytomelry
studies confirmed the panial dissociation of natCEFP into
mCRP, as shown in Figure 5B. In fact, P-selectin expression
on ADP-induced plateler activation was nod upregulated by
nuCRP preincubation. On the contrary, mCRP significantly
increased Peselectin expression on ADP-induced activited
platelets (Figure 3C). Blockade of the FeyRIID receptos
(CD16) before Blood incubation with mCRP did not suppress
P-selectin expression on agomst activaded platelets.

Effect of Surface-Immaobilized CRP Isoforms on
Thrombus Formation
The effect of CRP isoferms on thrombus growth was also

eviluated in perfusion experiments on surfaces coated with

December 2008

Figura 3. |. Three-dimensional
profections with rotation of CRP
Immunostaining of representative
thromibl formed when treating
blood with natGRP (1) and mCRP
(2). Rotations of A: +90°, B:
+67.5%, G +45°, D: 0%, E: —-45°%,
F: —&7.5" z-values are represent-
ed by a color scale, being bue
z-minimum (collagen-aurlace), and
pink Z-rmaximum (tep of throm-
bus). Il. Rotation of 80° of thrombi
formed when traating bleod with
mMCRF and immunosiained with
anti-mGRP antibody.

immobilized collagen and either ntCRP or mCRP. Similarly
10 what we observed when CRP was directly added to blood,
immobilized mCRP in the collagen surfuce sigmificantly
enhanced platelet deposition. Mean platelet deposition on
collugenmCREP- coated surface was 2-fold higher than in
control collagen-coated surfaces (P=<0.05; Figure 6A).
Immobilized mCRP also significantly increased aggregate
sige. Indeed, the area of individual thrombi deposited on
e (4632 TH wm®) was significantly lower than that on
the collagen/'mCRP surface (1097 2278 |u||:|.': P<00,05; Figure
6B Plawelet deposition and aggregs
natCRP-coated surface did not differ

coll

sige on eollagen/
enificantly from plate-
let deposition on collagen alone. In fact, increasing concen-
trations of immobilized naCRP in the collagen surface did
not increase platelet deposition nor aggregate size (Figure 6A
and 6GE)

To investigate whether the presence of circulating nCRP
would affect the platelet response to immobilized mCRP we
added natCRP (5 pg/ml) to the blood and meassured its

"]

effects on plateler deposition and aggregate size on collagen/
mCRP-coated surfuces. natCRP did not affect platelet depo
sition on mCREPfeollagen surface, measured as mean platelet
deposition and aggregate size (Figure 6A and 6E).
Three-dimensional topographical imaging of platelet

thrombi revealed that immobilized mCREP significantly en-
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Figure 4. Eflect of naiCRF and mCAP on CDA2P and CO36 expression of efiuent platelets. Pholomicrographs show representative
conlocal images of CDE2P (A) and CD3G (B) immunostamed platelets; | control; Il nadGRP (5 pgfmll IE mCGRP (3 pgfml). Scale bar is
5 pm, Expression calcuiated from the drea of CDEZP (C) or CO36 (D) positive staining normalized with the areq occuplad by platelsts.

FResults are expressed &5 vaues of average %% = SEM and Artitrary Linits

hanced thrombus growah, Platelet aggregates formed on
collagen/mCRP were more than 2-fold higher than those

formed on collagen alone (6,172 107 pm on collagen versus
14312234 pm on collagen/'mCRP, P<0.05; Figure 6C)
Immobilized natCRP on collagen affected neither aggregate
size nor height of the thrombi,

Discussion

Numerous epidemiological stwdies have shown thal plismo
CRP level is a powerful predictor of future cardiovascolar
events in seemingly healthy subjects and of worse prognosis
i aeute coronary paticnts, However, the puthophysiologicol
mmiportance of CEP 15 far from bemg fully understood. Data
rezanding the exact mechanisms of CRP effects are limited
and ¢ontrowversinl. In this study we show contrasting effects of
CRP on the dynamics of thrombuos formation under arteral
{low conditions based on it different conformation. Whereas
mCRP significantly enhanced platelet activation. adhesion.
andd thrombus growth, natCRP bl no effect

Clinigally, the threshold of CRF plasma concentration
ml.

associated (o cardiovascular nsk s more than 3 g

whereas levels higher than 10 pgfml are wsually atrbuted 1o

other causes as acute infection or inflammaten.” We there
fore used in our experiments physiological and pathophysio
logical concentrations of CRP, spanming from | 1o 25 pefml
Interestingly, mCRP was able 1o enhance thrombus growth at
concentrations higher than | pgfml. which coincides with

Conceniranons E'\II'I.'\'IIII.'lll.II' L'illl.tl(l'\'ulhl.'l.”::ll' I'IML

The postperfusion confocal analysis allowed us 1o stdy
3-dimensionilly thrombus formation, measunng platelet dep
osition, aggregate size, amnd thrombus height on a protein
coated surface. Several reported effects of CRP have been

shown 1o be calcium  dependent® thus we used sodium

‘P0.05 va control and natCRP.

heparin as anticoagulant instead of caleium chelators, Recent
reports have guestioned the validity of CRP in vitro studies
Commercial CRP prepamtions can be contaminated with
sodium azide or lipepolysaccharide (LPS) and when dialysed,

free of these lictors, severul of the effects of CRP are losp 2525

To eliminate these confounding factors we used two different
purified commer
experiments performed with control buffer had no effect on

1l preparations and, sdditionally, perfusion

platalet wdhesion and thrombuas formation

mCRP, unlike mtCRP, was able to induce thronbosis by
promoting platelet deposition and thrombus growih on the
collagen zurface. mCRP not only significantly incremsed
platelel adhesion, but also aggregate size and thrombas
height. These ohservations support a mole for mCRP in
platalet adhesion, and alzo on plateler o plnelet interaction,
which i the responsible event for thrombus growih and
further vessel poclusion, Accordingly, Peselectin, which has
been shown 1o stabiliee platelet-platelet and platelet-leuko
ulmed by mCRP, s seen

CYTE
in effluent platelets, This increase in P-selectin might explain,
parily, the mCRP enhancement of thrombus growth. Indeed.

pes, T2 was also upre

plateler surface P-selectin followed a similar panern aftes
collogen and ADP stimulation in flow cylometry analysis.
However, mCREP was unable to induce GPHWIa activation
and surfpce CD63 expression
that mCRP ephances platelet recruitment and subsequent
thrambus formation by exocyiosis of a-granules and platelet
agoniss release. In contrast 1o previous daa, ' mCRP effects
were not mediated through the FeyRII receptor. mCRP also
secemed o modulate plateler CD36 expression, which is

These observations suggest

repened o act as a receplor of misiolded proteins,” suggest
ing i pofential rele of CDA6 m mediation of mCRP activily

Further siudies seem warranied 1o beiter elucicdie the mle of
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mCEP on platelet activation-related signaling pathways, In
contrast, nutCRP did not enhance plaelel adhesion and
thrombus height. Interestingly, high concentrtions of nat-
CRP reduced thrombus area, consistently with its inhibitory
action on plautelet aggregation, '

These Ondings raise the possibility that the increased
thrombas formation after artenal injury and monocyte-plte-
let aggregation in human CRP-transgenic mice. "2 could be
attributed 1o distinct isoforms of CRP rather than naiCRP
itself, Morcover, the different effects of CRP isoforms found
in the present smudy are in accosdance with the opposing
cffects of CRP isoforms previously reported by Khreiss ot al
on shear-induced newtrophil-platelet aggregation. ' In agree-
ment with our findings, mCRP has been shown o exent
greater proanflammatory  effects in endothelial cells and
neutrophils. #** Parsdoxically. Schwedler et al reported that
mUCRP promoted but mCRP meduced atherosclerosis in
ApoE " mice,®! These results are not necessarily contradic-

B

a b c
- * Anti.mCRP

N PACA

%, L Anti-natCRP

Figure 5. Flow cytometry analysis of the effect of natCRP and
MCHF on P-seiectin, COG3, and PAC-1 sxXpression of agonisi=
Inchuced platelat actvation, Results are expressed as % of
paositive platelets ~SEM “P-<0.05 va control (agonkst-incuced
platelets without CRP presnculbation). A2 COE2R, CDE3, and
PAC-1 expression of collagen-induced platalet activation,

B: Dot blotling of (a) natCAP, {b) mGRP, and ic) natCARP incu-
bated with the collagen solution used for flow cylometry,
showing the partial dissociation of natCRP ine mCRP.

G: CDE2P expression of ADP-Induced platelet activation.

tory with our findings because Schwedler ef al studied the
elfect of CRP isoforms in early atherosclerosis, and designed
A mosdel of low dosing of mCRP over 4 long period of time,
which could have heightened immune surveillance, slowing
the process of atherosclerstic plaque formation. Conversely,
we focused our efforts on studying the direct effect of native
amd modified CRP on the thrombotic complications, such as
those happening on plague rupture. Cur study 15, (o the best
of our knowledge, the first w show a causal and doal role of
CRP isoforms on thrombus formation under ancnal flow
conditions.

How CRF mediates platelet activity still remains unclear,
The presence of CRP observed on the platelet surface and
within the thrombus structure after blood perfusion suggesis
a stable and direct interaction between platelets and CRP.
When natCRF dissociales inlo free subunits, it yields mono-
meric mCRP with a loss of predominantly B-sheet secondary
structure and an increase in c-helix,™ forming insoluble
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Figure 6. Contribution of immobilized CRP Boforms o platelet
deposition, area of individual thrombd, and thromibus height, A,
Mean platelet deposition (MPD). Resulls ane expressed as mean
values of surface covered by platelets per anatyzed field {um?/
fialdy 107 =SEM. B, Area of individual thrombi. Results ara
exprassad as values of surface covarad by Individual thrambl
{pm) =SEM. &, Thrombas helght. Resulis are expressed as
values of height (urm) +3EM “P<0.05; vs control and natiCRF.

ageregates, which could explain the different distribution of
nCRP and mCRP within the thrombus. The observed
difference in intrathrombus distribution might be anrbuted 1o
a steonger interaction of mCRP with the platelet surface
compared to natCRP, It is important to point oul that it is not
clear whether monoclonal anti-CRP-clone & from Sigma
detects both native and modified CRP. According o the
manufacturer it recognizes both soforms. However, Schw-
edler 1 al showed that anti-CRP-clone 8 predominantly
recognized mURP rather than natCRP. O the other hand,
nitive CRP may likely bind to phosphatidylcholine abun-
dantly expressed on the surface of activated platelets, and it
has been shown that cell membranes dissociate natCRP 1o a
structural intermediate (mCRP(m)), which can further detach
from the membrmne o form mCRP.'* Whether the staining
with the ami=CRP-clone 8 antibody on the surface of adhered
platelets preincubated with natCRP shows the presence of
mCREP, natCRP, or the intermediate mCRP(m) is not clear,
However, adhered platelets preincubated with natCRP stained
positive for CRP with the anti-CRP-clone 8 and negative lor

Effect of CRP Isoforms on Thrombus Growth 2245

mCRP with the anti-mCRP antibody (clone 8C10), suggest-
ing the lack of presence of mCRP.

In this work we have observed that mCRP not only was
able to enhance thrombosis when directly added to blood, but
also when immobilized with collagen, a key component of
atherosclerotic lesions. Although the presence of CRP mRNA
in atherosclerotic tissue has been established,!?-3% it is unclear
whether the expressed CRP is the pentameric isoform or the
monomeric isoform. It remains unknown whether CRP lo-
cally produced in the vessel wall** is, indeed, mCRP that is
naturally expressed in the intima.'¢ It is likely that collagen
exposure after mechanical or spontaneous plaque rupture may
also result in exposure of mCRP to blood components,
leading to platelet aggregation and thrombus formation.
Alternatively, inflammation may lead to formation of mCRP
from natCRP within the blood stream, thus linking thrombo-
sis and inflammation, key events in acute coronary syn-
dromes. Interestingly, this concept supports the fact that the
mere presence of CRP in plasma is not associated to platelet
aggregation, but it is conceivable that mCRP, as in vascular
tissue, might be one of the thrombogenic triggering factors.

In summary, our data indicate that whereas natCRP may
not affect thrombus growth, mCRP displays a prothrombotic
phenotype enhancing not only platelet deposition, but also
thrombus growth under arterial flow conditions. Further
research seems warranted to elucidate more detailed mecha-
nisms by which CRP isoforms regulate thrombus formation,
and to clarify the role of CRP in cardiovascular disease.
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SUPPLEMENTAL DATA AND FIGURES

Expanded methods

Preparation, testing and storage of CRP isoforms and antibodies

Antibodies directed to natCRP (clone 1D6) and mCRP (clone 8C10) were kindly
provided by our collaborator Dr Potempa. (Ying ef al, 1989; Schwedler ef al, 2003); and
their specificity demonstrated by measurement of binding characteristics (Figure | A).
High purity human natCRP (Calbiochem) was stored in 10 mmol/L Tris, 140 mmol/L
MaCl buffer (pH 8.0) containing 2 mmaol/L CaCl; to prevent spontaneous formation of
mCRP from the native pentamer. mCRP was obtained by urea chelation from purified
human CRP as described by Potempa et al. Briefly, nalCRP at 1 mg/mL was chelated
with 10 mmol/L ethylene diaminetetraacetic (EDTA) and incubated in 8.0 mol/L urea for
6 h at 37 *C. Urea was removed via dialysis against low ionic strength TES (0.01 mol/L
Tris-HCI and 0.05 mol/L NaCl, pH 7.3). mCRP concentration was determined by the
BCA protein assay. The filtered solution was stored at 4 °C and used within 24 h.

In order to validate CRP modification, electrophoresis was parformed to distinguish
mCRP from natCRP, according to the method recently described by Taylor KE. Briefly,
12 % polyacrilamide SDS-containing gels were used. Samples were heated (10 min at
a0 *C) for denaturing conditions. Electrophoresis was carried out at 30 maA/ 0.75 mm
gel in a BioRad Power Pac 300 electrophoresis unit. Proteins were visualized using
Comassie brilliant blue staining. When sample heating was omitted, natCRP ran as a
broad smear with an apparent molecular weight of 40-80 kDa, while mCRP ran at a
relative molecular mass of 23 kDa (Figure | B). Subjecting samples to reducing
conditions and heating to 90 °C resulted in denaturation of natCRP and a relalive
molecular mass similar to that of mCRP was observed. natCRP was not contaminated
with mCRP as no band was observed at 23 kDa Muodification of CRP by urea-chelation
yielded a complete transformation of the pentameric to the monomeric CRP isoform,

demonstrated by the presence of mCRP migrating as a single band of 23 kDa.
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Purity of natCRP and mCRP was also shown by dot blotting where doubling dilutions of
CRP preparations were bound to nitrocellulose strips and exposed to anti-nat and
mCRP antibodies (1:100). Following washing and appropriate secondary antibody
incubation (anti-mouse HRP conjugated; 1:100), blots were developed by ECL.
Controls where primary antibodies were omitted and where CRP was replaced with
BSA on the nitrocellulose membrane showed no staining (data not included). Endotoxin
levels in CRP preparations were below the detection limit of the limulus assay (<0.125
EU/ml). Sodium azide was dialysed out in CRP preparations in a large volume of Tris-
HCL buffer.

Dot blotting of natCRP and mCRP onto nitrocellulose (which avoids CRP
transformation following mobilization onto the charged surface) followed by exposure to
antibodies demonstrated the purity of the commercially obtained natCRP and complete

conversion of natCRP to mCRP following urea-chelation (Figure | C).

Experimental Design

Blood from non-smoking healthy donors, who denied taking any antiplatelet medication
for 15 days prior to blood extraction, was used for the perfusion experiments,
Procedures were approved by the Clinical Research Committee of our Instituticn.
Blood was withdrawn in 10 UlIYfmL sodium heparin by cubital venipuncture, kept at 20
2C, and used within 2 hours of collection. Platelet count, leukocyte count, and
hematocrit were all within normal ranges. Blood was then incubated at 37 °C for 10 min
either with natCRP, mCRF or control buffer (which consisted on a solution of 10mM
EDTA, 8M urea subjected to dialysis in a large volume of Tris-HCI, mimicking urea-
chelation of natCRP). Platelets were rendered fluorescent by the addition of mepacrine

10 pmol/L (Sigma), unless otherwise spacified.
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Perfusion experiments in flat chamber

Glass slides were coated with 10 pg/ml of type | collagen (4°C, overnight). Additionally,
when indicated, collagen-coated slides were incubated with 5 pg/ml of either natCRP,
mCRP or blocking buffer (bovine serum albumin 1 %) for 3h at 37 °C. Immobilized CRP
coating was validated by immunohistochemistry of the coated slides.

Coated slides placed in a parallel plate chamber. The flow chamber was assembled
and filled with Tyrode's buffer (134 mmol/L NaCl, 0.34 mmol/l Na,HPO,x12H,0, 2.9
mmol/L KCI, 12 mmol/L NaHCO3;, Tmmol/L MgCl:x6H,0, 20mmol/L Hepes). A
peristaltic pump was used to perfuse the buffer through the chamber. After 1 min buffer
preperfusion, blood was introduced into the chamber at a constant shear rate of 1500
s for 5 min. At the end of blood perfusion, buffer was again circulated for 1 min
through the chamber under identical flow conditions. The entire system was kept at 37
°C. After perfusions, slides were carefully removed from the system, rinsed with PBS
pH 7.4 and fixed with 3.8 % paraformaldehyde for 15 min. The fixed slides were then
washed with PBS and mounted on glass slides with Glycerol Mounting Medium (Dako

Cytomation).

Imaging of platelet thrombi

Platelet deposition on the surface of collagen was scanned with a Leica TCS SP2
confocal laser scanning microscope. A 488 nm Ar Kr-laser was used as light source.
Platelets were viewed with a HCX PL APO 20X/ 0,7 IMM CORR cbjective. Five fields
along the adhesion surface were systematically acquired for total platelet deposition
and individual thrombus size analysis, discarding the entrance and exit of the flow path
(field: 750 pm x 750 pm). A threshold was applied to distinguish platelets from the
background, and the same value was then used for analyzing all the stacks of confocal
images collected for a given experiment. Digital color images were converted into
black-and-white images. The surface covered by platelets and the area of individual

thrombi were calculated using NIH Image software (public domain software by Dr
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Wayne Rasband, National Institutes of Health, version 1.62). The surface covered by
platelets was expressed as the area covered by platelets per field analyzed (um?ffield),
and the individual thrombi size was calculated by measuring the area of platelet
aggregates bigger than 100 pm? and expressed in um?.

Average height of platelet thrombi were calculated creating a topographic image from
the spatial data set acquired (0.5 ym distance between adjacent cross-sectional
images). Once the topographic image was obtained average height was calculated.
Three-dimensional rotation projections were created from stack series of images of 235
pgm x 235 pm x 50pm (1 pm distance) of selected thrombi. The maximum projection
showing the z-value by color was created, and thereafter a 90° rotation animation was
performed creating a projection every 2°. Observers for mean platelet deposition and

thrombus height were blinded to treatment group.

