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ABSTRACT 
 

Metabolic syndrome (MS) is a cluster of commonly co-occurring metabolic 

risk factors associated with cardiovascular disease (CVD) and type 2 diabetes 

mellitus, including elevated blood pressure, atherogenic dyslipidemia, insulin 

resistance and central obesity. In the last decade, MS has emerged as a major 

clinical challenge since the incidence and prevalence of this health condition are 

rising in the western countries.  

Due to the limited information of the immunological components of the 

disease, we have characterized the behavior of the immunological cell 

populations, the soluble inflammatory mediators and their possible 

consequences in MS. In the first study, whole blood samples of a total of 28 

subjects (13 MS patients and 15 age-matched control subjects) were analyzed. 

In the second study, 21 age-matched controls and 18 patients with MS were 

recruited. For all of them, blood samples were analyzed by flow cytometry to 

determine platelet and leukocyte activation, as well as the formation of platelet-

leukocyte aggregates. Using an ELISA assay, circulating plasma levels of 

different soluble inflammatory mediators were also measured.  

Compared to the age matched-control group, MS patients presented a 

higher percentage of eosinophils, CD3+ T-lymphocytes, monocytes type 2 and 

type 3 (Mon2/Mon3), platelet-eosinophil and -lymphocyte aggregates, activated 

platelets, neutrophils, eosinophils, monocytes, and CD8+ T cells, but lower 

percentages of monocytes type 1 (Mon1). Similarly, up-regulation of CXCR6 and 

CX3CR1 was found in platelets, in several leukocytes subsets and in leukocyte-

platelet aggregates of MS patients. Also, circulating levels of soluble CXCL16, 

interleukin (IL)-8 and tumor necrosis factor-α (TNFα) were notably increased in 

MS patients than in controls, while IL-4 levels were significantly decreased. A 

positive correlation between plasma levels of the inflammatory mediator TNFα 

with glucose circulating levels in these patients was found, whereas a negative 

correlation between glucose and plasma levels of the anti-inflammatory cytokine 

IL-4 was also detected.  
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 Endothelial dysfunction is one of the first stages of atherogenesis, 

promoting adhesion and the subsequent leukocyte migration to the inflammatory 

focus. Given that CXCL16/CXCR6, CX3CL1/CX3CR1 and CCL2/CCR2 axes 

have been implicated in the development of CVD, the functional role of these 

chemokine axes on platelet-leukocyte and leukocyte adhesion to TNFα-

stimulated arterial endothelium in MS was investigated by parallel-plate flow 

chamber assay. In both groups, leukocyte adhesion to the arterial endothelium 

was significantly increased after TNFα stimulation; however, this effect was 

significantly higher in MS subjects than in control subjects. Notably, leukocyte 

adhesion was significantly reduced by the neutralization of endothelial CXCL16, 

CX3CL1 or CCL2 in MS patients but not in the control group. 

Therefore, CXCR6 or CX3CR1 expression on immune players may 

constitute a new membrane-associated biomarker for adverse cardiovascular 

events in MS. Moreover, pharmacological modulation of CXCL16/CXCR6, 

CX3CL1/CX3CR1 or CCL2/CCR2 chemokine axes may positively affect 

cardiovascular outcome in MS.  

Familial hypercholesterolemia (FH) is a genetic disorder characterized by 

elevated plasma levels of low-density lipoprotein (LDL) cholesterol. It has been 

associated to a low-grade of systemic inflammation and endothelial dysfunction. 

Recently, monoclonal antibodies against proprotein convertase subtilisin/kexin 

type 9 (PCSK9), an enzyme involved in the degradation of LDL receptor, have 

demonstrated good efficacy in LDL cholesterol-lowering in patients with FH. The 

aim of this study was to investigate the effect of PCSK9 silencing on endothelial 

dysfunction induced by TNFα and the impact of PCSK9 inhibitors in the systemic 

inflammation associated to FH. To carry out this study a monoclonal antibody 

against PCSK9 (alirocumab) was administered for eight weeks to FH patients 

and different parameters were determined before and after the treatment.  

TNFα stimulation of arterial endothelial cells caused up-regulation of PCSK9. 

