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Optimism is the faith that leads to achievement.
Nothing can be done without hope and confidence.

Helen Keller
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RESUM

L’ictus isquémic és una de les principals causes de mort i discapacitat arreu. Actualment, I'inic
tractament efectiu és la terapia de reperfusio, ja sigui a través del tractament intravends amb
'activador tissular del plasminogen (rt-PA) o la retirada del clot mitjancant trombectomia
mecanica intra-arterial. No obstant, només un percentatge reduit dels pacients poden
beneficiar-se d’aquestes terapies, doncs presenten una finestra terapéutica molt estreta, aixi
com nombroses contraindicacions meédiques i efectes secundaris adversos. Es per aixo que hi
ha una necessitat urgent de trobar noves estratégies terapeutiques complementaries capaces
de bloquejar la progressio de la lesi6é i neuroprotegir el cervell isquéemic en els estadis inicials
de la malaltia.

L’Us de biomarcadors sanguinis per al diagnostic i el pronodstic de I'ictus isquémic acceleraria la
presa de decisions médiques i I'administracié de tractaments als pacients afectats. Malgrat
nombroses biomolécules hagin estat proposades per a tals finalitats, actualment cap d’elles ha
aconseguit mostrar una millora significativa respecte les proves de neuroimatge i els
parametres clinics que s’utilitzen avui en dia, de manera que descobrir nous biomarcadors
sanguinis d’ictus també és una necessitat vigent.

En aquesta Tesi Doctoral s’explora el paper de nous biomarcadors d’ictus en els estadis inicials
de la malaltia, de manera que a banda de bons indicadors, pensem que la seva modulaci6
terapéutica pot esdevenir també interessant com a possible tractament neuroprotector. Aixi, els
treballs que la integren pretenen contribuir a la identificacié de noves biomolécules que puguin
servir com a biomarcadors, dianes terapeutiques o ambdues aplicacions que avui en dia encara
mangquen de resolucio.

D’una banda, hem aprofundit en I'estudi del paper dual de certs mediadors inflamatoris com a
biomarcadors i dianes terapéutiques alhora. Amb aquest proposit, hem demostrat que la
inhibici6 d’'un biomarcador de transformacions hemorragiques, la VAP-1/SSAO, és una
estratégia prometedora per tal d’evitar l'aparici6 d’aquestes complicacions associades a
I'administracié de I't-PA. També hem identificat per primer cop la quimiocina CCL23 com un
bon biomarcador de pronostic de l'ictus isquémic, 'administracié exdgena de la qual ha mostrat
indicis de millorar I'estat neurologic dels animals afectats per la isquémia.

Amb l'objectiu de descobrir nous candidats, s’han dut a terme dos estudis emprant diferents
técniques —Omiques en models experimentals d'isquémia cerebral. S’han estudiat els canvis al
proteoma del liquid cefaloraquidi de rata, aixi com les alteracions a nivell del transcriptoma i del
proteoma del cervell isquemic de ratoli, ambdds durant la fase aguda de la malaltia. Ambdés
estudis han permeés identificar i explorar en detall una serie de gens i proteines rellevants en la
fisiopatologia de la isquémia cerebral, alguns dels quals han estat avaluats pel seu possible Us
com a biomarcadors de diagnodstic i pronostic de lictus isquémic. Els resultats obtinguts en
ambdos estudis fan atractiva una futura exploracié de les molécules destacades com a nous
biomarcadors o dianes terapéutiques per l'ictus.

Finalment, donada la manca d’éxit dels agents neuroprotectors proposats fins al moment, en
aquesta Tesi hem optat per una aproximacié innovadora basada en el reposicionament de
farmacs per identificar, a través d’una simulacié matematica de lictus isquémic, combinacions
de farmacs amb efecte terapéutic sinérgic. Dues de les combinacions de farmacs testades in
vivo han demostrat una capacitat significativa per reduir I'extensié de la lesié cerebral d’animals
isquemics, obrint la porta a nous tractaments neuroprotectors per l'ictus.

En conjunt, els resultats d’aquesta tesi doctoral contribueixen a millorar el coneixement de la
fisiopatologia de la isquemia cerebral, aixi com al descobriment de futurs biomarcadors i dianes
terapéutiques de lictus, sent ambdues necessitats urgents per reduir 'impacte devastador
d’aquesta malaltia arreu del mén.






ABSTRACT

Ischemic stroke is one of the leading causes of death and disability worldwide. Currently, the
only effective treatments are reperfusion therapies, via the intravenous administration of
recombinant tissue plasminogen activator (rt-PA) or the mechanical removal of the thrombus
with stent-retriever or aspiration devices. However, only a small percentage of patients can
benefit from these therapies due to their short therapeutic window and their severe side effects.
Thus, there is an urgent need to find complementary therapeutic strategies to mitigate the stroke
progression and rescue the brain tissue from ischemic injury.

The use of blood biomarkers for the diagnosis and prognosis of ischemic stroke would
accelerate decision-making processes and treatments of the affected patients. Although
numerous molecules have been proposed for these purposes, none of them have shown a
significant improvement over the neuroimaging and clinical parameters that are currently used,
so new blood biomarkers for stroke are also sought.

This Doctoral Thesis explores the role of new stroke biomarkers in the initial stages of the
disease, since it is hypothesized that beyond its role as indicators of stroke, their therapeutic
modulation can also be interesting as a neuroprotective strategy to treat ischemic stroke. Thus,
the studies comprised in this Thesis aim to contribute to the identification of new molecules that
can serve as blood biomarkers, therapeutic targets or both applications at once.

On the one hand, we studied the dual role of certain inflammatory mediators as blood
biomarkers and therapeutic targets. We have shown that the inhibition of VAP-1/SSAO, a
biomarker of rt-PA-associated hemorrhagic transformation, is a promising strategy to avoid the
appearance of these complications. Moreover, we have also identified for the first time the
CCL23 chemokine as an interesting biomarker of ischemic stroke prognosis, whose exogenous
administration has also shown potential to improve the neurological status of animals after
cerebral ischemia.

Furthermore, two —omics studies have been conducted to discover new candidates in
experimental models of stroke. Specifically, the proteome changes in the rat cerebrospinal fluid
and the transcriptome and proteome alterations in the mouse brain have been deeply evaluated
during the acute phase of cerebral ischemia. Both studies highlighted key molecular factors in
the stroke pathophysiology, some of which have been tested for their role as biomarkers for
stroke diagnosis and prognosis. Moreover, the results from both studies envision a future
exploration of these outstanding molecules as new biomarkers or therapeutic targets for
ischemic stroke.

Finally, since all neuroprotective agents proposed so far have systematically failed to succeed,
in this Thesis we aimed for an innovative drug repositioning approach based on a mathematical
simulation of ischemic stroke disease. This in silico model has been used to identify
combinations of drugs with a synergistic therapeutic effect on neuroprotection. Two of the
resulting drug combinations have demonstrated in vivo promising neuroprotective actions by
reducing the extension of the brain lesion, which suggests their efficacy as new treatments for
ischemic stroke.

Overall, the results of this Doctoral Thesis contribute to our understanding of the stroke
pathophysiology, as well as to the discovery of future blood biomarkers and therapeutic targets
for stroke, being two urgent clinical needs to reduce the devastating impact of this disease
worldwide.
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Introduccié

1.1 L’ictus
1.1.1 Epidemiologia i aspectes clinics

L’ictus o infart cerebral és un trastorn neurologic produit per I'alteracio del flux sanguini en
una determinada zona del cervell. Aquest trastorn vascular es produeix com a
consequéncia del trencament (ictus hemorragic) o obstruccio (ictus isquémic) d’'un vas o
artéria cerebral i pot pertorbar la funcionalitat de la regié del cervell afectada de manera
transitoria (si es restableix el flux espontaniament o mitjancant accions terapéutiques) o bé
permanent. La manca sobtada d’oxigen i nutrients que es produeix al cervell com a
conseqiéncia d’aquesta interrupcié del flux sanguini pot donar lloc a tota una seérie de
simptomes neurologics, que depenen del tipus d’ictus causant de la lesié i de la zona de
I'encefal afectada. Els més comuns, perd, sén l'alteracié de la parla (afasia), I'afectacio de
la capacitat de moviment d'un costat del cos (hemiparésia), la pérdua de Vvisio

(hemianopsia, diplopia) i el vertigen, entre d’altres [1].

Dades recents sobre la incidéncia de l'ictus demostren que aguesta malaltia continua sent
un dels trastorns neurologics més devastadors arreu. Segons les dades obtingudes de la
World Health Organitzation (www.who.org), lictus causa més de 5,5 milions de morts
anuals a nivell mundial, i és responsable de les discapacitats neurologiques a llarg termini
de més de 5 milions de supervivents. Des del punt de vista socioeconomic, l'ictus suposa
doncs una important carrega per al sistema sanitari, no només a nivell econdomic (doncs
suposa d'un 3% a un 4% dels costos sanitaris globals), siné també per la pérdua de

qualitat i d’anys de vida degut a la discapacitat [2, 3].

L’ictus es tracta d’una patologia multifactorial. Es per aixo que el control dels principals
factors de risc associats a l'ictus és una de les eines més importants per a la seva
prevencié. Aquests factors es classifiquen en modificables i no modificables [4]. Els factors
de risc modificables, com la hipertensid, la diabetis, les dislipémies, la obesitat o el
tabaquisme, sén molt comuns entre el conjunt de la poblacié i un mal control d’'aquests
suposen un gran increment del risc de patir un ictus [5]. Altres factors de risc com la
fibril-lacié auricular o els atacs isquémics transitoris s6n menys freqlients perd més
especifics que els factors de risc comuns i també suposen un gran augment de la
predisposici6 a patir aguesta malaltia. Per contra, es consideren factors de risc no
modificables I'edat, el sexe, I'étnia o algunes variants genétiques, ja siguin monogéniques
(com la malaltia de Fabry o CADASIL [Cerebral Autosomal-Dominant Arteriopathy with

Subcortical Infarcts and Leukoencephalopathy]) o poligéniques [6].

11


http://www.who.org/

12

Introduccié

1.1.2 Subtipus d’ictus

En funcioé de quina sigui la causa de l'alteracié del flux sanguini, I'ictus es classifica en ictus

hemorragic o ictus isquémic (Figura 1).

| J=N Ictus hemorragic | | PN Ictus isquémic

> La debilitacié de la Sy
7 paret dels vasos
produeix la ruptura 7

S'obstrueix el vas i
es bloqueja el flux
sanguini cerebral

Es produeix un
vessament sanguini
al parénquima cerebral

Figura 1. Subtipus d'ictus (Adaptat de ®Heart and Stroke foundation of Canada).

L’ictus hemorragic es produeix com a conseqiiéncia de la ruptura d’un vas sanguini i
representa entre un 10 i un 20% del total dels ictus [7]. Els ictus hemorragics es
classifiguen en hematomes intracerebrals, quan I'extravasacié de sang es produeix cap al
parénquima, o hemorragies subaracnoidals, quan el vessament de sang es produeix
directament a I'espai subaracnoidal [8]. Els pacients que pateixen un ictus hemorragic
presenten una afectacié severa i el seu pronostic és forca més dramatic que el d’altres
tipus d’ictus [9]. Tot i aquesta gravetat, actualment encara no es disposa de cap tractament
efectiu per aquest tipus de trastorn cerebrovascular [10]. A més, segueix sent el subtipus
d’ictus menys estudiat fins ara i encara es desconeixen en gran mesura els mecanismes

moleculars que intervenen en la seva fisiopatologia.

L’ictus isquémic, en canvi, representa entre un 80 i 90% de tots els ictus [11]. Ja que
I'objectiu principal de la present Tesi Doctoral és lictus isquémic, d’aqui en endavant
s’aprofundira extensivament en aquest subtipus d’ictus i s’utilitzaran els termes ictus i ictus
isquémic indiferentment. L’ictus isquémic es caracteritza per la interrupcié del flux sanguini
en una determinada zona del cervell degut a una oclusi6 vascular. En funcié de quina sigui
la causa de l'obstruccié vascular (etiologia), els ictus isquemics es classifiquen en 5
subtipus diferents (criteris TOAST, trial of Org 10172 in Acute Stroke Treatment) [12]. Els
dos subtipus majoritaris d’ictus isquemic sén el cardioembdlic, en el que I'obstruccié es
produeix per un coagul o émbol sanguini procedent del cor, i I'aterotrombotic, causat per

una placa d’ateroma que obstrueix la llum del vas o per la ruptura d’aquesta placa
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d’ateroma que circula i arriba en forma de trombe al cervell. Menys freqUents serien els
ictus lacunars, patologies de vas petit d’origen no aterotrombotic en els que el flux sanguini
de petites arteries o arterioles queda interromput per un trombe o I'estrenyiment del vas, i
els ictus de causa inhabitual, produits per causes poc freqlents com les malalties
sistemiques, infeccions, neoplasies, alteracions metabdliques o de la coagulacid, o per
aneurismes, migranyes, malformacions arteriovenoses, entre daltres [1]. Finalment,
aquells ictus isquémics en els quals després de la realitzacid d'un estudi diagnostic
exhaustiu no s’ha pogut identificar una Unica causa especifica que expliqui la patologia es

consideren ictus isquemics d’origen indeterminat [13].

Tant lictus hemorragic com lictus isquémic es poden classificar a diferents nivells, en
funcié de la zona cerebral afectada, la seva duracid i extensio, o la causa de la lesié

cerebral (Figura 2).

Subtipus d’lctus

Ictus Isquémic

Focal Global

Atac isquémic
o Infart bral
transitori (AIT) niart cerebra

Ictus Hemorragic

Intracerebral Subaracnoidal
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. " Profunda
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Vertebrobasilar |
Etiologia Etiologia
Aterotrombotic Hipertensiva
Cardioembolic Angiopatia amiloide
Lacunar Aneurisma
Inhabitual Malformacié arteriovenosa

Indeterminat

Altres

Figura 2. Classificacié dels subtipus d’ictus (Adaptada de Diez-Tejedor et al., 2001) [1].

1.1.3 Diagnostic de l'ictus isquémic i estratégies de recanalitzaci6

Actualment el diagnostic de l'ictus isquéemic realitzat Unicament per mitja de variables
cliniques no és possible. Es per aixd que es basa en l'avaluacié conjunta de parametres
clinics (com l'anamnesis i I'exploracié neuroldgica), una exploracié vascular (mitjancant
una ecografia doppler-duplex), un estudi cardiac (a través d’un electrocardiograma i
ecografia transtoracica) i proves de neuroimatge (bé per tomografia computeritzada o per
ressonancia magnética cranial) [14]. Aquestes Ultimes han esdevingut imprescindibles per
a tal finalitat; ambdues estratégies d'imatge permeten una avaluacié detallada de I'estat

neurologic del pacient, facilitant el diagnostic de Iictus isquémic durant la fase aguda i
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alhora diferenciant-lo d’aquelles altres patologies que presenten simptomes clinics similars
als de lictus (anomenades mimics). Aquest grup de mimics és molt heterogeni i engloba
patologies de diferent grau d’afectacié neurologica, ja siguin aquelles que comporten algun
altre tipus de lesié estructural del teixit cerebral, com els tumors o els traumatismes
cranioencefalics, o bé aquelles que sense causar danys cerebrals morfologics també
donen lloc a simptomes clinics similars als de lictus, com poden ser les migranyes, el
vertigen, les malalties toxico-metaboliques o les neuropaties perifériques. Els mimics
representen aproximadament entre un 20 i un 25% dels pacients que inicialment presenten
un quadre clinic compatible amb lictus i és de vital importancia la seva correcta i rapida

discriminacio front la patologia isquémica [15].

Diagnosticat lictus isquémic, I'inic tractament farmacologic eficag actualment en la fase
aguda és el tractament trombolitic per mitja de I'administracié intravenosa de I'activador
tissular del plasminogen recombinant (rt-PA, recombinant tissue plasminogen activator)
[16]. Molecularment, aquest farmac catalitza la conversio del plasminogen a plasmina, que
alhora catalitza la degradacié de la fibrina i el fibrinogen acumulats en el coagul sanguini.
Aquesta degradacié déna lloc a la dissolucié d’aquest trombe i la recanalitzacié del vas
obstaculitzat, aixi com la reperfusio del teixit isquémic afectat. Es important destacar que
malgrat sigui I'inic tractament farmacologic autoritzat, només d’'un 10 a un 15% dels ictus
isquemics poden beneficiar-se d’aquesta estratégia terapéutica [17]. Els estrictes criteris
d’inclusié que presenta aquest farmac fan que només puguin tractar-se aquells pacients
menors de 80 anys que, sense superar les 4,5 hores des de I'aparicié dels simptomes
clinics de lictus, no estiguin medicant-se amb anticoagulants i no presentin evidéncia de
possibles complicacions hemorragiques. Aquesta estreta finestra terapéutica impedeix, aixi,
que gran part dels pacients puguin beneficiar-se d’aquest tractament, normalment degut al
temps requerit per a transportar el pacient a I'hospital i per a realitzar-li un diagnostic
complet. Desgraciadament, I'administracié de I'rt-PA en els pacients aptes pot presentar
també certs efectes adversos i complicacions, tals com la no recanalitzacié de l'artéria
obstruida o la possible aparicié de transformacions hemorragiques, un dels efectes
secundaris més greus derivats de la trombolisi [18]. De les caracteristiques d’aquests tipus

de complicacions, pero, en parlarem més endavant (apartat 1.1.4.1).

A banda de I't-PA, hi ha altres aproximacions no farmacologiques que també han
demostrat eficacia per a recanalitzar el vas obstruit, com la trombectomia endovascular
mecanica. Aquesta aproximacio ha revolucionat el tractament de l'ictus en els dltims anys,
doncs presenta resultats més prometedors que I'actual tractament farmacologic [19]. Tot i
estar lluny de I'ideal, la recanalitzacié mecanica ha permés ampliar lleugerament la finestra
terapéutica, de manera que, en alguns casos, els pacients es poden beneficiar d’aquesta

estratégia fins a 24h després de l'inici dels simptomes de lictus [20, 21]. A més, s’ha vist
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que s’assoleix una major taxa de recanalitzacié i un millor pronodstic dels pacients quan
aguests son sotmesos a la recanalitzaci6 mecanica després de I'administracio de rt-PA
[22].

1.1.4 Pronostic de l’ictus isquémic

El pronostic de lictus pot avaluar-se des d’un punt de vista vital i/o funcional. A nivell vital,
lictus isquemic causa un 7% del total de les defuncions a nivell nacional i fins a un 25% de
les morts per causes cardiovasculars [23]. Malgrat aquestes xifres sén encara avui en dia
devastadores, segons I'Ultim Informe Nacional de Salut (2016) les morts com a
consequéncia de lictus han disminuit fins a un 50% des de l'inici del segle XXI fins
enguany [23]. Aquesta millora en el pronostic vital dels pacients es creu que pot estar for¢ca
relacionada amb una millora de les cures hospitalaries, sobretot durant la fase aguda de la
malaltia [24].

De manera paral-lela a aquesta disminucié de la mortalitat, s’ha observat perd un augment
de la morbiditat després d’un ictus. Aixi, des d’'un punt de vista funcional, l'ictus suposa
també una de les principals causes de discapacitat arreu. Dades del Ministeri de Sanitat i
Politica Social reporten que un 43,8% dels pacients que sobreviuen a lictus presenten
discapacitat i dependéncia funcional 6 mesos després de patir la lesid cerebrovascular
(dades obtingudes del Sistema Nacional de Salut), mentre que a nivell mundial, aquesta
xifra assoleix les primeres posicions en el ranquing de malalties que causen dependéncia

funcional [11].

L’estat funcional dels pacients s’avalua a través de diferents escales i sistemes de
puntuacions, tals com l'index de Barthel (Bl: Barthel Index) [25], la GOS (Glasgow
Outcome Scale) [26] i 'escala modificada de Rankin (mRS: modified Rankin Scale) [27],
aguesta Ultima essent la més utilitzada avui en dia. La mRS mesura el grau
d’'independéncia global dels pacients per a la realitzacié d’activitats basiques de la vida
diaria a través d’'un sistema de puntuacions del 0 al 6, on obtenen 0 punts aquells pacients
sense simptomes de dependeéncia funcional, 1 punt aquells pacients que presenten algun
simptoma pero en abséncia de discapacitat, 2 punts quan presenten una discapacitat lleu,
de 3 a 5 punts quan la discapacitat és moderada o severa i 6 punts quan els pacients
moren. Per definicié de I'escala en qlestio, es considera que una puntuacié6 de mRS>2
reflexa una dependéncia funcional dels pacients, mentre que es consideren independents
els pacients amb valors inferiors a 2 [28]. Aquesta classificaci6 dicotomica s'utilitza
comunament, doncs, per determinar I'estat i explorar el pronostic dels pacients a curt i llarg
termini després d’'un esdeveniment isquémic (a I'alta hospitalaria o al cap d’1, 3, 6 mesos o

1 any després de l'ictus).
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Predir quina sera aquesta evolucié (pronostic vital i funcional) durant la fase aguda de
l'ictus, quan resulta ser potencialment valuosa per a una correcta actuacio clinica, segueix
sent perd un gran repte pels neurdlegs, ja que s6n nombrosos els factors que poden

condicionar i influir el pronostic dels pacients afectats per la malaltia.

En primer lloc, el temps d’evolucié des del inici dels simptomes, o temps d’isquémia,
condiciona altament les estratégies terapeutiques o tractaments a seguir en la fase aguda
de la patologia isquemica, aixi com també influeix en la recuperacié clinica del pacient i la
resposta favorable al tractament. Es evident que com major sigui el temps d’isquémia,
menor probabilitat hi ha d’'un pronostic prometedor [29]. Una de les estrategies que ha
permeés reduir el temps d’isquémia i alhora, doncs, millorar el prondstic de l'ictus i evitar les
seves complicacions és la implantacio del Codi Ictus i la creacié6 d’Unitats d’lctus
especialitzades [30]. Ambdues eines permeten I'activacié extrahospitalaria d’'una série de
procediments que permeten reconéixer la urgéncia, avisar I'equip medic i organitzar el
transport del pacient al centre especialitzat corresponent de la manera més rapida i
efectiva possible. No obstant, aquestes Unitats d’lctus especialitzades no es troben a
labast de tothom i és per aixd que complementariament s’han desenvolupat també
programes medics d’assisténcia remota (tele-assistencia o Teleictus) [31]. Aquests faciliten
el contacte directe entre els hospitals comarcals i els de referéncia, aquests ultims dotats
de neurdlegs de guardia que avaluen mitjancant videoconferéncies les proves de
neuroimatge i la situacid del pacient, i ordenen si s’escau l'aplicacié del tractament

trombolitic en els mateixos hospitals regionals.

L’estat neurologic dels pacients és un altre dels factors més determinants del pronostic
de lictus. Aquest s’avalua mitjangant diferents escales que permeten contemplar de
manera quantitativa la gravetat del dany cerebral ocasionat. L’escala que més s'utilitza
avui en dia és la NIHSS (National Institutes of Health Stroke Scale) [32]. Aquesta
contempla 15 items i una puntuacio global que oscil-la entre el 0 (sense simptomes) i el 42
(gravetat severa), i avalua diferents aspectes relacionats amb la consciéncia, la capacitat
visual i sensorial, la mobilitat de les extremitats i el llenguatge del pacient, entre d’altres. A
banda d’aquesta escala, es coneixen, perd, altres sistemes que també permeten
determinar I'estat neurologic dels pacients, tals com I'escala canadenca (CNS: Canadian
Neurological Scale) [33], la escandinava (SSS: Scandinavian Stroke Scale) [34] i 'europea

(ESS:European Stroke Scale) [35], tot i que totes elles sGn menys utilitzades que la NIHSS.

Les variacions en la puntuacié d’aquestes escales al llarg del temps també ajuden a predir
I'evolucié de 'estat neurologic dels pacients. En el cas de la NIHSS, malgrat no existeixi un
criteri plenament establert, es considera que el pacient millora 0 empitjora neurologicament
guan es produeix una disminucio o augment de la puntuacio de I'NIHSS de 4 o més punts,

respectivament [36]. En canvi, un pacient es qualifica com a estable quan la diferéncia de
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la NIHSS en el temps és menor de 4 punts. Transcorregudes les primeres 24h des de l'inici
de lictus, entre un 8 i un 14% dels pacients pateix deteriorament neurologic [37, 38].
Aquest empitjorament durant la fase subaguda ha resultat ser, a més, un bon predictor de
mal pronostic a llarg termini i s’ha associat al desenvolupament de complicacions

subjacents tals com 'edema cerebral o la transformacié hemorragica [39].

A banda del temps disquémia i I'estat neurologic dels pacients, hi ha una série de
variables cliniques no modificables que també han demostrat ser potencialment
condicionants de lictus isquémic i la seva evolucid. Entre elles, destaquen I'edat i el sexe
[40]. Pel que fa a la incidéncia de l'ictus, tan sols un 10% del total es donen en pacients
joves (menors de 50 anys) [11, 41] i més d’'un 65% succeeixen en individus majors de 65,
dels quals aproximadament un 35% inclis superen els 74 anys de vida [42]. El fet que
gran part dels pacients que pateixen un ictus siguin d’edat avangada, doncs, repercuteix
en el pronostic i evolucié d‘aquests, de manera que les taxes de mortalitat i morbiditat
associades a lictus segueixen sent avui en dia destacadament superior en individus
majors de 75 anys [11]. No obstant, malgrat els pacients més grans semblen ser més
susceptibles d’un pitjor pronostic, sovint és dificil predir amb certesa I'evolucié d’aquest
conjunt de pacients, especialment pel que fa la resposta al tractament endovends. Aixo és
degut a que actualment no s’inclouen pacients d’edat avangada en la gran majoria
d’assajos clinics, fet que dificulta l'aplicacié dels resultats obtinguts als pacients d’edat
superior al rang d’inclusié d’aquests estudis [16]. L’edat pot computar-se en combinacio
amb la gravetat de la lesié (mesurada a través de la NIHSS) mitjangant I'index SPAN-100
(Stroke Prognostication using Age and NIHSS index), una escala de classificacio
dicotomica (SPAN=100 o positiu vs. SPAN<100 o negatiu) resultant de la suma de I'edat
en anys i la puntuacié de la NIHSS en un temps determinat [43]. De manera similar a

'escala de gravetat, es coneix que els pacients SPAN-100 positius presenten una menor

incidencia de bon prondstic i una major taxa de complicacions subjacents a l'ictus isquemic.

El sexe, amb interaccié directa amb I'edat, també ha demostrat ser un gran influent de la
incidencia i pronostic de lictus isquemic [44, 45]. Les taxes d'incidencia de l'ictus son
substancialment inferiors en dones que en homes de mitjana edat, mentre que aquestes
diferencies es redueixen o fins i tot es reverteixen en edats avangades, on la incidéncia en
dones és aproximadament igual o fins i tot superior a la dels homes [11]. Aquestes
variacions s’atribueixen en part al paper neuroprotector i antiinflamatori dels estrogens,
que predomina en I'edat adulta pero s’anul-la amb la menopausa [46]. A més, les dones
que pateixen un ictus sén de mitjana quatre anys més grans que els homes que també
desencadenen tal afectacié cerebrovascular (75 vs. 71 anys, respectivament) [11]. Aixi

doncs, que aquesta major proporcioé d’afectats sigui envellida i de sexe femeni pot explicar
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també que la taxa de mortalitat associada a l'ictus esdevingui lleugerament major en dones

que en homes.

Finalment, altres factors no modificables, com la situaci6 funcional prévia, la preséncia de
comorbiditats del pacient o I'etiologia de lictus, també tenen importancia en el pronostic
d’aquesta patologia i poden tenir alhora un gran impacte sobre I'evolucié clinica del pacient
[40].

1.1.4.1 Complicacions de l’ictus isquémic

L’ictus isquémic pot donar lloc a una série de complicacions que poden modificar el curs de
la malaltia i condicionar també el pronostic del pacient afectat. Aquestes complicacions
varien en les diferents etapes de l'ictus, fet que ens permet agrupar-les en complicacions

de fase aguda, subaguda i cronica.

Durant la fase aguda, les principals complicacions associades a l'ictus isquémic son la
manca de recanalitzacié o la reoclusié de l'artéria afectada i I'aparicié de sagnats cerebrals,
ambdoés processos altament relacionats amb les estratégies de trombolisi. L'rt-PA només
assoleix la recanalitzacio del vas obstruit en un 50% dels casos aproximadament, mentre
gue la trombectomia mecanica ha mostrat ser efectiva fins en un 80% dels casos [47-49].
La localitzacié exacta de I'oclusio, la mida i composicid del coagul, les comorbiditats del
pacient (principalment la pressié arterial i la glucemia) o la preséncia de flux sanguini
residual sén alguns dels factors que poden condicionar I'eficacia del farmac trombolitic. No
obstant, fins i tot quan es produeix la recanalitzacié de l'artéria, aquesta pot tornar-se a
obstruir (reoclusio). Es calcula que aquest fenomen es déna en un 34% dels pacients que
assoleixen una recanalitzacio inicial per accié de I'rt-PA [50], sent els ictus de major
gravetat i els que presenten estenosis de la carotida ipsilateral els més susceptibles a
desenvolupar aquesta complicacié [51]. Les transformacions hemorragiques son les
complicacions de fase aguda més severes i perilloses actualment. Donada la seva
rellevancia en un dels capitols d’aquesta Tesi Doctoral, hem cregut convenient destinar un
apartat especific sencer per parlar de la seva incidéncia, classificacid, tractament i
pronostic (Apartat 1.1.4.1.1).

Més tard en el temps, durant la fase subaguda de lictus, es desencadenen també una
seérie de mecanismes moleculars que poden donar lloc a altres complicacions secundaries.
Per exemple, 'augment substancial de la permeabilitat de la barrera hematoencefalica
(BBB: brain-blood barrier) permet I'entrada massiva de fluids i components de la circulacio
cap a la zona cerebral afectada, el que pot donar lloc a I'edema cerebral, entre d’altres [52].

Aquest edema pot inclds culminar en el que coneixem com a infart maligne si la progressio



Introduccié

d’aquest és tal que finalment produeix una hipertensio intracranial severa i desplaca
estructures cerebrals més enlla de la linia mitja [53]. Una altra complicaci6 freqient de la
fase subaguda, malgrat també pot apareixer en qualsevol altre moment, és el
desenvolupament de crisis epileptigues [54]. Aquestes, juntament amb altres
complicacions associades a les propies comorbiditats del pacient (com les complicacions
cardiologiques) o bé derivades directament de l'ictus (com la disfagia, la immobilitat o la
necessitat de dispositius médics vitals), causen un augment de la taxa de discapacitat i
deteriorament dels pacients, allarguen les seves estancies hospitalaries i suposen un gran

increment dels costos sanitaris associats a aquesta patologia.

Unes altres complicacions forga temudes durant la fase subaguda de l'ictus isquémic soén
les infeccions. S’ha descrit que un 30% dels pacients que han patit un ictus es veuen
afectats també per una infeccid, les més comuns essent les pneumonies i les infeccions
del tracte urinari [55]. A nivell molecular, tal i com veurem més endavant (apartat 1.2.2), la
resposta inflamatoria associada a lictus isquémic acaba donant lloc a un estat
d'immunosupressio [56]. Aquest estat es tradueix basicament en una baixada de les
defenses del pacient i una impossibilitat de fer front als diversos agents patogens externs
que trobem el dia a dia, fet que facilita la infeccid. A més, cal tenir present que les estades
hospitalaries o en centres especialitzats de manera prolongada poden augmentar el risc de
contraure aquestes infeccions, doncs la majoria de centres sanitaris presenten una
elevada preséncia de microorganismes patdogens facilment adquiribles pels pacients
ingressats (infeccions nosocomials). La prevencio, detecci6 i tractament de les infeccions
associades a l'ictus és un tema important d’estudi actualment [57-59], doncs les infeccions
suposen un pitjor pronostic pels pacients que les contrauen [60]. Nombrosos esforcos
s’estan destinant per intentar disminuir la incidéncia d’aquestes complicacions severes, aixi

com millorar el tractament i pronostic dels pacients que les pateixen després de l'ictus.

Finalment, durant la fase cronica de lictus les complicacions que en deriven estan

majoritariament relacionades amb les seqlieles que romanen en l'individu a nivell motor i

sensorial, i que alteren sovint la capacitat per a realitzar les activitats basiques del dia a dia.

Alguns exemples son la osteoporosi, la incontinéncia urinaria i els dolors, entre d’altres [61].

També es poden donar alteracions psicologiques, com la depressio, que afecta
aproximadament fins a un ter¢ dels supervivents de lictus [62] i cognitives, com la
demeéncia, que malgrat no ser considerada una consequéncia directa de l'ictus, el seu

desencadenament esta altament associat a aquesta malaltia [63].

Els pacients que han patit un ictus presenten, a més, un risc elevat de patir un nou
esdeveniment vascular, ja sigui un ictus recurrent o un altre esdeveniment isquemic. El risc
cumulatiu de recurrencia assoleix fins a un 10% durant el primer any i un 25% en els cinc

anys seguients [64]. Per tal de frenar I'aparicié d’aquests nous esdeveniments és important
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mantenir un control estricte dels principals factors de risc, aixi com portar un estil de vida
més saludable. A més, I'is de tractaments especifics que evitin I'aparicié de nous episodis
també esta altament recomanat, perd varien en funci6 de [Ietiologia del primer

esdeveniment isquémic.

1.1.4.1.1 Transformacions hemorragiques en l’ictus isquémic

Les transformacions hemorragiques (TH) sén sagnats localitzats habitualment a l'area
infartada que s’ocasionen majoritariament en el procés de la restauracio del flux sanguini
de la vasculatura potencialment debilitada per la propia isquémia. Malgrat I'aparicié de TH
pot produir-se de manera independent al tractament, I'administracié de I'agent trombolitic
rt-PA juga un paper clau en I'apariciéo d’aquestes complicacions severes i es coneix que
augmenta la incidéncia d’aquests sagnats fins a 10 vegades més que en els pacients no
tractats [65]. A banda de promoure la degradacié del coagul obstructiu, I'rt-PA pot provocar
efectes toxics si arriba al parénquima cerebral, doncs estimula la degradacié de la matriu
extracel-lular, promou la infiltracié de leucocits, I'activacié de la microglia i I'alliberacié de

radicals lliures en la zona de la lesié isquémica [66].

Les TH poden oscil-lar des de petites hemorragies petequials asimptomatiques fins a grans
hematomes intraparenquimatosos. La classificaci6 més coneguda es basa en criteris

radiologics, i categoritza les TH en quatre grups (Taula 1) (Figura 3) [67].

Tipus d’hemorragies Caracteristiques radiologiques
HI-1 Infart hemorragic tipus 1 Petites petéquies a la periféria de I'infart
HI-2 Infart hemorragic tipus 2 Petéquies confluents a l'area de linfart

pero sense efecte massa

PH-1 Hemorragia parenquimatosa Sang homogeénia en <30% de l'area
tipus 1 infartada. Pot tenir lleuger efecte massa

PH-2 Hemorragia parenquimatosa Sang homogénia en >30% de larea
tipus 2 infartada amb efecte massa evident.

Taula 1. Classificaci6 de les TH segons criteris radiologics, establerta per 'ECASS (European
Cooperative Acute Stroke Study) [65].
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Figura 3. Classificacio dels tipus de TH (Adaptat de
Montaner et al. 2003) [68] per tomografia
computaritzada segons la classificacié6 ECASS [65].

Les TH poden agrupar-se també en simptomatiques o asimptomatiques. La definicié més
utilitzada per classificar la simptomatologia de les TH té origen en I'assaig clinic ECASS
(European Cooperative Acute Stroke Study), on es descriu la transformacié simptomatica
com qualsevol signe radiologic d’hemorragia intracraneal que succeeix durant les primeres
36 hores i que s’associa directament a un deteriorament neurologic, és a dir, a un augment
de 4 o més punts en la NIHSS [69, 70]. Les TH simptomatiques presenten una incidéncia
de fins un 7% dels pacients que es tracten amb rt-PA, mentre que en abséncia de terapies

trombolitiques, aquestes complicacions només s’han reportat en un 1,5% dels casos [71].

L’hematoma parenquimatés remot es coneix com qualsevol sagnat intracraneal localitzat
fora de la zona infartada. Aquest tipus de sagnat afecta entre un 1,3% i un 3,7% dels
pacients que pateixen un ictus i també pot aparéixer després de I'administracié de rt-PA
[72]. No obstant, s’ha vist associat majoritariament a altres alteracions tals com les

coagulopaties, les estructures vasculars andmales o les angiopaties [18].

A banda de I'rt-PA, les TH s’han associat també a un gran nombre de factors clinics, tals
com la gravetat i la mida de la lesié isquémica, I'edat avangada, la hipertensio o els nivells
de glucosa en sang, entre d’altres [73]. Malgrat la seva preocupant incidéncia, encara avui
en dia no es disposa de cap estratégia terapéutica efectiva per prevenir o tractar les TH. El
tractament dels pacients amb TH depén basicament de I'abast del sagnat i els simptomes i
efectes que aquest produeixi en el pacient, de manera que només aquells grans
hematomes que causin un deteriorament neuroldgic sever seran extrets per mitja d’'una

craniotomia [74].
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1.2 Fisiopatologia de I'ictus isquémic

La consequéncia immediata de l'oclusié d’'una artéria cerebral, sigui degut a un coagul,
una trombosi 0 una hipoperfusié sistémica, és una drastica interrupcié del flux sanguini
cerebral. El resultat és la manca del subministrament d’oxigen i glucosa en una zona
determinada del cervell, fet que desencadena una serie de mecanismes, tant a nivell
cel-lular com tissular, que acaben ocasionant la mort neuronal del teixit afectat, ja sigui per
necrosis (mort com a consequencia de la lesio cel-lular massiva) o per apoptosis (mort

cel-lular programada a través de mecanismes dependents d’energia).

Aquesta restriccié del reg sanguini es produeix de manera heterogénia en el conjunt del
territori afectat. Aixi, s'anomena nucli o core a la zona central que normalment esta
directament irrigada per l'arteria obstruida i on el flux sanguini esta gairebé completament
restringit. En canvi, es coneix com a penombra isquémica a la zona circumdant a la regio
central que manté un flux sanguini residual capa¢ de mantenir la viabilitat cel-lular durant
un cert temps determinat. La penombra isquémica és de gran interés a nivell terapéutic ja
que malgrat esta metabolicament compromesa per la isquémia, manté la integritat
morfologica i és susceptible de recuperacié si s’aconsegueix restaurar el subministrament
de sang a la zona afectada [75]. El desti d’aquesta zona, perd, depéen de la preséncia de
circulacio colateral, el grau disquémia de [lartéria afectada i, sobretot, del temps
transcorregut des de l'inici de lictus isquemic fins a la recuperacio del flux sanguini a la

zona danyada.

1.2.1 Cascadaisquémica

Immediatament després d'’iniciar-se la isquémia es produeix una reduccié sobtada del
contingut d’ATP cel-lular, consequéncia de I'esgotament del reservori energétic de les
cel-lules i la fallida metabolica (Figura 4). El resultat és l'alteracié de tots els mecanismes
cel-lulars dependents d’ATP, principalment les bombes idniques, que desencadenen la
despolaritzacio o pérdua d’'activitat eléctrica de les membranes cel-lulars de neurones i glia
i una subsequent pertorbacié de la permeabilitat d’aquestes [76]. Aquest fet dificulta el
manteniment de 'homeostasi idonica de les cél-lules i causa un augment massiu de la
concentracié intracel-lular de sodi (Na+) i calci (Ca®), aixi com un alliberament

extracel-lular desmesurat de potassi (K*) [77].

Com a consequéncia d’aquesta alteracié de la permeabilitat cel-lular es produeix una
alliberacié massiva de neurotransmissors a I'espai extracel-lular, principalment glutamat. El
glutamat causa I'activacié dels receptors de N-metil-D-aspartat (NMDA), d’acid amino-3-

hidroxi-5-metil-4-isoxazol (AMPA) i dels receptors metabotropics de la neurona post-
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sinaptica [76]. Aquest procés, conegut com a excitotoxicitat, provoca una segona entrada
massiva de Ca’" a l'interior de la cél-lula i incrementa encara més el contingut intracel-lular
d’aquest i6. A més, com a consequéncia d’aquestes variacions idniques s’intensifica també
Iinflux de Na* i clorur (CI') i I'eflux de K, donant lloc a I'entrada passiva d’aigua a l'interior
cel-lular i provocant edema per trencament de I'equilibri osmotic de les cél-lules. L’entrada
intracel-lular de Ca** també estimula la sintesi d’oxid nitric (NO) i I'activitat de I'dxid nitric
sintasa (NOS), que provoquen la formacié de radicals lliures i estrés oxidatiu. A més,
s’activen també diferents enzims litics (proteases, lipases i endonucleases) i es desacobla
la fosforilacié oxidativa, tot comprometent encara més la disponibilitat energética cel-lular
[78].

Fallida energeética
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Figura 4. Principals processos fisiopatologics de lictus isquémic (Adaptat de Dirnagl et al., 1999) [79].

Paral-lelament, la sobrecarrega intracel-lular de Ca®" activa alhora un seguit de vies de
senyalitzacié que desencadenen una resposta inflamatoria aguda i massiva, tal i com

s’explica en detall en el seglient apartat [80].

Finalment, tots aquests canvis i alteracions cel-lulars provoquen l'activacié de gens i
proteines implicades en la mort cel-lular programada, també coneguda com apoptosis.
Per mitja de la via intrinseca de I'apoptosi, 'augment massiu de Ca®* provoca I'alliberacié
de citocrom C dels mitocondris i I'activacio directa de la caspasa-3 [81]. A través de la via
extrinseca, en canvi, s’'activen els receptors de mort cel-lular de la superficie de la cél-lula,
els quals causen l'activacio directa de la caspasa-8, seguit d’'un gran ventall d'altres
molécules pro-apoptotiqgues. Ambdues vies de senyalitzacié, perd, acaben provocant

danys irreparables al material genétic, aixi com la degradacioé de proteines nuclears i del
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citoesquelet, la formacié de cossos apoptotics, I'expressiod i translocacio a la superficie
cel-lular de lligands per a les cel-lules fagocitiques i finalment, la seva propia mort i
fagocitosi [82].

1.2.2 Resposta inflamatoria de fase aguda

Immediatament després de produir-se I'oclusié d’'un vas sanguini cerebral es desencadena
una resposta inflamatoria que condiciona de manera significativa el progrés de la lesi
isquémica. El desenvolupament d’aquesta resposta inflamatodria té lloc simultaniament a
nivell local, tant sigui per I'accié de les cél-lules residents del cervell o les que hi infiltren
des de la sang, i a nivell periferic (resposta inflamatoria sistémica), degut a 'augment

considerat d’especies inflamatories en el sistema circulatori.

A nivell local, la reduccio del flux sanguini cerebral i el subseqiient augment desmesurat de
Ca” intracel-lular déna lloc a I'activacié d’un seguit de vies de senyalitzacié que culminen
en I'expressio de diversos gens pro-inflamatoris. El resultat final és I'alliberacié de citocines
i quimiocines per part dels diferents tipus cel-lulars metabolicament compromesos per la
isquémia amb el fi d’activar i mobilitzar altres cél-lules inflamatories cap a la zona afectada

per donar resposta a I'estimul isquémic [83] (Figura 5).

Les cél-lules de la microglia, derivades del sistema hematopoiétic, constitueixen les
principals cél-lules fagocitiques i d’'immunitat residents al sistema nerviés central. La seva
funcid principal és detectar canvis en 'homeostasi cerebral i contribuir, en tal cas, al
desencadenament d’'una resposta inflamatoria local i aguda front un estimul determinat.
Immediatament després de la interrupcié del flux sanguini cerebral, la microglia s’activa al
reconéixer una serie de senyals d’alarma (anomenades alarmins) procedents de les
cel-lules metabodlicament compromeses per la isquémia [84] i participa en primera instancia

en I'eliminacio del debris i les restes de les cel-lules isquémiques moribundes (fagocitosis).

Conjuntament amb els astrocits, la microglia estimula I'alliberacié massiva de senyals pro-
inflamatories que propaguen la lesié isquémia i promouen la infiltracié d’altres ceél-lules
immunitaries a la zona cerebral afectada [85]. La secrecid d’espécies reactives de I'oxigen
(ROS: reactive oxygen species) i del nitrogen (RNS: reactive nitrogen species) estimula la
produccié de més radicals lliures per part de les neurones isquémiques i causa danys
directes als components cel-lulars essencials que garanteixen la integritat de les cél-lules
[86]. Paral-lelament a aquest estrés oxidatiu, tant la microglia com els astrocits provoquen
una explosié de citocines i quimiocines pro-inflamatories. D’entre totes, el factor necrotic
tumoral alfa (TNF-q) i la interleucina 1 beta (IL-1B) son les primeres que inicien la resposta

inflamatoria. Aquestes estimulen l'expressid d’altres citocines i molécules d’adhesid
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cel-lular (CAM: cellular adhesion molecules) a nivell de I'endoteli, entre les que destaquen
la molécula d’adhesio intercel-lular de tipus 1 (ICAM-1) i la molécula d’adhesié vascular de
tipus 1 (VCAM-1), ambdues amb un paper clau com a lligands de les integrines presents a
la superficie de la membrana de les cel-lules circulants [87, 88]. Aquestes molécules
d’adhesié promouen el rolling de leucocits, I'activacié i adhesié d’aquests a la paret

vascular i la seva infiltracié cap a la zona cerebral danyada (Figura 6).
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Figura 5. Paper de la resposta immunitaria i inflamatoria després de l'ictus isquémic (Adaptat de Chen et
al., 2017) [89]. Abreviacions: ATP: Adenosina trifosfat; BBB (Blood-Brain-Barrier) barrera
hematoencefalica; IL-1(: interleucina 1 beta; IL-6: interleucina 6; ROS: espécies reactives de I'oxigen;
PMNSs: cel-lules polimorfonuclears; TNFa: factor necrotic tumoral alfa.

Aquest procés es déna de manera progressiva i pautada, essent les primeres cél-lules en
ser reclutades els neutrofils, seguits dels monocits, macrofags i finalment els limfocits [90].
Malgrat l'ideal seria que la infiltracié d’aquestes cél-lules circulants ajudés a combatre
linsult, hi ha evidéncies clares que demostren que aquestes produeixen un efecte
perjudicial en el parénquima cerebral durant la fase aguda de la lesi6 [91]. Els leucocits
infiltrats també augmenten la produccié de ROS i altres mediadors pro-inflamatoris, que
actuen inespecificament sobre tot tipus cel-lular present a la zona afectada, exacerbant

aixi el dany tissular i contribuint a la propagacié de la lesié cerebral.
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Les senyals pro-inflamatories, majoritariament alliberades per les ceél-lules infiltrants,
estimulen també la produccié de metalloproteinases de matriu (MMP), encarregades de
degradar les proteines de la matriu extracel-lular, tals com el col-lagen, els proteoglicans,
la laminina o la fibronectina [92, 93]. Les MMPs, en conjunt amb altres mediadors pro-
inflamatoris i les ROS, debiliten la paret dels vasos sanguinis i comprometen la integritat de
la BBB [94, 95]. Aquest procés culmina amb un increment substancial de la permeabilitat
de la BBB, que alhora fa possible una major migracié de cel-lules sanguinies i mediadors
inflamatoris cap a la zona afectada i viceversa, i prolonga la resposta inflamatoria a la

isquémia.
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Figura 6. Fases del reclutament de leucocits cap a la zona infartada del cervell (Adaptat de Bestebroer et
al., 2010) [96]. GRPCs: receptors acoblats a proteina G; ICAM: molécula d’adhesio intracel-lular; JAM:
molécula d’adhesié d’unions junction, PSGL-1: lligand de selectina P; VCAM: molécula d’adhesioé vascular.

A nivell periféric, 'augment de la permeabilitat de la BBB es tradueix en un increment
massiu d’antigens i components inflamatoris al sistema circulatori. Aquests alhora
estimulen l'alliberacié de més senyals inflamatories per part de les cel-lules circulants, aixi
com la producci6 de ROS, I'activacié del complement de plaquetes i la coagulacié [97—-99].
L’arribada d’aquests mediadors inflamatoris a la melsa també provoca una massiva
produccié de limfocits, aixi com Il'alliberacié de més mediadors inflamatoris [100]. Tot aix0
culmina en un estat d’hiper-inflamacié en el sistema circulatori, que es coneix com a
inflamacié sistémica i pot inclis derivar al sindrome de resposta d’inflamacié sistémica

(SIRS: systemic inflammatory response syndrome) [101].
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Aquest excés de mediadors inflamatoris circulants pot donar lloc, també, a I'estimulacié del
sistema nerviés simpatic, parasimpatic i l'eix hipotalamic-pituitari-adrenal. L’activacié
d’aquests sistemes estimula I'alliberacié de glucocorticoides i catecolamines, I'expressid
d’'IL-4, IL-10 i el factor de creixement transformant beta (TGF-B), i I'activacio de diverses
vies de senyalitzacié antiinflamatdries que inhibeixen I'expressioé dels actuals mediadors
inflamatoris [56]. La situacié resultant és, doncs, un estat global de immunosupressio, en el
gue el sistema immune deixa de ser capag de fer front a estimuls patogens externs [102].
Aquesta ineficiéncia és responsable de la susceptibilitat que presenten els pacients

isquemics a les infeccions, tal i com s’ha explicat anteriorment.

Una mica més tard en el temps, aquests mediadors antiinflamatoris acaben vencent el
balan¢ de components pro- versus antiinflamatoris, i donen lloc a la resolucié de la
inflamacié aguda. L’alliberacié d’aquests senyals antiinflamatoris provoca un canvi de rol
en la microglia resident i els macrofags infiltrants, que adopten una paper antiinflamatori
per eliminar els components cel-lulars que provenen de les cél-lules moribundes i alliberar
factors protectors que permetin recuperar en certa mesura la zona potencialment danyada

per la isquémia [103].

1.3 Models animals d’isquémia cerebral

Els estudis preclinics o experimentals en models animals d’isquémia cerebral han aportat
gran part dels coneixements actuals sobre lictus isquémic. Degut a la limitada
accessibilitat del cervell huma i el caracter agut de la malaltia en questi6, els models
preclinics han esdevingut imprescindibles per a l'estudi en detall dels mecanismes
fisiopatologics que contribueixen al desenvolupament i progressié d’aquesta patologia, aixi
com pel descobriment de noves estrategies terapéutiques o de diagnodstic de lictus

isquéemic.

L’objectiu principal d’aquests models és reproduir en animals d’experimentacié una
situacié d’isquémia cerebral el més similar possible a I'observada en la practica clinica. A
banda de mimetitzar les condicions humanes, els models experimentals permeten estudiar
la patologia isquémica des d’un punt de vista reduccionista, és a dir, permeten el control
d’aquelles variables clinigues que formen la gran complexitat de la malaltia humana i
faciliten I'estudi de cadascun d’aquests factors a nivell individual. A més, els models in vivo
presenten una alta reproductibilitat i escassa variabilitat en la mida i localitzacié de la lesio
cerebral induida, tant entre animals com entre experimentadors, donant lloc a una valuosa
simulacié el més estrictament possible dels fenomens biologics implicats en la malaltia

[104]. Per altra banda, els models experimentals d’isquémia cerebral s’han implementat en
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una gran varietat d’espéecies animals, com porcs, conills o primats, el que ha permés
aprofundir més en 'estudi de la patologia. No obstant, els rosegadors sén de llarg els més
emprats, tant per qliestions economiques, de comoditat en el maneig d’aquests animals o

d’acceptacio ética.

Els models animals d’isquémia cerebral es classifiquen en models d’'isquémia global o
focal, en funcié del territori cerebral afectat. La isquémia cerebral global afecta tot el cervell,

mentre que la isquémia cerebral focal afecta a un sol territori vascular.

Els models d’isquémia cerebral global es basen en l'oclusié de les grans artéries que
irriguen I'encefal (Taula 2). Es coneixen diferents models que aconsegueixen aquest tipus
d’isquémia (que afecta els dos hemisferis cerebrals), tot i que els més usats sén el model
dels quatre vasos, on s’oclouen les arteries vertebrals i les carotides comuns d’ambdds
costats [105] o el model dels dos vasos, en que solament s’oclouen les dues artéries
carotides comuns [106]. Malgrat aquests models sén quirdrgicament senzills, avui en dia

soén poc utilitzats com a models d’ictus isquémic per la disparitat vers la realitat de la

malaltia.
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Taula 2. Principals models d'isquémia cerebral en rosegadors (Adaptat de Liu i McCullough, 2011) [107].



Introduccié

Els models experimentals que reprodueixen més estrictament la patologia cerebrovascular
humana, doncs, sén els focals. Aquest es basen en la interrupcié del flux sanguini de
I'arteria cerebral mitja (MCA) en tan sols un dels dos hemisferis cerebrals per mitja de
diferents estrategies i aproximacions (Taula 2). L'oclusio de la MCA pot realitzar-se a nivell
proximal (oclusi6 de gran vas) o a nivell distal (oclusié de petit vas) a través de
mecanismes mecanics o trombotics. Mecanicament, I'oclusié de la MCA pot realitzar-se a
través de la introducciéo d’'un filament, per ligament o electrocoagulacié de I'artéria en
questio, mentre que l'oclusié trombodtica té lloc mitjangant la introduccié d’'un coagul
sanguini o per injeccié de trombina o endotelina-1 directament a la MCA [108]. Els models
focals afecten principalment al territori vascular de la MCA; les oclusions proximals
comprometen inicialment la zona de I'estriat i avancen cap al cortex amb el pas del temps,
mentre que les oclusions distals Unicament afecten la regié vascular de la MCA del cortex.
Els models d’isquémia cerebral focal, a més, presenten certa complexitat quirdrgica i
'aparicié de complicacions durant o després de la cirurgia pot augmentar la taxa de
mortalitat.

A banda de I'estratégia utilitzada per a I'oclusio del vas, els models es poden classificar en
transitoris o permanents, en funcié de la duracid de la isquémia i de si permeten o no la
reperfusio del teixit isquémic. L’extensiéo de la lesié isquémica dels models transitoris
depen en major part del temps d’isquémia, tot i que altres factors com la localitzacié de
I'oclusio, el sexe, I'espéecie i la soca de I'animal, la temperatura corporal o la pressio arterial
també hi poden influir [109].

L’avaluacié de la mida de la lesié és un dels principals parametres d'estudi de bona part
dels models experimentals d’'isquémia cerebral. Per a tal finalitat es coneixen multiples
estratégies que varien en funcioé de I'objectiu i la finalitat de I'estudi, la sensibilitat requerida,
el temps d’isquémia i la disponibilitat d’equipaments especialitzats. En els seus inicis, la
visualitzacié de la zona isquémica es limitava a [lavaluacid histoldgica de les
caracteristiques morfologiques del teixit cerebral. Més endavant, perd, es van
desenvolupar tincions que permeten, de manera eficacg i senzilla, un marcatge microscopic
de la lesi6 afectada per la isquémia, com les tincions d’hematoxilina i eosina o les
variacions multiples de la tincié de Nissl [110]. El posterior desenvolupament de tincions
macroscopiques, que faciliten un marcatge encara més rapid i sense necessitat d’aparells
optics per a la seva correcta visualitzacid, va suposar també un gran aveng per a la
delimitacié de les lesions isquemiques. La tinci6 amb clorur de tetrazole (TTC) és
probablement avui en dia la més utilitzada arreu, doncs es considerada un metode facil de
realitzar i que permet obtenir resultats de manera rapida i fiable [111]. Recentment, la
millora substancial de les tecniques de neuroimatge ha permés utilitzar estrategies no

invasives per a la visualitzacié dels infarts cerebrals en els models experimentals. A
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diferéncia de les tincions post-mortem, les técniques no invasives permeten realitzar
mesures repetides al llarg del temps en un mateix animal, sense suposar cap malestar ni
contraindicacié fisica. L’eina més utilitzada arreu per a la deteccié in vivo de la lesié
cerebral en animals és destacadament la ressonancia magneética [112, 113]. No obstant,
perd, la utilitzaci6 d’aquestes tecniques esta subjecta a la disponibilitat d’aparells

especialitzats, sovint forga costosos i no accessibles en molts centres d’investigacio.

Donat que un dels principals objectius del maneig de l'ictus és la restauracié de la funcio
conductual dels pacients, identificar els déficits neurologics en els models animals d’ictus
és també essencial per a I'aplicacié translacional de possibles tractaments terapéutics. Aixi
doncs, complementariament a la mida de la lesio, també s’utilitzen tests de comportament
que permeten avaluar I'estat neurologic i funcional dels animals, aixi com realitzar un
seguiment de la seva millora o deteriorament al llarg del temps (valor prondstic). Avui en
dia, es coneixen multiples tests per avaluar aquest comportament [114]. L’eleccié del més
adient és un factor clau a tenir en compte en el disseny experimental inicial, doncs pot
condicionar la qualitat i sensibilitat dels resultats que se n’obtinguin. Per a tal eleccio cal
tenir en compte una série de factors condicionants: en primer lloc, els déficits que mostren
els animals isquémics difereixen en funcié de la zona i I'extensié de la lesio cerebral, de la
mateixa manera que els diversos tests difereixen en la selectivitat i sensibilitat pels
diferents deficits, ja siguin motors, sensorials, posturals, reflexius, d’equilibri, etc. Per
exemple, el test del filferro penjant (de I'anglés Hanging Wire) o la prova de forga
d’adheréncia (Grip Strength test) contemplen principalment la forca motriu, el test del
cilindre (Cylinder test) avalua el comportament motor i espacial, i el test de la cantonada
(Corner Test) o les escales de puntuacié combinada (com el test de Bederson) contemplen
una mescla de valors posturals, sensorials, d’equilibri i funcié motora, entre molts d’altres
[115-117]. En segon lloc, en funcié dels déficits que es vulguin avaluar, cal tenir també
present que els tests de comportament son sensibles al moment de 'assaig. Per exemple,
una prova de comportament especifica pot mostrar diferéncies significatives entre grups al
cap d’'una setmana de la isquémia cerebral, perd no ha de ser necessariament efectiva en
temps més aguts. Es per aixd que la tria del temps optim d’assaig per a cada prova és
també un factor critic per a obtenir resultats fiables [115]. Finalment, la soca i I'espécie
animal, aixi com l'edat i la preséncia de comorbiditats, poden també influir en la
susceptibilitat dels animals a la isquemia i condicionar el comportament dels mateixos en

els tests escollits per a I'estudi [118-121].

Malgrat els models experimentals han esdevingut una eina imprescindible tant per I'estudi
de la fisiopatologia de lictus com pel desenvolupament d’estratégies terapéutiques,
aguests models presenten certes limitacions que cal prendre en consideracio a I'hora de

realitzar estudis preclinics. De manera destacable, tot i que el control i reducci6é de certes
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variables fisiologiques (principalment sexe, edat i comorbiditats tals com la hipertensié, la
diabetis o I'obesitat) pot semblar un clar avantatge per a I'experimentacié animal respecte
els estudis realitzats amb mostres humanes, aquest fet suposa un emmascarament de la
realitat i complexitat clinica i pot causar I'obtencid de resultats no translacionals fruit
d’aquest reduccionisme. Es per aixd que s’aconsella cada vegada més la validacié dels
resultats obtinguts en rosegadors de diferent sexe i edat i, si és possible, que presentin
alguna o varies d’aquestes comorbiditats observades en la practica clinica (veure criteris
STAIR, apartat 1.4.1).

Aixi doncs, a I'hora d’escollir un model animal experimental cal tenir en compte els
avantatges i desavantatges que cadascun d’aquests presenta en funcié del tipus d’estudi
que es vulgui realitzar. Cal tenir present el procés fisiopatologic que es pretén estudiar, ja
que el model d’isquémia dependra de si s’esta interessat en el procés isquemic o el de
reperfusid, el tractament o la neuroproteccié a fase aguda, els mecanismes posteriors de
neuroreparacié o alguna de les complicacions associades a la isquémia, entre d’altres.
També cal tenir present I'area cerebral afectada en cada model experimental, aixi com la
recuperacio de I'animal i la mortalitat que s’experimenta, si el que es pretén és fer estudis a
llarg termini. La restauracid del flux sanguini cerebral també sera un parametre a
considerar quan I'objectiu sigui 'administracidé de substancies que arribin a I'area infartada
[109]. Finalment, I'eleccié de la soca, el sexe i la preséncia o no d’altres malalties
concomitants també podran condicionar els resultats de I'estudi i cal tenir-les en

consideracié abans d’iniciar la fase experimental.

1.4 Noves estrategies terapéutiques de I'ictus isquémic

A banda de millorar les estrategies de reperfusio actuals, grans esforcos estan sent
destinats a la cerca i estudi de terapies protectores i reparadores de la zona cerebral
afectada (Figura 7). Les estrateégies de neuroproteccié tenen com a finalitat principal
interferir en algun dels processos inicials de la cascada isquemica per tal de bloquejar o
frenar els mecanismes de dany tissular i mort cerebral, prevenint aixi un major
desencadenament i progressi6 de la lesid. Les estratégies reparadores o de
neuroreparacio, en canvi, es centren en potenciar, accelerar i estimular la recuperacio
funcional espontania dels pacients que han patit un ictus. Aquestes estratégies
terapéutiques intenten, doncs, regenerar el teixit danyat i restablir els circuits neuronals
afectats per tal de recuperar les funcions sensorials i motores perdudes per motiu de la

isquémia [122].
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Ja que la present Tesi Doctoral t¢ com objectiu contribuir en la cerca de noves estratégies
terapeutiques que permetin frenar el dany i la mort cerebral durant la fase aguda i
subaguda de [lictus, hem cregut convenient destinar un apartat especific a la
neuroproteccid i les estrategies neuroprotectores objecte d’estudi des de les ultimes
décades.
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Figura 7. Caracteristiques fisiopatologiques de la isquémia cerebral al llarg del temps (Adaptat de
Janowski et al., 2015) [123].

1.4.1 La neuroproteccio

La neuroproteccid, coneguda tradicionalment com la “proteccié de les neurones”, es centra
en l'atenuacio i bloqueig de mediadors claus de la cascada isquemica. L’eficacia dels
agents neuroprotectors esta condicionada per I'existéncia de teixit cerebral isquémic que,
tot i estar metabolicament compromés, encara és potencialment viable, és a dir, no
presenta danys irreparables. Malgrat I'area d’aquest teixit viable disminueix drasticament
durant les primeres hores després de I'episodi isquémic (Figura 8), el periode de temps en
que es creu gue encara hi ha possibilitat de protegir la zona salvable s’estén fins a les
primeres 72 hores [124]. Aixi, un dels factors claus que condicionaran I'eficacia dels agents
neuroprotectors és el temps, doncs tal i com resumeix molt bé la frase “time is brain”, una
major rapidesa a I'hora d’iniciar aquests tractaments comportara idealment una major

proteccié de la zona circumdant a la lesié isquémica, evitant el seu creixement [122].

Minuts Hores Dies

Figura 8. Creixement de la zona isquémica amb el temps. S’indica el creixement del nucli de la zona
isquemica (vermell fort) i la disminucié proporcional de la zona de penombra (rosa).
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Un gran ventall d’estratégies neuroprotectores han estat proposades i dissenyades per

bloquejar la progressié de la lesio cerebral després de I'oclusié d'un vas sanguini (Taula 3).

Classificacio

Tractaments

Mecanismes d’accio

Anti-excitotoxics

Sulfat de magnesi

Disminueix l'alliberacié de glutamat; bloqueja canals
ionics; indueix hipotérmia

Tat-NR2B9c (NA-1)

Inhibeix la formacié del complex del receptor
NMDA/PSD-95/nNQOS; inhibeix la producciéo d’'NO

Donepezil

Inhibeix I'alliberacié de glutamat i glicina; inhibeix els
ions de calci i sodi

Edavarone, Ebselen

Recaptadors de ROS

Nitrones (NXY-059)

Recaptadores de ROS

Acid dric Recaptador de ROS
Antioxidants
Vitamina B2 Recaptadora de ROS
Inhibidors de NOS Inhibidor de les diferents isoformes de NOS
DP-b99 Quelant de ions metal-lics divalents
Factors de Redueixen Tl'excitotoxicitat del glutamat; tenen
creixement G-CSFi EPO propietats antiinflamatories i anti-apoptotiques;
hematopoetics estimulen la neurogenesi i 'angiogénesi
Inhibeix la infiltracié de neutrofils i prevé la disrupcié
IL-1ra
de la BBB
Antiinflamatoris Natalizumab Atenua la infiltracié de leucocits
Fingolimod Analeg del receptor d’esfingosina 1-fosfat; inhibeix la

sortida de limfocits dels organs limfoides

Propietats antiinflamatories i anti-excitotoxiques

Immunosupressors  Ciclosporina A
Lovastatina - . o . .
. . ! Inhibidors de I’hidroximetil-glutaril-coenzim-A
Estatines Simvastatina,
. reductasa
Atorvastatina
L Té propietats antiinflamatories i antioxidants; redueix
Minociclina S e U . L.
I'activacioé de la microglia i la MMP9; anti-apoptotic
Antibiotics
Té propietats antioxidants, anti-apoptotiques i
Dapsona . brop N popiaiq
antiinflamatories
Produeix hemodilucié i resposta microvascular;
Altres AlbUumina millora la circulacié col-lateral i del CSF; redueix
I'edema cerebral
Redueix la demanda energetica; preserva les
Estrategies no S reserves d’energia; disminueix el lactat, el glutamat i
Hipotérmia

farmacologiques

ROS; prevé I'apoptosis; redueix la disrupcié de la
BBB i 'edema cerebral

Taula 3. Estrategies neuroprotectores: principals tractaments que han estat objecte d’'investigacidé en
models experimentals d’'isquémia durant les Ultimes décades (Adaptada de Minnerup et al., 2012, Moretti
et al.,, 2015 i Bonaventura et al., 2016) [83, 125, 126]. BBB: barrera hematoencefalica; CSF: liquid
cefaloraquidi; EPO: eritropoetina; G-CSF: factor estimulant de coldnies de granulocits; IL-1ra: antagonista
del receptor d’'interleucina 1; NO: oxid nitric; NOS: sintasa d’oxid nitric; nNOS: sintasa d’oxid nitric de tipus
neuronal; NMDA: N-metil D-aspartat; MMP9: metal-loproteinasa de matriu 9; PSD-95: proteina de densitat
postsinaptica 95; ROS: espécies reactives de I'oxigen.
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La majoria d’aquestes terapies provenen d’estudis basics en animals d’experimentacio, on
han mostrat eficacia com a neuroprotectors en el cervell isquémic. Destacadament, la
majoria d’aquests farmacs han estat dirigits a frenar el desencadenament dels processos

excitotoxics, modular I'estrés oxidatiu i atenuar la resposta inflamatoria, entre d’altres.