CRP immunolocalization

For detection of CRP, a further set of perfusion experiments with unlabeled platelets
was performed. After perfusions, collagen-coated slides were rinsed with PBS pH 7.4
and fixed with 3.8 % paraformaldehyde at room temperature and incubated in blocking
buffer. Immunodetection of CRF was performed with a monoclonal anti-human CRP
antibody (Sigma) which, according to the manufacturer, recognizes both native and
denaturated CRP isoforms, and with a8 monoclonal antibody which specifically
recognizes mCRP isoform. Coverslides were washed and incubated with Alexa Fluor
488 donkey anti-mouse 1gG (H+L). Immunostained coverslides were washed and
covered with Prolong Gold antifade reagent. Images were recorded by fluorescence
confocal microscopy (HCX PL APO 63x/1.2 W Corr/0.17 CS). Contrals without primary

antibody showed no fluorescent labelling.
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P-selectin and CD36 immunostaining

P-selectin and CD36 expression was analyzed performing perfusion experiments with
human blood not labelled with mepacrine. Effluent blood was collected and fixed with
3.8 % paraformaldehyde for 30 min at room temperature. Platelet-rich plasma was
obtained by centrifugation at 200 g for 17 min. Platelets were then isolated by
centrifugation. Platelets were immobilized on poly-L-lysine-coated coverslides
overnight, incubated with blocking buffer and afterwards incubated either with a
phycoerytrin (PE) conjugated anti-CD62P monoclonal antibody (mAb) (Pharmingen) or
a fluorescein isothiocyanate (FITC) conjugated anti-CD36 mAb (Pharmingen).
Coverslides were washed and mounted onto slides using Prolong Gold antifade
reagent. Images were recorded on a fluorescence confocal microscope (HCX PL APO
63x/1.2 W Corr/0.17 CS). Excitation was produced via the 488 laser line, and emission
was measured along with interference contrast images on a separate photomultiplier

for overlay.

Flow cytometry

For flow cytometry studies of P-selectin, CDE3, and conformational change of GPIIb-
Illa, CRP-treated samples were diluted 1:10 in modified Tyrode Buffer. 25 pl aliquots
were activated with collagen (5 pg/ml, 5 min, 37 *C) or ADP {1 pymol/L, 5 min, 37 *C). A
FITC conjugated mAb to CD41a (Pharmingen) was used as an activation-independent
marker of platelets for CDE2F and CDE3 analysis. P-selectin and CDE3 surface
expression were assessed with a PE conjugated anti-CDE2F mAb (Pharmingen) and a
PE conjugated anti-CDG3 mAb (Pharmingen), respectively. GPIIb-llla conformational
change was assessed with a FITC conjugated PAC-1 mAb (Beckton Dickinson). In
additional experiments, the responses to CRP were studied in the presence of 2.5

pgimi of function-blocking anti-CD16 mAb 3G8 (Pharmingan) The reaction mixture was

Dovwnloaded from atvh ahajosrmals org by on November 20, 2008

119



Resultats

incubated in the dark at room temperature for 20 minutes. To assess the extent of non-
specific association of proteins with platelets, blood was added to control tubes with
FITC-labeled and PE-labeled non-immune immunoglobulins. The platelet population
was identified based on its forward and side scatter and the association with CD41a
antibody. A total of 10000 events were analyzed for percentage of positive platelets
using Expo32 ADC XL 4 Color software. Fluorescence was measured with a Beckman
Coulter Epics XL instrument. The fractions of the specific fluorescence-positive
platelets were obtained after subtraction of non-specific fluorescence in the samples
labelled with non-immune immunoglobulins. All measurements were fluorescence-
compensated on a daily basis for each set of measured samples using calibration

beads.
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SUPPLEMENTAL FIGURE |
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A: Binding affinity assays of anti-mCRP antibody (clone 8C10) and anti-natCRP

antibody (clone 106), B: Analysis of natCRP (N) and urea-chelated mCRP (M) by

electrophoresis. natCRP and mCRP, mixed with sample buffer were subjected to

standard SDS PAGE condilions. Gels were stained with Coomassie brilliant blue. {a)

Sample non-denalurated; (b) denaturated sample (heated and reduced), C: Dot

blotting on nitrocellulose of natCRP and mCRP with (a) anti-mCRP and in (b) anti-

nCRP antibodies.
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SUPPLEMENTAL FIGURE Il

Representative confocal images of CRP immunostaining (green) on adhered platelats

with anti-mCRP antibody. A: control, B: natCRP (5ug/mil), C; mCRP (Sugiml). Thea bars
graphic shows CRP expression on adhered platelets preincubated with natCRP and

mCRP. Scale bar is 20 pm.
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ARTICLE II:

"Short-term myocardial ischemia induces cardiac modified C-reactive protein
expression and proinflammatory gene (COX-2, MCP-1, and TF) upregulation in

peripheral blood mononuclear cells”

Gemma Vilahur!?, Rodrigo Hernandez-Vera!?, Blanca Molins!2, Laura Casani'?, Xavier
Duran?, Teresa Padré?!, Lina Badimon'
!Centro de Investigacion Cardiovascular, CSIC-ICCC, Hospital de la Santa Creu i Sant Pau

2Ciber Patofisiologia de la Obesidad y Nutricién, Instituto Carlos III

Journal of Thrombosis and Haemostasis. 2009;3;485-493

Factor d'impacte: 6,29

Temps curts d’isquémia miocardica indueixen I'expressié de proteina C-reactiva
modificada cardiaca i incrementen I’'expressié de gens proinflamatoris (COX-2,

MCP-1 i TF) en cél-lules mononuclears perifériques.

En aquest treball es va avaluar I'efecte de la isquémia miocardica en un model porci sobre
la resposta inflamatoria local i sistémica. A un grup d’animals se’ls hi va provocar oclusié
amb balé de l'artéria coronaria esquerra descendent anterior (25+1 % del ventricle
esquerre d’'area infartada; 29 % deteriorament de funcié cardiaca) i es va mantenir un
grup control. Es van obtenir mostres de teixit cardiac infartat i no infartat per analisi
histopatologic i molecular. Es va extreure sang dels animals a diferents temps des de I'inici
de linfart per (i) analitzar nivells circulants de marcadors inflamatoris; (ii) analitzar
expressio genica i proteica de cél-lules mononuclears perifériques; (iii) avaluar el grau de
reactivitat plaquetaria. El procés isquémic va induir I'expressié cardiaca de TNF-a i IL-6, el
reclutament de cél-lules inflamatories i expressi6 de mCRP en macrofags infiltrats
(P<0,05), aixi com un augment dels nivells circulants de TNF-a i IL-6. L'expressié genica i
proteica de MCP-1, COX-2 i TF en ceél-lules mononuclears perifériques va augmentar
significativament amb el temps d’isquemia. A més, la isquémia també va produir un
augment de l'adhesié plaquetaria sobre col-lagen en condicions de flux arterial i una major
activacié de RhoA. En resum, el procés d’isquemia miocardica, inclis sense aterosclerosi
subjacent, va provocar una resposta inflamatoria induint el reclutament de macrofags i
I'activacio sistemica de cél-lules mononuclears periferiques i tornant les plaquetes més

susceptibles a I'activacio.
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ORIGINAL ARTICLE

Short-term myocardial ischemia induces cardiac modified
C-reactive protein expression and proinflammatory gene
(cyclo-oxygenase-2, monocyte chemoattractant protein-1, and
tissue factor) upregulation in peripheral blood mononuclear
cells

G. VILAHUR,*t R. HERNANDEZ-VERA,*1 B. MOLINS, *f L. CASANI, *t X. DURAN,* T. PADRO* and
L. BADIMON®1]

*Cardiovascular Reseanch Cendre, CRIC-HCC Mospital de fa Sands Crew i Sant Fau, Barcefona; POBERDEN-Instituto Safud Carlos (Y, Barcefona;
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Summary. Sockground: Prompt coronary thrombus resolu-
o, rechucing iime of ischemia, improves cardise ecovery, The
Merors ingpered by ischemin thal contnibute to the clinical
outcome are oot Tully known, We hypothesize that unabated
nflammuation due 1o canding schemin may be o contributing
factor. Al As a proof-olconcept, we evaluated the elfect of
short-term myocardial ischemia on the local and systemic
inflammatory response. Methods: Pigs underwent either 90-min
mid-left anterior descending (LAD) coronary artery balloon
occlusion (infarct size 25% + 1% left ventricle; 29% heart
function deterioration) or a sham-operation procedure. Peri-
infarcted and non-ischemic cardiac tissue was obtained for
histopathologic, molecular and immunohistochemical analysis
of inflammatory markers [interleukin-6 (IL-6), tumor necrosis
factor-a (TNF-z), modified C-reactive protein (mCRP), and
human alveolar macrophage-56 (HAM-56)]. Blood (femoral
vein) was withdrawn prior to myocardial infarction (MI)
induction (¢ = 0)and at 30 and 90 min to evaluate: (i) systemic
cytokine levels (IL-6, TNF-a, CRP); (ii) proinflammatory gene
and protein expression in peripheral blood mononuclear cells
(PBMCs) of tissue factor (TF), cyclo-oxygenase-2 (Cox-2),
monocyte chemoattractant protein-1 (MCP-1), and CRP; and
(i11) platelet activation (assessed by perfusion studies and RhoA
activation). Results: Short-term ischemia triggered cardiac IL-6
and TNF-o expression, recruitment of inflammatory cells, and
mCRP expression in infiltrated macrophages (P < 0.05 vs.
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¢ = 0and sham), PEMC mRNA and protein expression of
MOP-1, Con-2 and TF was sigmificantly inereased by schemia,
whereas no differences were detectad in CRP. lschemin
incrensod cardiae troponin-1, IL-6 and TNF-2 systemic bevels,
and Wi associated with higher platelet deposition and RhoA
activation (£ < 0000 vs. ¢ = O and sham). Concfisgon: Short-
term  myocardial 1schemia, even without atherosclerosis,
induces an inflammatory phenotype by inducing local recruit-
ment of macrophages and systemic activation of mononuclear
cells, and renders platelets more susceptible to activation.

Keywords: inflammation, ischemia, mCRP, mononuclear cells,
myocardial infarction, platelets.

Occlusive intracoronary thrombosis leads to myocardial
ischemia and to cardiac dysfunction. Several studies have
shown that serum cardiac troponin levels are associated with
myocardial tissue injury and are powerful predictors of both
short-term and long-term adverse outcomes in patients with
ST-segment elevation myocardial infarction (STEMI) [1].
Thus, early detection of acute myocardial infarction (AMI)
and prompt coronary thrombus resolution (i.e. fibrinolytic
therapy or mechanical reperfusion) may reduce the extent
of necrosis and facilitate myocardial function recovery. The
factors contributing to the impact of symptom-onset-to-
reperfusion time on clinical outcomes and even mortality are
not fully known. It is our hypothesis that unabated inflamma-
tion due to ischemia may be a contributing factor.

Although there is overwhelming evidence that an inflamma-
tory outburst is associated with acute coronary syndromes, the
causes and nature are still largely unknown. Indeed, it is widely
recognized that the atherosclerotic process and its thrombotic
complications constitute a source of inflammatory stimuli [2,3].
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However, several reports have postulated the existence of
alternative inflammatory sources [4]. In this regard, reperfusion
of the ischemic heart has been shown to play a prominent role
in the inflammatory response, either by recruiting inflamma-
tory cells to the site of injury [5,6] or through the overproduc-
tion of reactive oxygen radicals, further enhancing the local
inflammatory milieu [7]. In addition, myocardial necrotic tissue
has also been suggested to contribute to the release of
proinflammatory cytokines, including interleukin-6 (IL-6).
interleukin-1, and tumor necrosis factor-o (TNF-2), which in
turn induce hepatic production of native C-reactive protein
(nCRP), a key systemic inflammatory marker [8]. Indeed,
serum levels of the acute-phase reactant nCRP have been
linked to myocardial necrosis in STEMI patients [4], indicating
the ability of myocyte damage to disseminate the local
inflammatory response to distal organs through C-reactive
protein (CRP). However, AMI patients generally present an
atherosclerosis burden concurrently with a combination of risk
factors, which makes it difficult to determine the individual
contribution of each proinflammatory stimulus to the overall
inflammatory phenotype. Hence, the precise site, stimulus and
mechanisms that cause a systemic inflammatory response after
AMI are not completely understood and remain controversial.
Furthermore, to the best of our knowledge, whether ischemia
itself, without underlying coronary vascular disease, may
acutely cause a local and systemic inflammatory response has
not been formerly addressed in a human-like animal model of
coronary occlusion. Thus, the aim of our study was to evaluate,
in a pig model of closed-chest total coronary occlusion, the
effect of ischemia per se on local and systemic inflammatory
responses. Here we report, as a proof-of-concept, that short-
term myocardial ischemia suffices to induce activation of
myocardium-recruited and circulating peripheral mononuclear
cells and to render platelets more susceptible to activation and
deposition.

Materials and methods

Experimental procedures

AMI induction Crossbred commercial pigs (Landrace-
Largewhite; n = 19) weighing 35—40 kg were acclimated for
1 week before any experimental procedure. Twelve hours
before the experimental coronary occlusion, a loading dose of
clopidogrel (150 mg) was administered to avoid thrombotic
complications due to catheter manipulation. AMI (n = 15)
was experimentally induced by complete balloon occlusion in
the left anterior descending (LAD) coronary artery as
previously described [9] (see Supporting Information). The
study protocol was approved by an institutional animal
research committee and conformed to the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health. A sham-operated group of animals
(m = 4) underwent the same experimental procedure
(antithrombotic therapy, anesthesia, catheterization, etc.) but
without balloon occlusion.
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Animal monitoring The hemodynamic parameters (heart
rate, mean systemic arterial pressure, mixed venous oxygen
saturation) were recorded for all animals throughout the study.
We used two-dimensional echocardiograms (Phillips iE33,
Amsterdam, the Netherlands) to assess global heart function
(i.e. left ventricle ejection fraction) in all animals at baseline
(T0) and 90 min after the onset of ischemia (T90).

Histopathologic evaluation of the infarcted myocardium

After 90 min, animals from both groups (sham-operated,
n = 4; animals subjected to ischemia, n = 7) were killed;
hearts were perfused with cold phosphate-buffered saline
(PBS), and subjected to a 1-h freeze cycle at = 20 °C in
order to stiffen the tissue for further slicing. Hearts from
both ischemic and non-ischemic animals were sliced into 5-
mm-thick slices from the apex towards the atrioventricular
groove. Consecutive slices were alternately collected for
triphenyl tetrazolium chloride staining for infarct size
measurement (% left ventricle), as previously described [9],
and molecular and histologic examination of the perinecrotic
area (3 mm surrounding the necrotic core) and the
topographically corresponding area in non-ischemic animals.
For these purposes, samples were either directly frozen in
liquid nitrogen for mRNA and protein analysis of several
inflammatory markers (described below), or embedded in
optimal cutting temperature compound (OCT) and frozen.
Four 5-um sections were obtained from each of these latter
samples, and mounted on gelatinized slides for: (i) conven-
tional hematoxylin—eosin staining for nuclear staining and
inflammatory infiltration visualization; (i) modified CRP
(mCRP) detection (porcine mCRP antibody kindly provided
by L. A. Potempa); and (iii) macrophage staining [human
alveolar macrophage-56 (HAM-56) antibody, Dako]. Images
were captured with an Olympus Vanox AHBT3 microscope
and digitalized with a Sony 3CCD.

Blood sampling

Once the animal was fully anesthetized and the vital signs were
stable, the femoral vein was accessed percutaneously with an
18-gauge needle and a 6F arterial sheath for blood withdraw-
als. Blood was drawn at three different time points: TO
(baseline), which was 20 min after heparin bolus administra-
tion and just prior to the start of LAD coronary artery
occlusion; T30 (30 min after onset of ischemia); and T90
(90 min after start of ischemia). The first 3 mL of blood were
discarded, and blood was withdrawn gently to minimize shear-
induced platelet activation. Blood from sham-operated animals
was drawn at the same time points.

Cardiac troponin-I1 (¢Tnl) levels Blood was induced to clot
(20 min at 37 °C) to obtain serum (4 °C, 15 min, 1800 g)
that was stored at — 80 °C until ¢Tnl analysis. The quantitative
determination of pig ¢Tnl in serum was performed by using an
ADVIA Centaur Automated Chemiluminescence System

© 2008 International Society on Thrombosis and Haemostasis
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(Bayer Corporation) in a medical analysis laboratory. The
sensitivity threshold for ¢Tnl was 0.01 ng mL™". Values above
0.1 ng mL~" were considered to be positive for cTnl.

Hematologic, coagulation and biochemical parameters Blood
was collected in sodium citrate (0.16 mol L"), gently mixed,
and immediately centrifuged at 2800 x g to obtain plasma for
subsequent hematologic determinations (System 9000, Serono-
Baker Diagnostics, Allentown, Philadelphia, PA, USA),
coagulometry [fibrinogen concentration, standard prothrom-
bin time (PT), activated partial thromboplastin time (APTT);
ST4, Diagnostica Stago] and routine biochemical analysis
(glucose, lipids, and liver and kidney parameters).

Circulating cvtokines and nCRP measurement: Cytokines
(IL-6 and TNF-2) and nCRP were analyzed in plasma and
serum, respectively, using commercially available enzyme-
linked immunosorbent assay kits (porcine IL-6 and porcine
TNF-a from Quantikine Porcine Kits from R&D Systems;
porcine nCRP from Immunological Consultant Laboratories).
According to the manufacturers, the minimum detection limits
for IL-6, TNF-a and nCRP are 10 pg mL™", 3.7 pg mL™!, and
20 ng mL™", respectively.

Peripheral blood mononuelear cell { PBMC) isolation: Twenty
milliliters of blood were collected into EDTA tubes at the three
tested time points (T0, T30, and T90) from all animals. All blood
samples were immediately subjected to Ficoll-paque Plus
(Amersham Biosciences, Piscataway, NI, USA) density
gradient centrifugation to isolate PBMCs. Samples were
counted and then directly frozen in liquid nitrogen and stored
at — 80 °C until mRNA and protein evaluation.

Real-time polymerase chain reaction (PCR) analysis

Perinecrotic and non-ischemic myocardial tissue, and PBMC
mRNA and protein, were extracted with Tripure Reagent
(Roche Molecular Biochemicals, Indianapolis, IN, USA)
according to the manufacturer’s instructions. Tissue factor
(TF), cyclo-oxygenase (Cox)-2, CRP and monocyte chemo-
attractant protein-1 (MCP-1/CCL2) mRNA levels were ana-
Iyzed by real-time PCR (7000 Sequence Detection System of
ABIPRISM:; Applied Biosystems) in both PBMCs and the
perinecrotic myocardium. In addition, IL-6 and TNF-a gene
expression was also evaluated in the cardiac tissue. TagMan
fluorescent real-time PCR primers and probes (6-FAM-MGB)
were designed with the use of Primer Express 2.0 software
from Applied Biosystems, and real-time PCR was performed
(see Supporting Information). The threshold cycle () values
were determined and normalized to the housekeeping gene 185
rRNA in order to adjust for equal amounts of RNA.

