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Resumen

Las enfermedades cardiovasculares (ECVs) son la primera causa de mortalidad en el
mundo. EI envejecimiento y la hipercolesterolemia son dos factores de riesgo
cardiovascular muy importantes. La lamina A/C es una proteina nuclear codificada por
el gen LMNA que juega un papel estructural y regulador de diversas funciones celulares.
El objetivo de este trabajo de Tesis Doctoral ha sido estudiar el papel del envejecimiento
y la hipercolesterolemia sobre la expresion de lamina A/C y su posible efecto sobre la
ECV asociada. Por un lado, observamos un descenso en los niveles de lamina A/C en
el sistema inmune humano y de ratdén durante el envejecimiento. Ademas, demostramos
que la hipercolesterolemia esta asociada a una disminucién de la expresion de lamina
A/C en leucocitos de raton. Experimentos funcionales de trasplante de ratones
deficientes en Ldlr (LdIr”, del inglés Low-density lipoprotein receptor) utilizando médula
6sea (MO) Lmna™ vy silvestre (WT: Wild-type) (MO Lmna™ = LdIr” y MO WT = Ldlr”,
respectivamente) demostraron un aumento en el desarrollo de arteriosclerosis en la
arteria aorta y en arterias carétidas de los ratones MO Lmna” = Ldlr” alimentados con
dieta grasa (DG) en comparacion con los controles MO WT = Ldir”, sin que los
parametros fisiologicos basicos estuvieran alterados. El aumento de arteriosclerosis en
ratones hipercolesterolémicos carentes de lamina A/C en las células del sistema inmune
estaba asociado a un aumento de la extravasacion de leucocitos y a una menor
velocidad de movimiento de los leucocitos extravasados. De acuerdo con los resultados
anteriores, demostramos mediante experimentos in vitro que los monocitos
proinflamatorios Lmna” migraban con mayor facilidad a través de constricciones de
pequeno tamano, pero eran mas lentos al desplazarse en ausencia de constricciones.
Por otra parte, observamos un descenso en los niveles de lamina A/C durante el
envejecimiento en tejido arterial humano y de raton debido a una disminucién de la
expresion en células de musculo liso vascular (CMLVs) y células endoteliales. Para
profundizar en el papel de lamina A/C en el desarrollo de ECV, desarrollamos el modelo
de ratén Lmna™"* SM22aCre, deficiente en lamina A/C en CMLVs, cardiomiocitos, y
fibroblastos cardiacos. En comparacion con los controles, los ratones Lmna™*/ox
SM22aCre morian prematuramente (vida media = 5 semanas) y mostraban una pérdida
grave de funcion cardiaca en ambos ventriculos, asi como problemas de conduccion
eléctrica en el corazén. Ademas, los ratones Lmna™*x SM22aCre mostraron fibrosis
cardiaca asociada a la expresion exacerbada de marcadores de miofibroblastos (FSP-
1y SMA). En resumen, nuestros resultados sugieren que el descenso de la lamina A/C
contribuye al desarrollo de ECVs asociadas al envejecimiento e hipercolesterolemia.
Seran necesarios mas estudios para determinar los mecanismos moleculares que
subyacen a esta nueva funcion reguladora de la lamina A/C en el envejecimiento y la
ECV
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Summary

Cardiovascular disease (CVD) is the main cause of mortality worldwide. Aging and
hypercholesterolemia are critical cardiovascular risk factors. Lamin A/C, encoded by the
LMNA gene, are nuclear proteins that play important structural roles and regulate a broad
range of cellular function. In this Doctoral Thesis, we studied the regulation of lamin A/C
by aging and hypercholesterolemia, and its possible role in CVD. We observed an age
dependent decrease in lamin A/C expression in human and mouse immune cells.
Likewise, hypercholesterolemia is associated with lower lamin A/C expression in mouse
leukocytes. We next performed functional studies by reconstituting lethally-irradiated
low-density lipoprotein receptor mice (Ldlr’”) with wild-type or Lmna-null (Lmna™) bone
marrow (BM-WT = LdlIr", BM-Lmna” = LdIr", respectively). We found higher
atherosclerosis burden in aorta and carotid arteries of BM-Lmna” - Ldlr’mice fed high
fat diet for 6 weeks compared with BM-WT = Ldlr” controls, without significant changes
in circulating blood cell populations, body weight and lipid profile. Augmented
atherosclerosis in BM- Lmna™” - LdIr” mice was associated with increased leukocyte
migration, although their migration velocity within the tissue was lower. Consistent with
these findings, Lmna” proimmflamatory monocytes migrated in vitro more easily through
small constrictions but exhibited slower velocity when passing through straight channels
without constrictions. We also found a significant downregulation of lamin A/C in aged
mouse and human arterial tissue, due to diminished expression in both smooth muscle
cells (SMCs) and endothelial cells. To further investigate the role of A-type lamins in
CVD, we generated a mouse model with genetic disruption of Lmna specifically in SMCs,
cardiomyocytes and cardiac fibroblasts (Lmna™x SM22aCre). Compared with
controls, Lmna™*°x SM22aCre mice died prematurely (average life span: ~5 weeks) and
exhibited cardiac alterations, including defective conduction and repolarization, severe
left ventricle and right ventricle dysfunction. Remarkably, Lmna™"x SM22aCre
developed prominent interstitial cardiac fibrosis associated with augmented expression
of FSP-1 and SMA. Collectively, our results suggest that lamin A/C downregulation
contributes to CVD during aging and in the setting of hypercholesterolemia. Future
studies will examine the molecular mechanisms underlying these new regulatory

functions of lamin A/C in aging and CVD
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Abreviaturas

AA - Arco aortico

AT - Arteria toracica

BSA - Albumina de suero bovino (del inglés ‘Bovine Serum Albumin’)
CMLVs - Células de musculo liso vascular

DG - Dieta grasa

DN - Dieta normal

ECG - Electrocardiograma

ECV- Enfermedad cardiovascular

FA - Fibrilacion auricular

FBS - Suero fetal bovino (del inglés ‘Fetal Bovine Serum’)

FCs - Fibroblastos cardiacos

FEVI - Fraccién de eyeccion del ventriculo izquierdo

HE - Hematoxilina-eosina

HRP - Peroxidasa de rabano picante

IL-4 - Interleuquina 4

LDLs - Lipoproteinas de baja densidad (del inglés ‘Low-density lipoprotein’)
LdIr”- - Ratén deficiente en el receptor de LDLs

MDMO - Macréfagos derivados de médula 6sea

MIF - Media de intensidad de fluorescencia

MM - Modo M

MNE - Membrana nuclear externa

MNI - Membrana nuclear interna

MO - Médula 6sea

ORO - Oil Red O

PBS - Tampén fosfato salino (del inglés ‘Phosphate Buffered Saline’)
PDMS - Polidimetilsiloxano

PFA - Paraformaldehido

PVDF - Polifluoruro de vinilo

Sel-E - Selectinas-E

Sel-L - Selectinas-L

Sel-P - Selectinas-P

SEM - Error estandar de la media (del inglés ‘Standard Error of the Mean’)
Sl - Sistema inmune

TAPSE - Excursion sistolica plana anular tricuspide (del inglés ‘tricuspid annular plane
systolic excursion)

WB - Western blot

WT - Fenotipo Silvestre (del inglés ‘Wild-type’)
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Introduccion

1. Componentes del sistema cardiovascular

La mayoria de las especies animales han desarrollado mecanismos para el transporte
de sustancias a través del cuerpo. Los mamiferos poseen un sistema cardiovascular
capaz de transportar por la sangre el oxigeno y los nutrientes a todas las células, asi
como eliminar el diéxido de carbono y transportar proteinas y células del sistema inmune
(SI). El sistema cardiovascular esta formado por el corazén y un conjunto de vasos
sanguineos ramificados, compuesto de arterias, venas y capilares (Betts et al., 2017)

(Figura 1).

Pulmones

Arteria

| Venas pulmonares
pulmonar

Circulacion
pulmonar

> Venacava Aorta
Parte
superior del
cuerpo
Higado

Vena hepatica Arteria hepatica

Sw
'§ E 4 Vena porta hepatica
3Q
©n
S Estomago,
Intestino [ Vasos transportando
Vena renal sangre oxigenada
Arteria renal [ Vasos transportando
sangre desoxigenada
Rifiones Vasos implicados en el
intercambio de gases
. Parte
inf erior del
cuerpo

Figura 1. Esquema del sistema circulatorio. Circuito que sigue la sangre desde el corazén hacia los
pulmones para su oxigenacion y posterior distribucion a los distintos érganos y tejidos. Figura adaptada de
Betts et al., 2017.

El corazén es un érgano contractil capaz de bombear sangre hacia las arterias. Se
compone de cuatro camaras: dos ventriculos, situados en la zona inferior, y dos
auriculas, situadas en la parte superior. En el tejido cardiaco existen varios tipos de
células, principalmente cardiomiocitos, fibroblastos cardiacos (FCs), células
endoteliales y células perivasculares, ademas de células de musculo liso vascular
(CMLVs), células marcapasos y células de Purkinje (Xin et al., 2013; Zhou & Pu, 2016)
(Figura 2).
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Vena cava
superior

Células endoteliales

A

Células marcapasos a
&=

Células epicardicas

Fibras de Purkinje

Vena cava
inferior

Cardiomiocitos

Figura 2. Composicion celular del corazén. Esquema ilustrativo del corazén con sus diferentes tipos
celulares. Figura adaptada de Xin, Olson and Bassel-Duby, 2013.

La sangre bombeada por el corazén pasa a través de la red de vasos sanguineos
formada por arterias, arteriolas, capilares, vénulas y venas. Las arterias se encargan de
transportar la sangre oxigenada desde el corazén a los tejidos. Las venas llevan la
sangre sin oxigenar de los tejidos al corazén, con la excepcion de las venas pulmonares,
encargadas de llevar la sangre oxigenada de los pulmones al corazén (Figura 1).

Las arterias estan compuestas por tres capas celulares superpuestas: tunica intima,
tunica media y tunica adventicia (Figura 3). La tunica intima es la primera barrera en
contacto con la sangre y se compone de una sola capa de células endoteliales con una
membrana basal subyacente. La tunica media confiere resistencia mecanica al vaso
sanguineo y contiene capas concéntricas de CMLVs fijadas a fibras elasticas. La tunica
adventicia esta compuesta por fibroblastos vy fibras dispersas de colageno.

La nutricion de estas capas se produce gracias a la irrigacion del vasa vasorum y la
inervacion del nervi vasorum, que cruzan desde la tunica adventicia hasta la tunica
media.
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La principal arteria del cuerpo es la arteria aorta, dividida en tres partes fundamentales:

arco aortico (AA), aorta toracica (AT) y aorta abdominal (Betts et al., 2017).

Tunica adv enticia
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CMLVs

Membrana elastica
interna

Vasa vasorum

Membrana elastica
externa
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4
9;
T l
\

Endotelio

Fibra elastica

Figura 3. Estructura de la pared arterial. Esquema ilustrativo de las distintas capas de la pared arterial.
Figura Adaptada de Betts et al. 2017

2. Envejecimiento y enfermedad cardiovascular (ECV)

Desde hace décadas, la poblacion mundial esta envejeciendo progresivamente debido
principalmente al incremento de la longevidad y a un descenso de la natalidad. Se
estima que en 2045-2050 la esperanza de vida global alcance los 75 afios
(www.who.int/cardiovascular_diseases). Este hecho tiene un gran impacto sanitario,
social y econémico, ya que el envejecimiento es el mayor factor de riesgo de sufrir ECVs,
que continuan siendo la primera causa de muerte en el mundo. La asociacién entre
ECVs y envejecimiento puede deberse a un aumento de la exposicion a factores de
riesgo cardiovascular al prolongar el tiempo de vida, pueden ser la consecuencia de un
proceso de envejecimiento que promueve mecanismos fisiopatoldgicos concretos, o una

combinacion de ambas (Lakatta & Levy, 2003).

Las ECVs asociadas el envejecimiento incluyen todo tipo de enfermedades arteriales
(Savji et al., 2013), entre las que se encuentra la arteriosclerosis (Wang & Bennett,
2012). Por otra parte, se han relacionado varias alteraciones cardiacas con el

envejecimiento, como fallo cardiaco y fibrilacién auricular, asociadas a mecanismos
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fisiolégicos como la pérdida de funcién sistélica y/o eléctrica, y también a cambios

estructurales y celulares como la fibrosis (Steenman & Lande, 2017).

2.1. Arteriosclerosis

La arteriosclerosis es una enfermedad vascular que se caracteriza por una acumulacion
de lipidos y elementos de origen fibroso en la pared de las arterias llamada placa de
ateroma, que progresa dificultando la circulacion del vaso afectado. En ultima instancia,
la placa puede sufrir una ruptura, produciéndose un trombo que puede dar lugar a un

infarto de miocardio o a un accidente cerebrovascular.

La arteriosclerosis comienza cuando las lipoproteinas de baja densidad (LDLs)
atraviesan el endotelio de forma pasiva y se acumulan en la tunica intima, en el espacio
entre el endotelio y la membrana basal. Estas LDLs sufren un proceso de oxidacion, lo
que las convierte en un compuesto proinflamatorio que inicia una serie de procesos de
activacion endotelial (Skalén et al., 2002). El endotelio activado empieza a expresar
moléculas de adhesién endotelial y quimiocinas que favorecen la interaccion de
leucocitos circulantes, principalmente monocitos, que atraviesan el endotelio y se

depositan en la tunica intima.

El reclutamiento leucocitario se produce en tres fases bien diferenciadas: rodamiento,
adhesion y diapédesis (Braunersreuther & Mach, 2006). La fase de rodamiento es el
primer contacto entre los leucocitos y el endotelio. Comienza después de la activacion
del endotelio dafiado por la accion de diversos factores de riesgo cardiovascular. Este
contacto leucocito-endotelio es dependiente de unas moléculas expresadas por ambos
tipos celulares llamadas selectinas, de las que se conocen tres: selectinas-P (Sel-P),
selectinas-L (Sel-L) y selectinas-E (Sel-E) (Kansas, 1996). El endotelio activado expresa
Sel-E y Sel-P, mientras que los leucocitos expresan Sel-L y PSGL-1, principales

ligandos de las selectinas endoteliales durante este proceso (Huo & Ley, 2001).

La adhesion firme se produce después del rodamiento y estd mediada por la unién entre
moléculas de adhesion de la familia de las integrinas y sus ligandos. Esta fase comienza
cuando las quimiocinas producidas por las células endoteliales activan las integrinas de
los leucocitos (Imhof & Aurrand-Lions, 2004). La principales moléculas implicadas en el
proceso de adhesion son VCAM-1, expresada por las células endoteliales, y su ligando

VLA-4, expresado por los leucocitos (Alon et al., 1995).

La diapédesis o migracion trans-endotelial es la ultima etapa del reclutamiento
leucocitario y consiste en la migracién de los leucocitos hacia la tdnica intima a través

del endotelio. Este proceso ocurre principalmente a través de la union entre células
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endoteliales (Muller, 2003), pero también atravesando la propia célula endotelial,
fendbmeno conocido como migracién trans-celular (Carman & Springer, 2008). La
migracion trans-endotelial esta mediada por integrinas, como JAM-A (Schmitt et al.,
2014), mientras que la migracién trans-celular ocurre gracias a ICAM-1 y VCAM-1
(Carman & Springer, 2004) (Figura 4).

Leucocito | Rodamiento | Adhesién Diapédesis
circulante | i
AT @ via4 i P i Quimiccinas
' vy @Sury

Endotelio

Figura 4. Esquema de las etapas del reclutamiento leucocitario. Se muestran las principales moléculas
expresadas por leucocitos y células endoteliales en cada una de las fases. Figura adaptada de
Braunersreuther and Mach 2006.

Los monocitos que han migrado a la tunica intima se diferencian a macrofagos, que
proliferan in situ (Hilgendorf et al., 2015) y expresan receptores “escoba”, como CD36,
SR-A1 o SCARB1. Estos receptores permiten la captacién de las lipoproteinas
acumuladas en la tunica intima (Kzhyshkowska et al., 2012), que son procesadas hasta
producir colesterol libre, que se acumula en vesiculas intracelulares (Maxfield & Tabas,
2005). Estos macrofagos cargados de colesterol, denominados ‘células espumosas’,
secretan quimiocinas proinflamatorias que promueven el reclutamiento de mas células
inmunes (A. C. Li & Glass, 2002). Este proceso es el principal responsable de la
formacion de placas de ateroma de pequeno tamano, llamadas “estrias grasas” (Figura
5A).

Durante la progresion de la placa de ateroma, los macréfagos contindan captando
lipidos. Cuando no son capaces de metabolizarlos o de desprenderse del exceso de
lipidos, las células espumosas mueren y se acumulan en los denominados “nucleos
necroticos” ricos en cristales de colesterol (Martinet et al., 2011). Por otra parte, se
produce una proliferacion de las CMLVs que, ademas, migran desde la tunica media a
la intima debido a las quimiocinas producidas por los macrofagos disfuncionales de la

placa de ateroma. Las CMLVs continuan proliferando y empiezan a sintetizar matriz
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extracelular, formando una nueva estructura que se conoce como “capa fibrosa”
(Bennett et al., 2016) (Figura 5B). Cuando la placa estd muy avanzada aumenta el
riesgo de sufrir una ruptura o erosion, que tiene como consecuencia la liberacion de
factores procoagulantes que acaban produciendo un trombo sanguineo (Stefanadis et
al., 2017). Las placas de ateroma son mas vulnerables de sufrir ruptura y erosion cuanto
mayor es su contenido en células inflamatorias y menos sélida es su capa fibrosa (Finn
et al., 2010). También se ha asociado la vulnerabilidad de la placa de ateroma a un
aumento de la vascularizacion intra-placa, proceso que favorece la llegada de nuevas
células inflamatorias a través de los vasa vasorum y produce hemorragias y

descelularizacién de la lesion aterosclerotica (Doyle & Caplice, 2007).
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Figura 5. Inicio y progresion de la formaciéon de la placa de ateroma. Esquema ilustrativo de los
principales eventos implicados en la formacion de la placa de ateroma (A) y su progresion a un estado mas
avanzado (B). Figura adaptadas de Libby et al., 2019.
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El papel del sistema inmune (Sl) en la arteriosclerosis ha sido ampliamente descrito,
principalmente en el caso de los monocitos y los macréfagos (Hilgendorf et al., 2015;
Moore et al., 2013), pero también para otras células inmunitarias, como neutréfilos y
linfocitos. Como ya se ha comentado, los monocitos proinflamatorios (CD14*CD16 en
humanos, Ly6C" en ratones) son los principales precursores de los macrofagos
residentes en la placa de ateroma (Moroni et al., 2019; Swirski et al., 2007; Tacke et al.,
2007). Sin embargo, existe otra subpoblaciéon de monocitos “patrulla” (CD14'CD16" en
humanos, Ly6C"°" en ratones) que tienen una funcién anti-inflamatoria, aunque su
implicacion en el desarrollo de la placa de ateroma esta aun bajo investigacién (Hanna
et al.,, 2012; Woollard & Geissmann, 2010). Los macréfagos son células con gran
plasticidad que pueden diferenciarse a multiples sub-tipos, entre ellos los macréfagos
M1 y M2 (Murray, 2017; Shapouri-Moghaddam et al., 2018). Los macréfagos M1
secretan factores proinflamatorios como TNFa e IL-6, por lo que se les atribuye un papel
proaterogénico. Por el contrario, los macrofagos M2 secretan citoquinas anti-
inflamatorias, como IL-10, por lo que estan relacionados con funciones “curativas” en la
placa de ateroma (Colin et al., 2014). Ademas de proliferar dentro de la placa de ateroma
favoreciendo su desarrollo (Sakai et al., 2000; Zotes et al., 2013), los macréfagos
pueden sufrir apoptosis, favoreciendo la generacién de nucleos necréticos y la
consiguiente desestabilizacion de la placa (Andrés et al., 2012; Seimon & Tabas, 2009).
Aunque debido a su corta vida media no ha sido facil observar neutréfilos en lesiones
aterosclerdticas, estas células juegan un papel importante en todas las fases del
desarrollo de la enfermedad. Asi, ademas de producir una serie de proteinas granulares
que agravan la disfuncion endotelial, los neutréfilos reclutados en la tunica intima
promueven el reclutamiento de monocitos, fomentan la diferenciacién a macréfagos M1,
oxidan LDLs y aumentan la vulnerabilidad de la placa de ateroma (Doring et al., 2015;
Soehnlein, 2012).

En cuanto al S| adaptativo, tanto los linfocitos T como los B participan en el desarrollo
de arteriosclerosis. Se acepta que los linfocitos T, mediante respuestas Th1, promueven
la formacion de la placa de ateroma y su vulnerabilidad, mientras que las respuestas T
reguladoras tienen una actividad ateroprotectora. Por otra parte, se sabe que los
linfocitos B producen anticuerpos anti-LDLs oxidadas y se han encontrado trazas de
Inmunoglobulinas M y G en lesiones ateroscleréticas (Hansson et al., 2006; Lahoute et
al., 2011; Tsiantoulas et al., 2014). Sin embargo, el papel de los linfocitos B en
arteriosclerosis es todavia controvertido (Sage et al., 2019; Srikakulapu & McNamara,
2017).
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2.1.1. El modelo de ratén LdIr” para el estudio de la arteriosclerosis

Existen diferentes modelos animales para estudiar la arteriosclerosis (Getz & Reardon,
2012). Entre ellos, el uso de los modelos de raton se ha extendido principalmente por
motivos econdmicos y de facilidad de manejo, y por la relativa facilidad para establecer
modificaciones genéticas controladas. Sin embargo, existen limitaciones para el
completo estudio de la arteriosclerosis humana en modelos murinos. Por un lado, los
ratones son muy resistentes al desarrollo de arteriosclerosis incluso en condiciones de
hipercolesterolemia y, por tanto, es necesario modificarlos genéticamente para
aumentar su predisposicién a sufrir la enfermedad. Por otro lado, las caracteristicas de
las placas de ateroma son distintas a las humanas, ya que los ratones desarrollan
lesiones muy estables en comparaciéon con las humanas, que son mas vulnerables
(Veseli et al., 2017).

Uno de los principales modelos animales es el ratdén deficiente para el receptor de LDLs
(LdIr"). Se trata de un receptor de membrana con un peso molecular de 160 kDa,
implicado en la endocitosis de LDLs ricas en colesterol que juega un papel critico en la
regulacion de los niveles plasmaticos de LDLs. También facilita la adquisicion de
apolipoproteinas B y E. Diversas mutaciones en el gen que codifica para el receptor de
LDLs estan relacionadas con hipercolesterolemia familiar en humanos (Defesche, 2004;
Marais, 2004). En comparacién con los controles de fenotipo silvestre (WT), los ratones
LdIr”- se caracterizan por presentar niveles moderadamente elevados de colesterol y
LDLs en plasma, sin alteraciones en los niveles de HDL (S Ishibashi et al., 1993). Si
bien no desarrollan o desarrollan levemente arteriosclerosis si son alimentados con dieta
normal (DN) (Shun Ishibashi et al., 1994), los ratones Ldlr" alimentados con una dieta
grasa (DG) rica en colesterol desarrollan placas de ateroma con presencia de capa
fiborosa y nucleo necrético (Hartvigsen et al., 2007). La formacion de lesiones
ateroscleréticas depende del tiempo de alimentacién con DG y ocurre primero en zonas
arteriales de flujo turbulento (Knowles & Maeda, 2000). Este modelo de ratén es éptimo
para el estudio de la arteriosclerosis, ya que el colesterol se transporta principalmente
en particulas de LDLs. Ademas, la deficiencia del gen del receptor de LDLs en raton

tiene caracteristicas similares a la hipercolesterolemia familiar observada en humanos.
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2.2. Alteraciones cardiacas asociadas al envejecimiento y papel de la fibrosis
cardiaca

El envejecimiento estd asociado a diversas alteraciones cardiacas. Por un lado, la
funcién diastélica disminuye con la edad, produciendo problemas de llenado de la
valvula mitral (Strait & Lakatta, 2012). Por otro lado, aunque la funcién sistélica no esta
afectada por el envejecimiento en condiciones basales, si se ve reducida durante el
ejercicio (Lakatta & Levy, 2003). Ambas pérdidas de funcion cardiaca estan
relacionadas con el fallo cardiaco. También se han descrito alteraciones en la funcion
eléctrica del corazén asociadas a la pérdida de células marcapasos y al aumento de la
remodelacion tisular del corazon con la edad. Estas alteraciones producen cambios en
la despolarizacién y repolarizacién de las auriculas y los ventriculos, que puede dar lugar
a arritmias, principalmente fibrilacion auricular (FA) (Curtis et al., 2018; Jones, 2006;
Strait & Lakatta, 2012). A su vez, la FA puede producir pérdida de funcién diastdlica vy,

como consecuencia final, un fallo cardiaco (Keller & Howlett, 2016).

Uno de los procesos mas estudiados durante el envejecimiento del corazén es la fibrosis
cardiaca, caracterizada por una deposicion exacerbada de matriz extracelular,
principalmente colageno producido por los FCs. La fibrosis cardiaca puede ser de tipo
reactivo, sin pérdida de cardiomiocitos, o reparativa, en la que la matriz extracelular
sustituye a los miocitos cardiacos. En el proceso de envejecimiento se produce
principalmente fibrosis reactiva (Horn & Trafford, 2016). Después de un dano cardiaco,
los FCs se activan y comienzan a expresar moléculas profibréticas, como FSP-1y SMA,
transformandose en miofibroblastos (Ma et al., 2018). Los miofibroblastos activados
secretan citoquinas proinflamatorias que favorecen la infiltracién de células inmunes y
la proliferacion de fibroblastos. Por otra parte, secretan metaloproteasas que degradan
la matriz extracelular y facilitan la migracion y el depdsito de colageno (Travers et al.,
2016) (Figura 6). Cuando se cronifica la fibrosis cardiaca durante el envejecimiento, se
puede producir pérdida de funcion diastdlica y sistdlica (Almehmadi et al., 2014; Jiang
et al., 2018). También se ha observado que la fibrosis cardiaca afecta a la conduccién
eléctrica durante el envejecimiento (De Jong et al., 2011; Francis Stuart et al., 2018;
Song et al., 1999) debido en parte a la dispersién de la senal eléctrica entre las fibras
intersticiales de colageno (De Bakker et al., 1993; Ten Tusscher & Panfilov, 2007), por
acoplamiento de los miofibroblastos con los cardiomiocitos (Nguyen et al., 2012), o por
la expresion de moléculas arritmogénicas por parte de los miofibroblastos (Pedrotty et
al., 2009).
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Figura 6. Fibrosis cardiaca. Esquema ilustrativo de los principales eventos implicados en el desarrollo de
fibrosis cardiaca asociada al envejecimiento. Figura adaptada de Travers et al., 2016.

3. Lamina A/C

El ndcleo de las células esta separado del citoplasma por la envoltura nuclear, una
estructura compleja formada por la membrana nuclear externa, la membrana nuclear
interna, los poros nucleares y la lamina nuclear. La lamina nuclear es una red
filamentosa que se situa por debajo de la membrana nuclear interna, formada por unas
proteinas llamadas laminas (Figura 7). Las laminas son filamentos intermedios de tipo
V que se dividen en dos grupos: las laminas de tipo A (principalmente lamina A y C),
codificadas por el gen LMNA, y las laminas de tipo B (lamina B1, B2 y B3), codificadas
por los genes LMNB1 y LMNB2 (Gerace & Burke, 1988; Stuurman et al., 1998). La
estructura de las laminas consiste en un extremo amino-terminal globular seguido de 4
dominios de barra conectados por regiones conectoras, y un extremo carboxi-terminal
globular, en el que se encuentra una secuencia de localizacion nuclear (Broers et al.,
2006; Fisher et al., 1986). En esta tesis doctoral nos hemos centrado en el estudio de

las laminas de tipo A.

El procesamiento (“splicing”) alternativo del ARNm precursor transcrito del gen LMNA
da lugar a la forma precursora de la lamina A (pre-lamina A), ademas de la lamina C, y

en menor cantidad las isoformas lamina A10 y lamina C2. La pre-lamina A sufre una
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serie de modificaciones post-traduccionales que culminan con el corte de un residuo
farnesilado de 15 aminoacidos para generar la lamina A madura, con un peso molecular
de 72 kDa (Broers et al., 2006; Machiels et al., 1996).

La lamina A/C es tiene una funcién estructural que confiere resistencia mecanica al
nucleo. Ademas, mediante sus conexiones con el citoesqueleto via las proteinas SUN y
KASH del complejo LINC (linker of the nucleoskeleton and cytoskeleton), las laminas de
tipo A regulan la forma y polaridad de la célula (Hutchison & Worman, 2004) (Figura 7
y seccion 3.1). Ademas, numerosos estudios han demostrado que la lamina A/C juega
un papel fundamental en numerosos procesos celulares, como la regulacién de la
reparacion del ADN y su replicacion, organizacion de la cromatina, transcripcion de
genes, transduccion de sefial y proliferacion, diferenciacion y migracion celular (Andrés
& Gonzalez, 2009; Dechat et al., 2008).

Complejo i

»

Poro nuclear

Ly ——Citoesqueleto

Proteinas

Figura 7. Envoltura nuclear y complejo LINC. Esquema ilustrativo de los principales componentes de la
envoltura nuclear y detalle del complejo LINC con sus principales elementos. Figura adaptada de Burke and
Stewart, 2013. MNE = Membrana nuclear externa, MNI = membrana nuclear interna, EPN = Espacio
perinuclear.

La lamina A/C se expresa en casi todas las células adultas diferenciadas, aunque con
niveles de expresion variables. En los tejidos con matriz extracelular mas rigida, como
el hueso y el corazén, la relacion lamina A:B es mas alta que en tejidos con una matriz
mas blanda, como el cerebro. Este hecho refuerza la idea de la importancia de la lamina
A/C en el mantenimiento de la estructura celular y su entorno tisular. Si bien el Sl se
caracteriza por niveles de expresion de laminas de tipo A muy bajos (Swift et al., 2013),
nuestro grupo ha demostrado un papel muy relevante de estas proteinas en diversas

funciones celulares de los linfocitos T, entre las que se incluyen activacion,
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diferenciacion y formacion de la sinapsis inmune (Gonzalez-Granado et al.,, 2014;

Toribio-Fernandez et al., 2018). Ademas, otros autores han descrito recientemente una

asociacion entre la ausencia de lamina A/C y un incremento en la diferenciacion de

granulocitos y aumento de la metastasis de células cancerosas (Ishii et al., 2020).

Una muestra mas de la relevancia de la lamina A/C es el hecho de que se han descrito

mas de 400 mutaciones en el gen LMNA humano que provocan enfermedades llamadas

laminopatias (http://umd.be/LMNA/). Estas enfermedades pueden afectar a tejidos

especificos, como el musculo estriado, nervios periféricos y tejido adiposo, o de forma

sistémica, como es el caso de los sindromes de envejecimiento prematuro o progeria
(Broers et al., 2006) (Tabla 1).

Tabla 1. Descripcion de las principales laminopatias humanas.

Tejido

ictus o insuficiencia cardiaca (longevidad
media: 14,6 afios)

Laminopatia Caracteristicas Bibliografia
afectado
Distrofia muscular Muscul - Contracturas en las articulaciones (Helbling-
usculo
de Emery-Dreifuss triad - Cansancio y debilidad progresivos leclerc et al.,
estriado
(DMED) - Alteraciones cardiacas 2002)
o ’ ’ - Dilatacién cardiaca (McNally &
Cardiomiopatia Mdsculo - Funcién sistdlica reducida .
) . Mestroni,
dilatada (CMD) estriado - Problemas de conduccion cardiaca 2017)
- Fallo cardiaco
Sindrome de i - Conduccion nerviosa reducida
. Nervios ) - (Bouhouche et
Charcot-Marie- o - Cansancio y debilidad
periféricos ) al., 1999)
Tooth - Arreflexia
Dunni
Lipodistrofia parcial o (Bunningan et
- . ) - Distribuciéon anormal de la grasa corporal al., 1974;
familiar de Tejido adiposo ) )
. - Diabetes Mellitus Jackson et al.,
Dunningan
1997)
- Alopecia
- Anormalidades en la piel (Eriksson et
- Pérdida de peso corporal al., 2003;
Sindrome de L - Rigidez en las articulaciones Sandre-
. Multiples i )
progeria de teiid - Osteoporosis giovannoli et
ejidos
Hutchinson-Gilford ) - Aterosclerosis al., 2003;
- Muerte prematura por infarto de miocardio, Ullrich &

Gordon, 2015)
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3.1. Papel de la lamina A/C en la migracién celular

Las proteinas de dominio SUN y KASH son los componentes del complejo LINC que
conectan la lamina nuclear y el citoesqueleto celular. Las proteinas SUN forman un
trimero que se ancla a la membrana nuclear interna y se une a la lamina nuclear en su
dominio intranuclear. Las proteinas KASH estan formadas por un oligémero anclado a
la membrana nuclear externa. Las proteinas SUN y KASH se unen entre si en el espacio
perinuclear, entre las dos membranas nucleares, mientras que las proteinas KASH se
unen al citoesqueleto en su dominio extranuclear (Bouzid et al., 2019; Burke & Stewart,
2013) (Figura 7). El complejo LINC es determinante para la mecano-transduccion entre
el exterior celular y el nucleo, necesario para una correcta migracion celular (Chambliss
et al., 2013; Lee et al., 2007; Lombardi et al., 2011). En ausencia de lamina A/C se
producen defectos en la estructura del complejo LINC y en la migracion celular (D. H.
Kim et al., 2014). Sin embargo, diversos estudios amplian el analisis de la implicaciéon
de la lamina A/C en la migracion, poniendo el foco en la estructura y deformabilidad del

nucleo celular.

El nudcleo celular es una estructura limitante en la deformabilidad celular durante la
migracion a través de poros de pequeno tamano (Wolf et al., 2013). Estudios in vitro
demostraron que la sobreexpresion de lamina A dificulta la migracion de neutréfilos a
través de pequefias constricciones (Rowat et al., 2013). Por el contrario, otro estudio ha
demostrado que la ausencia de lamina A favorece la migracion celular a través de
constricciones, pero disminuye la supervivencia de las células, siendo el incremento de
la migracion celular una respuesta asociada a un aumento en la deformabilidad del

nucleo (Harada et al., 2014).

Por otra parte, la deficiencia de lamina A/C durante la migracion celular favorece la
ruptura de la envoltura nuclear, un dano que es reparado por ESCRT Ill, que ademas
limita el dafio en el ADN provocado por el proceso de ruptura (Raab et al., 2016). Uno
de los mecanismos moleculares que podrian explicar el papel de la lamina A/C en la
migracion celular a través de pequenas constricciones es la nucleacion de Arp 2/3
alrededor del nucleo, un proceso que promueve la disrupcién de la lamina nuclear y
facilita la migracion de células dendriticas en estas condiciones. Al eliminar la lamina
A/C, este mecanismo deja de ser necesario para la migracién (Thiam et al., 2016).
Ademas, se ha descrito otro mecanismo molecular mediado por la osteopontina, una
glicoproteina que puede actuar como citoquina promigratoria. En células
mesenquimales derivadas de médula 6sea (MO), la osteopontina aumenta los niveles

de FAK y ERK 1/2 en sus estados fosforilados y reduce los niveles de lamina A/C,
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disminuyendo la rigidez nuclear y aumentando la migracion de las células a través de

pequenos poros (Liu et al., 2017).

En cuanto a su implicacion fisiolégica, se ha demostrado que la lamina A/C regula la
migracion celular desde la MO hasta la sangre durante la hematopoyesis (Shin et al.,
2013). También se han detectado niveles bajos de lamina A en tumores humanos y se
ha relacionado la ausencia de lamina A con la capacidad de migracién de las células
tumorales en procesos de invasion cancerigena (Bell & Lammerding, 2016; Belt et al.,
2011; Saarinen et al., 2015; Willis et al., 2008).

3.2. Papel de la lamina A/C en cardiomiocitos y fibrosis

Como ya se ha comentado anteriormente, diversas mutaciones en el gen de la lamina
A/C se asocian con cardiomiopatias (Tabla 1). Numerosos estudios han analizado la
funcién de la lamina A/C en los cardiomiocitos con el fin de identificar mecanismos que
expliquen la patologia cardiaca asociada a alteraciones en la lamina A/C (Carmosino et
al., 2014).

Una de las principales hipétesis es la incapacidad del cardiomiocito para soportar la
tensién ejercida por los ciclos de contraccion cardiaca debido a la fragilidad del nucleo
celular que produciria la ruptura del nucleo y la muerte celular. De acuerdo con esta
hipétesis, se ha observado un aumento de apoptosis y fragmentacion del ADN y
alteraciones en la estructura nuclear en cardiomiocitos de ratones carentes de lamina
A/C (Nikolova et al., 2004). Otra teoria sugiere que las alteraciones en la expresion de
la lamina A/C modifican vias de sefializacion importantes en el cardiomiocito,
produciendo fibrosis cardiaca (Gerbino et al., 2018). Efectivamente, el ratdn mutante
Lmnat’?22PH222P presenta cardiomiopatia vy fibrosis cardiaca exacerbada asociada a una
translocacion nuclear anormal de las proteinas Smad 2/3 fosforiladas, efectoras
intracelulares de la ruta profibrética de TGF- (Arimura et al., 2005). Ademas, en este
mismo modelo, ERK 1/2 actua sobre el factor de transcripcion CTGF/CCN2
promoviendo fibrosis miocardica y la pérdida de funcidon en el ventriculo izquierdo
(Chatzifrangkeskou et al., 2016). Esta teoria se ve reforzada por el hallazgo de fibrosis
cardiaca en pacientes con una deleccion del extremo 5" del gen LMNA (Van Tintelen et
al., 2007). Sin embargo, el aumento de fibrosis no es exclusivo de los cardiomiocitos
con alteraciones en el gen de la lamina A/C, pues estudios con fibroblastos embrionarios
de ratén demuestran que la lamina A/C aumenta la produccion de colageno por un

mecanismos mediado por la activacion de la ruta TGF- (Van Berlo et al., 2005)
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3.3. Modelos de raton deficientes de lamina A/C

Para estudiar la funcionalidad de la lamina A/C se han generado y caracterizado

diversos modelos de raton modificado genéticamente (Zhang et al., 2013).

El primer modelo que se genero es el raton Lmna™, deficiente para lamina A y lamina C
debido a la deleccion del gen Lmna desde el exon 8 hasta la mitad del exdn 11 (Sullivan,
1999). Los ratones Lmna”homocigotos son normales al nacer, pero sufren problemas
de crecimiento a partir de las 2-3 semanas, desarrollan distrofia muscular y alteraciones
en la contractibilidad cardiaca, y mueren a las 5-8 semanas (Frock et al., 2012). El
analisis del musculo cardiaco de los ratones Lmna™” revela polarizacion nuclear de la
emerina y acumulacion citoplasmatica de desmina. Los ratones heterocigotos Lmna*”

no presentan anomalias.

Otro modelo de ratén deficiente para lamina A/C es el Lmna®™" (Kubben et al., 2011).
En este modelo se insertd una construccidon genética “trampa” en el exén 2 del gen
Lmna, generando un alelo de fusion que produce la carencia de lamina A/C. Al igual que
el modelo Lmna™, estos ratones presentan una tasa de crecimiento disminuida, distrofia
muscular, funcién cardiaca alterada y muerte prematura (esperanza de vida de 2-3
semanas), ademas de mostrar anormalidades en el tejido adiposo y un ritmo cardiaco

reducido.

Un tercer modelo de gran importancia para el estudio funcional de la lamina A/C es el
raton Lmna™"x en el que puede eliminarse el exén 2 del gen Lmna cuando se activa
la recombinasa CRE (Y. Kim & Zheng, 2013). Gracias a este modelo es posible estudiar
el papel de la lamina A/C en diferentes tejidos debido a la disponibilidad de modelos de
ratén que expresan la recombinasa CRE bajo la accion de promotores de genes tejido-
especificos. Ademas, es posible controlar el momento de la eliminacion de la lamina A/C
utilizando modelos de ratdn con expresién de la recombinasa CRE de forma inducible
(H. Kim et al., 2018).

Por otro lado, se ha generado un modelo de ratdon que expresa lamina C y carece de
lamina A al eliminar los ultimos 150 nucledétidos del exén 11 y la totalidad del intrén 11,
y que no desarrolla ningun fenotipo aparente (Fong et al., 2006). Del mismo modo, no
se han observado anomalias en un modelo de ratdon que expresa lamina A y carece de
lamina C gracias a la eliminacion del exén 10 del gen Lmna (Coffinier et al., 2010). El
estudio de ambos modelos sugiere que so6lo la eliminacion conjunta de la lamina Ay la

lamina C es capaz de generar defectos en los animales de experimentacion.
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Objetivos

Nuestro laboratorio ha estudiado ampliamente el papel de la lamina A/C y su forma
mutada ‘progerina’ en contextos fisioldgicos y patoldgicos. Sin embargo, aun no se ha
analizado el papel que juega la lamina A/C en la ECV asociada al envejecimiento. Por

este motivo, los principales objetivos de la presente tesis doctoral son:

1. Investigar la posible regulacién de la expresiéon de lamina A/C durante el

envejecimiento de las células inmunitarias y su implicacién en la ECV.

2. Investigar la posible regulacion de la expresion de lamina A/C durante el

envejecimiento en células de la pared vascular y su implicacion en la ECV.
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Materiales y Métodos

1. Reactivos de uso comun

« Tampodn fosfato salino (PBS): NaCl 8 g/L, KCI 0,2 g/L, Na;HPO4 1,44 g/L y KH2PO4
0,24 g/L en H>0 destilada.

. T-PBS (Tween-20 PBS): PBS, 0,05% Tween 20.

« Tampon de lisis para la obtencién de extractos de proteinas de raton: Tris-Cl 50 mM,
pH 7.2, Triton X-100 1% (9002-93-1, Sigma), SDS 0,1%, NaCl 500 mM y MgCl, 10
mM, suplementado con inhibidores de fosfatasas y proteasas (Complete®, Roche).

« Tampodn de lisis para la obtencidon de extractos de proteinas de humano: EGTA 0,5
mM, NaCl 100 mM, glicerol-2-fosfato 100 mM, HEPES 50 mM, Glycerol 10 %,
TWEEN-20 0,1 %.

