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1. INTRODUCCION






Introduccion

1.1. Las enfermedades cardiovasculares: epidemiologia y factores de riesgo

Las enfermedades cardiovasculares constituyen la primera causa de morbilidad
y mortalidad en el mundo [1] y representan, segun el ultimo informe de la
Organizacion Mundial de la Salud, el 29% de los fallecimientos a escala global, lo que
equivale aproximadamente a mas de 17 millones de muertes anuales
(http://www.who.int/mediacentre/factsheets/fs317/es/index.html). Dentro de estas
enfermedades, la isquemia cardiaca es la principal causa de mortalidad, constituyendo
un 12,2% del total, seguida por los accidentes cerebro-vasculares, con un 9,7%. Los
principales riesgos que predisponen al infarto de miocardio son la arteriosclerosis, la
hipercolesterolemia, la homocisteinemia, la diabetes mellitus o la edad. Ciertos
habitos modificables como el tabaquismo, el consumo excesivo de bebidas alcohdlicas,
la obesidad y los altos niveles de estrés, pueden incrementar la probabilidad de

padecer un infarto.

1.2. Fisiopatologia del infarto de miocardio

La isquemia cardiaca o infarto de miocardio (IM) se produce como
consecuencia de la obstruccion de los vasos coronarios y, por tanto, de la supresién del
flujo sanguineo. La falta de aporte de oxigeno al musculo cardiaco deriva en una rapida
muerte celular y consiguiente pérdida de la contractilidad muscular, lo cual puede
llegar a provocar el fallo cardiaco post-infarto.

La principal causa de la obstruccién del flujo sanguineo en la isquemia cardiaca
es la aterosclerosis coronaria [2]. Esta es una enfermedad inflamatoria crénica, que se
caracteriza por el desarrollo de placas de ateroma en las arterias, como respuesta a
una agresion del endotelio vascular. Dicha agresién esta mediada por diversos
factores, tales como la hipertension, |la presencia de lipoproteinas o acidos grasos
libres y el tabaquismo, entre otros. Como consecuencia de ello, las células endoteliales

de la pared arterial expresan moléculas de adhesion de células leucocitarias, y se



producen cambios en su permeabilidad que favorecen la entrada de particulas lipidicas
LDL (low-density lipoprotein) a la tunica intima. Ademas, los monocitos atraviesan el
endotelio y penetran en la tunica intima, donde diferencian hacia macréfagos tisulares
que fagocitan las lipoproteinas, para transformarse en células espumosas. Por otro
lado, las células musculares de la tinica media migran hacia la tunica intima, donde
proliferan y producen proteinas de matriz extracelular tales como el colageno, la
elastina y los proteoglicanos. En esta matriz, se acumulan también restos lipidicos
provenientes de la apoptosis de las células espumosas de la zona. Este proceso da
lugar a la formacién de la placa de ateroma, la cual puede causar estenosis arterial o
incluso trombosis si la placa se rompe, provocando la interrupcidn del flujo sanguineo

(Figura 1.1).
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Figura 1.1. Fases en el desarrollo de la aterosclerosis (adaptado de Libby P et al., 2011, Nature). a. Arteria sana
formada por la tunica intima, tinica media y adventicia. b. Primeras fases de la aterosclerosis: los leucocitos
sanguineos se adhieren a las células endoteliales activadas y migran hacia la tunica intima. Los monocitos maduran
hacia macréfagos que captan lipidos y se convierten en células espumosas. ¢. Migracion de las células musculares
lisas (CML) de la tunica media hacia la tunica intima donde aumenta la sintesis de moléculas de matriz extracelular
(coldgeno, elastina y proteoglicanos). Con la apoptosis de macréfagos y CML, se liberan restos lipidicos y se
acumulan en la regidn central de la placa. d. Ruptura de la placa y formacidn del trombo que obstaculiza el flujo
sanguineo.



Introduccion

La falta de riego sanguineo en el corazén tiene graves consecuencias. Es
indispensable que el aporte de oxigeno al corazdon sea constante, ya que presenta
estrictos requerimientos metabdlicos y en condiciones anaerobias, no posee la
capacidad de generar suficiente energia para mantener su funcionalidad [3]. En caso
de oclusidn, antes del transcurso de 10 segundos comienza la acumulacién de
productos derivados del metabolismo anaerdbico y la depleciéon de ATP, vy, tras 60
segundos, el cardiomiocito (CM) sufre cambios importantes tales como la hinchazén
mitocondrial y celular y la disminucién del glucégeno. A partir de los 20-40 minutos, el
dano producido es irreversible y, en el transcurso de 4-6 horas tras la oclusion, el
musculo cardiaco sufre ya una evidente necrosis.

Como mecanismo de respuesta al dafio isquémico, se activan una serie de
procesos de remodelado que, si bien no logran regenerar el dano provocado, lo
contrarrestan parcialmente y evitan la ruptura tisular. Este proceso se da en tres fases
gue se solapan entre si: una primera fase inflamatoria, una segunda fase de
proliferacién y una fase final de maduracién de la cicatriz.

-Fase inflamatoria: Con la muerte celular del CM, el contenido intracelular se
libera, iniciandose una respuesta inflamatoria por activacién de los mecanismos
innatos de la inmunidad. Se activa el sistema de complemento [4], se genera una
elevada produccion de especies reactivas de oxigeno y se activan las vias mediadas por
TLR (Toll-like receptor), induciendo la liberacién de numerosas citoquinas como el
TNFa (Tumoral Necrosis Factor), la interleuquina-6 (IL-6)) [5] y las moléculas con
actividad quimiotactica, MCP-1 (Monocyte Chemoattractant Protein-1) o SCF (Stem Cell
Factor) [6]. Dichas sefales inducen una serie de cambios en el CM a nivel funcional y
ultraestructural [7, 8], que generan una primera adaptacién al dafo tisular,
principalmente a través de la hipertrofia y expresion de proteinas fetales. Por otra
parte, en la matriz extracelular se activa la accién de metaloproteinasas (MMPs) [9],
las cuales promueven la degradacion de ésta, favoreciendo asi la infiltracion de
neutréfilos y células mononucleadas responsables de eliminar las células necrdticas de

la zona [10]. Ademads, el aumento de la permeabilidad de la microvasculatura favorece



la extravasaciéon de fibrindgeno y fibronectina plasmatica, los cuales formaran una
primera matriz provisional.

-Fase proliferativa: Durante esta etapa se activan mecanismos que inducen la
revascularizaciéon de la zona dafada, y en la que el endotelio cardiaco y las células
inflamatorias liberan factores quimiotdacticos tales como el SDF-1 (Stromal Derived
Factor-1) o la interleuquina-8 (IL-8), implicados en el reclutamiento de progenitores
vasculares a la zona danada (revisado en [11]). Entre dichos progenitores, se ha
demostrado en ratones que en una segunda fase del proceso inflamatorio, es atraida
una subpoblacién de macréfagos caracterizada por la baja expresion de Ly-6C y que
juega un papel importante en el proceso de revascularizaciéon [12]. Ademas, dicha
subpoblacion libera altos niveles de TGF-B1 (Transforming Growth Factor-pl),
citoquina implicada en la atraccidén de fibroblastos del propio tejido y de la médula
osea (MO) [13], asi como en su diferenciacion hacia miofibroblastos. Por otro lado, los
fibroblastos y macroéfagos reclutados en la zona isquémica son los encargados del
depésito de fibronectina, formando asi una segunda matriz provisional. Estos también
liberan factores tales como el TGF-B1 [14], la interleuquina-10 (IL-10) [15] y los
inhibidores tisulares de metaloproteinasas (TIMPs), que inhiben la actividad
proinflamatoria, para permitir asi el comienzo de la tercera fase.

-Fase de maduracién: Durante esta ultima fase se produce una estabilizacidon
de la matriz provisional, depositada durante las fases tempranas. Los miofibroblastos
[16] desempenan un papel crucial en este momento, liberando TIMPs que detienen la
degradacion de la matriz extracelular y produciendo coldgeno que contribuird a la
formacion de la cicatriz, lo que impide una mayor dilatacién ventricular. Finalmente,
los miofibroblastos, gracias a su capacidad de contraccién, contribuyen a la retraccién
del drea infartada.

Como se puede comprobar, el proceso de remodelado cardiaco incluye
complejos patrones de estimulacidn celular y molecular, que se integran en un intento
de mantener la funcionalidad del corazén (Figura 1.2.). Sin embargo, existe una

limitaciéon importante para su recuperacién, que es la reducida capacidad de
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regeneracion del tejido cardiaco [17, 18], lo que hace inevitable la permanencia de la

cicatriz en el miocardio.

INFILTRADO DE DESCENSO DEL RENDIMIENTO CARDIACO
LEUCOCITOS
el v ™~ QUEMOTAXIS DE
AUMENTO DE LIBERACION ACTIVACION DE RAS MACRGFAGOS Y FIBROBLASTOS
DE NE DESDE LA MEDULA EN EL APARATO AUMENTO DE > | PROLIFERACION DE FIBROBLASTOS
ACTIVACION ADRENALY TERMINACIONES YUXTAGLOMERULAR ANPY BNP TRANSFORMACION DE
PROTEASAS NERVIOSAS SIMPATICAS MACROFAGOS
I\ \
\l/ 2 ELEVACION DE ELEVACION DE LA EXPRESION DE ACE LIBERACION DE TGF-B
AUMENTO DE ANGII PLASMATICA EXCRECION DESDE MACROFAGOS,
LANE DE Na* Y AGUA
DEGRADACION PLASMATICA \
DE COLAGENO - \/ PRODUCCION LOCAL RANSFORMACION D
LIBERACION DE DISMINUCION DE ANGII Y FIBROBLASTOS A
\[/ ENDOTELINA-1 DE VOLUMEN RESISTENCIA ALDOSTERONA MIOFIBROBLASTOS
VASCULAR SISTEMICA
DESAPARICION v EXPRESION DE TGF-B
DECM ACTIVACION DE TIMPS
HIPERTROFIA CM MEJORA TRANSITORIA DE LA ST PEEEACEE
J/ FUNCION CARDIACA SOV

ADELGAZAMIENTO
DE LA PARED

LIBERACION
LOCAL DE ANGII

AUMENTO DEL

ESTIRAMIENTO

L ESTRES DE LA MECANICO QUMD (313 FIBROSIS
Y DILATACION N, PARED s g:?;;'c"‘T’fEs
VENTRICULAR
REMODELADO . N REMODELADO
TEMPRANO Y TARDIO

Figura 1.2. Representacion de los procesos implicados en el remodelado cardiaco (adaptado de Sutton MG et al.,
2000, Circulation). NE: norepinefrina; ANP: péptido natriurético atrial; BNP: péptido natriurético cerebral; ANGII:
angiotensina Il; TGF-B: Transforming Growth Factor-B; CM: cardiomiocito; ACE: enzima convertidora de
angiotensina; TIMPS: inhibidores tisulares de metaloproteinasas de matriz; MMP: metaloproteinasa de matriz.

A pesar de que se ha comprobado la existencia en el corazén de células madre
capaces de dar lugar a CM [19], esta capacidad no es suficiente a nivel fisioldgico para
rescatar el dafo producido en el drgano. Asi, el delicado equilibrio existente entre los
diversos procesos que interactuan (la proteccion, la reparacion y la hipertrofia), suele
degenerar con el paso del tiempo en una situacién de cronificacién de las sefiales
adaptativas anteriormente mencionadas, lo que deriva en una excesiva fibrosis e
hipertrofia del tejido, las cuales, finalmente, pueden desencadenar en un fallo cardiaco

irreversible [20].



1.3. Tratamiento del infarto de miocardio
1.3.1. Tratamientos clasicos: farmacologia y clinica

En la fase aguda, el tratamiento del IM se basa en la reperfusion de la arteria
coronaria obstruida, para evitar asi complicaciones tales como la disfuncién sistdlica
del ventriculo izquierdo, incrementando asi la supervivencia del paciente tanto a corto
como a largo plazo. El tratamiento de reperfusidn incluye el tratamiento médico con
farmacos tromboliticos, la revascularizacién coronaria percutdnea mediante la
angioplastia coronaria, la implantacion de “stents” (convencionales y farmacoactivos)
y, rara vez, la cirugia urgente de derivacidn aortocoronaria.

Tras el tratamiento agudo, diversos farmacos han demostrado efectos
beneficiosos a corto y largo plazo sobre la supervivencia, el remodelado ventricular y la
calidad de vida de los pacientes con IM. Asi, se ha demostrado que la inhibicién del
sistema simpatico nervioso o del sistema renina-angiotensina (RAS) previenen el
remodelado ventricular izquierdo y reducen la mortalidad post-infarto.

Los inhibidores de la enzima convertidora de angiotensina (ACE) inhiben la
sintesis de la angiotensina Il (ANGII), un potente péptido de accién vasoconstrictora e
hipertrofica que se libera en el miocardio tras el infarto (Figura 1.3.). El beneficio
clinico incluye una reduccién de la mortalidad [21], de la rehospitalizacién [22] y de la
progresion de la insuficiencia cardiaca [22-25]. Por otro lado, el bloqueo de los
receptores de ANGII también impide los efectos nocivos que su acumulacién provoca,
y ha demostrado ser eficaz en diversos ensayos clinicos realizados [26, 27]. Asi, los
inhibidores ACE son considerados como terapia de primera linea tras el IM, y los
blogueantes del receptor de ANGII son los farmacos de eleccién si aparece intolerancia

a los inhibidores ACE.
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Figura 1.3. Sistema Renina-Angiotensina-Aldosterona (adaptado de Staessen et al., 2006, Lancet). Los beta-
bloqueantes, inhibidores de renina, inhibidores de la enzima convertidora de angiotensina (ACE) y los bloqueantes
del receptor tipo 1 de la angiotensina Il (ARB) reducen la actividad del sistema renina-angiotensina (RAS). AT-R:
receptor de la angiotensina; EP: endopeptidasas. Las flechas negras sefialan induccion y las rojas inhibicion. Las
lineas punteadas describen vias de sefializacion alternativas.

Se utilizan también los antagonistas de la aldosterona, ya que su sintesis
provoca un aumento del colageno, la retencién de sodio, pérdida de magnesio y
potasio e hipertrofia ventricular, entre otros efectos. Tras la aparicién del estudio
EPHESUS [28], se ha recomendado su uso, en adicién a los inhibidores ACE y los
agentes beta-bloqueantes, en los casos de infarto agudo de miocardio y disfuncién
ventricular izquierda con signos de insuficiencia cardiaca o diabetes mellitus, ya que
mejoran la supervivencia y disminuyen la muerte subita cardiaca y los episodios de

hospitalizacién por empeoramiento de la insuficiencia cardiaca [28, 29].



Por otro lado, los agentes beta-bloqueantes estan indicados en todo paciente
tras un IM, ya que disminuye el consumo metabdlico de oxigeno vy, a largo plazo,
favorecen la contractilidad cardiaca [30]. Debido a que la accion de los beta-
bloqueantes puede ser bifdsica, con mejoria a largo plazo pero con un posible
empeoramiento inicial, el tratamiento debe iniciarse bajo un minucioso control.

Existen ademads otros tratamientos que se utilizan como terapia preventiva,
entre ellos, los farmacos antiagregantes, como la aspirina o el clopidogrel, o las
estatinas, las cuales, ademas de disminuir los niveles séricos de colesterol, ejercen un
efecto antiinflamatorio y vasoprotector, previniendo el desarrollo de la aterosclerosis y
disminuyendo por tanto el riesgo de posteriores eventos coronarios. En los casos mas
graves, el trasplante de corazon suele ser la opcion elegida [31].

Gracias al desarrollo y a la administracién de estos farmacos, se ha conseguido
prolongar y mejorar considerablemente la calidad de vida de los pacientes. Sin
embargo, estos tratamientos no logran inducir la regeneracién del tejido dafiado ni
evitan totalmente su progresiva degeneracién, lo que hace necesaria en algunos casos
la intervencion quirdrgica, la cual, aunque eficaz, tampoco ejerce una accién
regeneradora. Con este ultimo fin se han desarrollado nuevas terapias, tales como la
terapia proteica, la terapia génica y la terapia celular, las cuales se describen a

continuacion.

1.3.2. La terapia génica y la terapia proteica

Tanto la terapia génica como la terapia proteica se basan en la utilizacién de
factores proteicos para el tratamiento de la enfermedad. Las citoquinas o factores de
crecimiento pueden ser administrados como proteinas recombinantes (terapia
proteica) o transfiriendo los genes que las codifican mediante plasmidos o vectores
virales (terapia génica). En el ambito de la isquemia cardiaca, la aplicacidén de este tipo
de tratamientos se ha centrado principalmente en la induccién de la revascularizacién

del tejido isquémico, logrando con ello, la proteccidn/rescate del tejido dafiado.
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En el caso de la terapia génica, se han utilizado vectores con genes que
codifican para proteinas pro-angiogénicas, tales como el VEGF¢s (Vascular Endothelial
Growth Factor-165), el FGF-2 y 4 (Fibroblast Growth Factor), o el HIF-1a (Hypoxia-
inducible Factor) (revisado en [32]). En el caso de la terapia proteica, también se han
inyectado, de forma intravenosa o intracardiaca, proteinas de accién similar, tales
como el VEGF y el PDGF (Plaquetal Derived Growth Factor). Estos tratamientos han
resultado efectivos en varios de los modelos animales estudiados [33, 34]. Sin
embargo, los resultados obtenidos en los estudios clinicos no han sido satisfactorios
(revisado en [35]). Posibles causas de la ineficacia de estos tratamientos han podido
ser la baja eficacia de la administracion de plasmidos o vectores virales asi como la
corta vida media y alta inestabilidad de las proteinas inyectadas, respectivamente.
Ademas, en el caso de la terapia génica, puede producirse una cierta inmunogenicidad
hacia las proteinas viricas (revisado en [36]) que, junto con el riesgo de la integracién
gendmica en algunos casos, limitan su aplicacién en la clinica. Por otro lado, en estos
estudios se analizo el efecto de una Unica citoquina, siendo esperable que se requiriera
la combinacidn de varias para inducir de forma mas potente la revascularizacién del
tejido.

En vista de estas limitaciones, se han desarrollado sistemas de liberacion
controlada que permiten liberar dichos factores de forma sostenida y estable,
ensayandose, entre otros, la utilizacidon de liposomas, micro- y nanoparticulas e
hidrogeles. Asi, por ejemplo, se han utilizado microparticulas cargadas con VEGF que,
tras su inyeccion en el corazén, han ejercido un efecto angiogénico constante,
induciendo la revascularizacién del tejido y un remodelado cardiaco positivo [37, 38].
Se han obtenido efectos similares mediante la inyeccidn de liposomas [39] e hidrogeles
[40]. En otros estudios se han utilizado hidrogeles de alginato capaces de liberar de
forma secuencial una combinacién de citoquinas pro-angiogénicas tales como VEGF,
TGF-B y PDGF, con las que se ha comprobado la induccién de la revascularizacion en un
modelo de inyeccidn subcutanea [41]. Se han realizado también estudios con otros

factores, tales como el IGF-1 (/nsulin Growth Factor-1) y el HGF (Hepatic Growth
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Factor), esta vez inyectados en un modelo de IM agudo en rata, en el que se ha
comprobado un efecto positivo a nivel de revascularizacion y remodelado del corazén,
asi como un incremento en la supervivencia y proliferacidon de las células cardiacas
[42]. Hasta el momento, la mayoria de estos estudios se han realizado en modelos
animales, aunque ya se han comenzado algunos ensayos clinicos, en los que se ha
demostrado la seguridad y factibilidad del estudio tras la administracion de bFGF en
microcapsulas de alginato [43] o como el denominado ALCADIA (ClinicalTrials.gov
Identifier: NCT00981006), dirigido al tratamiento de la cardiomiopatia isquémica y en
el cual se ha combinado la administraciéon de hidrogeles cargados con bFGF y células

madre cardiacas.

1.3.3. La terapia celular

La busqueda de una terapia regenerativa capaz de restablecer un tejido sano ha
potenciado enormemente la investigacion en el area de las células madre, las cuales
presentan capacidad de auto-renovacion y diferenciacidén hacia otros tipos celulares.

En el caso de la isquemia cardiaca, la célula ideal deberia presentar el potencial
de diferenciar hacia CM funcionales con capacidad de acoplarse
electromecanicamente al tejido cardiaco circundante, asi como de formar nuevos

vasos que sustenten el tejido regenerado.

1.3.3.1. Tipos celulares y potencial cardiovascular

El potencial de diferenciacion de las células madre varia segun el tipo celular,
en funcion de lo cual se han clasificado (yendo de mayor a menor capacidad) en:
células madre totipotentes, que son aquellas células capaces de diferenciar tanto a
tipos celulares de tejido embrionario como extra-embrionario; células madre
pluripotentes, aquellas con capacidad de diferenciar a células tanto de tipo somatico
como germinal (dicha capacidad es propia de las células de la masa interna del

blastocisto); células madre multipotentes, aquellas cuya capacidad de diferenciacién
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se restringe a los tipos celulares derivados de su misma capa embrionaria (es el caso
de la mayoria de las células madre obtenidas a partir de los distintos tejidos adultos); y
células madre unipotentes, aquellos progenitores capaces de derivar a un Unico tipo
celular (Figura 1.4.).

Por otro lado, se ha establecido una divisién en funcidon de su origen tisular,
diferenciando asi las células madre embrionarias (obtenidas a partir del blastocisto) de
las células madre adultas (obtenidas de un tejido adulto). Es importante destacar el
descubrimiento de la reprogramacién de células adultas hacia estadios de desarrollo
mas tempranos y con caracteristicas similares a las de las células madre embrionarias.
Estas células se han denominado iPS (induced Pluripotent Stem Cells). Las
caracteristicas y aplicaciones en la enfermedad cardiovascular de todos estos tipos

celulares se describen a continuacion.

1.3.3.1.a. Células madre embrionarias

Las células madre embrionarias (ESC) son células pluripotentes provenientes de
la masa celular interna del blastocisto [44, 45] que se caracterizan por su capacidad de
auto-renovacién, inmortalidad y pluripotencia. Son numerosos los trabajos que han
descrito su diferenciacién hacia tipos celulares pertenecientes a las tres capas
embrionarias, incluyendo células con fenotipo cardiovascular que han sido obtenidas
tanto in vitro [46, 47] como in vivo [48, 49]. Ademas, se ha demostrado, en modelos de
IM murinos, que los CM derivados de las ESC, implantados en el corazén infartado, son
capaces de injertar y madurar [50-52], induciendo la regeneracion del corazén y un
beneficio funcional del mismo [50, 53]. Sin embargo, a pesar de su gran potencial de
diferenciacién, las células embrionarias presentan importantes limitaciones para su
uso clinico, siendo las mas importantes, junto con los aspectos éticos, la

tumorogenicidad y la inmunogenicidad.
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Figura 1.4. Esquema del potencial de diferenciacion de las células madre durante las diferentes fases del
desarrollo (adaptado de Zimmermann Wh et al., 2011, Journal of Molecular and Cellular Cardiology). Las células
madre totipotentes se pueden aislar del embridn temprano de hasta 32 células mediante una biopsia del
blastomero. Las células madre pluripotentes, cominmente denominadas células madre embrionarias, derivan de la
masa interna del blastocisto. Las células madre multipotentes se obtienen de una de las tres capas germinales y
exhiben una diferenciacion restringida hacia la propia capa germinal. Las células madre multipotentes también
pueden aislarse en el estadio postnatal. Las células madre unipotentes pierden el potencial de transdiferenciacion
hacia otros linajes.

Se han descrito varias alternativas para evitar el riesgo tumoral, como Ia
diferenciacién in vitro y la estricta seleccién de las células diferenciadas [54] y para la
inducciéon de la tolerancia inmunoldgica, mediante su co-inyeccion con células
mesenquimales [55], el trasplante de precursores hematopoyéticos derivados de las
ESC, la reprogramacion nuclear para la generacién de una fuente de ESC autdloga o la
manipulacién genética de los genes del complejo mayor de histocompatibilidad para la

produccién de una linea ESC [56], entre otros (revisado en [57]).
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1.3.3.1.b. Células reprogramadas: Células pluripotentes inducidas vy

transdiferenciacion directa

En el afio 2006, el laboratorio del Dr. Yamanaka demostrd por primera vez que
una célula somatica puede ser reprogramada al estado embrionario mediante la
sobreexpresion de los factores de pluripotencialidad y autorenovacién celular, Oct3/4,
Sox2, Kfl4 y c-Myc. Estas células recibieron el nombre de células madre
pluripotenciales inducidas (iPS), y presentaban caracteristicas morfoldgicas y
propiedades de pluripotencialidad similares a las de las células madre embrionarias.

Estos experimentos fueron originalmente realizados en fibroblastos de ratdn,
pero tan sélo un afio mas tarde se obtuvieron iPS humanas utilizando la misma
combinacion de factores [58-60] asi como otras combinaciones (Oct4, Sox2, Nanog y
Lin28) [61]. A partir de la publicacién de estos trabajos, se han generado iPS de
fibroblastos de diferentes especies, incluyendo el perro, el cerdo, la rata y los primates,
y también se han generado a partir de otros muchos tipos celulares tales como
queratinocitos, células CD34" de cordén umbilical, melanocitos, células madre
neuronales, células derivadas de liquido amnidtico y células mesenquimales derivadas
de la grasa o de la pulpa dental (revisado en [62, 63]). Ademas, se han introducido
nuevas variantes para inducir la reprogramaciéon, como la generacién de iPS sin la
utilizacion del oncogen c-Myc [64, 65] o mediante la utilizacion de plasmidos o
moléculas de ARN y proteinas, como alternativa a los vectores virales [66].

Los mecanismos por los cuales se desencadena la reprogramacion todavia no se
conocen en profundidad, aunque si se ha determinado el papel que las modificaciones
epigenéticas tienen en dicho proceso [67, 68].

De forma andloga a las células ESC, se ha demostrado la capacidad de
diferenciacién de las iPS hacia CM con capacidad funcional [69-71], cuyo potencial se
ha comprobado en un modelo de IM agudo [69, 70]. Debido a su similitud, se han
estudiado y comparado los fenotipos de CM derivados de ESC e iPS, mostrando un
fenotipo muy similar entre ambos [72, 73]. A diferencia de las ESC, las iPS no presentan

implicaciones éticas para su uso y pueden utilizarse como terapia autéloga. Su
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capacidad tumorogénica, sin embargo, sigue representando un problema de cara a su
posible aplicacidn terapéutica.

Existe una alternativa a esta limitacion, que es la posibilidad de la
transdiferenciacién directa hacia células cardiacas. La transdiferenciacion fue descrita
inicialmente por el grupo del Dr. Takeuchi y colaboradores a partir de mesodermo de
ratdn, mediante la sobreexpresion de los factores de transcripcién Gatad y Tbx5 y una
subunidad del complejo BAF de remodelado de la cromatina (Baf60c) [74].
Posteriormente se ha conseguido reproducir este método utilizando fibroblastos
adultos [75], en este caso mediante la sobreexpresidn de los factores de transcripcion

Mef2C, Gatad y Tbx5.

1.3.3.1.c. Células madre adultas

Las células derivadas de tejidos adultos presentan generalmente una capacidad
de diferenciacion mas limitada, pero poseen sin duda una serie de ventajas a nivel
practico tales como la inocuidad en su extraccion y posterior aplicacion, asi como la
posibilidad de su utilizacion como terapia autéloga, lo que ha facilitado su introduccién
en la practica clinica.

Son muchos los tipos celulares derivados de tejidos adultos que se encuentran
en estudio, destacando principalmente los derivados del musculo cardiaco y

esquelético, de la MO y del tejido adiposo (Figura 1.5.).

- Células madre cardiacas

La presencia en el corazén de progenitores cardiacos fue demostrada por
primera vez por el grupo del Dr. Anversa [19]. Las células aisladas se caracterizaban por
la expresion del marcador c-Kit y la ausencia del marcador Sca-1, y se demostré un
incremento de la poblacién en el momento agudo del infarto. Dichos progenitores
eran aislados a partir de biopsias de corazén, pudiendo ser cultivados y expandidos in

vitro para su posterior implante en el tejido dafiado. Se comprobd asi su diferenciacion
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hacia CM, musculo liso y endotelio vascular in vivo, reemplazando la mayor parte del
tejido isquémico y mejorando la funcién ventricular en un modelo murino de IM agudo

[76, 77].
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MSC

. ADSC

TEJIDO ADIPOSO

MIOBLASTOS,
B SPOC, SK34

MUSCULO ESQUELETICO

Figura 1.5. Tipos de células madre derivadas de tejidos adultos. CSC: cardiac stem cells; EPC: endothelial progenitor
cell; HSC: hematopoietic stem cells; MAPC: multipotent adult progenitor cell; VSEL: very small embryonic-like stem
cell; MIAMI: marrow-isolated adult multilineage inducible cell; MSC: mesenchymal stem cell; ADSC: adipose-derived
stem cell; SVF: stromal vascular fraction; SPOC: skeletal-based precursors of CM; Sk-34: skeletal muscle-derived
multi-myogenic stem cell CD34".

Por otro lado, el grupo del Dr. Schneider describid la presencia en el corazén
del ratén de otra poblacién celular, de fenotipo Sca-1"/c-kit" y con capacidad de
diferenciacién a CM tras su estimulacién in vitro con 5-azacitidina. Se demostré
ademads su capacidad de injerto y la expresién de marcadores cardiacos en un modelo
in vivo de IM [78].

También han sido aislados otros tipos celulares, como la poblaciéon Sca-

1*/cKit'®V/Abgc-2*, con capacidad de diferenciacién a musculo cardiaco tras su co-
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cultivo con CM [79, 80] y la poblacion Islet-1* [81, 82], también con potencial
cardiomiogénico. Por ultimo, se ha descrito la obtencion de progenitores cardiacos que
pueden ser cultivados en suspensiéon formando lo que se ha denominado como
cardioesferas. Estas son aisladas a partir de biopsias de tejido muscular cardiaco atrial
o ventricular y, una vez procesadas, son cultivadas in vitro, de modo que forman
agregados celulares compuestos por un nucleo de células proliferativas c-Kit" y por
células periféricas con potencial cardiovascular [83]. Se ha demostrado ademds que,
cuando éstas son trasplantadas en modelos murinos de IM e incluso en modelos pre-
clinicos de cerdo, son capaces de regenerar el tejido cardiaco dafiado e inducir un
efecto positivo sobre el remodelado tisular y la funcién cardiaca [84-86].

En vista de la existencia y diversidad fenotipica de todas estas poblaciones de
progenitores cardiacos, seria importante caracterizarlas en mayor profundidad para
determinar con mayor precision el papel que desempeiian en el corazén isquémico y

poder asi estimularlas para regenerar el tejido danado.

- Células madre derivadas del musculo esquelético

Los mioblastos o células satélite son células progenitoras presentes en el
musculo esquelético que estan implicadas en su regeneracion, mediante un proceso
secuencial de activacion, diferenciacién a célula muscular madura y fusiéon con las
miofibras circundantes [87]. Los miofibroblastos han sido uno de los primeros tipos
celulares estudiados como terapia para el IM, ya que se planted la hipdtesis de que
pudieran transdiferenciar in vivo hacia CM [88] y, por tanto, lograran reparar el
corazon isquémico. Estudios posteriores demostraron, sin embargo, su capacidad de
diferenciacién exclusiva hacia el linaje muscular esquelético [89, 90]. Ademas, la falta
de expresidn de las uniones gap requeridas para el acoplamiento electromecanico con
los CM [91], hace que éstos no sean capaces de sincronizarse en la contraccion [92,
93], pudiendo incluso generar eventos de arritmias [94].

A pesar de estas limitaciones, diversos estudios realizados en modelos animales

han demostrado que el trasplante de mioblastos induce un efecto beneficioso en la
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funcién ventricular [95, 96], atribuida principalmente a mecanismos de tipo tréfico
implicados en la revascularizacién del drea infartada y en la reorganizacion de la matriz
extracelular [97].

Ademas de los mioblastos, se han aislado y estudiado otras poblaciones menos
frecuentes en el musculo esquelético, que se han denominado como células SPOC
(Skeletal-based precursors of cardiomyocytes) y Sk-34 (Skeletal muscle-derived multi-
myogenic stem cells CD34"). En ambos casos se demostrd su potencial cardiomiogénico
al ser trasplantadas en un modelo de IM murino [98, 99], aunque su presencia en el

musculo esquelético humano todavia no se ha demostrado.

- Células madre derivadas de la médula dsea

La médula ésea ha sido una de las fuentes celulares mas estudiadas en el
ambito de la regeneracién cardiaca, debido a la facilidad de su extraccién, a la
posibilidad de aplicacién autdloga y a la presencia de diversas poblaciones celulares
con gran potencial de diferenciacion [100-103]. Son diversos los trabajos realizados in
vivo en modelos de IM, tanto en rata [104-106], ratén [107] o cerdo [108, 109], en los
gue se ha demostrado su beneficio tanto a nivel funcional como histoldgico, con una
mejora de la perfusién y del remodelado del tejido cardiaco infartado.

Son muchos los estudios realizados en diversos modelos animales en los que se
ha analizado el potencial de las células mononucleadas derivadas de la MO (MNC-MO).
Asi, por ejemplo, se ha descrito que, cuando éstas son trasplantadas en un modelo de
infarto crénico en rata, inducen un beneficio funcional cardiaco, asi como un efecto
positivo sobre el remodelado ventricular [110]. Por otro lado, también se ha observado
gue la infusion temprana de esta poblacién celular en un modelo de isquemia-
reperfusion en rata, ejerce un efecto protector sobre el tejido, disminuyendo el grado
de apoptosis y necrosis del mismo [111]. Ademas, se ha confirmado en modelos pre-
clinicos en cerdo que su trasplante favorece la angiogénesis tisular y disminuye el

tamafo de infarto [112], ejerciendo un beneficio funcional cardiaco [113].
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Ademas de la poblacion mononucleada total también se ha analizado el
potencial de subpoblaciones de la MO de distintos origenes (hematopoyético,
endotelial o mesenquimal, entre otros), que se describen a continuacion.

Células madre hematopoyéticas (HSC): la presencia de progenitores cardiacos
en la MO fue demostrada por primera vez por el grupo del Dr. Anversa. En este estudio
se mostré como la subpoblacién de fenotipo lin/c-kit", era capaz de regenerar el
tejido miocardico en corazones previamente infartados, logrando inducir una mejora
funcional dos semanas después del implante [103, 107]. Estos resultados sin embargo
han sido dificilmente reproducidos por otros grupos [114-116]. Asi, el Dr. Balsam vy
colaboradores no encontraron CM derivados de las HSC tras su inyeccion en corazones
infartados pese a la mejora de la funcién ventricular [114]. El Dr. Nygren vy
colaboradores tampoco observaron diferenciacion de las HSC hacia CM vy
determinaron la posibilidad de fusién de las HSC con los CM [115].

Las células progenitoras endoteliales (EPC) fueron originalmente descritas
como progenitores que expresan los marcadores de superficie KDR, CD34 y AC133
[117] y que se movilizan desde la MO en respuesta a estimulos tales como la isquemia
o el dafio vascular. Estas células pueden favorecer la angiogénesis [118, 119] a través
de su contribucion directa a la formacion de la vasculatura, pero también mediante su
accion paracrina, al proporcionar sefales de supervivencia a las células dafiadas [120] y
reclutar e inducir la proliferacién de nuevos progenitores presentes en el organismo.
En modelos de isquemia periférica se observd que su trasplante mejoraba el grado de
perfusién [121]. También en modelos de IM, donde inducian un beneficio funcional,
acompaiado de una reduccion de la apoptosis y del contenido de colageno [122, 123],
principalmente por su accién trofica [124].

Por otro lado, el cultivo in vitro de la fraccion MNC-MO da lugar a las células
madre mesenquimales (MSC). Estas son células multipotentes que se caracterizan por
presentar un fenotipo positivo para los marcadores CD44, CD73, CD90 y CD105, vy
negativo para CD34, CD45 y MHC-II, y que ademas se caracterizan por su capacidad de

diferenciacién hacia hueso, cartilago y grasa (revisado en [125]). En algunos casos,
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también se ha descrito su contribucién vascular [126, 127]. A pesar de esta limitada
capacidad de diferenciacién hacia el linaje cardiaco, han demostrado ejercer un
importante efecto en diversos modelos de isquemia, gracias a su actividad paracrina a
nivel de revascularizacion y remodelado tisular (revisado en [128]). Se ha demostrado
la accion pro-angiogénica de las MSC mediante la liberacién de un amplio panel de
citoquinas tales como FGF, VEGF, MMP, PDGF, TGF-B, IL-1 o angiopoietina (revisado en
[129]). Adema3s, se les atribuyen otros efectos tales como la proteccién y estimulacion
de la proliferacion de los CM, mediadas por la proteina Sfrp2 [130] o la disminucién de
la proliferacion y de la sintesis del colageno de tipo | y Il por parte de los fibroblastos
cardiacos [131, 132]. Por otro lado, tras ser implantadas en modelos de IM se ha
observado una mejora en la funcidon cardiaca asociada a un aumento de la
angiogénesis [105, 110], a la estimulaciéon de precursores cardiacos [108] y a la
disminucién del tamafio de infarto y fibrosis [110]. Ademads, cabe destacar su
capacidad de modulacién de la respuesta inmune [133-135]. Dicha propiedad se ha
descrito in vitro ya que no provocan reactividad cruzada con linfocitos e inhiben la
respuesta proliferativa de éstos a los mitdgenos. Ademads, no expresan la molécula
HLA-DR, y todo ello, supone una ventaja para el posible trasplante alogénico
facilitando asi su implantacién en la clinica [136-138]. De ese modo, células
mesenquimales bien caracterizadas y obtenidas a partir de donantes jévenes y sanos,
podrian utilizarse para tratar de inmediato a distintos pacientes, incluyendo aquellos
con infarto agudo. Hay que tener en cuenta sin embargo, que estudios recientes han
sugerido que esta capacidad puede perderse in vivo [139-141]. Asi por ejemplo, en un
modelo inmunocompetente de cerdo, se demostrd la activacion de la respuesta celular
y humoral como consecuencia del implante de MSC [141]. En cualquier caso, puesto
qgue las MSC no contribuyen a la regeneracién del corazén mediante su diferenciacion,
sino que ejercen un efecto temporal de tipo paracrino, esta accién podria ser lo
suficientemente prolongada como para ejercer un beneficio cardiaco. Ademas, existe

la posibilidad de la inmunosupresion del paciente o de la seleccién de las células
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donantes mediante estudios de histocompatibilidad. En cualquier caso, este aspecto
requiere ser estudiado en mayor profundidad.

Por ultimo, se ha descrito también la presencia en la MO de poblaciones raras
con capacidad pluripotente, como son las denominadas MAPC (Multipotent Adult
Progenitor Cells), las VSEL (Very small embryonic-like stem cells) y las MIAMI (Marrow-
isolated adult multilineage inducible cells). En el caso de las MAPC, éstas fueron
aisladas por el laboratorio de la Dra. Verfaillie a partir de distintas especies: roedor
[142], cerdo [143] y humano [144]. Las MAPC se caracterizan por presentar la
capacidad de diferenciar hacia tipos celulares pertenecientes a las tres capas
embrionarias y proliferar durante mas de 100 duplicaciones sin acortamiento de los
teldmeros. Su potencial beneficioso se demostrd, entre otros, en modelos animales de
isquemia periférica y cardiaca [145-149], destacando su contribucién a la vasculatura y
al musculo, asi como su efecto paracrino en la angiogénesis tisular [144, 150]. Otra
poblacién celular, las VSEL, fue aislada a partir de MO de ratdn adulto y se caracteriza
por la expresion de marcadores tipicos de células embrionarias tales como Oct-4 y
SSEA-1, asi como por su pluripotencialidad tanto in vitro [151] como in vivo [152, 153].
En un modelo de IM, las VSEL produjeron un beneficio funcional, y aunque en bajo
numero, se encontraron células que expresaban marcadores de células vasculares y
musculares [152, 153]. Por dultimo, la poblacién denominada MIAMI [154] se
caracteriza por la expresion de Oct-4, Rex-1 y telomerasa, y aunque su potencialidad
cardiomiogénica no ha sido aun demostrada, si se comprobd su potencial vascular en

un modelo murino de isquemia periférica [155].

- Células madre derivadas del tejido adiposo

El tejido adiposo es un tejido complejo que contiene diversas poblaciones
celulares maduras, tales como los adipocitos, fibroblastos, células vasculares y
hematopoyéticas, asi como una fraccién celular no adipocitica denominada fraccién
estromal vascular (Stromal Vascular Fraction, SVF) [156, 157] que se caracteriza por

ser un compartimento rico en células con capacidad multi/pluripotente [158, 159]. En
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esta fraccion tisular se han encontrado precursores hematopoyéticos [160],
adipociticos [161], vasculares (endoteliales [162] y de musculo liso [163]), e incluso
cardiacos [164-166] y de musculo esquelético [167] (Figura 1.6.). Ademas, la SVF posee
una potente actividad paracrina, capaz de modular procesos de hematopoyesis [160,
168], de angiogénesis y de supervivencia celular [169, 170]. En los estudios realizados
in vivo, se ha comprobado el efecto beneficioso de su trasplante en modelos animales
de isquemia periférica [162, 169] y de IM [171, 172], provocando una mejora funcional
y un efecto cardioprotector [173]. Estudios realizados a largo plazo en modelos de IM
cronico [174] y agudo [175] han mostrado un beneficio tanto de la funcion como del
metabolismo cardiaco. Dicha mejora se asocia a un aumento en el grado de

revascularizacién y a un efecto positivo en el remodelado.

Tejido adiposo
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Figura 1.6. Fraccion estromal vascular (SVF). Obtenida a partir de tejido adiposo mediante tratamiento mecanico y
enzimatico, la SVF ha demostrado ser capaz de diferenciar a distintos tipos celulares de interés para la terapia en el
infarto de miocardio: musculo cardiaco, endotelio y musculo liso entre otros.
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Por otro lado, el cultivo in vitro de la SVF da lugar a una poblacion celular mas
homogénea y con propiedades mesenquimales que se ha denominado ADSC (Adipose
Derived Stem Cells) [158]. Las ADSC presentan un perfil fenotipico caracteristico de
poblaciones mesenquimales (CD73%, CD90*, CD105%, CD45, CD34, CD11b, CD79,
CD19,, HLA-DR’), asi como su capacidad de diferenciacién hacia tejido dseo, cartilago,
tenddn, musculo esquelético y grasa [176-178]. A pesar de las similitudes existentes, se
han descrito diferencias entre las poblaciones mesenquimales derivadas de la MO y del
tejido adiposo tanto a nivel gendmico y protedmico, como funcional [179, 180], y que
sugieren un mayor compromiso de la poblacién MSC hacia un linaje osteoblastico y/o
condrogénico que las ADSC.

El potencial terapéutico de las ADSC ha sido demostrado en modelos animales
de isquemia periférica [169, 181] y cardiaca [182-184]. En los modelos de IM en rata
[183, 184] se ha determinado una mejora en la funciéon cardiaca y perfusién asociada a
un aumento en la vascularizacién del tejido isquémico y a una disminucién de la
fibrosis tisular. Ademads, se han descrito resultados que apoyan el efecto de la
poblacién ADSC en la mejora de la funcién cardiaca y la revascularizacién del tejido en
modelos pre-clinicos en cerdo de IM agudo [182] y crdnico (datos no publicados
obtenidos en nuestro laboratorio). Por otro lado, en un trabajo comparativo del Dr.
Kim y colaboradores, se comprobd un mayor efecto angiogénico de las ADSC que de
las MSC [181]. Cabe destacar, por ultimo, el supuesto efecto inmunomodulador [137,
185, 186] de la poblacién ADSC, que supondria una ventaja afiadida de cara a su

posible aplicacion alogénica en la terapia clinica.

1.3.3.2. Primeras aproximaciones al paciente: ensayos clinicos

A pesar de que todavia es necesario investigar y comprender en mayor
profundidad el comportamiento y los mecanismos por los que actdan las células
madre, el beneficio funcional observado en los distintos modelos animales realizados
ha promovido el desarrollo de ensayos clinicos en pacientes, realizados principalmente

con mioblastos esqueléticos y diversas poblaciones celulares derivadas de la MO.
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Recientemente se han comenzado también algunos ensayos con células madre

cardiacas y derivadas del tejido adiposo que se comentardn a continuacién.

1.3.3.2.a. Ensayos clinicos realizados con mioblastos esqueléticos

En el aflo 2000 se comenzo el primer ensayo clinico realizado con mioblastos
esqueléticos, para el cual se reclutaron diez pacientes con fallo cardiaco severo
(fraccion de eyeccion del ventriculo izquierdo, FEVI < 35%) [94]. El tratamiento mejoré
significativamente la funcion cardiaca, analizada un afio después del implante y que se
mantuvo hasta seis afios después [187]. Sin embargo, cinco de los pacientes sufrieron
taquicardias e incluso tres de ellos experimentaron eventos arritmicos graves, lo que
replanteé la seguridad del tratamiento. Afortunadamente, estudios posteriores
mostraron la seguridad del mismo, demostrado una mejora de la funcién y perfusién
cardiaca sin eventos graves de arritmias [188-194]. Asi, en el estudio publicado por el
Dr. Gavira y colaboradores [193], no se describieron episodios de arritmias en el
seguimiento a un afo, y se detectd ademas de un incremento en la FEVI, una mejora
en la contractilidad de la pared y en la viabilidad y perfusiéon del tejido. Otros ensayos
publicados [191, 195] confirmaron dicha mejora funcional dos afios después del
implante de mioblastos (Tabla 1.1.).

A pesar de que los datos obtenidos por estos grupos apuntaban hacia un efecto
beneficioso de la terapia con mioblastos, el limitado nimero de pacientes tratados y la
ausencia de un grupo placebo no permitieron obtener resultados concluyentes. Por
ello, se realizd un ensayo que se denomind como estudio MAGIC (Myoblast Autologous
Grafting in Ischemic Cardiomyopathy), a doble-ciego, aleatorizado, con grupo placebo
y en el que se incluyeron varias dosis de tratamiento [196]. En este estudio se
confirmd, tras seis meses de seguimiento, la seguridad del tratamiento, ya que no se
evidenciaron diferencias entre los grupos a nivel de los sucesos de arritmias, ni en el
ratio de supervivencia de los pacientes. Sin embargo, no se observé una mejora de la

funcién ventricular.
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Tabla 1.1. Ensayos clinicos realizados con mioblastos esqueléticos. Abreviaturas: Co: control; m: meses; TEp:
transepicardico; TCo: transcoronario; Vtd: Volumen telediastélico; Vts: Volumen telesistdlico; DVIts: Diametro
telesistodlico; DVItd: Diametro telediastolico.