Immunoblotting

The protein phase recovered from the Tripure Reagent was
quantified by using the bicinchonic acid method (Pierce
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Biotechnology, Rockford, IL, USA). Samples (30 pg per lane)
were subjected to sodium dodecylsulfate polyacrylamide gel
electrophoresis and blotted onto nitrocellulose membranes.
Blots were blocked for 2 h at room temperature, and then
incubated overnight at 4 °C with antibodies known to cross-
react with pig proteins, including anti-TF (American Diag-
nostica, Greenwich, CT, USA), anti-Cox-2 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-MCP-1/CCL2
(Cell Signaling), and anti-mCRP (monocloncal mCRP; kindly
provided by L. A. Potempa). Thereafter, membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies and detected with a SuperSignal chemiluminescence
system (Plerce). Protein expression was determined using a
computerized software package (QUANTITY-ONE; Bio-Rad),
and f-actin was used as a protein loading control.

Platelet activation assays

Platelet adhesion Type 1 collagen-coated slides were prepared
and placed in a parallel plate chamber, described in detail
elsewhere [10]. Briefly, the flow chamber was assembled and
filled with Tyrode’s buffer. A peristaltic pump was used to
perfuse the buffer through the chamber. After 1 min of buffer
preperfusion, blood was introduced into the chamber at a
constant shear rate of 1500 s~ for § min. At the end of blood
perfusion, buffer was again circulated for 1 min through the
chamber under identical flow conditions. The entire system was
kept at 37 °C. After perfusions, collagen-coated slides were
carefully removed from the system, rinsed with PBS, and fixed
with paraformaldehyde for 15 min. The fixed slides were then
washed with PBS and mounted on glass slides with Glycerol
Mounting Medium (Dako Cytomation, Copenhagen,
Denmark). Five fields along the adhesion surface were
systematically acquired for total platelet deposition (field:
750 x 750 pm). Images were analyzed with a commercial
software package (Meramorpn; Universal Imaging Corp.,
West Chester, PA, USA). The surface covered by platelets was
expressed as the area covered by platelets per field analyzed
(um?/field). Further information regarding platelet adhesion
analysis is provided in the supporting information.

Western blot analysis of platelet-activated RhoA Blood was
collected in acid citrate dextrose solution for platelet RhoA
antigen determination (anti-RhoA; Santa Cruz Biotech-
nology). Platelets were isolated and subfractioned for both
total and cytosolic/membrane RhoA fraction evaluation, as
previously described [11].

Statistical analysis

Continuous variables are expressed as mean + standard error
of the mean. The differences between different time periods and
animal groups were evaluated using a one-way anova followed
by Scheffe’s comparison. A P-value < (.05 was considered to
be significant. All statistical analyses were performed with the
statistical software package STATVIEW.
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Results

Successful LAD coronary artery occlusion was achieved in all
19 cases, and was associated with the expected electrocardio-
graphic pattern of total coronary occlusion (ST-segment
elevation). One animal died due to refractory ventricular
fibrillation during the procedure. Therefore, 18 pigs were used
(14 pigs undergoing AMI, and four sham-operated control
animals). All animals showed a similar mean heart rate
(69 = 5 beats min™") and Po.2 (97% + 1%) during the
procedure.

Myocardial damage assessment

All animals showed a comparable percentage of LAD artery
occlusion (72.7% + 2% LAD artery occlusion). Ninety
minutes of ischemia resulted in an infarct size of the left
ventricle of 25% =+ 1% and a 29% deterioration in heart
function (74% =+ 3% vs. 45% + 2% left ventricle ejection
fraction; P < 0.05).

Serum levels of ¢Tnl were elevated 30 min after the onset of
ischemia when compared to TO (0.14 + 0.03 ng mL™" vs.
0.02 = 0.005 ng mL™", respectively; P < 0.001) and further
increased  after 90 min  of  coronary  occlusion
(0.25 =+ 0.06 ng mL™": P < 0.001 vs. T30 and T0). indicating
a progressive ischemia-induced myocardial cell injury. ¢Tnl
levels in sham-operated animals were below the positive
detection limit (0.1 ng mL™") throughout the evaluated period
(mean: 0.029 £+ 0.005 ng mL™).

Mpyocardial response to ischemia

Histopathologic analyses of both non-infarcted hearts (sham-
operated animals; n = 4) and the peri-infarcted myocardial
zone of pigs that underwent 90 min of ischemia (n = 7) are
shown in Fig. 1. In comparison to sham-operated non-
ischemic hearts (Fig. 1A,B), 90 min of ischemia induced a
high interstitial inflammatory response in the injured myocar-
dium (Fig. 1C—E).

Real-time PCR analysis of peri-infarcted cardiac tissue from
ischemic hearts vs. sham-operated animals revealed similar
gene expression levels of Cox-2 (0.86 £+ 0.11 vs. 1.11 = 0.2),
MCP-1)CCL2 (0.52 = 0.06 vs. 049 = 0.12), and TF
(0.47 £ 0.05 vs. 0.46 = 0.08). In contrast, there was marked
upregulation (P < 0.05) of IL-6, TNF-a and mCRP mRNA
and protein expression in the peri-infarcted myocardium when
compared to non-ischemic tissue (Fig. 2A—D). Immunohisto-
chemical analysis corroborated the marked mCRP overexpres-
sion that was associated with myocardial infiltrated
macrophages (HAM-56-positive cells; Fig. 3).

Evolution of the hematologic, biochemical and coagulation
parameters

Red blood cell, hematocrit, platelet and white blood cell
counts were all within the normal physiological range for
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2.5-month old pigs at T0O, T30 and T90 in both groups of
animals (subjected to ischemia and sham-operated animals;
Table SA). Furthermore, the distribution of lymphocytes,
granulocytes and monocytes in peripheral whole blood was
also similar among the different time points. Biochemical
parameters, measured at baseline and at the end of the
ischemic period, were within physiological ranges
(Table SB). PT and fibrinogen levels remained similar
between the different tested periods, whereas APTT mean
ratio was decreased from T30 onwards (Table SC;
P < 0.05). according to the metabolization of the bolus
of heparin in all animals.

Time of ischemia increases PBMC activation

MRNA expression  Ischemia induced a time-dependent
increase in TF, Cox-2 and MCP-1/CCL2 gene transcription
when compared to baseline and sham-operated animals, as
shown in Fig. 4A—C. Thus, at 30 min after the onset of
ischemia, there was a trend (P = 0.09) towards an increase in
TF mRNA levels that reached significance at T90, with a two-
fold increase when compared to baseline (P < 0.05). Cox-2
mRNA expression was already enhanced at T30 (P < 0.05 vs.
baseline), and longer ischemia periods (T90) further increased
Cox-2 gene expression, there being a two-fold increase vs, TO
(P < 005 vs. T30; P < 0.001 vs. T0). Thirty minutes of
ischemia sufficed to induce high expression of MCP-1/CCL2
mRNA (2.5-fold higher than baseline), which remained high at
T90. Interestingly, sham-operated animals showed no changes
in TF, Cox-2 and MCP-1 gene expression at any tested time
periods, with levels comparable to baseline values in animals
subjected to ischemia. Finally, CRP levels in PBMCs were
similar in all studied animals (data not shown).

Antigen levels TF protein levels showed a highly significant
increase at T90 (2.5-fold increase vs. baseline and sham-
operated animals; P < 0.05; Fig. 4D). Ischemia also time-
dependently increased Cox-2 total protein content in PBMCs.
Thus, 30 min of ischemia caused a 34% increase in Cox-2
protein expression vs. baseline amounts (P < 0.05), whereas a
further 60 min of ischemia (T90) was associated with an
additional 56% increase (P < 0.05 vs. T30) in Cox-2
expression (89% increase vs. baseline; P < 0.001; Fig. 4E).
MCP-1 protein expression reached a plateau at 30 min after
the onset of ischemia (2.2-fold increase vs. baseline; P < 0.05;
Fig. 4F). Again, protein levels of TF, Cox-2 and MCP-1 in
sham-operated animals remained constant during the 90-min
experimental procedure, and were comparable to baseline
values (¢ = 0) in animals subjected to ischemia.

Time effect of ischemia on circulating IL-6, TNF-x and nCRP
levels

There was a time-dependent rise in systemic plasma levels of
IL-6 and TNF-a in animals subjected to ischemia, as detailed in
Table 1. No variations were detected in serological nCRP levels
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Resultats

Irchemia effects o focal amd svsrenne inflamenarion. 489

Fig. 1. Histomibologic analysis of the perivinfunciod myocnmdinl pomse. Minety mimites of ischenia was asociiod with milammatory infilirate i the
peri=infarcted myocanbium (C=E), s aoessad by hematosyin =eosn siaming, when comgpared 1o nonsinfancied mvocanum (A, B) [rom shom-operaied

amimali. Binck arrows mdicate infemmutory mflirale

between all animals (mean: 34 £ 36 ng mL™'), with valus
beang within the range for healthy pigs [12,13],

techemia increases platelet activation

Plateler aibesion Platelet activaion was evaluated by
mewsuring adhesion 1o collagen type | fibnk perfused at a
wall shear rate of 13005 . lscheme significantly increased
platelet deposition (fve-fold merease v baseline and sham-
operatcd animals ot all 1ested time points; Fig. 5); the surface
coverd by platelets  sgmbicantly  ixresed  from
023 = 009 107 pm® at TO o 1LO7 = 002 = 107 pm? and
103 = 0021 % 10° pm* at 30 and 90 min of ischemia,
respectively (P = 0.001). Sham-operated animals displayed a
miean platelet-covered arca of 021 + 0026 % 107 e,

Rhod activation  As shown m Fig 6, 30 min of ischem
mcresed  RhoA imnslocation to the platclet membrane,

O 208 [niermatiomal Sockety on Thromibsoss aml Hoemoszasis

indicating  plutelet activation (P < 0001 v baseline and
sham-operated  ammals), whereas  sham-operated  animals
displayed similar RhoA cyiosol membrine raties throughou
the procedure.

Discussion

In the present study, we have demonstrated, m an expenmen-
tafly mduced STEMI-like model without atheroscleross, thea
myvocandial injury as the reult of short-term ischemia triggers
the actvation of recruited and circulating penpheral monenu-
chear cells and renders circuluting platelets more susceptible 1o
activation und deposition. Indeed, % min of coronary occlu-
sion resulted inan mcrease in [L-6, THF-2 and mCRP candiac
expression, histopathologic evidence of leukocyte infilirites
surrounding the necrotic area, higher levels of circulating
protnflammatery cytokines, enhanced FEMC gene and protem
expresson of Cox-2, MOP-1, and TF, and moressed pliteket
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vl Petnactotic myoasnbium shows koss of integrity bomuse of ohemie njury.

adhesion 1o collagén-coated surfaces. In addition, we report for
the first tme that infiltmted candioe mucrophages express
mCRP. Certainly, our results do nat exclude the expression of
mCRP by other candiae resident or infilirting cells. Recenily,
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distingt tsoforms of CRP with difTerent selivities and Tunctions
have been described; the clossscally stodied serum CREP, ihe
pentumernic or motive CRE (nCRP) [14], and the monomenc or
mixlified CRP (mCRP) found in fibrous tissees of nommel and
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Fig. 4. Effects of time of ischemia on circulating mononuclear cells. (A—C) Effect of time of ischemia (30 and 90 min) on tissue factor (TF) (A),
cyclo-oxygenase-2 (Cox-2) (B) and monocyte chemoattractant protein-1 (MCP-1/CCL2) (C) mRNA expression in peripheral mononuclear cells.
(D- F) Effect of time of ischemia on TF (D), cyclo-oxygenase-2 (Cox-2) (E) and MCP-1/CCL (F) protein expression in peripheral mononuclear cells.

*P < 0,05 vs, baseline (T0) and sham-control animals; P < 0.05 vs. T30,

Table 1 Circulating interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-a) levels

Animals subjected to ischemia

Baseline 30 min

TNF-a (pg mL™") Mean 93.27 236.74**
SEM 5.06 44.50
IL-6 (pg mL™") Mean 18.91 20.28
SEM 0.98 117

Sham-operated animals

90 min Baseline 30 min 90 min
240.38%* 82.89 88.73 99.68
29.30 8.64 19.54 14.14
28.08* 18.75 18.25 18.73
4.30 1.60 1.04 0.83

SEM. standard error of the mean. *P < 0.05 vs. baseline and ¢

atherosclerotic plaques [15,16]. We have recently shown that
mCRP, unlike nCRP, is able to induce thrombosis upon
exposure to blood [17] and has proinflammatory effects
[18—20]. Moreover, we have also demonstrated the ability of
CRP to directly promote angiogenesis [21]. Further cell culture
studies are in progress to elucidate both the link between
ischemia and cardiac CRP stimulation and its role within the
different cell types that gather upon tissue damage.

The early, marked, ischemia-related upregulation of proin-
flammatory cytokines (IL-6 and TNF-u) in the perinecrotic
myocardium probably contributed to macrophage recruitment
via chemokine synthesis. In fact, we detected a concomitant
time-dependent increase in circulating cytokines, Once in the
myocardium, macrophages were subsequently challenged to
express mCRP, amplifying the proinflammatory stimulus.
Interestingly, neither PBMC mCRP gene expression nor nCRP
systemic levels showed variations throughout the study.

@© 2008 International Society on Thrombosis and Haemostasis

30; **P < 0.001 vs. baseline.

Indeed, hepatic production of nCRP is mainly regulated by
IL-6, and thus it would be expected that an IL-6 rise would
precede hepatic nCRP synthesis. nCRP has been shown to
peak at about 48 h [22], and that a period of 10 h must elapse
between the initiation of nCRP synthesis and the time when
nCRP levels become measurable in the serum. Our results also

revealed early upregulation (30 min after onset of ischemia) of

MCP-1/CCL2 gene and protein expression in systemic circu-
lating PBMCs. MCP-1/CCL2 regulates migration and infiltra-
tion of monocytes into tissues, probably initiating a positive
proinflammatory/chemotactic feedback loop. However, MCP-
1 has also been shown to elicit a variety of other pathologic
responses affecting thrombosis, restenosis, proliferation and
migration of vascular smooth muscle cells, angiogenesis, and
oxidative stress [23]. Additionally, inducible Cox-2 and TF
expression were also induced in PBMCs. On the one hand,
ischemia time-dependently increased the expression of the
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proinflammatory Cox-2 enzyme, which, via prostaglandin
generation, may boost the pronflammatory miliew (e
inereused vasculor permeability, and chemotaxis) [24]), On the
other hand, o 90-min ischemic period also resulied in o
significant increase in TF, which is a key plaver in the activation
of the thrombolic pathway, eventually kading (o (hrombin
generation, platelet activation, and fibein clod formatbon [25)
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Ischemin. however. not only seemed to cxert on acule
proinflammatory triggering effect on the white cell lincage,
but also rembered platelets more spsceptible 1o activation,
despite animals being  pretreated  with clopidogrel. Thus,
platelet hyper-respomsiveness associatad with scheman was
confirmed at both the functional kevel (platelet adhesion on
colligen under Row) and the molecular kevel (RhoA membeuse
translocation in non-stimulated circulating platelets). In this
Latter pegand, the smalGTPase RhoA b5 avelved o actin
eyvtoskeleton reorganization keading to plitelet receplor activa-
ton (e glycoprotan Hhghycoproden Hla) [26] However,
besides promoting cell adbesion and aggregation, activated
platelets accelerate and enhance the already  establhed
mflammatory process [27] In fact, over the past decade,
compelling clinical and preclinicnl evidence has emerged
connecting the mflammatory response and thronbosis and
vice versa through the CD40-CDE0L system [25.29]. Unfor-
turetely, as a Hmitition of the study and bociese of species-
related lack of recognition anttbodics. we were unable (o
analyre the CDE0-CDOL axis,

In swmmary, besides the ongong inflammatory reaction in
systgmic atherosclerosis and/or the coromary culprit plagques,
onsel of scute ischemia induces an addibional schemia-related
inflamnustory boost in scute coronary syndromes. Taking into
eonsideration that the magnitude of the systemse inflammatory
respons: seems (o be a strong predictor of futune cardiovas-
cular events [2} strategies aimed at reducing the inflammatory
respons; -spem (0 be needed, In foct, the recently reporied
Jupiter Trial [30] hos demonstmted rosuvastatin-reloted ben.
eficial effects (raduction m candiovascular morbidity  and
martality) through CRP reductson in patents with no evidence
of pre-exsting codirascular disese and nomd low-density
lipoprotean chodesterol. On the other hand, although the
mechianizms that lead o atherothrombatic coronary occlusion
al @ given time point are a5 vel uncontrolled, both TF and
enhanced platelet renctivity are critical wrigpers for acute
thrombas formation, Our resulis demonstrating an acute and
time-tependent effect of ischenia (probably through damaged
myocardium, cytoking networks) on coirculating PEMCs and
platelets. may coptnbule 1o a better understanding of the
comples mechamsms that may underlay the benefits of rupad
reviscularization upon coronary occlusion.
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ARTICLE III:

"Rosuvastatin inhibits platelet adhesion and increases platelet surface GRP78;

role of platelet surface GRP78"”

Blanca Molins!3, Esther Pefial’?, Teresa Padré!, Laura Casanil?, Carlos Mendieta®, Lina
Badimon??

!Centro de Investigacion Cardiovascular, CSIC-ICCC, Hospital de la Santa Creu i Sant Pau
2Ciber Patofisiologia de la Obesidad y Nutricién, Instituto Carlos III

3Departament d’Odontoestomatologia, Facultat d’Odontologia, Universitat de Barcelona

La rosuvastatina inhibeix I’'adhesioé plaquetaria i incrementa GRP78 a la superficie

de la plaqueta; paper de GRP78 a la membrana plaquetaria

En aquest estudi es va avaluar l'efecte del tractament in vitro amb rosuvastatina sobre la
interaccié plaqueta-col-lagen en condicions de flux, seguit d’'un estudi protedomic amb la
finalitat d’identificar noves proteines implicades en els mecanismes inhibidors de la
rosuvastatina en l'activacié plaquetaria.

Es van realitzar experiments de perfusié sobre col-lagen I a 250 s i 1500 s i es van
mesurar l'adhesié plaquetaria i el creixement del trombe per microscopia confocal. Es va
recollir la sang efluent dels experiments de perfusid i es va fer I’'extraccio seqliencial de les
proteines de les plaquetes en base a la seva solubilitat diferencial i es van separar les
proteines per electroforesi bidimensional. Les proteines es van identificar per
espectrometria de masses (MALDI-TOF), western blot, immunofluoresceéncia i
immunoprecipitacio.