« Tampon de lisis de eritrocitos: KH4Cl 0,15 M, KHCO3 0,01 M, EDTA.N2 0,01 M, pH
7.4.

« Tampon citrato para exposicion de antigenos en cortes histoldgicos: citrato sédico 10
mM, Tween 20 0,05%, ajustado a pH 6.0.

« Paraformaldehido (PFA): 4% en PBS.

« Tampon Tyrodes: NaCl 136 mM, KCI 2 mM, CaCl..2H,0 1,3 mM, MgCl,.6H.O 0,5
mM, NaH:PO42H,0 0,4 mM, NaHCO3 12 mM, D-Glucosa 5,5 mM, pH 7 4.

- Medio de diferenciacion de macrofagos: RPMI 1640 suplementado con suero fetal
bovino (FBS) inactivado 10%, medio LCM 20%, L-glutamina 2 mM, penicilina 100
U/mL y estreptomicina 100 pg/mL.

« Medio de polarizacién M1: RPMI 1640 suplementado con FBS inactivado 10%, medio
LCM 20%, L-glutamina 2 mM, penicilina 100 U/mL, estreptomicina 100 ug/mL, LPS
100 ng/mL e interferén y 10 ng/mL.

« Medio de polarizacién M2: RPMI 1640 suplementado con FBS inactivado 10%, medio
LCM 20%, L-glutamina 2 mM, penicilina 100 U/mL, estreptomicina 100 ug/mL e
interleuquina 4 (IL-4) 10 ng/mL.

« Tampon de digestion de arteria aorta: PBS 1X, CaCl; 1 mM, MgCl, 1mM, BSA 0,1%,
450 unidades de Colagenasa | (C0130-1G, Sigma-Aldrich), 125 unidades de
Colagenasa Xl (C7657-1G, Sigma-Aldrich), 60 unidades de Hialuronidasa (H3506-
1G, Sigma-Aldrich) y 60 unidades de DNAsa | (D5025-150KU-1G, Sigma-Aldrich).

« Medio de cultivo de monocitos: RPMI 1640 + Glutamax, GM-CSF 50 ng/mL y FBS
10%.

« Tampon de carga: SDS 0,1%, azul de bromofenol 0,2%, glicerol 20% y 2-
mercaptoetanol 10%.

« Tampon de electroforesis: Tris 25 mM, glicina 192 mM y SDS 0,1%.

« Tampon de transferencia: Tris 25 mM pH 8.3, glicina 192 mM y metanol 20%.
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2. Muestras humanas

Para analizar la expresion de lamina A/C en células hematopoyéticas humanas se
extrajo sangre de individuos de entre 19 y 89 anos en el Hospital Universitario 12 de
Octubre segun el proyecto CEIl Pl 44 _2015-v3 aprobado por el Comité de Etica y de la
Investigacion y Bienestar Animal del Instituto de Salud Carlos Ill. Los individuos se
separaron en dos grupos experimentales: de edades comprendidas entre 19-44 afios y
entre 67-89 afos. Para analizar la expresion de lamina A/C en tejido arterial humano se
extrajeron muestras de arterias coronarias humanas de individuos <30 afios y 258 afios
del Hospital Sant Pau obtenidas segun el proyecto 04/2016 aprobado por el Comité Etico

de Investigacion Clinica (CEIC) del Hospital de la Santa Creu i Sant Pau.

3. Lineas de ratéon

Todos los procedimientos animales se hicieron conforme a la Directiva Europea
2010/63EU y la recomendacion 2007/526/EC, impuesta bajo el Real Decreto 53/2013.
Los protocolos animales fueron aprobados por el Comité Etico y el Area de Proteccion
Animal de la Comunidad Auténoma de Madrid (PROEX135/14, PROEX134/14 y PROEX
354/15).

Todos los ratones usados tenian un fondo genético C57BL/6J. Todos los estudios se
realizaron con animales machos y hembras distribuidos de manera equilibrada entre los
grupos experimentales. En los experimentos de analisis de expresion de lamina A/C en
células hematopoyéticas y vasculares se utilizaron ratones de WT de edades
comprendidas entre 3y 115 semanas. Para los estudios de desarrollo de arteriosclerosis
se usaron ratones deficientes para el receptor LDLs con el marcador de membrana
CD45.1 (LdlIr”), (LdIr™™er The Jackson Laboratory, nim. catalogo: 002207) y ratones
carentes de lamina A/C de forma ubicua (Lmna™) (Sullivan, 1999) o especifica gracias
a la utilizacién de ratones con el exén 2 del gen Lmna flanqueado por secuencias loxP
(Lmna™x) (Y. Kim & Zheng, 2013) el cual, en presencia de una recombinasa CRE,
genera una forma truncada de la lamina A/C. Estos ratones Lmna™*"* se cruzaron con
ratones CD4Cre (The Jackson Laboratory, num. catalogo: 017336) o LysMCre (Clausen
et al., 1999) para generar ratones deficientes para lamina A/C especificamente en los
linfocitos T (Lmna™x CD4Cre) (Toribio-Fernandez et al., 2018) o en células mieloides
(Lmna™>x | ysMCre). Para comprobar la eliminacién de lamina A/C de las células de la
linea mieloide se utilizé el ratén Lmna™* | ysMCre que ademas, expresaba la proteina
fluorescente tomato bajo la accion de la recombinasa CRE (The Jackson Laboratory,

num. catalogo: 007908). Para el estudio del papel de la lamina A/C de forma especifica
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en CMLVs se cruzaron ratones SM22aCre (Tagin-Cre, The Jackson Laboratory, num.

catalogo: 017491) con Lmna/fox,

4. Genotipado y sacrificio de los ratones

Los ratones se destetaron a las 3 semanas de edad y se estabularon por sexos. Se
genotiparon mediante la técnica de PCR a partir de ADN gendmico procedente de una
muestra de la cola. EI ADN se extrajo incubando las muestras a 95C° en 100 pl de NaOH
durante 30 minutos. Tras la incubacion se mezclaron las muestras aplicando vortex.
Después se afiadieron 10 pl de TRIS y se centrifugaron las muestras 10 minutos a 16000
g. Con 1 pl del sobrenadante se realizaron las reacciones de PCR. Los cebadores
empleados para las distintas reacciones de PCR, asi como los fragmentos resultantes
de la reaccion estan detallados en la Tabla 2. Los ratones fueron sacrificados por
inhalacién de didxido de carbono o dislocacién cervical a la edad indicada en cada

experimento.

Tabla 2. Cebadores empleados en el genotipado de las distintas lineas de ratéon.

Linea de ratén Oligonucleétidos cebadores (5°-3") Tamaio de las bandas
TATGCATCCCCAGTCTTTGG WT 351 pb
Lalir" CTACCCAACCAGCCCCTTAC Mutante 179 pb
ATAGATTCGCCCTTGTGTCC
AGCTGGAGTCTTCCGAGAGC WT 448 pb
Lmna™ TTGGCTACCCGTGATATTGC Mutante 822 pb
AGGCAGGGGAACAGCTTAAT
WT 470 pb
AACCCAGCCTCAGAAACTGGTGGATG
Lmn af/ox/f/ox
GACAGCTCTCCTCTGAAGTGCTTGGA Mutante 598 pb
CCCAGAAATGCCAGATTACG WT 350 pb
LysMCre CTTGGGCTGCCAGAATTTCTC Mutante 700 pb
TTACAGTCGGCCAGGCTGAC
ATTCTCCCACCGTCAGTAG Transgén 500 pb
CD4Cre

CGTTTTCTGAGCATACCTGGA

CTAGGCCACAGAATTGAAAGA

Control interno 324 pb
GTAGGTGGAAATTCTAGCATCATCC

SM22aCre GCGGTCTGGCAGT CTATC Transgén 100 pb

GTGAAACAGCATTGCTGTCACTT
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5. Estudios de longevidad

Desde las 4 semanas de edad, los ratones Lmna™/x SM22aCre fueron pesados,
monitorizandose su salud y supervivencia al menos una vez a la semana. Los animales
sacrificados debido a hidrocefalia, maloclusion dental, agresiones entre machos u otras

razones ajenas al fenotipo fueron excluidos del analisis.

6. Irradiacién y trasplante

Para realizar los experimentos de induccién de arteriosclerosis en ratones con el Sl
deficiente de lamina A/C, los ratones Ldlr” fueron irradiados con 2 dosis de 6,5 Gy de
10 minutos cada una en un irradiador JL 1-68A (Shephed & Associates) con una fuente
de 1000 Ci de Cs-137. Al dia siguiente, se inyectaron en la vena de caudal de los
animales 100 pl de células de MO (7x10° células diluidas en suero salino Braun)
obtenidas de un grupo de 3 fémures y tibias de ratones Lmna”, Lmna™"* CD4Cre,
Lmna™x | ysMCre 6 WT. Después de 4 semanas de recuperacion, se comprobé la
eficiencia del trasplante mediante la tincion de leucocitos frescos aislados de sangre
periférica (material y métodos 5) con anticuerpos de membrana anti CD45.1 y CD45.2
(Tabla 3) y el analisis por citometria de flujo. Dado que los ratones receptores Ldlir”
presentan el marcador de membrana CD45.1 en sus células hematopoyéticas y los
donantes CD45.2, la eficiencia de trasplante se representdé como el porcentaje de
células CD45.2*. Posteriormente, se alimentaron los ratones durante 6 semanas con DG

o DN (material y métodos 6).

7. Experimentos con dieta grasa

Para los experimentos de induccion de aterosclerosis, los animales se alimentaron con
DG que contenia 10,7% de grasa total y 0,75% de colesterol (S9167-E010, SSNIFF)
durante 6 0 12 semanas. Los animales control fueron alimentados con DN durante el
mismo tiempo. Los animales fueron sacrificados al final de la alimentacion con la dieta

por inhalacion de CO2 (métodos 4).

8. Cuantificacion del tamano de las placas ateroscleroticas en ratéon

Se extrajeron arterias aortas de ratones hipercolesterolémicos que fueron fijadas con
PFA 4% durante al menos 24 horas. Se limpiaron de tejido graso y se tifieron con Oil

Red O (ORO) (00625, Sigma). Las arterias aortas fueron abiertas longitudinalmente y
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sujetadas con alfileres de diseccién con el lumen expuesto (en face) para un analisis
planimétrico asistido. Las imagenes fueron obtenidas con una camara (OLYMPUS
UC30) montada en un microscopio estereoscéopico (OLYMPUS SZX3). El porcentaje de
area de lesion (tefiido con ORO) fue cuantificado con el software SigmaScan Pro 5

(Systat Software Inc.).

9. Hematologia y bioquimica

La hematologia fue realizada por técnicos de la unidad de animalario del CNIC para
conocer la concentraciéon de distintas poblaciones de leucocitos en sangre. La sangre
fresca extraida (material y métodos 5) fue analizada en el equipo PENTRAS80

hematology analyzer (Horibo).

Para realizar los estudios bioquimicos se extrajo plasma centrifugando sangre de raton
a 5000 rpm durante 10 minutos a T ambiente. El perfil lipidico del plasma se analiz6 en

el equipo Dimension RxL Max Integrated Chemistry System (Siemens Healthineers).

10. Microscopia intravital en musculo cremaster de ratén

Tanto la adhesion como la migracion leucocitaria en el modelo de trasplante y desarrollo
de aterosclerosis in vivo se analizd por microscopia intravital de las vénulas del

cremaster de raton.

Para preparar la correcta visualizacion del musculo cremaster se requiere una cirugia
especializada. Primero, se anestesiaron los ratones con una inyeccion intraperitoneal
de ketamina (Imalgene 1000, Merial) y medetomidina (Medeson, Urano) en una dosis
de 50 y 0,5 mg/kg respectivamente. Posteriormente, se inmovilizaron en posicién
decubito supino. Bajo la lupa, se disecciond el musculo cremaster tratando de aislarlo lo
maximo posible de los tejidos adyacentes. El musculo fue cortado de forma longitudinal
sobre un pedestal cubico transparente. A continuacion, fue perfundido con tampén
Tyrodes a 37°C durante todo el procedimiento para mantener unas condiciones
fisioldgicas 6ptimas. 10 minutos antes de la adquisicion de las imagenes, se inyectaron
los anticuerpos de membrana (Tabla 3) para marcar monocitos (Ly6C*) y neutrofilos
(Ly6G"). La visualizacion de las vénulas se llevdé a cabo mediante un microscopio
intravital AXIO Examiner Z.1 work station (Zeiss) montado en una plataforma y equipado
con una camara CoolSnap HQ2 (Photometrics). Se us6 un objetivo APO 20x NA 1.0 de
inmersion acuosa (Figura 8). Fueron analizadas tres vénulas por ratén y se grabaron

videos de 5 minutos de duracidn. Los leucocitos fueron considerados adherentes
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cuando no se observé movimiento en la célula durante al menos 30 segundos. Por otra
parte, la migracién se analizé cuantificando el numero de células migradas al musculo
cremaster por campo de visién. La velocidad de las células migradas se calculé

midiendo los um recorridos por cada célula en un tiempo determinado.

11. Microscopia intravital en arteria carétida de ratén

Para el estudio del rodamiento de leucocitos sobre el endotelio se realizaron
experimentos de microscopia intravital de arteria carotida de raton. Los ratones Ldlr”
trasplantados con MO Lmna” o WT alimentados con DG fueron anestesiados e
inmovilizados de manera similar a material y métodos 13. Se realizé una pequena
incision vertical en el cuello para exponer la arteria carotida del ratén. A continuacion,
se fijo la glandula salival y se separaron los musculos adyacentes a la arteria carétida,
anudandolos con suturas. Después, se apartd el nervio vago derecho y se colocd una
pieza metalica justo debajo de la arteria, que, a su vez, se sujeté a un soporte lateral.
Posteriormente, para que el movimiento del pulso cardiaco no fuese excesivo, se colocd
un cubreobjetos pulido sobre la arteria, que se fijo a la parte superior del soporte lateral
con plastilina. La zona estabilizada se colocé bajo el objetivo acuoso del microscopio.
La region de visualizacion fue perfundida con tampén Tyrodes a 37°C en todo momento
para mantener unas condiciones fisiologicas 6ptimas (Figura 8). 10 minutos antes de la
adquisicion de las imagenes, se inyectaron los anticuerpos de membrana (Tabla 3) para
marcar monocitos (Ly6C") y neutrofilos (Ly6G™). La adquisicidn de las imagenes se llevo
a cabo de la misma forma que en material y métodos 13. El rodamiento de los leucocitos
se determindé contando el numero de células que atravesaron una linea ficticia
perpendicular a la arteria durante un tiempo determinado y se representé como el

numero de células por minuto.
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Figura 8. Microscopia intravital. (A) Microscopio de epifluorescencia adaptado para microscopia intravital.
(B) Preparacion del musculo cremaster de raton para su correcta visualizacion. (C) Colocacion del musculo
cremaster bajo el objetivo. (D, E) Exposicion de la arteria carétida para su visualizacion. (F) Colocacion del
animal bajo el objetivo para la observacion de la arteria carétida. Figura adaptada de Andres & Dorado,
2015.
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12. Digestion de aorta para citometria de flujo

Para analizar la proporcion de las poblaciones leucocitarias en la arteria aorta durante
el desarrollo de arteriosclerosis por citometria de flujo, se utilizaron dos arterias aortas
de ratdon. Se extrajeron las arterias aortas segun material y métodos 12 y se retir6 el
tejido adyacente, asi como la grasa exterior de las mismas. Después, se anadié tampén
de digestion de arteria aorta, se cortaron las arterias en pequenos fragmentos y se
incubaron durante 45 minutos a 37°C. Se interrumpid la reaccion de digestion con PBS
1X con de FBS 10% a 4°C. Posteriormente, se filtraron las arterias digeridas a través de
filtros de 70 um de diametro de poro (Becton Dickinson). Se centrifugé la muestra a 1500
rpom a 4°C durante 5 minutos y se descarté el sobrenadante para obtener un sedimento
de células adrticas. A continuacion, se fijaron las células durante 10 minutos con PFA al
4% a T? ambiente. Tras un lavado con PBS 1X, las células se incubaron durante 1 hora
a T? ambiente con anticuerpos de membrana para detectar diferentes subpoblaciones
de leucocitos (Tabla 3). Las muestras se analizaron con el citdmetro BD LSR Fortessa.
Después de una primera seleccion de los leucocitos totales de la aorta (CD45%), se

calculé el porcentaje de macréfagos (F4/807) y neutréfilos (Ly6G™).

Para estudiar los niveles de lamina A/C en las células de la pared vascular durante el
envejecimiento, las arterias aortas fueron procesadas como se ha descrito
anteriormente. En este caso, a los 5 minutos de digestion se extrajo la tunica adventicia
para ser digerida en paralelo. Por otra parte, las células fueron filtradas con filtros de
100 um de diametro de poro (Becton Dickinson). Después de la fijacion, se
permeabilizaron las células con Triton X-100 al 0,25% durante 15 minutos. Tras lavar la
muestra, se incubd con anticuerpos de membrana para marcar los diferentes tipos de
células vasculares (Tabla 3). Finalmente, las células se incubaron con el anticuerpo anti-
lamin A/C-Alexa 488 (CST) durante 1 hora a T? ambiente en PBS 1X. Las muestras se
adquirieron en el citdmetro BD LSR Fortessa. En el caso de las células de la pared
vascular, se seleccionaron, por un lado, células de musculo liso (SMA™) y, por otro lado,
células endoteliales (CD102*). En el caso de la tunica adventicia, se seleccionaron todas
las células. Los niveles de lamina A/C de las poblaciones seleccionadas se analizaron

como en material y métodos 5.
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13. Analisis de la expresion de lamina A/C en leucocitos de sangre de ratén y
humana mediante citrometria de flujo

Para analizar los niveles de lamina A/C en leucocitos de sangre de ratéon y humana se
utilizaron técnicas de citometria de flujo. Se extrajo sangre periférica de raton
procedente del seno submaxilar en tubos Microvette 500 EDTA (Sarstedt).
Posteriormente, la sangre se incub6 con tampon de lisis de eritrocitos en una proporcion
1:14 durante 10 minutos a 4°C. Se afadié PBS 1X para eliminar el exceso de tampdn y
se centrifugd 5 minutos a 4°C a 1500 rpm. Los leucocitos aislados se incubaron con PFA
4% durante 10 minutos a T2 ambiente para fijar las células y, después de un lavado con
PBS 1X, se incubaron con Triton X-100 (9002-93-1, Sigma) 0,25% durante 15 minutos
a T? ambiente para permeabilizar las membranas celulares. Se realizé un lavado con
PBS 1X y se incubaron con Fc blocker (101302, Biolegend) 1/200 en PBS 1X durante
30 minutos a T2 ambiente con el objetivo de bloquear uniones inespecificas del
anticuerpo. Las células se incubaron con marcadores de membrana (Tabla 3) durante
1 hora a T? ambiente en PBS 1X para poder distinguir entre distintas poblaciones
leucocitarias. Después de un lavado con PBS 1X, se incubaron las células con el
anticuerpo anti-lamin A/C-Alexa 488 (CST) y estreptavidina durante 1 hora a T2
ambiente. Las muestras tefiidas se analizaron en el citdmetro BD LSR Fortessa (Becton
Dickinson). Se analizaron tres tinciones distintas: por un lado, se seleccionaron las
células de la linea mieloide (CD11b"), y, a partir de estas, se seleccionaron los
monocitos proinflamatorios (Ly6C*), los monocitos patrulla (Ly6C’) y los neutrofilos
(Ly6G*, Ly6C™); por otro lado, se seleccionaron los linfocitos CD4" y CD8*; por ultimo,
se seleccionaron los linfocitos B (B220%). Los niveles de lamina A/C se analizaron
cuantificando la media de intensidad de fluorescencia (MIF) de la sefial emitida por el

anticuerpo anti-lamina A/C unido a estos tipos celulares.

La sangre de origen humano se incubé con los marcadores de membrana (Tabla 3)
durante 15 minutos a T2 ambiente. Posteriormente, se incubd 10 minutos a T2 ambiente
con el tampdn de fijacion vy lisis de eritrocitos BD FACS Lysing Solution 1X (Becton
Dickinson). Después de un lavado, se lisaron las células con Triton X-100 0,25% durante
15 minutos a T? ambiente. Las células se lavaron y se incubaron con el anticuerpo anti-
lamin A/C-Alexa 488 (CST) durante 1 hora a T? ambiente en PBS 1X. Las muestras se
analizaron en el citometro BD LSR Fortessa. Se analizaron tres tinciones diferentes: en
una de ellas, se seleccionaron los monocitos clasicos (CD14**, CD16°), monocitos
intermedios (CD14™*, CD16") y monocitos no clasicos (CD14*, CD16*"); en la siguiente,
se seleccionaron los neutréfilos (CD66b*); por ultimo, se seleccionaron linfocitos T
(CD3") y linfocitos B (CD19"). Se cuantificé la MIF del anticuerpo anti-lamin A/C unido a
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todos estos tipos celulares. Para reducir la sefial fluorescente inespecifica se resté a la
MIF del anticuerpo anti-lamin A/C la MIF del control de isotipo Mouse (MOPC-21) mAb
IgG1(97146, CST).

Tabla 3. Lista de anticuerpos utilizados. WB= Western-Blot, IHQ= Inmunohistoquimica, IF=
Inmunofluorescencia, MI= Microscopia intravital. CF= Citometria de flujo.

Casa
Anticuerpo Descripcion Concentracion de uso Técnica | comercial y
referencia
Monoclonal de ratén
Anti-Lamin A/C- A488 1/100 [, cp | Doegend
nti-Lamin - i ,
Conjugado al fluorocromo 302220
Alexa 488
Monoclonal de rata
Anti-Ly6C-APC 1/200 [ cp | Doegend
nti- - j | fl )
y Conjugado al fluorocromo 128016
APC
Monoclonal de rata
Anti-CD11b-A647 Conjugado al fluorocromo 1/200 IF BD-557886
Alexa 647
Monoclonal de rata BD-51 017
Anti-CD11b-biotinilado 1/200 CF
Conjugado a biotina 125
Monoclonal de rata
Anti-Ly6G-PE Conjugado al fluorocromo 1/200 CF BD-551461
PE
Monoclonal de rata
Anti-CD4-PE Conjugado al fluorocromo 1/200 CF BD-553653
PE
Monoclonal de rata
Anti-CD8-A647 Conjugado al fluorocromo 1/200 CF BD-557886
Alexa647
Monoclonal de rata
Anti-B220-A647 Conjugado al fluorocromo 1/200 CF BD-557683
Alexa 647
Monoclonal de ratén
Anti-CD14-A647 1/100 CF Biolegand-
nti- - i
Conjugado al fluorocromo 395612
Alexa 647
Monoclonal de ratén
Anti-CD16-PE 1/100 CF Biolegand-
nti- - Conj do al fl
onjugado al fluorocromo 302056
PE
Monoclonal de ratén
. Biolegend-
Anti-CD66b-A647 Conjugado al fluorocromo 1/100 CF 305110
Alexa 647
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Casa
Anticuerpo Descripcion Concentracion de uso Técnica | comercial y
referencia
Monoclonal de ratén
Anti-CD3-PE 1100 CF Biolegend-
nt- - j |l
Conjugado al fluorocromo 300308
PE
Monoclonal de ratén
Anti-CD19-A647 1/100 CF Biolegend-
nt- - j |l
Conjugado al fluorocromo 302220
Alexa 647
Monoclonal de ratén Sigma
Anti-SMA-Cy3 Conjugado al fluorocromo 1/100 CF Aldrich-
Cy3 C6198
ebioscience-
Anti-CD106 (VCAM-1) Monoclonal de rata 1/100 CF
14-1061-82
Monoclonal de cabra )
Invitrogen-
Anti-lgG-Rata-A633 Conjugado al fluorocromo 1/400 CF
A21094
Alexa 633
Monoclonal de rata
Anti-CD45-V450 Conjugado al fluorocromo 1/200 CF BD-560501
V450
Monoclonal de rata
. Biolegend-
Anti-F4/80-PE-Cy7 Conjugado al fluorocromo 1/200 CF 123114
PE/Cy7
Santa Cruz-
Anti-Lamin A/C Policlonal de cabra 1/500 WB
6215
Millipore-
Anti-GAPDH Monoclonal de ratén 1/10000 WB
MAB374
Master
Diagnostica-
Anti-Ki67 Monoclonal de conejo Solucion lista para usar IHQ MAD
000310QD
Santa Cruz-
Anti-Lamp2 (Mac-3) Monoclonal de rata 1/200 IHQ
19991
RyD
Anti-Caspase-3 Policlonal de conejo 1/200 IHQ Systems-
AF835
Anti-FSP-1 Policlonal de conejo 1/200 IF Dako- A5114
Santa Cruz-
Anti-Lamin A/C Monoclonal de ratén 1/100 IF
376248
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14. Andlisis de expresién de proteinas mediante western blot

Para analizar la expresion de lamina A/C en tejido arterial de ratéon y humano durante el

envejecimiento, se extrajeron las proteinas y se realizé un ensayo de western blot (WB).

En el caso de las arterias aortas de ratén, se anadieron 70-90 uL de tampén de lisis de
proteinas sobre 2 arcos adrticos o 2 aortas toracicas. Se disgregaron los fragmentos de
arteria mediante el sistema TissueLyser (QUIAGEN), que rompe el tejido golpeandolo
con pequenfas bolas metalicas a alta velocidad. La muestra homogenizada se centrifugd
a 16000 rpm durante 30 minutos a 4°C para descartar los restos de tejido. Se recuperé

el sobrenadante y se preservo a -80°C.

La extraccion de proteinas en muestras de arteria coronaria humana se realizé
pulverizando el tejido arterial congelado. Después, se afiadieron 250 uL de tampdn de
lisis de proteinas para muestras humanas a 30 ug de tejido pulverizado. Posteriormente,
se homogenizd la mezcla utilizando el homogenizador polytron homogenizer (PRO-
Scientific). La muestra homogenizada se centrifugé a 12000 rpm durante 5 minutos a

4°C. Se recupero el sobrenadante y se preservo a -80°C.

El siguiente paso fue medir la concentracién de los extractos proteicos a través del
meétodo colorimétrico descrito por Bradford (Bradford, 1976). Se determind la
concentracion de las muestras mediante la extrapolacién a partir de una recta patron
que se realizé empleando soluciones de concentraciones conocidas de albumina de
suero bovino (BSA) (A7906-100G, SIGMA) entre 0 y 10 g/L. Este procedimiento se llevo
a cabo afnadiendo 1 mL de una solucién 1/5 de Bio-Rad Protein Assay (500-0006-Bio-
Rad) en una cubeta de espectrofotometria, ademas de 1 pL de las muestras de la curva
patrén, asi como de cada una de las muestras de estudio. Las cubetas se agitaron y se
incubaron durante 15 minutos a T2 ambiente. A continuacion, se midié la absorbancia
de las cubetas con el espectrofotometro UV-1603 (Shimadzu) empleando una longitud
de onda de 595 nm.

Se afiadié tampon de carga a las muestras y se calentaron 5 minutos a 95°C para
desnaturalizarlas. Posteriormente, se cargaron 10-25 pug de cada muestra en geles de
poliacrilamida al 10%, con el objetivo de separar las proteinas por su tamafo. Se
sumergi6 el gel en tampodn de electroforesis y se aplicé una corriente de 100 V hasta

que el frente hubo recorrido todo el gel.

A continuacién, se transfirieron las proteinas del gel a una membrana de polifluoruro de
vinilo (PVDF) aplicando una corriente de 100 V durante 90 minutos cubierto con tampdn

de transferencia (Tris 25 mM pH 8.3, glicina 192 mM y metanol 20%). Una vez
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transferidas a la membrana, se bloquearon las uniones inespecificas incubando la
membrana en leche desnatada al 4% en TBS-T durante 1 hora a T? ambiente. Después,
se incubaron con los anticuerpos primarios especificos (Tabla 3) en la soluciéon de
bloqueo durante 12 horas a 4°C en agitacion suave. Las membranas se lavaron 3 veces
durante 5 minutos con TBS-T. A continuacion, se incubaron con anticuerpos
secundarios correspondientes (Tabla 3) conjugados con HRP durante 1 hora a T2
ambiente. Tras 3 lavados de 5 minutos en TBS-T, se anadi6 el sustrato HRP Western
Luminata Forte (WBLUFO0100, Millipore) que genera una reaccién luminiscente en
contacto con la HRP. La sefial se registré y cuantificéd utilizando el sistema ImageQuant
LAS 4000 mini (GE Health care). Los niveles de lamina A/C se representaron como la
suma de la senal de las bandas de lamina Ay lamina C, relativizada respecto de la sefial

de la banda del control de carga correspondiente.

15. Andlisis de la expresion génica por PCR cuantitativa

15.1. Extraccion de ARN

La expresion de los genes estudiados en este trabajo se realizd por PCR cuantitativa a
tiempo real (QPCR) partiendo de ADNc obtenido mediante la retrotranscripcion del
ARNmM.

La extraccidon se llevé a cabo tanto en leucocitos de sangre como en macréfagos
derivados de MO. Los leucocitos de raton aislados (material y métodos 5) fueron
resuspendidos en 800 pul del reactivo TRIzol (15596-026, Life Technologies). La misma
cantidad de TRIzol fue afiadida sobre los macrofagos en cultivo (material y métodos 9)

que se rasparon para facilitar la ruptura celular.

Para obtener el ARN de los homogenizados en TRIzol se afiadieron 160 pl de
cloroformo, se mezclé durante 30 segundos y se dejoé reposar 10 minutos a T2 ambiente.
Después, se centrifugd a 8000 rpm durante 10 min a T? ambiente para separar las
distintas fases. Se transfirid la fase acuosa a un tubo limpio y se afadié el mismo
volumen de isopropanol. Después de mezclar, se dejo precipitar el ARN a -20°C durante
un minimo de 12 horas. Posteriormente, se centrifugd a 10000 g durante 20 minutos a
4°C, se descart6 el sobrenadante y se lavo el ARN sedimentado 2 veces con etanol al
70%. Después de retirar el etanol, se dejé secar el ARN y se resuspendié en 10-30 pl

de agua miliQ.
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El ARNm obtenido se cuantific6 por absorbancia espectrofotométrica mediante el
sistema NanoDrop (Thermo Scientific). Se consideraron muestras con valores de pureza

optimos aquellas cuyo cociente de absorbancias a 260 y 280 nm fuesen cercanos a 2.

15.2. Retrotranscripciéon y qPCR

Se retrotranscribieron entre 0,5 y 2 uyg de ARNm a ADNCc utilizando el kit High-Capacity
cDNA Reverse Transcription Kit (4368814, Applied biosystems).

La gPCR se realiz6 mediante el método SYBR Green PCR Master mix (4472908,
Applied Biosystems). Por cada reaccién se amplificaron 10 ng de ADNc. Los ensayos
de gPCR se realizaron en el equipo 7900HT Fast Real-Time PCR System (Applied
Biosystems). El analisis se llevo a cabo con los softwares SDS (Applied Biosystems) y
Biogazelle gbase (Biogazelle). Dependiendo del tipo celular, los resultados obtenidos se
normalizaron a la expresion de sus correspondientes genes control. Los cebadores

utilizados para las reacciones de qPCR estan incluidos en la Tabla 4.

Tabla 4. Cebadores empleados en las reacciones de qPCR.

Gen (Proteina) Cebador en sentido (5’ a 3’) Cebador en antisentido (5’ a 3°)
Arg1 (ARG-1) CAGAAGAATGGAAGAGTCAG CAGATATGCAGGGAGTCACC
Nos2 (INOS-2) GGATCTTCCCAGGCAACCA TCCACAACTCGCTCCAAGATT
Cd36 (CD36) GATGACGTGGCAAAGAACAG TCCTCGGGGTCCTGAGTTAT
Scarb1 (SCARB-1) TCTGGCGCTTTTTCTATCGT ACGGCCCATACCTCTAGCTT
Lmna (LAMINA A/C) TGAGTACAACCTGCGCTCAC TGACTAGGTTGTCCCCGAAG
Lmna (LAMINA A) GGTTGAGGACAATGAGGATGA TGAGCGCAGGTTGTACTCAG
Gapdh (GAPDH) TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGAT
Rn18s (18S) GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCCG
Hprt1 (HPRT) CCTAAGATGAGCGCAAGTTGAA CCACAGGACTAGAACACCTGCTAA
Actb (B-actin) CAGAAGGAGATTACTGCTCTGGCT TACTCCTGCTTGCTGATCCACATC

16. Inmunofluorescencia de células hematopoyéticas

Para comprobar la ausencia de lamina A/C en las células hematopoyéticas de ratén, se
colocaron gotas de una solucién de leucocitos aislados en un portaobjetos y se dejé
evaporar el liquido en una estufa a 37°C para fijar la muestra al portaobjetos. A
continuacion, se fijaron las células con PFA al 4% durante 10 minutos a T? ambiente.
Después de lavar la muestra, se permeabilizé6 con PBS 1X 0,5% Triton X100 durante 15
minutos a T? ambiente. Tras lavar la muestra, se incubd con una solucién bloqueante

compuesta por PBS 1Xy BSA 5% durante 1 hora a T? ambiente. Las muestras se tifieron

64



Materiales y Métodos

con anticuerpos de membrana (Tabla 3) diluidos en PBS 1Xy BSA 2,5% durante 1 hora
a T? ambiente. Se lavé la muestra 3 veces y se incubo con el anticuerpo anti-lamin A/C-
Alexa 488 (CST) durante 1 hora a T® ambiente en la solucién anterior. Tras lavar las

muestras, se montaron con medio de montaje Slow fade Gold (S36937, Thermo Fisher).

17. Estudios histopatolégicos e inmunohistoquimica

Para analizar la composicién de la placa de ateroma se realizaron 3 cortes histolégicos
de 5 ym de grosor de 3 regiones diferentes de las valvulas adrticas procedentes de
corazones fijados con PFA al 4% y embebidos en parafina de ratones Ldlr”
trasplantados con MO Lmna” o WT alimentados con DG durante 6 semanas. Los cortes
fueron desparafinados con lavados de xileno (3 lavados de 5 minutos). Posteriormente,
fueron rehidratados mediante lavados de etanol al 95% (2 lavados de 5 minutos), etanol
al 70% (2 lavados de 5 minutos) y etanol al 50% (2 lavados de 5 minutos). Finalmente

se pasaron por agua miliQ durante 1 segundo.

Para estudiar la proporcion de colageno de la placa de ateroma se tifieron las muestras
con el kit de tincion Masson-Goldner (1.00485, Merck). Esta tincion se llevé a cabo
preparando dos soluciones de trabajo: una solucion A compuesta por hematoxilina de
Weigert al 1% en etanol absoluto preparada al menos una semana antes de su uso y
mantenida en oscuridad, y una solucion B formada por 0,4% de cloruro férrico al 30% y
0,1% de acido clorhidrico en agua destilada. Para realizar la tincién se mezclaron ambas
soluciones vertiendo B sobre A. Los cortes desparafinados se sumergieron en la mezcla
4 minutos y, después, se lavaron con agua corriente 10 minutos. A continuacion, se
incubaron con fucsina al 0,1% y acido acético al 10% en agua destilada. Seguidamente
se incubaron en una solucion de acido fosfotungstico al 10% durante 4 minutos.
Posteriormente, los cortes se sumergieron en acido acético al 10% en agua destilada
durante 5 minutos para provocar la desdiferenciacion de la muestra. Finalmente, los
cortes fueron sumergidos en una solucion de verde luz al 1% y acido acético al 0,5% en
agua destilada durante 50 segundos. Los cortes histoldgicos tefidos se lavaron en acido
aceético al 10% durante 2 minutos y se deshidrataron sumergiéndolos 1 minuto en
alcohol al 95%, 1 minuto en etanol absoluto y 1 minuto en xileno. Las muestras se
montaron con Eukitt (O. Kindler GmbH & Co). Se tomaron las imagenes con un
microscopio OLYMPUS BX41 a un aumento de 10X. Por medio de una deconvolucion
de colores “Feulgen Light Green” predeterminada por el software Image J (NIH) se

cuantifico el porcentaje de colageno en el area de lesion.

65



Materiales y Métodos

El estudio de la proporcién de macréfagos, células proliferantes y area apoptética se
realizdé mediante inmunohistoquimica. Después de la rehidratacién, se
desenmascararon los antigenos con tampén citrato durante 20 minutos en el
microondas a maxima potencia. Una vez atemperadas, las muestras se bloquearon con
H.0O- al 3% para eliminar la actividad de la enzima peroxidasa enddgena. Tras lavar las
muestras, se bloquearon durante 30 minutos con T-PBS con 10% de FBS. Después de
un lavado, las muestras se incubaron durante 45 minutos en una solucién de suero
normal de caballo al 5% (S-2000, Vector Labs) en PBS con los anticuerpos primarios
correspondientes: mac-3 (macréfagos), Ki67 (proliferaciéon celular) y caspasa-3
(apoptosis) (Tabla 3). Se lavaron las muestras y se incubaron con anticuerpos
secundarios conjugados con peroxidasa de rabano picante (HRP) durante 1 hora. Se
volvieron a lavar las muestras y se anadié el compuesto DAB y su sustrato para poder
generar una reaccion cromogénica, produciendo un color parduzco. A continuacion, se
lavaron las muestras y se contratifieron con hematoxilina de Mayer durante 5 minutos
para para marcar los nucleos en azul. Después, se montaron con Eukitt. Se tomaron las
imagenes como se ha descrito anteriormente. Las imagenes se analizaron con el
software Image J utilizando la deconvolucién de colores predeterminada “H&E DAB”. Se

calculo el porcentaje de area marcada con anticuerpo dentro del area de lesion.

Para el analisis histopatologico de los ratones Lmna™"* SM22aCre se utilizaron cortes
de diferentes érganos incluidos en parafina. Por un lado, se realizo la tincion y el analisis
de la cantidad de colageno mediante la tincion de Masson-Goldner. Por otra parte, se
realizé un estudio complementario del contenido en colageno del corazon utilizando la
tincion de Sirius Red F3B (C.1.35782, SIGMA) que, principalmente, es usado para
cuantificar la fibrosis intersticial. Se procedi6 de la misma manera que con la tincién de
Masson-Goldner hasta el primer lavado con agua corriente. Después, se lavaron las
muestras con agua destilada y se incubaron con Sirius red durante 1 hora. Se lavaron
las muestras con una solucién de acido acético al 0,5%. Finalmente, se deshidrataron y
montaron las muestras como en la tincion de Masson-Goldner. Las imagenes se
tomaron como se ha descrito anteriormente. Mediante la deconvolucion de colores
predeterminada “Fastred-Fastblue” del software Image J se analizé el porcentaje de
colageno en cortes histoldgicos de corazon. Por ultimo, en el caso de las muestras de
arteria aorta, se realizé una tincion de hematoxilina-eosina (HE). Los cortes
desparafinados se sumergieron en una solucién de hematoxilina de Harris (Sigma)
durante 30 segundos, tifiéndose los nucleos de las células con un color violeta intenso.
Después, se hicieron lavados rapidos con una solucién de diferenciacion (0,25% de HCI

en etanol al 70%). Posteriormente, se tifieron los citoplasmas sumergiendo las muestras
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en una solucion hidro-alcohdlica de eosina al 50% durante 20 segundos. Finalmente, se
deshidrataron las secciones histolégicas mediante concentraciones crecientes de etanol
de manera inversa a lo expuesto anteriormente. Después se montaron con Eukitt. Se
adquirieron las imagenes vy, utilizando la deconvolucién de colores predeterminada

“‘H&E” del software Image J, se cuantificé el numero de nucleos en el area seleccionada.

18. Inmunofluorescencia en tejidos

Para comprobar la delecién de lamina A/C en diferentes tejidos y para analizar el
corazon de los ratones Lmna™ o SM22aCre se utilizaron 6rganos fijados e incluidos
en parafina. Se realizaron 3 cortes de 5 um de 3 zonas diferentes de cada 6rgano. Las
secciones fueron desparafinadas y los antigenos desenmascarados como en material y
meétodos 15. Después, se bloquearon y permeabilizaron las secciones de tejido con PBS
1X, Triton X-100 0,3%, BSA 5% (A7906-100G, SIGMA) y suero normal de cabra 5%
(005-000-001, Jackson ImmunoResearch) durante 1 hora a T2 ambiente. A
continuacion, las muestras se incubaron durante 12 horas a 4°C con los anticuerpos
primarios para detectar CMLVs y miofibroblastos (SMA), células endoteliales (CD31),
lamina A/C, fibroblastos activados (FSP-1) y membranas celulares (WGA) (Tabla 3).
Tras lavar los anticuerpos primarios, se incubaron las muestras durante 2 horas a T2
ambiente con los anticuerpos secundarios correspondientes que llevaban moléculas
fluorescentes conjugadas y con los marcadores nucleares DAPI o Hoechst 33342
(H3570, ThermoFischer). Después de los lavados, se monto la muestra usando el medio
de montaje Fluoromount G (4958-02, Affymetrix eBioscience). Las imagenes se
adquirieron con un microscopio confocal Zeiss LSM 700 (Zeiss) y fueron analizadas con
el software Image J. En el caso de las muestras de corazon, se cuantificd en endocardio,
miocardio y epicardio el porcentaje de area marcada con SMA, FSP-1 y WGA respecto
al area de tejido realizando la media entre las 3 regiones mencionadas. En el analisis
de SMA el area de tejido considerado no incluia las arteriolas del corazén. Por otra parte,
se seleccionaron los cardiomiocitos por su morfologia y los FCs por su tincién de FSP-
1y, posteriormente, se cuantifico el porcentaje de ambos tipos celulares que expresaban
lamina A/C.
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19. Aislamiento de células de médula 6sea

Inicialmente, se extrajeron el fémur y la tibia de los ratones. Se retird el pelo y la
musculatura hasta limpiar completamente el hueso. Se cortaron las cabezas de los
huesos y se introdujo PBS 1X a través de una jeringa por un extremo para poder extraer
la médula. Una vez extraida, se disgrego hasta obtener una solucién de células aisladas
que se centrifugaron a 1350 rpm, 5 minutos a 4°C. Posteriormente, se incubaron con
tampodn de lisis de eritrocitos durante 5 minutos en hielo. Las células se lavaron y se

centrifugaron a 1350 rpm, 5 minutos a 4°C.

