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RESUMEN

La hipercolesterolemia primaria (HP) es un desorden metabolico caracterizado por
unos elevados niveles circulantes de lipoproteinas de baja densidad (LDL), asi como por una
inflamacion sistémica de bajo grado, que puede finalmente dar lugar al desarrollo de
aterosclerosis. Debido a la escasa informacion que se tiene de la enfermedad a nivel
inmunoldgico, hemos caracterizado el comportamiento de diferentes mediadores solubles y
celulares de la inflamacion y sus posibles consecuencias. Para ello se ha empleado sangre
completa de 22 pacientes con HP y 21 controles de semejante edad. En todos ellos se ha
analizado la sangre por citometria de flujo para determinar la activacion leucocitaria y
plaquetaria, la proporcion de las distintas subpoblaciones leucocitarias, asi como la
formacion de agregados plaqueta-leucocito, junto con la determinacion de los niveles
plasmaéticos de diferentes marcadores solubles. De hecho, los pacientes con HP presentaron
mayores porcentajes de monocitos de tipo 3 (Mon 3), linfocitos Th2 y Th17 y plaguetas y
leucocitos activados que los controles. Asimismo, se detectaron mayores niveles circulantes
de interleucina (IL)-8/CXCL8, CCL2, fractalquina/CX3CL1 e IL-6 que se correlacionaron
positivamente con los niveles de lipidos caracteristicos de la HP: apolipoproteina B (apoB),
LDL y colesterol total (CT). Sin embargo, los pacientes con HP mostraron niveles
plasmaticos inferiores de las citocinas anti-inflamatorias IL-4 e IL-10 que los

correspondientes controles.

Por otro lado, la disfuncion endotelial constituye una de las primeras etapas de la
aterogénesis, promoviendo la adhesién y posterior migracion leucocitaria hacia el foco
inflamatorio. El factor de necrosis tumoral a (TNFa) es una de las citocinas principales en la
hipercolesterolemia; por esta razon se han explorado las consecuencias funcionales de la
presencia de elevados niveles de TNFa en los pacientes con HP. Asi, se ha estudiado
mediante camara de flujo la adhesidn plaqueta-leucocito y leucocito sobre el endotelio
arterial estimulado o no con TNFa, observandose una mayor adhesion leucocitaria al
endotelio disfuncional en los pacientes con HP. Ello sugiriere una posible asociacion entre la
inflamacién sistémica y el desarrollo de enfermedades cardiovasculares en este desorden

metabdlico.
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Al mismo tiempo, y para saber si la ingesta de una sobrecarga lipidica oral de una
preparacion comercial de triglicéridos de cadena larga con una proporcion w6/w3 >20/1,
logra disminuir la inflamacion sistémica, se administré a pacientes con HP y se repiti6 el
estudio de todos los parametros anteriores a las 4 horas de su ingesta, observandose una
disminucion de la activacién plaquetaria asi como una disminucion en la adhesion
leucocitaria al endotelio disfuncional. Se pudo observar que la administracién de esta
sobrecarga lipidica tuvo un efecto beneficioso en el estado protrombotico y proinflamatorio

en los pacientes con HP.

Asi mismo, se detectaron elevados niveles circulantes de eotaxina-1/CCL11 y
eotaxina-3/CCL26 en los pacientes con HP. Ya que ambas quimiocinas sefializan
exclusivamente a través del receptor CCR3, el cual se expresa de manera constitutiva en los
eosinofilos, se llevo a cabo un estudio en profundidad de la expresion del receptor en

diferentes poblaciones leucocitarias, tanto en pacientes como en controles.

La aterosclerosis es una de las principales causas de morbilidad y mortalidad en paises
desarrollados que presenta varias similitudes histopatologicas con la inflamacion cronica.
Para entender el papel que desemperfia en su desarrollo el eje CCL11/CCR3, se generaron
ratones deficientes en apolipoproteina E (apoE ") y el receptor de eotaxina-1 (CCRS3;
apoE"CCR3 ™). Se evalud el impacto de una dieta aterogénica en la formacion de la placa
de ateroma en ratones apoE’ CCR3"* y ratones apoE ' CCR3”. Los ratones
apoE "CCR3** y apoE"CCR3” sometidos a una dieta hipercolesterolémica durante dos
meses mostraron un claro desarrollo de lesion aterosclerdtica en aorta caracterizada por un
mayor contenido en colageno, core necrético, células de la musculatura lisa vascular,
macrofagos y linfocitos T que aquellos sometidos a una dieta control. Los ratones
apoE"CCR3™ sometidos a dieta aterogénica mostraron mayor lesion aterosclerdtica y
mayor contenido en colageno e infiltracion de macrofagos y linfocitos T que los ratones que
presentaban el receptor CCR3 (apoE "CCR3*"*). La expresion de eotaxina-1 en la lesion de
los ratones apoE"CCR3** en ambiente hipercolesterolémico fue mucho mayor que la
detectada en los ratones apoE " CCR3 ™ en las mismas condiciones. Esto sugieren que el eje
eotaxina-1 (CCL11)/CCR3 podria ejercer un efecto protector en el desarrollo del proceso

aterosclerotico.
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El aneurisma adrtico abdominal (AAA) es una importante causa de muerte en nuestro
pais, afectando principalmente a varones mayores de 65 afios de edad. Actualmente no existe
tratamiento preventivo ya que la falta de conocimiento sobre los mecanismos responsables
de la iniciacion, propagacion y ruptura del AAA aun hoy en dia son desconocidos. Uno de
los causantes de la patologia es la angiotensina-Il (Ang-I1), principal péptido efector del
sistema renina-angiotensina, la cual es utilizada in vivo para inducir la enfermedad en
modelos experimentales de ratones apoE . En el estudio se ha empleado el farmaco
antihipertensivo losartan, el cual actia como antagonista selectivo del receptor de Ang-I1l de
tipo 1 (AT1), a la dosis de 30 mg/kg/dia. Tras 28 dias de tratamiento, se pudo comprobar
coémo la dosis de 30 mg/kg/dia lograba atenuar la formacion, el desarrollo y el didametro del
AAA inducida con Ang-Il, asi como la infiltracion de linfocitos T, macrdfagos, la
neovascularizacion, células CXCR6" y la expresién de ARNm de quimiocinas y mediadores
proangiogénicos como Mcp-1/Ccl2, Vegf, Cxcl16 y su receptor Cxcr6é. Estos resultados nos
inducen a sugerir que una monoterapia con losartan a una dosis de 30 mg/kg/dia podria ser
susceptible de convertirse en una nueva y segura herramienta terapéutica en el control del
AAA.

Para estudiar el papel del eje CXCL16/CXCR6 en el desarrollo del AAA, se
generaron ratones con el receptor CXCR6 no funcional (apoE"CXCR6%™/6F), En aquellos
animales deficientes en la funcion de CXCR6 se observaron resultados similares a los ratones
apoE~~ tratados con losartan. Por tanto, la modulacién farmacologica del eje
CXCL16/CXCR6 podria impactar beneficiosamente en el desarrollo del AAA asociado a

alteraciones del sistema renina-angiotensina.
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ABSTRACT

Primary hypercholesterolemia (PH) is a metabolic disease characterized by high
circulating levels of low-density lipoproteins (LDL), as well as a low-grade of systemic
inflammation, which can eventually lead to the development of atherosclerosis. Due to the
limited information of the immunological component of the disease, we have characterized
the behavior of different immunological cell populations, the soluble inflammatory mediators
and their possible consequences in PH. Whole blood of 21 age-matched controls and 22
patients with PH was used. In all of them, the blood was analyzed by flow cytometry to
determine platelet, and leukocyte activation, percentage of leukocyte subpopulations, the
formation of platelet-leukocyte aggregates as well as the circulating levels of different
soluble inflammatory mediators. PH patients presented a higher percentage of type 3
monocytes (Mon 3), Th2 and Th17 lymphocytes, activated platelets, and leukocytes than
controls. Similarly, circulating interleukin (IL)-8/CXCL8, CCL2, fractalkine/CX3CL1, and
IL-6 levels positively correlated with key lipid features of PH: apolipoprotein B (apoB), LDL

and total cholesterol (TC); whereas negative correlations were found for IL-4 and IL-10.

Endothelial dysfunction is one of the first stages of atherogenesis, promoting the
adhesion and the subsequent leukocyte migration to the inflammatory focus. Tumor necrosis
factor a (TNFa) is one of the central cytokines in hypercholesterolemia; for this reason, the
functional consequences of high levels of TNFa in PH patients have been studied. Thus,
platelet-leukocyte and leukocyte adhesion on the arterial endothelium stimulated or not with
TNFa have been assessed using a flow chamber. Indeed, greater leukocyte adherence to the
dysfunctional endothelium was observed in patients than in control subjects suggesting a
possible link between systemic inflammation and the development of cardiovascular diseases

in this metabolic disorder.

To explore whether the intake of an oral fat load (OFL) with a commercial preparation
of long-chain triglycerides (w6/m3 ratio >20/1) has an impact on inflammation, this OFL was
administered to PH patients, and the different parameters were determined 4 hours later. A
decrease in platelet activation as well as in leukocyte adhesion to the dysfunctional
endothelium was detected. Therefore, the administration of this OFL may have a beneficial

impact on the control of the pro-thrombotic and proinflammatory state in patients with PH.
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Likewise, high circulating levels of eotaxin-1/CCL11 and eotaxin-3/CCL26 were
detected in patients with PH. Both mediators signal exclusively through the CCR3 receptor,
which is expressed constitutively in eosinophils. Therefore, an in-depth study of the
expression of the receptor in different leukocyte populations was carried out, both in PH

patients and in control volunteers.

Atherosclerosis is one of the leading causes of morbidity and mortality in developed
countries that presents several histopathological similarities with chronic inflammation. To
understand the role of the CCL11/CCR3 axis in its development, mice deficient in
apolipoprotein E (apoE™") and the eotaxin-1 receptor (CCR3; apoE/"CCR3™) were
generated. The impact on the atheroma plaque formation of an atherogenic diet was evaluated
in apoE"CCR3*"* and apoE""CCR3 "~ mice. The apoE ""CCR3*"* and apoE ""CCR3~ mice
under a hypercholesterolemic diet for two months showed a clear development of
atherosclerotic lesion in the aorta characterized by a higher content of collagen, necrotic core,
vascular smooth muscle cells, macrophages, and T lymphocytes than those subjected to a
control diet. The apoE/"CCR3™ mice subjected to an atherogenic diet showed greater
atherosclerotic lesion and higher collagen content and infiltration of macrophages and T
lymphocytes than the mice that express the CCR3 receptor (apoE "~ CCR3**). The expression
of eotaxin-1 in the lesion of the apoE " CCR3"* mice in a hypercholesterolemic environment
was much higher than that detected in the apoE”"CCR3™" mice under the same conditions.
This suggests that the eotaxin-1 (CCL11)/CCR3 axis may exert a protective effect in the
development of the atherosclerotic process.

Abdominal aortic aneurysm (AAA) is an important cause of death in developed
countries, affecting mainly men over 65 years old. Currently, there is no preventive treatment
because of the lack of knowledge regarding the mechanisms involved in AAA initiation,
progression, and rupture. One of the causes of this pathology is linked to angiotensin-I1 (Ang-
I1), the main effector peptide of the renin-angiotensin system. Ang-11 is used in vivo to induce
the disease in experimental models of apoE "~ mice. The study has used the anti-hypertensive
drug losartan, which acts as a selective antagonist of the Ang-11 receptor type 1 (AT,), at a
dose of 30 mg/kg/day. After 28 days of treatment, losartan was able to reduce Ang-Il-induced
AAA formation and diameter. The infiltration of T lymphocytes, macrophages,

neovascularization, CXCR6" cells, and the mRNA expression of pro-angiogenic mediators
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such as Mcp-1/Ccl2, Vegf, Cxcll16, and its receptor, Cxcr6 were clearly impaired. These
results suggest that a monotherapy with losartan at a dose of 30 mg/kg/day may become a

new and safe therapeutic tool in the control of AAA.

In order to study the role of the CXCL16/CXCRG6 axis in the development of AAA,
mice deficient in CXCR®6 receptor function (apoE "CXCR6%™/6FP) were generated. In those
animals deficient in CXCR6 functionality, similar results to those observed in apoE "~ mice
treated with losartan were detected. Therefore, pharmacological modulation of
CXCL16/CXCR6 axis may positively affect AAA development linked to disorders

associated with the renin-angiotensin system.
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1. INTRODUCCION






1.1 INFLAMACION SISTEMICA Y ENFERMEDADES CARDIOVASCULARES

1.1.1 El proceso inflamatorio

La inflamacion es una respuesta fisioldgica comdn, localizada y protectora de los
tejidos vascularizados, que se genera ante la presencia de los denominados “agentes
inflamatorios” o perturbaciones severas de la homeostasis, como patdgenos, exposicion a
contaminantes o sefiales enddgenas como células dafiadas. La inflamacion es, por lo tanto,

un mecanismo de defensa vital para el organismo (Chen et al. 2018).

La respuesta inflamatoria comienza con el reconocimiento de un dafio tisular,
desencadenando una respuesta innata que permite el reconocimiento de los agentes extrafios
o de las células dafiadas, promoviendo la reparacion tisular y/o eliminando el agente extrafio,
manteniendo asi la salud e integridad del organismo (Soehnlein et al. 2010). Sin embargo,
esta funcion de defensa puede fallar en algunos casos, en los cuales se genera una respuesta

incontrolada que puede derivar de esta manera en una patologia (Ashley et al. 2012).

Asi mismo, la inflamacion es clave en el desarrollo de numerosas enfermedades y
desdrdenes complejos que incluyen el cancer y las enfermedades autoinmunes, metabdlicas,
neurodegenerativas y cardiovasculares (Murakami et al. 2012, Wu et al. 2018). En funcion
de diversos parametros como la sintomatologia clinica, la persistencia del dafio y la
naturaleza de la reaccion inflamatoria —a su vez, relacionada con la subclase predominante
de leucocito—, se distingue tradicionalmente entre inflamacion aguda e inflamacién crénica
(Moro-Garcia et al. 2018).

La inflamacién aguda es la respuesta innata a corto plazo del organismo ante la
presencia de un agente extrafio. Se caracteriza por la presencia de plaguetas y neutrofilos, un
aumento del flujo sanguineo y la acumulacion de liquidos en la zona afectada, lo que produce
los sintomas propios de la inflamacion: el dolor, la hinchazon, la pérdida de funcion vy el
ardor (Ross 2017). Por lo general, durante las respuestas inflamatorias agudas, los eventos e
interacciones celulares y moleculares minimizan eficazmente las lesiones o infecciones
inminentes. Este proceso de mitigacion contribuye a la restauracion de la homeostasis tisular
y a la resolucion de la inflamacién aguda (Chen et al. 2018). No obstante, si se produce un
fallo en los mecanismos para eliminar el tejido dafiado, se desencadena la aparicion de la

denominada inflamacion cronica, una forma aberrante y prolongada de respuesta protectora,
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con prevalencia de otros fendmenos bioquimicos y tipos celulares como los monocitos, 10s
macrdofagos y los linfocitos, y contribuye a una variedad de enfermedades inflamatorias
cronicas como son las enfermedades cardiovasculares, aterosclerosis, diabetes tipo 2, artritis
reumatoide, enfermedades autoinmunes y cancer (Figura 1) (Chen et al. 2018, Moro-Garcia
et al. 2018). Ademas, se ha observado que la presencia de hipertension o humo de tabaco
predisponen la prolongacién de la cronicidad inflamatoria en las enfermedades

cardiovasculares (Morris et al. 2015).
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Figura 1. Inflamacion aguda versus inflamacion cronica. El inicio de la inflamacion aguda se
caracteriza por la acumulacion de neutréfilos polimorfonucleares (PMN) y monocitos que se
convierten rapidamente en macrofagos tisulares, asi como la aparicion de edema debido a dafios en
los tejidos inflamados. Los patrones moleculares asociados al dafio y a patdgenos son reconocidos
por los receptores de reconocimiento de patrones (PRR) y atraen a los PMN al lugar de la infeccion.
Los PMN representan la primera linea de defensa en los tejidos infectados ya que eliminan gran parte
de los patdgenos o materiales dafiinos mediante fagocitosis. Cuando se desencadena la inflamacién,
los neutréfilos sufren apoptosis y son fagocitados por los macréfagos que migran a los ganglios
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linfaticos donde presentaran a los antigenos (A). Los linfocitos T activados producen citocinas como
el factor de necrosis tumoral o (TNFa), la interleucina (IL)-17 y otras quimiocinas, que reclutan
macrofagos y otros mediadores tales como interferén y (IFNy) que los activan. Las subpoblaciones
de linfocitos T (Th1, Th2, Th17, etc.) producen diversos tipos de citocinas y, a su vez, activan a los
macrofagos y estimulan a los linfocitos T a través de la presentacién de antigenos, la sintesis y
liberacion de diferentes citocinas como IL-6, IL-12 e IL-23. Estos macréfagos también liberan TNFa,
e IL-1 que acttan sobre los neutrofilos (B). Adaptado de Moro-Garcia et al. 2018.

1.1.1.1 Mediadores de la respuesta inflamatoria

En respuesta a la lesion tisular, el organismo inicia una cascada de sefializacion
bioquimica que estimula una serie de respuestas destinadas a la reparacion de los tejidos
afectados a través de los mediadores de la inflamacion (Chen et al. 2018). Estos mediadores
de la inflamacidn, tanto aguda como cronica, son productos quimicos que regulan el proceso
inflamatorio. Segun su origen se clasifican en plasmaticos, celulares o derivados de

microorganismos invasores (Muller 2014).

Los mediadores plasmaticos mas conocidos estan constituidos por las cininas y los
sistemas del complemento, de la coagulacion y el fibrinolitico. Todos ellos desencadenan la
reaccion inflamatoria tras el reconocimiento de distintos elementos como células dafiadas y
toxinas; asi mismo, participan en la amplificacion de la respuesta inflamatoria atravesando
el endotelio hacia el tejido dafiado (Muller 2014).

Otros mediadores estan preformados y se almacenan en granulos citoplasmaticos que
se liberan con rapidez ante el estimulo inflamatorio. Los mas comunes son la histamina,
secretada por los mastocitos; el Oxido nitrico (NO), los neuropéptidos, citocinas
proinflamatorias como el factor de necrosis tumoral a (TNFa), mediadores lipidicos como
las prostaglandinas, los leucotrienos, el factor activador de plaquetas o las quimiocinas.
Todos ellos contribuyen a amplificar la respuesta inflamatoria, permitiendo por ejemplo un
aumento de la permeabilidad local del endotelio (Muller 2014).

Por dltimo, se han descrito mediadores derivados de microorganismos invasores
como moléculas vasoactivas, péptidos formilados quimiotacticos y endotoxinas, como los
lipopolisacaridos, responsables de la activacién del receptor tipo toll (TLR) 4. Los receptores
TLR pertenecen a un grupo de receptores capaces de reconocer varios patrones moleculares

asociados a patogenos en las células inmunes, lo que les permite distinguir organismos
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extrafios como virus, bacterias, hongos y parasitos de las células anfitrionas (Trussoni et al.
2015). Asi mismo, diversos componentes 0 mediadores celulares, entre los que destacan
distintos tipos de leucocitos, plaquetas y células endoteliales, también participan en el

proceso inflamatorio (Lam et al. 2015, Lawrance et al. 2017).

Junto con la accion quimiotactica de las quimiocinas proinflamatorias y de varias
moléculas coestimuladoras, se lleva a cabo el reclutamiento leucocitario de neutrdfilos,
basofilos, eosindfilos, monocitos/macrofagos, y linfocitos T desde el torrente sanguineo
hacia el tejido dafiado (Chen et al. 2018). De esta manera, los leucocitos activados liberan
mediadores inflamatorios; ademas, tienen la capacidad de adherirse al endotelio, de migrar a
su través y, en general, de fagocitar a los agentes patdgenos, destruyéndolos (Soehnlein et al.
2010, Ashley et al. 2012).

Tradicionalmente, se ha adscrito una funcion homeostatica a las plaguetas; sin
embargo, cada vez mas estudios demuestran su importante papel en el proceso inflamatorio
mediante la liberacion de quimiocinas, permitiendo llevar a cabo el desarrollo y el progreso
de la inflamacion a través de un aumento de la interaccion de las mismas con el endotelio
vascular y los leucocitos circulantes (Lam et al. 2015). Gracias en buena medida al gran
abanico de moléculas de superficie y mediadores solubles que expresan, las plaguetas son
capaces de reconocer, secuestrar y eliminar patdgenos, de activar y reclutar leucocitos, asi

como de modular su comportamiento (Jenne et al. 2015).

Por su parte, las células endoteliales producen y liberan al espacio extracelular
maultiples mediadores inflamatorios e interactian con los leucocitos durante la infiltracion
leucocitaria (Muller 2014).

Finalmente, los leucocitos, las plaquetas y las células endoteliales comparten la
presencia, en su superficie, de moléculas de adhesion celular (MAC), que son ligandos de
superficie, generalmente glicoproteinas, que llevan a cabo un papel critico en el
mantenimiento de la integridad del tejido y en la migracion de las células. Ademas, regulan
procesos importantes como la proliferacion celular, la diferenciacion y la morfogénesis, y

algunas de ellas también actian como receptores virales (Tabla 1) (Gerhardt et al. 2015).

48



Tabla 1. Moléculas de adhesion celular (MAC). Adaptado de Gerhard et al. 2015.

- Nombre Nomenclatura . Expresion Principales
Familia . . - Funcién .
comun inmunolégica celular ligandos
. Rodamiento Células ESL-1, PSGL-1
E-selectina CD62E leucocitario endoteliales y CD44
Rodamiento
. Y . PSGL-1, CD34
- L-selectina CD62L leucocitario y Leucocitos y MAdCAM-1
Selectinas sefializacion
Rodamiento .
. leucocitario y Celu]as
P-selectina CD62P arresto endoteliales y PSGL-1
o plaquetas
leucocitario
ICAM-1 CD54 Adhesion y Celulas 1) Fa1y Mac-1
transmigracion | endoteliales
ICAM-2 CD102 Adhesiony ) Celulas LFA-1
transmigracion | endoteliales
Células
VCAM-1 CD106 Arresto | endotelialesy |y, 4 4
Inmunoalobulinas leucocitario células del
(?g) musculo liso
enc?;tleul:glses PECAM-1
PECAM-1 CD31 Transmigracion ' (union
plaguetas y homéloga)
leucocitos
Arresto LPAM-1, L-
MAdCAM-1 Addressin leucocitario Linfocitos selectina 'y
VLA-4
. VCAM-1,
Monocitos, .
Adhesion y linfocitos molecula_s de la
VLA-4 (a4f1) | CD49d, CD29 > Y matriz
transmigracion | eosinofilos y Il
basofilos extracelular y
MAdJCAM-1
Locomocion y .
LFA-10 CD11a/CD18 arresto Mpnou_tos y ICAM-1e
oL P2 I . linfocitos ICAM-2
Integrinas eucocitario
Arresto
leucocitario .
Mac-1 0 L Monocitos y ICAM-1e
ampP2 CD11b/CD18 Iocorr_100|o_n: granulocitos ICAM-2
transmigracion
y activacion
Linfocitos
Arresto ICAM-3y
oofz CD11d/CD18 leucocitario CD8y VCAM-1
macrofagos

CD, Cumulo de diferenciacién; ESL-1, ligando 1 de E-selectina; PSGL-1, ligando 1 de la

glicoproteina P-selectina; ICAM, molécula de adhesion intercelular; VCAM-1, molécula de adhesién

vascular-1; PECAM-1, molécula de adhesion de célula endotelial/plagueta-1; MAdCAM-1, molécula

de citoadhesion adresina mucosal-1; LPAM-1, integrina alfa 4 beta 7; VLA-4, very late antigen-4;

LFA-1, antigeno 1 asociado a funcion linfatica, y Mac-1, antigeno 1 asociado a macrofagos.
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1.1.2 Requlacion de la infiltracion leucocitaria

La infiltracion leucocitaria forma parte del mantenimiento homeostatico del
organismo, y sucede mas acusadamente en procesos inflamatorios. Esta cascada de adhesion
implica interacciones complejas de los leucocitos con el endotelio que, a su vez, se activa y
regula al alza los mecanismos de sefializacion inflamatoria mediante la liberacion de
citocinas y quimiocinas inflamatorias. A continuacién, los leucocitos se adhieren firmemente
al endotelio a traves de varias clases de MAC. Una vez que los leucocitos alcanzan una fase
de detencion, se deslizan hasta alcanzar el arresto completo y son capaces de transmigrar a

través de la pared vascular (Shihata et al. 2016).

Por un lado, las MAC promueven interacciones directas entre los leucocitos y las
células endoteliales, a través de la adhesion célula a célula, o bien entre los leucocitos y la
matriz extracelular en la segunda parte del proceso. Estas interacciones promueven un amplio
espectro de sefializacion celular que modula directa o indirectamente la proliferacion de
células madre, la diferenciacion y la morfogénesis (Rahimi 2017, Steinbacher et al. 2018).
Por su parte, los factores implicados en la quimiotaxis son mediadores quimicos solubles de
produccion local en el area de dafio tisular. Su funcion es atraer un mayor ndmero de
leucocitos circulantes al foco inflamatorio y, asi mismo, regular la expresion de determinadas
MAC. Entre los agentes quimiotacticos mas conocidos se encuentran las quimiocinas, cuya
relevancia en distintos procesos inflamatorios se discutird mas adelante. Ademas de ellas, se
han descrito agentes quimiotacticos clasicos o inespecificos como los fragmentos C3a y C5a
del complemento, los péptidos bacterianos formilados como el N-formil-metionil-leucil-
fenilalanina y las moléculas lipidicas proinflamatorias como el leucotrieno B4, entre otros.
Este dltimo, desencadena la adhesion al endotelio, activando y reclutando leucocitos en el

sitio de la lesion (Di Gennaro et al. 2014).

Las citocinas, proteinas de bajo peso molecular con un importante papel sefializador,
son otro grupo de mediadores solubles que participan en la infiltracion leucocitaria. Entre
ellas destacan citocinas proinflamatorias como el TNFa o la interleucina (IL)-1 que, sin ser
propiamente quimiotacticas, promueven la migracion leucocitaria a través de la regulacion
de la expresion de diferentes MAC. El TNFa, producido por monocitos y macrofagos

activados, tiene una importancia particular. Ha sido descrito como una citocina pleiotropica
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critica para el trafico de células, la inflamacion aguda y crénica y la defensa del huésped
contra diversos patogenos. Ademas, se asocia con varias enfermedades autoinmunes e
inflamatorias, como la artritis reumatoide, el shock séptico y la enfermedad inflamatoria
intestinal. Pese a no ejercer ninguna accion directa sobre los leucocitos, el TNFa. participa en
diversas funciones bioldgicas tales como: proporcionar sefiales para la activacion, la
diferenciacion, la supervivencia y la muerte celular. Ademas, modula la respuesta inmune y

la inflamacion en multiples tejidos y 6rganos (Fava et al. 2018).

1.1.3 Etapas de la infiltracién leucocitaria

La respuesta inflamatoria requiere de una serie de fases especificas que demandan la
participacién de diferentes moléculas y tipos celulares (Moro-Garcia et al. 2018). El
reclutamiento de estas células en el sitio de la lesion requiere de su desplazamiento a través
de la pared del vaso sanguineo. Tradicionalmente, el proceso de infiltracion leucocitaria se
ha descrito como compuesto en tres etapas; sin embargo, algunos autores han dividido una
de estas etapas en dos, quedando las cuatro actuales: la adhesion primaria o tethering, el
rodamiento leucocitario o rolling, la activacion leucocitaria y adhesion firme y, por ultimo,

la migracion transendotelial (Figura 2) (Inoue et al. 2011, Gerhardt et al. 2015).
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primaria leucocitario * leucocitaria ™ firme ~— transendotelial

Leucocito PSGL-1
gl
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Figura 2. Etapas del proceso de la infiltracion leucocitaria. EI proceso comienza con el arresto de
los leucocitos circulantes del torrente sanguineo, seguida del rodamiento dependiente de selectinas y
la adhesion firme al endotelio. Después de la migracion transendotelial, los leucocitos migran hacia
el foco inflamatorio. Adaptado de Inoue et al. 2011.
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1.1.3.1 Adhesion primaria y rodamiento leucocitario

La respuesta inflamatoria requiere que los leucocitos migren dentro y a través de la
vasculatura, un proceso que se ve facilitado por su capacidad de cambiar a una morfologia

polarizada, con una distribucion asimétrica de sus receptores (Sreeramkumar et al. 2014).

El proceso inflamatorio comienza con una vasoconstriccion transitoria debida a la
liberacion de catecolaminas, serotonina y tromboxano A por diferentes células, seguida de
la activacion del endotelio debido a la liberacion de moléculas proinflamatorias como la
bradiquinina, la histamina, el TNFa, la IL-1p o prostaglandinas por parte del tejido dafiado
(McEver 2010). Esta primera etapa provoca una disminucion de la velocidad de los
leucocitos en el torrente sanguineo, aumentando asi la frecuencia de interaccion entre el
endotelio y los mismos (Zabel et al. 2015). De esta manera se produce el reconocimiento
dependiente del estimulo inductor de la inflamacion de los leucocitos que circulan por el
torrente sanguineo, y el endotelio activado, estableciéndose interacciones reversibles entre
los receptores de superficie celular de los leucocitos y los ligandos presentes en las células
endoteliales, produciéndose una adhesion primaria o laxa que podra deshacerse si, tras un
tiempo, no se desencadenan los mecanismos de adhesion firme, volviendo los leucocitos al

torrente circulatorio (Liu et al. 2017b).

El rodamiento o rolling de los leucocitos sobre la superficie endotelial es uno de los
pasos limitantes de la cascada de eventos que supone el proceso inflamatorio. El rodamiento
permite a los leucocitos interactuar con las quimiocinas inmovilizadas que inducen el cambio
de las integrinas P2 a conformaciones de alta afinidad, promoviendo el arresto, el
fortalecimiento de la adhesion firme, y la migracion transendotelial (McEver 2015). La
expresion de combinaciones especificas de MAC y de receptores de quimiocinas determina
la subpoblacion leucocitaria que se interna en el tejido durante el proceso inflamatorio (Ley
et al. 2007), a su vez mediado por las selectinas, que son lectinas transmembranales
dependientes de Ca?*. La L-selectina es expresada por la mayoria de los leucocitos, mientras
que E-selectina y P-selectina son expresadas por las células endoteliales activadas y, en el
caso concreto de la P-selectina, también por las plaquetas activadas (Ivetic 2018). Todas ellas
interaccionan con el ligando 1 de la glicoproteina P-selectina (PSGL-1), asi como con otros
ligandos glicosilados (Gerhardt et al. 2015, McEver 2015). La interaccion P-selectina/PSGL-
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1 activa las integrinas leucocitarias (Abadier et al. 2017). Las uniones entre las selectinas y
sus ligandos permiten que los leucocitos se adhieran al endotelio activado (Marki et al. 2018).
El endotelio tiene un papel muy activo durante el proceso del rodamiento de los leucocitos,
el cual es mediado ademas por integrinas activadas que participan en la mediacién de la
adhesion celular (Gerhardt et al. 2015, Mitroulis 2015).

1.1.3.2 Activacién leucocitaria y adhesion firme

Cuando la inflamacidon persiste en el tiempo tras el reconocimiento del dafio, los
leucocitos se activan con el propdsito de eliminar el foco inflamatorio y se mueven
lentamente por el torrente sanguineo pero no se detienen de manera abrupta, sino que se
desaceleran hasta adherirse firmemente al endotelio vascular (Gerhardt et al. 2015, Li et al.
2015).

El arresto leucocitario durante el rodamiento, convirtiendo la adhesion en firme, esta
producido por la interaccion entre las selectinas y las quimiocinas originadas en el foco de
inflamacion, desencadenando de esta manera la activacion de las integrinas expresadas por
los leucocitos (Mitroulis et al. 2015). Estas dirigen su unién a las inmunoglobulinas, como
la molécula de adhesion intercelular (ICAM)-1 y la molécula de adhesion vascular-1
(VCAM-1), expresadas en las células endoteliales (McEver 2010, Gerhardt et al. 2015).
Entre las integrinas de la membrana leucocitaria mas relevantes durante esta etapa caben
destacar las 1 (very late antigen-4; VLA-4), que regulan el rodamiento y arresto leucocitario
al unirse a VCAM-1, y las B2, donde destacan el antigeno 1 asociado a macréfagos (Mac-1)
y el antigeno 1 asociado a funcion linfatica (LFA-1), siendo estas Gltimas las mas importantes
en la adhesion firme de los leucocitos al endotelio vascular al unirse a ICAM-1 (Mitroulis et
al. 2015, Tissino et al. 2018). Debido a la adhesion, tanto estas integrinas como las
inmunoglobulinas, sus ligandos, sufren un cambio de conformacion hacia un estado de
activacion (Ley et al. 2007). A continuacion, la extension del citoplasma celular es
promovido por un reordenamiento del citoesqueleto de actina inducido por integrinas;
seguido del deslizamiento celular, que es guiado por gradientes intravasculares de
qguimiocinas a lo largo del endotelio en busca del lugar apropiado para transmigrar desde el

vaso hacia el tejido inflamado (Mitroulis et al. 2015).
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1.1.3.3 Migracion transendotelial y quimiotaxis

La transmigracion de las células inmunitarias a través de la pared endotelial es el
ultimo paso del proceso inflamatorio y permite la migracion leucocitaria hacia el foco de
inflamacidn, gracias a una mayor cantidad de agentes quimiotacticos (Mitroulis et al. 2015).
Para poder abandonar el torrente sanguineo, los leucocitos deben atravesar el endotelio; dicho
proceso dura entre 2 y 5 minutos. Posteriormente, necesitan entre 5y 15 minutos mas para

poder atravesar la membrana basal (Ley et al. 2007, Kolaczkowska et al. 2013).