PCSK9 silencing in endothelial cells resulted in a significant reduction of TNFα-

induced leukocyte-endothelium interactions, cell adhesion molecules expression 

(ICAM-1 and VCAM-1), as well as membrane-bound forms of CX3CL1 and 

CXCL16. Furthermore, a decrease in some TNFα-induced inflammatory 
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chemokines release (CX3CL1, CXCL16, IL-8/CXCL8 and MCP-1/CCL2) was also 

found after endothelial PCSK9 knockdown. These positive effects of PCSK9 

decreased expression were accompanied by reductions of endothelial NADPH 

oxidase expression and subsequent p38 MAPK/NF-κB p65 signaling pathways. 

Alirocumab reduced platelet and leukocyte activation, as well as CX3CR1, 

CXCR6 and CCR2 expression on several leukocyte subsets in patients with FH. 

By contrast, T regulatory cells activation was encountered. This systemic 

inflammatory state attenuation was accompanied by a significant reduction in 

leukocyte adhesion to human umbilical artery endothelial cells (HUAEC), 

suggesting a possible link between PCSK9 expression and systemic 

inflammation or CVD development in this metabolic disorder. 

Therefore, PCSK9 blockade might reduce endothelial dysfunction, probably 

beyond its LDL-lowering effects, and constitute a new promising therapeutic 

approach in the control of FH inflammatory state, preventing further 

cardiovascular events in this cardiometabolic disease. 
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RESUMEN 
 

El Síndrome Metabólico (SM) es un desorden metabólico caracterizado por 

un grupo de factores de riesgo asociados al desarrollo de enfermedad 

cardiovascular (ECV) y diabetes mellitus tipo 2, incluyendo hipertensión, 

dislipidemia aterogénica, resistencia a la insulina y obesidad central. En la última 

década, el SM se ha convertido en un desafío clínico importante ya que su 

incidencia y prevalencia están aumentando considerablemente en el mundo 

occidental. 

Actualmente no se conocen con exactitud los componentes inmunológicos 

implicados en el desarrollo del SM, por ello en la presente Tesis Doctoral hemos 

realizado una caracterización exhaustiva a nivel periférico de las diversas 

poblaciones de células del sistema inmune, los mediadores inflamatorios 

solubles y sus posibles consecuencias funcionales en esta patología. Para estos 

estudios, en el primero se han analizado muestras de sangre de 13 pacientes 

con SM y 15 controles del mismo rango de edad mientras que en el segundo se 

reclutaron 18 pacientes con SM y de 21 sujetos controles sanos también del 

mismo rango de edad. Mediante análisis por citometría de flujo se ha 

determinado el grado de activación plaquetaria y leucocitaria, así como la 

formación de agregados leucocito-plaqueta. Mediante ensayos ELISA, se han 

determinado los niveles plasmáticos de diferentes mediadores inflamatorios 

solubles. 

Los pacientes con SM presentaron mayores porcentajes de eosinófilos, 

linfocitos T, monocitos tipo 2 y tipo 3 (Mon2/Mon3), agregados eosinófilo- y 

linfocito-plaqueta, así como mayor activación de plaquetas, neutrófilos, 

eosinófilos, monocitos y linfocitos T CD8+, pero menor porcentaje de monocitos 

tipo 1 (Mon1) que el grupo control. De manera similar, comparado con los sujetos 

control, los niveles de expresión de los receptores CXCR6 y CX3CR1 en las 

plaquetas, así como en varios subtipos leucocitarios y en agregados leucocito-

plaqueta estaban significativamente aumentados en los pacientes con SM. A su 

vez, se detectó que los niveles circulantes de CXCL16, de interleucina (IL)-8 y 
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del factor de necrosis tumoral-α (TNFα, acrónimo inglés para tumor necrosis 

factor-α) estaban aumentados en los pacientes con SM, mientras que los niveles 

de IL-4 estaban disminuidos. Además, se ha detectado una correlación positiva 

entre los niveles plasmáticos de TNFα con los niveles circulantes de glucosa. 

Por el contrario, se observó una correlación negativa entre los niveles 

plasmáticos del mediador antiinflamatorio IL-4 con los niveles de glucosa 

circulante. 