20. Aislamiento y diferenciacion de macréfagos derivados de médula 6sea

Se aislaron y diferenciaron Macréfagos derivados de médula 6sea (MDMO) de ratones

WT y Lmna” para analizar su expresion génica.

Primero, se extrajeron las células de MO segun material y métodos 9. Las células
progenitoras procedentes de 2 fémures y 2 tibias de cada animal se distribuyeron en 3
pocillos de una placa multi-pocillo P6 (Falcon) con medio de diferenciacion de
macrofagos a 37°C en una atmaésfera con el 5% de CO; durante 7 dias, cambiando el
medio de cultivo cada 2 dias. Después, los macréfagos se incubaron con medio de
polarizacién M1 (expresan iNOS2), medio de polarizacion M2 (expresan arginasa-1) o
medio de diferenciacion de macréfagos (Mo) durante 24h a 37°C con 5% de CO.. Los

ensayos de expresion génica se llevaron a cabo segun métodos 6.

21. Ensayos de migracion en chips de polidimetilsiloxano

Para profundizar en el estudio del papel de las laminas A/C en la migracion de células
del Sl se realizaron experimentos in vitro con monocitos proinflamatorios procedentes
de MO en chips de polidimetilsiloxano (PDMS).

Se extrajo MO de ratones WT y Lmna” segun material y métodos 9. Las células aisladas
de la MO se tifieron durante 30 minutos a 4°C con los anticuerpos de membrana anti-
CD11b, anti-Ly6C y anti-Ly6G (Tabla 3) y el marcador de viabilidad celular 4',6-
diamidino-2-phenylindol (DAPI) (Thermo Fisher), que penetra en las células muertas
facilitando el descarte de las mismas. Se utilizd el sorteador de células SY3200 cell
sorter (Sony biotechnology) para seleccionar la poblacidon de leucocitos de interés.

Primero, se descartaron las células muertas, tefidas con DAPI. Después, se seleccioné
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la poblacién CD11b*, Ly6C*, Ly6G que se corresponde con los monocitos

proinflamatorios.

Las células se tifieron con Hoechst 33342 para su seguimiento y se sembraron con
medio de cultivo de monocitos en chips de PDMS que contenian canales tubulares de
5 x 2.8 ym y también en chips similares que presentaban constricciones de 1 ym a la
mitad del recorrido del canal (Saez et al., 2018). Después de 24 horas a 37°C y 5% de
COg, las células comenzaron a migrar a través de los canales. En ese momento, se
adquirieron videos durante 24 horas a través del microscopio invertido DMi8 (Leica) con
un objetivo 10x (NA 0.40 phase), capaz de mantener las condiciones de cultivo celular
(Figura 9). Se analizo6 la velocidad de los monocitos a través de los canales rectos y el
tiempo que empleaban las células en migrar a través de las constricciones mediante el

software image J.

A

Pocillo de entrada
Pocillo de entrada de las células

de las células

1um 5pm

15 pm

Figura 9. Chips microfabricados para estudiar la migracion celular in vitro. (A) Imagen con un
microscopio de contraste de un chip de PDMS con canales, mostrando en los extremos los pocillos de
entrada de las células. La imagen inferior muestra un detalle ampliado de la regién del chip con
constricciones. (B) Esquema ilustrativo del tipo de constriccion utilizada en el experimento. Figura adaptada
de Saez et al., 2018.
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22. Ecocardiografia

Para analizar la funcion cardiaca de los ratones Lmna™/"x SM22aCre se realizaron
estudios de imagen ecocardiografica. Estos estudios fueron llevados a cabo por
personal técnico experto del CNIC utilizando el sistema de ultrasonidos de alta
frecuencia Vevo 2100 (Visualsonics Inc.) con una sonda linear de 40 MHz. Se realizé
una ecografia bi-dimensional (2D) y en modo M (MM) por encima de 230 cuadros por
segundo. Tras depilarlos, los animales fueron anestesiados ligeramente con 0,5-2% de
isofluorano en oxigeno, inhalado a través de una mascara facial ajustando la dosis de
isofluorano, intentando mantener el ritmo cardiaco en 450+50 pulsaciones por minuto.
Los ratones se colocaron en posicion decubito supino utilizando una plataforma
termostatizada y gel de ultrasonidos caliente para mantener las condiciones de T2
Optimas. Se monitorizé el electrocardiograma (ECG) en todo momento. Las imagenes
fueron analizadas mediante el software Vevo 2100 Workstation (Visualsonics Inc.). El
analisis de la funcion sistélica se llevd a cabo de la siguiente manera: para medir la
funcién del ventriculo izquierdo se adquirieron imagenes 2D paraesternal estandar y MM
y vistas de los ejes cortos y largos (vistas LAX y SAX, respectivamente). Con estas
imagenes se calculdé la fraccion de eyeccion del ventriculo izquierdo (FEVI) y las
dimensiones de la camara. La funcion sistdlica del ventriculo derecho se estimo
indirectamente usando la excursion sistdlica plana anular tricispide (TAPSE), obtenida
de una vista apical de cuatro camaras en MM, midiendo el maximo movimiento anular

lateral tricuspide. Por ultimo, se midié el grosor de la pared del ventriculo izquierdo.

23. Estudios electrocardiograficos

Para estudiar la actividad eléctrica del corazén de los ratones Lmna™"°x SM22aCre se
realizd un analisis electrocardiografico. Los animales fueron anestesiados con 0,5-1%
de isofluorano en oxigeno, inhalado a través de una mascara facial. Para evitar
variaciones debidas a los ritmos circadianos, los ECGs se realizaron por la mafiana. Los
electrodos de ECG fueron insertados subcutaneamente en las cuatro extremidades. Se
grabaron ECGs secuenciales a 2 KHz usando una estacién de adquisicion MP36R
(Biopac Systems) y fueron exportados con el software AcqKknowledge (Biopac Systems).
Posteriormente, se realizd un analisis automatico con el programa R en el que, primero,
se eliminé el ruido de fondo y las fluctuaciones de la linea base. Después, se detectaron
los latidos cardiacos, los picos y las ondas. A continuacion, se excluyeron los artefactos.
Por ultimo, se calculd el ritmo cardiaco, los intervalos del ECG (PQ, QRS, QT) y la

pendiente de la onda T. Se selecciond la segunda derivacion para el estudio, ya que la
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sefal era mas estable en los experimentos, lo que permitid una identificacion de onda
mas robusta. El ritmo cardiaco fue calculado como la inversa de la diferencia entre 2
picos de onda R consecutivos (RR). Debido al potencial ruido de interferencia en la
deteccién del inicio de las ondas P, el intervalo PQ (conduccién auriculo-ventricular) se
midio desde el pico de la onda P hasta el inicio de la onda Q. El final de la onda S (J) no
es evidente en raton porque el segmento ST esta ausente en esta especie y es
remplazado por una onda J correspondiente a un segmento positivo de la onda T. Por
lo tanto, el complejo QRS (conduccion ventricular) fue calculado desde Qs al minimo de
la onda Sy el intervalo QT (conduccién ventricular) desde Qs al pico de la onda T. Las
alteraciones morfolégicas de la onda T que definen la capacidad de repolarizacion
fueron cuantificadas definiendo la pendiente de la onda T como un indicador del
aplanamiento de la onda T que representa el valor absoluto de la pendiente (variacion

de voltaje en el tiempo) entre el pico de la onda Ty Ty (Figura 10).

—
o
=}
0
i 5
c 0
\8 [ .g — (6]
= > — (_5 ﬁ
[T o N
o o o 3 =
535 =S ©
T O T S [*}
c = c c Q
o5 o o [0}
O ® o > Y
Haz de ECG N
His
Fibras de O‘
Purkinje Pa S
e
QRS
e —
QT
D h Rama
erecha izquierda

Figura 10. Analisis de un electrocardiograma. Esquema ilustrativo de un ECG con los principales
parametros analizados. Figura adaptada de ptexphys.utorontoeit.com/cardiovascular-physiology/heart-
function-and-physiology/.
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24. Analisis estadistico

Los datos experimentales se representan como la media y las barras de error indican el
error estandar de la media. En los experimentos en los que se comparan dos grupos,
las diferencias significativas se analizaron mediante el test T de student no pareado de
2 colas. En el caso del analisis de la expresién de lamina A/C en arterias humanas, se
aplicé un test de Mann-Whitney de 2 colas. Para comparar varios grupos entre si, se
utilizé el test One-way ANOVA vy un post-test de Bonferroni. Las diferencias fueron
consideradas significativas para valores p<0.05. Todos los analisis estadisticos se

llevaron a cabo con el software GraphPad Prism 5.
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Resultados

1. Regulacion de la expresién de lamina A/C en el sistema inmune mediada por el
envejecimiento y la hipercolesterolemia y estudio de su posible papel en el

desarrollo de enfermedades cardiovasculares

1.1. Regulacion de la expresiéon de lamina A/C en el sistema inmune mediada por
el envejecimiento y la hipercolesterolemia

El envejecimiento y la hipercolesterolemia son los dos mayores factores de riesgo para
el desarrollo de ECVs. Teniendo en cuenta que las células del Sl juegan un papel clave
en el desarrollo de ECVs (Hansson et al., 2006; Hansson & Libby, 2006) y que las
laminas de tipo A regulan la activacién y diferenciacion de linfocitos T (Gonzalez-
Granado et al., 2014; Rocha-Perugini & Gonzalez-Granado, 2014; Toribio-Fernandez
et al., 2018), quisimos comprobar si el envejecimiento y la hipercolesterolemia regulan

la expresion de lamina A/C en el SI.

Inicialmente, estudiamos los niveles de lamina A/C durante el envejecimiento en
leucocitos humanos. Para ello, obtuvimos leucocitos de muestras de sangre de
individuos de edades comprendidas entre 19-44 afos y entre 67-89 afnos. Mediante
citometria de flujo demostramos que la expresién de lamina A/C disminuia
significativamente en neutrodfilos y linfocitos B de los individuos de mayor edad,
observando una tendencia descendente en el resto de subpoblaciones leucocitarias
(Figura 11). Estos resultados concuerdan con estudios previos que describen un
descenso de la lamina A durante el envejecimiento en otros tipos de células humanas
(Golubtsova, 2016).
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Figura 11. Los niveles de lamina A/C descienden durante el envejecimiento en distintas poblaciones
de células del sistema inmune humano. Andlisis por citometria de flujo de expresion de lamina A/C en
distintas subpoblaciones leucocitarias procedentes de sangre de individuos de las edades indicadas. Las
diferencias entre los dos grupos de edad en cada tipo celular se analizaron mediante test T de student.
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A continuacion, realizamos estudios similares en leucocitos de ratdén, y observamos
también un descenso en los niveles de lamina A/C durante el envejecimiento, tanto en
subpoblaciones leucocitarias de origen mieloide (neutréfilos, monocitos proinflamatorios
y monocitos patrulla) como en sub-poblaciones de origen linfoide (células T CD8" y
células T CD4") (Figura 12). Estos resultados concuerdan con varios estudios que han
demostrado una disminucién de la expresion de lamina A/C durante el envejecimiento

en otros tipos celulares de ratdn (Afilalo et al., 2007; Duque & Rivas, 2006).
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Figura 12. Los niveles de lamina A/C descienden durante el envejecimiento en diversas poblaciones
del sistema inmune de raton. (A) Analisis por citometria de flujo de la expresion de lamina A/C en distintas
subpoblaciones leucocitarias de origen mieloide procedentes de sangre de ratones de edades
comprendidas entre 3 y 102 semanas (sem). Los resultados se analizaron comparando el grupo de 3
semanas de edad con el resto usando el test estadistico one-way ANOVA y un post-test de Bonferroni. *,
p<0.05; **, p<0.01; ***, p<0.001. (B) Analisis por citometria de flujo de poblaciones leucocitarias de origen
linfoide procedentes de sangre de ratones jovenes (3-4 semanas de edad) y viejos (=100 semanas de
edad). Los resultados se analizaron con el test T de student.

Para estudiar el papel de la hipercolesterolemia sobre la expresién de lamina A/C en
leucocitos totales de sangre de raton, realizamos un experimento en ratones Ldlr”
alimentados con DN o DG durante 12 semanas. Tal como era de esperar, los ratones
alimentados con DG desarrollaron hipercolesterolemia (Figura 13A) y arteriosclerosis
(Figura 13B). Mediante gPCR observamos una disminucion de los niveles de ARNm

de lamina A y lamina A/C en los ratones alimentados con DG (Figura 13C).
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Figura 13. La hipercolesterolemia regula negativamente los niveles de ARNm de lamina A/C en
leucocitos de raton. Ratones Ldlr’- fueron alimentados con DN o DG durante 12 semanas. (A) Perfil
lipidico en plasma. Para cada lipido, los resultados con DN y DG se analizaron usando un test T de student.
*** p<0.0001. (B) Imagenes representativas de aortas tefiidas con Qil-Red O (AA: arco adrtico; AT: aorta
toracica). Las graficas muestran la cuantificacion de la placa de ateroma en el AA y la AT. Los datos se
analizaron con el test T de student. (C) Analisis de los niveles de ARNm de lamina A y lamina A/C en
leucocitos de sangre de raton. Los datos estan representados como la expresion relativa de cada gen con
respecto a la expresion de los genes control HPRT y B-actina. Los datos se analizaron con el test T de
student.

1.2. La ausencia de lamina A/C en células del sistema inmune aumenta el
desarrollo de arteriosclerosis en ratones LdlIr"

Los resultados anteriores demuestran que el envejecimiento y la hipercolesterolemia se
asocian con una marcada reduccion de los niveles de lamina A/C en el Sl. Con el fin de
determinar si los niveles de expresiéon de lamina A/C en el Sl afecta al proceso de
aterogénesis, realizamos experimentos de trasplante de MO de ratones Lmna” o WT
(CD45.2) en ratones receptores Ldlr” (CD45.1) irradiados letalmente (MO Lmna™” >
Ldiry MO WT = Ldir”, respectivamente). Tras el trasplante, los ratones se alimentaron
durante 6 semanas con DG (Figura 14). Los resultados mostraron una eficiencia de

trasplante cercana al 100% en ambos grupos (Figura 15).
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Figura 14. Esquema del procedimiento experimental del modelo de ratén LdIr” trasplantado y
alimentado con DG.

MO WT- LdIr”- MO Lmna”’--> LdIr"-

120

100 1 —

Monocitos

80

60
Lamin AIC

40 4

% de células CD45.2

201

MO WT MO Lmna”"

Neutréfilos

n=7 n=9
Lamin A€

Figura 15. La ausencia de lamina A/C en el sistema inmune no afecta a la eficiencia de trasplante de
médula ésea en ratones LdlIr". La grafica muestra los resultados de analisis por citometria de flujo para
cuantificar el porcentaje de células CD45.2* en sangre extraida a ratones Ldlr” (fenotipo CD45.1) 4
semanas tras ser trasplantados con MO WT o Lmna” (CD45.2). Las imagenes muestran la expresion de
lamina A/C (en verde) en monocitos (CD11b) y neutrdfilos (Ly6G) (en rojo) procedentes de la sangre de los
ratones trasplantados.

Después de 6 semanas con DG, se midieron parametros fisioldgicos basicos, incluyendo
peso corporal (Figura 16 A), cantidad de monocitos, neutrdéfilos y linfocitos circulantes
(Figura 16 B), y niveles de lipidos en plasma (Figura 16C), no observandose diferencias
estadisticamente significativas en ninguno de estos parametros al comparar ambos

grupos de ratones.
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Figura 16. La ausencia de lamina A/C en el sistema inmune no afecta a parametros fisiologicos
basicos en ratones LdIr" alimentados con dieta grasa. Ratones Ldlr” fueron trasplantados con MO
Lmna” o WT y alimentados con DG durante 6 semanas. (A) Peso corporal antes (Pre-DG) y después (post-
DG) de la alimentacion con DG. (B) Concentracion de monocitos (Mono), neutrdéfilos (Neu) y linfocitos (Lin)
después de la DG. (C) Perfil lipidico de los ratones al final de la DG.

La cuantificacién del AA y las arterias carotidas tenidas en face con ORO mostrd un
aumento en el porcentaje de placa de ateroma en los ratones MO Lmna” > Ldlr”
comparado con los controles (Figura 17). Estos resultados demuestran una relacion
causal entre la eliminacion de la lamina A/C en el Sl y el desarrollo de placas de ateroma

en ratones LdlIr".
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Figura 17. La ausencia de lamina A/C en el sistema inmune aumenta el desarrollo de aterosclerosis
en ratones LdIr’”- alimentados con dieta grasa. Ratones Ldlr’ fueron trasplantados con MO Lmna” o
WT y alimentados con DG durante 6 semanas. Se extrajo la aorta y las arterias carétidas para realizar
tincion con Qil-Red O para cuantificar la cantidad de arteriosclerosis. (A) Imagenes representativas de
arterias aortas y cuantificacion del porcentaje de placa de ateroma en el AA. (B) Imagenes representativas
de arterias carétidas y cuantificacion del porcentaje de placa de ateroma las arterias carétidas.

1.3. Efectos de la ausencia de lamina A/C en el sistema inmune sobre el
reclutamiento leucocitario durante la arteriosclerosis

Con el objetivo de conocer los mecanismos celulares implicados en el aumento de
aterosclerosis en los ratones MO Lmna” - Ldlr", decidimos estudiar las primeras
etapas del desarrollo de la enfermedad, concretamente el reclutamiento leucocitario in
vivo. Para ello realizamos estudios de microscopia intravital de la arteria carétida, que
mostraron un flujo similar de rodamiento de monocitos y neutréfilos sobre el lumen

arterial similar en los dos grupos experimentales (Figura 18).
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Figura 18. La ausencia de lamina A/C en el sistema inmune no afecta al rodamiento leucocitario
sobre la arteria carétida durante la arteriosclerosis. Cuantificacion del rodamiento de neutrdfilos y
monocitos en la arteria carétida de ratones Ldlr” trasplantados con MO WT o Lmna” alimentados con DG.
La imagen muestra leucocitos rodando por el endotelio de la arteria carétida. Las flechas apuntan a los
monocitos (Ly6C) (en rojo) y los asteriscos a los neutrdfilos (Ly6G) (en cian) durante el proceso de
rodamiento. La linea discontinua marca placas de ateroma establecidas.

Después de descartar el rodamiento como causante del aumento de arteriosclerosis en
los ratones MO Lmna” > LdIr”, decidimos analizar la adhesion de leucocitos al
endotelio, que es la siguiente fase del reclutamiento leucocitario durante el desarrollo de
la placa de ateroma. Para ello, realizamos estudios de microscopia intravital en vénulas
del musculo cremaster de ratén, tejido que permite una mayor capacidad de
visualizacién comparado con la microscopia intravital en arteria carétida. Estos
experimentos no mostraron diferencias significativas en la adhesion de monocitos y
neutroéfilos al endotelio de las vénulas del musculo cremaster al comparar ratones MO

Lmna” > LdIr" con sus controles (Figura 19).
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Figura 19. La ausencia de lamina A/C en el sistema inmune no afecta a la adhesion de leucocitos al
endotelio de las vénulas del musculo cremaster. Cuantificacion de la adhesion de neutrdfilos y
monocitos en vénulas del musculo cremaster de ratones Ldlr” trasplantados con MO WT o Lmna™
alimentados con DG. La imagen muestra leucocitos adheridos a una vénula cremastérica. La flecha apunta
a un monocito (Ly6C) (en rojo) y los asteriscos a neutrdfilos (Ly6G) (en azul) adheridos. La linea discontinua
muestra el contorno del vaso.
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Al no observar diferencias en los procesos de rodamiento y adhesién, decidimos
investigar si el aumento del desarrollo de arteriosclerosis en los ratones MO Lmna” >
LdIr" podria explicarse por un incremento en la extravasacion de los leucocitos tras su
adhesion al endotelio. Mediante microscopia intravital en el musculo cremaster
observamos que los animales MO Lmna” - LdIr" alimentados con DG presentaban
mas leucocitos extravasados que el grupo control (Figura 20A), si bien se movian mas
lentamente una vez extravasadas (Figura 20B). Los resultados obtenidos sugieren que
la ausencia de lamina A/C en células inmunitarias aumenta el desarrollo de
arteriosclerosis en un entorno hipercolesterolémico, al menos en parte debido a una
mayor extravasacion de leucocitos (que sin embargo son mas lentos), sin que el

rodamiento ni la adhesién leucocitaria se vean afectados.
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Figura 20. Efectos de la ausencia de lamina A/C en el sistema inmune sobre la extravasacion
leucocitaria al misculo cremaster y su posterior velocidad de migracién. Ratones Ldlr” fueron
trasplantados con MO WT o Lmna” y alimentados con DG. Se analizé mediante microscopia intravital la
extravasacion de leucocitos circulantes al musculo cremaster y su velocidad de migracion. (A)
Cuantificacion de la extravasacion de leucocitos. (B) Velocidad de migracion de los leucocitos extravasados
al musculo cremaster. (C) Imagenes representativas de leucocitos extravasados en ambos grupos
experimentales. La linea discontinua muestra el contorno de una vénula cremastérica y las flechas apuntan
a leucocitos extravasados.
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1.4. Efectos de la ausencia de lamina A/C sobre la migracién in vitro de monocitos
proinflamatorios

Para profundizar en el estudio de la migracion de los leucocitos deficientes en lamina
A/C y su posible relacion con el desarrollo de arteriosclerosis, realizamos experimentos
in vitro con leucocitos, controlando las condiciones de migracion en camaras de cultivo
con canales y/o constricciones de pequefio tamafo. Decidimos utilizar monocitos
proinflamatorios, ya que son los que juegan un papel mas importantes en las primeras
etapas del desarrollo de arteriosclerosis (Moroni et al., 2019). En primer lugar,
observamos que las células carentes de lamina A/C permanecian menos tiempo dentro
de las constricciones (Figura 21A). Ademas, las células Lmna” eran mas lentas cuando
cruzaban a través de canales rectos sin constricciones (Figura 21B). Estos resultados
in vitro demuestran que los monocitos proinflamatorios deficientes en lamina A/C migran
mas facilmente a través de constricciones de pequefio tamano, pero son mas lentos
cuando migran en ausencia de las mismas, de acuerdo con nuestros resultados de

microscopia intravital (Figura 20).
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Figura 21. Efectos de la ausencia de lamina A/C sobre la migracion in vitro de monocitos
proinflamatorios. (A) Tiempo de permanencia de monocitos Ly6Chi* en constricciones. La imagen muestra
un monocito atravesando una constriccion. (B) Velocidad de los monocitos Ly6Chi* a través de canales de
5x2,8 ym. La imagen muestra un monocito migrando a través de un canal recto. En ambos estudios, las
células utilizadas para cada experimento eran un “pool” de células procedentes de 3-4 ratones y el tamafo
poblacional es la suma de 3 experimentos independientes.
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1.5. La composicion de la placa de ateroma y la proporcion de leucocitos
infiltrados no se afectan por la ausencia de lamina A/C en el sistema inmune

A continuacioén, estudiamos las poblaciones leucocitarias en la arteria aorta de ratones
Ldlir” trasplantados con MO WT o Lmna” después de ser alimentados con DG. Para
ello se digiri6 enzimaticamente el tejido y analizamos las suspensiones celulares
mediante citometria de flujo. Estos estudios mostraron valores similares en los
porcentajes de macrofagos (Figura 22A) y neutréfilos (Figura 22B) infiltrados en la

aorta de ambos grupos experimentales.
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Figura 22. Proporcion de macréfagos y neutréfilos en la arteria aorta durante la arteriosclerosis en
ratones control y carentes de lamina A/C en el sistema inmune. Ratones Ldlr” trasplantados con MO
WT o Lmna” se alimentaron con DG y se extrajo la arteria aorta para analisis por citometria de flujo. (A)
Porcentaje de macréfagos. (B) Porcentaje de neutrdfilos. Se muestran plots de citometria de flujo
representativos.
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La composicion de la placa de ateroma determina su estabilidad y, por lo tanto, la
posibilidad de sufrir un accidente aterotrombdético (Finn et al., 2010). Por este motivo,
analizamos en placas ateromatosas de las valvulas adrticas el porcentaje de
macrofagos y de colageno mediante inmunohistoquimica de Mac-3 y tincion de
tricromico de Masson, respectivamente. Estos estudios mostraron unos porcentajes
similares de macrofagos (Figura 23A) y colageno (Figura 23B) en el interior de la placa
de ateroma en ambos grupos experimentales. Globalmente, nuestros resultados de
caracterizacion de la placa de ateroma sugieren que la ausencia de lamina A/C en el Si
no altera ni la proporcion de macréfagos y neutrdfilos infiltrados ni la cantidad de
colageno depositado.
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Figura 23. Composicién de la placa de ateroma en ratones LdIr" control y carentes de lamina A/C
en el sistema inmune. Ratones Ldlr”" trasplantados con MO WT o Lmna” se alimentaron con DG y se
extrajo la arteria aorta para analisis inmunohistoquimicos e histopatolégicos en cortes a nivel de las valvulas
aodrticas. (A) Porcentaje de area de placa ateromatosa con macréfagos (células positivas para Mac-3). (B)
Porcentaje de area de placa ateromatosa con depdsitos de colageno (tricrémico de Masson). Se muestran
imagenes representativas. La linea discontinua marca el érea de placa de ateroma.
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1.6. Efectos de la ausencia de lamina A/C en el sistema inmune sobre la
proliferacion y la apoptosis en células de la placa de ateroma

Teniendo en cuenta la importancia de la proliferacion celular y apoptosis en la
arteriosclerosis, examinamos ambos procesos en placas de ateroma de las valvulas
aorticas de ratones control y carentes de lamina A/C en el Sl. Mediante estudios de
marcaje inmunohistoquimico detectamos un menor porcentaje de células con expresion
nuclear del marcador de proliferacion Ki67 en la placa de ateroma de los ratones MO
Lmna” -> LdIr"~ (Figura 24A), mientras que la expresion del marcador de apoptosis

caspasa-3 era similar en ambos grupos experimentales (Figura 24B).
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Figura 24. Efectos de la ausencia de lamina A/C en el sistema inmune sobre la proliferaciéon y la
apoptosis en células de la placa de ateroma. Ratones Ldlr” trasplantados con MO WT o Lmna™ fueron
alimentados con DG. Las graficas muestran el porcentaje de células proliferantes (Ki67) (A) y de area
apoptotica (Caspasa-3) (B). Las imagenes muestran imagenes representativas. La linea discontinua marca
el area de placa de ateroma y las flechas apuntan a nucleos con expresion de Ki67 (A) o a zonas con
expresion de caspasa-3 (B).
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1.7. Efectos de la ausencia de lamina A/C sobre la polarizacién y funcionalidad de
los macréfagos

Los macrofagos representan la poblacidon celular mayoritaria en las placas de ateroma
(Moore et al., 2013). Son células con una gran plasticidad y heterogeneidad fenotipica,
modulada por multiples estimulos micro-ambientales que determinan su polarizacion y
activacion (Colin et al., 2014). El amplio espectro fenotipico de los macréfagos se
caracteriza en sus extremos por los macréfagos M1 y M2, con funciones
proinflamatorias/proaterogénicas y antinflamatorias/antiaterogénicas, respectivamente
(Colin et al., 2014).

Para analizar si la ausencia de lamina A/C afectaba a la diferenciacion de los
macrofagos realizamos ensayos in vitro induciendo la polarizacion de MDMO (Mo) a
macrofagos M1 y M2. Mediante gPCR observamos que los macréfagos carentes de
lamina A/C polarizados a M1 expresaban niveles de iINOS 2 ligeramente inferiores a los
WT, sugiriendo una menor diferenciacion a macréfagos proinflamatorios. Sin embargo,
los analisis de expresion del marcador arginasa-1 demostraron que ambos genotipos

presentaban una diferenciacion similar hacia macrofagos M2 (Figura 25A).

La captacién de lipoproteinas oxidadas por parte de los macréfagos es un evento
importante en el desarrollo de la placa de ateroma, proceso en el que estan implicados
los receptores “escoba” (Moore et al., 2013). El analisis de los niveles de expresion de
los receptores “escoba” SCARB1 y CD36 mostraron niveles similares en macréfagos
Mo, M1 y M2 de ratones WT y Lmna” (Figura 25B). Estos resultados, en su conjunto,
sugieren que la ausencia de lamina A/C afecta ligeramente a la polarizacion de

macrofagos M1, pero no tiene efecto sobre la expresidn de receptores de lipoproteinas.
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Figura 25. Efectos de la ausencia de lamina A/C sobre la polarizacion y funcionalidad de los
macréfagos. Niveles de mMRNA analizados por gPCR de MDMO procedentes de ratones WT o Lmna” sin
diferenciar (Mo) y polarizados a M1 o a M2. (A) Expresion de iNOS2 (M1) y arginasa-1 (M2). Los datos
estan representados como la expresion relativa de cada gen con respecto a la del gen control GAPDH. (B)
Niveles de expresion de CD36 y SCARB1. Los datos estan representados como la expresion relativa de
cada gen con respecto a la de los genes control 18S y GAPDH. Los resultados se analizaron usando un
test estadistico one-way ANOVA con un post-test de Bonferroni. ***, p<0.001 versus M1 WT.

1.8. La ausencia de lamina A/C restringida a células de la linea mieloide o linfoide
no afecta el desarrollo de arteriosclerosis en ratones LdIr"

Una vez demostrado que la ausencia de lamina A/C en todo el S| favorecia el desarrollo
de arteriosclerosis, asociado a un incremento de la extravasacién leucocitaria en ratones
LdIr”, nuestro siguiente objetivo fue estudiar si el papel regulador de la lamina A/C en
arteriosclerosis estaba mediado especificamente por alguna subpoblacion leucocitaria.
Empezamos analizando la ausencia de lamina A/C en poblaciones de origen mieloide.
Para ello, se trasplantaron ratones Ldlr” con MO procedente de ratones Lmnafox
LysMCre o su control Lmna™/x (MO Lmna™** | ysMCre > Ldlr" o MO Lmna™x >

Ldir", respectivamente) y se alimentaron durante 6 semanas con DG. El analisis de la
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aorta mediante tincion de ORO evidencid una tendencia al aumento del desarrollo de
arteriosclerosis en el AA de los ratones MO Lmna™"x | ysMCre - Ldlr", aunque las

diferencias con el grupo control no alcanzaron significatividad estadistica (Figura 26A).
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Figura 26. La ausencia de lamina A/C especificamente en células de la linea mieloide no aumenta el
desarrollo de arteriosclerosis en ratones Ldlr’-. Ratones Ldlr’- fueron trasplantados con MO Lmnafo</fox
LysMCre o Lmna™*/x y alimentados con DG. (A) Imagenes representativas de arterias aortas tefiidas con
ORO. Las graficas muestran la cuantificacion de la placa de ateroma en el AA. Las imagenes de
inmunofluorescencia muestran la expresion de lamina A/C (en verde) en células de origen mieloide (en
rojo) procedentes de la sangre de ratones Ldlr”" trasplantados con MO Lmna’™*/ox | ysMCre o Lmnao/fox
que expresaban la proteina tomato bajo el control del promotor de LysM. (B) Peso corporal, concentracion
de distintas poblaciones de leucocitos y perfil lipidico de ratones al final de la DG.
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A continuacién, analizamos si la ausencia de lamina A/C en los linfocitos T era suficiente
para aumentar el desarrollo de arteriosclerosis. Para ello usamos el modelo de ratén
Lmna™"x CD4Cre (previamente utilizado en Toribio-Fernandez et al., 2018) y sus
controles Lmna™/"x para trasplantar ratones Ldlr’” ( MO Lmna™"x CD4Cre > LdIr" o
MO Lmna™x > | dir”, respectivamente). Tras 6 semanas con DG, observamos niveles
de arteriosclerosis similares en los ratones de ambos grupos (Figura 27A). Estos
resultados indican que la ausencia de lamina A/C de manera especifica en células de la
linea mieloide o linfoide no es suficiente para aumentar la formacién de placa de

ateroma, como si sucede cuando eliminamos la expresion de lamina A/C en todo el SI.
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Figura 27. La ausencia de lamina A/C especificamente en células de la linea linfoide no aumenta el
desarrollo de arteriosclerosis en ratones LdIr". Ratones Ldlr’ fueron trasplantados con MO Lmnaf/fiox
CD4Cre o Lmna™x y alimentados con DG. (A) Imagenes representativas de arterias aortas tefiidas con
ORO. Las graficas muestran la cuantificacion de la placa de ateroma en el AA. (B) Peso corporal,
concentracion de distintas poblaciones de leucocitos y perfil lipidico de ratones al final de la DG.
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2. Regulacion de la expresion de lamina A/C en la pared arterial durante el
envejecimiento y estudio de su posible papel en el desarrollo de enfermedades

cardiovasculares

2.1. Regulaciéon de la expresion de lamina A/C en la pared arterial durante el
envejecimiento

Basandonos en los resultados anteriores, decidimos estudiar el papel de la lamina A/C
en las células vasculares, componentes de la pared arterial que juegan un papel clave
en la ECV asociada al envejecimiento. En primer lugar, examinamos mediante WB los
niveles de lamina A/C en arterias coronarias de personas de diferentes edades. Los
resultados obtenidos demostraron niveles de lamina A/C inferiores en las arterias

procedentes de individuos de mayor edad (Figura 28).
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Figura 28. Los niveles de lamina A/C descienden durante el envejecimiento en tejido arterial humano.
Imagen de un WB representativo y cuantificacion de los niveles de lamina A/C en arterias coronarias de
origen humano de individuos <30 afios y 258 afios.

A continuacion, estudiamos tejido arterial de ratdbn mediante WB de distintas zonas de
la arteria aorta (AA y AT) de machos y hembras de distintas edades. Los resultados
demostraron una disminucién generalizada de la lamina A/C durante el envejecimiento,
siendo mas acusada en el AA comparado con la AT (Figura 29A). Para determinar el
tipo celular responsable de este descenso, realizamos analisis de citometria de flujo en
la tunica adventicia (compuesta principalmente por fibroblastos) y en el resto de tejido
arterial (compuesto principalmente por CMLVs y células endoteliales, identificadas con

anticuerpos especificos). Los resultados mostraron una menor expresion de lamina A/C
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tanto en CMLVs como en células endoteliales de los ratones de edad avanzada
comparados con los jévenes, sin observarse cambios en las células de la adventicia
(Figura 29B). Los resultados obtenidos en arterias humanas y de ratdn sugieren que la

expresion de lamina A/C en las células vasculares disminuye durante el envejecimiento.
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Figura 29. Los niveles de lamina A/C descienden durante el envejecimiento en arterias aortas de
ratén. (A) Imagen de un WB representativo y cuantificacion de los niveles de lamina A/C en distintas zonas
de la arteria aorta de ratones machos y hembras de edades comprendidas entre las 3 y las 115 semanas
(sem). Cada carril corresponde a un “pool” de 2 AAs 6 2 ATs. (B) Andlisis por citometria de flujo de los
niveles de lamina A/C en células de la tunica adventicia, CMLVs (identificadas con anticuerpos anti-SMA) y
células endoteliales (identificadas con anticuerpos anti-CD106) de ratones jovenes (3-4 semanas) y
envejecidos (=100 semanas). Se muestran histogramas representativos. Cada individuo corresponde a un
“pool” de 2 arterias aortas.
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2.2. Generacion y caracterizacion del modelo de ratéon Lmna™f°x SM22aCre

Una vez averiguado que los niveles de lamina A/C disminuyen con el envejecimiento en
células vasculares, nos preguntamos si la ausencia de lamina A/C especificamente en
CMLVs o células endoteliales podia estar relacionada con la ECV. Teniendo en cuenta
que representan el componente celular mas abundante de la pared vascular, en esta
Tesis Doctoral decidimos generar un modelo de ratén con deficiencia de lamina A/C en
CMLVs. Para ello cruzamos ratones portadores del gen de la lamina A/C flanqueado por
secuencias loxP (Y. Kim & Zheng, 2013) con ratones que expresan la recombinasa CRE
bajo el control del promotor del gen SM22a, cuya expresion ocurre principalmente en
CMLVs (Holtwick et al., 2002; Joseph & Eric, 1996; L. Li et al., 1996). En todos los
experimentos, los ratones se sacrificaron a las 4 semanas de edad. La eficiencia en la
deleccion de lamina A/C en las CMLVs se analizé mediante inmunofluorescencia en
distintos 6rganos. La eliminacion de la lamina A/C fue completa y especifica en CMLVs
de la arteria aorta, el higado, el rifidén y el pulmén (Figura 30). Sin embargo, en el
corazon la lamina A/C estaba ausente no solo en CMLVs de las arterias coronarias, sino

también en algunos cardiomiocitos y FCs (Figura 31).
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Figura 30. Deficiencia de lamina A/C en células de musculo liso vascular de ratones Lmnafox/flox
SM22aCre. Imagenes representativas de cortes histoldgicos de distintos érganos con los nucleos marcados
con DAPI (azul), las células endoteliales con anti-CD31 (verde), las CMLVs con anti-SMA (rojo) y las células
positivas para lamina A/C con anti-Lamin A/C (blanco).
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Figura 31. Deficiencia de lamina A/C en cardiomiocitos y fibroblastos cardiacos de ratones
Lmnaf/flox S\22aCre. Imagenes representativas de cortes histologicos de corazon con los nucleos
marcados con Hoechst (azul), las membranas celulares con WGA (verde), las células positivas para lamina
A/C con anti-Lamin A/C (rojo) y los FCs con anti-FSP-1 (blanco). Las graficas muestran el porcentaje de
cardiomiocitos y FCs positivos para lamina A/C.

La caracterizacion fenotipica de este nuevo modelo de ratén mostré un peso corporal
ligeramente reducido y una esperanza de vida media dramaticamente reducida a
aproximadamente 5 semanas en los ratones Lmna™"x SM22aCre en comparacion con

los controles (Figura 32).
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Figura 32. Los ratones Lmna/fiox S)M22aCre presentan menos peso corporal y una reduccién muy
significativa en su esperanza de vida media. Curvas de supervivencia de Kaplan-Meier (A) y peso
corporal a las 4 semanas (B) de los ratones Lmna™/x y [ mna*/ox SM22aCre. La imagen representativa
en A muestra un ratén de cada genotipo.

A continuacion, comprobamos si los ratones Lmna™/x SM22aCre sufrian alguna
alteracion histopatoldgica en diferentes 6rganos. Como la disfuncion de las CMLVs
puede provocar la produccion excesiva de matriz extracelular (Hinz et al., 2012),
cuantificamos el porcentaje de colageno en higado, pulmones y rindn mediante tincion
de tricromico de Masson. Estos estudios no evidenciaron cambios en la estructura de
los tejidos ni en la cantidad de colageno en los ratones Lmna™/x SM22aCre

comparados con los controles (Figura 33).
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Figura 33. Los ratones Lmna®flox SM22aCre no presentan alteraciones en higado, rifién y pulmén.
Iméagenes representativas de cortes histopatoldgicos de higado, pulmén y rifidn tefiidos con tricromico de
Masson y cuantificacion del porcentaje de colageno normalizado con respecto a ratones control Lmnao/fox,

El analisis de cortes histologicos tefidos con HE tampoco demostrd diferencias
significativas en el numero de nucleos en células de la tunica media en el AAy la AT
(Figura 34A), y tinciones de tricromico de Masson revelaron una tendencia no
significativa a un aumento en la acumulacion de colageno en la capa muscular en ambas
regiones de la arteria aorta de los ratones Lmna™"x SM22aCre (Figura 34B). En
conclusion, la caracterizacion de este modelo de ratén indica que la eliminacion de la
lamina A/C en CMLVs y en una fraccion de cardiomiocitos y FCs causa una mortalidad

muy prematura.
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Figura 34. Los ratones Lmna™*flox SM22aCre no presentan alteraciones en la arteria aorta. (A)
Imagenes representativas de tinciones con HE y cuantificacion del nimero de nucleos celulares por area.
(B) Imagenes representativas de tinciones con tricromico de Masson y cuantificacion del porcentaje de
colageno normalizado al control Lmna™ox_ En ambos paneles se usaron cortes histolégicos de arcos AA
y aortas toracicas AT de ratones Lmna™/ox y [ mnaffox SM22aCre.

2.3. Los ratones Lmna™fox SM22aCre desarrollan alteraciones cardiacas graves

Ninguno de los 6rganos analizados demostré un dafio grave que explicara la mortalidad
prematura de los ratones Lmna™"* SM22aCre. Teniendo en cuenta que estos animales
presentan ausencia de lamina A/C en las CMLVs y en un porcentaje de cardiomiocitos

y FCs, decidimos examinar posibles alteraciones cardiacas. El analisis mediante
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ecocardiografia demostré una drastica pérdida de funcion cardiaca en los ventriculos
izquierdo y derecho de los ratones Lmna™"* SM22aCre (Figura 35A), asi como una

ligera disminucion en el grosor de la pared del ventriculo izquierdo (Figura 35B).

