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Resumen

RESUMEN

El ictus es una enfermedad con una elevada morbimortalidad, suponiendo la segunda causa de
muerte a nivel mundial y una de las principales causas de discapacidad en el adulto. Aun asi, la
heterogeneidad entre los pacientes con ictus dificulta anticipar el prondstico de la
enfermedad. Saber qué pacientes van a empeorar o cudles se recuperaran sin secuelas
ayudaria a facilitar informacion al paciente y su familia, valorar los riesgos y los beneficios del
tratamiento trombolitico o la inclusidn en ensayos clinicos y a optimizar los recursos sanitarios
en cuanto a atencién médica especializada, cuidado intensivo de los pacientes, duracién de la
estancia intrahospitalaria o terapias de rehabilitacién tempranas.

Actualmente, la prediccion de la evolucidn clinica de los pacientes con ictus es poco precisa y
suele basarse en la edad y la gravedad inicial del paciente. Aunque se han desarrollado
diversos modelos predictivos basados en variables clinicas, en la practica ninguno de ellos es
aplicado al presentar valores de discriminacion entre pacientes que, en el mejor de los casos,
alcanzan el 70-80 % de precision. Ademds, estos modelos suelen incluir variables clinicas que
no son accesibles de forma inmediata o que requieren técnicas de neuroimagen. El uso de
biomarcadores en la practica clinica en otras enfermedades ha generado una corriente de
investigacion en torno a moléculas que puedan predecir la evolucidon de los pacientes con
ictus. En la actualidad, pocos biomarcadores han demostrado tener un valor predictivo
suficiente como para que se evalule su utilidad en amplios estudios multicéntricos; para ello,
los biomarcadores deberian afiadir valor a las variables clinicas, aumentando la sensibilidad y
la especificidad en la discriminacion de los pacientes para influir en la toma de decisiones.

Los trabajos incluidos en esta Tesis se centran, por un lado, en sistematizar el conocimiento
sobre biomarcadores prondsticos en el ictus isquémico y la aplicacidn de criterios estadisticos
gue demuestren el valor anadido necesario para un futuro uso de los marcadores. Con ese
propdsito hemos desarrollado una pagina web donde se compila la informacion sobre las
moléculas que se han asociado con el prondstico del ictus y hemos aplicado técnicas de
estadistica comparativa y de metaandlisis para evaluar un biomarcador tipico como el péptido
natriurético de tipo B (BNP). Por otro lado, hemos querido evaluar moléculas involucradas en
la fisiopatologia del ictus, como las quimiocinas, explorandolas paralelamente a nivel cerebral
y circulatorio.

Finalmente, mediante técnicas de identificacion masiva, como la protedmica, las librerias de
anticuerpos y la transcriptomica, hemos identificado una serie de moléculas que han
demostrado su asociacidn con el prondstico del ictus en diferentes momentos de la evolucion
de los pacientes. Ademas, estas moléculas mejoran, en mayor o menor grado, la prediccion
basada solamente en variables clinicas.

Valorar éstos u otros biomarcadores en las diferentes complicaciones secundarias al ictus
isquémico en las que podrian tomarse decisiones que cambiasen el curso de la enfermedad,
como la prediccion de las infecciones post-ictus o la transformacidon hemorragica, parece una
excelente oportunidad de futuro para la aplicacién real de los biomarcadores en el ictus.
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ABSTRACT

Stroke is a severe disease, being the second cause of death worldwide and one of the main
causes of disability. Heterogeneity among stroke patients makes difficult to anticipate the
prognosis of the disease. To identify patients who are going to worsen or will recover would
help in giving valuable information to the patient and relatives; to evaluate risks and benefits
of reperfusion therapies or the inclusion in clinical trials and to optimize public health
resources in terms of specialized medical and intensive care, length of in-hospital stay or
starting of early rehabilitation programs.

Nowadays, clinical outcome prediction of stroke patients lacks accuracy and is usually based
mainly on age and initial neurological severity. Although several predictive models have been
developed including clinical variables, none of them is being applied in clinical practice. In the
best-case scenario, these models differentiate patients with 70-80 % accuracy. Furthermore
they tend to include clinical variables non-easily available or based on neuroimaging
techniques. The use of biomarkers in the clinical practice in other diseases generated a trend in
research around molecules that can predict stroke patients’ outcome. Currently, few
biomarkers have demonstrated enough predictive value to be evaluated in large multicenter
studies; for that purpose, biomarkers should add value to clinical variables, increasing
sensitivity and specificity in the discrimination of patients in order to influence decision-making
processes.

The papers comprised in this Thesis focus, on the one hand, on systematizing the knowledge
about prognostic biomarkers in ischemic stroke and the application of statistical criteria that
demonstrate the needed added value for a future use of the biomarkers. For that purpose we
have developed a website to provide a data compilation of molecules that have been
associated with stroke prognosis and we have applied comparative statistics and metaanalysis
to evaluate a typical biomarker, such as natriuretic peptide type B (BNP). On the other hand,
we aimed to evaluate molecules that are involved in the pathophysiology of stroke, such as
chemokines, by analyzing them in parallel at both brain and blood levels.

Finally, through massive discovery techniques, such as proteomics, antibody libraries and
transcriptomics, we identified several molecules that demonstrated their association with
stroke prognosis at different moments during the progression of the disease. Moreover, these
molecules improved prediction based solely on clinical variables.

To evaluate utility of these or other biomarkers in some of the secondary complications of
ischemic stroke, where decisions can be made to change the evolution of the disease, such as
the prediction of post-stroke infections or hemorrhagic transformation, seems an excellent
opportunity for a real use of stroke biomarkers in the near future.
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1.1 El ictus

El ictus se produce por una alteracién brusca de la circulacién cerebral, que afecta al aporte de
oxigeno y nutrientes de las células que conforman el parénquima cerebral. Este trastorno del
flujo sanguineo puede producirse por la rotura (ictus hemorragico) o por la obstruccion (ictus
isquémico) de un vaso cerebral. Dependiendo del tipo de ictus y de la zona cerebral afectada
se producen diferentes sintomas, como alteraciones del lenguaje (afasia), del movimiento

(paresia) o de la vision (hemianopsia, diplopia).

Los datos mds recientes y completos sobre la incidencia del ictus en nuestro entorno indican
que se producen 187 casos por cada 100.000 habitantes, con una tasa de hospitalizacion del
92,4 % (Diaz-Guzman J et al., 2012). El ictus afecta a todo tipo de personas,
independientemente de su género (53 % de hombres) y edad, aunque la incidencia aumenta
con los afios de vida (con una edad media de 74 ainos) y, por tanto, el ictus supone un

problema sociosanitario en sociedades envejecidas (Hollander M et al., 2003).

El ictus puede considerarse una enfermedad multifactorial, causada por la comorbilidad de
diversas patologias, de factores genéticos y ambientales. Las principales enfermedades que
suponen un incremento del riesgo para padecer un ictus son la hipertensién arterial, las
cardiopatias, la diabetes mellitus y la dislipemia. Estas, junto con el tabaquismo, el
alcoholismo, el sedentarismo y la obesidad son factores que controlados podrian reducir la
incidencia del ictus (Di Legge S et al., 2012). Por otro lado, existen evidencias de la influencia
de factores genéticos, no modificables, tanto por la presencia de ictus en enfermedades
monogénicas (CADASIL, enfermedad de Fabry) como por la asociacidén de variantes genéticas

con subtipos especificos de ictus (Traylor M et al., 2012).

1.1.1 Subtipos de ictus

El tipo mayoritario es el ictus isquémico, representando entre el 80 y el 85 % de los casos,
frente al 15-20 % de los ictus hemorragicos (datos del Sistema Nacional de Salud, 2009). Tanto
el ictus isquémico como el hemorragico pueden clasificarse a diferentes niveles, segln la zona

cerebral afectada, la extensidn, la duracién del evento o la etiologia subyacente (Figura 1).
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Ictus
Isquémico Hemorragico
| |
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Inhabitual Malformacién arteriovenosa
Indeterminado Otras

Figura 1. Tipos y subtipos de ictus. Adaptado de Arboix A et al., 2006.
AIT: ataque isquémico transitorio.

El objeto de estudio principal de esta Tesis doctoral es el ictus isquémico, por lo que de aqui en
adelante los términos ictus e ictus isquémico se utilizaran indistintamente. El ictus isquémico o
infarto cerebral es causado por la interrupcién del flujo sanguineo, produciéndose un déficit
neurolégico con una duracion superior a las 24h. El diagnédstico del ictus isquémico se basa en
la anamnesis, la exploracidon neuroldgica, los resultados de una analitica sanguinea completa,
del estudio cardiaco (electrocardiograma y ecografia transtoracica) y de la exploracidn vascular
(ecografia doppler-duplex), junto con las pruebas de neuroimagen, bien tomografia

computarizada (TC) o resonancia magnética (RM) craneal (Alvarez J, 2006).

Una vez realizado el diagndstico, es importante conocer la causa de la obstruccién arterial que
ha llevado al bloqueo de la circulacién. La clasificacidn etioldgica mas utilizada actualmente es
el sistema TOAST (Adams HP et al., 1993), aunque existen otros sistemas mds recientes con
modificaciones del TOAST (Amarenco P et al., 2009). Los dos subtipos de ictus mas frecuentes
son los ictus cardioembdlicos, en los que un coagulo o émbolo producido en el corazdn viaja
por el torrente circulatorio y bloquea una arterial cerebral, y los ictus aterotrombdticos,
producidos por la presencia de aterosclerosis que ocluye la luz del vaso o por ruptura de la

placa de ateroma que llega en forma de trombo al cerebro. A pesar de los avances en las
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técnicas de diagndstico, en un 25-39 % de los casos la causa subyacente permanece

indeterminada (Wolf ME et al., 2012), lo que dificulta el manejo adecuado de los pacientes.

1.1.2 Tratamiento y complicaciones del ictus isquémico

En el ictus isquémico, en respuesta a la pérdida de aporte sanguineo y la subsiguiente
reperfusion, se activa una cascada de procesos celulares y moleculares a nivel tisular (Figura 2)
que llevan a la rapida necrosis celular en el centro o core del infarto. La zona cerebral
inmediata al core, el peri-infarto o penumbra, se encuentra hipoperfundida y, por tanto,
metabdlicamente comprometida aun manteniendo la integridad morfoldgica y el potencial
para ser recuperada si se evita la extensién del infarto (Heiss WD, 2010). Por tanto, el
tratamiento agudo del ictus isquémico estd enfocado a salvar la zona de peri-infarto,
minimizando el dafo cerebral producido por la oclusién y, consecuentemente, los déficits
neurolégicos y funcionales asociados asi como las complicaciones secundarias, que
determinardn el desenlace de la enfermedad.

WEMTANA TERAPEUTICA

Apaoais Figura 2. Cascada isquémica.

Remodeiacion De Garcia-Berrocoso T et al., 2009.
tHimuler |MMAPE]

celulares en el transcurso de la isquemia

Rastradiion

cerebral. La ventana terapéutica hace

referencia al tiempo en el que esta

CHocins
Craimigings.,
Mokl & @dFsiBiih

aprobada la administracion
tratamiento trombolitico.

Ghriamato
fosfato/adenosin trifosfato; d: dias;

[Ma", &, £1] ., .
horas;M. de adhesidon: moléculas

Lt 2o LT L

metaloproteinasas de matriz.
Ensrges oalular

Ailsdad g et
R exifdcedulsr

|{Creatinina-FATF)

Monooaos ___# Dindmica de los eventos moleculares y

* ——e = TIEMPO

i@ 2 1 & L]
e A WA [ L1} a il

1.1.2.1 Fase aguda

El concepto “tiempo es cerebro” refleja bien la urgencia del tratamiento que permita restaurar
el flujo sanguineo cerebral en la zona afectada para evitar el crecimiento del core del infarto.
Los farmacos fibrinoliticos o tromboliticos permiten la eliminacién del trombo o émbolo que

ocluye la arteria e impide la entrada de oxigeno y nutrientes al tejido cerebral.

Actualmente el Unico tratamiento aprobado para el ictus isquémico durante la fase aguda es la

administracion de la forma recombinante del activador tisular del plasminégeno (rt-PA). Una

Creatinina P/ATP: ratio creatinina

adhesion; min: minutos; MMPs:
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vez que el paciente estd estabilizado y dentro de las primeras 4,5 horas tras el inicio de los
sintomas (Hacke W et al., 2008), se administra por via intravenosa una dosis de 0,9 mg/Kg de
rt-PA (10 % en forma de bolo durante un minuto y el resto, hasta un maximo de 90 mg,
mediante perfusidn continua durante una hora). Esta estrategia consigue la recanalizacion en
un 46 % de los casos, aunque hasta un tercio de los pacientes presentan reoclusidn arterial tras
el tratamiento (Egido JA et al., 2006). La estrecha ventana terapéutica, las estrictas
indicaciones y contraindicaciones, la baja tasa de éxito en la reperfusidon y la aparicién de
hemorragias sintomaticas secundarias al tratamiento conllevan que menos del 15 % de los

pacientes sean tratados en la fase aguda.

Para aumentar los beneficios del tratamiento trombolitico y disminuir sus efectos secundarios
se estan estudiando diferentes estrategias que van de la mano de los avances en las técnicas
de neuroimagen (Khan R et al., 2013) y que dan lugar a un tratamiento mas individualizado.
Ejemplos de ello serian la aplicacidon simultanea de ultrasonidos en la arteria ocluida, que
aumenta la tasa de recanalizacién sin aumentar las transformaciones hemorragicas (Tsivgoulis
G et al., 2010), o el tratamiento endovascular, bien mediante la administracion intraarterial del
rt-PA o mediante el uso de dispositivos de extraccién mecanica del trombo (Pereira VM et al.,
2012). Este ultimo parece prometedor al aumentar la tasa de recanalizacidn hasta el 80 % y
ademads podria suponer una segunda oportunidad para aquellos pacientes que no responden
al tratamiento intravenoso, aunque requiere de personal muy cualificado y aun se carece de
ensayos clinicos de fase Ill que avalen su eficacia en la practica clinica (Mullen MT et al., 2012;
Broderick JP et al., 2013; Ciccone A et al., 2013). La realizacién de nuevos ensayos clinicos
determinara si dichas técnicas son realmente utiles y si su aplicacion es recomendable (Molina

CAetal., 2013).

Ademas del tratamiento para la restauracion del flujo sanguineo, las guias oficiales contemplan
el control de la presidn arterial, la glucemia, la temperatura corporal, la respiracion, la
nutricion y la movilizacidn con el fin de reducir posibles complicaciones secundarias (Egido JA
et al., 2006). El potencial terapéutico de la neuroproteccién, dirigida a salvar el tejido de la
zona de penumbra actuando en diferentes niveles de la cascada isquémica, no ha dado aun sus
frutos a pesar del exhaustivo estudio a nivel preclinico (Turner RC et al., 2013). Por qué
farmacos inhibidores de ciertos procesos fisiopatolégicos (como la entrada celular de calcio, la
activacion de radicales libres o la muerte neuronal), que han funcionado en los modelos
experimentales reduciendo el dafio cerebral, no son utiles cuando se ensayan en estudios

clinicos multicéntricos esta aun por determinar (O’Collins VE et al., 2006). Mejorar el éxito en
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la translacién pasaria por adaptar los modelos preclinicos a la realidad de la enfermedad, tal y
como proponen los criterios STAIR (STAIR, 1999), y ampliar la idea de proteccion a los
diferentes componentes de la unidad neurovascular que se ven afectados por la isquemia

(Figura 3).

Neurona \

Astrocito

!

‘ Célula

endotelial

-

¥ L Célula
Ldmina = & microglial
basal _ |

Pericito Microvaso

Figura 3. Unidad neurovascular. Adaptado de Del Zoppo GJ, 2006.

Interacciones entre microvasos sanguineos (compuestos por células endoteliales y la matriz de lamina basal),
astrocitos y neuronas, moduladas por otras células de soporte (pericitos, microglia, oligodendrocitos), que dan
lugar a una comunicacidn necesaria para mantener la correcta funcidn del sistema nervioso central.

1.1.2.2 Fase sub-aguda

Una vez superadas las primeras horas, las actuaciones del equipo médico van dirigidas a evitar
complicaciones secundarias al ictus. Entre éstas cabe destacar el edema cerebral, la

transformacion hemorragica o las infecciones.

Los procesos que se suceden en la cascada isquémica, en particular la generacién de estrés
oxidativo, la inflamacién y la activaciéon de la remodelacion tisular, afectan a la unidad
neurovascular a nivel estructural y funcional. Estas alteraciones llevan a la pérdida de
integridad de la barrera hematoencefalica, aumentando la permeabilidad y permitiendo la
extravasacion de fluido y componentes circulatorios en el parénquima cerebral que
condicionara la aparicion de edema vasogénico. Cuando el edema progresa se produce
hipertension intracraneal que, de no ser subsanada, conduce a la desviacidn de las estructuras
de la linea media por efecto de masa entre los 3-5 dias tras el ictus. Esto ocurre en torno a un

10 % de los casos, que se denominan infartos malignos ya que causan deterioro neuroldgico



1 Introduccién

por propagacion del infarto y presentan un alto indice de mortalidad (~80 %), superior al del
resto de los ictus isquémicos aun afectando a pacientes jovenes (Hacke W et al., 1996). El
tratamiento anti-edema consistiria en reducir el contenido hidrico cerebral mediante la
administracion de agentes osméticos (manitol, solucién hipertdnica), aunque no esta claro si
podrian darse efectos colaterales deletéreos (Grape S et al., 2012; Gréande PO et al., 2012). En
el caso de los infartos malignos el tratamiento es agresivo y consistiria en una craniectomia
descompresiva que mejoraria la supervivencia a expensas de una alta tasa de discapacidad

(Kolias AG et al., 2013).

Otra de las complicaciones relacionada con la ruptura de la barrera hematoencefilica es la
transformacion hemorragica. Este sangrado secundario en el tejido isquémico puede
presentarse en formas diversas, desde pequefias petequias asintomaticas a hematomas que

pueden ejercer efecto de masa, aumentando el dafio y la muerte celular (Figura 4).

Figura 4. Clasificacién de la transformacion
hemorrégica en el ictus isquémico.
De Montaner J et al., 2003.

Imédgenes de tomografia computarizada de los
diferentes tipos de transformacién hemorragica en
el ictus isquémico, segun la clasificacion ECASS
(Larrue Vet al., 1997).

HI: infarto hemorragico; PH: hematoma
parenquimatoso.

HI;: pequefias petequias marginales al core

Hl,: petequias confluentes en el core

PH;: hematoma <30% del core; leve efecto de masa
PH,: hematoma >30% del core; efecto de masa

En pacientes que no reciben tratamiento trombolitico, la transformacion hemorragica ocurre
en un 8,5 % de los casos, yendo acompafiada de deterioro neuroldgico en el 1,5 % (Lindley Rl
et al., 2004). Estas frecuencias aumentan considerablemente en los pacientes que reciben
algun tipo de terapia trombolitica, llegando hasta el 7 % de hemorragias sintomaticas (Balami
JS et al., 2011) por lo cual es muy importante hacer una seleccién cuidadosa de los pacientes
candidatos a este tratamiento. Actualmente poco puede hacerse ante la transformacién
hemorragica mas alla de intentar restablecer el estado fibrinolitico o, en casos en que exista un
hematoma superficial mayor de 30 mL, realizar craniectomia para su extraccion (Balami JS et

al., 2011).
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El dafio cerebral ocasionado en la zona del infarto da lugar a la exposicion de antigenos
propios que generan una respuesta inflamatoria local, con activacién de la poblacién celular
residente, secrecion de citoquinas y quimiocinas e infiltracion leucocitaria. Esta actividad
leucocitaria tiene un papel dual, amplificando el proceso inflamatorio y, por tanto,
contribuyendo al desarrollo de la lesidn cerebral, a la vez que realiza funciones beneficiosas de
reparacion y mantenimiento de la homeostasis en la unidad neurovascular (Ceulemans AG et
al.,, 2010). Acompafiando a esta inflamacion local también tiene lugar una inflamacidn
sistémica, con el aumento de los niveles circulantes de células de la serie blanca y de
reactantes de fase aguda como la proteina C reactiva (CRP) o la interleucina 6 (IL-6) (Dziedzic T,
2008); este estado pro-inflamatorio finalmente decae, debido a un giro desde citoquinas Thl a
Th2 y a la producciéon de moléculas anti-inflamatorias (Theodorou GL et al., 2008). Tras la
respuesta pro-inflamatoria inicial, la respuesta inmune a nivel periférico también disminuye,
con la presencia de monocitos desactivados y linfopenia (Esmaeili A et al., 2012; Vogelgesang A
et al., 2013). Esta inmunodepresidn parece ser una respuesta fisioldgica protectora para evitar
reacciones auto-inmunitarias frente a los antigenos cerebrales filtrados al torrente sanguineo,
aunque colateralmente contribuye al riesgo de infecciones secundarias al ictus (Dirnagl U et
al., 2007). Estas infecciones se producen hasta en un 28-45 % de los casos (Westendorp WF et
al., 2011) y se ven facilitadas por la inmovilizacion de los pacientes, la disfagia, la
broncoaspiracién o el uso de catéteres urinarios, siendo por tanto mayoritarias las infecciones
de las vias respiratoria (9-28 %) y urinaria (10-20 %). Aunque la prevencion de estas infecciones
secundarias al ictus pueda parecer sencilla mediante el uso de antibidticos, las guias oficiales
no lo recomiendan ya que esta medida profilactica no ha demostrado ser efectiva en cuanto a
un mejor desenlace de la enfermedad (Westendorp WF et al., 2012). A dia de hoy, las
conclusiones se basan en ensayos clinicos aleatorizados de tamafio muestral pequefio;
proximamente se conoceran los resultados del ensayo PASS (Preventive Antibiotics in Stroke
Study) que incluira 3.200 pacientes holandeses para intentar demostrar los beneficios de la

terapia con antibiéticos (Nederkoorn PJ et al., 2011; http://www.passamc.nl/index-eng.php).

Otras complicaciones también tienen lugar en los dias sucesivos al ictus, como las crisis
epilépticas (2-4 %; Camilo O et al., 2004), el delirium (19-33 %; Carin-Levy G et al., 2012), el
tromboembolismo venoso (1-4 %) o el sindrome coronario agudo (1-11 %) (Kumar S et al.,

2010).
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1.1.2.3 Fase croénica
Tras el alta hospitalaria, las personas que han sufrido un ictus deben seguir recibiendo

seguimiento asistencial para asegurar su buena progresidn y recuperacion.

Después del ictus pueden quedar secuelas a nivel motor o sensorial que en ocasiones alteran
la capacidad para realizar las actividades basicas de la vida diaria y/o producen complicaciones
fisicas diversas, como osteoporosis, incontinencia urinaria o dolores, entre otras (Rivero P,
2009). Asi mismo también pueden aparecer alteraciones psicoldgicas y cognitivas, como la
depresion (en un 29-36 % de los casos; Hackett ML et al., 2005) o la demencia (7-9 % de casos
en el primer afio tras el ictus; Leys D et al., 2005). Para evitar estas complicaciones mas tardias
se estan investigando terapias que potencien la neurorreparacion enddgena. La
neurorreparacion puede definirse como el conjunto de procesos que tratan de regenerar el
tejido cerebral dafiado y restablecer los circuitos neuronales para recuperar las funciones
motoras y sensoriales perdidas a causa del ictus. Estos mecanismos de reparacion, incluyendo
la angiogénesis, la neurogénesis, la sinaptogénesis y la oligodendrogénesis, se activan de
forma temprana tras el ictus pero se mantienen durante semanas, ampliando la ventana
terapéutica de los posibles tratamientos que los potencien o los faciliten (Bacigaluppi M et al.,

2008).

Por otro lado, los pacientes que han sufrido un ictus presentan un riesgo mayor de sufrir un
nuevo evento vascular, ya sea un ictus recurrente (10 % de riesgo en el primer aflo y 5 % en los
afios sucesivos), un evento cardiaco (6 y 4,6 %, respectivamente) o muerte de origen vascular
(Kaplan RC et al., 2005). El hecho de que el riesgo sea mayor de forma temprana tras el ictus
hace esencial el inicio del tratamiento preventivo lo antes posible. Para ello es importante
conocer la etiologia del ictus ya que, ademas de recomendar cambios hacia un estilo de vida
mas saludable y controlar los factores de riesgo vascular, es necesario el uso de tratamientos

especificos que eviten la aparicidon de nuevos eventos.

El mecanismo de trombosis subyacente es diferente entre los ictus aterotrombaticos, donde se
produce la ruptura de una placa de ateroma con activacidén y agregacion plaquetaria, y los
cardioembdlicos, en los que afectaciones cardiacas dan lugar a estasis sanguineo que
predispone a la formacién de trombos. Por tanto, el tratamiento anti-trombético de

prevencion secundaria es diferente. En los pacientes con ictus aterotrombdtico o lacunar se

recomienda el uso de anti-agregantes plaquetarios (acido acetilsalicilico, clopidogrel,

dipiridamol), consiguiendo una reduccion del riesgo de recurrencia del 14-23 %. En los casos de
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estenosis carotideas severas, superiores al 70 % del didmetro de la arteria, la endarterectomia
o la angioplastia serian el tratamiento de eleccion. En cambio, en los pacientes que hayan
sufrido un ictus de etiologia cardioembdlica se recomienda el uso de anti-coagulantes, que

reducen el riesgo de recurrencia en un 66 % (Fuentes B et al., 2006).

1.2 Pronostico del ictus isquémico

A pesar de que la poblacidon estd mas envejecida, parece que el control de los factores de
riesgo estd ayudando a reducir la incidencia del ictus al menos en los paises desarrollados,
aunque no se aprecian cambios de tendencia en su fatalidad (Carandang R et al., 2006; Feigin

VL et al., 2009).

La implantaciéon del Cddigo Ictus, que se activa de forma extrahospitalaria para poner al equipo
médico en alerta ante un posible ictus y facilitar una atencién rapida, y la existencia de las
Unidades de Ictus especializadas han reducido la estancia y los costes hospitalarios, las
complicaciones (principalmente las infecciones; Govan L et al., 2007) y la tasa de mortalidad y
dependencia (Alvarez-Sabin J et al., 2004; Ruiz V et al., 2005). Las Unidades de Ictus cuentan
con personal especializado que actua de forma protocolizada y monitorizan de forma semi-
intensiva a los pacientes. La especializacion a nivel de personal y de material hace que, aunque
su beneficio esté probado, actualmente sélo se disponga de 47 Unidades de Ictus a nivel
estatal; por ello, la admision de pacientes debe ser optimizada. Por otro lado, el desarrollo de
programas de telemedicina o Teleictus, en los que mediante videoconferencia y transmisién de
neuroimagenes los hospitales comarcales contactan con hospitales de referencia donde existe
guardia de neurologia de 24 horas, ha permitido que los pacientes sean evaluados por un
especialista que designe el inicio del tratamiento trombolitico, evitando traslados urgentes y
costosos. Gracias al Teleictus mds pacientes se benefician del tratamiento de forma segura y
con resultados similares a los que se producen en las Unidades de Ictus (Schwab S et al., 2007

Miiller-Barna P et al., 2012).

Junto con el tratamiento especializado en las Unidades de Ictus, las terapias de rehabilitacion
multidisciplinarias también podrian ayudar a mejorar el prondstico de los pacientes, sobre
todo si se comienza de forma precoz, aunque la divergencia en las variables prondsticas
analizadas en los diferentes estudios no permiten extraer conclusiones consistentes (Ali M et
al., 2013). En esta fase de cuidado post-ictus, la telemedicina también podria ser aplicada

(Rubin MN et al., 2013).
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El hecho de que estas aplicaciones no sean accesibles para todos los pacientes, junto con las
diferentes circunstancias que tienen lugar antes, durante y después del ictus, hacen que el
prondstico de los pacientes sea muy diverso en cualquiera de sus niveles, incluso en pacientes

con ictus de caracteristicas similares.

1.2.1 Prondstico neuroldgico

El estado neuroldgico de los pacientes con ictus se evalia mediante escalas de gravedad que
permiten cuantificar de forma aproximada el dafio ocasionado. La escala mas utilizada, por su
aplicacion en ensayos clinicos, es la NIHSS (National Institutes of Health Stroke Scale; Brott T et
al., 1989), con 15 items que otorgan una puntuacién total de entre 0 y 42 puntos, siendo mas
graves los ictus con mayor puntuacién. La escala canadiense (CNS: Canadian Neurological
Scale; Coté R et al., 1986), la escandinava (SSS: Scandinavian Stroke Scale; SSS group, 1985) y la
europea (ESS: European Stroke Scale; Hantson L et al., 1994) también son utilizadas para la
evaluacion en la fase aguda (Tabla 1). Existen férmulas de conversion para equipararlas a la

NIHSS (Nilanont Y et al., 2010; Gray LI et al., 2009).

Escala Items Puntuacion Tiempo
Nivel de conciencia 0 -42 puntos
Vision « 0: No sintomas

Funcion motora facial, superior e inferior « 1-4: leve

NIHSS Ataxia extremidades « 5-15: moderado <8 min
Funcion sensorial « 16-20: moderado-
Lenguaje (afasia/disartria) severo
Extincidn/inatencién « 21-42: severo
0-11,5 puntos L.
Nivel de conciencia Tabla 1. Escalas clinicas de gravedad.
« 0:coma
Orientacion . . .
CNS . ) + 1-4: severo 5-10 min CNS: Canadian Neurological Scale;
enguaje
gual + 5-7: moderado ESS: European Stroke Scale; NIHSS:
Funcién motora facial, superior e inferior . 58 leve National Institutes Of Health Stroke
_ Scale; SSS: Scandinavian Stroke Scale.
Conciencia
Movimiento ocular * Validada Unicamente para ictus con
0-58 puntos . T .
Fuerza motora superior e inferior afectacion del territorio de la arteria
« 0-25: severo i
SSS Orientacién 15 min cerebral media.
« 26-42: moderado
Lenguaje

« 43-58: leve
Paralisis facial

Marcha

Nivel de conciencia
0-100 puntos
Lenguaje y comprension

ESS* Vision 8 min
Mayor puntuacion,
Funcion motora facial, superior e inferior
mayor severidad
Marcha
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En los estudios objeto de esta Tesis doctoral se ha utilizado la escala NIHSS, por lo que serd la

escala neuroldgica de referencia en los apartados siguientes.

Para valorar la evolucién neurolégica del paciente no hay un criterio plenamente establecido,
aunque se suele considerar una variacién en la puntuacion de la escala NIHSS de 4 o mas
puntos, definiendo la mejoria del paciente como la disminucidn en la puntuacién y el
empeoramiento como el aumento (Brott TG et al., 1992). Se considera que un paciente
permanece estable cuando la variacién en el tiempo de la escala NIHSS no alcanza los 4

puntos.

El empeoramiento o deterioro neuroldgico temprano generalmente tiene lugar en las primeras
48-72 horas tras el inicio de los sintomas y se produce en hasta un 40 % de los casos, segun las
series de pacientes, el tiempo considerado y la definicién. El deterioro puede deberse a la
progresion o crecimiento del infarto (que puede estar relacionado con causas hemodinamicas;
Tsivgoulis G et al., 2012), el desarrollo de edema, crisis epilépticas o transformaciones

hemorragicas (Thanvi B et al., 2008; Siegler JE et al., 2011).

1.2.2 Prondstico funcional

Existen varias escalas validadas para estimar el grado de discapacidad o dependencia para las
actividades diarias tras el ictus. De forma similar a lo que ocurre con las escalas clinicas, la
escala mas utilizada para evaluar la funcionalidad de los pacientes tras el ictus es la escala
modificada de Rankin (mRS; van Swieten JC et al., 1988), que mide la independencia global de
los pacientes, lo que permite comparar pacientes con diferente déficit neuroldgico y
considerando su estado funcional previo. La escala mRS va de 0 a 6 puntos, obteniendo 0
puntos los pacientes que no presentan sintomas, 1 los pacientes con algun sintoma pero sin
discapacidad, 2 puntos los pacientes con discapacidad leve, 3-5 puntos los pacientes con
discapacidad moderada a severa y 6 puntos los pacientes fallecidos. Otras escalas utilizadas
son el indice de Barthel (Bl; Mahoney Fl et al.,1965), con una puntuacién de 0-100 en la
evaluacion global de 10 items diferentes, siendo mayor en aquellos pacientes mejor
capacitados para las actividades de la vida diaria, y la GOS (Glasgow Outcome Scale; Jennett B
et al., 1975), con 5 puntos para los pacientes sin sintomas y 1 punto para los fallecidos. Aunque
la mRS y la Bl evalian conceptos diferentes de discapacidad, pueden equipararse

(Uyttenboogaart M et al., 2005).
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En los estudios objeto de esta Tesis doctoral se ha utilizado la escala mRS, por lo que sera la
escala funcional de referencia en los apartados siguientes. Por definicion de la escala se
consideran independientes los pacientes con una mRS < 2, aunque valores de mRS < 1 también
sirven para clasificar la funcionalidad de los pacientes (Weisscher N et al., 2008). Las escalas de
discapacidad suelen utilizarse para explorar la evolucion de los pacientes a largo plazo tras el

ictus, ya sea al mes, a los 3 meses, a los 6 meses o al aio tras el evento.

En nuestro entorno, de los supervivientes al ictus solamente el 41,5 % de los pacientes es
independiente a los 6 meses tras el ictus y el 32,4 % presenta algun grado de discapacidad
(datos del Sistema Nacional de Salud, 2009). En la poblacién general, 7,8 de cada 1.000
personas sufren discapacidad como consecuencia de un evento cerebrovascular; esta tasa
aumenta exponencialmente con la edad y es mayor en mujeres, con una tasa total de 8,35 por

1.000 frente a 7,25 por 1.000 en los hombres (Figura 5).

~
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Figura 5. Tasas de poblacion con discapacidad
debida a enfermedad cerebrovascular.

Datos del Instituto Nacional de Estadistica,
2008.
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Entre los residentes en centros, incluyendo residencias para mayores, centros de
discapacitados y hospitales geriatricos, el 9,29 % presenta discapacidad secundaria a un evento

cerebrovascular (datos del Instituto Nacional de Estadistica, 2008).

1.2.3 Prondstico vital
Ademas de ser una de las principales causas de discapacidad a nivel mundial, el ictus es la

segunda causa de muerte global (Roger VL et al., 2012) (Figura 6).

En nuestro entorno, el ictus origina un 62,5 % de las bajas anuales, siendo la segunda causa de
muerte por detrds de las enfermedades isquémicas del corazén (pasando a ser la primera
causa en las mujeres, entre las que provoca el fallecimiento en un 71,2 %) (datos del Instituto

Nacional de Estadistica, 2011). La tasa de mortalidad intrahospitalaria aumenta con la edad y
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es similar en ambos sexos, produciéndose de forma global en un 11 % de los casos (Diaz-
Guzman J et al., 2012). Los fallecimientos aumentan a un 26,1 % cuando se consideran los 6

meses siguientes al ictus (datos del Sistema Nacional de Salud, 2009).

s morably Rte
[per 10000]

. 157251

. 5

B O3S

= 51-100

1 245800

B Nada

Figura 6. Tasas globales de mortalidad asociada al ictus (ajustadas por edad y género). De Johnston SC et al.,
2009.

1.3 Prediccion de la evolucion de los pacientes con ictus isquémico

Los datos presentados en el apartado anterior reflejan la dramatica situacion del prondstico de
los pacientes que sufren un ictus. La prediccién del prondstico con tiempo suficiente para
intervenir y cambiar el desenlace es uno de los retos en el manejo de estos pacientes. Esta
prediccidn suele depender de la propia experiencia médica y los datos reportados en ensayos
clinicos, generando un sesgo principalmente por sobreestimacién en la deteccidn de buen
prondstico (Bushnell C, 2011; Saposnik G et al., 2013). La variabilidad presente entre los
pacientes, en cuanto a las caracteristicas clinicas y las del propio ictus, hace evidente la
necesidad de predictores multivariable para estimar el prondstico. En general las variables
predictoras deben estar claramente definidas, estandarizadas y ser reproducibles, pudiéndose
obtener de los datos demogréficos, de la historia clinica, del examen fisico, de las
caracteristicas de la enfermedad, de los resultados analiticos o de tratamientos previos,
teniendo en cuenta la disponibilidad de los datos en el momento en el que se quiere hacer la
prediccién (Moons KGM et al., 2009). Estos predictores pueden ser factores determinantes,
relacionados con la fisiopatologia de la enfermedad, pero no todos los predictores son

necesariamente una causa del prondstico (Moons KGM et al., 2009).
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El uso de estos predictores permitiria calcular el riesgo absoluto o la probabilidad de que tenga
lugar un mal o un buen pronéstico, que, para influir en la toma de decisiones, deberia alcanzar
una precision suficientemente buena (Cucchiara B et al., 2013). Cuadl seria el porcentaje de
riesgo optimo esta aun por establecer, aunque porcentajes muy extremos (10-90 % de riesgo
de mal prondstico, por ejemplo) parecen mas relevantes clinicamente (Whiteley W et al.,

2012).