El tractament amb rosuvastatina va produir una reduccié immediata de |'adhesié
plaquetaria. A 250 s, la rosuvastatina (2uM, 4uM y 8uM) va produir una reduccié de
I’'adhesié plaquetaria del 50 %, 47 % i 60 %, respectivament (P<0,01). A 1500 s, el
tractament amb rosuvastatina (8uM) va reduir I'adhesi6 un 56 % (P<0,05). L'estudi
proteomic de plaquetes efluents va demostrar que el tractament amb rosuvastatina (8 pM)
va modificar I'expressié del perfil proteic de 10 proteines de la fraccid citosolica i 8 de la
fraccié enriquida en proteines de membrana i citoesquelet. D’entre aquestes modificacions,
la rosuvastatina va produir en la fracci6 de membrana un augment d’expressié de GRP78,
una proteina que apavaiga l'activitat procoagulant del TF. De fet, es va demostrar per

immunoprecipitacié de plaquetes, que GRP78 interaccionava activament amb el TF. El
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bloqueig de GRP78 de superficie en experiments de perfusié va resultar en un augment
remarcat d’adhesid plaquetaria i una disminucié del temps de formacié del quall.

La rosuvastatina va reduir la interaccié plaqueta-col-lagen i va produir un augment de
GRP78 a la superficie de la plaqueta, produint un efecte inhibidor de I'activacié plaquetaria,

independentment dels seus efectes hipolipemiants.
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ABSTRACT

We aimed to evaluate the direct effect of rosuvastatin on thrombosis by investigating
platelet-collagen interactions under arterial flow conditions followed by a proteomic
analysis to identify potential proteins involved in the effects of rosuvastatin on platelet
function. Blood was perfused over type | collagen at different wall shear rates and
platelet deposition was measured by confocal microscopy. Perfused effluent blood
was collected, platelets were sequentially extracted based on differential protein
solubility, and two dimensional gel electrophoresis was performed. Proteins were
identified by mass spectrometry, western blot, immunofluorescence, and
immunoprecipitation. We found that rosuvastatin yielded an immediate reduction on
platelet deposition. Proteomic analysis revealed that rosuvastatin modulated the
expression pattern of 10 proteins in the cytosolic fraction and 8 proteins in the
membrane-enriched fraction. Among them, rosuvastatin increased platelet surface
78 kDa glucose-regulated protein (GRP78). Immunoprecipitation of platelet GRP78
revealed its interaction with tissue factor. Moreover, surface GRP78 blockade prior
flow experiments resulted in a substantial increase in platelet deposition and in a
decrease in clotting time. Together, these findings demonstrate that rosuvastatin
reduces platelet deposition and increases platelet surface GRP78, showing an
inhibitory effect on platelet activation and indicate a role for surface GRP78 beyond

its role as a molecular chaperone.
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INTRODUCTION

HMG-CoA reductase inhibitors (statins) are drugs widely and successfully employed
as therapeutic agents in the treatment of cardiovascular diseases associated with
hypercholesterolemia '2. Moreover, rosuvastatin has recently shown beneficial
effects in normocholesterolemic patients®. The first response to vascular injury
consists of platelet adhesion to the damaged vessel wall or to exposed tissue
components, and is mediated by flow-regulated interactions that have a key influence
on subsequent thrombus growth, often culminating in life-threatening complications *.
Clinical results strongly suggest that the beneficial effects of statins may be also
related to factors beyond lowering systemic lipid levels®®. The effects of statins are
mediated via blockade of mevalonate formation, which results in reduction of
cholesterol synthesis. Inhibition of mevalonate formation also results in reduced
levels of isoprenoid derivatives, which play important roles in the isoprenylation of
small GTPases of the Rho/Rac/Cdc42 family . Isoprenylation facilitates activation
and translocation of these proteins from the cytosol to the plasma membrane and
thereby supports the function of these intracellular signaling pathways, which are
necessary for many cellular processes in the cardiovascular system”'®"'. Indeed,
statins inhibit cell proliferation, improve endothelial function, reduce inflammation,
stabilize the atherosclerotic plaque, and enhance fibrinolysis® 2. Although
contradictory findings on the effect of different statins on platelet inhibition have been
reported, there is evidence for their antithrombotic properties'®**.

Rosuvastatin is a new available HMG-CoA reductase inhibitor that seems to have
higher lipid-lowering efficacy than any other currently available statins. Indeed,
rosuvastatin treatment has shown to induce a significant regression of
atherosclerosis'®. However, it is unknown whether and how rosuvastatin may
regulate platelet adhesion.

Therefore, our purpose in the present study was to evaluate the acute effect of

rosuvastatin on platelet-collagen interactions under flow conditions followed by a

139



Resultats

proteomic analysis in order to identify new potential proteins involved in the effects
and mechanisms of action of rosuvastatin on platelet function. Our results indicate
that rosuvastatin induces inhibition of flow-dependent platelet deposition and
translocation of 78 kDa glucose-regulated protein (GRP78) to the platelet surface.
Surface GRP78 may play a role in atherothrombosis, beyond its function as an

endoplasmic reticulum (ER) chaperone.
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MATERIALS AND METHODS

Experimental design
Blood was obtained from non-smoking healthy donors, who denied taking any
antiplatelet medication for 15 days prior to blood extraction. Procedures were
approved by the Clinical Research Committee of our Institution. Blood was withdrawn
in 10 Ul/ml sodium heparin by cubital venipuncture. Alternatively, when indicated,
blood was withdrawn into 1:10 (vol/vol) 90 mM trisodium citrate.

In some experiments, white commercial fixed-breed pigs (weight =46 kg) were used
in the study and all procedures were in accordance with NIH guidelines and followed
the American Physiological Society Guidelines for animal research. Porcine blood
was withdrawn into 1:10 (vol/vol) 90 mM trisodium citrate by femoral venipuncture,
kept at 20 °C, and used within 2 hours of collection.

Platelet count, leukocyte count, and hematocrit were all within normal ranges.
Platelets were rendered fluorescent by the addition of mepacrine 10 uM (Sigma),
unless otherwise specified. Blood was then incubated at 37 °C for 15 min with 0 pM,
2 UM, 4 uM or 8 uM rosuvastatin, kindly supplied by Astra Zeneca. These
rosuvastatin concentrations would correspond to doses of 10 mg/day, 20 mg/day and
40 mg/day, respectively in a 70 kg adult. When indicated blood was incubated in the
presence of 10 pg/ml of anti-GRP78 (Santa Cruz Biotechnology) for 20 min at 37 °C
prior incubation with rosuvastatin.

Additionally, platelets from normocholesterolemic animals, which had been given
rosuvastatin (2.5 mg/kg day) during 7 days, were obtained and used for western blot

analysis.

Flow experiments in flat chamber

Type | collagen-coated slides were prepared and placed in a parallel plate chamber

described in detail elsewhere'®!”. The flow chamber was assembled and filled with
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Tyrode’s buffer (134 mM NaCl, 0.34 mM Na;HPO,;x12H.0, 2.9 mM KCI, 12 mM
NaHCOs, 1 mM MgCl:x6H20, 20 mM Hepes). A peristaltic pump was used to perfuse
the buffer through the chamber. After 1 min buffer preperfusion, blood was
introduced into the chamber at constant shear rates of 250 s™ and 1500 s™ for 5 min,
unless otherwise indicated. At the end of blood perfusion, buffer was again circulated
for 1 min through the chamber under identical flow conditions. The entire system was
kept at 37 °C. After perfusions, collagen-coated slides were carefully removed from
the system, rinsed with PBS pH 7.4 and fixed with 3.8 % paraformaldehyde for 15
min. The fixed slides were then washed with PBS and mounted on glass slides with

Glycerol Mounting Medium (Dako Cytomation).

Measurement of platelet deposition

Platelet deposition on the surface of collagen was scanned with a Leica TCS SP2
confocal laser scanning microscope. A 488 nm Ar Kr-laser was used as light source.
Platelets were viewed with a HCX PL APO 20X /0,7 IMM CORR objective. Five
fields along the adhesion surface were systematically acquired for total platelet
deposition analysis, discarding entrance and exit of the flow path (field: 750 ym x 750
pm). A threshold was applied to distinguish platelets from the background, and the
same value was then used for analyzing all the stacks of confocal images collected
for a given experiment. Digital color images were converted into black-and-white
images. The surface covered by platelets was calculated using NIH Image software
(public domain software by Dr Wayne Rasband, National Institutes of Health, version
1.62). Mean platelet deposition was expressed as the area covered by platelets per
analyzed field (um?/ield). To measure the thrombus height an image stack was
recorded from the xz-sections in the y-direction. The projection axis was the
orthogonal axis (y-axis for vertical xz-sections). Thrombus height was measured from

the maximum projection of the stack.

142



Resultats

Proteomic Analysis

Protein Extraction: Static and sheared porcine platelets were immediately isolated
by low speed centrifugation (250 g, 10 min), at room temperature. Platelet number
was adjusted to 4x10° platelets/ml and centrifuged at 1400 g for 15 min to obtain
platelet pellets which were stored deep-frozen (-80 °C).

Platelets were sequentially extracted based on differential protein solubility. A tris-
soluble (cytosolic) fraction and a urea-detergent soluble (cytoskeleton/membrane)
fraction were obtained. Briefly, samples were homogenized in 40 mM Tris base
buffer, incubated for 15 min, and centrifuged at 16000 g (20 min, 4°C). Protein pellets
were washed once with Tris-buffer and further extracted with a urea/thiourea-chaps
buffer (7 M Urea; 2 M Thiourea; 4 % CHAPS; 40 mM Tris-Base) for 15 min, as
described above. Prior protein separation by 2-DE, sample contaminants were
removed with a commercial kit (2D-CleanUp Kit, Amersham). Protein concentration
in the extracts was measured with 2D-Quant Kit (GE-HealthCare) as indicated by the

manufacturer.

Two-Dimensional Gel Electrophoresis (2-DE): Isoelectric focusing (IEF) was
performed using the Protean-IEF cell (BioRad). The method used was that according

to Molloy et al'®

with modifications. In brief, 150 ug of protein were resuspended in
350 pl of rehydratation buffer (7 M urea; 2 M thiourea, 2 % CHAPS, 100 mM DTT,
0.2 % carrier ampholytes) and loaded onto 17 cm dry IPG strips (/p 3-10 linear
range, BioRad) during 16 h by active rehydration at 50 V. Proteins were then focused
by progressive voltage increase up to 10000 V within 5 hours, with a final step at
10000 V until 70000 Volts Hour. After IEF, the strips were equilibrated with a
reducing solution (50 mM Tris-HCI buffer, pH 8.8, containing 6 M urea, 2 % SDS, 30
% glycerol, and 2 % DTT) and an alkylating solution (50 mM Tris-HCI buffer pH 8.8, 6

M urea, 2 % SDS, 30 % glycerol, and 2.5 % iodoacetamide), for 15 min. Equilibrated

143



Resultats

IPG strips were transferred for the second dimension (SDS-PAGE) onto 10%
polyacrilamide gels. Electrophoresis was performed using a Protean system (Ettan
Dalt, Amersham) at 17 W/gel. Gels were stained with pink flamingo for compatibility

with the subsequent analysis of proteins by mass spectrometry.

Differential Image Analysis: Fluorescently stained gels were scanned (Typhoon),
and analyzed for differences in protein patterns between groups with the 7.3 PD-
Quest software (BioRad), using a single master that included all gels of each
independent experiment. Each spot was assigned a relative value that corresponded
to the single spot volume compared to the volume of all spots in the gel, following

background extraction and normalization between gels.

Protein Identification by MALDI-TOF-MS Analysis: Protein spots of interest were
excised from 2-DE gels, washed with 50 mM ammonium bicarbonate, 50 %
methanol, dehydratated with 100 % acetonitrile, and dried under vacuum before
enzymatic digestion with sequence-grade modified porcine trypsin (Promega).
Peptides from in-gel-trypsin digestion (1 ul) were mixed 1:1 with 5 mg/ml a-cyano-4-
hydroxy-cinnamic acid and spotted on a stainless steel mass spectrometry slide.
Protein identification was performed by peptide-mass fingerprint using a Ettan
MALDI-TOF Pro matrix-assisted laser desorption/ionisation time-of-flight mass
spectrometer (GE-Healthcare) operated in delayed extraction/reflector mode. MALDI-
generated mass spectra were internally calibrated using trypsin autolysis products,
Ang Il (angiotensin Ill), and ACTH (adrenocorticotropic hormone) peaks. Peptide
masses were searched against the National Center for Biotechnology Information
nonredundant mammalian database using ProFound™ and confirmed using a
Mascot search from Matrixscience selecting the SwissProt database. Because
human protein database is widely more extensive than pig database, identified

human proteins were blasted against pig proteins and validated if they reached an
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identity higher than 80%. Protein identification was based on the measurement of at
least 10 peptides with a minimum of 50 % matched peptides and coverage higher

than 20 %. Minimal expectation for valid identification was 0.01 and P<0.05.

Western Blot Analysis

Sample extracts (25 wg protein) were resolved by 10 % SDS-PAGE and
electrotransferred to nitrocellulose membranes, as described previously °. Detection
was performed with a goat polyclonal antibody against GRP78 (Santa Cruz
Biotechnology) and a mouse monoclonal antibody against tissue factor (TF)
(American Diagnostica). Band densities were determined with the ChemiDoc™ XRS
system (Bio-Rad) in chemiluminescence detection modus and Quantity-One software

(Bio-Rad). Normalization was performed against actin.

Immunofluorescence

GRP78 expression was analyzed by performing perfusion experiments at a wall
shear rate of 1500 s™' with parcine blood not labelled with mepacrine. Unsheared and
effluent blood was collected and fixed with 3.8 % paraformaldehyde for 30 min at
room temperature. Platelet-rich plasma was obtained by centrifugation at 200 g for 17
min. Platelets were then isolated by centrifugation, ® immobilized on poly-L-lysine-
coated coverslips overnight, incubated with blocking buffer (1 % bovine serum
albumin in PBS) and afterwards incubated with a goat polyclonal GRP78 (c-20)
antibody (Santa Cruz Biotechnology) and with a mouse monoclonal CD61-FITC
antibody (Pharmingen). Coverslides were washed and incubated with Alexa Fluor
633 rabbit anti-goat IgG (H+L). Immunostained coverslides were washed and

covered with Prolong Gold antifade reagent. Images were recorded by fluorescence
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confocal microscopy (Leica TCS SP2) with a HCX PL APO 63x/1.2 W Corr/0.17 CS
objective. Controls with no primary antibody showed no fluorescence labelling.

For collocalization analysis of GRP78 and TF on adhered platelets and sheared
effluent platelets a further set of flow experiments with unlabeled platelets was
performed. After perfusions, collagen-coated slides were rinsed with PBS pH 7.4 and
fixed with 3.8 % paraformaldehyde at room temperature and incubated in blocking
buffer. Effluent sheared platelets were collected and GRP78 was immunostained as
described above. TF was detected with a mouse monoclonal TF antibody (American
Diagnostica) as primary antibody and an Alexa Fluor 488 donkey anti-mouse IgG
(H+L) as secondary antibody. Images were recorded by fluorescence confocal
microscopy (HCX PL APO 63x/1.2 W Corr/0.17 CS). GRP78 and TF collocalization

was analyzed with Metamorph software (Universal Imaging Corp, West Chester, PA).

GRP78 immunoprecipitation

Platelet-rich plasma (PRP) was prepared by centrifugation at 250 g for 10 min. To
obtain washed platelets, PRP was centrifuged at 1200 g in the presence of PGE;
(0.1 pg/mL) for 10 min at room temperature. Platelets (3x1 0° platelets per milliliter)
were washed with Tyrode-Hepes, treated with PGE, (0.1 pg/mL) and centrifuged at
1200 g for 10 min at 4 °C.

The pellet was lyzed with 1 mL of cold lysis buffer (1 % Triton X-100, 10 mM Tris, pH
7.5, 150 mM KClI, and protease inhibitors), and then centrifuged at 10 000 g for

10 min at 4°C. Alternatively, platelet subfractionation was performed as described?®'.
The supernatant of the platelet lysate was precleared by incubating for 30 min at 4°C
in lysis buffer containing Protein A/G PLUS-Agarose beads (Santa Cruz
Biotechnology). The sample was incubated with GRP78 antibody overnight at 4°C.
The antibody—antigen complex was precipitated with protein A/G PLUS-Agarose and
then washed twice with lysis buffer. The proteins were eluted from the resin by

heating at 95°C for 5 min in electrophoresis sample buffer.

10
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Thrombelastographic coagulation analysis

Dynamic whole blood clot formation was performed with the ROTEM coagulation
analyzer (Pentapharm, Munich, Germany), which is based on the thrombelastograph
system using the extrinsically activated Ex-TEM assay (containing 20 ul CaCl, 0.2 M,
20 ul TF, 300 ul citrated blood). Clotting time (CT) was determined. The ROTEM
device was checked for proper functioning according to the manufacturer's
recommendation using a control serum (ROTROL). Tests were performed using
ROTEM cups and pins. All reagents were purchased from Pentapharm GmbH

(Munich, Germany).

Statistical analysis

Results were expressed as mean+SEM. After testing for normal distribution and
equality of variances with Levene'’s Ftest, Student’s t-test or ANOVA as appropriate
was used to determine statistical significance between treatments. A value of P<0.05

was considered significant.

11
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RESULTS

Flow experiments in parallel-plate flow chamber

In vitro rosuvastatin treatment significantly reduced platelet deposition triggered by
collagen at both low and high wall shear rates. At 250 s™, platelet deposition was
significantly reduced by rosuvastatin (P<0.0001) (Figure 1A). The mean surface
covered by platelets was reduced from 5134350 ym?/field (non-treated blood) to
2557225 um®/field (rosuvastatin 2 M), 2702+260 pm?/field (rosuvastatin 4 yM), and
2062+206um>ffield (rosuvastatin 8 uM). Platelet deposition decreased 50%, 47%,
and 60% respectively.

Rosuvastatin also reduced significantly thrombus growth by reducing thrombus
height (Figure 1B) at low shear rate. The highest thrombi observed in the proximal
zone of the flow path coated with collagen decreased from 21.02+0.77 ym (non-
treated blood) to 14.35+£0.9 ym (rosuvastatin 2 yM,) 16.46+1.0 ym (rosuvastatin 4
uM), and 16.13+1.0 um (rosuvastatin 8 yM). Thrombus height was significantly
reduced by 30 % (P<0.01), without differences among different rosuvastatin
concentrations.

At 1500 s™, the mean surface covered by platelets significantly decreased from
8561+1283 um?/field in non-treated blood to 3763+880 um®ffield in blood treated with
rosuvastatin (8 yM), as shown in Figure 1C, which means a 56% reduction on

platelet deposition (P<0.005).