No obstant, dels milers de compostos que han estat testats en models animals d’'isquémia
cerebral, només uns 200 han arribat a estudiar-se en assajos clinics (fase Il o Ill), i encara
cap d’ells ha aconseguit mostrar resultats prometedors per a la seva implantacio en la
practica clinica [127]. Aquest fracas translacional pot explicar-se, en part, per les grans

diferencies metodologiques entre els estudis experimentals i els assajos clinics (Taula 4).

Models animals Estudis en humans
Poblacié homogénia i controlada Poblacié heterogénia i variable
Animals joves Pacients d’edat avangada
Comorbiditats limitades Nombroses comorbiditats
Inici induit de l'ictus Inici espontani de lictus
Etiologia uniforme Etiologies variades
Territori isquemic subjacent a la MCA Territori isquémic no restringit a la MCA
Finestra terapéutica variable Finestra terapéutica estricta
Control exacte de la duracio de I'oclusio Duracié de I'oclusio variable
Ampli abast per optimitzar la dosis Reduit abast d’optimitzaci6 de la dosis
Multiples vies d’administracio Vies d’administracio limitades
Volum d’infart com a objectiu primari Discapacitat funcional com a objectiu primari
Estudis in vivo i in vitro Estudis in vivo
Us majoritari del sexe masculi Sexe masculi i femeni
Estudis de parametres subcel-lulars Pocs estudis subcel-lulars amb mostres post-exitus
Sense tractaments previs amb altres farmacs Tractaments previs amb altres farmacs

Taula 4. Principals diferéncies entre els estudis preclinics i clinics que han portat al fracas translacional de
moltes estratégies neuroprotectores (Adaptat de Moretti et al., 2015) [126]. MCA: arteria cerebral mitja.

Amb l'objectiu de posar remei a aquest fracas translacional, la creacié del grup de treball
STAIR (Stroke Treatment Academic Industry Roundtable) va permetre documentar una
serie de criteris i recomanacions per a I'estudi de l'ictus en experimentacioé animal (STAIR
1999). Des de llavors, el grup STAIR ha continuat reportant actualitzacions i millores
d’aquestes recomanacions, totes elles basades, entre d’altres, en el refinament dels criteris

experimentals per al descobriment de noves terapies neuroprotectores [128-132].

De manera destacable, aquests criteris posen especial émfasis en I'eleccid del model
experimental, I'espécie i la soca animal. Recomanen considerar les diferéncies existents

entre sexes i, sobretot, incloure animals amb diferents comorbiditats (diabetis, obesitat,
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hipertensid), tal i com succeeix en els humans. Destaquen també la necessitat de realitzar
estudis transparents, aleatoritzats i duts a terme per investigadors cecs a les condicions
experimentals, aixi com reportar els calculs de la mida mostral, la poténcia dels resultats i
els criteris d’inclusié i exclusié dels animals, amb la idea de millorar la qualitat dels estudis
preclinics. Finalment, aguestes recomanacions remarquen amb insisténcia la necessitat de
verificar els efectes neuroprotectors d’'un determinat farmac en un minim de dos laboratoris
diferents, per garantir la fiabilitat dels resultats assumint la variabilitat metodologica que pot
existir entre centres. En aquest mateix sentit, el consorci MULTIPART (Multicentre
Preclinical Animal Research Team) va néixer el 2013 amb I'objectiu d’establir i implementar
una plataforma internacional per realitzar estudis a nivell preclinic i multicéntric.
Simultaniament, les directrius IMPROVE, sorgides d’aquest consorci i publicades
recentment, pretenen donar suport als investigadors i personal técnic per refinar les
practiques dels models experimentals d’isquémia cerebral [133], amb [l'objectiu final
d’homogeneitzar els estudis preclinics i aconseguir, aixi, una efica¢ translacié a la clinica
d’aquells tractaments neuroprotectors candidats que finalment mostrin un alt valor

potencial.

La manca d’exit de les estrategies testades fins ara, pero, fa que la cerca de nous agents
neuroprotectors continui essent una de les principals prioritats dins el mén de la
investigacio de l'ictus. Malgrat els estudis preclinics no hagin pogut proporcionar farmacs
eficagcos pels humans, aquests han esdevingut una gran font d’informacié sobre els
esdeveniments moleculars que succeeixen en el desencadenament d’aquesta malaltia.
Les continues millores en el coneixement dels mecanismes fisiopatologics poden, alhora,
esdevenir un molt bon punt de partida per a la futura identificaci6 de noves dianes
terapéutiques potencialment més valuoses que les identificades fins al moment. No
obstant, encara queda cami per recérrer i la necessitat d’entendre al complet els processos
patologics que tenen lloc immediatament després de I'oclusié d’un vas sanguini cerebral

segueix vigent.

1.5 Biomarcadors de l'ictus isquémic

Un biomarcador es defineix com aquella caracteristica mesurable de manera objectiva que
permet ser utilitzada com a indicador d’'un procés biologic normal, patogénic o de resposta
a una determinada intervencio terapéutica [134]. Malgrat el concepte de biomarcador pot
fer referéncia a dades clinigues o de neuroimatge, cada cop més freqlentment s’utilitza
per designar aquelles molécules biologiques de naturalesa complexa, com les proteines,
péptids, lipids, metabolits, quimics o fins i tot acids nucleics, que es troben associades a

determinats processos hiologics subjacents a la malaltia estudiada en quiestio.
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En el marc de lictus isquémic, s’espera que els biomarcadors siguin mesurables de
manera rapida i fiable i que permetin cobrir algun dels aspectes de la patologia, ja sigui el
seu diagnostic, la identificacié de I'etiologia, I'avaluacié del risc i resposta al tractament o el
pronostic dels pacients que han patit la malaltia. A més, per tal que un bon biomarcador
tingui una capacitat predictiva potencialment bona per a alguna d’aquestes indicacions ha
de presentar una alta sensibilitat, és a dir, una elevada capacitat per detectar com a tal
aquells individus que realment han desenvolupat la indicacié en questiéo (verdaders
positius), i una alta especificitat, referint-se a la capacitat de detectar correctament aquelles
persones que no han patit aquella indicacié determinada (verdaders negatius). Sovint,
aquestes caracteristiques no son facilment assumibles per a un sol indicador biologic. Es
per aixd que l'agrupaci6 de dos o més biomarcadors en panells ha permés millorar
lleugerament aquests aspectes tecnics i assolir en molts casos millors resultats que un
biomarcador individual [135, 136].

Tot i que l'estudi dels biomarcadors en el context de lictus és relativament recent, els
estudis orientats al descobriment d’aquests han experimentat un augment substancial
durant els ultims anys. No obstant, I'interés i els recursos emprats per a tal finalitat encara
no han estat suficients per fer arribar a la practica clinica diaria cap dels biomarcadors
dictus proposats fins avui en dia. Aquesta manca déxit s’atribueix, en part, a la
complexitat biologica del cervell i a la seva heterogeneitat cel-lular, que fa que la resposta
a la isquémia de cadascuna de les poblacions cerebrals existents presenti un patré
molecular especific que incrementa la variabilitat del conjunt de molécules associades a la
isquemia en global. A més, la preséncia de la BBB, tot i estar estructuralment alterada, pot
dificultar la sortida massiva del cervell d’aquestes possibles molécules indicadores
d’isquémia, probablement tot comprometent també aixi la deteccidé d’aquestes i el seu Us

com a bons biomarcadors d’ictus.

Tot i aquestes dificultats, es coneixen certs biomarcadors que durant aquests Ultims anys
han presentat resultats forca prometedors. Pel que fa al diagnostic de Tlictus, el
descobriment de biomarcadors o panells de biomarcadors potencialment valuosos per
diagnosticar lictus i la seva subsequent implementacié a la clinica permetria identificar
d’'una manera immediata aquesta patologia i discriminar-la d’altres que presenten quadres
clinics similars (mimics). A més, reduiria els trasllats urgents innecessaris als hospitals i
alhora acceleraria el tractament d’aquells pacients realment diagnosticats d’ictus isquéemic.
La determinacio simultania del D-dimer i la caspasa 3, o el D-dimer, la MMP9, el péptid
natriuretic cerebral (BNP, Brain Natriuretic Peptide) i la S100B, per exemple, han mostrat
una correcta diferenciacié dels ictus, tant isquémics com hemorragics, front el grup dels
mimics [136, 137]. A banda, per a la discriminaci6 del subtipus concret d’ictus també s’han

proposat biomarcadors com la proteina gliofibrilar acida (GFAP, glial fibrillary acidic
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protein) o la S100B, ambdues proteines alliberades per necrosis astroglial. Agquestes
presenten perfils cinétics diferents entre els pacients isquémics i hemorragics, de manera
que es troben substancialment més elevades en lictus hemorragic durant les primeres
hores després de l'inici dels simptomes [138, 139]. De manera similar, nivells elevats del
fragment N-terminal del péptid precursor del BNP (NT-proBNP) han demostrat una bona

capacitat discriminatoria dels pacients isquemics front els hemorragics [140].

A banda del diagnostic, una correcta discriminacié de [l'etiologia de lictus permet
proporcionar un tractament secundari especific per evitar, en la major mesura possible, la
recurréncia de futurs esdeveniments vasculars. Per exemple, quan es diagnostica un ictus
d’etiologia aterotrombotica es recomana I'is d’agents anti-agregants de plaquetes (acid
acetilsalicilic, clopidogrel, dipiridamol), doncs disminueixen el risc de recurréncia fins un
25%, mentre que aquells que pateixen un ictus d’origen cardioembolic se’ls recepta I'us
d’anti-coagulants, que eviten la recurréncia d’aquest tipus d'esdeveniments
aproximadament un 50% dels casos [141]. Desafortunadament, encara avui en dia més
d’'un 30% dels ictus isquemics es classifiquen com a criptogenics, principalment perque no
es detecta cap mecanisme etiologic potencial [142]. De fet, fins i tot en molts casos no
s’aconsegueix identificar I'origen després de realitzar totes les proves de diagnostic
disponibles, fet que suposa un gran contratemps per al correcte tractament de prevencio
secundaria. En aquest context, s’espera que en funcié de la naturalesa de l'ictus, el patré
d’expressio proteic en circulacié varii i permeti identificar biomarcadors especifics capacos
de discriminar I'origen de lictus en un percentatge elevat de casos. Fins al moment, pero,
només s’ha trobat que els biomarcadors sanguinis BNP i D-dimer presenten una
rellevancia potencialment destacada per la identificaci6 dels ictus d'etiologia
cardioembolica [143, 144].

Pel que fa a la prediccié del pronostic i complicacions de Tictus, també s’han plantejat
diversos biomarcadors candidats al llarg de les Ultimes décades. Una prediccié acurada de
I'evolucio del pacient ajudaria a prendre decisions anticipades en el tractament i maneig
dels pacients, i permetria reduir la taxa de morbiditat associada a la malaltia. D’entre totes
les molécules avaluades, pero, poques han demostrat la seva utilitat clinica al no aportar
valor predictiu addicional important sobre les variables clinigues que s'utilitzen
habitualment per a tal finalitat. Estudis recents han proposat la copeptina, una molécula
derivada del peptid precursor de la vasopressina que s’expressa en condicions d’estres, i
el BNP com a predictors en fase aguda de discapacitat o mort a llarg termini [145, 146].
Nivells elevats de MMP9 o proteina d’adhesié vascular 1 (VAP-1; vascular adhesion
protein 1) han demostrat també ser bons indicadors de transformacions hemorragiques [68,
147], mentre que la proteina C reactiva (CRP: C-reactive protein) i la IL-6 s’han presentat

com a possibles candidats per identificar aquells pacients amb alt risc de patir infeccions
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després de la isquemia cerebral [148]. No obstant, la falta de confirmacié o millora
d’'aquests resultats en cohorts de pacients més grans i heterogénies impedeix a hores
d’ara la incorporacié d’aquests biomarcadors a la practica clinica, fet que demostra que cal
mantenir de manera intensa la cerca de candidats que cobreixin aquestes mancances

actuals pel diagnostic i pronodstic de l'ictus isquémic.

1.5.1 Mostres bioldgiques

Des dels seus inicis, la recerca de biomarcadors d’ictus s’ha centrat en la identificacié de
marcadors bioldgics en sang, majoritariament en forma de sérum o plasma. La facil
accessibilitat d’aquestes mostres i el fet que la seva obtencié sigui poc invasiva pel pacient
han fet que aquest fluid biologic esdevingui I'ideal per a tal finalitat. La sang esdevé en
molts moments un reflex forca immediat del que succeeix en qualsevol altra part del cos, i
permet identificar facilment alteracions moleculars que estan tenint lloc en organs
subjacents. En el cas de lictus, pero, aquesta capacitat de reflectir els canvis bioldgics que
es donen a nivell local en una determinada zona del cervell a vegades esta condicionada
per l'existéncia de la BBB. Malgrat els avantatges immunologics d’aquesta barrera
protectora sén clars, aquesta alhora pot impedir la sortida massiva d’indicadors de
processos patogenics cerebrals, fet que podria limitar o enrederir la seva deteccié en sang,
aixi com condicionar I'excel-lent Us d’aquest fluid com a eina bioldgica per a detectar bons
biomarcadors d’ictus en fase hiper-aguda. Cal tenir present, pero, que molts pacients amb
un ictus isquémic pateixen un augment substancial de la permeabilitat d’aquesta BBB, o
fins i tot la disrupcio total d’aquesta, fet que augmenta l'intercanvi de molécules entre els
dos compartiments i facilita la deteccié dels mediadors cerebrals d’isquémia en el sistema
circulatori [149].
A banda de les limitacions biologiques, la sang també presenta una gran complexitat i
heterogeneitat i, juntament amb el fet que la concentracié dels seus components presenta
un rang dinamic molt extens, de fins a 12 ordres de magnitud, fa que I'is de la sang per a
la identificacié de nous indicadors patologics presenti sovint complicacions técniques al ser
analitzada [150].

Un altre fluid biologic utilitzat per a la identificacié de biomarcadors en lictus és el liquid
cefaloraquidi (CSF, cerebrospinal fluid), doncs permet identificar i estudiar molt
directament aquells canvis i alteracions moleculars que es produeixen al cervell durant la
isquémia. Aixo es deu al contacte directe existent entre el CSF i I'espai extracel-lular del
parénquima cerebral, el qual permet que gran part dels productes de degradacié o rebuig
que s’originen a les cél-lules s’eliminin a través del CSF [151]. Aquesta estreta relacié fa

que els canvis en la concentracié de determinats biomarcadors procedents de cervell
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siguin generalment més pronunciats en el CSF que en la sang, donant avantatge clar a
aquest fluid bioldgic per a ser una millor i més imminent font de biomarcadors patologics.
De fet, aix0 ja succeeix en altres malalties neuroldgiques, on el CSF s’utilitza per confirmar
el diagnostic clinic previ de, per exemple, la meningitis, I'encefalitis, la malaltia de Guillain-
Barré, les paraneoplasies o I'esclerosis multiple, entre d’altres [152]. En el cas de lictus, el
CSF també hauria d’esdevenir idealment el fluid biologic capa¢ de detectar amb més
sensibilitat i rapidesa aquelles molécules indicadores d’'una alteracié cerebrovascular. No
obstant, els estudis de descobriment de biomarcadors en mostres de CSF han sigut
limitats, doncs I'obtencié d’aquest requereix d’una técnica forca invasiva i contraindicada
per aquells pacients amb un risc elevat de sagnat [153, 154]. De fet, I'obtencié de mostres
de CSF a larribada del pacient a I'hospital suposaria una incompatibilitat per a
'administracio de rt-PA, i provocaria I'exclusié d’aquell pacient a ser candidat a rebre
terapia trombolitica.

L’orina també es considera una bona font de marcadors biologics en diferents patologies,
inclos lictus [155]. Malgrat es tracta d’un fluid molt abundant, de relativa facil obtencio i
amb una composici6 molt més minimalista que la sang, la gran variabilitat que pot
experimentar en funcié de la dieta, els medicaments o les afectacions renals dels pacients,

fa que aquest manqui d’atractiu per a ser una bona mostra on trobar biomarcadors d’ictus.

La saliva, el liquid bronco-alveolar, el liquid sinovial o les llagrimes sén exemples d’altres
fluids bioldgics que han estat utilitzats per estudis d’identificacié de marcadors en diverses
malalties [156, 157]. No obstant, en el context de lictus aquests fluids no tenen gran

interés, doncs la seva utilitat i aplicabilitat a la practica clinica és limitada.

A banda dels fluids biologics, les mostres de teixit cerebral també han esdevingut una
gran font d’informacié bioldgica. Es obvi, perd, que en el cas de lictus I'obtencié de teixit
procedent del cervell in vivo és inviable. No obstant, I'estudi del teixit cerebral huma post-
mortem ha suposat un bon punt de partida i ha fet més accessible I'exploracié de les
alteracions biologiques a nivell molecular derivades de la isquémia. Aquest tipus de teixit,
pero, presenta certes limitacions que cal tenir en compte en funcidé de quin sigui I'objectiu
de l'estudi. Com a destacable, el teixit cerebral post-mortem reflexa les alteracions
moleculars del cervell en el moment en que el pacient traspassa, que poden allunyar-se en
gran mesura dels canvis moleculars que succeeixen a fases inicials d’aquesta malaltia,
guan és de major interés pel seu diagnostic i tractament. També, cal destacar que la
obtencidé d’aquest tipus de mostra és sovint costosa i requereix una preservacio especifica
i acurada per tal d’assegurar que els diferents components moleculars (majoritariament

material genétic, proteines i lipids) no s’alterin durant el periode de conservacio i
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mantinguin les caracteristiques del moment de I'éxitus durant un llarg periode de temps
[158]. Per a tal finalitat, doncs, és important limitar al maxim el temps transcorregut des de
la mort del pacient fins a la preservacié del teixit cerebral i controlar estrictament les

condicions de conservacié d’aquest.

Una de les alternatives a I'is de teixit cerebral huma post-mortem és la utilitzacié de teixit
cerebral animal. Els models d'isquémia en animals d’experimentacié permeten reproduir la
fisiopatologia humana, i alhora faciliten I'obtencié de mostres bioldgiques en el moment
precis que es vulgui estudiar al llarg de les diferents fases de la malaltia. Malgrat aquesta
estrategia també presenta limitacions (basicament fruit de les diferencies existents entre
especies [159, 160]) cada cop s6n més els estudis que inicien els seus experiments amb
mostres animals per després confirmar, verificar i validar els descobriments assolits en

mostres humanes, ja siguin de teixit cerebral o altres fluids bioldgics [161-163].

1.5.2 Procés de descobriment de nous biomarcadors

La actual manca clara de biomarcadors d’ictus isquémic, sigui per una o altra indicacio,
crea la necessitat de realitzar estudis orientats a la identificacié de nous candidats per a tal
finalitat. No obstant, el procés de descobriment de nous biomarcadors és complex i costds,
i com a consequeéncia sovint acaba fracassant abans d’arribar a assolir I'objectiu final.
Aquest procés consta idealment de quatre fases ben caracteritzades (descobriment,
qualificacid, verificacid i validacié) que permeten reduir paulatinament el nombre de
candidats potencialment valids com a biomarcadors i alhora augmentar substancialment la
mida de les cohorts de pacients amb les que comprovar I'eficacia d’aquests (Figura 9)
[164].

La fase de descobriment sovint utilitza sistemes model (ja siguin in vivo o in vitro) o
materials bioldogics humans per a realitzar una comparacioé binaria entre mostres amb i
sense presencia del procés fisiopatologic estudiat, en molts casos a través de técniques de
cribratge massiu. Aquesta simplificacio evita la contaminacié dels resultats per influéncia
d’altres processos patologics i disminueix la preséncia de possibles variables de confusié.
Els resultats d’aquesta fase comprenen grans quantitats de components diferencialment
expressats entre les dues condicions estudiades i sovint inclouen abundants falsos positius

gue requereixen ser filtrats i descartats en les fases posteriors del procés.

La fase de qualificacié permet corroborar els resultats observats durant la fase de
descobriment per mitja de I'is de técniques analitiques diferents a les anteriors, en molts
casos dirigides especificament als candidats en estudi. Aquesta fase, juntament amb la de

descobriment, centren la seva atencié en establir una associacio clara entre el candidat a
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biomarcador i la malaltia estudiada, emfatitzant la sensibilitat de la molécula per sobre la

seva especificitat.

La fase de verificacioé inclou un augment substancial de la mida de la cohort (centenars de
pacients), comencant a plasmar la variabilitat ambiental, genética, biologica i estocastica
del conjunt de la poblacié humana. En aquesta fase té lloc la confirmacio de la sensibilitat

del candidat a biomarcador i es comenga a contemplar la seva especificitat.

Finalment, la fase de validaci6 només es desenvolupa en un nombre reduit de candidats
gue han superat amb éxit la fase anterior. En aquesta fase s’avaluen els candidats per
mitja de técniques optimitzades en grans cohorts (varis milers de pacients) que reflecteixin
a la perfeccio la variabilitat i heterogeneitat del conjunt de la poblacié. Els candidats que
finalment siguin validats positivament podran ser seleccionats per a la seva
comercialitzacio, fet que implica el refinament i perfeccionament del métode de deteccié

per assolir els requeriments estandards dels tests clinics actuals.
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xl J'] l" “I
DESCOBRIMENT \
Etapa d'identificacio de biomarcadors. Semi-quantitatiu '|| 1000s f 10s!
Mostres: fluids i teixits d'origen huma o altres animals, | | |
sobrenedants de linies cel-lulars. Variacio biologica reduida. ‘.| {f 'I' '||
! /| |
1l J}' l" |I
2 \ | \
QUALIFICACIO \ /|
Etapa de confirmacié de I'abundancia diferencial dels i /| \
candidats. Quantitativa \ el / [ 10s |
Mostres: Plasma huma. Variaci6 biologica reduida. \ | | \
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‘|l '|'I 11" ']‘.
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Figura 9. Procés de descobriment de nous biomarcadors (Adaptat de Rifai N, 2006) [164]. Molécules fa
referéncia al nimero de candidats a ser avaluats en cada fase; Mostres fa referéncia al nimero de

mostres en que s’avaluen aquests candidats.
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1.6 Cerca de nous biomarcadors i/o dianes terapéutiques

L’aparicio i millora de les tecnologies d’alt rendiment, conegudes generalment com a
tecniques —omiques, esta permetent incrementar de manera massiva el coneixement de
processos patologics que succeeixen en [lictus isquémic. Aquestes técniques
-omiques faciliten especificament un cribratge simultani de nombroses molécules
diferencialment alterades durant la isquémia cerebral, tot millorant el coneixement dels
mecanismes moleculars associats a aquesta patologia. Alhora, aquesta major comprensié
provoca una millora substancial en el descobriment de candidats que opten a esdevenir
bons biomarcadors d’ictus isquémic, possibles dianes terapéutiques o fins i tot ambdos

alhora (Figura 10).

Aquest cribratge massiu pot realitzar-se a qualsevol dels quatre nivells moleculars basics,
a través de l'analisi de gens (gendmica), RNA (transcriptdmica), proteines (protedmica) i
metabolits (metabolomica). Malgrat els quatre blocs son indispensables per a la
comprensié global d’'un determinat procés patologic, la present Tesi Doctoral es centrara

d’ara en endavant en més detall en les estratégies de transcriptomica i protedmica.

Técniques de Candidats
descobriment identificats
- Stroke o
Diagnosisceleurai
Biomarkers
(5o

ICTUS

BIOMARCADORS
, / D’ICTUS

\ DIANES

TERAPEUTIQUES

Transcrits

Transcriptomica Avaluacié en models
experimentals d'isquémia
Metabolomica Metabolits

Figura 10. Procés de descobriment de biomarcadors i dianes terapéutiques de l'ictus isquémic. Adaptat
de Simats et al., 2016 [165].

1.6.1 Transcriptomica

La transcriptomica estudia el perfil d’expressié dels gens en un determinat moment i sota

unes determinades condicions fisiologiques. Aquesta tecnologia esta oferint la possibilitat
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d’aconseguir informacié de l'estructura i funcié de bona part dels gens que conformen el
genoma, contribuint alhora a la caracteritzacié dels mecanismes involucrats en processos

biologics especifics.

Originariament, els estudis d’expressio génica estaven limitats a la detecci6 individual de
transcrits predeterminats per mitja de tecniques com el Northern blot o la PCR quantitativa.
La millora de les tecnologies existents i el descobriment de noves técniques, pero, ha
permés assolir avui en dia la deteccié simultania de des de desenes fins a milers d’acids

nucleics en una mateixa mostra.

Els microarrays o tecnologies xip han esdevingut una de les eines principals que han
permés aquesta deteccié simultania i no esbiaixada de gran diversitat de transcrits [166].
Els microxips destaquen per la utilitzaci6 de sondes especifiques dissenyades per a
detectar, hibridar i permetre la quantificacié6 de bona part dels transcrits d’'una mostra
previament amplificada sobre una Unica plataforma de mida de I'ordre dels micrometres.
Els avencos en aquesta tecnologia d’hibridacié I'han feta facil, rapida i economicament
accessible, i han donat peu a una gran quantitat d’estudis de transcriptomica, també en el
camp de l'ictus [167, 168].

A banda dels estudis de microarrays, les estratégies de sequienciacio d’RNA, (NGS: next
generation sequencing), han estat les altres grans responsables de la massiva expansié
que ha experimentat el camp de la transcriptomica en els darrers anys [169]. Un dels
avantatges clars d’aquestes noves técniques és la possibilitat d’'identificar nous transcrits
gue no hagin estat préviament descrits, fet que contribueix altament en la caracteritzacio
del procés biologic que s’estudia i, indirectament, contribueix a millorar i optimitzar les

estratégies que es basen en hibridacions amb sondes previament descrites.

No obstant, nous métodes estan sorgint per complementar i refinar aquestes estratégies
de transcriptomica més massives. En primer lloc, la PCR quantitativa s’ha aconseguit
multiplexar, de manera que per mitja de marcatges especifics per a cadascuna de les
sondes que s’utilitzen, sovint a través de la fluorescéncia, és factible la deteccid i
guantificacio dels nivells d’expressioé de varis gens simultaniament en una mateixa mostra
[170]. També, de manera destacable, algunes d’aquestes tecnologies emergents es basen
en la deteccid directa de RNA per mitja de microesferes magnétiques (com per exemple
els assajos de QuantiGene™ basats en la técnica Luminex®, de la casa ThermoFisher) o

codis de colors (com la técnica del Nanostring®, www.nanostring.com) [171]. A grans trets,

aguestes tecniques faciliten la quantificacié especifica de cada molécula de transcrit de
RNA de manera directa, ja que no utilitzen enzims de retrotranscripcid. A més de facilitar el
procés i proporcionar una quantificaci6 més real, aquestes técniques son aplicables a

I'analisi de mostres dificils de processar o amb métodes de conservacido menys eficients,
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com per exemple, mostres tissulars fixades amb formalina i submergides en parafina
(principal meétode de conservacio a nivell dels biobancs cerebrals) o fins i tot mostres que
resten emmagatzemades des de fa molts anys [166]. Cal tenir present, pero, que la
identificacio dels transcrits mitjancant aquestes técniques emergents esta condicionada a
I‘existéncia de sondes especifiques conegudes. En aquest mateix sentit, es limita també la
identificacio dels candidats a la qualitat (afinitat i especificitat) de les sondes disponibles en
cada cas. Es consideren, doncs, bones estrategies per validar I'estat de multiples transcrits

candidats que han sigut préviament caracteritzats per altres técniques de transcriptomica.

En el camp dels biomarcadors d’ictus les estratégies de transcriptomica ja han aportat
alguns candidats plausibles. Un dels estudis pioners en aquest camp va proposar un
panell complex de diversos gens I'expressio circulant dels quals va demostrar tenir
capacitat discriminatoria entre els pacients que havien patit 0 no un ictus isquéemic [172,
173]. L’aplicacié d’aquest panell, perd, quedava forga lluny del seu Us com a eina de
diagnostic en la practica clinica, doncs utilitzava dades d’expressions combinades
generades a partir de tres extraccions de sang obtingudes durant les primeres 24h
d’hospitalitzacié. No obstant, I'estudi va resultar ser una demostracié conceptual de que els
canvis transcripcionals induits per lictus poden servir per a la identificaci6 d’aquesta
patologia amb relativa precisié, i va ser el desencadenant de molts estudis posteriors en
aquest ambit. Recentment, a través de microarrays d’expressio génica també en mostres
de plasma s’ha descobert, per exemple, que I'expressio individual del gen MCEMP1 (Mast
cell-expressed membrane protein 1) en circulacié presenta un cert potencial per a
diagnosticar els ictus, tant isquemics com hemorragics, aixi com per a pronosticar
I'evolucio dels pacients que n’han patit un [174]. També, partint de mostres de cervell post-
mortem de pacients amb ictus hemorragic, s’ha identificat un increment de la interleucina 8
(IL-8), tant a nivell de transcrit com proteic en la zona cerebral circumdant a 'hematoma, i
s’ha provat el rol com a biomarcador diagnostic d’ictus hemorragic de la IL-8 a nivell

circulatori [175].

1.6.2 Protedmica

De totes les tecniques —Omiques, la protedomica és probablement la que ha experimentat
un major desenvolupament durant aquests Ultims anys, fins al punt de plantejar-se assolir
la caracteritzaci6 completa del proteoma huma amb el projecte internacional Human

Proteome Project (http://www.thehpp.org), analeg del Human Genome Project. Aquest té

com a finalitat principal assolir el mapa proteic complet de I'ésser huma amb I'objectiu de
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millorar el coneixement i comprensié de la biologia humana a nivell cel-lular i assentar les
bases moleculars per al desenvolupament de noves aplicacions mediques de diagnostic,

pronostic, terapéutiques i preventives.

El desenvolupament de les noves técniques d’identificacid i deteccié de proteines ha
permés passar de la quantificacio individual de proteines a la quantificacié exacta i precisa
de centenars o milers d’aquestes de manera simultania, gracies a la optimitzacié i millora
de les tecnigues protedmiques ja existents i al desenvolupament de noves eines

tecnoldgiques per a dur a terme tal finalitat.

Les matrius d'afinitat basades en I'is d’anticossos han contribuit ampliament al
coneixement del proteoma. La optimitzacié del procés de produccio i I'afinitat i especificitat
que aquests presenten, son dues caracteristiques que han fet dels anticossos unes eines
forca utilitzades en la ciéncia en general. D’entre les diferents opcions possibles,
destaquen els panells o matrius d’anticossos, doncs permeten detectar fins a centenars de
proteines simultaniament en una mateixa mostra. Alguns exemples d’aquests panells son
la antiga matriu de mdltiplex SearchLight®, o les matrius basades en la tecnologia
Luminex® o Quantibody® (de RayBiotech), totes derivades de la técnica d’assaig per
immuno-adsorcio lligat a enzims (ELISA: Enzyme-Linked ImmunoSorbent Assay) [176].
També s’han desenvolupat noves técniques mixtes que utilitzen anticossos units a sondes
de DNA que, sota determinades condicions i per mitja de I'amplificacié d’aquestes
sequéncies aconsegueixen una quantificaci6 molt més acurada i sensible que els
anticossos simples (per exemple, l'assaig d’extensid per proximitat (PEA: proximity

extension assay), d’Olink proteomics, www.olink.com).

Més recentment, pero, I'aparicié d’alternatives a aquests anticossos ha suposat un reforg
considerable per a I'estudi del proteoma. En concret, cal destacar la tecnologia basada en
aptamers, petites cadenes senzilles d’acid nucleic que per mitja de la seva estructura
tridimensional reconeixen i detecten proteines amb una alta afinitat i especificitat [177].
Aquesta tecnologia ha permés millorar certes limitacions dels anticossos com sén els costs
i processos de produccid, I‘estabilitat, i la possibilitat de detectar molécules que per mitja
d’anticossos resulta complexa, doncs presenten certa toxicitat o0 no sén immunogeniques
(Taula 5).

Aquestes dues técniques estan condicionades a I'existéencia de lligands especifics
(anticossos 0 acids nucleics) per cada proteina en concret, fet que restringeix també el
descobriment de noves molécules i limita la identificacio dels candidats a la qualitat (afinitat

i especificitat) dels lligands disponibles en cada cas [178].
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A banda dels anticossos i aptamers, la continua millora de 'espectrometria de masses
(MS) i els seus instruments ha permeés consolidar-la com una de les tecniques fonamentals
per la protedmica. La identificacid i quantificacié de proteines per MS requereix una
digestié enzimatica previa per tal de fragmentar les proteines de la mostra en els seus
respectius peptids. En determinats casos, aquesta digestié pot inclis intensificar-se per
mitja d’estratégies de fraccionament anteriors a aquest procés enzimatic. Un cop digerida
la mostra, els péptids resultants sén injectats paulatinament a I'espectrometre de masses a
través d’'un cromatograf liquid acoblat (LC-MS), que permet separar encara més els
péptids en funcié de les seves caracteristiques quimiques (ja sigui la mida dels péptids, la
seva carrega eléctrica o l'afinitat a la matriu del cromatograf, entre d’altres) [179].

Finalment, els péptids es detecten a I'espectrometre en funcié de la seva relacié massa-

carrega (m/z) [179].

Anticossos Aptamers
Temps de ~4-6 mesos ~1-3 mesos
desenvolupament
Procés de La produccio inicial requereix una Enriquiment d’'una llibreria

desenvolupament

resposta immunitaria en un model
animal

d’oligonucledtids a través del procés
SELEX

Mida 150-170 kDa (I1gG) 12-30 kDa (30-80 nucleotids)
Concentraci6 optima Depén de I'aplicacio De 5 a 10 vegades inferior que els
de treball epen de Taplicacio anticossos en determinades
aplicacions
Mida minima de la 600 Daltons 60 Daltons

diana

Procés de fabricacio

Produccié in vivo o in vitro

Sintesis quimica

Modificaci6

Els anticossos poden conjugar-se
amb un sol tipus de molécula de
senyalitzacio o uni6

Els aptamers poden conjugar-se a
'extrem 3’ial 5

Estabilitat

Els anticossos son susceptibles a les
altes temperatures i canvis de pH.
Quan es desnaturalitzen no poden

reparar-se

Els aptamers sén estables a
temperatura ambient i si es
desnaturalitzen poden reparar-se

Disponibilitat a llarg
termini

Necessitat de mantenir la poblacio
cel-lular congelada per a la producci6
d’anticossos

Només es necessita conéixer la
sequencia de nucleotids per a la
produccié d’aptamers

Taula 5. Diferéncies principals entre anticossos i aptamers (Adaptat de BasePair Biotechnologies Inc.,
www.basepairbio.com). Abreviacions: SELEX: evolucié sistematica dels lligands per enriquiment
exponencial; IgG: immunoglobulines; kDa: quilo daltons.

La MS ofereix la possibilitat de quantificar proteines per mitja de diferents estratégies de
marcatge, ja sigui de forma biosintética (com la técnica SILAC [Stable Isotope Labeling
with Aminoacids in Cell culture]) [180] o a través de la derivatitzacié quimica sobre

I'extracte de proteines (mitjangant les técniques iCAT [Isotope Coded Affinity Tag], ITRAQ
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[Isobaric Tag for Relative and Absolute Quantification] o TMT [Tandem Mass Tags]) [181-
183]. Avui en dia, pero, I'evolucid dels instruments de MS cap a una major sensibilitat i
resoluci6 ha permés també la consolidacié de la técnica de MS sense la utilitzacio
d’'aquests marcatges (anomenada també MS label-free), que sovint poden aportar errors

derivats del processament i marcatge previ de les mostres [184].

En el cas de les técniques de label-free, 'LC-MS permet la quantificacio final dels péptids
per mitja de la mesura de les intensitats dels senyals dels péptids precursors que es
detecten a I'espectre o segons el comptatge total d’espectres de cada péptid [185]. La
primera opcié permet quantificar els péeptids a través de la mesura de I'area sota el pic
(AUC: area under the curve), que és directament proporcional a la quantitat de péptid
present a la mostra analitzada [186]. La segona estratégia, en canvi, es basa en el fet que
com més abundant és un péptid, major nombre d’espectres presenta, que alhora també és
proporcional a l'abundancia de la proteina total [187]. Ambdues estrategies son
comunament acceptades i I'eleccié d’'una o altra es basa majoritariament en el tipus i
caracteristiques de I'experiment que es pretén dur a terme. També cal tenir en compte que
ambdues aproximacions poden presentar certes limitacions; la quantificacié6 basada en
I’AUC pot resultar complexa quan dos peptids co-elueixen conjuntament a la cromatografia
liquida i presenten una mateixa relacié m/z, mentre que la quantificacié per comptatge total
d'espectres es complica si péptids de la mateixa proteina presenten propietats
fisicoquimiques diferents, doncs introdueixen variabilitat i biaix en els mesuraments per LC-
MS [186].

Malgrat I'LC-MS sense marcatge es tracta d’'una estratégia revolucionaria que presenta
una gran precisio i sensibilitat a ’'hora de detectar péptids, segueix sent una aproximacio
semi-quantitativa, i requereix una validacié addicional dels resultats obtinguts per mitja
d’altres técniques. Per a tal confirmacio, les técniqgues més utilitzades segueixen sent
aquelles enfocades a la immunodeteccio dels candidats, majoritariament per Western blot
0 ELISA. No obstant, cada cop s’estan imposant amb més forca aquelles estratégies
també basades en MS que permeten una quantificaci6 més exhaustiva de les proteines
préviament seleccionades en una fase inicial. Una d’aquestes estratégies és la protedmica
dirigida, anomenada de monitoratge d’'una reaccié paral-lela (PRM: Parallel Reaction
Monitoring). Aquesta técnica permet la identificacid i quantificacié de proteines per MS
d’'una manera més personalitzada, focalitzada, i eficag [188]. A grans trets, 'SRM es basa

en la quantificaci6é precisa de péptids determinats a través de la seva quantificacio relativa

respecte un estandard intern de concentracié coneguda préviament afegit a la mostra [189].

Aquesta estrategia aporta més sensibilitat que les tradicionals técniques d’MS i permet una
quantificacié independent de l'ordre de magnitud dels péptids en un nombre elevat de

mostres biologiques. A més, permet multiplexar fins a varies desenes de péptids
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conjuntament, de manera que facilita un analisi més detallat de les mostres i redueix
substancialment el temps d’adquisicio dels resultats. Es per tot aixd que es creu que 'PRM
pot suposar una millora a I'actual procés de validacié dels nous descobriments i esdevenir
un pas intermedi entre la identificacio inicial de noves molécules, que es duu a terme en un
nombre reduit de mostres, i la seva validaci6 en grans cohorts, que en el millor dels casos

assoleix el miler de pacients [189].

Les estrategies de protedomica també han permeés ja el descobriment de varis candidats
que opten a esdevenir bons biomarcadors en I'ambit de l'ictus. En mostres de cervell huma
post-mortem analitzades per espectrometria de masses (MS) també s’ha pogut identificar
un panell de tres proteines (gelsolina (Gels), cistatina A (CysA) i proteina 2 relacionada
amb la dihidropirimidinasa (Drp2)) que, mesurades de manera aguda en mostres
sanguinies, presenten cert potencial per a predir el pronostic funcional a llarg termini dels
pacients que han patit un ictus isquémic [190]. Per altra banda, el descobriment de la
proteina d’'unidé als acids grassos (FABP; fatty acid-binidng protein) en mostres post-
mortem de CSF mitjancant MS, va permetre assajar-la com a potencial biomarcador
diagnostic dictus en circulacié durant la fase aguda de la malaltia [191]. Altres
biomarcadors han sigut identificats directament en mostres de plasma, bé per MS (on la
combinacié de les Apolipoproteines C Il i | permetent discriminar els ictus isquémics dels
hemorragics [192, 193]) o amb técniques d’'immunoassaig (amb la identificaci6 de MMP9

com a predictor de TH relacionada amb I'administracié de rt-PA [194]).

1.6.3 Integromica

Degut als avencos substancials de les tecniques —0miques, les quals permeten generar
rapida i eficagment grans quantitats de dades, el processament i interpretacié biologica
dels resultats s’ha convertit en el factor limitant en la majoria d’estudis i investigacions. La
informacié que s’obté de cadascuna de les tecniques -Omiques de manera individual es
considera merament una manera de catalogar els elements moleculars que participen en
una determinada acci6é o procés. La comprensio global del sistema que aquests conformen,
perd, requereix la integracié de mudltiples conjunts de dades, que alhora permeten
descriure més amplia i profundament les relacions entre els diferents components

integrants del sistema en estudi [195] (Figura 11).

La interpretacié global d’'aquestes connexions es coneix com a biologia de sistemes,
disciplina que es pot definir comunament com a I'estudi d'un organisme o sistema vist com

una xarxa integrada i interactiva dels gens, proteines, metabolits i reaccions bioquimiques
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que li confereixen la vida [196]. Aixi, la biologia de sistemes intenta modelitzar aquests
organismes a través deines matematiques i racionals que posen de manifest les
interaccions entre els diferents elements que els formen, ja que en Udltima instancia
aguestes esdevenen les responsables de la complexitat morfologica i funcional de tots els

sistemes biologics complexos.

Mostres.i sistemes Dades -omiques _ Dades
experimentals integrades
P~ Adh & mER 1IN el S
- transcriptomica — C_I _%eP
PN YT Y. ﬁXarxes =
/,*;1/
‘ | proteomica l

|

metabolomica

I

Amplitud i profunditat de la informaci6 extreta

Figura 11. Integraci6 de dades -Omiques. D’esquerra a dreta els panells representen l'increment de
'amplitud i la profunditat de la informacié que pot ser extreta de cada conjunt de dades (Adaptat de
Robinson et al., 2016) [197].

D’eines matematiques per a tal finalitat se’n coneixen una gran varietat, que oscil-len des
d’aproximacions estadistiques que minimitzen la complexitat dels sistemes i en faciliten la
seva comprensio, fins a models matematics molt més elaborats i costosos que emulen

més precisament el comportament fisiologic de 'organisme o sistema.

D’aproximacions estadistiques també se’'n coneixen diverses. Matematicament, aquestes
es basen en (l) I'agrupacié de les dades en subconjunts o clusters en funcié de les
caracteristiques comunes que aquestes presenten o en (Il) la descomposicio de les dades
en un nombre reduit de variables, anomenades components, per tal d’obtenir una
representacid bidimensional o tridimensional d’aquestes que permet explicar les

diferéncies observades d’'una manera reduccionista [198, 199]. Malgrat ambdues
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estratégies son valides, el métode reduccionista té actualment més cabuda en el mén de la
integracié de dades —omiques ja que simplifica la complexitat de les dades i déna una visié
global simplificada del seu conjunt. Alguns exemples de métodes que permeten aquesta
projeccié de la informaci6 resultant en un nombre reduit de dimensions son I'analisi de
components principals (PCA: principal component analysis), I'analisi de correlacions
canoniques (CCA, canonical correlation analysis) o I'analisi de co-inércia (CoA, co-intertia
analysis), ambdoés ultims essent Utils quan es pretenen combinar dos o0 més conjunts de

dades simultaniament, entre molts d’altres [198].

Paral-lelament a aquestes aproximacions estadistiques, també es coneixen els analisis
basats en la funcionalitat de les molécules [200]. Aquests analisis tenen com a finalitat
principal identificar associacions potencials del conjunt de molécules en estudi
(majoritariament gens i proteines) amb vies, processos biologics i funcions moleculars
previament descrites a la literatura. Moltes d’aquestes eines obtenen la informacio de
grans bases de dades publiques, com la del consorci de la Gene Ontology (GO database),
la de I'enciclopédia de gens i genomes de Kyoto (KEGG: Kyoto Encyclopedia of Genes
and Genomes) o 'anomenada REACTOME (REACTOME pathway database), entre

d’altres.

Totes aquestes eines estadistiques i bioinformatiques, doncs, representen un bon punt de
partida per la comprensié de les relacions entre proteines, gens i metabolits i la seva
funcionalitat sota una determinada condici6, fet que ja ha permés una millor caracteritzacio
de molts processos patologics desconeguts [201]. El seu Us dins el mén dels estudis
basats en técniqgues —omiques esta creixent exponencialment, i es creu que podran
millorar la comprensié conjunta de molts processos que fins ara només es contemplaven

des d’un sol nivell molecular.

Més enlla d’aquestes aproximacions, es coneixen altres metodes que permeten la creacio
de models matematics més complexos que simulen in silico el comportament global de la
fisiologia humana. La majoria d’aquests models no només es formen a partir de dades
procedents d’experiments amb tecnologies —Omiques sind que també s’alimenten en gran
mesura del coneixement bibliografic previ sobre la malaltia o procés en questié. A més,
aquests models adquireixen aquesta major complexitat a través d’estratégies
d’intel-ligéncia artificial, també conegudes com aprenentatge automatic (de I'anglés,
machine learning) [202]. L’aplicacié d’aquestes eines complexes €s una estratégia recent,
innovadora i amb gran potencial per desenvolupar-se dins el camp de la biologia de
sistemes aplicada. Aquests models matematics faciliten la identificacié dels components o
xarxes de components claus per al desenvolupament de la malaltia en questio, aixi com
determinar quines vies poden esdevenir importants per a modular la progressié de la

patologia i aturar-ne el seu desencadenament [203]. A banda daquesta millor
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caracteritzacié molecular, un dels usos més coneguts d’aquestes eines d’intel-ligencia
artifical és el reposicionament de farmacs (de I'anglés, drug repositioning) [204]. Aquesta
estratégia ja ha aportat avui en dia nous candidats potencialment valuosos per a tractar
patologies neuronals, com per exemple I'esclerosis lateral amiotrofica o el dany de les
terminacions nervioses perifériqgues [205, 206]. També destaca I'is d’aquests models
matematics intel-ligents per a facilitar la identificacié de nous biomarcadors, I'activitat o
expressio diferencial dels quals esta associada a un estat patologic segons el model

matematic préviament configurat [207].

Malgrat tot aquest ventall de models bioestadistics i bioinformatics, tant els més basics
com els que presenten gran complexitat matematica, hagin esdevingut de gran utilitat per a
millorar la comprensio dels sistemes bioldgics en conjunt, encara hi ha cami per recérrer i
és de vital importancia seguir desenvolupant noves estratégies que facilitin en un futur
proper una total comprensié de la patologia humana de l'ictus en el seu conjunt, que alhora

permeti millorar la seva identificacié i les estratégies terapéutiques per combatre-la.
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Objectius

Objectius de la Tesi Doctoral

Explorar en detall el paper de la inflamaci6 com a procés biologic clau en el
desenvolupament de l'ictus isquémic, des de la seva aplicacié per al diagnostic i
pronostic de l'ictus fins al seu possible rol com a diana terapéutica.

Estudiar el rol terapeutic d’un inhibidor de la proteina d’adhesié vascular 1 [VAP-
1/SSAQ], un conegut biomarcador del pronostic de l'ictus, en un model d’'isquémia
cerebral en rata.

Estudiar el paper dual com a biomarcador i diana terapeutica de la quimiocina
CCL23 com a molécula candidata de la via de la inflamacié.

Descriure el proteoma del liquid cefaloraquidi en la fase aguda de lictus en un
model experimental disquémia cerebral en rata per tal d’identificar nous
biomarcadors de diagnostic i/o dianes terapeutiques de I'ictus isquémic.

Descriure les alteracions del proteoma i transcriptoma del cervell isquemic
integrant les dades a través d’eines bioestadistiques amb el fi d’identificar
possibles candidats a nous biomarcadors i/o dianes terapéeutiques de lictus
isquémic.

Identificar noves combinacions de tractaments que presentin efecte neuroprotector
sinérgic per mitja d'estratégies integratives de reposicionament de farmacs, i
avaluar experimentalment el seu efecte protector en un model d’isquémia cerebral
en ratoli.
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Abstract

Stroke is the third leading cause of death in industrialized countries and
one of the largest causes of permanent disability worldwide.
Therapeutic options to fight stroke are still limited and the only
approved drug is tissue-plasminogen activator (tPA) and/or mechanical
thrombectomy. Post-stroke inflammation is well known to contribute to
the expansion of the ischemic lesion, whereas its resolution stimulates
tissue repair and neuroregeneration processes. As inflammation highly
influences susceptibility of stroke patients to overcome the disease,
there is an increasing need to develop new diagnostic, prognostic and
therapeutic strategies for post-stroke inflammation. This review
provides a brief overview of the contribution of the inflammatory
mechanisms to the pathophysiology of stroke. It specially focuses on
the role of inflammatory biomarkers to help predicting stroke patients’
outcome since some of those biomarkers might turn out to be targets to
Keywords: Stroke, cerebral be therapeutically altered overcoming the urgent need for the
ischemia, inflammation, biomarkers,  identification —of potent drugs to modulate stroke-associated
therapeutic targets inflammation.

Review article

1. Introduction

Stroke produces more than 9% of all deaths and is one of the leading causes of permanent
disability worldwide. The most common cause of stroke is the occlusion of blood circulation by a
thrombus (or embolism) although it can also be produced by the rupture of a vessel and
subsequent bleeding in a certain region of the brain. Strokes can, therefore, be classified as
ischemic or hemorrhagic. Ischemic strokes represent between 80% and 85% of all stroke cases,
while hemorrhagic strokes are around 15%.

Despite many years of intensive research, therapeutic options for stroke patients remain very
limited. Thrombolytic treatment with tissue Plasminogen Activator (tPA) is still the only Food and
Drug Administration (FDA)-approved therapy for treating hyperacute ischemic strokes, together
with mechanical thrombectomy, whereas no treatment is routinely used to overcome
hemorrhagic strokes. tPA improves functional outcome and reduces neurological deficits in
stroke patients. However, due to risks of hemorrhagic transformation, tPA can only be
administrated within the first 4.5h of ischemic stroke onset, reducing by up to 10% the number
of patients that qualify for this treatment [1]. This therapeutic window has been slightly extended
with the new endovascular approaches supported by several positive trials published this year
(MR CLEAN, EXTEND-IA, ESCAPE, SWIFT PRIME, REVASCAT, etc.). However, most stroke
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patients only receive supportive care, which underscores the need of new therapeutic agents to
fight stroke.

Although stroke is a highly complex disease, inflammation is known to be a major contributor to
stroke pathophysiology [2]. During a stroke, cerebral brain injury evokes a massive upregulation
of the inflammatory response. However, whether this response has beneficial or detrimental
effects has long been the subject of controversy, with agreement still remaining elusive. Hence,
the immune system is considered a promising tool to modulate brain damage during and after
stroke. This review provides a brief overview of the pathophysiology of ischemic stroke, focusing
attention on the underlying inflammatory process and its association with the discovery of stroke
biomarkers and the possibility that these biomarkers might not only become diagnostic tools but
may even turn out to be targets to be therapeutically blocked or stimulated in order to modulate
the inflammatory response after the ischemic challenge.

2. Neuroinflammation in stroke: a dual role

During stroke, the lack of cerebral blood flow in the ischemic core causes a complete reduction
of oxygen and glucose supply to cerebral neurons and other supporting cells. The absence of
these vital fuels induces a series of biochemical and metabolic alterations that finally lead to
massive cell death [3]. The area surrounding the dying core is known as the ischemic
penumbra, a region with still viable cerebral tissue. Cells within this zone are functionally
impaired but structurally intact, which makes that region potentially salvageable and suitable for
therapeutic interventions. However, if oxygen and glucose supplies are not restored in this
surrounding area, neuronal apoptosis processes are initiated, which results in a reduction of the
salvageable tissue and an increase in the ischemic lesion.

Dying cells from the ischemic area release damage signals, commonly known as brain-released
alarmins, which are recognized by the microglia [4]. Under immunological stimuli, these resident
immune cells become activated and act as relevant players in the immune system’s response
together with peripheral leukocytes, which infiltrate the brain from circulation within a short
period of time [5]. Both local and peripheral immune cells consequently produce an explosion of
pro-inflammatory mediators surrounding the ischemic region, which further increase the
permeability of the blood-brain barrier (BBB) and facilitate the infiltration of beneficial leukocytes
to clear away the large amount of debris caused by cell death. To that end, pro-inflammatory
cytokines act on endothelial cells, upregulating the expression of leukocyte adhesion molecules,
and stimulating the synthesis of chemokines, which guide leukocytes to the site of injury. Here
also the complement system has added importance as a player in inflammation, specifically in
leukotaxis [6]. Several components derived from the cascade-like activation of the complement
system act as opsonins (C3b, C4b, C5b), enhancing the inflammatory phagocytic response,
while other components (C6, C7, C8, C9, C5b) form a membrane attack complex involved in
cellular lysis. This cellular damage is mediated by the increased expression of complement
cascade activators (C1q, C3) and receptors by dying neurons and glial cells during the acute
phase of cerebral ischemia [7].

Nonetheless, there is a growing body of evidence reporting that infiltrating immune cells also
impair the ischemic brain. Infiltrated leukocytes produce inflammatory cytotoxic mediators that
prolong the inflammatory response, increase brain damage and contribute to edema formation
and hemorrhagic transformation, secondary complications that commonly influence stroke
outcome [2]. The presence of these inflammatory mediators during the acute phase of stroke
can, thus, be a threat to neuronal cell survival and repair.

Because of this inflammatory collateral damage, many attempts have been made to improve
stroke outcome by using strategies that suppress the immunologic response after stroke.



Regulatory T cells (T,g) and B cells (Brg) are two subpopulations of lymphocytes that act as
important neuroprotective modulators of the immune response under many pathological
conditions such as cerebral ischemia [8]. T,,q and B,y have been characterized as stroke-
limiting protective cells that preserve the immune homeostasis by counteracting the production
of pro-inflammatory mediators and modulating the activation of effector lymphocytes and
microglia in the ischemic region. However, despite the advances in the understanding of the
function of T,¢q and Byg, further research should be conducted in order to assess whether their
modulation might have application as a novel therapeutic approach for this devastating disease.

Furthermore, it is widely acknowledged that in severe strokes the extension of brain lesion
highly correlates with the strength of the neuroinflammatory reaction. In extreme cases, the
massive burst of circulating pro-inflammatory mediators is frequently excessive, which causes
the ineffectiveness of the immune system to respond to secondary pathological stimuli
elsewhere [9]. The disproportionate over-activation of the peripheral immune cells culminates in
the exhaustion of mature leukocytes, a fact that causes the need to recruit immature leukocytes
instead. This subpopulation is, however, unable to respond appropriately to brain injury, which
leads to the deregulation of the immunological signaling pathways. This is the case for
monocytes, where the recruitment and expansion of their immature subpopulation causes
lymphocytopenia, a condition that significantly contributes to post-stroke immunosuppression
[4].

In addition, the excessive concentration of pro-inflammatory mediators can promote the release
of glucocorticoids and catecholamines by the sympathetic nervous system (SNS) and the
hypothalamic-pituitary-adrenal (HPA) axis. This results in the stimulation of anti-inflammatory
pathways, through the release of interleukin (IL)-4, IL-10 and transforming growth factor (TGF)-
B, and the inhibition of pro-inflammatory mechanisms, which include the decreased expression
of IL-1B, tumor necrosis factor (TNF)-a, several chemokines and several proteins involved in
antigen-presentation processes [10]. The rapid and inappropriate activation of these
mechanisms also contributes to stroke-related immunosuppression, which enhances the risk of
infection after cerebral ischemia. In line with this, 23% to 65% of stroke patients develop
infections, predominantly respiratory, urinary and catheter-related infections, after stroke onset
[11]. Moreover, patients that develop post-stroke infections are thought to suffer worse
outcomes with an increased mortality risk.

Beyond these detrimental consequences and side effects, the immune system also works to
resolve this post-ischemic inflammation at later stages. The production of anti-inflammatory
mediators and the removal of the remaining inflammatory molecules are major points in the
mechanisms of inflammation suppression, which takes place after the initial burst of
inflammation. During this period, the infiltrating pro-inflammatory macrophages (M1
macrophages) turn into anti-inflammatory (M2 macrophages) when stimulated by IL-4, IL-10
and TGF-3, among others [12]. These M2 macrophages antagonize the inflammatory response
through the clearance of residual necrotic debris and the release of neuroprotective factors,
including insulin-like growth factor and fibroblast growth factor, both participating in the recovery
of ischemic brain injury by promoting neuroregeneration [13]. However, the mechanisms
through which pro-inflammatory macrophages shift to an anti-inflammatory state during the
recovery phase of stroke are not fully understood.

Due to this dual function of the immune system (Figure 1), the inflammatory response after
ischemia requires close control during stroke progression and resolution: permitting leukocyte
infiltration to clear cell debris in the acute phase, avoiding harmful effects produced by either the
accumulation of these circulating cells into the brain and their suppression at the peripheral
level, and promoting their regenerative benefits some days later. Adjustments at this level seem
promising as new therapies for stroke.
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3. Brain-blood relationship

As the brain is an extremely high-demand system and neurons need tight regulation of the
extracellular microenvironment, the integrity of the BBB is essential. Under physiological
conditions, the BBB permits the maintenance of ion concentrations within very narrow ranges,
allows the entry of nutritional supplies to brain cells and avoids the inflow of neurotoxic and
harmful molecules [14]. Moreover, the BBB regulates and restricts the access of immune cells
and immune mediators to the brain compartment, which provides privileged brain protection
against peripheral insults. Under physiological conditions, leukocyte recruitment across the BBB
is responsible for the maintenance of the immunologic privilege of the central nervous system
(CNS). However, under pathological conditions, there is a reduction of the BBB tightness and
an increase in the barrier leakiness (process referred as BBB disruption), which increases the
BBB permeability, alters the natural immunological isolation of the brain and allows massive
immune cell infiltration to aid the clearing of debris and repair of damage. In addition, this
disruption of the BBB also contributes to a massive and uncontrolled exchange of molecules
between the brain and the peripheral circulatory system and vice versa. The release of brain
specific molecules into the peripheral circulation alerts the immune system to the presence of a
damaged brain area and contributes to increasing the inflammatory response to the ischemic
challenge.

The extent of this BBB rupture is determined by the severity and duration of stroke: moderate
BBB leakage can be partly reversible, while a severe breakdown of the BBB leads to a massive
entry of circulating immune cells that culminate in irrevocable deregulation of BBB permeability.
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Figure 1. Mechanisms of post-ischemic inflammation response.
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Although the BBB disruption mechanisms are not perfectly understood, endothelial barrier
failure is suggested to be an immediate consequence of the disruption of the junctional
complexes in the interendothelial space of the cerebral microvasculature [14]. Numerous



studies demonstrate that the molecular structure and function of junctional adhesion proteins is
altered under acute inflammation, resulting in a variation in their physiological localization within
endothelial plasma membranes [15]. This redistribution correlates with an increased BBB
permeability, suggesting junctional complexes as major mediators of BBB leakage.

Moreover, matrix metalloproteinases (MMPSs) also play an important role in BBB deregulation.
Recognized findings indicate that the expression of several MMPs, such as MMP-2, MMP-3,
and MMP-9, increases after ischemia [16]. Different cell types, including resident cells (neurons,
microglia, astrocytes and endothelial cells) and infiltrated inflammatory cells synthesize and
secrete MMPs, which are proteolytically cleaved and activated in the extracellular space. Active
MMPs disrupt the BBB by degrading basal lamina constituents, such as collagen, fibronectin,
laminin, proteoglycans and others, resulting in vessel wall weakness and BBB leakage.
Consequently, higher leukocyte infiltration into brain parenchyma is permitted, which sometimes
culminates in cerebral hemorrhages within the ischemic zone of the brain. In addition, it is well
known that some of these leukocytes, specifically neutrophils, contain vesicles loaded with
several types of MMPs that may be released after tPA interacts with those leukocytes located at
the basal lamina, which might promote tPA related bleedings [17].

However, despite their detrimental effects, MMPs are also known to be key mediators of tissue
remodeling during stroke recovery. Evidence suggests that MMPs also participate in two major
processes in the later phases: angiogenesis and neurogenesis. MMPs are known to increase
the availability of growth factors (e.g. vascular endothelial growth factor) involved in tissue
remodeling and vascularization by processing their precursors [18]. Moreover, MMPs also
modulate the extracellular matrix to allow the mobilization of both progenitor vascular and
neuronal cells and process several guidance molecules (epidermal growth factor and
neuregulins) that stimulate the formation and growth of new neurons in contiguous regions [19].
Therefore, MMPs play a dual role within stroke: while they contribute to increase brain damage
during the acute phase of the disease, MMPs patrticipate in remodeling processes during the
recovery phase of stroke. This dual role of MMPs is comparable with the duality of inflammation,
which starts being particularly deleterious during the acute phase of stroke but finally
contributes to tissue repair in the recovery phase of the disease. Thus, MMP inhibition has been
suggested as a possible therapeutic intervention to palliate and even prevent BBB disruption
during the early phase of the ischemic challenge [20].

It should be noted, however, that the disruption of the BBB integrity can also facilitate the
entrance of therapeutic drugs to the ischemic brain, which would favor the early arrival of future
treatments to overcome stroke-related neuronal damage. Moreover, the rupture of the
endothelial barrier also favors the release of brain antigens from lysed cells into the peripheral
circulatory system. These brain-derived antigens are considered possible biomarkers of
ischemia and/or of stroke-associated inflammation that reflect in the circulatory system the
pathological processes that are going on in the brain after stroke.

4. Biomarkers in stroke

Biomarkers are defined as characteristics that can be objectively measured and evaluated as
an indicator of normal biological processes, pathogenic processes, or pharmacologic responses
to therapeutic interventions (Biomarkers Definitions Working Group 2001). Clinical biomarkers
can be detectable molecules from blood, urine or other biological fluids (but also imaging tests,
etc.) that refer to measurable indicators used to predict physiological states of a disease. Under
ideal conditions, biomarkers should fulfill certain requirements if they are to be used in clinics;
their measurements should be accurate, precise and reproducible. Moreover, biomarkers
should also present high sensitivity and specificity, be relatively easy to interpret by clinicians
and add information on top of clinical variables. In the case of stroke, molecular biomarkers
should reflect the associated ongoing processes; thus, stroke biomarkers can be either brain
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specific markers released from damaged tissue or other more systemic indicators such as those
resulting from the inflammatory response at either a local or peripheral level. Therefore, all
molecular processes described in the sections above should be taken into consideration for the
detection of these candidate biomarkers.

Stroke biomarkers are considered valuable tools for different clinical scenarios, for all the steps
between diagnosis and stroke outcome (http://stroke-biomarkers.com). The critical aspect of all
these steps is that the selected biomarkers should be useful when making clinical decisions (i.e.
whether to apply a treatment or to indicate another diagnostic test based on the results of that
test) (Table 1).

The diagnosis of ischemic stroke depends on its differentiation from hemorrhagic stroke and
other mimicking entities and still relies on clinical assessment and neurological imaging,
delaying or even limiting the acute treatment of stroke. Hence early screening to allow rapid
ischemic stroke identification would speed stroke patient management and treatment, thus
increasing the percentage of patients who receive reperfusion therapies after the event.
Although many attempts have been made to find biomarkers for stroke diagnostic, a robust,
sensitive and rapid blood test is still lacking.

Several candidate biomarkers for the diagnosis of stroke are involved in inflammatory
processes. For instance, C-reactive protein (CRP), an acute-phase protein involved in the
activation of several inflammatory mechanisms such as the complement system, is reported to
be very useful for rapid diagnosis and prediction of ischemic lesion volume in the acute phase of
stroke [21]. In addition, it has been demonstrated that CRP levels increase by 6% the
discriminative value of initial neurological severity for the diagnosis of ischemic stroke [22],



which suggests its potential but still marginal function in the early evaluation of patients with
suspected stroke.