Una estimacién fiable del prondstico permitiria informar al paciente y a sus familiares sobre la
situacion real, ayudaria a definir los riesgos/beneficios del tratamiento trombolitico u otros
mas agresivos como la craniectomia, optimizaria la admision en las Unidades de Ictus o el alta
hospitalaria y la seleccidon de pacientes para la inclusion en ensayos clinicos, todo desde una

perspectiva mas objetiva.

1.3.1 Variables clinicas predictivas

Diversos autores han indagado en el papel predictivo de las variables clinicas para dilucidar el
prondstico de los pacientes con ictus (Counsell C, 2001), enfatizando el interés por este tépico
en la practica clinica. En los Ultimos afios se han generado varios modelos prondsticos para
discapacidad y mortalidad en pacientes con ictus que han sido validados y evaluados en
términos de precisidn, con valores en torno al 80 % en la mayoria de modelos (Tablas resumen
en Anexo 1). Aunque ninguno ha sido ampliamente aceptado para su aplicacion en la practica
clinica, en muchos coinciden como variables predictoras comunes la edad y la gravedad del

ictus.

1.4 Biomarcadores en el ictus isquémico

Un biomarcador puede definirse como cualquier caracteristica medible de forma objetiva y
que puede ser evaluada como un indicador de procesos bioldgicos normales o patolédgicos o
de respuesta farmacoldgica a una intervencidn terapéutica (Biomarkers Definitions Working

Group, 2001).

El estudio de los biomarcadores en el ictus es relativamente joven, con un aumento en el
numero de publicaciones desde la década de los 90, alcanzando actualmente las 700
publicaciones anuales, aunque este nimero se ha visto disminuido en 2013. Mayoritariamente
la investigacién en biomarcadores se ha centrado en moléculas presentes en la circulacion

sanguinea, ya que las muestras de sangre son facilmente accesibles y su obtencidn es poco
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invasiva (Figura 7). Aun asi, no hay que olvidar que otro tipo de fluidos corporales (liquido
cefalorraquideo, orina, saliva) y tejidos (muestras cerebrales obtenidas en necropsias, trombos
extraidos mediante tratamiento endovascular, placas de ateroma) pueden ser fuente de

estudio de caracteristicas que podrian funcionar como biomarcadores.

1000
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M Stroke biomarkers Stroke blood biomarkers

Icaciones

Nidmero de publ

Figura 7. Numero de publicaciones anual de biomarcadores en ictus.

Datos obtenidos en la base de busqueda Medline-PubMed utilizando los términos Stroke biomarkers o Stroke

blood biomarkers.

Varias técnicas, como la microdialisis cerebral in vivo (Poca MA et al., 2006) o la microdiseccién
ldser para obtener células individuales a partir de tejido cerebral ex vivo (Cuadrado E et al.,
2007), permiten estudiar estas muestras aislandolas del contexto global donde se ha
producido el infarto y, por tanto, son una fuente valiosa de informacién. Por otro lado, la
visualizacidn de estructuras o caracteristicas anatomicas mediante técnicas de neuroimagen

(TC, RM, ultrasonografia) pueden aportar informacion sobre cambios en la composicion o en la

funcién del sistema nervioso.

Para actuar como indicadores, los biomarcadores deben presentar suficiente sensibilidad
(capacidad de detectar verdaderos positivos) y especificidad (capacidad de detectar
verdaderos negativos) para tener un valor predictivo éptimo en la indicaciéon concreta del
marcador. En general, el uso de varios biomarcadores parece una estrategia mas factible para
mejorar la prediccién (Robin X et al., 2009) y, en el caso de los biomarcadores detectables en
fluidos biolégicos, hoy en dia pueden ser combinables en dispositivos de medicion rapida que

facilitarian su aplicacion en la practica clinica.

En el ambito de la enfermedad cerebrovascular, los estudios de biomarcadores sanguineos se

han desarrollado en diferentes indicaciones. Biomarcadores como la fosfolipasa A2 asociada a
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lipoproteina (Lp-PLA2) o la CRP han demostrado su papel en la prediccidn del riesgo de sufrir
un primer ictus o un evento recurrente (Ballantyne CM et al., 2005; Cucchiara BL et al., 2009;
Delgado P et al., 2012). En el caso de la Lp-PLA2 incluso se ha aprobado el uso de un test
comercializado para aportar informacidn sobre el riesgo de sufrir un evento cardiovascular

(PLAC® Test de diaDexus; http://www.plactest.com/index.html). Conociendo el riesgo de sufrir

un ictus, podria hacerse mas hincapié en las labores de prevencién, controlando los factores
de riesgo modificables y adquiriendo estilos de vida mas saludables, ya que son clave para
reducir la morbimortalidad del ictus, con los beneficios socioecondmicos que esto comportaria

(Di Legge S et al., 2012).

Otra de las dreas en las que los biomarcadores podrian aportar informacidon muy util seria en el
diagndstico diferencial del ictus respecto a enfermedades cuyos sintomas pueden confundirse
con un ictus (conocidas como simuladores o mimics; entre otras, tumores cerebrales, crisis
epilépticas, migrafias). La discriminacién de los verdaderos ictus permitiria reducir el nimero
de traslados urgentes a los hospitales y acelerar el tratamiento, que podria llegar a ser
administrado por los servicios de urgencia pre-hospitalarios (Weber JE et al., 2013). Varios
biomarcadores han sido propuestos para el diagndstico del ictus isquémico, aunque en general
son estudios con pocos pacientes, que usan poblacién sana como grupo comparativo y sin
replicacion en cohortes independientes (Whiteley W et al., 2008; Jickling GC et al., 2011). En
dos estudios independientes, con mas de 1.000 pacientes cada uno, se analizaron paneles de
biomarcadores para diferenciar ictus de mimics, incluyendo D-dimero, metaloproteinasa-9
(MMP-9), péptido natriurético de tipo B (BNP), caspasa-3, S100B, receptor soluble de
productos de glicacion avanzada (sRAGE), quimerina y/o secretagogina (Laskowitz DT et al.,
2009; Montaner J et al., 2011). En ambos estudios el grupo de pacientes con ictus incluia ictus
isquémicos y hemorragicos, aunque la discriminacién entre estos dos subtipos de ictus es otra
de las indicaciones en las que se ha estudiado el papel de posibles biomarcadores. La proteina
gliofibrilar acida (GFAP) o la S100B, ambas liberadas por necrosis astroglial, podrian funcionar
como biomarcadores diagndsticos de ictus hemorragico en las primeras horas tras el inicio de
los sintomas, ya que presentan perfiles cinéticos diferentes con una liberacién mas temprana
en los pacientes con hemorragia intracerebral (Brunkhorst R et al., 2010). De conseguir un test
que fuera suficientemente preciso en esta indicacién, con la combinacién de estos u otros
biomarcadores, por ejemplo, se optimizaria el manejo de los pacientes sin tener que realizar la

prueba de neuroimagen, método de referencia actual.
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En el caso de los ictus isquémicos es importante conocer la etiologia subyacente para
administrar el tratamiento de prevencién secundaria (ver apartado 1.1.2.3). Aunque se ha
explorado el papel de muchas moléculas en la determinacién de la etiologia del ictus, como
por ejemplo BNP o D-dimero para el ictus cardioembdlico, parece que al menos en la fase

aguda serian entidades dificiles de diferenciar (Garcia-Berrocoso T et al., 2010).

1.4.1 Biomarcadores asociados con el prondstico del ictus isquémico
El objeto de estudio de esta Tesis doctoral es profundizar en el conocimiento del papel que

pueden desempenfiar los biomarcadores en el prondstico de los pacientes con ictus isquémico.

Como se ha comentado en el apartado 1.3, la prediccion de la evolucién podria ayudar en la
toma de decisiones en el manejo de los pacientes con ictus. Con este fin, se ha postulado que
los biomarcadores podrian aportar informacién objetiva y complementaria a las variables

clinicas, mejorando la prediccién.

Diversas caracteristicas estructurales observadas con las técnicas de neuroimagen, como el
volumen y localizacion de la lesiéon (Phan TG et al., 2010), la hiperdensidad arterial (Paciaroni
M et al., 2011), el flujo sanguineo o perfusion (secuencia PWI) o la difusion de las moléculas de
agua en la lesién (secuencias DWI o DTI) (Kruetzelmann A et al., 2011), también se han
asociado con la prediccidn del prondstico tras el ictus. Las técnicas de neuroimagen funcional,
tipo tomografia por emisién de positrones (PET, SPECT) o resonancia magnética funcional
(fFMRI) también han empezado a aplicarse. Aun asi, la integracidn de esta informacién tampoco
se ha llevado a cabo completamente en la préctica clinica, quizas por las limitaciones técnicas
para realizar dichas pruebas en determinados dmbitos sanitarios y porque no esta claro qué
secuencias y en qué momento deben realizarse ni si mejoran la prediccidn basada en las

variables clinicas (Gale SD et al., 2012).

En el caso de los biomarcadores sanguineos, revisiones recientes recapitulan los estudios
realizados con moléculas candidatas para la prediccion del prondstico neuroldgico, funcional
y/o vital (Whiteley W et al., 2009; Hasan N et al., 2012). De entre las muchas moléculas
evaluadas como biomarcadores de prondstico del ictus, algunas ejercen su funcién en vias
relacionadas con los procesos de la cascada isquémica. Entre estas vias destacan, por el
numero de biomarcadores asociados, la hemostasia (con factores de coagulacion y moléculas
implicadas en la generacién vy lisis de los trombos) y la inflamacién (donde juegan un papel

importante moléculas de adhesidn celular, citoquinas y quimiocinas) (Whiteley W et al., 2009;
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Katan M et al., 2011). Ademas, el conocimiento de las vias metabdlicas o las moléculas
alteradas podria ayudar a determinar los mecanismos asociados con el desenlace del evento

cerebrovascular, facilitando el hallazgo de posibles dianas terapéuticas.

Aunque los biomarcadores pronésticos se han analizado extensamente en el ictus, pocos han
demostrado su utilidad clinica al no evaluar si su medicidon aporta valor predictivo sobre las
variables clinicas establecidas (ver apartado 1.3.1). En estudios recientes, los niveles elevados
de copeptina (fragmento estable del péptido precursor de la vasopresina) en las primeras 24
horas tras el inicio de los sintomas mejoran la prediccién de discapacidad o muerte en los 3
meses subsiguientes al ictus isquémico, por encima de la edad y la gravedad inicial (De Marchis

GM et al., 2013).

1.4.2 Descubrimiento de nuevos candidatos

Aunque generalmente se estudian moléculas que son candidatas a biomarcadores por tener
una funcidn relacionada con los procesos fisiopatoldgicos estudiados en la enfermedad de
interés, cada vez mds las nuevas tecnologias estdn permitiendo aumentar el conocimiento a
nivel molecular de forma masiva, incrementando las posibilidades de descubrir nuevos
biomarcadores o dianas terapéuticas. Estas tecnologias de alto rendimiento, que en general se
conocen como omicas, realizan un cribado de numerosas biomoléculas al mismo tiempo,
evitando el sesgo en la fase de seleccidn, y generan listas de moléculas que se ven alteradas
como causa o consecuencia del proceso de estudio. Este cribado o fase de descubrimiento
seria el primero de los pasos a seguir en el proceso de desarrollo de nuevos biomarcadores

(Figura 8).

Idealmente, una aproximacion sistematica en el descubrimiento de biomarcadores implicaria
el estudio en todos los niveles moleculares. La genédmica (el estudio de la secuencia, estructura
y funcién de todos los genes de una muestra concreta) permitiria identificar los genes o sus
variantes asociados con el ictus en alguna de sus indicaciones. Diversos estudios de genoma
completo (GWAs) se han realizado para identificar genes de susceptibilidad para las etiologias
mayoritarias del ictus isquémico vy, gracias a la creacién de un consorcio internacional, han
podido analizarse con potencia estadistica suficiente como para identificar algunas variantes
génicas asociadas al ictus dependiendo de su etiologia (Traylor M et al.,, 2012). Estudios
similares se estan llevando a cabo para la identificacion de genes y sus variantes asociados al
prondstico de los pacientes con ictus (“GODS Project: Contribucidon genética al prondstico

funcional y la discapacidad después del ictus”).
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* Etapa de identificacion de biomarcadores candidatos. Sin sesgo, semicuantitativa.

¢ Muestras: fluidos proximales, sobrenadantes de cultivos celulares, plasma (variacion bioldgica reducida).
* Proceso: deplecién de proteinas abundantes, fraccionamiento, LC-MS/MS (bajo rendimiento).
DGR « NGamero de analitos: 1.000s; nUmero de muestras: 10s.

* Etapa de confirmacion de abundancia diferencial de candidatos. Direccionada, cuantitativa.

¢ Muestras: plasma humano (variacién biolégica reducida).

* Proceso: deplecion de proteinas abundantes, fraccionamiento, enriquecimiento por inmunoafinidad, SID-MRM-
LC-MS/MS (rendimiento moderado-bajo; capacidad de generar paneles de moléculas alta).

Calificacién * Nimero de analitos: 30-100; nUmero de muestras: 10s.

¢ Etapa inicial de evaluacién de la especificidad de los candidatos. Direccionada, cuantitativa.

* Muestras: plasma humano (variacion biolégica normal).

¢ Proceso: deplecion de proteinas abundantes, fraccionamiento, enriquecimiento por inmunoafinidad, SID-MRM-
LC-MS/MS (rendimiento moderado; capacidad de generar paneles de moléculas alta).

* Nimero de analitos: 10s; nimero de muestras: 100s.

Verificacion

* Etapa de determinacién de sensibilidad y especificidad y de optimizacién del ensayo. Direccionada, cuantitativa.
¢ Muestras: plasma humano (variacion biolégica normal).

* Proceso: inmunoensayo (rendimiento alto; capacidad de generar paneles de moléculas bajo).

* Numero de analitos: 4-10; nimero de muestras: varios 1.000s.

Figura 8. Proceso de desarrollo de nuevos biomarcadores proteicos candidatos. Adaptado de Rifai N, 2006.
“Numero de analitos” hace referencia al nimero de proteinas esperadas para ser evaluadas como candidatos
en cada fase; “NUimero de muestras” hace referencia al nimero de muestras requeridas en cada fase.
LC-MS/MS: cromatografia liquida acoplada a espectrometria de masas; SID: dilucidn de is6topo estable; MRM:
protedmica cuantitativa dirigida (multiple reaction monitoring).

De la misma manera, varios grupos han abordado el analisis del transcriptoma en el ictus (el
perfil de expresién de los genes en un determinado momento y bajo determinadas
condiciones ambientales), estudiando la expresion en las células circulantes mediante
micromatrices de oligonucledtidos o microarrays que reconoceran las secuencias de ARN
mensajero presentes en la muestra (Sharp FR et al., 2011). Recientemente, el descubrimiento
de pequefias moléculas de ARN circulantes que regulan post-transcripcionalmente la expresion
génica, los microARNs o miR, ha abierto un nuevo campo de estudio en el ictus con su posible

utilizacion como biomarcadores o como dianas terapéuticas (Wang Y et al., 2013).

El estudio del proteoma permite acercarse al fenotipo clinico, complementando asi los
estudios a nivel genotipico. Las técnicas utilizadas en protedmica, teniendo como punto final la
espectrometria de masas, han avanzado rdpidamente dando un salto desde los estudios
meramente cualitativos a la protedmica comparativa o cuantitativa (Ning M et al., 2012). Los
estudios de protedmica en el ictus han incluido desde el analisis de tejido cerebral (Cuadrado E

et al., 2010) a estudios del secretoma en fluidos, como liquido cefalorraquideo o fluido
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extracelular cerebral (Dayon L et al., 2011) o plasma/suero. Estas Ultimas son clinicamente mas
relevantes, aunque presentan la dificultad del amplio rango dinamico en las concentraciones
proteicas y suelen requerir pre-tratamiento y, a dia de hoy, no han generado listas de
proteinas candidatas a biomarcadores de manera similar a las obtenidas tras la exploracién de

muestras cerebrales (Zhang X et al., 2008; Huang P et al., 2009).

El uso de anticuerpos especificos contra una proteina concreta, aun basdandose en la seleccion
de candidatos, también permite explorar el proteoma. Diversas empresas ofrecen librerias de
anticuerpos en paneles que facilitan el analisis de la presencia de cientos de proteinas en una

muestra dada (p.ej.: DiscoveryMAP® de Myriad RBM, http://rbm.myriad.com/; Ciraplex® de

Aushon, http://www.aushon.com/index.php). Por otro lado, el desarrollo de la tecnologia de

aptameros, utilizando oligonucledtidos o péptidos que reconocen una diana en base a su
estructura (Ni X et al., 2011), ayudara a sobrepasar las limitaciones del uso de anticuerpos en
cuanto a produccidn, estabilidad y plasticidad; actualmente ya existen librerias de aptameros
en las que poder realizar estudios de descubrimiento de nuevos marcadores (p.ej.:

SOMAscan™ de Somalogic, http://www.somalogic.com/) y sus caracteristicas abriran el

camino a la deteccion de todo tipo de moléculas mediante técnicas de laboratorio

equivalentes a las que se utilizan con los anticuerpos.

Otra ciencia que podria ayudar a definir el fenotipo del ictus isquémico vy, por tanto, aportar
nuevos candidatos a biomarcadores para las diferentes indicaciones, es la metabolémica
(estudio de los productos intermedios o finales del metabolismo; Mauri-Capdevila G et al.,

2013; Laborde CM et al., 2012).

Integrar la informacidn existente sobre el ictus a todos los niveles moleculares, en lo que se
conoce como integrédmica, permitird obtener una vision global de la patologia y de las vias
metabdlicas afectadas. Aun asi, no basta con la generacidn de listas de moléculas identificadas
y los datos obtenidos en estos estudios dmicos deben interpretarse para poder ser Utiles. En
esta interpretacion deben considerarse ciertas limitaciones: conceptuales (heterogeneidad
molecular presente en los pacientes debido a la heterogeneidad propia de la enfermedad,;
clasificacion previa de los pacientes con los diversos criterios disponibles), técnicas
(preparacion de las muestras; diversas plataformas en cada campo de estudio molecular; los
resultados deben ser validados con técnicas alternativas) y bioinformaticas (la exploracién de
los resultados se realiza de forma mecanica con programas especificos; el uso de tamafios

muestrales pequefios confiere una potencia estadistica insuficiente; no existe un consenso
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respecto a los umbrales de significacién o comparacion y en consecuencia se generan falsos

positivos) (Mellick GD et al., 2010; Abu-Asab MS et al., 2011).

1.5 Valor afniadido de los biomarcadores

Para realizar una prediccién objetiva del prondstico en un paciente con ictus, idealmente
deberia existir un modelo prondstico multivariable (con los predictores mds importantes y que
alcanzara una calibracién y discriminacidn aceptables) que hubiera sido validado en cohortes
independientes y cuyo impacto en cuanto a la toma de decisiones médicas y al desenlace de la
enfermedad pudiera medirse junto a estudios de coste-efectividad (Moons KGM et al., 2009).
Para que los biomarcadores puedan tener cabida en esos modelos prondsticos, ademas deben
demostrar su valor afiadido a la informacidn obtenida con variables estandares mediante el

uso de herramientas estadisticas (Hlatky MA et al., 2009).

1.5.1 Herramientas estadisticas

Para determinar la asociacién de un biomarcador con una indicacién concreta, p.ej. con el
prondstico del ictus, se utilizan estadisticos sencillos que contrastan la hipdtesis de asociacion
con la de no-asociacidn con, generalmente, un 95 % minimo de probabilidad de acierto pre-
establecida, generando el conocido valor p o significaciéon estadistica. Ejemplos de pruebas
estadisticas en este nivel serian la t de Student para variables con distribuciéon normal o la U de
Mann-Whitney para estudios no paramétricos. Si la hipotesis de asociacién se confirma, este
es el primer paso de toda una serie de analisis estadisticos para demostrar el valor del

biomarcador como tal.

1.5.1.1 Regresion logistica

En el caso del prondstico, generalmente el estudio de la asociacidn se refiere a una variable
categoérica binaria, es decir, si el paciente empeora/no-empeora, es
dependiente/independiente o sobrevive/fallece. En este caso los estadisticos de clasificacidn,
como la regresidon logistica, permiten modelar la probabilidad de que ocurra un evento
(buen/mal prondstico) en funcién de otro factor, como un biomarcador, de una forma
clinicamente interpretable (Hosmer DW Jr et al., 2013). El factor o covariable que forma parte
del modelo de regresion logistica se asocia de forma independiente al evento y aporta valor en
funcién de su cociente de probabilidad u odds ratio (OR), es decir de la capacidad de
identificacion de verdaderos y falsos positivos. Cuando el modelo de regresién logistica es

multivariable, el OR del biomarcador estara ajustado por la presencia de los otros factores
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independientes y obtendremos una férmula de predicciéon en la que cada covariable es

ponderada en funcién de su OR.

Para estimar el valor del biomarcador en la prediccion del evento, idealmente los factores por
los que se ajuste su OR deberian ser factores de referencia en la predicciéon del prondstico,
como los comentados en el apartado 1.3.1. A pesar de ser facilmente interpretable, el OR no
permite describir la capacidad de un biomarcador para clasificar pacientes en uno u otro grupo

(Pepe MS et al., 2004).

1.5.1.2 Areas bajo la curva Caracteristica Operativa del Receptor (AUC-ROC)

Una vez que se han establecido las variables que integran el modelo predictivo, el valor global
del modelo en cuanto a la discriminacidn entre categorias puede medirse utilizando las curvas
ROC. Estas curvas permiten interpretar de manera sencilla la probabilidad estudiada; p.ej.,
dados dos individuos, uno que vaya a empeorar y otro que no, el modelo predictivo deberia
asignarle una probabilidad mayor al individuo que empeorard. La representacién de la
sensibilidad versus la tasa de falsos positivos (1 — especificidad) en todo el rango posible de
combinaciones permite la medicion del area bajo la curva (AUC) y es esta AUC la que indica la
precision del modelo predictivo (DeLong ER et al., 1988). Con valores de AUC de entre 0,5 (sin
valor discriminatorio) y 1 (discriminacion perfecta), el modelo predictivo que genere una AUC

lo mds cercana a 1, serd el modelo de eleccién (Figura 9).

Figura 9. Curva Caracteristica Operativa del
Receptor (ROC).

°
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y discriminacién excelente (AUC 2 0,9).
——  Excelente
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1 - especificidad

Una vez establecido el mejor modelo predictivo incluyendo las variables clinicas mas
relevantes, puede compararse el AUC de este modelo con el AUC del mismo modelo con el
biomarcador o biomarcadores anadidos, teniendo en cuenta que ambos modelos se han
creado en la misma serie de datos (Delong ER et al., 1988). Una posibilidad a tener en cuenta

cuando la aplicacion del modelo predictivo requiere una gran especificidad (p.ej., en un
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modelo de prediccién de buen prondstico, reconocer perfectamente a los individuos que
vayan a evolucionar favorablemente para centrar los esfuerzos en otros pacientes mas graves
u optimizar el tiempo de estancia intrahospitalaria), es la comparativa del AUC parcial (pAUC)
en un rango de especificidad predeterminado (90-100 %). De forma similar podria realizarse
para indicaciones que requieran una alta sensibilidad en la discriminacion del modelo
predictivo y asi conocer el valor del biomarcador en un contexto util clinicamente (Robin X et

al., 2011).

Aun siendo uno de los estadisticos comparativos mas utilizados a la hora de determinar el
valor afiadido de los biomarcadores en los modelos predictivos, la medicion de la
discriminacién no parece ser el estadistico mas relevante en prediccién de eventos vy el
incremento en el valor de AUC no es tan significativo como el valor de AUC por si mismo (Pepe

MS et al., 2004).

1.5.1.3 Indice de mejoria de la discriminacién (IDI)

Por lo comentado en el apartado anterior, se hace necesaria la aplicacién de estadisticos
comparativos que contribuyan con informacion adicional a la aportada por el AUC. Una forma
de cuantificar la diferencia entre las probabilidades determinadas por el modelo predictivo
entre los eventos (mal prondstico) y los no-eventos (buen-prondstico; o viceversa, segln la
indicacion del modelo) al afadir los biomarcadores al modelo Unicamente clinico es mediante
el calculo del IDI. Por tanto, el calculo del IDI aporta un valor numérico a la diferencia entre el
modelo con y sin biomarcadores, mientras que el AUC solamente indica qué modelo presenta
una discriminacion mayor. Ademas, el IDI permite conocer si el modelo con biomarcadores
mejora la predicciéon de los eventos (mayor sensibilidad) o de los no-eventos (mayor
especificidad), aportando una idea mas global de la discriminacidon del modelo (Pencina MJ et

al., 2008) (Figura 10).

10 IDI 34%
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1.5.1.4 Indice de mejoria de la reclasificacién (NRI)

Siguiendo un concepto similar al usado en el estadistico IDI, el calculo del NRI permite conocer
el cambio en la probabilidad predicha por el modelo con biomarcadores respecto al modelo
solamente clinico. EI NRI evalia el numero neto de individuos que se reclasifican
correctamente al afiadir los biomarcadores al modelo; p.ej., en un modelo de predicciéon de
discapacidad a largo plazo, cuantos pacientes de los que realmente sufrirdn una discapacidad
son clasificados como eventos por el modelo predictivo incluyendo biomarcadores y no lo eran
con el modelo clinico. De la misma manera que el IDI, el calculo del NRI contempla los
movimientos en el nimero de pacientes tanto para los eventos como para los no-eventos

(Pencina MJ et al., 2008).

El NRI puede calcularse con las probabilidades consideradas como una variable continua,
donde el incremento de la probabilidad en un punto indica el cambio de categoria, o
predefiniendo categorias de riesgo y observando los individuos que cambian de un grupo de
riesgo a otro. El uso del NRI categdrico esta recomendado, en general con un maximo de tres
grupos de riesgo (bajo, medio, alto) y que incluyan porcentajes clinicamente relevantes segin
la indicacion del modelo predictivo; el uso del NRI continuo o con mdas categorias dara como

resultado una sobreestimacion de la tasa de reclasificacidn (Pickering JW et al., 2012).

1.5.2 Metaanalisis

Ademas de realizar toda la evaluacidn estadistica de los biomarcadores identificados para una
indicacidn concreta y asi poder conocer su valor real, su translacion a la practica clinica se veria
favorecida mediante la publicacidn de revisiones sistematicas y analisis sintéticos de la
multitud de estudios existentes. Para ello un método basico es el metaanalisis que, mediante
métodos estadisticos, permite sintetizar los resultados de estudios independientes,
proporcionando estimaciones de los efectos de forma mads precisa y conclusiones mas
contundentes que ayudan a construir la evidencia necesaria para implementar cambios en la

practica médica.

1.5.2.1 Metaanalisis clasico

Una revision bibliografica de un tema concreto pretende valorar el grado de evidencia que
existe sobre una pregunta concreta utilizando toda la informaciéon disponible, pero mantiene
un cariz subjetivo en la interpretaciéon. Los metaandlisis aportan objetividad y mejoran

cualitativa y cuantitativamente las conclusiones que puedan extraerse de esa revision
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sistematica mediante la aplicacion de métodos Formulacion de los objetivos
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Figura 11. Esquema general de las etapas de un
metaanalisis.

1.5.2.2 Metaanalisis de pacientes individuales (IPD)

Para reducir los sesgos y limitaciones del metaanalisis basado en los datos publicados en los
articulos cientificos se ha postulado el uso del metaanalisis utilizando los datos anénimos de
los pacientes que conformaban las cohortes en los estudios originales. Aunque la compilaciéon
de los datos es costosa y se necesita de la colaboracién de diferentes grupos de investigadores,
permite realizar un andlisis de mayor calidad, al estandarizar el método de analisis y, ademas,
proporciona mayor informacion al poder realizar andlisis mas complejos y con un mayor

tamafio muestral (incluyendo analisis de subgrupos particulares) (Riley RD et al., 2010).

Una de las principales ventajas del IPD frente al metaanalisis clasico es la posibilidad de evaluar
de forma mas fiable las causas de heterogeneidad, ya que permite evaluar las covariables y las
interacciones entre ellas a nivel del individuo, y no del estudio, con una potencia estadistica
suficiente para detectar incluso interacciones moderadas que puedan modificar el efecto
observado en los estudios independientes (Marcucci M et al., 2013). Estos IPD se han
empezado a realizar con estudios de biomarcadores y, por ejemplo, han demostrado el valor

predictivo de los niveles elevados de péptidos natriuréticos postoperatorio en la sucesién de
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1 Introduccién

efectos cardiacos adversos, aunque sin evaluar su valor afiadido respecto a factores de riesgo

clasicos (Rodseth RN et al., 2013).

Los resultados obtenidos de un IPD pueden ser diferentes a los obtenidos en el andlisis
combinado de los datos publicados, en general debido a la eliminacién de heterogeneidad por
la variabilidad en los métodos de andlisis entre estudios y la diversidad en las fuentes de
informacién (tanto a nivel de estudios como de pacientes), ya que no siempre se consiguen
todos los datos o los nuevos criterios de inclusién permiten considerar mas pacientes que los
incluidos en el estudio original. Ademas, en los metaanalisis clasicos no se puede atajar la
inadecuada presentacién de los resultados, bien de la variable medidora del efecto o de las
covariables, o un mal uso de los estadisticos en los estudios independientes (Jones AP et al.,

2009).
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Objetivos 2

Los objetivos principales de esta Tesis doctoral son:

2.1 Sistematizar la recogida de informacidn existente sobre los biomarcadores prondsticos en

el ictus.

2.2 De la informacion compilada, escoger un biomarcador tipicamente asociado con el
prondstico del ictus y evaluar su valor en nuestra cohorte de pacientes aplicando estadisticos

comparativos.

2.3 Metaanalizar toda la informacidn recogida de ese biomarcador asociado con el prondstico

del ictus utilizando datos de pacientes individuales y aplicando estadisticos comparativos.

2.4 Estudiar biomarcadores candidatos de la via inflamatoria, concretamente de la familia de
las quimiocinas, en muestras cerebrales y sanguineas de pacientes con ictus isquémico

mediante un panel de anticuerpos.

2.5 Analizar las alteraciones del proteoma tras el ictus isquémico e identificar nuevos

biomarcadores prondsticos aplicando estadisticos comparativos.

2.6 Analizar las alteraciones en el transcriptoma asociadas a la evolucién de los pacientes con
ictus isquémico e identificar nuevos biomarcadores prondsticos aplicando estadisticos

comparativos.
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3.1 Brain Natriuretic Peptide is associated with worsening and mortality in acute
stroke patients but adds no prognostic value to clinical predictors of outcome
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Abstract

Background: Al the present time, the determination of the
outcome of stroke patients is based on the analysis of clinical
and neurcimaging data, The use of prognostic blood bio-
markers could aid in decision-making processes, e.q. admit-
ting patients to specialized stroke units. Although the prog-
nostic role of natriuretic peptides has been studied in heart
failure and coronary diseases, the value of brain natriuretic
peptide (BNP) is less known within the field of strokes. Ob-
Jective: We aimed to study the relationship between plasma
levels of BNP and acute neurological worsening or mortality
after stroke in a large cohort of patients (investigating both
ischemic and hemorrhagic disease). Methads: Consecutive
stroke patients ischemic and hemorrhagic) admitted to the
Stroke Unit of our University Hospital within 24 h of the onset
of symptoms were included. Stroke soverity was assessed
according to the Mational Institutes of Health Stroke Scale

NIHSS score ar death during the patient’s stay at the Stroke
Unit. Blood samples were drawn upon admission to measure
plasma levels of BNP (Biosite Inc., San Diego, Calif,, USA). Sta-
tistical amalysis was performed using 555 15.0 and R soft-
ware. Results: Altogether, 896 patients were included in the
study. BNP plasma levels were higher among patients whe
deteriorated the mast over time {n = 112; 90.5 vs. 61.2 ng/l;
p = 0.006) or died (n = 83; 118.2 vs. 60.9 ng/l; p < 0.001). Mul-
tivariate logistic regression analysis indicated that plasma
BMP level was an independent predictor of neurclogical
waorsening [BNP >56.7 ng/l: odds ratio (OR) = 1.64; p = 0.04]
and death after stroke (BNP =653 ngfl; OR = 1.97; p = 0.034).
Adding BNP level 1o other well-known clinical predictors of
bad outcome did not significantly increase the predictive
value. Conclusions: Plasma levels of BNP measured during
the acute phase of stroke are associated both with early neu-
rolegical warsening and mortality, However, this biolagical
information does not supply prognostic informaticn which
would add to clinical variables, which limits its use as a big-
marker. Further investigation and systematic reviews are
needed to clarify the role of natriuretic peptides in stroke

[MIHSS) at admission and at discharge. Meurological worsen-  outcome, Copyright © 3013 5 Karger AG, Basel
ing was defined as an increase of 4 or more points in the
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Intreduction

Brain natriuretic peptide (BNP) was originally identi-
fied in the brain, but in recent vears it was shown to be
synthesized mainly in cardiac tissue as a result of myo-
cyte stretch [1]. The prognostic role of natriuretic pep-
tides has been studied in heart failure, coronary diseases
and also amongst the general population to predict risk
of death and cardiovascular events [2, 3]. However, in
ischemic stroke, the prognostic value of BNP has been
less studied. Mikikallio et al, [4] demonstrated a relation-
ship between natriuretic peptides and long-term mortal-
ity after a first ischemic stroke in a small series of 51 cas-
es, and Shibazaki et al. [5] showed BNP's relationship 1o
in-hospital mortality afier acute ischemic stroke. In our
a‘l.ud}'.. we have included a very E.EITH,I.' nmber af patients
with ischemic and also hemorrhagic stroke to establish
the relationship between plasma levels of BNP and acute
newrological worsening or mortality after stroke.

Methods

Pafients and Prodocol

Druring a 2-year period from 2002 to 2004, a prospective study
was conducted on 896 consecutive stroke patients (ischemic and
hemorrhagic) admitted to the Stroke Unit of our University Hos-
pital during the first 24 h after the onset of symptoms.

Stroke severity was assessed in each patient according to the
Mational Institutes of Health Stroke Scale (NIHSS) at admission
and at discharge. Neurological worsening was defined as an in-
crease of 4 or more points in the NIH5S score or death during the
stay of the patient at the Stroke Unit. Risk factors for stroke and
stroke subtypes were taken info acoount,

Laboratory Data

Blood samples were drawn upon arrival at the emergency de-
partment, within 24 h of the onset of symploms, into EDTA tubes
centrifuged at 3,000 rpm for 15 min at 4°C and plasma was frozen
at -80*C until analysis. Blood testing was performed before amy
treatments were administered to avoid drug-biomarker interfer-
ence, Plasma levels of BNP were measured by means of the ELISA
technigue following the manufacturer’s instructions (Biosite Inc.,
San Diego, Calif,, USA). Cur study was approved by the ethics
committee [PRIAGHY2003] of the Yall d'Hebron University
Hospital and all patients or relatives gave their informed consent.

Staristics

Data were analyzed using the SPSS 15.0 software. In univariate
analysis, continuous variables were analyzed by the Student t test
or the Mann-Whitney U test, depending on their normality, and
the Pearson y° test was used in categorical variables, BNP cut-off
level for prediction of bath worsening and mortality was estab-
lished using the best sensitivity and specificity point in a receiver
operator characteristics (ROC) curve, A forward-step midltivari-
ate logistic regression analysis was applied to variables that had

BNPand Stroke Outcome

significant statistical differences in univariate analysis for wors-
ening or mortality to establish their individual predictive value.
Odds ratio (OR) and 95% confidence intervals (C1) were calcu-
lated for each variabde, The areas under the ROC curve (AUC), for
a model with or without the biomarker, were compared and the
integrated discrimination improvement (1D1) and net reclassifi-
cation improvermnent (MR} tests were calculated with R software
(Hmisc and Predict ABEL packages) to assess the added valus of
the biomarker to the clinical models to predict outcome [6]. In the
case of the NRI test, prespecified clinically relevant thresholds of
predicted risk (=10 and =80%) were used to calculate reclassifica-
tion. Inall cases, p << 0.05 was considered significant at a 95% CI.

Results

Of the 896 patients, 48% were female, mean age was 72
(S 12y years, 23% had had a stroke rn'cviuuﬂ}'. 13.4% had
ischemic heart disease, 23.3% had atrial fibrillation,
57.3% were hypertensive and 26.3% were diabetics. Isch-
emic stroke cases comprised 84.6% (77% of whom re-
ceived rt-PA treatment) and the remainder suffered from
intracercbral hemorrhage.