La transmigracion depende de muchos factores diferentes, como la distribucién y la
densidad de los ligandos de integrina, quimioatrayentes y otras citocinas. En todo el proceso
tiene un papel fundamental PECAM-1 (platelet/endothelial cell adhesion molecule-1),
también conocida como CD31. PECAM-1 se expresa en plaquetas y leucocitos, asi como en
las células del endotelio vascular donde es un componente principal de la unién intercelular
de células endoteliales en lechos vasculares confluentes (Privratsky et al. 2011). El
mecanismo por el cual PECAM-1 promueve la migracion celular parece deberse a la
capacidad del complejo PECAM-1/proteina tirosina fosfatasa 2 para alterar el citoesqueleto,
tanto por la defosforilacion de la quinasa de adhesion focal, como por la alteracion de la
actividad de la proteina G, RhoA (Collins et al. 2012, Lertkiatmongkol et al. 2016). Al mismo
tiempo, también se requieren integrinas e inmunoglobulinas tales como ICAM-1, ICAM-2 y

VCAM-1 para completar el proceso (Kolaczkowska et al. 2013).

1.1.4 Quimiocinas

1.1.4.1 Generalidades

El acumulo local de células del sistema inmune durante el proceso inflamatorio es un
proceso complejo que sucede a través de la interaccion de los leucocitos y las células
endoteliales de la microvasculatura, y cuya regulacion depende principalmente de MAC y
distintos factores quimiotacticos, capaces de modular la trayectoria de los leucocitos y
atraerlos hacia el foco inflamado. De entre estos mediadores destacan las citocinas
quimiotacticas o quimiocinas, que desempefian un papel clave en diferentes enfermedades
cardiovasculares (van der Vorst et al. 2015b). Durante los Gltimos veinte afios, se ha

constatado que las quimiocinas forman una familia de mediadores criticos para la migracion

54



celular durante la vigilancia inmunitaria, la inflamacién y la progresién de enfermedades

como el cancer (Minton 2018).

Las quimiocinas son glicoproteinas secretadas de bajo peso molecular (8-12 kDa) que
desempefian un papel clave en el sistema inmune, ya que coordinan la migracion de los
leucocitos durante la inflamacion y la vigilancia inmunitaria (van der Vorst et al. 2015a).
Todas ellas tienen caracteristicas estructurales semejantes, y un plegamiento tridimensional
caracteristico establecido por puentes disulfuro intramoleculares esenciales para llevar a cabo
la interaccion con su receptor, y poder actuar localmente mediante mecanismos autocrinos o
paracrinos (Blanchet et al. 2012, Shang et al. 2017). Son sintetizadas y liberadas por las
células del sistema inmunitario durante el proceso de la inflamacidn. Estan compuestas por
70-130 aminoacidos y sus funciones homeostaticas incluyen la maduracion y el trafico de
leucocitos, el desarrollo, la reparacion de tejidos y la angiogénesis (Ransohoff 2009).
Originalmente, se estudiaron junto a sus receptores por su papel en el trafico celular de
leucocitos durante la inflamacién y la vigilancia inmunoldgica. Hoy en dia se conoce su
importancia fisiologica, pero también patologica en procesos de tumorigénesis, metastasis,
asi como en enfermedades inflamatorias y autoinmunes (Blanchet et al. 2012). Son potentes
mediadores de la adhesién y migracién leucocitaria a través de su interaccion con receptores
presentes en los leucocitos u otras células inmunes, los cuales estan acoplados a proteinas G
(GPCR), mediante cambios conformacionales que desencadenan las vias de sefializacion

para llevar a cabo las diversas funciones (Shen et al. 2018).

Estos receptores GPCR constan de 7 hélices o transmembranales que rodean una
hendidura central y que estan conectadas por tres bucles intracelulares y tres bucles
extracelulares. EIl extremo N-terminal y el extremo C-terminal se localizan en la parte
extracelular e intracelular, respectivamente (Vass et al. 2018). Se clasifican en tres familias
diferentes de GPCR: la familia de la rodopsina, la familia de receptores de secretina/glucagon
y la familia del receptor metabotrépico para glutamato/sensor de calcio. La region
intracelular es la que se encuentra unida a la proteina G, sujeta a su vez a fosforilacion
regulatoria (Yang et al. 2017, Eichel et al. 2018).

Hasta el momento se han identificado 43 quimiocinas humanas que participan en

diversas enfermedades y solo 23 receptores de las mismas, lo que indica que un mismo
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receptor puede reconocer a varias quimiocinas. Asi mismo, una quimiocina puede interactuar
con distintos receptores. Actualmente, sélo se conoce un receptor C y un receptor C-X3-C;
mientras que existen diez receptores C-C y seis C-X-C (Blanchet et al. 2012, Back et al.
2015).

En particular, los receptores de quimiocinas son estructuras altamente dinamicas y la
eficacia de la sefializacion depende en gran medida del contacto discreto con el ligando. La
promiscuidad de las quimiocinas y los receptores de quimiocinas, combinada con la
sefializacion sesgada y la modulacién alostérica de la activacion del receptor, garantiza un
reclutamiento y un posicionamiento estrechamente controlados de células individuales

dentro del entorno local en un momento dado (Legler et al. 2018).

1.1.4.2 Subfamilias estructurales de quimiocinas

Las quimiocinas se clasifican en cuatro subfamilias: C, C-C, C-X-C y C-X3-C. Todas
ellas se caracterizan por la presencia de cuatro residuos de cisteina en la posicion N-terminal
de la cadena peptidica, salvo las linfoactinas a. y B que sélo tienen dos residuos (van der VVorst
et al. 2015a). La clasificacion se basa en el nimero y la disposicion de estos cuatro residuos
de cisteina que forman enlaces disulfuro que permiten estabilizar el plegamiento terciario
(Zernecke et al. 2014).

En la subfamilia de las quimiocinas C o v, el primer y el tercer residuo de cisteina
estan ausentes y posee solo un enlace disulfuro. Si hay dos residuos de cisteinas adyacentes
se denominan quimiocinas C-C o B y entre ambos residuos de cisteina no se inserta ningiin
aminoacido. Si los primeros dos de los cuatro residuos de cisteina conservados estan
separados por un aminoacido variable, se habla de la subfamilia de las quimiocinas C-X-C o
o, mientras que si estan separados por tres aminoacidos, se trata de la subfamilia C-X3-C 0 6
(Koenen et al. 2011). Las quimiocinas tipo C-C como MCP-1 (monocyte chemoattractant
protein-1), RANTES (regulated upon activation, normal T cell expressed and secreted) o
eotaxina-1 (CCL2, CCL5 y CCL11, respectivamente), actuan sobre los monocitos, los
macrofagos, los eosinodfilos y participan en las respuestas inflamatorias cronicas; mientras
que las quimiocinas C-X-C, como IL-8 (CXCLS8), acttan sobre los neutrofilos participando
tanto en respuestas inflamatorias agudas como cronicas (Figura 3) (White et al. 2013,
Warner et al. 2014, de Munnik et al. 2015).
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Todas las quimiocinas son solubles, a excepcion de la fractalquina (CX3CL1) y de
CXCL16, que normalmente se expresan asociadas a membrana facilitando asi la adhesion
célula-célula con células que expresan sus receptores afines, que son CX3CR1 y CXCRS6,

respectivamente (Scholten et al. 2012, Rius et al. 2013a).

Ademas de su clasificacion estructural, alternativamente las quimiocinas se pueden
dividir de acuerdo a su expresion y actividad funcional. Esta clasificacion agrupa a las
quimiocinas en tres familias: las quimiocinas proinflamatorias, que son aquellas que se
inducen durante el proceso inflamatorio y estan involucradas en el reclutamiento leucocitario
en el foco inflamatorio; las quimiocinas homeostaticas que se expresan de manera
constitutiva en sitios no inflamados y estan involucradas en la migracion homeostéatica y el
desplazamiento de las células en condiciones fisioldgicas tales como la localizacion de los

linfocitos; y las de funcidon mixta que tienen ambas propiedades (Blanchet et al. 2012, Stone

et al. 2017).
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Figura 3. Subfamilias estructurales de quimiocinas. Las quimiocinas se dividen en cuatro
subfamilias de acuerdo a la posicién relativa de los dos primeros residuos de cisteinas conservados
en el extremo N-terminal de la cadena peptidica. Quimiocinas tipo C (A), quimiocinas tipo C-C (B),
quimiocinas tipo C-X-C (C) y quimiocinas tipo C-Xs-C (D). La C hace referencia a un residuo de
cisteina y la X a cualquier aminoacido. Los puentes disulfuro se muestran como lineas discontinuas.
El dominio transmembranal de CX3CL1 est4 representado por lipidos (en gris). Adaptado de de
Munnik et al. 2015.
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1.2 ATEROSCLEROSIS Y RIESGO CARDIOVASCULAR

1.2.1 Consideraciones generales

Las enfermedades cardiovasculares son la principal causa de muerte y morbilidad en
Europa, causando 3,9 millones de muertes al afio (Wilkins et al. 2017), y a nivel mundial, ya
son responsables de méas de un 30% de las muertes anuales (Benjamin et al. 2017). La
Organizacién Mundial de la Salud (OMS) estima que, para el afio 2020, las enfermedades
cardiovasculares seran el principal problema socioeconémico a nivel mundial (resolucién
WHAG66.10, OMS, 2013). En los ultimos afos, y a pesar de los avances en la mejora de la
prevencion primaria y las nuevas aproximaciones farmacoldgicas para lograr disminuir los
niveles de colesterol en sangre, la adopcién de habitos de vida no saludables han provocado
un aumento de la incidencia de la diabetes y la obesidad, lo que hace que las enfermedades
cardiovasculares sigan siendo la principal causa de muerte en Estados Unidos, Europa y Asia
(Hedrick 2015, Wilkins et al. 2017), y por tanto, aumentando la prevalencia de la
aterosclerosis, patologia subyacente a las enfermedades cardiovasculares (Hedrick 2015,
Zimmer et al. 2015).

El término aterosclerosis esta compuesto a partir de las palabras griegas athero
(engrudo o papilla grumosa) y esclerosis, cuyo significado es endurecimiento. Actualmente
se asocia la aterosis a la acumulacion de lipidos junto a macréfagos, y la esclerosis a la
formacion de una capa fibrosa, la cual esté constituida por células de musculo liso, leucocitos
y tejido conectivo (Rafieian-Kopaei et al. 2014). Es una enfermedad cronica vascular e
inflamatoria, caracterizada por la presencia de elevadas concentraciones de lipoproteinas de
baja densidad (LDL), lo que provoca la acumulacion de lipidos (entre ellos colesterol, ésteres
de colesterol y cristales de colesterol), calcio y células inflamatorias, cubiertas por tejido
fibroso, como fibras de colageno y células de la musculatura lisa vascular (Zimmer et al.
2015). Esta acumulacion se produce en la pared arterial, dando lugar a la formacién de las
denominadas placas ateroscleroticas o ateroma, y su posterior erosion, que puede terminar
en la ruptura de algunas de estas placas vulnerables o de elevado riesgo (Weber et al. 2011).
Normalmente, la aterosclerosis no se forma en regiones donde el flujo es uniforme y
unidireccional como la aorta toracica descendente, sino que tiene lugar en regiones de la

vasculatura donde el flujo sanguineo tiene una mayor complejidad geométrica como curvas
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o0 puntos de ramificacion (Nigro et al. 2011). Principalmente, se desarrolla en el espacio
subendotelial o intima de arterias el&sticas de calibre intermedio, arterias musculares de
tamafno medio y vasos de gran calibre. La mayor curvatura del arco adrtico y las zonas de
bifurcacion de la carotida son lugares donde se producen disrupciones e irregularidades en el
flujo sanguineo, variando asi la magnitud y direccion de la fuerza de cizallamiento, siendo

propensas a desarrollar disfuncién endotelial (Tabas et al. 2015).

La aterosclerosis es una enfermedad cuya progresion es asintomatica, desarrollandose
durante décadas; solo en las Gltimas etapas aparecen los sintomas, manifestandose mediante
eventos cardiovasculares como infarto de miocardio, infarto cerebral o pérdida de funcion de

las extremidades (Badimon et al. 2014).

1.2.2 Bases del proceso aterogénico

La aterogénesis es el proceso de formacion de la placa aterosclerética. Este proceso
involucra a las células inmunitarias, principalmente linfocitos T y B, monocitos y

macrofagos, y es inducido por un dafio en las células endoteliales (Tse et al. 2013).

Tradicionalmente, la aterogénesis se ha comprendido como una enfermedad
metabolica caracterizada por una obstruccién arterial por depdsitos grasos en las paredes de
los vasos. De acuerdo con esta vision, la aterosclerosis es el resultado de la acumulacion
pasiva de colesterol en la pared arterial. Hoy en dia se cree que la aterogénesis involucra
respuestas bioquimicas y moleculares altamente especificas con interacciones constantes
entre varios mediadores celulares. Pese a la presencia de una reaccién inflamatoria en cada
una de las etapas de la aterosclerosis, desde sus inicios hasta sus manifestaciones terminales,
la relacion de causa-efecto entre estos dos procesos permanece confusa (Libby 2012, Pant et
al. 2014).

No obstante, la evidencia cientifica acumulada relaciona cada vez mas la inflamacion
y sus mecanismos efectores con la patogénesis de la enfermedad. Tanto la inmunidad innata
como la adquirida operan durante la aterogénesis y vinculan muchos factores de riesgo
tradicionales con funciones arteriales alteradas. Las rutas inflamatorias se han convertido en
dianas en la blsqueda de nuevas estrategias terapéuticas y preventivas frente a las

enfermedades cardiovasculares (Libby et al. 2013).
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1.2.2.1 Disfuncion endotelial, inicio y evolucion de la lesidn aterosclerotica

El endotelio vascular es un érgano multifuncional formado por una monocapa de
células endoteliales que recubre la superficie interior de los vasos sanguineos. Este
desempefia un papel fundamental en el mantenimiento de la homeostasis vascular en
respuesta a diversos estimulos, asi como en la regulacion del tono vascular y su estructura,
la permeabilidad y la coagulacion. Las células endoteliales, ademas, producen una amplia
gama de factores que también regulan la adhesion celular, la proliferacion de células del
mausculo liso y la inflamacion a través de la regulacion de numerosos mediadores, como el
factor de relajacion y contraccion derivado del endotelio, las MAC, las citocinas y las
quimiocinas (Cho et al. 2018). Por tanto, las alteraciones en la fisiologia del endotelio de las
paredes de las arterias de gran tamafio provocan su activacion, también conocida como
disfuncion endotelial, que es un importante contribuyente en la progresion de diversas
enfermedades cardiovasculares, renales y metabdlicas cronicas (Gimbrone et al. 2016, Zhang
et al. 2018).

Esta primera etapa del proceso aterosclerético da lugar a la expresion de diferentes
quimiocinas, citocinas y MAC encargadas de interaccionar con los leucocitos y las plaquetas.
Ademas, esta involucrada en la progresion de la formacién de la placa y complicaciones en
el proceso aterosclerdtico (Weber et al. 2011, Zernecke et al. 2014).

La disfuncion endotelial se manifiesta por una alteracion en la biodisponibilidad del
NO, debida o bien a una reduccion de la produccion de la enzima 6xido nitrico sintasa
endotelial (eNOS) o, més frecuentemente, a un aumento de la produccion de las especies
reactivas del oxigeno. EI NO, especialmente el derivado de la eNOS, ejerce normalmente
efectos protectores sobre la pared del vaso, relacionados con la activacion endotelial, la

inflamacidn, el crecimiento vascular y la fibrosis (Vanhoutte et al. 2017).

Este desequilibrio lleva a una alteracion en las propiedades vasomotoras arteriales
mediada por NO, endotelina-1, angiotensina-Il (Ang-1l) y prostaglandinas, entre otros,
provocando que las LDL se transporten hacia la pared del vaso, abandonen el torrente
sanguineo y comiencen a acumularse en la intima (Deanfield et al. 2007). Por el contrario y
alternativamente, la “teoria del transporte masivo” establece que el transporte de ciertas

sustancias bioactivas, como las LDL, desde la circulacién hasta la pared del vaso podria ser

60



promovido en sitios de flujo turbulento debido a un contacto intenso y prolongado entre las
células endoteliales vasculares y la sangre (Kwak et al. 2014).

La activacion de las células endoteliales en los lugares de la vasculatura propensos a
lesiones aterosclerdticas promueve la activacion de las MAC y las quimiocinas, que median
el reclutamiento de monocitos circulantes. La acumulacion de monocitos y macrofagos en la
pared de las arterias de gran calibre conduce a la inflamacion cronica y al desarrollo y

progresion de la aterosclerosis (Ley 2011).

Los monocitos y macréfagos tisulares, asi como las células endoteliales y las células
del musculo liso, generan radicales libres que oxidan las LDL a su forma oxidada (LDLo0X),
dando lugar a la sintesis de particulas proinflamatorias como quimiocinas y MAC, generando
un fenotipo proinflamatorio y protrombdtico que precede al desarrollo del proceso
aterosclerotico, creando una respuesta inflamatoria innata en la intima (Weber et al. 2011,
Chen et al. 2015). Debido a la correlacion directa entre la concentracion de LDL en suero y
la cantidad de lipoproteinas acumuladas en la lesion, su nivel en sangre puede considerarse

como un indicador de aterogénesis (Mestas et al. 2008, Rafieian-Kopaei et al. 2014).

La inflamacion comienza cuando el endotelio vascular es activado y se induce la
expresion de MAC, como E-selectina, P-selectina, ICAM-1 0 VCAM-1, que favorecen la
adhesion de los leucocitos circulantes, en especial monocitos y linfocitos T, y su migracion
desde la luz hacia la intima (Chen et al. 2015). Mientras tanto, se secretan quimiocinas
quimioatrayentes como MCP-1 y otras, que atraen a monocitos, a linfocitos, a mastocitos y
a neutrofilos a la pared arterial. Al mismo tiempo, las células del musculo liso que se
encuentran en la intima secretan factor de crecimiento derivado de plaquetas, proteoglicanos,
colageno y fibras elasticas, permitiendo la migracion de los leucocitos del endotelio al

espacio subendotelial donde se acumularan (Insull 2009).

1.2.2.2 Formacion de la estria grasa

Los monocitos se acumulan en la intima, donde se desencadena su transformacion en
macrofagos, en los cuales se produce un aumento de la expresion de los receptores scavenger
0 “basurero”, que llevan a cabo la union con las LDLox. En un esfuerzo por eliminar dichas
lipoproteinas, los macréfagos las reconocen a traves de estos receptores basurero, las

internalizan mediante endocitosis e, incapaces de degradarlas, las acumulan en el citoplasma,
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transformandose asi en las células espumosas caracteristicas del ateroma, promoviendo el
desarrollo de las lesiones ateroscleroticas (Chen et al. 2015, Gao et al. 2017). La captacion
de las LDLox produce la activacion de los macrdéfagos, que secretan a su vez mayor ndmero
de factores quimiotacticos e interleucinas, permitiendo incrementar la llegada de leucocitos
circulantes al espacio subendotelial o la intima (Libby 2012), por mediacion de diferentes
factores como el factor estimulante de colonias de granulocitos y macrofagos, el TNFa o la
IL-1B (Chen et al. 2015). Tanto la IL-1B como el TNFa estimulan la produccion local del
factor de crecimiento de fibroblastos y el factor de crecimiento derivado de plaquetas, los
cuales son fundamentales para la formacién y complicacién de la placa de ateroma. En
concreto, el TNFa es producido por las células endoteliales activadas y produce la migracion

y proliferacion de las células del masculo liso de la media a la intima (Sprague et al. 2009).

La acumulacion de células inflamatorias en la membrana arterial interna intensifica
el proceso inflamatorio local debido a la secrecion de especies reactivas de oxigeno, citocinas
inflamatorias y metaloproteasas, que aceleran el desarrollo de las lesiones ateroscleroticas.
Asi mismo, las quimiocinas y sus receptores son instrumentales para orquestar la afluencia
de leucocitos a la pared vascular, y también parecen regular las funciones inmunitarias
(Zernecke et al. 2010). Las acumulaciones subendoteliales de células espumosas y linfocitos
T dan lugar a la denominada lesion aterosclerotica precoz o estria grasa (Rafieian-Kopaei et
al. 2014).

1.2.2.3 Acumulacién de células de la musculatura lisa en el espacio subendotelial

Las plaquetas activadas, los macrofagos y las células endoteliales liberan quimiocinas
y factores de crecimiento que estimulan la proliferacion de células de musculo liso y su

acumulacion en la intima (Weber et al. 2011).

La lipoproteina lipasa, secretada por el endotelio, promueve la proliferacion de las
células de masculo liso. Este proceso implica la activacion de la proteina quinasa C, que
promueve la produccion de matriz extracelular por las células de musculo liso, permitiendo
la progresion hacia una placa aterosclerética estable. En este contexto, el factor de
crecimiento transformante (TGF)-B ha sido implicado en la produccion de colageno; asi
mismo, promueve la diferenciacion de las células del musculo liso. La sefializacion de TGF-

B es critica para el mantenimiento de la vasculatura adulta y juega un papel importante en la
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mediacion del equilibrio entre la inflamacién y el crecimiento de la placa fibrosa en la
aterosclerosis. También se sabe que el TGF-B inhibe la proliferacion de las células de
musculo liso junto con interferon y (IFNy). Actuando en tandem, todos estos factores
conducen a la formacion de una gruesa capa de tejido conjuntivo sobre un ndcleo rico en

lipidos, dando lugar a lo que se conoce como placa fibrosa (Chen et al. 2016).

La vision tradicional de las células del masculo liso en la aterosclerosis sostiene que
su proliferacion aberrante promueve la formacion de la placa, pero que su presencia en las
placas avanzadas es completamente beneficiosa, previniendo, por ejemplo, la ruptura de la
placa fibrosa. Sin embargo, este punto de vista estd basado en la idea de que existe una
poblacién homogénea de células de musculo liso dentro de la placa, que puede identificarse
por separado de otras células en el ateroma, particularmente macréfagos, utilizando
marcadores inmunohistoquimicos estandar. Esta idea ha sido puesta en duda al demostrarse
la existencia de una elevada heterogeneidad entre las células del musculo liso, y su capacidad
de modificar su fenotipo. Asi, su proliferacion puede ser beneficiosa durante la aterogénesis,
y no solo en las lesiones avanzadas; mientras que su apoptosis y senescencia, asi como la
presencia de células similares a macrofagos derivadas de células del musculo liso, puede

promover la inflamacion (Figura 4) (Bennett et al. 2016).
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Figura 4. Esquema que ilustra la serie de procesos que experimentan las células del musculo
liso en las placas ateroscleréticas avanzadas. Adaptado de Bennett et al. 2016.

1.2.2.4 La lesion avanzada: placa fibrosa

La progresion de la estria grasa conduce a la formacion de la placa fibrosa. Las
lesiones ateroscleroticas avanzadas se caracterizan por la acumulacion de lipidos, de células
apoptaticas, en especial macrofagos, células de masculo liso y células espumosas formadas
tras la fagocitosis de moléculas lipidicas oxidadas, de restos celulares y de material
extracelular en la lesion, dando lugar a lo que se conoce como nucleo o core necrotico, cuya
formacion se ve favorecida por el estado de inflamacién cronica. Las placas que presentan
un mayor core necrético y una capa fibrosa de espesor fino son las que tienen un mayor
riesgo de ruptura (de Vries et al. 2016), ya que éstos estan asociados con la aterogénesis, y
su propagacion contribuye a la expansion de la placa aterosclerética (Figura 5) (Seimon et
al. 2009, Kojima et al. 2017). El engrosamiento de la pared arterial se compensa inicialmente
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con una dilatacion gradual, hasta alcanzar un limite en el que la lesidn se introduce en el
lumen, provocando un estrechamiento progresivo del vaso con riesgo de sintomas isquémicos
(Ross 1999, Badimon et al. 2014, Bennett et al. 2016).

LESION LESION
TEMPRANA Células B AVANZADA
espumosas
Macréfagos
Macrofagos > v apoptoticos
Seepkiese —— Fagocitosis
defectuosa

Fagocitosis de
células
espumosas y
supresion de la N =
inflamacién y la Y Ay
celularidad de la
lesion

Necrosis secundaria
y acumulacion de
debris necrotico

Ruptura de
placa

Figura 5. Consecuencias funcionales de la apoptosis de los macrofagos en las lesiones
aterosclerdéticas tempranas y avanzadas. En las lesiones tempranas (A), los monocitos que
examinan la pared vascular son reclutados en la placa. Los monocitos se diferencian a macréfagos en
areas donde las lipoproteinas modificadas y remanentes se retienen en la matriz extracelular. Los
macrofagos se convierten en células espumosas al ingerir lipoproteinas oxidadas (LDLoXx) y
almacenar estos lipidos en su interior. Las células espumosas activadas secretan una variedad de
citocinas proinflamatorias y eventualmente sufren apoptosis. La eliminacion rapida de las células
apoptdticas conduce a la supresion de la respuesta proinflamatoria. El efecto global es una reduccion
en la celularidad y el tamafo de la lesion. En las lesiones avanzadas (B), los macrofagos apoptéticos
no se eliminan eficazmente sino que se acumulan y sufren una necrosis secundaria. La acumulacion
de desechos necréticos promueve la inflamacion, la inestabilidad de la placa y la trombosis aguda.
Adaptado de Seimon et al. 20009.

Al mismo tiempo, se produce la formacion de nuevos vasos sanguineos o
angiogénesis en la placa aterosclerotica. Este es un proceso dindmico regulado por un
delicado balance entre factores angiogénicos y angioestaticos (Camare et al. 2017).

Un elevado nimero de factores participan en la regulacion de la angiogénesis en las
areas ateroscleroticas, siendo uno de los mas importantes la hipoxia. En los tejidos
mamiferos, la hipoxia es uno de los estimulos angiogénicos méas potentes ya que regula la
expresion de una gran variedad de genes implicados en la angiogénesis. En el contexto
aterogénico, este proceso facilita la demanda de oxigeno en el ateroma (Camare et al. 2017).
En las placas ateroscleroticas, la difusion de Oz local en la luz arterial puede ser insuficiente

debido al engrosamiento y la inflamacion de la intima. Las condiciones hipdxicas promueven
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la liberacidn de factores angiogénicos e inflamatorios que estimulan la formacion de nuevos
vasos a partir de los vasa vasorum (Sluimer et al. 2009, Marsch et al. 2013). Esta
neovascularizacion permite suministrar nutrientes y promueve la infiltracion de macréfagos,
el engrosamiento de la pared vascular, la deposicion de lipidos, la inflamacion y la progresion
de la lesion aterosclerética (Moreno et al. 2012, Camare et al. 2017). Ademas, aumenta el
riesgo de sufrir hemorragias intraplaca y favorece el flujo de mediadores inflamatorios (de
Vries et al. 2016).

El factor 1 inducible por hipoxia (HIF-1) media la apoptosis e incrementa la
formacion de nuevos vasos sanguineos mediante el control de la expresién y la liberacion de
factores angiogénicos como el factor de crecimiento vascular endotelial (VEGF) (Jain et al.
2018). Ademas, la formacion de nuevos vasos sanguineos requiere de la activacion
endotelial, lo cual involucra la interaccion entre VEGF y su receptor VEGFR2 (Figura 6)
(Cheng et al. 2013, Camare et al. 2017).

Figura 6. El proceso de angiogénesis en el desarrollo de la placa aterosclerética. En la primera
fase (A), el crecimiento de la intima alcanza un punto en el que la hipoxia en la region central
desencadena una respuesta mediada por el factor de crecimiento vascular endotelial (VEGF),
induciendo la neovascularizacion. La secrecion del factor de crecimiento de fibroblastos (FGF)-1y
(FGF)-2 por los diferentes componentes de la placa aterosclerdtica produce la activacion del receptor
de FGF permitiendo con ello la proliferacion y migracion de las células endoteliales en sinergia con
la estimulacion de VEGF. En la segunda fase (B), los altos niveles de angiopoyetina-1, FGF y VEGF
aseguran la supervivencia y la expansion de la neovasculatura, proporcionando de esta manera una
segunda ruta de entrada a las células inflamatorias ademéas de la entrada principal a través del
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endotelio luminal. Esto amplifica el estado inflamatorio de la placa aterosclerdtica y, en respuesta a
factores inflamatorios como el TNFa, aumenta la relacién angiopoyetina-ll/angiopoyetina-I, y
promueve la inflamacién mediante la activacion de las MAC e induciendo la pérdida de la integridad
de las uniones célula-célula en cooperacion con altos niveles persistentes de VEGF. En la fase final
(C), se compromete la permeabilidad endotelial, y la falta de contactos pericito-célula endotelial
permite la hiperproliferacion y desdiferenciacion funcional del endotelio, lo que resulta en
hemorragias intraplaca y el debilitamiento adicional de la lesién avanzada. Adaptado de Cheng et al.
2013.

Con el tiempo, la placa fibrosa se vuelve delgada y débil debido a la actividad que
llevan a cabo las células inflamatorias, asi como la activacion de las metaloproteasas de
matriz (MMPs), provocando la ruptura o ulceracion en los sitios méas finos (Ruddy et al.
2016). Al mismo tiempo, la inflamacion crénica disminuye la concentracion de elastina y
colageno en el endotelio debido al incremento en la apoptosis de las células del masculo liso
de la intima. Esto reduce la integridad y resistencia de la capa fibrosa que cubre la placa

trombogénica en contacto con la sangre (de Vries et al. 2016).

Las MMPs son un grupo de enzimas proteoliticas secretadas por macrofagos, células
endoteliales y células inflamatorias, capaces de degradar las proteinas que forman la matriz
extracelular, facilitando la migracion celular y la liberacion de factores de crecimiento
embebidos en la matriz extracelular (Camare et al. 2017). Ademas, pueden llevar a cabo la
degradacion del colageno presente en los espacios intercelulares. Tienen un papel relevante
en procesos como la curacién de heridas, la angiogénesis y la metéstasis de células tumorales
(Coronato et al. 2012).

Durante el proceso aterosclerotico, llevan a cabo el debilitamiento de la pared arterial
provocando la ruptura de la lamina elastica interna, induciendo la agregacion plaquetaria y
la trombosis vascular (Nording et al. 2015). En la placa fibrosa, las MMP-2 y MMP-9
degradan proteoglicanos, colageno de tipo 1V, fibronectina, elastina y laminina, destruyendo
asi la matriz de proteinas de la capa y aumentando las probabilidades de ruptura (Ruddy et
al. 2016). Ademas de las MMPs, se ha observado que otras citocinas proinflamatorias, como
el IFNy, producido por las células T, inhibe la sintesis de colageno por las células del musculo
liso en combinacion con otras moléculas inflamatorias como la IL-1B o ¢l TNFa (Rafieian-
Kopaei et al. 2014).
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La lesion vulnerable tiene varias caracteristicas estructurales y funcionales que la
distinguen de la placa estable. Asi, la lesion inestable tiene un core necrético mas grande
(mas del 40% del volumen de la placa) y mayoritariamente acelular, compuesto de cristales
de colesterol, ésteres de colesterol, lipidos oxidados, fibrina, eritrocitos y sus remanentes
(grupo hemo, hierro, hemoglobina) y macrofagos apoptoticos. La capa fibrosa es delgada,
carente de células del musculo liso y colageno, y esta infiltrada por células proinflamatorias.
Ademas, en la lesion inestable se observa un aumento en la neovascularizacion. Estos nuevos
vasos tienen una integridad débil, lo que lleva a la fuga sanguinea y hemorragias recurrentes.
Estas hemorragias proveen eritrocitos al core necrotico, donde se degradan; promoviendo la
inflamacién y el estrés oxidativo. Al mismo tiempo, diversas células inflamatorias se
extravasan de estos nuevos vasos y se infiltran en el tejido adventicio, donde promueven la
inflamacion crénica. En resumen, la desestabilizacion de la placa es un proceso evolutivo
gue comienza en las etapas aterosclerdticas tempranas y cuya progresion se ve influenciada
por muchos factores, incluyendo la neovascularizacion, las hemorragias intraplaca, la
formacion de cristales de colesterol, la inflamacion, el estrés oxidativo y la actividad proteasa
dentro de la placa (Chistiakov et al. 2015).

Diversos eventos de riesgo mortal, como el infarto de miocardio o el accidente
cerebrovascular isquémico, son provocados por una ruptura subita de las placas
ateroscleroticas vulnerables. Distintos factores biomecanicos, hemodinamicos y fisicos
contribuyen a la desestabilizacion de la placa. Asi, la aterotrombosis puede ser causada por
dos tipos de dafio superficial: la ruptura de la placa o la erosion endotelial. Se cree que esta
ruptura es causada por una pérdida de la estabilidad mecanica, a menudo debida a una
reduccion en la resistencia a la traccion de la cubierta de colageno que envuelve la placa. La
erosion endotelial, por otro lado, podria ocurrir tras un dafio al endotelio instigado por una
alteracion metabolica o inmunitaria. Por otra parte, la microcalcificacion dentro de la capa
fibrosa (tipicamente de 10 um de diametro) puede facilitar la ruptura de la placa a través del
aumento local de la tension que conduce al despegamiento (Hansson et al. 2015). Sin
embargo, la ruptura de la placa es frecuentemente subclinica, ya que las células del musculo
liso reparan el dafio y reorganizan el trombo asociado. De hecho, las placas avanzadas
muestran con frecuencia evidencias de multiples rupturas y reparaciones, que finalmente

resultan en un estrechamiento luminal. La reparacion exitosa de la placa requiere que las
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células del musculo liso proliferen y sinteticen matriz extracelular, ambas propiedades
alteradas por la muerte y la senescencia celular. De hecho, el equilibrio de la proliferacion
celular y la migracion frente a la apoptosis y la senescencia celular determina el fenotipo de
las células del masculo liso en la placa aterosclerética. El papel y la regulacion de estos
procesos es crucial tanto para la aterogénesis como para la estabilidad de la placa (Bennett et
al. 2016).