. .. % AFEVI (Basal vs.
o N2 pacientes ’ Seguimiento ° ( Otros resultados
Autor (Aiio) Via Tratado) .
(Tratado/Co) (Meses) funcionales
(p en grupo tratado)
Menasché et al TE
[94] (2003) 10/0 con opsin 10,9 10,9m: 8(*) 10,9 m: M movilidad
Hagegé et al [187] 52 52m: 4(ns) regional de la pared
CABG
(2006)
Smits et al [188] 5/0 TE 3 3m: 5(**) M movilidad regional de la
(2003) P 6 6m: 9(ns) pared
Ince et al [189] 8(*)
(2004) 6/6 TEp 12 Co:-3
Siminiak et al TEp ) 4 am : 7(¥*) M movilidad regional de la
[190] (2004) 10/0 con osin 12 12m: 7(%) ared
CABG ' P
Chachques et al TEp M movilidad regional de la
H *
[195] (2004) 20/0 con osin 919 2409 pared, y viabilidad tisular
CABG
Siminiak et al 3-8 en 6-9 pacientes (sin . . -
[194] (2005) 9/0 Tco 25 andlisis estadistico) Mejora sintomatica
) 3m : 8(*) M movilidad regional de la
Gawr?;tozl)[l%] 12/14 zi’;; 132 12m : 9(**) pared, viabilidad tisular y
Co-12m : 3(ns) perfusion
Biagini et al [192] . “Mmovilidad regional de la
(2006) 10/0 TEp 1,3,6, 12 12m: 6(**) vared; J Vs, ~Vid
Menasché et al 30 dosis - .
[196] (2008) alta/33 dosis zif;; 6 dosis alta: 0.8(ns) ~r2:’ev(;|_“t3tr:(g|;?):?: :Iial)a
MAGIC baja/ 34 Co pared;
Dib et al [197] J DVits, I, DVitd, mejora
(2009) CAUSMIC 12/11 TEp 12 ND en las medidas de voltaje
Duckers et al [198] . ) . -
(2011) SEISMIC 26/14 TEp 6 6m:(ns) Mejora sintomatica

Por otro lado, los resultados de otros dos ensayos mas recientes (CAUSMIC y
SEISMIC) indicaban la seguridad del tratamiento en la practica clinica [197, 198].
Finalmente, de cara a confirmar la posible seguridad y eficacia del tratamiento con
mioblastos, se ha iniciado un ensayo multicéntrico en el que se ha incluido un nimero
de pacientes mucho mayor (330 pacientes de Norte América y Europa), que se ha
denominado “ensayo MARVEL”, disefiado como un estudio controlado por placebo,

realizado a doble-ciego y aleatorizado.
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1.3.3.2.b. Ensayos clinicos realizados con células madre derivadas de la médula

osea

Los primeros ensayos realizados con células madre derivadas de la MO tuvieron
como objetivo demostrar la factibilidad y seguridad de la terapia [199-205]. Se
realizaron estudios muy diversos en los que se analizaron distintos tipos celulares
(células mononucleadas, fracciones seleccionadas de MO, MSCs, células mobilizadas,
etc), inyectados a través de distintas rutas de infusiéon (percutdnea, endocardica via
catéter, epicardica por cirugia transtoracica, etc) y con los que se trataron distintos
tipos de pacientes. Esto ha dificultado enormemente una comparacién directa de los
mismos, aunque si que ha confirmado la inocuidad del tratamiento. Posteriormente, se
han realizado estudios aleatorizados, dirigidos a determinar la eficacia del tratamiento.

Asi, el primer ensayo realizado con este tipo celular, denominado BOOST |
(Bone Marrow Transfer to Enhance ST-elevation Infarct Regeneration), concluyé que la
aplicacién intracoronaria de células mononucleadas totales provocaba una mejora de
la funcidn cardiaca tras seis meses de tratamiento. Sin embargo, cabe destacar que
este beneficio resultd ser transitorio, ya que dicha mejora desaparecia a los dieciocho
meses [206-208]. Otro estudio con MSC también demostré su beneficio sobre la
funcién del corazén, pero, dado que el periodo de seguimiento de los pacientes fue tan
sélo de seis meses, no ha sido posible demostrar su efecto a largo plazo [209]. En 2006,
el grupo del Dr. Janssen publicd los resultados del primer estudio aleatorizado
realizado a doble-ciego y controlado por placebo. En este estudio se trataron pacientes
qgue habian sufrido un IM agudo, con MNC-MO inyectadas tras 24 horas de su
reperfusidon. Aunque los resultados indicaron una disminucién del tamafio de infarto y
una mejora de la funcidn sistélica regional, no se pudo demostrar un efecto positivo
global a los cuatro meses [210]. Por otro lado, en ese mismo afio se publicaron dos
ensayos clinicos con resultados opuestos. Por un lado, las conclusiones del estudio
REPAIR-AMI (Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in Acute
Myocardial Infarction) indicaron que, cuatro meses después de la infusidon de las

células, el grupo tratado presentaba una mejora de la funcién ventricular, asi como
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una disminucién del tamafo de infarto [211, 212], mientras que en el estudio ASTAMI
(Autologous Stem cell Transplantation in Acute Myocardial Infarction), a pesar de que
se observd una mejora en el tiempo de ejercicio, no se encontraron diferencias
significativas entre el grupo tratado con células y el grupo placebo [213]. Estos
resultados contradictorios han podido deberse al procesamiento y a la dosis de las
células trasplantadas, que fue de dos a cuatro veces menor en el estudio ASTAMI.
Finalmente, en el estudio realizado por el grupo del Dr. Meluzin, se concluia que dicho
beneficio podia ser dependiente de la dosis celular, ya que, tras trasplantar una dosis
de 10 y 100 millones de MNC, se observd tan sélo una mejora en los individuos
tratados con la mayor dosis [214, 215].

Por otro lado, ensayos clinicos realizados recientemente también han obtenido
resultados opuestos. En el estudio FINCELL [216], se concluyd que el trasplante de
MNC-MO inducia un aumento significativo en la funcién ventricular tras seis meses del
tratamiento. En cambio, en los ensayos REGENT y HEBE no se encontraron diferencias
significativas entre los grupos a los seis y cuatro meses, respectivamente [217, 218].

Como conclusién de todos los estudios realizados, en 2007 se publicé un
interesante meta-andlisis, resultante de los diez ensayos clinicos mas relevantes
llevados a cabo hasta el momento con células MNC-MO, en el que se concluia que su
aplicacién terapéutica en el IM ejercia efectos positivos a nivel funcional y de
remodelado cardiaco, dependiente de la dosis celular empleada [219]. Otros meta-
analisis realizados posteriormente han corroborado la factibilidad y seguridad de la
terapia, asi como la posibilidad de un beneficio cardiaco frente a los tratamientos
convencionales [220, 221].

En su conjunto, todos estos resultados (Tabla 1.2.) indican que, aunque las
expectativas resultan prometedoras, para demostrar la eficacia de la utilizacién de
células de la MO como tratamiento del IM, es necesario llevar a cabo estudios

multicéntricos aleatorizados con un seguimiento de los pacientes a largo plazo.
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Tabla 1.2. Ensayos clinicos con células derivadas de MO. Abreviaturas: Co: control; BMC: células de médula

Osea; CPrC: células progenitoras circulantes; m: meses; IC: intracoronario Vtd: Volumen

Volumen telesistdlico.

telediastdlico; Vts:

% AFEVI (Basal vs.
~ N2 pacientes Tipo . Seguimiento Otros resultados
Autor (Afio) P P Via 8 Tratado) X
(Tratado/Co) celular (Meses) (p en grupo funcionales
tratado)
JVts = Vitd;
M movilidad
Strauer et al BMC regional de la pared
[200] (2002) 10/10 Ic 3 4vs5(ns) y perfusion;
J tamafio de
infarto
Assmus, Britten, JVis, = Vid;
Schachinger et Mmovilidad
al [199, 201, 19/11 BMC/CPrC IC 4,12 2,5 vs 8,5(**) regional de la
202] (2002-4) pared; | tamafio de
TOPCARE-AMI infarto
Fernandez- 4 Vts, = Vtd;
Avilés et al 20/13 BMC IC 6 5,8(**) Ngrosor pared
[203] (2004) infartada
Bartunek et al " v L
[205] (2005) 19/16 CD133 IC 4 4,3 vs 7,1(*) = Vtd; P perfusion
Woolert,
Schaefer et al 30/30 BMC I 6 6m: 0,7 vs 6,7(**) J tamafio de
[207, 208] 18 18m: 3,1 vs 5,9(ns) infarto
(2006) BOOST |
J Vts ; Tmovilidad
Chen et al [209] 34/35 MSC IC 6 6 vs 8(*) regional de la pared
(2004) ’
y perfusion
Jannsens et al T perfusion,
[210] (2006) 66 BMC IC 4 2,2 vs 3,3(ns) viabilidad tisular;
J tamafio infarto
Lunde et al BMC = Vts, = Vtd;
[213] (2006-7) 47/50 IC 6 6,7 vs 8(ns) =perfusion;
ASTAMI =tamafio de infarto
Schachinger,
Erbs et al [211, BMC « =Vts, = Vtd;
212] (2006-7) 101/103 Ic 4,12 3vs5,5(%) =tamafio de infarto
REPAIR-AMI
. . 3m: 3 vs 6(ns) 6m: 0
Meluzin et al 22 dosis ; * .
[214, 215] alta/22 dosis BMC Ic 3,6,12 ;;;fdo"j'ss;"(t;l(siz ‘J,’[\str'f;:i’;:'
(2006-7) baja/22 Co : P
alta)(*)
Huikuri et al
[216] (2008) 39/38 BMC IC 6 6m: 1 vs 7(*)
FINCELL
Van der Laan et No hay cam'tlnos en
la funcién
al [217] (2008) 189 BMC/PBMC IC 4 4m:(ns) ;
ventricular
HEBE o
izquierda
Tendera et al
[218] (2009) 46/51/20 CS&%?X; v IC 6 6m:(ns)
REGENT
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1.3.3.2.c. Ensayos clinicos realizados con otras poblaciones celulares

En vista de los resultados experimentales, se han iniciado también ensayos
clinicos con células madre derivadas de tejido adiposo, como el estudio PRECISE (3D
adipose-derived stem cells in the treatment of patients with non-revascularizable
ischemic myocardium), liderado por el grupo del Dr. Fernandez-Avilés
(ClinicalTrials.gov Identifier: NCT00426868) y el estudio APOLLO (3D adipose-derived
stem-cell transplant in the treatment of patients with an acute ST-elevation MI),
liderado por el Dr. Serruys (ClinicalTrials.gov Identifier NCT00442806). Sin duda, los
resultados que se obtengan de estos ensayos arrojaran luz sobre la capacidad de las
células madre del tejido adiposo para su aplicacion terapéutica en la clinica.

Por otro lado, se han comenzado dos ensayos clinicos con células madre
cardiacas: en el primer ensayo se estan administrando células c-kit" como tratamiento
coadyuvante en pacientes sometidos a cirugia de bypass coronario (ClinicalTrials.gov
identifier NCT00474461) y en el otro, se estan inyectando cardiosferas de origen

autologo en pacientes con un IM reciente (ClinicalTrials.gov identifier NTC00893360).

1.3.3.3. Ventajas y limitaciones de la terapia celular

Una de las conclusiones fundamentales a la que se ha llegado al analizar el
potencial terapéutico de las células madre en los modelos experimentales y en los
posteriores ensayos clinicos, es que, pese a que se ha comprobado su capacidad de
diferenciacion in vitro, esta diferenciacion celular no siempre se da in vivo. La falta de
un microambiente adecuado, como la presencia de una matriz extracelular adecuada,
unos niveles doptimos de oxigeno y nutrientes para la supervivencia celular y de
factores y citoquinas especificos que dirijan la diferenciacién, dificultan enormemente
el injerto y la diferenciacion en el tejido, impidiendo la regeneracién de éste. Sin
embargo, a pesar de no cumplirse las expectativas referentes al efecto regenerador de
las células madre mediante su diferenciacion per se, si que se ha demostrado un

importante beneficio consecuencia de su accion paracrina [97, 128, 129, 222].
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Asi, multiples estudios han confirmado que, mediante la secrecion de un amplio
panel de factores y citoquinas, las células trasplantadas son capaces de activar
procesos de revascularizacion, supervivencia celular y/o un remodelado positivo del
corazon. Se ha demostrado que diversas poblaciones de células madre (MSC y MNC-
MO, ADSC o incluso mioblastos esqueléticos) secretan factores de tipo pro-
angiogénico tales como VEGF, FGF-1 y PDGF, implicados en procesos de angiogénesis y
arteriogénesis [97, 146, 147, 222]. También ejercen diversos efectos sobre la matriz
extracelular mediante la secrecion de MMPs, encargadas de la degradacion de la
misma, asi como de sus inhibidores especificos, los TIMPs, de modo que modulan la
regulacion de los procesos de fibrosis y cicatrizacion del tejido [97, 174]. Por ultimo,
otros factores como IGF-1 o el propio VEGF han demostrado ejercer un papel protector
sobre células vasculares y CM, rescatdndolos de su entrada en apoptosis [169, 223].

Un aspecto interesante que refuerza la hipotesis del efecto paracrino en la
terapia celular es el hecho de que distintas poblaciones celulares sean capaces de
ejercer una accién relativamente similar sobre el corazén infartado, y que, por tanto,
no sea tan relevante el tipo celular implantado como el patrén de factores liberados
por si mismo. Asi, en estudios en los que se ha comparado el efecto terapéutico de
diversas poblaciones celulares simultdneamente, se ha observado un efecto mas
potente con algunas de ellas (por ejemplo de las MAPC frente a las células MNC-MO o
fibroblastos), como consecuencia del tipo y concentracién de las citoquinas que
secretan [146].

Otro parametro importante es la capacidad de injerto celular y supervivencia
en el tejido, siendo ésta una de las limitaciones mds importantes con las que se ha
encontrado la terapia celular. Asi, se ha observado que menos del 30% de las células
trasplantadas sobreviven mas de 48 horas después del implante, y que éstas
desaparecen progresivamente por las condiciones de hipoxia, inflamacién y fibrosis del
tejido que las rodea. Ademds, debido a la via de administracién utilizada
habitualmente en los trasplantes (inyeccidon intramiocardica de las células en

suspension), se pierde un alto porcentaje de las mismas, tanto en el momento de la
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inyeccion como posteriormente, por la falta de adhesidén a la matriz y de un aporte
adecuado de oxigeno y nutrientes en el tejido [224].

A pesar de estas limitaciones, hay que destacar que, en general, se ha
conseguido ejercer un efecto beneficioso sobre la funcidn cardiaca, por lo que cabe
esperar que, al incrementar el injerto y supervivencia celular, se potencie su efecto
terapéutico. Con este objetivo se han realizado nuevas aproximaciones, tales como la
preparacion de soportes compuestos por distintos biomateriales, o incluso la creacién
de construcciones tisulares mas complejas que puedan ser trasplantadas en el corazon,
favoreciendo asi su regeneracién. En esta nueva etapa se ha impulsado la combinacion
de la terapia celular con la bioingenieria, lo que permite la construccion de modelos in
vitro mas relevantes y mejora la aplicacion in vivo de las células madre en la terapia

regenerativa.

1.3.4. Nuevas aplicaciones de la terapia celular: la bioingenieria

En el ambito de la ingenieria de tejidos y la terapia celular, se han desarrollado
diversos métodos para favorecer el injerto y la supervivencia celular.

Estudios iniciales han demostrado que la inyeccion de células en combinacién
con biomateriales, tales como la gelatina, la fibrina o el colageno, han permitido un
incremento del injerto celular, ejerciendo como consecuencia de ello, un mayor
beneficio funcional en el corazén [225, 226]. Ademas, la administracion de las células
en la zona dafiada, mediante, por ejemplo, su previa adhesién a un sustrato, ha
demostrado no sélo una mayor supervivencia de las mismas sino también un efecto
“terapéutico” mas homogéneo en todo el tejido. En vista de estos resultados iniciales,
se ha potenciado la utilizacion de soportes de diverso tipo, entre los cuales destacan el
uso de matrices biodegradables, en las cuales se retienen o sobre las que se cultivan
las células, la creacidon de tejidos sin soporte, compuestos Unicamente por matriz
secretada por las propias células, o incluso la obtencién de matrices a partir de tejidos
u organos decelularizados, que posteriormente se han recubierto con las células de

interés. Los estudios mas relevantes se comentan a continuacion.
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1.3.4.1. Soportes biocompatibles

Gracias a la combinacién de distintos biomateriales y poblaciones celulares, se
estan obteniendo parches celulares que favorecen el injerto de las células en el tejido.
Se ha trabajado principalmente con biomateriales sintéticos (poliésteres como el acido
poliglicdlico (PGA), acido polilactico (PLA) o el copolimero acido polilactico-glicdlico
(PLGA) y polilactonas como por ejemplo, la prolactona) y con componentes de la
matriz extracelular (colageno, fibrina, gelatina, matrigel o alginato), caracterizados
todos ellos por su biocompatibilidad y biodegradabilidad.

Kellar y colaboradores implantaron un parche formado por PLGA y fibroblastos
humanos (Dermagraft®, Advaced BioHealing, USA) en un modelo de IM en ratén,
observandose una induccidn de la revascularizacién del tejido [227] y una mejora en la
funcién ventricular [228] un mes tras el implante. También se detectaron efectos
similares al trasplantar un parche compuesto por acido poliglicdlico-co-prolactona
(PGCL) sembrado con MNC-MO en un modelo de IM en rata. En este caso, ademas, se
observé un remodelado positivo del corazéon [229]. El grupo de Lesman vy
colaboradores, ha utilizado una combinacidon de PLGA y matrigel y tres tipos de células
de origen humano (ESC, células endoteliales y fibroblastos embrionarios) para crear un
tejido cardiaco vascularizado y con capacidad proliferativa [230]. Este parche cardiaco
es capaz de crear un injerto estable en el corazén de rata y se ha observado la
contribucién de la vasculatura preexistente a la perfusion del tejido [231].

Otros biomateriales ampliamente utilizados son los derivados de componentes
biolégicos de la matriz extracelular, como el alginato, un polisacédrido formado por
acido manurdnico y gulurénico. Asi por ejemplo, se han formado geles porosos de
alginato en combinacion con CM fetales de rata [232], que se implantaron en un
modelo murino de IM observandose la revascularizacidon del parche. Pese a ello, el
injerto no fue estable ya que las células cardiacas implantadas fueron reemplazadas
por colageno y no se observd una integracion estructural del parche en el tejido. Aun
asi, se comprobd una mejora de la funcidn cardiaca consecuencia del remodelado

positivo del corazén y de la revascularizacién del mismo, indicando una vez mas el
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efecto paracrino mas que regenerativo de las células trasplantadas. Ryu vy
colaboradores inyectaron MNC-MO o MNC-MO embebidas en fibrina, obteniéndose
una mayor revascularizacién y consiguiente regeneracién en el grupo implantado con
fibrina [226], confirmando la eficacia de este método. Simpson y colaboradores en
cambio, utilizaron el colageno de tipo | en forma liquida como soporte en la inyeccién
de MSC en corazones con IM en rata. Este colageno es liquido a temperatura ambiente
y gelifica a 379C. En este estudio, también se observé un incremento del injerto celular
y por tanto, un efecto paracrino mas potente y duradero. Esto se tradujo ademas en
una mejora en la funcién cardiaca [233].

Otros grupos han tratado de favorecer una distribucion mas homogénea de las
células trasplantadas, y se han utilizado matrices sélidas de distinto tipo, entre ellas de
colageno, de modo que las células podian ser sembradas in vitro sobre la membrana,
para ser implantadas posteriormente en el corazén infartado. Siguiendo esta
aproximacion, se analizd, en un modelo de IM en ratén, el potencial de las MNC de
corddn umbilical previamente cultivadas sobre una membrana de colageno y aplicadas
a modo de parche sobre el corazén [225]. Una vez mas, se detectd un incremento en el
nivel de injerto y supervivencia de las mismas asi como una mejora de la funcién
cardiaca. En vista de estos y otros resultados obtenidos en estudios animales (revisado
en [234]), el grupo del Dr. Chachques comenzd en el afio 2007 el primer ensayo clinico
(fase 1) realizado con este tipo de matrices. Para ello, 20 pacientes con IM fueron
trasplantados con parches compuestos por MNC-MO y membranas de colageno [235].
Es importante destacar que no se detectaron efectos adversos como consecuencia del
trasplante, demostrando asi la factibilidad y seguridad del procedimiento. Ademas, se
obtuvieron indicios positivos de la eficacia del tratamiento, ya que se observé una
mejora funcional y un remodelado positivo de los corazones tratados un afio después
del implante [236]. La realizacién de estudios aleatorizados a doble-ciego con un
numero mayor de pacientes confirmara dicho beneficio.

Finalmente, se han realizado recientemente estudios en los que se han

utilizado técnicas como el electrospinning o microtemplating, para crear matrices con
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un patron dirigido y favorecer asi la disposicion y diferenciacion celular del implante en
el tejido huésped. Se han creado por ejemplo, hidrogeles de poli(2-hidroxietil-
metacrilato-co-acido metacrilico) organizados en canales que favorecen la disposicién
paralela de los CM depositados sobre dicha matriz de forma similar a como se
organizan en el corazén. Ademds, se han incluido microporos esféricos e
interconectados para favorecer la angiogénesis y reducir la formaciéon de estructuras
cicatrizantes tras su implante en el corazén [237].

Por ultimo, se han creado parches de tejido contractil in vitro utilizando varias
poblaciones celulares. Por ejemplo, el Dr. Zimmermann y colaboradores han creado
estructuras tridimensionales compuestas por CM vy otras poblaciones cardiacas
embebidas en coldgeno de tipo | y matrigel, condicionadas mediante tensién mecanica
para la estimulacidon contractil de los mismos [238, 239]. Asi, tras su trasplante en
corazones infartados, éstos contribuian a la capacidad contractil del corazén sin
evidencia de arritmias, previniendo ademas la dilatacidn de la pared ventricular [239].
Recientemente, otro grupo ha formado un tejido cardiaco de origen humano
combinando CM derivados de ESC e iPS y células endoteliales embebidos en una
matriz tridimensional de coldageno. Se ha demostrado su capacidad de injerto vy
supervivencia celular, al ser trasplantado en corazones de ratas atimicas [240]. Ademas
se observé una mayor formacién de vasos de origen humano en los animales a los

cuales se implantd, también en el parche, MSC o fibroblastos embrionarios de ratén.

1.3.4.2. Sistemas sin soporte

Otros grupos se han centrado en la aproximacion contraria, es decir, en la
creacion de parches celulares sin matrices que actien de soporte, evitandose asi una
posible reaccidn inmunolégica frente al material utilizado. Gracias a la técnica
desarrollada en el laboratorio del Dr. Okano, es posible, mediante la utilizacion de
placas termosensibles (compuestas por el polimero poli(N-isopropil-acrilamida)),
cultivar células hasta una alta confluencia para después, al someter la placa a una

temperatura menor, desprender facilmente la monocapa celular formada [241]. Asi, se
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ha comprobado, en un modelo de IM agudo en rata, que la aplicacion de una
monocapa celular de ADSC favorece la revascularizacion del tejido, preservando la
pared ventricular y, en definitiva, promoviendo la mejora de la funcidn cardiaca [242].
Ademas, existe la posibilidad de combinar varias laminas celulares al adherir unas
sobre otras, incrementando asi el nimero de células implantadas sobre la regién de
tejido dafiado [243]. En general, cuando se crean parches de un grosor superior a las
200 um, la mayor limitacién viene dada por el indice de difusidn del oxigeno y de los
nutrientes esenciales, ya que se ha detectado necrosis celular en las regiones centrales
de parches de mayor grosor. Por ello, como ya hemos comentado anteriormente, uno
de los aspectos fundamentales que se debe considerar a la hora de crear parches
tridimensionales es la revascularizacién de los mismos. Asi, al igual que en los estudios
con células ADSC, también se han creado mediante esta técnica parches compuestos
por diversas capas de CM neonatales combinados con células endoteliales. Se ha
observado que al implantarlos en un modelo de infarto en rata, éstos son capaces de
integrarse en el tejido gracias a la formacién de redes vasculares funcionales que se
conectan a la vasculatura general. Como consecuencia de ello, se produce una mejora
funcional un mes tras el implante [244].

Recientemente, también se han creado parches con CM derivados de ESC
combinados con células endoteliales derivadas de corddén umbilical y fibroblastos
embrionarios y que pueden adquirir capacidad contractil y ser eléctricamente
estimulados a un ritmo determinado. Se ha demostrado que estos parches son capaces
de injertar in vivo, aunque su posible beneficio al ser aplicados en un modelo de IM
aun no ha sido demostrado [245, 246].

Por otro lado, también se han trasplantado cardioesferas, que como ya se ha
comentado anteriormente, son agregados celulares con potencial cardiovascular [83].
Tras su implante en el corazén infartado, se ha demostrado su efecto positivo tanto en

el remodelado tisular como en la funcién cardiaca [84, 85].
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1.3.4.3. Matrices decelularizadas

Otra estrategia que estd actualmente en desarrollo, es la decelularizacion de
tejidos u dérganos, de modo que la matriz resultante puede ser recelularizada con las
células deseadas y trasplantada a modo de parche sobre el epicardio. La ventaja de
utilizar estas membranas es que contienen componentes naturales de la matriz
extracelular, tales como el colageno o los glicosaminoglicanos, lo que favorece la
adherencia y supervivencia celular. Ademads, generalmente provocan un menor
rechazo inmunoldgico que otros materiales sintéticos. Se han decelularizado vy
empleado matrices derivadas del omentum pericardico, el pericardio bovino o la
submucosa del intestino delgado, entre otros.

En el caso del omentum, éste comenzé ya a utilizarse para el tratamiento del
IM en los afios 30, con el objetivo precisamente de promover la revascularizacién del
tejido cardiaco. Recientemente, el grupo de Ueyama y colaboradores combind el
omentum con una ldmina de hidrogel enriquecido ademas con el factor
proangiogénico bFGF, y comprobaron que, al trasplantarlo en un modelo de IM en
conejo, se inducia de forma muy potente la revascularizacion del tejido y, en
consecuencia, la mejora de la funcion cardiaca [247].

En otros estudios se ha utilizado pericardio bovino decelularizado y
microseccionado en varias capas formando un “sandwich” intercalado con laminas de
MSC. Asi, en un modelo de IM en rata, se determind una mejora funcional tres meses
tras el implante, consecuencia, al menos en parte, de la revascularizacidon del tejido
cardiaco. Se comprobdé ademas, el efecto paracrino de las MSC, detectandose la
secrecion de los factores cardioprotectores IGF-1 y HGF [248, 249].

Por dultimo, el grupo de Tan y colaboradores, ha creado un parche
decelularizado a partir de la submucosa del intestino delgado y recelularizado con MSC
de conejo. Tras una semana de cultivo in vitro, la matriz formada e implantada en un
modelo de IM en conejo, indujo una mejora de la funcién contractil del corazén un
mes tras el implante [250]. Al igual que en los demas estudios, los andlisis histoldgicos

demostraron un aumento en la vascularizacién del tejido.
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A la vista de todos estos resultados, se puede concluir que la utilizacién de los

distintos parches celulares con sus ventajas y limitaciones (Tabla 1.3.) puede resultar

en general beneficiosa, especialmente cuando las areas dafiadas del corazén son

relativamente pequeiias.

Tabla 1.3. Parches celulares, ventajas y limitaciones. Abreviaturas: Matriz extracelular (MEC).

Aplicaciones

Ventajas

Desventajas

Parches:

biomateriales porosos

-Soporte estructural

-Mayor retencién celular en combinacion
con componentes de MEC
-Acondicionamiento mecanico y eléctrico
-Aumenta la vascularizacién

-Mejora de la funcién y remodelado

-Distribucién irregular
-Supervivencia limitada

-Material biodegradable que
desencadena respuesta inflamatoria
-No se integra en el miocardio

-Cirugia para su implante

Parches:

hidrogeles/derivados de MEC

-Retencidn celular y distribucidn regular
-Acondicionamiento mecanico y eléctrico
-Aumenta la vascularizacién

-Mejora de la funcién y remodelado

-Injerto cardiaco en el miocardio

-Supervivencia limitada

-Inmunogenicidad cuando son
productos derivados animales
-No se integra en el miocardio

-Cirugia para su implante

Sistemas sin soporte

-No se induce respuesta inflamatoria ni
inmunogenicidad

-Potencial angiogénico in vitro
-Aumenta la vascularizacion
-Integracion vascular con el miocardio

-Mejora de la funcién y remodelado

-Acondicionamiento mecdnico
limitado

-Cirugia para su implante

Matrices decelularizadas

-No se induce respuesta inflamatoria ni
inmunogenicidad

-Acondicionamiento mecanico y eléctrico
-Aumenta la vascularizacién

-Mejora de la funcién y remodelado

-Distribucién irregular
-Diferenciacién celular e injerto
limitado

-Cirugia para su implante

Sin embargo, en

casos en los que el corazon ha presentado episodios

recurrentes de IM y comienza a no ser funcional, se precisa el empleo de técnicas mas

drésticas como el trasplante de corazon. Desafortunadamente, la disponibilidad de
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corazones sanos y compatibles es muy limitada, y pese a los avances que se estan
realizando en el desarrollo de corazones mecanicos, éstos todavia presentan una serie
de problemas asociados, como el tromboembolismo o la limitada calidad de vida del
paciente. La idea de crear un nuevo corazéon mediante la decelularizacién de corazones
de caddveres o incluso provenientes de cerdos, para su posterior recelularizaciéon con
células cardiovasculares derivadas de células madre, resulta muy atractiva. Se ha
demostrado que, mediante la perfusion del corazén con el detergente SDS al 0,1%, es
posible eliminar todo el componente celular sin dejar trazas de ADN, pero
conservandose a su vez intacta la estructura y composicion de la matriz. Ademas,
mediante la utilizacidon de un bioreactor, se ha conseguido su revascularizaciéon con
células endoteliales y la formacion de una capa muscular contractil con capacidad de
bombeo [251].

A pesar de lo llamativo de estos resultados, son muchos los aspectos referentes
a la estructura del corazdn obtenido que todavia necesitan ser controlados, tales como
la creacién de una pared de mayor grosor (ya que el conseguido hasta ahora es muy
inferior al de un corazén normal), con una capacidad contractil adecuada y estable,
para asi evitar posibles casos de arritmias. Ademas, de cara a la recelularizacion del
mismo, todavia es necesario disponer de una fuente celular de CM 6ptima, que pueda
ser facilmente obtenida y expandida, y que presente caracteristicas de célula maduray
funcional. Actualmente, este aspecto todavia supone gran reto, ya que, por un lado, la
obtencidn de progenitores cardiacos no es eficiente debido a la falta de una completa
caracterizacién y, por otro, su obtencién a partir de células pluripotentes tales como
las ESC o iPS, presenta riesgos de tumorogenicidad, incluyendo ademas los de tipo
inmunolégico y ético en el caso de las ESC. En cualquier caso, la posibilidad de crear
drganos con esta tecnologia representa un nuevo horizonte en la bisqueda de nuevas
terapias para el tratamiento de las enfermedades cardiovasculares entre otras

patologias.
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Hipotesis

Los estudios realizados hasta el momento han demostrado el efecto
beneficioso que el trasplante de las células madre, incluidas las derivadas del tejido
adiposo (ADSC), ejercen sobre el corazén infartado. En general, a pesar de su
capacidad de diferenciacion, los mecanismos principales por los que inducen tal efecto
son de tipo trdfico, liberando factores que favorecen el remodelado positivo y la

revascularizaciéon del corazon.

La aplicacion de las células madre presenta, sin embargo, importantes
limitaciones que disminuyen su efectividad, tales como el bajo grado de injerto y de
supervivencia celular, que se deben en gran medida, a los métodos de trasplante
habitualmente utilizados. Hasta el momento, las células han sido generalmente
inyectadas en suspension, dificultando su retencidon y su supervivencia inducida por

sefales dependientes de anclaje a la matriz extracelular.

La hipdtesis de este estudio es que el trasplante en el corazén de las células
ADSC adheridas a una matriz biocompatible podria incrementar su permanencia en el
tejido y posibilitar una distribucién mas homogénea de las mismas, potenciando asi su

beneficio terapéutico en el tratamiento del infarto de miocardio.
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Objetivos

Los objetivos del presente trabajo han sido los siguientes:

1. Aislar y caracterizar la poblacién de células madre derivadas del tejido adiposo

(ADSC), a partir de grasa de rata Sprague-Dawley.

2. Caracterizar el comportamiento biolégico y mecdnico de distintos tipos de

membranas de coldgeno y determinar su biocompatibilidad in vivo.

3. Analizar de forma comparativa, el potencial terapéutico de las ADSC en el
corazon, al ser trasplantadas como parche celular (mediante su previa
adhesién a una membrana de coldgeno) o inyectadas sin soporte, en un

modelo de infarto crénico de miocardio en rata.

4. Determinar los mecanismos implicados en la posible accion terapéutica de las

membranas celularizadas con ADSC.
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Material y métodos

4.1. Obtencion, cultivo y caracterizacion de las células ADSC

Las ADSC se obtuvieron mediante el cultivo in vitro de la fraccion estromal
vascular (SVF) aislada a partir de tejido adiposo de rata. La obtencidn, el
procesamiento de las muestras y el cultivo de las células se realizé bajo condiciones de

esterilidad.

4.1.1. Obtencidn y cultivo de las células ADSC

La SVF se aisl6 a partir de tejido adiposo de ratas macho Sprague-Dawley (SD)
de 10-12 semanas. Se utilizaron ratas transgénicas que expresan de forma ubicua la
proteina eGFP, la cual esta controlada bajo el promotor de la B-actina.

Los animales se sacrificaron mediante inhalaciéon de CO,. A continuacidn, se les
extrajo el tejido adiposo de la zona inguinal, y éste, se triturd y se digiridé con
colagenasa tipo | (2 mg/ml) (Gibco; ref. 17100-017) diluida en a-MEM (Gibco; ref.
32561), mediante incubacién a 37°C, durante 30 minutos y en agitacion. A
continuacién, la muestra se filtré con un filtro de 40 um (Falcon, ref. 2340) y se
centrifugéd a 600g durante 7 minutos. Posteriormente, la muestra se tratd con una
solucion de lisis eritrocitaria (31 mM NH4Cl, 2 mM KHCO3 y 0,02 mM EDTA) durante 5
minutos a temperatura ambiente y se centrifugd nuevamente a 600g durante 7
minutos. Finalmente, las células obtenidas se sembraron a una densidad de 7.500
células/cm? en medio de cultivo compuesto por a-MEM (Gibco) suplementado con
10% de suero de ternera fetal (Biochrom; ref. S0115) y 1% de penicilina-estreptomicina
(P/S) (Lonza; ref. 17602E). Cuando las células alcanzaron una confluencia del 80%, se
lavaron con PBS (Lonza; ref. BE17-512F) e incubaron con tripsina/EDTA (0,05% tripsina;
200 mg/L EDTA) (Lonza; ref. 17161E) durante 5 minutos a 379C, inactivandola
posteriormente con medio de cultivo. Las células se cultivaron a una confluencia de
4.000 células/cm? y cada 3-5 dias de cultivo, se tripsinizaron y sembraron nuevamente

a la densidad celular indicada.
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Las ADSC se cultivaron a 372C en atmdsfera humeda con un 5,5% de CO,
durante 3 semanas (correspondiente a 7-8 duplicaciones celulares), para obtener una
poblacién homogénea de fenotipo caracteristico de célula mesenquimal. Todos los

experimentos se realizaron con ADSC mantenidas en cultivo durante 3 semanas.

4.1.2. Caracterizacion de las células ADSC

El fenotipo de la poblacién ADSC obtenida tras 3 semanas de cultivo se analizé
mediante citometria de flujo. Para ello, se resuspendieron 250.000 células en 100 ul de
PBS y se incubaron, durante 15 minutos y en oscuridad, con 10 ul de los anticuerpos
marcados con el fluorocromo PE: anti-RT1A (BD; ref. 559993), anti-RT1B (BD; ref.
554929), anti-CD31 (BD; ref. 555027), anti-CD44H (BD; ref. 550974), anti-CD45R (BD;
ref. 554881), anti-CD73 (BD; ref. 551124), anti-CD90 (BD; ref. 554898) y el isotipo
control (BD; ref. 555584). A continuacidn, las células se lavaron con 2 ml de PBS y se
centrifugaron a 600g durante 7 minutos, tras lo cual se fijaron con 300 ul de
formaldehido al 4%.

Ademas se confirmd la expresiéon de la proteina eGFP de las ADSC. Como
control negativo, se utilizaron células ADSC aisladas de tejido adiposo de ratas SD
salvajes que no expresaban la proteina eGFP.

Las muestras se analizaron utilizando el citdmetro de flujo FACSCanto (BD) vy el

programa Cellquest (BD).

4.2. Caracterizacion de las membranas de colageno

4.2.1. Propiedades de las membranas de colageno

Se analizaron 4 tipos de membranas de colageno que fueron preparadas por la
empresa VISCOFAN, S.A. Las membranas, compuestas por coldgeno de tipo | (20 g/m?),
se prepararon a partir de piel bovina y presentaban un grosor de 20 um. Los 4 tipos de

membranas diferian entre si en su grado de entrecruzamiento (generado por el agente
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entrecruzante 1-Etil-3-(3-dimetilaminopropil)-carbodiimida (EDC; CgH17N3)), de modo
qgue la membrana #406 carecia de él, mientras que las membranas #407, #408 y #409

presentaban niveles crecientes de entrecruzamiento (Tabla 4.1.).

Tabla 4.1. Grado de entrecruzamiento de las membranas #406, #407, #408 y
#409. Ratio molar EDC:Colageno. EDC: 1-Etil-3-(3-dimetilaminopropil)-
carbodiimida.

# Membrana EDC : Colageno
406 0:1
407 2:1
408 5:1
409 10:1

4.2.2. Cultivo de ADSC sobre las membranas de colageno

La celularizacion de las membranas con ADSC se realizd mediante la utilizacion
de bastidores creados a partir de tubos de plastico de 1,5 ml (Sarstedt; ref. 175508)
recortados y autoclavados. Con este sencillo método se consiguié optimizar la
adherencia de las células a la membrana, evitando la pérdida parcial de células como
consecuencia de su adhesién a los pocillos de cultivo (Figura 4.1.). Las membranas
carecen de poros y por lo tanto, las células se adhieren a su superficie formando una
monocapa. El drea final de la membrana que queda en contacto con las células en el

bastidor es de 0,8 cm®.

/ Membrana

Figura 4.1. Cultivo de ADSC sobre membrana en bastidor.
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Previamente al montaje de los bastidores, las membranas se hidrataron en PBS
(Lonza) durante 10-12 horas. Las ADSC se cultivaron en el bastidor con 500 pl de medio

de cultivo en estufa a 372Cy 5,5% de CO,.

4.2.3. Ensayos in vitro

4.2.3.1. Ensayo in vitro de proliferacion celular

Las ADSC se sembraron sobre los 4 tipos de membrana (#406, #407, #408 y
#409) o sobre placas de cultivo de 48 pocillos (Corning; ref. 3548) (utilizados como
control del crecimiento celular), a una densidad de 40.000 células/cm?. Las células se
cultivaron en estufa a 372Cy 5,5% de CO, en medio de cultivo de ADSC. Transcurridos
1, 4 y 7 dias, se tripsinizaron para realizar el contaje celular. Para ello, las membranas
se incubaron en agitacién durante 10 minutos en tripsina/EDTA (0,5% tripsina; 2 g/L
EDTA) (Gibco; ref. 15400), y tras este tiempo, se inactivd la tripsina con suero de
ternera fetal (Biochrom), se recogieron las células, se centrifugaron a 600g durante 7
minutos y se resuspendieron en 100 pl de PBS (Lonza). Finalmente, para cuantificar el
numero de nucleos presentes en la muestra, se les afladio 100 pl de tampon de lisis
(Chemometec; ref. 910-0003) y 100 ul de reactivo estabilizante, (Chemometec; ref.
910-0002) y se realizd el contaje mediante el aparato NucleoCounter (Chemometec).

Se realizaron 3 experimentos independientes incluyendo triplicados para cada

. . , s 2
condicidn. Los resultados se expresaron como nimero de células/cm®.

4.2.3.2. Ensayo in vitro de adhesion celular

4.2.3.2.a. Cuantificacion de células adheridas a la membrana

Las células ADSC se sembraron sobre las membranas o en placas de cultivo de
48 pocillos (Corning) (como control de adhesion celular), a una densidad de 100.000,
250.000 y 500.000 células/membrana o pocillo. Las células se cultivaron en estufa a

372C vy 5,5% de CO;, en medio de cultivo de ADSC. Las ADSC adheridas se recogieron
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tras 24 horas y se cuantificaron con el aparato Nucleocounter (Chemometec) (ver
apartado 4.2.3.1).

Se realizaron 4 experimentos independientes incluyendo triplicados para cada
condicidn. Los resultados se expresaron como numero de células adheridas a las 24

horas.

4.2.3.2.b. Inmunofluorescencia de células adheridas a la membrana

Por otro lado, se determind la disposicién de las ADSC en la membrana, para lo
cual se realizé una inmunofluorescencia frente a vimentina (proteina del citoesqueleto
presente en células mesenquimales). Para ello, se retird el medio de cultivo de los
bastidores, se realizaron 2 lavados con PBS (Lonza) durante 5 minutos, y se fijaron con
zinc-formalina (Thermo Scientific; ref. 5701ZF) durante 10 minutos a temperatura
ambiente. A continuacion, tras 2 lavados con PBS, las células se permeabilizaron con
PBS-Tween®20 (Sigma; ref. STBB3609) al 0,1% durante 15 minutos, se bloquearon las
uniones inespecificas con gelatina de pescado (Sigma; ref. G7765) al 0,4% durante 1
hora, y se incubaron con el anticuerpo primario anti-vimentina (Dako; ref. M0725)
diluido 1:100 en gelatina de pescado, durante 3 horas a temperatura ambiente.
Posteriormente, se realizé un lavado con PBS y 3 lavados de 5 minutos cada uno con
PBS-Tween®20 (Sigma) al 0,1%, para retirar el exceso de anticuerpo primario. A
continuacion, las células se incubaron nuevamente con gelatina de pescado (Sigma) al
0,4% durante 15 minutos y se incubaron, durante 1 hora en cdmara humeda, con el
anticuerpo secundario marcado con el fluorocromo Alexa fluor 594 (Invitrogen; ref.
A11032) diluido 1:500 en gelatina de pescado. Finalmente, tras un lavado en PBS, se
desmontaron los bastidores y se colocé la membrana en un portaobjetos con medio de
montaje que incluia, para realizar el marcaje nuclear, DAPI al 25% (Vectashield-Dapi,
Vector Laboratories; ref. H1200) diluido en una solucién de PBS:glicerol (1:1). Se
incluyé como control negativo de inmunofluorescencia, una membrana celularizada a

la cual no se le afiadié el anticuerpo primario.
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La adquisicion de imagenes se realizd para cada condicidn con el objetivo de
20x, con la camara AxioCam MR3 (Zeiss) acoplada al microscopio Zeiss Axiolmager M1
(Zeiss).

Para el analisis del grosor de la monocapa celular formada, las membranas se
fijaron con zinc-formalina, se lavaron y permeabilizaron siguiendo el protocolo de
inmunofluorescencia y se tifleron los nucleos con TOPRO-3 (Molecular probes; ref.
T3605) 0,02 mM en una solucion de PBS:glicerol (1:1).

Se realizaron 8 medidas del grosor de la monocapa celular en las imagenes
obtenidas con el objetivo de 20x, para cada confluencia celular. Los resultados se
expresaron como grosor de la monocapa celular (um). La adquisicion de imagenes se
realizdé con el programa AIM 4.2 (Zeiss) en el microscopio confocal LSM 510 META

(Zeiss).

4.2.3.3. Ensayo in vitro de apoptosis celular: TUNEL

Las células ADSC se sembraron sobre las membranas colocadas en bastidores a
una densidad de 100.000, 250.000 y 500.000 células/membrana. Estas se cultivaron
durante 24 horas en estufa a 372Cy 5,5% de CO, en medio de cultivo de ADSC.

El grado de apoptosis celular fue cuantificado mediante la técnica de Tunel,
para lo cual se utilizéd un kit especifico (In Situ Cell Death Detection Kit; Roche; ref.
12156792). Esta técnica esta basada en la deteccidn in situ de nucleos en apoptosis
mediante la unién de nucleétidos marcados con la enzima deoxinucleotidil transferasa
terminal (TdT) a los extremos libres 3’-OH de los fragmentos de ADN, generados
durante la apoptosis.

Para realizar dicho marcaje, las células se lavaron 3 veces con PBS (Lonza)
durante 2 minutos cada una y se fijaron con paraformaldehido (Sigma; ref. P6148) al
4% durante 20 minutos a temperatura ambiente. Tras la fijacion, las células se
volvieron a lavar 3 veces con PBS durante 2 minutos, se permeabilizaron con PBS-
Tritédn X100 (Sigma; ref. 8532) al 0,5% durante 4 minutos y se lavaron nuevamente con

PBS durante 2 minutos. A continuacién, se afiadieron 80 pl de la mezcla de reactivos
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de Tunel (dilucion 1:10 de la enzima TdT en su tampdn) y se incubd durante 1 hora en
camara humeda y en oscuridad a 372C. Tras un nuevo lavado en PBS, la membrana se
montd sobre un portaobjetos para posteriormente marcar los nicleos con medio de
montaje Dapi-Vectashield (Vector laboratories; ref. H1200) al 25% en una solucién de
glicerol:PBS (1:1). El control positivo de apoptosis se correspondié con ADSC tratadas
durante 20 horas con un estimulo apoptdtico (medio de cultivo sin suero y peréxido de
hidrégeno 50 uM).

Se tomaron 8 imagenes de cada membrana, con el objetivo de 10x. Las
imagenes se cuantificaron manualmente y los resultados se expresaron como
porcentaje del numero de células Tunel positivas respecto al niumero total de células.
Se realizaron 3 experimentos independientes por triplicado. La adquisicion de
imagenes se realizé con cdmara AxioCam MR3 (Zeiss) acoplada al microscopio Zeiss

Axiolmager M1 (Zeiss).

4.2.3.4. Microscopia electronica de la membrana celularizada

Las membranas celularizadas con ADSC o sin celularizar, se analizaron mediante
microscopia electréoncia. En el primer caso, se sembraron 500.000 ADSC sobre la
membrana #406 y se cultivaron durante 24 horas en estufa a 372C y 5,5% de CO, en
medio de cultivo de ADSC.