In the univariate analysis, patients who had suffered a
previous ischemic stroke (p = 0.048), who had hyperten-
sion {p = 0.02) or atrial fibrillation (p = L.048), elder pa-
tients (p = 0L037) or patients that had higher baseline
NIHSS (p < 0.001) had the worst outcome, Regarding
mortality, patients who had had a previous ischemic
stroke (p = 0.019), who had atrial fibrillation (p < 00001,
elder patients (p = 0.02) or patients with a higher baseline
NIHSS (p< 0.001) had increased odds (tabile 1),

BNP plasma level showed no differences between isch-
emic and hemorrhagic strokes. Regarding prognosis,
BINFP was higher among all patients who later on wors-
ened (n = 112; 90,5 vs, 61.2 ng/l; p = 0.006) or died (n =
B3; 118.2 v, 60.9 ng/l; p < 0.001). Other baseline clinical
characteristics are also shown in the online supplemen-
tary table {for all online supplementary material, see
www. karger.com/doi/ 10115900034 1358).

By means of ROC curves, a cut-off point of 56.7 ng/l
was selected tor worsening, with a sensitivity of 68.8%, a
specificity of 47.9%, a positive predictive value (PPV) of
90,8% and a negative predictive value (NPV) of 16.9%.
Regarding mortality, a cut-off point of 65.3 ng/l showed
a sensitivity of 73.5%, a specificity of 51.2%, a PPV of
94.6% and an NPV of 14.2%. Selected cut-off points
showed good discrimination regarding worsening and
mortality in all MTHSS scores in both ischemic and hem-
orrhagic strokes (fig. 1),

The multivariate logistic regression analysis per-
formed in the whole cohort confirmed that BNP plasma

Cerebrovase Ds 201 2:34:240-245 241



Table 1. Association between baseline characteristics and in-hospital outcome after stroke

Worsening (n = 112) Mortality (n = 83)

no yes p value no yes  valie
Males, n (%) 55(13.9) 57 (128) 0663 46 (11.6] 37 (84) 0125
HTA.n (%) JT(9.51 69 (15.1) o.01 H(7.1) 49 (10.7) .08
Diiabetes mellitus, n (%) BT (11.4) M(led) 0,064 53(m 20(9.7) 0781
Diislypemia, n (%) 79(13.1) 22{11.7) 0626 35(9) 18(9.7) 0.769
Previous ischemic stroke, n (%) T1(11.5) 3 {17) D45 30 (8) 25(137) 0019
Ischemic cardiopathy, n (%) S0 (1.1} 11102} 0.392 B8 (9.9) 547 0,082
Atrial fibrillation, n (%) T0(11.5) {17 0.048 41 (6.7) 32174 <000
Smoker, n (%) BT (13.1) 141 0,547 65 (9.7) &(64) 0.233
Alcohol, n (%) 85(127) 6{13) 0951 70 (9.3) 36T) 0.79
BNF »56.7 ng/l, n (%) 35(9.2) T(169) 0001 - - -
BNP »65.3 ng/l. n (%) - - - 111{54) 6l (14.2) <00
Median age (IQR) 74 (66-B1) 76 (70-82.5) 0.037 74 (66-B1)  TR5(TI-B4) 0,02
Median bascline NIHSS (IQR) 6(2-13) 12 {6-18) <0001 6(2-12) 16 (10-21) <00

Univariate analysis performed separately for worsening and mortality. Median and interquartile range (1GR) for continuons vari-
ables and count (n) with percentage (%) for categorical variables. All variables with a p value <0.03 are marked in bold.

Table 2, Multivariate logistic regression analysis

pualue  OR(95% CI)

Waorsening
BNP =56.7 ng/l 004 1637 (1.023-2.619)
Previous stroke 0.048 1677 (1.005-2.799)
Diabetes mellitus 0043 1635 (1.015-2.632)
Baseline NIHSS <0001 1.094 (1.061-1.128)
Mortality
BNP =653 n 0034 1.972 {1.053-1.695)
Previous stroke 0031 1981 (1.064-3.686)
Atrial fibrilation 0.029 1.926 (1.07-3.468)
Baseline NIHSS <001 1147 (1.103-1.193)

Independent predictors for both worsening and mortality

analysis.

bevel was an independent predictor of neurological wors-
ening (BNP =567 ng/l; OR = L&4; p = 0.04) and death
after stroke (BNP 265,35 ng/l; OR = 1.97; p = 0.034). Oth-
er predictors of bad outcome were a previous stroke,
stroke severity (baseline NTHS5), diabetes mellitis and
atrial fibrillation (table 2),

However, the AUC were similar for a model with or
without BNP for both worsening (AUC 0.706, 95% CI

142 Cerchrovase Dis 201 2:34:240-245

0.655-0.758 vs. AUC 0.700, 95% Cl 0.647-0.753) and
maortality (AUC (L8086, 95% CLOLT53-0.859 va. AUC 0,796,
95% Cl 0.74-0.851) (fig. 2). Neither the 1D nor the NRI
tests showed any added value of the biomarker to the clin-
ical models to predict outcome (data not shown).

Discussion

Our study demonstrates that plasma BNP level is an
independent prognostic factor for carly mortality and a
newly defined factor for neurological worsening after an
acute stroke. BNP increase has been associated with the
intensity of brain ischemia reflecting the magnitude of
brain injury [4, 7). On the other hand, an acute blood
pressure elevation has been well documented during the
acute phase of stroke and it might indeed increase BNP
released from the heart, as BNP plays a role in the hemo-
dynamic regulation during this period [8]. Since a high
BNP kevel might reflect severe brain damage and produce
disturbances in the autonomic cardiovascular system, ils
role in providing an indication of worsening prognosis
seems feasible.

Regarding mortality, our results are in accordance
with the findings by Jensen et al. [9] and Mikikallio et al.
[4], which reported higher levels of natriuretic peptides
among patients who died after 5 months of stroke or

Montaner et al.
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Fig. 1. BNF levels showed a good discrimination regarding outcome. Relation between BNP selected cut-off
pointsand predicted probability of worsening (a, ischemic strokes: ¢, hemorrhagic strokes) or mortality (b, isch-
emic strokes; o, hemorrhagic strokes) across all the span of NIHSS scores.

within a 4-year follow-up, respectively. We extended our
results to the acute phasr of stroke, cunﬁrm'lng_ ﬁndings
by Shibazaki et al. [5]. Interestingly, we also confirmed
that the prognostic value of BNP is not only useful in
ischemic but in hemorrhagic stroke, as alluded to in oth-
er studies [10], and we extended the findings to the acute
phase of brain hemorrhage.

Other reports have not been able to show the relation-
ship between the N-terminal prohormone of BNP (NT-
proBNP)and 3-monthmortality [1]. NT-proBNP showed
a significant influence on the outcome in the univariate
analysis, bul its effect was oulweighed if other important
predictors of oulcome such as initial NIHSS and lesion
volume were taken into account. The fact that we used

BNP and Stroke Outcome

only in-hospital mortality may explain these differences,
although this may also be a limitation of our study be-
cause we obtained no owtcome data for periods longer
than 3 months.

The AUC has been the ‘metric of choice’ to quantify
new biomarker performance. Two new metrics, the 1D
and NRI, have been rapidly adopted 1o quantify the
added value of a biomarker to an existing test [6]. Ap-
plying the test to our data, it may be concluded that the
plasma level of BNP measured during the acute phase
of stroke does not add prognostic information to the
clinical data, i it seems of limited use as a prognostic
biomarker,

Cerebrovase Dis 2002,34:340-245
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Flg. 2. ROC curves from predictive models for worsening (a) and mortality (b}, Black line: model including both clinical and BNP
wvariables; dark grey line: model including only clinical variables; light grey line: model including only BNP variable; dashed line: ref-

erence line.

Some of the methodological differences need to be
noted between our work and previous studies where NT-
proBNP instead of BNP was used. Although both BNP
and NT-proBNP assays have a nearly identical test per-
formance in ruling out severely reduced left ventricular
ejection fraction and in their prediction of all-cause mor-
tality or heart failure [12], direct comparisons of both bio-
markers have not yet been made in the feld of strokes.
Another limitation of our study is that it was designed to
use this marker as a short-term prognostic tool, without
differentiating stroke sublypes or medical conditions
that might also affect BNP plasma levels. In fact, a recent
report shows that the addition of BNP to multivariate
models increased their predictive performance for func-
tional outcome and mortality only amongst those with
cardicembolic stroke [13],

Because having very early information about the prog-
nosis of a stroke patient might influence in the rational-
ization and decision-making regarding their admiassion 1o
a specialized stroke unit or participation in a clinical trial,
future identification of biomarkers that add prognostic
information to clinical and radiological data would be
ideal. Inaddition to.clinical parameters such asthe NIHSS
[14], some markers such as copeptin have been shown to
b of value. This was also the case with BNFP in our study
(fig. 1}, but when more strict tests were applied to the com-

4 Cerebrovase Dis 201 2;34:140-245

bination of a clinical model containing not only stroke
severity scales but also other vascular rizk factors related
to outcome, the biomarker was found to not offer further
prognostic information. Therefore, all new prognostic
biomarkers in the field should be carefully statistically
evaluated and need o be replicated in multicenter studies
before their implementation in clinical practice.

Regarding the translation of biomarker measurements
to clinical practice, the use of point-of-care tools based on
biosensors is being implemented in order to obtain reli-
able and rapid results. These devices allow the detection
of biomarkers in whole blood, without the necessity for
sample preparation, within a 15-minute time frame [15].
Muodels combining clinical data with biomarker informa-
tion in an algorithm that is easy to interpret for clinicians
would be mandatory to implement the use of biomarkers
in daily practice.

In conclusion, BNP is clearly an independent predictor
of poor outcome in stroke, but does not add any value to
known clinical models of prognosis, In view of these con-
troversial results, lurther investigation including system-
atic review is needed to clanify the real role of BNP in
stroke outcome.

Montaner et al.
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Supplemental table 1: Brain Natriuretic Peptide values regarding baseline

clinical characteristics.

ENP (ng/L)

Mo Yes p-value
Sax (male) B2.4 (33241758} 49 8 (0-135.4) <0.001
HTA 58 (21.6-153.T) 68.4 (21.6-176.4) 0.206
Diabetes mellilus 61,3 (20.3-161.6) T2.7 (26.1-164.2) 0.168
Dislypemia 70.1 (22.4-162.5) 50.1 (0-153.7) 0.154
Previous ischemic stroke |[66.7 (21.5-162.9) B5.4 (24-138.1) 0.574
Ischemic cardiopathy B0 (18.8-148.9) 133.2 (48-232.5) =0,001
Atrial fibrillation 47.9 (0-120) 157.5 (77.8-252.7) <0.001
amoker 742 (27 7-176.1) 28 (0-78.3) <0.001
Aleahel 87 (22.5-100.5) 31 (0-100.5) 0.011
Atherctrombotic 73.4 (24.5-176.4) 44.3 (0-105.9) 0.001
Cardioembolic 446 (0-101.4) 143.9 (63.5-236.5) <0.0014
Age Spearman Rho=0.36 =0.001
MNIHSS baseline Spearman Rho=0.185 =0.001
IGH 69 (20.8-169.2) 55.8 (22.6-126.T) 0234
Martality 60.8 (20.3-154.5) 118.2 (48.2-226.86) =0.001
Worsening 61.2 (20.8-154.8) 90.5 (35.7-211.8) 0,006

BNP values gmiven in ug/L. HTA, hivpertension: ICH. miracramal hemorrhage; NIHSS,
Wanonal Instiutes of Health Stroke Scale for assessing stroke seventy. All vanables
with a p-value < 0.05 were marked mn bold.
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3.2 B-type natriuretic peptides and mortality after stroke: A systematic review and
meta-analysis
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B-type natriuretic peptides and mortality

after stroke

A systematic review and meta-analysis

ABSTRACT

Objectives To measure the association of B-type natriuretic peptide [BNP) and MN-tarminal frag-
mart of BNP (NT-proBNP] with all-cause mortality atter stroke, and to evaluate the additional pra-
dictive valug of BNPNT-proBNP over clinical information

Methods: Suitable studies for meta-analysis were found by searching MEDLINE and EMBASE
databases until October 26, 2012, Weighted mean differences measured effect size; meta-
regression and publication bias were assessed. Individusl participant data were used 1o estimate
affects by logistic regression and to evaluate BNPRNT -proBNP additional predictive value by area
under the receiver cperating characteristic curves, and integrated discrimination improvement
and categonical net reclassification improvement indexes.

Resuls: Literature-based meta-analysis included 3,498 stroke patients from 16 studies and
revealed that BNPINT-proBNP levels were 25578 pg/mbL (95% confidenca interval [CI
10510-406.47, p = 0.001) higher in patients who died; publication bias entailed the loss of
thig association. Individual participant data analysis comprised 2,258 stroke patients. After mor-
malization of the data, patients in the highest quartile had double the risk of daath after adjust-
mant for clinical variables (NIH Stroke Scale score, age, sex)] lodds ratio 2,30, 95% C11.32-4.01
for BMP: and odds ratio 2.63, 85% C| 1.75-3 84 for NT-proBNP]. Only NT-proBNP showed a slight
added value to climcal prognostic variables, increasing discrimination by 0.028 points [integrated
discrimination mprovement index p < 0.001) and reclassifyving B.1% of patients into comrect risk
martality categaries [nat reclassification improvernant index; p = 0.003). Neither atiology nor tirme
from onsat to death affected the association of BNPINT-proBMP with mortality

Conclusion: BNPs are associated with postsiroke mortality independent of NIH Stroke Scalae
score, age, and sex. However, their translation to clinical practice seems difficult becausa
BNPINT-proBNP add only minor predictive value to clinical mformation. Newrology®
201381197 6-1985

GLOSSARY

AUC = wea under the receiver operating characteristic aurve: BNF = B-type ratniuretc peptide; Cl = confidenca invierval
I = integrated discrimination imgrovement; IPD = individual participam data, IOR = mterguartile ronge; MIH3S = MNIH
Strokn Scabe; NRI = net redassfication improvemant; NT-proBMP = N-tominal fragment of B-type ratriunotc peptide; OR =
odids ratio; WD = wesphted maan diferance

Early prediction of faral outcome after stroke might improve decision-making processes, such as
the use of more aggressive therapies or the inclusion of selected patients in clinical rrials. Clinical
models o predict death after sroke perform with reasonable accuracy,'” but the addidon of
blood biomarkers might lead w better predictive models.**

Betype natriuretic peptide (BNI'), a vasoactive hormone with natrriuretic, diuretic, and vaso-
dilavor activity, is synthesized mainly in cardiac tissue as a result of myocywe streech,” Activation
of BINP generates an inactive N-terminal fragment (NT-proBMNIP)® and both peptides have been
associated with unfavorable clinical owrcome and maorality in stroke patents.”™ Two recent

Fenim the Moroiacdls Bewaich Libormory (T0 0, TG, AR AL Vil dHdhis Instinsi: ol Rocinh, Ustwnieid Asibaons de Baroadons,
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studies"!! show thar, although BN has a sta-
tistically significant association with morealicy
and functional outcome, it does not add prog-
nostic information o simple clinical variables.
However, this new information should be care-
fully managed, because both studies were small
and BNP-related peptides are important pre-
dictors of poor outcome in other diseases,™""

Because there is still unceraingy abour whether
BNP could be uscful in stroke pumm pm:il:r
n!:l'lﬂ.ll;}". Em we ::I:mdlﬂﬂ:i | m m
and a literature-based metr-analyds o examine
the association of BNP/NT-proBNP levels with
illl-canise morality after a cerdbrovascular event.
Second, we performed an individual panicipant
dara (IPD} analysis to further explore the role of
narriurctic peprides and o assess whether their
additon w dinical information could have addi-
gomal predicive value and/or could improve
mortality risk strarification.

METHODS Stamdard protocel appravak, repistration,
anid paticnt consents. Metheds for this seedy wieer specifiod
in advance and eegsiceed 0 the PROSPERD databae
(CRD4200 20033840, We mpont it in micwnoe 1o the
PRESMA (Prefooed Repostiag looma for Sysemasic Revies
and Mees-Amabyied) sesrement.””

Higibilicy crigeria and seurch straegy. We ncluded snadies thar
repored entiggnal i and i) rocruieed pationts with ichemic weoke,
TUA, aiulier | hagle strake; i) AP or NT-peaBME;
and #i) meonlnd whethor pagierss diod during, Rdlos-up,
'WIHMMWMHFMMEFMHWMF b

aral with a £ ot povabue <0005 worr comiderad vgrificant loroe
phot sunmmasioed thee e cifoan We wed mem-rgresion w
sl ous sy keved mota-andyus ke due pooensial eskunden
We wmed Duval: Tweadie ronpammerric “gim-md 80 =™ 10
amen puhlcanon bis.

1P amalyeie. Awibobs compiad dembose inchuding ofl individ-
tial inbemasion was wed & 8 snigque ool o perform & complee
wimnical anabya, W anosnd publiaton baas with Duval- Tweadic
ter for both BNP and NT-polNP sepamedy. BNP and
MT-prB N bewds had 2 | Enmibuinn (Rl
Semimoy e wich p < 005, mm“id.hhrn-m-'lq'ﬂu
Korondod-Walks s and srpond amd g
] 8 I‘tmmx‘mm:diﬁﬂﬁﬁm;mw
e Connelstion with wmbe wwdty mesmnd by NIH Seoke
Scale (NTHSS) ar admesion and age wer peefomed by Speaman
rank

Dams froem all diferent cobwsn were pormalasd by wasdand.
terd 2 soovies i the unigue databae. %W'e constnactod farwand anp-
Juvariane kegnne reppess dels wich sl dimical varishls
amnciaind with manaey s p < 005 (husckine NIH 55 sorc, agr,
and sl O vano (OR), 95% CL and p vabue were gven. Bio
maarker bvede, using the highas quastik camif paine, were sbded m
the logmic wmmmﬁlrumngdmhﬂvm Ta pain
revisha consicncy, we eistation e O and
5% 1 in & rendom wample with ieplaceme s af the sol mumber
ol puat wsing 3 enaslied version of Car Rpedkage. '’

The meshod of DielLong o1 al" alkwwed w10 cumpare the arees
ursdey ihe necevrer operaring charactesisic ourve (AL from md.
el including beomarke s wigh AUCs (o chnicl modd only uing
ModCale 123 sofware. Lhing R softwar (Himise and ProdiceABEL
pd.:p} et rar.l.'ln.&mn imgproemens (MR and integrased

I () iy wacwre] the added value
o the basmasrber o the dinical maded 1o predicr maraliny. " Far the
BRI s, premgpecifiod clmically schrant thembokls of prodicond dadk
(=10 andl =9 wer wed 0 clobe edwmificeion of
jatiomin

In ol caes, @ p vbue <005 was conmidersd signilscm st a
%% confidence level. For multibeiring. we sppliad Banferom

2, 2002 with et o1 on the N Wels
dre = wwwnemnligy ong. Refemnce [an fom dewifial sricdes
anad prublished reviews were hund-sessched.

T independent reviewens thoroughly checked ritdes and/'or
abatracts vidded by seanch and abir screshed potentially relevant
arricles i Kall cexn afer oo imp, dugplicares. Ditsag
rowstvrdd by dliseuaion.

Daes colloction. Two imdeperdent moviewers cxtracied daia
using a simple, mandardized vemplace, Appendix ¢-2 shows bems
inchudexd im thuar templare. I data were mising, the commponding
authee was oontadred by email.

Theee ndependm: odosen ssened  the  guality of cach
inchided smce using a 15-poin qualing sooe (sppendin e-3), which
ks ot apyply Ko enchasan of the anick in the mota-anale. Cor-
resparding aushen am incheded amicls wee invimd w paricipess
buring mndvidial du using a prrplanned deosn inchuding
Iaseline varishles jur IPD) anabin (we appendiz e<4).

Seaviszacal amalysis. STATA 10,0 (SelCorp, College Swarion,
TH) and PSS 15,0 (555 Inc., Chicage, 11 weee wend fos statin-
tical anabyses, ulss otherwine stapad
Liveravre-fasoid wierasraafpits, The mrengh of asocarion
of BN PMNT-proB NP wich deih was mcsused by weighted mesn
o rces (WA hemwren ey wod marvival prowps with o an-
dom effects model Cochrane © and P smostics enesamd hetem.
genaty. WD nor ncluding som oo 8 conlidencr inserval (0]

DOTECEHEL

I s

RESIULTS Seudy scloxtion snd Ohar search
mmynﬂrﬂﬂi?u&mﬂﬂwﬁﬂmm
sidered for full sereening, Finally, 16 amicles met incha-
sion crtera and were included in the meta-anabyss
(fgure 1),

Table 1 pracns the charcerisics of inchaded
sadier. ™% The quality of the 16 included arnicles
was moderase (7 poing, IQR 9-11; minimum 5, max-
imum 131 Only 25% of anticles specifiad that mea-
surement of biomarker was blind o dinical dara; only
one wtck repomed sample size calculation (@ble e-1),

Syathon of vl from lieratune-baswd awta-analysde
The included amicles recniited a wotal of 3,498 stroke
paticnes. Alchough BNP/NT.proBNF men levels
wese higher in nonsurvivars than surdvors, all snadies
shiwed birge deviations (table 1) and a high hoero-
geneity berween them () = 274.92, F = 94.5%,
AF15, p < 0.001).

On average, BNPINT-proBNP  leveds were
255.78 pg/ml higher in those patients who died

Beswrdarr B1  Deeambar 3 2013 177
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Figure 1 Flow diagram

MedLine search: 147 articles | EMBASE search: 936 articles
(MeSH lerme; 26th Oclober 2012) | (MeSH terms, 26th October 2012)

References from
bibliography: 1 article

h 4

After duplicates removed:
Q957 articles

Excluded articles: 937 articles

T84 Nonstroke patients
51 Reviews
42 Mondeath assessment

b 4

k4

23 Abstracts from congresses
18 Letters/editorialsicomments
3 Animal studies
3 Case reporis
1 Unknown language
1 Previcus article using

same cohort

Potentially included: 20 articles

Insufficient data reported: 13 articles
{corresponding author contacted by email)

[

Sufficient data
reported: 7 articles

Data provided by
author; 8 articles

Excluded articles: 4 articles

1 Biomarker measured 6 months
after event

v

1 Author not able to provide data
1 Any answer

1 Incorrect email address

Included for meta-analysis: 16 articles
(n=3488 patients)

Excluded articles: 6 articles

Y

Included for IPD: 10 articles
(n=2258 patients)

IPD = individual participant data.

(95% CI 105.10-406.47, p = 0.001) (WMDs for
cach individual study and all-studies average are given
in figure 2). This amociation was not affecred by any
of the study level confounders that were mnsidered,
induding BNP vs NT-proBNP, stoke severity, age,
plasma or serum measurement, me of sample allection,

sex, and qu:a]ity soore, However, there exists uncertanty

about the value of this result because wdv bias was

Meurclogy 81 December 3 2013

Authors do not provide individual
participants’ data

detecred by loss of dgnificance when the Duval-Tweedic
test was applied (pooled WMD 121,55 pg/mlL, 95%
CI —33.56 w0 27666, p = 0,125).

Synthesis of results fom IPD analysis We obtained
individual informaton from 2,258 sroke patiens
from 10 included ardcles -4 24252729 Iy the com-
piled damser, we found NT-proBNP levels almost 10
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times higher than BNP levels (401 pg/mL. [IQR 126-
1.375] vs 77.8 pg/ml [IQR 27.8-191]; p < 0,001},
Therefme, analyses for the 2 peptdes were performed
separaely. Neither BNP nor NT-proBNP changed the
degree of associaton when the Dhuval Tweedic rest was
applicd. There was therefore no ewidence of publica-
fion bias (data not shown). However, for BNE (with
only 3 wudic), the anodaton with mosality did nos
reach stasistical significance when WMDs were con-
sidered (pooled WMD 113.75 pg/ml, p = 0.164).

We amsosnd the asociaion of BMP and NT-
proBNP levels with several demographic and clinical
characterstcs. Higher levels of boch peprides were
found in women (119 [43-244.9] vs 599 [194-
1804] pgml. p = 0001 for BNI% and 4144
[139.5-1.8225] w 2790 [592-1463.1] pgfml.
p = 0001 for NT-proBNP). nonsmokens (894
[32-216.2] v 54.4 [17.2-1925] pg/mL, p = 0.001
for BND 5074 [109.9-1.911.3] v 279,01 [84.6-
820.3] pgfml. p < 0,001 for NT-proBNF), and pa-
tienes with atrial fibeillucion (207.6 [108-356] vs 44.6
[14.6-113.3] pg/mL, p < 0.001 for BND; 1,864 8
[B16.1-4368] vs 1649 [59.2-5243] pg/ml, p <
0.001 for NT-proBNT). Both BNP and NT-proBiNP
levels positrvey comelaned with M IHSS score ar admis-
son (r= 0228, p = (L00] for BNP; r= 0,272, p <
0.001 for MT.proBNF) and age {r = 0340, p <
0.000; r = 0.477, p < 0.001, respectively).

Becaes our systematic search was focused only on
ichemic cwnn, we firther analyzed only tchemic

Mowclogy B1  Docerrber 3, 2013

seroke patients reganding momabioe, and after exclusion
of patiens with hemorrhagic stooke or T1A, e ample
size wats 957 patients with BN mesurement and 850
pacicrits for W T-peBNI, Table 2 prescnis demographic
dara, Afrer dara normalpanion, we divided pasients inso
quaartiles for both BNP and NT-poBNP and when the
highai quartile was compared with the otheri, BNF was
independendy msocatad with postseroke moartaliny, giv-
g o poobed adpoted OR of 230 (%5% C1 1.32-4.01,
p = 0003 afer logeoe rgrosion adjusoment for
MIHES score, age, and sex. NT-proB P was also asso-
civred with momalicy after sroke {adjusted OR = 263,
95% CI 1.75-3.94, p < 0.001). These resulis indicace a
double risk of demth for thase pasicns in the highat
quanile for both pepdes.

By using these anolf poins. only MT-poBND
showed a shighe added valtie to model with dinical var-
hle alone (NIHSS score, age, wx), showing an
increase i AUC (p = 00290, Regarding discrimina-
thoty improverment measwrad with the 1D1 index, both
markers shovwed a small increase (0018 point for BN
and 0.028 paines for NT-praBNPL. However, when
rechissificiton of parsens inmo predefined categories of
risk of death was analyzed. again only dhe addiion of
NT-proBNP m simple clinial varables showed added
value, clhsifying B.1% of padens (NR] index; p =
0,003 into morne accurate fsk catepories than a modd
based on cliniead variables alone (esble o2 and graphicsl
Fepresentation in Agae 3),
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I Table 2 Demographic charscteristics of ischemic stroke patients of each included cobert and pooled data for [PD

Furthermore, for thos patints who died, we
explored BNIYNT-proBNP blood kveb regarding
the tme that passed from siroke w death and oo sta-
vistical difference was found (dim ot shown). The
assoaanon with mortality was subanalyred consider-
ing schemic stroke ctiddogics. BNTNT-proBNT lev-
els were higher in cardinembolic serokes bur onby
when alive patients were considered: we Found differ-
ences in cirubring levels berween dead and alive
patients in candivembaolic etiology, bur also in lacunar
{for BNI') and atherothromboric (for WT-proBNT)
stmkes (figure c-1). Time af smple collection did
not affecr the asmociaton of BNP or NT-proBNP
level with moetaliry (figure 2],

We found similar rouls when nonnormalized
dlara were used, for both predicrive models {in which
the highewt quartile comaponds o BN =216.40
pe/mL and NT-poBNP >1453.45 pg/ml) and
subanabises (dara not dhown),

171 (1060
43.2 (504
175 (204
1808 (219
128238

212405
381 185
168 98]
18823

210102

BUG 25}

132 {3g

DISCUSSION Our meta-amalyses confirmed the aso-
ciarion of BNT's with momlicy after smoke, indspendent
of ape, sex, and bascline neusdogic impadrmens, How-
ever, although this asodanion was sarsnclly sgificant,
these biomarkers &id not bkad w bower prediction of
death than dinical informanon alone.

The design usod in this snedy has allowed us to per-
form a thorough analysis. Ohar liemmee-based men-
analysis performed after srstematic rovicw, with dose
mw 3,500 parients, gave the sarisical power needed
o estimate whether a real asocution cxisss between
BRIVNT-proBNP and death, Our reuls confinmed
the preseice of higher cireulating BNP/NT-proBNE
levels in those parienes who died after 3 cerebrovascular
ovent.* ™ However, we found moderate quality of
reporting (7 of 15 pmnes), high heteropeneiny among
inclucked stuclies {94.5%), and evidence of publication
bias. Given dhis, the resules of the lireramune-based
mota-analyas shoukd be cardfully interprered. Publica-
ton of negarive studies has genenlly less acceparion
and impact, and perhaps the lack of publishod negatve
studies in the field of biomaskers affects the rsuls of
mcta-analyss; the publication of negative el may
conmbuce firse oo give a more realistic point of view
and secomd o wve recarces for other reanchen.

A sorong poing in our design was the TP anabysis,
W'e comidered several covanats ar patient kevel, being
the least biased and most reliable means of addresing
questions not resobved in independent smudies' We
performed  IPD analysis  following 2 one-stape
approach (using the compiled database o 2 unigue
cohort). The IPD anabeis showed bath BN and
M T-profiNP ax independent predicron of moraline
after srroke, even afer adjustment by npicl con-
founders (mch as NIHSS wore, sex, and age). To have
BMIVNT-poBNP levek in the highes gquamile
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[ Figura 3 Graghical comparisan of predictive models for mertabiy
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Comparizon of the predictive model with anly dinical variables [NIHSS scone at admission, age, sex) and the model also including BNP (A, B or NT-proBlNP
[C, 0. Bsomarkars ware inciuded in the modes wsing the cutoff peints sbeve the fourth guartde after data normalization. (4, C) Recever operating charsc-
taristic curvas for both clinieal data madal ondy [red lire] and mode| including blomarker [Black lne), which are not distinguishabla. (B, D Bars indicating the
maan of probabdities of death for sach predictie model for sundval and death groups [graphecal repressntation of integrated discrimination improsemant
Index]. Adedition of biomarkiens black bars) to clinical models [red bars) doea not help to detect false positives |does not reduce the probability of death in the
survival greup) o troe posithmes (does not increase the probabiliey of daath in the death group). BNP = B-typa nafriuretic peptide: MIHES = NIH Stroke Scale:
HT-proBNP = H-torminal fragment of BMP.
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doubled the nisk of death after ischemic sooke com-
pared with ocher quariles.

Furthermore, one-stage IPDY allows the perfar-
mance of more complere garisical analysis in lage
cohorts (more than 2000 patients in our cac). We
derected differences beeween BNE and NT-proBNP
levels: NT-proBNF showed almost 10-fold higher
concentrarion, This conmrast mighe ke anmibumable
mainly 1o differences in the metabolism of thewe 2
peptides, which implcs different half-lives, the longer
corrospanding to NT-proBiNP** and thas it jastifie
the amalyss of each molecule separarely.

Cur main inenst was w assess whether these bio-
markers could improve the mformanen given by clinical

Moveahaow Bl Do 3 20015

information alone by applying differens smdsical mer-
nics, sich s ID1 and NRL"™ In owr I analyss, only
MT-proBNP showed a marginal additionad value over
chinical dag. Based on thee roubs, we would pot ree-
ammend the we of BNPs alonie at the bediide o prodic
stroke mucame. Beause aurmendy there is not consensus
about how much a marker mist add o dinical models
in werma of disrimination and redasificarion improve
menes, with our reade, only NT-proBNF mighe be
consadered ina Rugare pancl of prognosde biomarkers,
induding other known (interdoukin-6, copepeing ete.] ar
arill unkmnown blood oucome biomakers, in which
eaxch biomarker povennially increases discriminagion
and reclassificarion, reaching ourstanding accurcy.



Recently, the possbiliey has beon suggested dhat
the prognostic vahie of namriuretic peprids is depen-

dent on seroke etiobogy. ™ We detoceed higher keveb of

bath BN and N T-proBMP in cardioembolic sroke
only when alive patients were considered: morcover,
circulaging BMP and NT-proBNP were not excha-
avely asociated with mortaliey in cardisembelic,
bar also in orher causes of sroke In addidon,
recently, high levels of BNF have been asociated with
cardisembalic etiodogy and with infarce volume in
aroke patienes™ reinforcing the heart-brain link
and the suggestion thar cordiovaseular Bactoms, in par-
ricular cardiac filure, adversely influence acute stroke
outcome.*” In our meta-analyses, we have focused on
the relaionship berween BNPNT-proiNP and
aroke mornalioy and ctheir role s weeful biomarkers;
therefore, the porential mke of BNPINT-proBNT in
the detection of crdisembolic eiology.™ mainky w
define cryprogenic siokes,"” necds fusther cxplosa.
don and we suggest following a similar approach o
the one prescaiod here,

We beieve thar the implementagion of thee vps
of watitical analyses topcther with the  proposal
of minimal quality request (like ocher guideline sared
for publication') in biomarker sudics would minimize
the risk of bizs and facilioee translarion into. dinical

Comment:
Natriuretic peptides as predictive biomarkers of stroke outcome
Berype narriuretic pepide (BNP), along with an inactive Neterminal pepride
fragmens [WNT-proB&P), s secreted by cardiae ventricular myocyees in response
to excessive myocardial stretching, The plasma half-life of thewe peprides s 0.3
and 2.0 hours, respectively, 20 a angle measurement mently reflects recent cardiac
strces that may, for example, reflect sympathetic stimulation in response to acute
atroke. Resules from a variay of dimcal sudies ndicate thar these peptides may
e wmeful as biomarkers for a varety of bath cardiac and cerebrovascular events.
In a carefully perfomed meta-analyss, Garcis-Berracon and colleague’ evaluate
the relinonship of BNF and WNT-proBNP lkevels with moaliey following, acute
stroke. Alkhough individuals in the highes quamile for either of the 2 peprides
had twice the risk of death compared m the lower quaniles, only the NT-pmBNP
measisres added dighely (addieimal 8,1% of patients) ro the typlcal chinical measures
for predicting seroke mormlivy, including age, sex, and NIH Stroke Scale score, The
results do po go far enough o establish a relationship berween the cawse of death
and the highest nariuretic leveds. Some suggesive dars from the ARISTOTLE tnal
indicane thar candiac death has an imporean robe, but more carchul snudies thar focus
on the wsefulness of measuring BNF or NT-proBNP wisthin the fire 24 hours after
acute stroke, along with an analysis of the explicit causes of death, are needed

1. Garcis-Berocoin T, Gimle D, Buaitamante A, et al Borype astrmietic peptides and
momaliny afoer weroke: @ sematic review and mecranalysis Neamlogy 200381
19761985,

2. Hijani &, Willoitin L Sighiabon A, o al. N-pominal pro-Bsype natrarci: b
ritk ansewemenr in posienes with amial Abrillation: insighis from the ARISTOTLE
Trial (Apixaban for the Preventon of Seroke in Subjecss wich Awial Fibnllasicn).
I Adn Coll Candied 2013:61:2374-2284,

Bruce M. Conell, MDY

practice. Finding a way to predicr poor outcome in
those parienes with smoke would provide informarcion
funt pratieries and rebarhves, would hdp to evaluste the sk
and benefirs of acure reamments or inclusion inm clin.
ical eriads, and would optimize the allocrton into spe-
cialmed seoke unics,

Ohir mcta-amalyss proscits some limstations. Fine,
there were differences i mahodology among the
indluded amdes, for boch dve method of analysis and
time of blood collection, which could influence our
mic stroke, thus studses asesing moralicy in hemor-
rhagic oroke or T1A were mised. Mevertheles, some
of the incuded amedes considered a mived population,
with ischemic = well o hemorthagic strokes anelior
TIA, which could nos be separaned in our linsranene
baed meta-anahnds but were excluded in the 1PD,
Third, for subanalysis of monaliy by stroke edology,
onir conchumions thould be cancfully imerprenad becavse
of Emired sample size stroke aiology. dasification by
TOAST (Trial of Org 10072 i Aqure Stroke Trea-
ment] was available in anly half of dhe pacents in dhe
1P anabysts, incuding 278 paticns with NT-peoBNEP
messurermient and 934 for BN

Firally, our [P analysis, although considering sev-
eral oovarises, doss not inclade some pathologies relaned
o mcressed levels of BMPYNT-proBNP wch as candi-
opathies differens from agrial fbrllicon™ or renal dis-
cae.™ In addition, we amld not scoms data reganding
specific cuses of deach after sroke, which could influ-
ence the lovel of asociarion JBNI':I’NT—FMHNI‘.