Proteome changes in rosuvastatin-treated platelets

Differential proteomic analysis was used to identify changes induced by rosuvastatin
in effluent sheared porcine platelets from flow experiments run at a wall shear rate of
1500 s'. Average gels were obtained from pooling at least 3 independent
experiments. After a first screening using a broad pH range (pH 3 to 10), the majority

of potential changes induced by rosuvastatin were localized in a pH ranging from 5 to

12
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8, what lead us to study the proteome in a pH ranging from 5 to 8. Proteomic
analysis revealed that rosuvastatin (8 M) modulated the expression pattern of 10
spots in the cytosolic fraction and 8 spots in the membrane-enriched fraction, as

shown in Table 1 and in Figure 2.

Identification of GRP78 and changes induced by rosuvastatin

GRP78 was identified as a series of 3 spots with relative molecular mass of
approximately 72 kDa, clustered around pH 4.8 and 5.2, and identified by MALDI-
TOF analysis as 78 kDa glucose-regulated protein or BiP protein (accession number
AAF13605). Rosuvastatin treatment apparently induced an increase of the
expression in the urea-soluble fraction (~30 %) and a reduction of the expression in
the tris-soluble fraction (~25 %) in all the 3 spots identified as GRP78 (Figure 3A-C).
In order to confirm the changes observed in 2-DE analysis, western blot analysis
from 1-DE gels of protein extracts was performed on platelets with the different
treatments.

Western blot analysis of protein extracts from control and rosuvastatin treated
platelets demonstrated an increase in the expression of GRP78 in the urea-detergent
soluble fraction (P<0.05) of sheared platelets (Figure 3D).

To further elucidate the effect of rosuvastatin on GRP78 both resting and post-
chamber sheared platelets were analyzed by confocal microscopy with antibodies
against GPllla and GRP78. In resting platelets, significant amounts of GRP78 were
detected on the platelet surface. In sheared platelets (effluent post-chamber
platelets), GRP78 immunodetection in the platelet membrane was weaker than in
resting platelets. In sheared platelets that had been preincubated with rosuvastatin,
levels of surface GRP78 were similar to those in resting platelets (Figure 4).

In vivo rosuvastatin treatment for 7 days significantly increased platelet GRP78

content, as shown by western blot analysis (P<0.05) (Figure 5A). Platelet GRP78
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increased both in the membrane-enriched fraction and in the cytoplasmic fraction in

the group of animals that received rosuvastatin.

Effect of GRP78 blockade on platelet deposition and coagulation

To investigate the role of GRP78 in platelet adhesion and thrombus growth, a further
set of perfusion experiments with human heparinized blood was performed in the
presence of 10 pg/ml of anti-GRP78 or non-immune goat IgG as control. Blockade of
GRP78 resulted in a substantial increase in platelet deposition (P<0.0001) compared
to control samples, as shown in Figure 6A. Blockade of GRP78 in rosuvastatin-
treated platelets also resulted in a significant increase in platelet deposition.
Interestingly, GRP78 blockade also resulted in shortened clotting time (CT) as
measured by thromboelastometry (90.646.5 s control vs. 80.816 s blockade of

GRP78, P<0.05, Student’s paired t-test).

GRP78 and TF interaction

TF was found to interact with GRP78 as observed by GRP78 immunoprecipitation.
Both total platelet lysate and platelet membrane fraction showed interaction with TF
(Figure 6B). We did not detect the presence of GPVI, GPlb, GPIV, or GPIlla on
GRP78 immunoprecipitates.

GRP78-TF colocalization was analyzed by immunofluorescence. We observed that
GRP78 colocalized with TF both in platelets adhered to collagen and in effluent
sheared platelets. The increase in platelet surface GRP78 induced by rosuvastatin
colocalized with TF. Indeed, a double immunostaining of TF and GRP78 in effluent
sheared platelets showed that in control platelets a 13.2+3 % of the area positively
stained for TF colocalized with the area that stained positive for GRP78, while in
rosuvastatin treated samples a 54.7+12 % of the area positively stained for TF

colocalized with GRP78 (Figure 6C) (P<0.05). Similarly when analyzing the platelets

14
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adhered to collagen, in control samples a 23.9+3.7 % of platelets positively stained
for TF colocalized with GRP78, whereas in rosuvastatin treated samples (with total
platelet deposition significantly reduced) this percentage increased up to 45.145.9 %
(P<0.01, Figure 7). Therefore, rosuvastatin mantained high GRP78 expression in the

platelet surface that colocalized with TF.
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DISCUSSION

In the present study we demonstrate that HMG-CoA reductase inhibition reduces
platelet-collagen interaction by reducing platelet adhesion and thrombus growth
under flow in normocholesterolemic conditions.

The post-perfusion confocal analysis allowed the study of thrombus formation on a
thrombogenic substrate such as collagen, measuring platelet deposition and
thrombus height. Rosuvastatin, at therapeutic doses, was able to reduce platelet
deposition at both venous and arterial wall shear rates. Because statins have shown
to exert several cellular effects, we aimed to identify novel target proteins modified by
statin treatment on platelets. Here, we report for the first time that platelets have
GRP78 both in the membrane and in the cytosol. GRP78 is translocated from the
platelet membrane by shear forces and rosuvastatin inhibits this translocation in
shear-activated platelets.

GRP78 is an ER chaperone that participates in many cellular processes, including
translocation of newly synthesized polypeptides across the ER membrane, facilitating
the folding and assembly of newly synthesized proteins by preventing intra- or
intermolecular aggregation, targeting misfolded proteins for proteasome degradation,
regulating calcium homeostasis, and serving as a sensor for ER stress %
Although GRP78 resides inside the ER lumen, a number of studies demonstrate that
GRP78 is also located on the cell surface *>%. Indeed, two independent groups have
recently detected that a fraction of GRP78 can exist as a transmembrane protein®®%
in chinese hamster ovary (CHO), human leukemia, bladder carcinoma, and human
embryonic kidney 293 T cells. These observations are in agreement with our
findings. Indeed, we have identified GRP78 both in cytosol- and
membrane/cytoskeleton-enriched fractions, and confocal analysis revealed that
GRP78 translocated in and out the membrane depending on the activation state. On
the other hand, there are evidences that GRP78 can be released from intact cells

and it has been also detected in a circulating form in serum from healthy subjects®.
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In fact, we also identified GRP78 in plasma from effluent blood (data not shown),
which means that platelet GRP78 could be eventually released.

GRP78 is preferentially expressed in advanced atherosclerotic lesions®' and on the
fibrous cap surface in ApoE deficient mice *. A recent study has shown that
atheroprone, but not atheroprotective flow upregulated GRP78 in endothelial cells,
via p38MAPK and o231-dependent mechanism, and that increased GRP78
correlated with activation of the unfolded protein response, providing a protective
compensatory effect in response to ER stress *. We have observed by confocal
microscopy analysis that GRP78 localization in platelets appears to be dependent on
stimulation by shear rate and collagen. Platelet membrane GRP78 expression was
stronger in resting platelets than in effluent platelets, suggesting that upon shear-
induced activation surface GRP78 could have been either partially released or
translocated inside the platelet. Interestingly, rosuvastatin-treated platelets
maintained surface GRP78 expression in sheared platelets, probably indicating
inhibition of shear-induced translocation of GRP78. This effect was also observed by
2-DE and western blot, as GRP78 expression was significantly increased in the urea-
enriched fraction. It is important to note that the urea-enriched fraction not only
contains the external membrane fraction but also the cytoskeleton fraction, which
may account for the slightly different GRP78 patterns observed by 1- and 2-DE and
confocal microscopy in sheared platelets.

In vivo rosuvastatin treatment in normocholesterolemic animals also increased
platelet GRP78 —both cytoplasmic and membrane fractions-, thus suggesting a
possible effect on megakaryocytes that is transmitted to the platelets. Further
research in this area seems warranted. In line with these findings, it has been
recently shown that statins activate the unfolded protein response and induce
protective GRP78 expression in macrophages®, through a mechanism involving c-

Src, PKC, ERK, and p38MAPK. In their work, Chen et al suggested that statins could
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also induce GRP78 expression independently of mevalonate by mobilizing Cca*
stores other than those of the ER*.

GRP78 provides dual functions either in the ER or on the cell membrane where it has
multiple binding partners. Here we show that blockade of GRP78 in flow experiments
markedly increased platelet deposition on collagen and significantly reduced clotting
time, supporting a protective role of surface GRP78. Rosuvastatin was able to
partially inhibit the increase in platelet deposition induced by GRP78 blockade
indicating that it exerts additional protective functions besides translocating GRP78
to the membrane.

Cell-surface associated GRP78 has been speculated to serve a protective role by
inhibiting TF through direct binding to the endothelium overlying the plaque®*.
Iterestingly, we have shown that platelet GRP78 actively interacted with TF.
Moreover, confocal analysis of adhered and effluent platelets showed a greater
degree of colocalization of GRP78 and TF in rosuvastatin treated platelets. The
inhibitory effect of rosuvastatin in thrombus growth might be attributed in part to a
reduced TF activity due to direct binding of surface GRP78 to TF. The role of surface
GRP78 on thrombus growth could be related to its ability to attenuate TF activity or
might be attributed to additional unknown mechanisms directly involved in platelet
activation, which will require future studies.

In summary, our data indicate that rosuvastatin inhibits platelet deposition under flow
conditions and mantains platelet surface GRP78 in shear-activated platelets. Our
results also show that GRP78 interacts with TF blocking its function and that GRP78
blockade increases platelet deposition and reduces clotting time, suggesting a

protective effect of GRP78 against thrombus formation.

18

154



Resultats

ACKNOWLEDGEMENTS

The authors had full access to the data and take responsibility for its integrity. All
authors have read and agree to the manuscript as written. The authors want to thank
Monica Pescador and Olaya Garcia for their technical help. This work has been
possible thanks to funds provided by the Ministry of Science and Education of Spain
(PNS 2006/10091), Ministry of Health- Instituto Salud Carlos Il (CIBER OBN-
CB06/03), and Fundacion Jesus Serra. BM is a recipient of a fellowship from the

Catalan Government (FI2005).

AUTHORSHIP

Contribution: BM performed research, collected data, analyzed and interpreted the
data, performed statistical analysis, and wrote the manuscript; EP performed
research, collected data, and analyzed and interpreted data; LC performed research
and helped in the collection of the data; TP and CM helped in the collection of data
and analyzed and interpreted data; LB: Designed research, analyzed and interpret
the data, and wrote the manuscript.

Conflict-of-interest disclosure: The authors declare no competing financial
interests.

Correspondence: Prof. Lina Badimon, Cardiovascular Research Center, St. Sant

Antoni M? Claret 167, 08025 Barcelona, Spain. e-mail: Ibadimon@csic-iccc.org

19

155



Resultats

REFERENCES

1. Influence of pravastatin and plasma lipids on clinical events in the West of
Scotland Coronary Prevention Study (WOSCOPS). Circulation. 1998;97:1440-1445.
2. Randomised trial of cholesterol lowering in 4444 patients with coronary heart
disease: the Scandinavian Simvastatin Survival Study (4S). Lancet. 1994;344:1383-
1389.

3. Ridker PM, Danielson E, Fonseca FA, et al. Rosuvastatin to prevent vascular
events in men and women with elevated C-reactive protein. N Engl J Med.
2008;359:2195-2207.

4. Badimon L, Chesebro JH, Badimon JJ. Thrombus formation on ruptured
atherosclerotic plaques and rethrombosis on evolving thrombi. Circulation.
1992:86:11174-85.

5 Maron DJ, Fazio S, Linton MF. Current perspectives on statins. Circulation.
2000;101:207-213.

6. Vaughan CJ, Murphy MB, Buckley BM. Statins do more than just lower
cholesterol. Lancet. 1996;348:1079-1082.

7. Brown JH, Del Re DP, Sussman MA. The Rac and Rho hall of fame: a decade
of hypertrophic signaling hits. Circ Res. 2006;98:730-742.

8. Laufs U. Beyond lipid-lowering: effects of statins on endothelial nitric oxide.
Eur J Clin Pharmacol. 2003;58:719-731.

9. Takai Y, Sasaki T, Matozaki T. Small GTP-binding proteins. Physiol Rev.
2001:81:153-208.

10. Laufs U, Liao JK. Targeting Rho in cardiovascular disease. Circ Res.
2000;87:526-528.

11. Takemoto M, Sun J, Hiroki J, Shimokawa H, Liao JK. Rho-kinase mediates
hypoxia-induced downregulation of endothelial nitric oxide synthase. Circulation.
2002;106:57-62.

12.  Kwak BR, Mulhaupt F, Mach F. Atherosclerosis: anti-inflammatory and
immunomodulatory activities of statins. Autoimmun Rev. 2003;2:332-338.

13. Broijersen A, Eriksson M, Leijd B, Angelin B, Hjemdahl P. No influence of
simvastatin treatment on platelet function in vivo in patients with
hypercholesterolemia. Arterioscler Thromb Vasc Biol. 1997;17:273-278.

14. Szczeklik A, Musial J, Undas A, et al. Inhibition of thrombin generation by
simvastatin and lack of additive effects of aspirin in patients with marked
hypercholesterolemia. J Am Coll Cardiol. 1999;33:1286-1293.

15.  Nissen SE, Nicholls SJ, Sipahi I, et al. Effect of very high-intensity statin
therapy on regression of coronary atherosclerosis: the ASTEROID trial. JAMA.
2006;295:1556-1565.

16. Lawrence MB, McIntire LV, Eskin SG. Effect of flow on polymorphonuclear
leukocyte/endothelial cell adhesion. Blood. 1987;70:1284-1290.

17. Molins B, Pena E, Vilahur G, Mendieta C, Slevin M, Badimon L. C-reactive
protein isoforms differ in their effects on thrombus growth. Arterioscler Thromb Vasc
Biol. 2008;28:2239-2246.

18. Molloy MP, Herbert BR, Walsh BJ, et al. Extraction of membrane proteins by
differential solubilization for separation using two-dimensional gel electrophoresis.
Electrophoresis. 1998;19:837-844.

19. Llorente-Cortes V, Martinez-Gonzalez J, Badimon L. Esterified cholesterol
accumulation induced by aggregated LDL uptake in human vascular smooth muscle

20

156



Resultats

cells is reduced by HMG-CoA reductase inhibitors. Arterioscler Thromb Vasc Biol.
1998;18:738-746.

20. Crosby D, Poole AW. Physical and functional interaction between protein
kinase C delta and Fyn tyrosine kinase in human platelets. J Biol Chem.
2003;278:24533-24541.

21. Xiong Y, Westhead EW, Slakey LL. Role of phosphodiesterase isoenzymes in
regulating intracellular cyclic AMP in adenosine-stimulated smooth muscle cells.
Biochem J. 1995;305 ( Pt 2):627-633.

22, Hendershot LM. The ER function BiP is a master regulator of ER function. Mt
Sinai J Med. 2004;71:289-297.

23. Lee AS. The glucose-regulated proteins: stress induction and clinical
applications. Trends Biochem Sci. 2001;26:504-510.

24. Lee AS. The ER chaperone and signaling regulator GRP78/BiP as a monitor
of endoplasmic reticulum stress. Methods. 2005;35:373-381.

25.  Davidson DJ, Haskell C, Majest S, et al. Kringle 5 of human plasminogen
induces apoptosis of endothelial and tumor cells through surface-expressed glucose-
regulated protein 78. Cancer Res. 2005:65:4663-4672.

26. Misra UK, Gonzalez-Gronow M, Gawdi G, Hart JP, Johnson CE, Pizzo SV.
The role of Grp 78 in alpha 2-macroglobulin-induced signal transduction. Evidence
from RNA interference that the low density lipoprotein receptor-related protein is
associated with, but not necessary for, GRP 78-mediated signal transduction. J Biol
Chem. 2002;277:42082-42087 .

27. Misra UK, Gonzalez-Gronow M, Gawdi G, Wang F, Pizzo SV. A novel
receptor function for the heat shock protein Grp78: silencing of Grp78 gene
expression attenuates alpha2M*-induced signalling. Cell Signal. 2004,16:929-938.
28. Rao RV, Peel A, Logvinova A, et al. Coupling endoplasmic reticulum stress to
the cell death program: role of the ER chaperone GRP78. FEBS Lett. 2002;514:122-
128.

29. Reddy RK, Mao C, Baumeister P, Austin RC, Kaufman RJ, Lee AS.
Endoplasmic reticulum chaperone protein GRP78 protects cells from apoptosis
induced by topoisomerase inhibitors: role of ATP binding site in suppression of
caspase-7 activation. J Biol Chem. 2003;278:20915-20924.

30. Delpino A, Castelli M. The 78 kDa glucose-regulated protein (GRP78/BIP) is
expressed on the cell membrane, is released into cell culture medium and is also
present in human peripheral circulation. Biosci Rep. 2002:22:407-420.

31. Liu C, Bhattacharjee G, Boisvert W, Dilley R, Edgington T. In vivo
interrogation of the molecular display of atherosclerotic lesion surfaces. Am J Pathol.
2003;163:1859-1871.

32. Zhou I, Werstuck GH, Lhotak S, et al. Association of multiple cellular stress
pathways with accelerated atherosclerosis in hyperhomocysteinemic apolipoprotein
E-deficient mice. Circulation. 2004;110:207-213.

33. Feaver RE, Hastings NE, Pryor A, Blackman BR. GRP78 upregulation by
atheroprone shear stress via p38-, alpha2betal-dependent mechanism in endothelial
cells. Arterioscler Thromb Vasc Biol. 2008:28:1534-1541.

34, Chen JC, Wu ML, Huang KC, Lin WW. HMG-CoA reductase inhibitors
activate the unfolded protein response and induce cytoprotective GRP78 expression.
Cardiovasc Res. 2008.

35. Watson LM, Chan AK, Berry LR, et al. Overexpression of the 78-kDa
glucose-regulated protein/immunoglobulin-binding protein (GRP78/BiP) inhibits
tissue factor procoagulant activity. J Biol Chem. 2003;278:17438-17447.

21

157



Resultats

36. Bhattacharjee G, Ahamed J, Pedersen B, et al. Regulation of tissue factor--
mediated initiation of the coagulation cascade by cell surface grp78. Arterioscler
Thromb Vasc Biol. 2005;25:1737-1743.

158

22



TABLES

Table 1. Summary of differentially expressed spots with rosuvastatin treatment

Protein Name Fraction Rosuvastatin-
induced change

1 HSP70 Tris-soluble 1
2 HSP70 Tris-soluble 1
3 GRP78 Tris-soluble l

Urea-soluble 1
4 B actin Tris-soluble 1
5 albumin Tris-soluble 1
6 albumin Tris-soluble !

Urea-soluble 1
7 NMHC-9 Urea-soluble l
8 NMHC-9 Tris-soluble 1
9 vinculin Urea-soluble 1
10 Not identified Tris-soluble 1
11 Not identified Tris-soluble 1
12 Not identified Tris-soluble 1
13 Not identified Urea-soluble t
14 Not identified Urea-soluble 1
15 Not identified Urea-soluble 1
16 Not identified Urea-soluble 1
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FIGURE LEGENDS

Figure 1. Effect of rosuvastatin on platelet deposition and thrombus height.