Tanto las membranas sin celularizar como las membranas sembradas con ADSC
se fijaron con glutaraldehido (Electron Microscopy Sciences; ref. 16210) al 2,5%
durante 2 horas y se lavaron 3 veces con PBS (Lonza) durante 10 minutos.
Posteriormente, las muestras se deshidrataron mediante pases sucesivos por etanol de
309, 509, 7092, 909, 962 y absoluto, durante 15 minutos en cada alcohol. El posterior
procesamiento de las muestras para las técnicas de microscopia electrdnica se realizé

segun lo descrito en el apartado 4.7.3.
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4.2.3.5. Ensayo in vitro del comportamiento mecdnico de las membranas

Se analizé el comportamiento mecdnico de los 4 tipos de membrana de
coldgeno (#406, #407, #408 y #409) asi como de la membrana #406 celularizada con
ADSC. En los experimentos de membrana celularizada, se sembraron 500.000 células
sobre la membrana, 24 horas antes del analisis mecanico. Las membranas sin células
se hidrataron durante 24 horas con medio de cultivo en estufa, a una temperatura de
37°Cy 5,5% de CO,.

El andlisis del comportamiento mecanico de las membranas se realizé mediante
un ensayo de traccion uniaxial en el cual se midieron la elongacién de la muestra u
(mm) y la carga aplicada F (N), valores a partir de los cuales se calcularon la tensién
(o=F/A) y deformacion (A=1+u/ly) del material (siendo A el area transversal de la
muestra y /lp la longitud inicial de la misma antes del ensayo). Estos valores son
representados graficamente, para obtener asi el mddulo eldstico (mddulo tangente al
1%, E|) y el médulo tangente (mddulo tangente en la parte lineal de la curva, E;) (Figura

4.2.).

¢ (Mpa)

18

Figura 4.2. Calculo de los médulos tangentes El y Ell a partir de la curva tension (o) deformacion (A).
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Los ensayos se realizaron en un equipo INSTRON MicroTester 5548 con un
video-extensometro laser (para medir el desplazamiento). Las muestras se ensayaron
en una camara con un humidificador, para garantizar el 100% de humedad y evitar la
deshidratacién de las mismas. El ensayo tuvo lugar a una velocidad de desplazamiento
de 1 mm/min con un preacondicionamiento consistente en una carga y descarga de
tres ciclos, a un nivel de deformaciéon del 10%, las muestras, posteriormente se
elongaron hasta su ruptura.

Las muestras fueron cortadas en dos direcciones perpendiculares entre si,
denominadas longitudinal y transversal, mediante un troquel para garantizar la
homogeneidad del tamafio y dimensiones de las mismas (20 mm x 2 mm). Para cada
tipo de membrana, se realizaron 6 experimentos independientes en cada direccion
(longitudinal y transversal). Los resultados se mostraron como la media de los mdédulos

tangentes para cada tipo de membrana y en cada direccién del ensayo.

4.3. Trasplante de membranas celularizadas en un modelo de infarto crénico de

miocardio en rata
4.3.1. Modelo de infarto cronico de miocardio en rata

El protocolo utilizado para la generaciéon del modelo in vivo de infarto de
miocardio y el resto de los procedimientos animales realizados fueron aprobados por
el Comité Etico de Experimentacién Animal (CEEA) de la Universidad de Navarra. Los
animales utilizados se mantuvieron en condiciones estandar de estabulacién
(humedad, temperatura, alimentacion, luz, etc) en el animalario de la Universidad de
Navarra.

El modelo de infarto de miocardio crénico se realizé en ratas hembra Sprague-
Dawley (Harlan-IBERICA, Barcelona) de 8 semanas (250 g), la intervencidn se llevé a
cabo en condiciones de esterilidad y bajo anestesia inhalatoria. Como agente

anestésico se empleé isoflurano (Esteve veterinaria; ref. 5910A) al 4% en una cdmara
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de induccion con oxigeno. Antes de la intervencion, se administraron los analgésicos
ketoprofeno (Ketofen 1%, Jesus Guerrero; ref. MR47) 5 mg/Kg (por via subcutanea) y
fentanilo (Fentanest, Kern Pharma; ref.756650) 0,15 mg/Kg (por via intraperitoneal).
Las ratas se intubaron y ventilaron mecanicamente a 90 ciclos/min y el isoflurano se
mantuvo al 1,5-2% durante la operacién. La intervencién se realizd mediante
toracotomia izquierda a nivel del cuarto espacio intercostal y consiguiente apertura del
pericardio, tras lo cual se procedid a la ligacion permanente de la arteria coronaria
descendente anterior con hilo prolene 7/0 (Ethicon; ref. W8702). Tras la ligacidn, se
procedio al cierre de la incisién por planos, y el abdomen y la piel se suturaron con hilo
de vicryl 4/0 (Ethicon; ref. V304). Se comprobé la reanimacién de los animales de la
anestesia y se les mantuvo durante 24 horas en la jaula con manta térmica para su
restablecimiento tras la operacion.

Las ratas operadas recibieron antibioticoterapia general con enrofloxacina (25
mg/kg) (Alsir® Lechones 5 mg, Esteve veterinaria; ref. 0901-ESP) en el agua de bebida
durante 7 dias consecutivos y analgesia mediante inyeccidn subcutdnea de

ketoprofeno (Jesus Guerrero) durante 2 dias consecutivos.

4.3.2. Anadlisis de la biocompatibilidad de las membranas con el tejido

cardiaco

Para determinar la biocompatibilidad de las distintas membranas (#406, #407,
#408 y #409) con el tejido cardiaco, éstas se implantaron en los corazones tras 5
semanas de haber sido provocado el infarto. Se trasplantaron 24 animales (6
animales/grupo) y se sacrificaron 2, 7 y 30 dias después del implante.

Las ratas se operaron mediante esternotomia para la realizacion del implante.
Para ello, el animal anestesiado, intubado y conectado al respirador mecanico
(siguiendo las mismas pautas de anestesia, analgesia y antibioticoterapia descritas en
el modelo de infarto de miocardio), se colocé en posicidon supina y se le depilé y
desinfectd la zona del esternén. Una vez abierta la cavidad toracica, se liberd el

pericardio y se pasé una sutura de traccion intramural prolene 7/0 (Ethicon) en la zona

60



Material y métodos

del ventriculo izquierdo sana. Tras localizar la zona infartada, se implantaron las
membranas mediante sutura en 5 puntos del miocardio con hilo prolene 7/0 (Ethicon).
Las dimensiones de la membrana fueron de 1 x 1 cm. En todos los casos, tras
comprobar que no habia sangrado, se retiré la sutura de traccién y se procedié al
cierre del abdomen vy piel por planos, con vicryl 4/0 (Ethicon). Cuando los animales se
recuperaron de la anestesia, se retird el tubo endotraqueal y se devolvieron a su jaula
donde se les mantuvo en observacién y con manta térmica durante 24 horas para

asegurar su restablecimiento tras la operacion.

4.3.3. Trasplante de ADSC adheridas a membrana o mediante inyeccion

Para determinar el potencial terapéutico de las membranas celularizadas con
ADSC, se infartaron un total de 116 ratas y se incluyeron en el estudio aquellos
animales que habian sobrevivido y presentaban una fraccion de eyeccion ventricular <
45% (ver apartado 4.4.) 1 mes después del infarto (n=68). Los animales se dividieron
aleatoriamente en 4 grupos experimentales: grupo control (medio), grupo tratado con
ADSC, grupo trasplantado con membrana (#406), y grupo trasplantado con membrana
(#406) celularizada con ADSC.

Las ratas se operaron siguiendo el protocolo de cirugia anteriormente explicado
(aptdo. 4.3.2.). En el caso de las células, éstas se resuspendieron en 80 ul de a-MEM
(Gibco) y se inyectaron subepicdrdicamente en 4 puntos de la zona de peri-infarto, con
aguja de insulina de 29 G (BD Micro-Fine; ref. 324892). El grupo control, recibio 4
inyecciones de medio a-MEM (Gibco), de 20 ul cada una. En el caso de las membranas
(celularizadas o no), se implantaron sobre la zona infartada mediante sutura en 5
puntos del miocardio. Las dimensiones de la membrana fueron de 1 x 1 cm.

Las membranas celularizadas se prepararon sembrando 500.000 ADSC sobre las
membranas (#406) y se mantuvieron en cultivo durante 24 horas para su correcta
adhesién antes del implante. En el grupo de animales implantados con ADSC, se

inyectaron 350.000 células, ya que éste resultaba ser el nimero final de células
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adheridas a la membrana tras 24 horas de su cultivo sobre la membrana (ver apartado

de resultados 5.3.1. (experimentos de adhesion a dia 1)).

4.4. Estudio de la funcion cardiaca mediante ecocardiografia

La adquisicion de imagenes para el estudio de la funcidn cardiaca se realizé con
los animales anestesiados con isoflurano al 2% (Esteve Veterinaria) colocados en
decubito lateral. Se practicaron registros de ecocardiograma bidimensional, modo My
medidas de ecocardiograma-Doppler.

Los parametros de remodelado ventricular analizados fueron los didametros y
volumenes telesistélicos (DVIts-Vts) y telediastélicos (DVItd-Vid), de acuerdo con las
recomendaciones de la Sociedad Americana de Ecocardiografia [252]. La fraccién de
eyeccion ventricular izquierda (FEVI) se obtuvo a partir de una proyeccidn paraesternal
en el eje corto segun formula de Teichholz, definido como el cambio de volumen del
ventriculo izquierdo dividido por el volumen inicial [253].

Excepto la FEVI, el resto de los parametros analizados se corrigieron con el peso
del animal y todos los datos ecocardiograficos se registraron a frecuencias cardiacas
similares. Las medidas se promediaron con tres ciclos cardiacos consecutivos. Los
estudios ecocardiograficos fueron realizados por el mismo investigador que realizo las
medidas en modo ciego y se realizaron previamente a la aplicacion del tratamientoy 4
meses tras el implante. Sélo los animales con una FEVI inferior al 45% tras un mes de
haber sido provocado el infarto fueron incluidos en el estudio. Los estudios
ecocardiograficos se realizaron con un equipo de ultrasonidos Sonos 4500 (Philips)

acoplado a un transductor lineal de 12 MHz y con capacidad Doppler.
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4.5. Estudio del comportamiento mecanico del corazén

Los animales de los distintos grupos se sacrificaron 4 meses tras el implante.
Para el sacrificio, los animales se anestesiaron con una mezcla de un anestésico
disociativo, ketamina (Imalgene 1000 Merial Laboratorios), a una concentracion de 75
mg/kg, y de un tranquilizante agonista Z-2 adrenérgico, xilacina (Rompun 2% Bayer;
ref. Q-0615-035), a una concentracién de 10 mg/Kg. Tras obtener los corazones, se
retiraron las auriculas, y se cortaron muestras rectangulares desde la parte superior
hacia el 4pice en la zona del infarto cerca de la ligadura y en zonas paralelas, con el
objetivo de comprobar la evolucién de las propiedades mecdnicas del tejido cardiaco
ventricular de la zona infartada y peri-infarto (Figura 4.3.).

En total, se obtuvieron, de cada corazén, 5 muestras paralelas de dimensiones
aproximadas de 15 mm de longitud y 5 mm de ancho. Para cada grupo se ensayaron 6

animales, haciendo un total de 30 muestras por grupo.

Figura 4.3. Esquema de la recogida de muestras de los
corazones. A. corazon sin infartar; B. corazon infartado.

Los ensayos se realizaron siguiendo el mismo protocolo utilizado para realizar

las medidas de las membranas en el equipo INSTRON MicroTester 5548 con un video-
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extensdOmetro ldser en una cdmara con un humidificador (ver apartado 4.2.3.5.). Los
ensayos se realizaron a una velocidad de desplazamiento de 1 mm/min con un
precondicionado que consistié en una carga y descarga de tres ciclos a un nivel de
deformacion del 10% y después se elongaron hasta rotura. De nuevo se obtuvieron las
graficas tension (o=F/A) frente deformacion (A=1+u/ly) para cada zona del ensayo, y se
compararon el médulo tangente en la parte lineal de la curva (E;), asi como las curvas
de comportamiento de cada grupo.

Se analizaron los resultados obtenidos cuando las muestras se sometieron a
una deformacion del 20-50%. Con deformaciones menores al 20%, las fibras de
colageno no aportan apenas rigidez y los resultados de los mddulos elasticos entre
grupos suelen ser similares. En cambio, cuando la deformacion es mayor (20-50%), el
colageno si aporta su maxima rigidez y las posibles diferencias entre grupos se hacen
mas evidentes y comparables. No se consideraran los valores obtenidos con

deformaciones mayores al 50%, por no ser fisiolégicamente representativos.

4.6. Obtencion y procesamiento de tejidos

Los animales de los distintos grupos fueron sacrificados 4 meses después de
haber realizado el implante. Para el sacrificio, los animales se anestesiaron
previamente con la mezcla de ketamina (75 mg/Kg) y xilacina (10 mg/Kg). A
continuacién, se inyecté en los corazones 1 ml de cloruro de cadmio (CdCl, Sigma;
202908) 1 mM (provocando la parada del corazén en diastole), y se perfundieron
durante 5 minutos con PBS (Lonza). Finalmente, se fijaron con zinc-formalina (Thermo
Scientific) durante 15 minutos (en el caso de aquellos destinados al analisis mediante
técnicas histoldgicas), o con zinc-formalina (Thermo Scientific) y glutaraldehido
(Electron Microscopy Sciences) al 0,1% (en aquellos que serian analizados por
microscopia electrénica).

Se procesaron 5-6 corazones por grupo animal tras 4 meses del implante y 2-3

corazones por grupo animal 1 y 4 semanas post-implante, para la realizacién de los
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posteriores analisis histologicos. Los corazones se extrajeron, se cortaron
transversalmente en 3 secciones de unos 4 mm de grosor cada una y se fijaron de
manera adicional durante 24 horas en zinc-formalina (Thermo Scientific). A
continuacion, tras 3 lavados de 5 minutos con PBS (bioMerieux; ref. 75511) y 1 lavado
de 5 minutos con agua destilada, los tejidos se deshidrataron en etanol al 702 durante
24 horas para su posterior inclusiéon en parafina. De cada seccién del corazén, se

realizaron 60 cortes de 5 um de grosor, en 6 series de 10 cortes cada una.

4.7. Técnicas histologicas

Se analizaron 18 cortes seriados para cada una de las técnicas histoldgicas
realizadas. En primer lugar, se procedié al desparafinado de las muestras. Para ello, se
mantuvieron en una estufa a 562C durante 15 minutos y, para eliminar los restos de
parafina, se sumergieron en xilol (Panreac) durante 30 minutos. A continuacién, se
mantuvieron en etanol absoluto (Merck) durante 2 minutos y se hidrataron mediante
pases sucesivos, de 2 minutos cada uno, en diluciones decrecientes de alcohol en agua:
969, 802 y 702 y finalmente, agua destilada. Una vez hidratadas, se siguieron los

protocolos correspondientes de tincion, inmunohistoquimica o inmunofluorescencia.

4.7.1. Tinciones histoldgicas

4.7.1.1. Tincion de hematoxilina-eosina

Las muestras desparafinadas e hidratadas se tifieron en una solucién de
hematoxilina de Harris (Merck; ref. 1082530) durante 7 minutos. Se lavaron con
abundante agua y, a continuacion, se introdujeron en etanol 702 con unas gotas de
acido clorhidrico (Panreac; ref. 141020) al 37%. Las preparaciones se diferenciaron en
carbonato de litio (Panreac; ref. 141391) saturado y se lavaron en agua durante 5
minutos. Finalmente, se tifleron en una solucién de eosina (Merck; ref. 115935) al 0,5%

a pH5 durante 5 segundos. El exceso de eosina se retird con agua y se procedio a la
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deshidratacién de las muestras mediante pases sucesivos por alcohol de 962, alcohol

absoluto y xilol antes de ser montadas en solucién DPX (BDH; ref. 361254D).

4.7.1.2. Tincion de rojo sirio

Las muestras desparafinadas e hidratadas se tifieron con una solucién de rojo
sirio (Sigma; ref. 365548) al 0,1% en acido picrico (Sigma; ref. 80452) saturado durante
30 minutos a temperatura ambiente. Posteriormente, se deshidrataron en alcohol

absoluto (Merck) y xilol (Panreac), y se montaron en solucién DPX (BDH).

4.7.2. Inmunohistoquimica e inmunofluorescencia

En el caso de las técnicas inmunohistoquimicas, se procedié a eliminar la
actividad peroxidasa enddgena para evitar su interferencia en el revelado. Para ello, las
muestras desparafinadas (apartado 4.7.), se mantuvieron durante 2 minutos en etanol
y 20 minutos en oscuridad en una solucidon de metanol (Sigma; ref. 34940): perdxido
de hidrégeno (Panreac; ref.141077) al 10% (v:v). Tras la hidratacion de las muestras
mediante pases de 2 minutos cada uno, por diluciones decrecientes de alcohol en
agua: 969, 802 y 709, se mantuvieron durante 5 minutos en agua destilada y 5 minutos
en tampon tris-salino (TBS) (TBS: Tris 50 mM, NaCl al 0,9%, a pH 7,36) con Tween®20
(Sigma; ref. STBB3609) al 0,1%.

En funcion del anticuerpo empleado y para facilitar la accesibilidad de los
antigenos, el tejido se sometié a un pretratamiento térmico con microondas (un ciclo
de 10 minutos a maxima potencia (800 W) y un ciclo de 10 minutos a minima potencia
(80 W)) en el tampdn requerido (Tabla 4.2.), tras el cual, se dejaron enfriar durante 5
minutos en TBS-Tween®20 al 0,1%. A continuacion, las muestras se incubaron con BSA
(Sigma; ref. A6003) al 5% en TBS, durante 30 minutos a temperatura ambiente, para
bloguear las uniones inespecificas y seguidamente, se incubaron con el anticuerpo
primario correspondiente, diluido a la concentracion adecuada (Tabla 4.2.) en TBS y

BSA al 1%, durante toda la noche a 42C. Finalmente, tras 3 lavados de 5 minutos en
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TBS-Tween®20 al 0,1%, éstas se incubaron con el anticuerpo secundario marcado con
Peroxidasa o la molécula FITC segun el caso.

En el caso de las técnicas de inmunohistoquimica se utilizd el sistema de
amplificacion de seifal Envision-peroxidasa (Dako; ref. K4003). Tras 30 minutos de
incubacién a temperatura ambiente, se realizaron 3 lavados de 5 minutos en agitacién
en TBS-Tween®20 al 0,1% y se procedi6 al revelado con el cromdgeno
diaminobencidina (DAB) (Dako; ref. K3466). El tiempo de revelado de las muestras se
establecidé con un control positivo y la reaccion se detuvo con agua. Las muestras se
contrastaron con hematoxilina de Harris (Sigma) diluida 1:1 en agua destilada. Para el
montaje con DPX (BDH), las muestras se deshidrataron mediante pases sucesivos por
alcohol de 969, absoluto y xilol. Como control negativo se utilizd el mismo tejido al cual
no se anadié el anticuerpo primario y un tejido que no expresase el antigeno de

interés.

Tabla 4.2. Anticuerpos empleados en las técnicas de inmunohistoquimica e inmunofluorescencia.

Casa comercial

Liberacion de

Amplificacion de

Anticuerpo (Ref.) Concentracion s la sefial
Invitrogen )
eGFP 1:500 No Si
(#A11122)
Cell signaling Microondas
Caveolina-1 1:125 No
(#3238) Citrato pH6
-Acti Y Sigma Microondas
o A.ctlna de musculo 1:500 No
liso (aSMA)-Cy3 )
(#6198) Citrato pH6

En las técnicas de inmunofluorescencia, para el revelado de los anticuerpos
primarios no conjugados a fluorocromos, se empled un anticuerpo secundario dirigido

frente a ratén y marcado con FITC (Jackson Immunoresearch; ref. 711-096-152) que se
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utilizé a una dilucién 1:200 en TBS y BSA al 1% e incubaron durante 1 hora a
temperatura ambiente y en camara humeda. Finalmente, las preparaciones se
montaron con medio Vectashield-Dapi (Vector Laboratories) al 25% en glicerol:PBS

(1:1).

4.7.3. Microscopia electronica

La membrana #406 celularizada con ADSC o sin celularizar, fue procesada para
su analisis mediante técnicas de microscopia electrdnica.

Para ello, las muestras se post-fijaron en tetréxido de osmio (OsO4) al 1% vy
glucosa al 7% durante 30 minutos, se deshidrataron, se incluyeron en durcupan
(Sigma; ref. 44610) y se dejaron polimerizar durante 3 dias en estufa a 652C. A
continuacion, se realizaron los cortes semifinos (de 1,5 um de grosor) y se tifieron con
azul de toluidina (Sigma; ref. 89640) para realizar posteriormente los cortes ultrafinos
(de 80 nm de grosor), que se contrastaron con citrato de plomo (0,1 M nitrato de
plomo (Merck; ref. 107398), 0,3 M citrato de sodio (Merck; ref. 112005) y 1N
hidréxido de sodio (Merck; ref. 106498)) en agua destilada.

Se utilizd el microscopio electronico FEI Tecnai Spirit G2 para examinar las

muestras.

4.7.4. Analisis histoldgicos

La adquisicion de imdgenes para los analisis histoldgicos se realizé con la
camara AxioCam ICc3 (Zeiss), en el caso de las preparaciones tefiidas mediante
técnicas de inmunohistoquimica o tinciones convencionales, o con la camara AxioCam
MR3 (Zeiss), en el caso de las preparaciones tefiidas mediante técnicas de
inmunofluorescencia. Ambas cdmaras se encontraban acopladas al microscopio Zeiss

Axiolmager M1 (Zeiss).
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4.7.4.1. Cuantificacion del grado de inflamacion tisular

Para la cuantificacion de la inflamacidn, se utilizaron cortes de corazon teiidos
con hematoxilina-eosina. Dicha tincidn nos permite distinguir las zonas de infiltrado
leucocitario correspondientes a las zonas de inflamacién (que adquieren un intenso
color morado debido a la alta densidad de nucleos en la zona que tienen naturaleza
acida y se tifien con la hematoxilina que es un componente basico) a diferencia de las
zonas de no inflamacion correspondientes con el musculo cardiaco (zonas mas rosadas
con un menor numero de nucleos y mayor extension de componentes citoplasmaticos,
qgue por ser elementos de naturaleza bdsica se teiiirdn con el colorante acido, la
eosina). Este método de cuantificacion de la inflamacidon ha sido descrita en otros
trabajos y se considera un analisis semi-cuantitativo [146, 254, 255] (Figura 4.4.),
alternativo por ejemplo a la deteccién de células CD45", que en rata no ha sido posible
realizar debido a la imposibilidad de encontrar un anticuerpo especifico para dicho

marcador.

Figura 4.4. Andlisis semi-cuantitativo del grado de inflamacién producido por
las membranas implantadas en un modelo in vivo con la tincién hematoxilina-
eosina. Imagen representativa de la cuantificacion de las zonas de inflamacién
(delimitadas por el punteado blanco, donde se aprecia una mayor densidad
celular correspondiente al infiltrado de las células inflamatorias). Los asteriscos
(*) sefialan la membrana.
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Se tomaron imagenes en mosaico de secciones transversales del corazén
tefiidas con hematoxilina-eosina, con el objetivo de 2,5x. Se analizaron 18 series para
cada animal y las imagenes captadas se cuantificaron con el programa AnalySIS
(Olympus Biosystem, Soft Imaging System GmbH), que permite seleccionar las dreas de
inflamacién. Los datos se mostraron como porcentaje de inflamacidén por area de

ventriculo.

4.7.4.2. Cuantificacion del tamano de infarto

Se cuantifico el tamano de infarto en las preparaciones tefidas con rojo sirio. La
tinciéon de rojo sirio permite distinguir la zona del tejido infartado (teiiida en rojo), del
musculo cardiaco no dafiado (teifida en amarillo).

Se tomaron imagenes en mosaico de secciones transversales del corazén, con
el objetivo de 2,5x. Se realizaron 12 series para cada animal y las imdgenes captadas se
cuantificaron con el programa AnalySIS. Los datos obtenidos (4rea infartada y drea no

infartada) se mostraron como el porcentaje de infarto en el ventriculo izquierdo.

4.7.4.3. Cuantificacion del grado de fibrosis tisular

Para la cuantificacion de la fibrosis tisular, se utilizaron cortes de corazon
tefidos con la tincidén de rojo sirio. La tincidn de rojo sirio permite distinguir las fibras
de colageno (tefiidas en rojo) de la zona no fibrética o musculo (tefiida en amarillo).

Se fotografiaron las zonas de peri-infarto de las secciones de los corazones de
12 series (2 fotografias/seccidn), con el objetivo de 10x. Las imagenes captadas se
cuantificaron con el programa AnalySIS. Los datos se mostraron como porcentaje de

area de fibrosis en zona peri-infarto respecto al area total del tejido.

4.7.4.4. Cuantificacion del grado de revascularizacion tisular

Se cuantificd la densidad capilar (angiogénesis) mediante el marcaje de

caveolina-1, asi como de los vasos arteriales (arteriogénesis), mediante el marcaje de
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actina de musculo liso (aSMA); ambos marcajes se realizaron mediante técnicas de
inmunofluorescencia.

Se analizaron 12 series en cada una de las cuales se tomaron 2 fotografias de la
region de peri-infarto, con el objetivo de 20x. Las imdagenes captadas se cuantificaron
con un programa desarrollado por la Unidad de Imagen del CIMA con la plataforma
Matlab. Los datos se mostraron como ndmero de vasos caveolina-1"/mm? (con un

didmetro de 5 a 15 pm) y como nimero de vasos aSMA*/mm?.

4.7.4.5. Cuantificacion del injerto celular

El injerto celular se determiné mediante la cuantificacién en 12 series, de las
células eGFP positivas marcadas mediante inmunohistoquimica, en el tejido cardiaco.
Los datos se mostraron como porcentaje de células positivas para el marcaje eGFP

respecto al nUmero total de células implantadas.

4.8. Andlisis estadistico

El andlisis estadistico se realizé utilizando el programa SPSS 17.0 para Windows.
La normalidad de las muestras se comprobé mediante los tests de Shapiro-Wilk y
Kolmogorov-Smirnov. En aquellas muestras que seguian una distribucién normal, las
comparaciones entre mas de dos grupos se realizaron utilizando un ANOVA, y las
comparaciones entre dos grupos, utilizando el T test para dos muestras
independientes o pareadas. En aquellas muestras en las que fue necesario utilizar
estadistica no paramétrica, las comparaciones entre grupos se realizaron utilizando el
test de Kruskal-Wallis, y para las comparaciones entre dos grupos, utilizando el test U
de Mann-Whitney. Para las comparaciones no paramétricas de dos muestras pareadas

se utilizo el test de Wilcoxon.
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En todos los casos, las diferencias entre los grupos se consideraron
significativas para p<0,05, y muy significativas para p<0,01. Los datos se mostraron

como media *+ desviacion estandar.
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5. RESULTADOS






Resultados

5.1. Cultivo celular y caracterizacion de las células ADSC

Para la obtencidn de las ADSC, se aislé la fraccién estromal vascular a partir de
grasa inguinal de ratas Sprague-Dawley macho, adultas (8 semanas de edad) y
transgénicas para la proteina eGFP (1-2 x 10° células/gramo de tejido adiposo
procesado), la cual se mantuvo en cultivo durante 3 semanas. La poblacion obtenida se
caracterizd6 mediante citometria de flujo para los marcadores de célula mesenquimal
CD44, CD73 y CD90, de célula endotelial CD31, de célula hematopoyética CD45 y de los
complejos de inmunohistocompatibilidad RT1A y RT1B.

La poblacién ADSC resultd positiva para los marcadores CD44, CD73, CD90 vy
RT1A, y negativa para CD31, CD45 y RT1B, confirmando su fenotipo mesenquimal

(Figura 5.1.).
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Figura 5.1. Caracterizacion fenotipica. Las ADSC se marcaron con los anticuerpos frente a CD44, CD73, CD90, CD31,
CD45, RT1A y RT1B (linea roja), o con los controles de isotipo (linea negra). Los porcentajes de expresidn
corresponden a los valores obtenidos (media + SD) en 5 poblaciones distintas de ADSC.
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Ademas, la expresiéon de la proteina eGFP, fue monitorizada a lo largo del

cultivo y en el momento previo al implante, siendo en todos los casos superior al 83%.

5.2. Caracterizacidon de las membranas de colageno

En primer lugar, se analizd el comportamiento mecanico de las membranas asi
como la capacidad de adhesién y proliferaciéon de las ADSC sobre ellas. Ademas, se
determiné la biocompatibilidad de las membranas con el tejido cardiaco en el modelo
de IM, para lo cual se analizé el grado de reabsorcion de la membrana en el tejido

cardiaco y la posible reaccién inflamatoria inducida por las mismas tras su trasplante.

5.2.1. Comportamiento mecanico de las membranas

Las 4 membranas analizadas mostraron una respuesta altamente no lineal
tipica de los tejidos biolégicos blandos con una zona inicial de baja pendiente, y por
tanto baja rigidez, donde es necesaria muy poca fuerza para producir un alargamiento
de la malla (E,, zona exponencial) y una zona lineal con una pendiente mas grande, y
por tanto elevada rigidez donde para producir el mismo alargamiento es necesaria
mucha mayor fuerza (E;) (Figura 5.2.). Este comportamiento es debido a que las fibras
de coldgeno de la membrana inicialmente onduladas y aleatoriamente orientadas no
aportan mucha rigidez al material, mientras que cuando se incrementa el alargamiento
se va produciendo dicha orientacién y las fibras de colageno aportan su maxima
resistencia.

La membrana sin entrecruzamiento (#406) presentaba un grado de rigidez
significativamente menor que el resto de membranas (#407, #408 y #409) (p<0,05)
(Figura 5.2.), asi como un comportamiento anisétropo entre la direccién longitudinal y

transversal (p<0,05) (Tabla 5.1.).
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Figura 5.2. Comportamiento mecanico de las membranas #406, #407, #408 y #409. Curvas de
tension-deformacion de los 4 tipos de membranas en direccion longitudinal (Long) y transversal
(Trans). La membrana #406 presenta un comportamiento menos rigido que el resto de las
membranas con entrecruzamiento (#407, #408 y #409) (p<0,05) y una marcada anisotropia (p<0,05).
También se determind un comportamiento anisétropo en la membrana #407 (p<0,05). Se realizaron
6 experimentos independientes en cada direccion para cada tipo de membrana.

En cambio, en las membranas con entrecruzamiento (#407, #408 y #409) no se

observaron diferencias significativas en su rigidez y en cuanto a la anisotropia, tan sélo

se detecté en la membrana con menor entrecruzamiento (#407) (p<0,05) pero no en

las otras dos membranas con mayor entrecruzamiento (#408 y #409) (Tabla 5.1.).

Tabla 5.1. Mddulos elasticos tangentes (MPa) de las membranas #406, #407, #408 y #409. Analisis en la direccion
longitudinal (Long) y transversal (Trans), (media + SD). Diferencias estadisticamente significativas entre las dos

direcciones (anisotropia) (*p<0,05; **p<0,01).

E,Long E, Trans ¢] E, Long E, Trans p
#406 2,79+0,46 0,96+ 0,76 0,080 26,64 + 1,98 7,78 £ 4,25 0,005**
#407 1524+7,71 3,52+3,03 0,006** 86,84+27,26 48,61+20,82 0,010*
#408 8,32+1193 15,64+10,46 0,689 79,07 +22,84 70,97 +26,87 0,897
#409 21,59+11,61 14,01+7,44 0,104 77,89 + 26,32 63,89 + 15,25 0,181
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5.2.2. Biocompatibilidad de las membranas con las células ADSC

Con el fin de determinar el grado de biocompatibilidad de las 4 membranas
(#406, #407, #408 y #409) con las células ADSC, se analizd el grado de adhesion y
proliferacion de las células sobre las mismas. Para ello, las ADSC se cultivaron sobre los
4 tipos de membranas a una densidad de 40 x 10° células/cm® y se determind su

densidad celular a lo largo del tiempo (dias 1, 4 y 7) (Figura 5.3.).
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Figura 5.3. Adhesion y proliferacion de las ADSC sobre las distintas membranas de colageno (#406, #407, #408 y
#409). A. Imagenes representativas de la adhesidn de las ADSC a las membranas 24 horas tras el cultivo. Nucleos
marcados con Dapi. B. No se detectaron diferencias significativas en el grado de adhesion y proliferacion de las
ADSC sobre los 4 tipos de membranas a dia 1, 4 y 7 (p = n.s.). Se realizaron 3 experimentos independientes
incluyendo un triplicado para cada condicion. Barras de escala: 100 um.
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Las ADSC mostraron una correcta adhesion en los 4 tipos de membranas, no
encontrandose diferencias estadisticamente significativas en el nimero de células
adheridas tras 24 horas de cultivo sobre las mismas (Dia 1: #406: 26,0 + 2,1 x 10°
células/cm?; #407: 24,3 + 6,1 x 10° células/cm?; #408: 24,9 * 3,7 x 10> células/cm’;
#409: 23,0 + 3,1 x 10° células/cm?; p = n.s.). Ademas, el grado de proliferacién de las
ADSC sobre los 4 tipos de membranas fue similar entre ellas (Dia 4: #406: 54,2 + 9,1 x
10° células/cm?; #407: 57,1 + 7,3 x 10° células/cm?; #408: 65,0 + 16,4 x 10° células/cm?;
#409: 42,1 + 3,9 x 10° células/cm?’; p = n.s.; Dia 7: #406: 94,7 + 37,1 x 10°células/cm?;
#407: 91,7 * 25,6 x 10°células/cm?; #408: 88,2 + 6,8 x 10°células/cm’; #409: 72,8 + 10,7
X 103; céIuIas/cmz; p = n.s.), lo cual indica una adecuada y similar biocompatibilidad de

los 4 tipos de membranas con las células ADSC (Figura 5.3.).

5.2.3. Biocompatibilidad de las membranas in vivo

Para el andlisis de la biocompatibilidad de las membranas con el tejido
cardiaco, se llevd a cabo un estudio piloto donde se implantaron los 4 tipos de
membranas (#406, #407, #408 y #409) en un modelo de IM crénico en rata. Para ello,
se trasplantaron 6 animales con cada tipo de membrana y se sacrificaron tras 2, 7 y 30

dias del implante.

5.2.3.1. Efecto del entrecruzamiento en la adhesion y reabsorcion de la

membrana

En primer lugar, se evalud el grado de adhesién y reabsorciéon de las
membranas al corazén a lo largo del tiempo. Dos dias después de realizar el implante,
se observé a nivel macroscdépico la total adhesién de la membrana #406 al corazén
(Figura 5.4.), pero no asi de las membranas con entrecruzamiento. Incluso 1 mes
después del implante, ninguna de las otras 3 membranas se encontré completamente

adherida al tejido.
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#406

#407

#408

#409

Figura 5.4. Adhesion de las membranas #406, #407, #408 y #409 in vivo. Imdgenes representativas de los
corazones 2, 7 y 30 dias después del implante. A nivel macroscépico se observa una correcta adhesion de la
membrana #406 al corazén.
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Estas observaciones se corroboraron a nivel histolégico, donde se confirmd una
mayor reabsorcion y degradacion de la membrana sin entrecruzamiento (#406) (Figura

5.5.).

#407

#408

#409

Figura 5.5. Reabsorcion de las membranas #406, #407, #408 y #409 in vivo. Imagenes representativas de secciones
de los corazones tefiidos con rojo sirio, 2, 7 y 30 dias después del implante. En las secciones de los corazones
trasplantados se observd una correcta adhesion y reabsorcion a lo largo del tiempo de la membrana #406. Los
asteriscos (*) indican la posicion de la membrana.
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5.2.3.2. Efecto del entrecruzamiento en la inflamacion

Las cuatro membranas estudiadas (#406, #407, #408 y #409) estan compuestas
por colageno de tipo | obtenido a partir de piel bovina. Sin embargo, a pesar de estar
compuestas por coldgeno, que es una proteina de la matriz extracelular muy
conservada entre especies, como ésta ha sido sometida a diversos métodos fisico-
guimicos de procesamiento y entrecruzamiento, es posible que provoque una cierta
respuesta inmunoldgica frente a cuerpo extrafio. Por ello, se analizé el grado de
inflamacién producido por las diferentes membranas tras 7 y 30 dias del implante
(Figura 5.6.).

Tal y como se puede observar en la Figura 5.6., las 4 membranas indujeron una
reaccion inflamatoria moderada en el tejido cardiaco, y se detectaron diferencias
estadisticamente significativas entre si, de modo que los corazones implantados con la
membrana #406 (sin entrecruzamiento) presentaban un menor grado de inflamacién
que los tratados con las membranas entrecruzadas a dia 7 (#406: 10,2 + 2,1%; #407:
16,3 + 2,9%; #408: 15,9 + 4,8%; #409: 17,4 + 4,1%; (Membrana no entrecruzada (#406)
vs. Membranas entrecruzadas (#407, #408 y #409): p<0,05).

Se observé ademas una disminucion en el grado de inflamacion de los tejidos
tratados con cualquiera de los 4 tipos de membranas a lo largo del tiempo, siendo el
grado de inflamacién a dia 30 significativamente menor (practicamente nulo) en el
grupo implantado con la membrana #406 con respecto al resto de membranas (#406:
1,3 + 1,3%; #407: 9,4 + 3,0%; #408: 7,0 + 2,1%; #409: 9,8 + 2,5%; (Membrana no
entrecruzada (#406) vs. Membranas entrecruzadas (#407, #408 y #409): p<0,01).
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Figura 5.6. Analisis de la inflamacion producida por las membranas #406, #407, #408 y #409. A. Imagenes
representativas de secciones de los corazones con la tincidon hematoxilina-eosina, 7 y 30 dias después del implante.
B. Cuantificacién del grado de inflamacién producido por las membranas #406, #407, #408 y #409. Se detect6 un
menor grado de inflamaciéon en los corazones trasplantados con la membrana #406 respecto al resto de
membranas, tanto a dia 7 (*p<0,05) como a dia 30 post-implante (**p<0,01).
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Como conclusion, la membrana de coldgeno sin entrecruzamiento (#406)
presentd un comportamiento menos rigido que el resto de las membranas y resulté
ser biocompatible tanto con las células ADSC como con el tejido cardiaco, en el que
presentaba una rapida adhesién y reabsorcion, asi como un bajo grado de inflamacién,
que resulté ser significativamente menor que el provocado por las membranas con
entrecruzamiento (#407, #408 o #409). En vista de estos resultados, se escogié la

membrana #406 como soporte de las ADSC para el posterior estudio in vivo.

5.3. Celularizacion y caracterizacion de la membrana de colageno

5.3.1. Eleccidn de la confluencia celular para la celularizacion de la membrana

Una vez seleccionada la membrana de coldgeno #406, se determind la densidad
celular mas adecuada para la celularizacién de la misma. Para ello, se analizaron tanto
el grado de adhesidon como de apoptosis celular a 3 confluencias celulares distintas
(100, 250 y 500 x 10° células/membrana (4rea de la membrana: 0,8 cm?)).

Para el analisis de la adhesidn, se determind el nimero de células adheridas a la
membrana tras 24 horas de cultivo, no encontrandose diferencias estadisticamente
significativas entre el nimero de ADSC adheridas al pocillo de plastico (control) o a la
membrana #406, en ninguna de las confluencias celulares analizadas (Control vs.
Membrana: 100 x 10%: 102,4 + 28,2 x 10° células vs. 84,1 + 20,4 x 10° células; p=ns.;
250 x 10%: 194,6 + 30,0 x 10% células vs. 188,7 + 60,4 x 10° células; p = n.s.; 500 x 10°:
363,4 +71,1x 10°células vs. 378,0 + 91,4 x 10° células; p = n.s.) (Figura 5.7.).

Se observd que al aumentar el nimero de células sembradas se producia una
disminucién en el porcentaje de ADSC adheridas a la membrana (100 x 10%: 84 + 20%;
250 x 10°: 75 + 24%; 500 x 10°: 76 + 18%), sin embargo, estos resultados eran similares
a los obtenidos tras sembrar las células en las placas de cultivo, (100 x 10°%: 102 + 28%;
250 x 10°: 78 + 12%; 500 x 10%: 73 + 14%), por lo que el efecto era independiente de la

membrana.
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Figura 5.7. Adhesion de las ADSC a la membrana #406. A. Imagenes representativas de inmunofluorescencia frente
a vimentina, muestran la disposicidén de las células ADSC sobre la membrana. Nucleos contrastados con DAPI. B.
Imégenes de microscopia confocal muestran el grosor del parche celular formado (um). Ndcleos contrastados con
TOPRO. La membrana, no tefiida y de un grosor de 20 um, se ha representado con un punteado blanco. C. Ensayo
de adhesion de las ADSC sembradas a distintas densidades celulares (100, 250 y 500 x 10° células/membrana #406 o
pocillo control). No se detectaron diferencias significativas en el grado de adhesién de las ADSC sembradas a las
distintas confluencias celulares, sobre la membrana #406 o sobre la placa de cultivo utilizada como control (p =
n.s.), Barras de escala: 50 pm (A), 20 um (B). Se realizaron 4 experimentos independientes incluyendo un triplicado
para cada condicién.
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Ademas, se determiné la disposicién de las ADSC sobre la matriz de colageno
mediante la inmunotincién para la proteina del citoesqueleto vimentina, observandose
una distribucion homogénea y confluente de las células. También, se cuantificd
mediante microscopia confocal, el grosor del parche celular formado (Figura 5.7.). Asi,
cuando se cultivaron 100 x 10° ADSC/membrana se formé una monocapa de un grosor
de 11,10 £ 1,55 um, que se duplicé cuando se cultivaron 250 x 10° ADSC/membrana,
alcanzando un grosor de 27,14 + 2,07 um que se triplicé hasta 33,07 + 2,74 um en la

densidad celular mas alta.

Finalmente, se determind mediante la técnica de Tunel, el grado de apoptosis
de las ADSC sembradas a las distintas densidades (100, 250 y 500 x 10°
células/membrana). No se encontraron diferencias estadisticamente significativas
entre las mismas (100 x 10% 0,31 + 0,15%; 250 x 10°: 0,28 + 0,18%; 500 x 10°: 0,23 +
0,09%; p =n.s.) (Figura 5.8.), lo que indicaba que el aumento de la densidad celular no

inducia un mayor grado de muerte celular.

Debido a que no se observaron diferencias estadisticamente significativas en el
grado de adhesién de las ADSC a la membrana en comparacion con las placas de
cultivo utilizadas como control, y a que ademds, no se detectd un aumento
significativo en el grado de apoptosis entre las tres confluencias celulares testadas, se
selecciond la densidad celular mas alta para los implantes en el modelo in vivo (500 x

10® ADSC/membrana).
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# Células /membrana

100 x 103 250 x 103 500 x 103

0,31+0,15% 0,28+0,18% 0,2310,09%

Figura 5.8. Cuantificacion de la apoptosis celular mediante Tunel. Imagenes representativas de la técnica de Tunel
(Rojo: Fragmentos de ADN; Dapi: Nucleos). No se detectaron diferencias en el porcentaje de células en apoptosis en
las distintas confluencias celulares analizadas (100, 250 y 500 x 10° células/membrana) sobre la membrana #406 (p
= n.s.). Se realizaron 3 experimentos independientes incluyendo un triplicado para cada condicion. Se muestra el
porcentaje de células en apoptosis (media + SD). Barras de escala: 100 um.

5.3.2. Comportamiento mecanico de la membrana celularizada

Se analizé el comportamiento mecdnico de la membrana #406 cultivada con o
sin ADSC durante 24 horas, observandose que las membranas celularizadas mostraban
una menor rigidez (E= 1,65 + 0,27 MPa y E;= 13,56 + 4,44 MPa) que aquellas que no
habian sido cultivadas con células (E;= 2,79 0,46 MPa y E;= 26,64 + 1,98 MPa), (p<0,01

en ambos casos) (Figura 5.9.).
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Figura 5.9. Comportamiento mecanico de la membrana celularizada. A. Curvas de tension-deformaciéon en la
direccion longitudinal, de la membrana #406 sembrada con o sin ADSC durante 24 horas. La membrana celularizada
(en negro) presenta una menor rigidez que la membrana sin celularizar (en rojo) (p<0,01). B. Mdédulos tangentes E, y
E, para las membranas sin células (Mb) y celularizadas (Mb+ADSC) (unidades en MPa). Se realizaron 5 experimentos
para cada tipo de membrana.

5.3.3. Microscopia electronica de las membranas

Por ultimo, se analizé mediante microscopia electrdnica la disposicion de las
ADSC cultivadas durante 24 horas a una densidad de 500 x 10% células/membrana
(#406), confirmando lo observado anteriormente mediante las técnicas de
inmunofluorescencia para vimentina. Las ADSC forman una capa celular confluente y

homogéneamente distribuida sobre la membrana (Figura 5.10.).
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Membrana #406 Membrana #406 + ADSC

Figura 5.10. Microscopia electrénica de las membranas celularizadas. Imagenes representativas de microscopia
electronica para la membrana #406 (A y C) y para la membrana #406 celularizada con ADSC (B y D), tras 24 horas de
cultivo. Barras de escala: 250 um (A y B); 25 um (Cy D).

5.4. Trasplante de la membrana celularizada en un modelo de infarto de miocardio

cronico

Una vez caracterizada la membrana (#406) celularizada (500 x 10°
ADSC/membrana), se realizd un estudio in vivo para valorar el posible beneficio de su
implante en el corazén infartado. Se analizaron diversos aspectos tales como la funcién

cardiaca, el comportamiento mecdnico y el remodelado del corazon.
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5.4.1. Trasplante de ADSC con o sin soporte en un modelo de infarto de

miocardio crénico

Se quiso determinar, en un modelo en rata de infarto de miocardio crénico, el
posible beneficio terapéutico del implante de las ADSC adheridas a un soporte de
colageno o inyectadas de forma directa en el miocardio. Segun los estudios previos
realizados in vitro, el nimero de ADSC adheridas a la membrana en el momento del
implante resulté ser de 350 x 10 células (ver apartado 5.3.1.), por lo que se inyecté un
numero similar en el grupo de ADSC sin membrana. Ademds, se incluyé un grupo de
referencia en el que se implanté la membrana #406 sin celularizar y otro grupo control,
al que tan sdlo se le inyecté medio de cultivo. Los implantes se realizaron tras 5

semanas de haber sido provocado el infarto, asegurando asi la cronificacién del dafo.

5.4.2. El tratamiento con la membrana celularizada con ADSC induce una

mejora funcional a largo plazo

Se analizd la posible mejora funcional y el remodelado cardiaco a largo plazo (4
meses post-trasplante) mediante analisis ecocardiografico, para lo cual se
determinaron los parametros de fraccion de eyeccidn del ventriculo izquierdo (FEVI), y
los voliumenes y didmetros telesistélicos y diastdlicos, comparandose los valores
obtenidos a los 4 meses respecto a los valores preimplante.