Therefore, the combination of different biomarkers in a panel has grown in importance during
the last decade. Panels permit the measurement of several molecular alterations
simultaneously, improving the specificity or the sensitivity required for such a clinical scenario. A
kit combining D-dimer, B-natriuretic peptide, MMP-9 and S100pB protein was evaluated as one of
the first panels used to diagnose stroke. Although the combination of these four molecules
provided information that complements clinical triage, the sensitivity and specificity rates (93%
and 24% respectively) that were reported make the clinical application of this kit non-viable [23].
Similarly, the combination of six different biomarkers (caspase-3, D-dimer, SRAGE, chimerin I,
secretagogin and MMP-9) suggested D-dimer and caspase-3 levels as the most accurate
combination for stroke diagnosis (Se 87%; Sp 55%) [24]. However, biomarker panels need
further development in order to gain accuracy and reach, ideally, 100% sensitivity and
specificity. For the use of biomarkers for stroke diagnosis, these high percentages of exactitude
are totally necessary due to the severe complications that can arise from incorrect therapeutic
treatments resulting from erroneous diagnoses.

Several studies have also focused on biomarkers to predict stroke outcome and treatment
response, which can be completely different between patients. Stroke prognosis might also
influence medical decisions about sending stroke patients to scarce specialized stroke units,
palliative care, rehabilitation programs or deciding on the best moment for discharge. Although
the prognostic value of several clinical variables has been explored [25], non-modifiable factors
such as age and initial neurological severity are the main predictors that might be improved
when combined with inflammatory biomarkers. Despite the fact that most of these inflammatory
biomarkers are not specific to ischemic stroke, the levels of several inflammatory mediators
correlate with stroke severity and outcome. Inflammatory biomarkers such as CRP or several
pro-inflammatory cytokines, specially IL-6, among other molecules have been widely associated
with poor functional outcome after cerebral ischemic events [26]. In addition, some inflammatory
markers have also been related to infarct volume, including TNF-aq, intercellular cell adhesion
molecule 1 (ICAM-1) and MMP-13 [27], [28].

Interestingly, some groups are focusing their efforts on dissecting the specific factors that
influence stroke outcome. For instance, several studies have focused on biomarkers of stroke-
associated infections: IL-6 has been suggested as a key biomarker to predict infections after
stroke, as well as functional disability and mortality [29]. Another biomarker that has recently
gained importance for the detection of infectious complications is CcD14""CD16 circulating
monocytes, which are involved in the inflammatory response after stroke and are known to be
associated with poor outcome and mortality [30]. Furthermore, Salat et al. reported that the
evaluation of the Thl/Th2 profile (conducted through the evaluation of a set of different
cytokines from both pro-inflammatory (Thl) and anti-inflammatory characteristics (Th2))
increases the predictive accuracy of the clinical model from 85.5% to 93.4%, suggesting that the
inflammatory state can contribute to the prediction of stroke-associated infections [31].
Additionally, levels of neuroendocrine molecules (such as cortisol and noradrenalin) have been
found to be of particular interest for the identification of stroke patients who subsequently
develop infections within a short period of time, suggesting their role as predictors of post-stroke
infections [32]. Equally, copeptin, a peptide derived from the pre-pro-hormone that gives rise to
arginine vasopressin, has demonstrated its added value as a predictor of poor outcome,
mortality and infectious complications [33]. De Marchis et al. reported that the addition of
copeptin to a validated model encompassing a patient’'s NIHSS and age improved the prediction
of functional outcome by 11.8% and the prediction of mortality by 37.2%. [34]. In addition, large
amounts of evidence report copeptin as a good prognostic measure in predicting acute
infectious illnesses, including sepsis, pneumonia and lower respiratory tract infections, which
are the commonest infections that patients get after stroke [35]. Furthermore, the high accuracy
of procalcitonin, a precursor peptide of the hormone calcitonin, for the diagnosis of bacterial
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infections in hospitalized patients is also well documented, although its role in predicting stroke
associated infections is not clear. Circulating levels of procalcitonin during the acute phase of
stroke are also reported to be elevated in patients with poor functional outcome and non-
survivors 1 year after stroke. In this line, Wang et al. reported that a model combining NIHSS
score and procalcitonin levels showed an Area Under the ROC Curve (AUC) of 0.85 for
outcome and 0.94 for mortality, which improved the predictive capacity by 11% and 17%
respectively [36]. However, the accuracy, sensitivity and specificity of all these biomarkers is still
not enough to be used in clinics, and further research should be carried out to improve these
parameters.

Recent reviews have compiled detailed information about all the neuroendocrine and
inflammatory markers related to stroke prognosis [37], [38]. Nevertheless further studies will be
required to identify more robust biomarkers to allow the detection of the individual risk of stroke-
associated infections, which would help clinicians to anticipate this complication and guide
preventive antibiotic treatment, since it is evident that providing antibiotics for all patients is a
futile strategy [39]. In this regard, it has to be highlighted that there is an ongoing clinical trial
(STRAWINSKI) based on the procalcitonin-based guidance of antibiotic therapy, which supports
the idea of the use of suitable biomarkers to guide physicians in an early antibiotic treatment to
prevent post-stroke infections [40].

In terms of treatment response, it is well known that stroke patients respond differently to
thrombolysis and mechanical reperfusion therapies. The most feared side effect of a therapeutic
intervention with tPA is hemorrhagic transformation. In addition, success in recanalization after
the administration of tPA is not always achieved and depends on different factors, including
timing and the degree of blood flow reperfusion. The rate of complete recanalization of tPA-
treated patients within the first hour after treatment is known to be around 20%, which increases
from 30% to 60% within the following 6 to 24 hours after tPA administration [41]. Hence, specific
biomarkers that selectively evaluate the response to tPA, predict the appearance of secondary
intracranial hemorrhages and identify patients with unsuccessful tPA-induced recanalization
have gained in importance during the last few decades. In terms of hemorrhages, fibronectin is
considered a potential biomarker in the diagnosis of hemorrhagic transformation. Plasmatic
levels of fibronectin are highly correlated with vascular damage, as endothelial cells, together
with hepatocytes, are major producers of this protein [42]. Castellanos et al. documented that
circulating levels of fibronectin above 3.6 mg/mL were able to predict tPA-associated
parenchymal hemorrhages with 100% sensitivity and 60% specificity [43]. Although further
research should support the robustness of this biomarker and improve its specificity by
determining better cutoff points, fibronectin is currently considered the best indicator of
hemorrhagic transformation after stroke. Furthermore, serum levels of the transcription factor
nuclear receptor related-1 (NURR1) before tPA administration have been widely associated with
the occurrence of symptomatic hemorrhagic transformation [44]. Equally, the semicarbazide-
sensitive amine oxidase activity of vascular adhesion protein-1 (VAP-1/SSAO) measured before
thrombolytic treatment has also been considered a good indicator of parenchymal hemorrhage
transformation after tPA administration [45]. Additionally, a large amount of evidence
demonstrates that elevated MMP-9 levels are also predictors of hemorrhagic transformation and
thrombolysis failure; MMP-9 levels measured before thrombolytic treatment (baseline levels) are
reported to be very good predictors of tPA-associated hemorrhages [46]. Furthermore,
Castellanos et al. reported high sensitivity and specificity for the detection of parenchymal
hematomas by MMP-9 levels above 140 ng/mL (Se 92%; Sp 74%) [43]. On the other hand,
MMP-9 levels measured after the administration of tPA are well known to correlate with non-
reperfusion of the ischemic region (thrombolysis failure) [47].

In addition, the identification of patients resistant to tPA thrombolysis would be of great interest
in deciding whether stroke patients may benefit from alternative therapies. Very recently
REVASCAT, a multicenter phase 3 study, demonstrated that mechanical thrombectomy with a
stent retriever, carried out within the first 8 hours and in combination with medical therapy,
reduced the severity of post-stroke disability and improved functional outcome after stroke [48].



Thus, due to the efficacy of this mechanical method, specific biomarkers to anticipate
unsuccessful recanalization after tPA administration are very promising. Soluble endothelial
protein C receptor and soluble thrombomodulin, two endothelial receptors that participate in
coagulation and inflammation by mediating the protein C pathway, have been documented to be
inversely correlated with recanalization rates after tPA treatment, which suggests their role as
possible biomarkers to predict recanalization failure [49]. However, more research on this
clinical indication for biomarkers is inevitable.

Despite the progress made over the last few decades, biomarker limitations are still a current
issue that precludes their clinical application. Firstly, several factors might be major source of
confounding variables: such as age, gender and metabolic factors, and a variety of comorbid
conditions. It is known that other inflammatory pathologies, such as hyperglycemia, cancer or
autoimmune diseases, can lead to anomalous levels of inflammatory markers in stroke patients.
For instance, asymptomatic atherosclerosis, which is also commonly associated with ischemic
stroke, is known to influence the levels of two specific molecular markers, CRP and
homocysteine [50]. Secondly, as blood is employed as the most suitable biological sample, the
identification of clinically significant biomarkers becomes difficult due to the presence of tens of
thousands of circulating proteins. Additionally, differences in protein abundance, which can be
up to eleven orders of magnitude, can also hinder the discovery of small specific indicators of
disease. Finally, the different “statistical power” needed to ensure that the clinical use of the
biomarkers is powerful enough to influence decision-making processes has not yet been agreed
upon within the medical community.

In addition, an extra limiting factor is the extended period of time required for the validation and
commercialization of a discovered biomarker and its translation to the clinics. For instance,
troponin, described as a myocardial infarction biomarker, reached the clinics 35 years after its
discovery (1960-1995), and prostate-specific antigen (PSA), a biomarker for prostate cancer,
was available in hospitals 17 years after its discovery (1979-1996).

Thus, due to all these limitations, the search for new stroke biomarkers should be further
intensified and perfected.

5. Biomarker discovery techniques

Biomarker discovery efforts are no longer solely based on the biological function of candidate
biomarkers; they are now more widespread due to the urgent need for specific and sensitive
clinical indicators of disease. The emergence of -omics technology is enhancing the
opportunities for discovering new biomarkers and therapeutic targets for stroke (Figure 2).
Therefore, discovery through these new massive and high-quality techniques is increasing
knowledge of stroke pathophysiology at different molecular levels.

Although this review is mainly focused on proteins as potential biomarkers in stroke, different
studies have focused their attention to other methodologies. For instance, genomics (the study
of the sequence, structure and function of genes) has led to the identification of stroke-related
genes and their variants. Genome wide association studies (GWAs) are commonly performed in
genomics to detect single nucleotide polymorphisms (SNPs), where one nucleotide has been
replaced by another. Some molecular genetic variations are reported to be related to stroke,
such as modifications in the PITX2 and ZFHX3 gene regions, which are linked with
cardioembolic stroke, or variations in HDAC9, which are related to large vessel disease [51].
However, little is known about genetic modifications of the genes involved in the inflammatory
process, although further research needs to be carried out. Beyond genomics is
transcriptomics (the study of the expression profile of genes), which facilitates the
determination of the complete set of RNA transcripts that are produced after stroke onset. The
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study of RNA expression in blood from stroke patients, which mainly comes from leukocytes, is
becoming a major source of information about changes in immune cells related to brain
ischemia. Inflammatory response genes of circulating mononuclear leukocytes from stroke
patients are known to differ significantly from those in healthy controls [52]. These differences
might reflect the state of the inflammatory response after stroke and may contribute to a better
characterization of the pathophysiology of the disease. Changes in the expression profiles of
blood are also valuable tools in assessing the differences between strokes from different
etiologies. For instance, the expression profiles in blood from cardioembolic stroke patients
differs by more than seventy genes from those in blood from large-vessel atherosclerotic stroke
patients (fold change>1.5, p<0.05) [53] and surprisingly many inflammatory genes are part of
the cardioembolic signature. Of these genes, a minimum of 23 genes differentiated the two
etiologies with a sensitivity of more than 90% , which suggests that the characterization of gene
expression profiles is a promising method in predicting stroke etiology and, consequently, they
add diagnostic information to aid decision-making regarding patient management. However,
although numerous gene expression studies are providing insights into the stroke
pathophysiology, further research is needed in order to evaluate the functionality of expression
profiles and ensure their applicability as an additional tool for clinicians.
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Figure 2. Process of discovery of stroke biomarkers and therapeutic targets.
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In conjunction with transcriptomics, microRNAs or miRNAs (small nucleotides sequences that
regulate gene expression) and their expression patterns have recently been associated with the
diagnosis and prognosis of vascular diseases, including ischemic stroke [54]. Emerging studies
documented circulating miRNA-233, which is highly involved in the regulation of the cell cycle
and the immune system, as a possible biomarker candidate in diagnosing stroke, as its
expression has been found to be upregulated after cerebral ischemia in mice [55]. Similarly,
miRNA-145 levels are increased in ischemic stroke patients, suggesting both miRNA-233 and -



145 as diagnosis indicators but also as possible therapeutic targets for stroke patients [56].
Besides, metabolomics (the study of chemicals from the metabolism) is one of the most novel
approaches to finding new biomarkers for stroke. The profiles of metabolites might help to
identify patients that suffered an ischemic stroke, but might also provide information about the
ischemic cascade and help better understand the complexities of stroke pathophysiology. For
instance, spatiotemporal dynamics of metabolites after middle cerebral artery occlusion (MCAOQ)
in mice revealed an enhancement of amino acid- and tricarboxylic acid-related metabolism
during pathological progression [57]. However, as it is a very recent approach, no data related
to inflammatory processes have been published yet. Nonetheless, metabolomics still has its
limitations: there are a large number of unknown molecule profiles that have not been identified
yet, which complicates the understanding of stroke pathology at this level.

Although these above-mentioned new -omics techniques are progressively gaining in
importance, proteomic studies (the study of the entire set of proteins expressed by a genome
under a particular situation) are still the most promising tools for discovering new biomarkers, as
proteins seem easily detectable in quick point-of-care devices. However, although many
advances have recently been made regarding proteomics, the methodology is still under
development and needs further improvement to easily analyze the entire disease-affected
proteome.

Many protein candidates related to the inflammatory response after stroke have been proposed
using proteomics. After performing a systemic search of all inflammatory candidates identified in
proteomic studies, we summarized them in Table 2. According to these findings, stroke induces
the upregulation of many inflammatory proteins involved in the activation of the immune system,
but also in cell adhesion and inflammatory signaling pathways. In addition, most inflammatory
proteins identified in proteomic studies have been found with increased levels in stroke subjects
compared with their controls, which also supports the massively increased degree of
inflammation and its potential function during the acute phase of the ischemic challenge.

6. Diagnostic and therapeutic pathways of interest

Despite the fact that many proteins related to inflammation have been found to be altered during
stroke (Table 2), only some of them have been studied as potential key proteins involved in both
the detection and the modulation of the inflammatory processes, making them useful as both
biomarkers and therapeutic targets. This is interesting since theoretically when they are used as
targets for stroke treatment it might also be possible to measure them in the blood stream as
surrogate markers of the efficacy of the drugs of interest. Thus, from the proteins in Table 2,
some of the most relevant candidates are explained in detail in the following sections.

Other proteins than those identified in the systemic search are also gaining in importance in
stroke pathophysiology due to their role in relevant canonical pathways, although they are not
reviewed in detail here. This is the case for chemokines, an important family of inflammatory
proteins that act as both deleterious and restorative molecules depending on the phase of the
disease. Although a better understanding of the specific role of chemokines in stroke
pathophysiology is still needed, the most important chemokine families related to stroke (CC
and CXC families) have already been reviewed elsewhere [58]. As many chemokines are
upregulated after stroke, it has been suggested they may be promising candidates for stroke
diagnosis, prognosis and therapy, but further research should be conducted to corroborate this
hypothesis. In addition, another relevant group of proteins is the family of “A disintegrin And
Metalloproteinase with ThromboSpondin motifs” (ADAMTS). Although their pathological role in
stroke is not fully understood, ADAMTS are believed to be involved in the disease, since several
studies in experimental models reported the upregulation of some of its members after cerebral
ischemia [59]. Future studies might determine their specific role in the disease and evaluate
their potential as stroke biomarkers and/or therapeutic targets.
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Table 2
Stroke-associated inflammatory proteins identified in proteomic studies. References are provided as PubMed reference numbers (PMID). OGD, oxygen-glucose deprivation; tMCAO,
transient middle cerebral artery occlusion.

Protein name Abbreviation Biological function Regulation after Study type PMID
ischemic stimulus
14-3-3 protein beta 14-3-3p3 Inflammatory signaling 1 Rat cerebellar granule neurons exposed to glutamate 17530875
and cell adhesion excitotoxicity
14-3-3 protein epsilon 14-3-3¢ Inflammatory signaling 1 Rat brain endothelial cells exposed to OGD 17203967
1 Rat brain after global cerebral ischemia 17536849
14-3-3 protein zeta 14-3-30 Inflammatory signaling 1 Rat brain after hypoxic-ischemic insult 25197337
1 Rat brain endothelial cells exposed to OGD 17203967
Annexin 1 ANXA1 Anti-inflammatory 1 Rat brain endothelial cells exposed to OGD 17203967
1 Human brain after ischemic stroke 24007662
1 Rat neuroblastoma cell line exposed to OGD 19916522
Annexin 2 ANXA2 Pro-inflammatory 1 Human neuroblastoma cell line exposed to OGD 23321784
1 Rat brain after hypoxic-ischemic insult 25197337
1 Rat neuroblastoma cell line exposed to OGD 19916522
1 Human brain after ischemic stroke 24007662
Annexin 3 ANXA3 Anti-inflammatory 1 Rat brain after hypoxic-ischemic insult 25197337
i Rat brain after reversible cerebral ischemia 17823964
Annexin 5 ANXA5 Anti-inflammatory l Rat neuroblastoma cell line exposed to OGD 19916522
1 Rat brain after hypoxic-ischemic insult 25197337
Apolipoprotein L1 APOL1 Immune system 1 Human plasma from patients following lacunar 24752076
infarction
CD5 precursor Pre-CD5 Immune system 1 Human brain after ischemic stroke 20667078
CD14 CD14 Immune system 1 Human brain after ischemic stroke 20667078
CD59 CD59 Immune system 1 Human brain after ischemic stroke 20667078
CD115 CD115 Immune system 1 Human brain after ischemic stroke 20667078
Chemokine CXC motif ligand 1 CXCL1 Immune system 1 Human brain endothelial cells exposed to oxidative 21164131
stress
Complement 1 binding protein C1BP Immune system 1 Rat cerebellar granule neurons exposed to glutamate 17530875
excitotoxicity
Complement 3 c3 Immune system 1 Human plasma from patients following lacunar 24752076
infarction
1t Rat plasma after transient focal cerebral ischemia 22103620
1 Rat brain after transient focal cerebral ischemia 21950801
i) Rat brain after intracerebral hemorrhage 24583080
T Human brain microdialysates after ischemic stroke 14675487
1 Human brain after ischemic stroke 20940630
Complement 4 C4 Immune system 1 Human brain microdialysates after ischemic stroke 21142207
Complement 4 binding protein alpha ~ C4BPA Immune system Human plasma from patients following lacunar 24752076
infarction
Complement 5 c5 Immune system 1 Human plasma from patients following lacunar 24752076
infarction
Complement 8 alpha chain C8A Immune system 1 Human brain after ischemic stroke 20667078
Complement 9 (] Immune system 1 Rat brain after hypoxic-ischemic insult 25197337
Complement factor H-related 5 CFHR5 Immune system 1 Human brain after ischemic stroke 20667078
Connective tissue growth factor CTGF Pro-inflammatory 1 Rat brain endothelial cells exposed to OGD 17203967
Cyclooxigenase 1 COX1 Immune system 1 Rat neuroblastoma cell line exposed to OGD 19916522
E-selectin ligand 1 ESL1 Immune system 1 Rat brain endothelial cells exposed to ischemic insult 17203967
Ficolin-3 isoform 1 FCN3 Immune system 1 Human brain after ischemic stroke 20667078
Haptoglobin Hp Immune system 1 Rat plasma after transient focal cerebral ischemia 22103620
Immunoglobulin gamma-2B 1gG-2B Immune system 1 Rat brain after hypoxic-ischemic insult 25197337
Immunoglobulin heavy chain IgH Immune system 1 Human brain after ischemic stroke 20940630
1 Human brain microdialysates after ischemic stroke 14675487
Immunoglobulin kappa, C region IGK-C Immune system 1 Rat brain after hypoxic-ischemic insult 25197337
Immunoglobulin light chain - Immune system 1 Human brain microdialysates after ischemic stroke 14675487
Immune system + Human brain after ischemic stroke 20940630
Integrin alpha-2B ITGA2B Cell adhesion and 1 Human plasma from patients following lacunar 24752076
signaling infarction
Integrin alpha-D ITGAD Cell adhesion and 1 Rat brain after hypoxic-ischemic insult 25197337
signaling
Integrin-linked kinase ILK Cell adhesion and 1 Rat brain after hypoxic-ischemic insult 25197337
signaling
Interleukin-8 IL8 Immune system 1 Human brain endothelial cells exposed to oxidative 21164131
stress
Leukocyte immunoglobulin-like LILRA3 Immune system 1 Human brain after ischemic stroke 20667078
receptor subfamily A member 3
Macrophage migration inhibitory MMIF Immune system t Rat brain after hypoxic-ischemic insult 25197337
factor 1 Rat brain endothelial cells exposed to OGD 17203967
Macroglobulin-« precursor Pre-AXM Immune system 1 Rat brain endothelial cells exposed to OGD 17203967
Macroglobulin-ac1 A1IM Immune system 1 Rat brain after intracerebral hemorrhage 24583080
Macroglobulin-oc2 A2M Immune system 1 Rat plasma after transient focal cerebral ischemia 22103620
Microglobulin-32 B2m Immune system 1 Human urine samples after ischemic stroke 22615742
1 Human brain microdialysates after ischemic stroke 21142207
14675487
1 Human brain samples after ischemic stroke 20667078
Murinoglobulin-1 MUG1 Immune system 1 Rat brain after intracerebral hemorrhage 24583080
Immune system 1 Rat brain after hypoxic-ischemic insult 25197337
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Table 2 (continued)

Protein name Abbreviation Biological function Regulation after Study type PMID
ischemic stimulus
Murinoglobulin-1 precursor Pre-MUG1 Immune system 1 Rat brain after transient focal cerebral ischemia 21950801
Murinoglobulin-2 MUG2 Immune system 1 Rat brain after hypoxic-ischemic insult 25197337
Neutrophil defensin 1 precursor Pre-DEFA1 Immune system 1 Human brain microdialysates after ischemic stroke 21142207
Neutrophil gelatinase-associated NCL2 Immune system 1 Human brain samples after ischemic stroke 20667078
lipocalin 2
Polymeric-immunoglobulin receptor PIGR Immune system 1 Human urine samples after ischemic stroke 22615742
Selectin SEL Cell adhesion and 1 Rat brain endothelial cells exposed to OGD 17203967
signaling
Serine/cysteine proteinase inhibitor SERPING1 Immune system 1 Human plasma from patients following lacunar 24752076
clade G member 1 splice variant 2 infarction
Talin-1 TLN1 Cell adhesion and 1 Human plasma from patients following lacunar 24752076
signaling infarction
Tachykinin peptides TAC Pro-inflammatory 1 Human brain endothelial cells exposed to oxidative 21164131
stress
Thrombospondin 1 THBS-1 Cell adhesion and 1 Human plasma from patients following lacunar 24752076
signaling infarction
1 Human brain endothelial cells exposed to oxidative 21164131
stress
Transforming growth factor alpha TGF-at Pro-inflammatory 1 Rat brain after preconditioned-induced ischemic insult 15030391
Transforming growth factor beta TGF-> Pro-inflammatory 1 Rat brain after preconditioned-induced ischemic insult 15030391
1 Rat brain endothelial cells exposed to OGD 17203967
VCL Cell adhesion and 1 Rat brain after transient focal cerebral ischemia 21950801

signaling

6.1. Cell adhesion molecules

The major role of inflammatory leukocyte-endothelial cell adhesion molecules in the
pathogenesis of stroke is well characterized [60]. Their increased expression after stroke onset
facilitates the infiltration of leukocytes into the brain parenchyma, which contributes to the
emerging inflammatory response at the site of injury.

One of the best-known molecules involved in leukocyte adhesion is ICAM-1. After ischemia,
proinflammatory cytokines such as TNF-q, IL-1 and interferon (IFN)-y up-regulate ICAM-1 on
both cerebral endothelial cells and neurons, which appears to be an important feature in driving
leukocyte infiltration from blood to brain parenchyma [61]. Soluble ICAM-1 is increased in the
blood and cerebrospinal fluid of acute ischemic stroke patients and is associated with
neurological deterioration and early death after stroke [62]. On the other hand, the absence of
differences in soluble ICAM-1 levels between ischemic strokes and healthy controls has also
been documented [60]. This paradox, however, can be partially explained by differences in the
methodology used to detect ICAM-1 and the influence that some medications can have over the
expression of adhesion molecules, such as non-steroid anti-inflammatory drugs [63]. Therefore,
the use of circulating ICAM-1 levels as a biomarker of stroke diagnosis and inflammatory
progression after ischemic stroke is not fully corroborated. Further research needs to be
conducted to determine the ability of plasma ICAM-1 levels to discriminate ischemic stroke from
other neurological and inflammatory diseases.

Beyond its role as a biomarker, the inhibition of ICAM-1 has been shown to be neuroprotective
by reducing neuronal damage in ischemic rats [64]. Studies of ICAM-1 knock-out mice also
reported an improvement in blood flow and a reduction in infarct volume after an ischemic
challenge [65], suggesting the impairment of leukocyte migration as a possible therapeutic
strategy in improving stroke outcome. Furthermore, at the clinical level the Enlimomab Acute
Stroke Trial (EAST) tested the efficacy and safety of inhibiting ICAM-1 through the
administration of a murine anti-ICAM-1 antibody. Unfortunately, the Enlimomab-treated group of
patients reported a significantly higher fatality rate than the placebo group [66], demonstrating
the inefficacy of this therapeutic drug in stroke patients. Nevertheless, there is still some
controversy in regards to the experimental design of EAST. The choice of the anti-ICAM-1
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treatment regimen and the decision to perform a consecutive 5-day administration are
suggested not to be optimally extrapolated parameters compared with the settings used in their
respective studies performed in animal models of ischemia [67]. For this reason, ICAM-1 is still
suggested to be a possible therapeutic target for improving ischemic stroke outcome, as further
studies might corroborate its benefits.

Similar studies have been conducted regarding lymphocyte function-associated antigen-1
(LFA-1), the major ligand of ICAM-1, which also participates in leukocyte infiltration during
ischemic stroke [68]. LFA-1 is a B,-integrin constitutively expressed in leukocytes that mediates
the process of adhesion of circulating blood cells to endothelial cells. Although no studies
reported LFA-1 levels as a possible biomarker of stroke-associated inflammation, studies with
blocking antibodies against LFA-1 have shown beneficial effects in animal models of cerebral
ischemia, where a reduction in infarct size was partially attributed to a lower rate of neutrophil
infiltration into brain parenchyma and less accumulation of blood cells in cerebral venules after
ischemia, following the same results as the inhibitors of ICAM-1 [68].

Vascular cell adhesion molecule 1 (VCAM-1) is also involved in stroke pathophysiology.
VCAM-1, also known as CD106, is a cell surface protein expressed in the endothelium that
mediates cell-cell recognition and leukocyte adhesion. VCAM-1 also participates in the
downstream signal transduction originated after endothelium activation, directing the immune
response to ischemia. High levels of soluble VCAM-1 have been detected in circulation after
stroke [69]. Many other inflammatory diseases such as cardiopathies and cancer also present
increased levels of soluble VCAM-1 in plasma, suggesting VCAM-1 as an indicator of an
inflammatory state [70].

The upregulation of VCAM-1 after stroke is well documented in neurons and endothelial cells
after ischemia, which is presumably caused by the elevated levels of cytokines after the
ischemic event [63]. Ligand binding to VCAM-1 induces several metabolic and structural
changes in endothelial cells that facilitate migration of leukocytes into the brain, which include
the production of ROS and the subsequent activation of several MMPs [71]. Recently, VCAM-1
has also been found to participate in neuronal apoptosis after intracerebral hemorrhage, due to
the pronounced increase of this adhesion molecule around the hematoma [72]. Thus, all these
data attest to the involvement of VCAM-1 in the pathological processes following stroke.

The major ligand of VCAM-1 is very late antigen-4 (VLA-4). VLA-4 is an integrin that is
constitutively expressed in leukocyte plasma membranes. Upon leukocyte activation, VLA-4
undergoes conformational changes to bind VCAM-1, which contributes to leukocyte penetration
of the brain tissue. Thus, VCAM-1/VLA-4 interaction has particular relevance in the immune
response and leukocyte infiltration into areas of inflammation. Circulating VLA-4 levels have not
been reported in stroke patients up to now, although further studies should check whether these
proteins can be found in circulation (soluble form) and be used as inflammatory biomarkers.
Several experiments in animal models of stroke have been conducted in order to study the
effects of VLA-4 blockage. Of these, some studies reported reduced infarct volumes in ischemic
rats treated with VLA-4 inhibitors after 24 and 48 hours of the challenge [73]. This therapeutic
effect seems mainly due to the depletion of T-cells and the impairment of the rolling and
adhesion of neutrophils [74]. On the other hand, other studies failed to confirm the beneficial
effect of blocking VCAM-1/VLA-4 axis in animals suffering from acute ischemic stroke [75].
Although differences in species and drugs can partially explain the discrepancies, the
importance of VLA-4 for immune cell trafficking has also been thrown into question by several
researchers as the biological effect of VCAM-1/VLA-4 interaction in an ischemic brain and its
contribution to infarct growth or tissue regeneration is not fully understood [76].

In spite of the controversy, VLA-4 blockage therapy is available in clinics. Currently, there is an
ongoing phase 2 clinical trial that evaluates the effect of Natalizumab on infarct volume in acute
ischemic  stroke  (https://www.clinicaltrials.gov/ct2/show/NCT01955707).  Natalizumab, a



recombinant IgG4 monoclonal antibody that binds to alpha subunits of VLA-4 integrins to
prevent leukocyte transmigration through the endothelial cell barrier, has already been
described for the treatment of autoimmune diseases, such as multiple sclerosis (MS). Results
from this trial are still not available, although they are eagerly awaited.

All these data suggest that anti-leukocyte strategies may be useful as possible neuroprotective
therapies. The inhibition of leukocyte infiltration also suppresses many injury processes
associated with this phenomenon, including apoptosis, edema, and injury caused by free
radicals and oxidative stress.

Similarly, many other adhesion molecules that participate in cell-cell interaction and leukocyte
infiltration into the ischemic brain have been found to be upregulated after stroke (Table 2).
Thus, further research to improve therapeutic strategies against leukocyte migration might result
in effective treatments to reduce the excess of inflammation, slow down brain injury, and
ameliorate stroke outcome during the acute phase of stroke.

6.2. Matrix metalloproteinases

MMPs comprise a family of zinc-dependent endopeptidases involved in many biological
processes, including the activation of inflammatory mediators (chemokines and cytokines), the
cleavage of cell receptors, and the release of death signals. MMPs also participate in cell
proliferation, neuronal regeneration, angiogenesis and apoptosis [16]. During the acute phase of
ischemic stroke, MMPs are known to degrade basal lamina, weaken brain blood vessels and
force BBB disruption and leakage. MMP-9 is a 92-kDa type-IV collagenase secreted in a latent
form and activated in the extracellular space after proteolytic processing. MMP-9 is upregulated
under several central nervous system disorders, such as Alzheimer’s disease, brain tumors,
multiple sclerosis, neuropsychiatric diseases and ischemic stroke. Recent studies report that
baseline MMP-9 levels are increased in patients who undergo an hemorrhagic transformation
following tPA administration, suggesting MMP-9 as a good predictor of this secondary
complication in ischemic stroke patients treated with tPA [46]. Thus MMP-9 inclusion in future
panels of biomarkers to assess stroke outcome and treatment response should be considered.
The inhibition of MMP-9 has been widely studied as a possible therapeutic strategy to diminish
the severity of ischemic stroke and avoid possible complications of the disease. The
administration of neutralizing monoclonal antibodies directed against MMP-9 has been reported
to significantly reduce brain injury after stroke [77]. However, other tested strategies do not
directly inhibit MMP-9 activity, but modulate different pathological processes that indirectly
attenuate MMP-9 expression and activity, among other cellular injury pathways. For instance,
the administration of Rutin, a flavonoid glycoside that scavenges ROS and consequently
reduces MMP9 activity, before the induction of ischemia or right after blood flow occlusion in
animal models resulted in the attenuation of BBB rupture and showed a reduction of neuronal
apoptosis [78]. Similarly, the administration of carcinoembryonic antigen-related cell adhesion
molecule 1 (CEACAM1), a member of the immunoglobulin superfamily that suppresses
immunological signal transduction, resulted in the inhibition of MMP-9 secretion by neutrophils,
which decreases BBB damage caused by this type of cells during post-ischemic inflammation
[79].

Thus, although MMP9 inhibitors have not been evaluated yet in stroke patients, all these studies
in experimental models of cerebral ischemia suggest them as therapeutic options during the
acute phase of stroke, when they are suggested to improve the outcome of patients suffering
from stroke.

6.3. Signaling proteins

14-3-3 proteins are an emerging family of multifunctional molecules that regulate different
signaling pathways within the cells. This group of seven different proteins has recently gained
relevance due to their participation in various biological processes, including cell growth,
proliferation, differentiation, survival, apoptosis, adhesion and other signaling pathways.
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Moreover, evidence also shows the involvement of this family of proteins in inflammation [80].
14-3-3 members are widely known to modulate toll-like receptor (TLR) signaling pathways
during inflammatory diseases [80]. 14-3-3 proteins, specifically isoforms 14-3-3c and 14-3-3g,
are downregulated during the early phase of inflammation, when the production of pro-
inflammatory molecules is enhanced. However, both proteins appear to be upregulated during
the chronic phase of inflammatory processes, contributing to the clearance of the content of pro-
inflammatory cytokines and promoting the balance through the stimulation of anti-inflammatory
effectors. In addition, 14-3-3¢ proteins are also able to inhibit apoptosis through the
sequestration of several apoptotic mediators, such as the pro-apoptotic protein Bad (p-Bad)
[81]. Thus, again a dual role in inflammation is raised in relation to 14-3-3 proteins.

In terms of stroke, the expression of 14-3-3 proteins has been found to be upregulated in
ischemic brains (Table 2). 14-3-3 protein levels are increased in both the cytoplasm and nuclei
of human neurons within the ischemic penumbra [82] and are also induced in astrocytes from
ischemic lesions, contributing to an abnormal increase of this type of cell (a process known as
astrocytosis) after an episode of neuronal destruction [83].

While high levels of 14-3-3 proteins in ischemic brains after stroke are well documented, studies
reporting the presence of these molecules in circulation have been published for non-neuronal
inflammatory diseases such as cancer [84] but not in the field of neuroinflammatory diseases.
These data suggest that further studies need to be performed to evaluate the abundance of
these proteins in stroke patients’ circulation and their role as clinical biomarkers. The
hypothetical finding of higher 14-3-3 protein levels in stroke cases would indicate severe
inflammation in the brains of these patients, which, in combination with other biomarkers for
stroke, would help to prognosticate outcome and therapy efficacy in stroke patients.

Although 14-3-3 proteins are naturally upregulated after stroke, therapeutic strategies to further
increase their expression are promising tools for modulating ischemic injury. Several
pharmacological compounds from the thiazolidinedione group of drugs have been shown to
protect against cerebral ischemia in animal stroke models by modulating 14-3-3 proteins.
Rosiglitazone, troglitazone and pioglitazone, which are commonly used as antidiabetic drugs,
activate peroxisome proliferator-activated receptors (PPARS), a group of transcription factors
that stimulate the expression of several 14-3-3 proteins [85]. Specifically, rosiglitazone
administration after reperfusion in a rat model of cerebral ischemia has shown neuroprotective
effects, which are attributed to the rapid activation of PPAR-y that, by up-regulating 14-3-3¢
proteins, prevents neuronal apoptosis by sequestering pro-apoptotic factors (e.g. p-Bad) in the
cytoplasm. However, these aforementioned drugs are not specific for 14-3-3 proteins, which
means that the expression of other proteins can also be enhanced with these pharmacological
compounds. Therefore, future studies are needed to robustly confirm the beneficial effects of
the enhancement of 14-3-3 proteins exclusively.

In summary, all these findings suggest the relevance of the overexpression of 14-3-3 proteins in
protecting against cell death after cerebral ischemia. 14-3-3 proteins are, therefore, considered
to be promising targets for modulating brain injury and neuronal damage.

6.4. Annexins

Annexins are membrane-bound proteins involved in exocytosis and endocytosis, vesicle
trafficking, membrane reorganization, and ion-transport across membranes, among others. Little
is known about annexin molecules regarding ischemic stroke, but they have been found with
increased levels after the occurrence of the disease (Table 2). Annexin A1 (ANXAL), previously
known as lipocortin 1, regulates several cellular functions in a variety of cell types, including
differentiation and proliferation, but also plasma membrane repair and cellular apoptosis.
Additionally, ANXAL is of increasing importance in inflammation due to its potent anti-
inflammatory properties: ANXAL prevents the massive stimulation of the oxidative metabolism
resulting from the release of arachidonic acid [86], impedes neutrophil adhesion to the
endothelium, promotes macrophage phagocytosis of leukocyte debris and inhibits microglia
activation, among other activities [87]. However, although the anti-inflammatory functions of



ANXA1 have been well documented, the detailed mechanisms of action of some of these
functions remain elusive. Increased circulating ANXA1 levels have been found in inflammatory
disorders such as sepsis [88], but no data is available regarding ANXAL plasmatic levels in
stroke patients. Further research should, thus, assess the expression profile of this protein
during the stroke time-course.

Studies in animal models of cerebral ischemia report that the inhibition of ANXAL by antibodies
against the protein increase infarct volume and enhance the appearance of edema [89].
Similarly, the administration of ANXAL to ischemic rats causes the opposite, a marked inhibition
of infarct volume and decreased cerebral edema formation, suggesting ANXA1 as a possible
neuroprotective target [73].

Annexin A2 (ANXAZ2) is a cell-surface protein that works as a receptor for plasminogen and its
activator, tPA. The aggregation of ANXA2, plasminogen and tPA all together cause an increase
in tPA efficacy in converting plasminogen to plasmin, suggesting ANXA2 as a key modulator of
tPA response. Because of this, the evaluation of ANXAZ2 as a possible candidate to determine
treatment response after thrombolytic therapy would be of great use. Furthermore, ANXAZ2, in
combination with other circulating molecules (myosin heavy chain 7, desmin and insulin-like
growth factor 7), has been proposed as a good biomarker to detect heart failure [90]. Hence, the
evaluation of circulating ANXA2 levels in blood from stroke patients remains of interest and
might possibly be carried out in the near future.

In animal models of ischemia, the administration of ANXA2 recombinant protein in combination
with tPA has been shown to improve long-term neurological outcome after stroke. Additionally,
the combination of both drugs permitted the reduction of tPA dose, which also diminishes the
side effects of these thrombolytic treatments [91]. Thus, therapeutic interventions with ANXA2
might also be beneficial when combined with other effective treatments.

Annexin A5 (ANXASL) is another intracellular membrane-bound protein of the group of
annexins. Although its functions are not perfectly understood, it is known that a major role of
ANXAS5 is the inhibition of prothrombin activation, which suggests its potent activity as an
anticoagulant agent. In addition, ANXA5 is also involved in protection from excessive
inflammatory activities, as it sequesters negatively charged phospholipids when exposed to cell
surfaces, which consequently prevents the stimulation of phospholipid-induced pro-
inflammatory processes [92]. Circulating levels of ANXA5 have been found to be increased in
patients suffering from Alzheimer’s disease and dementia with Lewy bodies [93]. On the other
hand, ANXA5 serum levels are demonstrated to be lower in patients with type 1 diabetes [94].
Although no data can be found regarding ANXAS5 levels in stroke patients’ circulation, there is
evidence reporting that antibodies against this protein are detectable in plasma samples of
patients suffering from stroke. Lee et al. reported that endogenous levels of circulating anti-
ANXAS5 antibodies were found to be very high in ischemic stroke patients after the challenge
[95], which perfectly matches the decreased levels of ANXAS5 found in ischemic brain tissues
(Table 2). Due to the anticoagulant function of ANXA5, endogenous antibodies against ANXAS5
have been related to thrombotic events, as they inhibit the anticoagulant activity of ANXA5.
Hence, the decrease in the activity of ANXA5, by stimulating the production of endogenous
antibodies against ANXA5 or through the administration of ANXAS5 inhibitors, might be a
possible therapeutic strategy to decrease the occurrence of hemorrhagic transformation after
stroke. In addition, ANXA5 co-localizes with phosphatidylserine groups, which are expressed on
cell surfaces when they are dying [96]. This could suggest the role of ANXA5 in apoptotic
processes, which may be another interesting target to modulate in future studies after further
investigation.

6.4. Complement system
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Activation of the complement system has been well documented in several neuroinflammatory
diseases, including neurodegenerative processes and stroke. Specifically, the complement
system has been associated with ischemic insults since the 1970s when Hill and Ward
described the presence of C3 fragments in rat myocardial tissue [6]. Components of the
complement system, including effectors and receptors, are mainly produced by neurons,
astrocytes and microglia during brain damage [7]. Pro-inflammatory mediators, ROS and
apoptotic cells triggered by stroke mainly drive the expression of this group of proteins. The
biosynthesis of complement factors in the central nervous system is now well established and
their upregulation has been well documented in plasma, serum and brain tissue after ischemic
stroke. The levels of C3 and C5 complement factors are reported to peak at day 1 and between
day 7 and 14 after cerebral ischemia respectively [97]. Studies in animal models of cerebral
ischemia also revealed that the expression of complement receptors is upregulated in neurons
and microglia after ischemic injury [98]. The activation of the complement system is, thus,
increasing inflammatory and immune activities, which intensify the deleterious consequences of
inflammation in ischemic brains during the first days after stroke.

Circulating levels of many complement factors are elevated in stroke with different etiologies,
such as cardioembolic stroke and small vessel disease [99]. It is well documented that
complement C3 levels positively correlate with poor outcome in cardioembolic stroke patients
[100]. Similarly, C3 factor has been reported to be a predictor of poor outcome after 3 months of
stroke, although further research has to confirm this hypothesis firmly [101]. These findings
suggest the role of several complement proteins as possible biomarkers to discriminate
between ischemic stroke subtypes and predict stroke outcome. However, these markers are
again focused on inflammation, which indicates that they will not be specific for stroke, but for
inflammatory diseases. For that reason, the combination of these biomarkers with other more
specific indicators of ischemia will form a complex panel to precisely diagnose stroke cases.

In an attempt to determine the efficacy of complement inhibition in ischemic brains, several
studies in animal models have evaluated different neuroprotective strategies as inhibitors of the
complement system. However, none of the strategies tested so far directly modulate
complement components, instead they modulate activators of this signaling system. For
instance, the inhibition of oxidative stress with the administration of N-ter-butyl-a-phenylnitrone
(PBN) antioxidant or the use of copper/zinc-superoxide dismutase transgenic mice results in the
suppression of complement factor C3 expression. The decrease in C3 protein accumulation in
neurons and microglia reduces infarct volume and improves the neurological status after
cerebral ischemia in mice [102]. These data, thus, demonstrate the contribution of ROS in the
activation of the complement system and the role of these processes in brain injury after stroke.
Although several approaches in animal models have succeeded in the suppression of
complement activation after stroke, these strategies are still far from reaching the clinics. This
can be explained by the fact that nearly all these methods have been based on the indirect
modulation of the complement system (e.g. modulation of signaling pathways that culminate in
the inhibition of complement molecules, among others), rather than the specific inhibition of its
components. For instance, the beneficial effects of the suppression of oxidative stress are
usually difficult to attribute to the inhibition of the complement system, instead they are due to
the decrease of many other deleterious effects of ROS. In future studies, therefore, specific
inhibitors of the complement system should be evaluated to better characterize the effects of
the complement system and its inhibition.

As shown in Figure 3, several inflammatory molecules described in this section are interlinked. It
is well documented that 14-3-3 proteins are related to annexins, which are also linked to
complement components. It is suggested that a better understanding of these inflammatory
pathways and their upstream connections might provide new therapeutic candidates to be
modulated. In other words, the targeting of a specific protein that connects several inflammatory
pathways together might be interesting as a new therapeutic strategy, as it would alter the
activity of various pathological proteins implicated in the pathophysiology of stroke.



7. Conclusions

It is clear that inflammation is highly implicated in the pathophysiology of stroke. Accumulating
evidence gives support to the dual role of inflammation during ischemic stroke, which displays
beneficial but also adverse effects according to the phase of the disease.

Anti-inflammatory strategies are providing promising tools for regulating the inflammatory
processes that take place during the acute phase of stroke, which predominantly produce
deleterious effects. While several therapeutic strategies have been successful in both
experimental models of ischemia and clinical trials, the translation from bench-to-bedside is still
missing. Perhaps a better understanding of the inflammatory mechanisms involved during
ischemic stroke would increase the knowledge of possible therapeutic targets to be modulated
to fight against the disease and its complications. In addition, a better characterization of stroke
pathophysiology would also provide new therapeutic options to rapidly stimulate
neuroregeneration processes after the ischemic challenge.
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Figure 3. STRING action network related to several inflammatory proteins involved in stroke
pathophysiology. STRING database was queried with a subset of inflammatory proteins from Table 2.
Protein-protein interactions were provided and non-connected proteins were excluded from the figure.
Functional associations and types of interaction were represented in colored lines between proteins as
indicated in the legend. Abbreviations: ANXAL, annexin-1; ANXA2, annexin-2; ANXAS5, annexin-5; C3,
complement-3; C4A, complement-4A; C4BPA, complement-4 binding protein A; C5, complement-5; C8A,
complement-8A; C9, complement-9; CFHR5, complement factor H-related protein 5; CXCL1, chemokine CXC
motif ligand-1; IL8, intereukin-8. /

-

In addition, the lack of sensitive and rapid blood tests to diagnose and aid stroke
prognostication is still a major cause of concern worldwide. Because of the numerous
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advantages that would result from the elaboration of robust biomarkers for stroke, we consider
that research in the years ahead might focus attention on their discovery, which not only
provides potential methods for stroke diagnosis and prognosis, but also contributes to the
understanding of the pathophysiology of this devastating disease. Hence, the combination of
inflammatory biomarkers with other indicators of ischemic injury would improve the potential of
stroke biomarkers and facilitate a better clinical assessment of patients during the acute phase
of the disease, which is of vital importance in reducing the prevalence of stroke-related disability
and mortality.
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Leukocyte infiltration into the brain is known to exacerbate tissue injury after ischemic
stroke. Vascular adhesion protein (VAP-1), also named as semicarbazide-sensitive amine
oxidase (SSAO or VAP-1/SSAQ), plays an important role in adhesion and transmigration of
leukocytes, which together with the SSAO-derived toxic metabolites, compromise the
integrity of the brain-blood barrier (BBB) following an ischemic event. The aim of this study
was to examine the effectiveness of VAP-1/SSAO blockade in reducing the extension of the
ischemic lesion and preventing the occurrence of Tissue Plasminogen Activator (tPA)-
related hemorrhagic transformations (HT), all associated to the BBB weakness. To that end,
male Wistar rats were subjected to cerebral ischemia through the Middle Cerebral Arterial
Occlusion (MCAO) intraluminal model and intravenously treated with a VAP-1/SSAO
inhibitor (named UV296, Sucampo Pharma, LLC, Japan), tPA or both. The neuroprotective
effect of UV296 was evaluated in rats by assessing their neurological state, infarct volume
and the occurrence of tPA-related HT 48h after the ischemic event. Results indicated that
UV296 treatment did not reduce the extension of the ischemic lesion and neither improved
the neurological status of treated animals. UV296 administration prior to tPA, however,
prevented the appearance of tPA-related HT, which supports previous published findings
reporting that anti-VAP-1/SSAO drugs may succeed in the prevention of secondary
complications in ischemic stroke patients treated with tPA.

Stroke is one of the leading causes of death
and disability worldwide. Despite research
efforts, effective therapies to prevent
ischemic-related brain damage and
neurological deterioration are still limited.
Amongst the clot-busting strategies to restore
brain perfusion’?, which are the only available
treatments at present, intravenous
administration of tissue plasminogen activator
(tPA) remains still today the gold standard
pharmacologic therapy for ischemic stroke®.
Despite its high effectiveness on stroke
patients has been widely demonstrated”, tPA
treatment increases 10-fold the risk of
developing thrombolysis-related hemorrhagic
transformations (HT), which still present
nowadays significant alarming rates of
mortality and morbiditys. To attenuate the
incidence of HT following tPA treatment,
therapeutic vascular and brain protective
approaches that aimed to modulate key
mediators of the underlying mechanisms of
bleedings have been a matter of investigation
over the last few decades®.

Vascular adhesion protein-1 (VAP-1) is a
circulating and membrane-bound ectoenzyme
involved in leukocyte recruitment. Upon
inflammation, VAP-1 strongly up-regulates on
the endothelial cell surface to mediate
leukocyte adhesion and transmigration into
the inflamed tissue through its semicarbazide-
sensitive amine oxidase (SSAO) activity7. This
enzymatic activity of VAP-1/SSAO also
metabolizes primary amines that ultimately
enhance the expression of additional pro-
inflammatory mediators, overall promoting
cellular damage within the ischemic brain.

Both, leukocyte infiltration and the
endogenous overproduction of pro-
inflammatory mediators, enhance brain
cellular damage and compromise the integrity
of the blood-brain barrier (BBB)B. Hence, it
has been postulated that the inhibition of
VAP-1/SSAO activity might be a promising
therapeutic strategy to attenuate the entrance
of leukocytes and preserve the BBB integrity,
which might eventually reduce the incidence
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of fatal hemorrhagic complications after tPA
treatment of stroke patients.

The aim of this study was to explore the
efficacy of the combined treatment of tPA and
a VAP-1/SSAO inhibitor, named UV296
(Sucampo Pharma, LLC, Japan). Specifically
we were interested in studying whether this
therapeutic agent could reduce the extension
of the ischemic lesion and influence on the
fatal incidence of intracranial hemorrhage
after the tPA treatment. To that end, male rats
were subjected to mechanical transient
cerebral ischemia and subsequently treated
with UV296 and tPA to evaluate the incidence
of neurological deficits, infarct volumes and
HT 48h after the ischemic event.

MATERIALS AND METHODS

Ethics statement

All procedures were approved by the Animal
Ethics Committee of the Vall d'Hebron
Research Institute (27/15 CEEA) and were
conducted in compliance with the Spanish
legislation, in accordance with the Directives
of the European Union. Experiments were
performed in male rats (Wistar, Charles River)
weighting 250-300g. Rats were kept in a
climate-controlled environment on a 12-h
light/12-h dark cycle. Food and water were
available ad libitum. Analgesia (Buprenorfin,
0.05 mg/Kg, s.c. Divasa Farma-Vic S.A.,
Barcelona, Spain) was given to all rats to
reduce their pain and discomfort.

Experimental design

Animals were randomly allocated to 6
experimental groups: (A) Sham animals
treated with vehicle; (B) Middle cerebral artery
occlusion (MCAO) animals treated with
vehicle (MCAO controls); (C) MCAO animals
treated with vehicle and tPA (tPA controls);
(D) MCAO animals treated with high dose of
UVv296 (1 mg/kg); (E) MCAO animals treated
with low dose of UV296 (0.1 mg/kg) and tPA;
(F) MCAO animals treated with high dose of
UV296 and tPA.

A total of 117 animals were needed to
complete the study. Among them, 60 animals
were included in the study and 58 were
excluded after applying the following criteria:
incomplete occlusion after the filament

insertion (n=7), incomplete reperfusion after
the filament removal (n=11), incorrect drug
administration (n=3), death before
experimental protocol finished (n=9), death
during the first 24 h (n=23) and death between
24 and 48 h after the occlusion (n=5).

Intraluminal tMCAO model

Rats were submitted to a transient MCAO
model using an intraluminal filament as
described previouslyg. Briefly, rats were
anesthetized under spontaneous respiration
with 2% isoflurane (Abbot Laboratories, Kent,
UK) in oxygen during surgery and body
temperature was maintained at 37°C. A neck
incision was done on the right side in order to
exposure the right bifurcation of the external
carotid artery (ECA) and the internal carotid
artery (ICA) and a silicone-coated nylon
monofilament (Doccol Corporation, reference
number: 403723PK10) was introduced to
occlude the middle cerebral artery (MCA).
After occlusion, animals were allowed to
recover from anesthesia for 90 minutes until
reperfusion. Sham-operated animals were
submitted to the same processes but filament
was removed immediately after its
introduction.

In order to monitor regional cerebral blood
flow (CBF) and ensure the correct occlusion
of the MCA, the day before surgery a cranial
trepanation was performed to attach a laser-
Doppler probe (Moor Instruments, Devon,
UK). Only animals that exhibited a reduction
>75% in regional CBF after filament
placement and a recovery of >75% after
filament removal were included in the study.

UV296 and tPA administration

VAP-1 inhibitor (UV296) was provided by
Sucampo Pharma, LLC (Japan). Powder
UV296 was dissolved in saline at 0.02 mg/ml
(low dose UV296, 0.1 mg/kg) or 0.2 mg/ml
(high dose UV296, 1mg/kg), mixed for 5
minutes and kept at 4 °C until use. Fifteen
minutes after MCAO occlusion, 1.5 milliliter of
UV296, either at low or high dose, or vehicle
(saline) was intravenously administered.

Initial tPA solution was prepared by dissolving
50 mg of tPA powder in 25 ml of solvent
(2mg/ml) (Actilyse, Boehringer, Ingelhem,
Germany) and was kept frozen until use. At



the time of use, tPA solution was thawed and
activated prior to administration. In brief, a
blood clot formed in an 18-mm PE-50 catheter
was rinsed intensely in saline to remove
temperature and supernatant (activated tPA)
was collected'®. Immediately after reperfusion,
animals treated with this activated tPA
underwent a  20-minute  intravenously
administration of the activated antithrombotic
solution using an automatic injector in a 10
mg/kg dose (75 ul/min).

Neurological deficit

Rats were assessed wusing a 9-point
neurological deficit scale. Four consecutive
tests were conducted: (I) spontaneous activity
(moving and exploring=0, moving without
exploring=1, no moving or moving only when
pulled by the tail=2); (Il) left drifting during
displacement (none=0, drifting only when
elevated by the tail and pushed or pulled=1,
spontaneous  drifting=2, circling  without
displacement or spinning=3); (lll) resistance to
left forepaw stretching (stretching not
allowed=0, stretching allowed after some
attempts=1, no resistance=2) (IV) parachute
reflex (symmetrical=0, asymmetrical=1,
contralateral forelimb retracted=2).
Neurological score was assessed in a blinded
manner at 80 minutes, 24 hours and 48 hours
after occlusion of the MCA.

Infarct volume and HT evaluation

After the neurological test at 48h, all animals
were euthanized. Blood samples were drawn
through transcardiac puncture and cold
heparin solution and cold saline solution were
transcardially injected one after another for 10
minutes each using an infusion pump.
Immediately after perfusion, brain was
removed and brain tissue was cut into 6 serial
2-mm coronal sections to further proceed with
the quantification of the infarct volume and
hemorrhage transformations.

Experimental group % Occlusion

surrounding red blood cells and cut into
pieces of 1.5 mm length each. Twelve pieces
were incubated with 2 ml of tPA solution
(2mg/ml) for 20 minutes at room
Infarct volume was assessed using 2,3,5-
triphenyltetrazolium chloride (TTC, Sigma-
Aldrich) staining as described'’. TTC images
were captured using a Cano Scan 4200F and
infarct volume was measured in a blinded
manner using Image J software by integration
of infracted areas. Infarct volume data was
expressed as percentage of the ipsilateral
hemisphere.

Three different methods were used to
evaluate HT severity: (I) classification of HT
by visual score as previously described™® (no
hemorrhage transformation=0, hemorrhagic
infarction type 1 (HI-1)=1, hemorrhagic
infarction type 2 (HI-2)=2, parenchymal
hematomas type 1 (PH-1)=3, parenchymal
hematomas type 2 (PH-2)=4); (2)
determination of the area of parenchymal
hemorrhage by integration of hemorrhagic
areas (expressed in mm2) using the Image J
software; and (3) classification of HT by
counting the total number of hemorrhagic
events. HTs were all evaluated in a blinded
manner.

Statistical Analysis

Experimental data were analyzed using SPSS
20.0 (IBM, New York, NY, USA). Graphs were
performed using GraphPad Prism 6. Normality
for continuous variables was assessed by
Kolmogorov-Smirnov test. Those normally
distributed were analyzed by Student's t-test
and mean + SEM are given. Mann-Whitney U
test was done for non-parametric ones and
median (IQR) were given. Pairwise analysis
was performed using paired t-test for normal
distributed variables and Wilcoxon for non-
parametric ones.

% Reperfusion

MCAO-Vehicle 8.78+3.189 91.44 26,02

MCAO-Vehicle-tPA 11.77+8.454 91.48+25.48 Table 1. Mean percentages
MCAQ-0.1mg/kg UV296 11.32+6.758 106.3+25.80 of occlusion and reperfusion
MCAO-1.0mglkg UV296-tPA 7.856=2.972 118.4+65.83 of the MCA during the MCAO
MCAO-1.0mgfkg UV296-tPA 10.22+3.873 1241+42.16 Surgen:
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RESULTS

All ischemic animals included in the study
showed similar occlusion and reperfusion
percentages of the MCA (Table 1), and
ischemia-related mortality rates were not
statistically different between groups (data not
shown). Ischemic animals receiving tPA or
high dose of UV296, either alone or in
combination, lost less body weight than those
which did not receive tPA (p=0.011 for MCAO
+ tPA; p=0.035 for MCAO + 1.0mg/kg UV296
and p=0.09 for MCAO + 1.0mg/kg UV296 +
tPA) (Figure 1A).

No significant differences were either detected
on infarct volume percentages among
experimental groups (Figure 1B). Neurological
outcome showed no differences between
groups at 80 minutes and 24 hours. However,
48h after ischemia, animals treated with tPA
in combination with UV296, either at low or

high dose, presented worse neurological
outcome compared to animals treated with
tPA alone (p=0.028 for MCAO + 0.1mg/kg
Uv296 + tPA and p=0.029 for MCAO +
1.0mg/kg UV296 + tPA) (Figure 1C).
Hemorrhages were observed in most of the
animals treated with tPA, although some
cases were also found in animals that did not
received the thrombolytic drug. The most
frequent hemorrhage identified was HI type |,
followed by HI type Il, whereas no PH type
hemorrhages were observed (Figure 2A).
Significant differences were seen regarding
HT rates between ischemic animals treated
and non-treated with tPA; rats receiving tPA
presented higher visual hemorrhagic scores
(p=0.007, Figure 2B), increased number of
hemorrhagic events (p=0.029, Figure 2C) and
larger hemorrhagic areas (p=0.029, Figure
2D) compared with animals that did not



receive the thrombolytic therapy. Interestingly,
the administration of high dose UV296 in
combination  with tPA reversed the
appearance of these tPA-related intracranial
hemorrhages, since those animals did not
show differences in any of the three used
methods of HT evaluation when compared
with  animals that did not undergo
thrombolysis (p=0.509 for visual score,
p=0.525 for number of hemorrhagic events
and p=0.396 for hemorrhagic area). Moreover,
animals treated with high dose of UV296 and
tPA also presented a lower visual score and a
decreased number of hemorrhagic events
compared with animals treated with tPA
alone, despite statistical significance was not
fully reached in this case (p=0.075 and
p=0.089, respectively). DISCUSSION

Hemorrhagic complications derived from the
thrombolytic treatment with tPA cause high
mortality and morbidity rates on stroke

patientss. Since it is still the only
pharmacological drug available to treat
ischemic strokes, contributions aimed at
preventing the incidence of these side effects
are urgently needed. In this work, we studied
the efficacy of UV296, a VAP-1/SSAO
inhibitor, to reduce the extension of the
ischemic lesion, ameliorate the neurological
outcome and specifically tackle the
devastating incidence of tPA-related HT in an
experimental model of cerebral ischemia in
rats.

Following an ischemic event, VAP-1/SSAO is
well-known to mediate adhesion and
transmigration of circulating immune cells by
binding and catalyzing the removal of an
amino group present on the surface of
leukocytes, which temporary connect these
two cell types to facilitate their migration

through the inflamed vasculature”*2.
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Since leukocyte infiltration participate in stroke
disease progression by further releasing pro-
inflammatory mediators to the site of brain
injury®, the attenuation of the entrance of
these blood cells is suggested as a
therapeutic approach to palliate the severity of
the ischemic brain lesion™. In this respect,
VAP-1/SSAO activity has been specifically
proposed as a feasible target for stroke
treatment™®, inasmuch as its mitigation has
provided valuable neuroprotective effects in
different experimental models of cerebral
ischemia and intracerebral hemorrhage'°.
Unfortunately, the inhibition of VAP-1/SSAO
by the administration of UV296 has not shown
any improvement in the extension of the
ischemic lesion in our hands. These
observations differ from previous published
studies and cast doubt on the capacity of this
specific VAP-1/SSAO inhibitor, UV296, to
neuroprotect the ischemic brain'’°. Despite
future assessments might confirm UV296
optimal inhibitory properties, future
contributions might also aim at fully determine
whether the blockade of only VAP-1/SSAO
molecule is sufficient to palliate leukocyte
entrance and disease progression, or other
crucial mediators of these pathological
mechanisms might be co-targeted
simultaneously to obtain synergistic protective
effects through the inhibition of different and
complementary mechanisms involved in
leukocyte infiltration®.

Curiously, the combination of tPA and UV296,
either at low or high dose, slightly worsens the
neurological outcome of ischemic animals at
48h. This increase in the neurological deficit,
however, was not associated to a more
severe body weight loss, neither correlated
with the extension of the ischemic lesion nor
with the appearance of HT, which insinuates
that it might not be directly linked to the
ischemic pathophysiology. Moreover, since
animals treated with UV296 alone did not
show this neurological worsening, it is
probably the combination of tPA and UV296,
rather than UV296 itself, what leads to the
observed neurological deterioration at latter
stages after stroke onset. However, the exact
underlying mechanisms are a matter of much
speculation for the time being and need
further assessment.

Infiltrated leukocytes, in particular neutrophils,
exert harmful effects due to their endothelial
damaging  properties’>®*.  Since  tPA
administration exacerbates the devastating
effects of these infiltrating neutrophils by
potentiating the release of their granules and
further stimulating apoptosis in endothelial
cells®, it has been proposed that preventing
neutrophil migration into the ischemic tissue
might be a therapeutic option to maintain the
integrity of the BBB and avoid tPA-related
BBB leakage and bleedings on tPA-treated
ischemic stroke patients.

The occurrence and severity of tPA-
associated HT is not only caused by tPA itself,
but it is known to also increase by the
presence of tPA-related thrombolyisis
products, such as plasmin, derived from the
binding of tPA to thrombi®. These
thrombolytic products have been also
reported to play an important role in the
disruption of the BBB, although the underlying
mechanisms still remain speculative. In order
to ensure the appearance of hemorrhagic
transformations in our intraluminal model of
cerebral ischemia, tPA was pre-incubated with
blood clots to facilitate the release of products
derived from the thrombolysis. This
approximation enables us to ensure that tPA-
treated animals developed significantly more
HT than non-treated ischemic rats, as
commonly reported before®. Interestingly, our
study showed that the administration of high
dose UV296 before tPA prevented the
appearance of these tPA-related HT. These
results are in line with previous studies
reporting that VAP-1 may be an aggravator of
the ischemia-induced vascular damage, which
is directly linked to the appearance of
hemorrhagic events®. Molecularly, these fatal
adverse effects are well attributed to the up-
regulation of VAP-1/SSAO-derived toxic
metabolites and the promotion of leukocyte
extravasation'”**. This is why the inhibition of
VAP-1/SSAO has been proposed effective in
preventing vascular injury following ischemic
stroke®, which from a clinical point of view it
might be seen as an approach to reduce the
risk of tPA-related HT and improve the
outcome of ischemic stroke patients. Future
experiments, however, might deeper confirm
these preliminary potential effects of UV296
on the prevention of HT, and might also



consider their verification in other more
physiological animal models of HT, such as
the embolic model®®. Furthermore, additional
contributions aimed at determining whether
the inhibition of VAP-1/SSAO is also capable
preventing the risk of bleedings on the vast
majority of ischemic stroke patients that
undergo thrombolysis, regardless of the
recanalization strategy26.

In summary, tPA-related HT is a fatal
complication of ischemic stroke patients that
urgently needs to be prevented. The inhibition
of VAP-1/SSAO by its specific inhibitor UV296
has been here proposed as a potent
candidate to avoid tPA-related bleedings,
despite further studies might be conducted to
fully corroborate its potential effectiveness.
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Background: CCL23 role in the inflammatory
response after acute brain injuries remains
elusive. Here, we evaluated whether CCL23
blood levels associate with acquired cerebral
lesions and determined CCL23 predictive
capacity for assessing stroke prognosis. We
used pre-clinical models to study the CCL23
homologous chemokines in rodents, CCL9
and CCL6.

Methods: Baseline CCL23 blood levels were
determined on 245 individuals, including
ischemic strokes (IS), stroke-mimics and
controls. Temporal profile of circulating
CCL23 was explored from baseline to 24h in
20 of the IS. In an independent cohort of 120
IS with a three-month follow-up, CCL23 blood
levels were included in logistic regression
models to predict IS outcome. CCL9/CCL6
cerebral expression was evaluated in rodent
models of brain damage. Both chemokines
were also profiled in circulation and
histologically located on brain following
ischemia.