Tras la ruptura, estas placas ricas en lipidos exponen estructuras vasculares o
componentes del core necrético a la circulacion, lo que causa la activacion de la cascada de
coagulacién y, a la vez, el reclutamiento de plaquetas y células inflamatorias circulantes. La
interaccién entre los componentes de la placa expuestos, los receptores de plaquetas y los
factores de coagulacién conduce a la activacion y agregacion plaquetaria y la consecuente
formacion de un trombo superpuesto que, de bloquear el lumen arterial, llevaria al

sufrimiento de sindromes isquémicos agudos (Badimon et al. 2014).

Mientras que tanto la inflamacion innata como la adaptativa han emergido
progresivamente como la fuerza que conduce estos procesos, se sabe mucho menos acerca
del papel de las células polimorfonucleares (PMN), en general, y los neutrofilos, en
particular. Se piensa que las PMN juegan un papel crucial en promover la vulnerabilidad de
la placa a través de la liberacion de diferentes enzimas como las MMPs. De hecho, los niveles
circulantes de PMN y sus productos se han estudiado como posibles marcadores de la
inestabilidad de la placa; asi mismo, se estan explorando distintos farmacos cuya diana

terapéutica seria modular la activacion de las PMN (Carbone et al. 2015).

El proceso completo de la formacion de la placa de ateroma se resume en la Figura
7 (Ross 1999).
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Figura 7. Formacion de la placa de ateroma. Tanto en las arterias como en las valvulas, la placa
de ateroma se forma por debajo del endotelio (1), concretamente en la intima (2). Esta lesion se inicia
con la adhesion de LDL en la intima, causando la activacion de las células endoteliales atrayendo a
las plaguetas y a los monocitos, estos Ultimos migran hacia la intima donde se diferencian a
macrdfagos (A). A medida que va avanzando la lesion, ciertas quimiocinas provocan la migracion de
células de la musculatura lisa vascular, que se desplazaran hacia la superficie de la lesion; mientras,
los macréfagos captan LDLox de la lesion formando las células espumosas. La lesion avanza,
causando la infiltracion de linfocitos T en la intima (B). Finalmente, una vez la placa de ateroma esta
formada, comienza la sintesis de tejido fibroso, como colageno, que estara cubierto por la capa de
células de la musculatura lisa vascular migradas anteriormente. Ademas, algunas células espumosas
ya formadas mueren por apoptosis formando lo que se conoce como core necrético, cristales de
colesterol que causan el endurecimiento de las arterias y véalvulas (C). Por ultimo, las placas fibrosas
inestables del ateroma, producen la ruptura o ulceracién de la placa, y puede conducir rapidamente a
la trombosis. Por lo general, se produce en sitios de adelgazamiento de la cubierta fibrosa que cubre
la lesion avanzada. El debilitamiento de la placa fibrosa se debe a la afluencia y activacion continua
de los macrofagos, que liberan metaloproteasas de matriz (MMPS) y otras enzimas proteoliticas en
estos sitios. Estas enzimas causan la degradacion de la matriz, lo que puede conducir a una hemorragia
del vasa vasorum o del lumen de la arteria y dar como resultado la formacion de trombos y la oclusion
de la misma (D). Imagen modificada de Ross, 1999.
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1.2.3 Las plaguetas en el proceso aterosclerotico

Las plaquetas circulantes son células inflamatorias anucleadas formadas por
subpoblaciones con diferente edad, estado de maduracion y tamafio (Bakogiannis et al.
2017). Estas desempefian diversas funciones en la biologia vascular y la homeostasis, donde
son los mediadores esenciales que desencadenan la cascada de la coagulacion, a través de
tres procesos principales: activacion, adhesion y agregacion (Manne 2017, Periayah et al.
2017). Ademas, presentan un papel importante en la patogénesis de la trombosis (Mancuso
et al. 2017). Sin embargo, en los Gltimos afios han sido reconocidas como centinelas clave y
células efectoras que regulan las respuestas del huésped a muchas sefiales inflamatorias e
infecciosas mas alla de la hemostasia primaria, actuando como mediadores en la inmunidad

y la inflamacion (Lam et al. 2015).

Al mismo tiempo, las plaquetas contribuyen a la iniciacion y propagacion de los
procesos inflamatorios locales y sistémicos. En ocasiones, estos pueden estar regulados y
aumentar las respuestas efectivas del huésped mientras que en otros entornos, la activacion
plaquetaria exagerada, la adhesion, la agregacion y la secrecion pueden contribuir al entorno

sistémico nocivo y a resultados clinicos adversos (Manne 2017).

Cuando se interrumpe la integridad del endotelio vascular, diversos elementos
macromoleculares del subendotelio vascular quedan expuestos y son facilmente accesibles
para las plaquetas (Periayah et al. 2017). Durante el proceso aterogenico, se ha observado
que las plaquetas activadas no solo participan en eventos tromboticos sino que también
juegan un papel esencial en el desarrollo de lesiones aterosclerdticas. Expresan en su
superficie numerosos receptores de membrana que median la activacion plaquetaria, la
adhesion y la agregacion en los sitios de lesion vascular (Papapanagiotou et al. 2016, Manne
2017). Tras su activacion, las plaquetas liberan més de 300 mediadores proinflamatorios
diferentes, que incluyen citocinas quimiotacticas almacenadas en los granulos intracelulares,
para modular la inflamacion (Blanchet et al. 2012, Golebiewska et al. 2015). La mayoria de
éstos se almacenan en granulos a y otros, como la serotonina, se almacenan en granulos
densos (Manne 2017). Entre ellos caben destacar el factor plaquetario-4 (PF-4)/CXCL4,
RANTES/CCLS5, la proteina activadora de neutréfilos-2 (NAP-2)/CXCL7, el factor derivado
de células estromales-la (SDF-10)/CXCL12, GROa (growth-regulated oncogene
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a)/CXCL1, o el péptido activador de neutrofilos epiteliales (ENA)-78/CXCL5 entre otras,

capaces de mediar en la adhesion endotelial de diferentes células, incluidos los monocitos,

los neutrdfilos, y las células progenitoras (Lievens et al. 2011, Bakogiannis et al. 2017).

Todas ellas son cruciales para la respuesta funcional de las plaquetas. La capacidad de las

plaquetas para producir y secretar citocinas, quimiocinas y moléculas relacionadas, bajo el

control de vias intracelulares especificas, esta intimamente relacionada con su papel clave en

la inflamacion. También pueden intervenir en la regeneracion y reparacion de tejidos porque

producen mediadores proangiogénicos (Mancuso et al. 2017); bajo condiciones isquémicas

agudas, las quimiocinas derivadas de plaquetas pueden promover la movilizacién de células

progenitoras derivadas de la médula 6sea y su localizacion a los sitios de lesiéon (Tabla 2)
(Bakogiannis et al. 2017).

Tabla 2. Factores secretados por plaguetas. Adaptado de Bakogiannis et al. 2017.

Familia Factor secretado Célula diana
Mol_epula de P-selectina Leucocitos
adhesion celular
Moduladores Histamina Células endoteliales y leucocitos
Inflamatorios Serotonina Monocitos y macrofagos
PF-4/CXCL4 Neutréfilos, monocitos y macréfagos
NAP-2/CXCL7 Neutrofilos
GROw/CXCLI1 Neutréfilos
o ENA-78/CXCL5 Neutréfilos
Quimiocinas
SDF-1a/CXCL12 Células progenitoras de la médula 6sea
RANTES/CCL5 Monaocitos, eosinofilos, baséfilos, células NK y linfocitos T
MIP-1a/CCL3 Monocitos, eosindfilos, basofilos, células NK y linfocitos T
MCP-3/CCL7 Monocitos, eosindfilos, basofilos, células NK vy linfocitos T
IL-1B e IL-la Monocitos, macréfagos, celulgs T, ce!ulas endoteliales y células del
Citocinas masculo liso
GM-CSF Eosinofilos, neutréfilos y macrofagos
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Por lo tanto, se ha descubierto que las plaquetas estan involucradas en diferentes
patologias con componente inflamatorio como la obesidad, la lesion pulmonar aguda o la
enfermedad arterial coronaria donde interactian tanto con células endoteliales como con

leucocitos, conduciendo a una diversidad de efectos (van Gils et al. 2009).

Asi mismo, las plaquetas contienen y liberan MMPs, asi como inhibidores de
metaloproteasas de matriz (TIMP). Las MMPs/TIMP liberadas por plaquetas, asi como las
MMPs generadas por otras células dentro del sistema cardiovascular, modulan la funcion
plaquetaria en determinadas condiciones fisiopatologicas. En particular, una respuesta
plaquetaria hemostatica normal a la lesion de la pared del vaso puede derivar en la formacion
de un trombo patolégico por la liberacion de plaquetas y/o por la generacién local de algunas
MMPs. Ademas, las plaquetas pueden localizar la produccion de MMPs derivadas de
leucocitos en sitios de dafio vascular, lo que contribuye al desarrollo y complicaciones de la
aterosclerosis y a la formacion de aneurismas arteriales. Todos estos mecanismos estan
emergiendo como factores importantes en el proceso de la aterotrombosis (Figura 8)
(Gresele et al. 2017, Manne 2017).
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Figura 8. Papel de las plaquetas en la aterosclerosis. Las plaquetas activadas se desplazan a lo
largo de la monocapa endotelial a través de GPIba/P-selectina. Posteriormente, las plaguetas se
adhieren al endotelio vascular a través de las integrinas s, liberan compuestos proinflamatorios como
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IL-1B, CD40L, factor plaquetario-4 (PF-4) y RANTES e inducen la expresion de moléculas de
adhesidon en las células endoteliales, que ayudan a reclutar leucocitos circulantes. Estos leucocitos
transmigran y forman células espumosas a través de la absorcion de LDL. En este y en otros
mecanismos, las plaquetas proporcionan la base inflamatoria para la formacién de la placa y la
posterior trombosis tras la rotura de la misma. Adaptado de Manne, 2017.

1.2.4 Factores de riesgo

Numerosos estudios epidemioldgicos han identificado diversos factores de riesgo
como la edad (mayor incidencia a partir de los 40-50 afos), el sexo masculino, la
hipertension, la elevada concentracion de LDL, los triglicéridos, el tabaco, la presencia de
antecedentes familiares, la obesidad, la diabetes mellitus o el haber padecido condiciones de
inflamacion crdnica, como principales factores de riesgo de la aterosclerosis (Wong et al.
2016). Todos estos factores varian en prevalencia y potencia, y se suelen presentar de forma
combinada en pacientes con aterosclerosis severa, lo que demuestra el caracter multifactorial
de la patologia (Nahrendorf et al. 2015, Smabrekke et al. 2016).

1.3 HIPERCOLESTEROLEMIA PRIMARIA

1.3.1 Caracteristicas generales

La hipercolesterolemia primaria (HP) es un trastorno lipidico caracterizado por
elevado niveles plasmaticos de colesterol y LDL. Este trastorno metabolico es heterogéneo
a nivel genético y dentro de él se incluye tanto a la hipercolesterolemia familiar, como la

hipercolesterolemia no familiar poligenica mas frecuente (Langslet et al. 2015).

La hipercolesterolemia familiar es una enfermedad monogénica autosomica
dominante del metabolismo lipoproteico caracterizada por un aumento notorio de LDL en el
torrente sanguineo (Sniderman et al. 2014). Ello provoca la deposicion de placa
aterosclerotica en las arterias y un marcado riesgo de sufrir enfermedades cardiovasculares a
temprana edad como, por ejemplo, aterosclerosis coronaria prematura (Defesche et al. 2017).
El riesgo de enfermedad coronaria prematura se considera un 20% mayor en pacientes con

hipercolesterolemia no tratados que en sujetos control (Sniderman et al. 2014).
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La hipercolesterolemia familiar pertenece al grupo de hipercolesterolemias
autosémicas dominantes (ADH), término reservado a un conjunto de hipercolesterolemias de
origen genetico ocasionadas por mutaciones en los genes que controlan los niveles de LDL
en el torrente sanguineo. Las ADH se clasifican segun el gen que se encuentre mutado (Tabla
3) (Sniderman et al. 2014).

Tabla 3. Tipos de ADH segun la mutacion.

Hipercolesterolemias Gen mutado Prevalenciadela  Nivelesde LDL
autosdmicas dominantes (ADH) enfermedad (mg/dL)
Hipercolesterolemia familiar Receptor de LDL (LDLR) 1:300-1:500 350-550
heterocigota (ADH-1)
Hipercolesterolemia familiar Receptor de LDL (LDLR) 1:1.000.000 650-1.000
homocigota (ADH-1)
Defecto de la apoB-100 Apolipoproteina B 1:500-1:1.000 350-450
familiar (ADH-2) (apoB)-100
Hipercolesterolemia asociada a Proteina convertasa <1:2.500 390-550

mutaciones en PCSK9 (ADH-3) subtisilina/kexina 9 (PCSK9)

La hipercolesterolemia familiar heterocigdtica es debida a la mutacion de uno de los
alelos y tiene una prevalencia de 1:300-1:500; por el contrario, en la homocigética cuya
prevalencia es 1:1.000.000, los dos alelos han sufrido una alteracion, o bien una
heterocigosidad compuesta por dos mutaciones diferentes en el mismo o diferentes genes

candidatos.

La mutacion mas comuan, presente en el 85-90% de los pacientes con
hipercolesterolemia familiar, radica en el gen codificante para el receptor de LDL (LDLR).
Este receptor es una glicoproteina localizada en la superficie de los hepatocitos, responsable
de eliminar las LDL del torrente sanguineo mediante la internalizacion del mismo al
interactuar con la apolipoproteina B (apoB)-100. Una vez internalizado, se produce la
disociacion del complejo LDL-LDLR (Chaudhary et al. 2017). Las mutaciones en el gen
LDLR provocan fallos en los hepatocitos impidiendo eliminar las LDL de manera efectiva
del torrente sanguineo, provocando un incremento en la concentracion de LDL y su vida
media en la sangre. Las mutaciones en el LDLR provocan diferentes defectos que se pueden

clasificar en cinco categorias (Tabla 4) (Pejic 2014, Singh et al. 2015).
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Tabla 4. Principales clases de defectos genéticos del LDLR. Adaptado de Pejic, 2014.

Hipercolesterolemia Familiar — ADH-1

Clase | LDLR no sintetizado

Clase Il Alteracion en el transporte del LDLR a la superficie celular
Clase 11 Alteracion en la union LDL-LDLR

Clase IV Alteracion en la internalizacion del complejo LDL-LDLR

Clase V Alteracién en el reciclado del LDLR

De estas mutaciones, las mas graves son las de clase |, al no sintetizar el LDLR; asi

como las de clase 111, en las que las mutaciones imposibilitan la union del receptor con las
apolipoproteinas B y E (apoB/E) (Angarica et al. 2016). En la Figura 9 se ilustran las
diferentes alteraciones que causan la hipercolesterolemia familiar (Sniderman et al. 2014).
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Figura 9. Alteraciones celulares que median la captacion de LDL y causan hipercolesterolemia
familiar. Descripcion de las cinco clases principales de mutaciones que ocurren en el receptor de
LDL (LDLR) y que causan hipercolesterolemia familiar (o hipercolesterolemia autosémica
dominante [ADH]). En la ADH-1, (clase 1) las mutaciones genéticas evitan la sintesis de LDLR;
(clase I1) esta producida por una alteracion en el transporte de LDLR a la superficie celular debido a
la salida del reticulo endoplasmético de productos codificados genéticamente de manera parcial;
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(clase 111) ocasionada por la unién defectuosa entre la apolipoproteina B (apoB)-100 y el LDLR;
(clase 1V) provocada por fallos en la endocitosis constitutiva del complejo LDL-LDLR; y por ultimo,
las de clase V (no mostrado para mayor claridad), caracterizadas por fallos en el reciclado del LDLR
internalizado. La ADH-2 esta causada por mutaciones en el gen de la APOB-100, impidiendo la unién
de la apoB-100 al LDLR. Por ultimo, la ADH-3 esté causada por mutaciones en el gen PCSK9 con
ganancia de funcion, favoreciendo la eliminacion del LDLR. En rojo, se muestra la mutacion de
pérdida de funcién; en verde, la ganancia de funcion. Adaptado de Sniderman et al. 2014.

La apolipoproteina B-100 defectuosa familiar es un trastorno genético autosémico
dominante del metabolismo de los lipidos asociado con la hiperlipidemia y el riesgo elevado
de aterosclerosis (Andersen et al. 2016). La apoB-100 esta presente en la superficie del LDL
y permite la unidén con su receptor. Las mutaciones en el gen APOB, producidas en el
cromosoma 2p23-24, son menos frecuentes, ocurriendo en el 5-10% de los casos de
hipercolesterolemia (Pejic 2014, Singh et al. 2015), con una prevalencia de 1:1.000 (Ahmad
et al. 2012), y provocan que el LDLR tenga una afinidad reducida por la apoB-100,
aumentando asi la concentracion de LDL en sangre (Pejic 2014).

Por otra parte, la ganancia de funcion del gen de la proteina convertasa
subtisilina/kexina 9 (PCSK?9) es inusual y ocurre en menos de un 5% de los casos de pacientes
con hipercolesterolemia (Pejic 2014). PCSK9 es la enzima responsable de la eliminacion del
LDLR de la superficie del hepatocito; por tanto, un aumento en su expresion promueve la
degradacion del LDLR, conllevando asi a un incremento de los niveles de LDL en sangre
(Chaudhary et al. 2017).

Se ha observado que los pacientes con hipercolesterolemia en condiciones de ayuno
tienen una mayor concentracion de particulas remanentes debido a una lipemia postprandial
alterada; lo que, a su vez, es consecuencia del defecto en el LDLR, que elimina las
lipoproteinas de densidad intermedia o las de muy baja densidad (VLDL) (Pedro et al. 2013).

1.3.2 Inflamacion sistémica en la HP

El estrés oxidativo juega un papel fundamental en el desarrollo de las enfermedades
cardiovasculares como la aterosclerosis en cualquiera de sus etapas, y estd implicado en la
patogénesis de la disfuncion endotelial (Real et al. 2010b). Algunas enzimas clave en este
proceso y expresadas en la vasculatura son la xantina oxidasa (XO), la NADH/NADPH, y la

eNOS, cuya expresion y actividad esta sujeta a una regulacion transcripcional, traduccional
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y post-traduccional, incluyendo su acetilacion, fosforilacion y sumoilacion (Didion 2017).
Un incremento en la actividad de estas enzimas y de las especies reactivas del oxigeno
presentes en las paredes arteriales promueven el exceso de estrés oxidativo; al mismo tiempo,
una reduccién en la biodisponibilidad de NO también agrava el proceso, ya que éste reacciona
con el anion superoxido y lo neutraliza (Real et al. 2010b, Miyazaki et al. 2017). Estos
cambios pueden provocar alteraciones en la estructura y funcionalidad de las células
endoteliales y contribuir al inicio de la progresion de la placa aterosclerotica (Cortes et al.
2014, Rafieian-Kopaei et al. 2014). En diferentes estudios se ha observado que los pacientes
con HP presentan un mayor estrés oxidativo, en especial aquellos que presentan
comorbilidades cardiovasculares, asi como un incremento de la inflamacion sistémica. En
concreto, se ha observado un incremento en la XO, asi como en el factor nuclear (NF)-xB
(Real et al. 2010a, Mollazadeh et al. 2018).

Al mismo tiempo, se han estudiado diversos marcadores inflamatorios en pacientes
con hipercolesterolemia familiar, detectdndose elevados niveles plasmaticos de IL-1, IL-6
(Real et al. 2010a), IL-8, proteina inductora de IFNy-10/CXCL10 y TNFa (Holven et al.
2014, Cortes et al. 2016), asi como de la proteina C reactiva (Gokalp et al. 2009) y de las
LDLox (Real et al. 2010b). Curiosamente, también se ha visto un incremento de la expresion
de RANTES/CCLS5 en células mononucleares de nifios con hipercolesterolemia, pero no de
adultos, donde si se advirtid un aumento en la transcripcion de la proteina inflamatoria de
macrofagos-1a (MIP-1a)/CCL3 (Holven et al. 2006, Cortes et al. 2016).

Una de las citocinas de mayor relevancia en la HP es el TNFa, ya que interviene tanto
en el inicio como en el desarrollo de la lesién aterosclerética, reclutando y activando células
inflamatorias a través de la induccién de la expresion de MAC vy liberacion de quimiocinas
(Tousoulis et al. 2016). Estudios previos han descrito la sobreexpresion del mensajero de dos
receptores de TNFa, TNFR1 y TNFR2, asi como del ligando inductor de apoptosis
relacionado con TNFa, TRAIL o CD40, en los leucocitos mononucleares de pacientes con

hipercolesterolemia (Holven et al. 2014).

1.3.3 Tratamiento actual y perspectivas de futuro

Las guias clinicas actuales para la prevencion de enfermedades cardiovasculares

determinan que el objetivo principal del tratamiento para los pacientes con
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hipercolesterolemia es lograr reducir los niveles de LDL en sangre en mas de un 50%
mediante el uso de estatinas (Piepoli et al. 2018). La monoterapia con estatinas puede llegar
a reducir los niveles de LDL hasta un 60%; sin embargo, estos niveles no son suficientes en
pacientes con hipercolesterolemia acompafiada de comorbilidades como diabetes o
enfermedades cardiovasculares (Sniderman et al. 2014), o pacientes con hipercolesterolemia

familiar homocigota (Liu et al. 2017a).

Para conseguir una mayor disminucion de los niveles de LDL, como alternativa a las
estatinas se pueden emplear la ezetimiba, la niacina, los fibratos o los secuestrantes de acidos
biliares. Una terapia combinada puede lograr hasta un 30% adicional de reduccion. En los
casos en los que la terapia farmacoldgica no funciona, se puede emplear la aféresis de las
lipoproteinas, eliminando de esta manera las lipoproteinas apoB-asociadas del plasma
(Tavori et al. 2013, Sniderman et al. 2014).

En el afio 2013 fue aprobado por la Administracién de Alimentos y Farmacos de
Estados Unidos (Food and Drug Administration; FDA), asi como por la Agencia Europea
del medicamento (EMEA), lomitapida, el medicamento huérfano oral de uso diario para el
tratamiento de la hipercolesterolemia familiar. Este farmaco actGa como inhibidor de la
proteina microsomal de transferencia de triglicéridos, cuya funcion es llevar a cabo la sintesis
de VLDL, y es la proteina clave que permite el ensamblaje de las lipoproteinas que contienen
apoB, asi como su secrecion (Berberich et al. 2017, Liu et al. 2017a). La inhibicion de esta
proteina logra disminuir los niveles de quilomicrones y VLDL y por consiguiente reducir en
hasta un 38% los niveles de LDL en sangre. Sin embargo, la administracion de este farmaco
da lugar al desarrollo de algunos efectos secundarios como complicaciones gastrointestinales
y hepatotoxicidad (Sniderman et al. 2014, Berberich et al. 2017).

Actualmente, se han comenzado a usar como terapias alternativas los inhibidores de
la enzima PCSK9 (Horton et al. 2009). Para inhibir esta enzima en el contexto de la
hipercolesterolemia familiar, hoy en dia se emplean anticuerpos monoclonales. De hecho, se
han observado unas reducciones drasticas de los niveles de LDL en sangre, llegando a ser de
hasta un 75%, siendo similar estos niveles en la apoB (Sniderman et al. 2014, Baum et al.

2018). Igualmente, se han empleado vias alternativas para bloquear la expresion de la PCSK9
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mediante el uso de ARN de interferencia, logrando reducir los niveles en sangre de PCSK9
y de LDL en hasta un 70% y un 50% respectivamente (Fitzgerald et al. 2014).

1.3.4 Receptor de guimiocinas CC de tipo 3 (CCR3)

El receptor de quimiocinas CC de tipo 3 (CCR3) 0 CD193 es un receptor acoplado a
proteinas G que pertenece a la subfamilia de clase A de receptores semejantes a rodopsina.
Est4 formado por 350 aminodcidos y contiene un motivo de siete regiones hidrofdbicas
(Willems et al. 2010).

1.3.4.1 Expresion de CCR3

El receptor CCR3 se expresa en la superficie celular de los eosinofilos (Daugherty et
al. 1996, Ponath et al. 1996), mastocitos (de Paulis et al. 2001), basofilos (Uguccioni et al.
1997), linfocitos Th2 (Miyagaki et al. 2010), y de las células de musculo liso de las vias
respiratorias (Saunders et al. 2009). Su expresién puede ser constitutiva o inducida
temporalmente por citocinas especificas como IL-4 (Turner et al. 2018). La expresion de
CCR3 en mastocitos es intracelular y éste se almacena en granulos, transportados a la
superficie celular mediante la implicacion del receptor de IgE de alta afinidad (FceRIa) tras
la sefializacién por otros receptores; en los eosindfilos y en los linfocitos Th2, la localizacion
de CCR3 siempre es la superficie celular (Forsythe et al. 2003, Willems et al. 2010). De
todos los tipos celulares donde se expresa el receptor CCR3, el mayor nivel de expresion se
encuentra en los eosindfilos, donde se pueden llegar a acumular hasta 5*10* receptores por
célula (Elsner et al. 2004).

1.3.4.2 Funciones de CCR3

El receptor CCR3 esta implicado en enfermedades alérgicas y se cree que desempefia

un papel fundamental en todo el proceso alérgico.

Este receptor es promiscuo y puede ser activado por diferentes quimiocinas, aunque
su potencia y eficacia puede variar entre los distintos ligandos. Actualmente se conocen los
siguientes agonistas naturales: RANTES/CCL5, eotaxina-1/CCL11, eotaxina-2/CCL24,
eotaxina-3/CCL26, MCP-3/CCL7, MCP-2/CCL8, MCP-4/CCL13, CCL14, MIP-16/CCL15

y MEC/CCL28 (quimiocina epitelial asociada a la mucosa). Estos ligandos, ademas de llevar
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a cabo la quimiotaxis de células CCR3", inducen en los eosinéfilos la polimerizacion de
actina, el flujo intracelular de calcio y su degranulacion en el foco inflamatorio, liberando
radicales libres y moléculas citotoxicas, y promoviendo de esta manera la inflamacion.
Asimismo, en los basofilos promueven la liberacién de mediadores inflamatorios como
histamina y leucotrienos (Forsythe et al. 2003, Willems et al. 2010). De todas ellas, las
guimiocinas con mayor capacidad quimiotactica de eosinéfilos son las eotaxinas-1, 2 y 3
(CCL11, CCL24 y CCL26, respectivamente), las cuales son ligandos exclusivos del receptor
CCR3 (Ahmadi et al. 2016).

1.3.4.3 Familia de las eotaxinas

Hasta la fecha, se han definido tres miembros en la familia de las eotaxinas, como se
ha comentado anteriormente: eotaxina-1/CCL11, eotaxina-2/CCL24 y eotaxina-3/CCL26.
Todas ellas se unen y activan CCR3 pero tienen un bajo nivel de homologia y parecen exhibir

diferentes funcionalidades fisioldgicas (Ahmadi et al. 2016).

La quimiocina CCL11 o eotaxina-1 es una molécula de tipo C-C que, en su estructura,
posee dos residuos de cisteina adyacentes en su posicion N-terminal (Willems et al. 2010).
Se trata de una proteina quimiotactica de eosinofilos (Rankin et al. 2000, Blanchet et al.
2012), basofilos (Yamada et al. 1997) y linfocitos Th2 (Sallusto et al. 1997). Ademas, se ha
detectado su presencia en lesiones ateroscleréticas (Blanchet et al. 2012). Es liberada por
varios tipos celulares como eosindfilos, linfocitos, macréfagos, condrocitos, fibroblastos,

células de musculo liso, células endoteliales y epiteliales (Ahmadi et al. 2016).

El gen de la eotaxina-1 esta bien conservado entre diferentes especies y se expresa de
manera constitutiva en distintos tejidos como son el intestino, el nddulo linfatico, el timo, la

piel, el corazdn, el rifidn y la glandula mamaria (Luster et al. 1997, Salcedo et al. 2001).

En enfermedades inflamatorias caracterizadas por una elevada infiltracion de
eosinofilos como el asma, la poliposis nasal, la sinusitis, la rinitis, la colitis ulcerosa o la
enfermedad de Crohn, la quimiocina CCL11 juega un papel biolégico importante; ademas,
participa en el remodelado vascular (Salcedo et al. 2001).

La eotaxina-2 o CCL24 fue clonada y descrita por primera vez en el afio 1997. Pese

a su baja homologia con CCL11, presenta efectos sorprendentemente similares a los de
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eotaxina-1 en eosindfilos humanos y basofilos. Es producida principalmente por fibroblastos,
células epiteliales y macrdfagos, y sus principales células dianas son eosindfilos, linfocitos
T y basofilos (Ahmadi et al. 2016).

La eotaxina-3, CCL26, se expresa en el corazén humano, el tejido ovarico y, mas
concretamente, en los fibroblastos dérmicos y las células endoteliales. Esta quimiocina ejerce
su funcién quimiotactica sobre eosindfilos y basofilos, y su produccion esta mediada por IL-
4 e 1L-13, mediadores de la respuesta de linfocitos Th2. Hasta la fecha, se sabe poco sobre la
funcién y relevancia biolégica de CCL26 en comparacion con los otros dos miembros de la
familia (Ahmadi et al. 2016).

1.3.4.4 CCR3y enfermedades cardiovasculares

En estudios previos, se ha observado que existe una sobreexpresion de eotaxina-1y
de su receptor CCR3 en la lesion aterosclerotica, tanto de pacientes como en modelos
animales. La eotaxina-1 se localiza predominantemente en células del masculo liso, mientras
que su receptor CCR3 se presenta principalmente en regiones ricas en macrofagos y también
una minoria de mastocitos ha demostrado inmunopositividad para el receptor CCR3 (Haley
et al. 2000). Sin embargo, el papel del eje CCL11/CCR3 en el desarrollo de la aterosclerosis
aun no se conoce con exactitud (Haley et al. 2000, Kraaijeveld et al. 2007, Blanchet et al.
2012).

1.4 ANGIOTENSINA-II

1.4.1 Consideraciones generales

La angiotensina-1l (Ang-11) es una hormona octopeptidica y el principal péptido
efector del sistema renina-angiotensina (SRA), que juega un papel fundamental en la
homeostasis vascular y renal (Zhang et al. 2017, Eguchi et al. 2018). EI SRA es un sistema
complejo compuesto de una cascada de enzimas, péptidos y receptores, que regula el
volumen de sangre y la resistencia vascular sistémica. Tiene tres componentes principales:
la renina, la Ang-11y la aldosterona, que actuan para elevar la presion arterial de una manera

mas prolongada en respuesta a distintas situaciones, como una disminucion en la presion
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renal o una reduccion en la presencia de sal en el tabulo distal (Fountain et al. 2018). Asi
mismo, el SRA es conocido por estar involucrado en la patogénesis de la hipertension y la

aterosclerosis (Nehme et al. 2017).

La Ang-Il se obtiene a partir de la conversion de la Ang-1, que no posee actividad
propia, por la enzima conversora de angiotensina (ECA). A su vez, Ang-l proviene de la
protedlisis del angiotensindgeno, una globulina ax circulante de origen hepatico, por medio
de la actividad de la renina (Figura 10) (Sata et al. 2010, Balakumar et al. 2014). La ECA
es una enzima de membrana de tipo 1 localizada no solo en la superficie de células
endoteliales, sino también en otros tejidos como el corazén, el mdsculo estriado, los
pulmones y el rifion (Zhang et al. 2017, Zhao et al. 2017). De esta manera, la Ang-11 puede
producirse en diferentes lechos, como por ejemplo el rifion, el corazén y el pulmon, donde
ejerce un control local independiente de la Ang-1l transportada por el torrente sanguineo
(Zhang et al. 2017). No obstante, el endotelio vascular es el mayor productor de Ang-11; en
los vasos sanguineos se han encontrado todos los componentes del SRA salvo la propia
renina, lo que parece indicar que la produccion local de la Ang-I1 en el intersticio vascular

depende de los niveles de renina circulante (Sahay et al. 2012).

Alternativamente, la Ang-l se puede transformar en Ang-1l por rutas enzimaticas
diferentes que no requieren la ECA a nivel de tejidos. Por un lado, a partir de
angiotensinogeno, gracias a la accion del factor activador tisular del plasminogeno y la tonina
(de la Serna 2014). Por otro lado, también se puede producir a partir de la Ang-1, gracias a la
accion de la quimasa y la catepsina G. Estas rutas alternativas representan un 40% del total
de produccion de la Ang-1l humana (Daniels 2014, Bertoncello et al. 2015).
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Figura 10. Esquema de la sintesis de angiotensina-11 (Ang-11) y el sistema renina-angiotensina.

1.4.2 Funciones de la Ang-ll

La Ang-11 lleva a cabo diversas funciones fisiologicas que permiten regular la presion
sanguinea y la homeostasis a traves de diversos efectos que alteran la funcién de 6rganos
como el corazon, el rifion, la glandula adrenal, la vasculatura y el sistema nervioso central.
La estimulacion crdnica o sobreestimulacion con la Ang-Il provoca dafios en las funciones
renales y en el sistema cardiovascular (Balakumar et al. 2014). Asimismo, otras de las
funciones que desempefia son la modulacion de algunas respuestas inmunitarias e
inflamatorias como la quimiotaxis, la proliferacion y diferenciacion de los monocitos en
macro6fagos, asi como la induccion del crecimiento, la migracion y la mitosis de las células
del musculo liso mediante el aumento de la sintesis de colageno tipo I en fibroblastos,

produciendo una disminucién del grosor de la pared vascular (Cuevas et al. 2015).