La FEVI basal de las ratas sanas (71,6 + 2,5%) disminuyo hasta un 34,5 + 2,1%
tras 4 semanas de haber sido provocado el infarto. Los animales infartados se
distribuyeron aleatoriamente en 4 grupos, entre los cuales no se observaron
diferencias estadisticamente significativas en los valores de FEVI pre-implante (Control:
35,1% + 2,5%; Membrana: 37,0 + 1,4%; ADSC: 34,6 £ 1,9%; Membrana+ADSC: 31,3
2,4%, p = n.s.), lo que indica la homogeneidad de los grupos.

Cuando se compard el valor de la FEVI en el momento pre-implante respecto al
valor de la FEVI a los 4 meses dentro de cada grupo, sélo en el grupo tratado con la

membrana celularizada se observé un aumento estadisticamente significativo (Pre- vs.
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Post-implante: Control: 35,1 + 2,5% vs. 38,8 + 3,2%; p = n.s.; Membrana: 37,0 £ 1,4%
vs. 37,4 + 3,1%, p = n.s.; ADSC: 34,6 + 1,9% vs. 39,5 + 3,7%, p = n.s.; Membrana
celularizada con ADSC: 31,3 + 2,4% vs. 47,6 + 3,9%, p<0,01) (Tabla 5.2.).

Tabla 5.2. Valores pre-implante y post-implante (4 meses) de la fraccion de eyeccion del ventriculo izquierdo
(FEVI), diametros telesistolicos (DVIts), diametros telediastdlicos (DVItd), volimenes telesistélicos (Vts), y
volimenes telediastdlicos (Vtd). Diferencias estadisticamente significativas (*p<0,05; **p<0,01). (Media = SEM).
Abreviaturas: Co: control; Mb: membrana.

Co Mb ADSC Mb+ADSC

FEVI (%)
Pre-implante 35,13 + 2,51 36,96 + 1,44 34,55 + 1,87 31,26 2,41
Post-implante 38,83+ 3,15 37,37 +3,13 39,50 + 3,71 47,61 +3,86**

DVITs (mm)

Pre-implante 0,77 £0,02 0,72 £0,02 0,72+ 0,02 0,71 +0,02
Post-implante 0,76+ 0,04 0,72 0,03 0,74 £ 0,04 0,67 £ 0,04
DVITd (mm)

Pre-implante 0,90 + 0,02 0,85+ 0,02 0,84 £ 0,02 0,81 +0,02
Post-implante 0,89+ 0,03 0,86 + 0,03 0,89 +0,03 0,85 +0,03
Vits (ml)

Pre-implante 1,02 £ 0,07 0,85+ 0,06 0,84+ 0,06 0,82 £ 0,06
Post-implante  1,02+0,14 0,89 + 0,09 0,96+0,12 0,77+0,13
Vtd (ml)

Pre-implante 1,56 £ 0,10 1,33+£0,08 1,29 £ 0,09 1,19 £ 0,07
Post-implante 1,56 £ 0,16 1,39+0,11 1,54 £ 0,14* 1,38+0,13

Asimismo, en las comparaciones realizadas entre grupos, se observaron
diferencias estadisticamente significativas en la variacién de la FEVI post vs. pre-
implante, en el grupo implantado con la membrana celularizada con respecto al resto
de los grupos (%AFEVI; Control: 3,7 + 3,5%; Membrana: 0,4 + 4,28%; ADSC: 5,0 + 3,6%;
Membrana celularizada con ADSC: 16,4 + 3,3%; p<0,05). No se observaron diferencias
significativas en el grupo de ADSC ni en el de la membrana sin celularizar con respecto

al control (Figura 5.11.).
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Figura 5.11. La membrana celularizada con ADSC induce una mejora en la funcién cardiaca. La FEVI fue
monitorizada mediante ecocardiografia, previamente al implante y 4 meses tras éste (AFEVI: FEVI 4 meses — FEVI
basal) en los grupos animales trasplantados con el medio como control (Co), la membrana #406 (Mb), las ADSC o la
membrana #406 celularizada (Mb+ADSC). Tan sélo se detectd un aumento significativo en el %AFEVI al comparar el
grupo tratado con la membrana celularizada con respecto al resto de grupos (*p <0,05).

Por otro lado, no se detectaron cambios significativos en otros parametros
ecocardiogréficos, tales como los didmetros y volumenes telesistélicos (DVIts, Vts) y
telediastdlicos (DVItd, Vtd) (Tabla 5.2.). En el caso de las ADSC, se observé un mayor
grado de dilatacion ventricular consecuencia del remodelado tisular negativo que se

desencadena tras el infarto.

5.4.3. El tratamiento con la membrana celularizada con ADSC promueve el

remodelado cardiaco
5.4.3.1. Comportamiento mecdnico del corazon

Se analizd el comportamiento mecanico del tejido cardiaco de las ratas
infartadas tratadas con la membrana celularizada, con ADSC, con membrana o medio
de cultivo. Ademas se incluydé un grupo de animales infartados sin tratamiento y otro
sano. Todos los animales se sacrificaron a la misma edad. En el analisis del

comportamiento mecdnico del tejido se consideraron Unicamente los datos de las
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curvas de la zona infartada central, debido a la variabilidad en la extension del infarto
en las muestras (Figura 4.3.).

Como cabia esperar, los corazones del grupo de ratas infartadas presentaban
unos valores de rigidez significativamente mayores que los corazones del grupo de
ratas no infartadas (E; Ratas Infartadas: 0,54 + 0,14 MPa vs. E, Ratas Sanas: 0,08 + 0,05
MPa, p<0,01), lo cual indica un comportamiento mecanico mas rigido en los corazones
con infarto, debido a la acumulaciéon de colageno en el drea dafiada (Figura 5.12.),
consecuencia a su vez de los procesos de remodelado desencadenados tras producirse

el infarto.
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Figura 5.12. El tratamiento con la membrana celularizada con ADSC promueve una mejora en el
comportamiento mecanico del corazon. Curvas de tensidn-deformacién de los corazones de los distintos
grupos ensayados (Ratas sanas sin infartar, ratas infartadas sin administracién de tratamiento, ratas
infartadas e implantadas con la membrana #406, ADSC, medio o membrana celularizada con ADSC). Los
corazones implantados con la membrana celularizada presentaron un comportamiento mecanico similar al
de los corazones de ratas sanas, no asi los grupos implantados con ADSC o con la membrana no celularizada.
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Por otro lado, el tratamiento de los corazones con las células ADSC, inyectadas
en suspension subepicardicamente, no fue capaz de revertir de forma significativa
dicha rigidez, observandose, al igual que en los grupos tratados con medio o con la
membrana sin celularizar, una significativa rigidez en el tejido cardiaco (E, Ratas sanas:
0,08 + 0,05 MPa vs. E; ADSC: 0,41 + 0,09 MPa, p<0,01; vs. E;, Medio: 0,36 + 0,23 MPa,
p<0,01; vs. E; Membrana: 0,20 + 0,10 MPa, p<0,01). Es interesante destacar que en el
grupo tratado con la membrana celularizada con ADSC, si que se observo la efectividad
del tratamiento celular, ya que los corazones presentaban niveles de rigidez similares a
los determinados en los corazones sanos (E;, Membrana celularizada con ADSC vs.
Ratas sanas: 0,09 + 0,05 MPa vs. 0,08 + 0,05 MPa; p = n.s.), demostrando el efecto

protector de dicho tratamiento.

5.4.3.2. Remodelado tisular

Se analiz6 el tamafio de infarto y el contenido de colageno en las zonas
infartadas de los corazones en los 4 grupos de estudio.

Respecto al tamafo de infarto, no se detectd una disminucién significativa, en
los corazones tratados con ADSC trasplantadas de forma directa o sobre el soporte de
coldgeno (Control: 21,3 + 4,0%; Membrana: 18,7 + 2,3%; ADSC: 14,2 + 3,1%;
Membrana celularizada con ADSC: 16,5 + 6,6%; p = n.s.). Por otro lado, si se observé
una disminucién estadisticamente significativa en el contenido de coldgeno de la zona
peri-infarto del grupo tratado con la membrana celularizada con ADSC con respecto al
grupo control (medio) no detectada en los otros dos grupos (membrana no
celularizada y ADSC) (Control: 28,6 + 2,8%; Membrana: 34,7 + 4,6%; ADSC: 31,7 +
2,1%; Membrana celularizada con ADSC: 20,6 + 2,0%; p<0,05) (Figura 5.13).
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Figura 5.13. El trasplante de la membrana celularizada con ADSC afecta positivamente al remodelado tisular.
A. Cuantificacion, en secciones del corazdn tefiidas con rojo sirio, del grado de fibrosis en la zona peri-infarto 4
meses tras el implante de medio (grupo control, Co), membrana (Mb), ADSC o la membrana celularizada con
ADSC (Mb+ADSC). B. Imagenes representativas de la tincion de rojo sirio. Se observé una disminucion
significativa en el grado de fibrosis en el grupo implantado con ADSC sobre la membrana #406 en comparacion
con el grupo control (*p<0,05). Barras de escala: 150 um.

5.4.4. Injerto de las ADSC

Por otro lado, para comprobar si el soporte de colageno favorecia la retencion e

injerto celular en el corazén, se determind la presencia de células ADSC-eGFP* en los
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grupos inyectados con células ADSC o trasplantados con ADSC previamente cultivadas
sobre la membrana #406.

La deteccidn inmunohistoquimica de la proteina eGFP en los corazones de los
animales sacrificados 4 meses post-trasplante, no reveld la presencia de ADSC, a tan
largo plazo, ni en el grupo de inyeccion ni en el grupo implantado con las membranas
celularizadas. En cambio, si que se observd injerto celular en el grupo tratado con la
membrana celularizada tras 1 semana (25,3 + 7,0%) y 4 semanas (6,4 + 4%) del
implante. Por el contrario, no se detectd injerto en el grupo inyectado con ADSC tan

siquiera tras 1 semana de su inyeccion (Figura 5.14.).

ADSC Mb+ADSC

1 Semana

1 Mes

4 Meses

Figura 5.14. Injerto de ADSC-eGFP. Imagenes representativas de secciones de corazon tefiidas mediante
inmunohistoquimica frente a la proteina eGFP*. Se observé injerto celular en el grupo tratado con la membrana
celularizada tras 1 y 4 semanas del implante. No se observd injerto celular en el grupo tratado con ADSC. Las flechas
indican células GFP* localizadas en el tejido cardiaco. Barra de escala: 50 um.
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Asi, a pesar de las condiciones isquémicas del corazén que limitan la capacidad
de supervivencia de las células trasplantadas, la utilizacion de este sistema de matriz
como vehiculo del implante celular permite una accién paracrina mas homogénea y
mucho mds prolongada en el tiempo (de al menos 1 mes) responsable a su vez del

beneficio funcional y del remodelado observado.

5.4.5. El tratamiento con la membrana celularizada con ADSC promueve la

revascularizacion del tejido cardiaco

Finalmente, se evalud el posible efecto paracrino que las ADSC pueden ejercer
mediante la liberacion de factores angiogénicos, en la potenciacién de la
revascularizacion del tejido cardiaco tras el IM. Mediante técnicas de
inmunofluorescencia se marcaron las células endoteliales (caveolina-1*) y murales
(aSMA”), y se analizé la presencia de capilares (vasos caveolina-1* con un didmetro de
5-15 um) (angiogénesis) y vasos de mayor calibre (arteriolas y arterias) marcados
positivamente para aSMA (arteriogénesis).

El analisis de la angiogénesis en la zona peri-infarto mostré un incremento
significativo en el nimero de capilares caveolina-1*/mm? (Figura 5.15.A.) en el grupo
tratado con la membrana celularizada, en comparacién con el grupo control (Control:
413 + 33 capilares/mm?; Membrana: 333 + 40 capilares/mm? ADSC: 333 + 40
capilares/mm?; Membrana celularizada con ADSC: 487 + 60 capilares/mm?; p<0,05).
Dicho aumento no se detectd en el grupo tratado con ADSC sin soporte ni con la
membrana no celularizada.

Ademas, el andlisis del grado de arteriogénesis (Figura 5.15.B.), mostré un
aumento significativo en el nimero de vasos aSMA® en el grupo tratado con la
membrana celularizada con ADSC (Zona peri-infarto; Control: 93 + 7 vasos/mm?;
Membrana: 107 + 20 vasos/mmz; ADSC: 113 + 20 vasos/mmz; Membrana celularizada
con ADSC: 160 + 27 vasos/mm?; p<0,01) con respecto al grupo control. Dicho aumento

tampoco se detecto en el grupo tratado con las ADSC o la membrana sin celularizar.
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Figura 5.15. Revascularizacién del tejido cardiaco. La densidad de capilares y arteriolas/arterias se cuantifico como
nimero de vasos caveolina-1'/mm? (didmetro: 5-15 um) (A) y vasos aSMA*/mm? (B) respectivamente, en las areas
de peri-infarto, 4 meses tras el implante de medio (grupo control), membrana, ADSC o membrana celularizada con
ADSC. Imagenes representativas de las inmunofluorescencias para caveolina-1 (verde) (A) y aSMA (rojo) (B),
marcaje nuclear con Dapi (azul). Se determind un aumento significativo en el nimero de vasos de pequefio
(*p<0,05) y gran calibre (**p<0,01) en el grupo implantado con la membrana celularizada en comparacién con el
grupo control. Abreviaturas: Co: control; Mb: membrana. Barra de escala: 50 pm.

En resumen, el tratamiento del infarto de miocardio con membranas de
colageno celularizadas con ADSC ejerce un efecto positivo sobre el mismo y superior a
la inyeccion subepicardica de las células, induciendo una mejora de la funcién cardiaca

y un efecto positivo a nivel de remodelado tisular y revascularizacién del tejido.
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Discusion

Numerosos estudios tanto experimentales (revisado en [256, 257]) como
clinicos (revisado en [221, 258, 259]) han mostrado el efecto beneficioso que la terapia
celular ejerce como tratamiento de diversas enfermedades, entre ellas, el infarto de
miocardio. Sin embargo, dicha terapia presenta todavia una serie de limitaciones
importantes, como el bajo grado de injerto celular y supervivencia en el tejido, que
disminuyen la efectividad de la misma. Ademas, se ha observado una correlacién
positiva entre el nimero de células implantadas y el beneficio ejercido por éstas [260,
261], lo cual confirma la necesidad de desarrollar nuevas estrategias que favorezcan el
injerto celular.

Con este dultimo objetivo, hemos combinado la terapia celular con Ia
bioingenieria, creando asi membranas celularizadas que pudieran facilitar la
implantacion de las células en el tejido cardiaco. Su beneficio terapéutico ha sido
analizado en un modelo de infarto de miocardio crénico en rata, ya que, a pesar del
interés que dicha terapia también puede ejercer al ser aplicada en el infarto agudo,
existe un numero creciente de pacientes crénicos que requieren de un tratamiento
alternativo al ofrecido hasta el momento.

En este estudio, la poblacién celular de eleccidn ha sido el de las células madre
derivadas del tejido adiposo o ADSC. Estudios comparativos realizados en nuestro
laboratorio con distintas poblaciones celulares derivadas tanto de la MO (MNC, MAPC,
MSC) como del tejido adiposo (SVF, ADSC y AD-CMG (CM derivados de la SVF mediante
diferenciacién in vitro), han mostrado el gran potencial terapéutico de las células
mesenquimales con respecto a otras poblaciones celulares. Asi por ejemplo, de entre
las distintas poblaciones derivadas de la MO estudiadas, no se ha observado una
mejora funcional en los animales tratados con MAPC tras un mes de su inyeccién
(aunque si se observd su efecto protector a nivel del remodelado tisular) [145], y
cuando se ha analizado el potencial de las células MNC frente a las MSC, se ha
comprobado que a pesar de que ambas inducen un beneficio funcional, la poblacién
MSC ejerce un efecto mas potente, al inducir ademas un efecto positivo sobre el

remodelado, asociado a un incremento del metabolismo tisular [110]. Por otro lado, al
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comparar el potencial regenerador de las células MNC-MO con la poblacién
mesenquimal, en este caso derivada del tejido adiposo (ADSC), sélo se ha observado
una mejora funcional en el grupo tratado con las ADSC, detectandose un incremento
del metabolismo tisular cardiaco asi como una disminucién en el grado de fibrosis
tisular y un incremento de la angiogénesis en el tejido cardiaco [183]. Ademas, al
estudiar comparativamente las poblaciones mesenquimales derivadas de la MO o del
tejido adiposo, se ha mostrado un mayor efecto angiogénico en el caso de las ADSC
[181]. Por ultimo, no se ha observado un efecto positivo tras el trasplante de la
poblacién cardiomiogénica derivada del tejido adiposo (AD-CMG), probablemente
debido a su baja capacidad de supervivencia en el tejido isquémico, consecuencia de
su alta sensibilidad a la hipoxia [183].

Todos estos resultados previos indican el beneficio terapéutico de las ADSC, lo
cual, unido a la facil obtencidon y manipulacién de las células e incluso a su posible
aplicacién alogénica, podria facilitar su utilizacion como agente terapéutico en la
clinica. En este estudio, ademds de confirmar dicho beneficio, hemos conseguido
potenciar significativamente su efecto, gracias a la utilizacién de membranas de
colageno, las cuales hemos demostrado son compatibles tanto con las células ADSC
como con el tejido cardiaco. Dicha biocompatibilidad se ve favorecida por la
composicion de la membrana, colageno de tipo I, que constituye el componente mas
abundante de la matriz extracelular del corazéon y que se ha demostrado facilita la
adhesidn celular, aporta estabilidad mecanica y presenta una baja inmunogenicidad y
un excelente grado de biodegradacion [262]. Debido a estas propiedades, el coldgeno
ha sido utilizado en diversos estudios relacionados con las enfermedades
cardiovasculares [225, 233, 263-266]. Asi por ejemplo, se han inyectado distintos tipos
celulares (células mesenquimales o cardiomiocitos) en combinaciéon con coldageno
liqguido, obteniendo un mayor injerto de este modo que al utilizar sélo medio de
cultivo como vehiculo de inyeccién. Sin embargo, a pesar de la ventaja de este
método, no se logrd evitar la distribucién de las células hacia otros tejidos [265]. Por

ello, en nuestro estudio se ha utilizado un soporte de coldgeno sélido en lugar del
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biomaterial liquido que si ha evitado dicha migracion (datos no mostrados),
favoreciendo también una distribucion mas homogénea de las células. Ademas, como
ya se mencionaba anteriormente, mediante la utilizacién de la membrana, se ha
conseguido incrementar la supervivencia de las células trasplantadas in vivo, al evitar,
gracias a su previa adhesidon a un sustrato, la induccién de su muerte por anoikis
(revisado en [267]).

En este estudio, se ha comprobado la biocompatibilidad de la membrana con
las células, ya que éstas presentaban una correcta adhesién y proliferacién sobre la
misma. Ademas, la biocompatibilidad fue similar en los cuatro tipos de membrana,
confirmando, tal y como se ha descrito previamente [266, 268], que el agente utilizado
para entrecruzar las membranas de coldgeno (EDC) no ejerce toxicidad sobre las
células. Dicho agente entrecruza moléculas de colageno mediante la formacion de
isopéptidos, impidiendo la despolimerizacién y la posible liberacién de reactivos
potencialmente citotdxicos [269]. Ademas, el subproducto que se forma en la reaccién
de entrecruzamiento es la urea que no ejerce citotoxicidad [270, 271] y puede
eliminarse facilmente en la rutina de lavado de las matrices. Sin embargo, debe
considerarse que una vez que las membranas son implantadas in vivo, el biomaterial
puede ejercer una respuesta pro-inflamatoria de cuerpo extrafio en el tejido [272,
273]. Se ha demostrado que tras el implante, se genera una matriz provisional
alrededor del biomaterial, en la que se acumulan mitégenos, citoquinas y factores de
crecimiento que pueden favorecer la actividad de los macréfagos, que a su vez
modulan a otras poblaciones celulares que participan en la respuesta inmunoldgica
[274]. En el estudio piloto in vivo en el cual se implantaron los cuatro tipos de
membranas de coldgeno, ademas de la inflamacién generada por la propia
intervenciéon y la sutura de las matrices al corazén, se observd un mayor grado de
inflamacién en los corazones implantados con las membranas de coldgeno
entrecruzado que con la de coldgeno no entrecruzado. Considerando que, la técnica de
cuantificacion de inflamacion empleada presenta ciertas limitaciones, aunque ha sido

previamente utilizada en otros estudios [146, 254, 255], y que, por otro lado, no ha
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sido posible realizar un marcaje fiable para células inflamatorias CD45" en rata, seria
interesante, en futuros estudios, confirmar dichos resultados mediante la
determinacion, en muestras de suero, de marcadores de inflamacién tales como la
proteina C reactiva o la proteina sérica amiloide A [275].

Cabe destacar que, ademads de la baja respuesta inflamatoria observada con la
membrana no entrecruzada, se confirmaron otros aspectos importantes, tales como su
rapida adherencia y degradacién in vivo. En este sentido se observd una menor
adherencia y degradacion en las membranas con entrecruzamiento, tal y como se ha
descrito en otros estudios [268]. El hecho de que las membranas con
entrecruzamiento estén presentes en el tejido durante un periodo mas prolongado y
de que no se integren en el mismo, también podria inducir la respuesta inflamatoria
hacia las mismas [276].

Por otro lado, en este estudio, se ha comprobado que el tratamiento con la
membrana de colageno celularizada con ADSC induce una mejora de la funcién
cardiaca, que ademads estd asociada a un remodelado tisular positivo. Debe destacarse
también que tras el tratamiento con la matriz celularizada, el comportamiento
mecanico de los corazones se asemejaba a un corazén sano, beneficio que no se
obtuvo al implantar las ADSC sin soporte o la membrana sin celularizar. Hay que
considerar que pese a que el potencial regenerativo cardiovascular de las ADSC ya ha
sido demostrado en otros trabajos [181, 182, 265], incluyendo los realizados por
nuestro propio grupo [183], en este estudio no se ha detectado beneficio alguno en los
animales tratados con las ADSC sin membrana, esto es debido al bajo niumero de
células inyectado (350.000 células) en comparacién con los trabajos anteriores. En
cambio, cuando el mismo numero de células fue implantado sobre una matriz de
colageno, éstas si fueron capaces de generar dicho beneficio, con un incremento de la
fraccién de eyeccion de alrededor del 50%, valor similar al que se determind cuando se
trasplantaron 10 millones de SVF mediante inyeccidon directa [174]. También se
detectd una mejora similar cuando los corazones fueron tratados con un numero

mayor de células ADSC (1 millédn) [183], aunque en ese caso dicha mejora fue
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detectada un mes después del tratamiento, y su efecto a largo plazo no fue
determinado. Puede concluirse por tanto, que el implante de ADSC adheridas a un
soporte de coldgeno, prolonga su accion beneficiosa, destacando el hecho de que tal
efecto se consigue obtener con un numero de células significativamente menor, lo
cual facilitaria su posible uso en la clinica.

Ademas, la membrana utilizada en este estudio presenta una serie de
propiedades favorables tales como su biocompatibilidad, biodegradacion, correcta
adhesién e integracién en el tejido y moderado rechazo inmunolégico, que la hace
Optima para su futura utilizacién clinica. Por otro lado, también es importante destacar
que la mejora funcional observada tras el implante de la membrana celularizada con
ADSC se determind cuatro meses después del implante, demostrando el beneficio del
tratamiento a largo plazo. Este aspecto es de gran relevancia ya que la mayoria de los
estudios experimentales descritos hasta el momento han analizado el potencial
regenerativo de la terapia celular en periodos mas cortos de tiempo (uno o dos meses
post-implante como maximo) y es importante conocer, de cara a considerar su posible
aplicacion en el paciente, si el tratamiento aplicado ejerce un beneficio sostenido.
Cabe destacar también, que aunque no se ha observado injerto celular a tan largo
plazo (cuatro meses post-implante), si se ha conseguido prolongar en gran medida la
permanencia de las células en el tejido (al menos un mes tras su implante), ya que
cuando las células ADSC se inyectaron subepicardicamente, no se detectaron siquiera
una semana tras su implante. También, estudios previos realizados por nuestro grupo
en los que se inyectd de forma directa un mayor numero de células ADSC (1 millén) en
el mismo modelo animal, mostraron que dichas células no fueron capaces de
sobrevivir mas alld de dos semanas. Tampoco en otros estudios en los que se
inyectaron células mesenquimales (1 millén) embebidas en coldgeno liquido, se
detectaron células injertadas tras un mes de su implante [233, 265], lo que demuestra
la ventaja de utilizar una membrana sdlida como soporte.

Por otro lado, hay que considerar que aunque la supervivencia celular se ve

dificultada por el ambiente hipodxico y fibrdtico del corazén [183], la expresion de
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transgenes exégenos como la proteina GFP puedan provocar una respuesta
inmunoldgica, acelerando la desaparicion de las células en el tejido [277]. Para evitar
este problema, se han utilizado inmunosupresores tales como la ciclosporina. En este
estudio, sin embargo, no hemos empleado dicho farmaco ya que se han descrito
efectos secundarios sobre la contractilidad cardiaca que podrian afectar a los
resultados del estudio [278]. Ademds, hemos comprobado en estudios anteriores que
la ciclosporina no parece ejercer una accidn inmunosupresora completa puesto que no
evita la accién de las células del linaje monocito/macréfago responsables de la
fagocitosis de las células trasplantadas [110]. Finalmente, puesto que en este estudio
se ha trabajado con un modelo alogénico, es interesante determinar el potencial de las
células mesenquimales sin un tratamiento de inmunosupresion para analizar su
posible potencial clinico y dilucidar asi su capacidad inmunomoduladora. Seria
interesante, ahora que se ha determinado el efecto beneficioso de las ADSC, estudiar
en mayor profundidad las respuestas inmunolégicas desencadenadas por las mismas y
realizar un andlisis comparativo de su potencial en un trasplante autdlogo.

Por otro lado, profundizando en los mecanismos de accién responsables del
remodelado positivo del corazén e induccion de la revascularizacion tisular observada,
cabe sugerir que éstos sean principalmente de tipo paracrino. En este sentido, se ha
descrito en numerosos trabajos la implicacidén de las células madre mesenquimales en
procesos de angiogénesis y arteriogénesis, relacionados con la liberacién de factores
pro-angiogénicos y pro-arteriogénicos como las angiopoietinas, VEGF, bFGF y HGF
[129, 279], implicados a su vez en la mejora funcional cardiaca tras la isquemia [110,
280]. En concreto, se ha demostrado que las ADSC secretan factores de actividad pro-
angiogénica tales como VEGF, HGF e IGF-1 [169, 281, 282] e incluso se ha observado
un mayor efecto pro-angiogénico de la poblacion ADSC en comparacién con la
poblacién MSC [181, 182]. Ademas, la liberacidn de estas citoquinas pro-angiogénicas
por parte de las células ADSC puede verse favorecida en el ambiente isquémico vy
fibrético, mediante la estimulacion generada por la hipoxia [169], TNFa [282] o bFGF

entre otros [170]. También se ha demostrado que las ADSC pueden movilizar células
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endoteliales y de musculo liso [283] hacia el tejido isquémico, inhibir la apoptosis de
las células endoteliales y favorecer su proliferacion [169].

Otro factor importante relacionado con el beneficio funcional es la induccion de
la contractilidad cardiaca, tal y como se ha descrito en un modelo de conejo, en el que
la inyeccion de MSC mejoraba la funcion hemodinamica al inducir la disminucién de la
expresion de los B-adrenoreceptores y el consiguiente aumento de la contractilidad de
los CM [284]. Finalmente, respecto al remodelado tisular, se ha descrito una
disminucién de la fibrosis tisular como consecuencia del trasplante de las ADSC, efecto
gue se ha observado también en estudios similares realizados con MSC [131, 261, 285,
286]. Dicha disminucion puede deberse a que las células mesenquimales favorecen la
degradacion de la matriz extracelular mediante la inducciéon de la secrecion de MMPs e
inhibicidon de la expresion del coldgeno por parte de los fibroblastos cardiacos, cuya
proliferaciéon también inhiben [131, 261]. Otra accién mediada por la poblacién
mesenquimal en relacion con la fibrosis, es la atenuacién del aumento de la expresién
cardiaca del colageno de tipo | y lll, de TIMP1 y TGF-B en el IM [132, 287]. También se
ha descrito su efecto en la inhibicion de la inflamacién local debido a la disminucién de
la expresion de citoquinas pro-inflamatorias tales como TNFaq, IL-1a e IL-6, implicadas
todas ellas en el remodelado ventricular [132]. Ademas, se ha descrito la importancia
de los componentes de la matriz extracelular cardiaca en relacion con el
comportamiento mecdnico del corazén y de su remodelado. Asi por ejemplo, se ha
comprobado que la trombospondina-2 (TSP-2) se expresa durante el proceso de
maduracién de la cicatriz, actuando a su vez, en la regulacién de la actividad MMP2
[288]. Otra proteina de esa familia, la TSP-1, es liberada por células inflamatorias en el
momento agudo del IM e induce la expresion de TGF-B1, previniendo la expansion del
tejido isquémico [289]. También se ha estudiado el papel de la familia de las SPARC
(Secreted Protein Acidic and Rich Cysteine) en el remodelado cardiaco, describiéndose
la participacion de esta proteina en el ensamblaje y morfologia de las fibrillas de
coldgeno [290]. Ademas, SPARC favorece la actividad de TGF-B1 y protege al corazén

de la dilatacion y su posterior disfuncion ventricular [291]. Seria interesante analizar en
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futuros estudios el papel que dichas proteinas pueden desempefiar en el remodelado
tisular asi como la posible implicacion de las ADSC en la actividad de las mismas.

Por otro lado, pese a que el miocardio estd compuesto por diversos
componentes de la matriz extracelular tales como el coldgeno, la elastina y los
proteoglicanos, practicamente todos los estudios mecanicos se han centrado en la
implicacion del colageno, por ser éste el mas abundante [292]. Ademas, el coldgeno es
un componente con una alta fuerza de extensidn y pequefios cambios en su
concentracion y disposiciéon pueden alterar el comportamiento mecanico del corazén.
Como ya se ha comentado, en este estudio se ha observado que el tejido cardiaco de
los animales tratados con la membrana celularizada con ADSC presenta un
comportamiento mecanico similar al del tejido cardiaco sano (menos rigido), hecho
gue no se ha observado en el grupo tratado con las ADSC inyectadas sin soporte, en el
que se ha detectado un comportamiento mecanico similar al del tejido cardiaco
infartado no tratado (mas rigido). Tampoco se ha observado una mejora en el
comportamiento mecanico de los corazones tratados con la membrana sin celularizar.
En este sentido, una mayor concentracién de colageno de tipo |, un mayor didmetro o
un mayor grado de entrecruzamiento de las fibras de colageno, podrian ser los
causantes de la rigidez del tejido cardiaco (revisado en [292, 293]). Seria interesante
realizar un andlisis mas exhaustivo de las modificaciones que han tenido lugar en el
tejido cardiaco a nivel de la matriz extracelular, para determinar las posibles
modificaciones de concentracion y disposicion del coldgeno en la misma tras el
tratamiento con la membrana de colageno celularizada con ADSC.

En cualquier caso, en vista de todos los resultados obtenidos, podemos concluir
que las células ADSC, implantadas sobre la matriz de colageno, ejercen en un modelo
cronico de IM en rata, un efecto beneficioso a largo plazo, a nivel de funcidn,
remodelado y comportamiento mecanico.

Estos estudios presentan un gran interés de cara a su potencial aplicaciéon
clinica, aunque obviamente, es necesario confirmar previamente su beneficio en un

modelo pre-clinico como es el cerdo. Hasta el momento, se han realizado varios
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ensayos pre-clinicos en los que se ha determinado el potencial de las ADSC inyectadas
intramiocardicamente. Valina y colaboradores inyectaron ADSC o MSC en un modelo
de IM agudo en cerdo, observando una mejora funcional del corazén tratado con
ambas poblaciones un mes post-implante. Pese a no encontrar diferencias
significativas entre los dos grupos en relacion a la funcién ventricular, sélo en el grupo
implantado con ADSC se detecté un incremento de la densidad capilar y un aumento
en el grosor de la pared ventricular [182]. Por otro lado, nuestro grupo ha realizado un
estudio en un modelo de isquemia-reperfusién en cerdo con seguimiento a tres meses
en el cual se ha observado una mejora funcional relacionada con un remodelado
ventricular positivo y revascularizacion del tejido, como consecuencia del trasplante de
las ADSC (datos no publicados, ver Anexo Il). En relacién con los resultados positivos
obtenidos en estos modelos pre-clinicos tras el trasplante de las ADSC, puede
esperarse que dichos resultados también se vean potenciados por el uso de un soporte
de colageno tal y como se ha observado en el modelo en rata. Siguiendo en esta linea,
en nuestro laboratorio ya se ha comenzado un estudio en cerdo y se considera factible
qgue, de obtenerse también resultados positivos, pudiera trasladarse su uso a la clinica.
Cabe destacar que, hasta el momento, no se han realizado ensayos clinicos con ADSC
pero si con células mesenquimales derivadas de la MO, con las que se ha demostrado
la seguridad de su trasplante [209, 294, 295]. Los ensayos fase II/lll confirmaran su
potencial terapéutico aunque los resultados obtenidos hasta el momento en los
ensayos previos sugieren dicho beneficio. Por otro lado, tan sélo se ha publicado un
ensayo clinico en el que se han combinado células madre con algun tipo de
biomaterial, en este caso, una membrana de coldgeno celularizada con 100 millones
células mononucleadas derivadas de la MO. En este ensayo fase |, denominado como
MAGNUM, se reclutaron 20 pacientes con IM crénico que fueron trasplantados con la
membrana celularizada o con las células sin dicho soporte. Los resultados han
mostrado la factibilidad y seguridad del procedimiento [236]. Ademas, se observé un
remodelado ventricular positivo y un aumento de la funcién diastdlica en los pacientes

tratados con la membrana celularizada.
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Por otro lado, en vista de todos estos resultados, deben plantearse nuevas
estrategias terapéuticas que consigan mejorar en mayor medida la efectividad de la
terapia celular. Ademds, como ya se ha comentado a lo largo del trabajo, existen
distintas poblaciones celulares que ejercen su potencial terapéutico a través de
diversos mecanismos. Como consecuencia de ello, es necesario establecer cudl es la
funcién especifica que ha de ejercer la terapia celular en el tratamiento de la
enfermedad y elegir la poblacion celular que mejor se ajuste a dicho objetivo. Este
esfuerzo deberia centrarse fundamentalmente en dos aspectos que se comentan a
continuacion.

En primer lugar, se ha comprobado que el potencial terapéutico que ejercen la
mayoria de las células madre adultas es de tipo paracrino y que su contribucién
mediante la diferenciacion es muy baja o practicamente inexistente. Sin embargo,
existen otras poblaciones celulares como las ESC, las recientemente descubiertas iPS o
los progenitores cardiacos, que han demostrado tener un mayor potencial de
diferenciacion cardiovascular. Por ello, cuando se plantea la proteccidon/regeneracion
del tejido isquémico hay que tener en cuenta las distintas propiedades que
caracterizan a cada poblacién celular. En el caso de querer ejercer un efecto positivo
en el remodelado tisular tras la isquemia cardiaca, podrian aplicarse las células
mesenquimales, teniendo en cuenta su potencial paracrino y sus supuestas
propiedades inmunomoduladoras. En cambio, para la regeneracion del musculo
cardiaco, serian necesarias poblaciones celulares capaces de derivar hacia células
cardiacas, aunque las poblaciones descritas hasta el momento presentan ciertas
limitaciones. En el caso de las células madre cardiacas, es necesaria una caracterizacion
mas detallada de las mismas que permita optimizar su purificacién a partir del tejido
cardiaco humano. En cuanto a las ESC, existen barreras éticas y de inmunogenicidad
que limitan su uso, asi como de tumorogenicidad, barrera que las iPS también
comparten. El desarrollo de nuevos protocolos de purificacion de células [54]
previamente diferenciadas in vitro podria solventar este ultimo problema, aunque

serian necesarios controles muy estrictos para su posterior aplicacion en la clinica.
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También existe la posibilidad de la obtencidon directa de CM a partir de células
somaticas mediante la sobre-expresion de distintos factores [75], aunque dichos
protocolos todavia requieren ser optimizados.

El segundo aspecto a tener en cuenta de cara a incrementar el potencial de la
terapia celular, es el modo de administracién de las células en el implante. En los
estudios realizados hasta el momento, se han utilizado sobre todo vias de
administracion directas como la inyeccién intravenosa, intramuscular o intracoronaria.
En la terapia con MSC, se ha observado que en la inyeccidon intravenosa el numero de
células que injertan en el corazén es muy bajo, distribuyéndose ademas, hacia otros
d6rganos como el pulmén, higado o rifién [265, 296]. La inyeccién intramuscular de
MSC se ha descrito como la mas eficaz, aunque también estad limitada por el bajo
numero de células que sobreviven e injertan en el tejido cardiaco. Ademas, esta via de
administracién es adecuada para pacientes con IM crénico pero no para pacientes con
IM agudo, en el que la via intracoronaria es la que se utiliza habitualmente, a pesar de
que existe un cierto riesgo de formaciéon de trombos debido al gran tamafio de las
células implantadas. Una alternativa a la administracion celular clasica y que favorece
la supervivencia e injerto celular tras el trasplante, es precisamente la utilizacién de
biomatrices, que como hemos demostrado en este trabajo, permiten la interaccion de
las sefales de supervivencia célula-célula y una distribucién mas homogénea de las
mismas.

Por otro lado, de cara a favorecer la aplicacion alogénica de las células, incluso en
el caso de las células mesenquimales cuya capacidad inmunomoduladora no parece
tan evidente in vivo [139-141], se han desarrollado estrategias alternativas para su
administracién y proteccién frente al sistema inmune, como son la encapsulacién de
las células o la utilizacién de hidrogeles (revisado en [297]). Ademas, los avances
conseguidos en la micro y nanotecnologia estdn permitiendo potenciar el efecto
terapéutico conseguido con los parches celularizados. Por ejemplo, se han
desarrollado nuevas estrategias como la creacién de parches de colageno embebidos

con el anticuerpo Sca-1 que favorecen el reclutamiento de células progenitoras [264],
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o con el factor de crecimiento VEGF-165, para generar la vascularizacion del parche in
vivo [263]. Estos parches se han combinado ademas con células endoteliales para
incrementar su vascularizacion [243, 244]. También, se han creado construcciones
celulares mds complejas combinando distintas poblaciones que sustenten las diversas
necesidades de la regeneracidon cardiaca. El grupo del Dr. Zimmermann ha creado
parches tisulares con propiedades cardiacas y con capacidad contractil in vivo,
utilizando una matriz compuesta por colageno y matrigel y células cardiacas de distinto
origen [238, 239]. En esta linea, se esta investigando la implicacién de las propiedades
mecanicas de los materiales que se utilizan como soporte en la diferenciacién celular
(revisado en [298]). Estos nuevos conocimientos permitirian dirigir la diferenciacién
celular hacia el fenotipo de interés para el tratamiento. Asi por ejemplo, se ha descrito
recientemente la generacion de construcciones tisulares que simulan las propiedades
mecadnicas y estructurales del miocardio, induciendo la diferenciacién de las MSC hacia
distintos linajes celulares, la cual se ve favorecida cuando la distribucién celular es

tridimensional [299].

En vista de todos estos avances y resultados, podemos concluir que la terapia
celular presenta un gran potencial como tratamiento de la enfermedad cardiovascular
y que, desarrollada en combinaciéon con la bioingenieria, la micro y nanotecnologia,
puede generar alternativas mas eficaces para la proteccidén y regeneracion del tejido

cardiaco.
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Conclusiones

Las conclusiones obtenidas en el presente trabajo son las siguientes:

1. Las membranas de coldgeno de tipo | (406, #407, #408 y #409) son,
independientemente de su grado de entrecruzamiento, biocompatibles con las
células madre derivadas del tejido adiposo (ADSC), ya que permiten la adhesion

uniforme de las células a su superficie, sobre la que se mantienen viables.

2. Las ADSC presentan, ademas, una correcta capacidad de proliferacion sobre los
cuatro tipos de membranas. Dicho aspecto confirma la biocompatibilidad de las

matrices con las células.

3. A nivel de comportamiento mecanico, el grado de rigidez de la membrana sin
entrecruzamiento (#406) es significativamente menor que el de las membranas con
entrecruzamiento (#407, #408 y #409). Ademds, dicha rigidez disminuye cuando la
membrana es celularizada con ADSC. Por otro lado, se ha detectado el marcado

caracter anisotrépico de dicha membrana.

4. In vivo, el trasplante de las membranas de coldgeno sobre el corazén infartado
induce una moderada inflamacién en el tejido. El trasplante de la membrana #406
provoca una reaccion inflamatoria significativamente menor que el resto de las
membranas, que es practicamente inexistente tras el mes de su implante. Ademas,
dicha membrana presenta una rdpida adhesion y reabsorcion en el corazén, no

observada con las membranas entrecruzadas.

5. El trasplante de ADSC en un soporte biocompatible de colageno (membrana #406)
induce, a largo plazo (cuatro meses), una mejora significativa de la funcién
ventricular en un modelo de infarto crénico de miocardio en rata. Dicha mejora no
se detecta, sin embargo, al implantar las células sin soporte o al trasplantar la

membrana no celularizada.
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6. El tratamiento del corazén infartado con la membrana celularizada con ADSC induce,
a diferencia de las células sin soporte o de la membrana no celularizada, una mejora
significativa del comportamiento mecdanico del corazén, asi como una disminucién

significativa del grado de fibrosis tisular.

7. El trasplante de la membrana celularizada con ADSC induce de forma significativa la
revascularizacién, tanto a nivel angiogénico como arteriogénico, de las areas de
peri-infarto del tejido cardiaco. En cambio, dicha efecto no se produce al trasplantar

las células sin soporte o la membrana no celularizada.

8. El trasplante de las células ADSC previamente adheridas a un soporte favorece una
mayor supervivencia y distribucion mas homogénea de las mismas en el tejido,
ejerciendo asi una accién tréfica mds potente y prolongada en el tiempo y por

tanto, un mayor efecto terapéutico de las mismas.
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AIMS: Fresh adipose-derived cells have been shown to be effective
in the treatment of acute myocardial infarction (MI), but their role
in the chronic setting is unknown. We sought to determine the
long-term effect of the adipose derived-stromal vascular fraction
(SVF) cell transplantation in a rat model of chronic MI.

METHODS AND RESULTS: MI was induced in 82 rats by permanent
coronary artery ligation and 5 weeks later, rats were allocated to
receive an intra-myocardial injection of 107 GFP-expressing fresh
SVF-cells or culture media as control. Heart function and tissue
metabolism were determined by echocardiography and 18F-FDG-
microPET, respectively, and histological studies were performed for
up to 3 months after transplantation. SVF induced a statistically
significant long-lasting (3 months) improvement in cardiac function
and tissue metabolism that was associated with increased
revascularization and positive heart remodeling, with a significantly
smaller infarct size, thicker infarct wall, lower scar fibrosis and
lower cardiac hypertrophy. Importantly, injected cells engrafted and
were detected in the treated hearts for at least 3 months, directly
contributing to the vasculature and myofibroblasts and at negligible
levels to cardiomyocytes. Furthermore, SVF-release of angiogenic
(VEGF and HGF) and pro-inflammatory (MCP-1) cytokines, as well
as TIMP1 and TIMP4, was demonstrated in vitro and in vivo,
strongly suggesting that they have a trophic effect.
CONCLUSIONS: These results show the potential of SVF to
contribute to the regeneration of ischemic tissue and to provide a
long-term functional benefit in a rat model of chronic MI, by both
direct and indirect mechanisms.
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AIMS: Fresh adipose-derived cells have been shown to be effective in the treatment of
acute myocardial infarction (MI), but their role in the chronic setting is unknown. We
sought to determine the long-term effect of the adipose derived-stromal vascular
fraction (SVF) cell transplantation in a rat model of chronic ML

METHODS AND RESULTS: MI was induced in 82 rats by permanent coronary artery
ligation and 5 weeks later, rats were allocated to receive an intra-myocardial injection of
10" GFP-expressing fresh SVF-cells or culture media as control. Heart function and
tissue metabolism were determined by echocardiography and '‘F-FDG-microPET,
respectively, and histological studies were performed for up to 3 months after
transplantation. SVF induced a statistically significant long-lasting (3 months)
improvement in cardiac function and tissue metabolism that was associated with
increased revascularization and positive heart remodeling, with a significantly smaller
infarct size, thicker infarct wall, lower scar fibrosis and lower cardiac hypertrophy.
Importantly, injected cells engrafted and were detected in the treated hearts for at least 3
months, directly contributing to the vasculature and myofibroblasts and at negligible
levels to cardiomyocytes. Furthermore, SVF-release of angiogenic (VEGF and HGF)
and pro-inflammatory (MCP-1) cytokines, as well as TIMP1 and TIMP4, was
demonstrated in vitro and in vivo, strongly suggesting that they have a trophic effect.
CONCLUSIONS: These results show the potential of SVF to contribute to the
regeneration of ischemic tissue and to provide a long-term functional benefit in a rat

model of chronic MI, by both direct and indirect mechanisms.

2

http://mc.manuscriptcentral.com/cogcom-ct



©CoO~NOUTA,WNPE

O 0 N9 N Nk~ W —

N NN N NN N N N e e e e e e e e e
0 N N N R WD = O O 0NN R WD = O

Cell Transplantation

INTRODUCTION

Myocardial infarction is a leading cause of mortality in western countries (19). Large
cardiomyocyte (CM) loss provoked by ischemia leads to impairment of cardiac
contractility, loss of pump force and subsequent risk of heart failure. Although new
therapeutic strategies have contributed to improve survival and quality of life (3),
regeneration of the myocardium remains an elusive goal which leaves organ

transplantation the only alternative for chronic end-stage patients.

Over the last decade, the application of stem cells has opened new perspectives in the
form of regenerative therapy whereby healthy cells can substitute the damaged tissue. A
wide array of cell types has been tested in various animal models of MI, with bone
marrow mononuclear cells and skeletal myoblasts reaching the stage of clinical trials
(36). However, the results obtained with these two cell populations have shown only
mild effects and, although long-term studies with larger cohorts of patients are required,
new cell sources or approaches are sought in order to demonstrate the feasibility of this

therapy.