La disfunción endotelial es una de las primeras etapas de la aterogénesis, 

que promueve la adhesión y la posterior migración de leucocitos al foco 

inflamatorio. Dado que se ha descrito que los ejes CXCL16/CXCR6, 

CX3CL1/CX3CR1 y CCL2/CCR2 están implicados en el desarrollo de algunas 

patologías cardiovasculares, en la presente Tesis hemos investigado in vitro, 

mediante el empleo de la cámara de flujo de placa paralela, el papel funcional de 

estos ejes en la adhesión de leucocitos y agregados leucocito-plaqueta al 

endotelio arterial disfuncional, inducida por TNFα. En estos estudios hemos 

observado que TNFα aumenta la adhesión leucocitaria al endotelio arterial tanto 

en los controles como en los pacientes con SM; sin embargo, este efecto es 

significativamente mayor en los pacientes con SM. En dichos estudios, la 

neutralización de la función de CXCL16, CX3CL1 o CCL2 a nivel endotelial 

disminuyó de forma significativa el incremento de la adhesión leucocitaria al 

endotelio arterial, inducida por TNFα en los pacientes con SM. Dicho efecto no 

se ha observado en el grupo control. 

Estos resultados nos sugieren que tanto CXCR6 como CX3CR1 podrían 

constituir nuevos biomarcadores asociados a membrana capaces de detectar el 

desarrollo de eventos cardiovasculares adversos en SM. Además, la modulación 

farmacológica de los ejes CXCL16/CXCR6, CX3CL1/CX3CR1 o CCL2/CCR2 

podría constituir una nueva diana terapéutica en el control del desarrollo de 

patología cardiovascular en pacientes con SM. 

La hipercolesterolemia familiar (HF) es un desorden genético que se 

caracteriza por elevados niveles plasmáticos de colesterol, principalmente de 

lipoproteínas de baja densidad (LDL, acrónimo inglés para low-density 

lipoprotein). Además, esta patología se caracteriza por una inflamación sistémica 

de bajo grado y a disfunción endotelial. En los últimos años, se han desarrollado 
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nuevas terapias que disminuyen los niveles de LDL en pacientes con HF 

fundamentalmente basadas en el empleo de anticuerpos monoclonales frente a 

la proproteína convertasa subtilisina/kexina tipo 9 (PCSK9), una enzima 

involucrada en la degradación del receptor de LDL. Sin embargo, no se conoce 

hasta el momento si estas terapias podrían aportar efectos beneficiosos 

adicionales controlando la inflamación sistémica en estos pacientes. Por ello, el 

objetivo del siguiente estudio en la presente Tesis Doctoral ha sido investigar el 

efecto del silenciamiento de PCSK9 en la disfunción endotelial inducida por 

TNFα y el impacto de los inhibidores de PCSK9 en la inflamación sistémica y 

disfunción endotelial asociada a la HF. Para estos estudios, pacientes con HF 

han sido tratados con un anticuerpo monoclonal frente a PCSK9 (alirocumab) 

durante ocho semanas, y diversos parámetros inflamatorios han sido estudiados 

antes y después de dicho tratamiento. 

La estimulación de células endoteliales con TNFα causó aumento de 

expresión de PCSK9. El silenciamiento de PCSK9 disminuyó significativamente 

las interacciones leucocito-endotelio, la expresión de moléculas de adhesión 

celular (ICAM-1 y VCAM-1), así como la expresión de las formas transmembrana 

de CX3CL1 y CXCL16, inducidas por TNFα. Asimismo, redujo la liberación de 

quimiocinas inflamatorias (CX3CL1, CXCL16, IL-8/CXCL8 and MCP-1/CCL2), 

inducidas por la citocina. Estos efectos fueron precedidos de una disminución en 

la expresión de NADPH oxidasa endotelial y la subsiguiente activación de la vía 

de señalización p38 MAPK/NF-κB p65. Además, el tratamiento con alirocumab 

redujo el grado de activación de plaquetas y leucocitos, así como la expresión 

de los receptores CX3CR1, CXCR6 y CCR2 en diferentes subpoblaciones 

leucocitarias en pacientes con HF. Por el contrario, aumentó la activación de 

linfocitos T reguladores. Esta atenuación de la inflamación sistémica se 

acompañó de una disminución significativa de la adhesión leucocitaria al 

endotelio arterial, sugiriendo una posible relación entre la expresión de PCSK9 y 

la inflamación sistémica y el desarrollo de ECV en este desorden metabólico. 