La presencia de la Ang-Il en la respuesta inflamatoria de la pared arterial se ha
descrito en enfermedades cardiovasculares como la aterosclerosis o la hipertension, donde

tiene un papel importante en el fallo y el remodelado cardiaco, la diabetes y en respuestas
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inflamatorias (Ferrario et al. 2017). Concretamente, en el proceso aterosclerotico, la Ang-I1
estimula la disfuncién endotelial, la expresion de MMPs, asi como la estimulacién del
inhibidor del activador del plasmindgeno-1 y la regulacion de la expresion de VEGF, que
promueve la angiogenesis adventicia. Todo ello provoca la desestabilizacion de la placa

aterosclerdtica y una alteracion en el balance fibrinolitico (Sata et al. 2010).

En concreto, se ha demostrado que la Ang-l1l promueve importantes alteraciones
estructurales y funcionales mediante la activacion de distintos procesos celulares,
especialmente en las células de la musculatura lisa vascular y las células endoteliales
(Piqueras et al. 2000, Alvarez et al. 2001, Brasier et al. 2002, Volpe et al. 2002, Alcazar et
al. 2003, Alvarez et al. 2004, Watanabe et al. 2005, Mateo et al. 2006, Abu Nabah et al.
2007, Mateo et al. 2007). De este modo, la Ang-11 es un potente modulador del proceso
aterogénico, induciendo la produccion de quimiocinas, citocinas inflamatorias y especies
reactivas del oxigeno, asi como un aumento en la expresién de distintas MAC (Piqueras et
al. 2000, Alvarez et al. 2001, Brasier et al. 2002, Alvarez et al. 2004, Mateo et al. 2006,
Mateo et al. 2007, Rius et al. 2013b).

Durante muchos afios, se han empleado los moduladores del SRA esencialmente para
controlar la hipertension en un contexto clinico. No obstante, se ha demostrado recientemente
que estos moduladores tienen otras propiedades pleiotropicas independientes de sus efectos

antihipertensivos, por ejemplo como potenciadores de la cognicion (Jackson et al. 2018).

1.4.3 Caracterizacion de los receptores de la Ang-11

Las acciones desempefiadas por la Ang-1l son mediadas principalmente por los
receptores de angiotensina de tipo 1 (ATy) y de tipo 2 (AT>), los cuales pertenecen a la familia
de receptores acoplados a proteinas G (de Kloet 2017). Los receptores AT estan distribuidos
en numerosos tejidos adultos como el sistema cardiovascular, los rifiones, las glandulas
suprarrenales, el higado, el cerebro y los pulmones (Ellis et al. 2012, Jackson et al. 2018).
Dentro del sistema cardiovascular, en los vasos sanguineos, los receptores AT1 se encuentran
principalmente en las células de la musculatura lisa vascular, en las células endoteliales y en
la adventicia (Nehme et al. 2017). También se expresan en los leucocitos circulantes,

principalmente en monocitos y polimorfonucleares (Rasini et al. 2006). Por su parte, los
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receptores AT> se expresan durante la vida fetal y en determinadas zonas del cerebro y del
rifion en el adulto (Sumners et al. 2015, de Kloet 2017).

1.4.3.1 Efectos mediados por los receptores ATy AT>

El receptor AT: promueve diversas vias de sefializacion intracelular que resultan en
una vasoconstriccion generalizada, especialmente pronunciada en las arteriolas eferentes de
los glomérulos renales, disfuncion endotelial, un aumento de la liberacion de noradrenalina,
potenciando los efectos simpaticos; la estimulacion de la reabsorcién tubular proximal de
Na*, la secrecion de aldosterona en la corteza suprarrenal y el crecimiento celular en el
corazén y las arterias (Kawai et al. 2017, Eguchi et al. 2018). La Ang-II, a través de la
estimulacion del receptor AT, media multiples funciones cardiovasculares, metabodlicas y de
comportamiento, incluida la respuesta a distintos factores de estrés. Ademas, a través de la
interaccion con su receptor ATy, induce la adhesion al endotelio de monocitos y neutrofilos
mediante el aumento de la expresion de E-selectina, P-selectina, ICAM-1, y VCAM-1 en
células endoteliales (Grafe et al., 1997, Piqueras 2000, Alvarez 2004). Posteriormente se
detectd que también era capaz de inducir la sintesis y generacion de quimiocinas tanto
solubles como asociadas a membrana capaces de intervenir en el reclutamiento leucocitario
(Mateo 2006, Naim Abu Nabah 2004, Naim Abu Nabah 2007, Rius eta al 2013b). En estudios
posteriores, se constatd que en las arterias, la expresion de TNFa era necesaria para promover
la adhesidn selectiva de células mononucleares inducida por Ang-11 (Mateo et al. 2007, Rius
et al. 2013b). Profundizando en las principales rutas de sefializacion que conducen a la
adhesion de leucocitos mononucleares inducida por esta hormona peptidica, se describio que
el aumento vascular de los niveles de especies reactivas del oxigeno a través de Nox5
provocaba la activacion de RhoA vy diversas rutas de sefializacion redox-sensibles (Alvarez
& Sanz 2001, Rius et al 2013b, Escudero et al 2015). De hecho, la activacion de RhoA regula
la de miembros de la familia de las MAPK, tales como la p38-MAPK y ERK1/2 siendo capaz
la primera de modular la transcripcidn de varios genes a través de la transactivacion del factor
NF-kB (Rius et al 2010, Rius et al. 2013b, Escudero et al 2015).

Los efectos cardiovasculares de los receptores AT, son opuestos en cierta medida a
los de los receptores AT:. El receptor AT esta sobreexpresado en lesiones ateroscleroticas,

proporcionando una proteccion enddgena a procesos inflamatorios, oxidativos y apoptéticos.
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Los efectos beneficiosos mediados por el receptor AT, pueden potenciarse ain mas mediante
la intervencion farmacoldgica empleando alguno de sus agonistas selectivos, recientemente
desarrollados (Kaschina et al. 2017). Ademas, se ha descrito la existencia de receptores
diferentes a los anteriores, como ATs, AT4 y otros, que no han sido completamente
caracterizados; algunos de ellos son especificos para los metabolitos activos de la Ang-11
(Singh et al. 2016).

Actualmente, en terapéutica, se emplean farmacos que impiden la sintesis de la Ang-
Il mediante la inhibicién de la ECA (Ouwerkerk et al. 2017); asi como el uso de antagonistas
especificos del receptor ATy, como el losartan (Sellers et al. 2018), o los inhibidores de renina
como el aliskiren (Pantzaris et al. 2017).

1.4.4 Aneurisma adrtico abdominal

El aneurisma adrtico abdominal (AAA) es la forma mas comun de aneurisma en la
aorta (Davis et al. 2015a). Es una enfermedad degenerativa vascular caracterizada por una
progresiva dilatacion localizada en el tramo abdominal, concretamente en la region
infrarrenal, de mas del 50% de su tamafio original, de las tres capas de la pared del vaso
(intima, media y adventicia) y su posterior rotura (Davis et al. 2015a). Es dificil estimar la
incidencia anual pero, en diversos estudios realizados en paises occidentales, se ha concluido
que la incidencia media de nuevos casos de AAA es de 7,5 por cada 1.000 personas al afio
(Reite et al. 2015).

Aunque algunos trabajos indican que la incidencia del AAA esta disminuyendo
(Anjum et al. 2012), actualmente sigue siendo una importante causa de muerte,
especialmente en varones mayores de 50 afios donde la prevalencia llega al 5%,
aumentandose hasta el 10% cuando se superan los 65 afios de edad (Rouchaud et al. 2016).
Esta prevalencia aumenta de forma paralela al incremento de la esperanza de vida y la
disminucion de la mortalidad por enfermedades cardiovasculares (Riambau et al. 2007).
Ademas de la edad y el sexo masculino, algunos de los factores de riesgo asociados a esta
patologia son las hipertension arterial, la hipercolesterolemia, la presencia de enfermedades
cardiovasculares como aterosclerosis, la existencia de antecedentes familiares donde se

hayan producido fallecimientos o intervenciones por AAA Yy, especialmente, el tabaquismo
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(Michel et al. 2011, Davis et al. 2015b). El tabaco y la hipertension ademas, pueden aumentar

el riesgo de ruptura (Howard et al. 2015).

El AAA puede ser detectado mediante técnicas de imagen no invasivas (Ruff et al.
2016); sin embargo, la falta de conocimientos sobre los mecanismos bioguimicos y celulares
responsables de la iniciacion, propagacion y ruptura del AAA han hecho que, actualmente,
no haya un tratamiento farmacol6gico que permita prevenir el progreso de la enfermedad; al
ser asintomatica, los diagnoésticos en estadios tempranos se ven dificultados (Soto et al.
2017). La ecografia abdominal es la técnica de eleccion para la deteccion del AAA debido a
su alta sensibilidad y especificidad, asi como a su seguridad y coste relativamente bajo. La
intervencion clinica de la misma esta limitada a la reparacion quirurgica, que conlleva un
riesgo significativo de mortalidad y morbilidad, y no esta indicada en pacientes con un AAA

pequefio o asintomatico (Davis et al. 2015b).

La mayoria de los AAA son asintomaticos y se detectan como hallazgos incidentales
en la ecografia, la tomografia computarizada abdominal o la resonancia magnética realizada
para otros fines. También puede presentarse con dolor abdominal o complicaciones como
trombosis, embolizacion y ruptura. Muchos de los AAA asintomaticos se descubren como

una masa abdominal pulséatil en el examen fisico de rutina (Reis et al. 2017).

Por otro lado, el riesgo de rotura del AAA es la principal causa de muerte, y se asocia
con una mortalidad global de entre el 80-90%; sin embargo, si logra detectarse a tiempo, ésta
se reduce hasta el 2-6% tras la cirugia reparadora (Davis et al. 2015b, Howard et al. 2015).
La mortalidad se ve aumentada de manera exponencial con el tamafio del AAA (Vijaynagar
et al. 2013).

En los ultimos afios, se ha comprobado que la angiogénesis asociada al AAA, asi
como la expresion de quimiocinas proangiogénicas y metaloproteasas, estan asociadas con
un mayor riesgo de rotura y complicaciones del mismo (Sano et al. 2014, Escudero et al.
2015b, Martorell et al. 2016). Son caracteristicas patoldgicas del AAA la inflamacion crénica
vascular de la pared aodrtica, la degradacion progresiva de la matriz extracelular y el
incremento de la neovascularizacion (Figura 11) (Davis et al. 2015b, Hu et al. 2017). Hoy

en dia se sabe que los procesos inflamatorios contribuyen decisivamente a la degradacion de
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la matriz extracelular que deriva, a través del remodelado expansivo y el agrandamiento
compensatorio, en el AAA (Libby et al. 2015).
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Figura 11. Esquema resumen de la patogenia del AAA. Se han identificado varios procesos
bioldgicos y factores de riesgo que contribuyen a la patogénesis de AAA. Adaptado de Hu et al. 2017.

1.4.4.1 AAAYy el sistema renina-angiotensina

Como se ha comentado anteriormente, la Ang-I1 es el principal péptido efector del
SRA. Esta via es importante en diferentes patologias cardiacas y se ha visto involucrada en
la angiogeénesis y el crecimiento vascular patoldgico (Willis et al. 2011). De hecho, un
desajuste en este sistema ha sido asociado con la patogénesis del AAA (Malekzadeh et al.
2013).

Por otra parte, el SRA juega un papel importante en el inicio y la progresion de las
enfermedades cardiovasculares y renales (Kaschina et al. 2017). Asi, muchas enfermedades

cardiovasculares presentan una hiperactivacion del SRA, un mecanismo fisiopatoldgico
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importante que ha sido propuesto como diana terapéutica. De este modo, la estimulacion
excesiva de los receptores AT produce crecimiento celular, estrés oxidativo e inflamacion
vascular, lo que puede conducir a una rigidez arterial y a acelerar el envejecimiento vascular.
Al mismo tiempo, durante las Gltimas decadas se ha descrito el eje vasoprotector del SRA, a
cuyos componentes se les han atribuido propiedades antioxidantes y anti-inflamatorias,
promotoras de la vasodilatacion y la concentracién de sodio en la orina (natriuresis) y
reductoras de la deposicion de colageno, atenuando de este modo la rigidez arterial y
mejorando la funcion del endotelio. Actualmente, estos efectos se han adscrito a la accion
del péptido Ang (1-7) generado por la enzima ECA-2 y su interaccion con el receptor Mas,
ya que pueden contrarrestar los efectos nocivos del eje Ang-11/AT1. Una funcidn importante
que desemperia la ECA-2 es metabolizar Ang-1 y la Ang-11 para dar lugar a la formacion del
péptido Ang (1-7), disminuyendo de esta manera los niveles de Ang-11, tanto a nivel tisular

como en sangre (Neves et al. 2018).

1.4.4.2 Angiogénesis

La angiogénesis es el proceso de formacion de nuevos vasos sanguineos a partir de la
vasculatura ya existente. Este proceso es imprescindible en situaciones fisiologicas como el
desarrollo embrionario, la reparacion tisular y la curacion de heridas. Los capilares son
esenciales para el intercambio de nutrientes y metabolitos en los distintos tejidos, y por tanto,
cambios en la actividad metabolica, producen cambios en la angiogénesis (Adair et al. 2010,
Zhao et al. 2015).

El estudio sistematico de la angiogénesis se establecid a principios de la década de
1970, cuando Folkman establecio la hipdtesis de que el crecimiento de los tumores era
dependiente de este proceso (Folkman 1971). Igualmente, la angiogénesis tiene importancia
en el contexto de las enfermedades cardiovasculares (Huang et al. 2014) y, en especial, en el
desarrollo del AAA (Sano et al. 2014, Futami et al. 2015), en el cual se ha observado un
aumento de determinadas citocinas proangiogénicas y una mayor neovascularizacion en la
zona de ruptura (Escudero et al. 2015b, Martorell et al. 2016).

La inflamacion y el ambiente de hipoxia son estimulos potenciales en el desarrollo de
la angiogénesis. Se produce un influjo de macréfagos, la liberacion de MMPs y la

consiguiente migracion de células endoteliales (Adair et al. 2010) y, por tanto, contribuye al
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proceso de degradacion de la pared del AAA (Futami et al. 2015). En el contexto de
proliferacion celular, los estimulos angiogénicos son factores de crecimiento y citocinas,
especialmente VEGF, TGF-a y B, las angiopoyetinas, ¢l factor de crecimiento epidermal y el
factor de crecimiento de fibroblastos. Ademas de estos factores, las quimiocinas
angiogénicas juegan un papel fundamental en el proceso (Yoo et al. 2013, Martorell et al.
2016).

Los acontecimientos que ocurren durante la angiogénesis se detallan en la Figura 12
(Yoo et al. 2013).

Vaso sanguineo

Angiogénesis

Figura 12. Etapas que intervienen en el proceso de angiogénesis. El proceso comienza con la
unién de factores proangiogénicos como VEGF vy el factor de crecimiento de fibroblastos al endotelio
vascular activado (1). A continuacion, comienza la degradacion local de la matriz extracelular del
vaso por la accién de las MMPs (2), favoreciendo la proliferacién y migracion en la direccion del
estimulo de las células endoteliales del vaso (3). Posteriormente se produce la formacion, elongacién
y reestructuracion del nuevo vaso sanguineo por la accion de las integrinas (4). Finalmente, se
produce la estabilizacion del vaso disponiéndose la matriz en torno a los nuevos capilares (5).
Adaptado de Yoo et al. 2013.

91



1.4.4.2.1 Quimiocinas implicadas en el control de la angiogénesis

Los miembros de la subfamilia C-X-C de quimiocinas tienen un papel importante
tanto en la angiogénesis fisioldgica como en la patoldgica, incluyendo la inflamacion cronica
(Mehrad et al. 2007). La familia C-X-C se caracteriza por su capacidad de comportarse de
manera dispar en la regulacion de la angiogénesis. El extremo N-terminal de la mayoria de
estas quimiocinas contiene el denominado motivo ELR, con tres residuos caracteristicos de
aminoacidos: glutamina, leucina y arginina. Las quimiocinas que contienen este motivo son
potentes promotores de la angiogenesis (Santoni et al. 2014). Dentro de esta familia cabe
destacar los receptores CXCR1, cuyos unicos ligandos son IL-8/CXCL8 y CXCL6; y
CXCR2, el receptor més angiogénico, al cual se unen el resto de quimiocinas que expresan
el motivo ELR (Mehrad et al. 2007). Por contra, miembros de la subfamilia C-X-C que son
inducibles por IFNy y sin motivo ELR, suelen ser inhibidores de la angiogénesis (Santoni et
al. 2014).

Ademas de la familia C-X-C, también es relevante la subfamilia C-C en este contexto,
donde destacan fundamentalmente las quimiocinas RANTES/CCL5 y MCP-1/CCL2, que
han sido implicadas en la angiogénesis. Se sabe que promueven indirectamente este proceso
reclutando primero macréfagos al sitio de la inflamacion o lesién, donde luego liberan
citocinas proinflamatorias y factores de crecimiento que conducen a la formacion de

neovasos (Ridiandries et al. 2016).

1.4.4.2.1.1 CXCL16

La quimiocina CXCL16 es una glicoproteina transmembrana de pequefio tamafio (30
kDa) que pertenece a la familia C-X-C de las quimiocinas. Estd constituida por 254
aminoéacidos y estructuralmente esta formada por cuatro dominios: un dominio quimiocina
C-X-C, un dominio brazo tipo mucina, un dominio transmembrana y un dominio
citoplasmatico formado por una cola corta citoplasmatica que contiene una tirosina

potencialmente fosforilable (Figura 13) (Ludwig et al. 2007, lzquierdo et al. 2014).
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Figura 13. Representacion esquematica de la estructura de la quimiocina CXCL16. La
quimiocina CXCL16 es una molécula transmembrana que presenta varios dominios. Adaptado de
Izquierdo et al. 2014.

La quimiocina CXCL16 interactua con el receptor CXCR6, también conocido como
Bonzo, STRL33 6 TYMSTR (Matloubian et al. 2000, Wilbanks et al. 2002). La fractalquina
(CX3CL1) y CXCL16 son las unicas quimiocinas con un comportamiento dual, ya que se
expresan tanto unidas a la membrana celular como en forma soluble y comportandose como
moléculas quimioatrayentes de diferentes poblaciones leucocitarias tras una ruptura
proteolitica, por medio de la accion de dos proteasas con dominio metaloproteasa y
desintegrina (ADAM), denominadas ADAM10 y ADAM17, también conocida como TACE
(enzima convertidora de TNFa) (Ludwig et al. 2005, Schulte et al. 2007). Dichas proteasas
estdn implicadas en numerosos procesos de ruptura proteolitica o shedding, y son las
encargadas de llevar a cabo la accion enzimatica que permite la conversion de la molécula
transmembrana en un mediador soluble (Ludwig et al. 2005). ADAM10 es la encargada de
Ilevar a cabo la escision de CXCL16 de manera tanto constitutiva como inducible (Abel et
al. 2004, Gough et al. 2004, Hundhausen et al. 2007), mientras que ADAM17 unicamente lo

hace de manera inducida (Ludwig et al. 2005).
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1.4.4.2.1.1.1 Expresién de CXCL16

La quimiocina CXCL16 se expresa tanto en el endotelio como en la musculatura lisa
vascular, asi como en los macrofagos, los linfocitos T y B, las células dendriticas y las
plaquetas (Ludwig et al. 2007, Borst et al. 2012, 1zquierdo et al. 2014, Marques et al. 2017).
Ademas, su expresion es inducida por diversas citocinas proinflamatorias como TNFa e IFNy

(Wente et al. 2008, Marques et al. 2017).

1.4.4.2.1.1.2 Funciones de CXCL16

Las funciones de CXCL16 son diversas, tanto mas en cuanto a su naturaleza dual. La
forma soluble de CXCL16 actia como factor quimiotactico e induce la quimiotaxis de
linfocitos T activados, como linfocitos CD4", Th1l y un subconjunto de linfocitos T CD8*
(Tcl) al area de infeccidn, asi como células plasmaticas de la médula 6sea por medio de la
interaccion con su receptor CXCR6 (Abel et al. 2004, Wuttge et al. 2004). Al mismo tiempo,
promueve la proliferacion de células vasculares (Lehrke et al. 2007), esta implicada en la
regulacién de la angiogénesis (Wente et al. 2008, Isozaki et al. 2013, Yu et al. 2016), asi
como la transcripcion de diferentes genes proinflamatorios (Chandrasekar et al. 2004, Zhuge
et al. 2005).

Por el contrario, cuando CXCL16 se encuentra unida a membrana actia como MAC
atrayendo al endotelio leucocitos que expresan el receptor CXCR6, fundamentalmente
linfocitos T, linfocitos NKT y monocitos (Abel et al. 2004, Shimaoka et al. 2004, Lehrke et
al. 2007, Hofnagel et al. 2011). Ademas, puede actuar como receptor scavenger o “basurero”
permitiendo la internalizacion de fosfatidilserina, bacterias y LDLox, facilitando con ello la
formacion de células espumosas durante el proceso ateroscleroético (Figura 14) (Wuttge et
al. 2004, Lehrke et al. 2007, lzquierdo et al. 2014).
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Figura 14. Representacion esquematica de las funciones desempefiadas por la quimiocina
CXCL16. Cuando la quimiocina CXCL16 se encuentra unida a membrana, actlla como receptor
“basurero” o scavenger para permitir la captacion de fosfatidilserina asi como de LDLox (1). La
escisién enzimatica es debida a la actividad de las proteasas con dominio metaloproteasa y
desintegrina, ADAM10 y ADAM17; cerca de la membrana celular se produce la liberacion del
ectodominio compuesto por el tallo tipo mucina y el dominio quimiocina (2). La secretasa y rompe

el dominio C-terminal, liberando asi la parte soluble de CXCL16, actuando como quimioatrayente de
células CXCR6" (3). Adaptado de lzquierdo et al. 2014.
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1.4.4.2.1.1.3 CXCL16 en las enfermedades cardiovasculares

La quimiocina CXCL16 es capaz de atraer y promover la adhesion firme de linfocitos
y monocitos al endotelio vascular, por lo que se considera que desempefia un papel

fundamental en la inflamacion vascular (Wuttge et al. 2004).

Por otro lado, se ha observado que algunos polimorfismos en el gen codificante de
CXCL16 estan asociados con la severidad de la enfermedad de las arterias coronarias (Lehrke
et al. 2007). Ademas, estudios en pacientes han demostrados niveles séricos elevados de esta
quimiocina en enfermedades cardiovasculares como las patologias arteriales cronicas y los
sindromes coronarios agudos. Por ello, es considerada como un buen marcador de

enfermedad inflamatoria y aterosclerosis (Izquierdo et al. 2014).

Sin embargo, existe cierta controversia acerca de su papel en el desarrollo de la
aterosclerosis. En ratones deficientes en CXCL16 y LDLR, se ha observado una aceleracion
del proceso aterosclerotico, debido a la pérdida de funcién de la quimiocina CXCL16 como
receptor basurero (Aslanian et al. 2006). Por el contrario, se ha detectado esta quimiocina en
lesiones ateroscleréticas humanas tras endarterectomia y en ratones apoE '~ sometidos a una
dieta hipercolesterolémica (Ludwig et al. 2007). Tambiéen, se ha demostrado la expresion de
CXCL16 en plaquetas y la modulacion de las mismas bajo ciertos estimulos, incluyendo su
activacion y su adhesion a otros tipos celulares a través de la activacion de su receptor
CXCRG6 (Seizer et al. 2011, Borst et al. 2012). Igualmente, se ha podido comprobar que
CXCL16 participa en el proceso aterosclerotico mediante la regulacion de la respuesta
inflamatoria, el metabolismo lipidico y la aceleracion de la vulnerabilidad de la placa (Xing
et al. 2018).

En conjunto, estas evidencias sugieren un papel relevante de la quimiocina CXCL16

en la inflamacidn vascular y, particularmente, en diversos procesos ateroscleréticos.
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2. OBJECTIVES






1. One of the earliest stages of atherogenesis is endothelial dysfunction, a
proinflammatory and pro-thrombotic phenotype of the endothelium that leads to platelet
activation and the adhesion and subsequent migration of leukocytes to the subendothelial
space (Landmesser et al. 2004). Since primary hypercholesterolemia (PH) is associated with
a higher risk of suffering further cardiovascular diseases and a low-grade of systemic
inflammation seems to be involved in this response, the first objective of this thesis was to
characterize the systemic inflammation associated to PH. More precisely, the study of the
activation state of platelets and leukocytes, the presence of platelet-leukocyte aggregates, the
detection of soluble inflammatory mediators and their functional consequences were

evaluated in PH patients and age-matched controls.

2. Once established the previous study the second objective of this thesis was to
evaluate the effect of an oral fat load (OFL) with a commercial preparation of long-chain
triglycerides (the w6/®w3 ratio is >20/1) on different immune parameters and its potential

beneficial consequences 4 h after its administration to PH patients.

3. In this line, the third objective of this thesis was to characterize the role of
CCL11/CCRa axis in the systemic inflammation associated with PH and its involvement in
the atherosclerotic lesion development. For this purpose, mice deficient in apolipoprotein E
(apoE~") and CCR3 receptor (apoE"CCR3™") were generated and studied.

4. Finally, angiotensin-11 (Ang-I1) is the main effector peptide of the renin-angiotensin
system (RAS) and promotes leukocyte adhesion to the stimulated endothelium. Because RAS
activation and Ang-Il signaling are implicated in the abdominal aortic aneurysm (AAA), the
fourth objective of this thesis was to investigate the possible involvement of
CXCL16/CXCR6 axis in Ang-ll-induced AAA formation.
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3. MATERIAL AND METHODS






3.1STUDIES IN PATIENTS WITH PRIMARY HYPERCHOLESTEROLEMIA (PH)
AND AGE-MATCHED CONTROLS

The subsequent studies were performed following the principles outlined in the
Declaration of Helsinki for the use of human subjects. The Clinical Research Ethics
Committee of the University Clinic Hospital of Valencia, Spain, approved the protocol for
these studies. All subjects signed the appropriate written informed consent to take part in the

study.

3.1.1 Inclusion and exclusion criteria

A total of 43 subjects (22 PH patients and 21 age-matched control volunteers without
PH) were recruited by the Endocrinology Unit of the University Clinic Hospital of Valencia,

Spain, and included in the present thesis.

The enrolled subjects had to comply with a series of requirements to be considered
for the study: diagnostic criteria for patients, inclusion criteria for healthy individuals and

exclusion criteria for both groups. All of them are described in Table 5.

Table 5. Diagnostic, inclusion and exclusion criteria for participation in the study (Collado et

al. 2018a).
Diagnostic criteria Inclusion criteria Exclusion criteria
(PH patients) (Age-matched controls) (Both groups)
TC >260 mg/dL and/or TC <200 mg/dL and CVDs, hypertension, diabetes,
LDL >160 mg/dL apoB <120 mg/dL chronic diseases or cancer
Smoking
TG <150 mg/dL TG <150 mg/dL Alcohol consume >30 g/day
Genetic testing for APOE Fasting plasma glucose Renal or hepatic insufficiency and
(Genotype E3/E3) <100 mg/dL hypothyroidism
The absence of
dyslipidemia, CVDs or Pregnancy or lactation
diabetes

Infection, inflammatory disease
(including asthma, allergy, and
autoimmune deficiency) or drugs
able to alter inflammation six weeks
before the study

Genetic testing for APOE
(Genotype E3/E3)
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3.1.2 Determination of clinical and biochemical parameters

The study started at 8:30 a.m., and blood was withdrawn by venipuncture after a
fasting period of at least 12 hours. Anthropometric parameters and blood pressure were
measured using standardized procedures: body mass index (BMI; kg/m?), waist
circumference (midpoint between the edge lower rib and iliac crest; cm) and blood pressure
(mmHg). For analysis, whole blood samples were either heparinized or withdrawn in
ethylenediaminetetraacetic acid (EDTA) or sodium citrate and subsequently subjected to
different analytical determinations, including complete biochemistry with glycemic and lipid

profile, and renal function through the quantification of creatinine levels.

3.1.3 Oral fat load (OFL) test

After the first blood sampling (time 0; T0), patients with PH ingested a commercial
liquid preparation of 50 g of a high-fat meal per m? of body surface prepared with a
commercial long-chain triglycerides (TG) liquid preparation (Supracal®; SHS International,
Liverpool, UK). Each 100 mL of the formula contained 50 g of fat (450 kcal), of which 9.6
g were saturated, 28.2 g monounsaturated and 10 g polyunsaturated, with a w6/®3 ratio
>20/1. Fatty acid content and the complete composition can be obtained from SHS

International, Nutricia website.

Patients were only allowed to drink water throughout the study. Four hours later,

another blood sample was taken from every PH patient (time 4; T4).

3.1.4 Human in vitro cell culture studies

3.1.4.1 Isolation of human endothelial cells

Human umbilical arterial endothelial cells (HUAEC) were isolated from human
umbilical cords obtained from the Gynecology and Obstetrician Unit of the University Clinic
Hospital of Valencia, Spain. Most importantly, no more than 12 hours had elapsed since
childbirth in all cases. Relatives of neonates signed the corresponding written informed

consent.

Cells were isolated by collagenase treatment as explained elsewhere (Jaffe et al.

1973) and maintained in human endothelial cell basal medium-2 (EBM-2; Lonza Group,
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Basel, Switzerland) supplemented with endothelial growth medium-2 (EGM-2; Lonza
Group) including 10% fetal bovine serum (FBS; Biowest, Nuaillé, France). Cells were grown
to confluence up to passage 1 to preserve endothelial features. Before every experiment, cells

were incubated for 24 h in medium containing 2% FBS.

3.1.4.2 Leukocyte-endothelial cell interactions under flow conditions

The flow chamber procedure allows the visualization of cell adhesion under dynamic
flow conditions, mimicking the physiological milieu. As shown in Figure 15, the parallel
flow chamber system consists of a base plate with an entrance and an exit port through which
media and cells are perfused. Coupled to this base plate, there are a vacuum pump and a
gasket. At the base plate, there is a 35 mm diameter culture plate, on which the endothelial
cell monolayer is grown. As a result, a flow channel is generated over the endothelial
monolayer, with the infusion rate being regulated by a suction pump, thus emulating the

blood flow over the human endothelium.

To measure leukocyte adhesion, HUAEC were seeded on 35 mm diameter pre-treated
culture plates. Once confluence was reached, and after the correspondent addition of the
different stimuli, the plates were placed in the parallel flow chamber (GlycoTech,
Gaithersburg, MD).

The GlycoTech flow chamber was assembled and placed onto an inverted microscope
stage, and the diluted whole blood was then perfused over the HUAEC monolayers.
Leukocyte adhesion was determined after 7 min at 0.5 dyn/cm?. Those cells which interacted
with the surface of the endothelium were visualized and recorded (x20 objective, x10
eyepiece) using an inverted microscope (Axio Observer Al; ZEISS International,
Oberkochen, Germany). At least five fields were recorded for 10 seconds each. Finally,

images were recorded and saved on a computer for further analyses.

105



_~“Connection to the
' vacuum pump
Connectign to

,’Ifﬂlﬂﬂd‘ t - the prngrarrfi;lned
/ [ el syringe purﬂ?
t —>
|. e = Gasket | %
! Flow
chamber

[]
L
'

. - -
-— —

_—

Bottom view of the flow chamber

Figure 15. Parallel flow chamber system.

3.1.4.2.1 Flow chamber experimental protocols

Before starting each assay, Hank’s balanced salt solution (HBSS; Lonza Group)
tempered at 37°C, was perfused to adjust the flow at a rate of 0.156 mL/min (corresponding
to a shear stress of 0.5 dyn/cm?). Whole blood from PH patients and age-matched controls
was diluted 1:10 in HBSS and perfused over HUAEC monolayers, stimulated or not with 20
ng/mL of tumor necrosis factor a (TNFa; Sigma-Aldrich, St. Louis, MO) for 24 h.
Experiments were carried out in heparinized whole blood incubated or not with EDTA (10
mM, for 15 min, 37°C; PanReac AppliChem GmbH, Darmstadt, Germany) to evaluate the

contribution of platelets to leukocyte adhesion (Postea et al. 2012).

3.1.5 Flow cytometry studies

3.1.5.1 Experimental protocols

Blood samples from PH patients and age-matched controls were taken and collected
in BD Vacutainer® blood collection tubes (BD Biosciences, San Jose, CA) containing
sodium citrate (3.2%), or in BD Vacutainer® PST™ |l tubes with lithium/heparin as

anticoagulant agents (17 IU/mL; BD Biosciences).
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Primary antibodies conjugated with diverse fluorochromes (detailed in Table 6), were
used to detect different cell surface markers. Heparinized or EDTA-treated whole blood was
stained with saturated amounts of antibodies as indicated by the manufacturers. Then, the
samples were gently shaken and incubated for 30 min at room temperature in the dark.
Afterward, lysis buffer (BD FACS™ lysing solution 10x concentrate; BD Biosciences) was
added to each tube to lyse red blood cells (RBCs). Subsequently, all samples were run in a
FACSVerse™ flow cytometer (BD Biosciences) and data analyzed with FlowJo® v10.0.7
software (FlowJo LLC, Ashland, OR).

Table 6. Antibodies used for flow cytometry human experiments.