I oorsclusion, both our liceramure-based meo-analysis
and IPD analysis reinforce the role of BNPINT -proBNP
as mdependent pradioon of adl-cmse momaline afer
stroke. However, these natrmuretic peptides add minor
predicrive value w dinial informarion for the prediction
of death. Their roke in the chinical idenesficaton of an
ischemic smoke of candioembolic ongn B uncertain
and neods mone rescarch,
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Appendices

Appendix e-1. Electronic search strategy.

1. cerebrovascular disorders/ or basal ganglia cerebrovascular disease’ or exp brain
isclienua’ or carolid artery diseases’ or carotid artery thrombosis’ or carotid stenosis’ or
cerebrovascular accident/ or exp bram infarction’ or exp hypoxia-ischenmia, bramn/ or exp
intracranial arterial diseases’ or exp "ntracranial embolism and thrombosis"/

2. ((brain or cerebr$ or cerebell$ or vertebrobasil$ or hemispher$ or mtracran$ or
wtracerebral or nfratentorial or supratentonal or nuddle cerebr$ or mea$ or antenor
circulation) adjs (1sch?emu$ or mfarct$ or thrombo$ or emboh$ or occlus$ or
hvpoxi$)).bw.

3. (1sch?emi¥ adj6 (strokeS or apoplex$ or cerebral vaseS or cerebrovase$ or eva or
attack$)).mw.

4. lor2or3

5. brn patrnretic peptide mp, or exp Natmuretic Pepnde, Bram/

6. b-tvpe natriuretic peptide.mp.

7. (bram natmuretic pephide or nesmtide or b-tvpe natnurenc peptde or bnp gene
product or bop-32 or brain natrinretic peptide-32 or natrecor or natrinretic factor-32 or
natriuretic peptide type-b or type-b natriuretic peptide or ventricular natruretic peptide.
b-tvpe)anp. [mp=title. abstract, original title. name of substance word, subject heading
word, protocol supplementary concept, rare disease supplementary concept, unique
identifier]

8. NT-pro BNP.mp.

O.5orGorTor g

10. Incidence’ or exp mortality/ or follow up studies’ or mortality/ ar prognosS tw. or
prediet$. tw. or course.w. or rankin.tw. or Glasgow outcome scale.tw. or NIHSS w.
11. (prognos$ or outcome$ or follow-up or predictS).tw.sh.

12. exp Prognosis/

13. Disease Progression/

14, ({clinical or natural$ or disease$) adj (progressS or course$ or histor$)).rw.sh.

15. Tume Factors/

16. 10or 1lorl2or 13 orl4or 15

17.4 and 9 and 16

-4



Appendix e-2. Data collected for systematic review and meta-analysis.

- PubMed unique identifier (PMID).

= Furst author, year and jowmal of publication.

= Biological material (e.g. plasima, serum) and tine from stroke symplonis onsel 1o
sample collection.

- Biomarker bemg analyvzed (1.¢. BNP or NT-proBNP) and method of analysis.

- When used. cut-off pomt for biomarker, with sensitivity and specilicily percentages.
- Time of death assessment and mortality rate.

= Mean values and standard devianon (5D) for neurological scale NIHSS scores at
adinssion and age. Male sex rate.

- Total sample size and sample size for both death and survival groups.

- Mean values and SD for biomarker in both death and survival groups.

Items included in our standardized template form to be completed from articles selected
for meta-analysis.
NIHSS: Natonal Instimites of Health Stroke Scale.

Appendix e-3. Quality score (adapted from QUADAS and Quality*™
questionnaires).

1. Diagnosis of stroke is based on expert clinical opinion supported by neursimaging.

2. All patients (including controls, in case) have expert opinion + newrcunaging.

3. The biomarker is not used to detenmine the end-point.

4. Speafy that lmomarker measurement 15 blinded to clinical data.

5. Specify that clinical data collection i1s blinded or collected before biomarker
measurenient.

6. All patients who entered mito study complete it or withdrawals are explamed.

7. Biomarker eul-off 15 previously established. based on Inerature or pilot study.

8. Specify any or none disclosure.

9. Report if the study 1s prospective.

10. Defmition of nme penod, follow-up end and median follow-up e of the study (o
least two items).

1. Climeal end-points to be measured are defined prior to analysis.

12. Ranonale for used sample size.



13. Beporting a hst of candidate vanables and estimated effect (Odd RanoHazard
Ratio) with 95% C1 for all variables in multivariate analysis.

14. Specity the assay method and provide or reference a detaled protocol.

15. Cases are not representing a selected subgroup of patients (e.g. only atrial

fibrillation patients).

Appendix ¢-4. Individual participants” information compiled for IPD analysis.
= BNP/NT-proBNP blood levels and blood collection time.

= Death/survival and tine from onset to death assessment.

- Age, sex, NIHSS and glucose blood levels at admission.

- Type of stroke. TOAST enological classification.

- Presence/absence of several nsk factors for stroke: hypertension. diabetes mellitus,
dyshipidenua, atnal iibnllation, smoking, alcohol intake, previous stroke.

- Presence/absence of thrombolytic treatment (rt-PA) administration.

Items requested to comresponding authors from articles included in meta-analysis.
NIHSS: Nanonal Institutes of Health Stroke Scale: TOAST: mal of ORG 10172
acute stroke treatment: 11-PA: recombinant tissne Plasminogen Activator.

All information was gathered in an Excel database for each anonymized individual
patient included in each ongmal published article. Finally, data from all articles was
compiled i a single whole database, including a siudy identifier (first author and vear
of publication). When articles from the same research group shared some patients from
the same cohort ** or the whole cohort was followed up any longer. 5 after authors’
agreement, both smdies were considered together as a unique cohort in the whole
database 10 avoid double counting of subjects. The provided data remain entirely under
the principal investigator property and was only used for this analysis.

In order to have more consistency, some vanables were transformed when needed:

= All BNP/NT-proBNP values were given as pg/mL. To convert NT-proBNP levels
gxpressed in pmol'L to pg/mL, values were multiplied by 8.457,

- Tune from symptoms ouset to blood sample collection was given as hours,

- Time from onset to death assessment was given as davs,

- Neurological seventy was assessed by NIHSS. When 555 (Scandinavian Stroke
Scale) was used, scores were transformed to NIHSS by the formula:

NIHSS = 25 68-0.43*855



Tables
Table e-1. Quality score report for each included study.

Ref. 1 (2|3 |4 |5 (6|7 |8 |2 10|11 |12 |13 |14 |13 | Quality
score

R +|+=]=+=]-=1=|+|=|=]|+]|-1+|-|+]+]+11

ad ||+ =] =[] -]+]+] + - + | + + + [ 12
el + =]+l =|+]=]=|+|+]|+|+|=-|=]+]+]10
eh el +]-]=|=]-]-|+]+]+]=-[+]+ ]+ |10
ell 2+l -1-1%l*]-]-]-01*]|-|*]-]-153

el +[+]+]=[=]+]2)+=]20+]=-~]-]+]+18

ed +t|+|t]|=]=s]|=|=]=]F|+]|F|=|F]|F+|[+]2

eh + |+ * | - - - - - - - - - - +- - £
els T2+l =[T7]=]+] « |+ = . | + | + 17
eld | ®w ||+ = [=]|T]=-]- * = - - + + | 10

ed e[| s2]=][<]=«f<[*] =]+ =[]+ -1%

el5 +|=]=+=]+|+[=]21+|+]+|+|=-|=+=|+]+]12
16 |+ F+]=|F]|=|2]F]|F]+ ]+ - + |+ + |11
el7 +|+]+]+]+|x]- |+l |+ =]+ +]|+]13
elB r|ale|-]-]*]=-]*]+] 2 o = + o+ + |7
els [ -f+]=-1=-]-]-]+]=-] - + | - |+ | + | + 17

# 1-15 referred to items evaliared for quality assessment (see Appendix 2}, +: ves: = oo; 7: msufficient
nformation.

Omly positive answers accounted for qualiry score (Le. negative answers 1o itemns did not penalize).

R



Table e-X. Additive predictive value of BXP/NT-proBXF over clinical variables for

ischemic stroke mortality.

Model - All-canse mortality

Ohuly clinical Clinical + BNP Ohaly elinical Clindcal + NT-
proBXNP
NIHSS 1T (1.13-1.22), LAT{L12-1.21), 111 (1.08-1.13), 110 1.07-1.13%
admission p=0.001 p=0.001 pe0.001 pe0.001
g
= & 103 { 1.01-=1.04}, .03 {1.00=1.0%), 1.0%5{1.03-1.07), L0k (1.02-1.06).
e
E p=0.01% p=0.076 pre0.001 0,001
E 230(1.32-4.01),
£ | BNp = . .
Bt p=0.003
1
i 263 (1.75-1.94).
NT-proBNP | - - .
p0.001
e T
NRI events | = =1.4%5 = =1.9%
Z [™m
— = 0.6% - 10.0%
,_E Hon=-events
£ [wED - 9% (1457 |- §.1% (2813 3)
=
- pevalue Ref 0.794 Ref 003
= o
DT events . 0017 - 0024
. |t
£ - 0.001 - 0.003
i OOn=evenls
= 0.018 0.028
= |IM - .
=1 (0 00A-0.034) [LERCY RN E Y]
p-value Ref. 0020 Ref. <1001
0840 0.848 0. 752 0,774
£ | Auc
E {81 5-0.863) {0,823-0,870) (0, 722-0.7T81) {0, T45-0,802)
=l
‘E’ p-value Ref 0.28% Ref 0,029

Logistic regression models gave odd-ratios (OR) admsted by gender with #5% CI and p=value tor cach

meluded vanable. Biomarkers were added to climeal logisne regression model using highest quarnle cur-
off pont. Bootstrapping gives 5% C1 for OR of BNFP (1,354,279 and NT-proBNP (1.79-4.04), which

INCreases Consislency 1o our regression resulis.

NRI: net reclassibication wmprovement mdex (nsk categones wsed: <10%, 10-90%; and =00%:); percentage

of reclassificanon given tor both events (Le. patents who died) and non-events and for the sum of both

{wath 95% CT) when biomarker was added to clinical predictive model. ID: mtegrated discrimination

improvement index; index given for borh events and non-events nnd for the sum of both (with 95% CT),
AUC: area under ROC Curve: area with 95%C1 miven for each model. Clmical model always nsed as

reference model to compare. NIHSS: Nanonal Institutes Health Stroke Scale.




Figures
Figure e-1. Mortality association of BNF/NT-proBNP depending on ischemic

stroke etiologies.
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Figure e-2. Mortality association of BXP/NT-proBNP depending on time of sample
collection.
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Despite being ischemic stroke a leading cansse of death and functicnal disability, there ame no
other aocurate tools o predict outcome of patients beyond dinical variables such as apge and
stroke severity. in this scenario, defining protein changes assocated with acute ischemic braim
damage might help io identify new biomarker andidates for stmole prognosis. By means of mass
spectiometry-based protecmics, we identified 51 proteins which levels were altered In the

Kiywards: infarcted srea of the human brain after stroke. Among & seleded protein candidates, droulating
Orbitrap levels of gelsoln, dibydropyrimidinase related protein 2 and cystatin A were ndependent
5"?'“‘ prediciom of poor outcome. Logstic regression models including these inmovative bomarkers
Brain significantly improved the predictive value with respect to the only use of dinical variables in
Biomarker both discrimination and redlassification analyses. Qur resuks indicate that early blood
Prognosis determination of these three biomarkers might predict outeome of patients and might help m
Mortality decision- malking proceses related to ischermic stroke managsment.

Biological significance
Circulating levels of gelsolin, dibydopyrimidinase-related protein 2 and cystatin A, proteing
hﬂllﬁﬂldtdmhﬂnlnbfuhﬁhﬂme&ﬂhd}hﬂh,dehnluhkpﬁﬁﬁﬂdﬂﬁﬂll
biomarkers for long-term stroke progneosis.
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1. Introduction might receive prophylactic antibiotic treatment or be included

in clinical trials onented 1o neuroprotection of DEURSTEpair

Ischemic stroke is the second cause of death and a major cause
of disability worldwide [1]. The prediction of this fatal cutcome
coukd help in several deciston-making processes, such as the
early admission of patients to specialized stroke units, where an
optimal care can be provided. Moreover in these units, patients
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Several dinical scores have been proposed to predict bath
functional cutcorne [2,3] and momality [4.5). Unfortunately,
those have modemte sensitivity. In this scenario, the search for
blpod biomarkers for stroke prognosis is becoming increasingly
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populsr [revewed i [6]) and in sone cased, such a8 copepbn [7],
blood biomarkers staried to show some added value

In this study, we aimed to discover new moleculss assock-
ated with ischemic brain damage, broadening our previous
protecmic approach carried out by our group using brain tssue
from deceased stroke patients [B]. From the list of proteins that
were altered after stroke, some candidates were further
evaluated for thelr potental role in improving the prediction
of outcome by using comparative statistical metrics. Three of
our eandidates demonatrated their potential use a2 long-term
Prognostic biomarkers.

2, Materials and methods
2.1, Sample collection

211, Bramn tEsue samples

Brain sample preparation and demographic data were previously
published [8). Briefly, timue samples from ischemic ipsilateral
{infarct core and periinfarct area) and healthy ntralateral
hemispheres of 3 schemic strake patients were obtained within
the first & h after death. Cortical brain areas from 3 patients who
died because of non-inflammatory and non-neurological diseases
were used as controls. All samples weme snap frozen in liguid
nitrogen and immediately stored at - 80 °C until homogenization.

212, Blood samples
Consecutive patients with an acute ischemic stroke admitted
to the emergency departnent of the Vall dHebron Hospital
{Barcelona, Spain) within the first 4.5 h after symptoms onset,
were recruited from February 2007 to September 2009, Stroke
onsget was defined a3 the last time the patent was known w
be asymptomatic All patdents received thrombolytic treatment
All 80 patients included in this study underwent a standard-
ized protecol of clindcal and newroradiclegical assessments as
previously described by our group [9) Stroke sevenity was
asseaged by wsing the Mational Institutes of Health stroke scale
{MIHSS} score [20]. Functional outcome wis evaluated at thisd
month after the event at the outpatient clinic by means of the
modified Rankin Scale (mRS) by a trained neurclogist; patients
with a mES score from 0 1o 1 were categorized as "good outcome”™
and patients with mRS from 2 10 6 &8 “poor outcome”, Further
analysis includes all eause in-hospital death as endpoint
Peripheral blood samples were drawn at admission before
any treatment was givern. Flasma or sera were immediately
separated by centrifugation at 3500 rpm for 15 min st 4 "Cand
stored at —B0 "C.

213 Ethics statement

The local ethical committes of our institution approved both
studies [human brain tisswe and blood samphing), and written
consent was obtained from all subjects or relatives in accor-
dance with the Declaration of Helsinkd,

2.2, Proteormcs analysis
221 2D-DIGE

Sample preparation for 2D-DIGE was previously published [8].
Briefly, cyanine stained brain tissue homogenates from each

ared were fractionated by 2-D gel electrophoresia. Fluorsscence
images of each gel were analyzed and relative quantification of
proten abundance was performed. For those proteins differen-
tially expredsad bebwesn brain areas, pal pots were excised and
in-gel digestion was performed using trypsin.

222, Protem identification by MALDI-TOF/TOF MS
identficaton of the proteins was carmied out as described in
detail in our previous article [8]. Briefly, MALDI MS analysis of
tryptic peplides was performed an an Ultrafleax TOF-TOF
Instrument {Bruker, Bremen, Germany). Peak bists derived
from the M5 spectra were used [or peptide mass fingerprint
protein identification. TOFTOF fragmentation spectra of selected
precursor jons wheme used for MS'MS ion search o comobomate
identifications. Mascot algorithm (Matrix Scienoes, Londan, UE)
was used to search the MSDE database for human proteins
Criterion for positive identifimtion was a signifiant Mascot
probability score (score =64, p < 0.05)

223, Prowin identification by RP-LC ESI LTQ-OT MS
Twenty of the unidentified protein spots that were not
identified by MALDI-TOF/TOF MS were analyzed with RP-LC
ESl M5 using a LTQ-OT XL (Thermo Electron, San Jose, CA,
Usa) equipped with a NanoAcquity systemn from Waters
(Mildfard, MA, USA). Tryptic peptides were trapped on a
home-made 5pm 200 A Magic €18 AQ (Bruker-Michrom,
Auburn, CA, USA) 100 pm = 20 mm pre-column and separated
on a home-made 5 pm 100 A Magic C1E AQ (Eruker-Michrom)
75 pm = 150 mm column with & gravity-pulled emitter, The
snalytical separation was run for 30 min using a grodient of
water/formic acld 99.9%0.1% (selvent A) and acetonitrile’
formic acid 59.9%0.1% (sohvent B). The gradient was run as
follows: 0-1 min 95% A and 5% B, then 0 65% A and 35% B at
25 min, and 20% A and 80% B a1 30 min at a flow mte of
230 nL/min. For MS survey scans, the OT resolution was set o
60,000 and the fon population was set to 5 = 10 with an m/'z
window from 400 to 3000, Five precursor ions were selected
for CID in the LTO. For this, the jon population was sat to
1= 10" (isclation width of 2 mfg). The normalized collision
energes were set to 35% for CID.

Protein identication peak Ests were penerated from raw datm
using the embedded software from the instrument wendor
(mxtract_MSN.exe]. The monomctopic masses of the selected
precursor ions were corrected using an in-house written Perl
wript [i1l. The comected mgf Gles wem searched against
UnifrotsSF database (v56.9 of 03-Mar-200%) using Mascot (version
223, Homo saopeers tmxonomy was specified for database
sgarching, The parent on tolerance was set (o 10 ppm and
fragment mass tolerance was 06 Da Varable amino ackd
madifications were axidized methionine Cabamidomethylation
of cysteines wis set a5 a fuced modification. Trypsin was selected
as the enzyme, with one potental missed cleavage. Significant
threshold and ions score cut-off were 0.08. For all analyses, only
protems matching at least o different peptide sequences were
kept.

2.3, Verification with fmmunoassays

A replication study of the selecied candidates was performed by
ELISA commercial kits in blood samples, either plasmna o7 serum.
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Brain ghycogen phosphorylase (FYGE), dihydmopmimidinase-
related protein 2 (DEF2) and pelsclin (GELS) ELISAs were from
Cusabio Biotech Co. (Mewark, DE, USA). Rho GDP-dissociaton
inhibitor-alpha [GLDEIR1), septin:5 (SEFTS), caloyclin-binding pro-
tein (CYBF), contactin-1 (CNTH1) and cystatin A (CYTA) ELISA kit
wirre purchased from USCN Life Scence Inc. (Wuhan, PR Chinal
All ELISAs were performed acording to the manufacturer’s
nstructions by trained technicians blinded o clinial detals.

Each sample was assayed twice and the mean value of both
measurements was used. All samples with mtma-assay CV hgher
than 20% were excluded froem the analysis The mean inter-assay
OV was lower than 30% for all proteins assessed,

24,  Statistical analysis

Whaole analysis was performed with SPS5 150 softwars (SPSS
Inc, Chicage, [, USA), unless contrary was stated Those
variables nomally distributed [Kolmoporov-Smirnoy test with
P > 005) were analyzed by Student’s ¢ test or ANOVA; mean and
5D values were given. For variables with non-normal distribution
Mann-Whitey U or Kneskal-Walks test were used; median and
interquartile range were reported. Differences arnong categorical
varisbles wers assessed by Pearson chi-squared test.

A Classification Tree (CRT; Gini method) analysis was used
to find cut-off points for each individual biomarker. The
minimum number of patients used for the nodes was
established at 15 for parent nodes and 5 for terminal nodes.

Forward stepwise multdvarate logistic regression models
for both third month poor outcome and in-hospital mortality
were constructed with all dinical variables assocated with
the end-point st p < 0.1 Odds ratio (OR) and 5% confidence
interval (CI) were adjusted by clinical vapiables that are known
to be related to stroke prognosis (Le. ape, MIHSS at admizssion
and gender, when needed) [2512]. Using cut-off points,
baseline levels of individual biomarkers or the combination
of them were added to the correspondent dinical model to
find a new predictive model.

The AUC from models with individual or combined
biomarkers plus clinical variables were compared with AUC
from enly clinical model by Delong's methed [13] using
MedCalc 12.3 software (MedCalc Software, Ostend, Belgium).
Using R software (Hmisc and PredictABEL packages), net
reclassification improvement (NRI) and integrated discrimi-
nation imprevement (107 indesxes were calculated to assess
the sdded value of the biomarker or combination of bo-
markers to the clinical models to predict cutcome [14,15]. In
the case of MRI test, pre-specified clinically relevant thresh-
olds of predicied risk (<10% and >90% risk) were used to
calculate the reclassification of patients into risk outcome
groups when biomarkers were added to the model [16].

In all cases a p-value < 0.05 was considered significant at a
5% confidence level.

EN Results

31.  Differential brain protein profile

A summarized workflow chart of the whole study is shown in
Fig. 1. Brain homogenates obtained from the contralateral

hemisphere, peri-infarct and infarct core from 3 stroke
patients and 3 controls were tsed to create a 2-0¢ protein
map. On sverage, 1442 + 231 protein spots were detected in
the gels and 132 spots displayed at least a 1.5-fold change in
their relative expression betwesn the different brain tissee
areas. As previously published by our group, of these, 42 spots
[corresponding to 39 unigque proteins] were successfully
identified by MALDI-TOFTOF M5 [8].

Hew proteomic technologies have opened new possibilities
to identify undetected peptides [17). By using state-of-the-art
RP-LC coupled to an ES LTQ-OT M35, which presents higher
sccuracy and resolution, we were able to identify 20 previously
unidentified protein spots. These 30 spots cormesponded to 12
new unigue proteins (Table 1). From this list, 5 proteins were
increased in the infarct core (Abrnsgen gamma chain, FIBG;
GELS; CYTA; immunogiobulin garmma chain, IGHG1; CNTMI)
and 7 were decreased in the infarct core (citrate synthase, CISY;
glutathione S-transferase Mu2, GSTMZ; alpha-amincadipic
semialdehyde dehydrogenase, ALFAL phosphoserine amino-
transferase, SERC, CYBP; L-lactate dehydrogenase A chain,
LDHA; alcohol dehydrogenase, ADH) (Fig. 51) Altogether, 51
proteins were recognized as differently expressed among the
different brain areas,

3.2,  Potential blood biomarkers

To identify potential blood biomarkemrs, 8 candidates wem
selected from different functional categories based on their
potential scientific mlevance and the availability of commercial
immunoassays at that moment GELS, CYTA, CNTH1 and CYRP
{frorm the 12 new identified proteins) and SEPTS, PYGE, GDIRL and
DRFZ (from the list of 33 previously identified proteing, [B])

The candidate proteins were analyzed in blood samples
from 60 ischemie stroke patients that were followsd wnbil the
third month after the ischemic event. The median age was
7 years (65.5-81), 50% were male and, in average, they had a
moderate neurclogical impairment (NTHSS score at admisston
was 147 2 5.9).

From the B candidates, FYGB, SEFTS and CYBE weme
non-detectable either in plasma or in serum with the usad
immunoassays. Finally, plasma samples were used o assay
GELS and CYTA and, on the other hand, GDIR1, DRP2 and
CHNTN] were performad in serum samples,

Additionally, we explored factors that could influence
blood levels of our biomarker candidates. In patents who
suffered a previsus stroke, GDIR] and DRP2 were elevated and
GELS was reduced (p = 0,002 p = 0.004 and p = 0.021, respec-
tively). Besides CYTA was elevated in hypertensive patients
(p = 0.032) (Table S1).

3.3 Lomg-term outoome

Forty-three out of the 60 padents (TL.7%) showed a poor
functonal outcome three months after the ischemic event
These patients were older (p < 00001}, had higher mRS and
MIHSS scores ab admission (p = 0,063 and p = 0,006, respec-
tively) and had higher occurrence of diabetes mellitus {p =
0.024) (Table 2).

With regard to blomarkers, patients presenting poor
outcome had higher baseline concentration of GELS (20.7 vs.
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| Stage 1 ' Human brain homogenates
Bampls praparason e 15 (1E, PLEL) & 3 controls
Stage 2 & 20-DIGE gals
Protein separmSon 1842 230 spols

Stage 3 MALDLTORTOFR MS o ESILTO-OT MS

| Protein identification 42 spats — 19 profeine 20 spots — 12 proteins

Stage 4

-E“m“m- | : \:;\f\”’[,-/"/i |

Stage § B0 15 blood samples

Varilication study BELISAs
-‘_______-r"'“_""'\___‘_\_‘_‘_‘_‘

-ET.IQiB ' l

| Statistical modsl | New IS prognosis blomarkers |

Fig- 1 - Warldlow chart. Schematic description of the different stages of our study. i5: ischemic stroke patients; IC: infarct core
brain area; Pi: peri-infarct brain area; and CL: healthy contralateral brain area.

Table 1 - Human brain identified proteins, List of identified proteins from human brain homogenates by ESI LTQ-0T mass

spectrometry of differential 20-DIGE spots.

Spat mo. Protein name MArcession no. MW (D) pl Magrot scone Peptides
Blood coagaistion

1074 Fibrinogen gaomma chain [FIBG) PO26TD 52,106 L) 716 n
Carbabydrate metabolism

127 Citmte synthase [CI57), mitochondrial Q75390 51508 BAS SEr 19
Cell ndhesion molecules

i Contactin-1 [GNTHI) Q12860 114,104 LX) -] 16
Cytoskslefon

2 Gelsolin (GELS) POGIaG B5,M3 59 i} B
Clyeolysis

1668 L-lactare dehydrogen ase A chaln (LDHA) FOOTEE 36,950 B4 18l B
Imamunity

1027 Ig gamma chain C reghon (IGHGL) FOLEST 36596 8.4 455 1
Cridoreductase

ez Alcohal dehydnogenase [ADH) prakei] L8 e 41 18

1521 Alpha-aminoadipic semialdehyde PdsH18 55845 B4 461 11

dehydrogenase (AL7A1)

Prodeinase inhilitos

1745 Cystatin A (CYTA) FO1040 11,000 5.3 P 7
Transferase

1957 GClumthions 5-transfemae Mu? (CETMI) PEE151 25 800 ] 240 o

1441 Phesphedering aminctransferase (SERD QEWE1T 40796 7.56 180 L
Ubdguitination

1844 Caleyrlin-binding protein (CYRE) CEHBTI 26,308 L 267 1%

Spat Mo Protein gel spot numbers comesponding to the 20-DIGE (5). Proteins ane listed and grouped scoording to functional classification.
Acorssion no.: Accession numbas in Uni-ProuSwiss Frot MW Theoretical molecular weight in Do pl: Theoretical oslectrien] point. Pepdes:
Humber of peptides matching to the identified protein
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182 ng/mL, p =0.042) and CYTA (26.9 vs. 226 ng/mL p=
0052) and lower DRPZ (048 vs. 1.26 ng'ml, p= 0.073) than
those patients with a better long-term prognosis (Table 51).
We determined individual cut-off points associated with long-
term poor cutcome for each biomarker: GELS 1987 ng/ml
(TLE% senstvity, 76.5% specificity], CYTA 3176 ng'ml (26.5%
sensitivity, 100% specificity) and DRP2 209 ng/ml (97.1%
sensitivity, 286% specificity) (Table 2).

We also performed a multivanate logistic regression analy-
sis of the data, The significant variables were adjusted for NIHSS
goore at admission and pender. With the logistic regressian
mode] we confirmed diabetes mellitus and age as independent
predictors for poor outcome at third month. When basseline
GELS »19.87 ng'ml or DRF2 <208 ng'ml were added to this
dlinical model, these biomarkers remaned independent
predictors of poor outcome, Moreover, the combination of
both GELS and DRF2 or the combination of them with CYTA
>3L.76 ng/mL were also Independent predictors of poor
outcome (Table 3).

The addition of the Womarkers to the & miodel
gradually improved the AUC of the dinical data from D.BE7 1o
0.857 (p = 0u0S1). Furthermare, the use of the three-biomarker
combinathon significantly enhanced the discrimination of the
madel {measured by D1 index) up o a 3% when compared 1o
dlinical model only (Fig. 2A). The combination of GELS, DRP2
and CYTA also allowed a beter classification of the patients
into predicted rick categories (by NRI analysis) with an 85.7%
reclassification compared to clinical wvarables (Fig. 2B,
Tabie 3),

34,  In-hospital mortality

Those patients who died as a consequence of stroke (n = B,
13.3%) had higher NIHSS scores at admission (p = 0.002) and
had suffered more frequently a previous stroke (p = 0.065)
(Table 2).

Regarding our candidate biomarkers, only CYTA was
elevated in those patients who suffered a fatal stroke (32.3
v, 4.6 ngfml, p =0.113) (Table 51). We identified a cut-off
point of 34.35 ng/mL for CYTA (62.5% sensibility, 96% spea-
ficity) that was significantly associated with in-hospital
mortality (Table 2).

The multivariate logistic regression model, adjusted by
age and gender, confirmed NIHSS score on admission and
history of & previous stroke as independent predictors of
eatly death, When baseline CYTA >34.35 ng'mL was added to
the clinlcal model, it remained also as an independent
predictor (Table 4).

The predictive model including CYTA Improved the AUC of
the clinbcal dats from 0.BY7 to 0.970 (p = 0.048). Moreover,
CYTA enhanced the discriminaton of the model by 34%
{measured by I index) (Fig. 2C) and reclassifying commectiy a
3% of patients into the appropriate predictive risk categories
{by MRI analysis) (Fig. 2D, Table 4).

4. Discussion

‘The technical combination of 20-DIGE with both MALDI-TOF/
TOF MS and RP-LC LTO-0T MS platforma has allowed us to

describe the proteome changes in the human brain after
stroke. In @ previous work, we recognized changes in 39
proteins but 90 differentally expressed spots remained
unknown (8], In the present study, we have identified 20 of
those unidentified spots that correspond te 12 new proteins.

These 12 proteins have been identified for the first ime in
the brain of patients who died because of an ischemic stroke.
They are invelved in different cellular processes, such cell
metabalism, for which CISY, LDHA, ADH and AL7A1 enzymes
showed lower levels within the infarcted area. Furthermore,
processes related with neurorepair were also altered as
evidenced by changes in proteins involved in regulation of
axonal grewth (CHTM1 [18,19]) or nevronal remadeling (SERC
[20fl, mainly by regulating cytoskeletal organization [CYBRP
[21.22])

Apart from these intracellular proteins, we have also found
increased leyvels of FIBG within the infarct core; this blood
protein can reach the brain parenchyma by leakage of the
blood=brain barrier following ischemia, where FIBG might
bind and activate microglia cells leading w inflammation and
axonal damage [23]. Furthermore, high crculating levels of
FIBG have been sssociated with lschemic stroke [24], having
higher levels in those patients with poor outcome [25]. This
finding is & pood example of the crosstalk between the brain
and the bioodstream after ischemic siroke.

Three out of the 8 selected candidate molecules were not
found in our collection of blood samples from stroke patients.
To the best of our knowledpe no other studies have reported
FYGB, SEFT> and CYBP presence in the bloodstream after
conebral ischemia,

We have profoundly explored the role of the 5 proteins that
were present in blood as potential prognostic biomarkers for
stroke. GDIR1, which participates in vesicle trmfficking, was
found down-expreéssed in ischemic areas maybe supporting
the idea of an increased exccytosis after brain ischomia [£].
Circulating levels of GDIR1 were lower in those patients with
poor outcome at third meonth after stroke, although the
association was not sufficently strong to consider it as a
biomarker. On the other hand, we have found higher levels of
CNTH1L in human ischemic bmin areas. The increase of this
brain-specific adhesion molecule might be reflecting a pro-
cess of neunte outgrowth and neurcrecovery after ischemia
[26]. Despite the fact that we detected CHNTHI in the blood
sampies of patients, no association was found with stroke
outeame. Further exploration would be needed to assess its
potental role as a diagnostic bomarker.

Interestingly, we have found three molecules associated
with poor stroke outcome: GELS, DRP2 and CYTA. GELS is
expressed in both cytoplasmic and secreted fonms. The main
function of GELS is to bind actin in & calelum-dependent
manner in order o regulae the dynamics of actin polymer-
ization within the cell (cytoplasmic form) or to scavenge actin
leaking imo the bloodstream after tssue injury (plasmatc
form). In addition, other mles for GELS have been described,
such as inflammation and apoptosis modulation [27]. In this
regard we chserved increased GELS within the brain of stroke
patients Cytoplasmic GELS is mainly located into neuronal
growth cones, where actin instability is melated to axon
memedeling processes |28]. Furthermore, GELS Gan be cleaved
by caspases [27] and metalloproteinases [29, two families
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Table 2 - Univariate ana s. Clinical ¢

after stroke) and in-hosg

maortality.

Factars Good outcome  Poor oubcome  p-valus Survivor Exitus p-value
(N=17) (N = 43) (N=52)  (N=8

Age median (K8 &4 {E1-T1) 78 7583 <0001 TES -8 WE(T-Em) 03I
MINES at admission mean = 50 104 = 52 160 87 000 138 = 54 0558 0002
Frevious mES median [10R) O (00} 0 {o-4 QLOET" 0 (-0} 0ip-1) 481
Glucose al admission (mg'd) mean = 5D 1392 = 409 1497 = 583 05T 1509 = 57.0 1252 177 01rs
Minutes to 1-PA bestment mean = 5D 1902 = F1 1594 = 658 Q25 083 MiAzHT 03
Gender [male) % o} 529 (% 4281 0774 50.0 [26) 50,0 (4) 1000
Smolcers % (n) 176 (R FENE k)] 118 {6} ol 058y
Arterial hyperienaion % (n) 588 (10 TET BN D09 .23 5.0 {6} 1.000
Diabetes mellitus %o} 5.5 [1) 272 (18 .04 30.8 [16) 125 {1) 420
Dysliptdemis % (r) 412 (M 395 {17) 0507 423 23 o 0457
Awial Bbrillation % (n) 175 (3 37.2(18) 0,147 30.5 (16} 753 059
Heart disease % |n} 23508 233 (10) 1.000 5.0 (13 25 (1) 0BT
Frevious stroke % (n) 5.9 (1) 163 () D420 9.6(5) 5(H 0.065"
TOAST = = D355 = = 035
-Atharathrambatis % (0] 176 (% BIpm - 1.211) =00 -
-Cardioembolic % (n) 35308 488 (1) - 42.3 33} 6215 {5) -
-Undetermined % in) 47108 7a 07 - 365 (19 125 i) -
GELS = 1987 ng'ml % (n) 35 (4 718 28 Lo - - -
CYTA >31.76 ngrmL % n) o 6.8 [11) 0.024 - - -
DRFZ < 2.09 ngfmi. % (n} TLA (00 871035 ozl - - -
CYTA>34.35 ng/mL % [n) - - - 4003 2.5 (5) 20001

miS: modified Ranidn Seale; 1-PA: thrombolyele reamment; QR imenguarle mnge; TOAST: etology stroke subtype classifoaton; WNIHSS:
National Institubes of Health stroloe scale. Statistically significant differences between groups are expressed as bold p-values and statistical

trend (p < 1) are mareed with ®.

of protems up-regulated in strole. These deavages could morease
the possilities of detecting GELS fragments in the blood.

The fect that plasmatic and cytoplasmic GELS differ only
by an additional sequence of 24 amino-ackds in the amino-
terminal part of the protein, makes nowedays impessible w
distinguish both forms by means of immuno-based tech-
nigues | 30]. Thas, the protein levels detected in blood samples
coild be representing either gecreted plasmatic form o
cytoplasmic form released by cell lysis after injury [21.32]. In
our study, elevated circulating GELS levels have been found as
independent predictors of long-term poor outcome after
ischemic stroke, following adjustment by potential clinical
confounders. In contrast, lower plasma levels of GELS have
been found in patients with subarachnoid hemorrhage [33]
and patients who died after traumatic brain injury [34)],
intracerebral hemomhage [35] or ischemic stroke [36], In all
these studies GELS levels were several orders of magnitude
higher than ours perhaps reflecting different isoforms
identified depending on the detection assay.

Regarding DRPZ, we found previously lower levels within
the ischemic brain areas [B] and we have found herein lower
circulating DRP2 levels independently sssociated with poor
outcome at third month after stroke. DRFZ is mainly associ-
ated with the mgulation of microtubule dynamics and
endocytosis, in the context of axonogenesis and neuronal
polarity [37,38], In animal models of cerebml ischemia, DRF2
his been found both decreased [39] and incressed [40] wathin
ischemic ares. These controversial results may be due to the
existence of different isolorms, clesved-forms and phosphor-
ylation states of DRP2 [18]. In stroke patients, DAP2 has also
been identifled in cerebral microdialysate but never in
cerebrospinal fluid [41,42F o ouwr knowledge, this is the first

study showing that DREF2 is detectable m serum from stroke
patients.