Results: Baseline CCL23 blood levels did not
discriminate IS, but permitted an accurate
discrimination of patients presenting acute
brain lesions (p=0.003). IS exhibited a
continuous increase from baseline to 24h in
circulating CCL23 (p<0.001). Baseline CCL23
blood levels resulted an independent predictor
of IS outcome at hospital discharge (ORad;:
19.702 [1.815-213.918], p=0.014) and
mortality after 3 months (ORadj: 21.47 [3.434-
134.221], p=0.001).

In preclinics, expression of rodent chemokines
in neurons following cerebral lesions was
elevated. CCL9 circulating levels decreased
early after ischemia (p<0.001), whereas CCL6
did not alter within the first 24h after ischemia.

Conclusions: Despite pre-clinical models do
not seem suitable to characterize CCL23, it
might be a novel promising biomarker for the
early diagnosis of cerebral lesions and might
facilitate the prediction of stroke patient
outcome.

Keywords: CCL23, brain injury, stroke, biomarker, inflammation

CC chemokine ligand 23 (CCL23; also known
as chemokine [(8-1 (CkB8-1), myeloid
progenitor inhibitory factor 1 (MPIF-1) and
macrophage inflammatory protein 3 (MIP-3))
is a new member of the small CC chemokine
family that has recently been associated with

the pathophysiology of various inflammatory
conditions. CCL23 was originally identified as
a potent suppressor of hematopoiesis due to
its capacity to inhibit colony formation of
myeloid progenitors[1], [2]. However, secreted
CCL23 also functionally contributes to
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modulation of the immune response via
promoting leukocyte trafficking as well as
directing the migration of monocytes,
macrophages and activated T lymphocytes to
local sites of injury[3]. Circulating CCL23
interacts with CC chemokine receptor 1
(CCR1), subsequent up-regulating several
adhesion molecules that promote the
migration of circulating immune cells to the
inflamed microenvironment[4]. Activation of
the CCL23-CCR1 axis also stimulates the
production  of other  pro-inflammatory
cytokines, including macrophage inflammatory
protein (MIP)-1a, interleukin (IL)-18 and tumor
necrosis factor (TNF)-a[3], and boosts
angiogenesis via promotion of endothelial cell
migration through up-regulation of several
matrix metalloproteinases in the
endothelium[5], [6]. CCL23 plays a
pathological role in the development or
progression of several inflammatory diseases,
such as rheumatoid arthritis, chronic
rhinosinusitis, chronic kidney dysfunction and
systemic sclerosis[7]-[11]. Notably, circulating
CCL23 levels have also been correlated with
markers of atheroprogression, such as aortic
wall thickness and plaque burden[4].

Despite substantial evidence of the role of
CCL23 in inflammation, its relevance to
immune-mediated inflammatory responses in
the injured brain is not known. Acquired brain
injuries, such trauma, stroke, and tumors,
damage brain structure and function and
exhibit known immune- and inflammatory-
mediated mechanisms. Despite  major
advances in the treatment of these
pathologies, there is a persistent need for
reliable methods to rapidly diagnose them and
improve the acute management of affected
patients, which may influence patient outcome
and overall survival. The need for a fast
interventional  procedure is  especially
important in cases of ischemic stroke (IS)
because life-saving pharmacological and
mechanical thrombolytic therapies are
available for only the hyperacute phase of the
disease[12], [13]. This narrow treatment
window substantially limits the number of
patients who benefit from these therapies.

Implementation of peripheral blood
biomarkers has emerged as a promising

strategy to accelerate the accurate diagnosis
and prognosis of acquired brain diseases.
Biomarkers are expected to participate in the
mechanisms of the pathophysiology of brain
injury, including metabolic changes, oxidative
stress and the exhaustive inflammatory
response initiated early after lesion onset[14].
Brain damage-related inflammatory markers
are expected to play an important role in the
identification of these cerebral diseases and
reflect lesion severity or predict patient
outcome, thus potentially facilitating clinical
decisions and providing optimal support to
these patients.

We hypothesized that CCL23 might serve as
a blood biomarker of cerebral injury and a
predictor of the outcome of IS patients.
Therefore, the present study examined
whether blood CCL23 levels are associated
with acquired cerebral lesions and assessed
the importance of this chemokine in the
prediction of stroke patient outcome. We used
preclinical models of brain injury (cerebral
ischemia and traumatic brain injury (TBI)) and
performed a molecular study of two previously
proposed CCL23 homologous chemokines in
rodents, CC chemokine ligand 9 (CCL9) and
CC chemokine ligand 6 (CCL6), to further
describe and characterize these chemokines
in the immune-mediated inflammatory
response to acquired brain damage.

MATERIALS AND METHODS

Clinical study

Individuals and sample collection

All patients were admitted to the Emergency
Department of Vall d’Hebron University
Hospital (Barcelona, Spain). The local ethical
committee approved all studies detailed below
(PR[HG]89/2003, PR[HG]85/2004,
PR[AG]96/2009, PR[AG]157/2011) and all
individuals or relatives gave informed consent
in agreement with the Declaration of Helsinki.

1. Blood samples

Cohort 1: Patients were recruited from March
2003 to January 2008 and underwent a
complete  diagnostic  protocol (including
neuroimaging) that allowed clinicians to
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correctly discriminate between stroke and
stroke mimics. A detailed history of
demographic and vascular risk factors was
obtained for each individual. Neurological
severity was assessed by the National
Institutes of Health Stroke Scale (NIHSS) and
stroke etiology was classified according to the
Trial of Org 10172 in Acute Stroke Treatment
(TOAST). All IS patients received standard
thrombolytic treatment (rt-PA) in a standard
dose of 0.9 mg/kg (10% bolus, 90% one-hour
continuous infusion) within the first 4.5 h after
symptoms onset. Patients with a known
inflammatory or malignant disease were
excluded from the study. Peripheral venous
blood samples were drawn from each patient
at hospital arrival (baseline), before treatment.
In a subset of 20 IS patients, blood samples
were obtained at serial time points; at
baseline and at 2 h, 12 h and 24 h after
thrombolytic treatment. Blood samples were
centrifuged at 1,500 g at 4°C for 15 min and
serum were stored at -80°C until further use.
From this sample collection, patients were
randomly selected in order to include
approximately 30% rate of stroke mimics[15],
with a total of 150 IS and 85 stroke-mimics.
Additionally, 10 healthy volunteers were
included as controls (Table SI).

Cohort 2: Patients were recruited from
August 2012 to November 2013 within the first
6 hours after symptoms onset and underwent
similar clinical and neuroradiological protocol
than patients in Cohort 1, as well as baseline
blood serum sample collection and storage. A
total of 120 IS patients were included in this
second cohort; when eligible, they received rt-
PA and/or mechanical thrombectomy to
remove the clot. The clinical follow-up of each
patient was done until 3" month after stroke.
Functional outcome was evaluated according
to the modified Rankin Scale (mRS); patients
with a mRS score below 2 were classified as
“good outcome” and patients with a mRS from
2 to 6 as “poor outcome”.

2. Brain tissue samples

Postmortem tissue samples from the
infarct core of four IS patients were collected
within the first hours after death by an

experienced neuropathologist (Table Sll). An
additional brain tissue sample from a patient
who died from a non-neurological disease
was used as a control. Cortical brain areas
were fixed into 10% buffered formalin for 3
weeks and embedded in paraffin blocks.

CCL23 blood immunoassays

Quantitative determinations of CCL23 levels
in circulation were performed as described in
the Data Supplement.

Statistical analyses

SPSS statistical package 22.0 (IBM, USA)
was used for statistical analyses and graphs
were generated using GraphPad Prism 6.0
(GraphPad Software, Inc.).

Normality was assessed by Kolmogorov-
Smirnov  test. For normal distributed
continuous variables (p>0.05), analyses were
performed using ANOVA or t-test followed by
Bonferroni post hoc (mean + SD). For
variables with non-normal distribution, Mann-
Whitney U or Kruskal-Wallis test followed by
Dunn’s Multiple Comparison test were used
(median and interquartile range). CCL23
repeated measurements for the temporal
profile were analyzed with Friedman test and
Wilcoxon test. Chi-squared test was used to
assess intergroup differences for categorical
variables, expressed as frequencies.
Correlations between continuous variables
were calculated using Spearman’s test.
Receiver operating characteristics (ROC)
curves were used to obtain the cut-off points
of CCL23 circulating levels with optimal
accuracy (both sensitivity and specificity) for
discriminating IS prognosis.

Forward stepwise  multivariate  logistic
regression analyses for poor functional
outcome and mortality were performed with all
clinical variables associated with each
endpoint at p<0.1. Odds ratio (OR) and 95%
confidence interval (Cl) were adjusted by sex.
Using the selected cut-off points, baseline
CCL23 levels were added to the clinical model
to assess its independent association and to
build new predictive models.

The R software (v3.3.2, R development core
team 2012, Austria) was used to compare the
areas under the ROC curve (AUC) from the
predictive models, using DelLong’s method
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(pROC package). The integrated
discrimination improvement (IDI) and net
reclassification improvement (NRI) indexes
determined the added value of CCL23 to the
clinical models for the studied endpoints
(Hmisc and PredictABEL packages). For the
NRI test, pre-specified clinically relevant
thresholds of predicted risk (<10% and >90%
risk) were used to calculate the patients’
reclassification into risk outcome groups when
CCL23 was added to the model[16]. To
assess whether there was any discrimination
improvement when adding CCL23 as a
predictive variable in the model, we performed
the pre- and post-test probability analysis with
95% Cl (http://araw.mede.uic.edu/cgi-
bin/testcalc.pl). Pre-test probability was
predetermined as 50% and post-test
probabilities were calculated using clinical
models and models that include CCL23 as a
variable.

Kaplan-Meier curves were depicted for
survival till 3 months after stroke and
significant differences were assessed using
Log-Rank Test. Cox proportional Hazards
regression analysis was performed to
examine the relationship of the survival
distribution to CCL23 levels. Hazard ratios
and 95% ClI are given.

In all cases, a two-sided p-value <0.05 was
considered significant at a 95% confidence
level.

CCL23 histological examination

CCL23 was evaluated by means of standard
immunohistochemistry in ischemic and non-
ischemic human brain tissues (Data
Supplement).

Experimental study

Ethics statements

The experimental study was conducted in
compliance with the Spanish, German and
NIH Guide for the Care and Use of Laboratory
Animals legislations. All experiments were
conducted in a randomized manner and in
adherence to the ARRIVE guidelines.

All procedures were approved by the Ethics
Committee for Animal Experimentation of the
Vall d’Hebron Institute of Research
(Barcelona, Spain), the German governmental

committees (Regierung von Oberbayern,
Munich, Germany) and the Massachusetts
General Hospital Institutional Animal Care and
Use Committee (Massachusetts, USA).

Male Wistar rats (250-300g) and male wild-
type C57BL/6J mice (8-12 weeks-old) were
obtained from Charles River Laboratories. All
animals were kept in a climate-controlled
environment on a 12-hour light/12-hour dark
cycle. Food and water were available ad
libitum. Non-antiinflammatory analgesics were
given to all before starting any surgical
procedure to minimize their pain and
discomfort. Analgesia and sedation protocols
were followed as approved by the local
governmental committee.

Animal models and experimental design
Transient intraluminal MCAO model (tMCAOQO)
Transient cerebral infarction was induced in
rats by mechanical occlusion of the MCA, as
previously described [17], [18]. Further details
are provided in the Data Supplement.

Permanent distal MCAO model (pdMCAO)
Focal cerebral ischemia was induced by
permanent occlusion of the MCA distal of the
lenticulostriate  arteries, as  previously
described[19]. Further details are provided in
the Data Supplement.

Traumatic Brain Injury (TBI) model

TBI was induced through a controlled cortical
impact (CCl), as previously described [20].
Further details are provided in the Data
Supplement.

Sample collection

Blood and brain samples were collected at
their respective times as described in the Data
Supplement.

CCL9 and CCL6 mRNA quantification,
histological examination and blood
immunoassay

CCL6 and CCL9 mRNA expression was
evaluated in the rodent brain by standard
guantitative real-time PCR (Data
Supplement). Histological examination was
performed by means of standard
immunohistochemistry / immunofluorescence
and quantitative determinations of CCL9 and
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CCL6 levels in circulation were performed
using an ELISA kit (Data Supplement).

RESULTS
Clinical study

Fig. 1A shows a schematic representation of
the different cohorts of patients included in
this study.

CCL23 as a blood biomarker for the early
diagnosis of cerebral damage

CCL23 levels were assessed in blood
samples after patient admission to the
hospital within the first 6 h from symptom
onset for the diagnosis of 1S. The CCL23
plasma levels of IS patients (61.22%) were
compared with those of controls (4.1%) and
patients who presented stroke-mimicking
conditions (stroke mimics) (34.7%). The
stroke mimic group included patients who
presented brain-damaging pathologies, such
as tumors (18.82%) and severe TBI (2.36%),
or mimicking disorders that do not acutely
alter brain structure, including cryptogenic
epileptic seizures (24.70%), migraine auras
(10.58%), peripheral neuropathies (15.29%)
and other disorders (vertigo, intoxications,

global transient amnesia or
(17.65%).

A detailed descriptive analysis of the
demographic and risk factors of all the studied
groups of patients is provided in Table SI.
Briefly, compared with the control and stroke
mimic groups, the IS group presented a
higher prevalence of arterial hypertension,
atrial fibrillation and coronary artery disease;
moreover, the IS group tended to smoke more
than the other groups. By contrast, more
controls exhibited dyslipidemia than did IS
patients or stroke mimic patients. Regardless
of the brain condition, patient age slightly
influenced differences in blood CCL23 levels
(R=0.163, p=0.010).

Notably, blood CCL23 levels were higher in
the 1S and stroke mimic groups than in the
control group (p<0.001 for both comparisons)
(Fig. 1B). However, baseline blood CCL23
levels did not differentiate IS patients from
stroke mimic patients (p=0.468). Further
analysis revealed that CCL23 discriminated
patients with acute brain-damaging diseases
(stroke, brain tumors and TBI) from patients
with  other  non-tissue-damaging  brain
diseases (p=0.003) (Fig. 1C).
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150 strokes | — |temporal profile =
20 strokes Functional outcome outcome
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Figure 1. CCL23 blood levels discriminate brain damaging diseases. A. Schematic representation of the cohorts of
patients. B. Blood levels of CCL23 in controls, stroke mimics and IS patients. C. Blood levels of CCL23 in patients
suffering from diseases that do and do not entail brain damage. D. Temporal profile of CCL23 blood levels in IS patients
(n=20). ®Indicates significant differences (p<0.05) compared with baseline levels. In all graphs, *p<0.05, **p<0.01,

***n<0.001, and median and interquartile range are indicated.
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CCL23 may be a stroke prognosis blood
biomarker

The temporal profile of CCL23 after stroke
exhibited a continuous increase from baseline
(before any therapy was administered) to 24 h
after thrombolytic treatment (p<0.001) (Fig.
1D). We assessed CCL23 in an independent
cohort of 120 IS patients in a three-month
follow-up period to investigate whether CCL23
levels were associated with IS patient
outcome.

CCL23 blood levels predict patient
outcome at hospital discharge
Seventy-three of the 120 patients (60.8%)
exhibited poor functional outcome at the time
of hospital discharge and presented higher
baseline CCL23 levels than did patients who
exhibited good functional outcome, as
measured by using the modified Rankin Scale
(mRS) (523.3 (366.1-802.3) pg/mL vs. 451.1
(302.1-540.8) pg/mL, respectively (p=0.026)).
Moreover, CCL23 blood levels on admission
positively correlates with the NIHSS score at
the time of hospital discharge (p=0.033;
r=0.119).

Compared with good functional outcome
patients, poor functional outcome patients
were older, had more severe strokes (using
the NIHSS score) and had a lower prevalence
of smoking (Table 1). Through receiver
operating characteristic (ROC) curve analysis,
we determined a cut-off point for CCL23
(906.51 pg/mL) that was associated with poor
functional outcome at hospital discharge, with
19.2% sensitivity and 97.9% specificity
(p=0.006) (Fig. 2A). Multivariate logistic
regression analysis, with adjustment by sex,
confirmed that age and the NIHSS score at
admission were independent predictors of
poor outcome at the end of a hospital stay
(Table 2). CCL23 remained an independent
predictor of poor outcome when a baseline
level of CCL23>906.51 pg/mL was included in
this clinical model. The area under the curve
(AUC) did not improve significantly, but
CCL23 increased the discriminatory ability of
the clinical model by 6.17% and provided
correct reclassification of 15% of patients into
the appropriate predictive risk category (Table
2). Clinical variables alone reached a 60%
probability of correctly predicting poor

outcome, whereas post-test analysis with the
addition of baseline CCL23 levels to the
clinical model increased the detection of poor
outcome to 78% and decreased the false
negative rate to 28%.

CCL23 blood levels predict mortality within
the first three months after stroke
Twenty-four of the 120 patients (20%) died
within the first three months after stroke. The
patients who died were older, had higher
NIHSS scores and had a higher prevalence of
previous IS (Table 1). Baseline CCL23 levels
were elevated in patients who died (642.7
(412.0-1044.7) pg/mL vs. 464.3 (314.2-638.2)
pg/mL (p=0.013)). We determined a cut-off
point of 1027.3 pg/mL for CCL23 (29.1%
sensitivity and 96.9% specificity) that was
significantly =~ associated  with  mortality
(p<0.001). The multivariate logistic regression
model, adjusted by sex, confirmed that age
and NIHSS score at admission were
independent predictors of death within the first
3 months after an ischemic event. CCL23
remained an independent predictor of
mortality after the addition of a baseline level
of CCL23>1027.3 pg/mL to this clinical model,
but it did not significantly improve the AUC.
Notably, compared with the clinical model
alone, CCL23 enhanced the discrimination of
the model by 13.37% (Table 2). The addition
of CCL23 to the clinical variables also
improved the reclassification rate of patients
into the appropriate predictive risk category to
26.72%. Importantly, the new clinical model
that included CCL23 significantly increased
the accurate prediction of death during the
follow-up period from 20% to 67%.

Similar results were obtained by using
Kaplan-Meier curves, which confirmed that
mortality was significantly higher in patients
with baseline CCL23 levels above 1027.3
pg/ml and revealed that death occurred
principally within the first month after stroke
(Fig. 2B). The highest significant separation
between survival curves occurred from day 26
to 45 after an ischemic event (p<0.001).

COX regression analysis, adjusted by sex and
including age and admission NIHSS score,
demonstrated that patients with CCL23 levels
above the cut-off value were seven times
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more likely to die early after an ischemic
event (HR adj=6.989 (2.53-19.307), p<0.001).

CCL23 is located in circulating and
infiltrating neutrophils in ischemic brains
Brain tissue sections from IS patients who
died between 13 h and 5 days after stroke
onset were used to identify CCL23 in infarcted
tissue (Table Sll). CCL23 staining was limited
to MPO-expressing neutrophil granulocytes
inside blood vessels and the brain
parenchyma (Fig. 2C-2D). No CCL23 staining
was observed in resident brain cells in any of
the studied cases. Sections from non-injured
brain regions were negative for CCL23
staining.

Experimental study

We further investigated CCL23 in different
experimental models of acute brain injury.
However, as rodents lack the CCL23 gene,
we examined two homologous CC
chemokines in mice and rats, CCL9 (also

A €
ccL23 | ,
<906.51 [10.5%  19% | 14.3%| 14.3%| 20% 10.5%
pg/mL c
©
s S
ccL23 | g
>906.51 |7%)| 40% 13% 20% &
pg/mL £
0 20 40 60 80 100
Patients (%)
= mRS=6 mmRS=4 mmRS=2 mRS=0
mamRS=5 ImRS=3 =ImRS=1
100 5
CCL23<1027.3 pg/mL =20
& 754
©
2z | e
S 504 D
a CCL23>1027.3 pg/mL
254
0 p<0.001
20 40 60 80 100

known as macrophage inflammatory protein 1
y (MIP-1y), macrophage inflammatory protein-
related protein 2 (MRP-2), and small inducible
cytokine  subfamily A member 9/10
(SCYA9/10)) and CCL6 (also known as C10
and small inducible cytokine subfamily A
member 6 (SCYAG)). Both CCL9 and CCL6
exhibited a moderate degree of sequence
identity (41% and 40%, respectively) and a
high degree of 3D structural similarity with
human CCL23 (Fig. SI).

CCL9 and CCL6 expression is up-
regulated in the brain shortly after cerebral
injury

Despite no CCL23 has been detected in the
human brain, previous studies reported CCL6
brain expression in rodents [21]. We therefore
assessed CCL9 and CCL6 brain expression
after cerebral injury to examine the regulation
of these chemokines after brain damage.
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Figure 2. CCL23 blood levels in ischemic stroke patients. A. Stacked bar graph of patients’ outcome at hospital
discharge according to CCL23 blood levels. Outcome is measured by modified Rankin scale (mRS). Percentages of
patients in each category are given. B. Kaplan-Meier survival analysis at third month after ischemic event of patients
presenting high CCL23 blood levels compared with patients presenting low CCL23 blood levels (n=120). C.
Representative immunohistochemical stating of CCL23 in infarcted and non-infarcted human brain tissues. Blood cells
infiltrated in brain parenchyma are indicated with arrows. Asterisk indicates blood cells within blood vessels. Scale bar =
20 pm. D. Consecutive immunological staining of CCL23 and MPO7. Arrows indicate representative co-staining of
CCL23 and MPO7. Scale bar = 50 um. In all graphs, *p<0.05, **p<0.01, ***p<0.001, and median and interquartile range

are indicated.
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CCL9 but not CCL6 mMRNA expression was
significantly higher in the infarcted brain
hemisphere of ischemic rats than in the brain
of sham-operated rats 30 min after 90-min
transient middle cerebral artery occlusion
(tMCAO) (Fig. 3A and 3B).

MRNA up-regulation of both chemokines was
acutely pronounced 24 h after ischemic onset
and exhibited greater than a 4-fold expression
increase in the infarcted hemisphere of
ischemic rats (p<0.001 for both chemokines).
The increased expression of CCL9 and CCL6
mRNA at 24 h was also observed in the
infarcted hemisphere of mice subjected to a
different approach of cerebral ischemia, a
permanent distal occlusion of the middle
cerebral artery (pMCAO) (Fig. 3C).
Furthermore, in a mouse TBI model
(controlled cortical impact), transcription of
CCL9 and CCL6 was significantly up-
regulated 2 h after an ischemic event
(p=0.006 for CCL9; p=0.039 for CCL6). This
finding demonstrated the rapid up-regulation
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of CCL9 and CCL6 during the hyper-acute
phase of not only ischemic stroke, but also of
other acute brain injuries (Fig. 3D).

CCL9 and CCL6 localize to neurons after
cerebral ischemia in rats

We determined the cellular source of brain
CCL9 and CCL6 after acute brain injury. Rat
brains obtained 2 and 24 h after cerebral
ischemia were immunostained for CCL9 and
CCL6. Positively immunostained cells
overlapped with cortical neurons from the
infarcted and contralateral sides of the brain
at both studied time points (Fig. 4A-4B). The
staining pattern of both chemokines was
inconsistent throughout all cortical areas, but
certain isolated groups of cells exhibited the
characteristic features of pyramidal neurons.
CCL9- and CCL6-positive staining was more
pronounced in the ischemic region than in the
contralateral region, suggesting a potential
role of these chemokines in the brain after IS.
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CCL6-positive staining was also observed 24
h after the ischemic challenge in blood cells
infiltrating the parenchyma and endothelium
(Fig. 4C). Notably, based on their morphology,
these CCL6-positive blood cells exhibited the
characteristic segmented nuclei of
polymorphonuclear granulocytes, as reported
for CCL23.

CCL9 and CCL6 present a different profile
in circulation after cerebral ischemia in
rats

Blood CCL9 and CCL6 levels were measured
at different time points (2 h, 24 h and 48 h)
after tMCAO and sham-control surgery in rats
to investigate the circulating profile after
cerebral ischemia.

The circulating levels of CCL9 after cerebral
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Figure 4. CCL9 and CCL6 brain and blood profiles after brain damage in rodents.

ischemia were lower in the tMCAO group
than in the naive group at all studied time
points (p=0.001 at 2 h, p=0.021 at 24 h and
p=0.016 at 48 h) (Fig. 4D). By contrast, blood
CCL9 levels in sham-operated animals were
not lower than those in naive animals until 48
h (p=0.003 at 48 h) and remained higher than
those in ischemic animals during the first
hours after cerebral ischemia (p<0.001 at 2 h).
Blood CCL6 levels were undetectable in
samples obtained from healthy naive rats and
from rats 2 h after the induction of cerebral
ischemia or sham-control surgery (Fig. 4E).
Circulating CCL6 levels exhibited a similar
gradual increase at later time points in
ischemic and sham-control animals (p=0.030
and p=0.104 for naive versus sham-operated
or tMCAO animals, respectively, at 48 h).
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DISCUSSION

Information regarding the CCL23 chemokine
is limited. To the best of our knowledge, no
previous study has described a strong
relationship between CCL23 and acquired
brain diseases. This investigation provides
new evidence that patients with acute cerebral
lesions present higher baseline levels of
circulating CCL23 than do patients with
conditions mimicking these brain injuries or
healthy controls. Moreover, the CCL23 levels
in circulation at baseline were associated with
poor IS outcome and may have greater value
than typical clinical markers for the prediction
of stroke-related functional outcome and
mortality.

The hyperacute inflammatory reaction
triggered by an acquired cerebral lesion
involves immediate activation of the
chemotactic transduction pathways, which
promote the recruitment of mature immune
cells to the injured brain. We demonstrated
that circulating CCL23 increased rapidly after
an acquired cerebral lesion. In agreement with
its previously published chemotactic functions,
circulating CCL23 may rapidly move toward
the damaged brain and favor infiltration of
peripheral immune cells to the site of
injury[10]. The present study further revealed
that circulating and brain parenchyma-
infiltrating neutrophils expressed CCL23 after
IS, which supports the previous described
ability of human neutrophils to produce this
chemokine in an inflamed environment[22].
Notably, these cells even sustained CCL23
expression once they were inside the brain,
probably to further enhance the on-going
inflammatory response. Additionally, cerebral
expression of CCL23 was maintained up to
the subacute phase of IS, suggesting that
cerebral CCL23 may exert functions other
than the promotion of inflammation at later
times after stroke. One possible hypothesis is
that released CCL23 in the brain might
participate in processes related to neuronal
repair, including endothelial cell migration and
angiogenesis, as suggested by the described
functions of this chemokine in vitro[6].
However, further studies are needed to verify
this hypothesis.

The present study demonstrated that the
circulating CCL23 levels may potentially serve

as a biomarker to diagnose acute
inflammatory reactions in the brain after
cerebral damage. Other  chemotactic
molecules have been previously proposed as
potential biomarkers of acquired brain lesions,
especially IS. Particular emphasis has been
placed on CXC chemokine ligand 12
(CXCL12) (also known as stromal cell-derived
factor 1 (SDF-1)), which participates in
leukocyte migration and contributes to
vascular remodeling and neovascularization
of ischemic tissue[23], [24]. Comparable to
CCL23, CXCL12 is also significantly elevated
in the circulation of IS patients, and its serum
levels are positively correlated with infarct
volume[25], [26]. However, the potential of
CXCL12 for stroke diagnosis has been
questioned. Studies have reported differences
in circulating CXCL12 levels between IS
patients and healthy controls, but no
variations between IS patients and non-
ischemic patients have been reported[27].
These previous results are similar to our
findings on CCL23; we were unable to
discriminate between IS patients and stroke
mimics based on CCL23 levels. These results
cast doubt on the relevance of these
chemokines for the specific diagnosis of acute
cerebral conditions, such as IS, but CCL23
may play a prominent role in the identification
of acute inflammatory responses shortly after
a brain-damaging event. Future clinical
implementations of these brain damage-
related inflammatory markers, including
CCL23, may improve clinical treatment by
permitting early identification of acute brain
lesions regardless of the cause and may also
be wuseful for ruling out brain-damaging
diseases in patients who present nonspecific
symptoms of altered brain functions (such as
vertigo or confusion).

Identification of robust biomarkers to predict
patient outcome after any cerebral lesion also
remains challenging. In this study, the early
measurement of circulating CCL23 was an
independent prognostic factor for functional
disability and mortality within the first three
months after IS. Specifically, CCL23 provided
substantial prognostic information for clinical
data, which may facilitate the decision-making
processes of clinicians for optimal patient
care, including admission to specialized
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stroke-recovery units where patients could
potentially receive complementary therapies
and benefit from stroke rehabilitation
programs that improve functional outcomes
and quality of life[28], [29]. Moreover, in our
cohort, CCL23 exhibited high specificity for
the prediction of poor outcome after stroke
and may assist physicians in decision-making
processes involving aggressive therapies,
such as hemicraniectomy in malignant middle
cerebral artery (MCA) infarcts or guide
withdrawal of care orders.

Similar to CCL23, the abovementioned
CXCL12 and CC chemokine ligand 2 (CCL2),
also known as monocyte chemoattractant
protein 1 (MCP-1), increase in circulation after
stroke, and higher blood levels indicate poor
long-term outcome and stroke
recurrence[30]-[32]. These results support the
hypothesis that specific pro-inflammatory
chemokines may potentially reflect the stroke-
related inflammatory response, which is a key
factor predicting patient outcome, and high
circulating CCL23 levels during the first days
after stroke may influence the disease course,
as well as patient prognosis and survival.
Nevertheless, we cannot conclude from these
findings whether this pronounced up-
regulation of CCL23 contributes to the
extension of the ischemic lesion or merely
take place as a protective response
mechanism for an attempt to mitigate the on-
going pathological process. Further studies
might determine the functional significance of
this chemokine after stroke.

We complemented our clinical findings with
descriptive studies in experimental models of
cerebral damage to further characterize the
role of CCL23 after brain injury. These studies
were chiefly focused on ischemic animals
subjected to the intraluminal tMCAO model.
However, a different stroke model (pdMCAQO)
and a model of TBI were also used to support
these novel findings and assess whether
those results were common features to acute
brain-damaging diseases. We primarily
investigated two previously described rodent
chemokines as potential CCL23 homologues
in mice and rats, CCL9 and CCL6[33]-[35].
Both CCL9 and CCL6 participate in the
suppression of hematopoiesis, stimulate cell
activation and recruitment and contribute to

immune cell trafficking in a similar manner to
CCL23 via the CCL9/6-CCR1 pro-
inflammatory axis[36]-[39]. Even though the
human and rodent counterparts exhibited
similar  functions under  inflammatory
conditions, our findings revealed slight
discrepancies in the performance of these
homologous chemokines, not only between
species but also between rodent CCL9 and
CCLS6.

The present study reported CCL9 expression
in rodent brains. Notably, our findings
indicated that CCL9 mRNA expression
markedly increased early after IS or TBI,
supporting the involvement of this chemokine
in the molecular mechanisms underlying
cerebral damage. However, we cannot
exclude the specific functions of CCL9 in
neurons, and future studies should investigate
the mechanisms and pathways of CCL9 in
cerebral lesions. We also demonstrated high
levels of CCL9 in the circulation of naive rats.
Other authors have reported similar results in
mice and have postulated that CCL9 may
have unrecognized homeostatic functions for
normal body maintenance[39]-[41]. In our
study, the induction of focal cerebral ischemia
in rats produced a sudden decrease in blood
CCL9 levels early in the acute phase of this
pathological process. Certain circulating
immune cells alter their homeostatic
chemokine expression patterns during acute
inflammation and release potent inflammatory
mediators that contribute to the rapid
amplification of the inflammatory
response[40]. This scenario may explain the
observed decrease in circulating CCL9.
However, unknown CCL9 functions may also
result in a decrease in its physiological levels
in circulation after stroke.

In contrast to CCL9 expression, CCL6
expression in rodent brain tissue has been
previously  reported by Kanno and
colleagues[21], who demonstrated that
microglia express CCL6 under physiological
and inflammatory conditions and that CCL6
participates in the inflammatory-related
recruitment of outlying resident brain cells. We
did not find CCL6 expression in microglia
within  infarcted brains; however, this
chemokine was expressed in neuronal cells,
and its up-regulation was highly pronounced
in the injured region of the brain within the first
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24 h after cerebral damage. No circulating
CCL6 was detected acutely after cerebral
ischemia or in naive animals. A slight increase
in CCL6 in the blood was observed at later
time points, but this increase was not specific
to ischemic animals since it was also
observed in sham-control animals. Many
studies have demonstrated an early increase
in circulating CCL6 under pro-inflammatory
conditions[36], [42], [43]. Coelho and

colleagues demonstrated that CCL6
neutralization enhances sepsis-related
mortality in  mice, and  superacute

administration of recombinant CCL6 after the
induction of a severe systemic inflammatory
response significantly improved the survival of
these mice[36]. However, other models of
inflammation have demonstrated that CCL6 is
strongly induced at later stages and has
beneficial effects that favor the resolution of
inflammation[42], [43]. Notably, we have also
reported CCL6-positive staining in blood cells
infiltrating the brain  parenchyma and
endothelium 24 h after an ischemic challenge,
thus reinforcing the hypothesis that CCL6
production by blood immune cells may
gradually increase after an ischemic event.
Whether the role of CCL6 is crucial in the
early stages of cerebral lesions is currently
unknown.

Overall, these results question homology and
cast doubt on the similarities among CCL23,
CCL9 and CCL®6, since they seem not to
share all functional features following brain
damage, especially in brain. Thus, our
findings on CCL9 and CCL6 complicate the
use of preclinical models for further study of
the detailed mechanisms of brain damage or
repair related to human CCL23 in the brain.

Our study has several limitations that should
be overcome in future studies. We observed a
substantial increase in circulating CCL23
levels in patients presenting different types of
acquired brain injuries, but we focused our
study on CCL23 in IS patients. Therefore,
further studies are needed to investigate
CCL23 levels in brains and blood from
patients with other cerebral diseases,
including TBI and brain tumors. Moreover, the
sample size of healthy control patients in the
first cohort of this study was relatively small;
future studies should use larger cohorts of

patients with cerebral lesions and healthy
subjects. Finally, despite increased CCL9 and
CCL6 brain expression was observed after
different approaches of acute cerebral lesions
(cerebral ischemia and TBI) further
determinations of CCL9 and CCL6 brain
localization and circulating abundances were
only assessed in the ischemic rat. It would be
interesting, however, to further corroborate
and expand these findings in other
experimental models of acute brain injury, as
well as to continue investigating their
beneficial or deleterious functional effects
following these brain injuries.

In conclusion, this study provided the first
reported evidence of the outstanding potential
of CCL23 as a promising biomarker for the
diagnosis of cerebral lesions and reported that
circulating CCL23 levels may serve as a
biomarker of stroke patient outcome and
subsequently affect decision-making
regarding the management and treatment of
these patients. We also demonstrated that
two previously described CCL23 homologous
proteins (CCL9 and CCL6) in rodents are
involved in  brain-damaging  diseases.
However, these rodent chemokines do not
share all features with human CCL23 under
brain damage-related inflammatory
conditions.
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SUPPLEMENTARY METHODS

CCL23 blood immunoassays

A sandwich ELISA array including myeloid progenitor inhibitory factor 1 (MPIF-1/CCL23) was
assayed to assess the levels of this chemokine in circulation (SearchLight®, Aushon
BioSystems, USA). The detection of the chemiluminescent signal was performed with a cooled
CCD camera (Pierce, USA) and data was analyzed with ArrayVision 8.0 software (Imaging
Research, USA). The sensitivity for CCL23 measurement in this array was 1.17 pg/mL.

Human MPIF-1 ELISA Kit (RayBiotech Inc., USA) was used to assess temporal circulating
profiles of CCL23 in a subset of ischemic stroke patients and baseline CCL23 levels in a
subgroup of stroke mimics (sensitivity: 7 pg/ml), and human CCL23/MPIF-1 ELISA kit (R&D
Systems Inc., USA) was used to test serum samples in Cohort 2 (sensitivity: 15.6 pg/mL). In
these ELISA kits, optical density at 450 nm was measured in a Synergy™ Mx microplate reader
(BioTek Instruments Inc., USA).

All CCL23 immunoassays were performed following manufacturer’s instructions and blinded to
clinical data. Each serum sample was assayed in duplicate and the mean value of both
measurements was reported in pg/mL. When CCL23 values were under the detectable range of
the assay, the limit of detection value was assigned to them. Replicates with a coefficient of
variation (CV) >20% were discarded for statistical analyses. In those cases in which the inter-
assay CV was higher than 20%, values were standardized prior to statistical analysis by
calculating the Z-score value by substracting the mean and dividing by the standard deviation
(SD) of each plate and adding three units to avoid results below zero in any sample.

To ensure an optimal interpretation of the CCL23 measurements, we performed an additional
analysis to determine whether CCL23 determinations under the different CCL23 ELISA Kkits
were comparable. Robust correlations were obtained between SearchLight® ELISA kit and
RayBiotech ELISA kit (n=20, R=0.636, p=0.003) and between RayBiotech ELISA kit and R&D
ELISA kit (n=20, R=0.881, p<0.001).

CCL23 and MPO7 brain immunostainings

Human CCL23 was evaluated by means of immunohistochemistry in human brain tissues. In
brief, 3um sections were mounted onto glass slides and kept at 4°C until use. Sections were
heated at 65°C for 1 h and were subjected to a standard deparaffinization procedure with a final
wash in 0.1% Tween-Tris buffered saline (TBST). Brain sections were submitted to 15 min of
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antigen retrieval using citrate buffer (pH 6, 95°) and were blocked with 10% goat serum
(Millipore, USA) in TBST. Slides were hereafter incubated overnight at 4°C with a rabbit
antibody against Ct-CCL23 (anti-macrophage inflammatory protein 3, 1/50, Abcam, UK) diluted
in blocking solution. Slides were incubated with biotinylated anti-rabbit 1gG (1/250) (Vector
Laboratories Inc., USA) followed by horseradish peroxidase-conjugated streptavidin (1/500)
(Vector Laboratories Inc.). Finally, brain sections were incubated with Liquid DAB+
(diaminobenzidine) (Brown, Dako, USA), stained with Harris hematoxylin (Sigma Aldrich Inc.,
USA) and mounted on coverslips using DPX mounting medium (Sigma Aldrich Inc.). Negative
controls were performed without applying the primary antibody. Brain sections were analyzed
using an Olympus BX61 microscope (Olympus, Japan) and the same intensities and
parameters were set for all slides. Images were processed with the Olympus CellSens Imaging
software (Olympus).

MPQO7 was also evaluated by means of immunohistochemistry using the same protocol. In this
case, a mouse primary antibody against MPO7 (mieloperoxidase-7, 1/25, Abcam), a
biotinylated anti-mouse IgG (1/250, Vector Laboratories Inc.) and a horseradish peroxidase-
conjugated streptavidin (1/500) (Vector Laboratories Inc.) were used. Sections were finally
incubated with Vector SG Peroxidase (HRP) substrate kit (Blue, Vector Laboratories Inc.).

To perform consecutive histochemical tests, mounted sections stained with MPO7 were
incubated 15 min in xylene to remove the coverslips, and the above-described protocol was
restarted again to stain the same brain section with CCL23.

Animal models of brain damage

Transient intraluminal MCAO model (tMCAO)
Transient infarction in the territory of the MCA was induced in rats by introducing an intraluminal
filament, as previously described 12 n summary, animals were anesthetized under
spontaneous respiration with volatile anesthesia (2% isoflurane) in oxygen and body
temperature was maintained at 37°C during the whole procedure. After surgical exposure of the
bifurcation of the external carotid artery (ECA) and internal carotid artery (ICA) on the right side,
a silicone-coated nylon monofilament (Doccol Corporation, USA, reference number:
403723PK10) was introduced to occlude the MCA. After occlusion, animals were allowed to
recover from anesthesia. Ninety minutes later, animals were re-anesthetized and filament was
removed to induce reperfusion of the cerebral blood flow (CBF). Regional CBF was monitored
during the surgery with a laser Doppler probe (Moor Instruments, UK), and only animals that
exhibited a reduction of >75% of CBF after filament introduction and a recovery of >75% after
filament removal were included in the study.
Three independent groups were studied with this model of cerebral ischemia: 1) 90-min tMCAO
followed by 30-min reperfusion (2 h post-tMCAQ), 2) followed by 24 h reperfusion (24 h post-
MCAOQ) and 3) followed by 48 h reperfusion (48 h post-tMCAO).

1) 2 h post-tMCAO group
A total of 34 rats were used. Twelve animals were subjected to sham surgery and 22 were
submitted to tMCAO. One sham-operated animal died during the surgery and 9 of the ischemic
animals were excluded after applying the following criteria: inappropriate occlusion or
reperfusion of the MCA (n=6), surgical bleedings (n=1), death during surgery (n=2).

2) 24 h post-tMCAO group
Thirty-five rats were used. Six rats were sham-operated animals and 29 were submitted to
tMCAO. Fourteen of the ischemic animals were excluded after applying the following criteria:
inappropriate occlusion or reperfusion of the MCA (n=4), death during surgery (n=1), death
within the first 24 hours after MCAO (n=5) or incomplete cardiac perfusion during euthanasia
(n=4).

3) 48 h post-tMCAO group
A total of 20 animals were needed. Seven were sham-control animals and 13 were submitted to
tMCAQO. Six out of those 13 were excluded due to the following criteria: inappropriate occlusion
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or reperfusion of the MCA (n=1), death within the first 24 h after MCAO (n=3) and death
between 24 h and 48 h after tMCAO (n=2).
Eight naive rats were included as healthy controls for the tMCAO experiments.

Permanent distal MCAO model (pdMCAO)

Focal cerebral ischemia was induced by permanent occlusion of the MCA distal of the
lenticulostriate arteries as previously described 3, Briefly, mice were anesthetized with volatile
anesthesia (isoflurane) and placed in lateral position. After skull exposure, the MCA was
permanently occluded using bipolar electrocoagulation forceps. Permanent occlusion of the
MCA was visually verified before suturing the wound. During the surgery, body temperature was
maintained using a feedback-controlled heating pad.

A total of 12 animals were used to perform the pdMCAO sub-study. Six were submitted to the
pdMCAOQO and six were used as sham-operated control mice.

Traumatic Brain Injury (TBI) model

TBI was induced through a controlled cortical impact (CCI), as previously described *. In brief,
mice were anesthetized under isoflurane effects and positioned in a stereotactic frame. A 5-mm
craniotomy was performed over the left parietotemporal cortex, and the bone flap was removed
without disrupting the dura. CCl was performed with a 3-mm flat-tip impounder, 5 m/second
velocity, 0.6 mm depth and 150 milliseconds impact duration. All mice were allowed to recover
under a heat lamp and were conscious and able to move after approximately 5 min.

Fifteen mice were used. From those, seven were sham-operated animals and eight were
submitted to a CCIl. One mouse from the sham group and two mice from CCI group were
excluded due to tissue cutting injury-associated visible bleedings on the brain surface during
craniotomy procedure or right after CCI. Finally, n=6 mice per group in both sham and CCI
groups were included.

Sample Collection

All animals were deeply anesthetized at their respective times. Blood samples were collected
from rats through cardiac puncture, contained in EDTA collection tubes and centrifuged at 1,500
g at 4°C for 10 min. Plasma samples were stored at -80°C until further use.

All animals were transcardially perfused with cold saline and ipsilateral and contralateral
hemispheres of the brain were carefully isolated and separately frozen at -80°C. Four additional
rats were also transcardially perfused with cold saline, and their brains were removed and
formalin fixed, and embedded with paraffin. Sections of 3 um were cut, mounted onto glass
slides and kept at 4°C.

Quantitative real-time PCR (qPCR)

Total RNA was isolated from brain tissue samples using the MirVana™ Paris™ (Thermo Fisher
Scientific) or the Arcturus PicoPure RNA Isolation kit (Applied Biosystems), following the
manufacturer’s instructions. RNA concentrations were measured with a Nanodrop 1000
Spectrophotometer (Thermo Fisher Scientific Inc.). Reverse transcription was performed with
the High Capacity complementary DNA Archive Kit (Applied Biosystems, USA) or the RT2
PreAMP cDNA synthesis Kit (Qiagen). Real-time polymerase chain reaction was completed with
TagMan® Gene Expression Assays (Applied Biosystems), using the following probes: CCL6
(Rn01456400_m1), CCL9 (Rn01471276_m1l), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Rn99999916 sl1) and beta-2 microglobulin (B2M) (Rn00560865 m1). The
amplification procedure was conducted on an ABI7900HT real-time polymerase chain reaction
system (Applied Biosystems) and data was analyzed with the Applied Biosystems SDS 7900
system software. The amplification of each sample was run in triplicate. Relative quantification
(RQ) values were calculated according to the 22T method, with reference to the expression of
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these housekeeping genes (GAPDH and B2M). For mouse samples after pMCAO, CCL6 and
CCL9 expression was determined by obtaining results from a RT2 Profiler PCR Array for
chemokines and chemokine receptors (PAMM-022Z, Qiagen). This array was run on a Roche
LightCycler 480 following the manufacturer’s instructions. Data were analyzed with RT2 Profiler
PCR Array Data analysis software (version3.5) from SABiosciences and results for other
chemokines than CCL6 and CCL9 of were previously reported °. Values are expressed as fold
change of the ipsilateral compared to the contralateral hemisphere, for the tMCAO and TBI
groups, and as relative quantifications of the ipsilateral hemisphere alone for the pMCAO group.

CCL9 and CCL6 brain immunostaining

CCL9 and CCL6 were evaluated by means of immunohistochemistry and/or
immunofluorescence in rat brain tissues obtained 2 h and 24 h after the ischemic challenge.
Paraffin-embedded samples were used. Three micrometers sections were mounted onto glass
slides and kept at 4°C until use. The immunohistochemical procedure that was followed was the
same as that used for the CCL23 staining in human brain tissues. In this case, antigen retrieval
procedure was carried out using EDTA/Tris buffer (pH 9, 95°C) and the primary antibodies were
Macrophage Inflammatory Protein 1 gamma/CCL9 Antibody (1/100) (Bioss Antibodies Inc.,
USA) and anti-CCL6 antibody (1/500) (Abcam).

For the immunofluorescence staining, 3-micrometer sections of paraffin-embedded samples
were heated at 65°C for 1 h and were subjected to a standard deparaffinization procedure with
a final wash in 0.1% Tween-Tris buffered saline (TBST). Brain sections were submitted to 15
min of antigen retrieval using EDTA/Tris buffer (pH 9, 95°) and were blocked with 10% goat
serum (Millipore, USA) in TBST. Slides were hereafter incubated overnight at 4°C with rabbit
anti-CCL6 or anti-CCL9 (1/500) (Abcam) and mouse anti-NeuN antibodies (1/200) (Millipore).
The following day, slides were incubated with AlexaFluor® 488 anti-rabbit IgG and AlexaFluor®
568 anti-mouse IgG (Life Technologies, USA). A final incubation with Sudan Black B was
performed to reduce brain tissue autofluorescence® and sections were mounted on coverslips
using Vectashield with 46-diamidino-2-phenyl indole (DAPI; Vector laboratories). Negative
controls were performed without applying the primary antibody. Brain sections were analyzed
using an Olympus BX61 microscope (Olympus, Japan) and the same intensities and
parameters were set for all slides. Images were processed with the Olympus CellSens Imaging
software (Olympus).

CCL9 and CCL6 blood immunoassays

Quantitative determinations of rat CCL9 and CCL6 were conducted in plasma were performed
using Rat MIP-1 gamma ELISA kit (MyBioSource, Inc. USA) and Rat C-C Motif Chemokine 6
(CCL6) ELISA Kit (Cusabio Biotech Co., USA), respectively. All procedures were conducted as
per manufacturers’ instructions. Optical densities were assessed with a microplate reader
(Synergy Mx). The minimum detection value of these kits was 2.0 pg/mL and 39 pg/mL for
CCL9 and CCLS6, respectively. Each sample was assayed twice and the mean value of both
measurements was used. Replicates with a CV >20% were discarded for statistical analyses.
When CCL6 values were under the detectable range of the assay, the limit of detection value
was assigned to them. The mean inter-assay CV was lower than 20% for both proteins.
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SUPPLEMENTARY TABLES
Ischemic Stroke Healthy
Factors strokes mimics controls p-value
(n=150) (n=85) (n=10)
Age, years 67.08
' 71.91 +13.23 +16.519 68.5 +11.63 0.150
Sex (Male), n (%) 77 (51.3%) 49 (57.6%) 4 (40%) 0.453
Admission NIHSS score 15.47 £5.34 - - -
Smokers, n (%) 28 (20.4%) 3 (6%) 1 (10%) 0.052
Arterial hypertension, n
(%) 85 (58.6%) 10 (20%) 3 (30%) <0.001
Diabetes mellitus, n (%) 30 (20.5%) 6 (12%) 0 (0%) 0.128
Dyslipidemia, n (%) 43 (29.9%) 5 (10%) 5 (50%) 0.005
Atrial Fibrillation, n (%) 53 (36.3%) 2 (4%) - <0.001
Ischemic cardiopathy, n
(%) 25 (17.1%) 2 (4%) 0 (0%) 0.027
Previous stroke, n (%) 25 (17.1%) 11 (22%) 0 (0%) 0.442

TOAST classification

Atherothrombotic, n (%)

37 (25.7%)

Cardioembolic, n (%)

69 (47.9%)

Undetermined, n (%)

33 (22.9%)

Table SI. Demographic and clinical factors from ischemic strokes, stroke mimics and controls. Age and NIHSS

score at admission are expressed as mean = SD, and all other clinical variables are expressed as frequency of patients

that present the specified condition. Statistically significant p-values are highlighted in bold. Abbreviations: NIHSS:

National Institutes of Health stroke scale; TOAST: etiology stroke subtype classification.
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Age Admission TOAST Exitus (hours Eé((':trlés ;0

Case 9 Sex NIHSS etiological after stroke . Sy

(years) s timelapse

score classification onset)

(hours)
1 72 Male 19 Atherothrombotic 13 3
2 75 Male 22 Undetermined 19 5
3 80 Male 20 Cardioembolic 101 4.5
4 50 Female 19 Lacunar 123 9

Table SIl. Demographic and clinical data of the ischemic stroke patients included in the brain study.

SUPPLEMENTARY FIGURE

Figure Sl. Tridimensional structure of the human chemokine CCL23 (A) and rodent CCL6 (B) and CCL9 (C). Images
obtained from the SWISS-MODEL repository, Swiss Institute of Bioinformatics, Switzerland.
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Introduction and aims

CCL23 is a functionally-unknown human chemokine that has been recently reported to be a
promising biomarker for the diagnosis of cerebral lesions and the prognosis of stroke patients’
outcome [1]. Beyond this biomarker capacity, we aimed to explore whether CCL23 is also
clinically relevant as a therapeutic target for the treatment of ischemic stroke. To that end, we
performed a pilot study to evaluate CCL23 capacity to modify functional outcome and infarct
volume after cerebral ischemia in rats by intravenously administrating human recombinant
CCL23 (hrCCL23) early after stroke onset.

Materials and methods

All experimental procedures were conducted in compliance with the Spanish legislation and in
accordance with the Directives of the European Union, and performed as thoroughly explained
in [1], unless otherwise stated here. In brief, rats were randomly assigned to one of the 2
subsequent treatments: hrCCL23 (R&D Systems, cat#.131-M1-025/CF) or Vehicle (PBS). All
rats were subjected to 90-min middle cerebral artery occlusion (MCAQO) followed by 48h of
reperfusion. Treatments (hrCCL23 or Vehicle) were intravenously administered via the retro-
orbital sinus immediately after MCAO and 24h after reperfusion (n=7/group) (Figure 1A). The
dose of hrCCL23 (3.7 ng/kg) was derived from a combination of dose equivalence calculations
from the mean human CCL23 circulating levels in the acute phase of ischemic stroke [1] and
literature-based doses from other studies regarding CC chemokines [2], [3]. Neurological deficit
scores were evaluated immediately before reperfusion and at 24h and 48h after MCAO using a
9-point neurological deficit score (Modified Bederson test) [4]. Infarct volumes were also
evaluated at 48h using 2,3,5-triphenyltetrazolium chloride (TTC, Sigma-Aldrich) staining as
described [5]. All neurological scores and infarct volumes were assessed in a blind manner.

Results

Treatment with hrCCL23 did not cause any effect on the extension of the ischemic lesion 48h
after MCAO (p=0.603) (Figure 1B). No differences in the mortality rate were either observed
between hrCCL23-treated and non-treated animals 48h after ischemia (Figure 1C).
Interestingly, a slight improvement in the neurological state of animals treated with hrCCL23
was sensed 24h and 48h after ischemia when compared to the vehicle group (p=0.097 for both
time-points) (Figure 1D).
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Figure 1. Effect of hrCCL23 treatment after cerebral ischemia. (A) Experimental design of the study. (B) Effect of
hrCCL23 treatment on infarct volume, expressed as percentage of the contralateral hemisphere (n=7/group). (C) Graph
showing mortality rates. Bars represent the number of animals that survived or died 48h after MCAO. (D) Effect of
hrCCL23 treatment on the neurological deficit at 3 time-points after MCAO. Statistical comparisons were performed
through a (B) Mann-Whitney test or a (D) two-way ANOVA followed by Sidak’s multiple comparison tests and columns
indicate mean + standard deviation. * p<0.1.

Conclusions

In this pilot study we showed that hyper-acute hrCCL23 treatment was not able to reduce brain
lesions in rats subjected to transient cerebral ischemia. Conversely, we observed that hrCCL23
tended to improve the neurological state of treated animals, which suggest a tentative —but still
quite hypothetic- neuroprotective effect for this functionally-unknown chemokine on the outcome
of ischemic animals.

At this preliminary point, we are aware that we cannot certainly assume any reliable beneficial
involvement of CCL23 in the protective mechanisms that fight against ischemia. However, we
consider that these initial findings are a promising starting point from which future contributions
might arise. In this same regard, we strongly believe that new studies with larger cohort of
animals, adjusting doses and administration times, performed on different stroke models or
using other species and strains are needed to fully determine whether hrCCL23 has a
therapeutic relevance in ischemic stroke.
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The limited accessibility to the brain has turned the cerebrospinal fluid (CSF) into a
valuable source that may contribute to the complete understanding of the stroke
pathophysiology. Here we have described the CSF proteome in the hyper-acute phase of
cerebral ischemia by performing an aptamer-based proteomic assay (SOMAscan) in CSF
samples collected before and 30min after male Wistar rats had undergone a 90min
Middle Cerebral Artery Occlusion (MCAO) or sham-surgery. Proteomic results indicated
that cerebral ischemia acutely increased the CSF levels of 716 proteins, mostly
overrepresented in leukocyte chemotaxis and neuronal death processes. Seven
promising candidates were further evaluated in rat plasma and brain (CKB, CaMK2A,
CaMK2B, CaMK2D, PDXP, AREG, CMPK). The 3 CaMK2 family-members and CMPK early
decreased in the infarcted brain area and, together with AREG, co-localized with
neurons. Conversely, CKB levels remained consistent after the insult and specifically
matched with astrocytes. Further exploration of these candidates in human plasma
revealed the potential of CKB and CMPK to diagnose stroke, while CaMK2B and CMPK
resulted feasible biomarkers of functional stroke outcome. Our findings provided
insights into the CSF proteome following cerebral ischemia and identified new
outstanding proteins that might be further considered as potential biomarkers of stroke.

Stroke is one of the most frequent causes of
mortality worldwide and is still considered the

been directed to the systemic identification
and evaluation of molecular mediators of

leading cause of permanent adult disability in
developed  countries."  Despite  major
improvements have been achieved in the
management of stroke patients in regards to
acute therapies®®, there is still a need for
improving the diagnosis, prognosis and the
treatment of patients that had suffered from
this devastating disease. To that end, a
complete understanding of the key molecular
changes that happen as a consequence of the
reduction of glucose and oxygen supply to the
brain is necessarily required, and has been a
matter of study during the last decade for
many experts on this field.!

Due to limited accessibility to the brain, the
study of these cellular and molecular
alterations remains laborious. It is not
surprising, then, that remarkable efforts have

ischemic injury that accurately reflect the
stroke pathology and its severity. Remarkably,
due to the exchange of molecules between
brain and blood, circulating biomarkers have
been the first line of research thanks to the
simplicity and the minimally-invasive blood
collection procedure. Blood evaluation has
permitted the identification of potential
mediators of the stroke pathophysiology in
terms of diagnosis and prognosis, despite
none of them has reached its clinical
implementation yet.>® However, because the
brain is strictly protected from circulation by
the brain-blood barrier (BBB) and considering
that there is still a lack of complete
understanding of how different brain
molecules reach the peripheral circulatory
system, blood biomarkers research has not
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yet provided enough information to fully
understand all the alterations that occur in the
brain following stroke.

To overcome these issues, the exhaustive
study of other biological samples, such as the
cerebrospinal fluid (CSF), which is in much
more close contact with the brain than the
peripheral circulation, has emerged as a
complementary approach for the
characterization of stroke pathophysiology. As
known for other neurological diseases, this
brain protective and supportive body-fluid
provides an excellent opportunity to evaluate
the very early signs of neuronal
degeneration.”® In the case of ischemic
stroke, however, the clinical usefulness of
CSF for an early diagnosis of stroke is
challenging, since collection methods require
an invasive procedure that might still be
difficult to be perform in clinical situations of
emergency and supposes an absolute
contraindication for intravenous thrombolytic
therapies. Nevertheless, CSF evaluation in
the field of ischemic stroke might provide
additional insights about the pathogenic
alterations underlying cerebral ischemia, and
may contribute to the complete interpretation
of stroke pathology and the identification of
potential  therapeutic  targets for its
pharmacological modulation.’ In this context,
the use of pre-clinical models has proven to
be notably relevant to examine those
biological fluids that are difficult to obtain from
human, as for the case of CSF.

The emerging proteomic technologies provide
new high-throughput approaches that allow
the simultaneous identification of a huge
quantity of proteins in biological samples,
including fluids, especially serum or plasma,
and, although to a lesser extent, post-mortem
brain tissue of ischemic stroke subjects.lo Due
to the wide range of protein abundance in the
circulating proteome, however, the
identification of low abundant brain-specific
molecules in body fluids is frequently a
limitation."* To overcome this challenge,
continuous advances in these proteomics’
approaches are being made. Concretely, the
SOMAscan proteomic assay, which is based
on the usage of modified nucleic acid
aptamers (named SOMAmers: Slow Off-rate
Modified Aptamers), facilitates the

simultaneous identification of an extensive set
of proteins across a wide range of
concentrations and abundances by replacing
direct protein measurement into a
straightforward DNA guantification,
independently of high abundant protein
confounders.™

In this study, our aim was to describe the CSF
proteomic profile at a very early stage after
cerebral ischemia in rats by using the
SOMAscan proteomic technology. Moreover,
we further explored our results to deeply
describe seven selected candidates with a
potential  involvement in the  stroke
pathophysiology. To that end, these
molecules were examined in blood and brain
tissue of ischemic and sham-control animals
and were tested in stroke patients for their
ability as diagnosis and prognosis biomarkers.

RESULTS

Proteomic profiling of CSF after cerebral
ischemia. To characterize the CSF proteomic
profile in the hyperacute phase of cerebral
ischemia, we harvested CSF from MCAO and
sham-control animals at two different time-
points: before (pre) and after (post) their
respective surgeries (Figure 1B). No tangible
differences in relative protein abundances
were detected in CSF samples from sham-
control animals, with only 47 proteins (4.16%)
differentially regulated in CSF between the
pre and post sham-control surgical procedure.
Interestingly, a large amount of proteins (738;
65.4% of total) increased in rat CSF after the
induction of cerebral ischemia compared to
their pre samples (Figure 1C and
Supplementary table S1).

CSF differentially-expressed proteins after
MCAO and sham-control surgery were further
characterized through bioinformatics analysis.
The disease- and function-related analysis
(Figure 2A) revealed that the inflammatory
response that early appears in the brain after
an ischemic event was the most
overrepresented biological process in the CSF
proteome 2h after cerebral ischemia.
Specifically, the activation and accumulation
of leukocytes, and several inflammatory



processes related to the infiltration of immune
cells into the brain, including immune cells
movement and leukocytes chemotaxis, were
largely represented in the CSF from MCAO
animals. Furthermore, particular interest was
also directed towards the specific biological
processes encompassed in the category of
neurological disease, since molecular
mechanisms of cell death of brain cells,
specifically of cortical neurons, were the
foremost annotations reported in the CSF at
this early time-point after ischemia (Figure
2A).

Notably, the analysis of the main canonical
pathways revealed that the neuroregulin and
the platelet-derived growth factor (PDGF)
molecular pathways were also highlighted
processes in the acute phase of ischemia, as
reflected by their highlighted relevance in the
CSF proteome exclusively from ischemic

1 week ~r 90 min b 30min_

MCAQ

CSF and blood
collection after MCAO

Sham—suriei

CSF collection
before MCAO

CSF collection CSF and blood
before collection after
sham-surgery sham-surgery
CSF proteomic assay
MCAO Sham-operated
animals control animals
Sample obtained Sample obtained
before MCAO before sham-surgery
Sample obtained Sample obtained
after MCAO after sham-surgery

47 proteins presented
significant differences

738 proteins presented
significant differences

Figure 1. A. Schematic representation of the design of the experimental study. B. Schematic representation of data
analyzed by the SOMAscan proteomic assay. C. Color map of relative fluorescence units (RFU) of the 738 proteins that

animals (-log(B-H p-value)>7). Moreover,
additional strength was given to inflammation
in the early phase of ischemia, since
chemokine signaling pathways were also
highly represented in the CSF proteome
profile after cerebral ischemia (Figure 2B).

Selection of proteins with significantly
altered expression in CSF after cerebral
ischemia. Twenty-two out of the 738
differentially-expressed proteins after MCAO
(2.98%) were also up-regulated after sham-
control surgery, namely common in both
dataset comparisons. Since our attention was
focused on the key proteomic alterations after
cerebral ischemia, and in order to minimize
the influence of the non-ischemic processes
associated to the surgery procedure,

were significantly altered after the ischemia. Squares are color coded; bright yellow color indicates high RFU and pale
orange color indicate low RFU. The brighter the color is, the higher RFUs are. A1-A6 indicate samples obtained before

MCAO; B1-B6 indicate samples obtained 2h after MCAO; C1-C6 indicate samples obtained before sham surgery; D1-

D6 indicate samples obtained after sham surgery. Abbreviations: CSF: cerebrospinal fluid; MCAO: middle cerebral

artery occlusion.
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Figure 2. IPA analysis of differentially expressed proteins in CSF after cerebral ischemia in rats. Analyses were
classified by disease and disorders (A) and canonical pathways (B) and compared with the CSF from the control group
of sham-operated animals. Magnification of the top 2 canonical pathways from A is also provided. Top 10 categories

ranked by MCAO corrected p-value are listed in all graphs.

these 22 common proteins were discarded for
further analysis. Therefore, we finally
identified 716 proteins that were exclusively
up-regulated due to brain ischemia.

Of those stroke-associated proteins, 46
(6.42%) presented more than a 4-fold up-
regulation in the CSF after MCAO compared
to pre MCAO (the top 20 proteins are shown
in Table 1).

For further studies, the top five proteins from
this list (CKB, CaMK2B, CaMK2D, PDXP and
AREG) were chosen as promising candidates
to be examined in detail. Calcium/Calmodulin-
dependent protein kinase Il subunit alpha
(CaMK2A) was additionally chosen for further
exploration, given the outstanding importance
of their analogues (CaMK2B and CaMK2D),
and Uridine monophosphate/cytidine
monophosphate (UMP/CMP) kinase (CMPK)
protein was also included as a candidate due
to its relevance in a previous study from our
group (FDR p=0.008, logFC=1.127)" (Figure

3A). None of the selected candidates showed
an association with the acute neurological
deficits of ischemic animals (data not shown).

Analysis of the selected proteins in the rat
brain and blood. The proteomic profile of
plasma samples, which were also obtained 2h
post MCAO or sham-control surgery from the
same set of animals, was run in parallel. Of all
selected candidates, only CKB and the 3
members of the CaMK2 protein family showed
an increase in plasma of MCAO animals
compared to sham controls (Figure 3B).
Additionally, these higher circulating levels
were positively correlated with the CSF levels
for the CaMK2 members (R=0.736, p=0.006
for CaMK2B; R=0.589, p=0.044 for CaMK2D;
and R=0.626, p=0.029 for CaMK2A), whereas
no correlation between plasma and CSF

levels post MCAO was seen for CKB
(R=0.161, p=0.617). Conversely, neither
PDXP nor AREG or CMPK showed

differences in their circulating plasma levels



between MCAO and sham-control animals at
the studied time-point, and neither of them
showed correlation between plasma and CSF
levels post MCAO.

Protein candidates were further characterized
in brain homogenates from the same set of
MCAO and sham-control animals. No

appreciable differences were detected for
PDXP, AREG and CKB levels between the
affected and healthy brain hemispheres of
MCAO animals and sham controls, as
reported by the ratio between ipsilateral (IP)
and contralateral (CL) protein levels (p=0.956,
p=0.190 and p=0.736, respectively).

Table 1. Top 20 proteins increased in the CSF after MCAO. Proteins selected for further examination

are highlighted in bold.