Antibody — Fluorochrome Clone Isotype Manufacturer

CD41 - CF-Blue™ HIP8 19G:1 IMMUNOSTEP

PAC-1-FITC PAC-1 Mouse IgM BD Biosciences

P-selectin (CD62P) — APC H162P IgG1 IMMUNOSTEP

CD193 (CCR3) - PE 5E8 Mouse 1gG2s BD Biosciences
CD45 - PB™ HI30 Mouse 1gG; BioLegend

CD16 -FITC 3G8 Mouse 1gG; BD Biosciences
CD41 - PE/Cy™7 HIP8 Mouse 1gG1 BioLegend

CD69 - PE FN50 19G:1 IMMUNOSTEP

CD3 - APC 33-2A3 Mouse 1gG2a IMMUNOSTEP

CD14 — APC 47-3D6 Mouse 1gG2a IMMUNOSTEP

CD16 - APC 3G8 Mouse 1gG: IMMUNOSTEP
CD117 (c-kit) — BV421™ 104D2 Mouse 19G; BioLegend

FceRIo — FITC CRAl Mouse 19G2s MACS Miltenyi Biotec

CD11b — PerCP/Cy™S5.5 ICRF44 Mouse 19G; BioLegend
CD192 (CCR2) —BV421™  KO036C2  Mouse 1gGaa BioLegend
CDl11b—PE CBRM1/5 Mouse 19G; BioLegend
CXsCR1 - PE 2A9-1 Rat 19G2s BioLegend

CD4 — V450 RPA-T4 Mouse 1gG; BD Biosciences
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CDS8 - FITC SK1 Mouse 19G: BD Biosciences

CD4 — PerCP/Cy™5.5 RPA-T4 Mouse 1gG; BD Biosciences
CD183 (CXCR3) — Alexa

Fluor® 488 1C6/CXCR3  Mouse IgG: BD Biosciences

CD196 (CCR6) —BV421™ 11A9 Mouse 19G; BD Biosciences

CD69 — APC FN50 Mouse 1gG; BD Biosciences

CD4 - FITC SK3 Mouse 1gG; BD Biosciences

CD127 — Alexa Fluor® 647 HIL-7R-M21  Mouse 19G: BD Biosciences

CD25 — PE/Cy™7 2A3 Mouse 19G; BD Biosciences

3.1.5.2 Platelet analysis

3.1.5.2.1 Measurement of platelet activation

Platelet activation is determined by PAC-1" platelets, an indicator of activated
integrin oubPs, and the expression of P-selectin (CD62P). Therefore, to assess platelet
activation, PAC-1" platelets and P-selectin expression were measured in platelets from PH
patients and age-matched controls by flow cytometry. Samples of citrated blood, diluted 1:10
in glucose buffer (1 mg/mL glucose in phosphate-buffered saline; PBS containing 0.35% of
bovine serum albumin, BSA; Sigma-Aldrich) (Murugappa et al. 2006), were incubated in the
dark for 30 min with a 5-carboxyfluorescein (CF)-Blue™-conjugated monoclonal antibody
(mADb) against human CD41 (clone HIP8, IgG:; IMMUNOSTEP, Salamanca, Spain) and a
fluorescein isothiocyanate (FITC)-conjugated mouse mAb against human PAC-1 (clone
PAC-1, IgM; BD Biosciences) or with an allophycocyanin (APC)-conjugated mAb against
human P-selectin (CD62P, clone HI62P, 1gG1; IMMUNQOSTEP).

Firstly, the identification of platelets was carried out determining their morphology
according to size and complexity (side scatter, SSC vs. forward scatter, FSC). Then, they
were selected as the CD41" population, according to the gating strategy illustrated in Figure

16 and expressed as the percentage of positive platelets.
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Figure 16. Gating strategy for human platelets in whole blood according to morphological
properties and CD41 detection by flow cytometry. Platelets were gated according to a low side
scatter (SSC) and forward scatter (FSC) in a logarithmic scale (A) and defined as CD41* population

(B).

3.1.5.2.2 Determination of CCR3 expression in platelets

To determinate the expression of CCR3 on platelets’ surface, citrated blood was
incubated with a phycoerythrin (PE)-conjugated mouse mAb against human CD193 (CCR3,
clone 5E8, 1gG2g; BD Biosciences) and a CF-Blue™-conjugated mAb against human CD41
(clone HIP8, 1gG1; IMMUNOSTEP). Samples were incubated for 30 min at room
temperature in the dark. Then, morphology was determined with SSC vs. FSC that allowed
the selection of the CD41" population and the determination of CCR3 expression. Platelets
were selected according to the gating strategy illustrated before in Figure 16 and expressed

as the percentage of positive platelets.
3.1.5.3 Leukocyte subpopulations studies

3.1.5.3.1 Neutrophils and eosinophils

To assess the polymorphonuclear population present in blood samples, pacific blue
(PB)™-conjugated mouse mAb against human CD45 (clone HI30, I1gG:; BiolLegend, San
Diego, CA) and a high SSC were combined to discard RBCs and select the neutrophil and
eosinophil populations. These cells correspond to the subtypes with the highest granular
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content. An analysis with a FITC-conjugated mouse mAb against human CD16 (clone 3G8,

IgG1; BD Biosciences) was first performed to distinguish them.

After the identification of the different neutrophil (CD16%) and eosinophil (CD16")
populations, the possible contribution of platelets was studied using two different
experimental approaches. First, heparinized whole blood was analyzed to detect neutrophils
and eosinophils attached to platelets. Second and in parallel, blood samples were incubated
with 10 mM EDTA (PanReac AppliChem GmbH), for 15 min at 37°C, to promote platelet
dissociation as previously described (Postea et al. 2012). In both cases, a PE/Cy™7-
conjugated mouse mAb against human CD41 (clone HIP8, 1gG1; BioLegend) was used to
determine the granulocyte-platelet aggregates (Figure 17).
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Figure 17. Gating strategy for human neutrophils and eosinophils in whole blood according to
morphological properties and CD16 expression by flow cytometry. Populations were selected by
CD45 labeling and morphology (high SSC; A). To differentiate cell populations, CD16 antibody was
used, being neutrophils CD16* and eosinophils CD16™ (B). In heparinized whole blood, neutrophil-
platelet complexes were selected as CD16*CD41" population from heparinized whole blood, and
platelet-free neutrophils were gated as CD16*CD41  from blood incubated with EDTA (C).
Eosinophils bound to platelets in heparinized whole blood were selected as CD16 CD41*, whereas
in samples treated with EDTA, platelet-depleted eosinophils were selected as CD16 CD41™ (D).
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Subsequently, an analysis of the CCR3 receptor expression was performed using a
PE-conjugated mouse mAb against human CCR3 (clone 5E8, 1gG2g; BD Biosciences) and
determined the activation state in these cell populations with a PE-conjugated mAb against
human CD69 (clone FN50, IgG1; IMMUNOSTEP).

3.1.5.3.2 Progenitor mast cells and basophils

To determine progenitor mast cell and basophil populations, a mixture (negative
lineage; LIN™) composed of APC-conjugated mouse mAbs against human CD3 (clone 33-
2A3, 1gG2a; IMMUNOSTEP), human CD14 (clone 47-3D6, 19G2a; IMMUNOSTEP) and
human CD16 (clone 3G8, IgG:; IMMUNOSTEP) was used. The population with LIN™
corresponded to eosinophils, basophils and progenitor mast cells. A brilliant violet
(BV)421™-conjugated mouse mAb against human CD117 (c-kit, clone 104D2, 19G;
BioLegend), a FITC-conjugated mouse mAb against human high-affinity IgE receptor,
(FceRlIa, clone CRAL, 1gG2s; MACS Miltenyi Biotec, Bergisch Gladbach, Germany), and a
PerCP/Cy™5.5-conjugated mouse mADb against human integrin CD11b (clone ICRF44,
IgG1; BioLegend) were used to select only progenitor mast cells and basophils. Progenitor
mast cell population correspond to LIN"CD11b*c-kit"FceRIa" and basophil population to
LIN"CD11b"c-kit FceRIo" (Figure 18).

The association of progenitor mast cells and basophils with platelets was studied
using a PE/Cy™7-conjugated mouse mAb against human CD41 (clone HIP8, IgGy;
BioLegend) in heparinized whole blood incubated or not with EDTA. This was done to
promote platelet dissociation as described before in Section 3.1.5.3.1. Expression analysis of
the CCR3 receptor was carried out using a PE-conjugated mouse mAb against human CCR3

(clone 5E8, IgGzg; BD Biosciences).
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Figure 18. Gating strategy for human progenitor mast cells and basophils detection in whole
blood by flow cytometry. Progenitor mast cells and basophils were selected with CD3~, CD14~, and
CD16™ (LIN") antibodies and SSC (A). Progenitor mast cells and basophils were differentiated with
c-kit and CD11b markers (B). Progenitor mast cells were selected as CD11b*c-kit"FceRla™ (C) and
then, progenitor mast cell-platelet complexes were selected as CD11b*c-kit"FceRla"CD41"
population from heparinized whole blood, whereas in samples incubated with EDTA, platelet-free
progenitor mast cells were identified as CD11b*c-kit*"FceRloa*CD41™ (D). Subsequently, basophils
were selected as CD11b*c-kit FceRla" (E). In heparinized whole blood, platelet-associated basophils
were selected as CD11b*c-kit FceRla*CD41*, whereas in samples incubated with EDTA, the
population unbound to platelets was selected as CD11b*c-kit"FceRlo*CD41™ (F).

3.1.5.3.3 Monocytes

An APC-conjugated mouse mAb against human CD14 (clone 47-3D6, IgGoa;
IMMUNOSTEP) was used to distinguish monocytes from the rest of the leukocyte
populations and positive cells selected. Subsequently, in order to identify the different types
of monocytes, the CD14 marker was confronted with a FITC-conjugated mouse mAb against
human CD16 (clone 3G8, 1gG:; BD Biosciences) and a BV421™-conjugated mouse mAb

112



against human CD192 (CCR2, clone K036C2, 1gG2a; BioLegend) (Figure 19) (Shantsila et
al. 2011), consequently three subpopulations of monocytes were differentiated as described

in Table 7.
Table 7. Differential markers of monocyte subpopulations.
Markers Cellular subpopulation
CD14'CD16 CCR2"  Type 1 monocytes (Mon 1)
CD14"CD16"CCR2"  Type 2 monocytes (Mon 2)
CD14'CD16"CCR2"  Type 3 monocytes (Mon 3)
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Figure 19. Gating strategy for human monocyte detection in whole blood by flow cytometry.
Monocytes were selected by CD14 labeling and morphology (medium SSC; A). For the determination
of monocyte subpopulations, CD16 and CCR2 markers were used (B-F). Monocytes-platelets
complexes were selected as CD14*CD41* population from heparinized whole blood, and platelet-free
monocytes were gated as CD14*CD41~ from blood incubated with EDTA (D-F).
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To determine the grade of activation of these cell populations, a PE-conjugated mouse
mAD against human integrin CD11b (clone CBRM1/5, IgG1; BioLegend) was used in all
subpopulations. Similarly, the fractalkine receptor (CX3CR1) expression was also
determined in these three monocyte subpopulations using a PE-conjugated rat mAb against
human CX3CR1 (clone 2A9-1, 1gG2g; BioLegend).

3.1.5.3.4 T lymphocytes

The markers CD3 (T lymphocytes), CD4 (T helper lymphocytes; Th) and CD8
(cytotoxic T lymphocytes) were used to identify the lymphocyte population within the
leukocytes present in peripheral blood. The gating strategy consisted in a selection using an
APC-conjugated mouse mAb against human CD3 (clone 33-2A3, 1gG2a; IMMUNOSTEP),
a V450-conjugated mouse mAb against human CD4 (clone RPA-T4, IgG1; BD Biosciences),
and finally, a FITC-conjugated mouse mAb against human CD8 (clone SK1, 1gG1; BD
Biosciences) (Figure 20). After the identification of the different lymphocyte
subpopulations, the possible contribution of platelets was studied as previously described
(Section 3.1.5.3.1). Then, an analysis of the activation state was determined by using a PE-
conjugated mAb against human CD69 (clone FN50, 1gG1; IMMUNOSTEP).
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Figure 20. Gating strategy for human T lymphocytes detection in whole blood by flow
cytometry. T lymphocytes were selected as CD3* population and with a low SSC (A). T helper (Th)
lymphocytes were the CD3"CD4" population (B). In heparinized whole blood, Th lymphocyte-
platelet complexes were selected as CD3*CD4*CD41* population, while platelet-free Th lymphocytes
were gated as CD3"CD4*CD41~ from blood incubated with EDTA (C). Cytotoxic T lymphocytes
were selected as CD3*CD8* (D). In heparinized whole blood, cytotoxic T lymphocyte-platelet
complexes were selected as CD3*CD8'CD41" population, while platelet-free cytotoxic T
lymphocytes were gated as CD3*CD8*CD41~ from blood incubated with EDTA (E).

3.1.5.3.5 T helper lymphocytes (Th)

To select the different Th lymphocyte subpopulations, a PerCP/Cy™5.5-conjugated
mouse mAb against human CD4 (clone RPA-T4, 1gGy; BD Biosciences) was used first. Once
detected, the subpopulations were identified as shown in Table 8 with an Alexa Fluor® 488-
conjugated mouse mAb against human CD183 (CXCR3, clone 1C6/CXCR3, IgG1; BD
Biosciences) and a BV421™-conjugated mouse mAb against human CD196 (CCR®6, clone
11A09, IgGy; BD Biosciences) (Figure 21).
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Table 8. Differential markers of Th lymphocyte subpopulations.

Markers Cellular subpopulation

CXCR3*CCR6™  Type 1T helper (Thl)

CXCR3 CCR6™  Type 2T helper (Th2)

CXCR3 CCR6" Type 17 T helper (Th17)
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Figure 21. Gating strategy for human T helper (Th) lymphocytes detection in whole blood by
flow cytometry. Th lymphocytes were selected as CD4* population and with a low SSC (A). Th
lymphocyte subpopulations were detected with the markers CXCR3 and CCR6 (B). In heparinized
whole blood, Th1 lymphocyte-platelet complexes were selected as CXCR3*CCR6 CD41"* (B and C).
Th2 lymphocyte-platelet complexes were selected as CXCR3 " CCR6 CD41* (B and D), and Th17
lymphocyte-platelet complexes were selected as CXCR3 " CCR6*CD41* (B and E).

Heparinized whole blood incubated or not with EDTA, was employed to determine

lymphocyte-platelet complexes or platelet-free lymphocytes using a PE/Cy™7-conjugated

mouse mAb against human CDA41 (clone HIP8, 1gGy; BioLegend). Then, the expression of

the CCR3 receptor and the grade of cell activation were measured using a PE-conjugated
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mouse mADb against human CCR3 (clone 5E8, IgGzs; BD Biosciences) and an APC-
conjugated mouse mAb against human CD69 (clone FN50, IgGi; BD Biosciences),

respectively.

3.1.5.3.6 Regulatory T lymphocytes (Treg)

To identify the Treg population, a human regulatory T cell cocktail (BD
Pharmingen™ Human Regulatory T Cell Cocktail; BD Biosciences) was used. Th
lymphocytes were firstly identified with the marker CD4 (FITC-conjugated mouse mAD,
clone SK3, 1gGy; BD Biosciences). An Alexa Fluor® 647-conjugated mouse mAb against
human CD127 (clone HIL-7R-M21, IgG1; BD Biosciences) and a PE/Cy™7-conjugated
mouse mAb against human CD25 (clone 2A3, 1gG1; BD Biosciences) were used to determine
the natural Treg cells (Figure 22). Two experiments were carried out in parallel: one with
heparinized whole blood and the other with EDTA-treated blood, to determine Treg
lymphocyte-platelet aggregates. For that purpose, a CF-Blue™-conjugated mAb against
human CD41 (clone HIP8, 19G1; IMMUNOSTEP) was employed.
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Figure 22. Gating strategy for human regulatory T lymphocytes (Treg) detection in whole blood
by flow cytometry. Treg lymphocytes were selected as CD4* population and with a low SSC (A).
Treg lymphocytes were detected with the markers CD127 and CD25 (B). Treg lymphocyte-platelet
complexes were selected as CD127"CD25"CD41* population from heparinized whole blood, and
platelet-free lymphocytes were gated as CD127-CD25*CD41" from blood incubated with EDTA (C).
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3.1.5.4 Immunofluorescence studies

To visualize adherent platelet-leukocyte complexes with endothelial cells,
immunofluorescence analysis was performed. HUAEC were grown up to confluence on glass
coverslips and stimulated with TNFo (20 ng/mL; Sigma-Aldrich) for 24 h. Cells were
incubated for 1 h at 37°C with heparinized whole blood from patients with PH and age-
matched controls, treated or not with EDTA as described before in Section 3.1.5.3.1.
Afterward, cells were fixed with 4% paraformaldehyde (PFA; PanReac AppliChem GmbH)
and blocked in PBS containing 1% BSA (Sigma-Aldrich). Subsequently, cells were
incubated at room temperature for 2 h with an Alexa Fluor® 488-conjugated mouse mAb
against human CD45 (1:50 dilution, clone HI30, 1gG1; BioLegend) and an APC-conjugated
mADb against human CD41 (1:50 dilution, clone HIP8, 1gG1; IMMUNOSTEP) in 0.1% BSA-
PBS. Nuclei from endothelial cells and leukocytes were counterstained with Hoechst dye
(1:4000 dilution; Sigma-Aldrich). Images were captured with an Axio Observer Al
fluorescence microscope (ZEISS International).

3.1.5.5 Quantification of soluble metabolic and inflammatory markers

Heparinized whole blood (17 IU heparin/mL) from PH patients and age-matched
controls was collected and centrifuged to obtain the plasma, which was stored at -80°C.
Human soluble adiponectin, leptin, ghrelin, interleukin (IL)-4, IL-5, IL-6, IL-8/CXCLS8, IL-
10, IL-12, IL-13, IL-25, IL-33, growth-regulated oncogene o (GROw)/CXCLI,
fractalkine/CX3CL1, TNFa, interferon y (IFNy), monocyte chemoattractant protein-1 (MCP-
1)/CCL2, regulated upon activation, normal T cell expressed and secreted (RANTES)/CCLS5,
soluble P-selectin (sP-selectin), platelet factor-4 (PF-4)/CXCL4, eotaxin-1/CCL11, eotaxin-
2/CCL24 and eotaxin-3/CCL26, were measured in plasma samples by enzyme-linked
immunosorbent assay (ELISA; Human DuoSet® ELISA; R&D Systems, Inc., Minneapolis,
MN) following manufacturer’s instructions. Results were expressed as pg/mL or ng/mL of

mediator in plasma.

118



3.2 ANIMAL STUDIES

All the experiments carried out with animals were in accordance with the principles
outlined by the Guide for the Care and Use of Laboratory Animals, 8™ edition, published by
the National Institutes of Health (NIH, Department of Health and Human Services) of the
United States (NIH publication No. 85-23, revised 2011) and approved by the Institutional
Ethical Committee on Animal Experimentation of the University of Valencia, Spain.

The animals were bred, maintained under specific pathogen-free conditions and fed
with autoclaved diet, with free access to water throughout the experimental period at a
humidity of 60-65% and at a constant temperature of 22 + 2°C with a 12 h dark/light cycle.

All efforts were made to minimize the number and suffering of the animals used.

3.2.1 Atherosclerosis model in apoE~ mice

3.2.1.1 Generation of apoE”"CCR3™ mice

Genotyping was carried out with mouse-tail DNA using the Maxwell® 16 Mouse
Tail DNA purification kit (Promega, Madison, W1) following manufacturer’s instructions.

For that purpose, the Maxwell® 16 Instrument (Promega) was employed.

ApoE "~ C57BL/6 and CCR3 BALB/c mice were supplied by Charles River
Laboratories, Inc. (Wilmington, MA). ApoE""CCR3” C57BL/6 mice were obtained
crossing apoE~~ C57BL/6 with CCR3™”~ BALB/c mice.

Mice were genotyped and intercrossed during seven generations to obtain the
expected genotypes and expand the populations generated: apoE’ CCR3** and
apoE"CCR3 .

To analyze mice genotype, a polymerase chain reaction (PCR) analysis was carried
out using specific primers (sequences [5°-3’]) shown in Table 9. Primers oIMR 180, 181,
182 were used to determine the presence or absence of the Apoe gene while primers Ex2p5
FW and Ex2p5 RV were employed to verify the absence of the Ccr3 gene. Finally, primers
oIMR 3896 and oIMR 3897 were utilized to resolute the presence of the Ccr3 gene.
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Table 9. Sequences of primers used in the genotyping for Apoe and Ccr3 genes.

Primer Sequence [5°-3’]

0IMR 180 GCCTAGCCGAGGGAGAGCCG
0IMR 181 TGTGACTTGGGAGCTCTGCAGC
oIMR 182 GCCGCCCCGACTGCATCT
Ex2p5 FW  CTTGCTGACCGCTTCCTCGTG
Ex2p5 RV CATCATGTTGCCCAGGAGGCCG
0IMR 3896 TGGCATTCAACACAGATGAAA

oIMR 3897 CATGACCCCAGCTCTTTGAT

For each PCR sample, reagents listed in Table 10 were added.

Table 10. PCR components.

Stock reagent Volume [pL] per sample
Promega™ GoTaq™ Master Mix 12.5
Forward Primer 0.2
Reverse Primer 0.2
Nuclease-free water 9.1
DNA sample 2

Then, PCR tubes were placed in a SimpliAmp™ Thermal Cycler (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA), and the PCR program shown in Table
11 was run.
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Table 11. PCR program.

Cycle step Temperature [°C] Time [min] Number of cycles
Initial denaturalization 94 5 1
Denaturalization 94 0.5
Annealing 62 0.5 38
Extension 72 0.5
Final extension 72 2 1
Hold 4 0

Gels were prepared with 2% agarose dissolved in Tris acetate-EDTA (TAE) buffer.
After solidification, the gel was put into the electrophoresis chamber and covered with TAE

buffer before sample loading. The gel was run at 120 V for 30 minutes.

A molecular range weight marker (Generuler™ 1kb Plus DNA Ladder; Thermo
Fisher Scientific, Waltham, MA) was used to determine the size of DNA.

3.2.1.2 Experimental protocol

Eight-week apoE"CCR3** and apoE "CCR3” male mice were bred for eight
additionally weeks with either a control diet (2.8% fat; Panlab, S.L. - Harvard Apparatus,
Barcelona, Spain) or with an atherogenic diet (10.8% fat, 0.75% cholesterol, S4892-E010;
Ssniff Spezialdidten GmbH, Soest, Germany).

3.2.1.3 Quantification of the atherosclerotic lesion

After this period, mice were sacrificed by anesthetic overdose with an intraperitoneal
injection of a mixture of medetomidine hydrochloride (1 mg/mL; Orion Corporation, Espoo,
Finland) and ketamine (50 mg/mL; Orion Corporation), and cut open ventrally. Left cardiac
ventricles were perfused with 10 mL of PBS and exit through the severed right atrium. Aortas
were isolated and cleaned in situ with PBS, fixed with 4% PFA (PanReac AppliChem GmbH)
and kept overnight at 4°C.

Then, samples were stained with Oil Red-O (0.2% Oil-Red-O in 78% methanol;
Sigma-Aldrich) as described before (Landmesser et al. 2004, Avogaro et al. 2005). Images
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were captured (Axio Observer Al inverted microscope; ZEISS International), digitized and
analyzed (ImageJ software, Windows free version; NIH, Bethesda, MD). Scoring was blindly

performed on coded slides.

3.2.1.4 Histological analysis

Organs and tissues were removed from mice, washed with PBS, fixed with 4% PFA
(PanReac AppliChem GmbH) overnight at 4°C and paraffin-embedded for sectioning and
further analyses (Escudero et al. 2015a).

Histological studies were performed on the aortic sigmoid valves, subcutaneous
adipose tissue, and small intestine. Once organs were embedded in paraffin, they were cut
into histological sections to carry out the subsequent studies. These slices were obtained
employing a microtome (Leica RM2245; Leica Biosystems, Wetzlar, Germany) with a set
thickness of 5 um and mounted on microscope slides Superfrost® plus (Thermo Fisher
Scientific). At least 20 slides, containing approximately four tissue cross-sections from each

tissue and animal were examined (mean number of sections per mouse = 80 £ 5).

Once the histological sections obtained were dried, the area of interest was selected
using a digital microscope (Leica DMD108; Leica Biosystems) with a 4x objective.

3.2.1.4.1 Hematoxylin and eosin stain

First, samples were hydrated and then immersed in filtered Harris hematoxylin
(Sigma-Aldrich) and washed continuously in running water. Next, they were rapidly
immersed in differentiation solution (0.25 mL concentrated hydrochloric acid in 100 mL 70%
ethanol) followed by continuous washing in running water. Dyeing continued through sample
immersion in 95% ethanol and then in eosin diluted 1:1 in 95% ethanol. A constant wash in
water was carried out again and, finally, dehydration was accomplished in a series of ethanol
baths of increasing concentrations, and a final xylene bath. Staining was completed with the
assembly of the coverslips on the slides with the help of Bio-Mount synthetic based mounting

media for histology and cytology (Bio-Optica, Milan, Italy).
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3.2.1.4.2 Masson’s trichrome stain

Masson’s trichrome stain was used to define the area of connective tissue present in
the atherosclerotic lesion, which is related to the stability of the atheromatous plaque. It is
also useful to determine the necrotic core area, which correlates with the crystallization of

cholesterol in the lesion (Luo et al. 2016).

Samples were immersed in Weigert’s hematoxylin (Merck Millipore, Burlington,
MA) and continuously washed in running water. Then, samples were stained with a solution
of fuchsine (1:10 dilution; Sigma-Aldrich) followed with 1% acetic acid wash. Samples were
then immersed in 5% phosphotungstic acid solution (Sigma-Aldrich) followed by immersion
in light green solution (Sigma-Aldrich) and an additional 1% acetic acid wash. The staining
procedure was finished with the assembly of the coverslips on the slides with Bio-Mount
(Bio-Optica).

3.2.1.4.3 Toluidine blue stain

To detect mast cells, samples were hydrated and stained with toluidine blue solution
(Toluidine Blue O; Sigma-Aldrich) for 2-3 minutes and washed with distilled water. Samples

were dehydrated and the coverslips assembled on the slides with Bio-Mount (Bio-Optica).

3.2.1.5 Immunohistochemistry analysis

Inflammatory infiltration, smooth muscle formation, inflammatory mediators and

receptors were measured in aortic sigmoid valves and small intestine.

After peroxidase inactivation (0.3% H202) and blockade of unspecific binding with
goat serum (5% in PBS; Abcam, Cambridge, UK), samples were incubated overnight at 4°C
with the following primary antibodies: a rat mAb against mouse LAMP-2 (Mac-3, 1:100
dilution, clone M3/84, 1gG1; Santa Cruz Biotechnology, Inc., Dallas, TX) to detect
macrophages and a rat mAb against mouse eotaxin-1 (CCL11, 1:40 dilution, clone 42285,
1gG2a; R&D Systems, Inc.). Specific labeling was assessed with a biotin-conjugated goat
anti-rat antibody (1:500 dilution; Dako, Agilent Technologies, Santa Clara, CA). Then,
samples were developed using a solution containing 3, 3’-diaminobenzidine (DAB; Dako,
Agilent Technologies), counterstained with Harris hematoxylin (Sigma-Aldrich) and
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dehydrated as described before in Section 3.2.1.4.1. Then, coverslips were assembled on the
slides with Bio-Mount (Bio-Optica).

To detect smooth muscle cells (SMC), samples were incubated using an alkaline
phosphatase mAb against a-smooth muscle actin (1:100 dilution, clone 1A4, 1gG2a; Sigma-
Aldrich), followed by SIGMAFAST™ Fast Red TR/Naphthol AS-MX Tablets according to
the manufacturer’s instructions (Sigma-Aldrich).

Immunofluorescence assays were performed using a rabbit polyclonal antibody
against human CD3 (1:50 dilution; Dako, Agilent Technologies), a goat polyclonal antibody
against mouse CCR3 (1:100 dilution, 1gG; Abcam), a rat mAb against mouse CD170
(SiglecF, 1:50 dilution, clone 1IRNM44N, IgG2a; Thermo Fisher Scientific). Specific labeling
was detected with an Alexa Fluor® 488-conjugated goat anti-rabbit 1gG (H+L) secondary
antibody (1:500 dilution; Molecular Probes, Thermo Fisher Scientific, Waltham, MA), an
Alexa Fluor® 594-conjugated chicken anti-goat 1gG (H+L) secondary antibody (1:500
dilution; Molecular Probes, Thermo Fisher Scientific), an Alexa Fluor® 488-conjugated
donkey anti-rabbit 1gG (H+L) secondary antibody (1:500 dilution; Molecular Probes,
Thermo Fisher Scientific) or an Alexa Fluor® 633-conjugated goat anti-rat IgG (H+L)
secondary antibody (1:500 dilution; Molecular Probes, Thermo Fisher Scientific). Infiltration
of lymphocytes CD8" and CD4" in the atherosclerotic lesion in apoE"CCR3"* and
apoE"CCR3~ male mice was measured using an Alexa Fluor® 647-conjugated rat mAb
against mouse CD8a (1:50 dilution, clone 53-6.7, 1gG2a; BioLegend) and an Alexa Fluor®
488-conjugated rat mAb against mouse CD4 (1:50 dilution, clone GKL1.5, 19G2g;
BioLegend), respectively. They were incubated at room temperature for 2 h. Cell nuclei were
counterstained with Hoechst dye (1:4000 dilution; Sigma-Aldrich). Then, the assembly was
carried out with SlowFade® Gold antifade reagent (Molecular Probes, Thermo Fisher

Scientific).

In order to confirm specificity of all antibodies, a rabbit 1IgG polyclonal isotype
control (Abcam), a rat 1IgG2a mADb isotype control (R&D Systems, Inc.), a rat 1gG2g Alexa
Fluor® 488-conjugated isotype control (R&D Systems, Inc.), a rat 1gG2a Alexa Fluor® 647-
conjugated antibody (R&D Systems, Inc.) or secondary antibodies only were used as

negative controls.
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Fields from each section were captured (Axio Observer Al inverted microscope;
ZEISS International), photographed (Olympus Camedia-C5060 Wide Zoom; Olympus,
Tokyo, Japan), digitized, and analyzed (ImageJ software, Windows free version; NIH).

Scoring was performed blinded on coded slides.

3.2.1.6 Measurement of lipid profile and glucose

Lipid levels and circulating glucose levels in the plasma of mice overnight-fasted
were measured. Total cholesterol (TC) and TG were determined by enzymatic methods
(Wako Pure Chemicals Industries, Ltd., Cape Charles, VA). High-density lipoprotein (HDL)
cholesterol was also quantified with the same process as that used to measure TC, after the
precipitation of apolipoprotein B (apoB) with dextran sulfate/MgCl. (Sigma-Aldrich) as
previously described (Zieske et al. 2005).

Blood glucose was measured in blood samples using a Contour next USB Blood

glucose meter (Bayer HealthCare Pharmaceuticals LLC, Berlin, Germany).

3.2.1.7 Plasma soluble metabolic and inflammatory markers detection

Heparinized whole blood from apoE~” CCR3** and apoE ""CCR3~" male mice was
collected, and plasma samples were obtained by centrifugation and stored at -80°C. Mouse
levels of soluble IL-4, IL-5, eotaxin-1/CCL11 and eotaxin-2/CCL24 in plasma, were
measured using commercial ELISA Kits and following manufacturer’s instructions (Mouse
DuoSet® ELISA; R&D Systems, Inc.). Results were expressed as pg/mL of mediator in
plasma.

3.2.1.8 Reverse transcription polymerase chain reaction (RT-PCR)

3.2.1.8.1 RNA extraction

Organs and tissues were frozen at -20°C immediately after animal sacrifice for
subsequent RNA extraction. RNA was extracted using TRIzol® Reagent (Invitrogen,
Thermo Fisher Scientific, Waltham, MA) following the manufacturer’s instructions.
TRIzol® Reagent was placed together with the organs and tissues, and homogenization was
carried out with an Ultra-Turrax (IKA-Werke GmbH, Staufen, Germany). Once samples

were homogenized, chloroform was added, and the samples were shaken for 15 seconds in
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the vortex. Then, they were centrifuged for 15 minutes at 15,000 g and 4°C. Next, the mixture
was separated into three different phases: a protein-containing organic phase (red due to
phenol-chloroform) at the bottom, a genomic DNA-containing interface (purple), and an
RNA-containing aqueous phase. The last one was transferred carefully into a new cold 1.5
mL microtube. Isopropanol was added and inverted several times to enable mixing. Then
samples were incubated for 5-10 minutes to allow RNA precipitation and centrifuged at
12,000 g at 4°C for 10 minutes. The supernatant was removed, and 70% ethanol was added
afterwards. Samples were vortexed to allow RNA to be washed and then centrifuged again,
at 7,500 g at 4°C for 5 minutes. Finally, ethanol was removed, and the precipitate was
resuspended in nuclease-free water (Thermo Fisher Scientific).

Subsequently, a NanoDrop spectrophotometer (ND-100 v3.7.1; Thermo Fisher

Scientific) was used to determine the RNA concentration.

3.2.1.8.2 Reverse transcription (RT)

RT was performed with the High-Capacity cDNA Reverse Transcription kit (Applied

Biosystems, Thermo Fisher Scientific) following the supplier’s instructions.

After RNA extraction and concentration determination, RT of 1,000 ng of RNA per
sample was carried out, using the MultiScribe™ Reverse Transcriptase (50 U/uL; Applied
Biosystems, Thermo Fisher Scientific) in a SimpliAmp™ Thermal Cycler (Applied
Biosystems, Thermo Fisher Scientific). The reagents shown in Table 12 were used to prepare
the mix for the RT.
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Table 12. Master Mix components.