In additon te GELS and DRFZ, three of our explored
proteins are also melated to neuntopenessis; a prooess where
cyteskeletal dynamism i= essentisl [43]. A hypothetical
mslecular pathway involving all these proteins (GELS, DRP2,
GDIR], CNTH1 and CYBF) and their potential relationship with
neuritogenesis after ischemia 8 showm in Fig. 52, It is
conceivable that changes in these important processes,
neurogenesis and neunorepair, might influence the functional
recovery after stroke, leading to worse outcomes in patisnts,
a5 suggested by our findings.

Cr last candidate was CYTA (or stefin A), a cytoplasmatic
inhikitar which main function is to egulate cysteine protein-
ases involved in the lysosomal cell death pathway. Further-
maore, when cysteine proteinases are released from hysosomes,
they are able o degrade metalloproteinases and thus they are
nwvolved in extracellular matrix remodeling as a consequence,
an inhibitor as CFTA could stablize and permit the activity of
metalloproteinases, which are wel-known players in schemic
stroke [#), In former studies, CYTA was found in neutrophiks B5]
and was related to merkers of neuwtrophil degranulation [45],
which could be a source of metalloproteinases after thrombalytic
tremtment in ischemic stroke [47]. In cerebral ischemia, the
external administration of CYTA has been sssociated with
infarct wolume reduction in an animal model [48] In our
study, we have found increased levels of CYTA within infarct
areas, which could be a compensatory effect to the action of
cysteine proteases after ischemia or maybe could reflect
CYTA role in other pathological processes. Hegarding cirou-
lating CYTA levels in our cohort of stroke patients, higher
concentration predicts worse outcome.



144

Pieal) s e un | enpeed piog e pessandes syran sthesggialis Ageonsims e poi aotadaje

Y pRNTY AR [ SPOSU [EVURD PO G So) S I 6 W1 SR I D 6 PR RO §0 SIS S 205 PUT RIUSAS-O0G U EIOEAE o 208 santd Xapu) Napul 1uRuaansdun aon em g
P e 300 (D %S Ham) E0g o wmE ) 10y pur sisse-uou pue [dnod smoxng jood @ musned @1 Ruas yiog o) uaal cogeymseoar o dfinuecsad Yaphc pun LOG-0L w01 F (pesn saocSau
HFLE SarE sl chin 0 HEGEe Pl 1ea S TEod [o-no Bujsn jepot pomeaies snsilo) (EE0 03 PARPE AlSm LROpIFEOH IRAS saam ssnfea-d poE (%58 P0 ‘aeposa aomsacilag SraBo) 5o

L0
[easo-sepol 2550
O
evo-Er ol gz
WT O

S0

srp =
[EEii~E'6E) %i5E
%EYS

NI

2000 T ST-LT TLE

£ U0 0
%0 (£ T80 201
ER0D ' rsoh- T B ELE
SO0 T 1-07) 02T

HEL'D

(586 0-Lneal 1060
00D

{EEo-and SO0
0o

LE0D

0O

{E901-CT0 NE¥D
wios

WEHL

Soe IR LT T

6 0 W R-L 0 160
Bei 0 T W
Bz *(S2as1-8 1) o' sl
oro'D Tl BN

wED

(506" ordfL ) #1460
D00

[+E D-2000 #OZTD
|0

g

ET0°0

o' ¥s-¥) b &2
%E'H

wi'H

EEOCD I SESI= 1 ¥ 1S

BRIOES-170) 500
L19eNET-60 501
L0070 0 #E-8700 515
5000 Y 1=-1"1 #E1

] ¥ | arqea-d
P00 ol 60 (EBS0-550) o8 20 ERAITD DO
e ] L] arjuaad
5t o-10'0-] 58000 = 51
900 - S mot 1]
jeAele] - Fiaas 11 A ]
GOLD i arjea-d
& i) wi iz - (T
RETL - AR a- U0 AN
4 A - PR iy Pepalne
= = VLLD ¥ B4 'ST20
= Ed80 w 5120
- caaa
oo E s 1) B8 - 5130
R0 E-1 0 WD v el oo A Ea) | S3pURn
0 U 60 RO SaroET-ol ET UCHERTLERE SEHIN
E00 e T-E e r Jsoo lre-a ) Ws ma Hipe Wik
BE0°0 T 0T 01T 6000 ET-0L 1T wly toEsadiag ona@aq

VLAD % 290’5130 EdHa ¥ 5TI0
USATUEG WS + EHISD LD LR 0D + [EIFETD TdH0 & R ST30 & [EugD [ AJu0
(-2 s} suacnno wod wuaHbuer iof ppog

“sraoayno sood ool pEitE 1ag .._.J..u__-.h_ﬂm._._h.un. Hapoul SArPTPald = ¢ dpquE ]




[ E—_———

g i
T B0
L
i
g a
e

20 -

[ F am |

Mo Tow
I Foenpuital sl

B4 IT009) IFE-T& N 1."5

B
|
i‘-u" ‘ i o g8
® Tikis
-t | @
L -
g“" . @
F s
< . J
" ]
§ Bid -
i o *
- -
a‘ LB
|
G b " “w
3 [T EI _
B8 02 04 OB OB 1B
Age, Ok, KIHAS, gender
- 1 [ e
1.0+ . e
: | @ra
-
;Ll.l- d
-
BE-
L=
. md= &
i 5 ]
5 -
E Y
TR

86 6z 04 OB 08 1B
HIMAS pravisos sk, age. ganties

Fig. 2 = Predictive clinical and biological models. Graphical representation of D] (A, C) and NRI (B, D) indexes for predictive
models eganding third month poor cutcome (A, B) and in-hospital mortality (S, D). (A, C) Bars show the mean percentage of
probability fer each predictive model of poor outcome [A) or in-hospital mortality (C). (B, D} Scatter dot graph showing logistie
regression probabilities for poor outcome from only clinical model (x axis) and model with biomarkers (y axis). Discontinuous
lines represent pre-specified risk emegories (10% and 90%). In all cases, bismarkers were added 1o regression model using
cut-off points. GELS: gelsalin; DRFE: dihydropyrimidinase-related protein 2; CYTA: eystatin A; DM: diabetes mellitus; NIHSS:

Mational Institutes of Health stroke scale,

Finally, we have constructed a predictive model for long-
term gutcome after ischemic stroke induding blood levels of
GELS, DRFZ and CYTA. The three biomarkers improved
diserimination and classified patients better than elinical
variables alone, thus demonstrating their added value and
thelr plausible use in clinical practice to predict stroke
GUICOMNE,

Our results are limited by the small sample size used in
both the dscovery phase in brain tissue and in the verification
phase with blood samples, although f{ollowing the typical
pipeline for liomarker development [49). Nevertheless, our
regiults, showing the same trend in both brain and blood,
make our list of proteing a promising exploratory path for new
biomarker candidates in the field of cerebral tschemia. If
validated in a larger independent cohort also including non-
thrombalyzed patients, our prognostic biomarker candidates

(CELS, DRP2 and CYTA) might be included in a biomarkers'
panel together with other good candidates, such as copeptin
[7] or interleukin-& [50]. With this type of panels, a quickerand
exgier assesement of prognosis could be dene to help in the
risk and benefit balance of weatment options. Withdrawing
and withholding weatments are an ethical concem and, in
this context, any predictive vanable, either clinical factors or
biomarkers, must be reliable encugh o make decisions.
Mowadays there is no consensus in how good a blomarker or
biomarkers" panel should be to be good encugh. Once ours or
other candidates where validated as prognostic biomarkers
with demonstrated added value, they should be evaluated
in terma of the profit while accepting some risk dus to false-
positive or false-negative decisions. It ks out of our purpose to
determine here the minimal acceptable false rates, which
needs a more global consensus,



Table 4 - Predictive modéls comparative for in-hospital mortality.

Model for in-hospital mariality
Only chinkcal Clinical + CYTA

HIHSS
Frevicus suoks

Legiste regrassion [OR adf)

Age
Cender [fermale)
CYTA

NR events
MR
notrevents
MR
prvalug

I evenis
jis |
BOf-FVEnLE
e 4
prvalue
RO curves ALC

pvalue

Cawgorbcal NI

[DH siatistics

143 [1.1-1.9), 0.008 1,91 (1.0-3.5], 0.040
6.0 [1.3-5124), 0032 1878 [0.E-45514), 0.067"

1.0% 0u5=1.7), 0.532 115 {.7=1.9], 04563
219 [0.3-16.0), 0.453 1.28 {0.1-25 0, D.ATL
- T1E.Y [2-4E06T), DO
= 75%

- 14%

- 39% 2.4-75.6)

Ral 0037

- 0297

- n.0%8

- 0,336 [D.DSB-0.503)
Ref 0.014

0.677 [0.767-0.948) 0.970 [D.B8A-0.997)
Fel 0.048

For logistic mgression models, O, (55% CT) and p-value were given, CyTA was added to clinical logistic regression model using cut-ofl point
MNRI: net reclassilica ion improvement index (risk calepories used: <10%, 10-90% and >90°%); percentage of reclamsification given for both events
(L& patents who died) and non-events and for the sum af both (with 555% O). IN: integrated diserimination improvem ent indess index ghven lor
lath evirnts and noa-svents and for the sum of both fwith 85% CI). AUC: area with 55% O given for each mediel, Oinical medel used us rafinence
mexdel. Statistically significant mesults expressed as bold p-values; " as statstical tend

In conclusion, our proteemic approach provided new
msights into the pathephysiological pathways involved in
human brain ischemia. Moreover some of the proteins akered
by the ischemia showed up as good biomarker candidates for
the prognosis of stroke and we demonstrated its added value to
typleal clinical marker.

Supplementary data to this article can be found online at
hivepe/fd e dol. org/10.1016/).jprot. 2003.09.005.
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Supplementary data

Fig. S1. Clustering heat-map. The hierarchical clustering algorithm EPCLUST
(http://www.bioinf.ebc.ee/EP/EP/EPCLU3Was used. Left panel shows the cluster of

the identified proteins according to the mean of their expression versus internal standard
pool in each brain area. Right panel shows the cluster of the significant comparison
between brain areas after normalizing the values by the standard pool (p<0.05); those
pair areas with non-significant comparison were marked in black color. In both cases,
pink color indicates increased protein abundance and blue color indicates decreased
protein abundance. IC, infarct core; PI, peri-infarct; CL, contralateral; C, control.
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Fig. S2. Impaired neuritogenesis after ischemia. Hypothetical scheme of molecular
processes involved in axonogenesis and that might be impaired after ischemic stroke.
Orange color indicates increased levels and blue color indicates decreased levels of
proteins. Cytoskeletal remodeling is essential for axon formation and it involves both
actin microfilaments, which act first, and microtubules. Furthermore there is an
interconnection between both cytoskeletons in which some proteins, as CYBP, are
involved. In our hypothesis, higher CNTN1 and GELS levels might lead to changes in
actin dynamics. On the other hand, the reduced levels of GDIR1, which are in part
responsible for the decreased levels of the active DRP2, and the reduction of the
intermediary CYBP, might cause a final reduction in the axon formation processes.
Consequently, there is a loss of synaptogenesis and synaptic plasticity, which could
explain a worse functional outcome after stroke.
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Supplementary Table 51. Demographic-related bload biomarker levels,

GELS (ng/ml) CYTA (ng/mlL) GDMRL (ng/mL)
Factors Yes Nao p-value Yes No p-value Yes No p-value
Ciemder (nale) 200025 | 19.8=d | 0542 J4E=6 | 2660 | 0334 | 1E3=15 | 16412 | 0602
Smoker 2025 | 19924 | 0512 | 24725 | 25928 | 0.722 | 152210 | 17.7214 | 0.680
Hypertenson 19624 | 20,723 | 0376 a8 | 22348 | 0082 175213 | 173215 | 0971
Dreabetes melline 18523 | 20,325 | 0,267 27.348 | 25027 | 0295 19,016 | 169+13 | 0619
Dryslipidemnsa 194=d | 20424 | 0584 24628 | 26,427 | 0366 | 16012 | 1B2Z1S | 0563
Avrial fibeallation 20625 | 19.744 | 0473 Je.Baf | 25148 | 0435 14411 | 188215 | 0.251
Hueart disease 19025 | 200224 | 0385 27820 | 28027 | 0238 | 238218 | 15713 | 0078
Previons stroke 16,684 | 20424 | 0021 | 28011 | 25227 | 0314 | 306214 | 152512 | 0.002
Atherothrombone 19.223 | 20,124 | 0512 280210 | 249=7 | 0183 204=]l6 | 166213 | 0L398
Cardioembolic S00eS | 19920 | O8] 25d=6 | 25849 | 086 L4000 | 203215 | 0.078"
Third month mBS 2-6 | 200724 | 18253 | 0042 2608 | 22620 [ 00827 | 158213 | 20812 | 0%
In=lwrsgmain] denth 18.4=% | 20224 | 0308 323212 | 2466 | 0112 | 19.0%l7 | 171513 | G727
Table 51 (continued).
DRFI {ngml) CNTXI {ng/mL)
Factors Yes No pevalie | Yes No pevalue
Crender (male’ 0.70 (0L38-1.54) | 056 (0.33-0.78) | 0.232 | 379217 | 358204 | 0631
Smoker 043 (036-0067) | OGS (034-1.43) | 0542 | 390216 | 364206 | 0714
Hypeettension 0.66 (03700 | 045 (0.34-208) | 0598 | 377217 | 347210 | 0461
Dhabetes mellins 064 (DLA0-0.T8) | UGG (0.34-1.43) | 0826 | 340200 | 350207 | 0321
Dryslipidanun 0,49 (0,33-0.88) | 066 (0.41-1.57) | 0242 | 35.3=16 | 38.0=15 | 0.550
Atnial fibnllation 0,60 (0L2E-0.74) | 06D (036=-1.54) | 0205 | 411217 | 3502014 | 0202
Henrt disgnse 0.80 (0.35-2.10) | 0.64 (0.33-0.90) | 0.160 | 37.9£21 | 36.5213 | 0.788
Previous stroke LES (LAB-19B) [ 053 (0330900 | 0004 | 511223 | 34.9=03 | 0142
Atherothrombotic 0.78 {T!.-IS-I.EEIJ uGd (D A2-1.15) | 0353 | 32604 | 382216 | 0283
Cardicembolic 052 (0.28-0.78) | 0T (0.39-1.76) 0057 | A10x8 | 33 %5202 | 0,106
Thirds mouth mRS 2-6 | 0,45 (0,33-0.92) | 1.26 (0.40-2.35) | 0073 | 362215 | 390216 | 0604
In-hospital death 0.90 (0.33-1.76) | 0.606 (0.33-1.48) | 0389 | 42208 | 356215 | 0076

Biomarker blood levels related to demograplic, climical and risk factors (Yes: to have the factor: No: not to have the

fscrory. GELS, CYTA. GDIR] and CHTN1 are expressed as mean = S0; DRP2 is expressed ns median (lower-

upper quartile). Statistically sigmficant differences are expressed as bold p-valoe and statstical rends are marked

with *. mRS: modified Rankin scale.
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4.1 Evolucion de los pacientes con ictus: papel prondstico de los
biomarcadores sanguineos

Predecir como van a evolucionar los pacientes tras un ictus y tomar decisiones médicas en
consecuencia es uno de los retos de esta enfermedad que supone una de las principales causas
de muerte y discapacidad a nivel mundial (Roger VL et al., 2012). A dia de hoy, estas
predicciones son poco precisas, basandose en la experiencia previa del médico y en los datos
reportados a partir de ensayos clinicos, que no suelen reflejar la realidad de la practica médica
diaria. Para anticipar el prondstico de los pacientes con ictus, el uso de escalas o modelos
clinicos parece una alternativa interesante siempre que sean sencillos, faciles de recordar,
estén compuestos por variables facilmente accesibles e incluso que puedan ser aplicados por
personal no especializado. Ademas, estos modelos deben alcanzar valores de precisidon y
discriminacién aceptables en la predicciéon de pardmetros prondsticos clinicamente relevantes

y deben ser validados en cohortes externas de gran tamafio.

Como puede verse en el Anexo |, la mayoria de los modelos clinicos existentes incluyen
muchas variables, algunas de las cuales ademds no pueden ser evaluadas de forma inmediata a
la admision de los pacientes, retrasando la prediccidn y, por tanto, las actividades médicas
dirigidas a evitar un mal desenlace de la enfermedad. Para la aplicacidon de estos modelos
complejos seria necesaria la implantacion en programas computacionales que incluyeran
formularios facilmente cumplimentables y que ofrecieran interpretaciones sencillas; la
necesidad de esta tecnologia haria dificil su uso en paises en vias de desarrollo o

subdesarrollados donde el ictus es una enfermedad incipiente (Feigin VL et al., 2009).

La edad y la gravedad inicial del ictus son las variables predictoras principales, incluidas en
todos los modelos, y que por si solas (modelo de Weimar C et al., 2004 y Kénig R et al., 2008)
alcanzan una discriminaciéon con AUCs de 0,8, muy similar a la obtenida con modelos mas
complejos evaluados en la misma cohorte (Weimar C et al., 2002 y GSS collaboration, 2004).
Por otro lado, estos factores no modificables explican la mayoria del mal prondstico a largo
plazo, por encima de complicaciones tempranas, como neumonia o edema, que afectan al
desenlace de la enfermedad y que podrian ser tratados de forma precoz o incluso profilactica
(Grube MM et al., 2013). Por tanto, parece que el uso de estas variables tan facilmente
accesibles seria suficiente para la prediccion de la evolucidon de los pacientes con ictus;
lamentablemente, su uso exclusivo genera una infraestimacion del mal prondstico (Saposnik G
et al., 2011-2). Esto podria deberse a la heterogeneidad que existe entre los pacientes aun

considerando soélo estas sencillas variables, ya que existe un envejecimiento diferencial entre
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los individuos e incluso entre los érganos del mismo individuo y afectaciones neurolégicas de

grado similar pueden deberse a ictus de cariz muy diferente.

Una manera de alcanzar mayor objetividad en el prondstico de los pacientes con ictus seria el
uso de marcadores bioldgicos. La medicidon de distintos pardametros mediante técnicas de
neuroimagen ha mostrado su utilidad como herramienta prondstica (Arsava EM, 2012),
aunque su aplicaciéon requiere del manejo de algoritmos complejos y no es una técnica
ampliamente disponible. Por todo ello, el uso de biomarcadores moleculares ha sido
ampliamente estudiado en el campo del prondstico del ictus (Whiteley W et al., 2009; Katan M
et al.,, 2011; Hasan N et al., 2012). Con la idea de mantener actualizada la informacion
disponible en el estudio de biomarcadores prondsticos del ictus hemos creado la pagina web

http://stroke-biomarkers.com/ (Anexo 1), donde estamos recopilando todas las moléculas

estudiadas en relacién al prondstico del ictus. La busqueda sistematica de los articulos
publicados en inglés o en espafiol se realiza en la base de datos PubMed, con mas de 23

millones de referencias (http://www.ncbi.nlm.nih.gov/pubmed). Los términos de busqueda

empleados hacen referencia a diferentes conceptos prondsticos, entre ellos, mortalidad,
discapacidad o mejoria. De los 701 articulos hallados en Noviembre de 2013, solamente 102
articulos fueron considerados susceptibles para su inclusién en la indicacion de prondstico del
ictus. De este numero de articulos potenciales, 19 moléculas cumplen el requisito de
publicacion minima contemplado, es decir, que al menos se haya estudiado la molécula en
relacidn al prondstico del ictus en tres estudios independientes o en cohortes de mas de 200
pacientes (Tabla 2). Con este criterio creemos que los marcadores compilados en la web
tendran una asociacion plausible con el prondstico, si bien pocos de los biomarcadores que
cumplen este requisito han sido estudiados en relaciéon a su valor afiadido sobre variables

clinicas prondsticas o en cohortes independientes de gran tamafio.

La apariciéon de guias creadas por la comunidad cientifica para mejorar la calidad en las
publicaciones mediante el consenso de informacidn minima que debe ser reportada en las
investigaciones bioldgicas y biomédicas (Taylor CF et al., 2008) facilitard la consecucién de
proyectos de calidad en el campo de los biomarcadores y su translacidn a la practica clinica.
Aungue aun no existe consenso sobre los requisitos minimos para que un biomarcador pueda
llegar a ser ensayado en estudios de coste-efectividad en el ambito sanitario, parece necesario
realizar estudios estadisticos sobre su asociacién independiente y su valor afiadido mediante
test que demuestren su potencial de discriminacidn y reclasificacién de pacientes, asi como, en

las etapas finales del desarrollo de nuevos biomarcadores, su estudio en cohortes amplias.
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Con la intencién de posibilitar tanto discusiones en torno al consenso de valores éptimos de
discriminacidn y reclasificacion u otros requisitos de los marcadores asi como poder establecer
redes multinacionales para el ensayo de biomarcadores prometedores, en 2011 se creo el
grupo de estudio International Biomarker in Cerebrovascular Diseases (IBCD), que cuenta con
expertos internacionales de diferentes disciplinas en el estudio de la enfermedad
cerebrovascular. Asentar las bases de este consorcio sera uno de los pasos necesarios para el
avance en estudios de biomarcadores de mayor calidad y dirigidos a responder preguntas
clinicamente relevantes, que permitan ver en un futuro la aplicacidn de biomarcadores en el

ictus.

4.2 Péptido natriurético de tipo B (BNP): evaluacion de su papel real como
biomarcador prondstico en el ictus

Como puede verse en la Tabla 2, uno de los biomarcadores tipicamente asociado al mal
prondstico del ictus es el péptido natriurético de tipo B, tanto su forma hormonal activa (BNP)
como el fragmento amino-terminal inactivo que se libera equimolarmente en su formacién
(NT-proBNP). El BNP es liberado desde las células cardiacas en respuesta a un aumento de la
presion arterial y genera un efecto vasodilatador gracias a su funcién natriurética y diurética
(deLemos JA et al., 2003). Los estudios existentes de BNP/NT-proBNP en relacion con el
prondstico del ictus se han realizado en cohortes generalmente pequefias y principalmente

analizando su asociacién con mortalidad post-ictus, en diferentes plazos de tiempo.

En el articulo 1 de esta Tesis se ha estudiado el papel de BNP activo en la prediccién de
deterioro neurolédgico en la fase aguda del ictus y mortalidad temprana tras el evento
cerebrovascular. En la cohorte considerada, de 896 pacientes con ictus (incluyendo ambas
entidades, isquémico y hemorragico), se demostrd la asociacién independiente de valores
altos de BNP con cerca de dos veces mayor riesgo de mal pronéstico tras el ictus. Los modelos
predictivos con variables clinicas (ictus previo, gravedad inicial y diabetes mellitus o fibrilacion
auricular) mostraron una prediccidn similar al modelo que ademas incluia el biomarcador, con
discriminaciones medidas utilizando el AUC del 70 % para deterioro neuroldgico y de 80 % para
mortalidad intrahospitalaria. La comparacion de las AUC y los test estadisticos de mejoria de la
discriminacién (IDI) y de la reclasificacion (NRI) mostraron que, incluso existiendo una
asociacién independiente, el BNP no aporta valor afiadido a las variables clinicas siendo poco

util su uso como biomarcador.
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Estos resultados nos llevaron a la realizacién de una revisién sistematica y metaanalisis del
papel de BNP como biomarcador prondstico de mortalidad, que ha constituido el articulo 2 de
esta Tesis. De los 20 articulos existentes en Octubre de 2012, 16 publicaciones analizando la
asociaciéon de BNP o NT-proBNP con mortalidad tras el ictus fueron incluidas. El metaanalisis
de los estudios concluyd que niveles elevados de péptido natriurético se asociaban con
mortalidad, si bien los articulos incluidos presentaban una calidad moderada y existia
heterogeneidad entre ellos, ademds de sesgo de publicacién. Para realizar un andlisis menos
sesgado y con mayor fiabilidad, recopilamos los datos individuales anonimizados tras contactar
con los autores de todos los articulos, alcanzando un tamafio muestral superior a 2.000
pacientes. El analisis tras la normalizacidon de los resultados de cada cohorte confirmé la
asociacién, independiente de la edad, el género y la gravedad inicial, de los valores elevados
de BNP/NT-proBNP con el doble de riesgo de mortalidad. Los estadisticos comparativos
mostraron un ligero valor afiadido Unicamente para NT-proBNP, con una mejora en la

discriminacién del 3 % y una mejora de la reclasificacién del 8 %.

Los resultados de ambos estudios nos permiten considerar los péptidos natriuréticos como
marcadores circulantes asociados con el prondstico, pero sin valor afiadido por si solos, y por
tanto, dificilmente aplicables en la practica clinica. En el caso de NT-proBNP, quizds su
medicion dentro de un panel de biomarcadores podria aportar valor para alcanzar precision
suficiente en términos de sensibilidad y especificidad para la prediccién del prondstico de los

pacientes con ictus.

Estos resultados corroboran la necesidad de, una vez establecida la asociacion de un
biomarcador con una indicacion concreta, realizar estudios en cohortes de tamafo muestral
considerable. El uso del metaanalisis parece una alternativa interesante para alcanzar
potencial estadistico suficiente y aumentar la precision en los efectos definidos, al reducir los
errores debidos al azar, el sesgo y los factores confusores. Como hemos visto, las principales
limitaciones de los metaanalisis basados en la literatura son: el sesgo de publicacidn, ya que
estudios con resultados destacables tienden a ser publicados frente a estudios de poco
impacto o en los que la asociacion es negativa, creando una sobreestimacién del efecto, y la
heterogeneidad entre estudios. El metaanalisis de pacientes individuales (IPD) permite superar
ésta ultima al unificar los criterios y utilizar métodos de andlisis que permiten corregir la
presencia de confusores a nivel del paciente y realizar otros sub-analisis, aun siendo mas
costosos en cuanto a tiempo y manejo de los datos (Lewington S et al., 2012). IPDs que

consideren datos de estudios no publicados evitarian el sesgo de publicacion, aunque la
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obtencién de la informacién es ain mas compleja y la calidad de los resultados no ha sido

valorada por revisores criticos.

Por otro lado, el uso de estadisticos comparativos que valoren el papel predictivo de las
moléculas prometedoras es imprescindible para que lleguen a ser biomarcadores reales en la
era de la medicina basada en la evidencia, aunque aun esta por determinar qué porcentajes de
mejora en la prediccién serian suficientes. Mientras tanto, otros marcadores prondsticos
tipicos como IL-6 podran ser evaluados utilizando la misma estrategia para definir su papel

como biomarcador (Bustamante A et al., 2013).

4.3 Biomarcadores candidatos por funcion, como las quimiocinas, no
siempre tienen valor prondstico

Aunque por definicién los biomarcadores no tienen por qué estar relacionados con la causa o
consecuencia de un proceso, una aproximacién al descubrimiento de biomarcadores es el
estudio de moléculas involucradas en la fisiopatologia de una enfermedad. En el caso del ictus,
el estudio de las vias fisioldgicas alteradas tras el evento isquémico parece un campo
prometedor para el desarrollo de biomarcadores. En concreto, las vias de apoptosis e
inflamacidén, que se activan pronto tras la isquemia pero se mantienen alteradas lo suficiente
para ser exploradas, han generado candidatos interesantes, como caspasa-3 (Rosell A et al.,

2008) e IL-6 o CRP (Whiteley W et al., 2012).

Para estudiar una parte de la via inflamatoria, en esta Tesis hemos considerado la superfamilia
de las quimiocinas (Anexo lllI). Las quimiocinas son pequefias citoquinas secretadas, cuya
principal funcién es actuar como mediadoras de procesos inmunoinflamatorios ejerciendo un
estimulo quimiotactico que permite el reclutamiento de leucocitos efectores en el lugar de la
lesién. Esta accion ayuda a la eliminacidén de los residuos del dafio tisular pero a su vez
amplifica la respuesta inflamatoria, dando lugar a un papel dual de las quimiocinas tanto
beneficioso como perjudicial. Ademas, otras funciones relacionadas con procesos angiogénicos
o de supervivencia neuronal contribuyen a la accién benéfica de las quimiocinas (Mackay CR,

2001; Ceulemans AG et al., 2010).

Con la intencidn de ampliar el conocimiento sobre la funcidn de las quimiocinas tras la
isquemia cerebral humana, en este estudio hemos explorado la presencia a nivel tisular y
circulatorio de un panel de 9 quimiocinas, algunas de las cuales no habian sido estudiadas

previamente en el dmbito del ictus. El uso de la técnica de microdiseccién ldser nos ha
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permitido describir una concentracién mayor de CCL1 y CCL2 en las neuronas que en los vasos
sanguineos cerebrales y la reduccidn en los niveles de CCL5 y CCL22 en la zona del core del
infarto. En el plasma, los niveles de las quimiocinas estudiadas permanecen estables hasta 90
dias tras el ictus, excepto en el caso de CCL22 que mostrd una reduccion significativa a las 24h
de la admisién en el hospital. Los niveles a las 24h de CCL22 y CCL17, no exploradas
previamente en pacientes con ictus, se correlacionaban negativamente con la gravedad
neurolégica de forma mantenida en el tiempo; es decir, niveles mas altos de estas quimiocinas
se relacionaban con un mejor estado neuroldgico. El hecho de que CCL17 y CCL22 atraigan
selectivamente linfocitos cooperadores de tipo 2 (o Th2; Imai T et al., 1999) que contrarresten
la respuesta Thl a la presencia de antigenos cerebrales, genera un estado anti-inflamatorio
que podria explicar su asociacidon con la mejoria neuroldgica (Hendrix S et al., 2007). Aun asi,
en la fase hiperaguda del ictus, dentro de las 4,5 primeras horas, ninguna de las quimiocinas
estudiadas presentd potencia estadistica suficiente para ser utilizada como biomarcador

prondstico en el ictus.

Los resultados generados muestran como las quimiocinas estudiadas en este trabajo se
comportan de forma diferente, aun perteneciendo a la misma subfamilia (8 de las quimiocinas
son CC), por lo que el papel prondstico de otras quimiocinas no puede descartarse si bien los
pocos estudios publicados al respecto (resumidos en la Tabla 1 del articulo en el Anexo 3 de
esta Tesis) no son concluyentes. Estas discordancias podrian ser debidas a las diferencias en el
disefo de los estudios existentes, donde, segin el momento de medicién de las quimiocinas
desde el inicio de los sintomas, la balanza del efecto de las quimiocinas podria inclinarse mas
hacia el lado beneficioso o perjudicial. Sin embargo, este rol dual junto con las diferencias de
expresién en cuanto a tipo celular o en presencia del estimulo isquémico hacen que las
guimiocinas se presenten como posibles dianas terapéuticas modulables mediante el uso de

anticuerpos monoclonales (Chan AC et al., 2010).

Aunque los resultados de este trabajo no permiten valorar si estas quimiocinas podrian tener
un papel como biomarcadores prondsticos en tiempos mds tardios desde el inicio de los
sintomas, no parecen Utiles en las primeras horas, cuando la toma de decisiones en cuanto al
tratamiento fibrinolitico, la inclusidon en las unidades de ictus u otras medidas son relevantes

(Jauch EC et al., 2013).
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4.4 Andlisis de muestras cerebrales como base para encontrar
biomarcadores prondsticos especificos

Con el fin de descubrir nuevas moléculas que puedan funcionar como biomarcadores
prondsticos en la fase aguda del ictus isquémico, hemos llevado a cabo experimentos con

disenos diferentes pero que tienen en comun el uso de técnicas del mundo de las dmicas.

En la primera aproximacion quisimos determinar proteinas que se vieran alteradas por la
isquemia a nivel cerebral para generar una lista de candidatos utilizando técnicas de
protedmica basadas en electroforesis bidimensional diferencial en gel (2D-DIGE). Inicialmente,
el andlisis de homogenados cerebrales de las zonas del core, el peri-infarto y el contralateral,
asi como de cerebros control, utilizando espectrometria de masas de tipo MALDI-TOF, generd
una lista de 39 proteinas (Cuadrado E et al. 2010). Los avances en el desarrollo de
espectrometros de masas, con instrumentos mas resolutivos, precisos y rapidos (Thevis M et
al., 2012), nos han permitido ampliar el conocimiento del proteoma cerebral humano tras el

ictus isquémico.

El articulo 3 de esta Tesis doctoral incluye la lista de 12 nuevas proteinas diferencialmente
expresadas en el experimento de 2D-DIGE que han podido ser identificadas al utilizar un
espectrometro de tipo Orbitrap, incrementando la lista de proteinas alteradas tras la isquemia
cerebral. Del total de 51 proteinas identificadas en los homogenados cerebrales, se
seleccionaron 8 candidatos que fueron analizados en muestras de sangre de pacientes con
ictus mediante ELISA. Los niveles circulantes de gelsolina (GELS), proteina relacionada con la
dihidropirimidinasa 2 (DRP-2) y cistatina-A (CYTA) demostraron su valor como biomarcadores
en la prediccion de dependencia funcional 3 meses después del ictus al mejorar tanto la
discriminacién (hasta un 28 % al considerar los 3 biomarcadores) como la reclasificacion de los
pacientes en grupos de riesgo (hasta el 85,7 %) respecto a edad, género, gravedad inicial y
presencia de diabetes mellitus. Por otro lado, niveles elevados de CYTA en plasma predicen
mortalidad intrahospitalaria, mejorando la discriminacién en un 34 % vy la reclasificacidn en un

39 % respecto a edad, género, gravedad inicial y antecedentes de ictus.

Las funciones de GELS y DRP-2 en la remodelacién del citoesqueleto los relacionan con
procesos de neuritogénesis. COmo los cambios en GELS, DRP-2 y otras de las proteinas
identificadas afectarian al proceso de neuritogénesis podria explicarse por la implicacion del
citoesqueleto de actina, que actla primero, y de los microtubulos en la formaciéon de axones

neuronales. Hipotéticamente, los niveles elevados de contactina-1 (CNTN1) y GELS podrian
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generar cambios en la dindmica del citoesqueleto de actina. La polimerizacién de la actina se
veria contrarrestada por una reduccion en la formacidén de microtibulos, al estar disminuidas
otras proteinas en el core del infarto. Esta inhibicidn en el proceso de formacion de axones
generaria fallos en la sinaptogénesis y en la plasticidad sinaptica y, por tanto, podrian explicar

la asociacidon hallada con mal pronéstico funcional (para referencia, Figura S2 del articulo 3).

Por otro lado, el papel de CYTA en relacién al mal prondstico en los pacientes con ictus podria
explicarse por su accion como inhibidor de proteasas de cisteina que, junto a su asociacién con
la degranulacion de neutrdfilos, favoreceria la accién de metaloproteinasas de matriz (Ray S et

al., 2003), cuyo papel es de sobra conocido en la isquemia cerebral (Morancho A et al., 2010).

Los resultados de este trabajo corroboran que el uso de un panel de varios biomarcadores
cuyas funciones metabdlicas fueran diferentes seria una herramienta de mayor utilidad en la
practica clinica (Robin X et al., 2009). El hecho de ir afiadiendo biomarcadores al modelo
predictivo permite aumentar la discriminaciéon de un 8 a un 28 % vy la reclasificacién de los
pacientes de un 21 a un 86 % en grupos de riesgo relevantes clinicamente, niveles de precision
nada desdefables de ser verificados en otras cohortes de mayor tamafio muestral. Hasta
ahora, el Unico biomarcador que ha demostrado valor afiadido respecto a variables clinicas
prondsticas en una cohorte de cerca de 800 pacientes, copeptina (De Marchis GM et al., 2013),
ha alcanzado porcentajes de reclasificacion del 12 % para prondstico funcional, aunque
utilizando porcentajes predefinidos de riesgo bajo (maximo 15 %) divididos en 4 categorias.
Conocer el valor afiadido de copeptina considerando grupos de riesgo mas extremos y en
combinacidon con otros biomarcadores seria muy interesante en el futuro del prondstico del
ictus. Qué y cuantos biomarcadores podrian formar parte de un panel predictivo aplicable
clinicamente para anticiparse a la evolucion de los pacientes con ictus estd aun por

determinar, si bien, los resultados de GELS, DRP-2 y CYTA son prometedores.

Ademads, la lista de proteinas identificadas podria ser estudiada para hallar nuevos
biomarcadores para ésta u otra indicacidn. Por otro lado, al ser moléculas que se han hallado
alteradas en muestras cerebrales podrian ser exploradas como dianas terapéuticas con la
intencion de mejorar el prondstico de los pacientes con ictus. El trabajo de este articulo 3 se ha
basado en el analisis de homogenados cerebrales, muestras en las que no se puede discernir la
contribucién de cada uno de los componentes celulares que conforman la heterogeneidad
tisular que define al cerebro humano. Esta heterogeneidad parece ser uno de los factores que

dificulta el estudio a nivel molecular del cerebro, ya que una misma molécula puede ser
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expresada diferencialmente frente al estimulo isquémico segun el tipo celular. Con la intencidn
de superar esta dificultad y profundizar aiin mas en el conocimiento del proteoma cerebral
tras el ictus isquémico, hemos llevado a cabo un estudio en el que se combina la
microdiseccion laser con protedmica cuantitativa basada en espectrometria de masas (Anexo
IV). El analisis de las neuronas microdisecadas ha permitido identificar 41 proteinas que se
encuentran en mayor proporciéon en la zona del core del infarto que en el contralateral,
representando principalmente vias cataliticas relacionadas con la obtencién de energia e
involucradas en modificaciones estructurales necesarias en procesos de neurorreparacion.
Proximamente, el andlisis de los vasos sanguineos obtenidos de las mismas muestras nos
permitira conocer si se producen el mismo tipo de alteraciones que en las neuronas o si la
isquemia afecta de forma diferente a estos dos tipos celulares de la unidad neurovascular,
obteniendo una lista de proteinas candidatas a dianas terapéuticas o biomarcadores

especificos.