En resumen, estos resultados nos sugieren que, más allá de los efectos 

hipolipemiantes, la inhibición de PCSK9 podría constituir una nueva herramienta 

farmacológica en la atenuación de la inflamación sistémica y la disfunción 

endotelial en pacientes con HF, previniendo así el desarrollo de ECVs.
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RESUM 
 

La Síndrome Metabòlica (SM) és un desordre metabòlic caracteritzat per un 

grup de factors de risc associats al desenvolupament de malaltia cardiovascular 

(MCV) i diabetis mellitus tipus 2, com la hipertensió, la dislipèmia aterogènica, la 

resistència a la insulina i l’obesitat central. En l'última dècada, la SM s'ha convertit 

en un desafiament clínic important, ja que la seua incidència i prevalença estan 

augmentant considerablement en el món occidental. 

Actualment no es coneixen amb exactitud els components immunològics 

implicats en el desenvolupament de la SM, per això en la present Tesi Doctoral 

hem realitzat una caracterització exhaustiva a nivell perifèric de les diverses 

poblacions de cèl·lules del sistema immune, els mediadors inflamatoris solubles 

i les seues possibles conseqüències funcionals en aquesta patologia. Per a 

aquests estudis, en el primer s'han analitzat mostres de sang de 13 pacients amb 

SM i 15 controls del mateix rang d'edat mentre que en el segon es van reclutar 

18 pacients amb SM i de 21 subjectes controls sans també del mateix rang 

d'edat. Mitjançant anàlisi per citometria de flux s'ha determinat el grau d'activació 

plaquetària i leucocitària, així com la formació d'agregats leucòcit-plaqueta. 

Mitjançant assajos ELISA, s'han determinat els nivells plasmàtics de diferents 

mediadors inflamatoris solubles. 

Els pacients amb SM van presentar majors percentatges d'eosinòfils, 

limfòcits T, monòcits tipus 2 i tipus 3 (Mon2/Mon3), agregats eosinòfil- i limfòcit-

plaqueta, així com major activació de plaquetes, neutròfils, eosinòfils, monòcits i 

limfòcits T CD8+, però menor percentatge de monòcits tipus 1 (Mon1) que el grup 

control. De manera similar, comparat amb els subjectes control, els nivells 

d'expressió dels receptors CXCR6 i CX3CR1 en les plaquetes, així com en 

diversos subtipus leucocitaris i en agregats leucòcit-plaqueta estaven 

significativament augmentats en els pacients amb SM. Al seu torn, es va detectar 

que els nivells circulants de CXCL16, d'interleucina (IL)-8 i del factor de necrosi 

tumoral-α (TNFα, acrònim anglés per a tumor necrosis factor-α) estaven 

augmentats en els pacients amb SM, mentre que els nivells de IL-4 estaven 

disminuïts. A més a més, s'ha detectat una correlació positiva entre els nivells 
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plasmàtics de TNFα amb els nivells circulants de glucosa. Per contra, es va 

observar una correlació negativa entre els nivells plasmàtics del mediador 

antiinflamatori IL-4 amb els nivells de glucosa circulant. 

La disfunció endotelial és una de les primeres etapes de l’aterogènesi, que 

promou l'adhesió i la posterior migració de leucòcits al focus inflamatori. Atés que 

s'ha descrit que els eixos CXCL16/CXCR6, CX3CL1/CX3CR1 i CCL2/CCR2 

estan implicats en el desenvolupament d'algunes patologies cardiovasculars, en 

la present Tesi hem investigat in vitro, mitjançant l'ús de la cambra de flux de 

placa paral·lela, el paper funcional d'aquests eixos en l'adhesió de leucòcits i 

agregats leucòcit-plaqueta a l'endoteli arterial disfuncional, induïda per TNFα. En 

aquests estudis hem observat que TNFα augmenta l'adhesió leucocitària a 

l'endoteli arterial tant en els controls com en els pacients amb SM; no obstant 

això, aquest efecte és significativament major en els pacients amb SM. En 

aquests estudis, la neutralització de la funció de CXCL16, CX3CL1 o CCL2 a 

nivell endotelial va disminuir de manera significativa l'increment de l'adhesió 

leucocitària a l'endoteli arterial, induïda per TNFα en els pacients amb SM. 

Aquest efecte no s'ha observat en el grup control. 