Reagent Volume [uL] per sample

10x RT Buffer 2

25X dNTPs Mix (100 mM) 0.8
10x RT Random Primers 2
MultiScribe™ Reverse Transcriptase 1
Applied Biosystems™ RNase Inhibitor (20 U/uL) 1

Nuclease-free water 4.2

RNA sample 1,000 ng

10 pL of master mix and 10 pL of the sample, previously diluted in nuclease-free
water, were used for each reaction, adjusting the concentration to 1,000 ng. Then, samples
were brought to the SimpliAmp™ Thermal Cycler (Applied Biosystems, Thermo Fisher

Scientific), and the following experimental conditions were applied (Table 13).

Table 13. RT program.

Step  Temperature [°C] Time [min]

Step 1 25 10
Step 2 37 120
Step 3 85 5
Step 4 4 )

At the end of the process, the obtained cDNA was stored at -20°C until further use.
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3.2.1.8.3 Quantitative polymerase chain reaction (qQPCR)

cDNA was amplified with specific probes for the genes shown in Table 14.

Table 14. Probes used for gPCR assay in atherosclerosis studies.

Gene TagMan™ Gene Expression Probe
Mouse Eotaxin-1 (Ccl11) Mm00441238_m1
Mouse Eotaxin-2 (Ccl24) Mm00444701_m1
Mouse 11-25 Mm00499822_m1
Mouse 11-33 MmO00505403_m1
Mouse Gapdh Mm99999915 g1

Reactions were performed in an Optical 384-Well Reaction Plate with Barcode
(MicroAmp™:; Applied Biosystems, Thermo Scientific) using a 7900HT Real-Time PCR
apparatus (Applied Biosystems, Thermo Fisher Scientific) and the TagMan™ Universal PCR
Master Mix (Applied Biosystems, Thermo Fisher Scientific). Applied Biosystems
predesigned all probes. Both the probe of each gene and the endogenous control were used

to prepare a mix (Table 15).

Table 15. Reagents used for qPCR.

Reagent Volume [pL] per sample
TagMan™ Universal PCR Master Mix 5
Probe 0.5
Nuclease-free water 2.5
cDNA 2

The PCR cycling program was performed as shown in Table 16.
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Table 16. gPCR cycling protocol.

Step Temperature [°C] Time  Number of cycles
UDG pre-treatment 50 2 min 1
Initial denaturation 95 10 min 1
Denaturation 95 15s
Annealing/Extension 60 60 s } 40

The relative quantification of the different transcripts was determined with the 244¢t
method, using glyceraldehyde 3-phosphate dehydrogenase (Gapdh) as endogenous control,
and normalizing to the control group. Results were analyzed using the software provided by
the manufacturer (QuantStudio™ Design & Analysis; Applied Biosystems, Thermo Fisher

Scientific).

3.2.1.9 Flow cytometry studies

Heparinized whole blood, bone marrow and subcutaneous adipose tissue were

employed for flow cytometry analyses.

To obtain the bone marrow, the femur was firstly removed and gently cleaned from
the remaining tissues. The bone marrow was obtained cutting one side of the femur with a
scalpel and centrifuging at 6,000 rpm for 1 min. It was finally resuspended in PBS and stored

at 4°C until its use. 10 pL of the sample was added per tube.

Subcutaneous adipose tissue was firstly digested to obtain isolated cells. For this
purpose, adipose tissue was removed and put in a digestion buffer containing low-glucose
Dulbecco’s modified eagle’s medium (DMEM; Lonza Group), 0.2 M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES; PanReac AppliChem GmbH) saline, 10 mg/mL fatty
acid-poor BSA  (Sigma-Aldrich) supplemented with 0.2 mg/mL Liberase™
(Liberase™ Research Grade medium Thermolysin concentration; Sigma-Aldrich) and 25
pug/mL DNAse I from bovine pancreas (Sigma-Aldrich). The mixture was kept at 37°C for
30-40 minutes in gentle agitation. After the incubation, the digested subcutaneous adipose
tissue was filtered, and 5 mL of 3% FBS in PBS was poured in each sample and then

centrifuged 10 minutes at 1,000 g. Subsequently, the pellet was resuspended in 5 mL of 3%

129



FBS in PBS and centrifuged again at 1,500 rpm for 5 minutes. RBCs were lysed with lysis
buffer (BD FACS™ lysing solution 10x concentrate; BD Biosciences). After 1 minute, the
digestion product was centrifuged again for 5 minutes at 200 g and mixed with 125 uL of 3%
FBS in PBS. Unspecific binding was blocked for 5 minutes with FCBlock antibody (MACS
Miltenyi Biotec). 10 uL of the final product was put in each microtube with the respective
antibodies and incubated for 30 minutes at room temperature in the dark. Afterward, all
samples were run in a FACSVerse™ Flow Cytometer (BD Biosciences). The analytical
software FlowJo® v10.0.7 (FlowJo LLC) was used for the analysis of the flow cytometry

results.

3.2.1.9.1 Determination of the expression of cell surface markers by flow cytometry

To detect different cell surface markers, heparinized whole blood, bone marrow and
subcutaneous adipose tissue samples were stained for 30 minutes with saturated amounts of

different antibodies as specified by the manufacturers (Table 17).

Table 17. Antibodies used for flow cytometry mice experiments.

Antibody — Fluorochrome Clone Isotype Manufacturer
CD193 (CCR3) — APC 83101 Rat 19G2a R&D Systems, Inc.
CD117 (c-kit) — V450 2B8 Rat 1gG2s BD Biosciences
CD49d — PE R1-2 Rat 19G2s BD Biosciences
FceRlo — FITC MAR-1 Armenian Hamster 19G BioLegend
CD45 - V450 30-F11 Rat 19G2s BD Biosciences
SiglecF — PE ES22-10D8 Rat 19gG, IMMUNOSTEP
CDll1c - FITC HL3 Armenian Hamster 19G; BD Biosciences
CD3e — FITC 145-2C11  Armenian Hamster 1gG BD Biosciences
CD69 — V450 H1.2F3 Armenian Hamster 19G; BD Biosciences
F4/80 — FITC BMS8 Rat 1gG2a BioLegend
CD11b — PerCP/Cy™5.5 M1/70 Rat 1gG2s BD Biosciences
Arginase 1 — APC Polyclonal Sheep IgG R&D Systems, Inc.
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3.2.2 Abdominal aortic aneurysm (AAA) model in apoE~" mice

3.2.2.1 Generation of apoE”"CXCR6®FP/CFP mice

Mice apoE~ C57BL/6 and mice carrying a targeted (Galkina et al. 2007) green
fluorescence protein (GFP) knock-in of the CXCR6 gene (CXCRGCFP/CFP C57BL/6) were

supplied by Charles River Laboratories, Inc.

ApoE"CXCRG6CFP/CFP C57BL/6 mice were obtained by crossing apoE~” C57BL/6
with CXCR6S™/CFP C57BL/6 mice. ApoE/"CXCR6S™* C57BL/6 mice were obtained by
crossing apoE "~ C57BL/6, and apoE /" CXCR6CFP/6FP C57BL/6 mice and male heterozygous
apoE "CXCRG6CF* mice were used as controls. For genotyping, the following primers were
used (Table 18).

Table 18. Sequences of primers used in the genotyping for Apoe, Gfp and Cxcr6 genes.

Primer Sequence [5°-3’]

oIMR 180 GCCTAGCCGAGGGAGAGCCG
oIMR 181 TGTGACTTGGGAGCTCTGCAGC
oIMR 182 GCCGCCCCGACTGCATCT
GFP 5  GTCGCCACCATGGTGAGCAAGGGC
GFP 3 AGATCTCAGCGCCGGCGAAATGAA
CXCR65 TTGCTTGCTCATTTGGGTGGTCTC

CXCR63” GAAGAGATTCACACCGTTCCGGAT

Primers oIMR 180, 181, 182 were used to determine the presence or absence of Apoe
gene; primers GFP 5’ and GFP 3’ were employed to resolute the absence of Cxcr6 and

primers CXCR6 5” and CXCRG6 3’ to verify the presence of Cxcré gene.

Mice were genotyped and intercrossed, and the PCR was performed following the

same protocol as previously described in Section 3.2.1.1.
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3.2.2.2 Experimental protocol

12-weeks-old apoE™", apoE " CXCRG6C* and apoE ' CXCR6C ¢ male mice
were used. Alzet® mini-osmotic pumps, model 2004 (Charles River Laboratories, Inc.) were
implanted subcutaneously; angiotensin-I1 (Ang-11; Calbiochem, San Diego, CA) was infused
at a rate of 1,000 ng/kg/min. Simultaneously, losartan (LKT Laboratories, Inc., St. Paul,
MN), which works as an angiotensin-1l receptor type 1 (AT1) antagonist, was infused, in
some apoE ~Ang-11-treated mice, at a rate of 30 mg/kg/day for 28 days. Losartan’s dose was
based on ranges previously used in rodents (Scalia et al. 2011). In the control mice group,

the mini-osmotic pumps were implanted to release the vehicle (saline).

3.2.2.3 Aneurysm quantification

At the end of the experimental protocols, mice were anesthetized as previously
described in Section 3.2.1.3 and cut open ventrally. Left cardiac ventricles were perfused
with 10 mL of PBS with an exit through the right atrium. The aorta was exposed under a
dissecting microscope to remove the periadventitial tissue, and then, it was photographed
with a Leica DMD108 digital microscope (Leica Biosystems). Suprarenal regions of the
abdominal aorta were identified between the last pair of intercostal arteries and the right renal
branch. The maximal outer diameter of the suprarenal aorta was measured ex vivo using the

Leica software image processor. Scoring was performed blinded.

3.2.2.4 Immunohistochemistry analysis in mouse aorta

Suprarenal aorta samples were divided into two sequential regions (A and B) taking
the maximal dilatation as a threshold, using a Leica DMD108 Digital microscope (Leica
Biosystems). Region A was kept at -80°C for molecular analyses. Region B was fixed in 4%
PFA (PanReac AppliChem GmbH), embedded in paraffin, sectioned with a microtome
(Leica RM2245; Leica Biosystems) and mounted on microscope slides Superfrost® plus
(Thermo Fisher Scientific) (Collado et al. 2018b). At least ten slides of region B, containing
approximately four tissue cross sections (5 um thick) from each animal were examined (mean
number of aortic sections per mouse = 40 £ 5). Inflammatory infiltration and microvessel
formation in aortas were measured as described elsewhere (Zhang et al. 2009, Company et
al. 2011). Briefly, after the blockade with goat serum (5% diluted in PBS; Abcam), aorta
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cross sections were incubated overnight at 4°C with the following primary antibodies: a rat
mADb against mouse CD68 (1:50 dilution, clone FA-11, 1gG2a; Bio-Rad Laboratories,
Hercules, CA), a rabbit polyclonal antibody against mouse CXCR6 (1:50 dilution;
IMMUNOSTEP) and a rabbit polyclonal antibody against human CD3 (1:50 dilution; Dako,
Agilent Technologies). Specific labeling was detected with an Alexa Fluor® 633-conjugated
goat anti-rat 1IgG (H+L) secondary antibody (1:500 dilution; Molecular Probes, Thermo
Fisher Scientific), an Alexa Fluor® 488-conjugated goat anti-rabbit IgG (H+L) secondary
antibody (1:500 dilution; Molecular Probes, Thermo Fisher Scientific) or an Alexa Fluor®
594-conjugated goat anti-rabbit 1gG (H+L) secondary antibody (1:500 dilution; Molecular
Probes, Thermo Fisher Scientific), respectively. Cell nuclei were counterstained with
Hoechst dye (1:4000 dilution; Sigma-Aldrich). CD31 staining was performed with a rabbit
polyclonal antibody against mouse CD31 (1:50 dilution, 1gG; Abcam). Specific labeling was
detected using a labeled polymer-horseradish peroxidase (HRP)-conjugated anti-rabbit as a
secondary antibody (1:500 dilution) as part of the EnVision* System/HRP kit (Dako, Agilent
Technologies). Samples were treated with a solution containing DAB (Dako, Agilent
Technologies), then counterstained with Harris hematoxylin (Sigma-Aldrich) and
dehydrated. Lymphocytes CD8'CXCR6"™ and CD4'CXCR6" in the AAA of
apoE "CXCRG6°F* male mice were detected using an Alexa Fluor® 647-conjugated rat
mADb against mouse CD8a (1:50 dilution, clone 53-6.7, 1gG2a; BioLegend) and an Alexa
Fluor® 647-conjugated rat mAb against mouse CD4 (1:50 dilution, clone GK1.5, IgG2g;
BioLegend), respectively, and incubated at room temperature for 2 h. Cell nuclei were
counterstained with Hoechst dye (1:4000 dilution; Sigma-Aldrich). Fields from each
suprarenal aortic section were captured (Axio Observer Al inverted microscope; ZEISS
International), digitized, and analyzed (ImagelJ software, Windows free version; NIH).

Scoring was performed blinded on coded slides.

In order to confirm specificity of all antibodies, a rabbit 1gG polyclonal isotype
control (Abcam), a rat 1IgG2a mADb isotype control (R&D Systems, Inc.), a rat 1gG2g Alexa
Fluor® 647-conjugated isotype control (R&D Systems, Inc.), a rat 1gG2a Alexa Fluor® 647-
conjugated antibody (R&D Systems, Inc.) or secondary antibodies only were used as

negative controls.
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3.2.2.5 Measurement of blood pressure and lipid profile

Systolic blood pressure (SBP) was measured in conscious mice using a non-invasive
tail-cuff system (CODA-6; Kent Scientific Corporation, Torrington, CT). During the
procedure, animals were placed in the retainer tube of a chamber that was kept at 37°C
(LE5510; Panlab S.L. - Harvard Apparatus) as previously described (Zhang et al. 2009).
Mice were acclimated to the instrument for at least five consecutive days before baseline
measurements and the implantation of the mini-osmotic pumps. All assessments were
performed between 8 and 11 a.m. to avoid variations in blood pressure due to the circadian

cycle.

Furthermore, each mouse received ten initial pressure readings to acclimate them to
the procedure. Then, ten additional cycles were measured to obtain the systolic pressure. The
criterion for data acceptance was the acquisition of at least 10 of 20 measurements and a

standard deviation <30 mmHg for each session.

Lipid levels in mice plasma overnight-fasted were measured as explained previously
in Section 3.2.1.6.

3.2.2.6 Analysis of Mcp-1, Cxcl16 and Vegf expression in the aortic aneurysm

RNA extraction, RT-PCR and finally gPCR were performed following the same

protocol to that previously described in Section 3.2.1.8. Probes used are shown in Table 19.

Table 19. Probes used in gPCR assays in AAA studies.

Gene TagMan™ Gene Expression Probe
Mouse Mcp-1/Ccl2 Mm00441242 m1
Mouse Cxcl16 Mm00469712_m1
Mouse Vegf Mm00437306_m1
Mouse Gapdh Mm99999915 g1
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3.2.2.7 Determination of cytokine and chemokine levels in plasma

To determine CXCL16, TNFa and IFNy plasma levels, heparinized whole blood from
apoE "~ male mice infused or not with Ang-I1 and treated or not with losartan, was collected,
centrifuged to obtain plasma and stored at -80°C. Cytokine and chemokine levels were
measured in plasma by commercial ELISA kits (Mouse DuoSet® ELISA, R&D Systems,
Inc.) and the results expressed as pg/mL of cytokine and chemokine in plasma.

3.3 STATISTICAL ANALYSIS

All results were analyzed using the GraphPad Prism software version 6.0 (GraphPad
Software, Inc., La Jolla, CA) and the values expressed as individual data points, percentages
or mean = standard error of the mean (SEM) when appropriate. For two-group comparisons,
paired or unpaired Student’s t-test was used in data that passed both normality (Kolmogorov-
Smirnov test) and equal variance (Levene test) as appropriate; otherwise, a non-parametric
Mann Whitney U test was performed. For comparisons among multiple groups, one-way or
two-way analysis of variance (ANOVA) followed by post hoc analysis (Bonferroni test) was
used in data that passed both normality and equal variance; otherwise, a non-parametric
Kruskal-Wallis test followed by Dunn’s post hoc analysis was used. Data were considered
statistically significant at p <0.05. Additionally, some correlations between experimental

findings and clinical features were calculated using Spearman correlation method.
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4. RESULTS






4.1 STUDY OF THE SYSTEMIC INFLAMMATION IN PATIENTS WITH PH AND
ITS MODULATION BY AN OFL

A total of 43 subjects, 22 patients with PH (4 males and 18 females, aged 49 + 2.7
years) and 21 age-matched control subjects without PH (5 males and 16 females, aged 48.8
+ 3.1 years) were included in the present study. The demographic, clinical and biochemical
characteristics of PH patients and age-matched volunteers are shown in Table 20. No
statistically significant differences were found with regards to age, gender, BMI, or waist
circumference between the two groups (Table 20). By contrast, levels of TC, LDL, TG, and

apoB were significantly higher in patients than in control subjects (Table 20).

Table 20. Clinical features of studied subjects.
Control volunteers (n = 21) PH subjects (n =22) p-value

Age (years) 488 +2.7 49+31 0.95
Gender M/F (%) 5/16 (23.8/76.2) 4/18 (18.2/81.8) 0.72
BMI (kg/m?) 254 +0.7 25.7+0.9 0.83
Waist circumference (cm) 85.3+1.9 85.7+2.2 0.90
SBP (mmHg) 1159+£2.0 124.7+3.6* <0.05
DBP (mmHg) 71.6+1.8 785+26* <0.05
Glucose (mg/dL) 86.7+15 88.1+1.9 0.57
TC levels (mg/dL) 206.1 £6.8 264.6 £ 8.9 ** <0.01
LDL levels (mg/dL) 130.6 £5.4 182.8+6.2 ** <0.01
TG (mg/dL) 80.9+7.3 109.7 £ 8.5 ** <0.01
HDL levels (mg/dL) 65.9+2.5 63.4+2.9 0.51
ApoB (mg/dL) 925+4.1 127.4+5.0 ** <0.01
GOT (U/L) 21.7+0.9 228+1.1 0.42
GPT (U/L) 18.3+1.8 185+1.1 0.90
Creatinine (mg/dL) 0.7+£00 0700 0.48
1gG (mg/dL) 966.7 +41.1 968.5 + 34.4 0.97
IgM (mg/dL) 100.4£7.6 1258+ 14.1 0.14
IgE total (1U/L) 426+120 50.4 +£16.9 0.71

M, male; F, female; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; TC, total cholesterol; LDL, low-density lipoprotein; TG, triglycerides; HDL, high-density
lipoprotein; ApoB, apolipoprotein B; GOT, glutamic-oxalacetic transaminase; GPT, glutamate-
pyruvate transaminase; Ig, immunoglobulin. Data are presented as mean £ SEM. *p <0.05 or **p
<0.01 relative to values in the control group.
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4.1.1 Platelet activation is enhanced in patients with PH and reduced by the OFL

administration

We first determined the platelet activation state and levels of several mediators
released upon their activation in blood samples from the two study groups using flow
cytometry and ELISA. No significant differences in the number of circulating platelets were
found between controls and patients (Figure 23A). By contrast, the percentage of platelets
expressing PAC-1 and P-selectin (CD62P) was significantly higher in patients than in control
subjects (Figures 23B, C, and G), indicating their activation state. Since P-selectin
translocates to the cell surface upon cell activation, where it can be cleaved and released into
the circulation as soluble P-selectin (sP-selectin), we also determined its circulating levels in
plasma, finding that levels were significantly higher in the PH group than in the control one
(Figure 23D). Similarly, circulating plasma levels of PF-4/CXCL4, a platelet chemokine
released upon platelet activation, were significantly higher in PH patients than in controls
(Figure 23E). No differences, however, were encountered between PH patients and control
subjects for the levels of circulating RANTES/CCLD5, a chemokine released by platelets and

other immune cells when they are activated (Figure 23F).

When the OFL was administrated to these same PH patients, no changes were
observed in the percentage of circulating platelets after 4 hours (Figure 23A); however, the
percentage of platelets expressing PAC-1 and P-selectin (Figures 23B, C, and G), as well as
levels of sP-selectin, PF-4/CXCL4 and RANTES/CCLS5 (Figures 23D-F), were significantly
reduced in those patients with PH.
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Figure 23. Platelet activation and related soluble markers are elevated in patients with PH and
reduced by the OFL administration. Flow cytometry analysis of platelets stained with conjugated
antibodies against CD41 (A), CD41 and PAC-1 (B and G), and CD41 and P-selectin (C and G).
Results are expressed as the percentage of positive cells. sP-selectin (D), PF-4/CXCL4 (E), and
RANTES/CCLS5 (F) plasma levels (ng or pg/mL) were measured by ELISA (n = 21 control subjects
and n = 22 PH patients). Values are expressed as mean £ SEM. *p <0.05 or **p <0.01 relative to
values in the control group. +p <0.05 or ++p <0.01 relative to values in the PH group at time 0 (TO).

4.1.2 The percentage of platelet-neutrophil aggregates, activated neutrophils,

and circulating levels of IL-8 are elevated in patients with PH. Some of these parameters

are decreased after the OFL administration

Next, we evaluated several parameters related to the activation of different leukocyte
subsets. No significant differences were found in the percentage of circulating neutrophils in
heparinized whole blood between the two groups (Figure 24A); however, the percentage of
platelet-neutrophil aggregates and activated neutrophils (CD69") was significantly higher in
patients than in control subjects (Figures 24B and C). As some chemokines, such as
GROw/CXCL1 and IL-8/CXCLS8, can induce activation and chemotaxis of human
neutrophils, we quantified their levels in plasma. Whereas no differences in the levels of
GROa/CXCL1 were detected between the two groups (Figure 24D), plasma levels of IL-
8/CXCL8 were significantly elevated in PH patients (Figure 24E). Of note, we found a
significant association between the circulating levels of IL-8/CXCL8 and three clinical
features of PH: apoB, LDL, and TC (Figures 24F-H).

When the OFL was administrated, no changes were observed in the percentage of
circulating neutrophils, or the platelet-neutrophil aggregates (Figures 24A and B).
Nevertheless, a faint, but not significant decrease in the activation state of neutrophils 4 hours
after the OFL administration was observed (Figure 24C). Again, while no differences were
found in plasma levels of GROo/CXCL1 in PH patients before and after OFL (Figure 24D),
IL-8/CXCLS8 levels were significantly decreased 4 h after the OFL administration (Figure
24E).

142



o Age-matched Controls

A
2 80+ LA
-
— o
5 S 604% os® g
o £ & ? on
c @ o "
T 5 40{°° 4 o
8 .
= = °
8 Z 205
O
5
D
T 800+
£
= .
£ 6004 o
= o
QO 400+
é [e] o] . o
=~ (o]
8 200 % °~ I:|u|;|
r |¥ e g
O 0
F
2 o P =0.0265
D 750+
=
[se] L J
— 500+
O .
> e O o
Q 250 o oy
o) 7 . ® .
— o
0 T 1
0 100 200

ApoB (mg/dL)

Neutrophils

B
p=0.006 p=0.024
< 100+
S *k
2 80{ o *
°©
]
T %010 Q ﬁ
o
S o & B
o b o
S 20 o
o
L0 0-
E p=0.0103
1000+
-
£ 800
2 p=0.0036
% 6001 o 44
o o
Q 400
9 200
S 1
3 3 E
0.
G
r=0.3730
~1000 p=0.0150
E
S 7504
2
®
% 500-
@] ™
> f.
Q 250 weo 3o
(s ] L) ®
= o
0 ' : .
0 100 200 300
LDL (mg/dL)

e PH Patients TO

Neutrophils
expressing CD69 (%)

a

O

N A
o o o

I

IL-8/CXCL8 (pg/mL)

o

-
(o)} (o] o
o o o
1 1 1

%
4 o0
1%

1000+

~

[€)]

o
:

PH Patients T4

p=0.005

*%

[ ]

o0

nl—ﬁgl %”Ep o

. o°.=o’4¢|-

L

100 200 300 400
TC (mg/dL)

0

Figure 24. The percentage of platelet-neutrophil aggregates, activated neutrophils, and I1L-8
circulating levels are higher in patients with PH, and some of these parameters are reduced
after the OFL administration. Flow cytometry analysis of heparinized whole blood co-stained with
specific markers for platelets and neutrophils (A and B). Neutrophils were also stained for CD69 (C).
Results are expressed as the percentage of positive cells. GROo/CXCL1 (D) and IL-8/CXCL8 (E)
plasma levels (pg/mL) were measured by ELISA (n = 21 control subjects and n = 22 PH patients).
Values are expressed as mean + SEM. *p <0.05 or **p <0.01 relative to values in the control group.
++p <0.01 relative to values in the PH group at TO. Correlations between circulating IL-8/CXCL8
and apoB (F), LDL (G), and TC (H) plasma levels.
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4.1.3 Circulating Mon 3 monocytes, platelet-Mon 1 and 3 aggregates, activated
Mon 1 and 2 monocytes, and plasma levels of MCP-1/CCL2 and CX3CL1 are all

elevated in patients with PH. The OFL administration decreases different parameters

Three monocyte subpopulations have been described in peripheral blood based on
their differential expression of the cell surface markers CD14, CD16 and CCR2, as described
in Section 3.1.5.3.3 and Table 7. Whereas the percentage of circulating type 1 (Mon 1) and
2 (Mon 2) monocytes in blood was not different between patients and controls volunteers, as
determined by flow cytometry, we found a significantly higher percentage of circulating type
3 (Mon 3) monocytes in the former group (Figures 25A, D, and G). When we analyzed
platelet-monocyte aggregates, those established between platelets and Mon 1 and 3
monocytes were significantly elevated in patients with PH (Figures 25B and H), but no
differences between groups were found in Mon 2 aggregates (Figure 25E). Moreover, the
expression of CD11b integrin in Mon 1 and 2, but not in Mon 3 monocytes, was significantly
higher in patients than in controls, indicating their activation state (Figures 25C, F, and I).
Analysis of CX3CR1 on the different monocyte subtypes from heparinized whole blood
revealed that the percentage of Mon 1 monocytes expressing this receptor was significantly
higher in patients than in controls (Figure 25J). After dissociating platelets with EDTA, we
found that the percentage of all monocyte subtypes positive for CX3CR1 was significantly
higher in patients than in controls, with Mon 1 monocytes showing the highest percentage of
CX3CR1 expression (Figure 25K). In addition, the circulating levels of MCP-1/CCL2 and
soluble fractalkine/CX3CL1, ligands of CCR2 and CX3CR1 receptors respectively and
involved in mononuclear cell recruitment, were significantly higher in patients (Figures 25L
and M), and a positive correlation was found between the circulating concentration of both

chemokines and apoB, LDL, and TC levels in patients (Figures 25N-S).

After 4-hours OFL administration to PH patients, a significant decrease in the
percentage of circulating monocytes could be observed, mainly in Mon 1 population (Figure
25A). In agreement with this observation, a marked decrease in MCP-1/CCL2 plasma levels

was found in PH patients 4 hours after the OFL administration (Figure 25L).
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Figure 25. The percentage of circulating Mon 3 monocytes, platelet-Mon 1 and 3 aggregates,
activated Mon 1 and 2 monocytes, and plasma levels of MCP-1/CCL2 and CX3CL1, are elevated
in PH patients. Some of these parameters are significantly affected by an OFL administration.
Flow cytometry analysis of heparinized or EDTA-treated whole blood co-stained with specific
markers for platelets and Mon 1, 2 and 3 monocytes (A, B, D, E, G, and H), CD11b integrin (C, F,
and 1), and also for CX3CRL1 in heparinized and EDTA-treated whole blood (J and K). Results are
expressed as the percentage of positive cells or mean fluorescence intensity (MFI). MCP-1/CCL2 (L)
and fractalkine/CX3CL1 (M) plasma levels (pg or ng/mL) were measured by ELISA (n = 21 control
subjects and n =22 PH patients). Values are expressed as mean + SEM. *p <0.05 or **p <0.01 relative
to values in the control group. +p <0.05 or ++p <0.01 relative to values in the PH group at TO.
Correlations between circulating MCP-1/CCL2 or fractalkine/CX3;CL1 and apoB (N and Q), LDL (O
and R), and TC (P and S) plasma levels.
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4.1.4 Circulating CD4* lymphocytes, platelet-lymphocyte (CD4* and CD8Y)

aggregates and lymphocyte (CD4* and CD8*) activation are significantly increased in

patients with PH, but no changes in these parameters were detected after the OFL

administration

Mature T cells express the general marker CD3, and also either CD4 or CD8
depending on the T cell type. Whereas no differences were found in circulating numbers of
CD3* and CD8" lymphocytes between patients and controls, the number of CD4"
lymphocytes was higher in the former group (Figures 26A, D, and J) and positively
correlated with apoB, LDL, and TC levels (Figures 26G-I). Moreover, the percentage of
CD3", CD4" and CD8" lymphocytes bound to platelets, and also their activation state
(CD69"), was higher in patients than in control subjects (Figures 26B, C, E, F, K, and L).
Interestingly, a positive correlation was found between the percentage of CD8*CD69" cells
and the lipid profile (apoB, LDL, and TC levels) (Figures 26M-0O).

Closer inspection of the different CD4™ T lymphocyte subtypes revealed an increased
number of circulating Th2 and Th17 lymphocytes, but not Thl in PH patients (Figures 27A,
D, and G). Furthermore, we found that the percentage of circulating platelet-Th lymphocyte
aggregates of all three subtypes, as well as their activation state (CD69"), was higher in
patients than in controls (Figures 27B, C, E, F, H, and I). In contrast to CD4" cells, the
percentage of circulating Treg lymphocytes (Figure 27J), as well as the Treg/Th17 ratio
(Figure 27L), was significantly lower in patients. However, no differences were found
between patients and controls in the percentage of circulating Treg lymphocyte-platelet
aggregates (Figure 27K). Of note, whereas the circulating levels of IL-12, a cytokine
involved in the differentiation of naive T cells to Thl lymphocytes, were significantly
elevated in patients, plasma levels of IFNy, a cytokine released by Th1l lymphocytes, were
not different from those of control subjects (Figures 27M and N). By contrast, levels of the
anti-inflammatory cytokines IL-4 and IL-10, which are mainly produced by Th2 and Treg
lymphocytes, respectively, were significantly lower in the circulation of PH patients (Figures
270 and P). Indeed, an inverse correlation was found between IL-4 and IL-10 and the lipid
profile associated with PH (Figures 27Q-V).

147



After the 4-hour OFL administration to PH patients, a tendency towards lower
activation of CD4" lymphocytes was observed (Figure 26F); however, no significant
differences were encountered when compared with TO values in the remainder parameters
determined either in global T cells (Figures 26 A-E, J-L) or in the different Th lymphocyte
subpopulations (Figures 27A-I). Of note, the percentage of circulating Treg lymphocytes
was significantly increased 4 hours after the administration of the OFL (Figure 27J),
although no differences in the percentage of Treg lymphocyte-platelet aggregates nor the
Treg/Th17 ratio were found (Figures 27K and L, respectively). Plasma levels of the different
soluble markers in the PH group were not affected by the administration of the OFL (Figures
27M-P).
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Figure 26. The percentage of circulating CD4* lymphocytes, platelet-lymphocyte (CD4* and
CD8") aggregates, and lymphocyte (CD4" and CD8") activation, are significantly elevated in
patients with PH, but no changes in these parameters were detected after the OFL
administration. Heparinized whole blood was co-stained with specific markers for CD3*, CD4" and
CD8" lymphocytes (A, B, D, E, J, and K), as well as for CD69 (C, F, and L). Results are expressed
as the percentage of positive cells (n = 21 control subjects and n = 22 PH patients). Values are
expressed as mean = SEM. *p <0.05 or **p <0.01 relative to values in the control group. Correlations
between circulating CD4" cells and activated CD8* lymphocytes and apoB (G and M), LDL (H and
N), and TC (I and O) plasma levels.
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Figure 27. The percentage of circulating Th2 and Th17 lymphocytes, platelet-lymphocyte
aggregates, lymphocyte activation and I1L-12 circulating levels, are significantly increased in
patients with PH, whereas the percentage of circulating Treg cells, Treg/Th17 ratio, and IL-4
and IL-10 plasma levels, are decreased. Administration of the OFL increased the percentage of
circulating Treg cells in PH patients. Heparinized whole blood was co-stained with specific
markers for platelets and Thl, Th2, Th17 and Treg lymphocytes (A, B, D, E, G, H, J, and K) as well
as for CD69 (C, F, and I). Treg/Th17 ratio was also determined (L). Results are expressed as the
percentage of positive cells. 1L-12 (M), IFNy (N), IL-4 (O), and IL-10 (P) plasma levels (pg/mL)
were measured by ELISA (n = 21 control subjects and n = 22 PH patients). Values are expressed as
mean £ SEM. *p <0.05 or **p <0.01 relative to values in the control group. +p <0.05 relative to
values in the PH group at TO. Correlations between circulating IL-4 or IL-10 and apoB (Q and T),
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4.1.5 Circulating levels of proinflammatory cytokines but no adipokines are

increased in PH patients. TNFa plasma levels in PH are decreased by the OFL

administration

Th17 lymphocytes produce TNFa and IL-6 (Olson et al. 2013), and an increase in the
plasma levels of these proinflammatory cytokines has been reported before in patients with
PH (Sampietro et al. 1997, Real et al. 2010a, Holven et al. 2014). We noted similar findings
in our patient cohort (Figures 28A and B). Moreover, a positive association was found
between IL-6 plasma levels and the levels of circulating apoB, LDL, and TC (Figures 28C—
E). By contrast, no differences were found for the circulating levels of adiponectin, leptin or
ghrelin between patients and controls (Figures 28F-H).