Recent studies have demonstrated the capacity of stem/progenitor cells contained in the
stromal fraction of the adipose tissue (SVF), not only in terms of their differentiation
capacity (17), but also because they produce a wide array of growth factors and
cytokines (8). Given that this cell population has been mainly tested in models of acute
MI (43,44), the goal of the present study was to investigate the potential benefit of
transplanting freshly isolated white adipose tissue-derived SVF cells in a rat model of
chronic MI, focusing particularly on their long-term engraftment and differentiation

capacity as well as their potential to restore the functional capacity of the heart.
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Cell Transplantation

MATERIAL AND METHODS

Ethics Statement

All experiments were performed in accordance with the guidelines of the National
Society for Medical Research and Institute of Laboratory Animal Resources. All animal
procedures were approved by the University of Navarra Institutional Committee on

Care and Use of Laboratory Animals.

Isolation and characterization of injected cells

SVF cells were isolated from 4 to 8 weeks old Sprague-Dawley eGFP rats as previously
described (29), with slight modifications as follows. Briefly, rats were killed by cervical
dislocation under CO, anesthesia. Inguinal adipose depots were isolated, carefully
minced and digested for 30 minutes at 37 °C in DMEM-F12 (Invitrogen, Leiden, The
Netherlands) containing 2% collagenase A (Roche, Madrid, Spain). After centrifugation
of the pelleted stromal vascular fraction (SVF), the reaction was stopped by adding
DMEM supplemented with 10% fetal calf serum to the sample, which was subsequently
filtered through 100- and 40-pum filters. Cells were washed in PBS and incubated in
lysis buffer in order to eliminate contaminating erithrocytes obtaining aproximatelly
1.15 x 10° cells/gr of white adipose tissue. Viability was shown to be around 98% as
determined by trypan blue dye exclusion. Characterization of SVF was performed by
FACS analysis, staining cells with antibodies against RT1A, RT1B, CD11b, CD31,
CD44, CD45, CD73, CD90 and CD106 (all purchased from BD, Madrid, Spain).
Expression of GFP was confirmed by FACS and direct visualization under a

microscope equiped with epifluorescence, and ensured to be around 90% in all cases.

Experimental model

A total of 82 female Sprague-Dawley rats (Harlan IBERICA S.L. Barcelona, Spain)
underwent coronary artery ligation of the left coronary artery as previously described
(9,18). Only those surviving animals (n=57) in which LVEF decreased below 40% at 1
month post-MI were included in the study (n=55). Heterogeneicity of the groups was
excluded as no statistically significant differences were found in pre-implantation EF
values between SVF treated animals and the control group (Control: 29.87+2.84%;
SVF: 26.46+2.26%; P=0.29). A similar lack of significant variability intra-group was
detected (Variances: Control: 80.48; SVF: 70.5; Levene’s test for equality of variances:
P=0.678).
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Five weeks post-myocardial infarction, rats were reoperated by sternotomy and
randomized to receive 10’ cells per heart (total volume: 70 pl) of freshly isolated SVF
from male GFP-rats (n=29) or media alone (n=24), in 2 points of the infarct border
region. No differences in early mortality after cell injection were detected in the cell
treated group versus the control group (only 1 out of 29 animals died during the
injection versus none in the control group with 24 animals). All animals were daily
immune-suppressed with cyclosporin A (20 mg/kg/d i.p. Sandimmun, Novartis) from
two days pre-transplantation until sacrifice at 1,3 days and 1,24 weeks (2-4

animals/time point) and 3 months (10 animals).

Tissue processing and immunostaining

After sacrificed, the rat hearts were excised, fixed in 4 % paraformaldehyde for 4 hours
at 4°C, and cut in 3 equal size blocks (apical, mid-ventricular and basal). Hearts were
dehydrated in ethanol 70% (4°C o/n) and embedded in paraffin. For histological
analysis 5 um sections were performed. Cell detection was based on the presence of
GFP-positive signals by inmunohistochemical methods (anti-GFP, Invitrogen, or
chicken anti-GFP (Abcam, Cambridge, UK), diluted 1:500 in TBS) or
immunofluoresecence. For immunofluorescence, a tyramide amplifying kit (Invitrogen)
or a secondary antibody anti-chicken IgY coupled to 655 nm emitting quantum dots
were used following manufacturer’s instructions. Immunolabeling was performed with
antibodies against a-Smooth Muscle Actin (a-SMA) (diluted 1:1000 in TBS, Sigma,
Madrid, Spain), cardiac troponin T (cTT) (diluted 1:100 in TBS; Labvision), ventricular
myosin (diluted 1:2 in TBS; BioCytex), Ki67 ( diluted 1:100 in PBS; Dako), Caveolin-1
(diluted 1:100 in TBS, BD), Connexin-43 (diluted 1:200 in TBS, Sigma), Laminin
(diluted 1:25 in TBS, Sigma), bFGF (diluted 1:100 in TBS, BD), HGF (diluted 1:100 in
TBS, Assay Designs, Ann Harbor, MI, USA), active caspase 3 (diluted 1:100 in TBS,
Cell Signalling, Beverly, MA, USA), MCPI (diluted 1:100 in TBS, Abcam), VEGF
(diluted 1:50 in TBS, Abcam), SM Myosin (diluted 1:400 in TBS, Abcam), TIMP1
(diluted 1:50, Abcam), TIMP4 (diluted 1:50, Abcam), MMP2 (diluted 1:100, Abcam),
MMP9 (diluted 1:100, R&D) and MMPI14 (diluted 1:100, Abcam). Secondary
antibodies labeled with AlexaFluor-594 or AlexaFluor-488 were purchased from
Molecular Probes (Invitrogen) if needed. EnVision"-HRP conjugated system (Dako)
was used as secondary reagent for immunohistochemistry. For confocal microscopy, a
LSM 510 META (Carl Zeiss, Minneapolis, USA) microscope was used.
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Cell Transplantation

For Sirius Red staining, sections were deparaffinized and immersed in 0.1% Fast Red
(Sigma) in a saturated solution of picric acid, for 90 minutes, differentiated 2 minutes in
HCI (Sigma) 0.01N, dehydrated and mounted in DPX. Hematoxylin-Eosin staining was
performed as detailed elsewhere. Briefly, sections where stained in Ehrlich’s
hematoxylin (Sigma) for 7 minutes, differentiated through water-HCl and Li,COs3

solutions, immersed in Eosin (Sigma) for 10 seconds, dehydrated and mounted in DPX.

Electron microscopy

For electron microscopy studies, hearts were fixed with 4% paraformaldehyde 0.5%
glutaraldehyde. Tissues were cryoprotected in 25% sucrose for 48 hours and cut in 100
um sections. Sections were post-fixed with 2% osmium, rinsed, dehydrated and
embedded in araldite (Durcupan, Fluka). Semithin sections (1.5 pm) were cut with a
diamond knife and stained lightly with 1% toluidine blue. Later ultra-thin (0.08 um)
sections were cut with a diamond knife, stained with lead citrate (Reynolds solution)
and examined under a FEI Tecnai G2 Spirit transmision electron microscopy. Ultra-thin
sections were washed in phosphate buffer (PB), blocked in 0.3% bovine serum albumin-
C (BSA, Aurion, Netherlands) and incubated in primary chicken anti-GFP antibody
(Aves Labs; 1:200 in PB for 3 days at 4°C). Sections were washed in PB, blocked in
0.5% BSA and 0.1% fish gelatin (1 h, room temperature) and incubated in colloidal
gold-conjugated anti-chicken secondary antibody (1:50 for 24 h). Sections were
washed in PB and 2% sodium acetate. Silver enhancement was performed (as per
Aurion instructions) and washed again in 2% sodium acetate. To stabilize, silver
particles samples were immersed in 0.05% gold chloride (10 min at 4°C), washed in
sodium thiosulfate then washed in PB and postfixed in 2% glutaraldehyde (30 min).
Sections were contrasted with 1% osmium and 7% glucose and embedded in araldite.
Second, semi-thin 1.5 pm sections were prepared, selected at the light microscope level
and re-embedded for ultra-thin sectioning at 70 nm. Photomicrographs were obtained
under a FEI microscope (Tecnai-Spirit) using a digital camera (Morada, Soft-imaging

System).

Morphometric analysis

Quantification of vascular density was performed in animals sacrificed 3 months post-
transplantation. For capillary density (capillaries/mm2), serial sections 30 um apart were
stained with caveolin-1 and infarct border images were analyzed. Arteriolar density
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(arterioles/mm?) and arteriolar area (um?) were quantified in the same way after staining
with anti-alpha smooth muscle actin-Cy3 in the following sections. Pictures were taken
on a Nikon Eclipse ES800 microscope equipped with epifluorescence optics and digital
images were analyzed using imaging software (Jay Image), or on a Zeiss LSM 510
META laser confocal microscope. The degree of fibrosis was determined by
quantification of collagen deposition stained by Sirius red staining of serial sections as
previously described (6). Infarct size was assessed as the mean % of infarcted area vs.
total LV area, ventricular infarct wall thickness as the average of repetitive wall
thickness measurements per section and fibrosis degree was measured in high power
photographs within the infarct as % of collagen area (red) vs. total tissue area (yellow).
AnalySIS® software was used for these analyses. Measurement of CM hypertrophy was
performed on laminin-stained sections. High-power field images were acquired and CM
cross sectional area was quantified using Image J software. A minimum of 100 CM per

heart were analyzed.

Cell engraftment was quantified after GFP-immunostaining. Positive cells were only
counted if their nucleus were identifiable. Tissue sections were screened and GFP-cells
quantified from the first to the last section with engrafted cells. Percentage of surviving
cells was referred to the quantity of injected cells (10’cells). Cell differentiation was
measured in confocal laser microscopy images by counting total GFP-positive cells and
those double-positive for GFP and lineage specific markers. GFP- and non-GFP
expresing adipocytes were counted by means of their characteristical morphology with
AxioVision 4.6 (Zeiss, Madrid, Spain). Both differentiation and adipocytes are thus
expressed as relative to the number of engrafted cells. Fifteen serial sections were
analyzed, taking photographs of the whole left ventricle. Finally, cell proliferation and
apoptosis were quantified by counting PCNA- or Activated Caspase-3 positive cells in
serial sections double-stained for GFP and PCNA or GFP and activated Caspase-3
respectively. All photographs were taken on a Zeiss LSM 510 META laser confocal

microscope.

Echocardiographic studies

Animals were slightly anesthetized prior to study with 2% isoflurane (Forane®. Lab.
ABBOTT S.A, Madrid, Spain) in 100% O, gas and placed in the supine or lateral
position on a warming pad for transthoracic two-dimensional echocardiography, M-
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mode recordings, and Doppler ultrasound measurements as described (1).
Echocardiography was performed using a Sonos 4500 ultrasound system (Philips) with
a 12 MHz linear array transducer and Doppler measurement. Left ventricular
remodeling was assessed by measuring end systolic and diastolic volumes and
diameters, according to the American Society of Echocardiology. The left ventricular
ejection fraction was determined in parasternal short axes (21) and diastolic function
was assessed by measuring E and A waves of the mitral filling pattern by pulsed echo-
Doppler technique in four-chamber apical views. Echocardiographic studies were
performed in 10 animals/group at baseline (before infarct), before cell transplantation
and at day 90 postransplant by the same investigator blinded to the group of treatment.

Measurements were done in three cycles and the mean value was obtained.

F.FDG PET imaging protocols, image reconstruction and semiquantitative
evaluation

Immediately before injection of cells and 90 days later, animals were subjected to PET
analysis using the technique previously described by our group (27). Rats were
anesthetized with 2% isoflurane in 100% O, gas and after tail-vein injection of "*F-FDG
(75 MBq in 100-200 pL) immediately awakened and placed back in the cage. Two
hours after tracer injection, animals were anesthetized with isoflurane, placed prone on
the PET scanner cradle and kept during the overall study under continuous influx of the
anesthetic. A static 60-minute study (sinogram) was acquired in a Mosaic (Philips)
small animal dedicated imaging tomograph. No transmission scan was performed.
Scanner efficiency normalization, dead time and decay corrections were applied during
reconstruction. Images were reoriented for further processing and polar maps obtained
using the specific cardiac imaging software package of the PET scanner. After
reorientation of transaxial images into short- and long-axis slices polar maps were
generated and divided into 17 different ROIs. Individual quantification of the "*F-FDG
uptake in each of them was calculated. The total number of counts obtained for each of
the ROIs, was divided by its corresponding area to obtain counts per area unit. For each
PET study, the maximal value of the 17 ROIs was considered as 100% and the
remaining data transformed into percentage values. All further calculations and

statistical analysis were performed on these sets of re-scaled numerical data.
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Cytokine array

To obtain culture supernatants, freshly isolated rat SVF were cultured in DMEM/10%
FBS at a density of 5x10° cells/cm? until reach confluence (72h), under normoxic or
hypoxic (5% O,) conditions. Then, media was changed for DMEM/5% FBS and
collected and frozen 48h later for Cytokine arrays or proliferation studies. Also,
DMEM/5% FBS media was kept in the incubator during 48h as control media. Cytokine
levels were measured by a cytokine antibody array (Rat Array-I, Ray Biotech, Norkross,

GA, USA) according to the manufacturer’s instructions.

In vitro proliferation studies

Rat smooth muscle cells (RAO Cell Applications, CA, USA) and murine endothelial
cells (MS-I, ATCC, VA, USA) were plated in 24 well plates at a density of 2.5x103,
5x10° cells/well repectively, and cultured in the presence of control media (NCM) or
SVF conditioned media (CM) obtained under normoxic or hypoxic conditions (75% of

the media). After 60 hours, the number of viable cells was quantified by a luminiscent

cell viability assay (CellTiter-Glo™, Promega, USA) following manufacturer’s protocol.

Four independent experiments were performed and every cell type grown in CM or

NCM was seeded in quadruplicate.

Gelatin zymography

Serum samples prediluted 1:50 in saline were mixed with equal amounts of sodium
dodecyl sulfate (SDS) sample buffer (Novex, Carlsbad, CA, U.S.A.) and
electrophoresed on 10% SDS-polyacrylamide gels (Novex) containing 1 mg/mL gelatin
as the protease substrate. Following electrophoresis, gels were placed in 2.7% TritonX-
100 for 1 hour to remove SDS, and then incubated for 20 hours at 37°C in developing
buffer (50 mmol/L Tris base, 40 mmol/L. HCI, 200 mmol/L NaCl, 5 mmol/L CaCl,, and
0.2% Briji 35; Novex). After incubation, gels were stained with gel code blue stain

reagent (Pierce) for 1 hour followed by destaining.

Statistical analysis

Normal distribution was demonstrated by Shapiro-Wilk and Komogorov-Smirnov tests.
All data are expressed as mean+SD. Comparisons were performed using the paired or
unpaired t-test, or ANOVA plus Tukey’s HSD. Statistical analysis was performed with

the SPSS 17.0 software and differences were considered statistically significant when
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RESULTS

Cell characterization

FACS analysis of SVF cells showed a heterogeneous population comprised of stromal,
hematopoietic and endothelial progenitor cells, among others, which proved positive for
RT1A, low positive for RT1B, CD31, CD44, CD45, CD73 and CD90 and negative for
CD11b and CD106 (Fig.1).

SVF-cells induce a long-lasting improvement in cardiac function and tissue
metabolism

The long-term functional efficacy of SVF-cells was assessed by echocardiography. No
significant differences at baseline were found between Control and SVF groups for any
of the echocardiographic parameters. The results indicate that rats treated with SVF
showed an improvement in cardiac function at 3 months, demonstrated not only by the
increase in ejection fraction (from 26.46+1.32% at preimplant to 38.25+4.01% at 3
months; P<0.01) and fractional shortening (FS) (10.16+1.32% at preimplant to
16.3£2.01% at 3 months; P=0.006), but also by prevention of ventricle dilation as
indicated by the limitation of the increase in the telesystolic diameter (ESD) and volume
(ESV) (Table 1). By contrast, in the control group, no significant improvement in LVEF
(from 29.87+2.84% at preimplant to 28.1+1.59% at 3 months; P=0.63) and FS (from
12.3£1.27% at preimplant to 11.34+0.77% at 3 months; P=0.586) was detected, while
ESD and ESV deteriorated severely, indicating deleterious progression of the

remodeling process (Table 1).

Consistent with the improvement in cardiac function, microPET studies revealed a
significant increase in tissue metabolism within infarcted areas in animals treated with
SVF-cells (from 50.6+4.4% at preimplant to 60.6+5.3% at 3 months; P<0.05), whereas
no significant changes were detected in control animals (from 45.3+2.5% at preimplant

to 42.7£1.9% at 3 months) (Fig.2).

Fate of transplanted SVF-cells

Immunohistological detection of GFP throughout the experiment (1-3 days, 1-2 weeks,
and 1-3 months) revealed no positive GFP-signal in control hearts as expected (Fig.3A-
F). Conversely, the presence of SVF-derived GFP cells was demonstrated at all the

time-points analyzed in all cell-treated hearts (29/29) (Fig.3G-L). Cells progressively
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changed their morphology from an initial fibroblastic appearance (Fig.3G-J, asterisks)
towards a more differentiated one (Fig.3K-L, arrowheads). Apoptosis (Fig.3M-R),
although detected early after cell transplantation (1 day: 10.2+2.2%; 3 days: 2.2+0.5%,
referred to total engrafted cells) disappeared after one week, whereas relatively high
levels of proliferating GFP-cells were detected within the area of injection during the
first few days (1 day: 18.7£2.8%; 3 days: 22.4+1.2%, referred to total engrafted cells)
and decreased afterwards (Fig.3S-X). Quantification of cell engraftment indicated low
retention of injected cells 1 day after transplantation (7.4+1.1% engrafted cells) which
decreased further at later time-points (Fig.3Y). Remarkably, cells could still be detected
at 3 months (1.3+0.5% of total implanted cells).

SVF-cells positively affect vascularization through differentiation and paracrine
mechanisms

Immunostaining demonstrated the potential of SVF-cells to differentiate towards
endothelial (caveolin-1") (Fig.4A-C) and mural cells (aSMA™) (Fig.4D-F) which was
further confirmed by electron microscopy (TEM). Importantly, colloidal gold-stained
endothelial cells formed functional vessels, as depicted by the presence of erythrocytes
within the lumen (Fig.4C). Mural GFP*aSMA™ cells displayed pericytic morphology,
surrounding newly formed capillaries (Fig.4F). Interestingly, the percentage of cells that
acquired a vascular phenotype increased over time to a total of 5.2+1.8% and 9.4+2.1%
GFP-positive endothelial (Fig.4G) and smooth muscle cells (Fig.4H) respectively, at 3
months. Moreover, transplanted cells expressed the pro-angiogenic cytokines VEGEF,
HGF and the pro-inflammatory cytokine MCP-1 (Fig.4I-K respectively, arrowheads).
These factors were also secreted by host-derived cells in the proximity of the transplant
(Fig.41-K, asterisks) and the peri-infarct zone (Fig.4L-N), thus amplifying the paracrine
effect induced by SVF cells. No positive cells were detected in the scar area or in the
control groups (data not shown). This in vivo secretion of VEGF and MCP-1 was
confirmed by cytokine array of the SVF-conditioned media (Fig.5A), which also
induced a significant proliferation of vascular cells (endothelial and smooth-muscle
cells) (Fig.5B). Given the putative vasculogenic capacity of the transplanted SVF-cells,
we analyzed this aspect in more depth. As shown in Fig.6A, a higher vessel density was
observed in the areas of engraftment, which again suggested the trophic effect of these
cells. TEM of transplanted areas also revealed a high density of vessels (Fig.6B,C)

which, while functional, had an extremely thin wall, and marked them as newly
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formed/developing vessels. A significant increase in tissue vascularization was detected
3 months after transplant, both at the capillaries (small caliber-caveolin-1-positive
vessels in control group: 683.9+37.8 capillaries/mm’* SVF group: 883.9+42.7
capillaries/mm?; P<0.05) (Fig.6E-F) and larger vessels (aSMA-positive vessels in
control group: 46.3+1.9 vessels/mm?; SVF-group: 76.4+3.4 vessels/mm?*; P<0.01)
(Fig.6G-I). Thus, SVF-transplantation not only directly contributes to form new
functional blood vessels, but also stimulates a response that increases the

vascularization of the peri-infarct through paracrine mechanisms.

SVF transplantation strongly influences positive tissue remodeling

Despite this process of vascular differentiation, the great majority of transplanted cells

(30.0+5.4% of engrafted cells at 3 months) retained a fibroblastic phenotype (Fig.7A-E).

Some of the transplanted cells acquired characteristics of myofibroblasts (Fig.7F) with
expression of aSMA (Fig.7G). They could be distinguished from vascular cells by
absence of expression of other smooth muscle markers such as SM Myosin (not shown)
and also by TEM analysis (Fig.7H-I), although their levels remained relatively low
through the duration of the study (1.1£0.4% at 3 months) (Fig.7J). As the main
mediators of remodeling processes, engrafted cells were screened for the expression of
MMPs and their natural inhibitors TIMPs, demonstrating that SVF cells in vitro and in
vivo expressed TIMP1 (Fig.7K; Fig.5A) and TIMP4 (Fig.7L) but not other MMPs (2, 9
and 14) or TIMP2, as shown by double immunofluorescence at 3 months. Moreover,
immunofluorescence for TIMP4 revealed that SVF-derived cells caused a marked
increase in the expression of this inhibitor, not only in the area of injection, but also in
the remote myocardium (Fig.7M,N). Also, cell-injection correlated with a reduction in
the expression of MMP2 in the peri-infacted area (Fig.70,P). These results were further
confirmed by zimographies performed on peripheral blood sera of SVF- and medium-
treated rats, which showed a significant decrease in MMP?2 activity in the SVF-treated
animals (Pre-implant: 0.81+0.15%; 3 months: 0.62+0.10%; P=0.02) unlike control
animals where no changes were found (Pre-implant: 0.79+£0.05%; 3 months:

0.7920.07%; P=0.98).

These changes were consistent with the morphometric analysis: transplantation of SVF-
cells induced positive remodeling of the heart in comparison with control animals,

suggesting a protective effect exerted by the cells. Thus, a significant smaller infarct
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size (Medium: 19.7£1.2%; WAT-SVF: 10.9+3.4; P=0.001), greater infarct wall
thickness (Medium: 432.6+60.9um; WAT-SVF: 739.6+104.1um; P=0.03) (Fig.7Q-S)
with lower scar collagen content (Medium: 60.9+1.7%; WAT-SVF: 46.8+5.6%;
P=0.001) (Fig.7T-V) and a lower degree of cardiac hypertrophy (Medium:
293.3+51.0pm* WAT-SVE: 205.9+34.3um? P=0.02) (Fig.7W-Y) were all detected 3
months after SVF treatment. On the other hand, no significant direct contribution of
SVF to the cardiac tissue was detected. GFP-MLC2v double-positive cells were found
but the percentage was indeed very low (0.017+£0.001% of engrafted cells at 2 weeks)
indicating that the differentiation of SVF cells to cardiomyocytes is at most a rare event

(Fig.8).

Finally, no ectopic tissue formation, such as bone, cartilage or tumor, was detected in
any of the transplanted animals (not shown) and, although a relatively high percentage
of the engrafted cells differentiated towards adipocytes (23.6+7.7% after 3 months)
(Fig.9), there was no significant increase in adipose cells in the SVF-injected hearts
versus the media-injected ones (not shown), suggesting that there was no significant

induction of adipogenesis in the transplanted hearts.
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DISCUSSION

Although the unexpected vasculogenic and cardiomyogenic potential of adipose tissue-
derived stem cells has prompted their use in models of acute MI (43), significantly less
information has been gathered regarding their use in chronic models. Thus, unlike
recent studies in which subpopulations of adipose derived stem cells (22,44) or
previously in vitro cultured SVF-cells were used (18,43), our research tested freshly
isolated SVF, since it may contain several stem/progenitor cell populations (17) and can
also be readily obtained from patients without the need for extensive processing. Albeit
stromal-cultured cells may benefit from their mesenchymal nature, they may also loose
the potential to give rise to all the lineages needed for the healing of the disease.
Moreover, fresh-adipose cells could be implemented as an autologous therapy not only
for the chronic but for the acutely infarcted patients as well. The results of our study
demonstrate that transplantation of SVF-cells in chronically infarcted tissue promotes a
persistent benefit in cardiac function and metabolism, by inducing tissue
revascularization and protection against deleterious tissue remodeling. Furthermore, an
ongoing clinical trial (PRECISE trial), in which SVF-cells have induced a beneficial
effect in chronically-infarcted patients, support the effectiveness and feasibility of this

therapy.

Furthermore, in contrast to previous studies in which culture adipose cells were used,
our results indicate that SVF-cells responded in vivo to tissue signals that induced their
differentiation towards cardiovascular cells (15,18). In fact, the differentiation capacity
of SVF into endothelial (30) and smooth muscle (11,41) cells was consistent with recent
in vitro and in vivo studies which demonstrated direct incorporation of the SVF cells
into mature vessels, both capillaries and arterioles/arteries, in a hind-limb ischemia
model (22,41). Similarly, cardiac-like progenitors have also been isolated in vitro from
fresh SVF (26,29) but not from cultured adipose cells. In this sense, despite the low
percentage, our study provides proof of the concept that SVF can also differentiate in
vivo into cardiomyocytes. An important question that remains to be answered is which

population of cells within the SVF is endowed with cardiac potential.

An overwhelming issue in cell therapy remains the low engraftment of transplanted
cells, which diminishes the efficiency of cell therapy (reviewed in (34)). Recent studies

have demonstrated that a combination of pro-survival factors (13) or the use of a matrix
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support (12,23,37) favors their survival. Remarkably, in our study, despite the fact that
“bare” cells were directly injected into a chronically infarcted myocardium (a more
severe situation than the acute model), they could be detected up to 3 months later in
relatively high levels in comparison with reported findings with other (stem) cell types
(34). On the other hand, the low degree of engraftment indicates that despite the direct
contribution of the transplanted cells, they cannot be responsible for the beneficial effect,
making more likely that the paracrine effect is the mechanism which explains the
functional results observed (32). SVF transplantation strongly induced revascularization
of the heart tissue along with the secretion of the angiogenic factors VEGF and HGF,
together with the inflammatory factor MCP-1. MCP-1 is known to be involved in the
recruitment of a subpopulation of monocytes that positively affect the initiation of
angiogenesis (2,5), which was clearly detected in the transplanted cells, adding support
to the trophic hypothesis. The in vitro culture studies with SVF-conditioned media

further confirm this mechanism.

In this regard, several reports have demonstrated the capacity of the SVF or SVF-
derived cells to secrete cytokines with angiogenic properties like VEGF (15,25,33) and
HGEF (10) and to directly enhance the chemotaxis of progenitors by producing SDF-1
(38), possibly contributing to the increased vasculogenesis of the heart (33).
Additionally, HGF could also exert a wide array of protective effects beyond induction
of angiogenesis. In cardiomyopathic hamster hearts, treatment with HGF not only
decreased cardiac hypertrophy, tissue fibrosis, remodeling and dysfunction, but also
induced a significant benefit in cardiac function (24). Along similar lines, we have
recently demonstrated in a chronic model of MI in rats that the functional benefit
associated with skeletal myoblast transplant is at least partially related to the production

of angiogenic cytokines by the transplanted cells (28).

On the other hand, as an evolving tissue, the remodeling heart is a complex system in
which MMPs and TIMPs are tightly regulated (40). Even minor changes in their
balance can end up in major histopathological and functional consequences, as reported
in animal models (4) and patients (16). TIMP1 is downregulated in ischemic
cardiomyopathy (16) and is able to inhibit CM apoptosis (39). TIMP4, on the other
hand, is preferentially expressed in the heart (14) and has been reported to be
downregulated in cardiac diseases (16,35). TIMP4 inhibits the activity of MMP2 (7) so
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it is plausible that upregulation of TIMP4 in transplanted SVF-cells and injured tissues
may be responsible for the downregulation of MMP?2 in the peri-infarct region and the
significant decrease in peripheral-serum MMP2 activity. This could intrinsically have
therapeutic implications, as MMP?2 is upregulated in MI (40) and may also influence
cardiac regeneration by inactivating SDF1 (20), thus decreasing progenitor homing to
the damaged tissue. The paracrine potential of TIMP4 may be related to its
antithrombotic features (31) and its ability to regulate proper cardiac fibroblast behavior
(42). Globally, SVF-derived regulation of TIMP/MMP can induce a protective balance
upon injured hearts which, together with the increased revascularization of the tissue
that could rescue myogenic cells at the border zone of the infarct, would avoid the
progressive deleterious remodeling of the heart (as shown by detection of a smaller
infarct size, thicker infarct wall and lower degree of scar fibrosis and cardiac

hypertrophy in the SVF-treated hearts).

Finally, although no adverse effects were detected in the SVF-transplanted animals and
no local induction of adipogenesis of host cells was induced in the hearts, it would be
interesting to analyze the effects of SVF cells depleted for the pre-adipocytic population
(sorted i.e. for their pref-1 specific marker) in order to elucidate the best treatment and

potential clinical application.

In summary, this report demonstrates the long-term benefit of SVF-cell injection in
chronic myocardial infarction and provides evidence for the in vivo multilineage
capacity and paracrine activity of this population. Furthermore, compared with ADSC
(cultured adipose-derived stem cells), the significantly faster and inexpensive
processing of the cells makes them much more affordable in the clinical setting. If
proven safe and effective, SVF would offer an attractive population to consider for

future clinical applications for cardiac repair.
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FIGURE LEGENDS

Figure 1: Phenotypic characterization of SVF cells. SVF cells were stained with
antibodies against RT1A, RT1B, CD11b, CD31, CD44, CD45, CD73, CD90 and
CD106 (red line) or isotype controls (dashed lines).

Figure 2: MicroPET evaluation of tissue metabolism measured by 18F-FDG-uptake.
(A) "E-FDG-uptake was evaluated by microPET before and after 3 months of
transplantation. Results are expressed as the percentage (mean+SD) of 18F—FDG—uptake
in the infarcted area. *P<0.05 (3months versus pre-implant). (B) Representative images

of tissue-polar maps reconstructions, 3 months after SVF-cells or medium injection.

Figure 3: Engraftment of SVF-cells. SVF-engraftment was examined between 1-90
days post-transplantation. Representative images of animals injected with medium (A-F)
or SVF (G-L) are shown. Cell engraftment was detected at all time-points by GFP-
immune staining. Undifferentiated cells were mainly identified at early time-points (G-
J,asterisks) whereas multiple GFP-derived phenotypes were present at 1 and 3 months
(K,L,arrowheads). GFP'C3a-apoptotic cells were detected up to 3 days
(M,N,asterisks) but not thereafter (O-R). Engrafted proliferating GFP'Ki67"-cells
(asterisks) were identified at different time-points (S-X). Quantification (mean+SD) of
SVF-engraftment (versus total injected cells) -apoptosis and -proliferation (versus

number of engrafted cells) (Y). Scale bars: 20um.

Figure 4: SVF-cells differentiate towards vascular phenotypes in vivo. Endothelial
and mural-cell phenotypes were tested by immunohistochemistry (A,D) and double
immunofluorescence for GFP and lineage-specific markers (B,E) was tested by .
Representative pictures are shown (arrowheads). TEM-analysis confirmed the results,
finding endothelial- and pericytic-GFP-colloidal gold-positive cells (C,F arrowheads;
e: erythrocyte). Quantification of transplanted cell differentiation towards endothelium
and smooth muscle was performed by counting the number of cells double-positive for
GFP and lineage specific markers (Caveolin-1 and a-SMA respectively). Levels of
endothelial cells (G) and pericytes (H) were expressed as a percentage of total number
of engrafted cells. Results represent the mean+SD. Expression of VEGF (I,
arrowheads), HGF (J, arrowheads) and MCP1 (K, arrowheads) in transplanted cells
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and in host cells in the proximity of the transplant (I-K, asterisks) and in the peri-
infarct area (L.-N, asterisks). Scale bars: 15 um : (A,B,D,E), 2 um (C,F), 25 um (I-N),
8 um (I-K, inserts), 50 um.

Figure 5: Cytokine release pattern of the SVF conditioned media and in vitro
proliferative effect. Angiogenic and inflammatory cytokine levels were analized
utilizing arrays specific for rat (RayBio-Rat-I). To obtain culture supernatants, freshly
isolated rat SVF were cultured in DMEM/10% FBS at a density of 5x10° cells/cm’
until reach confluence (72h), under normoxic or hypoxic (5% O,) conditions. Then,
media was changed for DMEM-5% FBS and collected and frozen 48h later. Frames
highlight factors that are not present in control arrays (incubated with DMEM/5%FBS)
(A). The vasculogenic potential of the SVF secreted factors was confirmed in vitro by
culturing the endothelial (MS-I) and smooth muscle cell (RAO) lines for 60h in the
presence of non-conditioned media (NCM) or SVF-conditioned media obtained under
hypoxic or normoxic conditions and viable cell number quantified. Representative
pictures show the cell density after treatment. The graphs represent the mean fold
increase (versus NCM) £SD, quantified in 4 independent experiments, each performed

in quadruplicates (**: P<0.01) (B).

Figure 6. SVF- injection induces increased vasculogenesis in vivo. Higher vessel
density was detected inside the engrafted area and in the vicinity (A) which was
confirmed by TEM, showing a multitude of vessels in the peri-infarct area with an
extremely thin but active cytoplasm (B), characteristic of neovessels. TEM analysis of
treated tissues also allowed reconstruction by serial imaging, showing a higher degree
of vascularization within the area of injection (C). Capillary and arterioles/arteries
densities (mean+SD) were respectively determined by quantification of caveolin-1
positive calpillauries/mm2 (D-F) and aSMA-positive arterial vessels/mm?* (G-I) in the
perinfarcted area of animals treated with media (D,G) or SVF (E,H), 3 months after
transplantation. ¥*P<0.05 and **P<0.01. Scale bars: (A), 20 um (B), 100 pm (C), 25 pm
(D,E), 100 um (G,H).

Figure 7: SVF-cells positively affect tissue remodeling in vivo. A percentage of
engrafted cells retained a fibrocytic phenotype (A), not staining with antibodies specific
for smooth or cardiac muscle or endothelium (B). After colloidal-gold staining for GFP,
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this subset of cells were also found by TEM (C,D). Some fusiform cells (F) stained
positive for aSMA (and negative for SM Myosin), identifying them as myofibroblast
(G), which was confirmed by TEM (H,I). Quantification of transplanted cell
differentiation towards fibroblasts and myofibroblasts was performed by counting the
number of GFP positive cells and double-positive for GFP and a-SMA. Levels of
fibroblasts (E) and myofibroblasts (J) were expressed as a percentage of the total
number of engrafted cells. Fibroblastic GFP-cells expressed TIMP1 (K) and TIMP4 (L).
Cell-injection increased TIMP4 expression in the myocardium (N) in comparison with
the non-treated ones (M) and also decreased MMP2 in the peri-infarcted area of the
SVF-hearts (P) versus the control hearts (O). Infarct size (percentage of infarcted area
vs. total left ventricle area; %IA vs. LVA)(Q-S) and scar fibrosis (percentage of
collagen volume fraction; %CVF)(T-V), were determined in Sirius Red serial stained
sections while hypertrophy was determined by quantification of the cardiomyocyte size
(umz) in laminin immunostained serial sections (W-Y), 3 months post-transplantation.
Results represent the mean+SD. *P<0.05; **P<0.01. Scale bars: 15 um (A,B,F,G), 2
um (C,H), 0.25 pm (D,I), 25 pm (K,L), 2 mm (M,N), 50 um (O,P,T-X), 250 um (Q,R).

Figure 8: SVF-derived cells differentiate into cardiomyocyte-like cells in vivo.
Confocal laser images demonstrated presence of GFP" cells with the morphology of CM,
positive for the cardiac marker MCL2v (A). Quantification of cardiac differentiated
cells was assessed by counting the number of double-positive cells (GFP and MLC2v),
and expressed as a percentage of total number of engrafted cells (B). Results represent

the mean+SD. Scale bars: 15 um.

Figure 9: SVF-derived cells give rise to adipocytes. Transplanted cells also gave rise
to adipocytes (A), which was further confirmed by TEM showing colloidal gold-stained
cells with characteristics of adipose cells (B). Quantification between 1 week and 3
months was assessed by counting the number of GFP" cells with morphology of
adipocytes and expressed as a percentage of total number of engrafted cells (C). Results

represent the mean+SD. Scale bars: 15 um (A), 2 pm (B), 1 pum (B, insert).
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Table 1: Echocardiography studies

EF: Ejection Fraction; FS: Fractional Shortening; EDD: end-diastolic diameter; EDV:
end-diastolic volume; ESD: end-systolic diameter; ESV: end-systolic volume. Values

are mean (95% confidence interval). ¥*P<0.05; **P<0.01 (3months versus pre-implant).

PRE-IMPLANT 3 MONTHS P
LVEF (%) CONTROL 2987 (23.4536.29) 28.1 (24.51,31.69) 0.633
SVF 26.46 (17.48,32.02) 38.25 (28.77,47.73) 0.005"
FS (%) CONTROL 12.3 (9.42,15.18) 11.34 (9.61,13.07) 0.586
SVF 10.16 (7.04,13.29) 16.3 (11.54,21.05) 0.006~
EDD (cm)  CONTROL 0.80 (0.73,0.87) 0.90 (0.81,0.98) 0.098
SVF 0.83 (0.79,0.86) 0.87 (0.79,0.97) 0.259
ESD(cm) CONTROL 0.69 (0.64,0.73) 0.78 (0.70,0.87) 0.023
SVF 0.74 (0.63,0.86) 0.74 (0.62,0.85) 0.818
EDV(ml) CONTROL 1.07 (0.95,1.34) 1.52 (1.07,1.96) 0.105
SVF 1.28 (0.87,1.70) 1.48 (1.03,1.96) 0.218
Esv(m) CONTROL 0.74 (0.63,0.85) 1.10 (0.76,1.45) 0.040
SVF 0.99 (0.61,1.36) 0.96 (0.57,1.34) 0.790
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(n=10) or culture medium as control (n=10). Heart function, cell
engraftment and histological analysis were performed 3 months after
transplantation.

Transplantation of ADSC induced a statistically significant long-lasting
(3 months) improvement in cardiac function and geometry in
comparison with control animals. Functional improvement was
associated with an increase in angiogenesis and vasculogenesis and a
positive effect on heart remodeling with a decrease in fibrosis and
cardiac hypertrophy in animals treated with ADSC. Despite the lack
of cell engraftment after 3 months, ADSC transplantation induced
changes in the ratio between MMP/TIMP.

CONCLUSION: Our results indicate that transplantation of ADSC,
despite the lack of long-term significant cell engraftment, increases
vessel density and prevents adverse remodeling in a clinically
relevant model of myocardial infarction, strongly suggesting a
paracrine mediated effect. ADSC thus constitute an attractive
candidate for the treatment of myocardial infarction.
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ABSTRACT

AIMS: To determine the long-term effect of transplantation of adipose-derived stromal
cells (ADSCs) in a preclinical model of ischemia/reperfusion (I/R).

METHODS AND RESULTS: I/R was induced in 20 Goettingen minipigs by 120
minutes coronary artery occlusion followed by reperfusion. Nine days later, animals
were allocated to receive trans-endocardial injection of a mean of 213.6+41.78 million
green fluorescent protein (GFP)-expressing ADSCs (n=10) or culture medium as
control (n=10). Heart function, cell engraftment and histological analysis were
performed 3 months after transplantation.

Transplantation of ADSCs induced a statistically significant long-lasting (3 months)
improvement in cardiac function and geometry in comparison with control animals.
Functional improvement was associated with an increase in angiogenesis and
vasculogenesis and a positive effect on heart remodeling with a decrease in fibrosis and
cardiac hypertrophy in animals treated with ADSCs. Despite the lack of cell
engraftment after 3 months, ADSC transplantation induced changes in the ratio between
MMP/TIMP.

CONCLUSION: Our results indicate that transplantation of ADSCs, despite the lack of
long-term significant cell engraftment, increases vessel density and prevents adverse
remodeling in a clinically relevant model of myocardial infarction, strongly suggesting
a paracrine mediated effect. ADSCs thus constitute an attractive candidate for the

treatment of myocardial infarction.

Key-words: Adipose stem cells; Cardiac ischemia/reperfusion; Angiogenesis; Heart

remodeling.
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INTRODUCTION

Over the last decade, the use of multiple types of stem cells for cardiovascular diseases
has extensively been tested in a broad range of experimental settings from in vitro
assays to clinical trials (20). Although the desired goal of tissue regeneration has not
really been achieved, most studies have suggested that transplantation of stem cells is
associated with a modest beneficial effect on cardiac function. The limited cell
engraftment and differentiation of transplanted cells into cardiomyocytes (4, 14) points
towards a paracrine mechanism of action in which transplanted cells are able to secrete

or induce host-secretion of certain molecules with therapeutic capacity (10).

Among the various cell types, ADSCs represent an attractive source of stem cells for
cardiovascular repair (17). ADSCs are endowed with a remarkable differentiation
potential as well as the capacity to release significant amounts of growth factors
involved in healing and tissue regeneration (22, 23, 25). Moreover, adipose tissue stands
out for being easy to harvest and having high-efficiency stem cell culture. In spite of
these facts, only a limited number of studies have been performed using ADSCs in
models of cardiac disease (17) and particularly in only two reports have adipose-derived

stem cells been applied to large animal models of MI (29, 26).

With few exceptions, studies either in rodents or large animals have employed protocols
that cannot be translated directly into the human setting owing to, for instance, the need
for the prolonged culture of stem cells required to obtain enough cells for
transplantation in an acute myocardial infarct model (29). In the current study, we
compared the potential of ADSCs to prevent cardiac derangement and to contribute to

improving cardiac function in a swine model of ischemia-reperfusion. ADSCs were

3
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obtained at the time of cardiac ischemia and injected within a clinically meaningful

time-frame after a short culture without multiple passages.
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METHODS

Animal procedures and study design

Adults male and female Goettingen Minipigs (average weight, 60-80 Kg) procured from
our breeding center were maintained in the animal facilities of CIFA (GLP accredited
center at the University of Navarra, Spain). All the study was performed in accordance
with the US National Institutes of Health guidelines, the Declaration of Helsinki and
approved by the Ethics Comitee for Animal Experimentation from the University of
Navarra. In each procedure, animals were pre-medicated with a combination of 15
mg/kg ketamine (Imalgene 1000, MERIAL) and 2 mg/Kg azaperon (Stresnil, Esteve

Veterinaria). After sedation, animals received 5 mg/kg of etomidate (Hypnomidate,

Janssen-CILAG) and 0.03 mg/kg cisatracurium besylate (Nimbex, GlasoSmithKline) i.v.

and were endotracheally intubated and mechanically ventilated with supplementary
oxygen. During surgery, anesthesia was maintained with a combination of 3%
isofluorane (ISOFLO, Abbott) and 0.01 mg/kg/h fentanyl (Fentanest, Kern Pharma)
administered by continuous infusion and ECG, heart rate, SpO2, EtCO2 and rectal
temperature were controlled with a multiparameter monitor. At the end of the procedure
and after extubation, all animals received the non-steroidal analgesic ketoprofen
(Ketofen 10%, MERIAL) 3 mg/kg/24h im. for 3 days as well as the antibiotic

amoxicillin (Clamoxyl L.A, Pfizer) 7 mg/kg/24h for 5 days.

Myocardial infarction was induced as previously described (9). Briefly, a 7-Fr
introducer sheath was placed by dissection in the left carotid artery and 1.5mg/kg
heparin (Heparina 1%, Rovi) was intravenously infused. A 7-Fr coronary artery-guiding
catheter was placed within the ostium under fluoroscopic guidance using a mobile C-

arm (Powermobil, Siemens) and myocardial infarction was produced by occluding the

5
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left anterior descending coronary artery with a balloon catheter 2.5 just below the
second diagonal branch. Temporary and complete occlusion was performed by balloon
dilatation (8 atm) and maintained for 120 minutes, followed by reperfusion, as
demonstrated by coronary angiography and ST-segment elevation and reversion in the
electrocardiogram. Lidocaine (B.Braun) 2 mg/kg iv and advanced life support were
used when needed. Finally, the delivery catheter was removed, the carotid artery ligated,
and the cut down site sutured. After induction of myocardial infarction, adipose tissue
was collected after cleaning and disinfection of the right abdominal zone. An incision
was performed in the skin of approximately 20 cm in length, which allowed us to

dissect and obtain between 90-120gr of abdominal subcutaneous fat.

Nine days after I/R, animals were randomized to receive medium or ADSC
transplantation. A percutaneous access through dissection of the femoral artery was
performed. Treatment was intramyocardially delivered under simultaneous fluoroscopic
and echocardiography (HP SONOS 4500) guidance using the Myocath® catheter
(Bioheart, FL, USA). Multiple injections (average of 20 per time point of 0.25-0.5 ml

per injection) were performed in each animal in and around the infarct area.

Cell culture and characterization

Adipose tissue biopsies and serum were obtained from pigs at the time of I/R. Samples
were processed as previously described (22) with minor modifications. Briefly, fat was
carefully minced and digested in 2 mg/ml collagenase type I (Invitrogen, Barcelona,
Spain) for 45 minutes at 37°C. After serial filtering through 100 pm and 40 pm mesh
(BD, Madrid, Spain), cells were suspended in erythrocyte lysing solution (155mM

NH4Cl, 10mM KHCOs3, 0.ImM EDTA) for 5 minutes, centrifuged and counted. The

6
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resulting stromal vascular fraction (SVF) was plated in a 10-tray cell culture factory
(Thermo, Barcelona, Spain) in a-MEM (Invitrogen) supplemented with 10% fetal calf
serum (Biochrom, Berlin, Germany) and 1% antibiotics (Invitrogen). Approximately 2
million cells/gr of adipose tissue were obtained. After 2 days, cells were washed in PBS
(Invitrogen) and infected as described below. 48 hours prior to cell injection, medium
was replaced with a-MEM supplemented with antibiotics and 10% autologous serum to
avoid unwanted immune reactions. Cells were characterized by FACS analysis using
antibodies against SLA-DR, CD29, CD31 and CD90 (all from BD) before plating and

before injection.

Lentiviral production and ADSC infection

Lentiviruses were produced in 293T cells by cotransfection of 4 plasmids as previously
described (6). Briefly, the packaging plasmids MDL.RRE and pRSV.REV, and the
VSV-G envelope protein expression plasmids were mixed with the PPT.CMV plasmid
(which encodes GFP under the control of the constitutively expressed CMV promoter)
and 293T cells were transiently transfected using calcium chloride. Medium was
changed every 24 hours. After 72 and 96 hours post-transfection, supernatants were
collected, filtered through 0.45 pum and concentrated by ultracentrifugation at 50000g
for 120 minutes, and stored at -80°C. Two days after ADSC trasnplantation, one viral
production (from 40 100-mm dishes) was resuspended in 150 ml of basal medium,
added to the culture factory and incubated for 1 hour at 37°C with gentle agitation.

Finally, 550 ml of complete medium were added.