4.5 Protedémica y transcriptomica en el ictus: nuevos candidatos para la
prediccion de la evolucion

De forma paralela, hemos explorado los cambios a nivel del proteoma y del transcriptoma en
muestras sanguineas obtenidas en las primeras horas después del ictus y su asociacién con el
deterioro neurolégico temprano. En ambos estudios hemos seguido la misma estrategia de
combinar muestras de diferentes individuos con un disefio experimental de sub-pooling con la
intencion de reducir la variabilidad interindividual y encontrar candidatos a biomarcadores
prondsticos generales, que luego seran replicados en muestras independientes (Sham P et al.,

2002; Kendziorski C et al., 2005; Zhang W et al., 2007).

En el articulo del Anexo 5 de esta Tesis analizamos 9 pools de plasma, 3 por cada grupo de
evolucidn (empeoramiento, estabilidad y mejoria), mediante una libreria de 177 anticuerpos.
Las 35 proteinas que se vieron alteradas por el ictus isquémico pertenecian principalmente a
las vias de inflamacidn, respuesta inmune, coagulacién y apoptosis, todas ellas presentes en el
proceso fisiopatoldgico del ictus isquémico (Jickling GC et al.,, 2011). De las proteinas
seleccionadas para la replicacién, beta-defensina 2 (BD-2) y el receptor de la interleucina 4 (IL-
4R) en su forma soluble predecian el empeoramiento en las primeras 24 — 48 horas de forma
independiente. Al incluir los niveles de BD-2 e IL-4R en un modelo clinico con la edad, el
género, la gravedad inicial y la presencia de diabetes mellitus como variables predictivas, la

discriminacién de los pacientes que empeoraban mejoré en un 9 — 10 %, segun el tiempo
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considerado. La combinacion de los dos biomarcadores mejoraba la reclasificacion de los

pacientes en grupos de riesgo extremos entre un 19 % a las 24 hy un 28 % a las 48 h.

BD-2 e IL-4R parecen estar relacionadas con el proceso inflamatorio que tiene lugar en las
primeras horas tras el evento isquémico. Aunque esta via es una de las candidatas en la
busqueda de biomarcadores para el ictus (como hemos visto en el articulo del Anexo 3), estas
dos moléculas no habian sido exploradas previamente en este contexto y parecen interesantes
para ser estudiadas en cohortes mas grandes, donde su valor afiadido podra ser evaluado con
mayor precision. Aunque las mejoras en la identificacion de los pacientes que empeoraran en
los primeros dias tras el ictus no son tan impactantes como las conseguidas en el articulo 3
para discapacidad funcional, BD-2 e IL-4R podrian formar parte de un panel de marcadores
tempranos para evaluar la respuesta inflamatoria post-ictus y su relacién con el prondstico a
corto plazo. Este panel también podria incluir la medicion de la actividad de la enzima
quitotriosidasa, también relacionada con la respuesta inflamatoria. Resultados recientes de
nuestro grupo muestran cédmo una reduccién de la actividad quitotriosidasa a nivel basal
permite discriminar un 6 % mejor y reclasificar un 11,6 % de los pacientes que mejoran
neurolégicamente en las primeras 48 h (Bustamante A et al., 2013-2). La idea de combinar
biomarcadores que detecten empeoramiento con otros que identifiquen mejoria permitiria
hacer una mejor prediccion del estado neuroldgico de los pacientes al alcanzar una

sensibilidad y una especificidad elevadas.

Paralelamente, en el estudio de transcriptomica, donde hemos analizado los cambios de
expresion en la fase hiperaguda del ictus isquémico a nivel de leucocitos circulantes, 16 pools
de ARN fueron construidos en funcion del grupo de evolucion neurolégica, de forma similar al
estudio anterior (Anexo VI). Un total de 85 genes mostraron cambios en su expresién en
aquellos pacientes que mejoraban o empeoraban neuroldgicamente, cuando la edad y la
gravedad inicial eran consideradas como covariables en el analisis de las micromatrices de
oligonucleétidos. Los genes afectados estaban asociados con procesos de seiializacién vy
muerte celular y vias metabdlicas, aunque algunos no tienen funcién conocida. 30 de estos
genes fueron seleccionados para la fase de replicacién en muestras individuales. De los genes
replicados el 80 % estaban relacionados con mejoria del estado neurolégico y de estos DCAKD
y PMS2 se asociaron de forma significativa a la mejoria a las 24 horas después del ictus. Los
resultados de esta replicacion han sido examinados utilizando la herramienta computacional
PanelomiX (Robin X et al., 2013), que determind los puntos de corte 6ptimos de DCAKD, PMS2

y CCL4 para la prediccion de mejoria neuroldgica a las 24 h después del ictus. El panel con los
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tres biomarcadores junto con las variables clinicas de gravedad, edad y género alcanzé una
precision medida por el AUC del 79,3 %, superior al 69,6 % alcanzada Unicamente con las
variables clinicas. Ademas, el panel de tres biomarcadores mejora la discriminacién en un 10 %

y la reclasificacion de los pacientes en un 21 %.

DCAKD tiene actividad quinasa y PMS2 es una endonucleasa con actividad reparadora que estd
involucrada en el cambio de isotipo de las inmunoglobulinas (Péron S et al., 2008). Cémo el
aumento de la expresidn de estos genes en los leucocitos circulantes puede asociarse a una
mejoria en el estado neuroldgico después del ictus esta aun por determinar. El hecho de que la
mayoria de los genes identificados estén relacionados con mejoria (aumentada su expresion
en los pacientes que mejoran o disminuida en los que empeoran) podria explicarse por ser un
fenotipo menos complejo que el empeoramiento, donde pueden contribuir diferentes causas.
En el caso de la mejoria, se han implicado mecanismos de recuperacién de la perfusion, bien
por fibrinolisis enddgena (Barber PA et al., 1998) o por circulacidn colateral (Bang OY et al.,
2008), y los procesos de neuroproteccion endégena, donde la restauracion del flujo sanguineo
también juega un papel importante (Gursoy-Ozdemir Y et al., 2012). Encontrar moléculas que
puedan discriminar con fiabilidad qué pacientes van a mejorar tras el ictus permitiria reducir la
sobreestimaciéon del buen pronéstico existente (Bushnell C, 2011) y optimizar los recursos

clinicos en cuanto a admisién en las unidades de ictus o el tiempo de ingreso.

La combinacidn de los resultados de ambos estudios, de proteémica y de transcriptomica, ha
generado una lista con un total de 119 moléculas que mostraron cambios en la fase aguda del
ictus isquémico. Aunque solamente CCL4 coincide en ambos estudios, el analisis funcional de
estas moléculas mediante el uso del programa Ingenuity Pathways Analysis (IPA; para
referencia ver Anexo VI) ha identificado interacciones entre las moléculas asociadas con
empeoramiento neuroldgico (un total de 76) en 7 redes, principalmente relacionadas con
trafico de células del sistema inmune y respuesta inflamatoria (Figura 12). Las vias candnicas
asociadas con mayor significacién son las de adhesién de leucocitos y diapédesis (-log (valor p)

=16) y la de regulacién de produccidon de citoquinas (-log (valor p) = 10).
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Figura 12. Principales vias moleculares de interaccién entre las proteinas y genes alterados en relacién al
empeoramiento neuroldgico en la fase aguda del ictus isquémico.

Las moléculas en gris pertenecen a la lista de 76 proteinas y genes alterados; las lineas continuas indican una
interaccion directa v las lineas discontinuas, interacciones indirectas.

Movimiento celular — Trafico de células del sistema inmune
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Sin embargo, el estudio funcional con IPA considerando los 43 genes y proteinas asociados con
mejoria neuroldgica en la fase aguda del ictus isquémico ha identificado como principal via
alterada la del metabolismo de carbohidratos (Figura 13). Las funciones de desarrollo tisular y
desarrollo del sistema cardiovascular son las mas significativas (-log (valor p) = 5). Estas
funciones quizas indican una capacidad mayor de regeneraciéon en aquellos pacientes que
mejoran su estado de forma rdpida, para la cual es necesaria energia que se obtiene de
procesos metabdlicos basados en la glucosa.

Figura 13. Principales vias moleculares de interaccion entre las proteinas y genes alterados en relacion a la mejoria
neuroldgica en la fase aguda del ictus isquémico.

Las moléculas en gris pertenecen a la lista de 43 proteinas y genes alterados; las lineas continuas indican una
interaccion directa y las lineas discontinuas, interacciones indirectas.

Metabolismo de carbohidratos — Desarrollo tisular
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Con estos resultados, las diferencias tempranas halladas a nivel molecular entre los pacientes
que empeoraran o mejoraran neurolégicamente en los primeros dias tras el ictus podrian
servir para explorar nuevas dianas terapéuticas que regulen estas vias y ayuden en la

prevencion de un desenlace fatidico del ictus.
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4.6 Futuro de los biomarcadores prondsticos en el ictus isquémico

Idealmente, biomarcadores que demuestren su asociacién independiente con alguna de las
variables prondsticas (deterioro o mejoria neuroldgica, discapacidad funcional, mortalidad) y
ademas aporten valor predictivo, podrian utilizarse en la préctica clinica formando parte de
modelos con otras variables sencillas. Estudios como TABASCO (Tel Aviv Brain Acute Stroke
Cohort; Assayag EB et al., 2012), en el que se estd recopilando informacién clinica, de
neuroimagen y de biomarcadores sanguineos para hallar asociaciones con diferentes variables
de evaluacién del prondstico en una cohorte prospectiva de mdas de 1.000 pacientes,

generaran informacidn para poder construir modelos predictivos que incluyan biomarcadores.

Las moléculas identificadas en los estudios que forman esta Tesis han mostrado su valor
afiadido a modelos clinicos sencillos cuando son analizadas de forma temprana para la
prediccidn de la evolucion de los pacientes con ictus (Tabla 3). Si éstos u otros biomarcadores
seran aplicables en la practica clinica diaria en un futuro pasa por que sean validados en
cohortes independientes y muestren su valor coste-efectivo. Ademas, en el caso de las
moléculas que puedan ayudar en la prediccion del prondstico a corto plazo (como el deterioro
neurolégico temprano) aquéllas que demuestren su utilidad clinica deberian ser incorporadas
en dispositivos de medicién rdpida (conocidos como POCs o point-of-care devices). Gracias al
desarrollo de la nanotecnologia se estd avanzando mucho en el disefio de estos dispositivos y
en su capacidad para la medicién de marcadores moleculares de distinta indole (proteinas,

ARN, ADN) en muestras reales de pacientes (Olasagasti F et al., 2012).

Tabla 3. Resumen de las moléculas identificadas con valor pronéstico.

Molécula Tiempo Variable prondstica Incremento AUC IDI NRI
medicidn

BD-2 <4,5h Deterioro neurolégico (24h)

IL-4R <4,5h Deterioro neuroldgico (24h) 11% 9,5 % 19%
DCAKD <4,5h Deterioro neuroldgico (24h)

PMS2 <4,5h Deterioro neurolégico (24h) 9,7% * 103% 214 %
CcCL4 <4,5h Deterioro neurolégico (24h)

Cistatina-A <4,5h Muerte intrahospitalaria 9,3% 33,6 % 39%
Gelsolina <4,5h Discapacidad funcional (3m)

DRP-2 <4,5h Discapacidad funcional (3m) 9% 278% 857%
Cistatina-A <4,5h Discapacidad funcional (3m)

Moléculas (proteinas y trdnscritos) identificados en los estudios de protedmica y transcriptomica.

Incremento AUC: diferencia en el drea bajo la curva ROC entre el modelo con y sin biomarcadores; IDI: indice de
mejoria de la discriminacion; NRI: indice de mejoria de la reclasificacidn (utilizando porcentajes predeterminados
de 10 y 90 % de riesgo).

* El modelo para el panel de transcritos se obtuvo con PanelomiX, un algoritmo ligeramente diferente al utilizado
en la regresidn logistica utilizada para calcular el IDI y el NRI.
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La aplicacidn clinica de biomarcadores prondsticos podria ayudar a determinar qué pacientes
podrian beneficiarse mas de terapias mas agresivas o de nuevos tratamientos en el futuro. La
realizacion de ensayos clinicos con tratamientos que han fallado en pacientes considerados de
forma general (p.ej. PAIS, Paracetamol (Acetaminophen) In Stroke; Den Hertog HM et al.,
2009), podrian ser beneficiosos para un subgrupo concreto de pacientes (en el ejemplo,
pacientes con fiebre; De Ridder IR et al., 2013). En este aspecto, los biomarcadores pronésticos

aportarian informacion valiosa.

éComo mejorar el descubrimiento de biomarcadores prondsticos? Un aspecto a tener en
cuenta es que las lesiones que se producen a nivel cerebral como consecuencia de la
interrupcion del flujo sanguineo no son estaticas. Los procesos que se llevan a cabo en la fase
aguda varian con el paso del tiempo, dando lugar a procesos celulares y moleculares diferentes
en los dias sucesivos. En los estudios de biomarcadores habria que considerar en qué
momento se estd midiendo el marcador molecular y a qué plazo quiere predecirse el
desenlace. Actualmente la mayoria de estudios para la prediccién de la discapacidad funcional
o la mortalidad al tercer mes o al afio de haber sufrido el ictus se estan realizando con la
medicion del biomarcador en muestras sanguineas obtenidas en las primeras horas tras la
isquemia. Conocer si las moléculas que se alteran de forma temprana tienen un papel
relevante en la prediccién a largo plazo porque se mantienen alteradas de forma continuada o
porque inician procesos claves que daran lugar a uno u otro desenlace deberia considerarse un
campo de estudio para avanzar en el desarrollo de biomarcadores prondsticos. En el primer
caso, el hecho de poder medir los niveles moleculares en un rango mas amplio de tiempo
también facilitaria su aplicacion clinica, al no requerir de dispositivos de medicién rapida y
quizas poder incorporarse a las mediciones de rutina en sangre. Por otro lado, también deberia
considerarse el estudio de moléculas que varien en tiempos mas cercanos al de evaluacion,

cuando puede ocurrir otra serie de procesos que modifiquen el desenlace de la enfermedad.

Los acontecimientos que se suceden antes, durante y después del ictus generan una gran
heterogeneidad en la evolucién de los pacientes. Esta heterogeneidad se manifiesta
principalmente en las diferentes causas de mal prondstico. Desarrollar biomarcadores para la
deteccidon precoz de los diferentes tipos de complicaciones permitiria anticiparse a ellas y, lo
qgue es mas importante, incluso poder prevenirlas. Un claro ejemplo de ello serian los
biomarcadores destinados a predecir infecciones post-ictus; copeptina, procalcitonina y CRP
parecen buenos candidatos para tal propdsito (Fluir F et al., 2012). El tratamiento profilactico

de las infecciones con antibidticos no ha demostrado mejorar el prondstico en el conjunto
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general de pacientes con ictus (Chamorro A et al., 2005). El ensayo STRAWINSKI (STRoke
Adverse outcome is associated With NoSocomial Infections; Ulm L et al., 2013) utilizara los
niveles circulantes de procalcitonina para la toma de decisiones frente a la administracién de
antibidticos profilacticos en aquellos pacientes con mayor riesgo de desarrollar una infeccion y
determinar cémo este tratamiento afecta al prondstico a largo plazo. Si los resultados de este
ensayo son positivos, la aplicacidn de los biomarcadores en la practica clinica podria empezar a

ser una realidad.

De forma similar, otra aplicacion en la que los biomarcadores podrian ser utilizados para
cambiar el prondstico seria en la prediccion de transformacién hemorragica secundaria al
tratamiento trombolitico. La metaloproteinasa de matriz 9 (MMP-9; Montaner J et al., 2003) y
la fibronectina celular (Castellanos M et al., 2007) se han asociado de forma bastante
especifica con el desarrollo de hematoma parenquimatoso tras la administracién de rt-PA. Si
estos biomarcadores podrian utilizarse como guia en la toma de decisiones respecto a la
conveniencia o no de realizar el tratamiento fibrinolitico para evitar esta complicacion

secundaria esta aun por determinar.

Parece que el futuro del prondstico en el ictus pasa por desgranar las diferentes causas de
complicacién y ya existen modelos clinicos predictivos en algunos casos, como las
transformaciones hemorragicas secundarias al tratamiento (modelo HAT, Lou M et al., 2008;
modelo GRASPS, Menon BK et al., 2012; modelo SEDAN, Strbian D et al., 2012-2) o las
infecciones (modelo A’DS?, Hoffmann S et al., 2012; modelo AIS-APS, JiR et al., 2013). El hecho
de que algunos de estos modelos incluyan variables de neuroimagen, que retrasarian la toma
de decisiones, y que algunas variables sean compartidas entre los modelos para predecir
diferentes complicaciones hace aun mas interesante el desarrollo de biomarcadores

especificos para cada tipo de complicacion.
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5.1 La pagina http://stroke-biomarkers.com/ permitird el acceso a informacion actualizada

sobre los biomarcadores en el ictus. Decenas de moléculas han sido asociadas con el
prondstico del ictus, aunque pocas han sido evaluadas en cuanto a su valor afiadido sobre las

variables clinicas.

5.2 Siendo un biomarcador tipicamente asociado con mal prondstico, en nuestra cohorte de
casi 900 pacientes, los niveles plasmaticos de BNP en la fase aguda del ictus se asocian de
forma independiente a empeoramiento neuroldgico y mortalidad intrahospitalaria, aunque

BNP no afiade valor predictivo sobre las variables clinicas.

5.3 El metaandlisis de 16 articulos demuestra la asociacién de los niveles elevados de BNP y su
fragmento amino-terminal (NT-proBNP) con la mortalidad post-ictus, aunque existe sesgo de
publicaciones. El andlisis con los datos individuales de 2.258 pacientes muestra que
concentraciones aumentadas de los péptidos natriuréticos doblan el riesgo de fallecimiento.
Sélo NT-proBNP afiade un minimo valor predictivo respecto a las variables clinicas, dificultando

su traslacion a la practica clinica como biomarcador unico.

5.4 La combinacién de la microdiseccién ldser con un panel de anticuerpos contra 9
guimiocinas diferentes nos ha permitido detectar niveles mayores de CCL1 y CCL2 en neuronas
gue en vasos sanguineos de cerebros de pacientes fallecidos por ictus. Ademas CCL5 y CCL22
estan reducidas en la zona del core del infarto. En muestras sanguineas, CCL2, CCL17 y CCL22
muestran una correlacién negativa con la gravedad neuroldgica. Las quimiocinas estudiadas

presentan una potencia estadistica minima como biomarcadores prondsticos del ictus.

5.5 Mediante estudios de protedmica de homogenados cerebrales de pacientes fallecidos por
ictus identificamos gelsolina, DRP-2 y cistatina-A circulantes como biomarcadores predictores
de discapacidad funcional a largo plazo y, ademas, de cistatina-A circulante como predictor de
mortalidad intrahospitalaria. El estudio del proteoma plasmatico ha mostrado a BD-2 y la
forma soluble de IL-4R como predictores de empeoramiento en la fase aguda del ictus. Todos
ellos aportan valor en la discriminacién y reclasificacién de los pacientes sobre las variables

clinicas.

5.6 El andlisis de expresién génica de los leucocitos circulantes nos permitié identificar un
panel de 10 transcritos relacionados con la evolucién de los pacientes con ictus. Un 80 % de
estas moléculas se asocian a mejoria neurolégica. Un panel incorporando DCAKD, PMS2 y CCL4

aumenta un 10% la precisién en la predicciéon de mejoria neuroldgica.
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5 Conclusions

5.1 The website http://stroke-biomarkers.com/ will allow to have updated information about

stroke biomarkers. Tens of molecules have been associated with stroke prognosis, although few

have been evaluated in terms of added value over clinical variables.

5.2 Being a biomarker typically associated with poor outcome, in our cohort of near 900
patients, plasmatic levels of BNP in the acute phase of stroke were independently associated
with neurological worsening and in-hospital mortality, although BNP does not add predictive

value over clinical variables.

5.3 A meta-analysis of 16 articles demonstrates the association of high BNP and the amino-
terminal peptide (NT-proBNP) levels with death after stroke, although there is publication bias.
The analysis with 2,258 individual patients’ data shows that higher concentration of natriuretic
peptides double the risk of death in stroke patients. Only NT-proBNP shows a minor added
predictive value to clinical variables, thus making difficult its translation as a unique biomarker

into clinical practice.

5.4 Laser microdissection technique coupled to the use of an antibodies array against 9
different chemokines has allowed to detect higher CCL1 and CCL2 levels in neurons than blood
vessels in brains from patients who died following stroke. Furthermore CCL5 and CCL22 are less
represented in the core of the infarct area. In blood samples, CCL2, CCL17 and CCL22 show a
negative correlation with neurological severity. The studied chemokines are statistically

underpowered when their role as stroke prognostic biomarkers was evaluated.

5.5 Proteomics of brain homogenates from patients who died following stroke have identified
circulating gelsolin, DRP-2 and cystatin-A as predictive biomarkers of long-term functional
disability and also of circulating cystatin-A as in-hospital death predictor. Proteomics of plasma
samples have shown BD-2 and the soluble form of IL-4R as prognostic biomarkers of worsening
in the acute phase of stroke. All these biomarkers contribute to discrimination and

reclassification of patients over clinical variables.

5.6 Gene expression analysis of circulating leukocytes has allowed us to identify a panel of 10
transcripts related to stroke patients’ outcome. An 80 % of these molecules are associated with
neurological improvement. A panel including DCAKD, PMS2 and CCL4 increase a 10 % the

precision of predicting neurological improvement.
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Anexos 7

II. Pagina web: http://stroke-biomarkers.com/

Stroke Biomarkers '__I

FGMmE Bicemarkes FESOUrTE Publicaticns ALk NEDwO L ontscy

Neurovascular Diseases and Biomarkers

Usa of lomarkies in tSniel pracics im geling populal emong phyidunt B Ed
making dispnosSc and Frogng sie detimiong i cefen areas of Diomedioes,
himErksr Bnslyain el Ben indsfpiealed 10 daly pracice Ak would Ba lipsd wenng
MiEeapy OLDL), e Quagnasis of aoute mesCasdal miamiion (Popones) sl Recenty
T NEE BER B PR INMEEE fof Ml USE A ARyt origsind 10 Bep
physeians in vanous stages of e saluation of shoke, fom peEdichng e rel of
'Lufunmj & PokR amang heslfy nireasils in FEOr thie DadcFeme &1 ugnofil of
EiroiE of useng bicmaiars a5 oy for oulrome predicion,

This wabsie afsrmpds o prosios 3 dala compdaton of potdishad @aradid ais
bt atkars i hé coniexd ol abioks ik kAR Tublypd slGlogy nd paghold]
o offir upaated profocots and bo connart resaEn h grouns vl il resl i i Raid

Indications

I T

Figura 16. Interfaz de la pagina inicial de la web http://stroke-biomarkers.com/ .

La web se ha desarrollado por el Laboratorio de Investigacién Neurovascular con el objetivo de
proporcionar una compilacién de los datos publicados sobre biomarcadores candidatos en
diferentes indicaciones del ictus: riesgo, diagndstico, subtipos, etiologia y prondstico.

Ademas, ofrece informacidn actualizada relacionada con el tema, en cuanto a publicaciones
interesantes y guias, y permite la conexion entre grupos de investigacidon con interés en este
campo.
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II1. Articulo: Chemokines after human ischemic stroke: from neurovascular unit to
blood using protein arrays

(Translational Proteomics, 2014, under review)
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KEYWORDS ABSTRACT
Biomarker Chemokines act mainly guiding leukocyte migration along the
Chemokines endothelium. Together with other pleiotropic effects, such as

Ischemic stroke
CCL22
Microdissection
Temporal profile

angiogenesis or neuronal survival, chemokines have a role in both
damage and repair in brain tissue after ischemic stroke. We studied
the presence of chemokines directly in neurons and brain blood
vessels that were obtained by means of laser microdissection from
human ischemic brains. Using multiple ELISA Searchlight® array
we evaluated 9 chemokines (CCL1 - 5, CCL11, CCL17, CCL22 and
CXCLS8) in those microdissected samples. We found higher levels
of CCL1 and CCL2 in neurons than in vessels; CCL5 and CCL22
were decreased in the infarcted areas.

The same ELISA array was performed in plasma samples from
stroke patients. We explored the temporal profile of circulating
chemokines from admission to 90 days after the cerebrovascular
event, finding that only CCL22 showed significant changes along
time and that these changes negatively correlated with neurological
severity. When neurological outcome was assessed in the
hyperacute phase of stroke no associations were found.

From our study, we can conclude that these chemokines do not
seem to have a role as outcome biomarkers. Further studies need
to assess which mechanisms are underlying the association of
chemokines with the neurological state at distinct time points as the
differences found here could be reflecting the dual role of
chemokines in neuroinflammation.
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Introduction

Cell death after cerebral ischemia activates a
series of molecular mechanisms that lead to
the production of inflammatory mediators,
such as cytokines and chemokines, in order
to attract leukocytes to the site of tissue injury
[1]. There, leukocytes amplify the signal of
cytokines, thus increasing brain inflammation
and contributing to stroke severity, by their
participation in tissue damage and growing of
the infarct core [2]. On the other hand, the
physiological function of leukocytes is
phagocytosis and clearance of dying cells
and debris. In that context, a dual role has
been hypothesized, with neuroinflammation
being both deleterious and restorative and
thus, an interesting pathway to be
therapeutically modulated [3].

In that scenario, chemokines act mainly
recruiting effector leukocytes to the ischemic
brain. From the 4 known subfamilies, CC and
CXC chemokines seem the most relevant in
cerebral ischemia, as they recruit neutrophils
and monocytes, which present phagocytic
activity [4]. This is evidenced by the high
number of studies of chemokines in cerebral
ischemia, mainly showing an increased
expression within the ischemic brain,
although non-concluding remarks can be
obtained regarding its plausible role as
biomarkers in the diagnosis or prognosis of
stroke (Table 1).

The response to inflammation within the brain
involves all cellular components of the
neurovascular unit, both as a producers of
and responders to inflammatory molecules.
As examples, endothelial cells express cell
adhesion molecules that facilitate leukocytes
infiltration in response to chemokines; glial
cells can secrete chemokines after ischemic
stimulus and neurons suffer the deleterious
effects of inflammation in the injured tissue
[reviewed in 5]. On the other hand,
chemokines are also involved in other
biological functions affecting neurovascular
unit components, such as angiogenesis or
neuronal survival [6].

Considering all these precedents, we aimed
to study the expression of chemokines by
several components of the neurovascular unit
after human stroke. For that purpose, we
have combined two precise techniques: a
multiple ELISA array of nine chemokines from
CC and CXC families and laser
microdissection to obtain neurons and blood
brain vessels from patients who died
following an ischemic stroke. Moreover, in
order to assess the plausible use of
chemokines as biomarkers or therapeutic

targets in stroke field, we evaluated their
temporal profile in blood samples and their
association with stroke severity and outcome.

Materials and methods
Brain tissue samples

Four deceased patients who had an ischemic
stroke secondary to middle cerebral artery
(MCA) occlusion within the previous 4 days
(range, 40 — 100 hours) were included in this
part of the study (Supplementary Table 1).
Brain tissue sampling from infarcted core and
healthy contralateral areas was performed
within the first hours after death according to
our previously published procedure [7]. All
samples were snap frozen in liquid nitrogen
and immediately stored at -80°C until use.

Clinical protocol and blood samples

Differential diagnosis of stroke was based on
clinical examination by an expert neurologist
and supported by computed tomography. In
all cases, stroke onset was defined as the last
time the patient was known to be
asymptomatic.

Patients from the placebo arm of the
MISTICS study [8] were considered for
exploring blood temporal profile. From that
cohort, 20 patients with a cortical ischemic
stroke admitted to the emergency department
within the first 3 to 12 hours after symptoms
onset were included in the study. Any patient
had known inflammatory (infectious and
immunologic) or malignant disease and none
of them received thrombolytic treatment.
Peripheral blood samples were drawn from
each patient at admission, day 1, 3, 7 and 90.
Complete temporal profile was achieved from
15 patients.

On the other hand, we wanted to analyze the
presence of chemokines in the hyperacute
phase of stroke and their relationship with
outcome. We included 36 ischemic stroke
patients admitted within the first 4.5 hours
after onset and in which blood samples were
obtained before all them received
thrombolytic treatment [standard dose of 0.9
mg/Kg  recombinant  tissue-plasminogen
activator (rt-PA)]. In this cohort, consecutive
patients were selected from the cohort to
balance the sample size in all outcome
groups (improvement, stability or worsening
of the neurological state during in-hospital
stay).
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into dry 0.2 mL tube caps at a power of 41 —
45 KW and a speed of 14 ns using a 20x
objective. Approximate total areas of
2,000,000 ym® of each cell type (5,000 —
7,000 cells) were pooled from several
dissections from both infarct and contralateral
brain tissue. Cells were recovered in 140 uL
of cold lysis buffer (50 mM Tris-HCI pH 7.6,
150 mM NaCl, 5 mM CaCl,, 0.05% Brij-35,
0.02% NaN; and 1% Triton X-100) containing
protease inhibitors (1 mM PMSF and 7 pg/mL
aprotinin), vortexed for 5 min, centrifuged at
12,000 g for 10 min at 4°C and stored at -
80°C until use. Total protein content of the
samples was determined by bicinchoninic
acid assay (microBCA, Pierce, USA), yielding
on average 83.6 yg/mL.

Multiplexed SearchLiqht® chemokines protein
arra

A multiplexed sandwich ELISA (SearchLight®
Human Chemokine Array, Aushon
Biosystems, USA) was used for the
simultaneous quantitative measurement of 9
chemokines in both LMD-cells and plasma
samples: CC or 3-chemokines (I-309/CCL1,
MCP-1/CCL2, MIP-1a/CCL3, MIP-13/CCL4,
RANTES/CCLS5, Eotaxin/CCL11,
TARC/CCL17 and MDC/CCL22) and CXC or
a-chemokines (IL-8/CXCLS). The
chemiluminescent signal detected with a
cooled CCD camera (Pierce, USA) was
analyzed with ArrayVision 8.0 software
(Imaging Research, USA). The sensitivity
limit for each molecule was: CCL1 (0.8
pg/mL), CCL2 (0.8 pg/mL), CCL3 (3.1
pg/mL), CCL4 (0.8 pg/mL), CCL5 (0.4
pg/mL), CCL11 (0.5 pg/mL), CCL17 (0.4
pg/mL), CCL22 (0.2 pg/mL) and CXCL8 (0.2
pg/mL) as provided by the manufacturer. For
LMD-samples, all values below the limit of
detection  were assigned with the
corresponding limit value.

Manufacturer’s instructions were followed and
the assay was conducted in a blinded
manner. LMD and plasma samples (with
exception of temporal profiles) were assayed
twice and the mean value of both
measurements was given. For LMD-cell
samples the resulting chemokine protein
concentration was finally corrected by the

total protein content and values are given as
pg /mg. Plasma results were expressed as
pg/mL.

Statistical analyses

Whole analysis was performed with SPSS
15.0 software (SPSS Inc, USA).

Shapiro-Wilk test was used to define normally
distributed variables (p>0.05), due to small
sample sizes. Normal distribution was
analyzed by Students’ t test or ANOVA and
means and SD values were given. Different
time points of temporal profiles were
compared by ANOVA of repeated measures
and paired-t test, while correlations with other
continuous variables were assessed by
Pearson test.

Non-normal distribution was assessed by
Mann-Whitney U or Kruskal-Wallis tests and
medians and interquartile ranges (IQR) were
reported. Temporal profiles were compared
by Friedman and Wilcoxon tests and
correlations were analyzed by Spearman test.

Pearson chi-squared test was used to
compare categorical variables.

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

For sample size and statistical power
calculation we compared medians by using
Ene 3.0 free software (GlaxoSmithKline S.A.,
Spain; http://sct.uab.cat/estadistica/es).

Results
Chemokines in human brain after stroke

From the nine chemokines assayed, CCL3,
CCL4 and CCL17 were not detected in LMD-
cell samples. Among the 6 studied
chemokines, CCL1 and CCL2 were found at
higher levels in neurons than in blood vessels
(p=0.029 in both cases), without differences
between infarcted and contralateral areas.
Interestingly, CCL5 was decreased within the
vessels and CCL22 within the neurons of the
infarcted tissue (both cases with a p=0.057)
(Figure 1).
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Figure 1. Chemokines levels in human brain microdissected

-samples. Results of 6

chemokines are given in pg/mg of total protein for both neurons and blood vessels. Box-plots
represent median and interquartile range. White boxes correspond to contralateral area (CL)
and grey boxes correspond to infarcted area (IC). * p<0.05.

Blood detection of chemokines after stroke

All 9 chemokines were detected in plasma
samples of ischemic stroke patients. No
differences regarding demographic and
clinical data were found between both studied
cohorts as shown in Supplementary Table 2.

We explored the temporal profile of the
circulating levels of these chemokines in a
non-rt-PA treated cohort in order to avoid a
possible influence in concentration due to
thrombolytic treatment. Most chemokines
showed stable circulating levels throughout
time. As an exception, CCL22 levels
presented a significant decrease during the
acute phase (p=0.004) and a peak 7 days
after the event (p=0.01) (Figure 2). This
reduction on CCL22 levels within the first
days after stroke was negatively correlated
with stroke severity at different time points:
the lower the CCL22 levels, the higher the
NIHSS score. Similar negative correlations
with stroke severity were found for CCL2 and
CCL17 as well (Table 2).

Chemokines and stroke outcome

In  view of these associations with
neurological severity, we studied the
plausible role of these chemokines as early

outcome biomarkers in the hyperacute phase
of stroke.

Only CCL3 showed a trend to be higher in
those patients who improved within 24 h
(p=0.098) (Table 3). None of the chemokines
that showed a negative correlation with stroke
severity were found associated with early
outcome in rt-PA treated patients.
Calculations of the sample size needed to
achieve statistical significant association at an
80% of power revealed large number of
patients in each outcome group (Table 3).

Discussion

Extensive research regarding the role of
chemokines in both physiological and
pathological states of the central nervous
system has been published and reviewed.
Although some chemokines are constitutively
expressed at low level in the brain in order to
maintain homeostasis (like
Fractalkine/CX3CL1 in neurons or CXCL12 in
astrocytes), their expression is mainly
induced after brain injury in resident cells,
activated local cells and infiltrated leukocytes
leading to an inflammatory state that could be
either detrimental or beneficial [12]. The more
remarkable chemokines that have been
described in pathological states include CCL2
-5 and CXCLS8 [13].
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are given in pg/mL, from admission (Adm.) to day 90 after the event. Box-plots represent median and
interquartile range; error bars represent mean + SD. * p<0.05, ** p<0.01.

Table 2. Correlations between blood levels of chemokines and severity of stroke.