A

Lmnaflox/flox Lmnafo¥flox SM22aCre

Funcion del ventriculo izquierdo Funcion del ventriculo derecho
80 1.5
60
x w
s 401 p<0.0001 g p<0.0001
w =
[ 0.5
N i‘
Lm. aflox/ﬂox Lma flox/flox Lm af/ox/!lox L. aflox/flox
SM22aCre SM22aCre
n=8 n=8 n=6 n=6
B
c 1cm
‘0
N
L L I B I B
o
(&}

Tibia

Ll 1 A

L mnaflox/fiox Lmnafo¥flox SM22aCre

Grosor de la pared del VI

1.0 Longitud de latibia Peso del corazén
207 0.207
0.8 1
p=0.01 15 ° 0.154
£ 0.6 1 o
£ E 101 E 010 —
0.4 1 )
57 0.057
0.21
Lnﬂaflux/flox Lnnaflox/flux L,maflox/ﬂox Lmaflux/fbx
| mraflox/flox L mafiox/flox SM22aCre SM22aCre
SM22aCi
aCre n=3 n=3 n=3 n=3
n=8 n=8

Figura 35. Los ratones Lmna™ox SM22aCre presentan pérdida de funcién cardiaca en ambos
ventriculos. Ratones Lmna™/ox y [ mna®*fox SM22aCre de 4 semanas de edad. (A) Imagenes
representativas de las ecocardiografias y cuantificacion de la funcién del ventriculo izquierdo (FEVI) y
derecho (TAPSE). (B) Cuantificacion del grosor de la pared del ventriculo izquierdo y medidas control de
corazon y tibia con sus imagenes representativas.
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Mediante analisis electrocardiografico encontramos una prolongacion de los intervalos
QRS y QT (conduccion ventricular) y menor tasa de repolarizacion en los ratones
Lmna™x SM22aCre comparado con sus controles, sin observarse alteraciones
significativas en la conduccion auriculo-ventricular (intervalo PQ) y en el ritmo cardiaco
(Figura 36). Estos resultados sugieren que la ausencia de lamina A/C en las CMLVs y
otras células del corazén provoca una grave pérdida de la funcion cardiaca vy
alteraciones electrocardiograficas en los ventriculos que podrian estar relacionadas con

la muerte prematura de los ratones Lmna™x SM22aCre.
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Figura 36. Los ratones Lmna®flox SM22aCre presentan alteraciones electrocardiograficas. Medidas
de los intervalos PQ, QRS, QT, pendiente de la onda T y ritmo cardiaco obtenidas mediante estudios
electrocardiograficos en ratones Lmna™/1ox y | mnaoiox SM22aCre a las 4 semanas de edad.

2.4. Los ratones Lmna™*flox §M22aCre desarrollan fibrosis cardiaca

Con el objetivo de identificar los mecanismos responsables del fenotipo cardiaco en
ratones Lmna™*x SM22aCre, analizamos la deposicion de colageno como medida de
la fibrosis cardiaca mediante tinciones de tricromico de Masson y Sirius red. Estos
estudios demostraron que los ratones Lmna™* SM22aCre presentaban fibrosis

cardiaca intersticial generalizada (Figura 37).
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Figura 37. Los ratones Lmna®*flox S\M22aCre presentan fibrosis cardiaca generalizada. Imagenes
representativas de tinciones con tricrémico de Masson y Sirius red en cortes histoldgicos de corazon de
ratones Lmna™*fox y | mnaofox SM22aCre. Las gréaficas muestran la cuantificacion del porcentaje de area
de colageno en ambas tinciones normalizado al control Lmnafox/fox,

Para profundizar en los mecanismos celulares y moleculares responsables de la fibrosis
cardiaca en ratones Lmna™/"x SM22aCre, examinamos la expresion de marcadores
celulares que se han asociado con el desarrollo de fibrosis cardiaca: WGA como
marcador general de fibrosis (Emde et al., 2014; Teekakirikul et al., 2010) y FSP-1y
SMA como marcadores de FCs profibréticos (Kong et al., 2013; Ma et al., 2018).
Mediante estudios de inmunofluorescencia confocal observamos un aumento en el
porcentaje de area de tejido cardiaco con expresion de WGA, FSP-1 y SMA en ratones
Lmna™x SM22aCre (Figura 38). Estos resultados indican que la ausencia de lamina
A/C en células del sistema cardiovascular provoca el desarrollo de fibrosis cardiaca

asociada a la expresion de marcadores de FCs activados.
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Figura 38. Los ratones Lmna™fiox SM22aCre presentan un aumento de expresion de marcadores
profibréticos en tejido cardiaco. Porcentaje de area marcada con WGA (verde), FSP-1 (blanco) y SMA
(rojo) en cortes de tejido cardiaco de ratones Lmna™*fox y | mna™fox SM22aCre de 4 semanas de edad.
Imagenes de inmunofluorescencia representativas.
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Esta ampliamente descrito que el envejecimiento y la hipercolesterolemia son los
principales factores de riesgo de sufrir ECVs (Burkhardt, 2015; Lakatta & Levy, 2003;
Nelson, 2013; Saviji et al., 2013; Steenman & Lande, 2017; Wang & Bennett, 2012). La
lamina A/C, codificada por el gen LMNA, es una proteina nuclear con una funcién
estructural que regula multitud de procesos celulares. Diversas mutaciones en el gen
LMNA producen enfermedades humanas llamadas laminopatias (Broers et al., 2006).
Ademas, modelos de ratén que no expresan la lamina A/C o expresan formas mutadas
tienen fenotipos muy marcados y, en algunos casos, su supervivencia esta gravemente
comprometida (Zhang et al., 2013). Diversos estudios han demostrado un descenso en
la expresion de lamina A/C durante el proceso de envejecimiento, tanto en células
humanas (Golubtsova, 2016) como en varios tejidos de ratén (Afilalo et al., 2007; Duque
& Rivas, 2006).

Con estos antecedentes, en el presente trabajo de Tesis Doctoral hemos estudiado si
los niveles de lamina A/C se regulan durante el envejecimiento e hipercolesterolemia en
tipos celulares implicados en ECVs, y si estas proteinas nucleares juegan un papel
determinante en el desarrollo de arteriosclerosis y otras ECVs asociadas al

envejecimiento.

Esta bien establecido que el Sl participa activamente en la fisiopatologia de la
arteriosclerosis (Hansson & Libby, 2006). Ademas, varios trabajos realizados en nuestro
laboratorio han demostrado que la lamina A/C juega un papel importante en células
inmunes, como los linfocitos T (Gonzalez-Granado et al., 2014; Rocha-Perugini &
Gonzalez-Granado, 2014; Toribio-Fernandez et al., 2018). Por ello, como primera
aproximacion estudiamos el posible papel de lamina A/C en el desarrollo de
arteriosclerosis. En primer lugar, analizamos si dos factores de riesgo para el desarrollo
de ECVs, como el envejecimiento y la hipercolesterolemia, regulaban los niveles de
lamina A/C en células del Sl. El analisis de muestras de sangre humana y de raton
demostré una menor expresion de lamina A/C en los leucocitos procedentes del grupo
de individuos de mas edad. Observamos también un descenso en los niveles de lamina
A/C en leucocitos circulante de ratones hipercolesterolémicos Ldlr’” alimentados con DG
comparado con controles alimentados con DN. Estos resultados demuestran por
primera vez que tanto el envejecimiento como la hipercolesterolemia se asocian con
menor expresion de lamina A/C en el Sl. El envejecimiento se asocia con un proceso
inflamatorio crénico (Ferrucci & Fabbri, 2018). Asi mismo, la hipercolesterolemia
favorece el desarrollo de aterosclerosis en parte debido a la activacion de un proceso
inflamatorio mediado por células del SI (Hansson et al., 2006; Hansson & Libby, 2006;

Siasos et al., 2012). Estas caracteristicas compartidas por ambos factores de riesgo
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cardiovascular podrian contribuir a la reduccion de los niveles de lamina A/C durante el
envejecimiento y en condiciones de hipercolesterolemia. De acuerdo con esta hipotesis,
se ha descrito que moléculas proinflamatorias, como IFN-B o TNF-a, disminuyen los
niveles de lamina A/C (Alldridge et al., 1991; Guicciardi et al., 2000).

A continuacion, estudiamos si los niveles de expresién de lamina A/C en el Sl regulan
el desarrollo de arteriosclerosis. Para ello utilizamos un protocolo de irradiacion de
ratones Ldlr"y trasplante con MO de ratones WT o Lmna” (MO WT - LdIr" y MO Lmna
~ > Ldlr”, respectivamente), con el fin de reconstituir su Sl con células WT o deficientes
en lamina A/C. Aunque se ha demostrado que la lamina A/C regula negativamente el
trafico de células desde la MO hacia la sangre durante la hematopoyesis (Shin et al.,
2013), la recuperacién del S| después del trasplante en los ratones MO Lmna™ > Ldlr”
fue tan alta como en los ratones control, lo que indica que la carencia de lamina A/C en
las células hematopoyéticas no afecta a la repoblacién celular de la MO y la sangre. Del
mismo modo, el analisis hematolégico de ratones de ambos grupos de ratones
sometidos a un régimen de DG no mostrd diferencias significativas ni en la
concentracion de poblaciones leucocitarias ni en los niveles de lipidos en plasma y en
la ganancia de peso. Sin embargo, observamos un aumento en el desarrollo de
arteriosclerosis en los ratones Ldlr” carentes de lamina A/C en el Sl con respecto a sus

controles.

Ya que nuestro modelo de ratén sélo carecia de lamina A/C en el Sl, decidimos
centrarnos en el estudio de los procesos ateroscleréticos en los que estan implicados
los leucocitos. Después de la activacion endotelial, la primera etapa de la formacién de
placa de ateroma es el reclutamiento leucocitario (Braunersreuther & Mach, 2006), que
comienza con el rodamiento de los leucocitos por la pared arterial. Para investigar este
primer proceso empleamos microscopia intravital de arteria carétida, una nueva técnica
desarrollada en nuestro laboratorio que permite observar in situ el rodamiento de
monocitos y neutrofilos sobre el endotelio de la arteria carétida (Chévre et al., 2014).
Los resultados no mostraron un aumento en el rodamiento leucocitario en los ratones
MO Lmna” - Ldir" alimentados con DG respecto a sus controles, descartando este
mecanismo como causante del incremento de arteriosclerosis en los ratones con

deficiencia en lamina A/C en su SlI.

Dentro del contexto de reclutamiento leucocitario, el siguiente proceso que estudiamos
fue la adhesion de los leucocitos a la pared arterial mediante microscopia intravital en el
musculo cremaster. Nuestros experimentos mostraron que los leucocitos de los ratones

MO Lmna” - Ldlr" alimentados con DG se adherian a la pared endotelial de vénulas
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del musculo cremaster de manera similar a los controles, descartando también un
aumento en la adhesion leucocitaria como mecanismo responsable del agravamiento

de aterosclerosis asociado a la ausencia de lamina A/C en las células hematopoyéticas.

A continuacioén, analizamos la diapédesis, la ultima etapa del proceso de reclutamiento
leucocitario durante la arteriosclerosis que culmina con la extravasacion de las células
del Sl y su incorporacion a la placa aterosclerética (Muller, 2003). Utilizando microscopia
intravital en el musculo cremaster, observamos mayor numero de leucocitos
extravasados en los ratones MO Lmna” = LdIr’ en comparacion con los controles. Este
hallazgo indica que la ausencia de lamina A/C en las células del S| favorece su
extravasacion bajo el estimulo aterosclerético de la DG. Estudios previos in vitro han
demostrado que la ausencia de lamina A/C favorece el paso de leucocitos a través de
pequenos poros gracias a presentar un nucleo mas deformable (Harada et al., 2014).
Por el contrario, experimentos in vitro han demostrado que la sobreexpresion de lamina
A aumenta la rigidez nuclear y dificulta la migracion a través de constricciones (Rowat
et al., 2013). En un contexto vascular in vivo, los poros de pequefo tamano
corresponderian a los espacios intercelulares de las células endoteliales a través de los
cuales migran los leucocitos en presencia de estimulos proaterogénicos, como los
presentes a edad avanzada y en presencia de hipercolesterolemia. Nuestros resultados
no solo confirman in vivo estos estudios previos, sino que también sugieren un nuevo
mecanismo proaterosclerdtico en el que la ausencia de lamina A/C aumenta la
extravasacion leucocitaria durante el desarrollo de la enfermedad. En el mismo ensayo,
comprobamos que los leucocitos deficientes en lamina A/C en los ratones MO Lmna™
- LdIr" eran mas lentos que los controles en su movimiento tras la extravasacion. Estos
resultados in vivo estan de acuerdo con hallazgos in vitro, en los que el defecto en
migracion celular se ha asociado a un incorrecto acoplamiento entre la lamina A/C y el
citoesqueleto de actina (D. H. Kim et al., 2014). Sin embargo, su implicacién en la

aterogénesis necesita un analisis mas extenso.

Los experimentos de microscopia intravital de cremaster no permiten diferenciar entre
los subtipos de leucocitos extravasados. Para profundizar en el estudio del papel de la
lamin A/C en la migracién celular, realizamos estudios in vitro con monocitos
proinflamatorios (Ly6G"), la principal subpoblacion leucocitaria que se recluta durante
las primeras etapas de la arteriosclerosis (Moroni et al., 2019). Al analizar el paso de
estas células a través de constricciones de pequefo tamafio, observamos que los
monocitos proinflamatorios Lmna” permanecian menos tiempo en las constricciones
que las células control. Estos datos sugieren que los monocitos proinflamatorios

deficientes en lamina A/C pasan con mayor facilidad por estrechamientos, como los que
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se forman entre las células endoteliales, confirmando nuestros resultados in vivo
obtenidos mediante microscopia intravital. Por otra parte, pudimos observar que los
monocitos proinflamatorios Lmna” migraban a menor velocidad a través de canales
rectos sin constricciones, resultados que también concuerdan con la menor velocidad
que presentaban los leucocitos Lmna” extravasados al mdsculo cremaster en nuestros
experimentos in vivo, asi como con la idea de que la ausencia de lamina A/C afecta a la
motilidad de las células debido, al menos en parte, a una conexion defectuosa con el

citoesqueleto de actina.

Una vez demostrado que el aumento de aterosclerosis en los ratones MO Lmna™ =
Ldir” alimentados con DG podia deberse en parte a un aumento en el reclutamiento
leucocitario, decidimos estudiar etapas mas avanzadas de la enfermedad para conocer
si la ausencia de lamina A/C en los leucocitos tiene consecuencias en el desarrollo de
la placa de ateroma a largo plazo. Por este motivo, estudiamos la proporcion de
diferentes poblaciones leucocitarias dentro de la arteria aorta. Ya que los monocitos se
diferencian a macréfagos una vez infiltrados en la tunica intima, examinamos este tipo
celular (Hilgendorf et al., 2015). Ademas, analizamos la proporcion de neutrdfilos en la
arteria aorta, ya que también se extravasan durante la arteriosclerosis (Doring et al.,
2015). Mediante digestion enzimatica y citometria de flujo observamos que los
porcentajes de macréfagos y neutréfilos dentro de la arteria eran similares en ambos
grupos experimentales. Si correlacionamos estos resultados con los datos obtenidos en
los experimentos de microscopia intravital, podemos afirmar que monocitos y neutréfilos
se extravasan de manera similar en ausencia de lamina A/C en el Sl. Posteriormente,
examinamos la composicidén de las placas de ateroma, ya que una placa de ateroma
con un alto contenido en macréfagos y bajo en colageno esta asociado a una mayor
vulnerabilidad de la misma (Finn et al., 2010). Mediante inmunohistoquimica
comprobamos que la ausencia de lamina A/C en leucocitos no modificaba el porcentaje
de macrofagos dentro de la placa de ateroma. Asi mismo, comprobamos que el
contenido en colageno de las lesiones ateroscleréticas no estaba alterado. Por lo tanto,
podemos afirmar que una deficiencia de lamina A/C en el Sl no genera placas de

ateroma mas vulnerables.

Continuando con el estudio de la placa de ateroma, analizamos los procesos celulares
de proliferacién y apoptosis por su implicacion en el desarrollo de arteriosclerosis
(Andrés et al., 2012; Martinet et al., 2011; Tabas, 2010). Por un lado, observamos un
descenso en la proliferacion de células dentro de la placa de ateroma en los ratones MO
Lmna” - LdIr". Dado que un aumento del desarrollo de arteriosclerosis se asocia a una

mayor proliferacion de los macrofagos de la placa de ateroma (Sakai et al., 2000), en
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los ratones MO Lmna™” - LdIr" esperariamos encontrar un aumento de la proliferacién
respecto de los controles. Ademas, de acuerdo con la bibliografia, las células deficientes
de lamina A/C deberian proliferar mas que los controles WT (Van Berlo et al., 2005). Sin
embargo, nuestros datos muestran lo contrario. Este resultado podria indicar que los
leucocitos que han migrado a través del endotelio hacia la tunica intima no son capaces
de proliferar correctamente, fendmeno que podria asociarse a la pérdida de estabilidad
gendmica que sufren las células deficientes de lamina A/C al pasar por constricciones
de pequefio tamano (Raab et al., 2016). Por otra parte, observamos que los niveles de
expresion de la proteina proapoptética caspasa-3 no variaban en las placas de ateroma
de los ratones MO Lmna” - LdIr", descartando que la ausencia de lamin A/C aumente
el desarrollo de arteriosclerosis mediante un incremento en la apoptosis de los
macrofagos de la placa de ateroma. Sin embargo, seria necesario analizar los procesos
de proliferaciéon celular y apoptosis en distintas fases del proceso aterosclerético para

discernir con mayor detalle su posible papel en esta patologia.

Teniendo en cuenta que los macréfagos son las células del SI con mayor presencia en
la placa aterosclerética, decidimos analizar en profundidad el papel de la lamina A/C en
este tipo celular, utilizando MDMO cultivados in vitro. Una posible hipétesis es que los
macréfagos aislados de ratones Lmna™ se diferenciasen en mayor medida a fenotipos
proinflamatorios (M1) y/o en menor medida a fenotipos anti-inflamatorios (M2) (Colin et
al., 2014). Sin embargo, observamos que los macrofagos Lmna” se diferenciaban
menos a M1 y de igual manera a M2 en comparacion con los controles, apuntando a
que el mecanismo de polarizacién de macréfagos no esta implicado en el incremento de
lesion aterosclerética observado in vivo. Esta disminucién en la diferenciacion a M1 por
parte de los macrofagos Lmna” ha sido observada anteriormente en el contexto de la
diabetes (Y. Kim et al., 2018). En cuanto al proceso de captacién de lipoproteinas
oxidadas que tiene lugar durante la aterogénesis gracias a los receptores “escoba”
expresados por los macréfagos, nuestros resultados muestran que la ausencia de
lamina A/C no afecta a la expresion de estos receptores, sugiriendo que este mecanismo
celular tampoco esta alterado en ausencia de lamin A/C en el Sl. Sin duda, estudios de
analisis masivo de expresion serian de gran interés para caracterizar en profundidad las
alteraciones que la ausencia de lamina A/C provoca en las células del S, por ejemplo

mediante técnicas de transcriptomica y proteémica.

Los datos anteriores constataron que la ausencia de lamina A/C en todas las células del
Sl juega un papel proaterogénico. Por esta razén, quisimos conocer qué subpoblaciones
leucocitarias estaban implicadas. Los datos obtenidos demostraron que la ausencia de

lamina A/C de manera especifica en células de la linea mieloide no era suficiente para
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generar un aumento en la arteriosclerosis. Tampoco observamos diferencias en el
desarrollo de arteriosclerosis al eliminar de forma especifica la lamina A/C en células de
la linea linfoide. De estos experimentos concluimos que es necesaria la carencia de
lamina A/C en diversos tipos celulares del S| para que se genere un incremento en la

formacion de placa de ateroma.

En su conjunto, estos resultados ponen de manifiesto que los niveles de lamina A/C
disminuyen durante el envejecimiento en células del SI de humano y ratén, y que
eliminar estas proteinas en los leucocitos aumenta el desarrollo de arteriosclerosis en
ratones Ldlr", debido al menos en parte a un aumento de la extravasacion leucocitaria.
Proponemos que el descenso de los niveles de lamina A/C durante el proceso de
envejecimiento y en condiciones de hipercolesterolemia disminuye la rigidez nuclear, lo
cual facilita que los leucocitos atraviesen el endotelio vascular, acelerando asi la

formacion de la placa de ateroma (Figura 39).

Leucocitos circulantes

= S S = = =

>

Envejecimiento/Hipercolesterolemia

S _r-_._-__

T Arteriosclerosis

Figura 39. Mecanismo propuesto para el incremento de la arteriosclerosis asociada al descenso de
lamina A/C en el sistema inmune durante el envejecimiento y la hipercolesterolemia. La linea
perinuclear discontinua refleja el descenso en la expresion de lamina A/C que facilita la extravasacion de
leucocitos circulantes.

Teniendo en cuenta nuestros resultados, sera de gran interés investigar los mecanismos
moleculares que provocan el descenso de los niveles de lamina A/C en las células del
S| durante el envejecimiento y la hipercolesterolemia. También es crucial seguir
ahondando en los mecanismos moleculares que conducen al aumento de la
extravasacion celular en ausencia de lamina A/C y que producen un aumento del
desarrollo de arteriosclerosis. Ademas, sabiendo que la ausencia de lamina A/C en los

leucocitos agrava el proceso de arteriosclerosis, seria importante estudiar si la
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sobreexpresion de lamina A/C en estas células tiene un efecto antiaterogénico, por
ejemplo, mediante la generacién y caracterizacion de un ratdn transgénico. De ser asi,
aumentar los niveles de lamina A/C en el Sl podria ser una terapia para reducir el

desarrollo de la arteriosclerosis.

El segundo objetivo que nos planteamos en esta Tesis Doctoral fue investigar la posible
regulacion de la expresion de lamina A/C durante el envejecimiento en células de la
pared vasculary su posible implicacion en la ECV. Estudios previos de otros laboratorios
han demostrado que la expresion de lamina A/C desciende con el envejecimiento en
cardiomiocitos de raton (Afilalo et al., 2007). Nuestros resultados confirman que el
envejecimiento también se asocia con una disminucion de los niveles de lamina A/C en
arterias, tanto humanas como de ratdon. Para estudiar si diferencias en los niveles de
expresion de lamina A/C en la pared vascular afectan al desarrollo de ECVs, generamos
un modelo de ratén carente de lamina A/C en CMLVs cruzando ratones transgénicos
SM22aCre con ratones Lmna™"*_ El modelo de raton Lmna™/"x SM22aCre resulté no
ser especifico para las CMLVs, ya que también observamos ausencia de lamina A/C en
FCs y cardiomiocitos. A pesar de no conseguir generar un modelo de raton deficiente
de lamina A/C de manera completamente especifica en CMLVs, la caracterizacion de
los ratones Lmna™*x SM22aCre nos aporté una vision mas global de los efectos de la

ausencia lamina A/C en el sistema cardiovascular.

Comenzamos observando un pronunciado descenso en la esperanza de vida de los
ratones Lmna™*"x SM22aCre, con una vida media de solo 5 semanas, muy similar a la
observada en el modelo de ratéon con ausencia de lamina A/C en todas las células del
organismo (Sullivan, 1999). Estos resultados sugerian que la mortalidad en el modelo
ubicuo esta originada por la ausencia de lamina A/C en las células del sistema
cardiovascular. Los ratones Lmna™™x SM22aCre a las 4 semanas de edad
presentaban un peso ligeramente inferior comparado con sus controles, aunque
deducimos que esta diferencia de peso no es lo suficientemente grave como para
explicar un aumento de la mortalidad tan acusado. Debido a su corta esperanza de vida,
este modelo de ratéon no se pudo emplear para el estudio de ECV de largo desarrollo,

como es el caso de la arteriosclerosis.

Nuestros estudios histopatoldgicos realizados a los ratones Lmna™/"x SM22aCre no
revelaron alteraciones tisulares ni aumento de fibrosis en higado, pulmén y rindn. Estos
resultados parecen indicar que la eliminacién de lamina A/C en las CMLVs de los vasos
sanguineos de estos 6rganos no es la causa de muerte prematura en los ratones

Lmna™flex SM22aCre.
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Puesto que las arterias de gran calibre estan formadas principalmente por CMLVs,
analizamos si estaba afectada de una manera significativa la estructura histoldgica de
la aorta de los ratones Lmna™"x SM22aCre. Observamos en estos animales que la
carencia de lamina A/C en las CMLVs producia un aumento casi significativo de la
deposicion de colageno en la tunica media de la arteria aorta. Sin embargo, no
encontramos otras afectaciones en el tejido. Es posible que sea necesario un tiempo
mas prolongado de vida para que los ratones Lmna™*"x SM22aCre desarrollasen una

patologia adrtica mas grave.

La descripcion del modelo Lmna™"x SM22aCre realizada hasta el momento demostro
un efecto nulo o reducido en higado, pulmén, rindn y aorta a pesar de la ausencia de
lamin A/C en las CMLVs de estos tejidos. Los experimentos de ecocardiografia, sin
embargo, mostraron una pérdida de funcion cardiaca muy grave en ambos ventriculos,
los cuales no eran capaces de contraerse con normalidad. En estudios anteriores
utilizando modelos de ratén con deficiencia ubicua de lamina A/C se han descrito
también este tipo de alteraciones cardiacas (Frock et al., 2012; Sullivan, 1999), lo que
nos lleva a hipotetizar que la mortalidad prematura en estos modelos puede estar debida
a la ausencia de lamina A/C en tipos celulares presentes en el corazén. Esta posibilidad
se ve reforzada por los problemas de conduccidon y repolarizacion cardiaca que
observamos mediante ECG en los ratones Lmna™"x SM22aCre. Dado que la falta de
lamina A/C produce fragilidad nuclear, los fallos en la funcién cardiaca observados
podrian estar debidos a un aumento de la apoptosis de los cardiomiocitos carentes de
lamina A/C, que serian incapaces de soportar el estrés mecanico ejercido en los ciclos
de contraccion-relajacion del musculo cardiaco (Nikolova et al., 2004). Por otra parte,
se ha demostrado que las fuerzas mecanicas celulares modulan la sefalizacion por
medio de la accidon de canales i6nicos en cardiomiocitos (J. C. Kim et al.,, 2017;
Peyronnet et al., 2016). La ausencia de lamina A/C podria alterar la respuesta de los
cardiomiocitos ante la contraccién cardiaca debido a una conexion defectuosa con el
citoesqueleto, que a su vez produciria anomalias en la conduccion eléctrica mediante la

alteracion de canales i6nicos.

Durante el envejecimiento aumenta la fibrosis en el corazén, una alteracién que
contribuye al desarrollo de problemas de funciéon cardiaca y conduccién eléctrica
(Almehmadi et al., 2014; Jiang et al., 2018; Song et al., 1999). Nuestros resultados
demostraron que los ratones Lmna™/x SM22aCre presentaban una fibrosis
generalizada en el tejido cardiaco. Debido a la corta esperanza de vida de estos ratones,
es dificil asegurar que la pérdida de funcién y conduccion cardiaca esté producida por

la extensa fibrosis. No obstante, numerosos estudios describen la relacidon entre la
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ausencia o mutaciones de la lamina A/C con el aumento de la fibrosis cardiaca (Arimura
et al., 2005; Chatzifrangkeskou et al., 2016; Gerbino et al., 2018; Van Tintelen et al.,
2007). Ademas, el hecho de que también se observe en células embrionarias un
incremento en la fibrosis en ausencia de lamina A/C (Van Berlo et al., 2005), apunta a
que en los ratones Lmna™x SM22aCre la fibrosis empieza a desarrollarse en etapas
muy tempranas, por lo que podria considerarse como una de las causas contribuyentes
al deterioro de la funcionalidad y conduccién del corazéon. El desarrollo de fibrosis
cardiaca se caracteriza por un aumento en la expresion de moléculas profibréticas en
FCs, como por ejemplo FSP-1 y SMA, marcadores que indican una conversién celular
a miofibroblastos (Ma et al., 2018). Ademas de corroborar la generacién de fibrosis
cardiaca mediante la cuantificacion del area de WGA, observamos en los ratones
Lmna™ix SM22aCre un incremento en la expresion de FSP-1 y SMA. Estos resultados
nos llevan a plantear dos hipoétesis. Por un lado, proponemos que la ausencia de lamina
A/C en CMLVs, FCsy cardiomiocitos provoca la conversion de los FCs a miofibroblastos
(células que expresan FSP-1 y SMA) (Desmouliere et al., 1993), promoviendo asi la
fibrosis cardiaca. Por otro lado, el desarrollo de fibrosis asociada a la expresién de FSP-
1y SMA podria ser secundario al dafio cardiaco provocado por la falta de expresion de
lamina A/C (Nikolova et al., 2004).

En resumen, la segunda parte de los resultados de este trabajo de Tesis Doctoral
demuestran que los niveles de lamina A/C disminuyen durante el envejecimiento en
arterias de raton y humanas. Ademas, observamos que los ratones carentes de lamina
A/C en CMLVs, cardiomiocitos y FC mueren prematuramente y presentan graves
problemas cardiacos asociados a fibrosis en el corazén. Por ello proponemos que la
disminucion progresiva de los niveles de lamina A/C durante el envejecimiento en
CMLVs, y también en células del corazéon como los FCs y los cardiomiocitos, es un
nuevo mecanismo que favorece fibrosis y pérdida de funcién y conduccion cardiaca
(Figura 40).
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Figura 40. Mecanismo propuesto para el desarrollo de alteraciones cardiacas asociada al descenso
de lamina A/C en células del sistema cardiovascular durante el envejecimiento.

Aunque parece claro que la falta de contraccion de los ventriculos podria provocar la
muerte de los ratones Lmna™"* SM22aCre, es importante seguir investigando las
causas finales de la mortalidad prematura en este modelo de ratdn. Igualmente, se
necesita estudiar con mas profundidad los mecanismos celulares y moleculares que
subyacen a la formacién de fibrosis y a las alteraciones cardiacas en ausencia de lamina
A/C especificamente en células del corazén y la pared arterial, con el objetivo final de
identificar nuevas dianas terapéuticas potencialmente traslacionales al ser humano en
el contexto del envejecimiento y la enfermedad cardiaca. Por ultimo, debido a que
observamos un descenso de los niveles de lamina A/C durante el envejecimiento en
células endoteliales de raton, seria muy interesante abordar el desarrollo de un modelo
de raton deficiente de lamina A/C en este tipo celular para estudiar su relacion con las
ECVs.
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Conclusiones

. El'envejecimiento se asocia con una reduccion marcada de los niveles de lamina A/C

en células del sistema inmune humano y de raton.

. La hipercolesterolemia se asocia con una reduccion de los niveles de lamina A/C en

células del sistema inmune de ratén.

. La ausencia de lamina A/C en células del sistema inmune favorece el desarrollo de

arteriosclerosis en ratones Ldlr” alimentados con una dieta rica en grasa y colesterol.

. La ausencia de lamina A/C en células del sistema inmune promueve la extravasacion
de leucocitos en ratones Ldlr”, pero disminuye su velocidad de migracion una vez

extravasados.

. La ausencia de lamina A/C facilita la migracion in vitro de monocitos proinflamatorios

a través de constricciones, pero disminuye su velocidad de movimiento.

. El envejecimiento se asocia con una marcada reduccioén de los niveles de lamina A/C
en tejido arterial humano y de raton. El descenso en arterias de raton se observa en
células endoteliales y de musculo liso vascular de la intima y tunica media,

respectivamente, pero no en células de la tinica adventicia.

En ratén, la ausencia de lamina A/C en células de musculo liso vascular,

cardiomiocitos y FCs:
7.1. Reduce drasticamente la esperanza de vida.

7.2. Provoca graves alteraciones en la funcién cardiaca, asi como problemas de

conduccion eléctrica del corazén.

7.3. Esta asociada a un aumento de la fibrosis en el tejido cardiaco relacionada con

la expresion de los marcadores FSP-1 y SMA.
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Abstract

Background

Atherosclerosis involves activation of the IRAK1/TRAF6/NF-kB inflammatory cascade,
which is negatively regulated by miR146a. Previous studies showed that the TT genotype of
rs2431697, located near the miR-146a gene, drives lower miR-146a transcription and pre-
dicts adverse cardiovascular events in anticoagulated atrial fibrillation patients. Moreover,
systemic miR-146a administration protects mice from atherosclerosis. Here we evaluated
the ability of miR-146a expression in the hematopoietic component to regulate atherosclero-
sis in low-density lipoprotein receptor-null mice (Ldlr”).

Methods and results

Lethally-irradiated Ldlr”” mice transplanted with bone marrow from wild-type or miR-146a-
null mice were fed an atherogenic diet for 8 and 20 weeks. Irak1, Traf6 and MIR146A
expression were quantified in thoracic aorta by gRT-PCR and Western blot. Aortic plaque
size and composition were characterized by Oil-Red staining and immunohistochemistry
and leukocyte recruitment by intravital microscopy. Blood cell counts were similar in fat-fed
Ldllr " mice with or without hematopoietic miR-146a expression. However, plasma choles-
terol decreased in fat-fed Ldlr’ mice transplanted with bone marrow deficient for miR-146a.
Finally, aortic atherosclerosis burden and recruitment of leukocytes into the vessel wall
were undistinguishable between the two groups, despite higher levels of Irak1 and Traf6
mRNA and protein in the aorta of fat-fed mice lacking hematopoietic miR-146a expression.

Conclusions

miR-146a deficiency exclusively in hematopoietic cells modulates cholesterol levels in
plasma and the expression of its targets in the artery wall of fat-fed Ldlr” mice, but does not

PLOS ONE | https://doi.org/10.1371/journal.pone.0198932 June 14, 2018

1/13



@ PLOS | o

miR-146a and atherosclerosis

fellowship from Sociedad Espaiiola de Trombosis y
Hemostasia (SETH). The CNIC is supported by the
Ministerio de Economia, Industria y Competitividad
(MEIC) and the Pro-CNIC Foundation, and is a
Severo Ochoa Center of Excellence (SEV-2015-
0505). The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

accelerate atherosclerosis. Atheroprotection upon systemic miR-146a administration may
therefore be caused by specific effects on vascular cells.

Introduction

Atherosclerosis is a complex inflammatory process involving several factors and cell types that
interact in response to different forms of injury [1]. Together with endothelium and smooth
muscle cells, hematopoietic cells play a central role in atherogenesis [2]. Indeed, a key early
event in the inflammatory response during atherosclerosis is the adhesion of neutrophils to the
vascular endothelium and their recruitment into the injured artery wall. The secretion of neu-
trophil-derived myeloperoxidase seems to be an important event in vascular injury [3]. More
recent research has implicated the production of neutrophil extracellular traps (NETS) in ath-
erogenesis [4], although further research is required to fully define the underlying mechanisms
[5]. Other important hemostatic factors in atherosclerosis are monocytes/macrophages,
important inflammatory and invasive cells that regulate plaque formation and necrosis [2,6].
As they infiltrate the artery wall, monocytes polarize into different macrophage subsets that
play distinct roles in atherosclerosis [7].

MicroRNAs (miRNAs) are small, non-coding RNAs that posttranscriptionally regulate
gene expression by promoting mRNA degradation and/or inhibiting mRNA translation
[8,9]. Since their discovery, miRNAs have been implicated as key modulators of numerous
physiological and pathological processes. Their role in cardiovascular disease has been
extensively studied in recent years [10,11]. In particular, miR-146a has an anti-inflamma-
tory function [12] and its expression is regulated by the single-nucleotide polymorphism
(SNP) rs2431697; homozygote TT individuals have lower levels of miR-146a than GG
individuals [13]. We recently demonstrated that the levels of miR-146a in monocytes
may play an important role in the development of cardiovascular adverse events in
patients with atrial fibrillation (AF), with rs2431697-TT patients displaying higher risk of
developing adverse cardiovascular events [14]. In turn, monocytes from rs2431697-TT
individuals have an increased pro-inflammatory response when subjected to inflammatory
stress.

A role for miR-146a in atherosclerosis is suggested by its ability to negatively regulate
several pro-inflammatory factors that promote disease progression, including Toll-like
receptor 4 (TLR4), IL-1 receptor-associated kinase 1 (IRAK1), and TNF receptor-associated
protein factor 6 (TRAF6) [15,16]. Moreover, low miR-146a levels in neutrophils are associ-
ated with carotid intima-media thickening in patients with systemic lupus erythematosus
[17]. Recent mouse studies reveal that apolipoprotein E (ApoE) enhances miR-146a expres-
sion in monocytes and macrophages, suppressing NF-kB-mediated inflammation and
atherosclerosis, and that systemic delivery of miR-146a mimetic attenuates monocyte/macro-
phage activation and atherosclerosis in the absence of plasma lipid reduction [18]. Given
these recent studies and the relevance of leukocytes in all stages of atherosclerosis, we investi-
gated whether miR-146a deficiency restricted to the hematopoietic compartment can aggra-
vate the development of high-fat diet (HFD)-induced atherosclerosis in mice deficient for
the low-density lipoprotein receptor (Ldlr”") at early (8 weeks) and late stages (20 weeks) of
disease progression.
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Materials and methods
Mice and bone marrow transplantation

Animal welfare, and all experimental and other scientific procedures with animals conformed
to EU Directive 2010/63EU and Recommendation 2007/526/EC, enforced in Spanish law
under Real Decreto 53/2013. In addition, the animal research included in this work was
granted a formal ethics approval by the Committees in charge of animal welfare at Centro
Nacional de Investigaciones Cardiovasculares Carlos III (OEBA-CNIC) and Universidad de
Murcia (CEEA-UM), the Ethics Committee for Research from Universidad Autonoma de
Madrid (OH-UAM), the committee form the Animal Protection Area of the Comunidad
Auténoma de Madrid (CAM), and the Animal Health Service of the Department of Agricul-
ture and Water from Region de Murcia (DAW-RM). The ethics approval numbers from the
legally competent authorities are PROEX 134/14 (CAM) and A13150602 (DAW-RM). The
animals were housed in cages in ventilated racks. Cages contained a bed of wood chips and
nesting material, and objects for environmental enrichment. All the animals had ad libitum
access to food and water. The maximum number of animals per cage was limited to 5. Mice
were maintained under controlled environmental conditions (relative humidity: 45-65%; tem-
perature: 20-24 °C) with light/darkness cycles of 12h/12h.

miR-146a"" mice (The Jackson laboratory, Bar Harbor, ME) were backcrossed for more
than 8 generations in a C57BL/6] CD45.2 background. Irradiation and bone marrow (BM)
transplantation was as described [19]. Briefly, Ldlr’~ CD45.1 mice (8 to 10-week-old, Charles
River) were irradiated with 2 doses of 6.5 Gy (10 minutes each, temperature: 37 °C) using a JL
Shephed & Associates 1-68A irradiator with a source of 1000 curies of Cs-137. Next day, the
animals were injected in the tail vein with 100ul of BM cells (7 x 10°, in saline) obtained from a
pool of 4 femurs and 4 tibias of miR-1 46a”" or wild-type (wt) mice (both C57BL/6] CD45.2;
8-week-old). After 4 weeks on a standard diet, transplanted mice were fed HFD for 8 or 20
weeks (10.7% total fat, 0.75% cholesterol, $9167-E010, SSNIFF, Germany). Transplant effi-
ciency was assessed as the percentage of donor CD45.2-immunoreactive cells in the blood of
BM recipient mice, assessed by CD45.2 and CD45.1 immunostaining and flow cytometry.

Animal were all euthanized at the end of every experiment by inhalation of carbon dioxide
gas.

Quantification of atherosclerosis burden and immunohistopathology

All quantitative analyses were performed by an investigator blinded to genotype. Atherosclero-
sis burden was quantified as described [20]. Briefly, mice were euthanized in a CO, chamber
and the heart and aorta were extracted after in situ perfusion with PBS. Tissues were fixed with
4% paraformaldehyde/PBS overnight at 4°C. Atherosclerosis burden was quantified by com-
puter-assisted morphometric analysis (SigmaScan pro 5, Systat Software Inc., San Jose, CA) of
the aortic arch stained with Oil Red O (00625, Sigma, 0.2% Oil Red O in 80% MeOH) and of
hematoxylin/eosin-stained cross-sections from the aortic root; for each mouse, results were
the mean of 3 cross-sections. The area of the necrotic core in atheroma plaques was quantified
by analyzing hematoxylin/eosin-stained aortic cross-sections (mean of 3 cross-sections per
mouse).

Blood cell counting and biochemical parameters

Blood was extracted from the facial vein and was analyzed to quantify and identify circulating
blood cell populations using the PENTRA 80 hematology platform (HORIBA Medical,
Madrid, Spain). Plasma was isolated by centrifugation of whole blood (2000g, 15" at room
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temperature), and lipid profile was obtained using DIMENSION RxL MAX (Siemens,
Munich, Germany).

Intravital microscopy

Male Ldlr”” mice transplanted with BM wt or BM miR-146a”" fed HED for 20 weeks after
transplantation were used for cremaster muscle intravital microscopy as previously described
[21]. Briefly, once exteriorised, the cremaster muscle was placed onto an optical clear viewing
pedestal, cut longitudinally with a high temperature surgical cautery (Lifeline Medical) and
held extended at the corners of the exposed tissue using surgical suture. Ten min before image
acquisition, antibodies (0.5 pg) antiCD4 (Tonbo), anti-Ly6G (Biolegend) and anti-Ly6C
(eBioscience) were injected to label myeloid cell subsets. To maintain the correct temperature
and physiological conditions, exposed tissues were perfused continuously with 37°C pre-
warmed Tyrode’s buffer solution (139 mM NaCl, 3 mM KCl, 17 mM NaHCO3, 12 mM Glu-
cose, 3 mM CaCl, and 1 mM MgCl,). The cremasteric microcirculation was visualized using
an AXIO Examiner Z.1 work station (Zeiss) mounted on a 3-dimensional motorized stage
(Sutter Instrument) and equipped with a CoolSnap HQ2 camera (Photometrics). An APO
20x NA 1.0 water-immersion objective was used. Slidebook software 5.0 (Intelligent Imaging
Innovations) was employed for acquisition and image processing. Three randomly-selected
arterioles and venules were analysed per mouse, and T cells/monocytes/neutrophils were con-
sidered adherent when no rolling was observed using a reference line perpendicular to blood
flow for at least 30 seconds.

Quantitative real-time-PCR (qRT-PCR)

Total RNA was isolated from thoracic aortas using RNAzol reagent (Molecular Research Cen-
ter Inc) and was retrotranscribed (100 ng) using the SuperScript™ III First-Strand Synthesis
System (ThermoFisher). MiR-146a cDNA was synthesized using individual miRNA-specific
RT primers and the TagMan®™ MicroRNA Reverse Transcription Kit (ThermoFisher). cDNA
was amplified using TagMan® probes (Irakl: Mm01193538_m]1, Traf6: Mm00493836_m1)
together with TaqMan@ Universal PCR Master Mix, No AmpErase“’E‘ UNG (ThermoFisher).
The 2*“* method was used to calculate the relative abundance of mMRNA compared with
endogenous actin (Actb: Mm02619580_g1) mRNA and of miRNA compared with U6 for
miR-146a (Ct = Threshold Cycle; ACt = Ct sample gene-Ct endogenous control).