Pre vs. Post MCAO

Protein name Acronym

FDR p-value Log(FC)
Creatin kinase B-type CKB 0.0393 3.4370
Calcium/Calmodulin dependent protein kinase Il subunit beta CAMK2B 0.0393 2.7742
Pyridoxal phosphate phosphatase PDXP 0.0393 2.7283
Amphiregulin AREG 0.0393 2.6482
Calcium/Calmodulin dependent protein kinase Il subunit delta CAMK2D 0.0393 2.6411
Junctional adhesion molecule C JAM3 0.0393 2.5815
Cytokine receptor common subunit gamma IL2RG 0.0393 2.5596
40S ribosomal protein S7 RPS7 0.0102 2.5538
Fibroblast growth factor 16 FGF16 0.0393 2.5361
Ubiquitin-conjugating enzyme E2 L3 UBE2L3 0.0393 2.5222
Interleukin-23 receptor IL23R 0.0393 2.5061
Vacuolar protein sorting-associated protein VTAL VTA1 0.0183 2.5013
Calcium/Calmodulin dependent protein kinase Il subunit alpha CAMK2A 0.0393 2.5007
Seizure 6-like protein 2 SEZ6L2 0.0393 2.4662
Glycoprotein hormones alpha chain / Lutropin subunit beta CGALHB 0.0393 2.4515
Protein kinase C iota type PRKCI 0.0393 2.4042
NKG2D ligand 3 ULBP3 0.0393 2.3961
Desert hedgehog protein DHH 0.0393 2.3926
Fibroblast growth factor 7 FGF7 0.0393 2.3710
Apoptosis regulator Bcl-2 BCL2 0.0393 2.3698

However, CMPK and the three members of
the CaMK2 family (CaMK2B, CaMK2D and
CaMK2A) did show a decrease in their levels
in the ischemic hemisphere compared to the
healthy side of the brain and sham controls
(p=0.032, p=0.075, p=0.037 and p=0.011,
respectively) (Figure 3C-3D). Interestingly, the
simultaneous evaluation of the total levels of
CaMK2 (phosphorylated and non-
phosphorylated forms) resulted in no
differences between MCAO and sham-control
animals (p=0.817), whereas the detection of
the phosphorylated form alone did show a
slight increase in the infarcted hemisphere

compared to the contralateral in ischemic
animals (p=0.090) (Supplemental Figure S2).
The specific brain localization in ischemic rats
was conducted for each selected protein with
commercially-available antibodies for
immunohistochemistry. Relative abundances
between IP and CL hemispheres were
consistent with the aforementioned results for
all candidates. CKB immunostaining was
consistent through all brain regions and co-
localized with the astrocytic marker GFAP
(Glial Fibrillary Acidic Protein) (Figure 4A), but
not with the microglial marker Iba-1 (data not
shown).
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CaMK2B positive staining was observed in
neurons from the pyramidal layers of the
cerebral cortex and in striatal neurons.
Moderate staining of CaMK2B was also
shown in hypothalamic nuclei from the
periventricular region and in the hippocampus
(Figure 4B). Staining of AREG was detected

in both, pyramidal and granular neuronal
layers. Moreover, AREG-positive signal was
also seen in the third coronal brain depth and
was localized just below the ending lateral
ventricles, close to the reticular nucleus of the
thalamus (Figure 4C).
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Figure 3. Exploration of protein levels in CSF, plasma and brain of ischemic and sham-control animals. Plots of
protein abundance data (RFU: relative fluorescent units) in (A) CSF samples obtained pre- and post-MCAO and (B)
plasma samples obtained 2h after MCAO or sham-control surgery (n=6 samples per experimental group for all cases).
(C) Plot of protein abundance (relative quantification, ratio IP vs. CL hemisphere of each animal) in brain homogenates
samples obtained 2h after MCAO or sham-control surgery (n=4 samples for sham; n=8 samples for MCAO). In all
cases, IP and CL samples from each animal are run in the same gel and individually corrected by their respective B-
actin loading controls. (D) Representative Western Blots signals used for quantification of proteins in brain. Bars indicate
mean + SD. For all graphs, *p<0.05 and “p<0.1. Abbreviations: IP: ipsilateral hemisphere; CL: contralateral hemisphere.



Figure 4. Histological localization of protein candidates in the ischemic brain. (A) CKB, (B) CaMK2B, (C) AREG,
(D) CaMK2D and (E) CMPK histological examination in three established cortical depths of the ischemic brain (see
Supplemental figure S1). In the schematic representation of brain, right hemisphere corresponds to IP and left
hemisphere corresponds to CL. Dark grey regions indicate higher abundance of positive staining than pale gray zones.
CKB (green) was co-localized with GFAP marker in the red channel and nuclear detection was conducted with DAPI in

the blue channel. Scale bar =50 pm.

CaMK2D positive staining was shown in
cortical neurons from the granular layer IV
and the multiform layer VI, it was also
identified in the periventricular region of the
hypothalamus, similar to its analogue
CaMK2B, and presented robust positive
staining in neurons from the internal capsule
of the corticospinal tract (Figure 4D). Finally,
CMPK staining was observed in areas close
to the cingulum, external and internal capsule,
and was notably pronounced in neuronal
bundles from the striatum (Figure 4E).

Translation to potential biomarkers in
stroke patients. We further aimed to assess
the potential role of CKB, CaMK2B, CaMK2D,
CaMK2A and CMPK as biomarkers of stroke.
With that purpose, we evaluated circulating
levels of these proteins in human blood
samples from ischemic stroke (<6h from
symptoms onset) and control subjects.
Demographical and clinical characteristics of
all patients are described in Supplemental
table S2.
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Figure 5. Plasma levels of CKB, CaMK2-family members

and CMPK. Circulating levels in ischemic stroke patients

(n=38) and controls (n=8) of all selected candidates. Blood samples were obtained on patient admission to the hospital
(<6h from symptoms onset). Median and Tukey confidence intervals are represented in each graph. Standardized
values for CKB were calculated using Z-score (see Supplemental materials and methods data). For all graphs, *p<0.05.

In brief, ischemic stroke subjects were older
and presented higher prevalence of atrial
fibrillation and ischemic cardiopathy than
control individuals. However, differences in
the circulating levels of the selected
candidates could not be explained by any of
these demographical and clinical variations
(data not shown).

Notably, circulating levels of CKB and CMPK
were higher in ischemic strokes than controls
(p=0.050 and p=0.047, respectively) (Figure
5A, 5D).

However, neither CaMK2B nor CaMK2D or
CaMK2A showed differences in their
circulating levels between both studied groups
(p=0.719, p=0.904 and p=0.687, respectively)
(Figure 5B, 5C, 5E).

Next, we aimed to evaluate the practical use
of these proteins as biomarkers of long-term
functional outcome after stroke. Seventeen
out of 38 ischemic stroke patients (44.7%)
exhibited a poor functional outcome by the
third month after stroke. Notably, baseline
circulating levels of CaMK2B and CMPK were
higher in those patients with poor functional
outcome than patients with good functional

outcome (6.23 £ 1.96 ng/mL vs. 5.02 + 1.41
ng/mL, p=0.046 for CaMK2B; 1.43 [0.9-2.39]
ng/mL vs. 0.62 [0.62-1.09] ng/mL, p=0.019 for
CMPK), but did not associate with stroke
severity, as measured by the NIHSS at
admission (p=0.734 and p=0.773
respectively).

We found a cut-off point of 5.016 ng/mL for
CaMK2B (70% sensibility, 69% specificity)
and 0.759 ng/mL for CMPK (76% sensibility,
71% specificity) that were significantly
associated with poor functional outcome at
the studied time-point (p=0.020 and p=0.014,
respectively). The predictive clinical model
including the variables significantly associated
with poor outcome in the univariate analysis
(Supplemental table S3) was further adjusted
by age, sex and NIHSS score at admission,
which are well-known factors that highly
influence stroke prognosis.14 The addition of
each biomarker individually to this predictive
model showed that both of them remained
independent predictors of poor outcome
(OR=9.82 [1.13-85.88], p=0.039 for CaMK2B;
OR=9.40 [1.53-57.67], p=0.015 for CMPK).
The combination of both biomarkers in the



same predictive model was also an
independent predictor of poor outcome
(OR=6.38 [1.33-30.69], p=0.020).

DISCUSSION

The study being presented here aimed to map
the rat cerebrospinal fluid proteome in the
hyperacute phase of cerebral ischemia by
using an aptamer-based proteomic
technology as a research tool to identify
potential stroke biomarkers. The SOMAscan
approach facilitated the screening of hundreds
of proteins in CSF, and permitted the
evaluation and characterization of its protein
composition following an event of cerebral
ischemia.

The cerebrospinal fluid is the physiological
medium that surrounds and mechanically
supports the central nervous system (CNS).
The CSF circulates unidirectionally from the
brain ventricles to the subarachnoid space in
the cortex and serves as a transporter of
biochemical messages from one brain region
to another. Approximately an 80% of the CSF
originates from the filtration of arterial blood in
the choroid plexus, whereas the rest is
thought to principally derive of the drainage of
brain interstitial fluid (ISF).*>*® The connection
between CSF and ISF is strictly necessary for
an optimal maintenance of the neuronal
microenvironment in the brain parenchyma.
Under cytotoxic conditions, ISF conducts
metabolic waste to clear away cellular
degradation  products, leading to an
accumulation of catabolites diffusing out from
brain to the CSF.'' Following an ischemic
event, unique signatures of brain-specific
molecules from damaged parenchyma come
together in the CSF. The early accumulation
of these brain-derived factors in the CSF
might accurately reflect the current status of
the brain, and its collection might in turn
facilitate a rapid diagnosis of the on-going
CNS pathological processes and accelerate
therapeutic interventions as required.

Bioinformatics’ analysis of the CSF
composition after cerebral ischemia reinforced
the  well-known importance  of  the
inflammatory response in the ischemic brain.®
After only 2 hours from ischemia onset, the

signaling cascade of inflammation was well
established and molecularly reflected in the
CSF. Concretely, mediators of the
mobilization of activated leukocytes to the
ischemic site of injury, including proteins
involved in  cellular movement and
chemotactic factors, were of considerable
relevance in the ischemic CSF proteome. The
diffusion into the CSF of proteins that
participate in pathways of neuronal cell death
was also found to be of great magnitude at
the studied time-point. As it is well-known, the
breakdown of neuronal cell integrity causes a
devastating loss of neurons in the core of the
ischemic lesion within a short period of time
from disease onset. The identification and
functional characterization of mediators of (or
induced by) this rapid stroke-related massive
injury might serve as valuable therapeutic
targets for the reduction of the brain lesion.
This is the case of the neuroregulin and
PDGF pathways, since both signaling
pathways have been related to
neuroprotection: neuroregulin  has shown
potential therapeutic value by preventing
macrophage/monocytes infiltration and
astrocyte activation'®, whereas PDGF has
been proposed to be angiogenic in stroke.”

The top seven outstanding proteins found at
high levels in the CSF following cerebral
ischemia in the present study have been
extensively described in the context of the
stroke pathophysiology. CK-BB, composed by
two identical CKB subunits, is the most
abundant creatine kinase (CK) isoenzyme in
the brain. CK isoforms play a key role in
energy transduction and homeostasis,
especially in high-demanding tissues, by
catalyzing the reversible exchange between
creatine and creatine-phosphate, thus
facilitating the conversion of ADP to ATP and
vice versa to cover cell energy requirements
and storage.21 CK in the isoforms of CK-MM
and CK-MB have been widely studied for the
diagnosis of myocardial infarction®, but less is
known about CK-BB disease relevance. In
concordance with our results, CK-BB has
been well reported to immediately increase in
blood circulation and CSF following acute
cerebral injuries, including cerebrovascular
traumatisms, meningitis and strokes®>*, and
its role as a plausible diagnostic biomarker for
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ischemic stroke has been previously
postulated.?®*’ CK-BB provenance has been
slightly controversial; some studies have
proven that astrocytes and neurons are the
main CK-BB source, whereas others,
including us, could only proof that astrocytes
express CK-BB in brain.”® Our findings
indicate that there is a strong CK-BB
accumulation in the CSF and blood following
ischemia in rats; despite we were not able to
detect differences in CK-BB levels in brain
parenchyma between the infarcted and
healthy hemispheres of the brain.

AREG (amphiregulin) was another
outstanding protein found to have increased
levels in CSF after cerebral ischemia. AREG
is a member of the epidermal growth factor
(EGF) family of proteins. This EGF-like
molecule induces cell differentiation and
proliferation and contributes to wound healing
and tissue repair following infection or injury.?
In brain, AREG remarkably increases in
response to ischemic conditions in cortical,
striatal and hippocampal neurons, and
attenuates neuronal damage by inhibiting the
pro-inflammatory-related endoplasmic
reticulum stress.*® In the present study, AREG
markedly accumulate in the CSF of ischemic
animals but their plasma and in-brain levels
did not change after the insult. This
controversy might be explained in part by a
direct balance between a higher intracellular
release caused by the on-going massive cell
disruption and death in the ischemic core, and
a simultaneously higher expression of this
protein in an attempt to slow-down and retrain
stroke-related neuronal damage. Besides,
AREG has been also linked to the propensity
to develop hemorrhages in thrombolytic-
treated ischemic stroke patients.** Concretely,
AREG increases the expression of MMP-9
and VEGF, both molecules strongly
associated with hemorrhagic complications
after stroke.***® Thus, although the time-point
studied here precludes the study of
hemorrhagic ~ complications and their
association with  AREG levels, further
experiments should be conducted to explore it
as a therapeutic target.

PDXP, also named as chronophin, regulates
the synthesis of pyroxidal 5’-phosphate (PLP),
the coenzymatically active form of vitamin B6.

It removes the phosphate group from PLP and
degrades it to 4-pyridoxic acid.** PDXP
participates in the biosynthesis of various
neurotransmitters and organic molecules, and
is found at high levels in brain and testis.*>*
PDXP is also an important regulator of cofilin
or actin-depolymerization factor (ADF).37
ADF/cofilin maintains a regular intracellular
reservoir of ATP-G-actin monomers by the
depolymerization of older ADP-F-actin, thus
regulating actin dynamics and contributing to
the construction and remodeling of a great
variety of polarized structures within cells.®
Activated ADF/cofilin  (non-phosphorylated
form) has been shown to mediate apoptotic
processes, and its inhibition (phosphorylated
form) has shown promising neuroprotective
results by increasing neuronal viability and
survival.* PDXP is known to activate
ADF/Cofilin, thus further contributing to
mechanisms of neuronal damage and death.*
PDXP itself is activated in response to
different intracellular and extracellular signals
of stress, such as oxidative stress or the drop
of intracellular ATP that occurs after cerebral
blood flow impairment.?"“g7 PDXP levels
increase in brain following cerebral ischemia,
and decrease after the administration of
neuroprotective free radical scavengers, such
as ferulic acid.**** In our study, we reported
high levels of PDXP in CSF early after
ischemia, but we were not able to detect
changes in brain levels neither in plasma at
the studied time-point. It remains to be tested
whether PDXP increases in the ischemic brain
at later stages after ischemia, which would
potentially serve as a therapeutic target to
mediate the mechanisms of stroke-related
tissue injury.

CMPK reversibly catalyzes the addition of a
phosphate group to UMP and CMP to
consequently form UDP and CDP, which are
further converted to their triphosphorylated
form to be used as substrates of the DNA and
RNA polymerases.42 In  brain, these
nucleotides are strictly required for the
synthesis of neuronal membrane
phospholipids, and thus influence various
membrane-dependent processes such as
neurotransmitter  release  and  neurite
outgrowth.”® A decrease expression of CMPK
has been related to aging®, whereas an



increased expression has been seen in brain
cortex from patients with temporal lobe
epilepsy and following sciatic nerve injury in
rodents.** In terms of ischemia, decreased
levels of both, nucleotides and CMPK, has
been observed in the infarcted region of the
brain after transient cerebral ischemia™*,
which we further corroborated by also
reporting decreased levels of CMPK in the
early ischemic rat brain. Besides, at the same
time-point following ischemia, we observed an
increased accumulation of CMPK in the CSF,
which suggest that this lower content of
CMPK in the ischemic core could be a direct
consequence of a massive release of
components from disrupted cells within the
injured area, rather than a brain injury-related
decrease in CMPK expression. On the other
hand, despite we could not observe any
increase in CMPK levels in circulation 2h after
ischemia in rats, we reported higher CMPK
blood levels in ischemic patients within the
first 6h from symptoms compared to controls.
Moreover, we could explore the role of CMPK
as marker of stroke patient poor prognosis. As
reported in the field of cancer*®, we observed
that circulating levels of CMPK at admission
were associated with poor long-term outcome,
independently of the patient clinical factors.
Taking into consideration the involvement of
CMPK in mechanisms to combat cell
disruption and neuronal cell death®, higher
CMPK levels following ischemia could be
associated with severe ischemic lesions and a
final patient poor outcome. Nevertheless,
further studies are needed to verify both, the
observed diagnostic and prognostic value of
CMPK, and evaluate whether CMPK can also
serve as a valuable target for therapeutic
strategies.

Finally, CaMK2 members (CaMK2A, CaMK2B
and CaMK2D) belong to a group of Ser/Thr
protein kinases that has been previously
involved in glutamate excitotoxicity-induced
neuronal cell death.®® CaMK2 members are
primary activated under ischemic conditions
by binding of Ca**/Calmodulin and achieve full
activity after autophosphorylation of all former
subunits by their neighbors.50 Phosphorylated
CaMK2 remains active and maintains its
autonomous activity after dissociation of
Ca’’/Calmodulin, which facilitates  and

prolongs CaMK2  functional activity.51
Glutamate citotoxicity causes translocation of
the activated CaMK2 members to the post-
synaptic sites and extra-synaptic clusters®>>3,
where are involved in synaptic plasticity and
serve as a reservoir of CaMK2 to avoid their
massive  phosphorilation  within  cells,
respectively. Active CaMK2 members have a
controversial role in mediating both apoptotic
cell death and cell viability.®® Some of the
CaMK2-downstream targets, including
different Ca** channels, promote neuronal
apoptosis by enhancing death-inducing
overload of cellular Ca®* *°, while the
modulation of other factors, such as the
inhibition of caspase 2 and Bad or the
enhanced expression of Bcl-xL, might also
attenuate those apoptotic processes.”**® In
accordance, both cerebroprotective but also
neurotoxic properties of CaMK2 inhibition
have been described previously.**>®
However, more promising results have been
reported in terms of neuroprotection by
suppressing CaMK2 activity before, during or
after the ischemic insult, both in vitro and in
vivo.*® In our study, we described
decreased levels of the non-phosphorylated
inactive CaMK2 and increased levels of the
phosphorylated active CaMK2 in the ischemic
brain hemisphere compared to the healthy
side of the brain and sham controls, as others
have also stated.® This early increase in the
active forms of CaMK2 might be promoted by
their involvement in ischemia-related neural
plasticity processes and might also participate
in the early on-going apoptotic mechanisms
within the ischemic lesion. Moreover, CaMK2
levels accumulated in the CSF early after
ischemia, and this increase was also reflected
in the peripheral circulatory system of
ischemic rats. However, these results did not
match with those from the pilot study, where
circulating levels of CaMK2 were not
increased in patients that had suffered an
ischemic stroke, and hampers the use of
these proteins as potential blood biomarkers
of stroke diagnosis. Notably, CaMK2B, but not
CaMK2A neither CaMK2D, appeared as a
valuable indicator of stroke patient functional
outcome. CaMK2B association to disease
prognosis has been previously reported in
cancer® but, as far as we know no previous
study has explored CaMK2B prognosis-value
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by measuring its levels in the circulation.
Thus, in this preliminary study we are newly
describing that circulating levels of CaMK2B
showed a potential to predict stroke patients
outcome, though larger studies are required to
corroborate these findings and to assess
whether this predictive capacity is unique to
CaMK2B, which is the most brain-specific
protein of the CaMK2 members®®, and
whether it turns out to also be a potential
target to therapeutically modulate the
progression of the ischemic lesion.

Importantly, we could not identify a consistent
pattern among brain, CSF and blood levels
relation between the studied candidates. The
lack of a reliable correlation between these
three compartments hampers the fully
comprehension of their interrelationship in
stroke pathology and leads to presume that
there might be several unknown mechanisms
that selectively and distinctively regulate the
exchange of molecules between one and
another compartment following an ischemic
event. We propose that further efforts should
be made to understand this brain-CSF-blood
connection, which would offer a huge
breakthrough for the complete understanding
of stroke disease.

Our work presents some limitations that
should be taken into consideration for further
studies. First, although the animal model
chosen in this study is highly suitable to
evaluate the biological alterations of acute
ischemic stroke, some additional injury due to
reperfusion cannot be avoided, which can
lead to the identification of surrounding
processes of ischemic stroke itself that are not
found in all clinical scenarios.*® Second, due
to technical incompatibilities, we were not able
to determine the lesion volumes in the
ischemic animals, which would have also
been an interesting parameter to analyze.
Besides, the SOMAscan platform used here
for candidate discovery is initially designed to
detect serum human proteins. Despite a great
majority of those human-based aptamers
show high reactivity based on homology to
their rodent counterparts, we cannot discard
the presence of potential confounding proteins
identified in our datasets. However, we
present further analysis with other techniques

and tissues confirming the relevance of some
of the selected proteins. Finally, despite our
clinical pilot study supports the findings on
experimental data, we are aware of its
limitation due to the reduced number of
patients included. Larger and independent
cohorts should be studied to validate these
results in a near future.

This work also has some strengths that
should be highlighted. This study has
originated an extended source of important
contributors of stroke pathology, which has
been validated through the achieved
congruence between the discovery datasets
and the further exploration of the selected
candidates in brain and blood. In this same
line, previously known candidate biomarkers
for stroke diagnosis and prognosis, including
interleukin 6°*%°, C-reactive protein®®®’, CC-
chemokine ligand 23% or D-dimer69’7°, have
also been corroborated here, since they were
also highly increased in CSF 2h after stroke
onset (data not shown). Hence, this additional
information further validates and gives
potential effect to our study, which we expect
it to serve as a potential tool to elucidate
future mediators of stroke pathology, provide
other feasible biomarkers of stroke and
support further potential discovery studies in
the field of cerebral ischemia.

In conclusion, we have used here for the first
time a high multiplexed, sensitive and
quantitative proteomic tool for mapping the rat
cerebrospinal  fluid proteome in the
hyperacute phase of cerebral ischemia. The
SOMAscan  proteomic  approach  has
facilitated an unbiased screening of hundred
of proteins in CSF and plasma samples from
ischemic animals, and has originated an
extended source of important contributors of
stroke pathology that might be supporting
future studies in this field. Through this
strategy we have been able to firstly identify
and primary evaluate the role of three
promising proteins as stroke blood
biomarkers, which provides added value on
the design and development of the present
study.



METHODS

Animals. All experimental procedures were
conducted in compliance with the Spanish
legislation and in accordance with the
Directives of the European Union and were
approved by the Ethics Committee of the Vall
d’'Hebron Institute of Research (protocol
number 58/14). All experiments were
conducted in a randomized manner and in
adherence to the ARRIVE guidelines. Male
Wistar rats were used in the experiments (7-
12 weeks; Charles River Laboratories Inc.,
Wilmington, MA, USA). Animals were kept in
a climate-controlled environment on a 12h
light/12h dark cycle. Food and water were
provided ad libitum. Analgesia (Buprenorfine,
0.05 mg/kg, s.c, Divasa Farma-Vic S.A,
Barcelona, Spain) was administered before
surgeries to all animals to minimize pain and
discomfort. All animals were anesthetized with
isoflurane (4% for induction; 2% for
maintenance in air, Abbot Laboratories,
Spain) and body temperature was maintained
at 37°C during all surgical procedures.

A total of 41 rats were needed to complete the
study: 14 animals were subjected to sham-
control surgery and 26 to transient middle
cerebral artery occlusion (MCAQO). One sham-
control animal died during surgery and 10
ischemic animals were excluded after
applying the following criteria: inappropriate
occlusion or reperfusion of the middle cerebral
artery as described below (n=6), massive
surgical bleedings (n=1) and death during the
surgery procedure (n=3).

Model of transient MCAO. Cerebral
ischemia was induced by mechanical
occlusion of territory of the MCA, as
previously described.”™ In brief, the day
before surgery, cranial trepanation was
performed to attach a laser-Doppler probe
(Moor Instruments, Devon, UK) and monitor
regional cerebral blood flow (CBF). The
following day, a silicone-coated nylon filament
(Doccol  Corporation, reference number:
403723PK10) was introduced through the
external carotid artery and pushed to the
internal carotid artery to occlude the MCA.
Animals were allowed to recovery during the
MCA occlusion period. Ninety minutes later,
animals were re-anesthetized to induce a 30-

min reperfusion by removal of the filament.
Successful occlusion and reperfusion of the
MCA was guaranteed by the reduction or
increase in the CBF recorded by the laser
Doppler probe. Only animals that exhibited a
CSF reduction >75% after filament placement
and a recovery of >75% after filament removal
were included in the study. Sham-control
surgery was performed by the same surgical
procedures without insertion of the nylon-
coated filament.

Acute neurological deficit. Rats were
assessed using the modified Bederson scale,
as described elsewhere™. Neurological
deficits were evaluated in a blinded manner at
80 minutes of MCAO, before reperfusion.

CSF collection. CSF was collected from rats
one week before (pre) and 2 hours after
MCAO or sham-control surgery (post) (Figure
1A). CSF was collected by using a minimally-
invasive method of CSF sampling, previously
described by Mahat and colleagues.’ In brief,
animals under anesthesia effects were placed
in a stereotactic apparatus and properly fixed
to create an angle of approximately 110°
between the base of the stereotaxic frame
and the animal snout. After localizing the
rhomboid depressed region, corresponding to
the cisterna magna, a 25G-needle connected
to a collection apparatus was vertically
inserted and slowly advanced until CSF
started flowing into the collection tube. After
obtaining the sample, the collection tube was
clipped to avoid blood contamination and the
needle was withdrawn from the cisterna
magna.

If blood contamination occurs at any point
during CSF collection, the collection tube was
cut off from the point of blood contamination.
Only clear CSF without visual sings of blood
contamination was collected and frozen at -
80°C until further use.

Rat brain and blood samples. Immediately
after CSF collection blood samples were
drawn through transcardiac puncture in EDTA
tubes and immediately centrifuged at 3,000g
for 10 minutes at 4°C to obtain plasma, which
was frozen at -80°C until further use. Animals
were then euthanized and transcardially
perfused with cold saline. Brains were
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carefully removed and IP and CL
hemispheres were separated. Each
hemisphere was individually frozen at -80°C.
Frozen hemispheres were cut into 1mm
coronal slices over dry ice. Slice
corresponding to the bregma point, where the
infarction territory is located, were selected for
all animals, thawed and homogenized using
mirVana™ PARIS™ RNA and Native Protein
Purification kit (ThermoFisher Scientific Inc.,
Waltham, MA, USA). Protein homogenates
were centrifuged at 12,0009 for 10 min at 4°C
and the cleared protein extract was quantified
using bicinchoninic acid (BCA) assay
(ThermoFisher Scientific Inc.) and frozen at -
80° until further use.

Brains from MCAQ animal were also used for
immunohistological purposes. Those rats
were euthanized and transcardially perfused
with cold saline and their brains carefully
removed and fixed with formalin. Fixed brains
were carefully cut into segments at three
precisely controlled depths: (1) 2.1+0.2 mm
anterior to bregma, (2) bregma and (3)
1.5+0.2 mm posterior to bregma
(Supplementary Figure S1). The formed
tissue sections were mounted on blocks and
embedded with paraffin. Tissue slices of 3 um
were cut, mounted onto glass slides and kept
at 4°C for the IHC experiments.

SOMAscan proteomic assay. The
SOMAscan assay was performed by
SomalLogic Inc. (Boulder, CO, USA).
SOMAScan is a relative quantitative

proteomics assay based on the usage of
SOMAmers, which are modified nucleic acid
aptamers that permit the identification and
guantification of a library of human proteins,
most of which show reactivity based on
homology to their rodent counterparts.'?
Concretely, 1,129 (1.1k assay) and 1,310
(1.3k assay) proteins were measured in CSF
and plasma samples, respectively, from 6
MCAO and 6 sham-control animals. Animals
were selected according to the total volume of
CSF collected (minimum CSF volume
required = 100ul), and all samples were
analyzed individually. Three different dilutions
were performed to achieve all dynamic logs
provided by the SOMAscan technology”™.
Normalization and calibration steps were then
performed following SOMAscan technical

instructions in order to remove systemic
biases in the raw assay data. All samples
passed Somalogic quality control. Moreover,
relative fluorescent unit (RFU) output from the
array was subjected to background
subtraction by establishing an accurate limit of
detection threshold. To that end, a no-protein
control sample was included in the assay run,
which enabled the qualitative evaluation of
baseline signal for each SOMAmer.
Concretely, background subtraction discarded
216 (19.1%) and 29 (1.4%) proteins from the
CSF and plasma datasets, respectively.
Comparisons between pre and post CSF
samples were performed using paired t-test,
corrected by the False Discovery Rate (FDR
adjusted p-value), within each experimental
group (R software 3.3.2, R development core
team 2012, Austria, multtest R package)
(Figure 1B). Proteins presenting an FDR
adjusted p-value<0.05 were considered
statistically significant. Base 2 logarithmic
fold-changes (LogFC) were calculated for
each protein by substracting abundance
logarithmic values of the pre to the post CSF
samples (LogFC = log [Post-CSF value / Pre-
CSF value]). Comparisons on plasma
samples were performed by using t-test (R
software 3.3.2). Proteins presenting a p-
value<0.05 were considered statistically
significant. Correlations between CSF and
plasma levels were calculated using
Pearson’s test.

Bioinformatics analysis. All data on rat CSF
were analyzed by Ingenuity Pathway Analysis
(IPA, QIAGEN, USA). All proteins screened in
the SOMAscan proteomic approach were
introduced in the software. For each
experimental group, a filter of FDR adjusted p-
value<0.05 for the comparison of proteins
between pre and post CSF samples was
applied. For the MCAO group, an additional
cut-off of logFC >|1.5| was also used.

Data sets from MCAO and sham experimental
groups were then characterized with the
Ingenuity  Pathways Knowledge Base,
focusing the attention on the central nervous
system and neuronal, immune and
microvasculature cells types, and using all
data sources (human, mouse and rat). A list of
the main enriched biological processes,
canonical pathways and molecular functions



for each experimental data set were obtained
according to the overlap p-values, calculated
using right-tailed Fisher's exact test corrected
by the Benjamini-Hochberg multiple test
(significant B-H p-value <0.05). Furthermore,
both IPA analysis (MCAO and sham) were
then compared side-by-side.

Western Blot and Immunohistochemistry/
Immunofluorescence. Seven protein
candidates from the proteomics list (AREG,
CaMK2A, CaMK2B, CaMK2D, CKB, CMPK
and PDXP) were evaluated in rat brain protein
homogenates and tissue sections by means
of western blot (n=4/8 shams and ischemic
animals, respectively) and
immunohistochemistry or
immunofluorescence (n=2 ischemic animals).
Detailed protocols and procedures can be
found in Supplemental materials and methods
data.

Human blood samples. All human studies
were approved by the Ethics Committee of
Vall d’Hebron Hospital (ischemic stroke -
PR[AG]157/2011- and control -
PR[IR]87/2010 - individuals) and written
informed consent was obtained from all
subjects or relatives in accordance with the
Declaration of Helsinki. Ischemic stroke
patients admitted to the emergency
department of the Vall d’Hebron University
Hospital (Barcelona, Spain) from December
2013 to November 2014 within the first 6h
after neurological symptoms onset. On
admission, patients underwent a standardized
protocol of brain imaging to differentially
diagnose ischemic stroke. Trained
neurologists assessed stroke severity using
the National Institutes of Health Stroke Scale
(NIHSS) and obtained demographic and
clinical data from all patients. When eligible,
ischemic stroke patients received the
standard thrombolytic treatment (intravenous
0.9 mg/Kg recombinant tissue-plasminogen
activator, rt-PA) and/or mechanical
thrombectomy to remove the arterial clot. The
clinical follow-up of each stroke patient was
conducted at the 3rd month after stroke. At
that time-point, functional outcome was
evaluated according to the modified Rankin
Scale (mMRS); patients with a mRS score from
0 to 2 were classified as “good outcome”

group and patients with a mRS from 3 to 6 as
“poor outcome” group.

Blood samples from all patients were drawn
on admission (<6h from symptoms onset) and
before administration of any treatment in
EDTA tubes. Samples were then centrifuged
at 1,500g at 4°C for 15 minutes and plasma
was stored at -80°C until further use. From
this sample collection, a total of 38 ischemic
stroke patients were selected for this study.
Additionally, a total of 16 volunteers were
included as controls.

Human ELISA. Five protein candidates
(CaMK2A, CaMK2B, CaMK2D, CKB and
CMPK) were further evaluated in blood
samples from the aforementioned ischemic
stroke  patients and  controls  using
commercially available ELISA kits. Detailed
methods are available in Supplemental
materials and methods data.

Statistical analyses. SPSS statistical
package 22.0 was used for statistical
analyses and GraphPad Prism 6.0 for creating
graphs. Rat brain and human plasma protein
data distribution was assessed by Shapiro-
Wilk and Kolmogorov-Smirnov test,
respectively. To determine differences in
protein levels between experimental groups,
Student t-test (normally distributed variables)
or Mann-Whitney (non-normally distributed
variables) were used. To analyze differences
on clinical variables among patients,
continuous factors were analyzed by
Student’s test (normally distributed, mean and
SD values) or Mann-Whithey test (non-
normally distributed, median and interquartile
range (IQR)), while categorical variables were
assessed by Pearson chi-squared test
(frequencies). Correlations between protein
levels and clinical continuous variables were
analyzed using Pearson’s test (normally
distributed variables) or Spearman’s test (non-
normally distributed variables).

Receiver operating characteristics (ROC)
curves were used to obtain the cut-off points
of circulating protein levels with optimal
accuracy (both sensitivity and specificity) for
discriminating ischemic stroke prognosis.
Forward stepwise  multivariate  logistic
regression analysis for poor functional
outcome was performed with all clinical
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variables associated with this endpoint at
p<0.1. Odds ratio (OR) and 95% confidence
interval (Cl) were adjusted by sex, age and
NIHSS score at admission. Using the previous
identified cut-off points, baseline levels of
each associated prognostic biomarker were
added to the clinical model, singly or in
combination, to assess their independent
association and to build new predictive
models.

P-value <0.05 was considered significant at a
95% confidence level in all cases.

Data Availability. The datasets generated
during and/or analyzed during the current
study are available from the corresponding
author on reasonable request.
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SUPPLEMENTARY MATERIAL

SUPPLEMENTARY METHODS

Western Blot

Top protein candidates from the proteomics list were chosen to be evaluated in rat brain protein
homogenates from MCAO and sham-control animals (n=8/4 per group, respectively). Equal
protein amounts of 25 pg were resolved in 12% sodium dodecyl sulfate-polyacrylamide gels
under reducing conditions and transferred onto nitrocellulose membranes (Amersham
Bioscience, Amersham, UK). Membranes were blocked with 10% non-fat milk and the following
primary antibodies were incubated: Rabbit anti-amphiregulin (AREG) (1/1,000) (Bioss
Antibodies, USA), mouse anti-calcium/calmodulin-dependent protein kinase Il subunit alpha
(CaMK2A) (1/10,000) (ThermoFisher Scientific Inc.), mouse anti-calcium/calmodulin-dependent
protein kinase Il subunit beta (CaMK2B) (1/5,000) (ThermoFisher Scientific Inc.), rabbit anti-
calcium/calmodulin-dependent protein kinase Il subunit delta (CaMK2D) (1/5,000) (Proteintech
Group Inc., Rosemont, USA), rabbit anti-calcium/calmodulin-dependent protein kinase Il
(CaMK2, total) (1/1,000) (Abcam, Cambridge, UK), rabbit anti-T-286 phosphorylated
calcium/calmodulin-dependent protein kinase Il (CaMK2, phospho-T286) (1/10,000) (Abcam),
mouse anti-creatine kinase B-type (CKB) (1/5,000) (Abcam), rabbit anti-uridine
monophosphate/cytidine monophosphate (UMP/CMP) kinase (CMPK) (1/1,000) (Proteintech
Group Inc.), goat anti-pyridoxal phosphate phosphatase (PDXP) (0.1ug/ml) (Novus Biologicals,
Littleton, USA) and anti-B-actin (1/500) (Sigma Aldrich Inc., MO, USA). Membranes were then
incubated with secondary antibodies linked to horseradish peroxidase (HRP) (ThermoFisher
Scientific Inc.) (anti-rabbit HRP (1/1,000), anti-mouse HRP (1/1,000) or anti-goat HRP (1/5,000))
with gentle agitation. Finally, substrate reaction was developed with chemiluminescent reagent
Luminol (Amersham Biosciences) and analyzed with Odissey® Fc Imaging System (Li-Cor,
USA). Western blots were then quantified using Image-J free software. Positive signals were
corrected by B-actin signal, used as loading control. Afterwards, IP quantified bands were
normalized by their respective CL bands and statistical comparison was performed between the
IP/CL ratios of the experimental groups.

Immunohistochemistry and immunofluorescence

Selected candidates were evaluated by means of immunohistochemistry (IHC) or
immunofluorescence (IF) in paraffin-embedded rat brain slides (n=2, MCAO animals). In brief,
brain sections were heated at 65°C and were subjected to a standard deparaffinization
procedure with a final wash in 0.1% Tween-Tris buffered saline (TBST). Subsequently, all brain
sections were submitted to antigen retrieval using citrate buffer (pH 6, 95°), allowed to temper
and blocked with 10% goat serum (Millipore Corporation, MA, USA) in TBST for 1h.
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For IHC purposes, slides were then incubated with the aforementioned primary anti-rat
antibodies in the following conditions: AREG (1/500), CaMK2B (1/250), CaMK2D (1/250),
CMPK (1/100) and CKB (1/100). Then, slides were incubated with the corresponding
biotinylated secondary antibody against IgG (1/250) (Vector Laboratories Inc., Burlingame, CA,
USA), and consecutively with HRP-streptavidin (1/100) (Vector Laboratories Inc.). Finally, brain
sections were submerged to Liquid DAB+ (diaminobenzidine) (Dako, Carpinteria, CA, USA) and
stained with Harris hematoxylin (Sigma Aldrich Inc.) and mounted on coverslips using DPX
mounting medium (Sigma Aldrich Inc.).

For IF, slides were incubated with the primary anti-rat antibodies against CKB (1/100), Glial
Fibrillary acidic protein (GFAP) (1/200) (ThermoFisher Scientific Inc.) and lonized calcium
binding adaptor molecule 1 (Iba-1) (1/750) (Abcam) followed by AlexaFluor® 488 anti-rabbit 1gG
and AlexaFluor® 568 anti-mouse IgG (Life Technologies, USA) respectively, and with 0.3%
Sudan Black B (Sigma Aldrich Inc.) to reduce brain tissue autofluorescence °. Sections were
mounted on coverslips using Vectashield with 46-diamidino-2-phenyl indole (DAPI; Vector
laboratories).

In all cases, negative controls were performed without applying the primary antibody. All brain
sections were analyzed using an Olympus BX61 microscope (Olympus, Japan) and the same
intensities and parameters were set for all slides. Images were processed with the Olympus
Cellsens Imaging software (Olympus) and overlaying fluorescent images were created with
Image J free software.

Human ELISA

Outstanding candidates from the animal study were evaluated in a pilot study with blood
samples from ischemic stroke patients and controls using commercially available ELISA Kits.
Circulating levels of CaMK2A (Cat# DL-CAMK2a- Hu, DLdevelop, China), CaMK2B
(Cat.#E01C1335, BlueGene BioTech Co., China), CaMK2D (Cat#E01C1336, BlueGene
BioTech Co.), CKB (Cat.#E-EL-H2433, Elabscience Biotechnology Co., China) and CMPK
(Cat.#E14030h, Wuhan ElAab Science Co., Ltd, China) were assessed following
manufacturer’s instructions. Each candidate was evaluated in all 38 samples from ischemic
stroke patients, and in 8 randomly-selected samples from the 16 selected volunteers (controls).
Each sample was assayed per duplicate and the mean value was used. Optical densities (OD)
were measured in a Synergy TM Mx microplate reader (BioTek Instruments Inc, USA). Samples
with a coefficient of variation (CV) higher than 20% were excluded for the analysis. Standard
curves from each plate were used as inter-assay controls for each commercial kit. When values
were under the detectable range of the assay, the limit of detection of the assay value was
assigned to them. When inter-assay CV was higher than 20%, values were standardized prior
to statistical analysis by calculating the Z-score value by dividing the mean of each 96-well plate
kit by the standard deviation and adding two units to avoid results below zero in any sample.

SUPPLEMENTARY TABLES

Table S1 is accessible via the following link:

https://drive.google.com/open?id=1_RFq2t2iYRc6zL7DSfhQNc2t46WNdfeY



Ischemic strokes Healthy controls
Factors p-value
(n=38) (n=16)

Age (years) 76.55 +£10.02 68.47 £5.18 0.016
Sex(Male) 17 (44.7%) 8 (50%) 0.723
Admission NIHSS score 10.34 £ 6.33 - -
Smokers 4(12.1%) 2 (25%) 0.578
Alcohol consumption 3(7.9%) 2 (25%) 0.268
Arterial hypertension 29 (76.3%) 10 (62.5%) 0.333
Diabetes mellitus 10 (26.3%) 2 (12.5%) 0.229
Dyslipidemia 15 (39.5%) 4 (25%) 0.309
Atrial Fibrillation 20 (52.6%) 0 (0%) <0.001
Ischemic cardiopathy 17 (44.7%) 2 (12.5%) 0.024
Coronary artery disease 4 (10.3%) 1(6.3%) 0.923
Previous stroke 6 (15.8%) 0 (0%) 0.163

Table S2. Demographic and clinical factors of ischemic stroke patients and healthy controls. Age and NIHSS
score at admission are expressed as mean * SD and all other clinical variables are expressed as frequency of patients
that present the specified condition. Statistically significant p-values are highlighted in bold. Abbreviations: NIHSS:
National Institutes of Health stroke scale.

Table S3. Univariate analysis. Clinical characteristics and factors associated with outcome at third month after
stroke. Statistical significant differences between groups are expressed as bold p-value. Abbreviations: NIHSS:
National Institutes of Health stroke scale; SBP: systolic blood pressure; DBP: diastolic blood pressure; TOAST: etiology
stroke subtype classification.

3-month outcome
Factors Good outcome Poor outcome
(n=17) (n=21) (PElE
Age, years 79 (74-82) 81 (69-83) 0.45
Gender (Male) 8 (47.1%) 9 (42.9%) 0.796
Admission NIHSS score 10 (4-11) 11 (5-17) 0.186
Smokers 3(21.4%) 1(5.3%) 0.288
Arterial hypertension 13 (76.5%) 16 (76.2%) 1
SBP, mm Hg 148 (140-155) 142 (115.5-167.5) 0.304
DBP, mm Hg 80 (74.5-82) 74 (62.5-85) 0.685
Glycemia, mg/dL 110 (102.5-133) 142 (129-176.5) 0.02
Diabetes mellitus 4 (23.5%) 6 (28.6%) 1
Dyslipidemia 8 (47.1%) 7 (33.3%) 0.389
Atrial Fibrillation 7 (41.2%) 13 (61.9%) 0.203
Ischemic cardiopathy 6 (35.3%) 11 (52.4%) 0.292
Coronary artery disease 0 (0%) 4 (19%) 0.113
Previous stroke 4 (23.5%) 2 (9.5%) 0.378
TOAST 0.766
- Atherothrombotic 5(29.4%) 3(14.3%)
- Cardioembolic 7 (41.2%) 14 (66.7%)
- Lacunar 1(5.9%) 1(4.8%)
- Undetermined 4 (23.5%) 3(14.3%)
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SUPPLEMENTARY FIGURES

2.1x0.2 1.5£0.2

Figure S1. Representative illustration of the three cortical depths in which brains were cut for immunostaining purposes:
1 indicates 2.1 + 0.2 mm anterior to bregma, 2 indicates the bregma point and 3 indicates 1.5 + 0.2 posterior to bregma.
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Figure S2. CaMK2 and phosphorylated CaMK2 protein levels in the brains of ischemic and sham-control
animals. Plot of (A) total CaMK2 and (B) phosphorylated CaMK2 protein abundances (relative quantification, ratio 1P
vs. CL hemisphere of each animal, both run in the same blot) in brain homogenates samples obtained 2h after MCAO or
sham-control surgery (n=4 samples for sham; n=8 samples for MCAQO). (C) Representative Western Blots signals of the
two detected bands for each used antibody. * indicates p<0.1. Abbreviations: IP: ipsilateral hemisphere; CL:
contralateral hemisphere.
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KStroke remains a major leading cause of death and disability worldwide. Despite\
continuous advances, a better characterization of the stroke pathophysiology is still
required to elucidate key mediators that facilitate a prompt stroke diagnosis and the
identification of effective therapeutic treatments to combat stroke consequences. High-
throughput -omics technologies are enabling large-scale studies on stroke pathology at
different molecular levels. Data integration resulting from these -omics approaches is
becoming crucial to unravel the interactions among all different molecular elements and
to highly contribute to interpret all findings in a complex biological context. Here, we
have used advanced data integration methods for multi-level joint analysis of
transcriptomics and proteomics datasets depicted from the mouse brain 2h after cerebral
ischemia. By modeling net-like correlation structures, we identified a set of differentially
expressed genes and proteins with a relevant association in stroke pathology. Of those,
Ccl3, Atf3, Fosb, Gadd45g, Rgs2, 4933427D14Rik, Cldn20 and Cstad genes and CTNND2
and CAMK2A proteins were further replicated in a new cohort of ischemic mice and
changes in their expression pattern were also assessed later in time. In summary, we
have used for the first time an integrative approach that enabled us to elucidate, by
means of biostatistical tools, key elements of the stroke pathophysiology. This
innovative strategy is expected, therefore, to complement or even go beyond the
traditional analysis for single-omics datasets and emphasize complex unnoticed

kassociations among different molecular elements on stroke pathology. )

Stroke remains a major leading cause of A prompter and accurate diagnosis of
death and disability = worldwide [1], ischemic stroke might also increase the
representing a major negative social health number of patients that benefit from all these
problem and contributing to the rising costs of therapies, inasmuch as at this moment
healthcare in many developed countries [2]. diagnosis is currently based on neurological
Effective therapies based on reperfusion exploration and costly imaging techniques [7].
mechanisms are currently in use [3], [4]. However, neuroimaging devices are not
However, only a reduced percentage of always accessible, especially in primary
ischemic stroke patients can benefit from health centers and in underdeveloped
them, since there is a very narrow therapeutic ~ countries, which delay the stroke diagnosis in
time window for their implementation and some scenarios. Blood biomarkers are
absolute contraindications for those who expected to become potential substitutes for
present risk of bleedings [5], [6]. Therefore, these neuroimaging approaches [8]-[10] since
contributions identifying new therapeutic they might facilitate stroke discrimination
strategies and targets to neuroprotect the versus other neurological disorders that
ischemic brain are still urgently needed. present similar clinical symptoms,

accelerating the treatment, helping in patients’
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monitoring for adverse effects or supporting
patients prognosis at later stages of the
disease [11], [12].

For this, a better characterization of the stroke
pathophysiology is strictly required to both
facilitate the identification of molecular
indicators of ischemic stroke and provide
novel insights into potential therapeutic
targets to restrain or even reverse the
progression of ischemia damage. In this
context, the -omics technologies have
emerged as new sophisticated large-scale
analytical tools that enable an accurate
identification of the biological changes in the
brain at different molecular levels [13]. On top
of that, joint analyses of multiple datasets
from different —omics technologies are
becoming crucial to unravel the relationships
among the different molecular components
and globally interpret all findings in a complex
biological context [14]. The combination of
these  multi-omics  through integrative
analyses, thus, is expected to further enhance
the comprehension of the molecular dynamics
underlying ischemic stroke and might provide
a framework where the complexity of the
interactive molecular networks prevails over
the individual alterations of each component
separately.

In the present study we aimed at identifying
the main transcriptomic and proteomic
changes that occur in the mouse brain early
after cerebral ischemia. Specifically, we were
interested in joining data from both —omics
techniques by means of integrative analyses
to reveal potential networks of genes and
proteins with a substantial involvement in the
pathogenesis of ischemic stroke. We further
explored the results by selecting a relevant
network from these integrative analyses to
replicate our findings for several of their
components and further explore them in the
ischemic brain over time.

MATERIALS AND METHODS

1. Experimental design

All animal procedures were conducted in
compliance with the Spanish legislation and in
accordance with the Directives of the
European Union and were approved by the

Ethics Committee of the Vall d’Hebron
Research Institute (protocol number 60/16).
All  experiments were conducted in a
randomized manner and in adherence to the
ARRIVE guidelines [15]. C57BL/6J male mice
were used in the experiments (8-12 week-old;
Janvier Labs, France). Animals were kept in a
climate-controlled environment on a 12-h
light/12-h dark cycle. Food and water were
available ad libitum. Analgesia (Buprenorfine,
0.05 mg/kg, s.c, Divasa Farma-Vic S.A,
Spain) was administered to all animals to
minimize pain and discomfort. Anesthesia
(isoflurane, 4% for induction, 2% for
maintenance in air, Abbot Laboratories,
Spain) was given to mice via facemask during
all surgical procedures described below.

A total of 37 animals were used to complete
the whole study. In the discovery phase, 15
animals were needed. Among them, 3 were
excluded after applying the following criteria:
incomplete occlusion or reperfusion after
removal of the filament (n=2) and death during
the experimental protocol (n=1). In the
replication phase, 18 animals were used.
From those, 6 were excluded due to
incomplete occlusion or reperfusion after
removal of the filament (n=2), death during the
experimental protocol (n=3) or poor brain
perfusion after euthanasia (n=1).

2. Transient cerebral ischemia model
(tMCAOQ)

Transient infarction in the territory of the
middle cerebral artery (MCA) was induced by
introducing an intraluminal filament, as
described elsewhere [16]. In summary,
animals were anesthetized and body
temperature was maintained at 37°C using a
heating pad. The regional cerebral blood flow
(CBF) was monitored close to the region
irrigated by the MCA by affixing a laser
Doppler probe (Moor Insturments, UK) to the
skull. Then, animals were placed in the supine
position and after surgical exposure of the
right bifurcation of the external carotid artery
and internal carotid artery, a silicone-coated
nylon monofilament (Doccol Corporation,
USA, reference number: 602256PK10Re) was
introduced to occlude the MCA. Occlusion of
the MCA was confirmed by a reduction in the
CBF recorded by the laser Doppler probe.



After occlusion, animals were allowed to
recover from anesthesia. Ninety minutes later,
mice were re-anesthetized and filament was
removed to induce reperfusion of the CBF.
Only animals that exhibited a reduction of
CBF of 80% after filament introduction and a
recovery of 75% after filament removal were
included in the study. After reperfusion,
animals were allowed to recover for 30
minutes or 4.5 hours (corresponding with 2h
or 6h from the beginning of the MCA
occlusion), according to their experimental
group. Sham surgery was performed by the
same surgical procedures without insertion of
the nylon-coated filament.

3. Brain tissue collection and
extraction of protein and RNA

Animals were euthanized and transcardially
perfused with cold saline to remove blood
from brain vessels. Immediately after
euthanasia, mouse brains were quickly
removed and sectioned into 1mm slices over
ice. Slice corresponding to the bregma point,
where the infarction territory is located, was
carefully dissected to isolate the right
(ipsilateral, IP) and left (contralateral, CL)
hemispheres  separately (Supplementary
Figure S1). Each hemisphere was flash frozen
in liquid nitrogen and stored at -80°C.

Flash frozen tissues were pulverized into a
powder in liquid nitrogen over dry ice, and
total fractions of protein and RNA were then
isolated using the MirVana™ Paris™ (Thermo
Fisher Scientific Inc., USA). RNA and protein
fractions were kept at -80°C until further use.

4. Discovery phase study

The discovery phase was performed on RNA
and protein extracts from brain samples from
8 ischemic animals euthanatized 2h after the
MCAO onset. Four sham-control animals
were also included in this phase to discard the
selection of gene and protein candidates
differentially altered due to other reasons
rather than cerebral ischemia itself.

4.1 Transcriptomics study
4.1.1 Mouse brain microarrays

Total RNA concentrations from mouse brain
samples were measured with a Nanodrop

1000 Spectrophotometer (ThermoFisher) and
RNA integrity was assessed using the Agilent
2100 BioAnalyzer (Agilent Technologies,
USA). All samples showed similar RNA
integrity numbers (between 5 and 7).

The Genechip® Mouse Clariom S 24x arrays
plate (Affymetrix, ThermoFisher) was used to
analyze gene expression patterns on a whole-
genome scale on a single array. Starting
material was 100 ng of total RNA of each
sample. Briefly, sense ssDNA was generated
from total RNA with the GeneChip WT Plus
Reagent Kit (Affymetrix) according to the
manufacturer’s instructions. Then, sense
ssDNA was fragmented, Ilabelled and
hybridized to the arrays with the GeneChip
WT Terminal Labeling and Hybridization Kit
(Affymetrix). Arrays plate was scanned and
processed  with  Affymetrix  GeneChip
Command Console to obtain expression array
intensity .cel files.
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Figure 1. Workflow chart of the different stages of our
study.

4.1.2 Microarray statistical analyses

Statistical and bioinformatics analyses were
performed using custom scripts in R language
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version 3.4.2 (R Core Team, 2017) with
common Bioconductor packages. In brief,
after following a standard quality control [17],
Robust Multi-array Average algorithm (RMA,
[18]) was used for pre-processing microarray
data in order to perform background
adjustment, normalization and summarization
of probe set expression values. Then, genes
whose standard deviation (SD) was below the
50 percentile of all SD, without a known
Entrez Gene database identifier and without a
valid annotation to the Gene Ontology
database were filtered out from the whole
dataset and the final amount of 9324 genes
was considered for the statistical analysis.
Selection of differentially expressed elements
was based on a linear model analysis with
empirical Bayes modification for the variance
estimates [19], considering statistically
significant those genes with a p-value<0.05
when IP and CL brain samples were
compared. Logarithmic fold-changes (LogFC)
were calculated by applying a base 2
logarithm to each gene expression in each
sample and then subtracting the CL to the IC
expression value for each animal. Subtracted
values were finally averaged within each
experimental group.

4.2 Proteomics study

4.2.1 In-gel fractionation and digestion

Protein extracts from mouse brain samples
were quantified using the BCA Protein Assay
(ThermoFisher). Twenty pg of each sample
were resolved in 12% sodium dodecyl sulfate
(SDS)-polyacrylamide gels under reducing
conditions and stained with colloidal coomasie
G250 (Bio-Rad, USA). Each lane was divided
in five segments that were individually
processed to perform in-gel digestion of the
proteins. Briefly, stained gel fragments were
cut into small pieces, washed with 50 mM
ammonium bicarbonate / 50% ethanol and
dehydrated with ethanol. Reduction was
performed by incubating samples with 10 mM
dithiothreitol (DTT) for 1h at 56°C, followed by
alkylation with 55 mM iodoacetamide for 30
min at dark. After washing and dehydration
with acetonitrile, gel pieces were covered with
2.7 ng/pl trypsin (Promega, USA) in 25 mM
ammonium bicarbonate and digestion was run
overnight at 37°C. Peptide extraction was

carried out by incubation at 37°C with
acetonitrile and further incubation with 0.2%
trifluoracetic acid (TFA). The eluted peptides
were dried in a Savant™ SpeedVac™ High
Capacity Concentrator (ThermoFisher) and
stored at -20°C until further use.

4.2.2 Liquid chromatography-Mass
spectrometry analysis (LC-MS)

Tryptic digests from excised bands were
analyzed using a LC-MS approach in a linear

ion trap (LTQ) Orbitrap Velos mass
spectrometer (ThermokFisher). Peptide
mixtures were fractionated by on-line

nanoflow liquid chromatography using an
EASY-nLC system (Proxeon Biosystems,
ThermoFisher) with a two-linear-column
system: digests were loaded at 4uL/min onto
a trapping guard column (EASY-column, 2 cm
long, ID 100 um, packed with Reprosil C18, 5
pm particle size) and then eluted from the
analytical column (EASY-column, 10 cm long,
ID 75 ym, packed with Reprosil C18, 3 uym
particle size). Separation was achieved by
using a mobile phase of 0.1% formic acid in
water (Buffer A) and acetonitrile with 0.1%
formic acid (Buffer B) and applying a linear
gradient from 0 to 35% of buffer B for 120 min
at a flow rate of 300 nL/min. lons were
generated applying a voltage of 1.9 kV to a
stainless steel nano-bore emitter.

The mass spectrometer was operated in a
data-dependent mode. A scan cycle was
initiated with a full-scan MS spectrum
(fromm/z 300 to 1600) acquired in the
Orbitrap with a resolution of 30,000. The 20
most abundant ions were selected for
collision-induced dissociation fragmentation in
the LTQ when their intensity exceeded a
minimum threshold of 1000 counts, excluding
singly charged ions. Automatic gain control
(AGC) target values were set to 1 x 10° ions
for survey MS and 5000 ions for MS/MS
experiments. The maximum ion accumulation
time was 500 and 200 ms in the MS and
MS/MS modes, respectively. The normalized
collision energy was set to 35%, and one
microscan was acquired per spectrum. lons
subjected to MS/MS with a relative mass
window of 10 ppm were excluded from further
sequencing for 20 s. For all precursor masses
a window of 20 ppm and isolation width of 2



Da was defined. Orbitrap measurements were
performed enabling the lock mass option
(m/z 445.120024) for survey scans to improve
mass accuracy.

4.2.3 Protein identification and quantitative
differential analysis

Progenesis® QI for proteomics software v3.0
(Nonlinear dynamics, UK) was used for MS
data analysis using default settings. The
results from each of the five gel fractions were
independently analyzed and all MS runs were
automatically aligned to a selected reference
sample. Alignments were then manually
supervised and automatically normalized to all
features. Only features within the 400 to 1,600
m/z range, oscillating from 5 to 115 min of
retention time according to the gel fragment,
and with positive charges between 2 to 4 were
considered for identification and
guantification. Peak lists were analyzed using
the Mascot search engine (v5.1, Matrix
Science, UK). Protein identification was
carried out using the SwissProt-MusMusculus
database (2017_10: 16.942 entries), setting
precursor mass tolerance to 10 ppm and
fragment mass tolerance to 0.8 Da. Oxidized
methionine was considered as variable amino
acid modification and carbamidomethylation
of cysteines as fixed modification. Trypsin was
selected as the enzyme allowing up to two
missed cleavage. Significant threshold for
protein identification was set to p<0.05 for the
probability-based Mascot score and at least 2
spectra per peptide. Finally, the five fractions
were combined into one single Progenesis
experiment. Label-free protein abundance
quantification was based on the sum of the
peak areas within the isotope boundaries of
peptide ion peaks. To allow comparison
across different sample runs, the abundance
of each protein was normalized to all proteins.
Only those proteins quantified and identified
with at least 2 unique and non-conflicting
peptides were considered for the statistical
analysis (44.8%, 2485 proteins). For data
normalization, protein abundance values were
log-10  transformed and  column-wise
standardized [20]. Selection of differentially
expressed proteins was based on a linear
model analysis implemented in the
Bioconductor limma package [21], considering

statistically significant those proteins with a p-
value<0.05 when IP and CL brain samples
were compared. Logarithmic fold-change
(LogFC) was calculated by applying a base 2
logarithm to each protein expression in each
sample and then subtracting the CL to the IC
expression value for each animal. Subtracted
values were finally averaged within each
experimental group.

4.3 Integrative  analyses of
ischemic-altered gene and protein
datasets

For the integrative analyses only samples
from ischemic animals were considered.
Individual pre-processing of ischemia-related
differentially expressed gene and protein
datasets through Principal Component
Analysis (PCA) resulted in the identification of
two samples (corresponding to the IP and CL
hemispheres from one single animal) that
behaved as outliers, which were beforehand
excluded for the integrative analyses
(Supplemental Figure S2). Thus, the
integrative analyses of significant differentially
expressed genes and proteins were
performed with samples corresponding to the
IP and CL of 7 different MCAO animals.
Besides, the protein TXN2 was momentarily
precluded from these integrative analyses,
since its relatively high fold change
expression in the ischemic hemisphere
masked all other candidates with a similar
abundance profile when data was integrated.

Three different integrative tools were used, all
of them implementing omics-focused versions
of already known dimension reduction
techniques. First, Multiple Co-Inertia Analysis
(MCIA, [22]) included in made4 R package
(v1.52.0, [23]) was performed to maximize the
covariance between gene and protein data
sets for each group of samples. Second,
mixOmics R package (v6.3.1,
http://mixomics.org) was used to perform a
Regularized Canonical Correlation Analysis
(rCCA, [24]) between gene and protein data
sets. In brief, data was properly transposed
and scaled and the tuning of the rCCA
parameters were iterated until achieving a
cross validation (CV) score of 0.8 (lambda
1=0.1318 and lambda 2=0.001). Resulting
relevance network was plotted for a
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correlation cut-off of R=0.75. Third, the mogsa
R package (v1.12.2, [25]) was employed to
annotate and weight genes and proteins data
sets against gene sets from the Gene
Ontology (GO). This analysis was based on
the application of the Multiple Factor Analysis
(MFA, [26]) and was fed with the gene sets
corresponding to GO annotations in Mus
musculus for Hallmark (v5.2, [27]) and Broad
Institue’s C2 Cannonical Pathways molecular
signature databases (v5.2,
http://software.broadinstitute.org/gsea/login.js
p). Default parameters were used, but
applying weighting of the individual data sets.
The mogsa R package generated gene set
scores (GSS) by computing all gene and
protein contributions to each gene set found
to be enriched [28]. GSS were further
decomposed with respect to each dataset
(genes and proteins).

5. Replication phase study

The replication phase was conducted on brain
samples from 6 ischemic animals obtained 2h
after ischemia. Replicated candidates were
further evaluated on brain samples from 6
ischemic animals 6h after ischemic onset.

5.1 Digital multiplexed gene
expression assay

The Nanostring’s nCounter® XT Assay
(NanoString Technologies®, USA) was
performed at the Genomics Core Facility,
Center Esther Koplowitz, Barcelona (Spain).
The assay was conducted according to
manufacturer’s instructions. Briefly,
Nanostring’s nCounter Elements™ XT probes
were created for candidate genes from the
discovery phase, along with 3 housekeeping
genes (beta-2-microglobulin (B2m),
glyceraldehyde-3-phosphate dehydrogenase
(Gapdh)  and peptidyl-prolyl  cis-trans
isomerase A (Ppia)) (Supplemental Table S3).
One hundred ng of the total RNA from mouse
brain samples was hybridized with the
complete Master Mix containing the pool of
probes. Then, samples were loaded onto the
NanoString PrepStation, placed into the
nCounter cartridge and transferred to the
nCounter digital analyzer for image capture
and data acquisition of fluorescent reporters.
Measurements were taken at high sensitivity

with 280 fields of view (FOVs). Data analysis
and normalization with standard procedures
was performed with the NanoString-supplied
software (v3.0). Briefly, following background
subtraction, raw intensity values (RNA counts)
were normalized to the geometric mean of the
positive control spike-in RNAs, followed by a
second normalization to the geometric mean
of the housekeeping genes. Values were
finally expressed as fold-change of the IP
compared to the CL hemispheres for each
animal.

5.2 Targeted mass spectrometry:
Parallel Reaction Monitoring (PRM)

5.2.1 In-solution digestion

Protein extracts from mouse brain samples
were subjected to buffer exchange to 8M Urea
in 50mM ammonium bicarbonate using 3KDa
cut-off Amicon Ultra ultrafiltration devices
(Merck-Millipore, USA). Afterwards, total
protein content was quantified using the
RCDC kit (Bio-Rad), and 4 ug of each protein
extract were processed. Samples were
reduced with 10 mM DTT for 1h, and then
alkylated with 20mM iodoacetamide for 30min
at dark. Carbamidomethylation reaction was
quenched by addition of 35 mM N-acetyl-L-
cysteine for 15min at dark. Samples were
diluted with 50 mM ammonium bicarbonate to
a final concentration of 1M Urea before being
digested with trypsin in a ratio of 1:20 (w/w)
overnight at 37 °C. The reaction was stopped
with 0.5% formic acid, and the tryptic digest
was kept at -20°C until further analysis.

5.2.2 Targeted LC-MS analysis

Proteotypic peptides from the selected protein
candidates, along with 3 housekeeping
proteins (B2M, GAPDH and PPIA), were
selected from the LC-MS experimental results
on the discovery phase or from MS data
repositories (Peptide Atlas, SRM Atlas)
(Supplemental table S3). Isotopically labeled
versions of target peptide sequences were
purchased from ThermoFisher. Analysis of the
heavy labeled peptides spiked into a pool of
the samples yielded concentration response
curves with high correlation coefficients
(typically >0.9) and low coefficients of



variation (£20%) over a 10-fold concentration
range.

Prior to LC-MS analysis, known amounts of
each labeled peptide (ranging from 1-18000
fmol per ug of digest) were mixed with sample
digests, from which 500 ng were analyzed
using LTQ Orbitrap Velos MS. In brief, peptide
mixtures were fractionated in the EASY-nLC
1000 system: digests were loaded at 4pL/min
onto a trapping guard column (Acclaim
PepMap 100 nanoviper, 2 cm long, ID 75 ym
and packed with C18, 3 um particle size;
ThermoFisher) and then eluted from the
analytical column (25 cm long, ID 75 um,
packed with Reprosil Pur C18-AQ, 3 um
particle size (Dr. Maisch GmbH). Separation
was finally achieved by the same procedure
than in untargeted LC-MS.