Aquests resultats ens suggereixen que tant CXCR6 com CX3CR1 podrien 

constituir nous biomarcadors associats a membrana capaços de detectar el 

desenvolupament d'esdeveniments cardiovasculars adversos en SM. A més a 

més, la modulació farmacològica dels eixos CXCL16/CXCR6, CX3CL1/CX3CR1 

o CCL2/CCR2 podria constituir una nova diana terapèutica en el control del 

desenvolupament de patologia cardiovascular en pacients amb SM. 

La hipercolesterolèmia familiar (HF) és un desordre genètic que es 

caracteritza per elevats nivells plasmàtics de colesterol, principalment de 

lipoproteïnes de baixa densitat (LDL, acrònim anglés per a low-density 

lipoprotein). A més a més, aquesta patologia es caracteritza per una inflamació 

sistèmica de baix grau i a disfunció endotelial. En els últims anys, s'han 

desenvolupat noves teràpies que disminueixen els nivells de LDL en pacients 

amb HF fonamentalment basades en l'ús d'anticossos monoclonals enfront de la 

proproteïna convertasa subtilisina/kexina tipus 9 (PCSK9), un enzim involucrat 

en la degradació del receptor de LDL. No obstant això, no es coneix fins al 

moment si aquestes teràpies podrien aportar efectes beneficiosos addicionals i 
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controlar la inflamació sistèmica en aquests pacients. Per això, l'objectiu del 

següent estudi en la present Tesi Doctoral ha sigut investigar l'efecte del 

silenciament de PCSK9 en la disfunció endotelial induïda per TNFα i l'impacte 

dels inhibidors de PCSK9 en la inflamació sistèmica i disfunció endotelial 

associada a la HF. Per a aquests estudis, pacients amb HF han sigut tractats 

amb un anticòs monoclonal enfront de PCSK9 (alirocumab) durant huit 

setmanes, i diversos paràmetres inflamatoris han sigut estudiats abans i després 

d'aquest tractament. 

L'estimulació de cèl·lules endotelials amb TNFα va causar augment 

d'expressió de PCSK9. El silenciament de PCSK9 va disminuir significativament 

les interaccions leucòcit-endoteli, l'expressió de molècules d'adhesió cel·lular 

(ICAM-1 i VCAM-1), així com l'expressió de les formes transmembrana de 

CX3CL1 i CXCL16, induïdes per TNFα. Així mateix, va reduir l'alliberament de 

quimiocines inflamatòries (CX3CL1, CXCL16, IL-8/CXCL8 and MCP-1/CCL2), 

induïdes per la citocina. Aquests efectes van ser precedits d'una disminució en 

l'expressió de NADPH oxidasa endotelial i la subsegüent activació de la via de 

senyalització p38 MAPK/NF-κB p65. A més a més, el tractament amb alirocumab 

va reduir el grau d'activació de plaquetes i leucòcits, així com l'expressió dels 

receptors CX3CR1, CXCR6 i CCR2 en diferents subpoblacions leucocitàries en 

pacients amb HF. Per contra, va augmentar l'activació de limfòcits T reguladors. 

Aquesta atenuació de la inflamació sistèmica es va acompanyar d'una disminució 

significativa de l'adhesió leucocitària a l'endoteli arterial, suggerint una possible 

relació entre l'expressió de PCSK9 i la inflamació sistèmica i el desenvolupament 

de MCV en aquest desordre metabòlic. 

En resum, aquests resultats ens suggereixen que, més enllà dels efectes 

hipolipemiants, la inhibició de PCSK9 podria constituir una nova eina 

farmacològica en l'atenuació de la inflamació sistèmica i la disfunció endotelial 

en pacients amb HF, per a previndre així el desenvolupament de MCVs. 
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1. INTRODUCTION 

1.1. Inflammatory process 

  

1.1.1. General overview  

 Inflammation is a biological response, from the immune system, to 

protect the organism against infections, allergens or tissue injury. It is a 

complex process that involves several mediators in order to restore the 

normal tissue or system conditions. However, excessive immune response 

can be harmful, leading to tissue injury, physiological abnormalities, organ 

dysfunction or even death1. 

 Immune responses are classified as innate (non-specific) or adaptive 

(specific) immune responses. The innate immune response, also known as 

non-specific immune response, is the first line of defense against non-self 

pathogens. It consists in an immediate response, antigen-independent, 

involving natural killer cells, macrophages, neutrophils, dendritic cells, mast 

cells, basophils and eosinophils2. On the other hand, the adaptive immune 

response, also known as specific immune response, it is specific for the 

pathogen presented and consists in a long-term response, antigen-

dependent involving T- and B-lymphocytes (second line defense)2. 