(A): Mean platelet deposition at low wall shear rate. Results are expressed as mean
values of surface covered by platelets per field analyzed (um?field) + SEM. (B):
Thrombus height at 250 s. Results are expressed as mean values of the two
biggest aggregates observed in the proximal zone (um) + SEM. Statistical analysis
was performed by analysis of ANOVA (*P<0.01). (C): Mean platelet deposition at 250
s” and 1500 s™'. Results are expressed as mean values of surface covered by
platelets per field analyzed (um?ffield) + SEM. Different conditions were performed at

least 3 times in each animal and 4 animals of each treatment were assessed.

Figure 2. Rosuvastatin-induced modifications in the proteomic profile of
sheared platelets. (A): Protein spots in 2-DE gels of the tris-soluble subproteome
(cytosol-enriched fraction). (B): Protein spots in 2-DE gels of the urea/detergent-

soluble subproteome (membrane and cytoskeleton-enriched fraction).

Figure 3. Effect of rosuvastatin on GRP78 expression in platelets by 2-DE and
1-DE. (A): Enlarged images of region 3 of 2-DE gels containing spots identified as
GRP78. (B): Percentage of change in the intensity of the 3 spots identified as GRP78
in sheared platelets treated with rosuvastatin. (C): Percentage of change in the
global intensity of GRP78 in sheared platelets treated with rosuvastatin. (D): Western
blot analysis of GRP78 in urea-detergent soluble fraction of sheared and unsheared
platelets. Results are expressed as arbitrary units (AU) normalized by B-actin + SEM

(n=3). Statistical analysis was performed by analysis of ANOVA (*P<0.05).

Figure 4. Effect of rosuvastatin on GRP78 distribution on human platelets.
Representative confocal images of platelet surface GRP78. Platelets were

immobilized on poly-L-lysine-coated coverslides and stained with a mouse FITC-
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CD61 antibody (green) and a goat GRP78 antibody and an Alexa Fluor 633 antibody
(red). Fluorescent images were acquired in a spatial data set (acquiring z-sections)
and the maximum intensity projection was created. The maximum projection was
linearly filtered to smooth edges and suppress noise and adjusted for brightness and
contrast. (I): Control unsheared platelets. (Il): Control sheared platelets (1500 s™).

(lll): Rosuvastatin (8 uM) sheared platelets. Scale bar is 1 um.

Figure 5: Effect of in vivo rosuvastatin treatment in GRP78 expression of
resting platelets. (A): Western blot analysis of GRP78 from platelet lysates of
control and rosuvastatin-treated animals. (B): Western blot analysis of membrane
and cytosolic GRP78 of control and rosuvastatin-treated animals. Results are
expressed as arbitrary units (AU) normalized by B-actin + SEM (n=3). Statistical

analysis was performed by analysis of ANOVA (*P<0.05).

Figure 6. Effect of blocking GRP78 on platelet deposition and GRP78
interaction with TF. (A): Human heparinized blood was incubated with GRP78
antibody or goat IgG (control) prior rosuvastatin treatment and perfused for 3 min at
1500 s™'. Results are expressed as mean values of surface covered by platelets per
field analyzed (um®field) + SEM. Statistical analysis was performed by analysis of
ANOVA (*P<0.0001 vs. control and rosuvastatin; **P<0.05 vs. control, GRP78
blockade, and GRP78+rosuvastatin; #P<0.05 vs. all). Different conditions were
performed at least twice in each subject and 4 subjects of each treatment were
assessed. (B): Western blot of TF expression on GRP78 immunoprecipitated
fractions of human platelets. (a) GRP78 immunoprecipitate of platelet membrane
lysate, (b) GRP78 immunoprecipitate of total platelet lysate, (c) non-GRP78
immunoprecipitated platelet lysate (which corresponds to the GRP78-unbound

fraction), (d) platelet lysate. (C): Colocalization analysis of GRP78 and TF in effluent
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human platelets. Immunofluorescence micrograph of control (i) and rosuvastatin-
treated (i) effluent platelets. Fluorescent images were acquired in a spatial data set
(acquiring z-sections) and the maximum intensity projection was created. The
maximum projection was linearly filtered to smooth edges and suppress noise and
adjusted for brightness and contrast. Red: GRP78; green: TF; yellow: merge. Scale

baris 1 um.

Figure 7. Inmunofluorescence confocal analysis of GRP78 and TF
colocalization in adhered platelets. (Ai) Immunofluorescence micrograph of
control platelets adhered to the collagen surface. (Aii) Enlarged image (x2) of Ai.
(Aiii) Cytofluorogram of GRP78 and TF collocalization of control adhered platelets.
(Bi) Immunofluorescence micrograph of platelets treated with rosuvastatin (8 LM).
(Bii) Enlarged image (x2) of Bi. (Biii) Cytofluorogram of GRP78 and TF collocaliztion
of treated adhered platelets treated with rosuvastatin. Red: GRP78; green: TF;

yellow: merge.
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FIGURE 1
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FIGURE 5
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Discussio

Les complicacions trombotiques sén la principal causa de mortalitat i morbilitat en
pacients amb aterosclerosi i malalties cardiovasculars en general. L'aterotrombosi és una
malaltia inflamatoria cronica, dinamica i progressiva, on hi contribueixen la disfuncié
endotelial, la inflamacid i la trombosi subseglient. La seva evolucié silent es prorroga, en la
majoria dels casos, durant anys en els quals la llum arterial va disminuint degut a
I'acumulacid lipidica de les cél-lules escumoses a la paret. La formacidé del trombe en les
zones de ruptura de la placa aterosclerotica és el fenomen responsable de la majoria de
sindromes coronaries, en un procés principalment regulat per adhesid, activacio i
agregacio plaquetaria. La primera resposta al dany vascular consisteix en l'adhesid
plaquetaria a la paret vascular o als components tissulars exposats i esta regulada per
interaccions dependents del flux sanguini que tenen una influéncia clau en el creixement

subsegient del trombe, sovint derivant en complicacions cliniques (Badimon et al. 1992).

El procés aterosclerdtic en si mateix, aixi com les seves complicacions
trombotiques sén una font important d’estimuls inflamatoris (Ross 1999; Libby 2002). No
obstant, s’ha postulat I'existéncia de fonts inflamatories alternatives. De fet, resultats
procedents de diversos estudis cas-control i estudis longitudinals han suggerit una
correlacio positiva entre la malaltia coronaria i la malaltia periodontal (Bahekar et al.
2007). Els esmentats estudis, aixi com el consens sobre el caracter inflamatori de
I'arterioesclerosi han despertat un interés creixent en I'estudi de la relacié entre la infeccid
oral i la patogénesi de la malaltia cardiovascular arterioesclerotica (Padro et al. 2005). Aixi,
s'ha reportat que nivells elevats de mediadors inflamatoris associats a la malaltia
aterotrombotica com la CRP i el fibrinogen estan associats també amb malaltia periodontal
(Graves et al. 2003; Hettne et al. 2007).

D’altra banda, també s’ha descrit que el teixit miocardic necrotic contribueix a
I'alliberament de citocines inflamatories que indueixen la produccié6 hepatica de CRP.
Nivells alts de CRP en sérum s’han vinculat al grau de necrosi miocardica en pacients amb
infart de miocardi amb elevacié del segment ST (Cusack et al. 2002). De fet, dades
epidemiologiques afirmen la relacié proporcional entre nivells elevats de CRP amb un
major risc de patir malalties cardiovasculars en persones aparentment sanes i amb un
major risc de recurréncia de futurs events cardiovasculars (Ridker et al. 1997; Ridker et al.
2002; Blake et al. 2003). A més d’aquest valor diagnodstic, nombrosos resultats d’estudis in
vitro i in vivo en models clinics i experimentals recolzen el paper de la CRP en el
desenvolupament de la malaltia cardiovascular. No obstant, el paper de la CRP com a

modulador d'inflamacio i trombosi és controvers, ja que se li han atribuit propietats anti- i
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pro-inflamatories i anti- i pro-trombotiques (Vigo 1985; Xia et al. 1997; Zouki et al. 1997;
Danenberg et al. 2003; Paul et al. 2004; Kovacs et al. 2007). Per explicar les aparents
activitats contradictories de CRP s’ha proposat la coexistéencia de dues isoformes de CRP
amb diferents propietats i bioactivitats. En aquest treball s’'ha demostrat que la forma
nativa de CRP (natCRP) no exerceix cap efecte sobre el creixement del trombe ni sobre
I'activacio plaquetaria. En canvi, la forma monomeérica associada a teixit (mCRP) presenta
un fenotip protrombotic, ja que indueix l'activacié plaquetaria i el creixement del trombe

en condicions de flux arterial elevades.

Clinicament, els nivells plasmatics de CRP associats a risc cardiovascular sén
superiors a 3 ug/mL, mentre que nivells superiors a 10 ng/mL estan normalment atribuits
a altres causes com infeccid aguda o inflamacié. Per aquesta rad, en els nostres
experiments es van fer servir concentracions d’entre 1 i 25 pg/mL. Interessantment, mCRP
va demostrar ésser capag¢ d'incrementar la formacié del trombe en concentracions
superiors a 1 ug/mL, el que coincideix amb les concentracions que prediuen risc

cardiovascular.

mMCRP, a diferéncia de natCRP, no només va incrementar l'adhesid, sind també el
tamany dels agregats i l|'alcgada dels trombes. Aquestes observacions recolzen la
participacid de mCRP en les interaccions plaqueta-plaqueta, fenomen responsable en el
creixement del trombe i en la subsegient oclusié trombotica. En aquest sentit, vam
observar que mCRP també induia l'expressi6 de P-selectina, la qual ha demostrat
estabilitzar els agregats plaqueta-plaqueta i plaqueta-leucocit (Merten et al. 2000). De fet,
I'analisi per citometria de flux també va demostrar I'augment de P-selectina produit per
mCRP a l'activar les plaquetes amb col-lagen i ADP. No obstant, mCRP no va afectar
I'expressié de CD63 (un altre marcador d’activacio) a la superficie plaquetaria ni va activar
GPIIb/IIIa, suggerint que mCRP indueix l'activacié plaquetaria per exocitosi de granuls o i
I'alliberament d’agonistes plaquetars. Contrariament a resultats d’estudis anteriors
(Khreiss et al. 2004b), els efectes de mCRP no van resultar ésser dependents del receptor
FcyRIII (CD16). En canvi, els resultats dimmunofluorescéncia de plaquetes efluents
suggereixen que CD36, receptor de proteines agregades (Herczenik et al. 2007) entre
d’altres lligands, podria mediar els efectes de mCRP en l'activacié plaquetaria. De totes
maneres, calen més estudis que aclareixin el paper de mCRP en els mecanismes de

senyalitzacioé relacionats amb I'activacidé plaquetaria.

natCRP, en canvi, no va afectar ni I'adhesié plaquetaria ni el creixement del

trombe. De fet, concentracions elevades de natCRP inclis van produir una reduccié del
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tamany dels agregats plaquetars formats, el que concorda amb I'efecte inhibidor de

I’'agregacio plaquetaria descrit en estudis anteriors (Vigo 1985).

Diverses bioactivitats de CRP han resultat ésser dependents de calci (Danenberg et
al. 2007). Per aquest motiu es va fer servir heparina sodica en lloc d’altres anticoagulants
quelants de calci. Com s’ha comentat anteriorment, estudis recents han qiestionat la
validesa d’estudis in vitro amb CRP. Les preparacions comercials de CRP poden estar
contaminades amb azida sodica o LPS i al dialitzar-les, lliures d’aquests factors, es perden
molts dels efectes de la CRP préviament reportats (van den Berg et al. 2004; Taylor et al.
2005). Per eliminar aquests factors es van fer servir dues preparacions comercials
diferents i, a més, en experiments de perfusio fets en preséncia de tampd control, no es va

observar cap efecte en I'adhesié plaquetaria.

Aqguests resultats obren la possibilitat de que I'augment de resposta trombotica
induida per dany arterial i l'increment d’agregats monocit-plaqueta en ratolins CRPtg
(Danenberg et al. 2003; Danenberg et al. 2007), podrien estar atribuits a diferents
isoformes de CRP, i no a natCRP. De fet, les nostres observacions concorden amb els
efectes oposats de natCRP i mCRP sobre la formacié d’agregats neutrofil-plaqueta descrits
per Khreiss i els seus col-laboradors (Khreiss et al. 2004b). En linia amb aquests resultats,
MCRP ha demostrat ésser més proinflamatoria que natCRP en cel-lules endotelials i
neutrofils (Khreiss et al. 2004a; Khreiss et al. 2005). Paradoxicament, no obstant, s’ha
reportat que natCRP indueix i mCRP redueix |’aterosclerosi en ratolins ApoE”" (Schwedler
et al. 2005). Aquests resultats no sén necessariament contradictoris amb les nostres
observacions, perqué Schwedler i col-laboradors van estudiar I'efecte de les isoformes de
CRP en un model d’aterosclerosi inicial i van dissenyar un model de dosificacié baixa de
mCRP en un periode llarg de temps, el que podria haver produit un augment de la
vigilancia immunitaria, atenuant el procés de formacié de la placa aterosclerotica. En
canvi, el nostre treball estava dirigit a estudiar I'efecte directe de natCRP i mCRP en les

complicacions trombotiques desencadenades per la ruptura de la placa aterosclerotica.

Es desconeix com mCRP regula l'activaciéo de la plaqueta. La preséncia de CRP
observada a la superficie plaquetaria i dins |'estructura tridimensional dels trombes formats
en presencia de CRP suggereix una interaccié directa i estable plaqueta-CRP. Quan natCRP
es dissocia en les seves subunitats es genera la forma monomérica de CRP, amb una
pérdua d’estructura secundaria predominant de lamines B i un augment d’hélix o (Khreiss
et al. 2002), formant agregats insolubles, que podrien explicar la diferent distribucié de

natCRP i mMCRP en l'estructura del trombe. La diferent distribucié observada en l'estructura
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del trombe podria atribuir-se a una interacci6 més forta de la isoforma monomerica
comparat amb la isoforma nativa. Tot i aixd, és important remarcar que existeix certa
controvérsia sobre l'afinitat de I'anticos anti-CRP-clon 8 utilitzat en els nostres estudis.
Segons el fabricant, I'anticos reconeix ambdues isoformes, mentre que en un estudi
(Schwedler et al. 2003) es va demostrar que |'anticos reconeixia preferentment la isoforma
monomeérica de CRP. D’altra banda, natCRP podria unir-se a la fosfocolina present a la
superficie de les plaquetes activades. S’ha demostrat que les membranes cel-lulars
dissocien natCRP formant un intermedi estructural, mCRP(m), que pot desprendre’s de la
membrana per formar mCRP (Ji et al. 2007). Recentment s’ha demostrat que cel-lules
apoptotiques i plaquetes activades presents en lesions aterosclerotiques poden dissociar
natCRP en mCRP, en un procés mediat per I'exposicio de lisofosfatidilcolina a la superficie
de plaquetes activades (Eisenhardt et al. 2009). No obstant, aquesta dissociacid té lloc en
temps més llargs que el del nostre disseny experimental, amb el que és poc probable que
natCRP s’hagués disscociat a la superficie de les plaquetes adherides al col-lagen. Aixi
doncs, no esta clar si la tincié amb I'anticos anti-CRP-clon 8 a la superficie de les plaquetes
adherides demostra la preséncia de mCRP, natCRP o l'intermedi mCRP(m). De totes
maneres, les plaquetes adherides preincubades amb natCRP van ésser positives amb
I'anticos anti-CRP-clon 8 i negatives per mCRP amb I‘anticos anti-mCRP-clon 8C10,

suggerint la manca de preséncia de mCRP en les mostres tractades amb natCRP.

L'efecte protrombotic de mCRP es va demostrar no només quan mCRP es trobava
en forma circulant (al afegir-la directament a la sang), sind també quan es trobava
immobilitzada amb el substrat de col-lagen, component abundant de les lesions
aterosclerotiques. Tot i que s’ha confirmat la preséncia de ARNm de CRP a la placa
aterosclerotica (Jabs et al. 2003; Krupinski et al. 2006), es desconeix si es tracta de la
forma monomeérica o nativa de CRP. Es probable que la ruptura de la placa resulti també
en l'exposici6 de mCRP als components sanguinis, donant lloc a la formacié del trombe.
Alternativament, la inflamacié en si mateixa podria donar lloc a la formacié6 de mCRP a
partir de la forma nativa circulant, lligant aixi inflamacié i trombosi. De fet, aquestes
observacions recolzen el fet que la preséncia de CRP a la sang per si mateixa no esta
associada amb agregacid plaquetaria, pero és concebible que mCRP, igual que en el teixit,

pugui ésser un factor desencadenant dels processos trombotics.
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Figura 28. Esquema de la formacié de mCRP i el seu potencial mecanisme en la
formacio del trombe. mCRP (triangles) podria generar-se localment a la paret vascular
després del dany endotelial o bé originar-se extrahepaticament (com al teixit cardiac).
Alternativament, un entorn inflamatori o oxidatiu podria produir la formaci6 de mCRP a
partir de la forma nativa circulant. natCRP es produeix principalment al fetge en resposta a
la induccié de citocines proinflamatories com IL-6, IL-1B o TNF-a. La ruptura de la placa
podria provocar |I'exposici6 de mCRP als components sanguinis, donant lloc a una major
activacio i adhesid plaquetaries, provocant aixi la formacié del trombe.

Tanmateix, en aquest treball hem demostrat que temps curts d’isquémia
miocardica provoquen un augment d’expressi6 de mCRP al teixit cardiac. En aquest
context, també podria ésser possible que I’exposici6 de mCRP cardiaca als components
sanguinis desencadenés una major reactivitat plaquetaria i una major resposta
inflamatoria a la microcirculacid, o que |'ambient inflamatori produit per la isquémia
provoqueés la formacié de mCRP a partir de la forma nativa circulant. En aquest sentit, vam
observar que la isquémia miocardica induia I'expressié de CRP, en un model d’infart sense
aterosclerosi. La isquémia va desencadenar una resposta inflamatoria local i sistémica,
convertint les plaquetes més susceptibles a l'activacié i provocant una major adhesio

plaquetaria.
De fet, 90 min d’oclusidé coronaria van resultar en un augment d’expressio cardiaca

de TNF-a, IL-6 i mCRP, nivells més elevats de citocines proinflamatories circulants, un

augment d’expressié de COX-2, MCP-1 i TF en cel-lules mononuclears perifériques i un
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increment d’adhesié plaquetaria a col-lagen in vitro en condicions de flux. A més, vam
detectar que els macrofags infiltrats al teixit cardiac expressaven mCRP. No obstant, els
resultats observats no descarten I’'expressi6 de mCRP per part d'altres cél-lules cardiaques

o infiltrades.