The LTQ Orbitrap Velos MS was operated in
parallel reaction monitoring (PRM) mode.
PRM was used to acquire full MS/MS spectra
from target peptides, from which a precursor
ion mass list was generated based on their
sequence into Skyline (v4.1.0. MacCross Lab
Software, USA). AGC target value was set for
5000 ions in MS/MS. The maximum ion
accumulation time was 50 ms. Normalized
collision energy was set to 38% and one
microscan was acquired per spectrum. For all
precursor masses an isolation width of 2 Da
was defined.

5.2.3 Quantitative differential analysis

Raw data was imported to Skyline software to
analyze the results. Chromatographic ion
extractions of the 3 to 5 transitions that gave
the highest intensities were used to quantify
each peptide. For peptides giving significant
amounts of two different charge state ions,
signals were acquired for both. Ratios
between the unlabeled endogenous peptide
and the labeled internal standard (L/H) were
then used to calculate endogenous peptide
levels within each sample. In brief, amounts of
each endogenous peptide were extrapolated
from their respective concentration-response
curves and normalized to the geometric
abundance average of the housekeeping
proteins. For those proteins with more than
one representative peptide, the geometric

mean of all peptide values was also computed
for each sample. Final values are expressed
as fold-change of the IP compared to the CL
hemisphere.

5.3 Mouse brain ELISA

Two outstanding gene candidates were
evaluated at protein level in mouse brain by
means of commercial ELISA immunoassays,
following manufacturer’s instructions
(Regulator of G-protein signaling 2, Cat.#
MBS9321001, MyBiosource, USA; Gadd45g,
Cat.#OKEH01666, Aviva Systems Biology,
USA). Samples of both IP and CL
hemispheres from 10 MCAO animals, 5 from
each experimental group (2h and 6h after
ischemia), were assayed per duplicate and
the mean value was used. Optical densities
were measured in a Synergy TM Mx
microplate reader (BioTek Instruments Inc,
USA). Samples with a coefficient of variation
(CV) higher than 20% were excluded for the
analysis. All samples were successfully
detected within the concentration range of
each ELISA assay.

5.4 Statistical analyses

SPSS statistical package v22.0 was used for
statistical analyses and GraphPad Prism v6.0
for creating graphs. Mouse protein and gene
data distribution was assessed by Shapiro-
Wilk (p>0.05 indicates normal distribution).
Differences in protein or gene levels between
IP and CL hemispheres were assessed by
paired t-test (normally distributed variables) or
Wilcoxon signed-rank test (non-normally
distributed variables). All other comparisons
between experimental groups were evaluated
through the Student t-test (normally
distributed variables) or the Mann-Whitney
test (non-normally distributed variables).

RESULTS

A summarized workflow chart of the whole
study is shown in Figure 1.
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Figure 2. Integrative analysis of transcriptomic and proteomic data in mouse cerebral ischemia. (A) Distribution
of samples based on their transcriptomic (dot) and proteomic (arrow) information for contralateral (CL, red) and
ipsilateral (IP, blue) samples. Circle and arrows from each sample are joined by a line, the length of which is
proportional to the divergence between those samples in the two datasets. (B) Relevance network of top correlations
between genes (circles) and proteins (rectangles). Red-colored edges indicate positive correlations; green-colored
edges indicate negative correlations. Selected candidates for replication are marked in blue. (C) Altered biological
processes and signaling pathways in which the selected candidates (in bold) are involved. Genes are indicated in italics,
proteins are shown in regular type. (D) Decomposed gene set score (GSS) of the five outstanding intracellular signaling
pathways. The higher decomposed GSS, the larger contribution of the dataset to the specific process or pathway.

Differentially expressed proteins and

genes early after cerebral ischemia

samples obtained 2h after ischemic or sham-
control surgery by means of a transcriptomics
and a proteomics approach. After cerebral
ischemia, 76 genes and 192 proteins were
found differentially regulated between IP and

To elucidate the specific gene and protein
changes that early occur in brain following
cerebral ischemia, we evaluated mouse brain



CL brain regions (Supplementary tables S1
and S2). In contrast, only 2 genes and 60
proteins were altered between IP and CL
hemispheres after sham-control surgery.
Gene and protein datasets from sham-control
animals were used to discard the selection of
any relevant component disturbed due to
other reasons rather than cerebral ischemia
itself. In this regard, none of the genes altered
after ischemia were deregulated after sham-
control surgery, and only 8 stroke-related
differentially expressed proteins were also
altered in brains from sham-control animals
(marked with an asterisk in Supplementary
tables S1 and S2). Thus, these proteins were
dismissed from any future selection, so all
highlighted  candidates  hereafter  were
assumed to be specifically deregulated due to
cerebral ischemia.

Integrative  analysis of differentially
abundant proteins and genes after
ischemia

To give a deep understanding of the
mechanisms underlying cerebral ischemia, we
conducted a comprehensive integration
analysis of both -omics datasets from MCAO
animals. Overall, the final amount of 76 genes
and 191 proteins (after excluding TXN2)
deregulated after ischemia were used to joint
data in these integrative approaches (Figure
2).

By means of the multiple co-inertia analysis
(MCIA), we initially examined how our
experimental samples behaved when
projecting gene and protein components
within the same bi-dimensional space (Figure
2A). We clearly differentiated two separated
co-structures, corresponding to each brain
hemisphere, which confirmed that integrated
data from both datasets had the ability to
plainly discriminate phenotypical changes due
to the ischemia.

Besides, by modeling net-like correlation
structures (rCCA) between our protein and
gene datasets, we identified an integrated
network in which high correlated elements

were represented (Figure 2B). Positive and
negative correlations were found among 24
genes and 7 proteins. Interestingly, two
clusters were visually highlighted around
CAMK2A and SRGAP2, with 9 and 19
directly-connected genes respectively,
suggesting an important role of these
candidates in the pathophysiology of stroke.

From this correlation-based integrated
network, 15 representative candidates were
selected to replicate their performance in the
hyper-acute phase of cerebral ischemia (in
blue in Figure 2B). Besides, 3 other
candidates were also included due to their
leading position in the analysis of the gene
individual dataset (sorted by p-value;
Gadd45g and Rgs2) and in the protein
dataset (sorted by logFC; TXN2). Overall, 18
candidates (13 genes and 5 proteins) were
chosen to be further replicated in a new
cohort of ischemic animals (Table 1).

Gene candidates P-value LogFC
Atf3 35910% 1438
Ccl3 290108 2207
Cenpp 2.22-102 0525
Cldn20 7.36-10° -0.666
Cstad 3.39-102  -0453
Fosh 425104  1.660
Gadd4ag 447103 1302
Gata2 1.73-102  -0.496
1rt 285102 -0.524
Intu 3871102 -0416
Rgs2 8.2410° 1.637
Zfand4 265102 -0.511

4933427D14Rik 453107 -0467

Protein candidates P-value LogFC
BAG5 1.68-10° -0.394
CAMK2A 4.72-10% -0.274
CTNND2 6.41-10* -0.119
SRGAP2 7.22110° 0123
TXN2 1.07-102  1.511

Table 1. Selected candidates on the discovery phase
of the study. Statistical significance was evaluated
between ipsilateral (IP) and contralateral (CL) samples of
ischemic animals. Logarithmic fold-change (LogFC) was
calculated by applying a base 2 logarithm to each gene or
protein expression in each sample and then subtracting
the CL to the IC value for each animal.

163



164

A 1500- 1500+
*
“' *
1000- 10004
o P 1
Q
) J_ < _I_
500- 500-
o NN [ oM |
cL IP cL IP
500- w 150
400- I . .
£100-
o 3004 - __
) Q ==
2 S
& 2004 )
o 504
(=]
1004 -
0'. T 0" T
cL IP cL P
150- 150-
* #
o 1004 100-
0 _ 3
z - | = T
O 504 O 50
0" T 0" T
cL IP cL IP

1000- . 5007
800+ 400 1
I T
o 6001 g‘aoo-
g 3
. g— ® 200-
400 & 200
2004 1004
o L o-- :
cL P cL IP
150+ 150+
* *
100- 100+
: 3
) 7]
G = ©
50- T 50-
0- , 0-
cL P

Figure 3. Replication of the selected candidates for genes (A) and proteins (B) in the mouse brain 2h after
cerebral ischemia. Raw values from all samples were normalized by the expression of their housekeeping genes and
then normalized by the signal of its respective contralateral hemisphere (Y axis). Graphs indicate mean + SEM. In all
cases, * indicates p<0.05, ** indicates p<0.01 and “indicates p<0.1. IP: ipsilateral brain hemisphere; CL: contralateral

brain hemisphere.

Deeper information about the main biological
processes and molecular functions in which
these selected candidates were involved was
also obtained (mogsa). In this regard, we were
able to confirm that the neuronal system was
the most distinguished biological process
differentially altered in our ischemic brain
samples (Figure 2C). Concretely, molecular
datasets indicated there was an altered
transmission across synapses and
unbalanced excitotoxicity mechanisms, which
are all well known altered functions in acute
cerebral ischemia. Moreover, changes in the
immune system were already appreciable at

this early studied time-point as well,
reinforcing its involvement in the acute
pathophysiology of stroke. Mediators and
contributors of hypoxic signaling pathways
were also over-represented in our datasets,
together with several intracellular signaling
pathways, including the mitogen-activated
protein kinase (MAPK) pathway, the activator
protein-1 (AP-1) transcription pathway, the G
protein-coupled receptors (GPCR) network,
the p53 pathway and the tumor necrosis
factor alpha (TNF-a) signaling pathway.
Interestingly, a deeper exploration of these
altered pathways identified that genes were
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Figure 4. Exploration of the replicated genes (A) and proteins (B) over time after mouse brain ischemia. Fold
change expression was calculated as ratios between IP and CL hemispheres for each individual animal and time-point.
Graphs indicate mean + SEM. Statistical differences between IP and CL hemispheres at each studied time-point are
indicated with symbols on top of each bar. Significantly relevant comparisons of fold change between 2h and 6h are
indicated with horizontal bars. In all cases, * indicates p<0.05 and # indicates p<0.1. IP: ipsilateral brain hemisphere;
CL: contralateral brain hemisphere. Dashed lines indicate a 1-fold change in expression (equal values for IP and CL

samples).

contributing substantially more than proteins
to the alteration of the specific signaling
cascades at the studied time-point (Figure
2D).

Replication of the selected candidates

Gene and protein replication was performed in
a new cohort of MCAO animals, in which brain
samples were also collected 2h after the

ischemia onset (Figure 3). Eight out of the 13
genes (61.5%) were correctly replicated in this
new cohort of ischemic animals (Figure 3A):
Ccl3, Atf3, Fosb, Gadd45g and Rgs2
significantly increased in the IP compared to
the CL hemisphere, while 4933427D14RIk,
Cldn20 and Cstad decreased in the IP versus
the CL brain region. Besides, from the 5
selected proteins, 2 were not detectable
through PRM strategy and could not be
evaluated in this phase of the study. For the
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other 3 candidates, 2 showed a pattern of
abundance similar to the discovery phase:
both CAMK2A and CTNND2 protein levels
decreased in the IP hemisphere compared to
their CL (Figure 3B).

Brain abundance of selected genes and
proteins over time after ischemia

To further characterize our replicated
candidates, we evaluated them at a later time-
point after cerebral ischemia (6h after MCAO).
Expression of Ccl3, Atf3 and Fosb remained
at high levels 6h after the ischemic event,
since no differences in the IP/CL ratios were
detected between the 2 studied time-points
(Figure 4A). Conversely, Gadd45g and Rgs2
genes showed a decrease by half in their fold-
change expression 6h after MCAO compared
to that at 2h, but still remained high in the IP
compared to the CL hemisphere. With regards
to the early down-regulated genes,
4933427D14Rik did not significantly reverse
the initial ischemia-related decrease in fold-
change expression, despite changes between
IP and CL hemispheres were not further
maintained 6h after ischemia. At this later
time-point Cldn20 expression returned to
normal levels, whereas Cstad maintained
decreased over time.

CTNND2 protein levels also reverse their
initial down-regulation 6h after ischemia
(Figure 4B). CAMK2A, however, did not
statistically show this recovery, but differences
between IP and CL hemispheres at 6h were
no longer consistent either.

Exploration of RGS2 and GADD45G
protein levels in brain

We further focused our attention to Rgs2 and
Gadd45g candidates, since both showed a
similar gene expression profile, with an acute
up-regulation within the first hours after
ischemia. Thus, we aimed at determining the
protein profile of these two candidates at the
same explored time-points for gene
expression. Two hours after ischemia, neither
RGS2 nor GADD45G protein levels differed
between IP and CL hemispheres, since the
IP/CL ratios resulted to be close to one

(Figure 5A, 5B). However, 6h after ischemia
both proteins significantly changed their levels
between the two studied regions of the brain:
RGS2 protein levels decreased in the IP
hemisphere compared to the CL, whereas
GADD45G levels showed a significant
increase in the ischemic region compared to
the healthy hemisphere.
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Figure 5. Brain protein levels of RGS2 (A) and
GADDA45G (B) at 2h and 6h after ischemia. Raw values
from all samples were normalized by the signal of its
respective contralateral hemisphere. Graphs indicate
mean + SEM. Statistical differences between IP and CL
hemispheres at each studied time-point are indicated with
symbols on top of each bar. Significantly relevant
comparisons of fold change between 2h and 6h are
indicated with horizontal bars. In all cases, * indicates
p<0.05. Dashed lines indicate a 1-fold change in
expression (equal values for IP and CL samples).

DISCUSSION

The study being presented here identifies key
molecular signatures of cerebral ischemia by
means of an integrative analysis of
transcriptomic and proteomic data compiled
from the mouse ischemic brain during the
hyper-acute phase of cerebral ischemia, when
is of primary interest for a real translational
research, both in the diagnosis and
therapeutic context.

During the past decades numerous studies
aimed at unraveling the main molecular
changes that occur in brain following cerebral
ischemia. The vast majority of these
contributions have been based on the single
characterization of protein or gene alterations
separately, which have actively constructed
knowledge about the stroke pathophysiology
to the point of achieving a reliable -but still



uncompleted- understanding of the main
mechanisms of cerebral ischemia at different
molecular levels. Beyond the exploration of
individual contributions of genes, proteins and
metabolites to stroke pathology, a global
comprehension of all their complex
interactions, associations and connections is
expected to further improve the identification
of biologically relevant disease-associated
mediators of stroke. On this basis, we applied
recently developed multivariate projection-
based approaches to transcriptomics and
proteomics datasets in an effort to explore
these relationships between genes and
proteins. MCIA pinpointed the separation
between the infarcted and healthy regions of
the brain, which was clearly marked for both
genes and proteins. Then, we use the
mixOmics biostatistical tool to help us
comprehend the underlying correlation-based
connections between the differentially altered
genes and proteins. It is worth mentioning that
these correlations do not imply a direct
biological connection among components, but
they have been here used as a novel and
complementary theory-based statistical
strategy to highlight relevant associations
among constituents of the stroke pathology.
Deep details about the underlying biological
interpretation of all these connections will
need to be elucidated in the future. A first
approximation, however, has been here
obtained through the exploration of the main
biological processes and molecular pathways
in which our candidates were involved, and
has been deepened by the existing literature
hereunder.

Representative candidates  from this
correlation-based relevance network were
selected to be replicated and further explored
over time. Three of them (Gadd45g, Rgs2 and
Ccl3) belonged to intracellular mechanisms of
acute cell response to the ischemic insult,
mostly the MAPK or the GPCR signaling
pathways. GADDA45 proteins are involved in
cellular  stress response mechanisms,
including cell cycle arrest, DNA repair and
apoptosis [29], which are mediated by the p38
MAPK, either by direct interaction between
GADD45 and MAPK or by the GADDA45-
induced activation of upstream kinases for
MAPK [30]. At present, the exact implications

of GADD45 in brain are still unclear.
Nonetheless, by extrapolating experimental
data from other cell types, accumulating
evidence suggests that ischemia might lead to
increased GADD45 levels, which would in
once be involved in hypoxia-induced cell
death mechanisms [31]. In the present study,
we detected a pronounced increase in brain
Gadd45g gene expression very early after
ischemia, which was already reduced by half
6h after the ischemic event, and a subsequent
increase in its protein levels later in time.
These results are in line with previous
publications that reported abrupt changes in
Gadd45 gene expression and protein levels
following transient global ischemia in rats [32],
despite its concrete functional relevance still
needs to be elucidated.

A similar temporal profile of gene expression
was observed for Rgs2 in our experiments.
RGS family members interact with alpha
subunits of G proteins and accelerate the
hydrolysis of Ga-bound guanine nucleotide
triphosphate (GTP), thereby reducing the
amplitude and duration of the ligand-induced
GPCR effects. RGS are therefore known to
act as negative regulators of a wide variety of
GPCR, including adrenergic, glutamatergic
and GABAergic receptors, among others [33].
In response to short-term activation of the
GPCR signaling pathway, Rgs2 gene
expression transiently up-regulates in different
cell types, such as in cardiomyocytes [34],
fibroblasts [35] and astrocytes [36]. In this
latest cell type, the ischemia-related increase
in Rgs2 expression has been further
associated to enhanced protein kinase C
(PKC) and MAPK-mediated apoptosis. In fact,
RGS modulation has become a new line of
investigation as potential drug targets in a
wide variety of pathologies, including brain
and cardiovascular diseases and diabetes
[37]. Since the loss of RGS-mediated
regulation of G proteins has been reported to
be protective against cardiac ischemic injury
[38], it would be interesting to elucidate
whether this therapeutic effect is also
observed in the ischemic brain. In this regard,
future efforts might be also directed towards
determining whether the observed stroke-
induced decrease in RGS2 protein levels is
subjected to any endogenous compensatory
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mechanism related to this hypothesized RGS-
related neuroprotective effect.

In contrast to these previous candidates,
CCL3 has been studied a lot in the context of
stroke. Similar to what we have found here,
this chemokine (also named as macrophage
inflammatory protein 1 alpha, MIP1a) is well
known to early increase in the ischemic brain
in a wide variety of experimental stroke
models [39]. CCL3 in brain plays an important
role in activating and attracting inflammatory
cells to the site of injury [40]. CCL3
intracellular effects are mediated by the
stimulation of G protein-coupled cell surface
receptors CCR1 and CCRS5, which results in
calcium release and increased expression of
pro-inflammatory mediators, among others
[41]. The exogenous administration of CCL3
in rodents has resulted in increased infarct
volumes [42], which suggest a plausible role
for this chemokine in the pathophysiology of
stroke. These findings are supported also in
stroke patients, in which CCL3 levels showed
an early and sustained increase in circulation
and correlated with  post-stroke-related
functional disability [43].

Immediately after stroke, there is also a fast
and abrupt over-activation of gene expression
as an intracellular response mechanism to
tackle the ischemic insult. Since we are
focused on very early time-points after
ischemia, it is not surprising that two other
selected candidates, FosB and Atf3, have a
role in the regulation of gene transcription
processes. The FOS family comprises four
different members that dimerize with proteins
of the Jun family, thereby forming the
transcription factor complex AP-1. Concretely,
FosB gene encodes for FOSB protein, which
can also derive after chronic stimulation to a
truncated splice variant AFOSB. After an
acute ischemic insult, there is a substantial
increase in FOSB, which is thought to be
involved in the regulation of programmed cell
death mechanisms [44]. Latter in time, there is
a gradual accumulation of the truncated form
AFOSB, which lacks this potent
transcriptional activity, but triggers
proliferation of neuronal progenitor-like cells,
overall promoting the maturation of neurons
[45]. Hence, although it is already known that

the splicing of FosB pre-mRNA is
endogenously regulated by the amount of the
unspliced transcript [46], future contributions
might aim at exploring whether these splicing
machinery can be chemically modified for
therapeutic purposes at earlier time-points
after ischemia.

The other transcription factor, ATF3, is a
stress-induced member of the cAMP-
responsive element-binding protein (CREB)
family of transcription factors highly involved
in the repression of inflammatory gene
expression in multiple cell types and diseases
[47]-[49]. In experimental models of stroke,
exogenous ATF3 up-regulation is known to
confer protection against ischemia-related
glutamate cytotoxicity both in vitro [50] and in
vivo [51], and resulted in decreased neuronal
apoptosis [52]. In contrast, ATF3 suppression
in mice resulted in larger infarct volumes,
worse  neurological outcome and a
dramatically increase of inflammatory gene
expression and cell recruitment [53]. In this
study, we have noticed an immediate increase
in Atf3 gene expression following cerebral
ischemia, which even sustained high at 6h
after the ischemic event. These results are in
accordance with previous publications in the
context of stroke [54], which report that Atf3
up-regulation lasts throughout the first 48h,
peaking at approximately 24h [50], [55]. All in
all, these findings provide support for the
proposal that the up-regulation of ATF3 after
ischemia seem to be directed to the mitigation
of the stroke-induced neurotoxicity, despite
endogenous levels might not be sufficient to
achieve that end. Future studies might
elucidate whether therapies directed towards
this increase in ATF3 levels might provide the
desired neuroprotective efficacy.

The correlation-based relevance network of
connected genes and proteins also depicted
4933427D14Rik, Cstad and Cldn20, 3 genes
with a decrease expression in the ischemic
region. 4933427D14Rik has been recently
described by the Encyclopedia of DNA
Elements (ENCODE) Consortium  [56].
Despite it is known to have a broad
expression in the central nervous system, no
biological information is still available in the
literature about this gene. We have here
found that 4933427D14Rik gene expression



acutely down-regulates in the affected brain
after cerebral ischemia, despite these
changes seem not to maintain too much over
time. Based on this observed expression
profile, future contributions aimed at
characterizing the main biological and
functional implications of this gene are highly
encouraged.

On the other hand, Mascarell and colleagues
described for the first time in 2004 the Cstad
gene, which encodes for two still unknown
proteins located in mitochondria. To the best
of our knowledge, Cstad gene expression has
not been previously explored in the context of
stroke. In fact, Cstad overexpression has only
been described after the activation of T cells
in the presence of CSA, also named as
cyclosporin A [57]. It is noteworthy that CSA
has been proposed as a neuroprotectant for
stroke and traumatic brain injuries [58]. Since
we here found an abrupt and maintained
decrease in Cstad gene expression following
cerebral ischemia, one might hypothesized
that the CSA-induced overexpression of
Cstad could be contributing to the previously
observed CSA-related neuroprotective effects
after stroke, thus studies focused on Cstad in
the context of stroke pathology might be
initiated.

Besides, Claudins are a large family of
proteins with a pivotal role in tight junctions of
all epithelial and endothelial tissues, including
the brain-blood barrier (BBB) [59]. Whilst little
is known about CLDN20 specific function in
brain, other Claudins, such as CLDN1,
CLDN3 and CLDN5, have been well
characterized in the central nervous system
[60]. Similar to what we have found here for
Cldn20, Cldn5 gene expression levels
decrease in brain following cerebral ischemia
in rats [61]. Interestingly, we also observed a
recovery of Cldn20 expression 6h after
ischemia, which has not been described for
Cldn5. Since the specific molecular functions
of CLDN20 in brain are completely unknown,
future contributions aimed at describing
whether this isoform plays a key role in brain
endothelia after cerebral ischemia and how its
modulation could serve as a therapeutic
approach are still required.

In regards to protein candidates, we identified
CTNND2 (or neural plakophilin-related
Armadillo-repeat protein (NPRAP)) as an
early-phase down-regulated protein after
ischemia. CTNND2 is an adhesion junction-
associated protein highly express in the brain,
and specifically enriched in the postsynaptic
and dendirtic compartments [62], where plays
a pivotal role as a signaling sensor and
integrator [63]. Concretely, CTNND2 interacts
and stabilizes brain cadherins by linking them
to the actin cytoskeleton and to a wide variety
of post-synaptic scaffold molecules, including
post-synaptic density protein 95 (PSD-95) and
excitatory neurotransmitter receptors, such as
the ionotropic N-methyl-D-aspartic  acid
receptor 2A (NR2A) and the metabotropic
glutamate receptor 1K (mGIuR1K) [64]. In line
with our results, Jones and colleagues also
described that treatment of cortical neurons
with glutamate resulted in a prompt down-
regulation of CTNND2. In fact, they reported
that glutamate-induced toxicity also promoted
CTNND2 dissociation from NR2A and
mGIuR1K, being all these occurrences
observed at very early time-points, when
apoptosis was not even noticed. The exact
consequences of this observed sudden and
transient down-regulation of CTNND2 levels
following ischemia, however, still need to be
elucidated.

Similar to CTNND2, CAMK2A protein levels
also showed a sudden decrease in brain due
to the ischemic challenge, which tends to
recover after 6h from the ischemic onset. This
multifunctional ~ Serine/Threonine  protein
kinase family has been well characterized in
the context of ischemic stroke. CAMK2 have
been described to stimulate calcium channels,
thus promote neuronal apoptosis by enhance
death-inducing overload of calcium [65]. On
the other hand, CAMK2 have been also
reported to inhibit apoptotic-related mediators,
such as caspase 2 or Bad, and increase
expression of Bcl-xL, which attenuates those
apoptotic neuronal processes [66], [67]. All in
all, there is still controversial thoughts about
CAMK2 role, despite preclinical studies in
stroke models seem to be tipping the scale
towards the inhibiton of CAMK2 as a
plausible neuroprotective strategy [68]—-[70]. In
accordance with what we found here, this
group and others have previously reported
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decreased levels of several CAMK2
members, including CAMK2A, following
cerebral ischemia in rodents (unpublished
data, [71]). However, these decreased levels
of total CAMK2 are known to be associated
with an increase in their phosphorylated form,
which in fact resulted to be the active state for
the kinases [71]. Thus, protective strategies
aimed at decreasing the active and
phosphorylated form of CAMK2 might be
further studied in detail.

Altogether, although this study aimed to
merely explore the transcriptome and
proteome of the ischemic mouse brain, we
have here taken advantage of a novel and
complementary biostatistical strategy to joint
and integrate data from these two -omics
techniqgues to eventually identify relevant
elements within the stroke pathology.
Interestingly, certain identified candidates
have already been well characterized in the
context of stroke pathology, such as Atf3,
Ccl3 or CAMK2A, which overall provides high
reliability to this novel integrative approach.
On this basis, we believe further efforts might
be directed towards the exploration of all other
pinpointed  stroke-related elements as
potential therapeutic targets to modulate or
even reverse stroke pathology, as well as
their role as biomarkers to diagnose stroke or
even predict stroke patients’ outcome.
Overall, this innovative perspective of data
analysis is expected to further depict relevant
associations between genes and proteins that
might not have been determined from
separate analysis of each —omics. Thus, we
undoubtedly believe that these emerging
integrative approaches will continue to grow in
scale and in popularity to complement or even
go beyond the traditional biostatistical tools
used to analyze single-omics datasets.

In conclusion, this breakthrough integrative
approach enabled us to identify, replicate and
explore over time 10 stroke-associated
elements in the mouse ischemic brain.
Despite future contributions are still required
to deeply characterize these candidates, we
believe the methodology used here is a novel
and effective approach to contribute to
increasing knowledge on the molecular
mechanisms of ischemic stroke pathology to

ultimately provide biomarkers and therapeutic

target candidates for stroke patients
management and treatment.
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SUPPLEMENTAL TABLES

Supplemental table S1 and Supplemental table S2 are accessible via the following link:
https://drive.google.com/open?id=13ppFhtlavpHW2mid4EajDBa2fHH3YOZc

Supplemental table S3. Replication phase of the study. Nanostring™ probes references and
PRM-MS peptides sequences are indicated. Statistical significance was evaluated between
ipsilateral (IP) and contralateral (CL) samples of ischemic animals. Significant p-values are
marked in bold. Fold-change (FC) expression indicates IP/CL ratio.

Digital multiplexed gene expression assay
Gene names NCBI References for Nanostring™ probes P-value FC
Atf3 NM_007498.3 0.031 7.603
Ccl3 NM_011337.1 0.031 8.875
Cenpp NM_025495.3 >0.999 1.086
Cldn20 NM_001101560.1 0.031 0.494
Cstad NM_030137.2 0.031 0.491
Fosb NM_008036.2 0.031 7.134
Gadd45g NM_011817.1 0.031 4.008
Gata2 NM_008090.4 0.156 0.756
l1irl NM_001123382.1 0.156 0.872
Intu NM_175515.5 0.218 0.919
Rgs2 NM_009061.2 0.031 3.919
Zfand4 NM_001081317.1 0.218 0.850
4933427D14Rik NM_028963.2 0.031 0.863
Ppia NM_008907.1 - -
Gapdh NM_001001303.1 - -
B2m NM_009735.3 - -
Targeted mass spectrometry: Parallel Reaction Monitoring (PRM)

Protein names Peptide sequences for PRM-MS P-value FC
BAGS5 IVPFYSGGNCVTDEFEEGIQDIILR

ELEQNANHPHR Not detected
CAMK2A FTEEYQLFEELGK

ITQYLDAGGIPR 0.062 0.638
CTNND2 ASYAAGPASNYADPYR

.031 .

TSTAPSSPGVDSVPLQR 0.03 0.785
SRGAP2 HGLQHEGIFR

GLEHPLEPK Not detected
TXN2 TTFNVQDGPDFQDR 0.218 1.105
PPIA FEDENFILK - -

VSFELFADK - -
GAPDH IVSNASCTTNCLAPLAK - -

GAAQNIIPASTGAAK - -
B2M TPQIQVYSR - -
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SUPPLEMENTAL FIGURES

Supplemental Figure S1.
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Ischemic stroke is a primary cause of morbidity and mortality worldwide. Beyond the
standard thrombolytic therapies, there is still no effective treatment to mitigate or even
reverse the progression of stroke disease. Since potential candidates from pre-clinical
studies have failed to translate into clinical success, effective neuroprotective drug
discovery is still urgently needed. Drug repositioning has become a promising
alternative approach to identify new uses of existing drugs in any indication outside
its original medical scope. Besides, combinational treatment approaches based on
this drug-repositioning technique are also emerging as powerful strategies to
synergistically and simultaneously target more than one disease-response mechanism
underlying complex pathologies. In this study, drug-repositioning solutions were
acquired through the screening of an in silico generated mathematical model
mimicking ischemic stroke pathology with multiple two-by-two combinations of FDA-
approved drugs. Through this strategy, drug combination A (CA) and B (CB) were
selected and evaluated for their synergic neuroprotective effects in a pre-clinical
stroke model. To that end, male mice were subjected to transient cerebral ischemia by
90-min Middle Cerebral Arterial Occlusion (MCAOQ) and intravenously treated with drug
combinations during occlusion, individual drug treatments (D1-4) or their respective
vehicles. Both drug combinations resulted effective in attenuating infarct volume and
neurological deficits 24h after ischemia. Individual drugs, however, did not reduce the
ischemic lesion, despite D1 and D2 also improved the neurological function of
ischemic animals. In conclusion we have here identified, by means of a systems-
biology and drug-repositioning approach, two different drug combinations with
potential neuroprotective actions in ischemic stroke disease. These encouraging
results support future pre-clinical studies and investigations to explore their
mechanisms of action.

Note: Drug names are not disclosed in this manuscript due to confidentiality
issues related with intellectual property filing process.

INTRODUCTION

Ischemic stroke is among the leading causes of morbidity and mortality worldwide [1]. The only
current therapy for ischemic stroke aims at restoring cerebral blood flow by removing the
obstructive clot, via the intravenous administration of recombinant tissue plasminogen activator
(rt-PA) or through mechanical thrombectomy using stent-retriever or aspiration devices [2], [3].
Despite the effectiveness of reperfusion strategies, their short therapeutic window and the some
of their severe side effects precludes offering those therapies to all stroke patients. Therefore,
there is an important need to find alternative stroke therapies to rescue brain tissue from
ischemic injury. A large number of pre-clinical studies have been conducted in rodent models of
cerebral ischemia to evaluate the efficacy of thousands of drugs aiming to attenuate or even to
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reverse the progression of the ischemic disease. Unfortunately, the translation of effective
neuroprotectants from pre-clinical studies into the clinics has systematically failed so far [4], [5].

Those failures are in part due to the fact of targeting only one altered pathway with a specific
drug, that seems too simple since ischemic stroke is a highly complex and heterogeneous
disease. Therefore, a global understanding of all different pathways that are disturbed in this
multifactorial disorder is becoming critical to find new therapeutic agents that could successfully
reverse or mitigate stroke progression [6]. To that end, systems biology has recently emerged
as a new discipline that aims at deciphering this complexity by considering humans as
sophisticated network-based maps of interrelated molecules and connected biological
pathways. Systems biology provides insights into those relevant elements whose differential
activity is globally associated with a particular state of disease, and simulates the behavioral
response of the human pathology to the single or multiple modulation of disease-related
mediators [7]. Approaches based on systems biology are therefore particularly suited for drug
repositioning strategies [8], in which the integration of current biological and clinical knowledge
with data on therapeutic responses facilitates the identification of new uses for existing drugs as
promising healing agents to treat any pathology outside its original medical scope. More
importantly, systems biology-based drug repositioning strategies are also making significant
contributions to the identification of combinational treatment approaches. In this regard, there is
now a growing interest in the mixture of two or more therapeutic agents to synergistically target
multiple disease-response mechanisms, which might overall permit an increased control and
treatment of complex pathologies. On top of that, the simultaneous combination of drugs is also
expected to overcome toxicity and dose-associated side effects by lowering the effective dose
of each individual compound or by countering biological compensatory mechanisms, which are
known to mask the protective effects of many pharmacological agents [9], [10].

Our aim is to use a systems biology-based technique based on artificial intelligence and pattern
recognition models to integrate available biological, pharmacological and medical knowledge
into mathematical models that simulate in silico the complex behavior of human stroke disease
[11]. We have screened these stroke-mimicking models to identify potential neuroprotective
combinations of FDA-approved drugs and, importantly, we have experimentally validated the
therapeutic effects of two promising drug combinations in a mouse model of transient cerebral
ischemia.

MATERIAL AND METHODS

Therapeutic Performance Mapping System (TMPS) technology

We have used the TPMS technology, a top-down systems biology approach (Anaxomics S.L.,
Spain), for drug repositioning [11]. In brief, TMPS approach included the following steps (Figure
1A):

(1) Generation of molecular maps for ischemic stroke disease. A manually-curated list of
known molecular mediators that characterize the pathology of ischemic stroke was created
by carefully reviewing full-length published articles (287 proteins; data not shown?!). The
generation and extension of the subsequent network map was conducted by incorporating
all known relationships of the molecular mediators from this list, based on the following
sources: KEGG [12], REACTOME [13], BIOGRID [14], INTACT [15], HDPR [16],
MATRIXDB [17], MIPS [18], DIP [19] and MINT [20]. The final network included 6640
proteins (data not shownl).

(2) Generation of the mathematical models. Static network maps were transformed into
mathematical models (topological maps) through the use of Artificial Neuronal Networks

1 Protein names are not disclosed in this manuscript due to confidentiality issues related with intellectual
property filing process.



®3)

(4)

(ANN) and pattern recognition techniques based on the optimization of generic algorithms,
as previously published elsewhere [21]. The multilayer perceptron (MLP) neural network
classifier was the algorithm used for ANN [22].

Feeding of the mathematical models with experimental data. The machine learning
methodology consisted of a model constructed by stratified clusters of neural networks,
which was trained with a gradient of algorithms to approximate the values of a given truth
table. The truth table incorporated a set of functional values and restrictions based on the
available biological knowledge about the molecular mediators of the constructed network.
Proteomics and transcriptomics data from human brain samples from patients who died
due to stroke were also used to further characterize the truth table. In brief, own data from
4 different studies were included into the mathematical models: 2 different strategies of
mass spectrometry (MS)-based proteomics with brain homogenates ([23], unpublished
data), MS analysis of microdissected neurons and brain blood vessels [24] and microarray-
based transcriptomics with brain homogenates (unpublished data). Repeats and
contradictions among MS-based studies were disregarded and gene information was
transformed to protein data before inclusion into the model. In all cases, infarct, peri-
infarcted and healthy contralateral regions were compared and 1876 differentially
expressed proteins were finally included in the model (data not shownz). Through this
strategy, 4 different mathematical models were finally generated by selectively integrating
into them all high-throughput information. These models simulate (I) healthy and (ll)
disease conditions (ischemia), and (lIl) infarct and (IV) peri-infarct brain regions.

Solving the mathematical models: drug repositioning strategy. Once the mathematical
models were generated, drug repositioning solutions were acquired by perturbing them
with multiple sets of stimuli, which corresponded to two-by-two combinations of drugs from
the DrugBank Database (v4.3) [25] (Table 1).

Category No. of drugs
Screened combinations ~5.000.000
Evaluated combinations with Artificial Neural Network that fulfill the 1133
restrictive filters '

Drug combinations with potential mechanism of action against 142
ischemic stroke according to the scientific literature

Pre-selected combination candidates 25

Table 1. Drug combination selection process

Approximations to the best treatment solution for ischemic stroke were obtained based on
three complementary approaches, which identified the best drug combinations for (1)
treating ischemic stroke in general (disease model), (2) recovering the peri-infarct area and
(3) promoting the conversion of the peri-infarct zone model to a healthy brain model and
avoiding the conversion of the peri-infarct zone model to the infarct zone model. All
identified drug combinations had to fulfill a minimum threshold of ANN predictive value of
80%. This cut-off point corresponded to the maximum ANN predictive value obtained from
screening in our mathematical models a set of previous unsuccessful treatments studied in
clinical trials for ischemic stroke [26] (Table 2). To further restrict the discovery of potential
drug combinations, the following specific filters were applied: (1) an approved-
administration for all individual drugs; (2) a theoretical synergic effect of drugs when
combined (higher than 20%); (3) no association to hypotension or hemorrhages according
to public databases; (4) incompatibilities for intravenous administration; (5) identified in the
two proposed ANN strategies (disease and peri-infart area models) or in model reversion

2 Gene and protein names are not disclosed in this manuscript due to confidentiality issues related with
intellectual property filing process.
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strategies. The following associated DrugBank categories have not been considered in the
study: affinity labels, artificial tears, buffers, dietary supplements, food additives, food
preservatives, imaging agents, pesticides, photoaffinity labels, pigmenting agents and
ultrasound contrast agents.

Drug Name ANN prediction

Maxipost (BMS-204352) 79.39%

Nalmefene (Cervene) 79.15%

Fosphenytoin 74.85%

Enoxaparin 54.46%

Trafermin 49.52%

Enlimomab 46.81%

Ancrod 46.35%

Magnesium 45.39%

UK-279,276 43.62%

ONO-2506 42.58%

Dipyridamole 38.08%

Repinotan 36.22%

Simvastatin 35.00%

Lubeluzole 34.83%

Buspirone 34.83%

Nimodipine 34.79%

Heparin 34.31%

Zonampanel (YM872) 33.84%

Aptiganel (CNS-1102, Cerestat) 32.65%

Diazepam 32.53%

Clomethiazole 32.03%

Natalizumab 32.00%

Ebselen 31.26%

Flunarizine 30.84% Table 2. Artificial Neural Network (ANN)
Acetylsalicylic acid 29.91% predictive value of treatments already tested
Pentoyine mzge Sl o nove o e s
Abciximab 28.82% ischemic stroke in clinical studies [26]. Gradient
Pethidine 28.5% ;tg?f;lsN(f;?zﬂrcetg’;ovg;Sg\) indicates increasing
Dextromethorphan 28.36%

Animals

All animal procedures were conducted in compliance with the Spanish legislation and in
accordance with the Directives of the European Union and were approved by the Ethics
Committee of the Vall d’Hebron Institute of Research (protocol number 74/16). All experiments
were conducted in a randomized manner and in adherence to the ARRIVE guidelines [27].
C57BL/6J male mice were used in the experiments (8-12 week-old; Janvier Labs, France).
Animals were kept in a climate-controlled environment on a 12-h light/12-h dark cycle. Food and
water were available ad libitum. Analgesia (Buprenorfine, 0.05 mg/kg, subcutaneously; Divasa
Farma-Vic S.A, Spain) was administered to all animals to minimize pain and discomfort.



Anesthesia (isoflurane, 4% for induction; 2% for maintenance in air; Abbot Laboratories, Spain)
was given to mice via facemask during all surgical procedures described below.

To evaluate the safety of the selected doses and combinations of drugs, a total of 38 animals
were used. Of those, 18 animals were used for initial re-adjustments of drug doses, whereas 20
were used for the final safety evaluation of drug combinations. From these latest, 4 animals
were discarded for the blood tests due to insufficient volume of sample. To evaluate efficacy of
drug combinations, 99 animals were needed. Of those, 23 were excluded after applying the
following criteria: inappropriate occlusion or reperfusion of the middle cerebral artery (n=16);
massive surgical bleedings (n=2); death during the surgical procedure (n=4) and death within
24h after ischemia (n=1).

Administration of selected drugs

Two drug combinations were finally selected: combination A (CA) formed by drug D1 and drug
D2, and combination B (CB) formed by drug D3 and drug D4 (data not shown3). The dose of
each drug was chosen according to an extensive literature-based research on published
studies, and all initially selected doses had been evaluated in rodents before (20mg/kg for D1;
2mg/kg for D2; 0.1mg/kg for D3 and 60mg/kg for D4). However, as detailed in the results
section, animals receiving the initial doses for D1 and D2 showed severe side-effects and final
doses were both lowered by half (10mg/kg for D1 and 1mg/kg for D2). D2 was finally used in its
injectable in-solution form. All drugs were prepared and kept according to manufacturer’s
instructions until their use. Drug and vehicle administrations were performed via the retro-orbital
sinus [28]. For drug combinations, each individual drug was injected separately, one in each
retro-orbital sinus. Administration volumes vary among drugs (range between 25 ul and 50 pl),
and for vehicles, same volumes of their respective drugs were administered to animals.

Analysis of biochemical parameters in blood

On day 8, after three alternate-day doses of each drug combination or their respective vehicles,
all animals were anesthetized and blood samples were drawn through cardiac puncture,
collected in EDTA tubes and centrifuged for 10 min at 3000g at 4°C. Plasmas were kept at -
80°C until further use. Routine clinical biochemistry parameters (including urea, creatinine,
bilirubin, alkaline phosphatase, creatine kinase, aspartate transaminase (AST) and alanine
transaminase (ALT)) were analyzed in plasma samples in the Clinical laboratories from Hospital
Vall d’'Hebron (Barcelona, Spain).

Animal model of cerebral ischemia

Transient ischemia in the territory of the middle cerebral artery (MCA) was induced by
introducing an intraluminal filament through the external carotid artery, as described elsewhere
[29]. In summary, animals were anesthetized and body temperature was maintained at 37°C
using a heating pad. The regional cerebral blood flow (CBF) was monitored close to the region
irrigated by the MCA by affixing a laser Doppler probe (Moor Instruments, UK) to the skull.
Then, animals were placed in the supine position and after surgical exposure of the right
bifurcation of the external carotid artery and internal carotid artery, a silicone-coated nylon
monofilament (Doccol Corporation, USA,; reference number: 602256PK10Re) was introduced to
occlude the MCA. MCA occlusion (MCAO) was confirmed by a reduction in the cortical CBF
recorded by the laser Doppler probe and the incision was closed with a silk suture. Within the
first 10 minutes of occlusion, animals were treated with individual drugs, drug combinations or
vehicles as described above, according to their experimental group, and were allowed to

3Drug and protein names are not disclosed in this manuscript due to confidentiality issues related with
intellectual property filing process.

183



184

recover from anesthesia. Ninety minutes later, mice were re-anesthetized and the filament was
removed to induce reperfusion of the MCA. Only animals that exhibited a reduction of 80% of
CBF after filament introduction and a recovery of 75% after filament removal were included in
the study.

Evaluation of neurological deficits and infarct volume

An investigator blinded to the treatments evaluated neurological deficits and infarct volumes.
Eighty minutes and 24h after MCAO each mouse was scored on a neurological function scale,
adapted from previous studies [30], [31]. Neurological score ranges from 0 (healthy) to 39 and
represents the sum of the general deficits (0-13): hair [0-2], ears [0-2], eyes [0-3], posture [0-3]
spontaneous activity [0-3]; and focal deficits (0-26): body symmetry [0-2], gait [0-4], climbing on
a surface held at 45° [0-3], circling behavior [0-3], front limb symmetry [0-4], compulsory circling
[0-3], whiskers response to a light touch [0-4] and gripping of the forepaws [0-3].

Following the neurological test at 24h all animals were euthanatized. Blood samples were also
drawn through cardiac puncture and cold saline solution was then transcardially injected to
remove blood from brain vessels. Immediately after saline perfusion, brain was removed and cut
into 6 serial Imm coronal sections. Infarct volume was assessed on these coronal sections
using 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich, USA) staining, as previously
described [32]. TTC images were captured using a CanoScan 4200F (Canon, Japan) and
infarct volume was measured using Image J software. Infarct volumes were calculated by
integration of the lesion areas, corrected for edema and expressed in cubic millimeters (mm3),
as previously described [33].

Statistical analyses

GraphPad Prism 6.0 was used for analyzing data and creating graphs. Results are given as
mean + SEM. Data Gaussian distribution was checked using the Shapiro-Wilk and Kolmogorov-
Smirnov tests. Comparisons among independent experimental groups were performed through
unpaired Student’s t-tests or one-way ANOVA followed by a Tukey’s multiple comparison test
for normal-distributed variables, and Mann-Whitney test or a Kruskall-Wallis test, followed by a
Dunn’s multiple comparison test for non-normal distributed variables. Data comparison over
time within each experimental group was performed by paired Student’s t-test (normal variables)
or Wilcoxon test (non-normal variables). A p-value< 0.05 was considered to be statistically
significant in all cases.

RESULTS

Identification of neuroprotective drug combinations

To identify potential neuroprotective drug combinations to treat ischemic stroke, we applied
machine-learning tools as depicted in Figure 1A. To generate our systems biology-based
artificial maps for stroke modeling 13 main pathological pathways were covered, which
encompassed a total of 6640 proteins (Figure 1B) (data not shown4). In brief, these maps were
created and computationally converted into mathematical stroke models incorporating all
biological knowledge available, including our own proteomics and transcriptomics datasets from
human brains of ischemic stroke patients. Disease-orientated drug repositioning neuroprotective
solutions were then acquired by perturbing these virtual stroke models with multiple two-by-two
combinations of drugs. From all drug combinations that fulfilled the established criteria (Table

4 Drug and protein names are not disclosed in this manuscript due to confidentiality issues related with
intellectual property filing process.



1), 25 were initially identified with an outstanding synergic neuroprotective effect, which include
a total of 32 individual drugs.

From those, 2 combinations were highlighted as potential candidates to neuroprotect the
ischemic brain: combination A (CA), formed by drug D1 and drug D2, and combination B (CB),
which included drug D3 and drug D4. Selection was based on those combinations with higher
ANN predictive value of neuroprotection against ischemic stroke injury, higher value of the
predicted synergic effect and with experimental evidences reported in the scientific literature
supporting the neuroprotective potential of the individual drugs.
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Figure 1. Schematic representation of the experimental design. (A) The starting material was a manually curated
list of key proteins in stroke from the bibliography, from which a biological map of the disease was constructed. Using
TPMS, network static maps were converted into topological maps associated with mathematical equations. Proteomics
and transcriptomics data from human brain from ischemic stroke patients were used to enrich the mathematical model
and to build a set of restrictions collated into a truth table, which all generated models had to fulfill. Drug repositioning
strategy was used to search for combinations of FDA-approved drugs from the DrugBank. (B) Snapshot of the full
protein network modelled for ischemic stroke disease, visualized through the Cytoscape soltware platform.

In vivo safety evaluation of the drug combinations’ administration

To discard any toxic effect derived from the pre-selected drug doses and the co-administration
of the two drugs at the same time, we initially evaluated safety outcomes on naive animals
receiving three alternate-day doses of each drug combination, or the respective vehicles (Figure
2A). Animals receiving initial CA drug combination doses (20mg/kg for D1 and 2mg/kg for D2)
presented tremors and ambulation difficulties within the first 15 minutes after CA administration,
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despite normal performance was observed during posterior follow-up. Moreover, CA-treated
animals also showed a severe body weight loss (greater than 20% at day 5), so they had to be
euthanatized according to our approved ethics’ protocol for animal experimentation (Figure 2B).
Evaluation of single administration of D1 and D2 revealed that D1 was responsible of the
tremors and walking abnormalities, whether body weight loss was attributed to the single
administration of D2 (Figure 2C-D). D1-derived side effects were prevented when the dose was
reduced by one half and one fourth. D2 toxicity was attributed to an inadequate reconstitution of
the lyophilized drug, since neither the diluent nor the injectable D2 in-solution showed these
side effects (Figure 2D). Additionally the final dose of D2 was reduced by half.

Once doses were readjusted, a second phase of safety evaluation was conducted for both
combinations and their vehicles in naive mice, in which animals receiving either drugs in
combination or vehicles did not report any body weight loss (Figure 2D). Moreover, 3 days after
the last treatment administration, clinical biochemical parameters were analyzed in blood. Most
biochemical parameters showed similar levels between vehicle- and drug-treated animals,
except for urea (Figure 2E). Blood levels of urea tended to decrease in CA-treated animals
compared to vehicles. However, they showed a slightly increase in CB-treated animals
compared to their respective controls, though not statistically significant.
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Figure 2. Safety evaluation of the selected drug combinations. (A) Schematic time-line of the experimental
procedure. (B) Recorded body weight of animals treated with initial doses of CA or CB (n=2/group). (C) Recorded body
weight of animals treated with D1 at 10mg/kg and 5mg/kg and their vehicle (n=2/group). (D) Recorded body weight of
animals treated with reconstituted D2 (2mg/kg), diluent vehicle of D2 or in-solution D2 (1mg/kg or 2mg/kg) (n=2/group)
(E) Recorded body weight of vehicle and final drug combination-treated animals (n=5/group). (F) Biochemical
parameters analyzed in blood samples. The number of animals in each group is indicated in the panel. Abbreviations:
ALT: alanine transaminase; AST: aspartate transaminase.



In vivo determination of the synergic neuroprotective effect of drug combinations

We validated the theoretical neuroprotective effect of the selected drug combinations (CA and
CB) and the synergic effect in front of single drug treatment (D1 and D2 for CA; D3 and D4 for
CB) in a mouse model of transient cerebral ischemia (Figure 3A). Both combinations of drugs
(CA and CB) showed efficacy by protecting mouse brains from cerebral ischemia, since they
showed a reduction of 39.54% and 39.42% in the infarct volume compared to their vehicles,
respectively (p=0.018 and p=0.022, Figure 3B-C). However, none of the drugs when given
alone was capable of reducing the infarct volume when compared to vehicle group (p=0.767 for
D1, p=0.963 for D2, p=0.956 for D3 and p=0.888 for D4). Moreover, all animals improved their
neurological outcome 24h after the ischemic challenge when compared to their respective
baseline deficits (i.e. to neurological score at 80 min after MCAO), regardless of treatment group
(p=0.002 for vehicle A; p=0.0039 for CA; p=0.031 for D1; p=0.062 for D2 and p=0.035 for
vehicle B; 0.027 for CB; 0.062 for D3; p=0.062 for D4; Figure 3D, 3E). Interestingly, animals
treated with CA or individual D1 even showed a further improvement compared to vehicle group
at 24h after ischemia (p=0.006 for CA and p=0.008 for D1; Figure 3D), whereas no differences
were observed in this same regards in CB-, D3- or D4-treated animals (Figure 3E).
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Figure 3. Efficacy evaluation of the selected drug combinations. (A) Schematic time-line of the experimental
procedure. (B) Infarct volumes (mm°) of animals treated with vehicle (n=16), CA (n=10), D1 (n=6) and D2 (n=6) 24h
after cerebral ischemia. (C) Infarct volumes (mm?®) of animals treated with vehicle (n=16), CB (n=10), D3 (n=6) and D4
(n=6) 24h after cerebral ischemia. (D), (E) Neurological deficits of animals 80 min (baseline) and 24h after the ischemic
event, expressed in % based on each respective baseline score. For each experimental group, statistical differences
between the two studied time-points are indicated with symbols on top of each 24h-bar. Other significantly relevant
comparisons are indicated with horizontal bars between the two respective groups. In all graphs, mean + SEM is shown.
* indicates p<0.05, ** p<0.01 and * p<0.1.

DISCUSSION

During past decades, a large number of studies have devoted their efforts in identifying potential
neuroprotective strategies to treat ischemic stroke, most of which were aiming at modulating
single biological motives involved in the pathophysiology of the disease. However, the failure of
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many of these drugs in experimental and clinical studies has become a conceptual proof that
perhaps the individual modulation of single pathological mechanisms might not be sufficient for
attenuating the progression of a highly complex and multifactorial disease such as stroke. In this
sense, we have used here systems biology and drug repositioning strategies to identify potential
pairs of drugs that protect the ischemic brain by synergistically combining their therapeutic
effects. To that end, we have created a network-based mathematical simulation of the stroke
disease. We took advantage of our novel brain proteomics and transcriptomics data from
deceased ischemic stroke patients to feed and curate the emergent mathematical models,
which increased further their complexity, reliability and similarity to the human stroke pathology.

Moreover, we guaranteed the accuracy of our in silico generated models of ischemic stroke by
screening more than 30 drugs previously tested in clinical trials of stroke. These include agents
targeting the glutamate-induced excitotoxicity, such as Aptiganel [34] or Lubeluzole [35]; the
acute inflammatory response and the infiltration of immune cells into the damaged brain,
including UK-279,276 [36], Natalizumab [37] and Enlimomab [38] or the overload of cellular
calcium, for instance through Nimodipine [39] and Flunarizine [40], among many others.
However, at present none of these drugs have shown enough neuroprotective effects to be
singly applied in the clinical management of stroke [41]. Thus, we verified that our models were
able to properly predict a low degree of efficacy of those neuroprotectants, which allowed us to
establish a threshold above the limit of protection of those unsuccessful tested drugs to select
our new candidates.

Moreover, in this study we have experimentally validated the predicted neuroprotective effect of
two selected combinations of drugs in a preclinical model of cerebral ischemia in mice. The
neuroprotective effects shown by the administration of CA during cerebral ischemia could be
attributed to the synergic and complementary effects of both individual drugs in combination. D1
selectively acts on the gamma aminobutyric acid (GABA) system. Despite D1 was originally
developed as an anticonvulsant agent, several studies have proven its neuroprotective effects
on experimental models of cerebral ischemia. Particularly, D1 has been involved in the
mechanisms that enhance the GABA-mediated inhibitory system, which cause the
hyperpolarization of neuronal membranes and results in a subsequent counterbalance of the
glutamate-induced excitotoxic effects after ischemia. Similar to D1, a wide variety of modulators
of GABAergic inhibitory system have been well studied in the past years [42]. In fact, some of
those drugs have been later evaluated in clinical trials of ischemic stroke, but none of them
could prove neuroprotection. On the other hand, D2 is well known to contribute to systemic and
peripheral tissue calcium homeostasis. In brain, D2 has been related to the attenuation of age-
related dementia and cognitive function decline. Besides, D2 neuroprotective effects following
ischemic stroke are also being increasingly recognized. First of all, D2 is reported to inhibit
NMDA receptors, which is expected to attenuate the ischemic-induced excessive calcium cell-
entry and the subsequent neuronal excitotoxicity. Second, protective effects of D2 against
ischemic-induced brain-blood barrier (BBB) dysfunction in cerebral endothelial cells have also
been characterized. Specifically, D2 showed protection to the endothelium by activating
membrane receptors provoking a reduction of intracellular reactive oxygen species and
decreasing the ischemia-induced up-regulation of BBB-disruption mediators, such as the matrix
metalloproteinase 9 (MMP-9). Besides, it has been also reported that D2 promotes the
expression of neurothropic factors, which control the differentiation of neuronal stem cells in
order to compensate and recover the neural functions that are lost because of the ischemic
condition. On the top of that, there is substantial evidence that D2 further plays a role as a
potent modulator of the immune system. In neurodegenerative diseases, D2 has been
described to protect against glial-mediated inflammation by attenuating microglial cell activation
and inducible nitride oxide synthase, as well as by preventing pro-inflammatory cytokines
expression and anti-inflammatory cytokines up-regulation (including interleukin 10 (IL-10), IL-4
or the transforming growth factor-beta (TGF-)). D2 has been also evaluated in clinical trials: its
administration resulted in a successful improving of the functional outcome of patients that
received D2 along with conventional treatments and physiotherapy for stroke recovery. These
results are in line with our findings, in which we could demonstrate that D2 ameliorated the



neurological state of ischemic animals, despite infarct lesion was not reduced. Altogether, D2
seems to modulate a wide spectrum of pathways and motives following ischemic stroke,
whereas D1 exclusively focus on the attenuation of neuronal synaptic transmissions. Thus,
since neither D1 nor D2 single administration mitigate the ischemic lesion in our study, we
hypothesize that both drugs might be synergistically reaching therapeutic effects through the
joint modulation of the multiple pathways involved in the pathophysiology of stroke.

On the other side, treatment with CB, but not single D3 or D4 administrations, was also capable
of reducing infarct lesions at 24h after ischemia and therefore combined actions of both drugs
were also responsible for the observed neuroprotective effects in this case. Despite initial
discovery of D3 was not related to brain pathologies, it has been found that an endogenous
form of this molecule is expressed in neurons. D3 neuronal functions are not fully understood,
but it is thought that it can play a role as a neuromodulator of the dopaminergic system. In this
sense, sporadic studies over past 30 years have demonstrated a plausible role for D3 as a
treatment for neuropsychiatric disorders, in which dopaminergic dysfunction exists. In regards to
stroke less is known. D3 has been involved in the reduction of glutamate-induced death of
cultured neurons and body temperature-lowering effects have also been attributed to D3.
Although the exact mechanisms are still unclear, this effect is suggested to have a plausible
neuroprotective impact on ischemic stroke patients’ outcome [43]. Finally, D4 is a serum
proteinase inhibitor with already known anti-inflammatory, anti-apoptotic and cytoprotective
properties. The endogenous form of D4 increases in circulation within few hours after infections
or acute inflammatory responses. The primary role of circulating D4 is to inhibit a wide range of
proteases derived from the degranulating neutrophils, but can also act on the attenuation of
other circulating proteases, most of which are produced by mast cells and lymphocytes or as a
result of coagulation or digestion processes. Similarly, D4 also regulates non-circulating
proteases, such as matrix metalloproteinases. Contrary to our results, therapeutic treatment
with D4 has shown protection against cerebral ischemic injury in preclinical studies, in which
other anti-inflammatory capabilities that extend beyond these anti-protease functions have been
attributed to D4. Those include the inhibition of pro-inflammatory cytokines expression (including
IL-1a, IL-6, and tumor necrosis factor alpha (TNFa)), the enhancement of anti-inflammatory
cytokine IL-10 production and the attenuation of the lipopolysaccharide-related activation and
migration of human monocytes and neutrophils. Overall, the combination of D3 and D4 in CB
seems to be also strengthening the insufficient protective effects of each individual agent,
despite the exact mechanisms through which they are acting are not completely understood yet.
Interestingly, despite CB resulted effective in reducing infarct volumes, its neuroprotective
effects were not depicted in the neurological outcome of ischemic animals, since no further
neurological improvement was observed in CB-treated animals compared to the vehicle group.
For this reason, our data suggests that further research might be conducted to fully evaluate
whether CB synergic therapeutic effects are also reflected in functional and neurological
outcomes following ischemic stroke. Adjustments on doses and administration times might also
provide useful insights into this issue and demonstrate whether these therapeutic effects are
maintained when drugs are given at a more advanced stage of the disease, when is clinically
relevant to treat stroke patients.

All in all, simultaneous attenuation of different motives and pathways involved in the
pathophysiology of stroke appeared here to be a good strategy to reverse the progression of the
disease, and showed better results than the modulation of single components in an individual
manner.

In conclusion, we have here used a new systems biology-approach to generate mathematical
models that simulate the pathophysiology of the ischemic stroke disease. This in silico
representation allowed us to identify 2 promising drug combinations that showed synergic
therapeutic effects in an experimental model of cerebral ischemia in mice.
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Future perspectives and next steps

Despite these encouraging results, further investigations are required. To begin with, we will use
the generated stroke virtual model to identify the molecular downstream pathways that are
modulated by our combinations of drugs and we will experimentally corroborate their
mechanisms of action in our mice model of cerebral ischemia, as previously conducted
elsewhere [21]. This would allow us to confirm whether they can produce more-than-additive
effects by bringing out independent actions that converge at specific altered pathways following
ischemic stroke. Besides, we will also conduct additional efficacy studies in which drug
combinations will be given at more clinically relevant time-points (from minutes to hours after
reperfusion) to delimitate the therapeutic window in which our drug combinations that better
exert their neuroprotective effects. We will also evaluate drug compatibilities between our
combinations and the actual thrombolytic therapies for ischemic stroke, and in case of success,
we plan to validate our therapeutic effects in different models of cerebral ischemia, including
animals of different sexes and ages and comorbidities, as proposed in the STAIR
recommendations [44]. Hopefully, if this strategy works, translation to clinical trials in stroke
patients is guaranteed, with the great advantage that these drugs have already proven to be
safe in humans.
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Malgrat s’estan destinant nombrosos recursos i esforgos a la identificacié de marcadors
sanguinis eficagos per al diagnostic i pronodstic de lictus isquémic durant la fase aguda de
la malaltia, les troballes fins al moment no han resultat ser prou efectives. El mateix
succeeix amb les terapies neuroprotectores, doncs després de molts anys d’investigacions
encara avui en dia no hi ha tractament eficac per protegir el cervell isquémic més enlla de
les terapies de reperfusio. Es per aixd que la investigacié continguda en aquesta Tesi
Doctoral pretén contribuir principalment ala identificaci6 de noves biomolécules que
puguin servir en un futur per una, altra o ambdues d’aquestes finalitats que avui en dia

encara manquen de resolucio.

4.1 De biomarcadors a dianes terapeutiques: paper dual

Diagnosticar els pacients amb un ictus isquémics i la seva etiologia per mitja d’'un test
sanguini permetria agilitzar exponencialment la intervencié terapéutica dels pacients
afectats per la malaltia. De manera similar, pronosticar de manera anticipada I'evolucio
d’aquests pacients i I'aparicid de possibles complicacions associades a l'ictus ajudaria
també a prendre les decisions médiques necessaries per tal de prevenir-les. A priori,
ambdds escenaris causarien una disminucio de la taxa de mortalitat associada a la malaltia
i una millora substancial de I'estat funcional dels supervivents. Malauradament, pero,
encara no es coneix cap biomarcador sanguini que sigui potencialment més efica¢ que les
actuals eines cliniques que s'utilitzen per a tals finalitats. Aixi doncs, segueix vigent la gran
necessitat de descobrir nous indicadors moleculars plausibles que permetin un diagnostic i
un pronostic acurat i rapid, sota qualsevol localitzacié geografica i independentment de la

situacio socioeconomica de la regio.

Un bon biomarcador d’ictus hauria de ser una molécula facilment i rapidament detectable,
idealment en sang, que la seva expressid diferencial sigui quasi immediata després de
lictus isquémic i/o s’associi a la progressio d’aquest. En base a aquestes caracteristiques,
és plausible pensar que aquests biomarcadors puguin tenir un paper clau en el
desencadenament inicial de la malaltia [149, 208], de manera que a banda de bons
indicadors, la seva modulacié terapéutica també pugui esdevenir interessant com a
possible tractament neuroprotector. Aixd permetria identificar i tractar els danys cerebrals
associats a l'ictus des d’'una fase molt primerenca, tot contribuint a frenar la progressié de
la lesi6 isquémica el més rapid possible amb terapies neuroprotectores, afavorint aixi una

millor recuperacié neurologica i funcional dels pacients.
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En aquest mateix context, també és interessant estudiar I'is d’aquestes molécules com a
biomarcadors subrogats de resposta a tractaments dirigits contra les molecules en qlestio,
complementant aixi els indicadors clinics actuals que s'utilitzen per avaluar el grau
d’efectivitat de I'estratégia terapéutica. Aquest concepte ja s’utilitza a la practica clinica; en
la hipercolesterolémia, per exemple, els nivells de colesterol han esdevingut biomarcadors
de diagnostic de la patologia i alhora biomarcadors subrogats per avaluar I'eficacia del
tractament amb estatines, els principals agents hipolipemiants. Aixi, en el context de l'ictus,
pensar en un possible escenari clinic on (1) s'utilitzi la mesura rapida i precisa d’'un
biomarcador que permeti identificar la isquémia cerebral, (2) s’administri un tractament
neuroprotector dirigit contra aquesta mateixa molécula per tal de frenar la progressio de la
malaltia, i (3) s'utilitzin a posteriori altre cop els nivells del biomarcador en questioé per
avaluar el bon funcionament de la terapia, aproximaria I'is de la medicina personalitzada

en I'ambit de la malaltia neurovascular (Figura 12).
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Figura 12. Esquema del paper dual de certes molécules inflamatories com a biomarcadors i dianes
terapéutiques de l'ictus.