Western blotting

Protein lysates were obtained from thoracic aortas of BM miR-146a”"and BM wt transplanted
mice fed with a HED for 20 weeks. Tissue homogenization was performed using TissueLyser
(Qiagen). Normalization was based on the amount of protein loaded. Total protein (20 pg)
was separated by SDS-PAGE (8%) in reducing conditions. Gels were transferred onto PVDF
membranes (Amersham Hybond P 0.45, GE Healthcare, Barcelona Spain) and blocked for 1
hour in 5% w/v BSA-TBS. Membranes were incubated overnight at 4°C with primary antibod-
ies against human Traf6 (#sc-8409, 1:1,000, Santa Cruz, Heidelberg, Germany), Irakl (D51G?7,
1:1,000, Cell Signalling Technology, Leiden, The Netherlands), and B-actin (AC-15 clone,
1:5,000, Sigma-Aldrich, Madrid, Spain). After washing, membranes were incubated with sec-
ondary antibodies labeled with peroxidase (1:10,000, GE Healthcare, Barcelona, Spain). ECL
Prime Detection Kit and ImageQuant LAS 4000 Imager (GE Healthcare, Barcelona, Spain)
were used for protein detection. Densitometric analyses were performed with Image] software
(http://rsb.info.nih.gov/ij/).
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Statistical analysis

Data are presented as mean +SEM. In experiments with 2 groups, statistical significance was
evaluated using a 2-tailed, unpaired Student’s t-test. For experiments comparing more than
one group, a 1 or 2-way ANOVA with the Bonferroni post hoc tests were performed (Graph-
Pad Prism software, La Jolla, CA). Differences were considered statistically significant at
P<0.05.

Results

Genetic disruption of miR-146a in hematopoietic cells does not increase
diet-induced atherosclerosis in Ldlr”" mice

To assess whether miR-146a deficiency restricted to the hematopoietic compartment affects
atherosclerosis, Ldlr”” mice (CD45.1 background) were transplanted with BM from miR-
146a”" (BM miR-146a”") or wt (BM wt) mice (both CD45.2 background) (Fig 1A). After one
month, Ldlr’ mice were examined to evaluate transplant efficiency by quantifying CD45.1
and CD45.2 expression in circulating blood cells. These studies revealed similar transplant effi-
ciency in both experimental groups (Fig 1B). Transplanted mice were then fed a HFD. Analysis
of BM miR-146a""and BM wt mice fed normal chow (pre-diet) and HFD (post-diet) revealed
no statistically significant between-group differences in body weight (Fig 1C). MiR-146a levels
in blood leukocytes were significantly decreased in BM miR-146a"' transplanted mice before
and after HED (Fig 1D). Moreover, in agreement with previously published results [22], we
found enlarged spleens and pale BM in miR-146a"" transplanted mice (Fig 1E).

Circulating blood cell counts and populations were similar in both groups of mice, except
for platelets that were significantly reduced in BM miR-146a"" after 20 weeks (Fig 2A). Plasma
levels of low-density lipoprotein cholesterol (LDL), total cholesterol, and triglycerides
increased significantly in both groups of mice fed HFD for 8 weeks compared with their pre-
diet values, but no statistically-significant between-group differences were observed (Fig 2B).
However, after 20 weeks of HED, plasma lipid levels significantly decreased in BM miR-146a""
mice compared with BM wt mice (Fig 2B). Thus, genetic disruption of miR-146a in hemato-
poietic cells did not affect body weight, nor blood cell counts and populations, but reduced
plasma lipids after 20 weeks of HFD.

We next quantified atherosclerosis burden in fat-fed mice by planimetric analysis of whole-
mount Oil Red-O-stained aortic arch (Fig 3A) and hematoxylin/eosin-stained cross-sections
through the aortic root (Fig 3B) after 8 and 20 weeks of HFD. As expected, these studies
revealed increased atherosclerosis burden in mice of both groups at 20 weeks of HFD com-
pared with 8 weeks of HFD; however, atherosclerosis development at both times of HFD was
similar in BM miR-146a"" and BM wt mice in all regions (Fig 3). Similarly, lack of miR-146a in
hematopoietic cells did not affect the formation of necrotic cores in the atherosclerotic plaques
of mice fed HFD for 8 and 20 weeks (Fig 3C).

Lack of miR-146a in hematopoietic cells does not augment adhesion of
leukocytes in fat fed Ldlr-/- mice

We next evaluated if miR-146a deficiency in the BM compartment may affect the recruitment
and adhesion of leukocytes to the inflamed vessel wall of Ldlr”’~ mice fed HFD for 20 weeks.
For this purpose, we analyzed by intravital microscopy the in vivo adhesion of labeled leuko-
cytes (Ly6C" monocytes, Ly6G " neutrophils, and CD4" T cells) to the endothelium of cremas-
ter muscle venules. These studies revealed no differences in the adhesion of the different
subtypes of leukocytes between BM miR-146a”~ and BM wt fat-fed Ldlr’~ mice (Fig 4).
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Fig 1. Study design and efficiency of bone marrow transplantation. (A) Lethally-irradiated Ldlr”~ mice (CD45.1, 8 to 10-week-old) were transplanted with cells
obtained from bone marrow (BM) of wt or miR-146a”" mice (both CD45.2). After 4 weeks of recovery, mice were challenged with a high-fat diet for 8 and 20
weeks. Blood and aorta were collected for biochemical and expression studies and to quantify atherosclerosis burden. (B) Quantification of transplant efficiency

in both groups of mice as determined by flow cytometry of blood extracted 1 month after BM transplant. Donor and host cells are CD45.2- and CD45.1-
immunoreactive, respectively. Representative flow cytometry profiles are shown below the chart. (C) Body weight at different times after the onset of HFD. (D) Pre
and post diet miR-146a levels in blood leukocytes were measured by qRT-PCR. The 22 method was used to calculate miRNA abundance relative to U6

(Ct = Threshold Cycle; ACt = Ct sample gene — Ct endogenous control). **: p<0.01, ***: p<0.001 BM wt vs BM miR-146a"" at both time points. (E) Spleen from
BM wt or BM miR-146a"" mice were weighed after 20 weeks of HFD. Shown are representative images of spleens and femurs.

https://doi.org/10.1371/journal.pone.0198932.9001

Expression of miR-146a targets in fat-fed mice

Thoracic aortas were homogenized and RNA extracted. As expected, the level of miR-146a
was lower in tissue from fat-fed BM miR-146a”’~ mice compared with BM wt mice at both
times of HFD (Fig 5A). Accordingly, mRNA levels of the miR-146a targets Traf6 and Irak1l
were significantly higher in thoracic aortas of BM miR-146a”~ mice after 8 weeks of HED (Fig
5B). Similarly, Traf6 and Irakl protein levels were significantly higher in thoracic aortas of BM
miR-146a”" mice after 20 weeks of HFD (Fig 5C).

Discussion

There is increasing evidence connecting miRNAs with the molecular pathophysiological pro-
cesses leading to atherosclerosis (reviewed in [11,23]). Inflammation plays a pivotal role in all
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weeks of HED. **: p<0.01, ***: p<0.001 BM wt vs BM miR-146a"" at 20 weeks of HFD.

https://doi.org/10.1371/journal.pone.0198932.9002

stages of atherogenesis, from its initiation until plaque rupture [1,6]. MiR-146a was one of the
first miRNAs implicated in inflammatory processes [12]. Through the regulation of different
targets of the TLR/NF-kB pathway, miR-146a acts as a negative feedback regulator of the
innate immune response [24]. However, the implication of this miRNA in atherosclerosis has
been addressed only recently, and several questions remain. Defining the cells in which miR-
146a exerts its action will improve understanding of the role of this miRNA in atherogenesis.
Recently, Li et al. reported that the anti-atherogenic action of ApoE, which is highly expressed
in monocytes and macrophages, is mediated through increased expression of the transcription
factor PU.1, resulting in enhanced miR-146a expression in monocytes/macrophages and sup-
pression of NF-kB-driven inflammation [18]. These authors also found that systemic delivery
of miR-146a mimetic inhibits monocyte/macrophage activation and atherosclerosis develop-
ment [18]. We observed that lack of miR-146a in the hematopoietic compartment does not
affect atherosclerotic plaque formation in Ldlr’~ mice at early and late stages of disease pro-
gression (8 and 20 weeks of HFD). This finding was unexpected because inhibition of the
main miR-146a TLR/NF-kB pathway targets in monocytes/macrophages seemed to be protec-
tive [18]. Moreover, inhibition of NF-kB activation in macrophages increases atherosclerosis
in Ldlr"" mice, although surprisingly the opposite occurs in endothelial cells [25]. This was fur-
ther demonstrated in a model of NEMO/IKKg deletion and upon endothelial cell-specific
expression of a dominant-negative IkBa mutant [26]. Different roles of a TLR/NF-x«B
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https://doi.org/10.1371/journal.pone.0198932.9003

pathway component in endothelium vs. myeloid cells have also been described for TRAF6 by
Polykratis et al [27]. These authors showed that endothelial-cell-expressed TRAF6 induces the
expression of proinflammatory mediators that enhance the adhesion and recruitment of mac-
rophages to the endothelium, whereas in myeloid cells the opposite occurs, with TRAF6 defi-
ciency favoring the development of atherosclerosis by inhibiting the expression of IL-10 [27].
Our results demonstrate that decreasing the levels of miR-146a in the hematopoietic compart-
ment does not increase atherosclerosis at both early (8 weeks HFD) and late (20 weeks HFD)
stages of disease development. Of note, Cheng et al. recently showed no differences in athero-
sclerosis burden in the aortic arch of Ldlr”’~ mice transplanted with BM miR-146a""and fed
HED for 4 weeks; however, they found a significant decrease in plaque burden in BM miR-
146a”" Ldlr’” mice after 12 weeks of HFD [22]. Importantly, these authors observed unchanged
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plaque burden in the descending thoracic aorta and aortic root at both time points with HFD.
Among other reasons, Cheng et al. suggested that low levels of cholesterol after 12 weeks of
HFD might explain this atheroprotective role in aortic arch provoked by a miR-146a defi-
ciency in the hematopoietic compartment [22]. We also observed a significant decline in cho-
lesterol after 20 weeks of HFD in BM miR-146a™", but this was not sufficient to reduce plaque
burden under our experimental conditions. Consistent with our results showing no differences
in atherosclerosis development in fat-fed BM miR-146a”" Ldlr’ mice, our intravital micros-
copy studies revealed no differences in vascular leukocyte recruitment upon miR-146a"" defi-
ciency in BM cells.

Paradoxically it has also been described that inhibiting miR-146a in endothelial cells may
increase the expression of some of its targets, such as TRAF6, thus enhancing NF-«B activation
and promoting atherogenesis [28]. Indeed, Cheng et al. also demonstrated that mice deficient
for miR-146a except in the hematopoietic compartment have a significant increase in athero-
sclerotic plaque burden in comparison with mice lacking miR-146a in all cells [22]. In line
with these results, endothelium-specific delivery of miR-146a-loaded E-selectin-targeting
microparticles reduced atherosclerosis in ApoE” mice [29]. In their study of the effect of sys-
temically delivered miR-146a mimetics, Li et al. examined expression of endogenous miR-
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Fig 5. Expression of miR-146a targets in fat-fed mice. Lethally-irradiated Ldlr” mice (CD45.1, 8 to 10-week-old) were transplanted with cells obtained from
bone marrow (BM) of wt or miR-146a”" mice (both CD45.2). After 4 weeks of recovery, mice were challenged with a high-fat diet (HFD) for the indicated
times. (A) miR-146a expression was measured by qRT-PCR in total RNA extracted from the thoracic aorta of mice fed high-fat diet (HFD) for 8 weeks
(individual thoracic aortas) and 20 weeks (pools of 3 thoracic aortas per samples). (B) miR-146a targets Irakl and Traf6 mRNA levels were measured by
qRT-PCR after 8 weeks of HFD. The 22 method was used to calculate miRNA/mRNA abundance relative to endogenous control expression (U6 in A; B-actin
in B) (Ct = Threshold Cycle; ACt = Ct sample gene — Ct endogenous control). (C) Representative western blot and quantification of Irakl and Traf6 protein
levels (normalized to B-actin) in thoracic aorta of mice receiving BM wt or BM miR-146a”"" after 20 weeks of HFD (pools of 3 thoracic aortas per sample). *:
p<0.05, **: p<0.01 BM wt vs BM miR-146a”" at both time points.

https://doi.org/10.1371/journal.pone.0198932.9005

146a in leukocytes, but not in the aorta [18]. It is therefore possible that this treatment
increased miR-146a levels predominantly in endothelium, as reported for in vivo injection of
miRNA mimetics in other studies [30,31]. Thus, the potential beneficial effect of miR-146a in
atherosclerosis might be due in part to increased expression in endothelial cells. Thus, despite
observing no differences in atherosclerosis burden, we found above-normal expression of
specific targets of miR-146a such as Traf6 and Irakl in the aorta of BM 146a”" mice, which
exhibited low level of miR-146a expression. Since levels of miR-146a expression in non-
hematopoietic cells are unaffected by BM transplantation, differences in the expression of
miR-146a and its two targets Traf6 and Irakl might be due to variations in infiltrated leuko-
cytes. Since miR-146a deficiency does not increase leukocyte adhesion, leukocyte infiltration
should be similar in BM miR-146a”~ and BM wt mice. Thus, miR-146a deficiency in hemato-
poietic cells affects miR146a targets in the inflamed aorta but not sufficiently to aggravate ath-
erosclerosis development in Ldlr"™ mice. Future studies using conditional miR 146a-deficient
mice for endothelium or vascular smooth muscle cells may help to unequivocally establish this
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hypothesis. Additionally, since miR-146a-/- mice still express miR-146b, which shares most of
the targets with miR-146a, we cannot discard that miR-146b has a compensatory effect in the
setting of atherosclerosis model [32]. In conclusion, our results strongly suggest that miR-146a
expressed in the hematopoietic compartment plays a negligible role in atherosclerosis develop-
ment in Ldlr’™ mice, although its ablation increases in the aorta the proinflammatory state pro-
moted by an atherogenic diet. Identifying how expression of this miRNA limits atherosclerosis
remains of high interest. It will therefore be important to develop in vivo models in which to
investigate the cells, with special attention to endothelial cells, in which miR-146a exerts its
anti-atherogenic function. Finally, investigating the effect of low levels of miR-146a in humans
due for example to rs2431697 in atherosclerosis may be of interest to evaluate the clinical
impact of a partial miR-146a deficiency.
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ABSTRACT: Atherosclerosis is a chronic disease characterized by vascular lipid retention and inflammation, and
pattern recognition receptors (PRRs) are important contributors in early stages of the disease. Given the implication
of the intracellular PRR nucleotide-binding oligomerization domain 1 (NOD1) in cardiovascular diseases, we
investigated its contribution to early atherosclerosis. We evidenced NOD1 induction in atherosclerotic human and
mouse tissues, predominantly in vascular endothelial cells. Accordingly, NOD1 genetic inactivation in Apoe '~
mice reduced not only atherosclerosis burden, but also monocyte and neutrophil accumulation in atheromata. Of
note, in the presence of either peptidoglycan or oxidized LDLs, endothelial NOD1 triggered VCAM-1 up-regulation
through the RIP2-NF-kB axis in an autocrine manner, enhancing firm adhesion of both sets of myeloid cells to the
inflamed micro- and macrovasculature in vivo. Our data define a major proatherogenic role for endothelial NOD1 in
early leukocyte recruitment to the athero-prone vasculature, thus introducing NOD1 as an innovative therapeutic
target and potential prognostic molecule.—Gonzilez-Ramos, S., Paz-Garcia, M., Rius, C., del Monte-Monge, A.,
Rodriguez, C., Fernandez-Garcia, V., Andrés, V., Martinez-Gonzalez, J., Lasuncion, M. A., Martin-Sanz, P.,
Soehnlein, O., Bosca, L. Endothelial NOD1 directs myeloid cell recruitment in atherosclerosis through VCAM-1.
FASEB J. 33, 000-000 (2019). www.fasebj.org

KEY WORDS: cardiovascular disease - innate immunity - leukocyte

The response-to-injury theory poses that endothelial dys-
function as a consequence of disturbed flow, as well as ex-
posure to noxious stimuli, represents the initial event in the
pathogenesis of atherosclerosis (1). This endothelial dys-
function enhances endothelial permeability to atherogenic
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lipoproteins (mainly apolipoprotein B-containing LDL) and
activation of endothelial cell adhesion molecules (ECAMs)
to promote infiltration of leukocytes to the subendothelial
space. The most relevant ECAMs in leukocyte arrest belong
to the Ig superfamily of adhesion molecules (Ig-CAMs). In
this regard, endothelial VCAM 1 binds to the integrin cell-
surface ligand very late antigen 4 (VLA-4) in monocytes and
T cells preferably; meanwhile neutrophils use the endothe-
lial intracellular adhesion molecule 1 (ICAM-1) to tran-
siently bind to its ligand lymphocyte function-associated
antigen 1 (2).

Although the best-known danger signal in human
atherosclerosis is oxidized LDL (oxLLDL) (3), the athero-
sclerotic lesion contains a mixture of PRR ligands also
implicated in the inflammatory response in the vessel wall
(4). The cytoplasmic PRR nucleotide-binding oligomeri-
zation domain (NOD)-1 receptor is a family member of the
nucleotide-binding leucine-rich repeat-containing recep-
tors. To date, 2 NOD-containing molecules, NOD1
(CARD4) and NOD2 (CARD15), have been identified.
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Although both receptors detect bacterial peptidoglycan
(PGN) fragments, NOD1 senses a conserved region of
PGN (y-D-glutamyl-meso-diaminopimelic acid, iE-DAP)
common to almost all gram-negative and some gram-
positive bacteria (5). Upon recognition of PGN, NOD1 and
NOD2 homodimerize and interact with the receptor
interacting protein-2 (RIP2 or RICK). This essential adap-
tor molecule is a serine/threonine kinase that through the
assembly to large multiprotein complexes (including the
IKK complex) lately activates the canonical NF-xB sig-
naling pathway (6-8).

Here we determined the role of NOD1 in atherosclerosis-
related endothelial dysfunction. Our results indicate that
NODL1 in the presence of oxLDL or PGN induces an auto-
crine response in the vascular endothelium that promotes
early atherosclerosis through VCAM-1 up-regulation and
concomitant monocyte and neutrophil recruitment to the
vasculature.

MATERIALS AND METHODS
Human samples

Human coronary arteries were collected from patients undergo-
ing heart transplant at the Hospital de la Santa Creu i Sant Pau
(Barcelona, Spain). Atherosclerotic and nonatherosclerotic coro-
nary arteries were from coronary artery disease and non—coronary
artery disease patients, respectively. Written consent was obtained
from all participating subjects. The studies were approved by the
Ethics Committee and were conducted in accordance with the
Helsinki Declaration.

Mouse models

Animal studies were approved by the local ethics committee, and
all animal procedures conformed to EU Directive 2010/63 and
Recommendation 2007 /526/endothelial cell (EC) regarding the
protection of animals used for experimental and other scientific
purposes, enforced in Spanish law under Real Decreto 53/2013.

C57BL/6 wild-type (WT) and Apoef/ ~ mice (9, 10) were
obtained from Charles River Laboratories (Wilmington, MA,
USA) (JAX mice 000664 and 002052, respectively). The homo-
zygous Nodl ~/~ mice (mixed C57BL/6 and 129/C57BL/6
background) had been previously described (11) and were a
kind gift from Dr. Gabriel Ntifiez (University of Michigan Health
System, Ann Arbor, MI, USA).

Double-knockout Apoe ”"Nod1/~ mice were generated by
crossing Apoe”’” mice with Nod1 ™/~ mice. Heterozygous mice
were intercrossed to generate homozygous Apoe™/~ bearing com-
binations of Nod1*"* and Nod1 ™/~ mice at the expected mendelian
ratio. All mice were genotyped by PCR from ear samples by using
standard procedures. The absence of NOD1 expression in cells
from Apoe™/ " Nod1™/~ mice was confirmed by RT-PCR analysis
(data not shown).

All experiments compared male Apoe /~ mice with male
Apoe™’ "Nod1~/~ littermates. To accelerate the development of
atherosclerotic lesions, at 12 wk of age, males were placed on
high-fat diet (HFD; 10.7% total fat, 0.75% cholesterol; Ssniff, Soest,
Germany) for 3 wk.

Mouse lung ECs isolation and culture

One of the greatest sources of ECs is the pulmonary endothelium,
a continuous endothelial monolayer on the luminal surface of the
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lung vasculature. Therefore, to boost the yield of primary ECs
isolation, we isolated murine lung endothelial cells (MLECs)
from male WT, Nod1 /", Apoe / "Nod1~’~ and Apoe” /™ lungs
by positive selection using mouse anti-CD102 antibody (BD
Biosciences, San Jose, CA, USA) bound to magnetic beads
(Thermo Fisher Scientific, Waltham, MA, USA) as previously
described (12).

Subconfluent primary cell cultures then underwent a second
round of positive selection using mouse anti-CD31 antibody (BD
Biosciences). The EC culture purity was further assessed by flow
cytometry [FACSCanto II; Becton Dickinson (BD), San Diego,
CA, USA] for EC surface markers (VCAM-1, R&D Systems,
Minneapolis, MN, USA; CD54, BD Biosciences) using standard
procedures. This procedure resulted in a =99% pure population
of ECs.

MLECs were grown on 0.1% gelatin (MilliporeSigma, Bur-
lington, MA, USA) in low-glucose DMEM-F12 (MilliporeSigma)
supplemented with 20% fetal bovine serum, EC growth supple-
ment (50 pwg/ml; MilliporeSigma), and antibiotics (100 U/ml
penicillin and 100 p.g/ml streptomycin).

When indicated, MLECs were preincubated with 1 uM
Nodinitib-1 (Cayman Chemicals, Ann Arbor, MI, USA), 5 uM
BAY 11-7082 (Merck Millipore, Etobicoke, ON, Canada),
5 uM GSK583 (Cayman Chemicals), or 1 pg/ml LOX1 neutral-
izing antibody (Abcam, Cambridge, MA, USA) for 1 h and
then treated with 50 pg/ml LDL, 50 pg/ml oxidized LDL
(Biochemistry-Research Unit at Instituto Ramoén y Cajal de
Investigacién Sanitaria, Spain), 10 ng/ml mouse TNF-a (Pepro-
Tech, London, United Kingdom), 1 wg/ml iE-Lys, or 1 pug/ml
C12-E-DAP (Invivogen, San Diego, CA, USA) for 24 h. For co-
culture assays, cell-free MLEC supernatants were collected after
24 h stimulation and directly transferred to nonstimulated MLEC
subconfluent monolayers.

Quantitative RT-PCR

Total RNA was isolated by homogenization in Quiazol by a
TissueLyser LT and eluted using MinElute columns (Qiagen,
Germantown, MD, USA). RNA integrity was assessed by RNA
Nano Chip (Agilent Technologies, Santa Clara, CA, USA). Two
hundred and fifty nanograms of RNA were retrotranscribed by
using High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific), and quantitative RT-PCR was conducted in
7900HT Fast Real-Time PCR System equipment using a Tagman
Gene Expression Assay specific for mouse Nod1 (1308180) and
18S (4352930E) (Thermo Fisher Scientific). SYBR Green was used
for quantitative RT-PCR detection of Nod2 (5'-TGGACA-
CAGTCTGGAACAAGG-3" and 5-CAGGACCCATACAGTT-
CAAAGG-3'), Lox1 (5'-CAAGATGAAGCCTGCGAATGA-3’
and 5'-ACCTGGCGTAATTGTGTCCAC-3’), and 185 (5'-CCA-
GTAAGTGCGGGTCATAAGC-3" and 5'-CCTCACTAAACC-
ATCCAATCGG-3').

Calculations were made from measurement of technical
triplicates of each sample. The relative amount of mRNA was
calculated with the comparative 2~ **“' method using mouse 185
or 36b4 as endogenous control transcripts.

Western blot analysis

Human specimens and mouse aortic samples for Western blot-
ting were snap-frozen in liquid nitrogen and stored at —80°C.
Human protein extracts were obtained using ice-cold lysis buffer
containing 50 mM Tris-HCI (pH 7.5), 1% (w/v) Triton X-100,
150 mM NaCl, and 1 mM DTT, supplemented with phosphatase
cocktail and protease inhibitors (MilliporeSigma) (13). Mouse
tissue and MLEC whole protein extracts were obtained using ice-
cold proprietary detergent in 25 mM bicine, 150 mM sodium
chloride (pH 7.6) (T-PER Tissue Protein Extraction Reagent;
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Thermo Fisher Scientific) supplemented with the same phos-
phatase and protease inhibitors.

Proteins were resolved on SDS-PAGE gels and then trans-
ferred to nitrocellulose membranes. Proteins were detected using
rabbit pAb against NOD1 (1:500; Abcam), rabbit mAb against
phospho-RIP2 (1:1000; Cell Signaling Technology, Danvers, MA,
USA), rabbit pAb against phospho-RIP2 (1:1000; Cell Signaling
Technology), rabbit pAb against phospho-NF-«B (1:1000; Santa
Cruz Biotechnology, Dallas, TX, USA), mouse mAb against
GAPDH (1:10,000; Thermo Fisher Scientific), mouse mAb against
B-actin (1:40,000; MilliporeSigma), mouse mAb against a-tubulin
(1:10,000; MilliporeSigma), and horseradish peroxidase—conjugated
secondary antibodies (Bio-Rad, Hercules, CA, USA).

Protein bands were visualized using a Luminata chem-
iluminescence detection system (Merck Millipore) and a Image-
Quant LAS 500 imager (GE Healthcare Life Sciences, Freiburg,
Germany) and were quantified using Image]J [National Institutes
of Health (NIH), Bethesda, MD, USA]. Intensities of the NOD1
and pRIP2 bands were expressed as a percentage of those of the
GAPDH or B-actin bands as indicated.

Lesion quantification

After mouse cardiac perfusion with PBS supplemented with
5 mM of EDTA, mouse hearts were harvested and fixed in 4%
paraformaldehyde for 24 h at 4°C, incubated 24 h in PBS sup-
plemented with 30% sucrose, embedded in optimal cutting
temperature, and cryopreserved at —70°C.

Cryocut cross sections (5 wm) of aortic roots were evaluated
for conventional hematoxylin-eosin (HE) staining. Images were
captured with a Zeiss Axiophot microscope with a Plan-Neofluar
X10/0.3 objective (Carl Zeiss, Oberkochen, Germany) and a
DP70 camera (Olympus, Tokyo, Japan). To avoid specific biases
due to potential differences in lesion shape, cross sections of the
entire lesion were analyzed and averaged.

To obtain the aortas for the analysis, after being fixed in
paraformaldehyde overnight at 4°C, the aortas were whole-
mount stained with 0.2% Oil Red O (MilliporeSigma) in 80%
methanol, opened longitudinally, and pinned to black wax to
expose the entire luminal surface. Images were acquired using a
Leica MZ6 SZX10 stereomicroscope (Leica Microsystems, Buf-
falo Grove, IL, USA) coupled to a Leica DFC300 digital color
camera (Leica Microsystems). The planimetric area of athero-
sclerotic plaques was measured in pixels using Image] (NIH).

Immunostaining

Human arteries were fixed overnight in 4% paraformaldehyde/
0.1 MPBS (pH 7 4), embedded in paraffin, and sectioned into 5 pm
sections with a microtome (Jung RM2055; Leica Microsystems).
Deparaffinized sections were rehydrated, subjected to antigen
retrieval in 10 mM citrate buffer (pH 6.0), blocked, and incubated
with a rabbit pAb against NOD1 (1:40; Abcam). After extensive
washes, sections were incubated with a biotinylated goat anti-
rabbit secondary antibody (Vector Laboratories, Burlingame, CA,
USA). Immunocomplexes were detected after incubation with
Vectastain Elite ABC reagent (PK6100; Vector Laboratories) and
DAB substrate (Roche, Basel, Switzerland). Images were acquired
with an Olympus Vanox AHBT3 microscope and digitalized by a
Sony (Tokyo, Japan) camera (DXC-S500).

For immunostaining of cryo-section samples and ECs, slides
were stained with antibodies specific for mouse CD31 (1:100; BD
Biosciences), CD54 (1:100; BD Biosciences), CD68 (1:200; Abcam),
Ly6G (1:100; BD Biosciences), NF-«kB p65 (1:100; Santa Cruz
Biotechnology) and VCAM-1 (1:100; R&D Systems), followed by
secondary staining using standard procedures. Secondary anti-
bodies for immunofluorescence were Alexa Fluor 647—-conjugated
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anti-rabbit (Thermo Fisher Scientific), Alexa Fluor 594—conjugated
anti-rat (Thermo Fisher Scientific), FITC-conjugated anti-mouse
(MilliporeSigma), and Cy3-conjugated anti-Armenian hamster
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA).
Nuclei were counterstained with DAPI (Thermo Fisher Scientific).
Immunofluorescence staining of cryo-sections were mounted in
Prolong Gold Antifade mounting medium (Thermo Fisher Sci-
entific). Primary control panel was performed with an appropriate
isotype control IgG, and secondary controls incubations were
performed in the absence of primary antibody.

A LSM710 confocal microscope with a Plan-Apochromat
X25/0.8 oil immersion objective (Carl Zeiss, Oberkochen, Ger-
many) was used to capture images from immunofluorescence
staining. Images were analyzed using Image] and were pro-
cessed for presentation with Zen2009 (Carl Zeiss) software.

['®F]-FDG PET/CT imaging

['®F]-FDG PET/CT images were acquired by using combined
modality PET/CT as previously described (14). Briefly, [**F]-
FDG (37 MBq/kg; 0.2 ml) was administered intraperitoneally in
overnight starved animals. PET/CT imaging was performed in
animals under general anesthesia (inhalant isoflurane; Abbott
Laboratories, Chicago, IL, USA) in an INVEON microCT-
microSPECT-microPET (Siemens, Munich, Germany) system
for small animals.

The parameter for the relative measure of FDG uptake was the
standardized uptake value (SUV). The target-to-background ra-
tio was calculated as a quotient between the maximum SUV
(SUVmax) of 5 regions of interest in the descending aorta corrected
by mean SUV in the reference tissue (paraspinus muscle on the
axial view).

Flow cytometry

To characterize leukocyte populations in Apoe™’"Nod1~/~ and
Apoe_/ ~ vasculature, mechanically digested adventitia-free
aortas were immersed in Aorta Dissociation Enzyme Solution
(395 U/ml type I collagenase, 0.744 U /ml elastase) for 30 min at
37°C. Single cell suspensions were prepared by passing the
resulting solution through a 70 um cell strainer. After 400 g
centrifugation for 5 min at 4°C, pellet was resuspended in HBSS
(Thermo Fisher Scientific) supplemented with 10 mM Hepes and
0.5% bovine serum albumin (pH 7.4), and incubated for 30 min at
4°C with rat APC-Cy7-conjugated mAb against CD45 (1:200;
BioLegend, San Diego, CA, USA), rat PE-conjugated mAb
against CD115 (1:100; Thermo Fisher Scientific), rat PerCpCyb5.5-
conjugated mAb against Ly6G (1:100; BioLegend), rat FITC-
conjugated mAb against Ly6C (1:100; BioLegend), and rat
APC-conjugated mAb against F4/80 (1:100; BioLegend). For
cell counting, absolute counting beads were used (Count-
Bright; Thermo Fisher Scientific).

Flow cytometry was conducted in a FACSCanto II (Becton
Dickinson), and leukocyte subsets were defined using
FlowJo software (Treestar, Ashland, OR, USA): neutrophils
(CD45°CD115 Ly6G"), inflammatory monocytes (CD45"CD115"
Ly6C*), and tissue macrophages (CD45'CD115~ F4/80").

Bone marrow transplantation

Bone marrow (BM) transplantation was performed as previously
described (15). Briefly, 8-wk-old male Apoe’~ and Apoe /™
Nod1 ™/~ mice were irradiated (2 same-day doses of 4.5 Gy) and
transplanted by intravenous injection through the orbital vein
under general anesthesia of the animal (inhalant isoflurane;
Abbott Laboratories). Bone marrow—derived cells (107) were
obtained from tibias and femurs of euthanized donors Apoe™ "~
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or Apoe”/"Nod1~/~ mice giving 4 groups: Apoe ’~ BM ->
Apoe ~; Apoe”’~ BM -> Apoe "Nodl'~; Apoe™’ Nodl '~
BM -> Apoe /"Nod1l™/~; Apoe’ Nod1™’~ BM -> Apoe .
After 6 wk on chow diet, transplanted mice were placed on
HFD for 3 wk. Successful engraftment was confirmed by PCR
(data not shown).

Intravital microscopy

Leukocyte-endothelial interactions along the carotid artery and
the cremaster microcirculation were analyzed in Apoe™” “Nod1 ™/~
and Apoe~/~ mice that received HFD for 3 wk. For VCAM-1
blocking studies in vivo, and before recording, mice were pre-
treated with 100 pg/mice C12-iE-DAP or iE-Lys (Invivogen)
for 24 h and then treated with 1 mg/kg mice BIO 5192 (Tocris
Bioscience, Bristol, United Kingdom) for other 24 h. The blood
flow from live animals was recorded while the mice were
under general anesthesia (ketamine/xylazine combination at
100 mg/kg mice and 10 mg/kg mice, respectively).

Cremaster surgical exposure was performed as previously
described (16). Briefly, once exteriorized, it was placed onto an
optical clear viewing pedestal, cut longitudinally with a high
temperature surgical cautery (Lifeline Medical, Brooksville, FL,
USA), and held extended at the corners of the exposed tissue
using surgical suture. For intravital microscopy in the carotid
artery, mice were placed in supine position, and the right jugular
vein was cannulated with a catheter (PE10; Becton Dickinson) for
antibody injection.

Ten minutes before recording the videos, antibodies (at
0.5 ug) against Ly6C (BioLegend), Ly6G (BioLegend), and
CD11b (Thermo Fisher Scientific) were injected to label myeloid
cell subsets.

To maintain the correct temperature and physiologic condi-
tions, the exposed tissues were perfused continuously with 37°C
prewarmed Tyrode’s buffer solution (139 mM NaCl, 3 mM KCl,
17 mM NaHCO;, 12 mM Glucose, 3 mM CaCl,, and 1 mM
MgCl,).

The cremasteric microcirculation was observed using an
AXIO Examiner Z.1 work station (Carl Zeiss) mounted on a 3-
dimensional motorized stage (Sutter Instrument, Novato, CA,
USA) and equipped with a CoolSnap HQ2 camera (Photometrics,
Tucson, AZ, USA). The objective used is an APO X20 NA 1.0
water-immersion objective. Slidebook software 5.0 (Intelligent
Imaging Innovations, London, United Kingdom) was used for
acquisition and image processing. Three randomly selected ar-
terioles and venules were analyzed per mouse, and monocytes/
neutrophils were considered adherent when no rolling was ob-
served using a reference line perpendicular to blood flow for at
least 30 s.

Carotid intravital microscopy was performed using a BX51
microscope (Olympus) equipped with a 9100-02 EMCCD camera
(Hamamatsu Photonics, Shizuoka, Japan) and a X10 saline im-
mersion objective. For image acquisition and analysis, Olympus
Cell R software was used. Leukocyte adhesion was measured as
previously described for the cremaster for 5 min.

Plasma lipoprotein analysis

Whole blood was extracted postmortem by cardiac puncture, and
plasma was obtained by centrifugation at 2000 ¢ during 10 min at
4°C. Plasma concentrations of total cholesterol, free cholesterol,
LDL-cholesterol, HDL-cholesterol, and triglycerides were mea-
sured enzymatically using Kinetic colorimetric kits (Spinreact,
Girona, Spain) according to manufacturer’s instructions. Mouse
inflammatory mediators were quantified in plasma using the
Milliplex Map Mouse Cytokine/Chemokine Magnetic Bead
Panel (Merck Millipore) including IL-1B, 6 and TNF-a in a
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Luminex (Austin, TX, USA) 100 IS system as per the manufac-
turer’s specifications.

Quantification and statistical analysis

All values are expressed as means * seM. Statistical calculations
were performed using GraphPad Prism 6 (GraphPad Software,
La Jolla, CA, USA). After normality was calculated by
D’Agostino-Pearson omnibus test, either a nonparametric test
(Mann-Whitney U test), or a normality test (unpaired Student’s ¢
test with Welch'’s correction, ordinary 1-way ANOVA) was used
as appropriate. Statistical significance was deemed at values
P < 0.05. Removal of outliers was assessed by the ROUT
method. Statistical tests and P values are specified for each
panel in the respective figure legends; n indicated in the
figure legends refers to the number of individual animals for
in vivo and ex vivo assays.

RESULTS

Endothelial NOD1 is upregulated in
atherosclerotic human arteries, and its genetic
deletion prevents early atherosclerosis
development in Apoe™'~ mice

To evaluate the importance of NOD1 activation in human
atherosclerosis, we compared atherosclerotic coronary
arteries with nonatherosclerotic arteries. NOD1 and pRIP2
protein expression was markedly higher in atherosclerotic
vessels than in nonatherosclerotic coronary arteries, as
revealed by Western blot analysis (Fig. 1A).

We also examined the upstream signaling cascade of
NOD receptors in the aortic lesions of WT and Apoe ™/~
mice fed HFD for 3 wk. Nod1 mRNA expression in Apoe ™~
aortas showed 5-fold induction vs. nonatherosclerotic
aortas (Fig. 1B); however, Nod2 mRNA levels were un-
affected (Supplemental Fig. S1). Differences in athero-
sclerotic condition regarding Nodl induction, but not
Nod2, were accompanied by correspondingly higher levels
of RIP2 phosphorylation in Apoe "~ mice (Fig. 1C).

To investigate the contribution of NOD1 to atheroma
formation, we compared Apoe’~ wvs. Apoe/ Nodl ™/~
mice after 3 wk on HFD. No significant differences be-
tween Apoe ’~ and Apoe’"Nod1 /~ mice were observed
in body weights, proinflammatory cytokine profile (Sup-
plemental Fig. S2), plasma concentrations of triglycerides,
and total and free cholesterol, as well as HDL and LDL
levels (Supplemental Table S1). However, HE staining of
aortic sinus cross sections revealed a significantly smaller
lesion area in Apoe™’~Nod1 /™ mice than in Apoe /" mice
(Fig. 1D). Accordingly, evaluation of ['*®*F]-FDG incorpo-
ration and Oil Red O-stained lesion area revealed a sig-
nificant decrease on disease progression in the aorta of
Apoe™’"Nod1~/~ mice compared with Apoe ™ mice (Fig.
1E, F). Similarly, decreased amounts of plaque leukocytes
correlating with a decreased accumulation of tissue F4/
80" macrophages and Ly6G" neutrophils were found in
Apoe™’"Nod1~"~ vs. Apoe™’~ vasculature (Fig. 1G and Sup-
plemental Fig. S3). Altogether, these results indicate that
Nod1 deficiency inhibits the onset of atherosclerosis by re-
ducing the infiltration of myeloid cells to the early atheroma.
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Figure 1. Endothelial NOD1 inflects vascular inflammation linked to atherosclerosis. A) Immunoblot analysis and representative panel
of NOD1 and pRIP2 in atherosclerotic (athero.) (n = 6) and nonatherosclerotic (non-athero.) or with arterial intimal thickening (AIT)
(n=6) human coronary arteries. Protein levels were normalized to B-actin. B) Quantitative RT-PCR (qRT-PCR) analysis of Nod1 in aortic
arches from C57BL/6 (WI: n=8), Apoe /= (n=10), and Apoe ’~Nodl™ "~ (n=8) mice fed HFD for 3 wk. mRNA levels were normalized
to mI8S. C) Immunoblot analysis and representative panel of pRIP2 in the same cohort. Protein levels were normalized to GAPDH. D)
Quantification of lesion area in the semilunar valve cups of Apoe_/ ~ (n=9) and Apoe_/ “Nodl ’~ (n=8) mice fed HFD for 3 wk. E)
Targetto-background (TBR) ratio of arterial [**F]-FDG uptake in the same cohort. F) Quantification of positive Oil Red O (ORO)
lesion area in the indicated aortic regions in the same cohort. Panels show representative en face ORO staining of aortas from these
animals. G) Flow cytometry analysis of total number of leukocytes, macrophage, classic monocyte, and neutrophil subsets in Apoe /™ (n=
8) and Apoef/ “Nodl "~ (n = 8) mice aortas after 3 wk on HFD. H) Quantification of lesion area in the aortic sinus of A[Joef/ "~ mice
transplanted with BM from Apoe /~ (n = 17) or Apoe /" Nodl /" (n = 15) mice and in Apoe /~ Nodl /" mice that underwent BM
reconstitution with Apoef/ ~ (n=15) or Apoef/ “Nodl /= (n = 16) donors as indicated. All mice groups were fed HFD for 3 wk. I)
Quantification of monocyte/macrophage and neutrophil neointimal content in lesions in the aortic sinus of the same cohort. J)
Representative images for NOD1 immunohistochemistry in the intima of athero. and no-athero. or with arterial intimal thickening
human coronary arteries. Arrows point out NOD1" cells in the vascular endothelium. Data are represented as the mean = seM of the
indicated number (n) of repeats. ¥*P < 0.05, ¥*P < 0.01, *#¥P < 0.001, ****P < (0.0001 vs. nonathero by Mann-Whitney U test (A), vs.
WT (B, C) mice by 1-way ANOVA, wvs. A;boef/ ~ (D-G) mice by Student’s ¢ test and vs. A[)oef/ - Apoef/ ~ by l-way ANOVA (H, I); P <
0.001 wvs. Apoe_/ ~ by Student’s ¢ test. Nd, not detected; ns, not significant. Scale bars, 100 pm (D), 1 mm (F), 20 wm (J).

To further examine the role of Nod1 in atherosclerosis, cells (Fig. 1I). Of note, human atherosclerotic lesions
we performed BM transplantation in Apoe /~ and showed marked NODI1 staining in the endothelial layer
Apoe”’~Nod1~/~ mice. HE staining revealed larger lesions ~compared with nonatherosclerotic coronary arteries (Fig.
in chimeric Apoe”/~ mice transplanted with Apoe /™ or 1), suggesting that NOD1 may play a crucial role in the
Apoef/ “Nod1~’~ BM cells than in Apoef/ “Nod1~/~ mice endothelial dysfunction that precedes the sequential re-

transplanted with either Apoe™/~ or Apoe”/ "Nod1~/~BM, cruitment of circulating platelets, neutrophils, and mono-

suggesting that NOD1 expression in BM-derived cells
is not critical for atherosclerosis progression (Fig. 1H).
Consistent with the importance of nonhematopoietic
NOD1 in early atherosclerosis, the total content of CD68"
and Ly6G* cells in the aortic sinus of Apoe”/~ mice was
significantly reduced in Apoe™’ Nod1 /™ mice trans-
planted with either Apoe /™ or Apoe / Nodl~/~ BM

ENDOTHELIAL NOD1 DIRECTS MYELOID CELL RECRUITMENT

cytes to the intima in early stages of atherogenesis (17).