Assessment of ventricular function and arrhythmias

7
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Animals under general anesthesia were placed in the left lateral decubitus position and
transthoracic two-dimensional echocardiography was performed using a Sonos 4500
ultrasound system (Philips) and a 4 MHz linear array transducer. Left ventricular
remodeling was assessed by measuring end-systolic and end-diastolic volumes and
diameters, according to the American Society of Echocardiography and adjusted for
animal weight at the time of analysis. Assessment of diastolic function was performed
by mitral filling pulse Doppler and mitral annulus tissue Doppler. Left ventricular
ejection fraction (LVEF) was determined in parasternal short axis (18) due to the
unreliability of the 4-camera approach in swine (11, 30). Echocardiogram was
performed at baseline (before MI), before the implantation procedure, and at the time of
sacrifice (3 months post-transplantation) by two investigators blinded to the type of
treatment. Major arrhythmic events (ventricular tachycardia and ventricular fibrillation)

during procedures were registered in all groups.

Histological processing and immune-staining

After sacrifice with pentobarbital and a saturated solution of potassium chloride the
heart was excised and fixed in formalin and paraffin embedded for histological analysis.
Location of MI was visually assessed. Sampling of tissues consisted of scar surrounded
by a ring of viable myocardium. After paraffin embedding, 5 pm sections were stained
with hematoxylin-eosin and Gallego Tricromic for qualitative assessment and with the
appropriate antibodies. These included anti-GFP (Invitrogen), anti-MMP2, TIMP1 and
TIMP2 (Abcam, Cambridge, UK). EnVision'V-HRP conjugated system (Dako,
Barcelona, Spain) was used as secondary reagent and Diaminobenzidine (Dako) as

chromogen.

8
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Vasculogenesis (arterioles and arteries) was evaluated in paraffin-embedded sections by
measuring the area occupied by smooth muscle-covered vessels in the infarct border
using an anti-o-smooth muscle actin antibody coupled to Cy3 (Sigma, Madrid, Spain).
Angiogenesis was assessed by counting the density of small vessels (capillaries/mmz)
stained with Bandeiraea simplicifolia lectin-1 (BSL-I, Sigma) and using Vectastain®
(Vector, Barcelona, Spain) as secondary reagent and Diaminobenzidine as chromogen.
The degree of fibrosis was determined by quantification of collagen deposition stained
by Sirius Red staining. Briefly, sections were deparaffinized and immersed in 0.1% Fast
Red (Sigma) in a saturated solution of picric acid, for 90 minutes, differentiated for 2
minutes in HCI (Sigma) 0.01N, dehydrated and mounted in DPX. Measurement of
cardiomyocyte (CM) hypertrophy was performed on laminin-stained (anti-Laminin,
Sigma) sections. High-power field images were acquired and CM cross sectional area
was quantified using Image J software. A minimum of 120 CM per heart were analyzed.
A minimum of 40 sections per animal were analyzed for each morphological

measurement. All microphotographs were obtained on a Nikon Eclipse E800

microscope and analyzed with a computerized system (Axiovision 4.6, Zeiss, Germany).

Sampling and measuring was performed in all cases by an investigator blinded to the

treatment of individual animals

PCR analysis

DNA was extracted from paraffin-embedded tissue. 50-80 slides per heart (peri-infarct
region) were deparaffinized and hydrated. Tissue was carefully separated from glass and
DNA extracted with DNAeasy Mini Kit (Quiagen, Venlo, The Netherlands), following
the manufacturer's instructions. GFP expression was analyzed by PCR (GFP-upstream

primer:  5-GCACCATCTTCTTCAAGGAC-3’; GFP-downstream  primer: 5'-

9
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ACTTGTACAGCTCGTCCATG-3'). Amplification conditions were as follows: 95 °C
for 2 min followed by 40 cycles consisting on 94 °C for 30 s, 59 °C for 30 s and 72 °C
for 30 s, plus an extension phase of 72 °C for 10 min. All samples were also amplified
for GAPDH (GAPDH-upstream primer: 5-ACCTGCCGCCTGGAGAAACC-3;
GAPDH-downstream primer: 5-GACCATGAGGTCCACCACCCTG-3’) as control for

the presence of amplified DNA.

Serum zymography

Protein in serum samples was quantified by the Bradford method (Thermo). 100 pg of
total protein were diluted in saline and mixed with equal amounts of sodium dodecyl
sulfate (SDS) sample buffer (Novex, Carlsbad, CA, U.S.A.) and electrophoresed on
10% SDS-polyacrylamide gels (Novex) containing 1 mg/mL gelatin as the protease
substrate. Following electrophoresis, gels were placed in 2.7% TritonX-100 for 1 hour
to remove SDS, and then incubated for 20 hours at 37°C in developing buffer (50
mmol/L Tris base, 40 mmol/L HCI, 200 mmol/L NaCl, 5 mmol/L CaCl,, and 0.2% Brij
35; Novex). After incubation, gels were stained with gel code blue stain reagent (Pierce)
for 1 hour followed by de-staining. Quantification was performed using QuantityOne™™

software.

Statistical analysis

All data are expressed as mean + SD. Comparisons were performed using the paired or
unpaired t-test. In case of non-normal distribution (demonstrated by Shapiro-Wilk and
Komogorov-Smirnov tests), Wilcoxon or Mann Whitney U were used. Statistical
analysis was performed with the SPSS 17.0 software and differences were considered

statistically significant when P<0.05.
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RESULTS

Phenotypic characterization and transplantation of ADSCs

Flow cytometry analysis showed fresh SVF cells to be a heterogeneous population with
low expression of the endothelial cell marker CD31 and higher CD90 and CD29
expression consistent with stromal cells (Figure 1A). After 9 days in culture, a more
homogenous population of cells with no expression of SLA-DR or CD31 was obtained
(Figure 1B). Animals received a mean of 213.6+41.78 millions of ADSCs. GFP-
expression measured by flow cytometry and immunocytochemistry was consistently

above 50% of transplanted cells (Figure 1C).

Transplantation of ADSCs improve cardiac function in a preclinical model of
ischemia reperfusion

Cardiac function was assessed by echocardiography at baseline before MI, at day 9
before cell transplant and at 3 months after transplant. Ischemia-reperfusion induced a
statistically significant decrease in LVEF in comparison with baseline values, which
was similar between ADSC treated animals and controls (baseline LVEF was 76+4% in
the control group and 76.66+£3.98% in ADSC treated animals; day +9 LVEF was
47.77£8.45% in the control group and 46.69+5.62% in ADSC treated animals;
p=0.0001 between baseline and day +9). Reperfusion alone was associated with an
improvement in LVEF from 47.77£8.45% to 55.79+6.39%; p=0.026 3 months after
transplantation (Figure 2A), consistent with early reperfusion induced preservation of
cardiac function (31). However, when ADSCs were injected, transplanted animals
showed a greater increase on cardiac contractility (from 46.69+5.62% to 64.73+5.14%
at 3 months; p=0.0001) (Figure 2A). The increase in LVEF was significantly greater in

animals treated with ADSC in comparison with the control group (Control: 8.02+2.94;
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ADSC: 18.04+2.16; p=0.021) (Figure 2B). ADSC transplant was also associated with a
statistically significant prevention of ventricle geometry worsening, as indicated by the
significant decrease in end-systolic diameter (ESD, from 3.27+0.71 cm before
transplant to 2.69+0.45 cm at 3 months; p=0.029) and both end-diastolic and end-
systolic volumes (EDV, from 87.06£10.34 ml to 64.67+4.64 ml at 3 months; p=0.038;
ESV, from 46.4448.03 ml to 25.58+4.76 ml at 3 months; p=0.028) (Figure 2D-F), thus

suggesting an effect on the remodeling process.

Transplantation of ADSCs promotes angiogenesis and vasculogenesis and inhibits
cardiac remodeling in infarcted hearts

To evaluate whether changes in cardiac performance could be related to cell-derived
effects upon tissue architecture, we measured infarct collagen content (fibrosis), vessel
density (capillaries and arteries/arterioles) and myocyte hypertrophy in the border zone
of the infarct. Fibrosis was significantly reduced in ADSC treated animals (control:
57.7945.18%; ADSC: 47.84+7.13%; p=0.007) (Figure 3A), while tissue vascularization
was significantly improved in animals treated with ADSCs as indicated by an increase
in the area occupied by smooth muscle-covered vessels (control: 2.54+1.08%; ADSC:
5.4442.28%; p=0.037) (Figure 3B), and in the capillary-density (control: 153.28+29.3
vessels/high power field, HPF; ADSC: 235.22+53.28 vessels/HPF; p=0.003) (Figure
3C). Finally, CM-hypertrophy was decreased in the ADSC transplanted animals

(control: 460.27+80.47 umz; ADSC: 206.38+32.66 um2; p=0.0001) (Figure 3D).

Due to the multipotentiality of ADSCs, transplantation could be associated with
differentiation of ADSCs into unwanted tissues such as adipose cells or other mesoderm

derived tissues (1). However, no evidence of ectopic adipose, bone or cartilage tissue
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was observed in any of the treated animals (Figure 4A). Three months after medium- or
cell-transplantation, only minor foci of inflammatory cells were found in the
myocardium, with no differences between ADSC and control groups (Figure 4A).
However, no trace of GFP-expressing cells could be found either by immunohistology

or by PCR (Figure 4B).

We next sought to examine whether the improvement in cardiac function and
remodeling could be related to changes in the composition of matrix metalloproteinases
(MMPs) or their inhibitors (TIMPs) induced by transplantation of ADSCs. In this case
both the border zone and the non-infarcted area were analyzed. Although we found no
significant differences at 3 months between control and ADSC treated animals in the
expression of MMP2, the most abundant metalloproteinases in the porcine heart (5),
(Figure 5A-D), expression of TIMP1 and 2 were down-regulated in CM in the non-
infarcted area in the control group (Figure SE-F and I-J) in comparison with animals
treated with ADSC. Furthermore, an increased number of TIMP1 and 2-positive vessels
were found in the infarcted border zone of ADSC-transplanted animals (Figure 5G-H
and K-L). A decrease in the activity of MMP2 was found by serum zymography (Figure
5SM). As the proteinase activity depends on the balance between MMPs and TIMPs,
these results suggest that ADSCs induced an increase in the net activity of MMP-2, thus

limiting the adverse remodeling of the heart.
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DISCUSSION

Despite the impressive results obtained with stem cell therapy in animal models of
myocardial infarction (24), transfer to the bedside has not fulfilled expectations and
only modest results comparable to those of conventional treatments have been obtained.
Some of the lessons learnt from previous research have recently been highlighted (19)
and indicate that an important reason for discrepancies in the results resides in the
divergences between animal models and the human disease these models try to mirror.
For instance, in the acute MI setting the use of culture cells (such as ADSCs or MSCs)
would not be feasible unless allogeneic or previously stored cells were to be used. This
is the case with the only 2 studies using adipose cells for the treatment of acute and
subacute MI in large animal models (29, 26) in which cells were cultured several weeks
before transplant. An additional limitation of both studies was the short term follow-up
of 30 and 21 days respectively which prevents conclusions regarding the long-term
effect of cells from being drawn, an important issue considering that clinical trials have
shown that the effect of stem cell transplantation can be transitory, as was the case with
the BOOST trial (28). In our study, pigs were transplanted 9 days after harvesting
ADSCs and were followed for 3 months, which takes into account 2 of the
aforementioned limitations, providing evidence for the improvement of cardiac function
in a model that better resembles the human setting. The value of our model is also
supported by the fact that the control group also experienced an improvement in cardiac
function consistent with the reperfusion effect. Unlike previous studies (29, 26), we
were unable to detect ADSCs at 3 months despite the long term functional effect

observed, which could be explained on the basis of the longer follow up in our study.
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Transplantation of ADSCs had an effect on two of the main detrimental factors related
to the disease: the lack of sufficient blood-supply and the late-remodeling. However, the
current study only allows us to speculate about a paracrine mechanism of action.
ADSCs have consistently been shown to contribute to cardiac regeneration by the
release of the proangiogenic factors vascular endothelial growth factor and hepatocyte
growth factor, a potential that is enhanced under hypoxia conditions as is the case in

ischemia (25, 12).

Adverse remodeling is one of the major players in the transition from MI to heart failure
(7). In our model, transplantation of ADSCs induced a decrease in collagen content. The
lack of differences in MMP?2 activity suggests that the net effect of collagen decrease
was not due to an increase digestion but rather to prevention of collagen deposition. The
decrease in TIMP-1 and 2 in animals treated with ADSCs could contribute to decrease
collagen deposition. In fact the MMPs/TIMPs system is tightly regulated in the
myocardium and the misbalance could result in severe organ damage (13, 3). Thus,
ADSCs may be contributing to correction of the imbalance that happens after MI thus
preventing ventricular dilatation (27, 15), which in turn could lead to a less stressed

ventricle and reduced cardiomyocyte hypertrophy.

The lack of meaningful long term engraftment remains a major caveat in cell therapy
which has been observed uniformly for every type of cell that has been used in animal
models (2). Several mechanisms have been implicated in the cell attrition observed after
transplantation such as cell apoptosis due to the hypoxic milieu or immune rejection
associated with the GFP protein (2). Different means to improve engraftment have been

tested including genetic manipulations (21). Nevertheless, improvement in engraftment
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remains a moving target in the field. Based on the results from a number of studies
including ours, an increase in engraftment would be expected to improve the functional
results. Simple strategies such as repeated injections of cells are associated with a

modest improvement in function and engraftment but seem not be a definitive solution

(8).

The results of two randomized placebo-controlled clinical trials with adipose-derived
stem cells that have recently been completed, APOLLO (3D adipose-derived stem-cell
transplantation in the treatment of patients with an acute ST-elevation myocardial
infarction) and PRECISE (3D adipose-derived stem-cells in the treatment of patients
with nonrevascularizable ischemic myocardium), should provide important information
regarding the usefulness of this therapy and possibly reinforce its applicability. In this
sense, the present report sheds light on the behavior of ADSC-therapy in a clinically
relevant model of reperfused MI, showing that transplantation of ADSCs induces a
significant benefit in cardiac contractility. This effect is related to prevention of cardiac
remodeling, an increase in damaged-tissue perfusion and a decrease in myocyte

hypertrophy.
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FIGURE LEGENDS

Figure 1: FACS analysis of ADSC

Cells were labeled with antibodies against SLA-DR, CD29, CD31 and CD90 (red line)
or isotype controls (dashed lines), at the time of harvesting (A) and after 9 days in
culture (B). (C) GFP-expression measured by immunocytochemistry (ICC) and FACS.

A representative experiment is shown.

Figure 2: Transplantation of ADSC induces an improvement in cardiac function
and geometry

Cardiac function was measured by echocardiography before transplant and 3 months
after transplant in the control and ADSC treated animals. (A) Left ventricular ejection
fraction (LVEF). (B) ALVEF between control and ADSC treated animals. (C) End
diastolic diameter (EDD). (D) End systolic diameter (ESD). (E) End diastolic volume
(EDV). (F) End systolic volume (ESV). Results are shown as mean+SD. *p<0.05;

**p<0.01 between pre-transplant and 3 months after ADSC- or medium-transplantation.

Figure 3: ADSC transplant is associated with an increase in vasculogenesis and a
decrease in cardiac fibrosis

Sum sections obtained from the infarct border zone of animals sacrificed at 3 months
after transplant were analyzed. Fibrotic index (A), capillary (B) and arterioles/arteries
(C) densities, and CM hypertrophy (D) were determined by quantification of Sirius
Red, caveolin-1 positive capillaries/HPF, aSMA-positive arterial vessels/mm?® and
laminin-positive CM in animals treated with media or ADSC. Results represent the

mean+SD. A representative image is shown for each analysis. *p<0.05;**p<0.01.

25

http://mc.manuscriptcentral.com/cogcom-ct

Page 26 of 31



Page 27 of 31

©CoO~NOUTA,WNPE

Cell Transplantation

Figure 4: Transplantation of ADSC is not associated with ectopic tissue formation
and long term engraftment

(A) No differences in amounts of adipocytes, microcalcifications or inflammatory
infiltrates were found between control and ADSC treated animals.. (B) ADSC cell
engraftment was not found 3 months after transplant either by immune-staining or PCR

analysis for GFP protein.

Figure 5: Transplantation of ADSC is associated with changes in MMP/TIMP
balance

Immune-histochemistry using antibodies against MMP-2 (A-D), TIMP1 (E-H) and
TIMP2 (I-L) was performed in Sum sections obtained from the non-infarcted and the
infarct border zone of animals sacrificed at 3 months after transplantation of ADSC or
media control. No differences in the expression of MMP-2 were found between ADSC
or control animals pigs in the non-infarcted myocardium (A,B) or in the border zone
(C,D). Expression of TIMP1 and 2 was down-regulated in CM (arrowheads in E and I)
and an increase in TIMP1- or 2-expressing vessels was found in the border zone of
ADSC treated animals (asterisks in G,H,K and L). Serum MMP2-activity by gelatin
zymography was also diminished in ADSC-treated pigs (M). Results are shown as

mean+SD. *p<0.05.
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There is a need for comparative studies to determine which cell types are better candidates to remedy
ischemia. Here, we compared human AC133* cells and multipotent adult progenitor cells (1(MAPC) in a
mouse model reminiscent of critical limb ischemia. hMAPC or hAC133* cell transplantation induced a
significant improvement in tissue perfusion (measured by microPET) 15 days posttransplantation compared
to controls. This improvement persisted for 30 days in hMAPC-treated but not in hAC133*-injected animals.
While transplantation of hAC133* cells promoted capillary growth, hMAPC transplantation also induced
collateral expansion, decreased muscle necrosis/fibrosis, and improved muscle regeneration. Incorporation
of differentiated hAC133* or hMAPC progeny into new vessels was limited; however, a paracrine angio/
arteriogenic effect was demonstrated in animals treated with hMAPC. Accordingly, hMAPC-conditioned,
but not hAC133*-conditioned, media stimulated vascular cell proliferation and prevented myoblast, endothe-
lial, and smooth muscle cell apoptosis in vitro. Our study suggests that although hAC133* cell and hMAPC
transplantation both contribute to vascular regeneration in ischemic limbs, hMAPC exert a more robust effect
through trophic mechanisms, which translated into collateral and muscle fiber regeneration. This, in turn,
conferred tissue protection and regeneration with longer term functional improvement.

Key words: Angiogenesis; Stem cells; Critical limb ischemia; Multipotent adult progenitor cells (MAPC);

AC133* cells

INTRODUCTION

Peripheral vascular disease (PVD) caused by in-
adequate blood supply to the limbs is a severe health
problem in the Western world, affecting 3—10% of the
population above the age of 60 (5). Therapeutic revascu-
larization techniques, like laser revascularization, endo-
vascular treatment, or bypass surgery, can in some cases
restore flow and prevent gangrene formation/amputa-
tion. Nevertheless, for many patients, these techniques
are not applicable due to the diffuse nature or the distal
location of the obstructions or coexistence of comorbidi-
ties. For these no-option patients, alternatives have been
proposed, mainly focused on the induction of tissue re-
vascularization by angiogenic gene/protein delivery or

by cell therapy. Unfortunately, clinical trials based on
growth factor delivery have not yielded the expected re-
sults, thereby exposing the need for alternatives (5,13).
Evidence indicating that adult vasculogenesis—vessel
formation from endothelial progenitor cells (EPC)—is a
process that contributes to therapeutic neovasculariza-
tion (6) has fueled the interest in the use of this alterna-
tive paradigm for therapeutic revascularization.
Different (stem) cell populations have been tested in
animals for treatment of hind limb ischemia, like embry-
onic stem cells (ESC) (10), unselected bone marrow mo-
nonuclear cells (MNC) (17), peritoneal macrophages
(16), adipose tissue-derived stem cells (ADSC) (26),
mesenchymal stem cells (MSC) (18), mature endothelial
cells (EC) (19,35), or EPC (34,35). Overall, results have
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shown that whereas mature EC transplantation does not
induce functional improvement, a variable degree of re-
covery has been demonstrated when MNC or EPC were
transplanted. In contrast to earlier reports, more recent
mechanistic studies have revealed that the degree of di-
rect effects of stem/progenitor cells on revascularization
may be not as robust, and in some cases even negligible
(19). Nevertheless, as a result of the promising preclini-
cal results, at least 40 clinical trials with (stem) cells
have already been started in PVD patients (5). Most of
them have evaluated the potential of cord blood cells,
peripheral blood-derived MNC, or total bone marrow
(2). A few clinical trials have been performed using en-
riched stem cell populations like CD34* or AC133* cells
demonstrating a clinical benefit [reviewed in (5,13)].
The mean follow-up time in the majority of these studies
was rather short, precluding conclusions on longer term
benefits or possible side effects, the latter as reported in
one recent study (22).

Taking together the existing preclinical and clinical
data, further studies should primarily focus on defining
the type of stem cell that can exert a greater benefit in
patients with critical limb ischemia as well as identify-
ing the mechanism responsible for this effect. In order
to do so, direct comparative studies involving different
cell types are required. Along this line, we recently dem-
onstrated the superior effect of murine multipotent adult
progenitor cells (nmMAPC) compared to unfractionated
murine bone marrow cells in a mild hind limb ischemia
model, reminiscent of intermittent claudication (4). In
the current study, we tested the potential of human
MAPC (hMAPC) in a severe model of limb ischemia
(resembling critical limb ischemia) and compared it with
human AC133* cells, which have already been used in
clinical trials. We also compared the main mechanisms
of action of both cell types.

MATERIALS AND METHODS
Cell and Tissue Processing

Human bone marrow, muscle biopsies, and umbilical
cord blood (UCB) cells were obtained after informed
consent from donor or mother according to the guide-
lines from the Committee on the Use of Human Subjects
in Research from the Clinica Universitaria, Pamplona.
UCB mononuclear cells were separated by Ficoll Hy-
paque centrifugation (specific gravity, 1077; Sigma, St.
Louis, MO, USA) and hAC133* cells were selected us-
ing micromagnetic beads (Miltenyi Biotec, Germany)
with autoMACS columns (Miltenyi Biotec) as described
(3). More than 90% cell purity was obtained after col-
umn selection. hMAPC were obtained according to pub-
lished protocols (3,4). Primary human umbilical vein en-
dothelial cells (HUVEC), umbilical arterial smooth
muscle cells (SMC), and skeletal myoblasts (SkM) were
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prepared from human umbilical cords and muscle biop-
sies as previously described (3,15). Briefly, for SkM iso-
lation, human muscle biopsies were minced and digested
with trypsin-EDTA (0.5 mg/ml trypsin/0.53 mM EDTA)
and collagenase (1.5 mg/ml) and isolated cells were
grown in Ham-F12 media (GIBCO-BRL) supplemented
with 20% fetal calf serum (FCS) and 1% penicillin/
streptomycin (GIBCO-BRL). HUVEC cells were grown
in F12K medium (ATCC) supplemented with serum
(10%), heparin (0.1 mg/ml), and ECGS (0.03 mg/ml)
and SMC were grown in DMEM high glucose (GIBCO-
BRL) supplemented with 10% serum. Cells were grown
under normoxic conditions.

In Vivo Studies

Surgery. Severe hind limb ischemia was induced un-
der anesthesia (75 mg/kg ketamine/10 mg/kg xylazine)
in 6—10-week-old male nude Balbc mice by excision of
the left iliac artery as previously described (25). The
mice were given postoperative analgesia (5 mg/kg keto-
profen, every day for 3 days). One million cells resus-
pended in 30 pl of PBS, or PBS alone were injected in
four equal fractions in the adductor and quadriceps re-
gion of the left limb, 24 h after surgery. As undifferenti-
ated hMAPC express very low levels of MHC-I and are
thus sensitive to natural killer (NK) cell-mediated clear-
ance (32), all mice were intraperitoneally injected with
20 wl of a specific anti-NK antibody (28) (anti-asialo
GMI1 antibody; Wako Chemicals) 1-2 h before trans-
plantation and every 10 days thereafter. Mice were
housed in specific pathogen-free conditions and all pro-
cedures were performed according to the guidelines of
the Institutional Animal Care and Use Committee of the
University of Navarra.

Live Imaging and Assessment of Limb Perfusion.
Limb perfusion assessment was performed by microPET
as described by our group (25). Briefly, microPET im-
aging was performed 10 min after *N-ammonia injec-
tion 1, 7, 15, and 30 days after surgery. For quantitative
analysis and comparisons among subjects, evaluation of
perfusion in both hind limbs was carried out as follows:
regions of interest (ROIs) were drawn on coronal 1-mm-
thick microPET images over the hind limbs, and activity
concentration per area unit calculated as a measurement
of perfusion. The ratio between left (ischemic) and right
(nonischemic) hind limbs was used in all cases for com-
parisons and obtained data were exported to the PMOD
software package for quantification.

Histological Analysis

At sacrifice (day 15 and day 30), mice were anesthe-
tized with 60 mg/kg Nembutal and perfused with Tris-
buffered saline (TBS)-adenosine and followed by zinc-
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paraformaldehyde. Following dissection, muscles were
postfixed 24 h and divided in two equal pieces to be
processed for paraffin embedding. H&E and Sirius red
stainings were performed as described (3). Those areas
with presence of fat cells replacing muscle fibers, in-
flammatory infiltrates, or “ghost” cells (muscle cells
without nucleus) were considered necrotic areas. For im-
munofluorescence and immunohistochemistry, antibod-
ies against o-smooth muscle actin (0-SMC, unconju-
gated, DAKO; or Cy3 or FITC conjugated, Sigma),
human CD31 (DAKO or Pharmingen), UEA lectin (bio-
tin, TRITC, or FITC, conjugated; Sigma), mouse BS-I
lectin (Sigma), human vimentin (DAKO), and desmin
(DAKO) were used as primary antibodies. Secondary
antibodies coupled to FITC or peroxidase enzyme were
purchased from Molecular Probes. For quantification,
analyses were done on cross sections with regular inter-
vals spanning 2 mm. When technically feasible, entire
cross sections were evaluated on lower power field im-
ages, or when higher magnification was required several
(usually 3—4 per section) randomly chosen higher power
fields covering a large part of each cross section were
analyzed. Pictures for morphometric analysis were taken
using a Zeiss Axio Imager connected to an Axiocam
MRc5 camera (Zeiss, Zaventem, Belgium) and analysis
was performed using Image J, KS300 (Leica, Brussels,
Belgium).

In Vitro Proliferation and Apoptosis Assays

Proliferation. hMAPC were cultured in MAPC me-
dium (3) with 2% FCS but without cytokines at a den-
sity of 17,500 cells/cm?, and hAC133* cells were cul-
tured in DMEM high glucose supplemented with 2%
FCS at a density of 10%cm?. Conditioned media (CM)
were collected after 48 h. Corresponding media incu-
bated without cells for 48 h served as controls [noncon-
ditioned media (NCM)]. Early passages of HUVEC,
SMC, or SkM were seeded in 24-well plates at a cell
density of 1,250 cells/cm? (HUVEC and SkM) or 625
cells/cm? (SMC), respectively, and cultured in the pres-
ence of hMAPC or hAC133* CM or NCM. In order to
obtain the same cell concentration as hMAPC, hAC133+
CM was previously diluted and all media were supple-
mented with extra serum to reach a 6% FCS concen-
tration. After 72 h, the number of viable cells was
quantified by a luminiscent cell viability assay (Cell
Titer-Glo™, Promega, USA) following the manufactur-
er’s protocol. Four independent experiments were per-
formed and every cell type grown in CM or NCM was
seeded in quadruplicate.

Apoptosis. CM from hMAPC and hAC133* were
collected as described before, after 12-h culture in non-
serum-containing media. Endothelial and skeletal cells
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were seeded in 96-well plates at a density of 103 cells/
cm? (HUVEC) or 5,000 cells/cm? (SMC and SkM) and
cultured under hypoxic conditions (1% O,) in the pres-
ence of CM, NCM, or in normal cell culture conditions
(CCM) (20% O, and cell culture media) during 24 h for
HUVEC and 72 h for SMC and SkM cells. For this
assay, no serum was added to the CM. The degree of
cell apoptosis was measured by an ELISA kit that quan-
tifies the presence of oligonucleosomal fragments
(Roche Applied Science, Barcelona, Spain). The apopto-
sis control corresponds to cells cultured under hypoxia
and NCM. Under this condition apoptosis was clearly
detected and considered 100%. The rest of the samples
were referred to that value, in order to determine the
degree of “protection” conferred by the conditioned me-
dia. Four independent experiments were performed on
cells seeded in quadruplicate.

RNA Isolation, gRT-PCR, and ELISA

Total RNA from hACI133* and hMAPC was ex-
tracted using the RNAeasy minikit (Qiagen). mRNA
was reverse transcribed using Superscript III Reverse
Transcriptase (Invitrogen) and cDNA underwent 40 cy-
cles of amplification (ABI PRISM 7700, Perking Elmer/
Applied Biosystems). SYBR Green Universal Mix PCR
reaction buffer (Applied Biosystems) was used for quan-
tification, normalizing data using GAPDH as housekeep-
ing gene. Cytokine levels present in hMAPC or hAC133*
conditioned and nonconditioned medias were quantified
by ELISA. For human VEGF, bFGF, and Ang-2, ELISA
kits were purchased from R&D Systems and ELISA
procedures were followed according to the manufactur-
er’s instructions.

Statistical Analysis

All data are expressed as mean = SEM or median
(Q1; Q3). Comparisons for repeated measurements were
performed by ANOVA or Kruskal-Wallis tests. Shapiro-
Wilk test was used to verify that the data had a Gaussian
distribution, which justifies the use of a parametric test.
Tukey, Tukey’s b, and Tamhane’s T2 post hoc tests
were performed after ANOVA and U-Mann-Whitney 1:
1 with signification correction by Bonferroni’s method
for the nonparametric tests. Statistical analysis was per-
formed with Instat 3.0 software and differences were
considered statistically significant when p < 0.05.

RESULTS

hMAPC Have a More Durable Effect on Limb
Reperfusion Than hAC133* Cells

The revascularization potential of hAC133* cells and
hMAPC was compared in a severe ischemia model in-
duced by iliac artery excision. After 24 h, such injury
caused a dramatic decrease in blood perfusion (~70%)
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in the ischemic limb (Fig. 1). By day 15, PBS-injected
animals presented a spontaneous recovery in blood flow
(54 £ 3% at 15 days vs. 23 = 3% at 24 h). In comparison
with this group, a significantly greater recovery was de-
tected in the animals transplanted either with hAC133*
cells or h(MAPC (PBS: 54 + 3%; hAC133*: 74+ 7%, p <
0.05; hMAPC: 64 + 4%, p < 0.05). Importantly, 30 days
posttransplantation, while animals treated with hMAPC
presented a significantly higher blood flow, perfusion
recovery was no longer significantly different from con-
trols in the animals treated with hAC133* (PBS: 66 £
3%; hAC133* cells: 73+ 5%, p =NS; hMAPC: 77
3%, p < 0.05) (Fig. 1), suggesting that hMAPC exerted
a more robust and prolonged effect on reperfusion than
hAC133* cells.

hMAPC and hACI133* Cells Have a Differential Effect
on Blood Vessel Growth

We first examined whether the different effects on
reperfusion could be explained by histological assess-
ment of blood vessel growth. In the ischemic adductor
region, vascular expansion occurs by a combination of
three mechanisms: vasculogenesis (vascular precursor
incorporation into growing vessels), angiogenesis (capil-
lary growth), and adaptive arteriogenesis (collateral
expansion). First, direct contribution of hMAPC or
hAC133* vascular progeny was studied at 30 days after
surgery. As we have previously reported, direct contri-
bution of hMAPC to both EC (human specific CD31
and UEA positive) and SMC layers (human vimentin
and a-actin double positive) of the newly formed vessels
was confirmed in the adductor region. However, this
contribution was limited (Fig. 2A—C) (4). On the other
hand, hAC133* cells also contributed to the EC lineage,
although they did not differentiate into SMC (Fig. 2D-
F). The remaining hAC133* cell fraction at 30 days was
too low to allow for reliable quantification. Thus, for
both cell types, vascular incorporation was low, which
makes it unlikely that vasculogenesis was the main re-
vascularization mechanism.

Next, we quantified the effect of cell transplantation
on capillary growth and collateral expansion. Both cell
types had a significant effect on both parameters; how-
ever, they had a differential effect on these processes.
While hAC133"* cells mainly affected capillary growth
(small CD31* vessels/mm?: 290 + 36 in PBS; 759 + 96
in hAC133*, p<0.01 and 493 £45 in hMAPC, p <
0.01; hMAPC vs. hAC133", p < 0.05) (Fig. 2G-J), the
effect of hMAPC on collateral expansion was much
more apparent (0O-actin-coated vessel area %: 0.32 £ 0.10
in PBS; 0.59 £0.10 in hAC133*, p<0.05 and 0.72 £
0.14 in hMAPC, p <0.05; hMAPC vs. hAC133*, p <
0.05) (Fig. 2K-N).

ARANGUREN ET AL.

Unlike hAC133* Cells, hMAPC Significantly Improve
Muscle Viability and Regeneration

In a next series of analyses, we determined whether
there was a correlation between revascularization and
the degree of tissue damage or regeneration, by analyz-
ing muscle necrosis, fibrosis, and regeneration 30 days
posttransplantation. Necrosis and fibrosis were signifi-
cantly lower in the hMAPC-treated but not in hAC133*-
treated animals, compared to PBS [% necrosis: 31 £ 5
in PBS; 27+5 in hAC133*, P=NS and 12%5 in
hMAPC, p < 0.05; hMAPC vs. hAC133*, p < 0.05 (Fig.
3A-D); % fibrosis: 15 £2 in PBS; 12 £ 3 in hAC133*,
P=NS and 82 in hMAPC, p <0.05; hMAPC vs.
hAC133*, NS (Fig. 3E-H)]. Moreover, also by day 15,
necrosis and fibrosis were significantly lower in the
hMAPC-treated animals than in the hAC133*-treated
ones (data not shown). Finally, we evaluated the degree
of muscle regeneration (myogenesis), defined by the
presence of fibers with strong positivity for desmin (14).
Unlike hAC133* cell-injected muscles, at day 30,
hMAPC-treated muscles showed a statistically signifi-
cant higher expression of this marker compared with
nontreated limbs [% desmin area: 1.15 %+ 0.15 in PBS;
1.51 £0.13 in hAC133", p =NS; 1.71 £0.17 in hMAPC,
p < 0.05; hMAPC vs. hAC133*, NS) (Fig. 3I-L), a dif-
ference that was already detected at day 15 (data not
shown). These results suggest a unique capacity of
hMAPC to contribute to muscle regeneration compared
to hAC133* cells.

hMAPC Secrete Factors That Protect Against
Apoptosis and Stimulate Proliferation

Because direct contribution to vessels was limited,
we hypothesized that the beneficial effects on revascu-
larization and muscle regeneration were due to trophic
effects on endogenous cells. Therefore, we measured
growth factor secretion and performed experiments with
CM on vascular and muscular cells. Quantification by
qRT-PCR showed a higher expression of proangiogenic
and arteriogenic factors (VEGF,g, bFGF, and PIGF) in
hMAPC versus hAC133* cells (h(MAPC vs. hAC133*
cells: % expression vs. universal RNA: VEGF¢;: 236
144 vs. 8.4 £ 0.4; PIGF: 1828 + 2407 vs. 10 £ 5; bFGF:
452 £ 106 vs. 12 = 17). Protein secretion, determined by
ELISA, confirmed the higher secretion of VEGFg,
bFGF, and PIGF by hMAPC (hMAPC vs. hAC133*
cells: pg/10° cells: VEGF: 8066 + 636 vs. undetect-
able; bFGF: 20 £ 3 vs. undetectable; PIGF: 11 £5 vs.
undetectable).

To determine whether the release of growth factors
by the transplanted cells could be responsible for the
observed beneficial effect on vascular/muscular regener-
ation in vivo, we analyzed the potential of hAC133" cell-
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Figure 1. hMAPC have a more durable effect on limb reperfusion than hAC133* cells. (A) Repre-
sentative "N-ammonia PET images taken 1, 7, 15, and 30 days after ischemia and transplantation
of PBS, hAC133* cells, or hMAPC are shown. Arrowheads indicate the ischemic limb. (B) *N-
Ammonia uptake in animals treated with PBS (white bars), hAC133* cells (gray bars), and hMAPC
(black bars) are shown at the different time points as the mean% = SEM blood perfusion relative
to the nonischemic limbs (N = 7—10 mice/group). *p < 0.05.
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Figure 2. hMAPC and hAC133* cells have a differential effect on blood vessel growth. (A—F) Analysis of direct contribution
(vasculogenesis) by immunofluorescence-stained cross sections of hMAPC-transplanted (A—C) or hAC133*-transplanted (D-F)
adductors for UEA lectin, only recognizing human EC (red in A, green in D), human-specific CD31 (green in B, E) indicating the
endothelial identity of the transplanted cells (arrowheads), and double staining for human vimentin (recognizing human mesodermal
cells like EC and smooth muscle cells) (green in C, F) and smooth muscle o-actin (recognize both human and mouse smooth
muscle cells) (red in C, F) showing colocalization in hMAPC but not in hAC133* cells. (G-J) Analysis of endogenous angiogenesis
status. Representative pictures of capillary density (revealed by mouse-specific CD31 in green) in PBS (G), hAC133* (H), or
hMAPC-treated (I) quadriceps muscles and corresponding quantification (J; data expressed as number of capillaries/muscle area in
mm?; mean = SEM). (K-N) Representative pictures of collaterals (arteriogenesis) [revealed by (mouse and human) smooth muscle
a-actin in red] in PBS (K), hAC133* (L), or hMAPC-treated (M) quadriceps muscles and corresponding quantification (N; data
expressed as fractional area in % = SEM; N = 4—-6 mice per group). DAPI was used for nuclear staining in (A-I, K-M). *p < 0.05
and **p < 0.01 versus PBS. Scale bars: 50 um (A-F) and 400 um (G-I, K-M).
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or hMAPC-derived CM to induce proliferation and/or to
inhibit apoptosis of vascular/muscular cells. Culture of
EC and SMC in the presence of hMAPC but not
hAC133* CM induced a significant increase in their pro-
liferation rate in comparison with the NCM (EC prolif-
eration relative to NCM: 1.0 £ 0.2-fold for hAC133*
CM, p=NS and 6.5 £ 0.8-fold for hMAPC-CM, p <
0.05; SMC proliferation relative to NCM: 0.9 + 0.1-fold
for hAC133* CM, p=NS and 1.4=*0.2-fold for
hMAPC-CM, p < 0.05) (Fig. 4A, B. In addition, while
hMAPC-CM almost completely abrogated the apoptosis
induced by hypoxia (1% O,) and serum deprivation in
the EC and SMC, no significant protection was observed
when cells were cultured in the presence of hAC133*
CM [% EC apoptosis vs. NCM (100%): 7 + 3 for CCM
(normoxia and 10% FCS), p < 0.01, 84 + 8 for hAC133*
CM, p =NS and 35 £ 12 for h(MAPC-CM, p < 0.05; %
SMC apoptosis vs. NCM (100%): 18 £ 1 for CCM, p <
0.01, 87 £ 5 for hAC133* CM, p =NS and 21 £ 10 for
hMAPC CM, p < 0.05] (Fig. 4C). Finally, the effect of
CM on SkM proliferation was moderate in the case of
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hMAPC CM with a trend towards statistical significance
(data not shown); however, unlike hACI133* CM,
hMAPC CM exerted a potent antiapoptotic effect on
SkM when these were exposed to hypoxia or serum dep-
rivation [% SkM apoptosis vs. NCM (100%): 3 + 3 for
CCM, p <0.01, 97 £ 16 for hAC133* CM, p = NS, and
20+ 8 for hMAPC CM, p<0.01] (Fig. 4C). Thus,
hMAPC, but not hAC133* cells, had a beneficial effect
on vascular/muscular cell proliferation and/or survival
through paracrine effects.

DISCUSSION

The already high incidence of PVD will further in-
crease due to a growing number of patients that carry
risk factors (e.g., diabetes, hypertension) predisposing
them for developing PVD. At the same time, for many
of these patients these risk factors may limit the thera-
peutic options for revascularization. The demonstration
of postnatal vasculogenesis (6) fueled a boost in preclin-
ical studies as well as a rapid clinical translation of this
concept. However, many issues need to be resolved be-
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Figure 3. Unlike hAC133* cells, hMAPC significantly improve muscle viability and regeneration. (A—D) Representative pictures
of necrosis (defined by dead muscle cells, fat, and inflammatory clusters on H&E) in PBS (A), hAC133* (B), or hMAPC-treated
(C) quadriceps muscles and corresponding quantification (D); data expressed as fractional area in % + SEM (N =4-6 mice per
group). (E-H) Representative pictures of fibrosis (revealed by Sirius red staining) in PBS (E), hAC133* (F), or hMAPC-treated
(G) quadriceps muscles and corresponding quantification (H); data expressed as fractional area in % + SEM (N =4-6 mice per
group). (I-L) Representative pictures of myogenesis (revealed by desmin staining) in PBS (I), hAC133* (J), or hMAPC-treated (K)
quadriceps muscles and corresponding quantification (L; data expressed as fractional area in % + SEM; N = 4—6 mice per group).
*p < 0.05 versus PBS. Scale bars: 200 um (E-G) and 400 um (A-C, I-K).
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Figure 4. hMAPC secrete factors that protect against apoptosis and stimulate proliferation. (A, B) HUVEC and SMC were cultured
in NCM, hAC133* CM, or hMAPC CM for 72 h. Cell proliferation is shown as fold increase in comparison with proliferation in
NCM. The mean + SEM of four different experiments in quadruplicate is shown as well as representative pictures showing the cell
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CCM (cell culture media and normoxia), hAC133+* CM, or hMAPC-CM. Values are expressed as percentage of apoptosis relative
to the control group (cells in hypoxic conditions cultured with NCM) where apoptosis was considered 100%. The mean £ SEM of
four different experiments in quadruplicate is shown. *p < 0.05; **p < 0.01.

fore cell transplantation becomes routine practice for
PVD treatment. In this context, we performed a recent
study in which we compared murine unfractionated bone
marrow cells with mMAPC in a model reminiscent of
intermittent claudication, a milder PVD form (4). The
current study was intended to further extend these stud-
ies in order to increase our understanding of the role of
stem cells in ischemic disease: by comparing two popu-
lations of human-derived cells; by following up the ef-
fects of transplantation for longer term; by testing the
cells in a severe limb ischemia model, reminiscent of
critical limb ischemia (which is the main target for cell
therapy); and by performing mechanistic studies to get
insight into the way these cells may have beneficial ef-
fects. We found that hMAPC had a more durable effect
on revascularization than hAC133* cells. In addition, un-

like hAC133* cells, hAMAPC stimulated muscle regener-
ation to a statistically significant extent in this severe
ischemic setting.

We chose to compare hMAPC with hAC133* cells
because the latter are already used in clinical PVD trials
(8,9,20). AC133 (or prominin-1) is a surface antigen ex-
pressed on precursors with hematopoietic, neuronal, en-
dothelial, or myogenic potential (30). Our study is not
the first to evaluate these cells in a preclinical PVD
model; however, in most of the studies, their potential
was not compared to that of other stem cell sources and
the study settings were also different (7,27,31). Unlike
in the majority of these studies, we used a severe model
(by more proximal ligation/excision combined with an
immune-deficient and low collateral reserve BalbC ge-
netic background) and followed the effects on blood
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flow recovery beyond 3 weeks of transplantation. While
hMAPC had a sustained and progressive effect on perfu-
sion recovery, the initial benefit of hAC133"* cell trans-
plantation was lost at 1 month, with a regression of the
capillary vessels from day 15 to day 30. Interestingly, the
most recent clinical study with the latter cells also showed
that the initially observed functional improvement was no
longer significant after a 1-year follow-up (8).

Several reasons may explain the temporary nature of
the hAC133* cell treatment effect. One may be the lim-
ited engraftment of the cells in the inflammatory ische-
mic environment. This may be overcome by delivering
the cells on a matrix scaffold, as recently demonstrated
in ischemic rat limbs (31). As for the clinical studies,
another problem relates to the functional deficit of EPC
derived from patients with risk factors (12,23). Recent
studies have revealed that these functionally deficient
cells can be “reeducated” by pretreatment with (angio-
genic) growth factors (33). In the current study we pro-
pose another reason for the temporal benefit of hAC133*
cells compared to the sustained effect of hMAPC (i.e.,
a differential mechanism of revascularization). While
hAC133* mainly affected capillary growth, hAMAPC had
a significant effect on collateral growth. The latter is
responsible for delivering the bulk flow and hence may
represent a more crucial requirement for long-term re-
vascularization of the ischemic tissue.

The importance of muscle regeneration is often not
considered when evaluating cell therapy studies for limb
ischemia. However, from our earlier comparative stud-
ies, it was apparent that, even in case of a milder form of
ischemia, cells with a combined vascular and muscular
regeneration effect, such as undifferentiated mMAPC,
had a more durable effect on limb functional recovery
compared to cells with a restricted vascular regenerative
effect, such as vascular predifferentiated mMAPC (4).
Most likely, muscle regenerative effects are even more
desirable in more severe forms of ischemia, such as in
the model used in the current study. While this has not
been shown in a limb ischemia model, hAC133* cells
have been recently reported to contribute to skeletal
muscle regeneration in a model of muscle injury (29).
Here, there was a trend towards stimulation of muscle
regeneration (estimated by the appearance of desmin-
positive regenerating fibers) following hAC133* cell
treatment; however, this did not reach statistical signifi-
cance. hMAPC, on the other hand, did stimulate myo-
genesis to a significant extent, confirming our previous
observations (4). Therefore, despite higher perfusion ca-
pacity and greater capillary density induced by day 15
in the AC133*treated tissues, no significant effect on
muscle necrosis was observed, suggesting that the indi-
rect effect exerted by the hMAPC in muscle regenera-
tion was critical for limb recovery. Muscle regeneration
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was observed even macroscopically in hMAPC-treated
limbs, suggesting a more durable effect of this cell pop-
ulation in comparison with AC133* cells. Additional
studies in large animal models will contribute valuable
information for future application of hMAPC in patients.

The direct contribution of hAC133* or hMAPC to
muscle fibers has not been analyzed in the current study.
However, we have previously demonstrated a limited
contribution of mMAPC to skeletal muscle in a similar
hind limb model, even though mostly due to fusion pro-
cesses (4). Although we cannot rule out a direct muscle
(trans)differentiation of hMAPC or even hAC133* cells,
the limited engraftment suggests that muscle regenera-
tion was mainly derived from stimulation of endogenous
cells induced by factors secreted from hMAPC.