Of note, TNFa circulating levels were significantly reduced 4 hours after the
administration of the OFL (Figure 28A), without affecting the plasma levels of IL-6 or the
adipokines investigated (Figures 28B, F, G, and H).
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Figure 28. Increased circulating levels of proinflammatory cytokines but no adipokines in
patients with PH. Administration of the OFL to PH patients reduced the circulating levels of
TNFa. TNFa (A), IL-6 (B), adiponectin (F), leptin (G), and ghrelin (H) plasma levels (pg or ng/mL)
were measured by ELISA (n = 21 control subjects and n = 22 PH patients). Values are expressed as
mean = SEM. *p <0.05 relative to values in the control group. +p <0.05 relative to values in the PH
group at TO. Correlations between circulating IL-6 and apoB (C), LDL (D), and TC (E) plasma levels.
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4.1.6 Circulating platelet-leukocyte aggregates and leukocytes from PH patients

have increased adhesiveness to TNFa-stimulated HUAEC which is diminished by the

OFL administration

Endothelial dysfunction is one of the earliest stages of atherogenesis and leads to the
adhesion and the subsequent migration of leukocytes (Landmesser et al. 2004). Because
TNFa is a central cytokine/adipokine in hypercholesterolemia (Sampietro et al. 1997, Hansen
et al. 2019), we next explored the functional consequences of the elevated levels of TNFa in
patients with PH. We first examined the adhesion of platelet-leukocyte aggregates and
leukocytes alone to unstimulated or TNFa-stimulated HUAEC under dynamic flow
conditions. To accomplish this, experiments were carried out with heparinized or EDTA-

treated whole blood, which promotes the dissociation of platelets from leukocytes.

When heparinized, diluted whole blood from patients and controls was perfused
across unstimulated HUAEC, leukocyte adhesiveness was significantly higher in the PH
group (Figure 29A). After exposure of HUAEC to TNFa for 24 h, leukocyte adhesiveness
increased in both groups and remained markedly elevated in the PH group (Figure 29A).
Importantly, when platelets were disaggregated from leukocytes with EDTA, leukocyte
adhesion was still considerably greater in the PH group than in the control group (Figure
29B), despite the significant decrease in the number of adhered leukocytes to stimulated
HUAEC after platelet disaggregation (Figures 29A and B). In agreement with these
observations, immunofluorescence studies revealed enhanced adherent platelet-leukocyte
complexes to TNFa-stimulated endothelial cells from PH patients compared with age-
matched controls (Figures 29C and D). Furthermore, when platelets were disaggregated
from leukocytes with EDTA, leukocyte adhesion to TNFa-stimulated HUAEC was notably
diminished, but this parameter was markedly higher in the PH group than in the control one
(Figures 29E and F).

Interestingly, 4 hours after the OFL administration to patients with PH, a significant
decrease in the number of leukocytes adhered to the endothelium was detected, either in

heparinized or in platelet-disaggregated whole blood (Figures 29A and B).
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Figure 29. Circulating platelet-leukocyte aggregates and leukocytes from PH patients show
increased adhesiveness to TNFa-stimulated HUAEC, which is decreased by the OFL
administration. HUAEC were stimulated or not with TNFa (20 ng/mL) for 24 h. Subsequently,
whole blood from patients and controls, incubated without (A) or with EDTA (B), was perfused over
the endothelial monolayers for 7 min at 0.5 dyn/cm? and leukocyte adhesion quantified (cells/mm?).
Values are expressed as mean £ SEM (n = 21 control subjects and n = 22 PH patients). **p <0.01
relative to values in the medium group; ##p <0.01 relative to respective values at TO; +p <0.05 or
++p <0.01 relative to respective values in the control group; AAp <0.01 relative to respective values
in the heparin group. Immunofluorescence analysis showing adherent platelet-leukocyte complexes
to TNFa-stimulated HUAEC (C-F). Cells were incubated for 1 hour at 37°C with heparinized whole
blood from age-matched controls and patients with PH incubated with or without EDTA. Then, cells
were fixed with 4% PFA and blocked in PBS containing 1% BSA. After that, cells were incubated
for 2 h with an Alexa Fluor® 488-conjugated mouse mAb against human CD45 (1:50 dilution, green)
and an APC-conjugated mAb against human CD41 (1:50 dilution, red). Nuclei of endothelial cells
and leukocytes were stained with Hoechst dye (1:4000, blue). Images were captured with an Axio
Observer Al fluorescence microscope (ZEISS International).
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42 STUDY OF THE ROLE OF CCL11/CCR3 AXIS IN PH AND
ATHEROSCLEROSIS DEVELOPMENT

4.2.1 Increased circulating plasma levels of eotaxin-1/CCL11 and eotaxin-

3/CCL26 and decreased plasma levels of IL-5 in patients with PH compared to age-

matched controls

First, plasma levels of eotaxin-1/CCL11, eotaxin-2/CCL24, eotaxin-3/CCL26, IL-5,
IL-13, IL-25, and IL-33 were determined by ELISA in 21 control subjects and 22 PH patients.
Surprisingly, increased levels of circulating eotaxin-1/CCL11 and eotaxin-3/CCL26 were
detected in PH patients compared to control volunteers (Figures 30A and C). Additionally,
both of them positively correlated with three clinical features of PH such as apoB, LDL, and
TC plasma content (Figures 30D-I). Nevertheless, no differences were found between

groups in circulating levels of eotaxin-2/CCL24 (Figure 30B).

Since eotaxin-1/CCL11 and eotaxin-3/CCL26 signal exclusively through the CCR3
receptor, which is constitutively expressed at high levels in eosinophils (Daugherty et al.
1996), we next determined circulating levels of other eosinophil-related cytokines.
Unexpectedly, plasma concentrations of IL-5 were notably lower in patients with PH than in
age-matched controls (Figure 30J). In contrast, no significant differences were detected
between both groups in plasma levels of I1L-13, IL-25 or IL-33 (Figures 30K-M).
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Figure 30. Increased circulating plasma levels of eotaxin-1/CCL11 and eotaxin-3/CCL26 and
decreased plasma levels of IL-5 in patients with PH compared to age-matched controls. Eotaxin-
1/CCL11 (A), eotaxin-2/CCL24 (B), eotaxin-3/CCL26 (C), IL-5 (J), IL-13 (K), IL-25 (L), and IL-
33 (M) plasma levels (pg/mL) were determined by ELISA (n = 21 control subjects and n = 22 PH
patients). Values are expressed as mean + SEM. *p <0.05 or **p <0.01 relative to values in the control
group. Correlations between circulating eotaxin-1/CCL11 and eotaxin-3/CCL26 plasma levels and
apoB (D and G), LDL (E and H), and TC (F and I).



4.2.2 The percentage of circulating CCR3-expressing cells were significantly

increased in PH patients compared with control subjects

CCRa3 receptor serves as the primary chemokine receptor responsible for eosinophil
trafficking to tissues in diseased and healthy conditions (Daugherty et al. 1996); therefore,
we next evaluated CCR3 expression in different CCR3-expressing leukocytes in PH patients
and age-matched controls.

Increased percentage of CCR3-expressing leukocytes and enhanced CCR3 leukocyte
expression were found in heparinized whole blood from PH patients compared with age-
matched controls (Heparin; Figures 31A and B). Similar observations were detected when
platelets were dissociated from leukocytes (EDTA; Figures 31A and B).

To determine which circulating CCR3-expressing cells were significantly elevated in
PH patients, a more in-depth analysis of CCR3 expression on platelets and CCR3-expressing
leukocytes was carried out. Platelets express functional CCR3 receptors (Clemetson et al.
2000); however, no differences between PH patients and age-matched controls were
encountered in the percentage of circulating platelets (Figure 31C), the percentage of CCR3-

expressing platelets (Figure 31D) or CCR3 platelet expression (Figure 31E).

When eosinophils were analyzed, we first found a significantly increased percentage
of circulating eosinophils (CCR3") in PH patients compared with age-matched controls
(Figure 31F). Nevertheless, CCR3 eosinophil expression was similar in PH patients and
control volunteers (Figure 31G). Of note, the percentage of circulating eosinophils were

found to positively correlate with apoB, LDL, and TC plasma levels (Figures 31H-J).

Mast cells are resident tissue cells that, when activated, express the CCR3 receptor
(Price et al. 2003). Nevertheless, progenitor mast cells, which are defined as CD45"Lin ¢c-
kit"FceRIa" cells (Nagai et al. 2013), also express the CCR3 receptor (Li et al. 2001). In this
regard, we observed a significant increase in the percentage of circulating progenitor mast
cells in PH patients compared to age-matched controls (Figure 31K). While an enhanced
percentage of CCR3-expressing progenitor mast cells were encountered in PH individuals
when platelets were dissociated (EDTA; Figure 31L), only an increased in CCR3 expression

was detected in PH patients when platelets were bound (Heparin; Figure 31M).
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In contrast, even though basophils also highly express the CCR3 receptor (Uguccioni
et al. 1997), the percentage of circulating basophils was significantly lower in PH patients
than in age-matched controls (Figure 31N). When platelets were dissociated from them
(EDTA), increased percentage of circulating CCR3" basophils was found in PH individuals
(Figure 310), but then, no differences in CCR3 expression between the subjects investigated
were detected (Figure 31P).

Finally, the expression of CCR3 was studied in Th2 lymphocytes, since they also
express the CCR3 receptor (Sallusto et al. 1997). As illustrated in Figure 31Q, the percentage
of circulating Th2 lymphocytes was unexpectedly higher in patients with PH than in age-
matched controls. However, the percentage of CCR3* Th2 lymphocytes (EDTA; Figure
31R) and CCR3 expression in Th2 lymphocytes (EDTA; Figure 31S) was significantly
lower in PH patients. In both cases, only when Th2 lymphocytes were unbound to platelets.
Notably, while the number of circulating Th2 lymphocytes was positively correlated with
plasma levels of apoB, LDL, and TC (Figures 31T-V), the percentage of CCR3-expressing

Th2 cells was negatively correlated with these lipid parameters (Figures 31W-Y).
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Figure 31. The percentage of circulating CCR3-expressing cells were significantly increased in
PH patients compared with control subjects. Heparinized or EDTA-treated whole blood was co-
stained with specific markers for leukocytes (A and B), platelets (C-E, G, L, M, O, P, R, and S),
eosinophils (F and G), progenitor mast cells (K—M), basophils (N-P), and Th2 lymphocytes (Q-S),
as well as CCR3 (A, B, D-G, L, M, O, P, R, and S), and analyzed by flow cytometry. Results are
presented as MFI or the percentage of positive cells. Values are expressed as mean + SEM (n = 21
control subjects and n = 22 PH patients). *p <0.05 or **p <0.01 relative to values in the control group.
Ap <0.05 or AAp <0.01 relative to values in the heparinized group. Correlations between the
percentage of circulating eosinophils, Th2 lymphocytes, circulating CCR3-expressing Th2 cells and
apoB (H, T, and W), LDL (I, U, and X), and TC (J, V, and Y).

162



4.2.3 The circulating levels of eotaxin-1/CCL 11, the percentage of circulating

CCR3-expressing leukocytes and eosinophils were significantly increased in

atherogenic diet-fed apoE~~ animals, while plasma levels of IL-4 were decreased under

atherogenic conditions

We next measured circulating levels of eotaxin-1/CCL11, eotaxin-2/CCL24, 1L-4,
and IL-5 by ELISA in apoE ™~ mice fed with a high-fat diet or a control diet for two months.
Remarkably, and in agreement with human data, elevated plasma levels of eotaxin-1/CCL11
were observed in apoE "~ mice fed with a high-fat diet for two months (Figure 32A), whereas
plasma levels of 1L-4 were notably decreased (Figure 32C). No significant differences were
detected between groups in plasma levels of eotaxin-2/CCL24 (Figure 32B) and IL-5
(Figure 32D).

Then, we evaluated the percentage of different circulating leukocyte subpopulations
expressing CCR3 by flow cytometry. In heparinized whole blood, increased percentage of
CCR3-expressing leukocytes and an enhanced CCR3 leukocyte expression were found in

apoE " mice fed with an atherogenic diet (Figures 32E and F).

The percentage of circulating SiglecF™ eosinophils and the percentage of
SiglecF"CCR3" eosinophils was increased in atherogenic diet-fed apoE” mice (Figures
32G and H); however, no differences were found in the percentage of circulating progenitor
mast cells between groups (Figure 32J). Additionally, there were neither differences in
CCR3 eosinophil expression (Figure 321), nor in the percentage of progenitor mast cells

expressing CCR3 between groups (Figures 32K and L.).
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Figure 32. The circulating levels of eotaxin-1/CCL11, the percentage of circulating CCR3-
expressing leukocytes and eosinophils were significantly increased in atherogenic diet-fed
apoE™" animals, while plasma levels of IL-4 were decreased under atherogenic conditions.
ApoE~"~ mice were subjected to a control or an atherogenic diet for two months. Eotaxin-1/CCL11
(A), eotaxin-2/CCL24 (B), IL-4 (C), and IL-5 (D) plasma levels (pg/mL) were determined by ELISA.
Heparinized whole blood was co-stained with specific markers for leukocytes (E and F), eosinophils
(G-1), and progenitor mast cells (J-L), as well as CCR3 (E, F, H, I, K, and L), and analyzed by flow
cytometry. Results are presented as MFI or the percentage of positive cells (n = 7-11 animals per
group). Values are expressed as mean = SEM. *p <0.05 or **p <0.01 relative to values in the control
diet-fed group.

4.2.4 Two months with a high-fat diet markedly increased the atherosclerotic

lesion formation, the inflammatory infiltrates and the synthesis of collagen fibers in

apoE’~"CCR3~ animals compared with apoE7"CCR3*"* mice fed with the same diet

To investigate the relevance of the CCL11/CCR3 axis in atherosclerosis
development, apoE"CCR3” mice were generated. Then both, apoE’ CCR3** and
apoE"CCR3™~ mice were subjected to a high-fat diet for two months.

First, the study of the macroscopic lesion using the Oil Red-O staining from
apoE "CCR3*"* and apoE " CCR3™ mice revealed a clear increase in the atherosclerotic
lesion either in the aortic arch or in the thoracic aorta in those animals subjected to a high-fat
diet for two months (Figures 33A-C). Surprisingly, the lesion was significantly higher in
apoE"CCR3~ mice than in apoE "CCR3** fed with the atherogenic diet (Figures 33A-
C). In contrast, no differences between groups were found when they were subjected to a

control diet for the same period (Figures 33A-C).

The quantification of the atherosclerotic lesion in the aortic sinus showed similar
results (Figures 33D—F). ApoE ""CCR3~ mice fed with an atherogenic diet had a significant
increase in both, the intima/media ratio and lesion area compared to their respective controls
(apoE"CCR3*"*; Figures 33D-F). These two parameters were enhanced by 45% and 26%,
respectively, in apoE"CCR3™ mice vs. apoE"CCR3** mice (Figures 33E and F).

Immunohistochemical studies showed augmented infiltration of macrophages (Mac-
3" cells) and T lymphocytes (CD3* cells) in the atherosclerotic lesion of mice fed with an
atherogenic diet vs. that found in those subjected to a control diet (Figures 33D, G-J) in both

genotypes. Again, both macrophage and T cell infiltration was significantly higher in
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apoE"CCR3~ mice than in apoE ""CCR3"* mice fed with a high-fat diet (46% and 55%,
respectively; Figures 33G and H). The increase in T lymphocytes was mainly due to CD8"
lymphocytes (Figure 33J). In contrast, no differences were found in the number of infiltrated

CD4" lymphocytes between both genotypes (Figure 331).

Although a significant increase in the synthesis of collagen fibers, necrotic core area,
and infiltrated vascular SMC within the atherosclerotic lesion was detected in animals
subjected to an atherogenic diet vs. those who do not (Figures 33K—-M), only the collagen
area was markedly enhanced in apoE"CCR3™ mice vs. apoE ""CCR3*"* mice subjected to
a high-fat diet (Figure 33K).
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Figure 33. Two months with a high-fat diet markedly increased the atherosclerotic lesion
formation, the inflammatory infiltrates and the synthesis of collagen fibers in apoE”"CCR3™~
animals compared with apoE”"CCR3** mice fed with the same diet. ApoE""CCR3** and
apoE"CCR3™ mice were subjected to a control or an atherogenic diet for two months.
Representative images of Oil-Red stained aortas (A), atheroma lesion in the aortic arch (B), and in
the thoracic aorta (C). The discontinuous lines delineate the limits of the atherosclerotic lesion (D).
Intima/media ratio (E), lesion area (F), Mac-3* macrophages (G), CD3* T-cells (H), CD4*
lymphocytes (1), CD8* lymphocytes (J), collagen area (K), necrotic core area (L), and smooth muscle
cell infiltration (SMC; M) were determined in the aortic sinus. Representative photomicrographs of
aortic sinus cross-sections of stained macrophages (Mac-3*; brown staining), CD3*, CD4*,and CD8*
T cells (white arrowheads), Masson’s staining (collagen; green staining), and a-actin (red staining)
for control or atherogenic diet-fed mice. Black and white arrows point to the atheroma.
Immunoreactivity was visualized using an Alexa Fluor® 488 secondary antibody (green) and an
Alexa Fluor® 647 secondary antibody (red), respectively. Nuclei were stained with Hoechst dye
(blue). Results are expressed as mean + SEM (n = 8-11 animals per group). *p <0.05 or **p <0.01
relative to values animals subjected to a control diet; +p <0.05 or ++p <0.01 relative to values in
apoE"CCR3** animals subjected to an atherogenic diet.
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Eotaxin-1*

Mast cells

SiglecF* CCR3*

4.2.5 Two months under a high-fat diet increased the expression of eotaxin-
1/CCL11, the number of mast cells and SiglecF*CCR3" eosinophils in the

atherosclerotic lesion of apoE7/"CCR3** mice

Immunohistochemical analyses demonstrated that apoE "~ CCR3** mice fed with an
atherogenic diet had significantly increased eotaxin-1/CCL11 expression within the
atherosclerotic lesion compared with those animals fed with a control diet (Figures 34A-C).
The expression of CCL11 was virtually absent in apoE"CCR3™~ mice subjected or not to a
high-fat diet (Figures 34A-C).

In addition, a higher number of mast cells in the atherosclerotic lesion were detected
in both genotypes when they were subjected to an atherogenic diet (Figures 34A and D), and
the numbers were significantly higher in apoE” CCR3™ mice than in apoE ""CCR3** mice
(Figure 34D).

Finally, a significant increase of SiglecF'"CCR3" cells was observed in the
atherosclerotic lesion of apoE” CCR3"* mice subjected to an atherogenic diet for two

months compared with those mice under a control diet (Figure 34E).
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Figure 34. Two months under a high-fat diet increased the expression of eotaxin-1/CCL11, the
number of mast cells and SiglecF*CCR3" eosinophils in the atherosclerotic lesion of
apoE”"CCR3"* mice. ApoE"CCR3** and apoE""CCR3™ mice were subjected to a control or an
atherogenic diet for two months. Representative images of aortic sinus cross-sections (A). Eotaxin-1
area (brown staining; B), the area of eotaxin-1 (CCL11)* cells (brown staining; C), the number of
mast cells within the lesion (purple staining; D), and the number of eosinophils (SiglecF*CCR3*,
white arrowheads; E) were determined in the aortic sinus. Discontinuous lines delineate the limits of
the atherosclerotic lesion. Black and white arrows point to the atheroma. Immunoreactivity was
visualized using an Alexa Fluor® 488 secondary antibody (green) and an Alexa Fluor® 594
secondary antibody (red) respectively. Nuclei were stained with Hoechst dye (blue). Values are
expressed as mean = SEM (n = 8-11 animals per group). *p <0.05 or **p <0.01 relative to values
animals subjected to a control diet; +p <0.05 or ++p <0.01 relative to values in apoE"CCR3*"*
animals subjected to an atherogenic diet. N.D = No detected.

4.2.6 Decreased percentage of CCR3-expressing eosinophils and mast cells was

observed in subcutaneous adipose tissue of apoE"CCR3*"* mice subjected to a high-fat
diet

First, the histological examination of subcutaneous adipose tissue was carried out by
hematoxylin/eosin staining. Adipocyte size was determined and found that the adipocyte area
of those apoE"CCR3™ animals fed with an atherogenic diet was significantly reduced
compared to apoE"CCR3™ mice fed with a control diet (Figures 35A and B). Additionally,
different leukocyte subpopulations were analyzed in subcutaneous adipose tissue by flow
cytometry. Although no differences in the number of SiglecF* eosinophils were found
between groups (Figure 35C), the percentage of CCR3-expressing cells such as eosinophil
and mast cell populations was drastically decreased in apoE " CCR3** mice subjected to a
high-fat diet (Figures 35D and E). Moreover, the percentage of alternative-activated
macrophages (AAM) was significantly impaired in animals under an atherogenic diet for two
months regardless of the genotype (Figures 35F and G). Inasmuch, the activation state of
CD3* lymphocytes (CD69%) was significantly increased in these apoE"CCR3** mice
subjected to a high-fat diet (Figure 35H). In apoE"CCR3 " mice, no differences in the
activation state of CD3" lymphocytes (CD69") was observed when animals were subjected
to a control or an atherogenic diet (Figure 35H). Furthermore, CD3" activation was
significantly lower in this genotype compared to that observed in apoE’"CCR3** mice

subjected to an atherogenic diet.
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Figure 35. Decreased percentage of CCR3-expressing eosinophils and mast cells was observed
in subcutaneous adipose tissue of apoE”"CCR3** mice subjected to a high-fat diet.
ApoE"CCR3** and apoE"CCR3~" mice were subjected to a control or an atherogenic diet for two
months. Representative images of subcutaneous adipose tissue in paraffin-embedded cross-sections
(A). Hematoxylin/eosin (H&E) staining was performed to measure the adipocyte area (B).
Subcutaneous adipose tissue samples were analyzed by flow cytometry and co-stained with specific
markers for eosinophils (C and D), mast cells (E), alternative-activated macrophages (AAM; F and
G), and CD3* lymphocytes (H), as well as CCR3 (D and E) and CD69 (H). Results are presented as
MFI or the percentage of positive cells (n = 10-15 animals per group). Values are expressed as mean
+ SEM. *p <0.05 relative to values of animals subjected to a control diet; +p <0.05 relative to values

of apoE~"CCR3*"* animals subjected to an atherogenic diet. N.D = No detected.
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4.2.7 ApoE-CCR3** mice fed with a high-fat diet showed an increased number

of eosinophils, villi length, and Eotaxin-1 mRNA levels

To determine whether CCR3 and a two-month high-fat diet affect the intestinal
epithelium, we next examined the small intestines of apoE " CCR3"* and apoE "CCR3™~
mice subjected or not to an atherogenic diet. Histologically, the small intestine exhibited
marked proliferative changes in the villi length in apoE~” CCR3** mice fed with a high-fat
diet, with an ectopic crypt formation in those apoE""CCR3~" mice subjected to the same
diet (Figures 36A-C). Interestingly, a higher number of SiglecF* eosinophils was found in
the small intestine of apoE"CCR3*""* mice subjected to a high-fat diet (Figures 36A and D),
while apoE”"CCR3™~ mice showed decreased numbers of eosinophils when they were
subjected to the same diet (Figure 36D). In contrast, the number of mast cells was
significantly higher in those animals lacking the CCR3 receptor, and this number was further

increased when they were fed with a high-fat diet (Figures 36A and E).

Moreover, mRNA expression of Eotaxin-1/Ccl11, Eotaxin-2/Ccl24, 1I-25, and 11-33
was studied in the small intestine of apoE '"CCR3** and apoE " CCR3~" mice subjected or
not to an atherogenic diet during two months (Figures 36F-1). Only Eotaxin-1/Ccl11 mRNA
expression was significantly increased in the small intestine from apoE " CCR3*"* group fed
with an atherogenic diet compared with its control group (Figure 36F), and in the absence
of CCR3 receptor, no significant differences in this parameter were encountered.
Nevertheless, no differences were detected between genotypes in mRNA levels of Eotaxin-
2/Ccl24, 11-25, and 11-33 when they were subjected or not to an atherogenic diet (Figures
36G-I).
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Figure 36. The number of eosinophils, villi length, and the mRNA levels of Eotaxin-1 were

higher in apoE~~CCR3** mice fed with a high-fat diet. ApoE "CCR3** and apoE"CCR3 " mice

were

subjected to a control or an atherogenic diet for two months. Representative images of small

intestine cross-sections (A). Hematoxylin and eosin (H&E) staining was performed to measure villi

length (B) and crypt depth (C). The number of SiglecF* eosinophils (D) and mast cells (E) were
determined. Gene expression of Eotaxin-1 (Ccl11; F), Eotaxin-2 (Ccl24; G), 11-25 (H), and 11-33 (1)
in the intestine were analyzed by RT-PCR. Results are expressed as mean £ SEM (n = 5-11 animals
per group). *p <0.05 or **p <0.01 relative to values of animals subjected to a control diet; +p <0.05

or ++p <0.01 relative to values in apoE""CCR3** animals subjected to an atherogenic diet; ##p <0.01
relative to values in apoE"CCR3** mice subjected to a control diet.
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4.2.8 The circulating levels of eotaxin-1/CCL11 increased in atherogenic diet-fed

apoE~CCR3**animals but decreased in apoE"CCR3~~ mice. Augmented percentage

of eosinophils and mast cells in the bone marrow of apoE7"CCR3~7~ mice subjected to

an atherogenic diet

Circulating levels of eotaxin-1/CCL11, eotaxin-2/CCL24, IL-4, and IL-5 were
measured by ELISA in both genotypes, fed or not with an atherogenic diet. Interestingly,
decreased plasma levels of eotaxin-1/CCL11 (Figure 37A), IL-4 (Figure 37C), and IL-5
(Figure 37D) were observed in apoE"CCR3~" mice fed with a high-fat diet for two months
compared to apoE ""CCR3"* mice fed with the same diet, whereas no significant differences
were detected between groups in plasma levels of eotaxin-2/CCL24 (Figure 37B).

When the bone marrow was analyzed by flow cytometry, though the number of
SiglecF* eosinophils and mast cells in apoE " CCR3** mice fed with an atherogenic diet did
not significantly differ from those fed with a control diet (Figures 37E and G, respectively),
there were a significant increase in apoE"CCR3™~ mice fed with a high-fat diet (Figures
37E and G); whereas the number of CCR3-expressing eosinophils and mast cells were

significantly increased in apoE’"CCR3** mice fed with the same diet (Figures 37F and H).
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Figure 37. The circulating levels of eotaxin-1 increased in atherogenic diet-fed apoE"CCR3**
animals but decreased in apoE”"CCR3™ mice. Augmented percentage of eosinophils and mast
cells in the bone marrow of apoE”"CCR3™ mice fed with an atherogenic diet. ApoE"CCR3**
and apoE"CCR3™"~ mice were subjected to a control or an atherogenic diet for two months. Eotaxin-
1/CCL11 (A), eotaxin-2/CCL24 (B), IL-4 (C), and IL-5 (D) plasma levels (pg/mL) were determined
by ELISA. Bone marrow was co-stained with specific markers for eosinophils (E and F) and mast
cells (G and H), as well as CCR3 (F and H), and analyzed by flow cytometry. Results are presented
as the percentage of positive cells (n = 6-15 animals per group). Values are expressed as mean *
SEM. *p <0.05 or **p <0.01 relative to values of animals subjected to a control diet; +p <0.05 relative
to values in apoE""CCR3**animals subjected to an atherogenic diet. N.D = No detected.
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4.2.9 Two-month high-fat diet feeding increased the levels of TC and TG and

decreased the levels of HDL cholesterol in apoE"CCR3** and apoE’"CCR3~~ mice

ApoE"CCR3** and apoE"CCR3~" mice subjected to a control diet showed TC

levels around 220 mg/dL. After two months with a high-fat diet, these levels significantly

increased, reaching values close to 460 mg/dL (Table 21). A similar profile was found for

plasma LDL, very low-density lipoprotein (VLDL) or TG (Table 21). HDL cholesterol levels

decreased in both genotypes after two months of atherogenic diet (Table 21).

Table 21. Biochemical parameters in mice fed or not with an atherogenic diet for two months.

ApoE”"CCR3**

ApoE”"CCR3**

ApoE”"CCR3™"

ApoE”"CCR3™

Control diet Atherogenic diet Control diet Atherogenic diet
Weight (g) 28.1+05 29.4+0.7 25.2 £ 0.5 ++ 26.7 £ 0.4 ++
Glucose (mg/dL) 64.3+4.6 97.2+83* 79.3+8.6 86.5+54
TC levels (mg/dL) 2145+ 11.2 468.6 £ 23.7 ** 226.9+19.9 466.3 £ 19.3 **
LDL levels (mg/dL) 1529+ 14.2 395.6 + 25.1 ** 161.7+21.7 388.4 +22.8 **
TG (mg/dL) 116.3+ 8.8 236.1 +18.1** 131.9+6.5 249.8 + 19.3 **
HDL levels (mg/dL) 38.3+5.2 249+30* 38841 254+18*
VLDL levels (mg/dL) 23218 472+ 3.6 ** 26.4+13 499 + 3.9 **
Ratio HDL/LDL 0401 0.1+00%* 03x0.1 0.1+00%*
Ratio HDL/TC 02+00 0.1+0.0** 0.2+0.0 0.1+£0.0**
Ratio TG/HDL 3.8+06 125+£19** 38+04 11.0+1.2**

TC, total cholesterol; LDL, low-density lipoprotein; TG, triglycerides; HDL, high-density
lipoprotein; VLDL, very low-density lipoprotein. Data are presented as mean + SEM of 10-15
animals per group. *p <0.05 or **p <0.01 relative to values in the control group. ++p <0.01 relative
to values in apoE"CCR3** group.
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4.3 STUDY OF THE ROLE OF CXCR6 RECEPTOR IN ABDOMINAL AORTIC
ANEURYSM FORMATION

4.3.1 Chronic administration of an AT1 receptor antagonist, losartan reduces

Ang-l1-induced AAA formation in apoE~ mice

We evaluated the effect of the Ang-1l AT: receptor antagonist losartan on
experimentally induced AAA formation. Accordingly, apoE’~ mice were infused
subcutaneously with Ang-11 (1000 ng/kg/min) or vehicle (saline) for 28 days, inducing the
development of AAA in Ang-I1 infused mice (Figure 38A). Ang-1I-infused mice had a larger
maximal external diameter of the suprarenal aorta than saline-infused mice; this diameter
was significantly reduced in mice cotreated with 30 mg/kg/day of losartan (Ang-I1, 2.2 £ 0.2
mm vs. losartan, 1.4 = 0.1 mm; Figure 38B).