NOD1 modulates endothelial VCAM-1 as an
autocrine response to danger signals

Ig-CAMs expressed by ECs bind to leukocyte integrins
and participate in leukocyte adhesion to the inflamed
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vasculature. Immunohistochemical staining intheaor- sustaining the expression of VCAM-1 in the context of
tic valve revealed significantly reduced expression atherosclerosis.

of the adhesion molecule VCAM-1, but not ICAM-1 The stimuli most commonly used to induce VCAM-1
nor PECAM-1, in the endothelium of fat-fed Apoe /™ expression in vascular ECs is TNF-o. However, further
Nod1~/~ lesions compared with those on Apoe™’~ mice  conceivably inflammatory stimuli that accentuate athero-
(Fig. 2A). These data suggest a role for endothelial genesis might not only be microbial agents (18), where
NOD1 in promoting inflammatory cell infiltration by = NODs play a major role, but also lipid products (19), where
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Figure 2. Bacterial PGN and oxLLDL induce VCAM-1 expression in vascular ECs through NODI in an autocrine manner. A)
Representative immunofluorescence images of VCAM-1, ICAM-1, and PECAM-1 staining and its corresponding perimeter
quantification in lesions from the aortic sinus of A[)oef/ " (n=8-14) and Apoef/ “Nodl™/~ (n = 8-16) mice fed HFD for 3 wk. B-D)
Primary ECs from Apoef/ ~ (n=15) and A[)oef/ “NodI™’~ (n=8) mice were preincubated with 1 pM nodinitib-1, 5 pM BAY 11-7082,
5 uM GSK583 or 1 pug/ml LOX1 neutralizing antibody for 1 h and then exposed to 50 wg/ml oxLLDL, 50 pg/ml LDL, 10 ng/ml TNF-,
1 pg/ml iE-Lys, or 1 pg/ml c12-E-DAP for 24 h. E) Primary ECs from WT' (n = 5) and Nodl /= (n = b) mice were incubated with
50 pwg/ml oxLLDL, 50 pg/ml LDL, 1 wg/ml iE-Lys, or 1 pg/ml c12-E-DAP for 24 h. Cellfree supernatants were transferred to a new
batch of nontreated WT and Nodl™/~ MLECs for 24 h. Endothelial monolayers were immunostained for VCAM-1 (B-E) and NF-«B
(C). F) Immunoblot analysis of pRIP2 and pNF-«B in primary ECs from WT (n = 8) and NodI e (n=10) mice. Cellfree supernatants
produced in Wt MLECs for 24 h in presence of 50 pg/ml oxLDL or 1 pug/ml c12-E-DAP were transferred to a new batch of nontreated
WT'and Nodl /~ MLECs for 24 h. Protein levels were normalized to a-tubulin. G) In the presence of bacterial PGN and oxL.DL, NOD1
activates RIP2 phosphorylation and secretion of yet unidentified metabolites (3 and (), respectively). Although metabolite (), upon
binding to a nondefined receptor (R), induces VCAM1 up-regulation through NF-kB, metabolite & up-regulates VCAM1 expression in a
NOD1-RIP2-NF-kB-dependent manner. Blurry dotted arrows represent mechanistic hypotheses for NODI-dependent autocrine
signaling. Data are represented as means * sem of the indicated number (n) of repeats. **P < 0.01, *#*P < 0.001, ****P < (.0001 vs.
Apoe’~ (A, B), BAY 11-7082 control (D), or WT' (F, F) by Student’s ¢ test (A, B, E) or 1-way ANOVA (D, F); *P< 0.05, #P < 0.01, P <
0.001, #HED < (0.0001 vs. oxL.DL (B, D, upper panel), c12-E-DAP (B, D, lower panel) or nontreated WT' (E, F) by Student’s ¢ test (B, D) or
l-way ANOVA (E, F). Ns, not significant. Scale bars, 50 (A), and 20 (C) pm.
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the best-investigated effector signal is oxLDL. Therefore,
through VCAM-1 immunofluorescence staining we tested
straightforward the response of endothelial NOD1 to these
danger signals.

Not surprisingly, MLECs from both Apoe /~ and
Apoe”’"Nod1~/~ mice upregulated VCAM-1 expression
when challenged with TNF-a compared with nontreated
controls (Fig. 2B). This effect was maintained in Apoe /~
MLECs after pharmacological activation of NOD1 with
the selective ligand c12-iE-DAP, but not with the negative
control iE-Lys (Fig. 2B). Interestingly, VCAM-1 up-
regulation was prevented in both Apoe ’ Nodl '~
MLECs and in Apoe~/~ MLECs treated with nodinitib-1 to
inhibit NODL1. These findings confirm c12-iE-DAP as a
specific agonist for NOD1 and demonstrate a major role
for NODL in the endothelial expression of VCAM-1.

oxLDLs are potent inducers of ECAM expression in
early atherosclerosis (20, 21). We found increased VCAM-
1 expression in Apoe /~ MLECs incubated with oxLDL
compared with Apoe”’~ and Apoe”’ Nod1~/~ MLECs
treated with native LDL (Fig. 2B). However, oxLDL-
induced VCAM-1 expression was significantly reduced to
control levels in Apoe”/ Nod1™/~ or nodinitib-1 pre-
treated Apoe”/~ MLECs (Fig. 2B). Thus, NOD1 is required
for oxLDL-triggered endothelial VCAM1 expression.

The NOD1 signaling pathway involves NF-kB activa-
tion, which in turn promotes Vcam1 gene expression. We
confirmed that in the presence of PGN and oxLDL, NOD1
triggers translocation of NF-kB to the nucleus (Fig. 2C),
and hence the transcription of Veam1 is promoted (Fig.
2D). Similarly, pretreatment of Apoe/~ MLECs with
GSK583 to inhibit RIP2 activity prevented the expression
of VCAM-1 following stimulation with both oxLDL and
c12-4E-DAP (Fig. 2D), further demonstrating the impor-
tance of the NOD1-RIP2-NF-«B signaling cascade that
mediates VCAM-1 up-regulation in ECs in response to
these danger signals. In ECs, the lectin-like oxLDL
receptor-1 (LOX1) has been suggested to internalize
oxLDL (22). Hence, we pretreated Apoe /~ MLECs with a
neutralizing antibody against LOX1 receptor (Fig. 2D,
upper panel). Blockade of LOX1 prevented VCAM-1 ex-
pression in oxXLDL-treated Apoe*~ MLECs. These results
were accompanied by corresponding decreases in RIP2
and NF-kB activations (Supplemental Fig. S4). Given that
there were no statistical differences in Lox1 expression in
the aortic arches of Apoe™’ Nod1~/~ and Apoe” /™ mice
(Supplemental Fig. S5), we suggest LOX1 as the endothe-
lial receptor that allows oxLDL to transduce the signal to
cytoplasmic NOD1.

To refine this cellular mechanistic link between NOD1
and VCAM-1, we performed cell coculture experiments to
assess whether this interplay was dependent on intrinsic
or extrinsic cell mediators. Interestingly, our results show
that in the oxLDL-mediated response, only supernatants
produced by Nod1** MLECs induce VCAM-1 expression,
regardless of the MLEC genotype. However, the iE-DAP
response requires the presence of NOD1 in both stimu-
lated and supernatant-producing MLECs to significantly
increase VCAM-1 expression (Fig. 2E), highlighting anew
the selectivity of the chemical agonist c12-iE-DAP in the
NOD1-mediated specific response. To further confirm this
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NOD1-autocrine signaling mechanism, we analyzed RIP2
and NF-kB activations in WT and Nod1/~ MLECs stim-
ulated for 24 h with supernatant produced by WT MLECs
in response to oxLDL and c12-iE-DAP (Fig. 2F). In-
terestingly enough, although oxLDL-intermediate me-
tabolite (), Fig. 2G) activates VCAM-1 protein expression
through NF-«B in a non-NODI1-dependent manner,
NOD1 presence is mandatory in both the production and
the signaling through PGN-derived metabolite (5, Fig. 2G).

Taken together, our results unveil proatherogenic
oxLDL and bacterial PGNs as paramount NOD1 activity
regulators that mediate in an autocrine manner, the in-
duction of VCAM-1 expression in ECs through the RIP2
and NF-«B signaling cascade (Fig. 2G), promoting leuko-
cyterecruitment into the vessel wall during atherosclerosis
development.

Nod1 controls leukocyte recruitment to the
micro- and macrocirculation

To assess the importance of NOD1 during leukocyte ad-
hesion, we performed intravital microscopy in the cre-
master muscle and the carotid artery of Apoe”’~ and
Apoe”’~ Nod1~/~ mice fed HFD for 3 wk. We found re-
duced adhesion of both Ly6C- and Ly6G-labeled leuko-
cytes in Apoe”/ "Nodl ’/~ postcapillary venules when
compared with Apoe /™ mice (Fig. 3A). Although NOD1
activation upon treatment with c12-iE-DAP significantly
increased the adhesion of both leukocytes subsets to the
cremasteric vasculature in Apoe /" mice, treatment with
BIO 5192 to selectively inhibit the integrin VLA-4 com-
pletely reversed the c12-iE-DAP effect on leukocyte ad-
hesion (Fig. 3B), suggesting a relevant link between NOD1
and VCAM-1 in leukocyte recruitment to the microvas-
culature. In line with these results, the adhesion of Ly6C*
monocytes and L)/6G+ neutrophils to the carotid bi-
furcation in Apoe /~Nod1 ™/~ mice was also significantly
diminished compared with Apoe /™ mice (Fig. 3C). Fur-
thermore, injection of an anti-CD11b antibody revealed
that most of these adherent cells were inflammatory my-
eloid cells (Supplemental Fig. S6), highlighting the sub-
stantial importance of the genetic ablation of Nodl on
impairing peripheral blood leukocyte recruitment to the
circulatory system.

DISCUSSION

In the present study, we assessed the role of NOD1 in the
early atherosclerosis development. Our results demon-
strate that NOD1 expression is induced in murine and
human atherosclerotic tissues and strongly suggest that
NODI1 participates in the initial endothelial dysfunction
associated to atherosclerosis. In addition, we have identi-
fied several mechanisms involving endothelial NOD1
activation. In particular, we have shown that NOD1
mediates monocyte and neutrophil infiltration into ather-
omatous lesions through the autocrine regulation of en-
dothelial VCAM-1 expression. We here also demonstrate
that similar to PGNs, oxLDLs up-regulate in an autocrine
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Figure 3. Neutrophils and monocytes have impaired adhesion to the Alfboe*/ “NodI™/~ micro- and macrocirculation. A—C) Intravital
microscopy imaging in the cremaster muscle (A, B) and carotid bifurcation (C) to quantify leukocyte-endothelial wall interactions 3 wk after
HFD are shown. Quantification and representative images of adhered Ly6C" classic monocytes and Ly6G" neutrophils to the cremasteric
endothelium of Apoe /™ (n=5-8) and Apoe /" Nodl /"~ (n=4-7) mice (A). Apoe /"~ mice were injected intravenously with 100 g of either
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intravenously to half of each group of mice. Quantification of adhered Ly6G" neutrophils and Ly6C" monocytes to the endothelium of each
set of pretreated Apoe /~ mice is represented. Quantification and representative images of adhered Ly6C* monocytes and Ly6G*
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vascular wall. D) In early stages of the disease, once LDL undergoes oxidative modification in the subendothelial space, oxLLDLs promote
the expression of VCAM-1 in ECs through the cytoplasmic receptor NODI, enabling monocyte and neutrophil recruitment to the vessel
wall. Likewise, bacterial PGN-derived peptides upon recognition by endothelial NOD1 may induce the expression of VCAM-1 that promotes
leukocyte infiltration to the subendothelial space and subsequent plaque progression. Data are represented as means * sem of the indicated
number (n) of repeats. *P < 0.05, **P < 0.01 us. A[)oef/ ~ by Student’s ¢ test (A, C) or iE-Lys by 1-way ANOVA (B); #P<0.05, ™ P< 0.001 vs.
cl124E-DAP (B). Ns, not significant. Scale bars, 100 pm (A, C).
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manner the expression of VCAM-1 in ECs through the
canonical NOD1 signaling pathway that includes RIP2
and NF-kB proteins. This early activation of endothelial
NOD1 contributes to the vascular dysfunction preceding
atherosclerosis progression in vivo (Fig. 3D).

So far, only a limited number of studies in vivo have
shown the effect of NOD1 in the cardiovascular field
(23-26). Consistent with a previous report (27), we here
establish that Nod1 deficiency prevents early atheroscle-
rosis development in Apoe /™ mice. Although human and
murine atherosclerosis differ in several aspects, critical
features are shared. Our findings indicate that 1 such fea-
ture is NODI1 activation in the endothelium, suggesting
prognostic value in atherosclerosis progression to the
prompt detection of endothelial NOD1 activation (28-30).
Endothelial cell injury during atherogenesis triggers leu-
kocyte infiltration through up-regulation of ECAMs (31).
In this regard, VCAM-1 expression has been shown to be
stimulated in response to bacterial components in human
ECs through the TLR2/4 signaling pathway (32-34), as
well as through NOD1/2 in periodontal fibroblasts (35). In
agreement with these observations, our findings provide
evidence for endothelial NOD1 in directing the expression
of VCAM-1 in the inflamed vessel wall. Even though en-
dogenous NOD1/2 ligands are still unknown, here we
also unveil new mediators of NOD1 activity. Upon oxLDL
endothelial uptake through LOX1, NODI1 classic signaling
pathway (36) is activated and modulates the expression of
VCAM-1 in a cell extrinsic way alike PGNs. To date, the
most studied autocrine signaling loop in vascular endo-
thelium is mediated by the soluble VEGF (37), also known
to activate the expression of VCAM-1 mainly through NF-
kB (38). However, no association between VEGF and
NOD1 has been established yet. Thus, extensive research
on VEGF and other mediators will be required to decipher
the autocrine function of the vascular endothelium in the
innate response mediated by NODI1.

Exposure to different shear stress forces makes arterial
and microvascular ECs display singular patterns on cell
surface components (39-41). However, our intravital mi-
croscopy imaging studies in both cremaster muscle and
carotid artery bifurcation in Apoe/~ mice yield consistent
results concerning NOD1. The novel and imperative role
of NOD1 in firm leukocyte adhesion to the inflamed en-
dothelia extends the significance of the process identified
in the present study to other arterial pathologies such as
peripheral vascular disease, aneurysm formation, or ar-
teritis (42—44).

Dysfunction of the arterial endothelium is important
not only at the inception of the atherosclerotic lesion, but
at every stage in plaque development, including the
events surrounding plaque rupture. Thus, NOD1 con-
stitutes a potential therapeutic target not only for the
blockade of atherosclerosis, but also for other diseases
where the endothelium plays a key role such as the path-
ogenesis of sepsis and its sequelae. Future development of
strategies aimed at local or arterial endothelial-specific
neutralization of NOD1 may open new therapeutic ap-
proaches for the prevention and treatment of athero-
sclerosis either alone or in combination with standard
treatments.
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ARTICLE INFO ABSTRACT

The CC chemokine 1 (CCL1, also called I-309 or TCA3) is a potent chemoattractant for leukocytes that plays an
important role in inflammatory processes and diseases through binding to its receptor CCR8. Here, we in-
CCL1 vestigated the role of the CCL1-CCR8 axis in atherosclerosis. We found increased expression of CCL1 in the aortas
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CCR8 of atherosclerosis-prone fat-fed apolipoprotein E (Apoe)-null mice; moreover, in vitro flow chamber assays and in
;FLrelgO vivo intravital microscopy demonstrated an essential role for CCL1 in leukocyte recruitment. Mice doubly de-

ficient for CCL1 and Apoe exhibited enhanced atherosclerosis in aorta, which was associated with reduced
plasma levels of the anti-inflammatory interleukin 10, an increased splenocyte Th1/Th2 ratio, and a reduced
regulatory T cell (Treg) content in aorta and spleen. Reduced Treg recruitment and aggravated atherosclerosis
were also detected in the aortas of fat-fed low-density lipoprotein receptor-null mice treated with CCR8 blocking
antibodies. These findings demonstrate that disruption of the CCL1-CCR8 axis promotes atherosclerosis by in-
hibiting interleukin 10 production and Treg recruitment and function.

1. Introduction

Atherosclerotic disease is the main cause of mortality worldwide
[1,2]. The disease features a robust inflammatory component that is
characterized by lipid deposition and leukocyte recruitment in the ar-
tery wall during all disease phases [3]. The initiation and progression of
atherosclerosis both involve chronic inflammatory responses to

lipoprotein deposition in the arterial intima. These inflammatory re-
sponses are caused by activation of both innate and adaptive immunity
[4,5]. The innate immune response is triggered by the accumulation of
certain lipid and protein components of apoB lipoproteins, which cause
an inflammatory reaction that activates endothelial cells and stimulates
the entry of bone-marrow-derived monocytes into the intima. Intimal
Ly6C" monocytes differentiate into macrophages that acquire an
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low-density lipoprotein receptor-null mice; RFP, red fluorescent protein; Th, helper T cell; Treg, regulatory T cell; VSMC, vascular smooth muscle cell
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inflammatory phenotype, which promotes atherosclerosis development
[4,5]. The adaptive immune response involves CD4+ T cells, which
have been shown to promote atherosclerosis in fat-fed mice [6]. When
naive CD4+ T cells are activated after the recognition of an antigen
presented by dendritic cells, they undergo a process of division and
differentiation into several helper T (Th) cell subsets, including Th1,
Th2, Th17, and regulatory T cells (Tregs) [7]. Several studies have
shown that Thl responses are pro-atherogenic in mice [8-11], con-
trasting with the atheroprotective effect of Tregs [12,13]. Regarding
anti-inflammatory cytokines, both interleukin-10 (IL-10) [14,15] and
transforming growth factor-B [16,17] have been shown to protect
against atherosclerosis in mice.

Chemokines are key mediators of cell trafficking [18-20]. The C-C
motif chemokine receptor 8 (CCR8) ligand CC chemokine 1 (CCL1, also
called TCA3 and I-309) was initially described as a cytokine expressed
by activated T lymphocytes [21]. CCL1 acts as a potent chemoattractant
for monocytes and lymphocytes [22] and has been proposed to con-
tribute to macrophage and lymphocyte recruitment and activation [23]
in several inflammatory diseases, including type 1 diabetes [24], atopic
asthma [25], atopic dermatitis [26,27], Kaposi sarcoma [28], septic
peritonitis [29], liver fibrosis [30], and experimental autoimmune en-
cephalomyelitis [31]. In addition, CCL1 may be involved in immune
homeostasis, particularly through effects on Tregs [32]. In the context
of the cardiovascular system, CCL1 is expressed in endothelial cells,
macrophages, and the extracellular area of human atherosclerotic pla-
ques [33]; moreover, CCL1 stimulates vascular smooth muscle cell
(VSMC) migration [28] and activates endothelial cells in response to
arterial wall injury [34]. However, the role of CCL1 in atherosclerosis
remains unknown.

In the present study, we investigated whether the CCL1-CCR8 axis
plays a role in mouse atherosclerosis. To this end, we generated
atherosclerosis-prone mice deficient for CCL1 by crossing Ccll-null
mice with apolipoprotein E-null mice (Apoe-KO). Our results show that
disruption of the CCL1-CCR8 axis impairs vascular Treg recruitment
and function and promotes atherosclerosis.

2. Materials and methods
2.1. Mice and diets

Wild-type mice, Apoe-KO mice, and LDL receptor-null mice (Ldlr-
KO, CD45.1 genotype) were obtained from Charles River Laboratories
(Wilmington, Massachusetts, USA). Transgenic Foxp3-mRFP mice ex-
pressing red fluorescent protein in Tregs were a gift from Dr. Richard A.
Flavell (Yale University School of Medicine, New Haven, Connecticut,
USA) [35]. Ccl1-KO [36] and Apoe-KO mice were crossbred to generate
Apoe/Ccl1-DKO mice. All mice were on a C57BL/6J genetic back-
ground. Mice for the flow chamber and intravital experiments were
males. All other experiments were performed using littermates of both
genders. After weaning, mice were maintained on a low-fat (control)
standard diet (2.8% fat; Panlab, Barcelona, Spain) or placed on pro-
atherogenic high-fat diet (HFD) for the indicated periods, starting at
2months of age (10.8% total fat, 0.75% cholesterol, S4892-E010,
Ssniff, Soest, Germany). Animal experiments were approved by the
local ethics committee and the Spanish Ministry of Agriculture and
Fisheries, Food and Environment. All animal procedures conformed to
EU Directive 86/609/EEC and Recommendation 2007/526/EC re-
garding the protection of animals used for experimental and other
scientific purposes, enforced in Spanish law under Real Decreto 1201/
2005.

2.2. Ccll mRNA expression studies
Femoral bone marrow-derived macrophages (BMdMs) and aortic

VSMCs cultures were obtained from Apoe-KO mice as previously de-
scribed [37]. Cultures were maintained at 37 °C in a humidified 5% CO,
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atmosphere with DMEM/10% FBS/10% macrophage-colony stimu-
lating factor medium for BMdMs, and 20% FBS/DMEM/Fungizone
medium for VSMCs. VSMC cultures were not used above passage 7, and
purity was confirmed by immunohistochemistry with anti-SMa-actin
monoclonal alkaline phosphatase conjugated antibody (1,/20 dilution,
clone 1A4, a-5691, Sigma, San Luis, Missouri, USA) and Fast Red sub-
strate (Sigma). BMdMs and VSMCs were stimulated for 20 h with tumor
necrosis factor a (TNFa, 10 or 50 ng/ml, Sigma), interferon y (IFNy, 20
or 200 U/ml, Peprotech, Rocky Hill, NJ, USA), or angiotensin II (AngII,
10~° or 10~ °M, Calbiochem, Merck KGaA, Darmstadt, Germany) (all
of mouse origin).

Total RNA was isolated from ApoE-KO mice aortas and cultured cells
using TRIzol (Invitrogen, Carlsbad, California, USA). RNA purity and
concentration were determined from the A260/280 ratio.
Complementary DNA was obtained by reverse transcription using
Superscript III First Strand Synthesis Supermix (Invitrogen) and am-
plified in TagMan gene Expression Assays (TagMan MGB probes, FAM™
dye-labeled): MmO00441236 (Ccll), Mm99999115 (Ccr8), and
MmO00607939 (B-actin, used as endogenous control). The relative Ccll
expression level was calculated from technical triplicates for each
sample using the 222t formula and were expressed relative to Apoe-KO
mice fed the control diet or untreated cells.

2.3. Metabolic measurements and circulating leukocyte analysis

Mouse blood was collected in EDTA tubes. For circulating lipid
measurements (total cholesterol, HDL-cholesterol, and triglycerides),
mice were fasted overnight and plasma was obtained by blood cen-
trifugation. Lipids were measured using enzymatic procedures (WAKO,
Richmond, VA, USA). HDL-cholesterol was determined after precipita-
tion of the apoB-containing lipoproteins with dextran-sulphate/MgCl,
(Sigma) [38].

Following lysis of erythrocytes, circulating T-cells (CD3+), B-cells
(CD19+), and monocytes/granulocytes (CD11b+) were analyzed by
flow cytometry after leukocytes were stained for rat anti-mouse cd11b-
FITC IgG2b monoclonal antibody (1/100 dilution, clone M1/70,
557,396, Becton Dickinson, Franklin Lakes, New Jersey, USA), hamster
anti-mouse CD3e chain-PE-Cy7 monoclonal antibody (1/10 dilution,
clone 145-2C11, 552,774, Becton Dickinson), and rat anti-mouse CD19-
FITC IgG2a monoclonal antibody (1/25 dilution, clone 6D5,
MCA1439F, Serotec, Dusseldorf, Germany). Monocytes were dis-
tinguished from granulocytes by their granular content as reflected in
low/high side scatter (SSC) [39].

2.4. Quantification of atherosclerosis burden and immunohistochemical
characterization of atherosclerotic lesions

All studies were performed by an investigator blinded to genotype.
Atherosclerosis was quantified in Apoe-KO and Apoe/Ccl1-DKO mice fed
HFD for 2 months, and in y-irradiated and bone marrow-transplanted
Ldir-KO mice fed HFD for 1 week. Aortic tissue was embedded in par-
affin and cut into 5-um cross-sections. The extent of atherosclerosis was
calculated as the intimal area in the aortic root and ascending aorta as
previously described [37]. Five cross-sections separated 8-12 pm were
analyzed in each region. The distance between sections in the aortic
root and ascending aorta was approximately 70 um.

Immunohistopathological examination of atheromas included the
quantification of VSMCs, collagen, necrotic core, T lymphocytes, CCR8-
immunoreactive cells, macrophages, proliferating cells, and apoptotic
cells (see below). The content of lymphocytes and proliferating cells
was expressed as cells/mm?, whereas the content of VSMCs, collagen,
necrotic core, CCR8-expressing cells and macrophages was expressed as
both percentage (stained area normalized by total plaque area) and
absolute content (mm? of plaque area stained for each marker).

VSMCs were identified with alkaline-phosphatase-conjugated
mouse anti-SMa-actin monoclonal antibody (1/20 dilution, clone 1A4,
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a-5691, Sigma) and Fast Red substrate (Sigma). Collagen was identified
with Masson's trichrome stain. Necrotic cores were identified as hollows
formed in preparations as a consequence of the deparaffinization pro-
tocol. T lymphocytes were identified with biotin-conjugated anti-CD4
antibody (0.5 mg/ml, clone L3 T3, BD-PharMingen) and streptavidin-
conjugated Alexa-fluor 488 (1/300 dilution, S11223, Invitrogen) and
were mounted after nuclear counterstaining using Topro-3 (1/1000
dilution, T3605, Invitrogen). CCR8+ area was identified with goat
anti-CCR8 polyclonal antibody (1/200 dilution, ab1663, Abcam,
Cambridge, United Kingdom). Macrophages were identified with rat
anti-Mac3 monoclonal antibody (1/200 dilution, clone M3/84, sc-
19,991, Santa Cruz Biotechnology). Specimens were counterstained
with hematoxylin. Proliferating cells were identified with rabbit anti-
Ki67 monoclonal antibody (prediluted, clone SP6, MAD-000319QD
Master Diagnéstica, Granada, Spain) and apoptotic cells with rabbit
anti-cleaved Caspase3 (Aspl175) polyclonal antibody (1/10 dilution,
9661, Cell signalling, Danvers, Massachusetts, USA).

After incubation with primary antibodies and extensive washes,
specimens were incubated with appropriate HRP-conjugated secondary
antibodies: goat anti-rat-HRP (sc-2006) for Mac3, donkey anti-goat-
HRP (sc-2042) for CCR8 and goat anti-rabbit-HRP (sc-2004) for Ki67
and Caspase3 (all from Santa Cruz Biotechnology, 1/300 dilution).
Immunocomplexes were detected using streptavidin-HRP (TS-060-HR,
Lab vision Corporation, USA) and DAB substrate (BUF021A, AbD
Serotec). Images were captured with an Olympus CAMEDIA-C5060
wide zoom digital camera mounted on a stereomicroscope Axiolab (Carl
Zeiss, Jena, Germany) except for T lymphocyte immunofluorescence,
which was visualized with a TCS/SP2 confocal microscope (Leica
Microsystems, Wetzlar, Germany). All images were analyzed by com-
puter-assisted morphometric analysis using Metamorph software
(Molecular Devices, California, USA).

2.5. Flow chamber

Whole blood was collected from 5-month-old wild-type male mice
(pooled from 6 to 8 mice for each replicate) and perfused in flow
chambers containing vehicle-coated or CCL1-coated cover slips. Cover
slips (Corning incorporation, Sigma) were coated with soluble mouse
recombinant CCL1/TCA3 (5 mg/ml, R&D systems, Minneapolis, USA)
and incubated at 4 °C for 18 h. To inhibit non-specific interactions with
polystyrene, cover slips were previously incubated with 1% bovine
serum albumin (Sigma) at 37 °C for 1h. Subsequently, vehicle- and
CCL1-coated cover slips were perfused with whole blood (diluted 10-
fold and maintained at 37 °C) for 5 min at a constant shear rate of 0.75
dynes/cm?, followed by perfusion for 20 min with Hanks' balanced salt
solution (HBSS). The Glycotech flow chamber was assembled, and 10
random fields of interacting leukocytes were visualized and recorded on
the vehicle-coated or CCL1-coated cover slip surface (20X objective,
10X eyepiece) by phase contrast microscopy.

2.6. Intravital microscopy in cremaster muscle

Male wild-type, Apoe-KO, and Apoe/Ccl1-DKO mice (approximately
24 weeks old) fed the HFD for 1week were anesthetized by in-
traperitonal injection with a mixture of xylazine hydrochloride (10 mg/
kg) and ketamine hydrochloride (200 mg/kg). A polyethylene catheter
was placed in the jugular vein to permit intravenous administration of
additional anesthetic if needed. The cremaster muscle was dissected
free of tissues and exteriorized onto an optical clear viewing pedestal.
The muscle was cut longitudinally with a cautery and held flat against
the pedestal by attaching silk sutures to the corners of the tissue. The
muscle was then perfused continuously at a rate of 1 ml/min with
warmed bicarbonate-buffered saline (pH 7.4). The cremasteric micro-
circulation was then observed using an intravital microscope (Nikon
Optiphot-2, SMZ1, Badhoevedorp, Netherlands) equipped with a 50 x
objective (Nikon SLDW, Badhoevedorp, The Netherlands) and a 10 x
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eyepiece. A video camera (Sony SSC-C350P, Koeln, Germany) mounted
on the microscope projected the image onto a colour monitor and the
images were video recorded for playback analysis and quantified as
described [40].

2.7. Proliferation assays

CD4+ T cells, CD4 + CD25+ Tregs and CD4 + CD25- effector T
cells were purified from spleens using magnetic cell separation
(Miltenyi Biotech) as previously described [12]. To analyze T cell
proliferation, CD4 + cells (1 x 10° cells/well) were co-cultured for 72 h
at 37 °C with 10* CD11c + dendritic cells and soluble anti-CD3 (1 ug/
ml). Cells were pulsed with [3H]—thymidine for the last 18 h (1 pCi/well,
Amersham, Little Chalfont, United Kingdom). Thymidine incorporation
was assessed using a TopCount NXT scintillation counter (Perkin Elmer,
Waltham, Massachusetts, USA).

To analyze Treg functions, effector T cells were cultured alone or co-
cultured with purified Tregs (at 1:8, 1:4, 1:2 or 1:1 ratio) in round-
bottom 96-well microplates (0.5 x 10° cells/well; total volume 200 pl/
well). Cells were stimulated with purified soluble CD3-specific antibody
(1 pg/ml, BD-PharMingen) in the presence of antigen-presenting cells
purified on CDl1lc-coated magnetic beads (Miltenyi Biotech). Cells
were cultured at 37 °C for 72 h and pulsed with [®H] thymidine for the
last 18 h (1 pCi/well, Amersham). Thymidine incorporation was as-
sessed using a TopCount NXT scintillation counter (Perkin Elmer).

2.8. IL-10 quantification

IL-10 was quantified from blood samples and culture medium with a
specific ELISA (Bender MedSystems, Vienna, Austria and BD
Biosciences, San Jose, California, USA). Blood samples of Apoe-KO and
Apoe/Ccl1-KO mice fed the HFD for 1 week or 2 months were collected
in EDTA tubes to obtain plasma by centrifugation. For detection of IL-
10 production in culture medium, splenocytes (10%/ml) were stimu-
lated with LPS (10 ug/ml) and IFN-y (100 Ul/ml) for 24 or 48 h. For
detection in culture medium of untreated BMdMs, supernatants were
concentrated with Amicon Ultra-15 3000 Nominal Molecular Weight
Limit Centrifugal filters (Millipore, Burlington, Massachusetts, USA).
The amount of IL-10 was normalized to total protein content.

2.9. Bone marrow transplantation and anti-CCR8 antibody treatment

CD45.1 LdIr-KO recipient mice received 13 Gy of total body irra-
diation administered in two treatments from a 137Cs source (MARK
1-68 A; Shepherd and Associates). Bone marrow cells from CD45.2
Foxp3-mRFP mice were transplanted into LdIr-KO recipients by i.v.
injection immediately after irradiation. Approximately four weeks after
transplantation, the chimeric condition of the mice was assessed by
flow cytometry analysis of blood cells stained with a combination of
FITC-conjugated anti-CD45.1 and v450-conjugated anti-CD45.2 anti-
bodies (both from Tonbo Bioscience, San Diego, California, USA),
which confirmed that > 90% of the cells analyzed were derived from
the transplanted bone marrow cells.

One month after transplant, irradiated Ldlir-KO mice were chal-
lenged with HFD and received i.p. injections of either anti-CCR8 anti-
body or isotype control every two days for 1 week (100 pg/mouse).
Atherosclerosis burden was quantified in the aortic root by hematox-
ylin/eosin staining. Treg content in the abdominal aorta was estimated
by qPCR quantification of mRFP mRNA levels. Total RNA was isolated
with Qiazol Lysis Reagent (Qiagen, Hilden, Germany) and isopropanol
precipitation or with the RNeasy Mini kit (Qiagen). RNA concentration
and purity were assessed from the ratio of absorbances at 260 and
280 nm. Complementary DNA was synthesized from total RNA (0.1 to
1 ug per reaction) with the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, California, USA) using random
primers and RNase Inhibitor. Quantitative PCR was performed with the
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ABI PRISM 7900HT Sequence Detection System using PCR Power SYBR
Green PCR Master Mix (both from Applied Biosystems), with technical
triplicates for each sample. Gene expression was analyzed by the
comparative Ct method using the gqBasePLUS software (Biogazelle,
Zwijnaarde, Belgium) and the housekeeping gene S-actin as the internal
control. The RT qPCR primer sequences were as follows: Mouse RFP-
FW: 5-ACTACAAGAAGCTGTCCTTCC-3"; Mouse RFP-RV: 5-ATGTTTA
AACTTACCCTCCCAG-3'; Mouse B-actin-FW: 5'-GACGGCCAGGTCATC
ACTATTG-3'"; Mouse p-actin-RV: 5'-AGGAAGGCTGGAAAAGAGCC-3'.

2.10. Flow cytometry quantification of aortic and splenic immune cell
content

Splenic immune cell content determination was performed as pre-
viously described [7,41,42]. Briefly, spleens from 11-month-old mice
fed control diet were isolated and cellular content was obtained after
mechanical processing. Cellular suspension was cultured in RPMI
+10%FCS and stimulated with phorbol 12 myristate 13 acetate (PMA,
10 ng/ml, Sigma-Aldrich) and ionomycin (1 pM, Sigma-Aldrich) in the
presence of brefeldin A (5 pg/ml, Sigma-Aldrich) for 4 h at 37 °C. After
washing, cells were fixed using Fixation/Permeabilization buffer (In-
vitrogen) for Thl and Th2 determination and Foxp3 Fixation/Permea-
bilization buffer (BD-Pharmingen) for Treg staining. Aortic immune cell
content quantification was performed as previously described [43,44].
Aortas from 11-month-old Apoe-KO and Apoe/Ccll-DKO mice fed the
HFD for 1 week were isolated and digested for 1h at 37 °C with an
enzyme cocktail containing collagenase I (450 units/ml), collagenase XI
(250 units/ml), DNase I (120 units/ml), and hyaluronidase (120 units/
ml). After washing, cells were incubated with RPMI + 10%FCS for 1 h
at 37 °C to restore internalized surface antigens. Splenic or aortic iso-
lated cells were then stained as indicated with rat anti-mouse CD4
(clone RM4-5), rat anti-mouse CD25 (clone PC61.5), rat anti-mouse
FOXP3 (clone FJK-16s), rat anti-mouse I[FNy (clone XMG1.2), and rat
anti-mouse IL-4 (clone 11B11) (all from Invitrogen) and were analyzed
with a FACSCanto II flow cytometer (Becton Dickinson, Franklin Lakes,
New Jersey, USA). Data were analyzed with FlowJo Software 10.1
(Flowjo LLC, Ashland, Oregon, USA).

2.11. Statistical analysis

Results are represented as mean *+ standard error of the mean
(SEM). Statistical analyses were performed with Prism GraphPad
Software (La Jolla, California, USA) and IBM SPSS (Armonk, New York,
USA). Statistical significance was calculated by two-tailed Student's t-
test or ANOVA with Bonferroni's post-hoc multiple comparison test, as
appropriate. Data normality was examined using Shapiro-Wilk test,
whereas homoscedasticity was confirmed by Levene's test. Non-para-
metric tests were applied when necessary. Results were considered
statistically significant for p-values < .05.

3. Results
3.1. CCL1 ablation aggravates atherosclerosis in fat-fed Apoe-KO mice

We first performed qPCR studies to quantify aortic Ccll mRNA ex-
pression in Apoe-KO mice fed either normal chow or a HFD for 1 week
and 2 months, revealing a progressive induction of Ccl1 in fat-fed mice
(Fig. 1A). To investigate which cell types contribute to Ccll upregula-
tion under pro-inflammatory conditions in the artery wall, we per-
formed experiments with primary cultures of VSMCs and BMdMs de-
rived from Apoe-KO mice. Treatment of VSMCs with the proatherogenic
agents TNFa and IFNy, but not with Ang II, upregulated Ccll mRNA
expression level, with no significant effects on Ccr8 mRNA levels
(Fig. 1B, left). Compared with VSMCs, BMdMs exhibited lower level of
Ccll and Ccr8 expression, which was not significantly affected by TNFa,
IFNy, and AnglIl (Fig. 1B, right). These results suggest that VSMCs
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contribute significantly to CclI induction in the inflamed vessel wall of
fat-fed Apoe-KO mice.

To assess whether CCL1 plays a role in atherosclerosis, we generated
Apoe/Ccl1-DKO mice doubly deficient for Apoe and Ccll. As expected,
body weight in mice fed normal chow increased significantly during
post-natal development and was higher in males than in age-matched
females (Supplementary Fig. S1A). No between-genotype differences
were seen in body weight except in the youngest male Apoe/Ccl1-DKO
mice, which were slightly leaner than age-matched Apoe-KO controls
(Supplementary Fig. S1A). Likewise, Ccll deficiency did not affect
plasma levels of total cholesterol, HDL-cholesterol, or triglycerides in
mice fed either normal chow or challenged for 2 months with the HFD
(Supplementary Fig. S1B). Fat feeding significantly increased total
cholesterol and triglycerides while decreasing HDL-cholesterol in
plasma of mice of both genotypes.

We also analyzed circulating leukocyte populations. Consistent with
previous studies [45], challenging mice for 2 months with HFD sig-
nificantly increased the percentage of granulocytes and reduced the
percentage of B-cells, without significantly affecting the relative
abundance of monocytes and T-cells (Supplementary Fig. S1C). CclI
disruption did not affect the relative abundance of these circulating
blood cells in either normal-diet-fed mice or HFD-fed mice (Supple-
mentary Fig. S1C). Similarly, CD4 T-cell percentages among CD45 +
cells were undistinguishable in aorta, spleen and blood of Apoe-KO and
Apoe/Ccl1-DKO mice fed control diet, as revealed by flow cytometry
(Supplementary Fig. S1D).

To assess the role of CCL1 in atherosclerosis, we quantified disease
burden in aortic cross-sections of mice of both genotypes challenged
with the HFD for 2 months. These studies revealed a significant increase
in atheroma size in both the aortic root and ascending aorta of fat-fed
Apoe/Ccl1-DKO mice compared with Apoe-KO counterparts (Fig. 2A).
We also assessed the consequence of inactivating Ccll on plaque com-
position. Apoe/Ccll-DKO atheromas had lower percentage of area
covered by macrophages, and this difference reached statistical sig-
nificance in the aortic root (Fig. 2B). However, no between-genotype
differences were found in absolute macrophage content (mm? of Mac3-
immunoreactive plaque area, Supplementary Table S1). Moreover,
other neointimal parameters measured in aortic root and ascending
aorta of fat-fed Apoe/Ccll-DKO mice did not show statistically-sig-
nificant differences, neither when measured as percentages nor as ab-
solute values, including necrotic core content and expression of CCRS,
CD4 (T-cells), SMa-actin (VSMCs), collagen, Ki67 (cell proliferation
marker), and caspase 3 (apoptosis marker) (Fig. 3, and Supplementary
Table S1). Supplementary Fig. S2 shows representative images of all
markers analyzed in aortic root cross-sections of Apoe-KO and Apoe/
Ccl1-DKO mice.

3.2. CCL1 enhances leukocyte adhesion in vitro and in vivo

We next performed flow chamber experiments to investigate whe-
ther immobilized CCL1 can arrest peripheral leukocytes. Blood freshly
collected from wild-type mice fed the control diet was perfused over
CCL1-coated cover slips under flow conditions. Leukocyte adhesion was
significantly higher in CCL1-coated cover slips than in vehicle-treated
cover slips (Fig. 4A).