The existence of stem/progenitor cells with broad dif-
ferentiation potential, such as ESC, and more recently
induced pluripotency cells has raised many hopes for
regenerative approaches, because one cell type would be
sufficient to supply cells for many different damaged
tissue types. However, in the last 5 years this paradigm
has been shifting, because many studies have now
shown that the main benefit of stem cell transplantation
may rather result from their trophic activity. Also in the
context of ischemia, the potential of stem cells to confer
functional and perfusional improvement by the produc-
tion of cytokines is by no means a new concept (18,19).
In our previous study (4), we pointed out that also
mMAPC have a beneficial effect on vessel and muscle
regeneration mainly by secreting growth factors such as
VEGF and IGF-1. Here, we show that also hMAPC se-
crete significant amounts of VEGF,¢, PIGF, and bFGF,
while hAC133* cells did not produce these factors at
levels that were detectable by our ELISA assays. Ac-
cordingly, CM from hMAPC but not hAC133* cells
stimulated EC, SMC, and SkM proliferation and/or sur-
vival. Our failure to detect VEGF or other cytokines in
hAC133* CM may appear in conflict with a recent
study; however, they used cells from a different source
(fetal aorta versus cord blood in our study) (7).

Patients with myocardial infarction (MI) can also
benefit from treatment with endothelial progenitor cells.
In fact, functional improvement has been shown after
MAPC or AC133 treatment (1,11,21,24), although un-
fortunately, a direct comparison between the different
cell types has not been performed. In accordance with
our results in the limb ischemia model, low/absent en-
graftment and differentiation potential of both cell types
have been demonstrated, suggesting that paracrine
mechanisms are responsible of the benefit observed. In
fact, we have shown that secretion of angio/arteriogenic
factors by MAPC are associated with revascularization
of the ischemic tissue (24).

In summary, our study demonstrates that locally in-
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jected hMAPC but not hAC133" cells have a long-term
effect on limb revascularization and, in addition, con-
tribute to muscle regeneration. We believe that these re-
sults set the stage for future clinical trials with hMAPC
in patients with critical limb ischemia.
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Many stem cell types have been shown to
differentiate into endothelial cells (ECs);
however, their specification to arterial or
venous endothelium remains unexplored.
We tested whether a specific arterial or
venous EC fate could be induced in hu-
man multipotent adult progenitor cells
(hMAPCs) and AC133* cells (hAC133*).
In vitro, in the presence of VEGFgs,
hAC133* cells only adopted a venous and
microvascular EC phenotype, while

hMAPCs differentiated into both arterial
and venous ECs, possibly because
hMAPCs expressed significantly more
sonic hedgehog (Shh) and its receptors
as well as Notch 1 and 3 receptors and
some of their ligands. Accordingly, block-
ing either of those pathways attenuated
in vitro arterial EC differentiation from
hMAPCs. Complementarily, stimulating
these pathways by addition of Delta-like 4
(DII-4), a Notch ligand, and Shh to VEGF1¢5

further boosted arterial differentiation in
hMAPCs both in vitro and in an in vivo
Matrigel model. These results represent
the first demonstration of adult stem cells
with the potential to be differentiated into
different types of ECs in vitro and in vivo
and provide a useful human model to
study arteriovenous specification. (Blood.
2007;109:2634-2642)

© 2007 by The American Society of Hematology

Introduction

The vascular system is a bipolar complex network of arteries that
transport oxygen-rich blood to all tissues and veins that bring oxygen-
deprived blood back to the heart.! Because of this bipolar set-up, arteries
and veins feature anatomic and physiological differences. Unlike venous
endothelium, arterial endothelium is surrounded by several layers of
smooth muscle cells (SMCs), separated by elastic laminae, and embed-
ded in a thick layer of fibrillar collagen.”> Moreover, both vessel types
have a differential susceptibility to atherosclerotic disease, possibly due
to exposure to different levels of shear stress. Arterial and venous
endothelial cells (ECs) also have a distinct molecular signature, and such
molecular specification occurs before the onset of blood flow.? Indeed,
arteriovenous (AV) specification of ECs is accomplished early in
development and is associated with the expression of a specific
complement of factors: venous endothelium is characterized by the
expression of EphB4,* Lefty-1,> Lefty-2,> COUP-TFIL® and MYO1-B,>
and arterial ECs express high levels of Notch 1 and 4,” D1I-4,% EphrinB1
and EphrinB2,* Jagged-1 and -2,7 connexin-40, and Hey-2 (gridlock
zebrafish ortholog).>!% Studies in Xenopus, zebrafish, and mice have
revealed that, besides blood flow,!! vessel-intrinsic cues and—Iater in
development—signals from outside the vasculature!>!3 are implicated
in defining arterial or venous fate such as members of the TGF-3
pathway,!“!5 VEGF isoforms,!>1¢-18 neuropilins,!” angiopoietins,'® the
Notch pathway,*?022 the patched pathway,”® and COUP-TFI, a
member of the orphan nuclear receptor superfamily.®

Although it has been shown that some of these pathways are
well conserved from zebrafish to mouse, less information is

available on whether they have a similar role in humans. Because
these molecular differences between arterial and venous ECs exist
independently of blood flow and some of these factors work in an
EC-intrinsic way,? it should be possible to manipulate some or all
of these to endow ECs with an arterial or venous fate. Consistent
with this notion, recent studies have suggested that arterial markers
can be induced in primary mature ECs.>13:21.23.24

Many different stem cell populations, including bone marrow
(BM) mononuclear cells, AC133* endothelial progenitor cells, and
embryonic stem cells have the potential to differentiate in vitro and
in vivo into mature and functional ECs.#?3-22 We have recently
described another stem cell population, multipotent adult progeni-
tor cells (MAPCs), that differentiates into most somatic cell types,
including functional ECs, in vitro and in vivo.2°-33 The question of
whether and how these stem cells can be coaxed into arterial or
venous ECs has thus far not been addressed. In this study, we
analyzed the in vitro and in vivo arterial and venous endothelial
differentiation of human MAPCs (hMAPCs) and hAC133™ cells.

Materials and methods

Additional and extended descriptions of methods are included in Document
S1 (available on the Blood website; see the Supplemental Materials link at
the top of the online article).
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Cell populations

Samples were obtained after informed consent from donor or mother
according to the guidelines from the Committee on the Use of Human
Subjects in Research at the Clinica Universitaria, Pamplona, Spain. For
hAC133" cells, BM and umbilical cord blood mononuclear cells were
separated by Ficoll Hypaque centrifugation (specific gravity, 1077; Sigma,
St Louis, MO), and hAC133 cells were selected using the autoMACS with
the AC133 Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany).3*
The purity of hAC133™ cells was more than 90% in all samples by flow
cytometry. New hMAPC clones were established, based on protocols
described previously,??33 at the University of Navarra using BM from
donors aged 18 to 54 years. BM mononuclear cells were depleted of CD45*
and glycophorin A—positive cells using micromagnetic beads (Miltenyi
Biotec) or directly after Ficoll-Paque. Characterization of hMAPCs was
done by fluorescence-activated cell sorter (FACS) phenotyping, pluripo-
tency marker expression analysis, and 3-lineage differentiation (Document
S1, Figure S1, Table S1). Primary human umbilical vein ECs (HUVECs)
and human umbilical artery ECs (HUAECs) were prepared in-house from
human umbilical cords.

Endothelial differentiation/specification of hAC133* cells
and hMAPCs

Human AC133* cells. For hAC133" cells, a total of 10%/cm? were plated
on fibronectin (50 pg/mL)—coated culture vessels in IMDM (Gibco BRL,
Carlsbad, CA) supplemented with 20% fetal calf serum (FCS) (Gibco
BRL), 50 ng/mL VEGF,¢s5 (R&D Systems, Minneapolis, MN), 10 ng/mL
bFGF (Sigma), and 1% penicillin/streptomycin. Cultures were maintained
by media exchange every 4 to 5 days.

Human MAPCs. The hMAPCs were plated at 30 X 103 to 40 X 10%/
cm? in growth media: 58% low-glucose DMEM (Gibco BRL), 40%
MCDB-201 (Sigma), 2% FCS (Biochrom, Cambridge, United Kingdom),
ITS+1 (Sigma), 1078 M dexamethasone (Sigma), 10~* M ascorbic acid
2-phosphate (Sigma), 1% penicillin/streptomycin (Gibco BRL), and 10
ng/mL each of PDGF-BB and EGF during 24 hours, and then media were
exchanged with the same media without FCS, EGF, and PDGF-BB but now
with 100 ng/mL VEGF,¢s. Media were changed every 4 to 5 days.
Arterial-specific differentiation was boosted by addition of different
combinations of the following growth factors: VEGFss in different
combinations with DII-4, Jagged-1, or Shh (all from R&D Systems at 100
ng/mL). Blocking of patched and Notch pathways was performed using
cyclopamine (Biomol, Plymouth Meeting, PA) at 5 WM (added every 4 to
5 days with medium change) and 1 wM +y-secretase inhibitor L-685458
(Bachem, King of Prussia, PA),3 respectively.

FACS analysis

For fluorescence-activated cell sorter (FACS) analysis, cells were detached
with 0.05% trypsin-EDTA and washed with phosphate-buffered saline
(PBS). The following antibodies were used: CD31-PE, CD34-APC, ayf3-
PE, CD73-PE, CD45-PerCP, CD90-APC, HLA-DR-PE, HLA-DP-PE,
HLA-DQ-PE, HLA-A-PE, HLA-B-PE, HLA-C-PE, CD44-PE, CD13-PE,
CD36-FITC, CD16+CD56-PE, CD3-FITC, CD19-APC, CDI11B-PE,
CD11C-APC, CDI14-APC, CD14 FITC (all from BD PharMingen, San
Diego, CA), CD105-PE (Ancell, Bayport, MN), and CD133/1-PE and
CD133/1APC (Miltenyi Biotec), and their corresponding isotype controls
(all from BD PharMingen). From 50 000 to 200 000 cells were incubated
with primary antibody for 15 minutes in the dark at room temperature. Cells
were fixed with 4% paraformaldehyde at 4°C. Syto was used to determine
cell viability when necessary. Samples were analyzed using a FACS Calibur
(BD PharMingen) cell sorter and Cellquest (BD PharMingen) software.

Immunofluorescent and histochemistry staining and analysis

A list of primary antibodies is provided in Table S2. Secondary antibodies
coupled to FITC or PE were from Molecular Probes (Eugene, OR). For
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immunofluorescent staining, samples were fixed with 4% paraformalde-
hyde at 20°C and, in case of intracellular molecules, permeabilized with
0.1% Triton X-100. Blocking solution consisted of PBS, 1% bovine serum
albumin, and 10% donkey serum. Primary antibodies were diluted in
blocking solution and applied overnight at 4°C. After incubation, nonspe-
cific binding was washed with a solution of PBS and 0.1% Tween 20.
Secondary antibody at a dilution 1:1000 in PBS was applied for 1 hour at
4°C. Nonadherent antibody was washed with PBS and 0.1% Tween 20,
after which samples were mounted using DAPI (Vector Laboratories,
Burlingame, CA) or TO-PRO-3 iodide (Molecular Probes, Leiden, The
Netherlands) as nuclear marker. For controls, cells were labeled with
unspecific immunoglobulins (Santa Cruz Biotechnology, Santa Cruz, CA)
followed by incubation with the secondary antibody. For immunohistochem-
istry staining, the Envision (DAKO, Glostrup, Denmark) and ABC (Vector
Laboratories) systems were used. Sirius red’’ and orcein®® staining were
performed as described. To quantify the percentage of cultured cells
expressing arterial or venous markers, the number of positive cells in
20 randomly selected fields were scored and divided by the total number
of cells.

Images were generated using a Zeiss microscope (Zeiss, Jena, Ger-
many) connected to a monochrome fluorescence camera (Coolsnap SF;
Photometrics, , Germany) and a CCD camera (SPOT; Diagnostic
Instruments, Sterling Heights, MI), equipped with 20X/0.75 NA dry,
40X/0.75 NA dry, and 63X/1.40 NA oil objectives (Zeiss). Morphomet-
ric analyses were performed using MetaMorph software (version 6.3r6;
Molecular Devices, Downington, PA). Immersion oil was purchased
from Zeiss.

RNA isolation and real-time and quantitative RT-PCR

Total RNA was obtained using the RNeasy Mini extraction kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. A more
detailed description of methods and the primers used for reverse
transcriptase—polymerase chain reaction (RT-PCR) and real-time PCR
are shown in Document S1 and Table S3, respectively.

In vitro EC functional tests

To analyze acetylated-LDL uptake, cells were washed and 10 pg/mL
acetylated-LDL-Dil (Biomedical Technologies, Stoughton, MA) was added
in IMDM or MAPC differentiation medium (described under “Human
MAPCs,” above). Cells were incubated for 2 hours at 37°C, washed, fixed,
and viewed under a fluorescent microscope using DAPI as nuclear marker.
For the in vitro Matrigel assay, 1 mm cold (4°C) Matrigel (BD Pharmingen)
was incubated for 30 minutes at 37°C. After gelification, 30 X 103 to
50 X 103 cells differentiated for 14 days were plated in differentiation
media on Matrigel. After 24 to 48 hours, tube formation was analyzed.

Electron microscopy

For ultrastructural studies, samples were washed in PBS and fixed with 2%
glutaraldehyde. Samples were postfixed with 1% osmium, rinsed, dehy-
drated, and embedded in Araldite (Fluka, Buchs, Switzerland). Semithin
sections (1.5 wm) were cut with a diamond knife and stained lightly with
1% toluidine blue. Then, semithin sections were reembedded in an araldite
block and detached from the glass slide by repeated freezing (liquid
nitrogen) and thawing. The block with semithin sections was cut into
ultrathin (50 to 70 nm) sections, stained with lead citrate, and examined
under a Jeol (Tokyo, Japan) JEM-1010 electron microscope.

ELISA

To assess cytokine production of undifferentiated cells, hMAPCs were
plated in triplicate at 30 X 103 to 40 X 10%/cm? at day 0 in cytokine-less
expansion media, and supernatant was collected 60 hours later and frozen.
To assess cytokine production in differentiated cells, cells were plated in
triplicate for endothelial differentiation as described above and media were
collected after 7 and 14 days and frozen. Enzyme-linked immunosorbent
assay (ELISA) kits were from R&D Systems, and the procedure was
performed according to the manufacturer’s recommendations.
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In vivo Matrigel model

For the in vivo Matrigel plug assay, 10-week-old nude mice were injected
subcutaneously in the back with 0.5 mL cold growth factor-reduced
Matrigel containing 300 ng/mL VEGF¢s alone, or 300 ng/mL VEGF 45 +
100 ng/mL Shh + 100 ng/mL DIl-4, combined or not with 0.5 X 100
undifferentiated hMAPCs or hAC133" cells (unlabeled or labeled with
carboxyfluorescein succinimidyl ester [CFSE; Molecular Probes] or Reso-
vist [Schering, Berlin, Germany] as described?). In some animals, 0.1 X 10°
or 2.5 X 10° cells were injected. Ten days after injection, animals were
perfusion fixed and Matrigel plugs were removed and processed for paraffin
or OCT embedding. Tissue sections were examined and photographed
under a fluorescence microscope (Zeiss) or a confocal microscope. Ultra-
structural analysis was performed as described above. In vivo live imaging
was performed under anesthesia using a Leica (Weztlar, Germany) dissec-
tion microscope.

Results
Isolation and qualification of hMAPCs

For the current studies, 8 new clones of hMAPCs very similar in
their characteristics were used. They were established at the
University of Navarra using methods as previously described?>33
and maintained for more than 50 to 80 population doublings (Table
S1). The phenotype of most cells within these clones was CD90™,
CD13%, CD44¥, MHC-I", «,8;~, CD73~, AC133~, CD105",
MHC-II", CD36, CD45~, and CD34~ (Figure S1A), largely
consistent with their initial characterization.’> RT-PCR demon-
strated presence of the transcription factors Oct3/4, Rex-1, and
nanog as well as hTERT (Figure S1B), and cells stained positive for
SSEA-4, Oct3/4, and nanog but not SSEA-1 proteins (Figure
S1C-F). We further qualified the cells by showing differentiation
into mesodermal (ECs, Figures S2J-R and S3; SMCs, Figure S1G),
endodermal (hepatocytes, Figure S1H), and ectodermal (neurons,
Figure S1I) cell types.

VEGF,g5 induces hAC133* cells and hMAPCs to differentiate
into functional ECs

First, we compared the ability of hMAPCs and cord blood— or
BM-derived hAC133* cells, a cell population previously shown to
be enriched for endothelial, neuronal, and hematopoietic progeni-
tors,?>%6 to differentiate into functional mature endothelium. Cul-
ture of hAC133" cells in the presence of VEGF¢ induced
down-regulation of AC133 and hematopoietic markers CD45 and
CD34 and up-regulation of mature EC markers, CD105 and «,(33
(Figure S2A-B), as described.?® Most of the cells (about 80%;
Table S4) in 21-day cultures (which we further designate “hAC133-
ECs”) expressed von Willebrand factor (VWEF), angiopoietin
receptors Tie-1 and -2, and VEGF receptors 1 and 2 (Flt-1 and
KDR, respectively) (Figure S2C-G) and were functional as demon-
strated by acetylated-LDL uptake (Figure S2H; Table S4) and
vascular tube formation on Matrigel (Figure S2I). A fraction (about
20%) of hACI133* cells differentiated to hematopoietic cells,
indicated by coexpression of the CD45* antigen and other myeloid-
monocytic antigens (Figure S4). Unlike human EC controls, which
mostly showed a stellate shape in culture (Figure S5), hAC133-ECs
were mainly rounded (FigS2C-H). Most (more than 80%) hMAPCs
cultured in the presence of VEGF¢s acquired EC markers,
including KDR, Flt-1, Tie-1, Tie-2, CD10S5, VE-cadherin, CD31,
VWE, and o35, while expression of hematopoietic markers CD34
and CD45 was very low or absent (Figures S2J-P and S3; Table
S4). The resultant hMAPC-ECs were functional as shown by
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acetylated-LDL uptake (Figure S2Q; Table S4) and vascular tube
formation on Matrigel (Figure S2R). While no SMC a-actin—
positive cells were observed in hAC133" cell-derived cultures,
hMAPCs gave rise to SMC a-actin—positive cells representing 5%
of the differentiated cells (not shown). For hMAPCs, the increase
in mRNA expression varied between different endothelial genes
from 5-fold (CD31) to more than 600-fold (Flt-1) (Figure S3).

VEGF,65 supports arterial differentiation of h(MAPCs
but not hAC133* cells

Studies in zebrafish and mice have suggested that VEGF,¢s would
be part of a cascade involving Shh, Notch, and EphrinB2 that
induces arterial differentiation in vivo and that VEGF 45 alone may
be sufficient to induce an arterial phenotype in vivo.2%40 To study
whether VEGF 45 was able to support arterial EC differentiation
from stem cells in vitro, we determined using quantitative (Q)—RT-
PCR and/or immunofluorescence if the arterial markers Hey-2,
Dll-4, EphrinB2, and EphrinB1 and the venous marker EphB4
were expressed in hMAPC-ECs and hAC133-ECs generated in the
presence of VEGF¢s. Low transcripts levels for arterial- and
venous-specific genes were detected in either cell population
before differentiation. In hAC133* cells, VEGF,¢s treatment
decreased arterial markers while venous markers remained stable.
In contrast, VEGF g5 treatment induced significant levels of the
arterial markers Hey-2, DIl-4, EphrinB1, and EphrinB2 as well as
the venous marker EphB4 in hAMAPCs (Figures 1A and S6). Ten- to
100-fold differences were observed in arterial gene expression
between hAC133-ECs and hMAPC-ECs. At the protein level,
determined by immunofluorescence, expression of arterial Hey-2
(48.3% = 3.5% of the cells were Hey2 "), EphrinB1 (65.8% * 4%),
and venous EphB4 (31.2% = 2.8%) was found in hMAPC-ECs at
day 14 (Figure 1B-D), while no protein expression was detected at
baseline (not shown). Interestingly, while most hAC133-ECs
expressed CD36, suggesting a microvascular phenotype, hMAPC-
ECs were mostly CD36, suggesting a macrovascular pheno-
type*!*3 (Figure 1E). Together, this suggests the ability of hMAPCs
but not hAC1337 cells to differentiate into arterial ECs in addition
to venous ECs.

Notch/patched pathway members are differentially expressed
in hMAPCs and hAC133* cells

Because AV specification during zebrafish and mouse embryogen-
esis is in large part mediated by Notch and Shh in a cell-intrinsic
manner,”> we compared the expression of Notch and its ligands,
Jagged and DI, and Shh and its receptor patched in undifferentiated
hMAPCs and hAC133* cells by Q-RT-PCR. Expression of Shh
was restricted to hMAPCs (Figure 2A), and the expression of its
receptors patched 1 and patched 2 was significantly higher in
hMAPCs compared with hAC133" cells (Figure 2A). Likewise,
Notch-1 was uniquely expressed in hMAPCs (Figure 2B), and
DII-3, Jagged-1, and Notch-3 were more highly expressed in
hMAPCs than hACI133*% cells (Figure 2B), while DII-1 and
Notch-4 were expressed preferentially in hAC133* cells (Figure
2B). Expression of Jagged-2, Notch-2, and DII-4 was not signifi-
cantly different between the 2 undifferentiated cell populations
(Figure 2B). To determine whether the different response to
VEGF,4s in hMAPCs and hACI133*% cells could be due to
differences in VEGF receptor or endogenous VEGF g5 expression,
we compared their expression levels by Q-RT-PCR. Baseline
endogenous VEGF 45 expression was similar in both cell popula-
tions as well as expression of Flt-1 and KDR (not shown). Thus, the
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Figure 1. VEGF4es induces arterial specification of A arterial BB
hMAPCs but not hAC133* cells. (A) Q-RT-PCR for i
arterial (EphrinB1, DIl-4, Hey-2, EphrinB2) and venous g4 Ephrin Bl Fold Dil-4 Fold EphB4

markers (EphB4) on hAC133" cell-derived ECs (M) or
hMAPC-derived ECs (&) at different time points (0, 7, 14,
and 21 days) after the start of the differentiation process.
While hMAPCs up-regulated arterial and venous mark-
ers during the differentiation process, hAC133" cell-
derived ECs showed reduced arterial marker expression.
Expression levels are presented as fold increase (in
logarithmic scale) in comparison with baseline levels and
were normalized by using GAPDH as housekeeping
gene. The mRNA levels in undifferentiated hMAPCs
were considered as 1. Expression between baseline
levels (day 0) and day 7, 14, and 21 for each cell
population was compared (*P < .05; **P < .01). (B-D)
Immunofluorescent staining of hMAPC-derived ECs. Af-
ter 14 days, hMAPCs were positive for arterial markers
EphrinB1 (B), Hey-2 (C), and venous marker EphB4 (D)
(see text for percentage of positive cells). A representa-
tive example from 3 different clones is shown. (E)
Comparative expression, plotted as percentage of total
number of cells, based on FACS analysis, of the microvas-
cular-specific marker CD36 in hMAPC (E) and hAC133*
cell-derived ECs (M) (**P < .01 versus hMAPC-ECs).
The mean (= SEM) of 3 (A) or 5 (E) different experiments
in triplicate is shown. Magnification x40.
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expression of Shh and patched, several of the Notch ligands, and
receptors in hMAPCs may at least in part account for the ability of
hMAPCs but not hAC133* cells to differentiate along the arterial
EC lineage.

Shh or Notch pathway blocking attenuates arterial EC
differentiation in hMAPCs

To investigate the causal involvement of Notch and/or Shh/patched
pathways in arterial EC differentiation from hMAPCs, we manipu-
lated each of them separately. Specific blocking of Shh signaling by
cyclopamine-mediated inhibition of the patched receptor com-
plex® significantly decreased expression of arterial EC markers
Hey-2, EphrinB1, and EphrinB2 and simultaneously slightly (but
not statistically significant) increased expression of the venous
marker EphB4 (Figure 3A). A more pronounced attenuation of
arterial EC marker expression was observed by blocking the Notch
pathway using an inhibitor for +y-secretase, essential for Notch
receptor activation®® (Figure 3A). Compared with either inhibitor
alone, combining cyclopamine and <y-secretase inhibitor further
significantly decreased expression of Hey-2 (P < .05) but not of
EphrinB1 or EphrinB2 (P > .05) (Figure 3A). These results
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suggest that arterial specification in hMAPCs in the presence of
VEGF¢s is at least in part mediated by the patched and Notch
pathways.

Simultaneous Notch and patched activation boosts arterial
EC fate in h(MAPCs

To further evaluate the role of Notch and patched in arterial
specification of hMAPCs, we evaluated the effect of VEGF4s
(alone or combined with either DIl-4 or Jagged-1) and Shh (alone
or in combination) (Figure S6). Of all combinations tested, addition
of DIl-4 and Shh most efficiently increased expression of Hey-2
along with down-regulation of venous marker EphB4, indicating a
preferential differentiation toward arterial endothelium (Figures 3A
and S6). We analyzed the latter condition (VEGF¢4s + Shh +
Dll-4) in more detail by examining the expression of additional
arterial specific genes, showing that in addition to Hey-2, Jagged-2
and ALDHIAT1 were also up-regulated, in agreement with previous
work with HUVECs.? Increased expression of arterial markers was
associated with decreased levels of additional venous-specific
Lefty-1 and Lefty-2 transcripts (Figure 3B). While Notch and

A Patched pathway
Sonic hedgehog patched-1 patched-2
% % % p
30 e 100 * 40 * = hMAPCs
[ [ ] +
2 . il - il i hAC133* cells
0 o —m—- 0
B Notch pathway Figure 2. Notch and patched pathway members are
Notch-1 Notch-2 Notch-3 Notch-4 differentially expressed in hMAPCs and hAC133+* cells.
e . "f; i Yo Q-RT-PCR analysis of members of the patched pathway
:c: . 1 50 * :: _ (Shh, patched-1, and patched-2) (A) and the Notch path-
. l 60 . AT i ] l way (Notch-1, -2, -3, and -4 and ligands DI-1, -3, -4, and
P — 0 . o1 gl —_ Jagged-1 and -2) (B) known to be involved in AV specifica-
tion. Note differences in expression (see “Results”) be-
It +
DII-1 DIL-3 Dil-4 Jagged-1 Jagged-2 tween hMAPCs compared with hAC?133 cells. The mRNA
b o %% o i levels in all panels are expressed in percentage versus a
150 100 i 60 60 1 * 50 positive control (total RNA) and were normalized by using
100 | i | - 40 | 40 1 26 GAPDH as housekeeping gene. The mean (+ SEM) of 3
50 | .. g l 20| N i 0 3 different experiments in triplicate is shown. *P < .05;
—— — | —— E— — ——

**P < .01 versus hAC133* cells.
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Figure 3. Blockage of Notch/patched pathway attenu-
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ates while stimulation increases arterial EC differentia-
tion of hMAPCs. (A) Q-RT-PCR analysis for arterial
(EphrinB1, Hey-2, and EphrinB2) and venous markers
(EphB4) on hMAPC-derived ECs (gray bars) after 14 days
of differentiation using blocking (red bars) or activating
(green bars) treatments (as indicated in the box). Shh
blocking, Notch blocking, or a combination of both signifi-
cantly reduced expression of arterial EC markers paral-
leled by an increase in venous marker expression com-
pared with VEGF g5 alone (gray bars). Conversely, addition
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of Shh and DII-4 to VEGF g5 further significantly increased
expression of arterial marker Hey-2 while significantly
decreasing venous marker EphB4. *P < .05; **P < .01
versus VEGF¢5 alone; *P < .05 condition 4 versus condi-
tion 2. (B) Q-RT-PCR analysis of additional arterial
(ALDH1A1, Jagged-2) and venous markers (Lefty-1,
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patched activation enhanced arterial markers in hMAPCs, a similar
effect was not observed in hAC133™ cells (Figure S6).

Shh and DII-4 boost arterial EC differentiation of hMAPCs and
arterial-like vessel growth in vivo

To determine whether the same factors could also induce hMAPC
differentiation into arterial endothelium in vivo, we injected
0.5 X 10° undifferentiated hMAPCs in growth factor-reduced
Matrigel containing either VEGF 45 (“standard media”) or
VEGF ¢ + Shh + DII-4 (“arterial media”) under the skin of nude
mice (n = 6 per group). To account for effects of the admixed
cytokines on host cells, we also included the corresponding
“cytokine-alone” groups. To track the cells following implantation,
hMAPCs were labeled with CFSE or iron particles (Resovist)34
before injection. Irrespective of the cytokine cocktail used, local-
ized areas of CFSE-labeled cells (Figure 4A) and single Resovist-
labeled hMAPC-derived cells (Figure 4B) persisted for at least 10
days in the Matrigel plug as determined by in vivo live imaging and
electron microscopy, respectively. Most implanted cells expressed
(human) CD31 and (human) VE-cadherin (Figure 4C-D) and Fli-1
(not shown), indicating their EC identity. The hMAPC-ECs
contributed to 2.3% * 0.7% of the vessels in the Matrigel plugs
with standard media and 3.1% = 1.3% in arterial media, indicating
that most cells of blood vessels in the Matrigel plugs were host
derived. Dose-response studies revealed that engraftment strongly
correlated with cell dose and cell dose with vascularity (Figure S7;
Table S5).

Following transplantation with all cell doses (0.5 X 10° to
2.5 X 10° cells), several hMAPC-ECs generated in the presence of
the arterial cytokine combination—while arterial marker expres-
sion was only detected with the highest cell dose with VEGF¢s
alone (Figure S8)—expressed both human-specific lectin UEA and
human-specific arterial markers Hey-2 and EphrinB1, as shown by
immunohistochemistry (Figure 4E-F) and double immunofluores-
cence confocal microscopy (Figure 4G-H), demonstrating differen-
tiation of hMAPCs in vivo to arterial endothelium. Importantly,
these arterial hMAPC-ECs contributed to vessels functionally
connected to the host vasculature as demonstrated by the presence

) 60
T
b 201
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combination cocktail as compared with VEGF¢5 alone.
The mRNA levels in all panels are expressed as mean
percentage of HUAECs (arterial markers) and HUVECs
(venous markers) and were normalized using GAPDH as
housekeeping gene. Baseline corresponds to undifferenti-
ated hMAPCs. The mean (+ SEM) of 3 different experi-
ments is shown. *P < .05; **P < .01 versus VEGFgs
alone.

Lefty-2

Baseline

of erythrocytes in their lumen (Figure 4F). Also, in some animals,
we injected TRITC-labeled UEA lectin (that specifically binds to
human ECs) in the tail vein 30 minutes before killing. Colabeling
of TRITC-UEA with CFESE (with which the hMAPCs were labeled)
confirmed that the hMAPC-EC—containing vessels were connected
to the host vasculature (Figure 41). Although transplanted hAC133+
cells gave rise to CD31" UEA lectin-positive ECs, the latter did not
express arterial markers, nor were they associated with larger
vessels (Figure S9). Thus, as in vitro, unlike hAC133* cells,
hMAPCs—and more so with the arterial cytokine mix—could be
specified to functional arterial ECs in vivo.

In addition to its arterial differentiation effect on hMAPC-ECs,
the arterial cytokine mix also induced the formation of arterial-like
vessels in which both implanted and host cells participated. Indeed,
coating with host a-actin—positive SMCs of human EC-containing
vessels was frequently observed in the Matrigel plugs containing
the arterial cytokine combination, as shown by double confocal
immunofluorescence (Figure 4J). Moreover, in addition to a
significant increase in total vessel number (number of lectin-
positive vessels: 124 = 16/mm? in arterial media versus 74 = 10/
mm? in standard media; P < .05), the arterial mix also significantly
increased the fraction of vessels coated with SMCs (32% * 5% in
arterial media versus 15% * 4% in standard media; P < .05;
Figure 5A-C) as well as the diameter of these vessels (20.1 = 4.2
pm versus 14.7 = 3.7 wm; P = .01). Consistent with an effect of
the cytokine mix on host cells, without addition of hMAPCs more
a-actin coated vessels were also seen in Matrigels containing
arterial versus standard media. However, when hMAPCs were
coimplanted, they had an additive effect on SMC coating (Figure
5C), in part by in situ differentiation to SMCs (not shown).
Significantly more deposition of Sirius red—positive fibrillar colla-
gen (Figure 5D-F) and orcein-positive elastin (not shown), both
characteristics of arteries, could be detected surrounding the newly
formed EC channels when hMAPCs and the arterial cytokine
combination was used. Again, even in the absence of hMAPCs,
there was more collagen deposition with the arterial mix than with
standard media, although it was significantly higher when hMAPCs
were coimplanted (Figure 5F). In addition to a direct contribution
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Figure 4. Shh and DII-4 boost functional arterial hAMAPC-EC differentiation in
vivo. (A) Live in vivo imaging of a Matrigel plug containing VEGFe¢s and hMAPCs
labeled with CFSE 10 days after subcutaneous implantation. Note the localized
CFSE-labeled area (outlined by a dashed white line) located in the Matrigel in the
vicinity of a large vascular tree (arrowheads) from the overlying host skin. (B-J)
Histologic analysis on cross-sections through Matrigel plugs containing hMAPCs and
VEFG1gs (B-D) or h(MAPCs and VEGF1g5 + Shh+ DII-4 (“arterial cytokine mix” [E-J]).
(B) Electron microscopy showing a capillary composed of a Resovist-labeled
hMAPC-derived EC in Matrigel plugs. A semithin section (B, top panel), an ultrathin
section (B, bottom panel), and a detail of iron particles (insets in lower panel of B) are
shown. (C-F) Immunohistochemical staining of 3 um paraffin cross-sections through
Matrigel plugs for human-specific CD31 (C) and human-specific VE-cadherin (D)
(both indicating their EC identity) and human-specific Hey-2 (E) and human-specific
EphrinB1 (F) (both indicating their arterial EC identity). Arrows indicate red blood cells
in vessel lumen. (G-H) Double confocal immunofluorescence staining of 40 pm
cryopreserved cross-sections through Matrigel plugs with human endothelial-specific
lectin UEA (green) and Hey-2 (red) (G) or UEA (green) and Ephrin B1 (red) (H). Topro
(blue) was used for nuclear staining. (I) High-resolution live in vivo imaging of a
Matrigel plug containing VEGF1s and hMAPCs labeled with CFSE 10 days after
subcutaneous implantation and 30 minutes after intravenous injection of UEA lectin.
Note colocalization (yellow; indicated by arrowheads) of CFSE-labeled cells (green)
and UEA lectin (red) area, indicating that the vessels containing CFSE-labeled cells
were connected to the host vascular system. (J) Double confocal immunofluores-
cence staining of 40 um cryopreserved cross-sections through Matrigel plugs with
human endothelial-specific lectin UEA (green) and «-actin (red), showing hMAPC-
ECs (arrowheads) coated by a-actin—positive SMCs. Topro (blue) was used for
nuclear staining. “L” in panels B and D-F indicates the vessel lumen. Magnifications
X63 (E-F), x40 (C-D,J), and x20 (G-). Scale bars in panel B: 10 wm (semithin); 2.5
pm (ultrathin); 1 wm (upper inset); 0.5 um (lower inset).

to arterial growth, we hypothesized that the additive effect of
hMAPCs on SMCs and extracellular matrix (ECM) coating was
due to trophic effects by secretion of arteriogenic cytokines (similar
to what has been described for other stem cells*). In support of
such a hypothesis, an increase in the production of PDGF-BB and
TGF-B1, factors known to stimulate SMC proliferation and ECM
production, was observed after in vitro culture of hMAPCs in the
presence of the standard media and more so in the presence of the
arterial cytokine combination (Figure 5G-H). Electron microscopic
analysis further confirmed the differences in complexity and
caliber between vessels formed in Matrigel plugs with standard
versus arterial media (Figure 6). Together, these data indicate that
the arterial cytokine combination induced the formation of vessels
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with arterial characteristics and that the presence of hMAPCs had
an additive effect on this process.

Discussion

In the last decade, our knowledge about the molecular differences
between arterial and venous ECs and the pathways underlying their
specification during development has rapidly increased (reviewed
by Lawson et al,?® Harvey and Oliver,* Shawber and Kitajewski,*’
and Iso et al*®). That such specification is not only important during
development but also in adult life is perhaps most clearly demon-
strated by the occurrence of diseases restricted to arteries (eg,
atherosclerosis) or veins (eg, varicose veins). Therefore, knowl-
edge about the mechanisms that underlie EC specification may
allow us to design more optimal therapeutic regimens for those
diseases. Unfortunately, most of our understanding about AV
specification is derived from animal studies. Therefore, the experi-
ments presented here with human stem cells provide a valuable
model for the elucidation of mechanisms involved in EC differen-
tiation and AV specification in humans.

Developmental studies in zebrafish>?® and Xenopus'® have
demonstrated that AV specification occurs very early, at the level of
the angioblast, the embryonic EC precursor. Currently, it is not
known what initially determines arterial and venous angioblasts.
Until recently, it was suggested that VEGF—the most widely
explored angiogenic growth factor—equally affects proliferation
and migration of all EC (precursor) types. However, evidence has
now been presented that VEGF preferentially stimulates the growth
of arterial ECs (and their precursors) during development (re-
viewed by Torres-Vazquez et al?) and adulthood.*” Several hypoth-
eses have been put forward to explain VEGF’s preference, but none
of them has been unequivocally proven.>?® Arterial angioblasts
may respond differently because they are, as shown in Xenopus'3
and zebrafish,? the first ones to migrate and thus encounter the
VEGEF signal earlier. Alternatively, specific responses may be
elicited by the need for a coreceptor for VEGF,¢s to engage the
downstream Notch pathway. Recent evidence has shown that NP-1,
which only binds the VEGFqs isoform, might be a candidate
coreceptor.!7 Although our in vitro system did not allow address-
ing the spatially different responses of arterial and venous angio-
blasts to VEGF, our findings support the notion that, like in
zebrafish and mouse development, there are separate arterial and
venous endothelial precursors in the adult human. Under condi-
tions in which hMAPCs gave robust arterial EC differentiation,
hAC1337 cells appeared to have lost that ability both in vitro and in
vivo and therefore could be considered venous EPCs. In contrast,
hMAPCs are less mature than EPCs3? and may constitute a cell
population that precedes AV specification and can therefore differ-
entiate to both arterial and venous ECs in the presence of VEGF¢s.
Noteworthy in this context is the fact that hAC1337 cells gave rise
to venous and CD36™ microvascular ECs, while hMAPCs differen-
tiated mainly into CD36~ macrovascular ECs.

During zebrafish development, VEGF is part of an arterial EC
inductive sequence involving Shh (acting upstream from VEGF)
and Notch (acting downstream),?® a cascade that is at least in part
conserved in mouse development (reviewed by Harvey and
Oliver*®). Using hMAPCs, we demonstrate both by positive and
negative manipulation that the Shh and Notch elements of this
cascade are also active during arterial EC specification from adult
human stem cells. Although we show that VEGF4s, Shh, and D1l-4
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Figure 5. Shh and DII-4 together with hMAPCs additively increase formation of arterial-like vascular structures in vivo. (A-F) Histologic analysis on cross-sections
through Matrigel plugs containing hMAPCs and VEFGigs (A,D) or hMAPCs and VEGF1g5 + Shh + DII-4 (B,E). (A-B) Double immunofluorescent staining of 3 wm paraffin
cross-sections through Matrigel plugs stained with SMC «-actin (red) and BS-I lectin (staining ECs in green) showing more SMC-coated (indicated by arrowheads) vessels
when the arterial media were used (B) in comparison with standard media (A). (C) Diagram comparing the fraction of SMC-coated vessels (expressed as percentage = SEM
versus the total number of vessels) for the conditions outlined in the box; *P < .05; **P < .01. Note the additive effect of hMAPCs. (D-E) Sirius red staining (visualized by
polarized light microscopy) indicating abundant and thick (orange-red birefringent) fibrillar collagen around vessels in Matrigels containing hMAPCs combined with the arterial
mix (E) as compared with the less abundant and thinner collagen in Matrigels containing hMAPCs combined with VEGF1¢5 alone (D); dashed lines indicate the edge of the
Matrigel (M). (F) Diagram comparing the collagen fractional area (expressed as percentage = SEM versus the total area) for the conditions outlined in the legend; *P < .05;
**P < .01. Note the additive effect of hMAPCs. (G,H) ELISA for PDGF-BB (G) and active TGF-B1 (H) on cell supernatants of undifferentiated hMAPCs (“baseline”) or
differentiated for 7 or 14 days to ECs either in standard media (gray bars) or arterial media (green bars). While PDGF-BB production was only slightly and temporarily higher,
active TGF-B1 production was significantly higher in arterial media versus standard media. *P < .05; **P < .01. Data are expressed as picogram per 10° cells and represent
the mean (+ SEM) of 3 experiments performed in triplicate.

may have an additive effect on arterial EC differentiation, addi-
tional mechanistic studies will help to determine whether they
work in a similar cascade. The involvement of those pathways was
further substantiated by the differential expression of many of the
pathway members in hMAPCs and hAC133* cells. Increased
expression of the patched receptors in hMAPCs may be the result
of an autocrine positive feedback loop*° driven by hMAPC-
derived Shh. Intriguingly, while Notch-1 was exclusively ex-
pressed in hMAPCs, Notch-4 was significantly underexpressed in
hMAPCs in comparison with hAC1337 cells. Recent studies have,
however, demonstrated the redundancy between Notch-1 and -4,
supporting the notion that Notch-1 may be sufficient to induce
arterial EC differentiation in hMAPCs.>! The fact that not all
arterial markers were elevated in hMAPCs under the influence of
VEGF¢s (combined or not with Notch and patched ligands) and
that arterial differentiation was not completely abrogated by Notch
L v it and/or Shh blocking may reflect the existence of additional
g P R ! gl VEGF/Notch/patched-independent pathways in arterial differentia-
) ) ) ) tion. We did, for instance, not fully explore the potential involve-
Figure 6. Ultrastructural comparison between the vessel make-up in Matrigel . . ..
plugs injected with hMAPCs in arterial or standard media. Ultrastructural ~ ment of TGF-B, COUP-TFII, adrenomedullin, or angiopoietins,
analysis of Matrigel plugs injected subcutaneously with hMAPCs combined with ~ known to play a role in AV fate decisions.”-!42240
arterial (A—B) or §tandard media (C—D). Semith?n section.s ofa Matrigel plug (A,C) and During development and in primary ECS,52 Notch activation has
an ultrathin section of an artery-like tube (B) with a detail showing an SMC around an . . . .
been associated with endothelial-to-mesenchymal transformation.

EC (inset) and a veinlike tube (D). “L” indicates the vessel lumen. Scale bars: 10 pm
(A,C); 2.5 um (B); 2 um (D); 1 um (B, inset). Despite the ability of h(MAPCs to robustly differentiate into SMCs

Arterial Media

Standard Media
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under other conditions (Figure S1; Document S1), the conditions
used for EC differentiation induced SMC differentiation of hMAPCs
in vitro and in vivo to a low degree (not shown). This lack of
significant SMC (trans)differentiation, however, allowed us to
conclude that changes in expression of certain Notch components
(like Jagged-1 and Ephrin B2, which have been shown to be
expressed also in arterial SMCs*-33) were EC specific in our
system. However, we cannot exclude that activation of Notch in
fully EC-differentiated MAPCs may induce such transformation.
Dll-4—induced Notch activation in ECs was recently shown to
down-regulate EC proliferation, maybe due to an attenuated
responsiveness to VEGFE.>* However, despite this inhibitory effect
on EC proliferation, Notch activation was still compatible with
up-regulation of arterial EC markers, such as Hey-2, similar to
what we and others documented in in vitro studies.?-° Shh has also
been shown to support neuronal differentiation,’” yet we did not
observe the formation of neurons in our system despite the intrinsic
ability of h(MAPCs for neuronal differentiation, the latter of which
requires a different cytokine cocktail (Figure S1; Document S1).

In agreement with the in vitro data, hMAPCs but not hAC133*
cells were capable of arterial EC differentiation in vivo. Indeed, the
combination of VEGF g5, Shh, and DII-4 boosted arterial EC
differentiation from coimplanted hMAPCs. In addition, this arterial
“cocktail” induced a different vascular pattern than VEGF s alone
(ie, vessels were larger in diameter, more frequently coated with
host SMCs, and contained elastin and more fibrillar collagen—
altogether features consistent with arterial vessels). Other studies
have shown that in the setting of ischemia, vessels formed in the
presence of Shh had similar characteristics as the ones described
here (ie, larger-diameter vessels and more often coated with
SMCs).%%38 In our study, injection of the arterial cocktail without
hMAPCs also induced effects on the endogenous mouse vascular
cells but, importantly, the effects were more pronounced in the
presence of hMAPCs. We hypothesize that, in addition to their
direct contribution to arterial endothelium, hMAPCs (similar to
other stem cells*), and more so when cultured in arterial media,
had trophic effects on endogenous cells through secretion of
PDGF-BB and TGF-B1. Interestingly, as previously shown in
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tumors, Shh in the arterial mix or produced by hMAPCs could
potentially enhance PDGF receptor expression on the host vascula-
ture and thereby enhance its response to the hMAPC-derived
PDGF-BB signal.”®

Together, our data show that coaxing human stem cells in vitro
and in vivo (along with endogenous vascular cells) specifically into
an arterial phenotype is feasible, thereby providing a model to
study AV specification in humans. Moreover, our findings may also
be of importance for improvement and optimization of strategies
for vascular regeneration in ischemic patients and for the design of
EC-coated artificial arterial grafts.
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ABSTRACT

In recent years, the incredible boost in stem cell research has kindled the expectations of
both patients and physicians. Mesenchymal progenitors, owing to their availability, ease
of manipulation and therapeutic potential, have become one of the most attractive
options for the treatment of a wide range of diseases, from cartilage defects to cardiac
disorders. Moreover, their immunomodulatory capacity has opened up their allogenic
use, consequently broadening the possibilities for their application. In this review, we
will focus on their use in the therapy of myocardial infarction, looking at their

characteristics, in vitro and in vivo mechanisms of action, as well as clinical trials.



INTRODUCTION

Although traditionally regarded as a health concern related particularly to the
industrialized world, cardiovascular diseases are now the first cause of death worldwide
[1], with myocardial infarction (MI) resulting in 12.8% of deaths. Aside from changes
in ways of life associated with economic and social development, one of the main
reasons is the fact that MI is an evolving disease. After the ischemic event, anaerobic
conditions rapidly induce massive cell death, not only involving cardiomyocytes (CM),
but also vascular cells. Although the organism tries to exert a compensatory activity
(reviewed in [2]) during the first stages of the disease and may even manage to partially
restore functionality, the resulting scar is never repopulated, relentlessly leading the
patient towards the setting of heart failure. Thus, though not conventionally regarded as
such, cardiac disease is a degenerative affection in which lack of sufficient contractile
and vascular cells leads to a decompensated neurohormonal microenvironment [3]

which further impairs both organ function and cell survival.