Aquest concepte de paper dual d’'una molécula com a biomarcador i diana terapéutica, de
fet, ja esta forga establert dins la comunitat cientifica i s’ha proposat en varies patologies
cerebrals, com I'Alzheimer, els neuroblastomes i fins i tot també en lictus, tal i com
s’explica més endavant [209—-212]. La majoria d’estudis, perd, confirmen experimentalment
una de les dues funcions, ja sigui com a biomarcador o com a diana per neuroprotegir el
cervell isquémic, mentre que només hipotetitzen el possible rol del candidat per a l'altra
finalitat. S6n necessaris, doncs, futurs estudis orientats a caracteritzar exhaustivament i

corroborar I'efectivitat de noves molécules per ambdues aplicacions proposades.
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4.2 La neuroinflamacié associada a l'ictus com a font de biomarcadors i dianes

terapeutiques

L’ictus isquémic desencadena una serie d’alteracions moleculars que provoquen una
resposta inflamatoria aguda, tant a nivell local com periféric, considerada un dels
mecanismes més rellevants durant I'establiment i progressié de la malaltia [213]. Malgrat la
neuroinflamacié associada a l'ictus isquémic ha estat objecte d’estudi durant molts anys,
encara avui en dia no esta del tot clar si la seva activacio pot ser beneficiosa en certes
fases de la malaltia [214, 215]. Sembla logic pensar que l'activacié d'una resposta
inflamatoria com a conseqiiéncia de la reduccié sobtada del flux sanguini cerebral
contribueixi a combatre el dany, promoure la supervivéncia del teixit i eliminar les restes
cel-lulars alliberades per la mort de les cél-lules afectades per la isquemia. No obstant, hi
ha nombroses evidéncies que demostren que la resposta inflamatoria desencadenada
durant la fase aguda de la malaltia, tant a nivell local com periféric, potencia el dany
cerebral i propaga la lesio isquémica a través de l'alliberacié d’espécies citotoxiques i més
mediadors inflamatoris que acaben donant lloc a un estat d’inflamacié massiu [100, 103,
216]. Aquesta activacio aguda de la resposta inflamatoria agreuja el dany cel-lular i alhora
facilita la formacié6 d’edema, I'aparicid de transformacions hemorragiques i fins i tot
augmenta la probabilitat de contraure infeccions, principals complicacions associades al

mal pronostic de l'ictus isquémic [217-219].

Donat que la resposta inflamatoria s’origina immediatament després de produir-se l'ictus,
s’ha especulat que molécules clau mediadores d’aquest procés inflamatori podrien facilitar
la identificacid i prediccio de la malaltia en les fases més inicials d’aquesta, aixi com
esdevenir dianes interessants a modular per revertir el més aviat possible el
desenvolupament de la lesio cerebral isquémica. En aquest sentit, a I'estudi 1 d’aquesta
Tesi Doctoral s’ha detallat tota una série de molecules inflamatories que han mostrat tenir
aguesta capacitat dual i han estat avaluades com a biomarcadors clau per a la deteccio, la
prediccio i fins i tot la modulacié de la progressio de l'ictus. De manera destacada, grans
esforcos han estat destinats a I'estudi de les molécules d’adhesié cel-lular que faciliten
la invasié dels leucocits circulants cap a la zona cerebral isquémica, doncs es tracta d’'un
procés clau implicat en el dany neuronal secundari associat a l'ictus [88, 213, 220]. Per
exemple, la ICAM-1 i la VCAM-1 han estat molt estudiades al llarg de les ultimes décades.
Malgrat s’ha avaluat el seu possible rol com a biomarcadors de diagnosis, cap de les dues
han tingut éxit: tot i que els nivells circulants de la ICAM-1 soluble (SICAM-1) i la VCAM-1
es troben elevats en els pacients que han patit un ictus [221, 222], s’ha vist que aquest
augment no és especific, sind que també s’observa en presencia d’altres malalties també
associades a una resposta inflamatoria, com les cardiopaties o el cancer [223]. Per contra,

sembla estar més ben demostrat que nivells elevats de la SICAM-1 correlacionen amb el
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deteriorament neurologic i la mort primerenca associada a l'ictus [221], fet que suggereix la
sICAM-1 com un candidat a esdevenir un biomarcador de pronostic de I'ictus isquémic. A
nivell terapéutic, s’ha demostrat reiteradament que la inhibici6 d’ICAM-1, ja sigui
farmacoldgicament com mitjangant I'is d’animals transgénics, té la capacitat de disminuir
el dany neuronal associat a la isquémia cerebral [224, 225]. No esta tan clar, en canvi,
I'efecte terapéutic d’inhibir I'accio del principal lligand de la VCAM-1, la VLA-4 (de I'anglées,
very late antigen-4), doncs els resultats de diferents estudis experimentals han conclos que
la seva eficacia pot estar condicionada per la mida i la localitzacié de la lesi6é cerebral
[226—230]. L’eficacia neuroprotectora d’inhibir aquestes molecules també ha estat
avaluada en assajos clinics (TEAST [231], TACTION [232] i TACTION-2 [NCT02730455]) a
través de I'administracio dels anticossos monoclonals Enlimomab i Natalizumab, inhibidors
de la ICAM-1 i VCAM-1 respectivament. En el cas de Enlimomab, I'elevada taxa de
mortalitat mostrada pels pacients que rebien el tractament va aturar d'immediat els estudis
relacionats amb aquest farmac. La comunitat cientifica, perd, es manté molt critica amb el
disseny experimental utilitzat en aquest assaig clinic i qliestiona I'estratégia translacional
seleccionada a partir dels prometedors resultats experimentals [233]. Concretament, s’ha
suggerit per exemple que els antigens murins presents en la preparacié de I'Enlimomab o
fins i tot els mateixos anticossos contra 'lCAM-1 podrien haver estat els responsables del
desencadenament d’'una resposta inflamatoria massiva que suprimis qualsevol efecte
beneficids de la inhibicié de 'ICAM-1 [75, 234]. En el cas del Natalizumab, malgrat els
resultats de TACTION-2 encara no son publics, una nota de premsa de I'empresa que ha
liderat I'estudi ha corroborat que els dos estudis han fracassat, doncs en cap d’ells s’ha
observat una disminucié de l'extensié de la lesio cerebral ni s’ha pogut demostrar una

millora significativa del pronostic funcional dels pacients amb ictus isquémic.

Per contribuir en I'estudi de biomarcadors moleculars relacionats amb el procés inflamatori
i la seva aplicacid6 com a dianes terapéutiques per l'ictus isquémic, I'estudi 2 d’aquesta
Tesi ha profunditzat en l'avaluacié de la proteina d’adhesio vascular (VAP-1). Aquesta
proteina pro-inflamatoria facilita el reclutament leucocitari a través de la seva activitat
amina oxidasa sensible a semicarbazida (VAP-1/SSAQ) i s’altera en un gran ventall de
malalties, tals com la diabetis [235], I'aterosclerosi [236], la insuficiéncia cardiaca
congestiva [237], la hipertensi6 [238], I'Alzheimer [239, 240] i lictus, tant isquémic com
hemorragic [147, 241]. En el context de lictus isquémic, a meés, els nivells d’activitat
plasmatica de la VAP-1/SSAO s’han vist associats a [Iaparici6 d’hemorragies
parenquimatoses després del tractament dels pacients isquémics amb rt-PA [147]. Aixi,
I'activitat de la VAP-1/SSAQO s’ha proposat com un marcador novell de TH i s’ha suggerit
que la seva monitoritzacié en sang podria ajudar a la presa de decisions mediques per

millorar la seguretat de I'administracié dels agents trombolitics actuals, aixi com accelerar
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la terapia per trombectomia mecanica en aquells casos més susceptibles de desenvolupar
TH associades a I'rt-PA.

Degut a la rellevancia funcional d’aquesta molécula, nombrosos estudis han intentat
modular I'efecte de la VAP-1/SSAO i, en conseqliéncia, la invasié leucocitaria. S’han
publicat un seguit d’estudis experimentals en els quals la inhibicié de la VAP-1/SSAO ha
mostrat capacitat per reduir la lesié cerebral després de la isquémia, aixi com per millorar
el pronostic neurologic dels animals afectats [147, 242-244]. Molecularment, aquest
bloqueig ha demostrat reduir la resposta inflamatoria associada a [lictus, atenuar
I'expressio daltres molécules d’adhesié i disminuir la produccié d’espécies reactives
derivades de I'activitat SSAO. Tot i aquests estudis previs, en I'estudi 2 d’aquesta Tesi no
s’han reproduit aquestes troballes. En un model d’isquémia cerebral transitoria en rates,
'administracié d’un nou inhibidor de la VAP-1/SSAO, anomenat UV296, no ha mostrat
capacitat per reduir I'extensié de la lesié isquéemica, ni en preséncia ni en abséncia de I'rt-
PA. No obstant, equiparar aquests resultats amb els dels altres estudis positius préviament
publicats és dificil, doncs tots han fet servir inhibidors diferents que poden presentar
distintes propietats fisicoquimiques vers I'accié sobre la VAP-1/SSAO. Cal destacar, pero,
que en tots aquests estudis previs s’ha administrat I'inhibidor de la VAP-1/SSAO
lleugerament més tard en el temps, entre 1 i 6 hores després de la inducci6 de la lesio [147,
242], mentre que a l'estudi 2 s’ha administrat 'UV296 durant I'oclusié arterial. També,
altres contribucions han demostrat I'efecte beneficios d’un inhibidor de la VAP-1/SSAO
quan aquest s’administrava de manera continuada durant les primeres 60h després de la
lesio [243]. Tot sembla apuntar, doncs, al fet que amb un nou disseny experimental
modificant la dosi del UV296, la frequencia i el temps d’administracié es podrien
aconseguir els efectes beneficiosos préviament observats per d’altres inhibidors de la VAP-
1/SSAO.

Sabem que l'administracié d’'rt-PA exacerba els efectes citotoxics que els leucocits
infiltrants produeixen sobre la BBB [87, 88]. Per tant, la inhibicié de la infiltracié leucocitaria
associada a l'ictus no només s’ha proposat com un mecanisme de neuroproteccio del
cervell isquémic, sind que també s’ha especulat sobre la seva possible capacitat per
mantenir la integritat de la BBB i frenar I'aparicio de TH associades a I'rt-PA. En aquest
sentit, 'estudi 2 també ha avaluat I'efecte de I'inhibidor UV296 sobre I'aparicié d’aquestes
hemorragies. Els resultats han mostrat que la preséncia de I'agent trombolitic augmenta
substancialment I'aparicid de TH en el model emprat, mentre que I'administracié de I'agent
UV296 abans de la infusi6 amb rt-PA ha mostrat capacitat per revertir aquest efecte
deleteri. Malgrat els resultats s6n encara molt preliminars, hem pogut observar un possible
paper neuroprotector de la inhibicié de la VAP-1/SSAO enfocat a protegir la BBB front

I'accié secundaria de I'rt-PA. No obstant, futures contribucions destinades a estudiar més
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en detall aquests efectes protectors so6n encara necessaries. En aquest sentit, per
corroborar aquestes troballes inicials, I's d’'un model embdlic d'isquémia on s’aconsegueix
la reperfusié de l'artéria per accié de I't-PA tot reproduint molt més fisiologicament la
condicié patologica humana, seria probablement el més optim [245]. També caldria
estudiar diferents temps d’administracid de l'inhibidor de VAP-1/SSAO, aixi com la
possibilitat d’administrar multiples dosis d’aquest farmac al llarg de la fase aguda i
subaguda de la malaltia [246], per observar si la inhibicié de la VAP-1/SSAQO pot resultar
efectiva per ambdues finalitats proposades: la prevencio de les TH i la neuroproteccio del

dany per la isquemia [246].

En conjunt, aquests resultats obren la porta a futurs tractaments que combinin les terapies
trombolitiques actuals amb nous agents terapéutics com aquest, per tal de millorar la
seguretat i eficacia de I't-PA, poder ser administrats a un major nombre de pacients i
millorar I'eficacia del tractament actual. Aquestes noves eines també poden comprendre’s
com una aproximacié a la terapia personalitzada, on només els pacients amb ictus
isquémic que presentin nivells elevats de VAP-1/SSAO circulants, és a dir, siguin
susceptibles a desenvolupar una TH durant el tractament trombolitic, puguin ser tractats
amb linhibidor VAP-1/SSAQO per tal d’evitar de minimitzar I'aparicié d’aquests sagnats

associats a I'rt-PA (Figura 13).
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Figura 13. Esquema d’'una possible aplicacié clinica de la VAP-1/SSAO com a biomarcador de TH
associades a I'rt-PA i la seva inhibicié com a terapia per prevenir aquests sagnats.

A banda d’aquestes molécules d’adhesio, la resposta inflamatoria aguda subjacent a
I'episodi isquémic provoca l'alliberacié massiva de citocines i quimiocines que exacerben
'estat inflamatori global, moltes de les quals també han presentat aquesta dualitat
funcional per esdevenir bons biomarcadors alhora que efectives dianes terapéutiques [212,

247]. La capacitat de diagnostic d’aquestes molécules inflamatories, perd, és limitada. Es
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inevitable pensar que 'augment d’aquests mediadors inflamatoris en circulacié pugui estar
influit per una série de comorbiditats, sense relacié especifica amb lictus, que poden
esbiaixar la fiabilitat dels resultats, complicant la seva futura aplicacié clinica. Per exemple,
nivells d’'IL-6 o CRP s’eleven substancialment després d’'un esdeveniment isquémic [212,
248], pero també ho fan en preséencia de factors de risc cardiovascular com la hipertensio,
la diabetis, I'obesitat, I'estrés o el consum de tabac, entre d’altres [249-251], dificultant aixi

el seu Us individual com a biomarcador diagnostic.

A l'estudi 3 d’aquesta Tesi Doctoral s’ha descrit per primer cop el rol de la CCL23 com a
possible biomarcador de diagnostic de dany cerebral. Malgrat no ser especifica de l'ictus,
aquesta quimiocina ha mostrat capacitat per discriminar aquelles patologies que
comporten dany cerebral agut, ja siguin ictus, tumors o traumatismes cranioencefalics. A
més, els nivells basals de CCL23 circulant no han mostrat cap associaci6 amb els
principals factors de risc vascular, suggerint la possibilitat que tingui un elevat grau
d’especificitat comparat amb els altres candidats inflamatoris préviament proposats. La
seva utilitat clinica podria anar enfocada a I's en panells de multiples biomarcadors, on
candidats de diferents vies alterades en la patologia de l'ictus podrien combinar-se amb un
alt grau de precisié per a detectar la malaltia, tal i com ja ha estat proposat en altres
estudis [137, 252].

A diferencia del diagnostic, hi ha evidéncies clares que demostren que la resposta
inflamatoria aguda si que esta estretament associada al pronostic dels pacients amb ictus
isquémic a mig i llarg termini [253]. En el transcurs de les Ultimes décades s’han proposat
diverses molécules inflamatories circulants de fase aguda com a bons indicadors de
pronostic de l'ictus isquémic; per exemple, nivells sanguinis alts de CRP, IL-6, TNF-a o IL-
1B s’han associat a un pitjor pronostic funcional i neurologic després d’'un ictus isquémic
[254-257]. En aquest mateix sentit, a I'estudi 3 d’aquesta Tesi Doctoral també s’ha
estudiat el paper de la CCL23 com a candidat a ser un bon biomarcador de pronostic. Els
nivells circulants de la CCL23, mesurats en el moment d’admissio dels pacients a I'hospital,
han mostrat una bona capacitat predictiva de la discapacitat funcional d’aquests a I'alta
hospitalaria, aixi com de la mortalitat associada a l'ictus a llarg termini. Aixi, en aquest
estudi es proposa que I'avaluacié dels nivells basals de CCL23 podria millorar un 15% la
prediccié del pronostic funcional dels pacients i fins un 26,72% la capacitat de predir de
manera anticipada la mortalitat associada a lictus, enfront de les variables cliniques
actualment associades al mal pronostic dels pacients (basicament edat, sexe i estat
neurologic inicial). En conjunt, aquests resultats suggereixen la CCL23 com a bon
biomarcador de pronostic durant les primeres hores d’evolucio, el qual podria jugar un

paper clau per a la presa de decisions relacionades amb la inclusié dels pacients en
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unitats d’ictus especialitzades o altres cures rellevants per a millorar el seu estat i evitar-ne

el seu empitjorament a mig i llarg termini.

Moltes d’aquestes molécules inflamatories també han estat avaluades com a dianes
terapéutiques. Per exemple, la inhibicio de I'lL-6 a través de I'administracié d’un anticos
contra el seu receptor (MR16-1), la neutralitzacié dels nivells endogens de TNF-a amb
anticossos o el bloqueig farmacologic dels efectes de la IL-1 per mitja d’'un antagonista del
seu receptor (IL-1Ra) ja han demostrat capacitat per reduir la lesié isquémica i millorar el
pronostic neuroldgic i funcional en models preclinics de la malaltia [258-260]. L’efectivitat
de I'lL-1Ra inclus s’ha testat en assajos clinics. Tot i que un primer assaig mostrava que
I'administracié intravenosa d’IL-1Ra tendia a millorar el pronostic funcional dels pacients
isquemics [261], 'efecte de I'lL-1Ra s’ha seguit estudiant a través de la seva administracio
per via subcutania, més economica i més facilment administrable, la qual també ha mostrat

capacitat per reduir els nivells dels principals mediadors inflamatoris circulants [262].

En aquesta Tesi Doctoral també s’ha plantejat el rol dual de la CCL23, identificada aqui
com a biomarcador de pronostic de lictus isquémic, i s’ha dut a terme un estudi per
avaluar la seva capacitat terapeutica (Annex estudi 3). Tot i no haver estat capacos de
demostrar fermament els efectes beneficiosos de I'administracio de la CCL23, els resultats
obren un llarg cami a futurs estudis que tractin d’avaluar en detall aquests possibles
beneficis terapeutics, reajustant la dosi efectiva i testant altres temps d’administracié una
mica més rellevants clinicament, és a dir, una mica més tard després de linici de la
isquémia cerebral. Estudis de prondstic a mig i llarg termini (per exemple, des de 48h fins a
1-2 setmanes després de la isquémia) també aportarien informacié sobre la rellevancia

terapéutica d’aquesta estratégia en el pronodstic de I'ictus.

No obstant, a banda de tots aquests estudis d’eficacia, també calen més estudis
moleculars que descriguin com es comporta i com actua aquesta quimiocina. Amb aquesta
finalitat exploratoria i donada la manca d'estudis previs en aquest ambit, I'estudi 3
incorpora també [I'exploracid i la caracteritzaci6 d’aquesta molécula en models
experimentals d'isquémia. Malauradament, com que els rosegadors no tenen el gen de la
CCL23 l'estudi esta centrat en l'avaluaci6 de la CCL9 i la CCL6, proposats com a
homolegs per la seva semblanca estructural tot i que les seves similituds funcionals encara
no estan del tot descrites [263—265]. Ambdues quimocines augmenten substancialment la
seva expressio neuronal després de la isquémia cerebral. No obstant, aquest increment
sembla no ser especific de lictus, sind que també s’ha observat en animals sotmesos a un
traumatisme cranioencefalic. D’altra banda, I'expressié de CCL6 també s’ha detectat en
cél-lules sanguinies polimorfonuclears, de manera similar a la CCL23 en humans. Tot i
aixo, pero, els nivells circulants de la CCL9 i la CCL6 no semblen comportar-se com els de

la CCL23: mentre que la CCL9 disminueix drasticament els seus nivells després de la
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isquémia, la CCL6 tendeix a incrementar-los un cop superada la fase aguda de la malaltia.
Aquests resultats questionen les semblances funcionals entre totes aquestes quimiocines i

dificulten enormement I'estudi de la CCL23 en models animals.

Cal destacar que aquest no és un cas aillat, siné que després d’anys d’estudi s’ha arribat a
coneixer que hi ha altres molécules potencialment implicades en la resposta inflamatoria
que s’alteren diferencialment en ratoli i huma, o fins i tot, només sén presents en una de
les dues especies. Per exemple, els receptors de tipus Toll, peces clau en el sistema
immunitari, han mostrat divergéncia entre ambdues espécies a nivell d’expressio i
especificitat, i l'interferé6 gamma (INF-y), mediador de la resposta inflamatoria tardana,
estimula I'expressié de 18 GTPases en ratoli, mentre que en humans no és capag
d’activar-ne cap [266]. En un cas semblant al de la CCL23, la IL-8 va ser identificada com
un dels majors estimuls pel reclutament de neutrofils en humans, mentre que el seu
equivalent en ratolins encara esta per descobrir [264]. A banda d’aquests exemples, hi ha
altres discrepancies entre les respostes immunitaries dels rosegadors i la dels humans que
dificulten la translacié dels descobriments en models animals en aquest context. Per
exemple, es coneix que els rosegadors presenten un balang dels subtipus de leucocits que
difereix en gran mesura del que presentem els humans. En condicions fisiologiques la
poblacié cel-lular circulant que predomina en els rosegadors son els limfocits (75-90%),
mentre que en els humans la posicié predominant I'ocupen els neutrdfils (50-70%) [267]. A
més, la composicid dels granuls dels neutrofils també difereix entre especies: mentre que
els granuls dels humans presenten un alt contingut de defensines, mieloperoxidases
(MPO), proteines bactericides (BPI) i altres petites proteines catidniques riques en cisteina,
els granuls dels ratolins no expressen defensines i el seu contingut de MPO i BPI és molt
més escas que en els humans [266]. Aixi mateix, cada cop s6n més les molecules
(majoritariament citocines, quimiocines i receptors) i els mecanismes que acaben
caracteritzant-se diferencialment entre humans i rosegadors [267]. Tot i aix0, encara avui
en dia és dificil establir quines sén les consequéncies funcionals d’aquestes divergéncies,
pero val la pena pensar que la resposta inflamatoria inicial pot diferir substancialment i
tenir-ho present a I'hora d'utilitzar models animals per estudiar processos com la

neuroinflamacié associada a l'ictus.

En conjunt, doncs, tot sembla indicar que certs mediadors inflamatoris presenten un

prometedor paper dual com a biomarcadors i dianes terapéutiques en lictus.
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4.3 Les técniques -omigues com a eines per a millorar la identificaci6 de nous

biomarcadors i dianes terapéutiques de I’ictus isquémic

Amb [l'objectiu d’aprofundir en la caracteritzaci6 de molécules rellevants per a la
fisiopatologia de l'ictus isquémic, en aquesta Tesi Doctoral s’han realitzat dos estudis de
descobriment de biomarcadors candidats, ambdds amb un disseny experimental diferent
perd amb un mateix nexe comdu: les técniques -Omiques. Donat que tenen l'objectiu
d’identificar noves molécules que puguin esdevenir en un futur bons biomarcadors pero
també bones dianes terapéutiques per l'ictus, ambdds estudis es focalitzen en I'exploracio
de la fase aguda de la malaltia en model preclinic, concretament en les primeres dues

hores des de l'inici de la isquémia cerebral.

Millorar la caracteritzacié de la patologia en aquestes fases tan primerenques és essencial,
ja que pot afavorir substancialment la identificaciéo d’aquelles molécules responsables del
desencadenament inicial de la malaltia, la deteccioé i modulacio terapeutica de les quals
permetra aturar la progressié d’aquesta el més aviat possible. L'estudi de la patologia
isquéemica en aquests primers moments, tan valuosos clinicament, és possible gracies a la
utilitzacié dels models experimentals. Aquest és un clar avantatge respecte els estudis
realitzats en mostres post-mortem de cervell huma [247, 268-270], on les mostres
procedeixen de necropsies de pacients decessos que sovint presenten temps d’evolucio
de lictus molt diferents entre ells i lluny de la fase aguda de la malaltia, on és clinicament

més interessant per identificar possibles biomarcadors i/o tractaments neuroprotectors.

Una altra avantatge de I'experimentacié animal és poder reduir la variabilitat associada a la
obtencid i conservacidé de les mostres, que sovint és dificil de controlar quan es realitzen
les necropsies humanes. No obstant, com ja s’ha comentat en I'apartat anterior, un clar
inconveninent dels estudis preclinics és I'existéencia de diferéncies moleculars entre
especies, que poden dificultar la translacié dels resultats en rosegadors cap a la practica

clinica.

Semblant al que succeeix amb el teixit cerebral huma, I'estudi del CSF en el context de
l'ictus isquémic també és clinicament limitat. Obtenir aquest tipus de mostres en pacients
isquémics és una contraindicacié per a I'is de les terapies trombolitiques actuals [153,
154], fet que descarta la seva utilitat clinica tant per al descobriment com per 'assaig de
biomarcadors d’ictus isquémic. A nivell experimental, pero, I'estudi dels canvis moleculars
gue experimenta aquest fluid bioldgic pot esdevenir molt interessant com a punt de partida
per a desxifrar el que esta succeint al cervell isquémic. També, I'estudi de les molecules
alliberades del cervell cap al CSF després de la isquemia pot considerar-se una molt bona
oportunitat per identificar possibles biomarcadors que acabin inclis detectant-se en sang

una mica més tard en el temps.
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Aixi doncs, el primer dels estudis que es presenta (estudi 4) inclou I'avaluacié de mostres
de CSF de rata obtingudes durant la fase aguda de lictus a través d’una técnica de
proteomica basada en aptamers. S’han identificat un total de 716 proteines augmentades
especificament al CSF com a consequiéncia de la isquémia cerebral, de les quals 7 (CKB,
CAMK2B, PDXP, AREG, CAMK2D, CAMK2A i CMPK) han estat seleccionades i
explorades més en detall en el cervell dels mateixos animals isquémics, tant a nivell
d’expressio diferencial com en termes de la seva localitzacio cerebral (discussié detallada
dels candidats a la secci6 4.3.1). També, amb I'objectiu d’estudiar el seu plausible rol com
a biomarcadors d’isquémia cerebral, aquestes proteines han estat explorades en I'estudi
en la circulacid d’aquests mateixos animals, aixi com en mostres humanes de pacients

isquémics i controls.

Curiosament, cal destacar que no hem estat capagos d’identificar cap relacié clara entre
els nivells de les proteines estudiades i els diferents compartiments tissulars analitzats
(cervell, CSF i sang). Sembla logic pensar que 'augment massiu dels nivells de certes
proteines al cervell pugui veure’s reflectit també al CSF [271], malgrat aquesta hipotesi no
s’ha pogut confirmar per a tots els nostres candidats. Les divergéncies observades, pero,
no s’han pogut associar al pes molecular de les proteines estudiades, doncs hem de
descartar la possible sortida als fluids de només aquelles molécules petites capaces de
travessar les barreres fisiologiques afectades per la isquémia. Tot sembla indicar, doncs,
que la relacié entre I'expressio d’aquestes molécules en cervell i els seus nivells en sang o
CSF no es deu només a I'extravasacio a través de la BBB disgregada, sind que altres
mecanismes també hi estan jugant un paper clau. Donat que la identificacioé d’'un patré clar
entre els nivells de proteines al cervell, al CSF i al sistema circulatori seria interessant per
entendre en detall el paper d’aquestes proteines com a biomarcadors sanguinis, futurs
estudis destinats a millorar la comprensié de les vies i mecanismes implicats en aquest
procés esdevindrien, doncs, una molt bona font d’informacié per identificar nous

biomarcadors sanguinis procedents del cervell afectat per la isquémia.

D’altra banda, val la pena destacar que la tecnologia basada en aptamers utilitzada en
aquest estudi esta competint directament amb els tradicionals panells de multiples
anticossos, els quals encara avui en dia presenten moltes limitacions (Taula 5, Introduccio).
Els aptamers han resultat inclis ser molt atractius pel seu rol plausible a la practica clinica,
ja que la seva incorporacié en aparells de deteccié immediata (en anglés, point-of-care
(POC)) esta resultant prometedora [272]. També, aquestes petites cadenes senzilles
d’acids nucleics s’estan estudiant avui en dia com a possibles tractaments terapéutics [273,

274], de manera similar al que ja succeeix amb alguns anticossos [275].
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L’estudi 5 d’aquesta Tesi Doctoral centra els seus objectius en estudiar els principals
canvis moleculars que ocorren al cervell després de la isquemia cerebral a través
d’estratégies de transcriptdmica i protedmica, basades en les técniques de microarrays i
LC-MS, respectivament. En aquest estudi s'utilitza el teixit cerebral, tant de la zona
infartada com de I'hemisferi no afectat, i s’avaluen els canvis moleculars també 2h després
d’iniciar la isquémia, durant la fase aguda de la malaltia. Com a fet remarcable, cal
mencionar que el material bioldgic de partida és exactament el mateix per a I'estudi de
transcriptomica que per al de protedmica, fet que ens ha permés comparar i integrar els
resultats conjuntament en un mateix analisi. Individualment, s’han identificat 76 gens i 192
proteines diferencialment alterades després de la isquémia cerebral. Malgrat a priori sembli
un nombre reduit de candidats significativament alterats, cal tenir en compte que I'estudi
d'una fase tan aguda d’aquesta patologia, quan probablement el desencadenament de la
lesié isquemica encara esta en una fase molt inicial, fa que la variabilitat entre animals
pugui accentuar-se. En aquest sentit, malgrat assumir certa variabilitat experimental, hem
cregut convenient estudiar I'expressio dels gens i proteines de manera individual per a
cada mostra. Aquest fet, perd, no és tan frequent quan els estudis de descobriment es
realitzen en mostres humanes, on és forca comu agrupar-les (de I'anglés, sample pooling)
per reduir la variabilitat entre condicions experimentals. D’aquesta manera, aconsegueixen
també millors resultats estadistics al comparar les condicions estudiades sense necessitar

un nombre gaire elevat de mostres, que normalment son dificils d’obtenir [276—-278].

A partir d’aquests elements diferencialment alterats en la isquémia, amb la finalitat de
seleccionar candidats interessants en el desencadenament de la fisiopatologia isquéemica,
hem optat per una estratégia bioestadistica d’integracié de dades procedents de les dues
técniques —omiques. Aquesta aproximacio difereix en gran mesura de les estrategies de
selecci6 de candidats utilitzades en estudis previs, la majoria de les quals s’han basat en la
funcionalitat dels candidats més rellevants estadisticament a nivell individual [247, 268—
270]. En aquest estudi, pero, aquesta aproximacié integradora pot ajudar-nos a destacar
altres candidats significativament alterats per la isquemia que, sense tenir una funcio clara
individualment, poden estar contribuint amb forca a la progressié de la malaltia en el seu
conjunt. Aixi, l'analisi integratiu que hem aplicat ens ha permés destacar una xarxa
concreta de gens i proteines altament relacionats entre ells, a partir de la qual s’han
seleccionat 18 candidats interessants (13 gens i 5 proteines) per replicar en una nova
cohort d’animals isquemics. Cal destacar, pero, que en aquesta xarxa no es reflecteixen
connexions biologiques directes, sind que es basa merament en associacions
bioestadistiqgues entre els diferents components. Caldra, doncs, concretar en un futur
I'existéncia de relacions funcionals, tant directes com indirectes, entre els elements

destacats a la xarxa, aixi com estudiar si realment es destaquen en ella les molécules més
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rellevants del conjunt de processos fisiopatologics que es donen en el desencadenament
de la malaltia.

De tots els elements pre-seleccionats, 8 gens (Ccl3, Atf3, Fosb, Gadd45g, Rgs2,
4933427D14Rik, Cldn20 i Cstad) i 2 proteines (CTNND2 i CAMK2A) han estat replicats
amb éxit en aquesta segona fase de I'estudi, i la seva expressi6 diferencial en cervell s’ha
avaluat també a les 6h després de I'esdeveniment isquemic (descripcid detallada dels
candidats a la seccio 4.3.1). La replicacié d’aquests candidats i la seva exploracio més tard
en el temps també s’ha realitzat utilitzant técniques —Omiques. Per a replicar els resultats
dels gens hem utilitzat una técnica basada en el comptatge digital directe d’RNA
(Nanostring®), mentre que per corroborar els resultats de proteina s’ha utilitzat una
estrategia de protedmica dirigida, la PRM, en ambdds casos amb aproximacions en format
multiplex. En aquest sentit, cal remarcar que tradicionalment molts estudis de cribratges
massius han estat dissenyats per saltar directament de la identificacié de candidats a
través de l'analisi d’'un conjunt reduit de mostres per mitja de técniques —Omiques a la
replicacié6 d’aquests en grans conjunts de mostres per tecniques dimmunodeteccio.
Aquest canvi drastic de técnica i mida mostral ha donat lloc a molts fracassos
experimentals, probablement fruit de la manca de passos intermedis que permetin replicar i
corroborar els resultats del descobriment a petita escala i per técniqgues basades en

metodologies semblants a les inicials.

De manera destacable, la replicacié dels resultats a través de la técnica de la PRM pot
presentar inclis un avantatge addicional per a una futura aplicacio clinica, ja que aquesta
tecnica ha demostrat poder assolir properament el seu Us als hospitals [279]. En tal
situacio, la PRM permetria identificar proteines especifiques d’'una manera independent a
les técniques d’'immunodeteccio, que sovint presenten limitacions a I'hora de diagnosticar

especificament determinats biomarcadors [280].

De manera similar, també cal remarcar els grans esforcos que s’estan destinant per
traslladar la practica clinica les técniques de quantificaci6 d’RNA. Semblant al que
succeeix actualment amb la técnica de la PCR en el camps de la microbiologia i virologia,
on s’utilitza per confirmar un diagnostic patologic, les técniques de comptatge digital de
RNA podrien utilitzar-se també a nivell hospitalari en un futur proper [281]. En aquest sentit,
€s important recordar que aquestes técniques presenten clars avantatges respecte a
'actual PCR quantitativa, ja sigui pel fet de no haver de pre-processar les mostres o per la

capacitat de poder-se multiplexar per detectar centenars de transcrits simultaniament.

D’altra banda, donat que un dels objectius principals de I'estudi 5 és la identificacio de
nous biomarcadors plasmatics, sembla forca interessant continuar aquest estudi amb

I'avaluacio a nivell del sistema circulatori de les molécules seleccionades, tal i com ja s’ha
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fet a l'estudi 4 per alguns candidats. Seria bo comencgar per la seva deteccié en la
circulacié dels mateixos ratolins utilitzats pel descobriment i la replicacié inicial,
implementant aixi un pas intermedi a la qualificaci6 d’aquestes en grans cohorts de
mostres sanguinies humanes. En cas d’assolir resultats prometedors, aquesta segona fase
inclouria la quantificacié dels nivells plasmatics dels candidats en mostres de sang de
pacients que hagin patit un ictus isquémic agut i es compararien amb els de pacients
controls 0 que presentin condicions mimetitzants, per avaluar el seu valor real com a
biomarcadors de diagnostic. Paral-lelament, el fet dhaver identificat molécules
diferencialment expressades en el cervell isquemic en una fase tan primerenca de la
malaltia fa pensar en el seu possible rol com a desencadenants d’algun dels processos
patologics que succeeixen en l'ictus. En aquest sentit, doncs, estudis orientats a la seva

modulacié podrien també ser plantejats.

Finalment, cal remarcar que a banda dels candidats proposats i avaluats més en detall, les
grans llistes de gens i proteines que s’han obtingut en ambdés estudis, tant en cervell com
en CSF, son fonts d’informacio molt valuoses d’elements que podrien ser claus en la
patologia de l'ictus. Aixi, podrien servir per corroborar troballes d’altres investigacions i

donar consisténcia a futurs estudis complementaris als que es presenten aqui.

També, sera necessari estudiar com es comporten els candidats descoberts en aquests
estudis experimentals en els humans, un pas critic que delimitara I'éxit d’aquests candidats

per a esdevenir en un futur bons biomarcadors o dianes terapéutiques de I'ictus isquémic.

4.3.1 Nous candidats a biomarcadors i/o dianes terapeutiques

Al llarg dels estudis que formen aquesta Tesi Doctoral s’han anat identificant diferents
elements moleculars que han presentat una rellevancia destacada dins la fisiopatologia de
lictus isquémic. Alguns d’ells, com les proteines CAMK2, CKB i CMPK, o els gens Ccl3,
Atf3 i Fosb, tots préviament descrits i estudiats en detall a la literatura, han permes
corroborar els dissenys experimentals i les estrateégies metodologiques que hem utilitzat en
els diferents estudis de descobriment de candidats (estudis 4 i 5). D’altres, com els gens
Rgs2, Gadd45g, Cstad i Cldn20, menys caracteritzats en el context de l'ictus, han estat
proposats com a possibles elements clau implicats en la malaltia, malgrat estudis futurs
haurien de verificar i detallar els mecanismes moleculars en que es troben implicats, aixi
com la seva funcionalitat i la seva possible aplicaci6 com a biomarcadors i/o dianes

terapéutiques.

Una familia de proteines que ha destacat en els dos estudis de descobriment de candidats

ha estat la familia de les CAMK2. Aquestes cinases, regulades pels complexes
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calci/calmodulina, juguen un paper clau com a mediadors de les senyals de mort cel-lular
desencadenades pel glutamat [282]. Malgrat la seva inhibicié farmacologica ha resultat ser
neuroprotectora en varis models d'isquémia, tant in vivo com in vitro, avui en dia encara hi
ha controvérsia, doncs altres contribucions cientifiques descriuen efectes absolutament
contraris i neurotoxics derivats de la seva inhibicio [283-285]. A l'estudi 4, els nivells
circulants de les CAMK2 han estat avaluats per primer cop com a possibles biomarcadors
sanguinis de diagnostic d’ictus isquémic, malgrat cap de les isoformes avaluades ha
resultat prometedora. Per contra, els nivells circulants de CAMK2B en la fase aguda
semblen millorar la capacitat predictiva de I'evolucié dels pacients isquémics als tres
mesos despreés de lictus. Aquest fet planteja la necessitat d’estudiar més exhaustivament
el valor d’aquesta isoforma com a biomarcador de pronostic, aixi com caracteritzar les

principals discrepancies entre aquesta i les altres isoformes de la familia.

A Tlestudi 4 també s’han estudiat les proteines CMPK i CKB, augmentades
substancialment en CSF després de la isquémia cerebral en rates. La CMPK esta
involucrada en el metabolisme dels nucleosids, mentre que la CKB participa en els
processos de transduccid d’energia i homeostasis, tots ells essencials per assolir una
funcid6 neuronal oOptima [286-288]. Ambdues proteines han estat estudiades amb
anterioritat en el context de la isquémia cerebral. Pel que fa la CMPK, un estudi previ del
nostre mateix grup d’investigacié déna suport a la reduccié sobtada dels nivells de CMPK
en la regio isquémica del cervell de ratolins isquémics, similar al que hem observat en
aquesta Tesi Doctoral [289]. El seu rol com a possible biomarcador, pero, és poc conegut
encara. En aquest estudi hem estat pioners en reportar que els pacients amb ictus
isquemic presenten nivells circulants elevats de CMPK, els quals alhora s’associen
estretament a un pitjor pronodstic funcional als 3 mesos després de l'ictus. Per contra, el rol
de la CKB com a biomarcador d’ictus ha estat molt més investigat [290, 291]. Malgrat molts
estudis, inclos el presentat com a part d’aquesta Tesi, demostrin que els nivells circulants
d’'aquesta proteina s’eleva substancialment després d'un ictus isquémic, aquest patro
també s’ha observat en altres malalties cerebrals, com els traumatismes cranioencefalics o

la meningitis [292—294], de manera que la seva utilitat clinica ha quedat atenuada.

A l'estudi 5 també hem identificat un série de candidats I'expressié cerebral dels quals
s’ha vist alterada per la isquémia cerebral. Entre els candidats identificats hi ha gens que
codifiquen factors de transcripcio, com el Fosb i I'Atf3, les proteines dels quals han estat
implicades en la regulacié dels mecanismes de mort cel-lular programada [295] i la
repressié de I'expressié de gens pro-inflamatoris [296—299], respectivament. S’han
identificat també gens que formen part dels mecanismes de senyalitzacié intracel-lulars
que s’activen en resposta a un esdeveniment isquémic, com per exemple el Gadd45g, i

I'Rgs2, involucrats en les vies de la MAPK (de I'anglés mitogen-activated protein kinase) i
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els GPCRs, respectivament. Tanmateix, altres candidats destacats en I'estudi sén el gen
de la Ccl3, que codifica per una quimiocina pro-inflamatoria coneguda per la seva
contribucié en la progressié de la malaltia [300]; el gen de la Cldn20, canvis en I'expressio
del qual podrien estar reflectint alteracions en les unions estretes de I'endoteli i condicionar
la permeabilitat de la BBB [301]; la proteina CTNNDZ2, involucrada en les unions cél-lula-
cél-lula de les terminacions sinaptiques i amb un paper clau com a integrador de les
senyalitzacions que desencadenen els neurotransmissors [302, 303]; i els gens Cstad i

4933427D14Rik, la funcionalitat dels quals encara és desconeguda.

La desregulaci6 de tots aguests gens i proteines en aquests processos biologics suggereix
el seu possible paper com a elements importants en el desencadenament de la malaltia, la
modulacié dels quals podria inclds esdevenir una bona diana terapéutica. De fet, alguns
dels candidats proposats ja han estat avaluats com a tal. Per exemple, 'augment de
I'expressio de Atf3 intracerebral ha resultat ser neuroprotector [304], mentre que la seva
supressid provoca infarts més grans i accentua I'empitjorament neurologic dels animals
afectats per la isquémia [296]. De forma similar, 'administraci6 de CCL3 en animals
isquémics ha mostrat també un augment substancial del seu volum d’infart [305], malgrat
estratégies orientades a inhibir I'expressié daquesta quimiocina encara manquen.
Paral-lelament a la seva modulacid, tenint en compte que tots aquests candidats es troben
alterats en una fase molt primerenca de la malaltia, és inevitable pensar que algun d’ells
pugui ser també explorat en un futur pel seu potencial com a biomarcador. Amb tal finalitat,
per exemple, la CCL3 ja ha estat estudiada: els pacients isquémics presenten nivells
elevats d’aquesta quimiocina en circulacid, els quals correlacionen alhora amb la

discapacitat funcional dels pacients afectats a curt termini [306].

En cas de corroborar en un futur el paper d’algun dels candidats identificats en aquesta
Tesi Doctoral com a biomarcadors d’ictus, també valdria la pena pensar en la seva
possible combinacié en panells que permetin la mesura de mdultiples marcadors
simultaniament, fet que permetria incrementar I'especificitat i la sensibilitat tant sigui pel
diagnostic com pel pronodstic de lictus isquémic. A més, tenint en compte la millora
exponencial de les técniques —Omiques i la seva factible aplicabilitat a la practica clinica,
aquestes combinacions de mudltiples biomarcadors podrien aconseguir-se fins i tot

mitjancant les técniques emprades aqui o inclis en dispositius de deteccié immediata.

4.4 Combinacioé de terapies neuroprotectores per al tractament de I’ictus isquémic

Durant les ultimes décades, un gran nombre d'estudis han invertit els seus esforcos en

identificar noves estratégies neuroprotectores per tal de mitigar o fins i tot revertir la
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progressié de lictus isquémic. La gran majoria d’aquestes aproximacions, pero, han estat
orientades a la modulacié unica d’algun dels principals mecanismes o motius alterats en la
fisiopatologia isquémica, com ara I'excitotoxicitat causada pel glutamat, la sobrecarrega de
calci, I'estrés oxidatiu, la resposta inflamatoria, la mort cel-lular programada, etc. [83, 125,
126].

Malgrat molts d’aquests tractaments hagin mostrat eficacia a nivell experimental, el fracas
absolut de la seva translacié a la clinica ha resultat ser una prova conceptual que
suggereix que la modulacié de només un d’aquests processos patoldgics podria no ser
suficient per atenuar el desencadenament d’aquesta malaltia tan complexa i multifactorial.
Es per aixd0 que la idea de combinar diferents farmacs que actuin simultaniament en
diferents processos patologics podria resultar una estrategia terapéutica efectiva per

obtenir efectes sinérgics que permetin combatre eficagment l'ictus isquémic [307, 308].

Hi ha qui pensa, per0, que I'administraci6 de més d'un farmac en combinacié podria
augmentar considerablement els efectes secundaris d’aquests [309]. No obstant,
nombroses evidéncies suggereixen que la terapia combinada podria inclus reduir les dosis
individuals dels farmacs, fet que permetria reduir la toxicitat secundaria d’aquests

mantenint, o fins i tot incrementant, I'efecte neuroprotector desitjat.

Aquest concepte de terapia combinada, de fet, ja esta plenament implementat, per
exemple, en el tractament del cancer, on agents quimioterapéutics es combinen amb altres
tipus de farmacs per obtenir una major reduccié del tumor i mitigar el potencial de
metastasis [310]. En el context de l'ictus, malgrat el concepte es va proposar ja fa molts
anys [308], s6n comptats els estudis de neuroproteccié que fins al moment han descrit
potencials efectes sinergics de farmacs en combinacié. La gran majoria han estat destinats
a testar els efectes de 'administracié conjunta d’estratégies farmacologiques de reperfusio
amb agents neuroprotectors [311]. En aquest sentit, a I'estudi 2 d’aquesta Tesi Doctoral
n’hem descrit un possible cas: la combinacié d’'un inhibidor de la proteina VAP-1/SSAO
amb el rt-PA, amb I'objectiu de protegir la BBB millorant la seguretat de I'agent trombolitic i

disminuint el risc de patir TH associades a aquest.

A banda de la combinacié amb agents trombolitics, perd, també s’ha demostrat augmentar
considerablement els efectes beneficiosos a través de I'administracio de més d’'un agent
neuroprotector. Per exemple, s’han demostrat efectes sinérgics terapeutics per lictus a
través de la combinacié de la Memantina, un antagonista no competitiu del receptor NMDA,
i el Clenbuterol, un agonista del receptor B2-adrenérgic [312]. De fet, la combinacio
d’ambdds farmacs va permetre fins i tot ampliar la finestra terapéutica del Clenbuterol, fet
altament rellevant per a la possible translacié clinica d’aquests tractaments. De manera

similar, la combinacio de Resveratrol, un potent agent antioxidant, amb I'acid Valproic o
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I'MS-275, ambdds dirigits a la inhibici6 farmacologica de les histones desacetilases
(HDAC) implicades en la regulacié de la transcripcid génica en resposta a lictus, també
han mostrat caracter terapéutic en experimentacié animal [313]. Ambdds exemples fan
pensar, doncs, en la possibilitat de sumar efectes protectors a través de la modulacio
simultania de mdltiples efectors de lictus isquémic, com podrien ser, per exemple, els

candidats identificats al llarg d’aquesta Tesi Doctoral.

A l'estudi 6 s’ha utilitzat una metodologia innovadora per identificar i estudiar en detall
I'efecte neuroprotector sinérgic de diversos farmacs en combinacié. S’ha desenvolupat un
model matematic que mimetitza in silico la patologia de lictus isquémic, a través del qual
s’han explorat milers de combinacions de farmacs en la cerca d’aquelles amb millor
capacitat terapeutica per a combatre la malaltia. Dues de les combinacions seleccionades
(CA i CB)! han estat avaluades i corroborades en un model d'isquémia en ratoli. Els
efectes neuroprotectors de les combinacions han resultat ser molt superiors als dels
tractaments de cadascun dels farmacs individuals. Molecularment, la literatura descriu que
els dos farmacs de la combinacié CA (D1 i D2) estan implicats en la regulacid dels
neurotransmissors excitatoris, malgrat la D2 també actua prevenint la disfuncié de la BBB,
I'estrés oxidatiu i la resposta inflamatoria, i afavorint la supervivéncia neuronal a través de
'estimulacié de la produccié de factors neurotrofics. En quant a la combinacié CB, es
pensa que la D3 pot actuar majoritariament modulant I'excitotoxicitat produida pel glutamat,
mentre que la D4 presenta propietats anti-apoptotiques i antiinflamatories destacables. En
base a aquesta informacié, pensem que la combinacié d’aquests farmacs pot resultar
terapéuticament eficag donada la seva possible complementarietat funcional en I'atenuacié
de diversos mecanismes fisiopatologics implicats en la malaltia. Per a corroborar aquestes
troballes inicials, perd, encara hi ha molt cami per recorrer. L’avaluacié d’aquests farmacs
en altres estudis experimentals que utilitzin també diferents espécies, soques, sexes, edats
i comorbiditats, tal i com suggereixen els criteris STAIR, és molt recomanable [131]. També,
estudiar diferents dosis i temps d’administracio per delimitar la finestra terapéutica en el
gue els tractaments mostren capacitat neuroprotectora és essencial per a poder traslladar
en un futur els resultats a la practica clinica, aixi com assegurar la compatibilitat d’aquests

agents multiples amb les actuals estrategies de reperfusio.

Altrament, és interessant comentar que I'estratégia utilitzada per obtenir combinacions de
farmacs incorporava també un llindar minim d’eficacia teorica, obtinguda a través del
nostre model virtual de l'ictus, que tota combinacié havia de superar. Aquest llindar es va
establir en base a I'eficacia neuroprotectora tedrica que mostraven en el nostre model

matematic una serie de farmacs que no han resultat eficacos terapéuticament en assajos

Els noms de medicaments no es divulguen en aquest manuscrit per questions de confidencialitat
relacionades amb el procés de protecci6 de la propietat intel-lectual.
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clinics amb pacients amb ictus isquémics. Alguns d’aquests farmacs son, per exemple,
'Enlimomab i el Natalizumab, dos inhibidors de la infiltracié leucocitaria préviament
mencionats; la Simvastatina [314], una estatina amb mdltiples efectes pleiotropics en
lictus; el magnesi [315], un regulador del receptor d’'NMDA,; el Diazepam [316], un agonista
GABAergic; o el Nalmefen [317], un antagonista dels receptors opioides, entre molts
d’altres. Pensem que establir aquest llindar va ser un bon punt de partida per limitar les
combinacions obtingudes a aquelles amb una alta probabilitat d’eficacia i seleccionar les
que tedricament siguin més prometedores que els tractaments testats fins al moment.
Caldra veure, pero, si estudis experimentals futurs segueixen reportant tan bons resultats
per a les dues combinacions de farmacs seleccionades com els aconseguits fins ara i

permeten fer el pas a futures fases cliniques.

També, cal destacar que l'estratégia utilitzada en aquest estudi ha estat basada en el
reposicionament de farmacs, és a dir, en la cerca de noves indicacions terapéutiques per
farmacs que ja s'utilitzen per a altres indicacions médiques. Aixi, els farmacs de les
combinacions proposades com a neuroprotectores ja han estat aprovats per a I'Us clinic
amb anterioritat, malgrat per altres indicacions lluny de la neuroproteccié. Aquest fet
permet accelerar exponencialment la translacié cap a la clinica dels éxits assolits un cop
corroborats en futures investigacions, doncs el procés d’avaluacio de la seguretat i toxicitat
d’aquests farmacs en persones ja s’han dut a terme anteriorment. A més, el fet de trobar i
validar aplicacions médiques noves per a farmacs ja comercialitzats fa que els processos
de desenvolupament i sortida al mercat d’aquests es vegin reduits en temps i costos, tant

economics com de gesti6.
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Conclusions

CONCLUSIONS

o Donada la rellevancia de la neuroinflamacié en la fisiopatologia de lictus, s’ha
revisat a la literatura el possible paper dual com a biomarcadors i dianes
terapéutigues de mediadors inflamatoris préviament estudiats, tals com les
molécules d’adhesid i les citocines i quimiocines pro-inflamatories circulants.

e S’ha demostrat que la inhibicié de la proteina d’adhesié vascular VAP-1/SSAQO,
préviament identificada com un bon biomarcador de TH associades a I'rt-PA, és
una estratégia prometedora per tal d'evitar l'aparici6 de TH associades a
'administracié d’aquest agent trombolitic.

e S’ha identificat per primer cop el rol de la CCL23 com a possible biomarcador
plasmatic de diagnostic de dany cerebral i prondstic de la discapacitat funcional i
mortalitat associada [lictus isquémic. També, I'administraci6 de la CCL23
recombinant ha mostrat evidencies preliminars de millorar I'estat neurologic dels
animals afectats per la isquemia.

e L’estudi del proteoma del CSF de rata durant la fase aguda de la isquémia cerebral
ens ha permés identificar 7 candidats potencialment alterats per la isquemia
cerebral. Entre ells, destaquen la CKB i la CMPK com a biomarcadors de
diagnostic de lictus i la CAMK2B i la CMPK com a biomarcadors de pronostic de
I'evolucio dels pacients isquémics. Futurs estudis determinaran el seu potencial per
a esdevenir plausibles dianes terapeutiques de I'ictus isquémic.

o Mitjangant I'estudi de transcriptoma i proteoma del cervell isquémic de ratolins
durant la fase aguda de la isquémia, i a través d’'un analisis bioestadistic integratiu
d’ambdéds conjunts de dades, s’han identificat, replicat i explorat al llarg del temps
10 candidats involucrats en la isquémia cerebral. Entre ells, destaquen els gens
Rgs2, Gadd45g, Cldn20 i Cstad i la proteina CTNNDZ2, la rellevancia funcional i el
rol com a biomarcador o com a diana terapéutica dels quals és encara
desconeguda en el context de l'ictus isquémic.

e S’ha caracteritzat un model matematic que simula la patologia de l'ictus isquémic a
través del qual s’han identificat dues combinacions de farmacs que han mostrat in
silico un efecte terapéutic sinérgic prometedor. L’eficacia d’ambdues combinacions
terapeutiques s’ha validat exitosament en un model muri d’isquemia cerebral
proximal transitoria com a terapies per l'ictus isquémic.

219






Conclusions

CONCLUSIONS

e Given the relevance of neuroinflammation in the pathophysiology of stroke, the
potential dual role of previously studied inflammatory mediators as biomarkers and
therapeutic targets has been carefully reviewed in the literature.

¢ The inhibition of the vascular adhesion protein VAP-1/SSAOQO, a previously identified
promising biomarker of rt-PA-associated hemorrhagic transformations, has shown
evidences for neuroprotection by reducing the incidence of hemorrhagic
transformations after the administration of this trombolytic agent.

e CCL23 has been identified for the first time as a possible biomarker for the
diagnosis of brain damage and the prognosis of stroke-related functional disability
and long-term mortality. Besides, the administration of recombinant CCL23 has
shown preliminary evidences of improving the neurological state of animals after
cerebral ischemia.

e The study of the rat CSF proteome during the acute phase of cerebral ischemia has
identified 7 candidates altered after cerebral ischemia. Among them, CKB and
CMPK stand out as biomarkers for stroke diagnosis and CAMK2B and CMPK as
biomarkers for stroke prognosis. Future studies will determine their potential to
become plausible therapeutic targets for ischemic stroke.

e Through the study of the transcriptome and the proteome of the mouse ischemic
brain during the acute phase of ischemia, and their integrative biostatistical analysis,
10 stroke-associated elements have been identified. Outstanding among them are
the genes Rgs2, Gadd45g, Cldn20 and Cstad and the CTNND?2 protein, their role
as a biomarker or therapeutic target for stroke has to be future explored.

e We have characterized a mathematical model that simulates in silico the ischemic
stroke pathology, through which two drug combinations have been identified and
tested for their promising synergistic therapeutic effect. Their efficacy has been
proved in a mouse model of transient cerebral ischemia as new therapies for
ischemic stroke.

221












Bibliografia

[1]

2]

[3]

[4]

[6]

[7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Diez-Tejedor E, del Brutto O, Alvarez Sabin J, et al. Classification of the cerebrovascular
diseases. Iberoamerican Cerebrovascular diseases Society. Rev Neurol 2001; 33: 455—
64.

Evers SMAA, Struijs JN, Ament AJHA, et al. International Comparison of Stroke Cost
Studies. Stroke 2004; 35: 1209-1215.

Matchar DB, Bilger M, Do YK, et al. International Comparison of Poststroke Resource
Use: A Longitudinal Analysis in Europe. J Stroke Cerebrovasc Dis 2015; 24: 2256—-2262.

Mozaffarian D, Benjamin EJ, Go AS, et al. Heart disease and stroke statistics-2016
update a report from the American Heart Association. Circulation 2016; 133: e38—e48.

Di Legge S, Koch G, Diomedi M, et al. Stroke prevention: Managing modifiable risk
factors. Stroke Res Treat 2012; 2012: 1-15.

Traylor M, Farrall M, Holliday EG, et al. Genetic risk factors for ischaemic stroke and its
subtypes (the METASTROKE collaboration): a meta-analysis of genome-wide
association studies. Lancet Neurol 2012; 11: 951-62.

An SJ, Kim TJ, Yoon B-W. Epidemiology, Risk Factors, and Clinical Features of
Intracerebral Hemorrhage: An Update. J Stroke 2017; 19: 3-10.

Hanley DF. Intracerebral haemorrhage. Lancet 2011; 373: 1632—-1644.

van Asch CJ, Luitse MJ, Rinkel GJ, et al. Incidence, case fatality, and functional
outcome of intracerebral haemorrhage over time, according to age, sex, and ethnic
origin: a systematic review and meta-analysis. Lancet Neurol 2010; 9: 167—76.

Rodriguez-Yanez M, Castellanos M, Freijo MM, et al. Guias de actuacidn clinica en la
hemorragia intracerebral. Neurologia 2013; 28: 236-249.

Benjamin EJ, Blaha MJ, Chiuve SE, et al. Heart Disease and Stroke Statistics-2017
Update: A Report From the American Heart Association. Circulation 2017; 135: el46—
e603.

Adams H., Adams H., Bendixen B., et al. Classification of Subtype of Acute Ischemic
Stroke. Stroke 1993; 23: 35-41.

Wolf ME, Sauer T, Alonso A, et al. Comparison of the new ASCO classification with the
TOAST classification in a population with acute ischemic stroke. J Neurol 2012; 259:
1284-1289.

Wardlaw JM, Keir SL, Seymour J, et al. What is the best imaging strategy for acute
stroke? Health Technol Assess 2004; 8: iii, ix—x, 1—-180.

Fernandes PM, Whiteley WN, Hart SR, et al. Strokes: mimics and chameleons. Pract
Neurol 2013; 13: 21-28.

Hacke W, Kaste M, Bluhmki E, et al. Thrombolysis with alteplase 3 to 4.5 hours after
acute ischemic stroke. N Engl J Med 2008; 359: 1317-29.

Urra X, Abilleira S, Dorado L, et al. Mechanical Thrombectomy in and Outside the
REVASCAT Trial: Insights From a Concurrent Population-Based Stroke Registry. Stroke
2015; 46: 3437-42.

225



226

Bibliografia

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Trouillas P, Von Kummer R. Classification and pathogenesis of cerebral hemorrhages
after thrombolysis in ischemic stroke. Stroke 2006; 37: 556-561.

Bush CK, Kurimella D, Cross LJS, et al. Endovascular Treatment with Stent-Retriever
Devices for Acute Ischemic Stroke: A Meta- Analysis of Randomized Controlled Trials.
PLoS One 2016; 11: 1-19.

Albers GW, Marks M., Kemp S, et al. Thrombectomy for Stroke at 6 to 16 Hours with
Selection by Perfusion Imaging. N Engl J Med 2018; 378: 708-18.

Nogueira RG, Jadhav AP, Haussen DC, et al. Thrombectomy 6 to 24 Hours after Stroke
with a Mismatch between Deficit and Infarct. N Engl J Med 2018; 378: NEJM0al1706442.

Saver JL, Goyal M, Bonafe A, et al. Stent-Retriever Thrombectomy after Intravenous t-
PA vs. t-PA Alone in Stroke. n engl j med 2015; 37224372: 2285-95.

Ministerio de sanidad servicios sociales e igualdad. Informe Anual del Sistema Nacional
de Salud 2016.
https://www.msssi.gob.es/estadEstudios/estadisticas/sisInfSanSNS/tablasEstadisticas/In
fAnualSNS2016/Informe_Anual_SNS_2016_completo.pdf (2017).

Brea A, Laclaustra M, Martorell E, et al. Epidemiologia de la enfermedad vascular
cerebral en Espafia. Clinica e Investig en Arterioscler 2013; 25: 211-217.

Mahoney FI, Barthel DW. Functional evaluation: The Barthel Index. Md State Med J
1965; 14: 61-5.

Jennett B. Predicting outcome after head injury. J R Coll Physicians Lond 1975; 9: 231—
7.

van Swieten JC, Koudstaal PJ, Visser MC, et al. Interobserver agreement for the
assessment of handicap in stroke patients. Stroke 1988; 19: 604—7.

Weisscher N, Vermeulen M, Roos YB, et al. What should be defined as good outcome in
stroke trials; a modified Rankin score of 0—1 or 0-2? J Neurol 2008; 255: 867-874.

Lansberg MG, Bluhmki E, Thijs VN. Efficacy and Safety of Tissue Plasminogen Activator
3 to 4.5 Hours After Acute Ischemic Stroke: A Metaanalysis. Stroke 2009; 40: 2438—
2441.

Ruiz Garcia V, Ramén Bou N, Juan Vidal O, et al. Unidades de ictus: mas supervivencia.
Una revision sistemética. Med Clin (Barc) 2005; 124: 22-29.

Miller-Barna P, Schwamm LH, Haberl RL. Telestroke increases use of acute stroke
therapy. Curr Opin Neurol 2012; 25: 5-10.

Brott T, Adams HP, Olinger CP, et al. Measurements of acute cerebral infarction: a
clinical examination scale. Stroke 1989; 20: 864—870.

Cété R, Hachinski VC, Shurvell BL, et al. The Canadian Neurological Scale: a
preliminary study in acute stroke. Stroke; 17: 731-7.

Scandinavian Stroke Study group. Multicenter trial of hemodilution in acute ischemic
stroke. Results of subgroup analyses. Scandinavian Stroke Study Group. Stroke 1988;
19: 464-71.

Hantson L, De Weerdt W, De Keyser J, et al. The European Stroke Scale. Stroke 1994;



Bibliografia

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

25: 2215-9.

Brott TG, Haley EC, Levy DE, et al. Urgent therapy for stroke. Part I. Pilot study of tissue
plasminogen activator administered within 90 minutes. Stroke 1992; 23: 632—40.

Seners P, Turc G, Oppenheim C, et al. Incidence, causes and predictors of neurological
deterioration occurring within 24 h following acute ischaemic stroke: a systematic review
with pathophysiological implications. J Neurol Neurosurg Psychiatry 2015; 86: 87—-94.

Nacu A, Bringeland GH, Khanevski A, et al. Early neurological worsening in acute
ischaemic stroke patients. Acta Neurol Scand 2016; 133: 25-29.

Siegler JE, Martin-Schild S. Early Neurological Deterioration (END) after stroke: The
END depends on the definition. Int J Stroke 2011; 6: 211-212.

Weimar C, Konig IR, Kraywinkel K, et al. Age and National Institutes of Health Stroke
Scale Score within 6 hours after onset are accurate predictors of outcome after cerebral
ischemia: development and external validation of prognostic models. Stroke 2004; 35:
158-62.

Smajlovi¢ D. Strokes in young adults: Epidemiology and prevention. Vasc Health Risk
Manag 2015; 11: 157-164.

Coco D Lo, Lopez G, Corrao S. Cognitive impairment and stroke in elderly patients.
Vasc Health Risk Manag 2016; 12: 105-116.

Saposnik G, Guzik AK, Reeves M, et al. Stroke Prognostication using Age and NIH
Stroke Scale: SPAN-100. Neurology 2013; 80: 21-8.

Dehlendorff C, Andersen KK, Olsen TS. Sex Disparities in Stroke: Women Have More
Severe Strokes but Better Survival Than Men. J Am Heart Assoc 2015; 4: 1-11.

Santalucia P, Pezzella FR, Sessa M, et al. Sex differences in clinical presentation,
severity and outcome of stroke: Results from a hospital-based registry. Eur J Intern Med
2013; 24: 167-171.

Haast RAM, Gustafson DR, Kiliaan AJ. Sex differences in stroke. J Cereb Blood Flow
Metab 2012; 32: 2100-2107.

Fiehler J, Gerloff C. Mechanical Thrombectomy in Stroke. Dtsch Arztebl Int 2015; 112:
830-836.

Troke STS, Roup STG. Tissue plasminogen activator for acute ischemic stroke. Stroke;
333.

Alexandrov A V, Demchuk AM, Felberg R a, et al. High Rate of Complete Recanalization
and Dramatic Monitored With 2-MHz Transcranial Doppler Monitoring. Stroke 2000; 31:
610-614.

Alexandrov AV, Grotta JC. Arterial reocclusion in stroke patients treated with intravenous
tissue plasminogen activator. Neurology 2002; 59: 862—867.

Rubiera M, Alvarez-Sabin J, Ribo M, et al. Predictors of early arterial reocclusion after
tissue plasminogen activator-induced recanalization in acute ischemic stroke. Stroke
2005; 36: 1452-1456.

Wang CX, Shuaib A. Critical role of microvasculature basal lamina in ischemic brain

227



228

Bibliografia

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

injury. Prog Neurobiol 2007; 83: 140-148.

Treadwell SD, Thanvi B. Malignant middle cerebral artery (MCA) infarction:
pathophysiology, diagnosis and management. Postgrad Med J 2010; 86: 235—42.

Beghi E, D’Alessandro R, Beretta S, et al. Incidence and predictors of acute
symptomatic seizures after stroke. Neurology 2011; 77: 1785-1793.

Westendorp WF, Nederkoorn PJ, Vermeij J-D, et al. Post-stroke infection: A systematic
review and meta-analysis. BMC Neurol 2011; 11: 110.

Esmaeili A, Dadkhahfar S, Fadakar K, et al. Post-Stroke immunodeficiency: Effects of
sensitization and tolerization to brain antigens. Int Rev Immunol 2012; 31: 396—409.

Bustamante A, Vilar-Bergua A, Guettier S, et al. C-reactive protein in the detection of
post-stroke infections: systematic review and individual participant data analysis. J
Neurochem 2017; 141: 305-314.