To investigate the role of CCL1 in in vivo leukocyte trafficking under
pro-atherogenic conditions, we performed intravital microscopy in
cremasteric arterioles of wild-type, Apoe-KO, and Apoe/Ccl1-DKO mice
fed the HFD for 1week. Leukocyte adhesion in arterioles was sig-
nificantly higher in Apoe-KO mice than in wild-type controls and was
abolished in Apoe/Ccl1-DKO mice (Fig. 4B). No between-genotype dif-
ferences were observed in other hemodynamic parameters, such as
arteriolar shear rate and diameter (Fig. 4B). Since Ccll disruption did
not affect the percentage of circulating leukocyte populations (Sup-
plementary Fig. S1C), our results suggest that the effects of CCL1 de-
ficiency on leukocyte adhesion were due to CCL1-mediated leukocyte-
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untreated VSMCs. *, p < .05 vs. basal condition. In A, n indicates the number of samples (each containing 2 aortas). In B, n indicates the number of culture plates
(each containing VSMCs or BMdM from 3 mice).
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Fig. 2. Ccll disruption aggravates diet-induced atherosclerosis. (A) Quantification of atherosclerosis burden measured as intimal area in aortic root and ascending
aorta cross-sections of mice fed the HFD for 2 months. (B) Quantification of neointimal macrophage content in cross-sections of aortic root and ascending aorta of
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158



M. Vila-Caballer, et al. Journal of Molecular and Cellular Cardiology 132 (2019) 154-163

Aortic root Ascending aorta
[ ]Apoe-ko ] Apoe/Ccl1-DKO Neointimal  4[ 4t
SM a-actin =, | T ol
i ]
Aortic root Ascending aorta n> 10 14 n> 10 14
e 50l Neointimal 40 40 1
Neointimal ~ S0[ collagen
CCR8 (%) 251 251 (%) 201 20+ i
n> 6 6 n> 6 6 n> 8 13 n- 10 14
[ 750¢ L 400}
Neointimal Z:g € 500l Neointimal 400
CD4+ cells 250l (}::SI-,;/. fner::f) 200 200f
(cellsimm?) 2501 i
n> 6 6 n> 6 6 n> 12 12 n 12 1
. 8 8r I I 2r
Neointimal Neointimal
necrotic core 4t 4t caspase 3 (%) 1t 1F
(%)

n 10 14 n 9 14 n> 10 11 n> 11 1"

Fig. 3. Ccll disruption does not affect aortic CCR8 expression or atherosclerotic plaque characteristics. Quantified immunohistopathological analysis of aortic root
and ascending aorta from 2-month-HFD-fed Apoe-KO and Apoe/CCLI-DKO mice. Cross-sections were analyzed for neointimal content of CCR8, CD4+ T-cells,
necrotic core, VSMCs (SMa-actin+), collagen (Masson's trichrome staining), proliferating cells (Ki67 +), and apoptosis (caspase 3+). n = number of mice.
Representative images are shown in Supplementary Fig. S2, and results expressed as total area are in Supplementary Table S1.

vessel wall interactions. whether CCL1 controls Treg function, we evaluated the ability of
splenic Tregs (CD4 + CD25+ T-cells) to inhibit the proliferation of

3.3. CCLI regulates Treg accumulation and function, Th1/Th2 balance, naive CD4"CD25~ T-cells that were activated with anti-CD3 plus anti-
and IL-10 production CD28 antibodies. CCL1 disruption did not affect the proliferative ac-
tivity of CD4 + T-cells isolated from spleen and lymph nodes (Fig. 5B).

CCL1 might regulate atherosclerosis development by affecting the However, CCL1 disruption reduced Treg suppressive activity on T ef-
recruitment, proliferation, and/or effector function of Th cells in fector cells (Fig. 5C). Since IL-10 has been shown to mediate Treg in-

atherosclerotic plaques. The observation that the percentage of CD4 + h.ibi.tory .functions [46]3 we -analyzed the product?on of IL-10 by quan-
T-cells is unaltered in Apoe/Ccll-DKO aorta, spleen, and blood tifying its concentration in the culture medium of LPS + IFNy-

(Supplementary Fig. S1D) suggested that CCL1 does not affect the re- stimulated splenocytes. These in vitro studies showed reduced IL-10
cruitment or proliferation of this cell type. However, CCL1 disruption production in splenocytes of fat-fed Apoe/Ccl1-DKO mice (Fig. 5D).
was accompanied by a lower percentage of Tregs in aorta and spleen Likewise, Ccll disruption was associated with reduced IL-10 production

with no effect in blood (Fig. 5A and Supplementary Fig. S3A). To assess by BMdMs (Fig. 5E), and plasma IL-10 levels were significantly lower in

A B

0 — -
0 L2 *k o kK o £
£ _ 100} 8% | oL Y E 1Mz
>4 o 5 £ ' ' 2 = 30
82 S c 4f | S 1000 <
o St ' ' = @
> X T ! ! © £
Do © £ ! ! I} H
: £ Qo I E= £
c g 50| %’2 H o = L
2 o 2| S 500 8 15
[T o o [=) []
s 32 2 °
< 2 £ £
3 < <
Vehicle Immobilized
(n=5) CCL1 (n=6)

[] wild-type (n=7) [] Apoe-KO (n=7) B Apoe/Ccl1-DKO (n=7)
1 ]

1 week HFD

Fig. 4. Ccll mediates leukocyte adhesion in vitro and in vivo. (A) In vitro leukocyte adhesion in flow chamber assays. Whole blood of wild-type mice was perfused in
flow chambers containing vehicle-coated or CCL1-coated cover slips. n = number of cover slips. (B) In vivo intravital microscopy analysis of leukocyte adhesion,
shear rate, and vessel diameter in cremaster arterioles of 1-week-HFD-fed wild-type, Apoe-KO, and Apoe/Ccl1-DKO mice. n = number of mice. **, p < .01; ***,
p < .001.
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Fig. 5. Ccll disruption increases the Th1:Th2 ratio, inhibits Treg recruitment and suppressive function, and reduces CD4 + T cell IL-10 production and plasma IL-10
levels. (A) Flow cytometry-determined content of Tregs (CD4™* cD25"8" FOXP3™) as a percentage of CD4% T-cells in aorta, spleen, and blood of 11-month-old
control-diet-fed mice. Results are shown relative to Apoe-KO mice for aorta and as bare percentages for spleen and blood (n = 7 Apoe-KO; n = 8 Apoe/Ccl1-DKO). (B)
Proliferation of CD4* T cells isolated from spleen and lymph nodes of 11-month-old control-diet-fed Apoe-KO and Apoe/Ccl1-DKO mice (triplicates of 3 pooled mice
per genotype). (C) Inhibition of wild-type effector T cell proliferation upon co-culture with splenic CD4 " CD25" Tregs isolated from 11-month-old control-diet-fed
Apoe-KO and Apoe/Ccl1-DKO mice (triplicates of 3 pooled mice per genotype). The effector T cell:Treg ratio is shown in the horizontal axis. (D) IL-10 production in
LPS- and IFNy-stimulated splenocytes of mice fed the HFD for 2 months (n = 9 mice per genotype). (E) IL-10 production in BMdMs of Apoe-KO mice fed the HFD for
2 months (n = 4 culture plates, each containing BMdMs from 3 mice per genotype). (F) Plasma IL-10 in fat-fed mice (n = 7 Apoe-KO mice and n = 5 Apoe/Ccl1-DKO
mice fed the HFD for 1 week; n = 8 Apoe-KO and Apoe/Ccl1-DKO mice fed the HFD for 2 months). (G) Flow cytometry-determined percentage of Thl (CD4*IFNy ™"
and CD4 "IL-2%) and Th2 (CD4 *IL-4 ") leukocytes in spleen of 11-month-old control-diet-fed mice. Results are expressed relative to total CD4* leukocytes (n = 3
mice per genotype). *, p < .05; **, p < .01.

HFD-fed Apoe/Ccll-DKO mice than in Apoe-KO controls (Fig. 5F). 4. Discussion
Consistent with lower percentage of Tregs in aorta and spleen and IL-10

levels upon Ccl1 disruption, Apoe/Ccll1-DKO mice had a higher splenic Chemokines and their receptors play key roles at all stages of
Thl content and a lower Th2 content than Apoe-KO controls (Fig. 5G atherosclerosis by regulating multiple processes involved in disease
and Supplementary Fig. S3B). initiation, progression, and complications (eg, leukocyte and platelet

recruitment and activation, mobilization of immune cells from bone
marrow and recruitment into atherosclerotic plaques, and cell differ-
3.4. Antibody-mediated CCR8 blockade inhibits aortic Treg recruitment and entiation, proliferation, apoptosis, and survival) [18-20]. The chemo-

promotes atherosclerosis kine CCL1 and its receptor CCR8 regulate leukocyte trafficking in sev-
eral pathophysiological scenarios [30,47-50]. In the context of

By interacting with its ligand CCL1, the receptor CCR8 plays a pi- cardiovascular disease, previous studies showed CCL1 expression by
votal role in restraining immunity via Treg cell activation [31]. To endothelial cells in human arterial specimens and in injured mouse
further investigate the role of CCR8 in Treg function in the setting of femoral arteries [28,33,51]. However, a direct role of the CCL1-CCR8
atherosclerosis, we performed bone marrow transplant experiments in axis in atherosclerosis has not been demonstrated before. In this study,
CD45.1 LdIr-KO mice that were lethally-irradiated and reconstituted we establish for the first time a causal relationship between CCL1 ex-
with bone marrow cells of Foxp3-mRFP knock-in mice, which express pression and atherosclerosis development. We observed a progressive
RFP in Tregs [35]. After recovery, transplanted mice were injected with upregulation of CCL1 in the aorta of fat-fed Apoe-KO mice. Our studies

CCRS8 blocking antibody (or isotype control) and challenged with the with cultured cells stimulated with pro-inflammatory agents suggest
HFD for 1 week. Rfp mRNA was then quantified by RT-PCR as a mea- that VSMCs, but not macrophages, contribute to CCL1 upregulation in

sure of aortic Treg infiltration. Compared with mice treated with iso- the inflamed vessel wall. We also found that Ccl1 disruption aggravates
type control antibody, animals injected with anti-CCR8 antibody had a HFD-induced atherosclerosis in the aortic root and ascending aorta of
lower content of RFP-expressing cells in the aorta (Fig. 6A), suggesting Apoe-KO mice without affecting body weight, plasma lipid levels, or the
a role for CCR8 in the recruitment of Tregs to the inflamed vessel wall. abundance of circulating leukocytes. Likewise, CclI disruption did not
Inhibition of Treg recruitment upon treatment with anti-CCR8 in affect important features of atherosclerotic plaques, such as the per-
transplanted Ldlr-KO mice was accompanied by an increased athero- centage of area occupied by T-cells, VSMCs, collagen, and necrotic
sclerosis burden in the aortic root (Fig. 6B). cores, as well as the percentage of proliferating and apoptotic cells.

Immobilized CCL1 promoted leukocyte adhesion in in vitro flow
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Fig. 6. Antibody-mediated CCR8 blockade
inhibits aortic Treg recruitment and pro-
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chamber assays, and CCL1 ablation was associated with reduced leu-
kocyte adherence in the in vivo intravital microscopy studies. Although
fat-fed Apoe/Ccl1-DKO mice had lower percentage of macrophages in
atherosclerotic lesions in the aortic root (measured as percentage of
Mac3-immunoreactive area), total content of neointimal macrophages
(measured as Mac3-immunreactive area in atheromata) was similar to
that seen in Apoe-KO controls. Moreover, Ccll disruption did not affect
the relative and total macrophage content in atherosclerotic lesions in
the ascending aorta. These findings suggest that macrophages do not
contribute significantly to aggravated atherosclerosis upon Ccll dis-
ruption. We therefore turned our attention to Tregs, which express
CCR8 [52,53], and protect against atherosclerosis [12,13,32]. Clinical
studies also support a role for Tregs in human atherosclerosis [54-57].
Treg cells, but not effector T cells, decline during atherosclerotic lesion
development [58], possibly as a result of phenotypic plasticity and
differences between Treg and effector T cells in migration into lesions,
susceptibility to death, and proliferative activity [5,59]. Previous stu-
dies also showed the importance of CCL1 for Treg migration [60,61].
We therefore hypothesized that CCL1 might affect Treg recruitment
and/or function in atheromas. Our results show reduced Treg content in
the spleen and aorta of Apoe/Ccl1-DKO mice, without changes in blood,
suggesting a role for CCL1 in Treg recruitment.

Tregs play critical roles in the inhibition of inflammatory responses
and the regulation of autoimmunity [62,63]. In line with previous
studies implicating the CCL1-CCR8 axis in Treg function [31], our in
vitro studies reveal that Ccll disruption in Apoe/Ccl1-DKO Tregs re-
duced their ability to inhibit T-effector cells, without affecting their
proliferative activity. Tregs can reduce T effector functions through a
variety of mechanisms, including direct contact with antigen-presenting
cells, destruction of inflammatory cells, and production of im-
munosuppressive regulators such as IL-10 [64-66]. CCL1 potentiates
human Treg function in part through inducing IL-10 expression [31],
and IL-10 deficiency increases the number and activity of inflammatory
cells, promoting pro-inflammatory cytokine production and accel-
erating atherosclerosis in mice [14]. In our analysis, Ccll disruption
impaired IL-10 production by BMdMs and LPS- and IFNy-stimulated
splenocytes obtained from mice fed the HFD for 2 months and markedly
reduced plasma IL-10 in Apoe/Ccl1-DKO mice fed the HFD for 1 week or
2 months compared with Apoe-KO controls. These findings suggest that
reduced IL-10 production contributes to increased atherosclerosis in-
duced by Ccl1 disruption. Further studies are required to assess whether
Ccll ablation affects the expression of other Treg-associated cytokines
(eg., IL-35, TGFp).

CCR8 is expressed predominantly in Tregs and also in small frac-
tions of Th2 cells, monocytes, and NK cells, but not in Thl cells

motes atherosclerosis development. Ldir-
KO mice were gamma-irradiated and
transplanted with bone marrow cells of
Foxp3/mRFP mice (expressing RFP in
Tregs). One month after irradiation and
transplant, mice were challenged with the
HFD and injected with either anti-CCR8
antibody or isotype control antibody every
2 days. Mice were sacrificed after 1 week.
(A) Relative Treg accumulation in aorta
quantified from qPCR-determined RFP ex-
pression. (B) Atherosclerosis burden de-
termined as the intimal area in the aortic
root of LdIr-KO mice fed the HFD for
1 week. Representative hematoxylin/eosin-
stained cross-sections are shown, with red
line marking atherosclerotic lesion bound-
aries. n = number of mice. *, p < .05.

[52,67-71]. Human CCR8 has four known ligands: CCL1, CCL8, CCL16,
and CCL18 [72-74]. Of these, CCL1 is unique in potentiating the sup-
pressive function of human Tregs [31]. CCL1, CCL8, and CCL16 have
also been identified as mouse CCR8 ligands, with CCL1 being con-
sidered the only booster of the suppressive activities of mouse Tregs
[31]. Our results show that treatment of fat-fed Ldlr-KO mice with
CCR8-blocking antibodies reduces Treg content in aorta and enhances
aortic atherosclerosis, consistent with a role for this receptor in Treg
recruitment. Previous studies in Tregs have shown that CCL1 binding to
CCR8 upregulates STAT3-dependent Foxp3 expression while inducing
CD39, Granzyme B, and IL-10 [31]. Further studies are warranted to
assess whether modulation of these factors in Tregs contributes to the
regulation of atherosclerosis by the CCL1-CCR8 axis.

5. Conclusions

Our findings demonstrate increased atherosclerosis upon inactiva-
tion of the CCL1-CCR8 axis, which is mediated by reduced Treg re-
cruitment into the inflamed artery wall and defective Treg function,
possibly due to increases in both IL-10 production and Th1:Th2 ratio.
Further studies are warranted to assess whether treatment with CCL1
offers a possible route to atherosclerosis inhibition.
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SUMMARY

Hematopoietic stem cells (HSCs) residing in the bone
marrow (BM) accumulate during aging but are func-
tionally impaired. However, the role of HSC-intrinsic
and -extrinsic aging mechanisms remains debated.
Megakaryocytes promote quiescence of neighboring
HSCs. Nonetheless, whether megakaryocyte-HSC
interactions change during pathological/natural ag-
ing is unclear. Premature aging in Hutchinson-Gilford
progeria syndrome recapitulates physiological aging
features, but whether these arise from altered stem or
niche cells is unknown. Here, we show that the
BM microenvironment promotes myelopoiesis in
premature/physiological aging. During physiological
aging, HSC-supporting niches decrease near
bone but expand further from bone. Increased BM
noradrenergic innervation promotes B,-adrenergic-
receptor(AR)-interleukin-6-dependent megakaryo-
poiesis. Reduced B3-AR-Nos1 activity correlates
with decreased endosteal niches and megakaryocyte
apposition to sinusoids. However, chronic treatment
of progeroid mice with B3-AR agonist decreases pre-
mature myeloid and HSC expansion and restores the
proximal association of HSCs to megakaryocytes.

nnnnnnn

Therefore, normal/premature aging of BM niches pro-
motes myeloid expansion and can be improved by
targeting the microenvironment.

INTRODUCTION

Hematopoietic aging is characterized by expansion of hemato-
poietic stem cells (HSCs) with impaired function, such as
reduced engraftment, quiescence, self-renewal, unfolded protein
response, and lymphoid differentiation potential, leading to
myeloid-biased output both in mice (Liang et al., 2005; Mohrin
et al., 2015; Rossi et al., 2005; Sudo et al., 2000) and humans
(Pang et al., 2011; Rundberg Nilsson et al., 2016). Myeloid malig-
nancies are more frequent in the elderly, but whether changes in
the aged HSCs and/or their microenvironment predispose to these
malignancies remains unclear. HSC aging was initially considered
to result only from intrinsic changes (Dykstra et al., 2011), such as
epigenetic deregulation (Chambers et al., 2007), replication stress
(Flach et al., 2014), deficient DNA repair (Rossi et al., 2007), transi-
tion from canonical to non-canonical Wnt signaling (Florian et al.,
2013), and increased autophagy (Ho et al., 2017). However, aging
also reduces HSC polarity and capacity to lodge near bone (Kéhler
et al., 2009), and microenvironmental alterations have been pro-
posed to contribute to hematopoietic aging. For instance, myeloid
bias can result from telomere dysfunction (Ju et al., 2007) or inflam-
matory cytokine production (Ergen et al., 2012) in the aged
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hematopoietic microenvironment, and bone marrow (BM) adren-
ergic nerve degeneration has been recently proposed to drive
HSC aging reversibly (Maryanovich etal., 2018). However, the rela-
tive contribution of intrinsic and extrinsic mechanisms to HSC ag-
ing remains debated. Myeloid-biased HSCs (Gekas and Graf,
2013) and more prominently platelet-primed HSCs (Sanjuan-Pla
et al., 2013; Yamamoto et al., 2013) expand in aged mice (Grover
et al., 2016). However, both platelet-primed and unprimed old
HSCs exhibit myeloid bias (Grover et al., 2016), possibly suggest-
ing a microenvironmental participation. The standard model of
platelet generation (thrombopoiesis) suggests that megakaryo-
cyte precursors migrate from endosteal BM (close to bone) to sinu-
soids (further from bone) for maturation (Eto and Kunishima, 2016),
which can be promoted by cytokines like interleukin (IL)-1c IL-18,
IL-6, IL-3, and interferon-gamma (IFNy) (Pietras, 2017). Whereas
platelet-biased HSCs are located near sinusoids (Pinho et al.,
2018), both megakaryocytes and their precursors have been
recently found throughout BM, including the sinusoids where
megakaryocyte maturation and thrombopoiesis take place (Plo
et al., 2017; Stegner et al., 2017). In this study, we have investi-
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Figure 1. Reduction of Endosteal Niches
and Expansion of Non-endosteal Niches
during Aging

(A-B’ and H-I') Representative whole-mount
immunofluorescent staining of thick femoral sec-
tions for CD31 (A and B, green; H and |, red) and
EMCN (A and B, red; H, I, blue) of young
(8-30 weeks) and old (70-100 weeks) Nes-gfp
mice with genetically labeled nestin® cells (H and |,
green). Arrowheads in insets (A, B/, H’, and I')
depict CD31"EMCN~ capillaries and their
coverage by Nes-GFP* cells.

(C-G) Quantification of (C) CD31"EMCN" transi-
tion zone vessels, (D) CD31°EMCN'" sinusoids, (E)
CD31"EMCN™ arterioles with >6 pm diameter,
and (F) CD31"EMCN~ capillaries with <6 pm
diameter. Scale bar, 200 um (A, B, H, and 1),
100 um (A', B, H, and I'). (G) Frequency of
endosteal and non-endosteal BM Nes-GFP* cells
from young adult (10-20 weeks, n = 11) and old
& mice (>66 weeks, n = 8).

old

% 2.0 1 (J-N) Concentration of (J) IL-1B, (K) IL-6, (L) IL-1a,
; (M) IL-3, and (N) IFNy in endosteal BM extracel-
T 15 lular fluid (BMECF) from young WT mice (n = 5)
: and old WT mice (n = 4). Data are means + SEM.
§ 10 *p < 0.05; **p < 0.01; **p < 0.001. (C-F and J-N)
© 05 Unpaired two-tailed t test. (G) One-way ANOVA
8 and Bonferroni pairwise comparisons.
2 o0
e ne e ne
young “old
N gated whether different BM microenviron-
0 =007 ments regulate myeloid differentiation and
& = — megakaryopoiesis during aging.
.%
S 29 RESULTS
Ew
85 . i
£ 10 Reduction of Endosteal Niches and
= Expansion of Non-endosteal
w

0 Neurovascular Niches during Aging
\\o\»@" &® To characterize changes in vascular beds
during aging, we performed whole-mount
immunofluorescence staining of thick
femoral sections of young and old wild type (WT) mice using
CD31 and endomucin (EMCN) to identify sinusoids, arterioles,
capillaries, and transition zone vessels (TZVs), which connect ar-
terioles with sinusoids near bone (endosteum). Consistent with
previous findings (Kusumbe et al., 2016), endosteal vessels
and TZVs were reduced in old mice; however, we also noted
that, whereas sinusoidal areas appeared unchanged, arterioles
were slightly reduced and capillaries located further from bone
increased 4-fold in old mice (Figures 1A-1F). These vascular
changes were paralleled by similar alterations of their associated
perivascular cells. We used Nes-gfp transgenic mice, which
carry HSC niche-forming perivascular BM mesenchymal stem
or progenitor cells (BMSCs) labeled with GFP (Méndez-Ferrer
et al., 2010b). Nes-GFP* cells augmented 4-fold specifically in
non-endosteal BM, mostly associated with the increased capil-
laries (Figures 1G-11 and S1A-S1D). These changes correlated
with increased inflammatory cytokines that drive myeloid cell
expansion (Pietras, 2017). The concentration of IL-1a, IL-1B,
and IL-6 increased in the BM during aging, whereas IL-3 and
IFN+y showed similar trends (Figures 1J-1N and S1TM-S1Q).
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We have previously shown that sympathetic adrenergic
signals regulate Nes-GFP* cell proliferation (Méndez-Ferrer
et al., 2010b) and are affected during age-related myeloprolif-
erative neoplasms (Arranz et al., 2014). Additionally, increased

sympathetic adrenergic activity has been previously
described during aging (Hart and Charkoudian, 2014; Ng
et al., 1993; Veith et al., 1986; Ziegler et al., 1976), chronic
stress, and depression (Yirmiya et al., 2006), and might in-
crease osteoporosis and fracture risk by restraining bone for-
mation (Elefteriou et al., 2005; Takeda et al., 2002). However,
the opposite (decreased BM adrenergic innervation) has been
recently suggested as causative of HSC aging (Maryanovich
et al.,, 2018). To clarify this, whole-mount preparations of
skulls and thick tibial sections of Nes-gfp mice were immuno-
stained for tyrosine hydroxylase (TH), to visualize sympathetic
noradrenergic fibers and nestin® cells in large 3D volumes.
This study did not confirm reduced TH* fibers in the aged
BM (Maryanovich et al.,, 2018) but found these fibers
increased by 50% in the skull of old mice (Figures 2A-2C)
and augmented 2.5-fold in the aged tibial BM, compared
with the young samples (Figures 2D-2F). In both cases,
nestin® cells were found in proximity of noradrenergic
fibers (Figures S1E-S1L). Together, these results suggest
contraction of endosteal (bone-associated) HSC niches and
expansion of non-endosteal neurovascular HSC niches during

aging.
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Figure 2. Increased Sympathetic Nerve Fi-
bers during Aging

(A, B, E, and F) Immunofluorescence of tyrosine
hydroxylase (TH)* sympathetic noradrenergic
nerve fibers (white), CD31* endothelial cells (red),
and GFP* cells (green) in the skull (A and B) and
tibial (E and F) BM of young (A and E) and old
(B and F) Nes-gfp mice. Scale bar, 100 um.

(C and D) Area covered by TH* fibers in the (C)
skull or (D) tibia of young (n = 12) and old (n = 8)
Nes-gfp mice. Young mice were analyzed be-
tween 8-30 weeks of age, and old mice were 66—
120 weeks old. Data are means + SEM. *p < 0.05;
**p < 0.01 (unpaired two-tailed t test).

D
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B-Adrenergic Signals Promote
Megakaryopoiesis during Aging

To study the possible contribution of
increased adrenergic innervation to
aged hematopoiesis, we analyzed mice
lacking B>-AR and B3-AR (Adrb2” -
Adrb3~’7), the main B-ARs that
cooperate in HSC niche regulation (Mén-
dez-Ferrer et al., 2010a). Importantly,
myeloid and megakaryocyte progenitors
expanded less in the endosteal BM of
aged Adrb2~/~Adrb3~'~ mice (Figures
3A, 3B, and S2A-S2F). Consequently,
megakaryocytes did not increase in
Adrb2~/~Adrb3~/~ mice during aging
(Figures 3C-3G), suggesting a functional
role for increased noradrenergic signaling
in aged hematopoiesis. Megakaryocytes
were less frequently found in apposition to BM sinusoids and
could form less protrusions (required for proplatelet formation)
in aged Adrb2~/~Adrb3~’~ mice (Figures 3H-3M). Accordingly,
aged Adrb2~’~Adrb3~’~ mice did not show the increased circu-
lating platelets typically observed in aged WT mice (Figure 3N),
whereas other circulating blood cell types remained unaffected
(Figures S2G-S2J). These results suggest that increased
-adrenergic signaling in the BM promotes myeloid differentia-
tion into platelets during aging.

B2-AR in the Microenvironment Promotes
Megakaryocyte Differentiation

We analyzed single Adrb2~'~ mice and Adrb3~'~ mice to un-
derstand the role of each B-AR in myelopoietic regulation.
Resembling aged Adrb2~/~Adrb3~’~ mice (Figure 3N), aged
Adrb2~~ mice did not exhibit increased circulating platelets
(Figure 4A), suggesting that increased B,-adrenergic activity
promotes thrombopoiesis during aging. Already at adulthood,
Adrb2~'~ mice showed reduced frequency of myeloid and
megakaryocyte progenitors, and this reduction persisted
during aging (Figures 4B, 4C, S3A, and S3B). We generated
BM chimeras using Adrb2~'~ mice or WT mice as donors/re-
cipients to distinguish hematopoietic cell-autonomous from
microenvironmental regulation. WT mice carrying B>-AR-defi-
cient hematopoietic cells showed normal frequencies of
myeloid and megakaryocyte progenitors (Figures 4B'-4C’
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and S3A'-S3B'). In contrast, Adrb2~'~ recipients of WT BM
cells showed similar reductions as found in primary mice
(Figures 4B"-4C"” and S3A”"-S3B”). These results suggest
that B.-AR signals promote megakaryocyte differentiation
through the microenvironment. To obtain mechanistic insight,
we treated with selective B,-AR or fB3-AR agonists the
HSPC-like HPC-7 cell line (Pinto do O et al., 1998) cultured
alone or co-cultured with MS-5 stromal cells, which resemble
nestin® BMSCs (Méndez-Ferrer et al., 2008, 2010b; Figures
S3C and S3D). Whereas the selective B-AR agonists did not
affect megakaryocyte differentiation of HPC-7 cells cultured
alone (Figure S3E), B>-AR and B3-AR agonists had opposite
stage-specific effects on megakaryocytic differentiation from
HPC-7 cells co-cultured with MS-5 cells. Whereas Bs-AR
agonist increased the frequency of undifferentiated c-kit"
CD41"° cells and decreased the fraction of c-kit°CD41"
megakaryocyte progenitors, B,-AR agonist did not affect
early differentiation, but instead increased the frequency of
CD41" megakaryocytic cells at a later differentiation stage
(Figure S3F).
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B2-Bs-AR WT DKO WT DKO

Figure 3. B-Adrenergic Signals Promote
Megakaryopoiesis during Aging
(A and B) Representative flow chart (A) and

62 r_%'__: quanti.fication (B) of the frequency. of CD.41.*
60 myeloid or megakaryocyte progenitors within
lin~sca-1*c-kit* (LSK) cells in endosteal BM from
40 young WT mice (n = 7), young Adrb2 /- Adrb3~’
5 (double knockout [DKO]) mice (n = 7), old WT mice

(n = 5), and old Adrb2~/~Adrb3~'~ mice (n = 4).

0 (C-F) Representative immunofluorescence stain-
ing for CD41 (red) and CD42 (green) in femoral BM
sections of young (C) or old (D) WT mice and young
(E) or old (F) Adrb2 '~ Adrb3~’~ mice. Arrowheads
depict megakaryocytes with protrusions (CD41*
CD42" cells with cell body extensions). Scale bar,
250 pum.

(G and H) Number of CD41*CD42* megakaryo-
cytes (G) forming protrusions (H) per BM area
(n=4young WT; n =5 young DKO; n = 3 old mice).
(I-L) Representative immunofluorescence staining
for CD41 (red) and EMCN (green) in femoral BM
sections of young (l) or old (J) WT mice and young
(K) or old (L) Adrb2~~Adrb3~'~ mice, depicting
CD41* megakaryocytes adjacent (arrowheads) or
nonadjacent (asterisks) to EMCN* vasculature.
Scale bar, 100 um.

(M) Frequency of CD41" cells in contact with
EMCN* vasculature (n = 4 young WT; n = 4 young
DKO; n = 4 old WT; n = 3 old DKO).

(N) Circulating platelets in young (n = 11) and old
(n = 6) WT mice, compared with young (n = 9) and
old (n = 5) Adrb2 '~ Adrb3 '~ mice. Young mice
were analyzed between 8-30 weeks of age, and
old mice were 66-120 weeks old. Data are

young old

L — | —

'§ 2500 means + SEM. *p < 0.05; **p < 0.01; **p < 0.001
S 2000 (one-way ANOVA followed by Bonferroni pairwise
LE) 1500 comparisons).
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prps-AR WT DKO WT DKO To test the potential significance of

this regulation in the human setting, we
treated human umbilical cord blood-
derived hCD34* HSPCs co-cultured
with MS-5 cells with a selective B,-AR agonist (Figure 4D). Treat-
ment with Bo-AR agonist increased the frequency of human
CD61* megakaryocytic cells (Figures 4E-4G). These results sug-
gest that Bo-AR stimulation of stromal cells promotes megakar-
yocyte differentiation.

young old

B2-AR Indirectly Promotes Megakaryocyte
Differentiation through IL-6

To investigate the underlying mechanism, we measured several
cytokines which regulate megakaryopoiesis. Among those, IL-6
concentration increased in WT BM during aging (Figure 1H) and
was low in endosteal Adrb2~’~ BM (Figures 4H and S3G-S3l).
Moreover, Bo-AR agonist increased //6 mRNA 2-fold in MS-5
stromal cells; this effect was abrogated after blocking protein ki-
nase A (Figure 4l) downstream of B,-AR signaling (Rosenbaum
et al., 2009). Adult Adrb2~'~ mice and //6 '~ mice showed simi-
larly reduced BM megakaryocytes (Figures 4J-4M), confirming
the role of B>-AR and IL6 in megakaryopoiesis. To directly test
the role of IL-6 downstream of B>-AR, we established primary
BM cultures from 67/~ or control mice and treated them with
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Bo-AR agonist or vehicle. $2-AR agonist tripled myeloid progen-
itors in WT samples, but not in /6~ samples (Figure 4N). Alto-
gether, these results suggest that (,-AR on stromal cells
promotes megakaryocyte differentiation through IL-6.

B3-AR-Deficient Mice Exhibit Altered HSC Lineage Bias

Our co-culture experiments suggested that, contrasting f,-AR,
B3-AR might inhibit megakaryocytic differentiation (Figures
S3C-S3F). Additionally, Bs-AR stimulation has been shown to
promote HSC lymphoid skewing (Maryanovich et al., 2018).
Therefore, we measured the frequency of immunophenotypically
defined lymphoid-biased HSCs (Figure S4A; Yamamoto et al,,
2013). Lymphoid-biased HSCs were reduced by one-third in
adult endosteal Adrb3~'~ BM (Figures 5A and S4B). This pheno-
type was not observed in WT mice carrying Bz-AR-deficient he-
matopoietic cells (Figures 5A” and S4B') but was reproduced in
chimeric mice lacking Bs-AR in the microenvironment (Figures

C’ C” Figure 4. B>-AR Signaling in the Microenvi-
donor recipient ~ Fonment Promotes Megakaryocyte Differen-
" s tiation through IL-6
(A) Circulating platelets in young WT (n = 11), young
3 3 Adrb2~'~ (n = 3), or old Adrb2~'~ (n = 3) mice.
Py 5 (B-C") Frequency of (B, B, and B”) CD41*

myeloid or megakaryocyte progenitors within
lin"sca-1*c-kit* (LSK) cells or (C, C’, and C")
CD150"CD41* megakaryocyte progenitors (MkPs)

S € S @ within lin"c-kit" (LK) cells in endosteal BM cells of
gi\& Q,{??_ the following mice: (B and C) young WT (B, n=6; C,

n = 3), young Adrb2~’~ (B, n = 6; C, n = 8) or old

Adrb2~'~ (n = 4) mice; (B’ and C') lethally irradiated
* WT recipients of WT (n = 5) or Adrb2~/~ (n = 4) BM
cells; (B” and C”) lethally irradiated WT (n = 5) or
Adrb2~'~ (n = 4) recipients of WT BM cells.
(D) Scheme of human umbilical-cord-blood-
derived CD34" HSPCs cocultured with MS-5 stro-
mal cells.
(E-G) Representative immunofluorescence (E and
F) and number (G) of CD61* (red) human mega-
karyocytes in cocultures treated with (E) vehicle or
(F) B2-AR agonist (clenbuterol, 10 uM) for 10 days
(n = 3). Scale bar, 250 um. (F') Inset of (F).
(H) IL6 concentration in endosteal (e) or non-
endosteal (n-e) BM supernatant from adult WT
(n =6), Adrb2 '~ (n = 4), or Adrb3~’~ (n = 7) mice.
() 16 mRNA expression (fold change) in MS-5
stromal cells treated with B,-AR agonist (clenbu-
terol, 10 uM), PKA inhibitor (H-89, 5 uM), or vehicle
for 2 days (n = 3).
(J-M) Quantification (J) and representative immu-
nofluorescence (K-M) of CD417 (red) CD42* (green)
megakaryocytes (yellow) in adult WT (n = 5),
Adrb2~’~ (n = 3), or lI67'~ (n = 5) mice. Scale bar,
250 pm.
(N) Myeloid or megakaryocyte progenitors (CD41*
LSK cells) in primary BM culture from WT or /I6 ™/~
mice treated with Bo-AR agonist (clenbuterol,
10 uM) or vehicle for 4 days (n = 4). Data are
means + SEM. *p < 0.05; **p < 0.01; **p < 0.001.
(B, B”, C', C", and G) Unpaired two-tailed t test.
(A, B, C, H, I, J, and N) one-way ANOVA and Bon-
ferroni pairwise comparisons.
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5A" and S4B”), implying niche-mediated regulation. Opposite
trends were observed for long-term HSCs (LT-HSCs) and
myeloid-biased HSCs, with their frequencies tending to increase
in endosteal Adrb3~/~ BM (Figures S4C-S4F). These results
suggest accelerated lymphoid deficiency in the endosteal micro-
environment lacking Bs-AR.

We investigated possible mechanisms that might explain the
intriguingly opposite effects of B3-AR and B,-AR signaling on
lympho-myeloid lineage skewing. Whereas both B-ARs can acti-
vate G proteins (Rosenbaum et al., 2009), their differential
cardiovascular effects have been attributed to B3-AR-dependent
nitric oxide (NO) generation (Gauthier et al., 1998). Therefore, we
measured nitrate concentration in the BM extracellular fluid and
found it doubled in endosteal (compared with non-endosteal)
WT BM and halved in Adrb3~/~ BM (Figure 5B). Among NO syn-
thases, Nos7 (but not Nos2 or Nos3) showed higher mRNA
expression in endosteal WT BM and was downregulated in
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Adrb3~~ BM (Figures S4G-S4l). To further study the role of
B3-AR and Nos1 on HSC lineage bias, we established primary
BM cultures from transgenic mice expressing GFP under the reg-
ulatory elements of Von Willebrand factor (Vwf-eGFP), which
discriminate myeloid/platelet-biased (Vwf-eGFP*) HSCs from
lymphoid-biased (Vwf-eGFP~) HSCs (Sanjuan-Pla et al., 2013).
Treatment with B3-AR agonist did not affect platelet-biased
HSCs (Figures S4J and S4K) but doubled lymphoid-biased
HSCs in a Nos1-dependent manner (Figure 5C). Moreover,
Adrb3~’~ mice and Nos7~/~ mice showed similar signs of prema-
ture hematopoietic aging; myeloid or megakaryocyte progenitors
(Figures 5D-5G) and megakaryocyte apposition to blood vessels
(Figures 5H-5K) similarly increased in adult Adrb3~'~ mice and
Nos1~/~ mice. Consistently, transition zone vessels decreased
(Figures 5L-50) whereas capillaries expanded (Figure 5P) in
both KO models. Despite the partial reduction of lymphoid-
biased HSCs in endosteal Adrb3~'~ BM, the frequencies of circu-
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C Figure 5. Lack of B3-AR and Nitric Oxide

e Synthase 1 (Nos1) Signaling in the Microen-
» 800 vironment Accelerates Aging
o (A, A', and A") Frequency of CD150'” CD41~
ESOO lymphoid-biased HSCs in endosteal BM
&5 400 CD34 " LSK cells from the following mice: (A) young
P WT (n = 7), young Adrb3 '~ (n = 7), or old Adrb3 ™~
Ezoo (n = 5) mice; (A') lethally irradiated WT recipients of

0 WT (n = 5) or Adrb3~’~ (n = 5) BM cells; and (A”)

ARag. - B; - Bs lethally irradiated WT (n = 4) or Adrb3~'~ (n = 3)
DMSO  LVING recipients of WT BM cells.
(B) Nitrate concentration in BM extracellular fluid

(BMECF) of young WT (n = 6) or Adrb3~~ (n = 7)
mice.
(C) Number of linTsca-1*c-kit"CD34 CD48~
CD150"Vwf-eGFP~ lymphoid-biased HSCs in pri-
mary BM culture from Vwf-eGFP mice treated with
B3-AR agonist (BRL37344, 10 uM), Nos1 inhibitor
(L-VINO, 100 uM), or vehicle for 4 days (n = 8).
(D-G) Representative immunofluorescence (D-F)
and quantification (G) of c-kit* (green) CD417 (red)
myeloid or megakaryocyte progenitors (arrow-
heads) in endosteal BM of WT (n = 10), Adrb3 "/~
(n=8), or Nos1~/~ (n = 4) mice. Endosteal BM is
considered as regions within one-fifth marrow
width from the bone surface. Scale bar, 300 um.
(H-K) Representative immunofluorescence (H-J)
and quantification (K) of CD41* (red) megakaryo-
cytes adjacent (arrowheads) or nonadjacent (as-
terisks) to EMCN™* (green) BM vasculature of WT
(n=9), Adrb3~’~ (n = 6), or Nos1~/~ (n = 4) mice.
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B 5 101 (n = 7), Adrb3~~ (n = 5), or Nos1~/~ (n = 4) BM.
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ferroni pairwise comparisons.
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lating lymphocytes or myeloid cells appeared unchanged in
5-month-old Adrb3~/~ mice (Figures S4L-S4N), contrasting pre-
vious findings (Maryanovich et al., 2018). Whereas adult
Adrb3~'~ mice did not yet show in our analysis premature he-
matopoietic aging in peripheral blood, adult Nos?™~ mice
showed reduced lymphocytes and increased neutrophils and
platelets in circulation (Figures 6A and 6B), suggesting that other
pathways (besides B3-AR) contribute to Nos1-dependent regula-
tion of hematopoiesis. Altogether, these results suggest that
microenvironmental B3-AR contributes to balance HSC lineage-
bias toward lymphoid production, which is at least partially
dependent on Nos1-dependent NO production.

Premature Hematopoietic Aging in HGPS Is Not HSC-
Autonomous

We next interrogated whether the BM microenvironment might
promote pathological (and not only physiological) hematopoietic
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aging. Premature aging in Hutchinson-Gilford progeria syn-
drome (HGPS) is caused by the accumulation of a truncated
prelamin A protein named “progerin,” which is produced via
aberrant splicing resulting from a de novo synonymous
€.1824C > T (p.G608G) point mutation in the LMNA gene (encod-
ing lamin A and C) (De Sandre-Giovannoli et al., 2003; Eriksson
et al., 2003). This gene has been recently associated with
changes in epigenetic and chromatin architecture in aged
HSCs (Grigoryan et al., 2018). Progerin also accumulates during
normal aging and HGPS displays most aging hallmarks,
suggesting that HGPS can inform physiological aging
(Lopez-Otin et al., 2013). Lmna®°°C knockin mice exhibit key
hallmarks of the human disease, including accelerated aging,
shortened lifespan, and bone and cardiovascular defects
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Figure 6. Premature Hematopoietic Aging
in HGPS Is Not HSC-Autonomous

(A-D) Peripheral blood counts in adult (A and B)
WT (Nos7**; n = 15) or Nos1~/~ (n = 16), and
(C and D) WT (Lmna*’*; n = 22) or Lmna®6096/G609G
(n = 14) mice. (A, C, and K) Frequency of white
blood cells (WBC); LYM, lymphocytes; MON,
400 monocytes; NEU, neutrophils. (B, D, and L) Con-
200 centration of platelets.

0 (E-G) Frequency of (E) CD11b™ myeloid cells, (F)
B220" B cells, and (G) CD3" T cells in circulating
leukocytes.

(H-J) Frequency of (H) CD11b* myeloid cells, (1)
B220" B cells, and (J) CD3* T cells among donor-
derived leukocytes 120 days after transplantation
into WT mice (n = 11).

(K and L) Peripheral white blood cell (K) and
platelet (L) counts in adult CD45.1 C57BL/6J mice
4 months after lethal irradiation and trans-
plantation with CD45.2 BM cells from WT (n = 8) or
LmnaG609G/G609G (1 _ 6) mice.