La induccié temprana de citocines proinflamatories en el miocardi perinecrotic
deguda a la isquémia va contribuir probablement al reclutament de macrofags per la
sintesi de citocines. Es va detectar un augment concomitant dependent del temps d’oclusio
de citocines circulants. Una vegada al miocardi, es va induir I'expressié de mCRP per part
dels macrofags. Cal dir perd, que els nivells sistémics de CRP no van variar al llarg del
temps d’oclusid. La sintesi hepatica de CRP esta regulada principalment per IL-6. Caldria
esperar doncs, que un augment d’IL-6 precedis la sintesi hepatica de CRP. La induccio
hepatica de CRP té un pic d’expressio a les 48 h i transcorre un temps de 10 h des de I'inici
de la sintesi de CRP i el moment en que els nivells de CRP en sérum sén mesurables.
L'experiment va tenir una durada de 90 min per poder analitzar I'efecte de la isquémia
sense reperfusid, el que explica que no s’observessin diferéncies en els nivells de CRP al

llarg de I'estudi.

La resposta inflamatoria resultant de I'oclusié coronaria va produir un efecte sobre
les plaquetes, fent-les més susceptibles a |'activacié, tot i que els animals estaven
pretractats amb clopidogrel. La hipereactivitat plaquetaria associada a la isquémia es va
confirmar a nivell funcional i molecular. L'adhesié plaquetaria a col-lagen en condicions de
flux (1500 s!) en els experiments amb la cambra de perfusi6 va augmentar
significativament amb el temps d’oclusié coronaria. A més, el nivell de translocacié de
RhoA a la membrana plaquetaria també va augmentar significativament amb el temps
d’isquémia. Cal dir que les plaquetes activades no només promouen adhesié i agregacio,

sind que també acceleren i realcen la resposta inflamatoria inicial (Gawaz 2004).

D’altra banda, multiples resultats clinics suggereixen que els efectes beneficiosos
de les estatines poden estar relacionats amb factors que van més enlla de la reduccid
sistémica de colesterol.

En aquest sentit, hem demostrat que la rosuvastatina, en un model de
normolipémia in vitro, redueix la interaccid6 plaqueta-col-lagen en condicions de flux.
L'analisi post-perfusio amb microscopia confocal va demostrar que la rosuvastatina, a dosis
terapéutiques, inhibia l'adhesié plaquetaria a velocitats de cisalla arterial (1500 s™) i
venosa (250 s!). Amb I'objectiu d’identificar nous efectes protectors de les estatines es va

abordar I'estudi proteomic de plaquetes perfundides tractades amb i sense rosuvastatina.
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En aquest aspecte, vam identificar per primera vegada a la literatura que les plaquetes
contenen GRP78 a la membrana i al citoplasma i que, en activar-se les plaquetes,
disminueix el seu contingut a la membrana. Aquest efecte és bloquejat per la
rosuvastatina, que manté GRP78 a la membrana en plaquetes activades amb velocitat de

cisalla arterial.

GRP78 és una proteina majoritaria del RE i juga un paper primordial en la
homeostasi del RE. GRP78 és una chaperona implicada en molts processos cel-lulars, que
inclouen la translocacié de nous péptids sintetitzats a través de la membrana del RE,
facilitant el plegament i ensamblatge de noves proteines sintetitzades, reconeixent
polipéptids mal plegats i prevenint l'agregacié intra- o intermolecular, regulant la
homeostasi del calci i actuant de sensor d’estrés del RE (Lee 2001; Hendershot 2004; Lee
2005). Al ésser una chaperona de RE, tradicionalment s’ha cregut que GRP78 resideix al
lumen del RE. No obstant, diversos estudis demostren que GRP78 també es troba a la
superficie cel-lular (Misra et al. 2002; Misra et al. 2004; Davidson et al. 2005).
Recentment, dos grups independents han detectat que una fraccié6 de GRP78 pot existir
com a proteina transmembrana en cél-lules CHO (chinese hamster ovary), ceél-lules
leucémiques humanes i cél-lules humanes de rony6 embrionaries (Rao et al. 2002; Reddy
et al. 2003). El fet que GRP78 existeixi a la superficie cel-lular concorda amb els nostres
resultats. De fet, vam identificar GRP78 tant a la fraccié citosolica com a la fraccié de
membrana de plaquetes. D’altra banda, s’ha descrit que GRP78 pot ésser secretada i
també s’ha detectat en forma circulant en sérum d’individus sans (Delpino et al. 2002). De
fet, en experiments preliminars també vam detectar GRP78 en plasma procedent de sang

perfundida, el que significa que la GRP78 de les plaquetes podria ésser secretada.

S’ha detectat la preséncia de GRP78 en lesions aterosclerotiques avancades (Liu et
al. 2003) i també a la coberta fibrosa de la placa en ratolins ApoE”" (Zhou et al. 2004).
Recentment, s’ha demostrat que el flux proaterosclerdtic (flux oscil-latori) indueix
I'expressié de GRP78 en cél-lules endotelials i que I'augment de GRP78 correlaciona amb
I'activacié de la resposta a proteines no plegades (UPR, unfolded protein response),
proporcionant un efecte protector compensatiu en resposta a I'estrés del RE (Feaver et al.
2008). Mitjangant I'analisi per microscopia confocal vam demostrar que la localitzacié de
GRP78 a la plaqueta aparentment depenia bé de la velocitat de cisalla o bé de I'estimulacid
amb col-lagen. La immunodetecci6 de GRP78 va resultar ésser més forta en plaquetes
inactivades que en plaquetes perfundides, suggerint que GRP78 podria haver estat
secretada en resposta a |'activacio per la velocitat de cisalla o reorganitzada a l'estructura

interna de la plaqueta. Cal destacar que el tractament amb rosuvastatina va mantenir i
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inclis va augmentar GRP78 a la superficie de plaquetes efluents. Aquest augment també
es va observar per electroforesi bidimensional (analisi proteomic) i western blot, doncs
GRP78 va augmentar significativament a la fraccié soluble en urea. Cal remarcar que la
fraccié soluble en urea no només conté les proteines de membrana siné també la fraccio
corresponent al citoesquelet, el que explicaria les petites diferéncies observades en els

resultats de I’'analisi proteomic i en immunofluorescéncia de plaquetes perfundides.

El tractament in vivo amb rosuvastatina en animals normocolesterolémics també
va produir un augment de GRP78 a la plaqueta, tant a la fraccié citosolica com a la fraccié
de membrana, indicant aixi un efecte a nivell del megacariocit. En linia amb aquests
resultats, un estudi recent ha demostrat que les estatines activen la UPR i indueixen

I’'expressié de GRP78 en macrofags (Chen et al. 2008).

GRP78 proporciona una dualitat funcional al RE o a la membrana cel-lular on té
multiples lligands, un dels quals és el TF. El bloqueig de GRP78 en experiments de perfusio
va produir un augment significatiu de I'adhesié plaquetaria sobre col-lagen i va reduir el
temps de formacié del quall per la via extrinseca de la coagulacié, desencadenada pel TF.
Aquests fets recolzen el paper protector de GRP78 de superficie en entorns
proaterotrombotics. El fet que el tractament amb rosuvastatina no revertis totalment
I'increment d’adhesié plaquetaria degut al bloqueig de GRP78 implica que la rosuvastatina
exerceix altres funcions protectores a la plaqueta a més d’induir la translocacié de GRP78 a
la membrana. La GRP78 associada a membrana té una funcié protectora en aterotrombosi
inhibint I'activitat procoagulant del TF per unié directa a I'endoteli de la placa
aterosclerotica (Bhattacharjee et al. 2005). En aquest sentit, vam demostrar mitjancant
immunoprecipitacio que GRP78 a la plaqueta interactua activament amb el TF. A més,
I’'analisi per microscopia confocal de plaquetes perfundides va demostrar un major grau de
col-localitzacio de TF i GRP78 amb el tractament amb rosuvastatina, el que indica que
I'efecte inhibidor de la rosuvastatina sobre el creixement del trombe es deu, en part, a una
reduccio de l'activitat del TF degut a una major interacci6 GRP78-TF. La funci6 de GRP78
en el creixement del trombe podria estar relacionada amb la seva habilitat d’apaivagar
I'activitat del TF o podria atribuir-se a altres mecanismes encara desconeguts implicats
directament en l'activacié plaquetaria. El coneixement del paper fisiologic de GRP78 en
resposta al dany cel-lular i a I'estrés en aterotrombosi esta en una etapa emergent. Aixi,
amb aquests resultats s'amplia el ventall d’efectes beneficiosos i protectors de les estatines

en aterotrombosi.
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Els resultats derivats recentment de I'estudi JUPITER (Ridker et al. 2008) han
demostrat els efectes beneficiosos associats al tractament amb rosuvastatina mitjangant la
reduccié de CRP en pacients sense evidéncies preexistents de malaltia cardiovascular i
nivells de colesterol LDL normals. Aquests fets posen de manifest, no només l'impacte de
la inflamacid i la CRP en concret sobre el risc cardiovascular, siné també noves possibles

indicacions terapéutiques associades a I'Us d’estatines en prevencié primaria i secundaria.

En resum, els resultats d’aquest treball posen de manifest la importancia de la
implicacié6 i interralacid dels processos inflamatoris sobre les complicacions
aterotrombotiques. Concretament la inflamacio, ja sigui desencadenada per la CRP o la
isquémia miocardica, o bé modulada pel bloqueig de la HMG-CoA reductasa té un efecte
directe en el desencadenament de I'adhesid i activacié plaquetaria i, conseqientment, esta

directament implicada en el risc de trombosi arterial.
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Conclusions

Considerant els resultats obtinguts en aquest treball podem concloure que:

I. Les diferents isoformes de la CRP difereixen en els seus efectes sobre el creixement del

trombe. Concretament,

La isoforma monomeérica de CRP (mCRP) té un fenotip protrombotic que
indueix I'adhesié plaquetaria i el creixement del trombe en condicions de
flux arterial, tant quan es troba en forma circulant com immobilitzada.

La isoforma nativa (natCRP), en canvi, no té cap efecte en l'adhesi6
plaquetaria ni en el creixement del trombe.

Les isoformes de CRP interaccionen amb les plaquetes i s’incorporen a
I'estructura tridimensional del trombe.

mCRP indueix l'activaciéo plaquetaria, induint I'augment d’expressio de P-
selectina a la superficie de la plaqueta, sense produir cap canvi
conformacional en GPIIb/IIIa ni sobre CD63.

natCRP, en canvi, no indueix l'activacié plaquetaria.

II. La isquémia miocardica té efectes proinflamatoris i protrombotics a nivell local i

sistémic. En concret,

La isquémia miocardica, en abséncia d’aterosclerosi, indueix l'expressio
de mCRP cardiaca.
La isquémia miocardica, en abséncia d’aterosclerosi, provoca una resposta

inflamatoria i una major adhesioé i activacio plaquetaria.

III. El bloqueig de la HMG-CoA reductasa inhibeix I'adhesié plaquetaria i manté GRP78 a la

superficie de la plaqueta. En concret,

La rosuvastatina inhibeix I'’adhesié plaquetaria en condicions de flux
arterial i venés.

L'abordatge proteomic va demostrar que la rosuvastatina produeix un
augment de GRP78 a la membrana de les plaquetes perfundides.

GRP78 de superficie interacciona amb el TF, redueix la seva activitat

procoagulant i intervé en el creixement del trombe.
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Annex: Informacié addicional

Durant el transcurs d’aquesta tesi, la doctoranda ha col.laborat en estudis

addicionals, que han permés una millor formacid investigadora de la doctoranda:

1. Participacié en I'estudi protedmic del mecanisme d’accié de donadors d’oxid nitric sobre
la inhibicié de l'activacié plaquetaria. Aquest estudi ha donat lloc a la preparacié d'un

manuscrit, que es resumeix a continuacio:

“"High nitric oxide levels block thrombin-induced signaling pathways and
cytoskeleton protein translocation in platelets”

Peria E, Molins B, Padro T, Vilahur G, Badimon L

Background: Growing insight into the antiplatelet properties of new NO-donors has
expanded their potential use in cardiovascular diseases. As such, we have recently
reported significant antiplatelet effects without hypotension achieved after oral
administration of the exogenous NO donor LA419.

Objective: Our aim was to evaluate the effect of the NO donor LA419 on thrombin induced
platelet activation, using proteomic and confocal technologies.

Methods: Platelets were obtained from swine orally treated with a nitrate thiol (0,9 mg/kg)
for 8 days and from a placebo group. Washed platelets were stimulated with/without
thrombin (0,4 NIH/mL) for 2 minutes, sequentially extracted based on differential protein
solubility and studied following proteomic analysis. Results were confirmed by western blot
and immunofluorescence.

Results: NO treatment was able to inhibit/block the effect of thrombin in 27 proteins
involved in actin assembly, signalling, and metabolic activity. Among them, NO treatment
prevented the thrombin-induced translocation of gelsolin, filamin, 14-3-3, PI3K, and grb2.
Conclusions: Our results show that the antithrombotic effects of LA419 are mediated by a
pasivation of the platelet response to agonists such as thrombin, by inhibiting mechanisms

involved in platelet shape change.
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2. Molecular and Experimental Medicine Department, The Scripps Research Institute, La

Jolla (CA, USA)

Estada de sis mesos al laboratori del Professor ZM. Ruggeri. Durant aquest temps,

la doctoranda va realitzar estudis de caracteritzacié de les propietats biomecaniques de
plaquetes artificials polimériques amb propietats adhesives especifiques. Aquest estudi s’ha
presentat al XXII Congrés de la Societat Internacional de Trombosi i Hemostasia (Boston,

juliol 2009), i ha donat lloc a un manuscrit adjuntat a continuacié:

Effect of Particle Shape on Surface Adhesion
Mediated by the von Willebrand Factor-Glycoprotein Iba
bond under Flow Conditions

Blanca Molins, ™ Jennifer Ol‘je:1 Sheryl Harvey,2 Samir N[itragotri,3 Jeffrey Smith,”
Zaverio M. Ruggeri1

"These two authors contributed equally to the work
'Department of Molecular and Experimental Medicine, The Scripps Research Institute, La Jolla,

CA; *The Burnham Institute, La Jolla, CA; *Department of Chemical Engineering, University of
California, Santa Barbara, CA

*Blanca Molins current address is: Centre dInvestigacio Cardiovascular CSIC — ICCC, Hospital de la Santa Creu i
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Introduction

Platelets are circulating cell fragments derived
from the cytoplasm of bone marrow-resident
megakaryocytes that play an essential role in

hemostasis (1, 2), the defense mechanism that

prevents blood loss (hemorrhage) when the
continuity of the vascular tree is interrupted by
traumatic injury to tissues. Platelets exert this
function by surveying the integrity of the vascular
system and adhering where alterations of the
endothelial cell lining are detected. Moreover, the
adhesive properties of platelets contribute to
maintaining vascular integrity and to host defense
from external pathogens (3).

After the initial attachment to the injured vessel
wall, adherent platelets can rapidly recruit to the
site of injury additional platelets necessary to
form the hemostatic plug, which also contains
abundant fibrin formed through the coagulation
cascade. All these functions depend on regulated
adhesive properties and, as they develop in
flowing blood, are influenced by fluid dynamic
parameters. Platelets and the hemostatic system,
however, cannot discriminate between alterations
of the vessel wall caused by traumatic wounds
and those resulting from pathologic processes. As
a consequence, chronic vascular disecases can
acutely induce massive platelet responses, usually
initiated by the occurrence of destabilizing events

such as the sudden rupture of an atherosclerotic
plaque, which lead to the formation of
intravascular occluding aggregates and fibrin clots
(thrombi) (4). Under such circumstances, the
same processes that underlie the beneficial
hemostatic function become a life-threatening
disease mechanism that, by curtailing the supply
of blood to wvital organs, may cause ischemic
syndromes of the heart and brain leading to death.

One of the key adhesive interactions supporting
platelet function is mediated by the binding of
platelet glycoprotein (GP) Iba, the main
functional component of the GPIb-IX-V receptor
complex, to the von Willebrand Factor (VWF) Al
domain (VWF-AL). This bond allows the initial
tethering of platelets to an injured vessel wall
even under elevated shear stress and is thought to
be uniquely specific owing to the restricted
expression of GPIba in the megakaryocytic
lineage (5, 6). Thus, the interacting domains of
VWF and GPIba involved in the bimolecular
interaction should represent useful anchoring
sensors to direct nanodevices to sites of ongoing
thrombus formation. To test this hypothesis, we
have coated plastic microparticles (MPs)
incorporating a fluorescent dye with isolated
recombinant domains representing VWF-Al
(residues 445-733 of the mature human VWF
subunit) or the amino terminal domain of GPIba
(GPIb-N, residues -2-288 of the native human
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sequence). We engineered these proteins in a
dimenc configuration {dVWF-A1 and dGPIh-N)
in order to mimic more closely the corresponding
native functional conformations (Fig. 1).

GP lba amino terminal domain

432 (x2) residues A
4

289 (x2) residues
VWF A1 domain

Figure 1. Schematic representation of the VIWF-A1
domain fragment and of the GRiba amino ferminal
domaln fragment wused In  the rargeting
expariments. Noto vt the fermor i @ denes i @5
native configuration, whils the lalter was dimarized as
a chimeric molecule using residues -2-288 of human
GPlba and a carboxyl terminal extension of 132
residues from a constitutively dimeric viral protein.
Proteins were coated on spherical or, as shown here
by red elipsoids, on platelet-shaped plastic
microparticles incorporating a fluorescent dye.

With the ultimate goal of using specifically

tarosted micra. and nananarticlae ta inearmarais
largeled nuCro- and nanoparliCics o incorporate

engineered devices into forming thrombi in vivo,
we started the characterization of the
biomechanical propertiecs of the VWF-GPlba
bond and, specifically, to investigate how particle
shape might affect the initiation and lifetime of
adhesive interactions.

Methods
Preparation of microparticles of different
shape. Microparticles were made from

polystyrenc beads with a diameter of 1 pm, and
used in their original spherical shape or stretched
to form ellipsoids with a 2:1 diameter ratio. The
particles incorporated a red fluorescent dve and
were coated with dVWF-A1 or dGPIb-N. Binding
sites on the plastic surface were saturated with
bovine serum albumin (BSA).

Preparation of recombinant dVWF-Al and
dGPIb-N domains. A recombinant human VWF
fragment comprising residues 445-733 of the
maturc  subunit was cxpressed in  stably

(5]

transfected D. melanogaster cells using the vector
pMT/BIP/V3-HisA (Invitrogen, Carlshad, CA).
The cxpressed protein contained a six His
scquence al the carboxyl terminal end of the
coding sequence (o facilitste punfication. The
general methodology used for veelor preparation
was similar o that previously described for
expression in Chinese hamster ovary (CHO) cells
(7). Human recombinant GPlba -2-288 was
expressed in the same insect cell svatem used for
dVWF-Al, using a vector denved from one
previously described for expression in CHO cells
{#). The human GPlba sequence was fused on the
corboxy| terminal side with partial sequence from
the large T antigen { TALA) of the simian virus 40
(SV40), This chimene construel was secreled
conslitutively as assembled dimers, which were
first identified in transfected CHO cells as a result
of spontancous recombination (8). Expressed
predeins were purified by metal-ion  affinity
chromatography (IMAC) as previously described
for His-tagged proteins from conditioned medium
containing free copper ions (9). The final
purification step to scparatc dimeric from
unassembled monomeric fragment was performed
by gel-permeation chromatography on a Superdex
200 column, Protein concentration was measured
with the BCA Protein Assay reagent (Pierce,
Rockford, IL) using bovine serum albumin (BSA)
as a standard. SDS polvacrylamide gel
clectrophoresis  (SDS-PAGE) was  performed
using 4-20% gels. Assavs showed that dVWF-A1
and dGPIb-N were at least 90% homogeneous.