Kishore AK, Vail A, Bray BD, et al. Clinical risk scores for predicting stroke-associated
pneumonia: A systematic review. Eur Stroke J 2016; 1: 76-84.

Liu L, Xiong X-Y, Zhang Q, et al. The Efficacy of Prophylactic Antibiotics on Post-Stroke
Infections: An Updated Systematic Review and Meta-Analysis. Sci Rep 2016; 6: 36656.

Rohweder G, Ellekjaer H, Salvesen O, et al. Functional outcome after common
poststroke complications occurring in the first 90 days. Stroke 2015; 46: 65—70.

Grupo de Trabajo de la Guia de Préctica Clinica para el Manejo de Pacientes con Ictus
en Atencién Primaria. Guia de Practica Clinica para el Manejo de Pacientes con Ictus en
Atencion Primaria. Unidad Evaluacién Tecnol Sanit la Agencia Lain Entralgo la
Comunidad Madrid 2009; UETS N°200: 223.

Towfighi A, Ovbiagele B, El Husseini N, et al. Poststroke Depression: A Scientific
Statement for Healthcare Professionals from the American Heart Association/American
Stroke Association. Stroke 2017; 48: e30—e43.

Tang EY, Amiesimaka O, Harrison SL, et al. Longitudinal Effect of Stroke on Cognition:
A Systematic Review. J Am Heart Assoc 2018; 7: e006443.

Mohan KM, Wolfe CDA, Rudd AG, et al. Risk and cumulative risk of stroke recurrence: A
systematic review and meta-analysis. Stroke 2011; 42: 1489-1494.

Larrue V, von Kummer R, del Zoppo G, et al. Hemorrhagic transformation in acute
ischemic stroke. Potential contributing factors in the European Cooperative Acute Stroke
Study. Stroke 1997; 28: 957-60.

Kanazawa M, Takahashi T, Nishizawa M, et al. Therapeutic Strategies to Attenuate
Hemorrhagic Transformation After Tissue Plasminogen Activator Treatment for Acute
Ischemic Stroke. J Atheroscler Thromb 2017; 24: 240-253.

Marti-Fabregas J, Bravo Y, Cocho D, et al. Frequency and Predictors of Symptomatic
Intracerebral Hemorrhage in Patients with Ischemic Stroke Treated with Recombinant
Tissue Plasminogen Activator outside Clinical Trials. Cerebrovasc Dis 2007; 23: 85-90.

Montaner J. Matrix Metalloproteinase-9 Pretreatment Level Predicts Intracranial
Hemorrhagic Complications After Thrombolysis in Human Stroke. Circulation 2003; 107:
598-603.



Bibliografia

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

Hacke W, Kaste M, Fieschi C, et al. Randomised double-blind placebo-controlled trial of
thrombolytic therapy with intravenous alteplase in acute ischaemic stroke (ECASS II).
Second European-Australasian Acute Stroke Study Investigators. Lancet (London,
England) 1998; 352: 1245-51.

Hacke W, Kaste M, Fieschi C, et al. Intravenous thrombolysis with recombinant tissue
plasminogen activator for acute hemispheric stroke. The European Cooperative Acute
Stroke Study (ECASS). JAMA 1995; 274: 1017-25.

Lindley RI, Wardlaw JM, Sandercock PAG, et al. Frequency and risk factors for
spontaneous hemorrhagic transformation of cerebral infarction. J Stroke Cerebrovasc
Dis 2004; 13: 235-246.

Mazya M V., Ahmed N, Ford GA, et al. Remote or extraischemic intracerebral
hemorrhage-an uncommon complication of stroke thrombolysis: Results from the safe
implementation of treatments in stroke-international stroke thrombolysis register. Stroke
2014; 45: 1657-1663.

Terruso V, D’Amelio M, Di Benedetto N, et al. Frequency and determinants for
hemorrhagic transformation of cerebral infarction. Neuroepidemiology 2009; 33: 261—
265.

Balami JS, Chen RL, Grunwald 1Q, et al. Neurological complications of acute ischaemic
stroke. Lancet Neurol 2011; 10: 357-371.

De Keyser J, Sulter G, Luiten PG. Clinical trials with neuroprotective drugs in acute
ischaemic stroke: are we doing the right thing? Trends Neurosci 1999; 22: 535-540.

Doyle KP, Simon RP, Stenzel-poore MP. Neuropharmacology — Special Issue on
Cerebral Ischemia Mechanisms of Ischemic Brain Damage. Neuropharmacology 2009;
55: 310-318.

Siesjo BK, Ekholm A, Katsura K, et al. Acid-base changes during complete brain
ischemia. Stroke 1990; 21: 111194-9.

Puyal J, Ginet V, Clarke PGH. Multiple interacting cell death mechanisms in the
mediation of excitotoxicity and ischemic brain damage: a challenge for neuroprotection.
Prog Neurobiol 2013; 105: 24-48.

Dirnagl U, ladecola C, Moskowitz MA. Pathobiology of ischaemic stroke: an integrated
view. Trends Neurosci 1999; 22: 391-397.

Jin R, Yang G, Li G. Inflammatory mechanisms in ischemic stroke: role of inflammatory
cells. J Leukoc Biol 2010; 87: 779-789.

Broughton BRS, Reutens DC, Sobey CG. Apoptotic mechanisms after cerebral ischemia.
Stroke 2009; 40: 331-339.

Radak D, Katsiki N, Resanovic I, et al. Apoptosis and Acute Brain Ischemia in Ischemic
Stroke. Curr Vasc Pharmacol 2017; 15: 115-122.

Bonaventura A, Liberale L, Vecchié A, et al. Update on Inflammatory Biomarkers and
Treatments in Ischemic Stroke. Int J Mol Sci 2016; 17: 1-53.

Liesz A, Dalpke A, Mracsko E, et al. DAMP signaling is a key pathway inducing immune
modulation after brain injury. J Neurosci 2015; 35: 583-98.

229



230

Bibliografia

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

Guruswamy R, Elali A. Complex roles of microglial cells in ischemic stroke pathobiology:
New insights and future directions. Int J Mol Sci 2017; 18: 1-16.

Vallet P, Charnay Y, Steger K, et al. Neuronal expression of the NADPH oxidase NOX4,
and its regulation in mouse experimental brain ischemia. Neuroscience 2005; 132: 233-
238.

Barone F.C. HLM. PWJ. WRF. LEV. FGZ. SHM. CRK. GDE. Polymorphonuclear
leukocyte infiltration into cerebral focal ischemic. EmbaseJournal Neurosci Res 1991;
345: 336-345.

Grgnberg NV, Johansen FF, Kristiansen U, et al. Leukocyte infiltration in experimental
stroke. 2013; 1-9.

Chen Z, Venkat P, Seyfried D, et al. Brain-Heart Interaction: Cardiac Complications after
Stroke. Circ Res 2017; 121: 451-468.

del Zoppo GJ. Acute anti-inflammatory approaches to ischemic stroke. Ann N Y Acad
Sci 2010; 1207: 143-148.

Veldhuis WB, Derksen JW, Floris S, et al. Interferon-Beta Blocks Infiltration of
Inflammatory Cells and Reduces Infarct Volume After Ischemic Stroke in the Rat. J
Cereb Blood Flow Metab 2003; 23: 1029-1039.

Rosell A, Lo EH. Multiphasic roles for matrix metalloproteinases after stroke. Curr Opin
Pharmacol 2008; 8: 82—89.

Yang G, Sau C, Lai W, et al. Matrix metalloproteinases as therapeutic targets for stroke.
Brain Res 2015; 344: 1173-1178.

Rosell A, Cuadrado E, Ortega-Aznar A, et al. MMP-9-positive neutrophil infiltration is
associated to blood-brain barrier breakdown and basal lamina type IV collagen
degradation during hemorrhagic transformation after human ischemic stroke. Stroke
2008; 39: 1121-1126.

Lakhan SE, Kirchgessner A, Tepper D, et al. Matrix metalloproteinases and blood-brain
barrier disruption in acute ischemic stroke. Front Neurol 2013; 4 APR: 1-15.

Bestebroer J, De Haas CJC, Van Strijp JAG. How microorganisms avoid phagocyte
attraction. FEMS Microbiol Rev 2010; 34: 395-414.

Ambrosio ALD, Pinsky DJ, Connolly ES. The Role of the Complement Cascade in
Ischemia / Reperfusion Injury : Implications for Neuroprotection. Mol Med 2001; 7: 367—
382.

Fumagalli S, Perego C, Pischiutta F, et al. The Ischemic Environment Drives Microglia
and Macrophage Function. Front Neurol 2015; 6: 1-19.

Orsini F, Blasio D De, Zangari R, et al. Versatility of the complement system in
neuroinflammation , neurodegeneration and brain homeostasis. Cell Neurosci 2014; 8:
1-19.

Offner H, Subramanian S, Parker SM, et al. Experimental stroke induces massive, rapid
activation of the peripheral immune system. J Cereb Blood Flow Metab 2006; 26: 654—
665.



Bibliografia

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Balk RA. Systemic inflammatory response syndrome (SIRS): Where did it come from
and is it still relevant today? Virulence 2014; 5: 20-26.

Santos Samary C, Pelosi P, Leme Silva P, et al. Immunomodulation after ischemic
stroke: Potential mechanisms and implications for therapy. Crit Care 2016; 20: 1-9.

Shichita T, Ito M, Yoshimura A. Post-ischemic inflammation regulates neural damage
and protection. Front Cell Neurosci 2014; 8: 319.

Prieto-Arribas R, Pascual-Garvi JM, Gonzalez-Llanos F, et al. ¢Cémo reparar el dafio
cerebral isquémico? Utilidad de los modelos experimentales en la busqueda de
respuestas. Neurologia 2011; 26: 65-73.

Pulsinelli WA, Brierley JB. A new model of bilateral hemispheric ischemia in the
unanesthetized rat. Stroke 1979; 10: 267-72.

Smith ML, Auer RN, Siesjo BK. The density and distribution of ischemic brain injury in
the rat following 2-10 min of forebrain ischemia. Acta Neuropathol 1984; 64: 319-32.

Liu F, McCullough LD. Middle cerebral artery occlusion model in rodents: methods and
potential pitfalls. J Biomed Biotechnol 2011; 2011: 464701.

Bacigaluppi M, Comi G, Hermann DM. Animal Models of Ischemic Stroke. Part Two:
Modeling Cerebral Ischemia. Open Neurol J 2010; 4: 34-38.

Garcia-Bonilla L, Rosell A, Torregrosa G, et al. Guia de recomendaciones en la
aplicacién de modelos animales para el estudio del ictus. Neurologia 2011; 26: 105-110.

Zille M, Farr TD, Przesdzing I, et al. Visualizing cell death in experimental focal cerebral
ischemia: Promises, problems, and perspectives. J Cereb Blood Flow Metab 2012; 32:
213-231.

Popp A, Jaenisch N, Witte OW, et al. Identification of ischemic regions in a rat model of
stroke. PLoS One; 4. Epub ahead of print 2009. DOI: 10.1371/journal.pone.0004764.

Nagel S, Wagner S, Koziol J, et al. Volumetric evaluation of the ischemic lesion size with
serial MRI in a transient MCAO model of the rat: Comparison of DWI and T1WI. Brain
Res Protoc 2004; 12: 172-179.

Barber PA, Hoyte L, Kirk D, et al. Early T1- and T2-weighted MRI signatures of transient
and permanent middle cerebral artery occlusion in a murine stroke model studied at 9.4
T. Neurosci Lett 2005; 388: 54-59.

Schaar KL, Brenneman MM, Savitz Sl. Functional assessments in the rodent stroke
model. Exp Transl Stroke Med 2010; 2: 1-11.

Balkaya M, Kréber JM, Rex A, et al. Assessing post-stroke behavior in mouse models of
focal ischemia. J Cereb Blood Flow Metab 2013; 33: 330-338.

Bederson JB, Pitts LH, Tsuji M, et al. Rat middle cerebral artery occlusion: evaluation of
the model and development of a neurologic examination. Stroke 1986; 17: 472-476.

Canazza A, Minati L, Boffano C, et al. Experimental models of brain ischemia: A review
of techniques, magnetic resonance imaging, and investigational cell-based therapies.
Front Neurol 2014; 5 FEB: 1-15.

Boleij H, Salomons AR, van Sprundel M, et al. Not all mice are equal: Welfare

231



232

Bibliografia

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

implications of behavioural habituation profiles in four 129 mouse substrains. PLoS One
2012; 7: e42544.

Maeda K, Hata R, Hossmann KA. Regional metabolic disturbances and cerebrovascular
anatomy after permanent middle cerebral artery occlusion in C57black/6 and SV129
mice. Neurobiol Dis 1999; 6: 101-8.

Fahlstrom A, Zeberg H, Ulfhake B. Changes in behaviors of male C57BL/6J mice across
adult life span and effects of dietary restriction. Age (Omaha) 2012; 34: 1435-1452.

Sweetnam D, Holmes A, Tennant K a., et al. Diabetes Impairs Cortical Plasticity and
Functional Recovery Following Ischemic Stroke. J Neurosci 2012; 32: 5132-5143.

Bacigaluppi M, Hermann DM. New targets of neuroprotection in ischemic stroke.
ScientificWorldJournal 2008; 8: 698—712.

Janowski M, Wagner DC, Boltze J. Stem Cell-Based Tissue Replacement After Stroke:
Factual Necessity or Notorious Fiction? Stroke 2015; 46: 2354—-2363.

Hata R, Maeda K, Hermann D, et al. Dynamics of regional brain metabolism and gene
expression after middle cerebral artery occlusion in mice. J Cereb Blood Flow Metab
2000; 20: 306-15.

Minnerup J, Sutherland BA, Buchan AM, et al. Neuroprotection for Stroke: Current
Status and Future Perspectives. Int J Mol Sci 2012; 13: 11753-11772.

Moretti A, Ferrari F, Villa RF. Neuroprotection for ischaemic stroke: Current status and
challenges. Pharmacol Ther 2015; 146: 23-34.

O’Collins VE, Macleod MR, Donnan GA, et al. 1,026 Experimental treatments in acute
stroke. Ann Neurol 2006; 59: 467-477.

Fisher M. Recommendations for Advancing Development of Acute Stroke Therapies.
Stroke 2003; 34: 1539-1546.

Fisher M, Hanley DF, Howard G, et al. Recommendations from the STAIR V meeting on
acute stroke trials, technology and outcomes. Stroke 2007; 38: 245-248.

Saver JL, Albers GW, Dunn B, et al. Stroke therapy academic industry roundtable
(STAIR) recommendations for extended window acute stroke therapy trials. Stroke 2009;
40: 2594-2600.

Albers GW, Goldstein LB, Hess DC, et al. Stroke treatment academic industry
roundtable (STAIR) recommendations for maximizing the use of intravenous
thrombolytics and expanding treatment options with intra-arterial and neuroprotective
therapies. Stroke 2011; 42: 2645-2650.

Lapchak PA, Zhang JH, Noble-Haeusslein LJ. RIGOR Guidelines: Escalating STAIR and
STEPS for Effective Translational Research. Transl| Stroke Res 2013; 4: 279-285.

Percie Du Sert N, Alfieri A, Allan SM, et al. The IMPROVE Guidelines (Ischaemia
Models: Procedural Refinements Of in Vivo Experiments). J Cereb Blood Flow Metab
2017; 1-30.

Biomarkers Definitions Working Group. Biomarkers and surrogate endpoints: preferred
definitions and conceptual framework. Clin Pharmacol Ther 2001; 69: 89-95.



Bibliografia

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

Montaner J, Mendioroz M, Ribé M, et al. A panel of biomarkers including caspase-3 and
D -dimer may differentiate acute stroke from stroke-mimicking conditions in the
emergency department. J Intern Med 2010; 166-174.

James ML, Blessing R, Phillips-Bute BG, et al. S100b and BNP predict functional
neurological outcome after intracerebral hemorrhage. Biomarkers 2009; 14: 388—394.

Montaner J, Mendioroz M, Ribé M, et al. A panel of biomarkers including caspase-3 and
D-dimer may differentiate acute stroke from stroke-mimicking conditions in the
emergency department. J Intern Med 2011; 270: 166-174.

Glickman SW, Phillips S, Anstrom KJ, et al. Discriminative capacity of biomarkers for
acute stroke in the emergency department. J Emerg Med 2011; 41: 333-339.

Foerch C, Wunderlich MT, Dvorak F, et al. Elevated Serum S100B Levels Indicate a
Higher Risk of Hemorrhagic Transformation After Thrombolytic Therapy in Acute Stroke.
2007; 2491-2496.

Bustamante A, Lopez-Cancio E, Pich S, et al. Blood Biomarkers for the Early Diagnosis
of Stroke: The Stroke-Chip Study. Stroke 2017; 48: 2419-2425.

Ustrell-Roig X, Serena-Leal J. Ictus. Diagndstico y tratamiento de las enfermedades
cerebrovasculares. Rev Espafiola Cardiol 2007; 60: 753—769.

Li L, Yiin GS, Geraghty OC, et al. Incidence, outcome, risk factors, and long-term
prognosis of cryptogenic transient ischaemic attack and ischaemic stroke: A population-
based study. Lancet Neurol 2015; 14: 903-913.

Garcia-Berrocoso T, Fernandez-Cadenas |, Delgado P, et al. Blood biomarkers in
cardioembolic stroke. Curr Cardiol Rev 2010; 6: 194—-201.

Montaner J, Perea-Gainza M, Delgado P, et al. Etiologic diagnosis of ischemic stroke
subtypes with plasma biomarkers. Stroke 2008; 39: 2280-2287.

De Marchis GM, Katan M, Weck A, et al. Copeptin adds prognostic information after
ischemic stroke: results from the CoRisk study. Neurology 2013; 80: 1278-86.

Menon B, Ramalingam K, Conjeevaram J, et al. Role of brain natriuretic peptide as a
novel prognostic biomarker in acute ischemic stroke. Ann Indian Acad Neurol; 19: 462—
466.

Hernandez-Guillamon M, Garcia-Bonilla L, Solé M, et al. Plasma VAP-1/SSAQO activity
predicts intracranial hemorrhages and adverse neurological outcome after tissue
plasminogen activator treatment in stroke. Stroke 2010; 41: 1528-35.

Wartenberg KE, Stoll A, Funk A, et al. Infection after Acute Ischemic Stroke: Risk
Factors, Biomarkers, and Outcome. Stroke Res Treat 2011; 2011: 1-8.

Maas MB, Furie KL. Molecular biomarkers in stroke diagnosis and prognosis. Biomark
Med 2009; 3: 363—-383.

Chandramouli K, Qian P-Y. Proteomics: Challenges, Techniques and Possibilities to
Overcome Biological Sample Complexity. Hum Genomics Proteomics 2009; 2009: 1-22.

Johanson CE, Duncan Il JA, Klinge PM, et al. Cerebrospinal Fluid Research Multiplicity
of cerebrospinal fluid functions: New challenges in health and disease. Cerebrospinal
Fluid Res 2008; 5: 1-32.

233



234

Bibliografia

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

Doherty CM, Forbes RB. Diagnostic lumbar puncture. Ulster Med J 2014; 83: 93-102.

Engelborghs S, Niemantsverdriet E, Struyfs H, et al. Consensus guidelines for lumbar
puncture in patients with neurological diseases. Alzheimer’'s Dement Diagnosis, Assess
Dis Monit 2017; 8: 111-126.

Fugate JE, Rabinstein AA. Absolute and Relative Contraindications to IV rt-PA for Acute
Ischemic Stroke. The Neurohospitalist 2015; 5: 110-121.

Dawson J, Walters M, Delles C, et al. Urinary Proteomics to Support Diagnosis of Stroke.
PLoS One 2012; 7: 1-8.

Arellano-Garcia M, Hu S, Wang J, et al. Multiplexed immunobead-based assay for
detection of oral cancer protein biomarkers in saliva. Oral Dis 2008; 14: 705-712.

Yoon AJ, Cheng B, Philipone E, et al. Inflammatory biomarkers in saliva: assessing the
strength of association of diabetes mellitus and periodontal status with the oral
inflammatory burden. J Clin Periodontol 2012; 39: 434-440.

Ferrer 1, Martinez A, Boluda S, et al. Brain banks: Benefits, limitations and cautions
concerning the use of post-mortem brain tissue for molecular studies. Cell Tissue Bank
2008; 9: 181-194.

Casals JB, Pieri NCG, Feitosa MLT, et al. The use of animal models for stroke research:
a review. Comp Med 2011; 61: 305-13.

Sommer CJ. Ischemic stroke: experimental models and reality. Acta Neuropathol 2017;
133: 245-261.

Campos-Martorell M, Salvador N, Monge M, et al. Brain proteomics identifies potential
simvastatin targets in acute phase of stroke in a rat embolic model. J Neurochem 2014;
130: 301-12.

Campos M, Garcia-Bonilla L, Hernandez-Guillamon M, et al. Combining statins with
tissue plasminogen activator treatment after experimental and human stroke: A safety
study on hemorrhagic transformation. CNS Neurosci Ther 2013; 19: 863-870.

Llovera G, Benakis C, Enzmann G, et al. The choroid plexus is a key cerebral invasion
route for T cells after stroke. Acta Neuropathol 2017; 134: 851-868.

Rifai N, Gillette MA, Carr SA. Protein biomarker discovery and validation: The long and
uncertain path to clinical utility. Nat Biotechnol 2006; 24: 971-983.

Simats A, Garcia-Berrocoso T, Montaner J. Neuroinflammatory biomarkers: From stroke
diagnosis and prognosis to therapy. Biochim Biophys Acta - Mol Basis Dis 2016; 1862:
411-424.,

Tachibana C. Transcriptomics today: Microarrays, RNA-seq, and more. Science (80- )
2015; 544-546.

Sharp FR, Jickling GC, Stamova B, et al. Molecular markers and mechanisms of stroke:
RNA studies of blood in animals and humans. J Cereb Blood Flow Metab 2011; 31:
1513-1531.

Wagner AP-, Buga A-M. Identifying Therapeutic Targets in Cerebrovascular Diseases
Using Wholegenome Transcriptomics. Biochem Anal Biochem 2012; 01: 4172.



Bibliografia

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

Mortazavi A, Williams BA, McCue K, et al. Mapping and quantifying mammalian
transcriptomes by RNA-Seq. Nat Methods 2008; 5: 621-628.

Hawkins SFC, Guest PC. Multiplex Analyses Using Real-Time Quantitative PCR.
Methods Mol Biol 2017; 1546: 125-133.

Geiss GK, Bumgarner RE, Birditt B, et al. Direct multiplexed measurement of gene
expression with color-coded probe pairs. Nat Biotechnol 2008; 26: 317—-325.

Tang Y, Xu H, Du X, et al. Gene expression in blood changes rapidly in neutrophils and
monocytes after ischemic stroke in humans: A microarray study. J Cereb Blood Flow
Metab 2006; 26: 1089-1102.

Stamova B, Xu H, Jickling G, et al. Gene Expression Profiling of Blood for the Prediction
of Ischemic Stroke. Stroke 2011; 41: 2171-2177.

Raman K, O’Donnell MJ, Czlonkowska A, et al. Peripheral Blood MCEMP1 Gene
Expression as a Biomarker for Stroke Prognosis. Stroke 2016; 47: 652—658.

Rosell A, Vilalta A, Garcia-Berrocoso T, et al. Brain perihematoma genomic profile
following spontaneous human intracerebral hemorrhage. PLoS One 2011; 6: e16750.

Lin B, Arsdell S Van, Burns C. Quantitative measurement of proteins using SearchLight
® chemiluminescent , infrared and fluorescent arrays. Nat Methods 2006; 20-21.

Ni X, Castanares M, Mukherjee A, et al. Nucleic acid aptamers: clinical applications and
promising new horizons. Curr Med Chem 2011; 18: 4206-14.

Sun H, Zhu X, Lu PY, et al. Oligonucleotide Aptamers: New Tools for Targeted Cancer
Therapy. Mol Ther - Nucleic Acids 2014; 3: e182.

Jafari M, Primo V, Smejkal GB, et al. Comparison of in-gel protein separation techniques
commonly used for fractionation in mass spectrometry-based proteomic profiling.
Electrophoresis 2012; 33: 2516-2526.

Ong S-E, Blagoev B, Kratchmarova I, et al. Stable Isotope Labeling by Amino Acids in
Cell Culture, SILAC, as a Simple and Accurate Approach to Expression Proteomics. Mol
Cell Proteomics 2002; 1: 376—386.

Ross PL, Huang YN, Marchese JN, et al. Multiplexed Protein Quantitation in
Saccharomyces cerevisiae Using Amine- Reactive Isobaric Tagging Reagents. Mol Cell
Proteomics 2004; 1154-1169.

Thompson A, Schéfer J, Kuhn K, et al. Tandem mass tags: A novel quantification
strategy for comparative analysis of complex protein mixtures by MS/MS. Anal Chem
2003; 75: 1895-1904.

Gygi SP, Rist B, Gerber SA, et al. Quantitative analysis of complex protein mixtures
using isotope-coded affinity tags. Nat Biotechnol 1999; 17: 994—999.

Sandin M, Chawade A, Levander F. Is label-free LC-MS/MS ready for biomarker
discovery? Proteomics - Clin Appl 2015; 9: 289-294.

Ahram M, Petricoin EF. Proteomics discovery of disease biomarkers. Biomark Insights
2008; 2008: 325-333.

235



236

Bibliografia

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

Neilson KA, Ali NA, Muralidharan S, et al. Less label, more free: Approaches in label-
free quantitative mass spectrometry. Proteomics 2011; 11: 535-553.

Podwojski K, Eisenacher M, Kohl M, et al. Peek a peak: A glance at statistics for
guantitative label-free proteomics. Expert Rev Proteomics 2010; 7: 249-261.

Vidova V, Spacil Z. A review on mass spectrometry-based quantitative proteomics:
Targeted and data independent acquisition. Anal Chim Acta 2017; 964: 7-23.

Lange V, Picotti P, Domon B, et al. Selected reaction monitoring for quantitative
proteomics: A tutorial. Mol Syst Biol 2008; 4: 1-14.

Garcia-Berrocoso T, Penalba A, Boada C, et al. From brain to blood: New biomarkers
for ischemic stroke prognosis. J Proteomics 2013; 94: 138-148.

Zimmermann-lvol CG, Burkhard PR, Le Floch-Rohr J, et al. Fatty acid binding protein as
a serum marker for the early diagnosis of stroke - A pilot study. Mol Cell Proteomics
2004; 3: 66—72.

Lopez MF, Sarracino DA, Prakash A, et al. Discrimination of ischemic and hemorrhagic
strokes using a multiplexed, mass spectrometry-based assay for serum apolipoproteins
coupled to multi-marker ROC algorithm. Proteomics Clin Appl 2013; 31: 1713-1723.

Allard L, Lescuyer P, Burgess J, et al. ApoC-l and ApoC-lll as potential plasmatic
markers to distinguish between ischemic and hemorrhagic stroke. Proteomics 2004; 4.
2242-51.

Ning M, Furie KL, Koroshetz WJ, et al. Association between tPA therapy and raised
early matrix metalloproteinase-9 in acute stroke. Neurology 2006; 66: 1550-5.

Gomez-Cabrero D, Abugessaisa |, Maier D, et al. Data integration in the era of omics:
current and future challenges. BMC Syst Biol 2014; 8: I1.

Zhu L, Bhattacharyya A, Kurali E, et al. Review of integrative analysis challenges in
systems biology. Stat Biopharm Res 2011; 3: 561-568.

Robinson JL, Nielsen J. Integrative analysis of human omics data using biomolecular
networks. Mol BioSyst 2016; 12: 2953—-2964.

Meng C, Zeleznik OA, Thallinger GG, et al. Dimension reduction techniques for the
integrative analysis of multi-omics data. Brief Bioinform 2016; 17: 628—641.

Gehlenborg N, O’Donoghue SlI, Baliga NS, et al. Visualization of omics data for systems
biology. Nat Methods 2010; 7: S56—-S68.

Jin L, Zuo XY, Su WY, et al. Pathway-based analysis tools for complex diseases: A
Review. Genomics, Proteomics Bioinforma 2014; 12: 210-220.

Sun Y V, Hu Y-J. Integrative Analysis of Multi-omics Data for Discovery and Functional
Studies of Complex Human Diseases HHS Public Access. Adv Genet 2016; 93: 147—
190.

White H, White H. Learning in Artificial Neural Networks: A Statistical Perspective.
Neural Comput 1989; 1: 425-464.

Kotelnikova E, Bernardo-Faura M, Silberberg G, et al. Signaling networks in MS: A
systems-based approach to developing new pharmacological therapies. Mult Scler 2015;



Bibliografia

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

21:138-146.

Brown AS, Patel CJ. A review of validation strategies for computational drug
repositioning. Brief Bioinform 2016; 19: 174-177.

Romeo-Guitart D, Forés J, Herrando-Grabulosa M, et al. Neuroprotective Drug for Nerve
Trauma Revealed Using Atrtificial Intelligence. Sci Rep 2017; Submitted: 1-15.

Herrando-Grabulosa M, Mulet R, Pujol A, et al. Novel Neuroprotective Multicomponent
Therapy for Amyotrophic Lateral Sclerosis Designed by Networked Systems. PLoS One
2016; 11: e0147626.

Feala JD, Abdul[Hameed MDM, Yu C, et al. Systems Biology Approaches for
Discovering Biomarkers for Traumatic Brain Injury. J Neurotrauma 2013; 30: 1101-1116.

Jickling GC, Sharp FR. Blood biomarkers of ischemic stroke. Neurotherapeutics 2011; 8:
349-60.

Muszynski P, Groblewska M, Kulczynska-Przybik A, et al. YKL-40 as a Potential
Biomarker and a Possible Target in Therapeutic Strategies of Alzheimer’s Disease. Curr
Neuropharmacol 2017; 15: 906-917.

Galli S, Naranjo A, Van Ryn C, et al. Neuropeptide Y as a Biomarker and Therapeutic
Target for Neuroblastoma. Am J Pathol 2016; 186: 3040-3053.

Denes A, Pinteaux E, Rothwell NJ, et al. Interleukin-1 and stroke: Biomarker, harbinger
of damage, and therapeutic target. Cerebrovasc Dis 2011; 32: 517-527.

Doll DN, Barr TL, Simpkins JW. Cytokines : Their Role in Stroke and Potential Use as
Biomarkers and Therapeutic Targets. Aging Dis 2014; 5: 294-306.

Jordan J, Segura T, Brea D, et al. Inflammation as therapeutic objective in stroke. Curr
Pharm Des 2008; 14: 3549-64.

Lelekov-Boissard T, Chapuisat G, Boissel J-P, et al. Exploration of beneficial and
deleterious effects of inflammation in stroke: dynamics of inflammation cells. Philos
Trans R Soc A Math Phys Eng Sci 2009; 367: 4699-4716.

Tuttolomondo A, Di Sciacca R, Di Raimondo D, et al. Inflammation as a therapeutic
target in acute ischemic stroke treatment. Curr Top Med Chem 2009; 9: 1240-1260.

Del Zoppo GJ, Milner R, Mabuchi T, et al. Microglial activation and matrix protease
generation during focal cerebral ischemia. Stroke 2007; 38: 646—651.

Zhang J, Yang Y, Sun H, et al. Hemorrhagic transformation after cerebral infarction:
current concepts and challenges. Ann Transl Med 2014; 2: 81.

Sas A, Horvath L, Olah C, et al. A Review of Neuroinflammatory Mechanisms in
Ischemic Stroke: Background and Therapeutic Approaches. In: INTECH. 2017, pp. 119—
144.

Ruhnau J, Schulze J, Dressel A, et al. Thrombosis, Neuroinflammation, and Poststroke
Infection: The Multifaceted Role of Neutrophils in Stroke. J Immunol Res 2017; 1-7.

Jones KA, Maltby S, Plank MW, et al. Peripheral immune cells infiltrate into sites of
secondary neurodegeneration after ischemic stroke. Brain Behav Immun 2018; 67: 299—
307.

237



238

Bibliografia

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

Rallidis LS, Zolindaki MG, Vikelis M, et al. Elevated soluble intercellular adhesion
molecule-1 levels are associated with poor short-term prognosis in middle-aged patients
with acute ischaemic stroke. Int J Cardiol 2009; 132: 216—-220.

Brondani R, Rieder CRM, Valente D, et al. Levels of vascular cell adhesion molecule-1
and endothelin-1 in ischemic stroke: A longitudinal prospective study. Clin Biochem
2007; 40: 282-284.

Papayianni A, Alexopoulos E, Giamalis P, et al. Circulating levels of ICAM-1 , VCAM-1 ,
and MCP-1 are increased in haemodialysis patients: association with inflammation ,
dyslipidaemia , and vascular events. Nephrolohgy Dial Transplant 2002; 17: 435—-441.

Cao J, Shi X, Li W, et al. Protective effect of anti-intercellular adhesion molecule-1
antibody on global cerebral ischemia / reperfusion injury in the rat. Biosci Trends 2009;
3:48-52.

Connolly ES, Winfree CJ, Springer TA, et al. Cerebral Protection in Homozygous Null
ICAM-1 Mice after Middle Cerebral Artery Occlusion Role of Neutrophil Adhesion in the
Pathogenesis of Stroke. J Clin Invest 1996; 97: 209-216.

Relton JK, Sloan KE, Frew EM, et al. Inhibition of alpha-4 Integrin Protects Against
Transient Focal Cerebral Ischemia in Normotensive and Hypertensive Rats. Stroke
2001; 4: 199-206.

Neumann J, Riek-Burchardt M, Herz J, et al. Very-late-antigen-4 (VLA-4)-mediated brain
invasion by neutrophils leads to interactions with microglia, increased ischemic injury
and impaired behavior in experimental stroke. Acta Neuropathol 2015; 129: 259-77.

Langhauser F, Kraft P, Gob E, et al. Blocking of a4 Integrin Does Not Protect From
Acute Ischemic Stroke in Mice. Stroke 2014; 45: 1799-1806.

Kleinschnitz C, Langhauser F, Wiendl H. Response to letter regarding article, ‘blocking
of a4 integrin does not protect from acute ischemic stroke in mice’. Stroke 2014; 3—4.

Llovera G, Hofmann K, Roth S, et al. Results of a preclinical randomized controlled
multicenter trial (pRCT): Anti-CD49d treatment for acute brain ischemia. Sci Transl Med
2015; 7: 299ral21.

Enlimomab Accute Stroke Trial (EAST). Use of anti-ICAM-1 therapy in ischemic stroke:
results of the Enlimomab Acute Stroke Trial. Neurology 2001; 57: 1428-34.

Elkins J, Veltkamp R, Montaner J, et al. Safety and efficacy of natalizumab in patients
with acute ischaemic stroke (ACTION): a randomised, placebo-controlled, double-blind
phase 2 trial. Lancet Neurol 2017; 16: 217-226.

Furuya K, Takeda H, Azhar S, et al. Examination of several potential mechanisms for the
negative outcome in a clinical stroke trial of enlimomab, a murine anti-human
intercellular adhesion molecule-1 antibody: a bedside-to-bench study. Stroke 2001; 32:
2665—-2674.

Ginsberg MD. Current status of neuroprotection for cerebral ischemia synoptic overview.
Stroke 2009; 40: 111-115.

Boomsma F, Van Den Meiracker AH, Winkel S, et al. Circulating semicarbazide-
sensitive amine oxidase is raised both in Type | (insulin-dependent), in Type Il (non-
insulin-dependent) diabetes mellitus and even in childhood Type | diabetes at first



Bibliografia

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

clinical diagnosis. Diabetologia 1999; 42: 233-237.

Karadi I, Mészéaros Z, Csanyi A, et al. Serum semicarbazide-sensitive amine oxidase
(SSAOQ) activity is an independent marker of carotid atherosclerosis. Clin Chim Acta
2002; 323: 139-146.

Boomsma F, van Veldhuisen DJ, de Kam PJ, et al. Plasma semicarbazide-sensitive
amine oxidase is elevated in patients with congestive heart failure. Cardiovasc Res
1997; 33: 387-91.

Boomsma F, Bhaggoe UM, Van Der Houwen AMB, et al. Plasma semicarbazide-
sensitive amine oxidase in human (patho)physiology. Biochim Biophys Acta - Proteins
Proteomics 2003; 1647: 48-54.

Del Mar Hernandez M, Esteban M, Szabo P, et al. Human plasma semicarbazide
sensitive amine oxidase (SSAQ), B-amyloid protein and aging. Neurosci Lett 2005; 384:
183-187.

Ferrer I, Lizcano JM, Hernandez M, et al. Overexpression of semicarbazide sensitive
amine oxidase in the cerebral blood vessels in patients with Alzheimer’s disease and
cerebral autosomal dominant arteriopathy with  subcortical infarcts and
leukoencephalopathy. Neurosci Lett 2002; 321: 21-24.

Hernandez-Guillamon M, Solé M, Delgado P, et al. VAP-1/SSAO plasma activity and
brain expression in human hemorrhagic stroke. Cerebrovasc Dis 2012; 33: 55-63.

Ma Q, Manaenko A, Khatibi NH, et al. Vascular adhesion protein-1 inhibition provides
antiinflammatory protection after an intracerebral hemorrhagic stroke in mice. J Cereb
Blood Flow Metab 2011; 31: 881-893.

Watcharotayangul J, Mao L, Xu H, et al. Post-ischemic vascular adhesion protein-1
inhibition provides neuroprotection in a rat temporary middle cerebral artery occlusion
model. J Neurochem 2012; 123: 116-124.

Sun P, Solé M, Unzeta M. Involvement of SSAO/VAP-1 in oxygen-glucose deprivation-
mediated damage using the endothelial hSSAO/VAP-1-expressing cells as an
experimental model of cerebral ischemia. Cerebrovasc Dis 2014; 37: 171-180.

Zhang L, Zhang RL, Jiang Q, et al. Focal embolic cerebral ischemia in the rat. Nat
Protoc 2015; 539-547.

Watcharotayangul J, Mao L, Haoliang X, et al. Post-ischemic vascular adhesion protein-
1 inhibition provides neuroprotection in a rat temporary middle cerebral artery occlusion
model. J Neurochem 2012; 123: 119-124.

Garcia-Berrocoso T, Giralt D, Llombart V, et al. Chemokines after human ischemic
stroke: From neurovascular unit to blood using protein arrays. Transl Proteomics 2014;
3:1-9.

Napoli M Di, Papa F, Bocola V. C-Reactive Protein in Ischemic Stroke An Independent
Prognostic Factor. Stroke 2001; 32: 917-924.

Dziedzic T, Slowik A, Szczudlik A. Interleukin-6 and stroke: cerebral ischemia versus
nonspecific factors influencing interleukin-6. Stroke 2003; 34: €229-30.

Gupta S, Gupta VK, Gupta R, et al. Relationship of high-sensitive C-reactive protein with
cardiovascular risk factors, clinical presentation and angiographic profile in patients with

239



240

Bibliografia

[251]
[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

acute coronary syndrome: An Indian perspective. Indian Heart J 2013; 65: 359—-365.
Hage FG. C-reactive protein and Hypertension. J Hum Hypertens 2014; 28: 410-415.
Jickling GC, Sharp FR. Biomarker panels in ischemic stroke. Stroke 2015; 46: 915-920.

Bustamante A, Simats A, Vilar-Bergua A, et al. Blood/Brain Biomarkers of Inflammation
After Stroke and Their Association With Outcome: From C-Reactive Protein to Damage-
Associated Molecular Patterns. Neurotherapeutics 2016; 13: 671-684.

Whiteley W, Jackson C, Lewis S, et al. Inflammatory Markers and Poor Outcome after
Stroke : A Prospective Cohort Study and Systematic Review of. Plos Med 2009; 6:
€1000145.

Waje-Andreassen U, Krédkenes J, Ulvestad E, et al. IL-6: An early marker for outcome in
acute ischemic stroke. Acta Neurol Scand 2005; 111: 360—-365.

VanGilder RL, Davidov DM, Stinehart KR, et al. C-reactive protein and long-term
ischemic stroke prognosis. J Clin Neurosci 2014; 24: 547-553.

Bustamante A, Sobrino T, Giralt D, et al. Prognostic value of blood interleukin-6 in the
prediction of functional outcome after stroke: A systematic review and meta-analysis. J
Neuroimmunol 2014; 274: 215-224.

Wei J, Sun C, Liu C, et al. Effects of Rat Anti-mouse Interleukin-6 Receptor Antibody on
the Recovery of Cognitive Function in Stroke Mice. Cell Mol Neurobiol 2017; 38: 507—
515.

Maysami S, Wong R, Pradillo JM, et al. A cross-laboratory preclinical study on the
effectiveness of interleukin-1 receptor antagonist in stroke. J Cereb Blood Flow Metab
2016; 36: 596-605.

Barone FC, Arvin B, White RF, et al. Tumor necrosis factor-alpha. A mediator of focal
ischemic brain injury. Stroke 1997; 28: 1233-44.

Emsley HCA, Smith CJ, Georgiou RF, et al. A randomised phase Il study of interleukin-1
receptor antagonist in acute stroke patients. J Neurol Neurosurg Psychiatry 2005; 76:
1366-1372.

Smith CJ, Hulme S, Vail A, et al. SCIL-STROKE (Subcutaneous Interleukin-1 Receptor
Antagonist in Ischemic Stroke). Stroke 2018; 49: 1210-1216.

Berahovich RD, Miao Z, Wang Y, et al. Proteolytic Activation of Alternative CCR1
Ligands in Inflammation. J Immunol 2005; 174: 7341-7351.

Zlotnik A, Yoshie O, Nomiyama H. The chemokine and chemokine receptor
superfamilies and their molecular evolution. Genome Biol 2006; 7: 243.

Nomiyama H, Egami K, Tanase S, et al. Comparative DNA Sequence Analysis of Mouse
and Human CC Chemokine Gene Clusters. J Interf CYTOKINE Res 2003; 23: 37-45.

Zschaler J, Schlorke D, Arnhold J. Differences in innate immune response between man
and mouse. Crit Rev Immunol 2014; 34: 433-54.

Mestas J, Hughes CCW. Of Mice and Not Men: Differences between Mouse and Human
Immunology. J Immunol 2004; 172: 2731-2738.



Bibliografia

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

Datta A, Akatsu H, Heese K, et al. Quantitative clinical proteomic study of autopsied
human infarcted brain specimens to elucidate the deregulated pathways in ischemic
stroke pathology. J Proteomics 2013; 91: 556-568.

Cuadrado E, Rosell A, Colomé N, et al. The Proteome of Human Brain After Ischemic
Stroke. J Neuropathol Exp Neurol 2010; 69: 1105-1115.

Cuadrado E, Rosell A, Penalba A, et al. Vascular MMP-9/TIMP-2 and Neuronal MMP-10
Up-Regulation in Human Brain after Stroke: A Combined Laser Microdissection and
Protein Array Study. J Proteome Res 2009; 8: 3191-3197.

Guldbrandsen A, Vethe H, Farag Y, et al. In-depth Characterization of the Cerebrospinal
Fluid (CSF) Proteome Displayed Through the CSF Proteome Resource (CSF-PR)* o S.
Mol Cell Proteomics 2014; 13: 3152—63.

Song KM, Lee S, Ban C. Aptamers and their biological applications. Sensors 2012; 12:
612—-631.

Zhou J, Bobbin ML, Burnett JC, et al. Current progress of RNA aptamer-based
therapeutics. Front Genet 2012; 3: 1-14.

Blake CM, Wang H, Laskowitz DT, et al. A Reversible Aptamer Improves Outcome and
Safety in Murine Models of Stroke and Hemorrhage. Oligonucleotides 2011; 21: 11-19.

Yu CY, Ng G, Liao P. Therapeutic Antibodies in Stroke. Transl Stroke Res 2013; 4: 477—
483.

Diz AP, Truebano M, Skibinski DOF. The consequences of sample pooling in
proteomics: An empirical study. Electrophoresis 2009; 30: 2967-2975.

Garcia-Berrocoso T, Giralt D, Bustamante A, et al. Role of beta-defensin 2 and
interleukin-4 receptor as stroke outcome biomarkers. J Neurochem 2014; 129: 463-472.

Zhang W, Carriquiry A, Nettleton D, et al. Pooling mRNA in microarray experiments and
its effect on power. Bioinformatics 2007; 23: 1217-1224.

Grebe SKG, Singh RJ. LC-MS/MS in the clinical laboratory - Where to from here? Clin
Biochem Rev 2011; 32: 5-31.

Becker JO, Hoofnagle AN. Replacing immunoassays with tryptic digestion-peptide
immunoaffinity enrichment and LC-MS/MS. Bioanalysis 2012; 4: 281—-290.

Valones MAA, Guimardes RL, Branddo LAC, et al. Principles and applications of
polymerase chain reaction in medical diagnostic fields: A review. Brazilian J Microbiol
2009; 40: 1-11.

Coultrap SJ, Vest RS, Ashpole NM, et al. CaMKII in cerebral ischemia. Acta Pharmacol
Sin 2011; 3268: 861-872.

Fan W, Agarwal N, Cooper NGF. The role of CaMKIl in BDNF-mediated neuroprotection
of retinal ganglion cells (RGC-5). Brain Res 2006; 1067: 48-57.

Takano H, Fukushi H, Morishima Y, et al. Calmodulin and calmodulin-dependent kinase
Il mediate neuronal cell death induced by depolarization. Brain Res 2003; 962: 41-47.

Waxham MN, Grotta JC, Silva J, et al. Ischemia-Induced Neuronal Damage: A Role for
Calcium/Calmodulin-Dependent Protein Kinase Il. J Cereb Blood Flow Metab 1996; 16:

241



242

Bibliografia

[286]

[287]

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

[302]

1-6.

Bessman SP, Carpenter CL. The Creatine-Creatine Phosphate Energy Shuttle. Annu
Rev Biochem 1985; 54: 831-862.

Cansev M. Uridine and cytidine in the brain: Their transport and utilization. Brain Res
Rev 2006; 52: 389-397.

Segura-Pefia D, Sekulic N, Ort S, et al. Substrate-induced Conformational Changes in
Human UMP/CMP Kinase. J Biol Chem 2004; 279: 33882—-33889.

Llombart V, Trejo S, Bronsoms S, et al. Protein profiling and identification of new
biomarkers of brain ischemia using MALDI-. J Proteome Res 2017; 152: 243-253.

Capocchi G, Tassi C, Ricci S, et al. Creatine kinase BB activity in serum of patients with
acute stroke: correlation with the severity of brain damage. Ital J Neurol Sci 1987; 8:
567-570.

Pfeiffer FE, Homburger H a, Yanagihara T. Serum creatine kinase B concentrations in
acute cerebrovascular diseases. Arch Neurol 1984; 41: 1175-8.

Burbaeva Gs, Savushkina OK, Boksha IS. Creatine kinase BB in brain in schizophrenia.
World J Biol Psychiatry 2003; 4: 177-183.

Dubo H, Park D, Pennington RJT, et al. Serum-creatinine-kinase in cases of stroke,
head injury and meningitis. Lancet 2016; 290: 743—748.

Bell RD, Alexander GM, Nguyen T, et al. Quantification of Cerebral Infarct Size by
Creatine Kinase BB Isoenzyme. Stroke 1986; 17: 254—-260.

McGahan L, Hakim AM, Nakabeppu Y, et al. Ischemia-induced CAl neuronal death is
preceded by elevated FosB and Jun expression and reduced NCFI-A and JunB levels.
Mol Brain Res 1998; 56: 146-161.

Wang L, Deng S, Lu Y, et al. Increased inflammation and brain injury after transient focal
cerebral ischemia in activating transcription factor 3 knockout mice. Neuroscience 2012;
220: 100-108.

Gilchrist M, Thorsson V, Li B, et al. Systems biology approaches identify ATF3 as a
negative regulator of Toll-like receptor 4. Nature 2006; 441: 173-178.

Zmuda EJ, Viapiano M, Grey ST, et al. Deficiency of ATF3, an adaptive-response gene,
protects islets and ameliorates inflammation in a syngeneic transplantation model.
Diabetologia 2013; 31: 1713-1723.

Brooks AC, Guo Y, Singh M, et al. Endoplasmic reticulum stress-dependent activation of
ATF3 mediates the late phase of ischemic preconditioning. J Mol Cell Cardiol 2014; 76:
138-147.

Pang L, Ye W, Che XM, et al. Reduction of inflammatory response in the mouse brain
with adenoviral-mediated transforming growth factor-ss1 expression. Stroke 2001; 32:
544-552.

Goncalves A, Ambrosio AF, Fernandes R. Regulation of claudins in blood-tissue barriers
under physiological and pathological states. Tissue Barriers 2013; 1: €e24782.

Jones SB, Lanford GW, Chen YH, et al. Glutamate-induced &-catenin redistribution and



Bibliografia

[303]

[304]

[305]

[306]

[307]

[308]

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

dissociation from postsynaptic receptor complexes. Neuroscience 2002; 115: 1009-
1021.

Matter C, Pribadi M, Liu X, et al. 6-Catenin Is Required for the Maintenance of Neural
Structure and Function in Mature Cortex In Vivo. Neuron 2009; 64: 320-327.

Zhang S-J, Buchthal B, Lau D, et al. A Signaling Cascade of Nuclear Calcium-CREB-
ATF3 Activated by Synaptic NMDA Receptors Defines a Gene Repression Module That
Protects against Extrasynaptic NMDA Receptor-Induced Neuronal Cell Death and
Ischemic Brain Damage. J Neurosci 2011; 31: 4978-4990.

Takami S, Minami M, Nagata I, et al. Chemokine receptor antagonist peptide, viral MIP-II,
protects the brain against focal cerebral ischemia in mice. J Cereb Blood Flow Metab
2001; 21: 1430-1435.

Zaremba J, llkowski J, Losy J. Serial measurements of levels of the chemokines CCL2,
CCL3 and CCL5 in serum of patients with acute ischaemic stroke. Folia Neuropathol
2006; 44: 282-9.

Fisher M, Schaebitz W. An overview of acute stroke therapy: past, present, and future.
ArchinternMed 2000; 160: 3196—3206.

Sacchetti ML, Toni D, Fiorelli M, et al. The concept of combination therapy in acute
ischemic stroke. Neurology 1997; 49: S70-S74.

Chou T, Kurin E, Mucaji P, et al. Theoretical Basis, Experimental Design, and
Computerized Simulation of Synergism and Antagonism in Drug Combination Studies. J
Food Compos Anal 2010; 67: 621-681.

Mokhtari RB, Homayouni TS, Baluch N, et al. Combination therapy in combating cancer.
Oncotarget 2015; 8: 38022—38043.

Chen S-D, Lee J-M, Yang D-I, et al. Combination therapy for ischemic stroke: potential
of neuroprotectants plus thrombolytics. Am J Cardiovasc Drugs 2002; 2: 303-313.

Culmsee C, Junker V, Kremers W, et al. Combination therapy in ischemic stroke:
Synergistic neuroprotective effects of memantine and clenbuterol. Stroke 2004; 35:
1197-1202.

Lanzillotta A, Pignataro G, Branca C, et al. Targeted acetylation of NF-kappaB/RelA and
histones by epigenetic drugs reduces post-ischemic brain injury in mice with an
extended therapeutic window. Neurobiol Dis 2013; 49: 177-189.

Montaner J, Bustamante A, Garcia-Matas S, et al. Combination of thrombolysis and
statins in acute stroke is safe: Results of the STARS randomized trial (Stroke Treatment
With Acute Reperfusion and Simvastatin). Stroke 2016; 47: 2870-2873.

Saver JL, Starkman S, Eckstein M, et al. Prehospital Use of Magnesium Sulfate as
Neuroprotection in Acute Stroke. N Engl J Med 2015; 372: 528-536.

Lodder J, Van Raak L, Hilton A, et al. Diazepam to improve acute stroke outcome:
Results of the early GABA-ergic activation study in stroke trial: A randomized double-
blind placebo-controlled trial. Cerebrovasc Dis 2006; 21: 120-127.

Clark W, Raps EC, Tong DC, et al. Cervene (Nalmefene) in acute ischemic stroke : final
results of a phase Il efficacy study. The Cervene Stroke Study Investigators. Stroke
2000; 31: 1234-9.

243






AGRAIMENTS

Ja ha arribat I'hora, i aix0 s’acaba! Abans, perd, m’agradaria agrair a tota aquella gent que
d'alguna manera o altra ha format part d’aquesta bonica etapa de la meva vida,
segurament sense vosaltres tot hagués estat forca més dificil. Espero aconseguir-vos
transmetre la meva sincera gratitud.

Primer de tot, a tu Joan. Gracies per confiar en mi i donar-me la oportunitat de créixer en
aquest gran laboratori, rodejada de grans persones i investigadors. Ha estat un plaer
aprendre de tu, fins i tot des de la distancia ;). Ho he portat prou bé, oi?

Tere, mil gracies per fer-me costat en tot moment i no perdre I'esperanga en mi. Ha estat
una experiéncia unica, qué t'he de dir, 0i? Pero tant tu com jo n’hem aprés moltissim i ens
n’hem sortit de tot increiblement bé. Gracies per tot!

A la linia de biomarcadors, als del 106, el 110, el 123 i el 120, gracies per acollir-me tant i
tant bé durant tots aquests anys. Anna, moltissimes gracies per aconsellar-me, guiar-me i
ajudar-me cada vegada que ho he necessitat, que no han sigut pas poques!

A tots els que en algun moment o altre heu passat pel laboratori. Als que ja no hi sén:
gracies per ensenyar-me tant, no sabeu els cops que he recordat les paraules de la vostra
experiéncia. | als que tot just acaben d’arribar: gracies per fer que aquests mesos finals
hagi estat una mica més amens i divertits. A les nenes que comencen ara, espero que
tingueu una experiéncia tan completa com la que jo he tingut la sort de viure aqui. Laura,
ninga millor que tu podria seguir amb tot aixd. N'estic convenguda que tot t'anira genial.
Forcal

A la Sofia i a la Marina, no sé que hagués fet sense vosaltres! Gracies per animar-me
sempre que ho he necessitat, i mil gracies per deixar-me compartir dubtes, problemes,
idees, alegries, tristeses, bogeries, cabrejades, cotilleos, somnis i mil experiéncies més
amb vosaltres. Senzillament gracies per formar part de tot aixd, sempre recordaré aquests
anys al vostre costat.

Als de casa: als meus pares i a la meva germana. Gracies per donar-me la oportunitat
d’embarcar-me en aquest projecte i fer el que realment m’agrada. Tot i no recordar-vos-ho
gaire sovint, GRACIES en majascules per recolzar-me en tot moment.

| a tu, Sergi. Gracies per creure en mi i animar-me sempre a fer alld, i només allo, que
desitjo. Sense el teu suport i estimacio res d’aixd hagués estat possible. El cami sera llarg,
molt llarg, pero valdra moltissim la pena disfrutar-lo junts. Ho saps, 0i? Jo moltissim.

A tots, moltes gracies.

Alba.

245






CARRERA CENTIFICA DE LA DOCTORANDA

Formaci6é académica universitaria

Doctorat en Bioquimica, Biologia Molecular i Biomedicina (en curs). Universitat
Autonoma de Barcelona, Espanya. Neurovascular Research Laboratory (LIN), Vall
d’Hebrodn Institut de Recerca (VHIR), Barcelona.

Master oficial en Investigaci6 Biomeédica (2013-2014). Universitat Pompeu Fabra,
Barcelona, Espanya. Unitat d’investigacié en muscul i aparell respiratori (URMAR), Institut
Hospital del Mar d’Investigacions Mediques (IMIM), Parc de Recerca Biomédica de
Barcelona (PRBB), Barcelona.

Grau en Bioquimica (2009-2013). Universitat de Barcelona, Barcelona, Espanya.
Immunology, pathophysiology and Experimental Therapies laboratory, Molecular
biomedical research, University of Gent, Belgium.

Producci6 cientifica

Simats A; Garcia-Berrocoso T; Ramiro L; Giralt D; Gill N; Penalba A; Bustamante A,
Rosell A; Montaner J. Characterization of the rat cerebrospinal fluid proteome following
acute cerebral ischemia using an aptamer-based proteomic technology. Scientific Reports.
Accepted for publication: April 2018.

Bustamante A; Ning M; Garcia-Berrocoso T; Penalba A; Boada C; Simats A; Pagola J;
Rib6 M; Molina C; Lo E; Montaner J. Usefulness of adamtsl3 to predict response to
recanalization therapies in acute ischemic stroke. Neurology, 2018, 90(12):€995-e1004

Simats A; Garcia-Berrocoso T; Penalba A; Giralt D; Llovera G; Yinghua J; Ramiro L;
Bustamante A; Martinez-Saez E; Canals F; Xiaoying W; Liesz A; Rosell A; Montaner J.
CCL23: A new CC chemokine involved in human brain damage. Journal of Internal
Medicine. 2018, 283(5):461-475

Sun P; Hernandez-Guillamon M; Campos-Martorell M; Simats A; Montaner J; Unzeta M;
Solé M. Simvastatin blocks soluble SSAO/VAP-1 release in experimental models of
cerebral ischemia: possible benefits for stroke-induced inflammation control. Biochim
Biophys Acta - Mol Basis Dis. 2018, 1864(2):542-553.

Garcia-Berrocoso T; Llombart V; Colas-Campas L; Hainard A; Licker V; Penalba A; Ramiro
L; Simats A; Bustamante A; Martinez-Saez E; Canals F; Sanchez J.C; Montaner J. Single
cell immuno-laser microdissection coupled to label-free proteomics to reveal the
proteotypes of human brain cells after ischemia. Mol Cell Proteomics. 2018, 17(1):175-189

Bustamante A, Garcia-Berrocoso T, Penalba A, Giralt D, Simats A, Muchada M, Zapata E,
Rubiera M, Montaner J. Sepsis biomarkers reprofiling to predict stroke-associated
infections. J Neuroimmunol. 2017, 312:19-23.

N. Percie Du Sert, A. Alfieri, S. M. Allan, H. Vo Carswell, G. A. Deuchar, T. D. Farr, P.
Flecknell, L. Gallagher, C. L. Gibson, M. J. Haley, M. R. Macleod, B. W. Mccoll, C. Mccabe,
A. Morancho, L. D. Moon, M. J. O 'neill, |. Pérez De Puig, A. Planas, C. |. Ragan, A. Rosell,
L. A. Roy, K. O. Ryder, A. Simats, E. S. Sena, M. D. Tricklebank, R. C. Trueman, L.
Whitfield, R. Wong, and |I. M. Macrae. The IMPROVE Guidelines (Ischaemia Models:
Procedural Refinements Of in Vivo Experiments). J Cereb Blood Flow Metab. 2017,
37(11):3488-3517.

Llombart V; Trejo S; Bronsoms S; Morancho A; Ma F; Faura J; Garcia-Berrocoso T;
Simats A; Rosell A; Canals F; Hernandez-Guillamén M; Montaner J. Profiling and

247


https://www.ncbi.nlm.nih.gov/pubmed/28886956
https://www.ncbi.nlm.nih.gov/pubmed/28886956

248

identification of new proteins involved in brain ischemia using MALDI-imaging-mass-
spectrometry. Journal of proteomics. 2017, 152:243-253.

Bustamante A; Simats A; Vilar-Bergua A; Garcia-Berrocoso T; Montaner J. Blood/brain
biomarkers of inflammation after stroke and their association with outcome: from C-reactive
protein to damage-associated molecular patterns. The Journal of the American Society for
Experimental NeuroTherapeutics. 2016, 13(4):671-684.

Simats A; Garcia-Berrocoso T; Montaner J. Natalizumab: a new therapy for acute
ischemic stroke? Expert Review of Neurotherapeutics. 2016 Sep, 16(9):1013-21.

Campos-Martorell M, Cano-Saabia M, Simats A, Hernandez-Guillamon M, Rosell A,
Maspoch D, Montaner J. Charge effect of a liposomal delivery system encapsulating
simvastatin to treat experimental ischemic stroke in rats. International Journal of
Nanomedicine. 2016, 11:3035-3048.

Llombart V, Garcia-Berrocoso T, Bech-Serra JJ, Simats A, Bustamante A, Giralt D,
Reverter-Branchat G, Canals F, Hernandez-Guillamon M, Montaner J. Characterzation of
secretomes from a human blood brain barrier endothelial cells in-vitro model after ischemia
by stable isotope labeling with aminoacids in cell culture (SILAC). Journal of Proteomics.
2015, 133:100-112.

Simats A; Garcia-Berrocoso T; Montaner J. Neuroinflammatroy biomarkers: From stroke
diagnosis and prognosis to therapy. Biochim. Biophys. Acta. 2016, 1862(3):411-424.

Vandendriessche B; Goethals A; Simats A; Van Hamme E; Brouckaert P; Cauwels A.
MAPK-activated protein kinase 2-deficiency causes hyperacute tumor necrosis factor-
induced inflammatory shock. BMC Physiology. 2014, 14(1):5.

Bustamante A; Garcia-Berrocoso T; Llombart V; Simats A; Giralt D; Montaner J.
Overcoming the major hurdles in using neuroendocrine hormones as prognostic
biomarkers in the setting of acute stroke. Expert Review of Neurotherapeutics. 2014,
14(12):1391-1403.

Participacio en projectes d’'investigacio

Stroke Bio-targets: Nuevas estrategias para descubrir biomarcadores de isquemia cerebral
y su aplicacion como dianas terapéuticas en el ictus. P115/00354 (01/01/2016-31/12/2018)
Investigador principal (IP): Joan Montaner.

INVICTUS (Redes Tematicas RETICS, RD12/0014/0005). Fondo de Investigacion
Sanitaria, Instituto Carlos Il (01/01/2013-31/12/2016). Investigador principal (IP): Joan
Montaner

Genetic Architecture of Human Brain Ischemia. National institute of Health (NIH), EEUU
(01/04/2016-31/03/2019). Investigador principal (IP): Joan Montaner

Protective effect of R-Tech Ueno VAP-1-inhibitor molecule on an ‘in vivo” stroke model.
Projecte de financiacié privada del laboratori. (2015-2016) Vall d’Hebrén Institut de
Recerca (VHIR) - Tech Ueno-R, Ltd., Japan. Investigador principal (IP): Joan Montaner

PRESTIGE-AF: PREvention of STroke in Intracerebral hemorrhaGE survivors with Atrial
Fibrillation. Unié Europea, Fundacié Intsitut de Recerca de I'Hospital Universitari Vall
d’Hebron (01/01/2018-30/11/2022).



PROOF: Penumbral Rescue by Normobaric O=0 Administration in Patients With
Ischaemic Stroke. GA-Nr.733379. Uni6 Europea, Institut de Recerca de I'Hospital
Universitari Vall d’Hebron.

Formacio cientifica: cursos i congressos

Participaci6 en les Jornades anuals de I'Institut de Recerca de Vall d’Hebron (VHIR)
(13th December, 2017). Titol de la presentacio en format poster: Characterization of the
cerebrospinal fluid proteome following acute cerebral ischemia using an aptamer-based
proteomic technology.

Assisténcia i presentacié d’'una comunicacié en format poster a la conferencia ENABLE
The 1st European PhD and Postdoc Symposium (ENABLE network), 2017, Barcelona.
Titol de la presentaci6 en format poster: Characterization of the cerebrospinal fluid
proteome following acute cerebral ischemia using an aptamer-based proteomic technology.

Assisténcia i presentacio d’una comunicacié oral al 28th Symposium on Cerebral Blood
Flow, Metabolism and Function (15‘-4th April, 2017, Berlin). Titol de la comunicacio:
CCL23: a chemokine early present in brain after cerebral ischemia that plays a role as a
blood biomarker for brain damage and stroke outcome.

Participacio en el congres anual de la Red tematica de Investigacion en Enfermedades
Vasculares Cerebrales, RETICS-INVICTUS+ (27"-28" March, 2017, Santiago de
Compostela) (RD16/0019).

Annual Proteomics Symposium — Applying proteomics to life science (11th November
2016, Barcelona). Organitzat pel Centre de Regulaci6 Genomica (CRG) i la Societat
Catalana de Biologia.

Assisténcia i presentacié d’'una comunicaci® en format poster al X simposi de
neurobiologia (6™-7" October, 2016, Barcelona). Societat Catalana de Biologia. Titol de
la comunicacié: CCL23: A new chemokine present in brain after cerebral ischemia might
play a role as a blood biomarker for brain damage and stroke outcome.

Curso de educacion continuada en el Laboratorio Clinico (Any acadéemic 2015-2016).
Societat Espanyola de Bioquimica clinica i patologia molecular (SEQC), acreditada pel
consell Catala de formacié meédica continuada.

5" Hands-on Course in ultrafast Sample Treatment for Proteomics (22"-24" of June,
2015). PROTEOMASS Scientific Society, Faculty of Science and Technology of the New
University of Libon, Portugal.

How to improve you scientific presentations (11™-12" of May, 2015). Fundacié Dr.
Antoni Esteve | IRB Barcelona, Barcelona.

Acreditacié com a investigador usuari d’animals d’experimentacié (2013). Universitat
de Barcelona.

249



	Página en blanco
	Página en blanco
	Página en blanco
	Página en blanco
	Página en blanco
	Página en blanco
	Página en blanco
	Página en blanco
	Página en blanco
	Página en blanco
	Página en blanco
	Página en blanco
	Página en blanco
	Sin título

	Títol de la tesi: POTENCIAL TERAPÈUTIC DE NOUS BIOMARCADORS D’ISQUÈMIA CEREBRAL
	Nom autor/a: ALBA SIMATS ORIOL