Chemokine NIHSS Adm. NIHSS 1d NIHSS 3d NIHSS5d NIHSS 7d

CCL1 Adm. R=-0.168; p=0.478 | R=-0.020; p=0.932 R=-0.092; p=0.7p1  R=0.065; p=0.790 R=0.041; p=0.867
CCL1 1d R=-0.116; p=0.635 | R=-0.108; p=0.66 R=-0.165; p=0.5p0  R=-0.301; p=0]224  R=-0.276; p=0.268
CCL1 3d R=0.359; p=0.132 R= 0.143; p=0.560 R=0.293; p=0.224 R=0.103; p=0.685 R= 0.146; p=0.563
CCL1 7d R=-0.224; p=0.357 R=-0.057; p=0.814 R=-0.079; p=0.747  R=-0.103; p=0/676  R=-0.083; p=0.Y36
CCL2 Adm. R=-0.271; p=0.248 | R=-0.434; p=0.056 R=-0.339; p=0.143 | R=-0.500; p=0.029 | R=-0.450; p=0.053

CCL2 1d R=-0.260; p=0.282 R=-0.193; p=0.42 R=-0.399; p=B.0dR=-0.369; p=0.132 | R=-0.297; p=0.232
CCL2 3d R=-0.222; p=0.360 | R=-0.184; p=0.45] R=-0.438; p=b.0PR=-0.402; p=0.098 | R=-0.343; p=0.163

CCL2 7d R=-0.104; p=0.671 R=-0.174: p=0.476 R=-0.206; p=0.397  R=-0.214; p=0/380  R=-0.215; p=0.377
CCL3 Adm. R= 0.056; p=0.815 R= -0.106; p=0.656 R=0.077; p=0.747 R=-0.064; p=0[795  R=-0.042; p=0.863
CCL3 1d R=-0.001; p=0.997 R=-0.227; p=0.35 R=-0.194; p=0.4P6  R=-0.355; p=0J148  R=-0.325; p=0.188
CCL3 3d R=-0.034; p=0.890 | R=0.003; p=0.990) R=0.181; p=0.457 R=0.131; p=0.604 R=0.188; p=0.455
CCL3 7d R=-0.012; p=0.960 | R=-0.039; p=0.874 R=-0.133; p=0.586  R=-0.205; p=0j400  R=-0.231; p=0.341
CCL4 Adm. R=0.012; p=0.959 R=-0.108; p=0.644 R=-0.007; p=0.9Y7  R=-0.075; p=0[762  R=-0.055; p=0.823
CCL4 1d R= 0.108; p=0.660 R= -0.067; p=0.785 R=-0.020; p=0.984  R=-0.023; p=0/928  R=-0.025; p=0.921
CCL4 3d R=-0.099; p=0.687 R=-0.135; p=0.581 R=0.135; p=0.5d1 R=0.276; p=0.268 R=0.297; p=0.232
CCL4 7d R=-0.087; p=0.723 R= -0.252; p=0.29§ R=-0.114; p=0.642  R=-0.145;p=0/553  R=-0.195; p=0.425
CCL5 Adm. R=0.239; p=0.310 R=0.138; p=0.561 R=0.201; p=0.396 R=0.006; p=0.981 R=0.014; p=0.955
CCL5 1d R=0.321; p=0.180 R= 0.070; p=0.776 R=0.244; p=0.314 R=0.112; p=0.65R= 0.165; p=0.512

CCL5 3d R =0.584; p=0.009 | R=0.423; p=0.07". | R=0.334; p=0.163 R= 0.188; p=0.456 R= 0.183; p=0.467
CCL5 7d R= 0.356; p=0.135 R=0.385; p=0.104 R=0.281; p=0.244 R=0.183; p=0.454 R=0.188; p=0.441
CCL11 Adm. R=0.083; p=0.726 R=-0.118; p=0.62 R=-0.130; p=0.585  R=-0.095; p=0/699  R=-0.043; p=0.862
CCL11 1d R=0.262; p=0.279 R= 0.255; p=0.293 R=0.084; p=0.732 R=0.316; p=0.202 R=0.308; p=0.214
CCL11 3d R= 0.147; p=0.548 R=0.012; p=0.961 R= 0.002; p=0.994 R=0.021; p=0.935 R= -0.014; p=0.955
CCL11 7d R=-0.035; p=0.886 | R=-0.095; p=0.70! R=-0.110; p=0.664  R=-0.147;p=0/549  R=-0.153; p=0.532
CCL17 Adm. R=-0.286; p=0.221 | R=-0.451; p=0.046 | R=-0.311; p=0.183 | R=-0.281;p=0.244  R=-0.266; p=0.272
CCL17 1d R=-0.441; p=0.089 | R=-0.510; p=0.026 | R=-0.534; p=0.019 | R=-0.476; p=0.046 | R=-0.466; p=0.051
CCL17 3d R=0.273; p=0.259 R=0.075; p=0.761 R=0.080; p=0.744 R=-0.046; p=0/856  R=-0.057, p=0.822
CCL17 7d R= 0.287; p=0.234 R=0.262; p=0.279 R= 0.283; p=0.241 R= 0.260; p=0.282 R= 0.242; p=0.318
CCL22 Adm. R=-0.074; p=0.755 R=-0.208; p=0.38 R=-0.054; p=0.8P0  R=-0.075; p=0/761  R=-0.077; p=0.}53
CCL22 1d R=-0.335; p=0.161 | R=-0.576, p=0.010 | R=-0.562; p=0.012 | R=-0.522; p=0.026 | R=-0.532; p= 0.023

CCL22 3d R=-0.486; p=0.035 | R=-0.676; p=0.001 | R=-0.694; p=0.001 | R=-0.587; p=0.010 | R=-0.561; p=0.015

CCL22 7d R=-0.142; p=0561| R=-0.192;p=0.432 R=-0.065,p=0.791  R=-0.070; p=0[775  R=-0.128; p=0.503
CXCL8 Adm. | R=0.115; p=0.631 R= 0.022; p=0.927 R=0.216; p=0.361 R= 0.057; p=0.818 R=0.114; p=0.642
CXCL8 1d R=0.060; p=0.808 R=-0.062; p=0.802 R=-0.133; p=0.588  R=-0.139; p=0.582  R=-0.123; p=0.626
CXCL8 3d R=-0.164; p=0.502 | R=-0.123; p=0.615 R=-0.036; p=0.883  R=0.009; p=0.971 R=0.017; p=0.945
CXCL8 7d R= 0.555; p=0.014 R= 0.292; p=0.226 R= 0.439; p=0.860 | R=0.257; p=0.288 R= 0.249; p=0.303

Correlation coefficients (R) and p-values are given for each comparison. Significant correlations were in bold; $
stands for statistical trend (p<0.1). Adm.: at admission; NIHSS: National Institutes of Health stroke scale.



In the context of cerebral ischemia it has
been hypothesized an inter-relationship
between the different components of the
neurovascular unit that contribute to the post-
ischemic inflammatory state [5]. However, as
far as we know, the study of inflammation in
ischemic brains has been performed mainly
in a local context, by studying individual
components of the neurovascular unit, as
neurons and endothelial cells, in cell cultures
from immortalized human cell lines. Some in
vivo models, usually performed in rodents,
have been used as well, although they
manifest differences in the immune system
with regards to a more specialized defense in
humans [14,15].

Here, we presented our results of the levels
of chemokines in individual neurons and brain
vessels but isolated by LMD from a global
context as can be human brains that suffered
an ischemic event. Moreover, the method
presented here couples contact-free LMD to
the immunofluorescence detection of the cells
of interest in fresh-frozen tissues, thus
granting the obtaining of pure populations of
individual cells and good-quality proteins for
further analyses. In this way, LMD allows a
semi-quantitative  measurement of the
chemokines content in these isolated
microvessels and neurons instead of a simple
qualitative histological comparison between
brain areas.

Although being an important part of the
neurovascular unit, as a connector between
vessels and neurons and having a role in
neuroinflammation, we did not microdissected
astrocytes or other glial cells in that study.
Their complex shape, with cell bodies and
processes, make difficult their pure isolation
from the whole parenchyma of human brain
pieces and therefore the measurement of
chemokines’ expression might be
overestimated.

The use of an antibodies array combining
different components of the chemokine family
of proteins has allowed us to assess the
levels of nine chemokines both in brain and in
blood at the same time in the same cohort of
patients. This array included some CC
chemokines that, at least to our knowledge,

have never been studied in cerebral ischemia,
such as CCL1, CCL17 or CCL22, together
with more studied chemokines in this field as
CCL2.

CCL22 was underexpressed in the infarct
core of damaged tissue after cerebral
ischemia and it showed a reduction in the
circulating levels 24h after stroke symptoms
onset. Moreover, lower circulating levels were
associated with sustained stroke severity.
Altogether, these results seemed to indicate
that a decrease in the expression of CCL22 is
related to poor outcome in stroke patients. On
the other hand, CCL17 was not detected in
LMD-cells but it showed a similar association
regarding to low circulating levels and stroke
severity. Interestingly, both CCL17 and
CCL22 co-localize in the same chromosomal
loci, are similar in their sequence and share
CCR4 as a receptor [16]. CCR4 is expressed
in leukocytes of the Th2 type, thus being
CCL17 and CCL22 amplifiers of the immune
response of type Il [17]. A systemic shift of
the immune system towards anti-inflammatory
type Il response has been described in the
post-acute phase of cerebral ischemia [18].
This anti-inflammatory state leads to
immunodepression that could be a protective
adaptive reaction to suppress the aggressive
Thl response to brain antigen exposure to
the immune system, thus being beneficial,
although increasing the risk of detrimental
secondary infections [19,20]. In that context,
the modulation of the immune system by the
use of monoclonal antibodies could be of
interest in stroke as well as in other diseases
with an inflammatory background [reviewed in
21].

Our results showed a very faint power for
CCL17 and CCL22 to discriminate those
patients who will improve within the first 24 —
48 hours after stroke, thus not seeming
plausible prognostic biomarkers in the
hyperacute phase of stroke, when the patient
arrives to the hospital and quick decision-
making is needed in order to start a more
exhaustive management to avoid secondary
complications.

However, the results of our study might
inspire new lines of investigation around the



Table 3. Chemokines plasma levels and neurological improvement in the acute phase ¢

Neurological improvement at 24h Statistical power
Ceme.ne NO (N=24) YES (N=12) pvalue | Power | SAmplesizefor
each group
CCL1 67.8 (57.5—-80.1) 87.2 (64.5 — 100.7) 0.40 13.2% 188
CCL2 443.7 (361.9 — 605.2) 486.1 (416.6 — 604.4) 0.51¢ 9.7% 306
CCL3 135.6 (96.6 — 155.4) 185.5 (137.6 — 2821) 0°098 39.1% 50
CCL4 244.2 (184.5 — 276.9) 191.7 (177.3 — 328.7) 0.61Pp 7.2% 719
CCL5 NA NA - - -
CCL11 191.6 (165.5 — 240.3) 176.1 (151.0 — 201.3) 0.27L 19.9% 153
CCL17 98.7 (56.1 — 120.9) 88.1(82.3-118.1) 0.96 2.8% 75835
CCL22 433.0 (396.2 — 620.0) 531.7 (475.4 — 612.4) 0.3617 14.8% 215
CXCL8 2.0(2.0-4.5) 6.2 (2.0 -19.2) 0.464 10.5% 328

Neurological improvement considered as a decrease of 4 or more points in NIHSS score from admission to 24 hours
(identical results were obtained for improvement at 48 hours; data not shown). All chemokine values are given as
pa/mL. % stands for statistical trend (p<0.1). Statistical power calculations based on the results obtained for
improvement at 24 hours; sample size needed in each group (improvement and no-improvement) to reach statistical

significance at an 80% of power.

CCLS5 values were over the corresponding curve in this plate (non-available

(NA) results). NIHSS: National Institutes of Health stroke scale.

modulation of CCL17 and/or CCL22 or even
CCR4.

Our study stands with several limitations. We
cannot dismiss the possible presence of
some astrocyte end-feet in our vessel
samples, as in brain their interrelationship
form the tight blood-brain-barrier. Regarding
blood samples, we could not study the
relationship of chemokines with neurological
outcome in the MISTIC cohort due to the
limited number of worsening/improvement
cases. Moreover, the sample size used for
the study in the hyperacute phase is relatively
small, but the sample size -calculations
showed very large number of samples for
most of the studied chemokines to get any
significant results. Further studies are needed
to answer if CCL17 or CCL22 could have a
role as outcome biomarkers at some later
point than hyperacute phase. Other
chemokines not included in SearchLight®
array might be of interest in stroke field, as
some of them that has not been studied in
human stroke (CCL7, CCL9, and CXCL2).
Novel multiplexed immunoassays based on
fluorescently encoded microspheres might
increase the screening of circulating
inflammatory molecules in stroke patients
while using very few amount of sample [22].

Conclusions
In conclusion, we described the presence of
some chemokines in neurons and brain blood

vessels and how these chemokines behave in
plasma following ischemic stroke. The results
found depending on the patients’ cohort seem
to indicate a different role for these
chemokines along time with regards to
neurological state. On the other hand, the
studied chemokines does not seem of interest
as outcome biomarkers, at least in the
hyperacute phase. Further investigation is
needed to assess if chemokines could be
therapeutic targets to modulate
neuroinflammation after ischemic stroke.
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*Chemokines have a dual role in
neuroinflammation: protective and
detrimental.

*Their association with the
pathophysiology of stroke is not clear.

LMD combined with an antibodies array
has allowed us to study chemokines in the
NVU.

*CCL17 and CCL22 are associated with
severity, but are not useful as outcome
biomarkers

*Therapeutical immunomodulation seem
promising although further studies are
needed.




Supplementary Tables

Supplementary Table 1. Demographic and clinical data from patients included for brain

microdissection study.
Time
: Post-
. Lesion i from
Patient Age : Risk mortem r-PA
Gender loeation onset to :
I years) {hemisphere) factors death ;T:::; el
(hours)
N22 | Male |67 Left MCA i 7 Yes
MI, AF,
N33 Male 80 Right MCA AHT, 100 45 No
DLP
AF,
M35 Male 84 Left MCA AHT, 0 75 Ma
OLF
W36 Female | 73 Left MCA OLP 44 4 Yes

Brain samples were obtained from both infarcted core and contralateral areas for each

patient.

AF: aftrial fibrillation; AHT: arterial hypertension; DLP: dislypidemia; MCA: middle

cerebral artery; MI: myocardial infarction; t-PA: recombinant tissue-Plasminogen

Activator.

Supplementary Table 2. Demographic and clinical factors from both ischemic stroke

patients’ cohorts.

Factors MISTIC cohort (N=20) | rt-PA cohort (N=36) | p-value
Age, years median (IQR) 74.1(68.5-794) 78.5(67.5-835) | 0259
MIHSS at admission median (IQR) | 9.5 (8.0 - 14.5) 15 (8.5 -19) 0.109
Gender (Male) % (n) 50 (10) 58.3 (21) 0.548
Arterial hypertension % (n) 50 (10) £4.3(19) 0.75%
Diabates mallitus % (n) 20 (d) 25719 0.749
Dyslipidemia % (n) 20 (4) 34.3(12) 0.262
Atrial fibrilation % (n) 30 (6) 457 (18) 0.252
Ischemic cardiopathy % (n) 5(1) 20 (7) 0.234
Frevious stroke 9 (n) 5 (1) 17.1 (6) 0.402
TOAST 0.767
- Atherothrombatic % (n) 25 (3) 17.1 (&)

- Cardicembolic % (n) £5(11) 54.3(19)

- Undetermined % (n) 20 (4) 25.7(9)

IQR: interquartile range; NIHSS: National Institutes of Health stroke scale; TOAST:

eticlogic classification of ischemic stroke.
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IV. Immuno-laser microdissection coupled to label-free proteomics for the analysis
of human brain cells after cerebral ischemia.
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MSc!, Marc Espadaler, Carlos Molina MD, PhD?, Joan Montaner MD, PhD>?"
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Abstract

Acute ischemic stroke is a complex disease with
huge interindividual evolution variability that makes
challenging the prediction of an adverse outcome.
Our aim was to study the association of
bloodstream signatures to early neurological
outcome after stroke, by combining a sub-pooling of
samples strategy with protein array discovery
approach.

Plasma samples from 36 acute stroke patients
(<4.5h from onset) were equally pooled within
outcome groups: worsening, stability and
improvement (n=3 pools of 4 patients each, for each
outcome group). These 9 pools were screened
using a 177 antibodies library and 35 proteins were
found altered regarding outcome classification
(p<0.1). Processes of inflammation, immune
response, coagulation and apoptosis were regulated

by these proteins. Ten representative candidates,
mainly cytokines and chemokines, were assayed
for replication in individual baseline plasma
samples from 80 new stroke patients: B-defensin-
2 (BD-2), MIP-3b, PAI-1 active, BCA-1, Exodus-
2, interleukin-4 receptor (IL-4R), IL-12p40, LIF,
MIP-1b and TWEAK. Multivariate logistic
regression analysis showed BD-2 (ORadj 4.87
[1.13-20.91] p=0.033) and IL-4R (ORadj 3.52
[1.03-12.08] p=0.045) as independent predictors
of worsening at 24h after adjustment by clinical
variables. Both biomarkers improve the prediction
by 19% as compared to clinical information,
suggesting a potential role for risk stratification in
acute thrombolysed stroke patients.

Keywords : biomarkers, cerebral ischemia,
immune response, outcome, prognosis, stroke
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Abbreviations
END: early neurological deterioration; IDI: integrated
discrimination improvement index; NRI: net

reclassification improvement index; rt-PA: recombinant
tissue-plasminogen activator; NIHSS: National Institutes
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Stroke is the second cause of death and one
of the main causes of disability worldwide
V.L., 2012).

deterioration (END) is an important concern

(Roger Early neurological
during acute stroke management and in
some series it occurs up to 40% (Lin L.C.,
2012; Arenillas J.F., 2002). Although there is
not an international consensus about END,
one consistently used definition is the
increase of 4 or more points in the National
Institutes of Health stroke scale (NIHSS)
within the first 48-72 hours (Alawneh J.A.,

2009). Several causes of complication such

as hemorrhagic transformation, arterial
reocclusions or malignant edema, may
appear in the first hours after stroke

contributing to END. Although nowadays
there does not exist a specific therapeutic
treatment to solve neurological deterioration,
the admission of stroke patients into
specialized stroke units have demonstrated to
prevent END and thus to reduce the rate of
poor outcome after ischemic stroke (Roquer
J., 2008). Therefore the prediction of END is
one of the challenges in stroke, as an
accurate identification of patients more prone
to worsen might help to optimize the
admission to the scarce stroke units.

Some acute neuroimaging factors have been
associated with END, such as hypodensity or
hyperdense middle cerebral artery sign on
computerized tomography or large diffusion
weighted in magnetic
(Alawneh J.A., 2009).

techniques are not broadly accessible, the

image resonance

As neuroimaging

use of blood biomarkers could be a more

feasible option. For that proposal, the

exploration of molecules which could
anticipate the development of END is
becoming increasingly popular. Some

candidates have been explored in that
context, such as interleukin-6 (IL-6) (Vila N.,
2000) or b-type natriuretic peptide (Montaner
J., 2012), although their added value to
clinical

prognostic models is still unclear

(Montaner J., 2012; Whiteley W., 2009).

The complexity of blood and the

interindividual variability make difficult to
validate differential protein expression to
distinguish among disease stages. In order to
obtain a common signature of protein
changes which are associated to a specific
stage, pooled-blood samples are being
employed in other diseases (Ernoult E., 2010;
Fragnoud R., 2012) and are recommended
for high throughput proteomics (Barker P.E.,
2006). Moreover multiple sub-pools, which
are generated by random distribution of
individual samples, can be performed in order
to estimate variation within population (Karp

N.A., 2009).

In order to go in depth in the physiopathology
of ischemic stroke we performed the first
exploratory study of the plasma proteome by
screening an antibodies library with a sub-
pooled samples approach. Nowadays there is
an assortment of different antibodies libraries
in multiplexed arrays available in the market
that allow the study of hundreds of proteins
involved in different pathways while using few
amount of patients’ samples. We have used
the SearchLight® library, which included 177
antibodies covering the exploration of several
cellular processes in a multiplex ELISA-based

manner.

We aimed to discover a common signature of
protein expression changes for those patients
who have an early poor outcome after stroke.

Furthermore, after replication of our results in
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Figure 1. Schematic design of the
discovery phase.

Each pool was prepared with 4
individual plasma samples from
ischemic stroke patients with similar
clinical characteristics. Three

= : different pools were screened for
Inciividual —i | each outcome group (worsening,
ShTp A stability, ~improvement) in 177
Nedt M=4 M=4 . antibodies  from  Searchlight®
¥ multiple ELISA library. Median and
Worsening  Stabilty  Improveraent L TR IQR were given fo_r age and NIHSS
Age 757+81 TOi2138 BOT+114 www"m“w“ score  at admission and at
NIHSS at discharge.
s 158257 187237 145:45
NHSS® s54.48 180338 17214
descharge
individual stroke samples, we assessed the NIHSS score by 4 or more points,

added value of our biomarker candidates to
clinical predictive models by means of
comparative statistical metrics such as
Integrated Discrimination Improvement (IDI)
and Net Reclassification Improvement (NRI)

indexes.

Materials and Methods

Patients and protocol

We recruited patients who were admitted to
the emergency department of the Vall
d’'Hebron University Hospital
Spain) from 2004 to 2010 with an acute

(Barcelona,

ischemic stroke within the first 4.5 hours after
symptoms onset. This large cohort of 395
patients was used to select candidates for the
different phases of derivation and replication
of this study. Stroke diagnosis was performed
based on a standardized protocol of clinical
and neuroradiological assessments as
previously described by our group (Mendioroz
M., 2011). All patients received intravenous
recombinant tissue-plasminogen activator (rt-
PA) in a standard 0.9 mg/Kg dose (10%

bolus, 90% continuous infusion during 1h).

Stroke severity was assessed by using
NIHSS (Brott T., 2000). We defined

neurological improvement as a decrease in

neurological stability as changes in NIHSS
score of 3 or less points and neurological
deterioration as death or an increase in
NIHSS score by 4 or more points at 24 h or
48 h (Brott T.G., 1992). Clinical data was

blinded to biomarker measurement.

Before administration of any treatment,
peripheral blood samples were drawn from
in EDTA collection

each patient tubes.

Plasma was immediately separated by
centrifugation at 1500 g for 15 min at 4°C and

was stored at -80°C until use.

The local ethical committee approved the
study and written consent was obtained from
all patients or relatives in accordance with the

Helsinki declaration.

Discovery phase

Pooling strategy

A scheme of our technical approach is shown
in Fig 1. From our cohort, we randomly
selected 36 ischemic stroke patients to
perform pooled plasma samples of each
group,
according to age, gender, NIHSS score at

outcome which  were balanced
admission and etiology subtype. Individual
plasma samples were ice-thawed and equal

volumes (0.5 mL) of 4 different samples from
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patients with similar clinical characteristics
were mixed by agitation during 2 hours at 4°C
in order to obtain a pool. In total 9 pools were
prepared for analysis, including 3 pools for

each outcome group:

1. Worsening: patients with neurological
deterioration during in-hospital stay.

2. Stability: patients without changes in
neurological state during in-hospital
stay.

3. Improvement: patients with

neurological improvement during in-

hospital stay.

Screening by multiplexed _ SearchLight®

antibodies array library

A library of 177 anti-human antibodies was
screened with multiplexed sandwich-ELISAs
SearchLight® (Aushon
BioSystems). We screened the complete
the antibodies that the

from platform

library, with all
company offers in a multiplex system, which
is based on chemiluminiscent detection of
molecules whose respective  capture-
antibodies were combined in 96-well plates.
The molecules which are included in the
library represent different biological
processes from gene ontology pathways

(Supporting Information Table I).
Replication study

Representative biomarkers were selected by
their illustration of the discovery phase
findings regarding biological processes, the
possibility of being combined in multiplexed
ELISA and/or their statistical significance.
Ten candidates were combined in
SearchLight® custom-arrays, including -

defensin 2 (BD-2), plasminogen activator

inhibitor 1 (PAI-1) active-form, macrophage
inflammatory protein (MIP) 3b, MIP-1b, 8 cell-
attracting chemokine 1 (BCA-1), exodus-2,
interleukin (IL) 4 receptor (IL-4R) and IL-
12p40 and leukemia inhibitor factor (LIF).
Tumor necrosis factor-related weak inducer of
apoptosis (TWEAK) was analyzed by a single

ELISA commercial kit (eBioscience).

These candidates were tested in individual
plasma samples from 80 new stroke patients
fulfilling similar inclusion criteria than the
derivation cohort. To achieve enough
statistical power in the comparison among
outcome groups, patients who worsened were
first randomly selected from our cohort and
afterward groups of patients who remained
stable or improved were balanced in

accordance to clinical variables.

In both phases (discovery and replication)
biomarker results were blinded to clinical
data. Each sample was assayed twice and
the mean value was used, removing those
results with either the intrassay coefficient of
variation (CV) or interassay CV higher than
30%.

Statistical analysis

SPSS statistical package 15.0 was used,

unless contrary is stated.

Normality for continuous biomarker levels or
clinical variables was assessed by Shapiro-
Wilk test for the Discovery phase and
Kolmogorov-Smirnov test for the Replication
study. Those normally distributed variables
(p>0.05) were analyzed by Student's t test or
ANOVA and mean and SD values are given
non-normal

whereas for variables with

distribution Mann-Whitney U or Kruskal-



Wallis test were used and median and

interquartile range (IQR) are reported.

In  the univariate analysis, intergroup
differences were assessed by Pearson chi-
squared test for categorical variables. Cut-off
points with the optimal accuracy (both
sensitivity and specificity) to predict outcome
from receiver
(ROC)

biomarker.

were obtained operator

characteristic curves for each

individual To build predictive

models, all clinical variables which were
associated with outcome at p<0.1 in the
univariate analysis were included in a forward
stepwise multivariate logistic regression
analysis. For those independent variables,
odds ratio (OR.q) and 95% confidence
interval (Cl) were adjusted by NIHSS at
admission, age and sex. Afterward
biomarkers alone or in combination were

added by Enter method to clinical models.

The areas under the ROC curve (AUC) from

models that include biomarkers were
compared with AUC from only clinical model
by DelLong’s method (DeLong E.R., 1988)
with MedCalc 12.4 software. Using R
software (Hmisc and PredictABEL packages),
net reclassification improvement (NRI) and
integrated discrimination improvement (IDI)
indexes were calculated to assess the added
value of the biomarkers to the clinical
predictive model (Pencina M.J., 2008;

Pickering J.W., 2012). In the case of NRI test,

Hon-deleciaiie  Congulson 200%
'l _Crytoiing recepton 1, 7%
= g
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pre-specified clinically relevant thresholds of
predicted risk (£10% and >90%) were used to
calculate reclassification of patients into risk

outcome groups (Whiteley W., 2012).

In all cases a p<0.05 was considered

significant at a 95% confidence level.

Results

Discovery phase: proteome screening

Nine pooled-plasma samples from stroke
patients who worsened, remained stable or
improved during
a 177

(Supporting Information Table I). A schematic

in-hospital stay were

screened in antibodies library
view of the design of the study and clinical

data which corresponds to the whole
derivation cohort (N=36) is shown (Fig 1). No
difference was found for age neither for

NIHSS at admission regarding outcome.

From 177 analyzed proteins, 12 proteins were
non-detectable in  our pooled-plasma
samples. In total, 35 proteins were found to
(p<0.1)

Inflammation and

be altered regarding outcome

classification. immune

response were the main modified pathways,

with  changes in the expression of

chemokines, cytokines and their receptors, as
well as other cellular and systemic processes
(Fig 2). From these 35 proteins, 29 were

associated with  worsening (such as

metalloproteinases, several components of

the MIP family...), being either elevated in

Figure 2. General proteome
changes according to
neurological stroke outcome.
Results of the 9 pooled-plasma
samples screened in
SearchLight® library. Thirty-five
proteins were found altered
(p<0.1) when outcome groups
were  statistically compared.
Pathways and cellular processes
based on gene ontologies
classification are detailed.
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those patients who worsened or decreased in

those patients who improved, and only 6

proteins were associated with improvement
(Apo A-1, TRAIL, C-peptide,

IL-8, PAI-1

and

active-form and OPN), conversely (Table 1).

t

he

replication

Replication phase in 10 candidates

(N=80)

(Supporting Information Table II).

There were no differences in demographic
characteristics between the derivation (N=36)

cohorts

Table 1. Biomarker levels in poole-plasma samples regardin¢-hospital outcome classificatic

Worsening | mprovement
Biomarker Yes No p-value | Yes No p-value
Apo A-1 (ug/mL) 201.7 £56.4 303.2+37.2 0.013 |299.6 £33.3 2542 £74.2 n.a.
BCA-1 (pg/mL) 448 +22.1 34.7 +15.0 n.a. 23374 454 +15.6 0.058
BD-2 (ng/mL) 1.9+0.6 1.0+04 0043 |1.2%+05 1.3+0.8 n.a.
C-peptide (ng/mL) | 2.0+0.4 1.8+0.6 n.a. 23+04 1.7+05 0.09%
D-dimer (wg/mL) 320.5(228.1-412.9) | 73.7 (59.6-122.5)0.046 |69.2 (61.0-73.7) 125.3 (122.5-228/1).a.
Eotaxin-2 (pg/mL) 188. 6 +68.6 125.3+34.9 0.099p 116.1 +45.1 161.6 +55.3 nla.
Exodus-2 (pg/mL) 741+12.1 51.9+8.8 0.038 |43.7+8.4 64.0+11.2 0.073
Fibrinogen (mg/mL)| 18.6 +5.2 75+21 0.056 | 6.6+0.9 13.5 6.7 n.a.
IL-1R-I (ng/mL) 23+05 22+03 n.a. 2.0+0.0 23+04 0.071
IL-12p40 (pg/mL) | 7.8 (7.3-66.0) 11.0 (4.7-13.4) n.a. 4.7 (2.8-7.8) 12.2 (7.8-22.4) 0lo71
IL-15 (pg/mL) 5.3 (4.7-15.4) 4.6 (3.8-5.4) n.a. 3.8(3.2-4.5) 5.3 (4.2-6.4) 0.071
IL-23 (pg/mL) 1436.9 (730.4-1916.6%1.4 (16.3-47.2) n.a. 16.3 (9.1-31.3) 75.1(36.5-1436.9) 0.971
IL-4R (pg/mL) 677.9+£104.8 563.0 £180.2 n.a. 442.6 £115.4 680.7 £ 118.9| 0.025
IL-8 (pg/mL) 11619 19.0+5.2 0.055 19.7+49 15.0+5.7 n.a.
ITAC (pg/mL) 32.1(23.4-49.7) 15.8 (12.4-26.8) n.a. 12.4 (12.0-13.9) 29.4 (16.2-65[@.039
LIF (pg/mL) 0.8 (0.7-4.2) 0.3 (0.3-0.3) 0.016 |0.3(0.3-0.3) 0.7 (0.3-0.8) 0.088
MCP-1 (pg/mL) 559.8 (504.7-669.2)| 537.0 (480.7-7957}h. 480.7 (458.5-492.7573.9 (559.8-795.7)0.071
MCP-2 (pg/mL) 11.4 (10.9-18.3) 9.2 (6.6-12.5) n.a. 6.6 (6.5-8.1) 11.9 (10.5-25/2).039
M-CSF (pg/mL) 58.0 (31.6-61.7) 39.5 (7.3-68.0) n.a. 7.3(6.2-20.2) 61.7 (45.9-68/0) 0.092
MIP-1a (pg/mL) 6.4+4.2 58+3.9 n.a. 2.8+24 76+3.3 0.06¢
MIP-1b (pg/mL) 65.4 (56.7-100.7) 49.7 (45.0-63.3) n.a. 45.0 (40.1-46.1) 64.3 (52.3-66.0)020
MIP-3b (pg/mL) 399.6 (350.2-1115.3)  240.7 (178.8-271(B)20 | 178.8 (178.7-221.7)288.0 (271.3-399.6)0.039
MMP-1 (ng/mL) 8.6+3.1 95+52 n.a. 56+28 109+4.1 0.089
MMP-2 (ng/mL) 205.2+£23.3 166.6 + 28.1 0.087 165.5+34.1 186.5+31.1 .
MMP-7 (ng/mL) 2.0 (1.7-4.5) 1.8(1.5-2.7) n.a. 1.5(1.3-1.7) 2.4 (1.8-3.0) 0.071
OPN (ng/mL) 35.7+6.8 452 +10.1 n.a. 52.6 £7.6 37.0+£54 0.014
PAI-1 active (ng/mL) 1.7 £ 1.7 50+21 0.049 |54+23 3.2+24 n.a.
PAI-1 total (ng/mL) | 67.0 (62.0-107.8) 37.1(32.8-42.0) 0.071  40.5 (36.7-41.8) 62.0 (33.6-93.8) n.a.
PD-1 (pg/mL) 671.2 (433.8-863.2)| 196.7 (172.3-33BrB3. 172.3 (156.9-188.2856.8 (196.4-671.2)0.071
PLGF (pg/mL) 3.1(3.0-25.8) 3.9 (1.9-4.9) n.a. 1.9 (1.4-2.5) 4.8(3.1-9.3) 0.071
Protein C ig/mL) 2.8+0.6 22+0.2 0.062 | 24+0.1 24+0.6 n.a.
P-Selectin (ng/mL) | 588.9 +189.0 313.2+£76.6 0.014 |313.8+62.7 450.7 +£203.7 n.a.
Resistin (ng/mL) 259+5.8 271+124 n.a. 17.6 £3.5 31.3+95 0.05[L
TRAIL (pg/mL) 59.8 (61.6-60.6) 69.8 (62.1-78.0) 0.071  62.1(59.1-65.5) 66.1 (59.8-78/0) nla.
TWEAK (pg/mL) 1068.7 + 106.4 881.8 £82.0 0.021 |830.2+49.9 1001.1 +112.1 | 0.044

List of 35 proteins that were found associated (p<0.1) to outcome in at least one analysis (worsening vs.
stability/improvement or improvement vs. stability/worsening). Those normally distributed proteins were expressed as
mean + SD and those non-normally distributed proteins were described as median (IQR). Statistically significant

differences are expressed as bold p-value; n.a.: non-associated (p>0.1).



Our ten selected proteins were mainly

cytokines and chemokines which were
associated with worsening: BD-2, MIP-3b,
BCA-1, exodus-2, IL-4R, IL-12p40, LIF, MIP-
1b and TWEAK. Nevertheless PAI-1 active-
form was associated with improvement in the
discovery phase. Results from MIP-3b and
PAI-1 active-form were excluded from further

analysis because high CV interassay.

We have explored the influence of several
clinical factors on the level of our candidate
biomarkers, without substantial findings
(Supporting Information Table Ill). Regarding
BD-2 and IL-4R
elevated in those patients who worsened
24h  (p=0.046 p=0.062,

respectively) and 48h after stroke symptoms

outcome, levels were

within and
onset (p=0.041 and p=0.031, respectively)
(Fig 3A to D). Interestingly, this association
with worsening occurs only in those patients
who received rt-PA earlier (within the first 3
hours from onset) and had a less established
infarct (p=0.058 for BD-2 and p=0.024 for IL-
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Figure 3. Blood level of biomarker candidates

regarding in-hospital outcome.
Graphs represent baseline biomarkers levels in relation to

worsening at 24h (3A and 3C) and 48h (3B and 3D) from
stroke symptoms onset (N=80 patients). Box-plot
represents median and interquartiie range, with
overlapping dot-plot to show the distribution of the values
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4R) than those patients who received rt-PA
beyond 3 hours (p=0.399 for BD-2 and
p=0.909 for IL-4R) (Fig 4A to B).

New biomarkers for acute stroke prognosis

In our replication cohort 21.5% of patients
worsened within 24h and 31.8% of patients
worsened at 48h, with 40% of worsening due

to hemorrhagic transformation (that was
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Figure 4. Blood level of biomarker candidates

depending on time to treatment and outcome.
Graphs represent baseline biomarkers levels in relation to
time from symptoms onset to rt-PA treatment, differentiating
between patients who worsened (grey) or not (white) at 24h.
Box-plot represents median and interquartile range, with
overlapping dot-plot to show the distribution of the values.

symptomatic in 75% of the cases). Patients
who worsened were more likely to have

diabetes mellitus, higher NIHSS at admission

and to have suffered a previous stroke (Table
2). A cut-off of 1.15 ng/mL for BD-2 (82%
sensitivity, 48% specificity) and of 503.40
IL-4R  (53% 72%

specificity) discriminated between patients

pg/mL for sensitivity,
who worsened or not at 24h. At 48h identical
cut-off points remained discriminative with
76% sensitivity, 49% specificity for BD-2 and
52% sensitivity, 73% specificity for IL-4R. Any
association was found between BD-2 or IL-4R
and hemorrhagic transformation as a specific

cause of worsening (data not shown).