Perfusion experiments. Adhesion studies under
flow conditions were performed using blood
drawn in  D-phenylalanyl-L-prolyl-L-arginine
chloromethy ketone dihydrochloride (PPACK; 80
pM final concentration) to inhibit u-thrombin.
Plasma was removed by centrifugation and
replaced with 50 mg/mL BSA to maintain blood
viscosity. The number of platelets was decreased
to <3% by differential centrifugation and
prostaglandin (PG) E, was added to prevent
platelet activation. MPs coated with dVWF-A1 or
dGPIb-N were mixed with the washed blood and
perfused over immobilized dGPIb-N or dVWF-
Al, respectively, in a parallel plate flow chamber.
MP adhesion to and rolling onto the surface was
recorded in real time and subsequently analyzed
to determine the extent of surface coverage and
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the bond lifetime (off rate) at various levels of
wall shear rate (y,). In separate experiments, to
study incorporation into a platelet thrombus, we
added MPs into whole blood drawn in PPACK
and perfused the mixture over a surface coated
with collagen type I fibrils.

Analysis of flow studies: Measurement of
contact events and residence times. The
interaction between targeted particles and the
chosen adhesive subsirate immobilized onto a
surface was studied using a parallel plate
perfusion chamber in which a glass coverslip
coated with the adhesive substrate formed the
lower surface. A silicone rubber gasket
determined a flow path height between this and
the upper plate made of non-reactive plastic. The
chamber was assembled, filled with Hepes-
buffered saline (HBS, composed of 20 mM 4-(2-
hydroxyethyl)-1-piperazinecthanesulfonic ~ acid
and 135 mM NaCl, pH 7.4), and mounted on the
stage of an inverted microscope. To allow a
laminar flow to become established in the flow
chamber, the channel length, 1, has to be greater
than p-h-Re, where § is a numeric factor of ~1.8, h
is the channel height and Re is the Reynolds
number. Re, in turn, is p-Q/(wm), where Q is the
volumetric flow rate, p and n denote the density
and viscosity of the fluid, and w is the channel
width. We used a chamber with a flow channel
2.8 cm long, 2 mm wide, and 127 pum high. A
syringe pump (Harvard Apparatus, Holliston MA)
and silicone tubing connections were used to
aspirate blood through the chamber at a constant
flow rate calculated to give the desired wall shear
rates, Y, = 6QAwh2). Surface events were
analyzed in real-time with an analogic silicone-
intensified target (SIT) videocamera (Hamatsu
Corporation USA, Bridgewater, NJ) at a sampling
rate of 30 frames per second and recorded
digitally.

Recorded images were analyzed with customized
software based on the Metamorph (Universal
Imaging, West Chester, PA) or Image T (free from
NIH at:  http://rsb.info.nih.gov/ij/download/)
software packages. After correcting for uneven
illumination of the background, a threshold was
applied to distinguish the particles from the
background. The position of the centroid of each
particle was calculated in every frame, and their
relative coordinates (x and y) were measured.

Particle recognition across the sequence of images
was performed using a tailored particle-tracking
program, which allowed measuring the interaction
times between particles and surface-immobilized
adhesive substrate (i.e., residence time or duration
of a transient tether). A transient tether is defined
as a particle that remains stationary on the surface
for a defined period of time before resuming free-
flow velocity.

AMcaguiramant of mantiala inocawrnawatian fnta
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platelet aggregates. These experiments were
performed by adding particles that incorporated a
red fluorochrome (typically, excitation at 540 nm
and emission at 580 nm) into whole blood in
which platelets were rendered fluorescent by
incorporation of a green fluorochrome (typically
mepacring; excitation at 488 nm and emission at
515 nm). Platelet aggregate formation and particle
deposition was monitored in real time using
confocal videomicroscopy. In this case, real time
recording obtained as described above was
integrated by the collection of stacks of confocal
z-sections at defined time points. Spatial
resolution in the z-axis was set at 1 um,
corresponding approximately to the diameter of
analyzed particles. The total particle relative to
platelet volume deposited on the surface was
measured from the z-sections as an interpolation
of surface coverage and height determined
separately for the two fluorescence channels. In
brief, each confocal plane (optical section) was
analyzed to determine the number of pixels with
signal above background, as determined by an
applied threshold using an unbiased algorithm
(automatic threshold); this represents the surface
coverage (total object area) in that plane. The
volume was obtained by multiplying the object
area in a given plane by the height, i.e. the z
interval between adjacent planes. The sum of
these “section” volumes represents the total
volume, which is a reflection of the number of
partticles within a thrombus. The ratio between
particle volume and platelet volume provides a
measure of the targeting efficiency for a given
particle.

Statistical analysis. Fach experiment was
repeated at least twice. One-way ANOVA was
used to compare the average of multiple (>2)
unmatched experimental groups for data
distributed normally, and the Kruskal-Wallis test



(non parametric) was used for data not distributed
normally or in case of ambiguous distribution. An
appropriate multiple comparisons test (Bonferroni
following ANOVA and Dunns following Kruskal-
Wallis) was then used for evaluating the
significance of differences between selected pairs
of experimental groups. Statistical significance
was set at a P-value <0.05, and all tests were two-
tailed.

Results

Coating of Microparticles and adhesive
substrate. We first determined the conditions to
coat microparticles with dVWF-A1 or dGPIb-N
by passive adsorption. Flow cytometric analysis
revealed that beads could be coated with both
protein fragmenis, although dVWEF-Al
reproducibly - vielded a more  homogencous
population with a higher density of protcin per
particle (Fig. 23, There was no difference i the
coating of panticles of different shape. spherical
or elliptical,
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Figure 2. Coating of elliptical MPs with dVWF-A1
or dGPIb-N. Protein solution at the indicated
concentrations in Hepes buffer, pH 7.4, was
incubated with MPs for 2 h at room temperature. After
washing, MPs were incubated with specific mouse
monoclonal antibodies against dVWF-A1 or dGPIb-N,
followed by fluoresceinated rabbit anti-mouse IgG and
flow-cytometric analysis.
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The highest protein density on the MP surface
was achieved with a coating solution
concentration of ~40 pg/mL, and the optimal pH
for coating was 7.4 (Fig. 3). To determine
quantitatively the number of molecules bound per
microparticle we used monovalent Fab fragments
generated from high affinity monoclonal
antibodies against dVWF-A1 (antibody NMC4)
or dGPIb-N (antibody LIJ-P3); both antibodies
have been characterized previously (10, 11). We
found that, under these conditions, the maximal
surface density achieved with dGPIb-N was ~8-
fold lower than with dVWF-Al, ie. 600 as
opposed to 5,000 molecules per particle (Fig. 3).
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Figuve 3, Dotormination of the nwmbor of
maolecies adsorbed onto the surface of sphercal
MPs, Coating with dVWF-A1 or dGPIB-N was done as
dascribed i the legend lo Fig. 2 o three diffeen pH
values, as indicatsd Speclic monovalsnat Fab
frapmeni fuoresceinaled al @ known fuorescadn (o
prodein redio was then aodded. Afler incubation and
washing, MPs ware analyzed by fow cyfomedry, and
the numbar of Fab molecuies bound par microparficis
wag calculated on the basis of nstrument calbration
with beads having kndwn moleculer equvalent of
soluble fuorescein wale and fhe messured
fluorescein/protein ratio of the monovalent Fab
fragment.

Using a similar approach we determined the
coating density achieved with dVWF-Al and
dGPIb-N on the glass surface used at the bottom
of the perfusion chamber onto which adhesive
events were visualized. In this case, the glass slide
was covered with protein solution and incubated
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for 1 hour at room temperature. The surface was
then washed and incubated for 1 hour with the
appropriote  fuoresceinaled  monovalent  Fab
fragment. Alter further wasghing, bound antibody
was delected with a fuorescence plate reader.
Even in this case there was a more efficient
coating with dVWF-AL, and the number of
molecules on the surface was ~two-fold greater
than with dGPTh-N (Fig. 4)
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Figure 4. Coating of the flow chamber suface
with dVWF.AT or dGPib-N The number of
specific Fab molecules bound fo the surface was
measured as a function of the coafing soktion
concantralion for bolh dVWF-AT and dGPib-N

Adhesion  of  AMicroparticles 1o Purified
Substrates. In these experiments, the glass
surface of the flow chamber was coated with
dVWE-AT or dGPIb-N, and MPs coated with the
cognate ligand, dGPIb-N or dVWF-Al,
respectively, were added (1,000-5,000/uL) to a
suspension of washed blood cells and perfused
through the chamber at selected wall shear rates.
The number of microparticles used varied
depending on the selected flow condition, as
fewer were needed at the lower shear rates to
achieve surface saturation. We wanted to avoid
having an excessive number of adherent MPs as
this could make computer-assisted individual
particle tracking less reliable. Experiments were
performed separately with spherical or elliptical
MPs. In spite of the difference in surface density,
the adhesive propertiecs of MPs coated with
dGPIb-N or dVWF-A1 were similar at the lower
shear rate of 5,000 s when elliptical MPs were
used (Fig. 5). In contrast, spherical MPs coated
with dVWF-A1 adhered in significantly greater
number then those coated with dGPIb-N when the

w

ligand density on the surface was maximal (Fig.
5). This indicates that the number of bonds
formed  can influence the eficiency of particle
tethering (o the surface as a function of panicle
shape.
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Figure 5. Microparticle adhesion o an adhesive
substrate as a funcrion of shear rate and particle
shape. The midecule used for coating the paticles /&
indicated. the cognate ligand iz fnobiized omo the
bottom of the perfusion chamber. Elliptical and
spherical MPs were tested under equivalent coating
conditions at two different shear rates, as indicated.
The protein concentration of the solution used to coat
the microparticles is shown; the flow chamber surface
was coated at saturation for both dVWF-A1 and
dGPIb-N (see Fig. 4). The results are the average of
at least two experiments; the standard error of the
mean is shown.

Findings were different at the higher v, of 20,000
s’ In this situation, only elliptical MPs could
establish an adhesive interaction with the flow
chamber surface, and those coated with dVWF-
Al adhered in significantly greater number than
those coated with dGPIb-N (P = 0.02; Fig. 5).

As typical of adhesion mediated by the VWE-
A1/GPIbo, bond, MPs interacting with the surface
were not irreversibly attached, but displayed
translocation in the direction of flow in a
proportion and with a velocity that varied as a
function of vy, value and was also greatly
influenced by the shape of the particle. This



behavior was apparent while analyzing particle-
surface interactions in real time, but can also be
demonstrated in a static image by superposing
series of successive frames from real time
recordings (30 frames per second) and performing
a “maximum” operation based on pixel intensity,
creating a single image in which each pixel
represents the maximum value observed for that
position throughout the entire series of frames
(Fig. 6). In this manner, moving particles are seen
as “streaks” the length of which is a function of
translocation velocity, while non-moving particles
appear as “dots” (Fig. 6). This analysis
demonstrated that, at equivalent surface ligand
density, spherical MPS translocate with a
sigmbicantly lster velogity then elliplical enes,

Ellipsaids

Figure 6 Surface
transiocation of MPs
of different  shape
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paticles wane coaled
willy @ solution al 100
pgiml (satirating) and
wire  paviused  onlo
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The miluence of ligond surfoce density and
particle shape on the stabilitv of adhesion was
cvalumed guantitatively by using MPs coated with
different concentrations of dYWF-Al perfused
over a surface presenting maximal density of
dGPIb-N. To obtain an estimate of the stability of
adhesive bonds, we measured the time required
for each MP attached to surface to move from the
initial contact position, defined as the time
required for the centroid of the object to fall
outside of the perimeter outlined by the initial
area of contact. At each of the three different
ligand densities used, obtained with coating
solution concentrations of 16, 40 and 100 pg/mL
(see Fig. 3), eclliptical MPs established a
significantly more stable adhesion to the surface
than equivalent spherical MPs. This was seen at
the two y, values tested, 1,250 and 5,000 s For
example, elliptical MPs with the highest ligand
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density perfused at y_ =1,250 s exhibited long-
lasting attachment to the surface, essentially
stable for all the particles during the observation
period; in contrast, spherical MPs always showed
significantly shorter adhesion times such that,
even with the highest ligand density and at vy,
=1,250 s, half of the adherent particles detached
from the initial contact site in 20 seconds (Fig. 7).
The shorter contact time of spherical as compared
to elliptical MPs became even more apparent with
increasing shear rate (Fig. 7).

Microparticle Incorporation into Platelet
Aggregates. We performed these experiments to
begin to assess whether MPs coated with adhesive
molecules thal support platelet adbesion W the
vessel wall can be used 1o target forming platelet
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Figure 7. Quantifative evaluation of the
stability of MP-surface contacts. Elliptical or
spherical MPs were coated with dVWF-A1 at the
indicated coating solution concentrations and
perfused over immobilized dGPIb-N at the
indicated shear rates. The duration of each stable
contact was measured for all MPs that became
adherent during the observation period.
Displacement expressed as percentage of the
total number of established adhesive contacts is
inversely related to the stability of interaction (i.e.
stable adhesion after initial contact corresponds
fo 0% displacement). Note that, under all
conditions, elliptical MPs establish more stable
contacts than equivalent spherical MPs, as
shown by the lower percentage of displacement.
As expected, increasing surface ligand density
results in decreasing displacement.
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aggregates, 1e. areas of ongoing  artenal
thrombosis. For this purpose, we added elliptical
MPs (6,000/ul final count) into whole human
blood (containing 40 PPACK anticoagulant) and
perfused the mizture over a surface of fbnllar
collagen Type [at v, = 1,500 5%, corresponding to
the value in the arteniolar microcirculation, The
microparticles were coated with dGPIb-N, normal
dVWE-41 (WT) or, as a control for specificity,
the loss-of-function mutant, G5613, which has
essentially absent GPIb-binding function, &g an
additional specificity control we also used MPs
coated with human serum abumin (HAS). To
visualize forming aggregate on the collagen
surface, platelets were rendered fluorescent in the
green channel by addition of 10 WM quinacrine
hydrochlonde. Flatelet aggregate formation and
MP deposition were monitored in real time by
confocal wideomicroscopy. Stacks of z-section
with a z-axis resolution of 1 pm were collected
after 5 mun of perfusion in separate channels:
green fluorescence (platelets; filter set excitation
488 nm, emission 515 nm) and red fluorescence
{MPs, filter set: excitation 540 nm; emission 530
nm). The total MP relative to platelet volume
deposited on the surface was measured from the
z-sections as an interpolation of surface coverage
and height The results were consistent in
different experiments and showed a significantly
greater incotporation of MPs targeted with
dVWEF-41 as compared to dGPIb-N (13% ve.
6.2%; Fig. 8). Specificity was demonstrated by
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Microparticle /
Platelet Volume (%)

o

dVWF-A1dGPlba-N HSA  dVWF-A1
(WT) (G5615)

the low incorporation of MPs targeted with the
loss-of-function mutant dVWF-A1/G5615 (4.5%)
of human serum albumin (HEA, 29). Altogether,
these  experimental  results  show  that
microparticles  coated with JdVWEF-A1l  are
incorporated more efficiently than those coated
with dGPIb-N (targeting VWF) into platelet
aggregates forming upon perfusion of whole
blood over collagen type [ fibnils.

Discussion

The results of these studies demonstrate that
recombinant adhesive domains can he used to
endow synthetic microparticles with functional
activities typical of blood platelets. The unigue
biomechanica properiies of these particles allow
interrogation  of important  determinants  of
function, such as the influence of ligand coating
density and patticle shape on the stability of
adhesive bonds. Here we show that MP: with
elliptical shape, chosen to timic that of
anucleated mammalian  platelets, have a
significant functional advantage over spherical
MPs at equvalent conditions of ligand surface
density and fwd dynamic enwironment. There
may be two main reasons to explain this finding,
and they are not mutually exzclusive. One relates
to the greater interactive surface that an elliptical
particle can establish with a planar surface
presenting an appropriate cognate ligand. This is
an intuitive consequence of the different radiug of

Fig. 8. Incorporation of targeted MWPs
into platelet aggregates formed upon
perfusion of whoke human blood
{containing 10 pM mepacrine to label
phtelets) onto fibrillar collagen type |
for 5 min at 31 °C, yw 1,500 st The
images  on  top  show & 3D
recongruction from stacks of z-sections
through the height of thrombi. Platelets
appear in green, MPs in red (left coated
with  dVWEAT,  right  coated  with
dGPIba-N), merge in yelow. The graph
on the bottom shows the quanhitative
mcorporation  of MPs  into platelst
aggregates  Volumes of the two
components were measured from the z-
sections over the sutface corresponding
to a field of view; the volume of WPs is
shown as percentage of the volimes of
platelets for MPs coated as indicated
H5A = human serum alburmin,



curvature of the elliptical particle relative to the
spherical one in relation to the orientation that the
two assume in flow. The other explanation relates
to the lesser drag imposed by fluid flow on an
elliptical as compared to a spherical particle
adherent to the surface through a tethering bond.
This is a consequence of the smaller section
presented by the elliptical as compared to the
spherical particle in the plane perpendicular to the
direction of flow. The consequence of this shape
difference would predictably be a decreased
tensile stress on the tethering bond, which in turn
should favor a slower off-rate as compared to the
same bond subjected to a greater tensile stress. It
is obvious that both consequences of the elliptical
shape, i.c. the possibility of forming a greater
number of adhesive bonds and the lesser tensile
stress on the formed bond, can independently or,
even more so, concurrently lead to more stable
surface contacts. Such a conclusion is fully
supported by all our experimental findings, but
evidence to define the relative importance of bond
number vs. decreased off-rate remains to be
obtained and is the topic of ongoing rescarch.

As a biologically relevant consequence of these
studies, we have also demonstrated that synthetic
microparticles can efficiently target forming
platelet thrombi. This has mechanistic as well as
practical implications. Micro- or nano-devices
that can target platelet thrombi could be used for
diagnostic purposes to reveal the existence of
vulnerable lesions in locations such as the
coronary or cerebral arteries; they could be used
for the local delivery of therapeutic agents in high
concentrations  for enhanced efficacy  of
treatments such as thrombolysis; and they could
be coupled to specific chemical or physical probes
to report on local conditions of the vessel wall
that, in turn, could explain the progression of
pathological processes.
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