Immunohistochemical analyses of suprarenal aortic sections showed that Ang-I1I
infusion promoted the recruitment of CD68*, CD3" and CXCR6" cells in the adventitia and
media, which was substantially decreased in animals cotreated with losartan (Figures 38C—
F). Likewise, an increase in the number of CD31" capillary vessels in suprarenal aortas was
also detected, being significantly lower in mice cotreated with losartan (Figures 38C and G).
Additionally, the mRNA expression of Mcp-1 (Ccl2), Cxcl16 and Vegf in the suprarenal aorta
of Ang-ll-infused apoE " mice was significantly diminished in animals cotreated with
losartan (Figures 38H-J). Moreover, circulating levels of soluble CXCL16 and TNFa, but
not IFNy, were significantly elevated in animals infused with Ang-11 but were dramatically
decreased by losartan coadministration (Figures 38K-M). Finally, Ang-11 infusion caused a
significant increase in systolic blood pressure, which was lower in animals cotreated with
losartan (Table 22). However, losartan administration failed to alter the lipid profile in
apoE " mice chronically infused with Ang-11 (Table 22).
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Figure 38. Chronic administration of losartan decreases Ang-ll-induced AAA formation in
apoE™" mice. Representative aortas from apoE " mice. The gross appearance of the aortas was
photographed digitally (A), and the maximal external diameter of the suprarenal aorta was measured
(B). Representative photomicrographs of stained macrophages (CD68%), T lymphocytes (CD3%),
CXCRG6* cells and CD31* microvessels in aortic cross sections (C). Immunoreactivity was visualized
using an Alexa Fluor® 633 secondary antibody (red) and an Alexa Fluor® 488 secondary antibody
(green), respectively. Nuclei were stained with Hoechst dye (blue). (D-G) Number of CD68" cells
(D), CD3* cells (E), CXCR6* cells (F), and CD31* microvessels (G) per mm? in aortic aneurysm
sections. (H-J) Gene expression of Mcp-1 (Ccl2; H), Cxcl16 (1), and Vegf (J) in AAA lesions
analyzed by RT-PCR. CXCL16 (K), TNFa (L), and IFNy (M) plasma levels were measured by
ELISA (n =5-7 animals per group). *p <0.05 or **p <0.01 relative to values in vehicle-infused mice;
+p <0.05 or ++p <0.01 relative to values in Ang-ll-infused animals without losartan.
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4.3.2 CXCRG6 deficiency reduces aortic dilatation and inflammation in Ang-11-
induced AAA

We next generated apoE "CXCR6%™* and apoE "CXCR6°F”CF" mice to evaluate
the relevance of the CXCL16/CXCRG6 axis in the progress of AAA. Ang-I11 infusion for 28
days provoked an increase in suprarenal aorta expansion and diameter in both groups
(Figures 39A and B); however, aortic development was markedly smaller in
apoE "CXCRG6CFPCFP mice than in apoE " CXCR6°™* mice, with the former group having
a significantly smaller maximum diameter of the suprarenal aorta. Interestingly, the Ang-I1-
induced inflammatory infiltrates (CD68", CD3", and CXCR6" cells) and neovascularization
(CD31"* vessels) was also significantly lower in apoE""CXCR6™/CP mice (Figures 39D-
G). Additionally, whereas Mcp-1 (Ccl2), Cxcl16, and Vegf mRNA expression was markedly
elevated in the suprarenal aortas of apoE "CXCR6%™* mice treated with Ang-1l, it was
significantly lower in apoE"CXCR6%™/6F" mice subjected to the same stimulus (Figures
39H-J). Of note, the immunofluorescence analyses revealed a marked increase in
CD8'CXCR6" but not in CD4"CXCR6" lymphocyte infiltration in the AAA lesion of
apoE "CXCRG6°F* mice (Figures 40A-C). Nevertheless, neither the rise in blood pressure
induced by Ang-11 nor the lipid profile was affected by CXCR6 (Table 22).
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Figure 39. CXCRG6 deficiency reduces aortic dilatation and inflammation in AAA induced by
Ang-11 in apoE™" mice. Representative aortas from apoE~"CXCR6°™* and apoE"~CXCRGCFP/CFP
mice. The gross appearances of the aortas were photographed digitally (A), and the maximal external
diameter of the suprarenal aorta was measured (B). Representative photomicrographs of stained
macrophages (CD68%), T lymphocytes (CD3*), CXCR6* cells and CD31* microvessels in aortic cross
sections (C). Immunoreactivity was visualized using an Alexa Fluor® 633 secondary antibody (red)
and an Alexa Fluor® 594 secondary antibody (red), respectively. Nuclei were stained with Hoechst
dye (blue). (D-G) Number of CD68* cells (D), CD3* cells (E), CXCR6" cells (F), and CD31*
microvessels (G) per mm? in aortic aneurysm sections. (H-J) Gene expression of Mcp-1 (Ccl2; H),
Cxcl16 (1), and Vegf (J) in the suprarenal aortas analyzed by RT-PCR (n = 6-10 animals per group).
*p <0.05 or **p <0.01 relative to values in vehicle-infused mice; +p <0.05 or ++p <0.01 relative to
values in the Ang-1I group in apoE"CXCR6°* mice. N.D = No detected.
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Figure 40. Increased infiltration of CD8"CXCR6" but no CD4*CXCR6* lymphocytes in AAA
lesion in apoE""CXCRG6C"™* mice. Representative photomicrographs of CD8*, CD4*, CXCR6",
CD8'CXCR6" and CD4*CXCR6" lymphocytes in aortic cross sections of vehicle and Ang-11-infused
apoE"CXCR6°™* mice (A). CD4 and CD8 immunoreactivity were visualized using an Alexa
Fluor® 647 antibody (red), and CXCR6 immunoreactivity was visualized by GFP protein (green).
Nuclei were stained with Hoechst dye (blue). Total CD8*CXCR6" and CD8* lymphocytes per mm?
in aortic aneurysm sections (B). Total CD4"CXCR6" and CD4* lymphocytes per mm? in aortic
aneurysm sections (C). Results are expressed as mean £ SEM (n = 6-10 animals per group). *p <0.05
or **p <0.01 vs. vehicle-infused apoE " CXCR6°™* mice.
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TC levels HDL levels
SBP (mmHg) (mg/dL) (mg/dL) TG (mg/dL)
Control 117.8+46 1595+142 | 543+32 66.3+35
ApoE-"- Ang-ll | 1612+88** | 1635+123 | 50.4+3.3 63.8+3.4
Ang-ll+ a0 9+97+ | 1563+102 | 503+54 60.6 £3.1
Losartan
- —— — — —  — —— —— — — — — |
ApOE-"- Control | 127.6+12.6 180.3+125 | 47.2+49 61.1+48
CXCRE™* | Ang-Il | 164.8+109* | 161.1+185 | 452+4.8 | 665+14.1
ApOE~ Control 129.7+6.4 1749+ 117 | 46.9+4.3 64.8+7.4
CXCRESFCFP | Ang-ll | 184.7+104* | 183.2+10 46.9 £ 4.9 64.7+4.8

Table 22. Ang-11 infusion increases systolic blood pressure (SBP) but not TC, HDL or TG levels
in apoE™", apoE"CXCR6°™* and apoE”"CXCR6CFP6F? mice. Data are presented as mean +
SEM of 5-10 animals per group. *p <0.05 or **p <0.01 relative to values in control mice infused
with saline. +p <0.05 relative to values in apoE™ mice infused with Ang-1l. SBP, systolic blood
pressure; TC, total cholesterol; HDL, high-density lipoprotein; TG, triglycerides.
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5. DISCUSSION






5.1 STUDY OF THE SYSTEMIC INFLAMMATION IN PATIENTS WITH PH AND
ITS MODULATION BY AN OFL

PH is associated with the risk of developing arteriosclerosis and the likelihood of
future ischemic severe events. Previous studies have provided evidence of low systemic
inflammation in patients with hypercholesterolemia (Sampietro et al. 1997, Chironi et al.
2006, Real et al. 2010a, Holven et al. 2014, Cortes et al. 2016, Hansen et al. 2019). Here, we
carried out a detailed characterization of different immune players and soluble inflammatory
markers in PH and correlated these data with the circulating levels of key lipid components
(apoB, LDL, and TC). The enhanced inflammatory status of PH reported herein has
functional consequences, as illustrated for circulating platelet-bound leukocytes, which have
increased adhesiveness to dysfunctional arterial endothelium, a prominent feature of the
atherogenic process. Furthermore, administration of an OFL to PH patients partially

decreased the systemic inflammatory response associated with PH.

Platelet activation is known to be associated with atherogenesis and cardiovascular
morbidity (von Hundelshausen et al. 2014). Indeed, upon their activation, platelets express
specific cell adhesion molecules such as P-selectin and release several inflammatory
chemokines, including PF-4/CXCL4 or RANTES/CCL5 (von Hundelshausen et al. 2014).
We have shown that patients with PH present a pro-thrombotic state characterized by
increased platelet activation (P-selectin® and PAC-1" platelets). However, 4 hours after the
administration of the lipid OFL, platelet activation was reduced, evidencing the potential
anti-thrombotic effect of the administered treatment. While hypercholesterolemia has been
previously associated with platelet activation (Chironi et al. 2006, Barale et al. 2018), we
found that patients have both increased circulating levels of sP-selectin and PF-4/CXCLA4,
which are involved in multiple atherogenic processes. Indeed, different platelet surface
molecules such as GPIIb/llla (recognized by PAC-1) or P-selectin are critically involved in
the interaction of platelets to endothelial cells and leukocytes (von Hundelshausen et al.
2014), all of which are central for atherosclerotic lesion formation. Again, the OFL decreased
the circulating levels of several inflammatory mediators linked to platelet activation such as
sP-selectin, PF-4/CXCL4 and RANTES/CCLS5. Taken together, it seems that this treatment

impaired the pro-thrombotic state associated with PH.
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To gain insight into the immune state of the hypercholesterolemic environment of
PH, we examined different leukocyte subtypes. An increase in leukocyte activation in vitro
has been reported in subjects at high cardiovascular risk (hyperlipidemia) (Mazor et al. 2008).
In our study, whereas no differences in the percentage of circulating neutrophils were
detected between patients and controls, a clear increase in the percentage of activated cells
(CD69%) was observed, suggesting the existence of a pro-atherogenic state. This is consistent
with our finding of increased circulating levels of IL-8/CXCL8, which is involved in
neutrophil activation, in the PH group, as has been reported previously, albeit in patients with
familial hypercholesterolemia (Cortes et al. 2016). Also, the plasma concentrations of this
chemokine positively correlated with the circulating levels of key lipids in PH: apoB, LDL,
and TC. Overall, these results indicate that IL-8 might have utility as a biomarker of
atherosclerotic risk in PH. On the other hand, after 4 hours of treatment of PH patients with
an OFL, a slight though not significant decrease in the percentage of activated neutrophils
(CD69%) was detected which was in agreement with the substantial reduction encountered in

the circulating levels of IL-8/CXCLS8, evidencing an improvement in the immune state.

Human monocytes are a heterogeneous cell population that is commonly classified
into three subtypes: classical CD14'CD16 CCR2" (Mon 1), intermediate
CD14"CD16"CCR2" (Mon 2), and nonclassical CD14"CD16"CCR2™ (Mon 3) (Weber et al.
2016). There is evidence to support that adults with PH have a proinflammatory imbalance
in circulating monocyte subpopulations (Mon 1) (Fadini et al. 2014), although another study
has indicated that the levels of Mon 2 and/or Mon 3 subtypes were increased in
hyperlipidemia and associated with atherosclerosis development (Wu et al. 2017). We found
that only the percentage of the nonclassical/Mon 3 subtype was increased in patients over
controls, and this positively correlated with the circulating levels of apoB, LDL, and TC. By
contrast, Mon 1 and Mon 2 subtypes, both of which express the CCR2 receptor, were
significantly activated in patients. We also show, for the first time, an increase in the
percentage of CX3CR1 expression on Mon 1 monocytes in heparinized whole blood, and on
all monocyte subsets when platelets were dissociated. In line with these observations, studies
of atherosclerosis in mice suggest that both inflammatory (similar to human Mon 1) and
patrolling (comparable to human Mon 3) monocytes are involved in disease progression
(Kratofil et al. 2017). In humans, different studies have noted increases in circulating CD16"
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monocytes in cardiovascular disease (Kratofil et al. 2017), which are possibly linked to
disease outcome (Urra et al. 2009). After 4 hours of OFL administration, a significant
decrease was observed in the percentage of circulating monocytes, mainly in the percentage
of Mon 1.

On the other hand, there is also evidence to support that mobilized classical
monocytes from the bone marrow mature into nonclassical monocytes through an
intermediate subset. How these different monocyte subtypes correlate with disease
pathogenesis and clinical outcomes in PH is, however, unknown. Nevertheless, it is likely
that those subtypes expressing both CCR2 and CX3CR1 are more prone to migrate from the
circulation into arterial walls through the interaction with their cognate ligands MCP-1/CCL2
and CX3CL1, the circulating levels of which were significantly elevated in patients and
correlated positively with plasma apoB, LDL, and TC content. In this regard, MCP-1 levels
were reduced after 4 hours of OFL, which may be related to the reduced percentage of

circulating Mon 1 monocytes.

To the best of our knowledge, the associations we have found between T lymphocytes
and PH have never previously been reported. Four findings are worthy of mention. First, the
percentage of circulating CD4" cells was significantly higher in PH patients than controls
and directly correlated with the levels of apoB, LDL, and TC. Of note, this increase was
likely due to the increased numbers of circulating Th2 and Th17 cells. Second, most of the T
cell subpopulations in patients displayed an activated state, and positive correlations were
found between the percentage of CD8'CD69" cells and key lipid features of the disease.
Third, the percentage of circulating Treg cells and the Treg/Th17 ratio was decreased in PH
patients. Finally, whereas IL-12, TNFa and IL-6 plasma levels were increased in patients,
levels of the anti-inflammatory cytokines IL-4 and IL-10 were decreased and inversely
correlated with the levels of apoB, LDL, and TC. These observations, overall, link the cellular

and molecular inflammatory profile to a possible pro-atherogenic environment.

Along with this line, it is well known that both CD4" and CD8" T cells are involved
in atherosclerosis development (Ketelhuth et al. 2016). While the role of Th2 cells in
atherogenesis remains debated (Ketelhuth et al. 2016), it has recently been shown that

patients with coronary artery atherosclerosis had an impaired Treg/Th17 ratio together with

189



reduced serum levels of IL-10 (Ding et al. 2016). Th17 cells repress the function of Treg
cells, contributing to an inflammatory milieu. Moreover, whereas Th17 cells can produce the
inflammatory cytokines TNFa and IL-6 (Olson et al. 2013), Treg cells generate and release
the anti-inflammatory cytokine IL-10. It is therefore tempting to speculate that there is a
conversion of Treg cells into Thl7 cells in PH. Finally, although IL-4 is a classic Th2
cytokine, the decreased levels found in patients suggest an alternative cellular origin of this
cytokine. Indeed, potential sources of IL-4 are double-positive CD4/CD8 lymphocytes,
basophils or natural killer T cells (Quandt et al. 2014, Yoshimoto 2018), whose circulating
levels may be decreased in this pathology, although this requires further investigation. When
the immune status of PH patients was analyzed 4 h after the administration of the OFL, a
significant decrease in circulating TNFa concentrations and an increase in the percentage of
Treg was observed, which may contribute to the anti-inflammatory environment exerted by
this treatment. Nevertheless, neither the Treg/Th17 ratio nor circulating levels of 1L-10 were
improved although it is feasible that the latter would change if the determination were done

at a later time point.

Finally, we used the dynamic model of the flow chamber to explore the functional
consequences of platelet-leukocyte-endothelium (heparin) or leukocyte-endothelium
(EDTA) interactions, finding that adhesion of platelet-leukocyte aggregates to HUAEC,
stimulated or not with TNFa, was significantly higher in the patient group. The increased
adhesion to functional (no stimulated) endothelium was likely due to neutrophil, and
monocyte activation and consequent over-expression of CD11b/CD18 integrin, which
interacts with the constitutively expressed intercellular cell adhesion molecule-1 in the
endothelium. Furthermore, platelets seem to be critical for leukocyte adhesion to
dysfunctional (stimulated) arterial endothelium, as leukocyte-endothelium interactions were
significantly impaired when platelets were dissociated with EDTA. It is widely accepted that
activated platelets can mediate the endothelial adhesion of circulating leukocytes, a
characteristic feature of the dysfunctional endothelium (Landmesser et al. 2004, Rius et al.
2013a, Rius et al. 2013b, Marques et al. 2017, Furio et al. 2018). We also found a significant
enhancement in the percentage of platelet-leukocyte aggregates, which were established with
almost all the leukocyte subsets investigated in a background of PH. The increased number
of these aggregates has been detected in the peripheral circulation of patients with unstable
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angina or other coronary diseases, and they have been considered a predictive factor of acute
myocardial infarction (Michelson et al. 2001). This platelet-leukocyte interaction is in all
probability due to the interaction of platelet P-selectin with its ligand, PSGL-1, present on
leukocyte surfaces, which in turns facilitates the contact between these aggregates and the
dysfunctional endothelium, a key event in arteries prone to arteriosclerotic lesion
development (Landmesser et al. 2004). Inasmuch, when these parameters were evaluated
after 4 h administration of the OFL, diminished adhesion of both platelet-leukocyte (heparin)
and leukocyte (EDTA) to the dysfunctional arterial endothelium was observed, reinforcing
the potential beneficial anti-inflammatory effect of the lipid load treatment in patients with
this metabolic disorder.

In summary, the low-grade systemic inflammation associated with PH is
accompanied by a pro-thrombotic state with heightened platelet activation and associated
circulating soluble markers. This platelet activation state in PH, together with the activation
of different leukocyte subsets, results in the formation of platelet-leukocyte aggregates and
their adhesion to dysfunctional arterial endothelium, suggesting a possible link between
systemic inflammation and cardiovascular disease development in this metabolic disorder.
Moreover, the positive correlations between key lipid features of PH and different circulating
proinflammatory mediators (IL-8, MCP-1, fractalkine or IL-6) and the negative correlations
between these lipids and anti-inflammatory cytokines (IL-4 and IL-10) might be used as
potential markers of cardiovascular disease. Finally, the administration of an OFL has a
beneficial impact on the pro-thrombotic and proinflammatory state of PH patients, although
further long-term studies in animal models are required. Nevertheless, the modulation of the
cellular and inflammatory molecular components in PH, as well as the lipid profile, might be

crucial to prevent further cardiovascular complications.
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52 STUDY OF THE ROLE OF THE CCL11/CCR3 AXIS IN PH AND
ATHEROSCLEROSIS DEVELOPMENT

PH is a metabolic disorder which is associated with the risk of developing early
arteriosclerosis and the likelihood of suffering further ischemic severe events. Previous
studies in PH patients have provided evidence of some signs of a low-grade of systemic
inflammation in this lipid disorder (Sampietro et al. 1997, Real et al. 2010a, Holven et al.
2014, Cortes et al. 2016, Collado et al. 2018a). In the current thesis and for the first time, we
found that the circulating levels of two inflammatory mediators not yet linked to this
metabolic disease, the C-C chemokines eotaxin-1/CCL11 and eotaxin-3/CCL26, were
significantly elevated in PH patients. Of note, eotaxin-1/CCL11 and eotaxin-3/CCL26
plasma concentrations positively correlated with the altered circulating levels of key lipid
components of this disease (apoB, LDL, and TC). Therefore, these results led us to examine

the different cell populations that might be affected by these chemokines.

Both eotaxin-1/CCL11 and eotaxin-3/CCL26 only signal through the CCR3 receptor
(Combadiere et al. 1996, Kitaura et al. 1996, Petkovic et al. 2004) and consequently,
increased CCR3 expression on platelet-bound or unbound (EDTA) leukocytes and the
percentage of circulating CCR3" cells were encountered in PH patients compared with
control individuals. Further analyses of the potential CCR3" populations revealed relevant
and novel information. First, as eotaxins are key eosinophil chemoattractants, we found
enhanced circulating numbers of eosinophils, a hematological feature not previously
described in PH patients. Second, the percentage of both progenitor mast cells and Th2
lymphocytes were also increased in these patients. In contrast, neither the percentage of
platelets nor basophils were enhanced. In fact, the latter was found to be significantly
decreased in people with this metabolic disorder. Furthermore, while the percentages of
CCR3" eosinophils, progenitor mast cells and basophils were increased in PH patients,
CCR3" platelets or Th2 lymphocytes either remained unmodified or decreased. Finally, both
the percentage of circulating eosinophils and Th2 lymphocytes positively correlated with
plasma apoB, LDL, and TC content, three key clinical features of PH.

In this human setting and given that Th2 lymphocytes are capable of generating and
release cytokines such as IL-4, IL-5 or IL-13 (Fallon et al. 2002), the decreased
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concentrations of IL-4 and IL-5 in patients vs. control subjects suggest an origin of these
cytokines other than Th2 lymphocytes (Quandt et al. 2014). Indeed, alternative IL-4 sources
could be basophils, which are considered IL-4-producers under infection conditions (Min et
al. 2004, van Panhuys et al. 2011) and circulating levels of this cells are decreased in PH

patients. Nevertheless, further studies are required to confirm such contention.

Although eotaxin-1/CCL11 has been detected in humans and mice’s atherosclerotic
lesions (Haley et al. 2000, Kraaijeveld et al. 2007), its role in this pathology remains mostly
unknown. Therefore, to try to understand the remarkable observations here described in PH
patients, we first investigated whether some of these findings were reproduced in apoE "~
mice subjected to an atherogenic diet. Indeed, significantly higher plasma levels of eotaxin-
1/CCL11 and percentage of circulating CCR3-expressing leukocytes were found in apoE "~
mice subjected to a high-fat diet compared with those under a control diet. This increased
percentage of CCR3" cells was due to augmented numbers of circulating eosinophils since
the percentage of circulating progenitor mast cells remained unchanged in both groups, and

murine Th2 lymphocytes do not express CCR3 receptor (Romagnani 2002).

Given that the literature indicates that eosinophils are rarely present in the
atherosclerotic lesion, but eotaxin-1/CCL11 is (Haley et al. 2000, Kraaijeveld et al. 2007),
we next generated a double-deficient mice in apoE and the eotaxin receptor, CCR3
(apoE"CCR3™") to try to clarify the role of the CCL11/CCR3 axis in this pathological
condition. Thus, both apoE'"CCR3"* and apoE "CCR3~" mice were subjected for two
months to either a control or an atherogenic diet.

As expected, the quantification of the atherosclerotic lesion revealed that the lesion
in the aortic arch of the apoE ""CCR3**and apoE ""CCR3~ mice was very evident in those
animals subjected to the atherogenic diet and practically absent in mice undergoing control
diet. Surprisingly, the lesion in the apoE"CCR3™~ group was, in turn, significantly higher
than that detected in apoE"CCR3"* mice. Further analyses of the lesions showed that
apoE"CCR3™ mice had higher and significant infiltration of macrophages and T
lymphocytes in the lesions than their respective controls when both were subjected to a
hypercholesterolemic diet. Immunodetection of eotaxin-1 in the aortic sinus of all animals,

subjected or not to an atherogenic diet showed, that eotaxin-1 was only detected in
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apoE"CCR3*"* mice subjected to an atherogenic diet but not in those subjected to a control
diet or in apoE"CCR3™ mice fed with a hypercholesterolemic diet. Therefore, it is feasible
that the lack of eotaxin-1 in the lesion of apoE’ CCR3™ mice results in increased
macrophage numbers since eotaxin-1/CCL11 acts as an antagonist of CCR2 receptor, which
is expressed on the surface of proinflammatory monocytes (Ogilvie et al. 2001), and its
ligand (MCP-1/CCL2) is involved in the mononuclear cell infiltration into the atherosclerotic
lesion (Gonzalez-Quesada et al. 2009). The higher number of T lymphocytes was mainly due
to CD8" lymphocytes, which are reported to promote atherosclerosis, the release of
proinflammatory cytokines such as [FNy that affect monocyte recruitment, and provoke the
activation of cytolytic pathways inducing the death of both smooth muscle and endothelial
cells (van Duijn et al. 2018).

One essential question that now arises is the source of eotaxin-1 under a
hypercholesterolemic scenario. While Haley et al. 2000, indicated that its expression was
predominant in regions rich in vascular SMC, our group did not detect it in those areas.
Inasmuch, our results suggest that a CCR3-expressing cell is likely the source of eotaxin. In
this regard, we have described for the first time the presence of eosinophils in the lesion.
Moreover, mast cells were also present, which are known to express CCR3 receptor when
activated (Forsythe et al. 2003, Juremalm et al. 2005) and are widely localized in the
atherosclerotic lesion, mainly in the adventitial layer and in the regions prone to rupture (Bot
et al. 2015). In fact, the interaction of eotaxin-1 with its CCR3 receptor can induce mast cell
migration (Forsythe et al. 2003, Juremalm et al. 2005). Nevertheless, both eosinophils and
mast cells are potential sources of eotaxin-1/CCL11 (Hogaboam et al. 1998, Lampinen et al.
2004). Since increased mast cell numbers and decreased eosinophil infiltration were
encountered in the lesion of apoE~"CCR3™~ mice subjected to an atherogenic diet compared
with those found in apoE~” CCR3** mice subjected to the same diet, it is tempting to
speculate that eosinophils are one of the key sources of eotaxin-1 in this hypercholesterolemic

environment.

Since inflammation is a crucial feature of obesity (Schipper et al. 2012) and increased
circulating levels of eotaxin-1 have been detected in obese individuals (Vasudevan et al.
2006), we next analyzed the subcutaneous adipose tissue from apoE’"CCR3** and
apoE"CCR3 ™ mice, fed or not with an atherogenic diet. Adipocyte size was found to be
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smaller in atherogenic diet-fed animals than in those under control diet. While an increased
size of adipocytes has been usually associated to inflammation, others have suggested that in
subcutaneous adipose tissue, an increased proportion of small (relative-to-large) adipose
cells, independently predict the expression of inflammatory genes (McLaughlin et al. 2010).
Based on the recent findings, it is feasible that these small cells may be dysfunctional and
inflammatory. However, it is also possible that the increased proportion of small cells may
reflect impaired adipogenesis, putting storage stress on the existing large adipose cells, which

in turn would promote inflammation (McLaughlin et al. 2010).

Furthermore, CCR3-expressing cells in subcutaneous adipose tissue were mainly due
to eosinophils and mast cells whose numbers were decreased in those animals fed with an
atherogenic diet. Interestingly, the percentage of AAM was also significantly impaired in
those mice. In this regard, AAM improve insulin sensitivity, but eosinophils are required for
monocyte polarization to this anti-inflammatory macrophage state (Wu et al. 2011). The
absence of eosinophils leads to adiposity and systemic insulin resistance, implying a
protective role of this leukocyte population in the metabolic homeostasis (Jung et al. 2014).
Likewise, it is well known that eosinophils are produced in the bone marrow and they migrate
to peripheral tissues including the adipose tissue and the lamina of the intestine through the
expression of the CCR3 receptor (Jung et al. 2014).

During the last decade, the composition of gut microbiota has been shown to be
critical in disease development, including cardiovascular disorders (Tang et al. 2017).
Therefore, to understand the role of the CCL11/CCR3 axis in atherosclerosis, we also
analyzed the small intestine of apoE"CCR3** and apoE " CCR3 '~ mice fed or not with an
atherogenic diet. When animals were fed with a high-fat diet, the length of the villi increased
in apoE ""CCR3*"* mice compared with those under a control diet. However, apoE " CCR3 7/~
subjected to the same diet showed decreased in villi length. In contrast and under these
conditions, crypt size in apoE”’"CCR3™ mice was higher than in apoE’"CCR3** mice.
Notably, the number of gut eosinophils was increased in apoE " CCR3** mice fed with the
atherogenic diet compared with those under the control diet which correlated with the
increased Eotaxin-1 mRNA expression in the tissue. Conversely, a lower number of
eosinophils were found in apoE"CCR3™ subjected to a high-fat diet. Therefore, additional

analyses are required to accurately detect eotaxin-1/CCL11 protein expression in the gut of
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both genotypes. Eosinophils have long been considered effector cells with a protective role
against parasitic infections. However, they are also associated with numerous inflammatory
diseases. Indeed, several lines of evidence indicate that eosinophils are multifunctional
leukocytes involved in biologic processes in the gastrointestinal tract (Jung et al. 2014).
Nevertheless, to date, clear conclusion from these results cannot be achieved, and further
studies are now in progress to understand their role in the gut under a pro-atherogenic

environment.

By contrast, while no differences were found in the number of mast cells in
apoE"CCR3"* mice, there was an increased number of them in apoE”’ CCR3™" mice,
especially in those animals fed with a high-fat diet. Mast cells are tissue-resident immune
cells and exert different functions. In health, they protect from microorganisms; in disease,
they can release mediators that participate in the inflammatory bowel response leading to
mucosa activation and the infiltration of additional inflammatory cells (Hamilton et al. 2014).
Nevertheless, it is likely that those mast cells will be in a low activation state since, in those
animals (apoE"CCR3~ mice), CCR3 receptor is not expressed and it is a critical marker of

mast cell activation.

Finally, apoE""CCR3""* mice fed with an atherogenic diet had an increased number
of eosinophils and CCR3" mast cells in the bone marrow. In contrast, apoE"CCR3™ mice,
under similar conditions, have even higher amounts of both cell types. Moreover, circulating
plasma levels of CCL11/eotaxin-1, IL-4, and IL-5 were drastically decreased in
apoE"CCR3 " animals under atherogenic conditions. It is possible that impaired eotaxin-1
and IL-5 circulating levels impede the egress of eosinophils from the bone marrow since both
mediators are required for proper eosinophil circulation and infiltration in vivo (Collins et al.
1995). Taken together these intriguing observations, it seems that CCL11/CCR3 axis exerts
a protective effect against the development of atherosclerotic lesions under
hypercholesterolemic conditions. In fact, administration of an atherogenic diet provokes
increased numbers of circulating eosinophils, their infiltration in the atherogenic lesion and
gut, but impairs their accumulation in the subcutaneous adipose tissue. Therefore, further
studies evaluating eosinophil role and behavior in a hypercholesterolemic environment are

required to understand the contribution of these immune players in the atherogenic process.
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5.3 STUDY OF THE ROLE OF CXCR6 RECEPTOR IN ABDOMINAL AORTIC
ANEURYSM FORMATION

Previous in vitro studies carried out by our research group showed a relevant role of
the CXCL16/CXCR®6 axis in the initial attachment of leukocytes to the dysfunctional arterial
endothelium. To understand the potential contribution of this axis in an in vivo inflammatory
environment, we infused Ang-I1 into CXCR6%™* mice for 14 days and found an increase in
the adhesion of leukocytes to the cremasteric arterioles. This response was dampened in
CXCRG6CFCFP mice lacking a functional CXCR®6 receptor. Furthermore, decreased monocyte
and T lymphocyte activation was detected in CXCR6™/C mice subjected to the same
stimulus. These initial observations led us to suspect that the CXCL16/CXCR6 axis was
probably involved in pathologies associated with vascular inflammation in which Ang-1l

plays a crucial role.

In this regard, the role of RAS in the AAA pathogenesis is widely accepted
(Daugherty et al. 2006, Zhang et al. 2009); however, pharmacological treatment options
focused on the modulation of this system are limited. In particular, the role of CXCL16 in
this pathology has been scarcely investigated. In the only study performed so far, an increase
in Cxcl1l6 mRNA expression was detected in CaCl>-induced AAA (Ren et al. 2014).
Interestingly, chronic blockade of the AT: receptor with losartan reduced AAA formation;
this was accompanied by impaired monocyte, T lymphocyte, and CXCR6" cell infiltration
into the AAA lesion. Moreover, decreased Cxcl16 mRNA expression within the aneurismal
lesion and circulating levels of the soluble chemokine were detected in losartan-treated
animals. Since both cell types, monocytes, and T lymphocytes, express the CXCR6 receptor
(Ludwig et al. 2007), it is tempting to speculate that the decreased endothelial expression of
CXCL16 is partly responsible for the reduced cellularity within the lesion. Nonetheless, other
chemokines such as MCP-1/CCL2 are likely involved in the aneurismal mononuclear cell
infiltration as Ang-11 can promote MCP-1/CCL2 generation and release (Mateo et al. 2006),
and neutralization CCL2/CCR2 axis has been shown to halt Ang-ll-induced AAA
development (Daugherty et al. 2010).

We also detected ameliorated angiogenesis in animals treated with losartan, measured

as the number of CD31" capillary vessels. Inflammatory cells recruitment can be driven by
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newly formed vessels, thus amplifying the angiogenic and inflammatory processes both, as
these leukocyte subtypes are able to release growth factors and pro-angiogenic chemokines.
In this sense, CXCL16 can promote endothelial proliferation, migration, and tube formation
(Zhuge et al. 2005, Wente et al. 2008). Additionally, CXCR6" cells produce angiogenic
factors such as VEGF and IL-8 (Wang et al. 2008), and CXCR®6 deficiency results in
profound decreases in T cell and monocyte in the arthritic joint, which has seen to correlate
with impaired vessel formation (Isozaki et al. 2013). Furthermore, a strong correlation
between CXCRG6 expression and cancer aggressiveness has been linked to angiogenic
processes (Wang et al. 2008, Gao et al. 2012). More recently, the simultaneous neutralization
of CXCL16 and MCP-1/CCL2 activity has been shown to significantly inhibit tube formation

in venous endothelial cells (Han et al. 2014).

We generated apoE "~ mice with a CXCRG6 deficiency to better understand the role of
the CXCL16/CXCR6 axis in an AAA milieu. Deficiency in CXCR6 markedly attenuated
AAA formation, an effect unrelated to systolic blood pressure or plasma cholesterol
concentrations. Decreased lesion formation was associated with a reduction in macrophages,
T lymphocytes and CXCR6™ cell infiltrates, and neovascularization; and also with impaired
Mcp-1 (Ccl2), Cxcl16 and Vegf mRNA expression. Thus, CXCR6™ cells are likely additional
sources of inflammatory and angiogenic mediators, including CXCL16. Notably,
immunofluorescence analyses revealed a marked increase in CD8"CXCR6" but not in
CDA4*CXCR6" lymphocyte infiltration in the AAA lesion of apoE "~ CXCR6°™"* mice, which
resembles the pattern encountered in circulating CXCRG6-expressing platelet-lymphocyte
aggregates in metabolic syndrome patients (Collado et al. 2018b). Furthermore, CD8" T cells
are known to release inflammatory cytokines, promoting the recruitment of monocytes; and
to produce the cytolysis of SMC and endothelial cells (van Duijn et al. 2018). Moreover,
IFNy producing CD8" T cells, but not CD4" T cells, have been reported to promote the
development of AAA in mice by enhancing cellular apoptosis and MMPs activity (Zhou et
al. 2013).

Therefore, CXCL16/CXCR6 axis plays a functional role in AAA formation, and
pharmacological modulation of this axis may positively affect the cardiovascular outcome in

those disorders linked to RAS activation.
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6. CONCLUSIONS






PH is accompanied by a low-grade of systemic inflammation and associated to
platelet and leukocyte activation which results in the formation of platelet-leukocyte
aggregates and their adhesion to dysfunctional arterial endothelium, suggesting a
possible link between systemic inflammation and cardiovascular disease

development in this metabolic disorder.

. The positive correlations between key lipid features of PH and different circulating
proinflammatory mediators (IL-8, MCP-1, fractalkine or IL-6) and the negative
correlations between these lipids and anti-inflammatory cytokines (IL-4 and 1L-10)

might be used as potential markers of cardiovascular disease.

. The administration of a lipid OFL has a beneficial impact on the pro-thrombotic and
inflammatory status of PH patients. Therefore, the modulation of the cellular and
inflammatory molecular components in PH, as well as the lipid profile, might be

crucial to prevent further cardiovascular complications.

. ApoE "~ mice subjected to an atherogenic diet and PH patients have increased levels
of circulating eotaxin-1 (CCL11) and eosinophils than their respective controls.

. Studies in apoE"CCR3™" and apoE ""CCR3** mice fed with an atherogenic diet for
two months suggest that eotaxin-1 (CCL11)/CCR3 axis may exert a protective effect
in the development of the atherosclerotic process under hypercholesterolemic

conditions.

CXCL16/CXCR6 axis plays a functional role in the AAA formation. ApoE~”~ mice
lacking functional CXCR6 receptor had a lower incidence of AAA, impaired
macrophage, CD3", and CXCR6" cell infiltration and neovascularization than control
animals, which was accompanied by decreased Mcp-1/Ccl2, Cxcl16 and Vegf mMRNA
expression within the lesion. Therefore, pharmacological modulation of this axis may
prevent or even delay the progression of this cardiovascular disorder linked to RAS

activation.
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