After including all associated variables into
the multivariate logistic regression analysis,
only NIHSS at admission (ORgg; 1.10 [95% CI
1.00-1.22] p=0.050) and diabetes mellitus
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Table 2. Univariate analyses for worsening at 24h and 48h in the replication «

Worsening 24h Worsening 48h
Factors Yes (N=17) No (N=62) p-value | Yes (N=21) No (N=45) p-value
Age, years median (IQR) 79.0 (67.0-82.0) |78.0(72.0-82.0) |0.797 |78.0(67.0-82.0) | 78.0 (72.0-82.0) |0.767
NIHSS at admission mean+SD |17.2+5.4 14.7+6.8 0.155 ]16.9+5.1 13.8+7.0 0.075*
Previous MRS median (IQR) 0 (0-0) 0 (0-0) 0.359 |0 (0-0) 0 (0-0) 0.518
Gender (Male) % (n) 52.9 (9) 51.6 (32) 0.923 [47.6 (10) 60.0 (27) 0.345
Smokers % (n) 6.7 (1) 16.7 (10) 0.445 |16.7 (3) 11.4 (5) 0.681
Glucose (mg/dL) median (IQR) |120.0(99.0-170.5) | 118.0 (94.0-146.0) | 0.382 | 127.5(97.0-158) | 113.5 (88.5-138.0) | 0.139
Arterial hypertension % (n) 70.6 (12) 66.1 (41) 0.729 |76.2(16) 60.0 (27) 0.199
Diabetes mellitus %(n) 47.1(8) 19.4 (12) 0.029 [47.6 (10) 11.1 (5) 0.003
Dyslipidemia % (n) 41.2 (7) 29.0 (18) 0.340 |38.1(8) 33.3(15) 0.705
Atrial fibrillation % (n) 35.3(6) 35.5 (22) 0.988 |33.3(7) 35.6 (16) 0.860
Ischemic cardiopathy % (n) 17.6 (3) 22.6 (14) 1.000 ]14.3(3) 28.9 (13) 0.197
Early signs % (n) 13.3(2) 12.3 (7) 1.000 |21.1(4) 10.0 (4) 0.416
Previous stroke % (n) 23.5(4) 19.4 (12) 0.738  |38.1(8) 17.8 (8) 0.073*
Minutes to treatment mean + SD | 206.8 + 114.0 175.4 +60.4 0.289 1925 +101.6 177.5+68.4 0.489
Vessel localization 0.297 0.215
-MCA % (n) 70.6 (12) 87.1 (54) 76.2 (16) 88.9 (40)
TOAST 0.203 0.113
- Atherothrombotic % (n) 41.2 (7) 19.4 (12) 42.9 (9) 15.6 (7)
- Cardioembolic % (n) 41.2(7) 48.4 (30) 33.3(7) 53.3 (24)
- Undetermined % (n) 11.8 (2) 29.0 (18) 19.0 (4) 26.7 (12)
BD-2 >1.15 ng/mL % (n) 82.4 (14) 51.6 (32) 0.023 [76.2 (16) 51.1 (23) 0.054*
IL-4R >503.40 pg/mL_ % (n) 52.9 (9) 27.9 (17) 0.052* [52.4(11) 27.3(12) 0.048

mRS, modified Rankin scale; TOAST, etiology stroke subtype classification; NIHSS, National Institutes of Health
Stroke Scale; IQR, interquartile range. Statistically significant differences between groups are expressed as bold p-

value; * stands for statistical trend (p<0.1).

(ORagj 5.17 [1.47-18.13] p=0.010) were
clinical independent predictors of worsening
within the first 24h after symptoms onset.
When plasma levels above the cut-off for
both BD-2 (OR,q 4.87 [1.13-20.91] p=0.033)
or IL-4R (OR,q 3.52 [1.03-12.08] p=0.045)
were added separately or in combination
(OR,q 3.81 [1.43-10.14] p=0.008) to the
clinical predictive model, the discriminative
power of the predictive model increased from
an AUC of 0.719 (95% CI 0.606-0.815) to an
AUC of 0.829 (0.727-0.905) (p=0.056) (Table
3). Moreover further statistical analyses
both

the

showed how the combination of

biomarkers increased significantly

discrimination  between  patients  who
worsened or who did not (IDI index 0.095,
p=0.033). Regarding patient reclassification
BD-2 alone
reclassified better both the events and non-
events (NRI index 28.2%, p=0.009) than the
combination of both biomarkers (NRI index
19%, p=0.020) (Table 3). Similar results were

obtained when worsening was assessed at

into higher risk categories,

48h from stroke symptoms onset, when the
combination of both BD-2 and IL-4R allow the
reclassification of 27.5% of patients (p=0.020)
(Supporting Information Table V).

Discussion

In this study we firstly described the plasma
protein profile which is associated with early
neurological outcome after ischemic stroke.
Furthermore a methodological improvement
both (by

pooling and

was attempted

the

technically
introducing strategy)
statistically (by using comparative metrics).
As a result two new outcome biomarkers (BD-

2 and IL-4R) were discovered.

We consider the use of pooling strategies
highly suitable for the discovery of new
candidates to become biomarkers. Pooling
reduces the biological variability, as it is
assumed that the expression in the pooled-
sample averages the expression of the
individual samples which were contained in
the pool (Kendziorski C., 2005). Another good

point of pooling is the reduced costs, both in



number of assays and number of biological
samples. The use of a sub-pooling strategy to
gain accuracy by including some variability
within each group (Zhang W., 2007) and the
replication of the discovery findings in
individual samples (Sham P., 2002; Walker
L.C. 2010) contribute to a more desirable

approach.

Following this design, we found 35 altered
proteins which are involved in biological and
cellular processes with a known role in
such as

ischemic stroke, inflammation,

apoptosis or the coagulation cascade (Mehta

BD-2 and IL-4R as stroke outcome biomarkers

S.L., 2007; Jickling G.C., 2011). Some of

these proteins have been previously
associated to stroke outcome, confirming the
validity of our strategy: fibrinogen (del Zoppo
G.J., 2009), D-dimer (Welsh P., 2009), protein
C (Mendioroz M., 2009), resistin (Efstathiou
S.P., 2007), MMP-2 (Montaner J., 2001),
MCP-1/CCL2 (Worthmann H., 2010) and

MIP-1a/CCL3 (Zaremba J., 2006).

We have only detected one protein, OPN,
which discloses an inversely associated
relation in our study and in previous literature;

while we found higher levels in those patients

Table 3. Comparison between predictive models with only clinical variables and models including

biomarkers for worsening at 24h.

Model — Worsening 24h
Only Clinical Clinical + BD-2 Clinical + IL-4R Clinical + Combination
BD-2 & IL-4R
NIHSS admission | 1.1 (1.0-1.2), 0.050 | 1.1 (1.0-1.2), 0.049 1.1(1.0-1.2), 0.030 1.1(1.0-1.3), 0.028
5 DM 5.2 (1.5-18.1), 0.010 | 5.1 (1.4-19.3), 0.015 5.2 (1.4-19.3), 0.013 5.4 (1.3-21-3), 0.017
s Age 1.0(0.9-1.0), 0.690 | 1.0 (0.9-1.0), 0.882 1.0 (0.9-1.0), 0.834 1.0 (0.9-1.0), 0.991
é Gender (female) | 1.5(0.4-5.0), 0.513 | 1.1 (0.3-4.1), 0.850 1.4 (0.4-5.0), 0.565 1.1 (0.3-4.2), 0.860
03) BD-2 - 4.9 (1.1-21.0), 0.033 - -
ﬁ IL-4R - - 3.5(1.0-12.1), 0.045 -
§» ? BD-2 + IL-4R - - - 3.8 (1.4-10.1), 0.008
_ NRI events - 11.8% 11.8% 5.9%
% NRI - 16.4% 6.5% 13.1%
g non-events
ag,’ NRI - 28.2% (6.9 — 49.4) 18.3% (-0.8 — 37.5) 19% (3.0 — 35.0)
8§ [pale Ref. 0.009 0.061% 0.020
IDI events - 0.046 0.034 0.076
" IDI - 0.012 0.007 0.019
% non-events
g IDI - 0.058 (-0.002 — 0.119) | 0.041 (-0.024 — 0.106) | 0.095 (0.007 — 0.182)
é p-value Ref. 0.059* 0.213 0.033
AUC 0.719 (0.606-0.815) | 0.788 (0.681-0.872) 0.774 (0.665-0.861) 0.829 (0.727-0.905)
1]
§ GE:': p-value Ref. 0.123 0.299 0.056*
o

All logistic regression models were adjusted by NIHSS at admission, age and gender; OR.q (95% CI) and p-value
were given. Biomarkers were added to clinical logistic regression model using cut-off point: BD-2 > 1.15 ng/mL and IL-
4R > 503.40 pg/mL. NRI: Net Reclassification Improvement index (risk categories used: <10%, 10-90% and >90%);
percentage of reclassification given for both events (i.e. patients who worsened at 24h) and non-events and for the
sum of both (with 95% CI). IDI: Integrated Discrimination Improvement index; index given for both events and non-
events and for the sum of both (with 95% CI). AUC: Area Under the ROC Curve; area with 95%CI given for each
model. Clinical model always used as reference model to compare. Statistically significant results expressed as bold

p-values; * statistical trend.
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who improved, in a previous study from our
group OPN was oppositely associated to
long-term poor prognosis (Mendioroz M.,
2011). Moreover, some molecules that have
been associated with short-term prognosis in
our study, such as C-peptide (O’'Neill P.A.,
1991), P-selectin (Bath P.M.W., 1998) and IL-
8 (Zeng L., 2013), have been studied in other
cohorts without any association regarding
stroke prognosis. Although following different
approaches, the possibility of false-positive
results could not be overlooked. On the other
hand those proteins typically associated to
poor prognosis, such IL-6 (Smith C.J., 2004)
and CRP (Montaner J., 2006), were not
associated in our pooled cohort. This could
be related to the dilution effect which was
commented above, a plausible explanation
since neither IL-6 nor CRP have shown a
great association with outcome in individual
studies (Whiteley W., 2009).

Nonetheless our discovery experiment
provides a list of interesting candidates which
have not been previously explored in the
context of stroke prognosis. From them, we
chose 10 candidates (BCA-1/CXCL13, BD-2,
Exodus-2/CCL21, 1L-12p40, IL-4R, LIF, MIP-
1b, MIP-3b, PAI-1 active form and TWEAK)
to be tested in our replication cohort. BD-2
and IL-4R were found as independent
predictors of neurological worsening in the
acute phase of ischemic stroke, within 24 and
48 hours after symptoms onset, mainly when

the infarct has not been fully established.

Human beta-defensins play a role in immune-
inflammatory responses, mainly acting as
antimicrobial peptides and also as
chemoattractants. BD-2 is mainly expressed

in the respiratory tract epithelia, but it can

also be expressed by monocytes and
macrophages and, at brain level, by capillary
BD-2
expression is inducible by cytokines, such as
TNF-a or IL-1b, and bacteria (Schroder J.M.,

1999). Moreover, in vitro and in vivo models

endothelial cells and astrocytes.

have shown an increase in expression and
the release of BD-2 after hypoxic/ischemic
stimuli (Nickel D., 2012; Liu K.X. 2009). In
stroke patients, only the copy number variant
of BD-2 gene (DEFB4) has been studied and
reflects a higher protein plasma concentration
in those patients with more gene copies
(Tiszlavicz Z., 2012). Thus, the higher levels
of BD-2 which were associated with

worsening  might be  reflecting the
inflammatory state that is produced after

stroke.

IL-4 is a multifunctional cytokine which is
required for the development of Th2 cells and
thus with anti-inflammatory properties. To
exert this effect, IL-4 binds to membrane-
bound IL-4R; however, there exists a soluble
form of IL-4R (mainly produced by MMPs-
mediated proteolysis (Jung T., 1999)) which
can block or prolong IL-4 effects depending
1999-2).
Together with the higher expression of MMPs
detected

on its concentration (Jung T.,

in patients who worsened, the
IL-4R with poor

outcome is also in accordance with the pro-

association of soluble

inflammatory state that is suggested by BD-2.

We also wanted to prove that, apart from
both

biomarkers add value to clinical information.

being independent predictors,
Clinical variables typically associated with
neurological deterioration are stroke severity
at admission and age, as non-modifiable

factors, together with risk factors such as



diabetes mellitus or arterial hypertension. The
clinical variables that were independently
associated with early worsening in our cohort
comprise NIHSS at admission and diabetes
mellitus, after being adjusted by age and
gender. The deleterious effect of diabetes
mellitus on stroke outcome has been
previously observed by several groups, as
recently reviewed (Desilles J.P., 2013). When
this clinical model was considered,
comparison of AUCs showed how BD-2 and
IL-4R, alone or in combination, improved the
measure of discrimination of clinical
variables, which changes from acceptable to
excellent discrimination between patients who
worsened and those who did not. However,
some authors suggested that the comparison
of AUCs is not the best way to know the
additional value of biomarkers (Pepe M.S.,
2004).

statistical tools which are being applied to

Therefore we have employed
know the capacities of biomarkers regarding
(IDI) and

into risk categories (NRI).

discrimination patients’
reclassification
These two tests are based on the risk
prediction models (i.e. logistical regression
models) and the probability of an event for
each patient (Pickering J.W., 2012). Both IDI
and NRI can be calculated per separate for
events (i.e. worsening) and non-events (i.e.
non-worsening) to better interpret how the
biomarker is adding value, if it is by better
recognizing the events or if it is by reducing
the rate of false positives for non-events.
Regarding our results for IDI test, we found
an improvement in discrimination by the
identification of real events for BD-2 and
particularly for the combination of both BD-2
and IL-4R. This may be explained because

BD-2 cut-off point had great sensitivity and IL-

BD-2 and IL-4R as stroke outcome biomarkers

4R increased specificity, thus the combination
of both biomarkers gained statistical power.
Regarding reclassification of the patients into
extreme risk categories, BD-2 alone showed
the best performance at 24h, reclassifying
correctly a 28.2% of patients, mainly by
reducing 48h, the
combination of both BD-2 and IL-4R achieved

false positives. At

this non-negligible reclassification rate. |If

confrmed in prospective studies as
prognostic biomarkers, the measurement of
plasma levels of BD-2 and IL-4R in the acute
phase of stroke might help in decision-making
processes, such as in giving information to
relatives,

patients and optimization  of

inclusion in  specialized stroke units,
evaluation of treatment benefits or inclusion

into clinical trials.

Our study stands with several limitations. The
results of our discovery phase have not been
corrected in accordance to multiple testing;
we consider this phase merely exploratory
and the limited sample size has not statistical
this kind of

Moreover, sample size of our

power enough to sustain
correction.
replication cohort is relatively small and limits
the assessment of biomarkers association
with specific worsening causes that could
influence outcome, as has been suggested in
larger cohorts, although non-modifiable
factors are the main force (Grube M.M.,
2013); thus an independent larger study might
conduct sub-analysis by specific causes and
to assess the value of these biomarkers in all
types of stroke patients since the results of
the present study can only be generalized to
stroke patients who underwent thrombolysis.
In the future, BD-2 and IL-4R might be further
explored in a prospective cohort that is being

recruited in our hospital and that will collect a
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more  complete information  regarding

outcome. Furthermore, different detection
methods (simple ELISA, Luminex arrays or
others) should be explored in order to confirm
our results. Finally, molecules which have
been found altered in our discovery phase but
have not been included in the replication due
to the impossibility of performing multiplex
ELISA as well as molecules that are not
included in the discovery array might be of
interest, such as the recently described
stroke outcome biomarker

Marchis G.M., 2013) or others.

copeptin  (De
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RT-PCR: reverse transcription
polymerase chain reaction
DCAKD: dephospho-CoA kinase
domain containing

ABSTRACT

Nowadays clinicians have no accurate tools to predict stroke
outcome beside clinical and neuroimaging data. To study
gene expression changes associated with neurological
outcome after ischemic stroke, we pooled RNA from blood
samples of 44 rt-PA-treated stroke patients depending on
outcome group: worsening, stability or improvement (NIHSS
score-based). Affymetrix GeneChip arrays were used and
4,581 genes were found to be differentially expressed after
statistical analysis. 85 genes were associated to poor or
good outcome, mainly involved in cell-death, cell-to-cell
signaling and metabolism networks. Replication of 30
candidates by RT-PCR using microfluidic cards with
individual samples from 60 new patients revealed the same
trend in 10 genes. DCAKD and PMS2 were significantly
associated with neurological improvement at 24 and 48
hours after stroke and form part of a predictive panel that
improved clinical information. Gene expression levels might

PMS2: Mismatch repair endonuclease

INTRODUCTION

Ischemic stroke is the second cause of death
and the major cause of disability
worldwide®'.Despite of that the prognosis of
stroke patients is still based only on clinical
and neuroimaging data. To know which
patients are going to develop medical
complications would optimize care and
monitoring of the patients, reducing in-hospital
lethality and improving functional outcome®?.
Several blood biomarkers have been
associated with stroke prognosis™ and they
might add information to improve the
prediction of stroke outcome. Gene
expression profiling techniques offer the
opportunity to discover new markers. Our aim

was to study gene expression changes

contribute as markers for stroke prognosis.

associated with neurological outcome of
stroke patients, using a blood samples-
pooling

strategy to reduce biological

variability.

METHODS

Patients and samples

We included patients who were admitted to
the emergency department of the Vall
d’'Hebron University Hospital (Barcelona,
Spain) with an acute ischemic stroke within
the first 4.5 hours after symptoms onset.
Stroke diagnosis was performed based on a
standardized protocol of clinical and
neuroradiological assessments. All patients

received intravenous recombinant tissue-



plasminogen activator (rt-PA) in a standard
0.9 mg/Kg dose (10% bolus, 90% continuous
infusion during 1h). Stroke severity was
assessed by using NIHSS®. We defined
neurological improvement as a decrease in
NIHSS

neurological stability as changes in NIHSS

score by 4 or more points,
score of 3 or less points and neurological
deterioration as death or an increase in
NIHSS score by 4 or more points at 24 h or 48
h'.

Before administration of any treatment,
peripheral blood samples were drawn from
each patient. White blood cells were obtained
by centrifugation at 1500 g for 15 min at 4°C,
mixed with RNAlater® solution (Ambion, USA)
as RNA stabilizer and stored at -80°C until
use.

The local ethical committee approved the
study and written consent was obtained from
all patients or relatives in accordance with the

Helsinki declaration.

RNA purification, pooling and hybridization

Total RNA was isolated with RiboPure™-
Blood kit (Ambion) and globin mRNA was
depleted with GLOBINclear™ kit (Ambion).
The integrity of RNA was determined using
the Bioanalyzer 2100 platform (Agilent, UK),
with  RNA integrity numbers of 5-7. RNA
concentration was better
RediPlate™ 96 RiboGreen® RNA Quantitation
Kit (Invitrogen, USA) and all RNA samples

determined by

were diluted to 4 £ 0.5 ng/uL. Thus, equally
amount of 2 to 4 RNA individual samples was
pooled depending on neurological outcome:

(WOR): with

neurological deterioration during in-

1. Worsening patients

hospital stay.

2. Stability (STA): patients without
changes in neurological state during
in-hospital stay.

3. Improvement (IMP):

neurological improvement during in-

patients with

hospital stay.

In total, 16 pools were prepared: 4 pools for
the worsening group and 6 pools for both
stability and improvement groups. All three
outcome groups were balanced regarding age
and initial severity (Table 1).

RNA integrity was maintained after pooling.
cDNAs obtained with Ovation Pico WTA
system (Nugen, USA) were hybridized to
GeneChip Human Exon 1.0 ST arrays
(Affymetrix, USA).

number of Mean NIHSS Mean Mean NIHSS difl.

Pool | “samples admission age (adm.-disch,)
WOR 1 3 14 0.7 A37
WOR 2 2 8 i -6
WOR 2 3 213 743 8.7
WOR 4 2 20 fi. -10
5TA1 3 18.3 70 .7
5TAZ 2 18 80.5 1
5TAZ 2 15 1 0.5
STA 4 5] 12.7 59.3 .7
STAS s (k] BED 1.5
STAE 3 19 68,7 2
IMP 1 4 i} 8.8 11
IMP 2 s 16 E2 14
IMP 3 2 & &1 14
IMP 4 2 145 TE.5 it
IMP 5 ] 0.3 B3 9
IMP & 3 16.3 Fi ) 14.3
Table 1. Clinical characteristics of pooled

samples. NIHSS diff. = NIHSS at admission — NIHSS
at discharge. Age given in years.

WOR: worsening; STA: stability; IMP: improvement;
NIHSS: National Institutes of Health Stroke Scale.

Microarrays analysis
The

Expression Console software (Affymetrix).

images were processed with the
The quality of the arrays was acceptable after
the assessment of 6 quality control metrics
and thus all 16 arrays were subjected to
subsequent analysis. Raw expression values
obtained directly from .CEL files were
preprocessed using the Robust Multi-Array

method, a three-step process which integrates



background correction, normalization and
summarization of probe values®. After non-
specific filtering to remove low signal and low
variability genes, differentially expressed
genes between outcome conditions were
selected, based on a linear model analysis
with empirical Bayes moderation of the
variance estimates®. Age and initial severity
were used as covariates. Spearman
correlations between gene expression and
NIHSS score difference as a continuous
variable were also performed. All the
statistical analyses were done using the free
statistical language R and the libraries
developed for microarray data analysis by the

Bioconductor Project (www.bioconductor.org).

Unadjusted p-values < 0.01 and Spearman
correlation with R > 0.5 and p < 0.05 were

used to consider differentially expressed

genes associated with outcome.

Network analysis

Genes associated with outcome were

analyzed through the wuse of Ingenuity

Pathway Analysis (IPA) (Ingenuity® Systems,
identifiers were

www.ingenuity.com). Gene

mapped to its corresponding gene object in
the IPA database in order to identify potential
networks and associated canonical pathways.
A score, derived from a p-value, was
generated for each network according to the

fit of the set of genes.

Quantitative RT-PCR

Total RNA was isolated with RiboPure™-
Blood kit from individual samples from 60 new
stroke patients and RNA quantity and quality
(A260/A280

NanoDrop®

ratio)
ND-1000

were determined by
(Nucliber,
cDNAs were generated per High Capacity

Spain).

cDNA Reverse Transcription Kit (Life
Technologies, USA). qRT-PCR reaction were
performed using TagMan® Custom Arrays
(Life Technologies), preconfigured in a 384-
well format and spotted on a microfluidic card,
for GSTM1, FBX032, KIAA0232, FUNDC1,
MED20, SERHL2, MPZL3, OASL, CCL4,
IFIT5, CCDC146, IER3, CEP19, ZNF384,
CCDC93, S100A6, GPN1, YPEL4, DCAKD,
PMS2, PFKFB2, MAP2K6, CYP2F1,
SPRYD4, SH2D1B, NUTF2, QTRTD1,
FAM134C, SLC22A15, HSPB11 and GAPDH
& PPIA as endogenous controls. qRT-PCR
amplifications were run in triplicates on an
7900HT Sequence Detection System (Life
Technologies) and analyzed using the SDS
2.4 software (Life Technologies). Relative
quantification (RQ) values were calculated by

use of the Livak equation: RQ = 24

, using
the geometric mean of both endogenous

controls and a calibrator sample in all runs.

Statistical analyses
Analyses were conducted using SPSS 15.0
and R.

Kolmogorov-Smirnov

Normality was assessed by

test. Intergroup
differences between stroke outcome groups
were assessed by ANOVA and Student's t
tests and p-values <0.05 were considered
significant. Mean and SEM values were
displayed in bar graphs.

To know which genes might confer
robustness on a potential biomarkers’ panel
we have used PanelomiX, a web-based tool
that allows the iterative combination of
biomarkers and clinical variables by selecting
thresholds for an optimal classification
performance, which is analyzed with cross-
validation and receiver operator characteristic
(ROC) curves™. Clinical variables considered

were age, gender and NIHSS at admission.



The best panel was reproduced in a logistic
regression analysis to obtain the model
probabilities for each patient in order to
calculate the integrated discrimination
improvement (IDI) and the categorical net
reclassification improvement (NRI) indexes™
Thus,

clinical data could be addressed and,

the added value of biomarkers to
in the
case of NRI,
thresholds of predicted risk (£10% and >90%)

allowed to calculate reclassification of patients

pre-specified clinically relevant

into risk outcome groups*?

RESULTS

Gene expression profiling using microarrays
After normalizing and filtering raw results,
4,581 genes were found to be differentially
expressed (Figure 1A). When comparison by
pairs was done, 33 genes were altered in the
WOR vs. IMP analysis and 26 genes in both
WOR vs. STA and IMP vs. STA analyses
(Figure 1B). In total, 76 different genes were
altered regarding early neurological outcome
(p-value < 0.01). Five of these genes were
exclusively associated with WOR, 2 over-
expressed and 3 under-expressed genes;
3 genes were exclusively associated with

IMP, 2 of them being over-expressed.

A.

STA
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Figure 1. Differential gene expression between outcome groups.

B. WORvsSTA

/7(\

Correlations between gene expression and
NIHSS score change between admission and
discharge revealed 14 genes with a positive
correlation (the more expression, the more
NIHSS that is

improvement) and 24 genes with a negative

reduction in score,
correlation (the more expression, the more
increase in NIHSS score, that is worsening).
These correlations suggested a direct relation
with NIHSS score changes and not only with
categorization of outcome groups.

of 85

differentially expressed genes depending on

Both analyses built a final list

early neurological outcome.

Network analysis

IPA analysis was performed with the list of
genes from each comparison by pairs, in
order to identify which biological processes
lead to worsening and which ones lead to
improvement.

The analyses WOR vs. STA and WOR vs.
IMP revealed gene interactions in cell death
and cell-to-cell signaling associated with
worsening (Figure 2). On the other hand, the
analysis IMP vs. STA found gene interactions
in lipid and protein metabolism network
(Figure 3).

WORvsIMP

IMPvsSTA
Heat map (1A; red for over-

expression and blue for under-expression) and gene expression distribution (1B).

WOR: worsening; STA: stability; IMP: improvement.
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Figure 2. Biological pathways associated with worsening . 2A. Cell cycle and cell death pathway. 2B. Cell-to-cell
signaling and interaction and cell movement pathway. In both cases red is used for over-expressed genes in patients
who worsened their neurological status and green for under-expression. Continuous line indicated direct interaction
and

Replication of microarray data o S

From the 85 altered genes list we selected O i

30 candidates for replication, based on i i [
association with outcome (p<0.01), = j _ '
correlation with NIHSS difference (p<0.02) { : vy
and availability of commercial probe. _
CYP2F1 was not amplified by qRT-PCR in = | &
our replication cohort. From the other \ b s Fred

genes QTRTD1, FAM134C, HSPB11, Ll | .
SH2D1B, NUTF2, SPRYD4, OASL and 3 re

CCL4 showed the same trend in

association with outcome than in the

microarrays analysis; DCAKD and PMS2

were  significantly  associated  with ®

Figure 3. Biological pathway associated with
4; Table 2) and at 48 h after stroke. improvement.  Lipid metabolism and protein synthesis

pathway. Red is used for over-expressed genes in patients
who improved their neurological status and green for under-

neurological improvement at 24 h (Figure

Biomarkers’ panel for improvement expression.

As an 80% of the replicated genes were and CCL4 <0.93 together with NIHSS at
associated with improvement, we built a admission <15.5, age <74.5 years and male
biomarkers’ panel to predict this outcome. A gender, showed a good discrimination of

panel including DCAKD >0.92, PMS2 >1.01 patients who improved at 24h after stroke,
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Relative quantification (RQ)
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QTRTD1 FAM134C HSPB11 SH2D1B NUTF2 DCAKD PMS2 SPRYD4 OASL CCL4

Figure 4. Gene expression depending on neurological outcome at 24h after stroke. Relative quantification
of gene expression by real-time RT-PCR regarding housekeeping expression of GAPDH and PPIA. Bars display
mean + SEM. White bars represent patients who improved, light grey bars represent patients who remained
stable and dark grey bars represent patients who worsened. * p<0.05; ** p<0.01.

with an AUC of 79.3% after cross-validation
(with a 77% specificity and a 83% of

Only clinical
0.6 o variables

[ Clinical +
biomarkers

sensitivity). When only clinical variables
were used the AUC fell to 69.6% (63%
specificity, 67% sensitivity). This three-

o
o
1

o
S
1

marker panel enhanced the discrimination

Mean Probabilities of Improvement at 24h

0.3
of patients who improved after stroke in a £
10% using IDI statistics, increasing the *2] oo
detection of both true positives and false 014
positives (Figure 5). Regarding
reclassification, the three-marker panel 00 0 IMPROVEMENT IMPROVEMENT

classified better a 21% of the patients into Figure 5. Graphical representation of the
predefined categories of <10%, 10-90% comparison of predictive models by IDI index.
and >90% probability of improving at 24h

(p=0.03).

Table 2. Gene expression of genes associated with neurological outcome at 24h after stroke.

Microarrays Replication (QRT-PCR)
WORvVSSTA  WORvsIMP IMPvsSTA  Correlation WOR STA IMP Correlation
(FC, p) (FC, p) (FC, p) (G (RQ) (RQ) (R, p)
QTRTD1 n.a. -0.72,0.008 n.a. 0.64,0.008 | 0.83 1.09 1.05 n.a.
FAM134C -0.60,0.032 -0.77,0.008 n.a. 0.64,0.008 | 0.91 1.05 1.07 n.a.
HSPB11 -0.65,0.066  -1.03,0.005 n.a. 0.61,0.011 | 0.93 0.99 097 na
SH2D1B n.a. -0.94,0.007 0.54,0.079 0.69,0.003 | 0.47 0.55 0.66 n.a.
NUTF2 -0.79,0.016  -1.07,0.002 n.a. 0.68, 0.004 | 0.86 0.93 101 na
DCAKD n.a. -0.75,0.007  0.70,0.007 0.62,0.010 | 0.80 0.79 0.98 0.25,0.053
PMS2 -1.97,0.001 -1.18,0.003 n.a. 0.56,0.024 | 0.92 0.95 1.16 0.25,0.060
SPRYD4 n.a. -0.9, 0.005 n.a. 0.69, 0.003 | 0.99 0.97 1.07 0.22,0.098
OASL n.a. 0.98, 0.007 n.a. -0.64, 0.007 | 3.03 276 255 na.
CCL4 n.a. 0.88, 0.007 -0.69, 0.020  -0.61, 0.013| 2.74 2.68 240 n.a.

Fold changes (FC) and p-values from each of the statistical comparisons performed in the microarrays analysis together
with R and p-values from Spearman’s correlation with NIHSS difference. Relative quantification (RQ) values of gene
expression by gRT-PCR in the replication phase for worsening (WOR), stability (STA) and improvement (IMP) together with
correlation with NIHSS difference.



DISCUSSION

Our strategy has allowed us to describe
general changes in the expression of genes
in the circulating leukocytes of ischemic
stroke patients associated with early
neurological outcome.

The mechanisms of cell death and cell-to-
cell signaling seem relevant in those
patients who worsened after stroke, maybe
related to the inflammatory process that
takes place in the acute phase of stroke.
However, a pathway involving metabolism
and protein synthesis was associated with
improvement of baseline neurological
deficit, maybe reflecting the generation of
energy and products needed in the cells of
the immune system to act in order to
reestablish the normal status after stroke.
Moreover, one of the genes associated with
improvement, PMS2, has a role in
damaged DNA repair. Thus, it might be that
patients who had more capability of
maintaining immune system active and in
an appropriate state had more chance to
overcome stroke.

The replication phase in individual samples
is desirable after a pooling-based discovery
phase to demonstrate that the general

changes found are
13,14

individually
applicable In order to increase the
number of genes to be analyzed, we used
microfluidic cards, what allowed us to
analyze 30 genes plus 2 housekeeping
genes in a rapid and reproducible
manner. DCAKD and PMS2 maintained
their association with improvement in the
replication cohort. Other 8 genes showed a
trend in the same direction than in
microarrays analysis and CCL4 expression

level enter together with DCAKD and PMS2

into a panel that showed some added value
to clinical predictive data. If a panel
including more markers can increase that
amelioration in predicting a good early
outcome will be further explore.

The exploration of gene expression in

different subtypes of leukocytes

(monocytes,  neutrophils, limphocytes)

might contribute to the understanding of the
physiopathology of stroke at the
immunological level®. If the expression of
the candidates shown up in this study is
different among subtypes of leukocytes
could be addressed to know if the different
cell contribution makes slighter the

differences between outcome groups.
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Anexos 7

VII. Abreviaciones

2D-DIGE: electroforesis bidimensional
diferencial en gel.

A’DS’: Age, Atrial fibrillation, Dysphagia, Sex,
stroke Severity score.

AIS-APS: acute ischemic stroke-associated
pneumonia score.

AIT: ataque isquémico transitorio.
ARN: acido ribonucleico.

ASPECTS: Alberta stroke program early CT
score.

ASTRAL: the acute stroke registry and analysis
of Lausanne.

ATP: adenosin trifosfato.

AUC-ROC: area bajo la curva de caracteristica
operativa del receptor.

BD-2: beta-defensina 2.
Bl: indice de Barthel.
BNP: péptido natriurético tipo B.

BOAS: the Bologna outcome algorithm for
stroke.

CADASIL: arteriopatia cerebral autosémica
dominante con infartos subcorticales y
leucoencefalopatia.

CNS: Canadian neurological scale.
CNTN1: contactina 1.

CRP: proteina C reactiva.

CYBP: proteina de unioén a calciclina.
CYTA: cistatina A.

DCAKD: proteina con dominio defosfo-coA
quinasa.

DM: diabetes mellitus.

DRAGON: hyperDense cerebral artery sign,
prestroke  mRS, Age, Glucose, Onset-to-
treatment time, NIHSS score.

DRP-2: proteina relacionada con |la

dihidropirimidinasa 2.
DTI: imagen de tensor de difusién.
DWI: diffusion weighted imaging.

ECASS: European cooperative acute stroke
study.

ELISA: ensayo por inmunoabsorcion ligado a
enzimas.

ESS: European stroke scale.
FA: fibrilacién auricular.
fMRI: resonancia magnética funcional.

GAPDH: gliceraldehido-3-fosfato
deshidrogenasa.

GCS: Glasgow coma scale.

GDIR1: inhibidor de disociacién de GDP Rho
alfa.

GELS: gelsolina.
GFAP: proteina gliofibrilar acida.

GODS: genetic contribution to functional
outcome and disability after stroke.

GOS: Glasgow outcome scale.

GRASPS: Glucose Race Age Sex Pressure stroke
Severity score.

GTPase: guanosina trifosfatasa.

GWAS: estudio de asociacion del genoma
completo.

GWTG: get with the guidelines.

HAT: Hemorrhage After Thrombolysis score.
HI: infarto hemorragico.

HSPB11: proteina de choque térmico 11.
IDI: indice de mejoria de la discriminacion.
IL-4R: receptor de la interleucina 4.

IL-6: interleucina 6.

IM: infarto de miocardio.

IPA: Ingenuity Pathways Analysis.

IPD: metaandlisis de pacientes individuales.
iScore: ischemic stroke predictive risk score.
ISSS: ischemic stroke survival score.

JCS: Japan coma scale.

LC-MS/MS: cromatografia liquida acoplada a
espectrometria de masas en tandem.

Lp-PLA2: fosfolipasa A2 asociada a lipoproteina.

MAC: molécula de adhesion celular.
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MALDI: desorcion/ionizacion ldser asistida por
matriz.

miR: microARN.
MMP: metaloproteinasa de matriz.

MRM: protedmica  cuantitativa
(multiple reaction monitoring).

dirigida

mRS: escala modificada de Rankin.

NIHSS: National Institutes of Health stroke
scale.

NRI: indice de mejoria de la reclasificacion.

NT-proBNP: fragmento aminoterminal del pro-
péptido natriurético tipo B.

NUTF2: factor de transporte nuclear 2.

OASL: proteina analoga a la 2’-5’ oligoadenilato
sintasa.

OCSP: Oxfordshire community stroke project
classification.

OHS: Oxford handicap scale.

OR: cociente de probabilidades u odds ratio.
PAIS: Paracetamol (Acetaminophen) In Stroke.
PASS: Preventive Antibiotics in Stroke Study
pPAUC: area bajo la curva parcial.

PET: tomografia por emisién de positrones.
PH: hematoma parenquimatoso.

PLAN: Preadmission comorbidities, Level of
consciousness, Age, Neurologic deficit score.

PMS2: endonucleasa de
desapareamiento de bases.

reparacién de

POC: point-of-care devices.

PPIA: ciclofilina.

PWI: perfusion weighted imaging.
QTRTD1: t-ARN guanine transglicosilasa.
RDRS: rapid disability rating scale.

RM: resonancia magnética.

RQ: cuantificacidn relativa.

rt-PA: forma recombinante del activador tisular
del plasmindgeno.

RT-PCR: Reaccion en cadena de la polimerasa
con transcriptasa inversa.

SEDAN: Sugar, Early signs on CT, hyperDense
artery sign, Age, NIHSS score.

SEM: error estdndar de la media.
SH2D1B: proteina con dominio SH2 1B.
SID: dilucion de isotopo estable.

SOAR: systolic blood pressure, oxygenation, age
and respiratory rate score.

SPECT: tomografia computerizada de emision
monofotdnica.

SPRYDA4: proteina con dominio SPRY 4.

SRAGE: receptor soluble de productos de
glicacién avanzada.

SSS: Scandinavian stroke scale.

SSV: six simple variable model.

STAIR: stroke therapy academic industry
roundtable.
s-TPI: stroke thrombolytic predictive
instrument.

STRAWINSKI: STRoke Adverse outcome is
associated With NoSocomial Infections.

TABASCO: Tel Aviv Brain Acute Stroke Cohort.
TC: tomografia computerizada.
Th: linfocito T cooperador.

TOAST: trial of Org 10172 in acute stroke
treatment.

TOF: tiempo de vuelo.