(M-Q) Concentration of (M) IL-1B, (N) IL-6, (O)
IL-1a., (P) IL-3, and (Q) IFNYy in the BM extracellular
fluid (BMECF) of adult WT (Lmna*’*; n = 9) and
Lmna®e096/G509G (n = 9) male mice. Data are
means + SEM. *p < 0.05; **p < 0.01; **p < 0.001
(unpaired two-tailed t test).
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0 hallmarks of hematopoietic aging in
mice, such as increased circulating plate-
lets, have been observed in HGPS (Meri-
deth et al., 2008). However, it remains
unknown whether premature aging af-
fects the overall hematopoietic system
in HGPS and whether this is a conse-
quence of the LMNA mutation in HSCs,
other hematopoietic cells and/or their
microenvironment.

We measured peripheral blood counts
in progeroid mice and control mice.
Remarkably, adult progeroid mice
resembled adult Nos7~/~ mice (Figures
6A and 6B) in their premature myeloid
skewing evidenced by decreased lym-
phocytes and increased neutrophils, monocytes, and platelets
(Figures 6C and 6D), to a similar extent as normally aged mice
(Dykstra et al., 2011; Rossi et al., 2005; Sudo et al., 2000).
Flow cytometry analysis confirmed increased myeloid cells and
decreased lymphoid cells in the peripheral blood of progeroid
mice (Figures 6E-6G).

To test HSC function, lethally irradiated CD45.1 recipients
were transplanted with CD45.2 BM cells from Lmna®09G/G609G
mice or WT mice, together with competitor BM cells from con-
genic CD45.1 mice (Figure S5A). Long-term engraftment was
lower for Lmna®699G/G699G (compared with WT) hematopoietic
cells (Figure S5B), as previously observed for normally aged
HSCs (Liang et al., 2005), albeit to a lower extent. However,
myeloid skewing was not observed in blood cells derived from
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Figure 7. B3-AR Agonist Improves Lineage Skewing, HSC Number,
and Localization near Megakaryocytes in HGPS

(A and B) Frequency of (A) granulocytes and (B) lymphocytes in white blood
cells (WBCs) of WT mice (n = 8) or Lmna®609¢/G699G mice (n = 6) treated with
Bs-AR agonist (BRL37344, 2 mg/kg/day, intraperitoneally [i.p.]) or vehicle for
8 weeks.

(C-F) Frequency of BM (C) Ly6G*CD11b* neutrophils, (D) B220* B cells,
endosteal (E), and non-endosteal (F) LT-HSCs in these mice (n = 6).

(G-J) Representative immunofluorescence (G-I) and quantification (J) of
CD41" megakaryocytes adjacent (asterisks) or nonadjacent (arrowheads) to
c-kit* (green) HSPCs in BM of WT mice (n = 3) and Lmna®609¢/G509G mjce
(n = 5) treated with B3-AR agonist or vehicle. Scale bar, 50 pm.

(K-N) Representative immunofluorescence (K-M) and distribution (N) of
BM CD150" (red) HSCs (negative for mature hematopoietic lineage
markers, blue) adjacent (asterisks), or nonadjacent (arrows) to CD42*
(green) megakaryocytes. Scale bar, 50 um. Data are means + SEM.
*p < 0.05; *p < 0.01; **p < 0.001. (A-F and J) One-way ANOVA and
Bonferroni pairwise comparisons. (N) Two-way ANOVA and Bonferroni
pairwise comparisons.
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Lmng@609G/G609G s (Figures 6H-6J), suggesting that myeloid
skewing is a non-HSC-autonomous aging feature in HGPS. To
assess this possibility, we transplanted CD45.2 BM cells from
Lmna®609G/G809G  mice into lethally irradiated CD45.1 WT
recipients. Sixteen weeks later, WT recipients carrying the
Lmna@809G/G609G mtation only in hematopoietic cells (Figures
6K and 6L) did not reproduce the myeloid skewing and increased
platelet counts observed in constitutive Lmna®6?°¢/G699G mijce
(Figures 6C and 6D). Together, these results suggest that prema-
ture aging in HGPS affects the hematopoietic system but cannot
be explained by HSC-autonomous alterations. Consistent with
this idea, microenvironmental alterations (such as sinusoidal
vasodilation) were found in Lmna®89°/G5%°G BM (Figures S5D
and S5E). Moreover, myelopoietic cytokines augmented in nor-
mally aged BM microenvironment (Figures 1J-1N) were also
increased in adult progeroid mice (Figures 6M-6Q).

These results suggested that similar microenvironmental alter-
ations might promote myeloid differentiation during physiolog-
ical/pathological aging. Therefore, we tested whether targeting
the microenvironment could impact hematopoiesis in HGPS.
Progeroid mice were chronically treated with a B3-AR agonist,
which can rescue nestin* niches in humans and mice with age-
related myeloproliferative disorders (Arranz et al., 2014; Drexler
et al., 2019) and has been recently suggested to rejuvenate nor-
mally aged HSCs (Maryanovich et al., 2018). Treatment with
B3-AR agonist over 2 months normalized circulating granulo-
cytes and lymphocytes and BM neutrophils and partially rescued
BM B cells (Figures 7A-7D). This effect correlated with
decreased frequency of BM LT-HSCs (Figures 7E and 7F).

Megakaryocytes have been shown to regulate HSC prolifera-
tion (Bruns et al., 2014; Nakamura-Ishizu et al., 2015; Zhao et al.,
2014) and their numbers were found to increase during normal/
pathological aging in this study. Therefore, we examined the
spatial relationships between megakaryocytes and HSPCs in
the different models. Like in aged mice (Maryanovich et al.,
2018), HSCs expanded but located further from megakaryocytes
in adult Adrb3/ mice, as an additional premature aging
feature in these mice (Figures S6A-S6D). Increased LT-HSC fre-
quency in vehicle-treated progeroid mice (compared with WT
mice) (Figures 7E and 7F) correlated with reduced co-localization
of HSPCs and megakaryocytes, which was rescued by B3-AR
agonist (Figures 7G-7J). HSCs located more distantly from
megakaryocytes in vehicle-treated progeroid mice (compared
with WT mice) but this association was partially restored by
B3-AR agonist (Figures 7K-7N). These results suggest the possi-
bility that decreased interactions between megakaryocytes and
HSCs might reversibly regulate hematopoiesis during aging.

DISCUSSION

This study suggests that alterations of the BM microenviron-
ment during pathological/physiological aging change hemato-
poiesis. Remodeling of BM HSC niches (namely reduced
endosteal niches and increased non-endosteal neurovascular
niches) is associated with the overproduction of pro-in-
flammatory cytokines which drive excessive myelopoiesis in
normal/premature aging. However, the latter can be improved
by modulating the microenvironment. Together, these
results expand previous findings on the microenvironmental



contribution to hematopoietic aging to the role of different neu-
rovascular beds in normal and pathological aging, and their po-
tential therapeutic targeting.

Stem cell aging compromises tissue turnover and regenera-
tion, but the contribution of the aged stem cell niche remains
incompletely understood (Lopez-Otin et al., 2013). In the he-
matopoietic system, HSCs expand during aging but exhibit
impaired self-renewal and lymphoid differentiation potential, fa-
voring myeloid output (Liang et al., 2005; Mohrin et al., 2015;
Pang et al., 2011; Rossi et al., 2005; Rundberg Nilsson et al.,
2016; Sudo et al., 2000). Moreover, myeloid malignancies are
more frequent in the elderly, but whether changes in the aged
HSCs and/or their microenvironment predispose to these malig-
nancies has remained unclear. Although HSC aging was initially
regarded as solely derived from intrinsic changes in HSCs
(Chambers et al., 2007; Dykstra et al., 2011; Florian et al.,
2013; Rossi et al., 2007), several alterations in the BM microen-
vironment or in its interaction with HSCs have been proposed to
promote hematopoietic aging (Ergen et al., 2012; Ju et al., 2007;
Kohler et al., 2009; Maryanovich et al., 2018). Our study supports
this contention by demonstrating that changes in the microenvi-
ronment contribute to physiological hematopoietic aging and
pathological premature aging (HGPS). In both settings, the
aged microenvironment promotes myeloid differentiation
through similar cytokines, such as IL-1 and IL-6.

Progeroid mice exhibit several hallmarks of hematopoietic ag-
ing: expanded HSCs with reduced engraftment, lymphoid defi-
ciency, and myeloid skewing toward platelets. However,
chimeric mice carrying Lmna®6°°%/G599G hematopoietic cells in
a WT environment do not reproduce the hematopoietic aging of
progeroid mice. Together with the altered vasculature and
increased concentration of myelopoietic cytokines in progeroid
BM, these results strongly suggest that the BM microenviron-
ment causes premature hematopoietic aging in HGPS. In fact,
chronic treatment of progeroid mice with 3-AR agonist (targeting
the microenvironment) reduces HSCs and restores their prox-
imity to megakaryocytes and their lympho-myeloid skewing.

During physiological aging, endosteal BM niches decrease,
consistent with previous observations (Kusumbe et al., 2016),
whereas non-endosteal neurovascular BM niches containing
Nes-GFP* stromal cells show a pronounced expansion. This
microenvironmental remodeling might directly favor myeloid
expansion during aging, because lymphoid niches have been
found near bone (Morrison and Scadden, 2014), whereas
myeloid cell expansion and thrombopoiesis mainly occurs in
non-endosteal niches (Eto and Kunishima, 2016).

Recently, an age-related reduction of BM adrenergic nerve fi-
bers has been reported to dive most hallmarks of HSC aging
(Maryanovich et al., 2018). However, studies on BM innervation
during aging have provided conflicting results, with BM adren-
ergic fibers reportedly been dramatically reduced (Maryanovich
et al., 2018), unchanged, or increased (Chartier et al., 2018). The
whole-mount or thick section imaging and 3D reconstruction of
different bones in the present study supports the latter and dem-
onstrates that these fibers are doubled in different bones during
physiological aging. Moreover, these fibers are not reduced in
adult progeroid mice (Figure S7), which exhibit premature he-
matopoietic aging. Our findings are consistent with the well-
known increase in sympathetic activity in the elderly (Hart and

Charkoudian, 2014; Ng et al., 1993; Veith et al., 1986; Ziegler
et al., 1976) and suggest a functional change of neurotransmis-
sion (B2-AR overriding Bs-AR), rather than a general decline of
BM innervation during aging. Actually, increased noradrenergic
activity in the BM seems to account for augmented thrombopoi-
esis in aged mice because platelets are not elevated in aged
Adrb2~’~ mice or Adrb2~/~Adrb3~'~ mice. A previous study
showed direct effects of a-ARs on mature megakaryocyte adhe-
sion, proplatelet formation, and platelet release, whereas a-AR
signaling on more primitive CD34* progenitor cells did not affect
lineage commitment (Chen et al., 2016). However, the present
study indicates that HSPC lineage commitment is regulated by
the microenvironment through B,-AR and f3-AR. Therefore,
BM noradrenergic activity appears to regulate lineage commit-
ment and megakaryopoiesis at different stages of maturation
through distinct a- and B-ARs. Interestingly, B>-AR and B3-AR
exhibit opposite roles on myeloid differentiation: whereas
B>-AR signaling promotes megakaryopoiesis through stromal-
cell-derived IL6 and becomes predominant during aging,
B3-AR inhibits myelopoiesis. Lack of ,-AR in the microenviron-
ment (but not in the hematopoietic system) halves myeloid and
megakaryocyte progenitors in adult mice. Decreased frequency
of megakaryocyte lineage cells is similarly found in adult
Adrb2~’~ mice and aged Adrb2~/~Adrb3~’~ mice (but not in
WT chimeras carrying Adrb2~/~ hematopoietic cells), suggest-
ing that predominant B.-AR activation promotes megakaryocyte
differentiation during aging. Whereas adult Adrb2~/~ mice and
Adrb3~/~ mice exhibit opposite deregulation of lymphoid/
myeloid lineage output, only Adrb2~'~ mice retain this pheno-
type upon aging (Figures 4B, 4C, and 5A), further suggesting
that B>-AR prevails over B3-AR in hematopoietic lineage regula-
tion during aging. This regulation requires IL-6, a cytokine known
to increase in elderly humans (Brusnahan et al., 2010) and to be
similarly regulated in other cell types (Li et al., 2013). Supporting
the role of IL6, megakaryocytes appear decreased in //6 '~ BM.
Moreover, B>-AR agonist specifically increased IL-6 expression
in stromal cells co-cultured with human/murine HSPCs and
consequently stimulates megakaryopoiesis in these co-cultures
or in primary BM cultures from WT mice, but not //6 '~ mice.

In contrast, microenvironmental (but not hematopoietic) lack
of B3-AR partially reduces lymphoid-biased HSCs in adult
mice, as previously reported (Maryanovich et al., 2018). How-
ever, the results here differ in that B3-AR loss does not appear
overall sufficient to cause premature hematopoietic aging,
because the frequencies of circulating lymphocytes and myeloid
cells appeared unchanged in 5-month-old Adrb3~’~ mice.
In vitro, B3-AR agonist-treated stromal cells decrease human
and murine HSPC differentiation into megakaryocytes. This ef-
fect requires Nos1, because Nos7~/~ mice have high circulating
platelets and granulocytes, but low circulating lymphocytes.
Furthermore, B3-AR agonist specifically increases lymphoid-
biased HSCs in primary BM cultures in a Nos1-dependent
manner. Moreover, adult Adrb3~'~ or Nos1~’~ mice share pre-
mature microenvironmental aging features in the BM, such as
reduced bone-forming transition zone vessels (Kusumbe et al.,
2016) and increased BM capillaries, myeloid progenitors, and
megakaryocyte apposition to blood vessels.

Megakaryocytes inhibit HSC proliferation (Bruns et al., 2014;
Nakamura-Ishizu et al., 2015; Zhao et al., 2014). Whereas both
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HSCs and megakaryocytes expand during aging, HSCs locate
further from megakaryocytes in adult Adrb3~'~ mice and proge-
roid mice, suggesting that decreased HSC-megakaryocyte in-
teractions might contribute to premature hematopoietic aging
features in these mice. Supporting this possibility, chronic treat-
ment of progeroid mice with B3-AR agonist decreased HSCs and
corrected lineage skewing, correlated with normalized distribu-
tion of HSCs near megakaryocytes. Future studies will be
required to investigate changes in the regulation of HSC prolifer-
ation by megakaryocytes during aging.

In summary, this study shows that the aged BM microenviron-
ment promotes myeloid expansion during physiological aging
and in premature aging. Normal murine aging concurs with the
reduction of endosteal niches and the expansion of non-endos-
teal niches comprising capillaries and nestin® cells associated
with sympathetic noradrenergic fibers. Interestingly, B>-AR and
B3-AR regulate myelopoiesis through opposite and stage-
dependent effects on the hematopoietic microenvironment.
During normal aging, increased B»-AR activity promotes IL6-
dependent myeloid differentiation, whereas decreased B3-AR-
Nos1-NO is associated with reduced endosteal niches and
increased central niches. Adult Nos1 KO mice and progeroid
mice display premature aging in peripheral blood, manifested
as reduced lymphocytes and increased myeloid cells. Megakar-
yocytes move closer to BM sinusoids in Adrb3~/~ or progeroid
mice, possibly explaining increased thrombopoiesis. Megakar-
yocytes and HSCs expand but separate from each other during
normal aging and in adult Adrb3~/~ or progeroid mice. However,
chronic treatment of progeroid mice with 3-AR agonist reduces
HSCs and restores their proximity to megakaryocytes and their
lympho-myeloid skewing. Therefore, normal or premature niche
aging promotes normal myeloid expansion, which can be
improved by targeting the microenvironment.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD45.1 (A20) BD Biosciences Cat#560578; RRID:AB_1727488
CD45.2 (104) TONBO Biosciences Cat#20-0454-U100; RRID:AB_2621576
B220 (RA3-6B2) BD Biosciences Cat#553088; RRID:AB_394618

CD11b (M1/70) BioLegend Cat#101208; RRID:AB_312791

CD3e¢ (145-2C11) TONBO Biosciences Cat#65-0031-U100; RRID:AB_2621872
Ly-6G (RB6-(C5) BioLegend Cat#127623; RRID:AB_10645331

CD90 (53-2.1)
sca-1 (E13-161.7)
CD42d (1C2)

biotinylated lineage antibodies (CD11b,
Gr-1, Ter119, B220, CD3¢)

c-kit (2B8)

CD150 (TC15-12F12.2)

CD34 (RAM34)

CD41 (MWReg30)

Brilliant Violet 510 Streptavidin
anti-CD45-biotinylated antibody
anti-Ter119 -biotinylated antibody
anti-CD31-APC antibody
Streptavidin-APCCy7
anti-ckit-FITC antibody
anti-CD41-PE antibody

Human/Mouse CD117/c-kit Antibody
(Polyclonal Goat IgG)

rat anti-CD150 antibody

CD34 Microbead kit

rabbit anti-TH antibody

Alexa Fluor 647 goat anti-rat IgG
anti-rabbit biotinylated antibody
Cy3-Tyramide secondary antibody
rat anti-EMCN antibody

goat anti-CD31 antibody

Alexa Fluor 546 Donkey anti-rabbit IgG
Dylight650 donkey anti-rat IgG
Cy3-donkey anti-goat IgG

Alexa Fluor 647 donkey-anti-goat IgG

Alexa Fluor 647 Goat-anti-armenian
hamster I9G

mouse-anti-human CD61 primary antibody
Alexa Fluor 546 donkey-anti-mouse IgG

Alexa Fluor 488 Sreptavidin-conjugated
antibody

Alexa Fluor 555 goat-anti-rat IgG

BD Biosciences
BioLegend

Fisher Scientific Ltd
BD Biosciences

Thermo Fisher Scientific
BioLegend

BD Biosciences
BioLegend
BiolLegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD PharMingen
BD PharMingen
R&D

Biolegend

Miltenyi Biotec

Millipore

Life Technologies

Jackson ImmunoResearch Labs
Perkin EImer

Santa Cruz Biotechnology

R&D

Thermo Fisher Scientific
Thermo Fisher Scientific
Jackson ImmunoResearch Labs
Life Technologies

Abcam

Serotec
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#553003; RRID:AB_394542
Cat#108128; RRID:AB_2563064
Cat#17-0421-80; RRID:AB_1724073
Cat#559971; RRID:AB_10053179

Cat#11-1171-81; RRID:AB_465185
Cat#115927; RRID:AB_11204248
Cat#560238; RRID:AB_1645242
Cat#133905; RRID:AB_2265179
Cat#405233

Cat#553078; RRID:AB_394608
Cat#553672; RRID:AB_394985
Cat#551262; RRID:AB_398497
Cat#554063; RRID:AB_10054651
Cat#553354; RRID:AB_394805
Cat#558040; RRID:AB_397004
Cat#AF1356; RRID:AB_354750

Cat#115902; RRID:AB_313681
Cat#130-046-702

Cat#AB152; RRID:AB_390204
Cat#A21247; RRID:AB_141778
Cat#111-066-003; RRID:AB_2337966
Cat#SAT704A001EA

Cat#fsc-65495; RRID:AB_2100037
Cat#AF3628; RRID:AB_2161028
Cat#A10040; RRID:AB_2534016
Cat#SA5-10029; RRID:AB_2556609
Cat#705-165-147; RRID:AB_2307351
Cat#A21447; RRID:AB_141844
Cat#ab173004; RRID:AB_2732023

Cat#MCA728; RRID:AB_321515
Cat#A10036; RRID:AB_2534012
Cat#S32354; RRID:AB_2315383

Cat#A21434; RRID:AB_2535855
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, Peptides, and Recombinant Proteins

Trizol Reagent Sigma-Aldrich Cat#T9424
a-MEM medium StemCell Technologies Cat#36450
MyeloCult M5300 medium StemCell Technologies Cat#05350
StemSpan H3000 medium StemCell Technologies Cat#09850
IMDM medium ThermoFisher Cat#12440053
Ammonium chloride Sigma-Aldrich Cat#254134
collagenase type | Stem Cell Technologies Cat#07902
DAPI Sigma Aldrich Cat#D9542
mSCF PeProTech Cat#250-03-100
TPO PeProTech Cat#AF-300-18
EPO R&D Cat#287-TC-500
IL-1B Cellgenix Cat#1411-050
BRL37344 Sigma-Aldrich Cat#B169
H-89 Sigma-Aldrich Cat#B1427
Clenbuterol hydrochloride Sigma-Aldrich Cat#C5423
hydrocortisone StemCell Technologies Cat#07904
Avidin/biotin blocking kit Vector Laboratories Cat#SP-2001
Triton X-100 Sigma-Aldrich Cat#T8787
TNB (0.1 M Tris-HCI, pH7.5, 0.15 M NaCl, Perkin Elmer Cat#FP1020
0.5% blocking reagent)

DPX Mountant for histology Sigma-Aldrich Cat#44581
donkey serum Sigma-Aldrich Cat#D9663

rat serum Sigma-Aldrich Cat#R9759
Dako Fluorescence Mounting Medium Agilent Cat#S3023
DMSO Sigma-Aldrich Cat#D5879
Critical Commercial Assays

Lympholyte®-M Cell Separation Media Cedarlane Cat#CL5031

ABC amplification kit

MILLIPLEX MAP Mouse Cytokine/
Chemokine Magnetic Bead Panel
High-Capacity cDNA Reverse
Transcription kit

PowerUp SYBR Green Master Mix

Vector Labs
Merck Millipore

Applied Biosystems

Applied Biosystems

Cat#AK-5000
Cat#MCYTOMAG-70K

Cat#4368814

Cat#A25742

Experimental Models: Organisms/Strains

Nes-gfp

Adrb2 /'~

FVB/N-Adrb3tm1Lowl/J

Lmnatm1.10tin

Vwf-eGFP

Nos1tm1PIh/J
116tm1Kopf/J

congenic CD45.1 C57BL/6
congenic CD45.2 C57BL/6

Prof. Grigori N. Eikolopov, Stony
Brook, USA

Prof. Gerard Karsenty, Columbia
University, New York, USA

The Jackson Laboratory

Prof. Carlos Lépez-Otin, Oviedo
University, Spain

Prof. Claus Nerlov, University
of Oxford, UK

The Jackson Laboratory
The Jackson Laboratory
Charles River Laboratories
Charles River Laboratories

Mignone et al., 2004

Chruscinski et al., 1999

Stock#6402, backcrossed to C57BL/6J
for 10 generations

Osorio et al., 2011

Sanjuan-Pla et al., 2013

Stock#2986
Stock#2650
N/A
N/A

e2 Cell Stem Cell 25, 407-418.e1-e6, September 5, 2019

(Continued on next page)



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell lines

MS-5 DSMZ ACC 441
HPC-7 Prof. Leif Carlsson, Umea N/A

University, Sweden

Oligonucleotides

NOS1-Fw: ACTGACACCCTGCACCT Sigma-Aldrich N/A
GAAGA

NOS1-Rv: GTGCGGACATCTTCTGA Sigma-Aldrich N/A
CTTCC

NOS2-Fw: CAGCTGGGCTGTACAAACCTT Sigma-Aldrich N/A
NOS2-Rv: CATTGGAAGTGAAGCGGTTCG Sigma-Aldrich N/A
NOS3-Fw: CCTCGAGTAAAGAACTGG Sigma-Aldrich N/A
GAAGTG

NOS3-Rv: AACTTCCTTGGAAACAC Sigma-Aldrich N/A
CAGGG

Gapdh-Fw: GCATGGCCTTCCGTGTTC Sigma-Aldrich N/A
Gapdh-Rv: CTGCTTCACCACCTTCTTGAT Sigma-Aldrich N/A

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be addressed to the Lead Contact, Dr. Simon Mendez-Ferrer, at
sm2116@medschl.cam.ac.uk.

METHODS DETAILS

Mouse strains

Young mice were analyzed between 8-30 weeks of age, and old mice were 66-120 weeks old. Mice were housed in specific pathogen
free facilities. All experiments using mice followed protocols approved by the Animal Welfare Ethical Committees, according to EU
and United Kingdom Home Office regulations (PPL 70/8406). Nes-gfpo (Mignone et al., 2004), Adrb2~/~ (Chruscinski et al., 1999), FVB/
N-Adrb3tm1Lowl/J (Susulic et al., 1995), Lmnatm1.10tin (Osorio et al., 2011), Vwf-egfp (Sanjuan-Pla et al., 2013), B6.12954-
Nos1tm1PIh/J (stock#2986) (Huang et al., 1993), B6.129S2-116tm1Kopf/J (stock#2650) (Kopf et al., 1994) (Jackson Laboratories)
and congenic CD45.1 and CD45.2 C57BL/6 mice (Charles River Laboratories) were used in this study.

Mouse bone marrow transplantation and in vivo treatments

In Lmna®8996/G699G mouse model, HSC activity was assessed by long-term competitive repopulation assay using the congenic
CD45.1/CD45.2 isotypes. Recipient female CD45.1 C57BL/6 mice (8 week-old) were subjected to lethal irradiation (12 Gy whole
body irradiation, split dose 6.0 + 6.0 Gy, 3 h apart). 10° BM nucleated cells from (CD45.2) WT mice or LmnaG619G/G609G mice
were mixed with 10 BM nucleated cells from CD45.1 C57BL/6 mice and i.v. transplanted in 200 L sterile PBS into lethally irradiated
CD45.1 C57BL/6 mice. At various time points after transplantation (4, 8, 12 and 16 weeks), peripheral blood nucleated cells were
collected from recipients. Cells were stained with fluorescent-conjugated antibodies against B220, Mac1 and CD90 antigens, and
analyzed by fluorescence-activated cell sorting. The selective 3-AR agonist BRL37344 (Sigma, St. Louis, MO) was administered
at 2mg/kg through intraperitoneal (i.p.) injection once per day. Vehicle (saline solution) daily injections were performed in the
same way. Treatment was initiated when Lmna®6%9¢/G6%9C mjce were 7 weeks old and lasted for 8 weeks.

To generate chimeric mice carrying Adrb2~'~ or Adrb3~'~ BM cells, two-month-old C57BL/6 mice were lethally irradiated (12 Gy,
two split doses) and i.v. transplanted with 2 X 10° nucleated BM cells from two-month-old WT, Adrb2~'~ or Adrb3~'~ mice. To test
microenvironment-dependent effects of p-adrenergic signaling, WT, Adrb2~'~ or Adrb3~'~ (CD45.2) mice were lethally irradiated
(12 Gy, two split doses) and i.v. transplanted with 2 X 10° nucleated BM cells from CD45.1 C57BL/6 mice. Hematopoietic cells in
the BM were analyzed 4 months after transplantation in both settings.

BM cell extraction, flow cytometry and fluorescence-activated cell sorting

For BM hematopoietic cell isolation, bones were crushed in a mortar, filtered through a 40-pum strainer to obtain single cell suspen-
sions, and depleted of red blood cells by lysis in 0.15 M NH,4ClI for 10 min at 4°C. Blood samples were directly lysed. Cells were incu-
bated with the appropriate dilution (2-5 ug/ml) of fluorescent antibody conjugates and 4’,6-diamidino-2-phenylindole (DAPI) for dead
cell exclusion, and analyzed on LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, NJ) equipped with FACSDiva Software
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(BD Biosciences). The following antibodies were used: fluorescent CD45.1 (A20), CD45.2 (104), B220 (RA3-6B2), CD11b (M1/70),
CD3e (145-2C11), Ly-6G (1A8), CD90 (53-2.1) sca-1 (E13-161.7), CD42d (1C2), biotinylated lineage antibodies (CD11b, Gr-1,
Ter119, B220, CD3e¢) (BD Biosciences), c-kit (2B8) (eBioscience), CD150 (TC15-12F12.2), CD34 (RAM34) and CD41 (MWReg30)
(BioLegend). Biotinylated antibodies were detected with fluorochrome conjugated streptavidin (BD Biosciences).

To isolate endosteal and non-endosteal HSPCs, long bones were flushed gently to obtain hematopoietic cells less tightly associ-
ated with the bone and then flushed-bones were crushed in a mortar to obtain hematopoietic cells enriched in the endosteal compart-
ment. Cells were stained with the above-mentioned antibodies and analyzed by flow cytometry or sorted (FACS Aria cell sorter, BD
Bioscience). Long-term HSCs (LT-HSCs) were immunophenotypically defined as lin-sca-1+ckit+CD34-CD150+CD41- cells.
Myeloid-biased HSCs were immunophenotypically defined as lin-sca-1+ckit+CD34-CD150+CD41+ cells. Lymphoid-biased HSCs
were immunophenotypically defined as lin-sca-1+ ckit+CD34-CD150-CD41- cells.

For analysis of Nes-GFP+ cell distribution in endosteal and non-endosteal BM fractions, the long bones were flushed with PBS and
remaining endosteal part was crushed in a mortar. Both fractions were digested in 2ml of collagenase type | (Stem Cell Technologies,
cat. No. 07902) for 30 min at 37°C with agitation. The enzyme was quenched by adding 18ml PBS/2%FCS. Cell suspensions were
filtered, pelleted and red blood cell lysis was performed as stated above. Samples were stained with the following antibodies: 1:100
anti-CD45-biotinylated ab (BD Biosciences, cat. No. 553078), 1:100 anti-Ter119 —biotinylated ab (BD Biosciences, cat. No. 553672),
1:100 anti-CD31-APC ab (BD Biosciences, cat. No. 551262). Subsequently, cells were stained with Streptavidin-APCCy7 1:200
(BD Biosciences, cat. No. 554063). DAPI (Sigma Aldrich, cat.no. D9542) was added at 1:10 000 to discriminate dead cells. Samples
were acquired on Gallios flow cytometer (Beckman Coulter) and a LSRFortessa cell analyzer (BD Biosciences) and were analyzed
with Kaluza analysis software (Beckman Coulter).

Cell culture
HPC-7 cells were maintained in IMDM medium supplemented with 10% FCS and 100 ng/ml of mSCF (PeProTech 250-03).

MS-5 cells were maintained in o-MEM medium supplemented with 10% FCS. To induce megakaryocyte differentiation, HPC-7
cells were cultured with or without MS-5 stromal cells in StemSpan H3000 medium, supplemented with 50 ng/ml of TPO (PeProTech
300-18) and 2U/mL of EPO (R&D 287-TC-500) up to 4 days. 10 uM of BRL37344 (B3-AR agonist; Sigma B169), 10 uM of clenbuterol
(B2-AR agonist; Sigma C5423), 5 uM of H-89 (Protein kinase A inhibitor; Sigma B1427) and vehicle controls were added to the culture.
To examine megakaryocyte differentiation, cells were incubated with anti-ckit-FITC ab (1:200, BD PharMingen 553354) and anti-
CD41-PE ab (1:200, BD PharMingen 558040). DAPI was added at 1:10,000 to discriminate dead cells. Samples were analyzed by
Gallios flow cytometer (Beckman Coulter).

Human umbilical cord blood CD34+ HSPCs were isolated using a CD34 Microbead kit (Miltenyi Biotec 130-046-702) following
manufacturer’s instructions, and were cultured with MS-5 stromal cells in Cellgro medium (CellGenix cat. no. 20802-0500), supple-
mented with 50 ng/ml of TPO (PeProTech 300-18) and 5 ng/ml of IL-18 (Cellgenix 1411-050) for 7-10 days, during which vehicle,
10 uM of BRL37344 (83-AR agonist; Sigma B169) or 10 uM of clenbuterol (32-AR agonist; Sigma C5423) were added to the culture.
Conditioned medium was refreshed at day3 and day7 of the coculture. To examine megakaryocyte differentiation, cells were fixed
and stained with anti-human CD61 antibody (Serotec MCA 728).

For mouse bone marrow long-term culture, femurs and tibias were flushed gently to obtain bone marrow cells. Cells were seeded
and cultured in MyeloCult M5300 medium (StemCell Technologies, cat. no. 05350) supplemented with 10~® M hydrocortisone (Stem-
Cell Technologies, cat. no. 07904) at 33°C for 14 days. Half of the medium was refreshed at day 7. At day 14 of culture, half of the
medium was refreshed again and added with 50 ng/ml of TPO (PeProTech 300-18) for 4 days, during which vehicle, 10 uM of
BRL37344 (83-AR agonist; Sigma B169), 10 uM of clenbuterol (32-AR agonist; Sigma C5423), or 100 uM of L-VINO (Insight Biotech-
nology 728944-69-2) were added to the culture. At day 18 of culture, cells were collected and subjected to flow cytometry analysis.

Immunofluorescence staining

Immunofluorescence staining of cryostat sections was performed as previously described (Isern et al., 2014), with minor
modifications. Briefly, tissues were permeabilized with 0.1% Triton X-100 (Sigma) for 10 min at RT and blocked with TNB buffer
(0.1 M Tris—-HCl, pH 7.5, 0.15 M NaCl, 0.5% blocking reagent, Perkin Elmer) for 1 h at RT. Primary antibody incubations were con-
ducted for 2 h at RT. Secondary antibody incubations were conducted for 1 h at RT. Repetitive washes were performed with PBS +
0.05% Triton X-100. Stained tissue sections were counterstained for 5 min with 5 1M DAPI and rinsed with PBS. Slides were mounted
in Vectashield Hardset mounting medium (Vector Labs) and sealed with nail polish. Skull bones were fixed with 2% PFA for 2h in 4C,
washed with PBS and cut through the sagittal suture. Each half was permeabilized with PBS-0.1% Triton with 20% goat serum
(Thermo Scientific, cat. No. 9722) overnight at 4°C on the rocker. Endogenous biotin was blocked with the Avidin/biotin blocking
kit (Vector Laboratories, cat. No. SP-2001) according to manufacturer’s recommendation. Endogenous peroxidase was blocked
with 0.4% peroxide (Sigma-Aldrich, cat. no. H1009) for 2h at RT. Subsequently, the skull bones were stained with rat anti-CD31
(BD Biosciences, cat. no. 551262) and rabbit anti-TH (Millipore, cat. no. AB152) in 0.1% Triton-20%goat serum-PBS (diluted
1:100 and 1:500 respectively) for 3 days, and washed over the next day with 0.05% Triton - PBS- at RT on a rocker. Samples
were stained with secondary goat anti-rat-Alexa647 at 1:300 (Life Technologies, cat. no. A21247) and goat anti-rabbit biotinylated
at 1:200 (Stratech Scientific, cat. no. 111-066-003) o/n at 4°C. Subsequently, the skull bones were treated with ABC amplification
kit (Vector Labs) to detect Cy3-Tyrmide amplified signal from TH staining (Perkin Elmer, cat.no. SAT704A001EA). As a final step,
the skull bones were stained with DAPI 1:1000 for 5 min. Images were acquired with Leica TCS SP5 confocal microscope with
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10x objective. From each sample, 3 representative images were collected in different areas: frontal bone near bregma, central sinus
of parietal bone and interparietal bone near lambda. The TH+ area was analyzed with Imaged. For whole mount staining of long
bones, tibia or femur BM thick sections were obtained with a cryostat and remaining OCT was removed by PBS washes. Samples
were blocked and permeabilized in 0.1% Triton X-100 (Sigma) TNB (0.1 M Tris—HCI, pH7.5, 0.15 M NaCl, 0.5% blocking reagent,
Perkin Elmer) overnight at 4°C. On the next day, samples were incubated with rabbit anti-TH (Merck AB152; 1:200), goat anti-
CD31 (R&D AF3628 1:100), rat anti-EMCN (Insight Biotechnology sc-65495 1:100) or rat anti-CD31 (BD Biosciences Clone
MEC13.3; 1:200) diluted in 0.1% Triton X-100 TNB overnight at 4°C. Samples were rinsed with 0.05% Triton X-100 PBS for 8 hours
and incubated overnight with secondary antibodies including A546 Donkey anti-rabbit IgG (Invitrogen A10040; 1:200), Dylight650
donkey anti-rat IgG (Thermo Fisher SA5-10029; 1:300), Cy3-donkey anti-goat IgG (Jackson 705-165-147, 1:300) diluted in TNB.
Samples were rinsed with 0.05% Triton X-100 PBS for 4 hours, washed with PBS and counterstained with DAPI (Sigma; 1:1000)
to label cell nuclei. Images were acquired with Leica SP5 confocal microscope using 10x, 20x and 40x objectives and analyzed
with Imaged. At least 3 independent and randomly selected BM areas were imaged and analyzed per sample. To quantify neural fi-
bers, total TH+area was normalized per total BM area labeled with DAPI. For quantification of sinusoidal vessel area, EMCN+ area >
150 um distant to the bone surface was measured and normalized to BM area. Arteriolar (> 6 um diameter) and capillary (< 6 pm
diameter) CD31hiEMCN- vessel number was counted and normalized to BM area. To quantify transition zone vessels,
CD31hiEMCNHhi area < 150 um close to the bone surface was quantified and normalized to the bone surface length.

For staining of megakaryocyte and megakaryocyte progenitor (Figures 3C-3F, 4J-4L, 5D-5F, 7G-71, and S2A-S2D), BM femur thin
sections were blocked with TNB for 1h at RT. Samples were then incubated with primary antibodies for 2 h at RT or overnight at 4°C,
followed by secondary antibodies incubation for 1h at RT. Finally, samples were counterstained with DAPI to label cell nuclei. Repet-
itive washes were performed with PBS. At least 3 independent and randomly selected BM areas were imaged and analyzed by
Imaged. The following primary antibodies were used: CD41 (1:200, PE conjugated rat monoclonal antibody, BD PharMingen
558040), CD42d (1:100, APC conjugated armenian hamster monoclonal antibody, eBioscience 17-0421-80) and ckit (1:100, goat
polyclonal antibody, R&D AF1356). The following secondary antibodies were used: Alexa Fluor 647 Goat-anti-armenian
hamster IgG (1:200, Abcam ab173004) and Alexa Fluor 647 donkey-anti-goat IgG (1:200, Life Technologies A21447).

For staining of megakaryocyte localization relative to sinusoids (Figures 31-3L and 5H-5J), BM femur thin sections were blocked
with 0.1% Triton X-100 TNB for 1h at RT. Samples were then incubated with rat anti-EMCN (Insight Biotechnology sc-65495 1:100)
antibody diluted in 0.1% Triton X-100 TNB overnight at 4°C. On the next day, samples were incubated with Alexa Fluor 647 goat-anti-
rat IgG (1:200, Life Technologies, cat. no. A21247) secondary antibody for 1h at RT, followed by rat serum blocking (1:10 rat serum in
0.05% Triton X-100 TNB) for 10 min. Samples were incubated with third antibody, CD41 (1:200, PE conjugated rat monoclonal anti-
body, BD PharMingen 558040) for 2h at RT. Finally, samples were counterstained with DAPI to label cell nuclei. Repetitive washes
were performed with PBS or 0.05% Triton X-100 PBS. At least 3 independent and randomly selected BM areas were imaged and
analyzed by ImageJ.

For HSCs and megakaryocytes staining (Figures 7, S5, and S6), BM femur thin sections were blocked with TNB for 1h at RT and
followed by Avidin/biotin blocking. Samples were then incubated with rat anti-CD150 (1:50, Biolegend Cat. No. 115902) and arme-
nian hamster anti-CD42d (1:100, eBioscience 17-0421-80) primary antibodies overnight at 4°C. On the next day, samples were incu-
bated with Alexa Fluor 555 goat-anti-rat IgG (1:200, Life Technologies A21434) and Alexa Fluor 647 Goat-anti-armenian hamster IgG
(1:200, Abcam ab173004) secondary antibodies for 1h at RT, followed by rat serum blocking (1:10 rat serum in TNB) for 10 min. Sam-
ples were re-stained with biotinylated lineage antibodies (1:100, BD Biosciences) for 2h at RT. Finally, samples were incubated with
Alexa Fluor 488 Streptavidin-conjugated antibody (1:200, Invitrogen S32354) for 1h at RT and counterstained with DAPI to label cell
nuclei. At least 3 independent and randomly selected BM areas were imaged and analyzed by Imaged.

For staining of human cord blood CD34+ HSPC co-culture (Figures 4D and 4E), cells were fixed with 1% PFA for 20 mins at RT. After
PBS washes, cells were blocked with 10% donkey serum (Sigma D9663) diluted in PBS for 1h at RT, followed by 2h incubation of mouse-
anti-human CD61 primary antibody (1:500, Serotec MCA 728). After PBS washes, cells were incubated with Alexa Fluor 546 donkey-anti-
mouse IgG (1:200, Life Technologies, cat. no. A10036) secondary antibody for 1h at RT. Finally, samples were counterstained with DAPI
to label cell nuclei. 10 independent and randomly selected fields in culture wells were imaged and analyzed by Imaged.

RNA isolation and qPCR
RNA isolation was performed using Trizol Reagent (Sigma T9424). Reverse transcription was performed using the High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems 4368814), following the manufacturer’s recommendations. gPCR was per-
formed using the PowerUp SYBR Green Master Mix (Applied Biosystems A25742) and ABI PRISM® 7900HT Sequence Detection
System. The expression level of each gene was determined by using the absolute quantification standard curve method. All values
were normalized with Gapdh as endogenous housekeeping gene.

The following primers (mouse) were used:

NOS1-Fw: ACTGACACCCTGCACCTGAAGA
NOS1-Rv: GTGCGGACATCTTCTGACTTCC
NOS2-Fw: CAGCTGGGCTGTACAAACCTT
NOS2-Rv: CATTGGAAGTGAAGCGGTTCG
NOS3-Fw: CCTCGAGTAAAGAACTGGGAAGTG
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NOS3-Rv: AACTTCCTTGGAAACACCAGGG
Gapdh-Fw: GCATGGCCTTCCGTGTTC
Gapdh-Rv: CTGCTTCACCACCTTCTTGAT

ELISA

MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel (MCYTOMAG-70K, Merck Millipore) was performed following
the manufacture’s protocol. Extracellular fluids of mouse long bones were collected from the supernatants following BM extraction
and subjected to the mouse cytokine panel.

Measurement of nitrate concentration

NO(X) content was measured in freshly-thawed samples that had been kept at —80°C for less than 2 months using a nitric oxide
analyzer (NOA) 280i (Siever, GE Healthcare) according to the manufacturer’s instructions. Data were collected, processed and
analyzed by using liquid software (Siever, GE Healthcare).

Statistical analyses
Statistical analyses and graphics were carried out with GraphPad Prism 5 software and Microsoft Excel.

DATA AND CODE AVAILABILITY

The published article includes all relevant datasets generated or analyzed during this study.
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