Although the existence of stem cells has been a well-known fact for nearly half a
century [4], it is in the last 15 years that the field has experienced a major boost. Their
capacity for differentiation has made stem cells outstanding candidates for the treatment
of degenerative diseases, substituting for cells lost during the course of the disorder.
Consequently, cardiac diseases and MI have been the object of intense research [5].
Among the cell-types studied, mesenchymal stem cells (MSCs) are strong candidates
for success in the Ml-setting. In the following pages, we will discuss their capacities as

well as pre- and clinical investigations in which these cells have been employed.

ORIGIN, TYPES AND CHARACTERISTICS

The studies by Friedenstein and colleagues are regarded as one of the first reports on
MSCs [4]. In these, the clonogenic potential of a population of bone marrow (BM)-
derived stromal cells, described as colony-forming unit-fibroblasts, was examined. BM
is indeed one of the best-known sources of progenitor cells, MSC being among them
[6]. Although this is not entirely understood, BM-MSCs are thought to act as supporters
and nurturers of other cells within the marrow [7-9], possibly in a location close to

blood vessels [10]. However, there is a relatively small population (0.01%-0.0001% of



nucleated cells in human BM [11]), so MSCs can be easily purified by plastic-
adherence and expanded after BM-extraction. Similarly, but adding simple mechanical
and enzymatic processing, a mixed cell population (called stromal vascular fraction,
SVF) can be isolated from adipose depots, which, after in vitro culture and
homogenization gives rise to the mesenchymal progenitors from this tissue, also termed
adipose-derived stem cells (ADSC) [12]. Adipose tissue is regarded as a much richer
source of progenitors, harboring 100 to 500 times the numbers seen in BM [13].
However, despite similarities in phenotype, differentiation or growth kinetics, there are
certain differences at a functional, genomic and proteomic level [9,14], suggesting a
degree of higher commitment of BM-MSC to chondrogenic and osteogenic lineages

than ADSC [15].

Adipose tissue and BM are the most widely researched sources of mesenchymal
progenitors because they are easy to harvest, and owing to the relative abundance of
progenitors and the lack of ethical concerns. Nevertheless, MSCs have been
ubiquitously found in a variety of locations, as cord blood [16], dental pulp [17],
menstrual blood [18] or heart [19] among others (reviewed in [20]). This wide variety of
origins, methodologies and acronyms prompted standardization in 2005 by the
International Society for Cellular Therapy, which set the minimum requirements for
MSC definition, namely plastic-adherence, surface antigen profile (presence of CD73,
CD90 and CD105, and lack of expression of HLA-DR, CD11b, CD14, CD19, CD34,
CD45 and CD79alpha) and multipotent differentiation capacity (towards osteoblasts,
chondrocytes and adipocytes) [21]. Still, caution must be taken as some reports fail to
meet these criteria, and MSC is often employed for “Marrow Stromal Cell”,
“Mesenchymal Stromal Cell” or “Marrow Stem Cell”. Accordingly, a clarification was
published in which MSC was defined as “Multipotent Mesenchymal Stromal Cells”
[22], adding the supportive property to the required characteristics [23].

WHAT DO MSCs HAVE TO OFFER TO CARDIAC REGENERATION

When considering the goal of cardiac tissue regeneration, the desired objective must
encompass 3 objectives: the production of a replacement myocardial mass, the
formation of a functional vascular network to sustain it and the returning of the

impaired ventricle to its proper geometry. Cell therapy may theoretically affect those



processes in two ways: either by direct differentiation of transplanted cells towards the

desired lineages or by their production of molecules with therapeutic potential.

BM-MSC have shown their in vitro capacity to give rise to endothelial cells (EC)
[24,25] and smooth muscle (SMC) [24]. Cardiomyocyte differentiation has proved more
problematic, as either demethylating agents have been employed [26], or it has been
inefficient and incomplete [27,28]. On the other hand, the cardiac potential of ADSC is
better documented in vitro, showing their capacity to give rise to CM, either by the use
of DMSO [29] or CM extracts [30]. In addition, ADSC seems to harbor a progenitor
subset characterized by the expression of Nkx2.5 and Mcl2v [31] and whose
differentiation relies on the autocrine/paracrine activity of vascular endothelial growth
factor (VEGF) [32]. SMC [33] and EC [34] have been obtained from adipose cells, yet a
cautionary note must be struck, as some of these studies either rely on subpopulations of
freshly-isolated cells or culture them in differentiation-promoting medium before
purifying the mesenchymal population [35,36]. Finally, other mesenchymal progenitors
have also been differentiated to CM or CM-like cells, such as menstrual blood-derived

MSC [18] or umbilical cord-MSC [37].

However, although it is extremely interesting, this differentiation potential must cope
with two opposing factors. First, patients receiving stem cell therapy are severely
diseased and usually elderly, two factors that have an outstanding impact on stem cell
function. For instance, a decrease in the numbers and functionality of circulating
endothelial progenitors is directly related to cardiovascular risks and smoking [38,39]
and age has also been shown to impair the angiogenic capacity of both ADSC [40] and
BM-MSC [41]. Second, the small percentage of engrafted cells (see [42] for a review)
coupled to the huge catastrophe caused by an MI (the loss in some cases of over 1
billion CM [43]) and the low rate of differentiation achieved even under in vitro
controlled conditions makes the adding of such small number of cells a therapeutically-

inefficient approach.

On the other hand, secretion of beneficial molecules has been demonstrated to be able to
exert a positive effect, even when a few engrafted cells are left [44]. These molecules
can induce a benefit either by increasing tissue-perfusion, decreasing collagen
deposition and fibrosis, enhancing host-cell survival or attracting/regulating endogenous

progenitors. Thus, Chen and coworkers compared the expression profile of BM-MSC



and dermal fibroblasts [45], showing that mesenchymal progenitors secreted a higher
amount several molecules, including the potent proangiogenic cytokine VEGF or the
chemotactic stromal derived factor 1 (SDF1). Conditioned medium from BM-MSC
induced the recruitment of EC and macrophages, as well as improved wound healing.
Moreover, it has recently been shown that serum-deprived BM-MSC acquire EC-
features as well as increasing the release of VEGF or hepatocyte growth factor (HGF),
another potent angiogenic molecule [46], both of which have been reported to be
secreted by ADSC [32,47,48]. Moreover, Dr March’s group demonstrated that ADSC
have a pericytic nature and are able to form and stabilize functional vascular networks
when mixed with endothelial progenitors [49]. Also, BM-MSCs show a potent
antifibrotic action, as their conditioned medium decreases cardiac fibroblast
proliferation and expression of collagen types I and III [50,51] and increases secretion
of antifibrotic molecules such as matrix metalloproteinases (MMP) 2, 9 and 14 [52].
These cells express 5 types of MMPs (2, 13 and membrane type-MMPs 1, 2 and 3) and
are able to cross through type I collagen membranes [53], which theoretically would
allow their trafficking across the infarction-derived scar. Likewise, ADSC produce
transforming growth factor (TGF) B1 [54], a potent regulator of fibrosis. Taken as a
whole, these examples demonstrate that mesenchymal progenitors are potent paracrine

mediators with a considerable capacity to impact infarct evolution.

One last noteworthy competence is the ability of BM-MSC and ADSC to modulate the
immune response. Marrow-derived mesenchymal progenitors inhibit the proliferation of
activated T cells and the formation of cytotoxic T cells [55], inducing an anti-
inflammatory phenotype, which would allow their allogenic use and significantly
broaden the scope of their applicability. However, Huang et al reported that
differentiation reduced their capacity of immunological escape [56], related to an
increase of immunostimulatory molecules MHC-lIa and II and a decrease in the
immunosuppressive MHCIb. Along similar lines, McIntosh and coworkers reported that
ADCS beyond passage 1 (and thus devoid of contaminating differentiated cells [57])
failed to elicit a response from allogenic T cells [58], but this attribute may be

diminished under inflammatory stimuli, as shown in vitro [59].

Finally, since the onset of induced pluripotent cells (iPS) [60], mesenchymal cells have
been investigated [61,62] due to their relatively easy harvest and higher potency than

other cell types (e.g.: dermal fibroblasts), which shows an increased efficiency, even in



the absence of the oncogene c-Myc. Their supportive capacities have also made them

good candidates to replace mouse cells as feeders [63,64].

MSC IN ANIMAL MODELS OF Ml

However, in spite of all the positive characteristics of mesenchymal progenitors already
depicted, their in vivo testing in animal models of the disease is compulsory. In this
regard, 3 different settings can be found. First, the acute setting, in which cells are
transplanted within hours of the MI. Here, the inflammatory microenvironment and the
necrotic/apoptotic signals released from resident cells [65,66] are the main opposing
forces to the therapeutic activity of cells. Nevertheless, homing signals [67] and an anti-
fibrotic milieu [68] may have a positive influence. Also, from a practical point of view,
dealing with acute models offers the advantage of subjecting animals to only one
surgery, as at the time of the MI (or minutes after it), the cells are applied, thus
decreasing mortality and invasiveness. As a consequence, the majority of published
reports use acute models [37,69-84]. Most studies (with the exception of the two by van
der Bogt and colleagues [74,77]) have consistently demonstrated that the treatment
induces a significant benefit for cardiac function, mainly through paracrine mechanisms
that induce an increase in tissue perfusion and a decrease in the size of the scar and

collagen content.

Similar results have been obtained in a second setting, the chronic one. Here, the repair
processes that take place after ischemia have been completed, the scar has matured, and
although a new network of blood vessels has been created, this is disorganized and
inadequate [85,86]. These facts impose a great burden upon cell-survival. However, it
must be taken into account that the generation of homogeneous populations as BM-
MSC or ADSC needs weeks of in vitro culture, thus, unless used in the allogeneic
setting, there is no possibility of the bedside translation of use of mesenchymal
progenitors in the acute setting. In spite of this difficulty, fewer reports deal with this
issue [87-90]. Compared to results in the acute setting, mesenchymal cell therapy of

chronically infarcted hearts has a positive effect upon organ contractility and histology.

As a third and intermediate position, the so-called sub-acute model represents a

situation where angiogenic processes are still on course, either through endothelial



progenitors [91] or macrophages [92], and the receding of inflammation plus the
increase in fibrotic processes are also on course. As with chronic models, there are few
reports in this setting [17,18,93,94], but again the benefit and mechanisms appear to be

consistent.

Nevertheless, analyzing in more depth the studies mentioned above, it is possible to find
a fair amount of information on how mesenchymal progenitors behave when injected
into the diseased heart has been gathered. Lee et al showed that transplantation of BM-
MSC into chronically infarcted rabbit hearts induced an increase in the concentration of
SDF1 that elicited the chemotaxis of host-derived BM progenitors (CD34+, CD117+,
STRO1+) and was related to a functional benefit, a decrease in infarct size and
improvement in tissue vascularization [89]. Li and coworkers demonstrated that the
functional enhancement was accompanied by the augmented expression of the pro-
survival gene Akt [95] whereas Mias and colleagues showed that the benefit upon
contractility and remodeling in vivo was accompanied in vitro by a plethora of anti-
fibrotic actions [52]. In a sheep model of MI, the group of Dr Spinale monitored the
evolution of MMPs and their inhibitors, demonstrating a relationship with the number
of transplanted cells [75]. Resembling their in vitro behavior, several publications have
demonstrated the association between pro-angiogenic activity in vitro and secretion
(either direct or host-derived) of angiogenic cytokines as VEGF, HGF or insulin-like
growth factor 1 (IGF1) among others [17,84,93,96,97]. Whether these capacities are

related to the claimed pericytic-nature of these cells [10,48,49] remains to be resolved.

Immune modulation (reviewed in [98]) in theory provides the means for the allogenic
use of MSCs and as an off-the-shelf product (expanded prior to the onset of the
ischemia and applicable on demand). Two reports have compared the effects of
allogenic versus syngenic injection of BM-MSC in rat model of MI, with conflicting
results. Imanishi et al [78] demonstrated that both autologous and allogeneic cells
improved cardiac function 4 weeks after transplantation, remained in the damaged
tissues and did not stimulate rejection. Huang and coworkers, on the other hand [56],
followed animals for up to 6 months. Syngenic cells stimulated cardiac recovery, but the
effect of the allogenic treatment was transitory (significant 3 months post-injection but
not at 6) and BM-MSC disappeared earlier than their syngenic counterpart. However,
this difference can be attributed to methodological discrepancies regarding time of

transplantation (acute versus chronic respectively) or follow-up (1 versus 6 months).



Equivalent and importantly, results from clinically-relevant large animal models of MI
in which allogenic cells have been employed have revealed either positive [99,100] or
no functional outcome [79]. On the other hand, when autologous ADSCs or BM-MSCs
are used [72,83,101,102], reports have shown a robust and consistent functional
recovery after cell transplantation. Thus, strict considerations about building up animal

models must be taken into account.

PROBLEMS, SOLUTIONS

Despite all the optimism, stem cell therapy shows certain caveats that are amenable to
improvement, namely lack of substantial engraftment and cell-persistence, high levels
of death and low in vivo differentiation capacity. Some approaches to try to remedy
these problems have included the use of genetic manipulation, in vitro pre-treatment of
cells or biomaterials. In this sense, the CXCR4/SDF1 axis has been greatly exploited.
Ma et al investigated the peak of cardiac SDF1 expression [103] in rat MI, finding that
injected cells at that time point (1 day post-infarction) increased cell engraftment and
tissue angiogenesis. Cheng and coworkers transplanted BM-MSC engineered to
overexpress the receptor CXCR4, strengthening cell-homing to the injured tissue after
tail vein-injection [104]. The same group combined BM-MSC peripheral injection with
administration of granulocyte colony-stimulating factor, which in vitro increased
CXCR4 expression. However, although engraftment was increased, no effect of cardiac
function was found [105]. Huang and associates demonstrated that overexpression of
the chemokine receptor CCR1 but not CXCR2 was associated with improved survival

and grafting in a mouse model of MI, which also restored functionality [106].

Cell survival in the infarcted myocardium is jeopardized by hypoxia, inflammation or
oxidative stress. Liu et al engineered BM-MSC to overexpress angiogenin [107], which
improved hypoxic resistance in culture and was translated into an increase in cell
engraftment and functional- and histological-recovery induction. Cell-overexpression of
hemeoxygenase-1 through adenoviral transfection showed superior therapeutic capacity,
mainly through protection from inflammation and apoptosis [108], whereas targeted
Akt-overproduction in MSC restored cardiac function 2 weeks post-MI through
paracrine actions, including protection from hypoxia-induced apoptosis, release of

cytokines and preservation of tissue metabolism [109-111]. Others have explored anti-



oxidants, like Song et al who published that reactive oxygen species (ROS) diminished
BM-MSC adherence to the substrate, but when treated with a ROS scavenger (N-acetyl-
L-cysteine), engraftment was improved and the increase in fibrosis and infarct size
prevented [112]. Hsp20 overexpression also protected MSC from oxidative stress and

improved their beneficial activities [97].

However, viral or genetic modification of cells implies certain risks that currently make
it difficult for a devised therapy to reach the bedside. Bioengineering uses
biocompatible materials to improve or direct cell therapy and either synthetic or
naturally-derived systems have been employed. Jin and coworkers seeded BM-MSC on
poly(lactide-co-1-caprolactone) patches which when applied on a rat cryoinjury model
were able to improve cardiac function and decrease infarct size [113]. Porcine small
intestine submucose, a decellularized substrate, has been employed to treat a rabbit
model of chronic MI, showing a significant benefit upon contractility and histology, as
well as cell migration towards the injured tissue [114]. The cell sheet technology allows
increasing thickness through stacking of constructs, as shown by Chen et al [115],
where its transplantation in rat syngenic model of cardiac ischemia improved cardiac
function as well as paracrine secretion of therapeutic molecules by grafted cells. Dr
Mori’s group compared the transplantation of a cell sheet seeded with ADSC versus
fibroblasts, showing the superior effect of the mesenchymal progenitors [116].
Recently, autologous ADSC were transplanted along with allogenic ESC-derived
CD15+ cardiac progenitors in a monkey model of infarction, demonstrating the safety

of the procedure, although the functional outcome was not analyzed [117].

MESENCHYMAL PROGENITORS AND CLINICAL APPLICATION

Several clinical trials have been performed with autologous BM-MSC, proving their
safety when transplanted in patients with either acute or chronic myocardial infarction
[118-120]. Moreover, the first clinical trial designed as a randomized study showed an
improvement in the cardiac function 3 months after BM-MSC intracoronary infusion in
patients with acute MI [120]. In view of the encouraging results of the previous clinical
trials, new phase-I/Il studies have been initiated, including the Transendocardial
Autologous Cells (hMSC or hBMC) in Ischemic Heart Failure Trial (TAC-HFT;
www.clinicaltrials.org/NCT00768066), the Prospective Randomised study Of MSC



THErapy in patients Undergoing cardiac Surgery (PROMETHEUS) trial
(www.clinicaltrials.org/NCT00587990) and the Percutaneous Stem Cell Injection

Delivery Effects on Neomyogenesis (POSEIDON) pilot study
(www.clinicaltrials.org/NCT01087996) [121], among others.

BM-MSCs from allogeneic origin have been tested as an off-the-shelf cell product. The
first phase-I, randomized, double-blind, placebo-controlled, dose-escalation study was
performed in 53 patients with acute MI, who intravenously received one of three doses
of BM-MSCs (0.5, 1.6 or 5.0 x 10° BM-MSC/Kg body weight) derived from a single
cell donor (Prochymal; Osiris therapeutics, Inc.) or placebo [122]. Safety of the
procedure was proven, showing fewer episodes of ventricular tachycardia and even a
better lung function in the cell treated group. Also, renal, hepatic and hematologic
laboratory indexes were similar in the two groups and no patient developed tumors.
Importantly, a significant increase was detected in the ejection fraction (EF) of the
treated patients. In a magnetic resonance imaging substudy, cell treatment, but not
placebo, increased left ventricular ejection fraction and led to a reversal of adverse
remodeling after 6 months of treatment. Now, a phase-Il multicentre trial of

ProchymalTM has been started (www.clinicaltrials.org/NCT00877903).

Furthermore, BM-MSC safety has been tested in patients with moderate to severe
chronic heart failure in a phase-II, randomized, single-blind, placebo-controlled, dose-
escalation, multicenter study. In this clinical trial, the patients received an
endoventricular injection of an allogeneic BM-MSC product (Revascor, Mesoblast Ltd.)
along the infarct border zone and no procedure-related complications were reported.

Analysis of the data  obtained after 6 months of follow-up

(www.mesoblast.com/newsroom/asx-announcements/archives) showed a significant
decrease in the number of patients who developed any severe or major adverse cardiac
event, such as composite of cardiac death, heart attack or need for coronary
revascularization procedures. Moreover, the first cohort in the study (n=20 patients)
(which received the low dose of the cell treatment) showed a significantly greater

increase in the EF when compared with the control group [123].

On the other hand, regarding other sources of MSC such as adipose tissue, no clinical
trials have been initiated yet, despite the fact that the beneficial potential of ADSC has

been pre-clinically demonstrated [83]. Until now, only the non-cultured adipose stromal



vascular fraction is being tested at the clinical level. The first study, a double-blind,

placebo-controlled trial named APOLLO (www.clinicaltrials.org/NCT00442806; [124])

where AMI patients received autologous adipose derived stem cells by intracoronary
infusion, was proved safe. Now a phase II/IIl ADVANCE trial has been initiated to
evaluate their efficacy (www.clinicaltrials.org /NCT01216995).

In general, the results obtained from the many clinical trials performed, either with
MSCs or other stem cell populations (mainly BM-derived cells and skeletal myoblasts),
have taught us several important lessons that will help to design and interpretate the
following clinical trials: (i): cell treatment is not equally efficacious in all the patients.
In general, it seems that the worse the heart damage (meaning severely decreased post-
revascularization LVEF or high degree of infarct transmurality), the better the benefit
induced by the transplanted cells seems to be [125-127]; (ii): Cell dose and timing for
treatment are critical. Thus, a meta-analysis of the results obtained in the most relevant
clinical trials performed in acute MI patients treated with BM cells has shown a
significantly greater effect in those patients that received high cell doses (10° cells).
Also, the same study showed a greater beneficial effect when cells are infused during
the first week after the infarct [128]; (iii): Autologous treatment is not necessarily the
best. Until now, most of the clinical studies have been designed for autologous cell
application in order to avoid the immunorejection of the transplanted cells. However, it
has to be borne in mind that stem cells derived from aged-patients with risk of
atherosclerosis or other diseases might be defective, and thereby, treatment with them
might not be as efficacious as with cells derived from young healthy donors [129-131].
In that sense, the use of MSCs which present immunomodulatory properties [132] could
be of great relevance. Thus, advantages of allogeneic MSC treatment would be that,
together with the putative greater paracrine effect that allogeneic cells derived from a
healthy donor could exert, a fully tested clinical grade ready to use allogeneic cell
product could be available for any patient. Importantly, patients with acute MI could
also be eligible for such treatment. Furthermore, the logistical complexity and
manufacturing costs that autologous cell preparation implies would be significantly
reduced by the allogeneic application. However, caution should be taken when taking

into consideration the issues related to their immune privilege explained above.

Thus, although it is mandatory to better understand the mechanisms involved in the

MSC phenotype switch and to elucidate how this could affect the cells’ potential



benefit, it has to be considered that, in any case, because MSC would not differentiate
towards cardiovascular cells and would act as a paracrine factor source [111], their
permanent presence in the heart might not be necessary for therapeutic purposes. In that
case, a temporarily action should be sufficient for exerting their benefit. Phase-II
clinical trials are currently assessing the efficacy of the allogeneic MSC treatment,
together with the long-term safety. If allogeneicity of the cells diminishes their
effectiveness, several options could be considered, like temporal patient
immunosupression and/or donor-recipient HLA-II mismatch minimizing. As a
consequence, the increase in the rate of engraftment of transplanted cells is so far one of
the main challenges. As already indicated, the use of scaffolds could improve this
factor. Interestingly, a clinical trial has been performed in 15 patients with chronic MI
who were treated with a collagen scaffold previously seeded with bone marrow
mononuclear cells [133]. The celularized patch was implanted onto the pericardium and
no adverse events were reported, showing the feasibility and safety of the treatment.
Furthermore, a limiting effect in ventricular wall remodeling and an improved diastolic
function was detected. These positive results will probably promote new larger
randomized controlled trials, where mesenchymal and other stem cell populations might
be tested in combination with scaffolds, thus leading to a further step in the therapeutic

use of stem cells.

CONCLUSION

Mesenchymal cells have raised substantial interest in recent years due to their potential
and versatility. Although we are only now starting to understand the mechanisms by
which they repair or induce the repair of damaged organs, their pleiotropic activity and
the technical ease of manipulation makes them good candidates for the treatment of the
MI. Though waiting for randomized, double-blinded, placebo-controlled clinical trials
in which large cohorts of patients could participate, the available data demonstrates the
safety of the therapy and points towards a positive effect, further encouraging new
investigations. The addition of the latest improvements in the field, including in vitro
conditioning and bioengineering, will surely suppose a further step towards finding an
optimized treatment. However, certain issues, mainly immunomodulatory-capacity and

allogenic use, need to be better understood.
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FIGURE LEGENDS

Figure 1. Standarized requirements for MSC definition. Prerequisite for MSC
denomination includes surface antigen profile, capacity or differentiation into

mesenchymal lineages, stromal supportiveness and in vitro growth on plastic adherence.

Figure 2. Main MSC actions on injuried myocardium. Mesenchymal progenitors
transplanted onto the ischemic myocardium are able to secrete a plethora of therapeutic
molecules (paracrine activity), differentiate towards cardiac lineages or modulate
immune response, promoting both a anti-inflammatory microenviroment and an
increased tolerance of transplanted cells, encouraging the healing of the damaged tissue
and avoiding its transition to a scarred muscle. Abbreviations: IGF1: insulin-like growth
factor 1; SDF1: stromal derived factor 1; VEGF: vascular endothelial growth factor;
HGEF: hepatocyte growth factor; EC: endothelial cell; MMP: matrix metalloproteinase;
CM: cardiomyocyte; SMC: smooth muscle cell; DC: dendritic cell; Pro-inf.: pro-

inflammatory; Anti-infl.: anti-inflammatory; MI: myocardial infarction.
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ABSTRACT

In recent years, the incredible boost in stem cell research has kindled the expectations of
both patients and physicians. Mesenchymal progenitors, owing to their availability, ease
of manipulation and therapeutic potential, have become one of the most attractive
options for the treatment of a wide range of diseases, from cartilage defects to cardiac
disorders. Moreover, their immunomodulatory capacity has opened up their allogenic
use, consequently broadening the possibilities for their application. In this review, we
will focus on their use in the therapy of animal preclinical models of myocardial
infarction, with special focus on their characteristics and their in vitro and in vivo

mechanisms of action.



INTRODUCTION

In spite of the increasing knowledge of its causes, development and treatment,
myocardial infarction (MI) remains the greatest health concern worldwide [1].
Following the ischemic event, the damage inflicted upon cardiac cells rapidly becomes
irreversible, leading to massive death and loss not only of muscular but also vascular
cells [2]. Although clinical practice has raised the expectancy of surviving an MI and is
able to mitigate its progression [3], the mammalian (and therefore the human) heart
lacks a significant capacity to self-heal, leaving a chronically scarred organ with a
limited and waning functionality, which will finally lead to heart failure and the

dichotomy of transplantation versus death.

During the last 15 years, the boost in stem cell research has ignited the expectations of
patients and scientists alike. Although the initial hypothesis was that these plasticity-
endowed cells could mend what disease had broken through direct replacement of lost
cell populations [4], an increasing body of evidence points towards their capacity to
secrete therapeutic molecules as a potent regenerative tool [S]. Among the different cell
types assayed, mesenchymal stem cells (MSC) are one of the most interesting and
intensively investigated. In the following pages we will revise what characteristics make
mesechymal progenitors so appealing for cardiac regeneration as well as discuss the

available data from studies in which MSC have been employed to treat animal models
of MI.

ORIGIN, CHARACTERISTICS AND ISOLATION OF MSC

In 1974, Friedenstein and colleagues published one of the first reports on MSC [6,7],
demonstrating the clonogenic potential of multipotent cells in the marrow, which they
termed colony forming unit-fibroblasts. Since then, our knowledge of these cells has
greatly increased, and MSCs are now viewed as a mesodermal-derived population,
ubiquitously found in a variety of tissues, most abundantly bone marrow (BM) and
adipose tissue (AT), but also in dental pulp, menstrual and cord blood, among other
sites [8-12]. Nevertheless, their physiological function is still not well established,
mainly due to the lack of an appropriate marker for their in vivo identification and the

difficulty of performing adequate lineage-tracing experiments. Although the possibility



of their residence within the proximity of vessels has been hinted [13], this has not been
extensively proved. It is widely assumed, however, that MSCs give support and nurture
to other cells, with several studies identifying their role in endogenous tissue repair
processes (reviewed in [14]). This plethora of origins and capacities has impelled
standardization, as the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy proposed in 2006, concluding that the
minimum requirements to define MSC [15] are: first, cells must be plastic-adherent
under currently established culture conditions; second, MSC should express CD73,
CD90 and CD105, and lack expression of HLA-DR, CD11b, CD14, CD19, CD34,
CD45 or CD79-alpha; finally, they must be able to differentiate to osteoblasts,
chondrocytes and adipocytes in vitro. Still, caution must be taken as some reports fail to
meet these criteria, and MSC is often employed for “Marrow Stromal Cell”,
“Mesenchymal Stromal Cell” or “Marrow Stem Cell”. Accordingly, a clarification was
published in which MSC was defined as “Multipotent Mesenchymal Stromal Cells”
[16], adding the supportive property to the required characteristics [17]. Nevertheless,
tissue of origin gives isolated progenitors a distinct therapeutic potential, making
comparisons between different populations difficult. For example, the relative
abundance of mesenchymal progenitors in BM versus AT (0.01%-0.0001% of cells in
the marrow [18] and 100 to 500 times that number in adipose depots [8]) may
importantly impact cell growth kinetics and other characteristics, as has been proved at
a functional, genomic and proteomic level [19,20], suggesting a higher degree of
commitment of BM-MSC to chondrogenic and osteogenic lineages than adipose-
derived MSC (termed adipose-derived stem cells, ADSC) [21]. However, whether these
differences are due to true divergences in the nature of MSC and ADSC or to the in

vitro processing also remains to be resolved.

The isolation of mesenchymal progenitors is nowadays a straightforward technique
which commonly relies on obtaining an intermediate mixture of progenitors. When the
starting sample is BM or blood, a Ficoll gradient centrifugation or similar process is
employed to remove most contaminating erythrocytes [11,12,22], rendering the
mononuclear fraction. AT processing requires careful mincing plus an enzymatic
(usually collagenase) digestion of the specimen to segregate adipocytes from the
stromal vascular fraction [23]. After in vitro culture under similar conditions, the

mononuclear and the stromal vascular faction give rise to BM-MSC and ADSC



respectively. Thus, unless allogenically employed, the use of mesenchymal progenitors
implies several weeks of processing prior to their application to the patient. This issue
will be further discussed bellow, as it has fundamental implications for their use in the

cardiovascular field.

THE TRIPLE GOAL OF CARDIAC REGENERATION AND MSCs

The reconstruction of the diseased left ventricle (LV) is a final goal with three main
aims: (1) the regeneration of the cardiac muscle, (2) the formation of a mature,
functional vascular network to irrigate it and (3) the return of the damaged tissue to its
former geometry. Failure in accomplishing any of the three would impair the outcome
of the therapy. Stem cells, and mesenchymal progenitors among them, can contribute to
these mainly through two mechanisms: certain differentiation to the desired phenotypes
and, of more significance, releasing of molecules with therapeutic potential. Further
increasing their capacities, mesenchymal cells have also the ability to regulate the

immune response, which further widens their possible applications.

Transdifferentiation of MSC to the desired phenotypes has been documented. BM-MSC
have shown their capacity to give rise either to endothelial cells (EC) [24,25] or smooth
muscle cells (SMC) [24], but the obtaining of CM has been contested due to the
immaturity of the resulting cells [26,27] or the use of demethylating agents [28].
Similarly, although ADSC are able to differentiate into vascular cells [29,30], the
obtaining of CM has been accomplished under treatment with DMSO [31]. Other types
of MSC have also been differentiated to CM or CM-like cells, such as menstrual blood-
derived MSC [11] or umbilical cord-MSC [12]. In recent years AT has been proposed
as a much richer source of stem cells with cardiac and endothelial potential than the
BM, yet a cautionary note must be risen as these studies either rely on freshly isolated
cell subpopulations or they culture cells under differentiating promoting conditions
without true prior mesenchymal enrichment [32-34], so direct comparison between
those and BM-MSC is not possible. To date, though angiogenic potential of MSC is
better established and is probably related to the pericytic nature of these cells [35,36],

their differentiation into cardiac myocytes is still heavily challenged.



However, the suitable exploitation of the differentiation capacity of MSC in MI still
presents certain caveats. First, patients receiving stem cell therapy are severely diseased
and usually elderly, two factors that have an outstanding impact on stem cell function.
For instance, a decrease in the numbers and functionality of circulating endothelial
progenitors is directly related to cardiovascular risk and smoking [37,38] and age has
also been shown to impair the angiogenic capacity of both BM-MSC and ADSC
[39,40]. Second, cell engraftment is poor, with few cells capable of long-term
persistence (reviewed in [41]) in the scarred myocardium. Third, the loss of a significant
mass of contractile cells and their associated vessels imposes a burden that is almost
impossible to overcome. The myocardium hosts on average 20 million cardiomyocytes
(CM) per gram of tissue which, considering a human left ventricle (LV) of about 400 g,
means that in cases when an MI damages 25% of it, about 1 billion contractile cells are
lost, as well as other components of the cardiac architecture (fibroblasts, endothelial and
smooth muscle cells, etc.) [42]. Thus all of these factors, coupled to the low rates of cell
differentiation achieved even under in vitro controlled conditions, make the rebuilding

of the LV through the addition of such a small number of cells a rather naive strategy.

On the other hand, MSC have been shown to be first-class paracrine secretors, being
able to induce a significant effect upon the damaged heart, even when low numbers of
cells manage to engraft [43]. Angiogenic molecules like vascular endothelial growth
factor (VEGF) or hepatic growth factor (HGF) have been shown to be secreted by either
BM-MSC or ADSC [44-48]. Additionally, ADSC have been reported to form and
stabilize functional vascular networks when mixed with endothelial progenitors [49]
and Chen et al showed that BM-MSC were a more potent source of pro-angiogenic
cytokines than dermal fibroblasts, exerting a stronger effect upon the recruitment of EC
and macrophages and improving wound healing [46]. The role of mesenchymal
progenitors such as fibrosis-regulators is similarly extensively documented. Conditioned
medium from BM-MSC decreases cardiac fibroblast proliferation and modifies the
secretory equilibrium towards an anti-fibrotic milieu, with diminished expression of
collagen types I and III [50,51] and increased secretion of matrix metalloproteinases
(MMP) 2, 9 and 14 [52]. Likewise, ADSC produce transforming growth factor (TGF)
B1, one of the most potent regulators of fibroblast behavior and fibrosis [53]. Beside
perfusion promotion and collagen architecture regulation, MSC are able to migrate to

the sites of injury due to their expression of the chemokine receptor CXCR4 [54] and



traffic through type I collagen membranes as demonstrated by the expression of five
types of MMPs (2, 3 and membrane type-MMPs 1, 2 and 3) [55]. These two features
would theoretically allow MSC to home to and migrate through the scarred
myocardium. Taken as a whole, all of these exemplify the plethora of paracrine-

mediated actions that mesenchymal progenitors can set into motion.

As already noted, immune regulation is one of the most interesting competences of
MSC (reviewed in [56]). Marrow-derived MSC inhibit the proliferation of activated T
cells and the formation of cytotoxic T cells [57], inducing an anti-inflammatory
phenotype. This unique capacity significantly broadens the scope of MSC use, as it
opens the way to allogenic applications or even to their use as “inducers of tolerance” to
other cell types [58]. However, some concerns have been reported. Huang et al reported
that differentiation reduced the capacity of immunological escape of BM-MSC [59],
related to an increase in immunostimulatory molecules MHC-Ia and II and a decrease in
the immunosuppressive MHC-Ib. Along similar lines, McIntosh and coworkers reported
that ADCS beyond passage 1 (and thus devoid of contaminating differentiated cells
[60]) failed to elicit a response from allogenic T cells [61], but this attribute may be
diminished under inflammatory stimuli, as shown in vitro [62]. As a consequence, the
true ability of MSC to be tolerated by the host’s immune system is still debated, and has
proved not so significant as initially thought [63].

Finally, since the groundbreaking report in 2006 by Yamanaka and coworkers [64]
where induction of pluripotency in adult (stem) cells by overexpression of the
pluripotency transcription factors Oct3/4, Sox2, KIf4 and c-Myc was shown,
mesenchymal cells have been investigated intensively [65,66]. Advantages like the ease
of harvest and culture together with a higher potency than other cell types (e.g.: dermal

fibroblasts), has made them good candidates for iPS derivation

MSC IN PRECLINICAL MODELS OF MI

The assessment of stem cells in animal models of MI is a compulsory test before any
further step is taken. Results from clinical trials that have already finished have
demonstrated the critical impact that not only the treatment, but most importantly, the

type of disease where cells are applied on, has on the outcome of the study (reviewed in



[67]). Although cardiovascular diseases have been widely modeled, stem cell therapy
has been mostly centered on permanent/transient models of myocardial ischemia, with
few reports dealing with other settings [68]. However, a distinction between three

different models can be made: acute, sub-acute and chronic models of MI.

In the acute form, cells are transplanted within hours of the induction of ischemia. Here,
cell therapy must cope with a pro-inflammatory microenvironment and the
necrotic/apoptotic molecules released from dying cells [69,70]. Nevertheless, both the
presence of homing signals and an anti-fibrotic milieu can be a positive counterbalance
[71,72]. The great majority of published reports has relied on this model [12,73-88] due
to the fact that transplanting cells at the time of coronary occlusion (or minutes/hours
after it) subjects animals to only one operation and consequently decreases the mortality
associated with the process. With the exception of studies by van der Bogt and
colleagues [78,81], all specialists have consistently demonstrated that therapy with
MSC induces a significant benefit upon cardiac function, which has mainly been
attributed to the paracrine activity of the cells that induce an increase in tissue perfusion

and a decrease in the size of the scar and collagen content.

In spite of these results, implementation of a therapy based on transplanting
mesenchymal progenitors (a population that needs several weeks of in vitro
purification) on the acute phase of the disease is not possible unless allogenically
employed. Strikingly, far fewer studies have dealt with the opposite situation, the
chronic phase [22,23,89,90], where the repair processes take place after the ischemia
has been completed: inflammation has receded, the scar has matured and although a
new vascular network has been developed, it is disorganized and insufficient [91,92].
Notwithstanding the great burdens that these conditions impose upon transplanted cells,
the abovementioned studies have demonstrated that, as shown for the acute phase,
MSCs exert a positive action on cardiac contractility and histology, again mostly due to

the secretion of therapeutic molecules and the action on resident cells.

Finally, a third, intermediate setting can also be found: the sub-acute. In this, angiogenic
processes are still on course, either through endothelial progenitors [93] or macrophages
[94], and the receding of inflammation is coupled to an increase in fibrotic processes.
Again, reports in models of sub-acute MI are scarce [10,11,95,96], but the benefit and

mechanisms, as in acute and chronic models, appear to be consistent.



Thus, a fair amount of information is available, supporting the capacity of mesenchymal
progenitors to exert a benefit on cardiac function. The mechanistic basis of this is not
yet fully explained and it seems to be far more complex than what was expected.
However, it is widely accepted that MSC exert their influence upon cardiac contraction
not by directly resupplying the tissue with new CM, but through more subtle actions on
organ architecture and histology. Some of the abovementioned studies provide crucial
hints. Lee and coworkers showed that transplantation of BM-MSC in a rabbit model of
chronic MI induced an increase in the concentration of stromal derived factor (SDF) 1,
which elicited the chemotaxis of host-derived BM progenitors (CD34+, CDI117+,
STROI+) and was related to a functional benefit, a decrease in infarct size and
improvement in tissue vascularization [90], as similarly shown by Suzuki ef a/ in a
swine model of hibernating myocardium [97]. Li and collaborators demonstrated that
the enhanced contractility was accompanied by an increase in the pro-survival gene Akt
[98], whereas Mias et al showed that this functional improvement and remodeling
reversal in vivo was coupled to a myriad of in vitro anti-fibrotic actions [52]. The
Spinale group monitored the evolution of MMPs and their inhibitors after infusion of
BM-MSC in a model of sheep MI, establishing a relationship between the number of
transplanted cells and enzymatic levels [79]. Resembling what was found in vitro,
several reports have associated the pro-angiogenic activity of the cells with the secretion
(either directly or host-derived) of potent angiogenic cytokines such as VEGF, HGF or
insulin-like growth factor (IGF) 1 among others [10,88,95,99,100].

THE PROBLEMS AND THEIR SOLUTIONS

Despite the initial optimism, the fire that fueled the field in its beginnings has cooled
down. Although positive, results from clinical trials have not been as good as it had
been anticipated (reviewed in [67]) and the desired goal of replacing the scar with a
functional myocardium has not yet been achieved. Cell therapy presents certain caveats
that need to be improved before the goal of regeneration is achieved. There are two
main difficulties: lack of efficient differentiation and low survival/engraftment capacity.
As one of the spearheads of cell therapy, MSC are currently undergoing intense

investigation to solve both of these issues (Figure 1).



The question of improving cell survival and permanence at the site of injury has been
dealt with by two chief approaches: cell modification and tissue engineering. Albeit
with certain constraints, genetic manipulation of MSC has undergone profound
investigation. Among the many possibilities, the CXCR4/SDF1 axis has been shown to
have a capital role in cell trafficking and homing. As a consequence, many reports have
exploited it, trying to improve the therapy. Ma et al investigated the peak of cardiac
SDF1 expression after MI in rat, showing that injecting cells at that time point (1 day
post-infarction) significantly enhanced cell engraftment and angiogenesis [101]. Cheng
and collaborators injected BM-MSC engineered to overexpress the receptor CXCR4,
strengthening cell-homing to the injured tissue [54]. The same group combined BM-
MSC peripheral injection with administration of granulocyte colony-stimulating factor
(G-CSF). Although G-CSF was able in vitro to increase CXCR4 expression and in vivo
to augment cell engraftment, no effect on cardiac function was found [102]. Recently,
the group led by Dzau showed that overexpression of the chemokine receptor CCR1,
but not CCR2, was associated with improved survival and grafting in a mouse model of

MI, as well as functional restoration [103].

Similarly, the issue of cell survival has been dealt with through genetic approaches. Liu
et al engineered BM-MSC to overexpress angiogenin, which conferred an improved
resistance to hypoxia and was translated into an increase in cell engraftment and
functional/histological recovery [104]. Adenoviral-transfection of hemeoxygenase-1
resulted in a superior therapeutic effect, mainly through protection from inflammation
and apoptosis [105]. Akt-overproduction in MSC was able to restore cardiac function 2
weeks post-MI via paracrine actions which included protection from hypoxia-induced
apoptosis, release of cytokines and preservation of tissue metabolism [106-108]. The
use of antioxidants, aimed at diminishing injury by reactive oxygen species (ROS), has
proved useful, as demonstrated by Song and collaborators who showed that ROS
inhibited BM-MSC adherence to the substrate, whereas pretreatment with the ROS
scavenger N-acetyl-L-cysteine improved engraftment and precluded the increase of
fibrosis and infarct size [89]. Hsp20-mediated protection from ROS also enhanced the
therapeutic activity of MSC due to increased expression of Akt and secretion of growth

factors [100].

However, genetic modification of stem cells, though possible, implies risks that make it

difficult for a treatment to reach the bedside. Bioengineering, on the other hand, makes



use of biocompatible materials to improve or direct cell therapy through providing
anchorage to transplanted cells as well as mechanically helping the diseased ventricle.
Naturally-derived materials have been employed intensively. Porcine small intestine
submucose, a decellularized substrate, seeded with BM-MSC, has been used to treat
chronic MI in rabbit, resulting in a significant benefit for cardiac function and histology,
as well as improved cell retention and migration towards the injured tissue [109]. Jin
and coworkers applied patches of poly(lactide-co-g-coprolactone) overlaid with BM-
MSC on a rat cryoinjury model, where treatment improved functionality and decreased
infarct size [110]. The cell sheet technology allows increasing the thickness of the
constructs through stacking. Thus, Chen and coworkers transplanted 5-fold layers of
marrow-derived MSC on a rat model of cardiac ischemia, showing that the treatment
improved cardiac function along with paracrine secretion of therapeutic molecules by
grafted cells [111]. Mori’s group compared the transplantation of a cell sheet composed
of ADSC versus fibroblasts, demonstrating the superior effect of the mesenchymal
progenitors [112]. Recently, autologous ADSC were co-transplanted with allogenic
human embryonic stem cell-derived CD15+ cardiac progenitors in a monkey model of
MI, providing proof of the safety of the procedure, although functionality was not

analyzed due to the small number of treated animals [58].

Stem cell differentiation, though shown not to be necessary for a therapy to induce
significant benefits [22,23], is one of the most desired goals in the field. If transplanted
cells are not able to replace ischemia-damaged cells, the treatment may limit infarct
expansion, but the damaged tissue will not be substituted, leaving the organ chronically
scarred. As a consequence, some reports have aimed at increasing MSC differentiation
in vitro prior to its transplantation. Hahn and coworkers incubated cells in a mixture of
fibroblast growth factor 2, IGF1 and bone morphogenetic protein 2 (all of them well
known promoters of cardiac differentiation) [113]. In culture, pre-treated cells, though
not differentiated, were able to protect neighboring CM from hypoxia via enhanced gap
junctional communication, which was in vivo translated to a significant benefit in
cardiac function even in comparison with untreated cells. Cho et al lentivirally
transduced BM-MSC to overexpress GSK3B under the rationale of increasing cell
differentiation to CM. When transplanted in a mouse model of MI, the treatment
showed an enhanced efficacy as well as an improved cell differentiation capacity [99].

Tissue architecture and mechanical properties have also of late been revealed as



principal mediators of cell differentiation [114,115]. Although few, some published
reports are starting to investigate the effect of substrate geometry and rigidity on MSC
differentiation, with striking results [115,116].

Finally, the immune modulation capacity of mesenchymal progenitors (reviewed in
[56]), which in theory provides the means for the allogenic use of MSCs and as an off-
the-shelf product (expanded prior to the onset of the ischemia and applicable on
demand), needs to be carefully revised. Two reports have compared the effects of
allogenic versus syngenic injection of BM-MSC in rat model of MI, with conflicting
results. Imanishi et al [82] demonstrated that both autologous and allogenic cells
improved cardiac function 4 weeks after transplantation, remained in the damaged
tissues and did not stimulate rejection. Huang and coworkers, on the other hand [59],
followed animals for up to 6 months. Syngenic cells stimulated cardiac recovery,
whereas the effect of the allogenic treatment was transitory (significant 3 months post-
injection but not at 6) and BM-MSC disappeared earlier than their syngenic counterpart.
However, this difference can be attributed to methodological discrepancies regarding
the time of transplantation (acute versus chronic respectively) or the follow-up (1 versus
6 months). Importantly, results from clinically-relevant large animal models of MI in
which allogenic cells have been employed have revealed either positive [117,118] or no
functional outcome [83]. On the other hand, when autologous ADSCs or BM-MSCs
were used [76,86,119,120], reports have shown a robust and consistent functional
recovery after cell transplantation. Thus, although consistently demonstrated in vitro, in

vivo immune modulation by MSC must be accurately assayed.

CONCLUSION

Mesenchymal cells have received substantial interest in recent years as a potential
therapy for MI. Endowed with certain differentiation ability, potent paracrine activity
and capacity for immune modulation, MSC have been one of the major candidates for
reaching the bedside. Nevertheless, the information already gathered from pre- and
clinical studies has significantly shifted this picture to one where immune modulation in
the setting of MI must be carefully revised and in vitro transdifferentiation has not been
translated into any significant contribution to vascular or cardiac lineages. In spite of

these shortcomings, the paracrine action of transplanted cells is sufficiently potent to be



capable of inducing an important benefit in terms not only of cardiac contractility but
also histology. The next challenge faced by both scientists and clinicians is to better
understand the pleiotropic capacities of MSC before further improvements in therapy

can be achieved.
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FIGURE LEGEND

Figure 1. Different strategies for an improved cell therapy of MI. After MI, albeit
significant preventing acute death and transiently increasing contractile capacity,
conventional medical treatment does not restore organ architecture. MSC
transplantation is able to induce a partial recovery of cardiac function and limit infarct
expansion. However, low engraftment and differentiation impair the therapy. Four
systems aim at improving this situation and manage total tissue regeneration: tissue
engineering, genetic modification of cells, pretreatment with protective molecules and

in vitro predifferentiation towards the desired lineages.
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