 Depending on their features, the inflammatory processes can be 

classified in acute inflammation or chronic inflammation. Acute inflammation 

is generally of short duration (hours to days), and is essentially 

characterized by vasodilation, chemokine release and neutrophil 

infiltration1. On the other hand, chronic inflammation presents a long 

duration (weeks to months or years) and is associated to mononuclear cell 

infiltration and fibrosis.  

 A chronic low-grade inflammation is present in several diseases such 

as systemic lupus erythematosus, chronic obstructive pulmonary disease, 

rheumatoid arthritis, metabolic syndrome, familial hypercholesterolemia and 

atherosclerosis, all of them generically named as chronic inflammatory 

diseases1. Given that these inflammatory diseases are linked to long-term 
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inflammation process, they are easily related to debilitating health condition, 

increased mortality and high cost treatment and care3,4.   

 

1.1.2. Leukocyte recruitment cascade  

 Along with vasodilation and edema, one of the earliest steps in an 

inflammatory process is the leukocyte infiltration to the injury site. The 

adhesive interactions between leukocytes and endothelium occur prior to 

leukocyte infiltration of the subendothelial space in these pathological 

conditions5-9. Migration of leukocytes from the blood to sites of extravascular 

injury is mediated through a sequential cascade of leukocyte-endothelial cell 

adhesive interactions involving an array of cell adhesion molecules (CAMs) 

present on leukocytes and endothelial cells (Figure 1)10,11.  

 

Figure 1. Steps of leukocyte infiltration. Simplified scheme of the several steps of the 

leukocyte recruitment cascade: 1 – Rolling; 2 – Activation; 3 – Adhesion and 4 – 

Transmigration. Only the most relevant cell adhesion molecules are presented. 

Endothelial cell-selective adhesion molecule (ESAM); E-selectin-ligand-1 (ESL-1);  P-

selectin glycoprotein ligand-1 (PSGL-1); Intercellular Adhesion Molecule-1/2 (ICAM-1/2); 

Glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1); G protein-coupled 

receptors (GPCR); Junctional adhesion molecules (JAMs); Mucosal vascular addressin 

cell adhesion molecule-1 (MAdCAM-1); Platelet endothelial cell adhesion molecule-1 

(PECAM-1); Vascular cell adhesion molecule-1 (VCAM-1).  



INTRODUCTION 

3 
 

 Interestingly, leukocyte interactions with arterial endothelium are 

specifically induced by certain risk factors for atherosclerosis such as the 

cytokine tumor necrosis factor-α (TNFα), oxidized low-density lipoproteins 

(ox-LDL), cigarette smoke, etc.12-14. These agents trigger an inflammatory 

signaling cascade associated with reactive oxygen species (ROS) 

production, increased cell-surface expression of CAMs, and generation and 

release of chemoattractants, ultimately promoting enhanced leukocyte 

adhesiveness to endothelium and their subsequent transmigration to the 

subendothelial space15,16. 

 

1.1.2.1. Leukocyte rolling 

 The first step of the canonical leukocyte recruitment cascade is the 

leukocyte rolling on endothelium, which is mediated mainly by selectins. 

Indeed, endothelial cell activation triggers the expression of E- and P-

selectins, which facilitate initial leukocyte-endothelium interactions through 

engagement with counter-receptors on leukocytes such as P-selectin 

glycoprotein ligand 1 (PSGL-1), E-selectin ligand-1 (ESL-1), L-selectin, 

CD44 and other glycosylated ligands11,17,18. 

 Depending on the intensity of the inflammatory response, leukocytes 

can firmly adhere to the endothelium, and then infiltrate, or return to the 

bloodstream11. Thus, leukocyte rolling is the limiting step for the further 

leukocyte infiltration steps to occur (Figure 1). 

  

1.1.2.1.1. Selectins 

Selectins are transmembrane glycoproteins characterized by the 

presence of a lectin domain in the N-terminus, which is responsible for their 

carbohydrate-binding properties. There are three selectins (E-, L- and P-

selectin) which can be found on endothelial cells, leukocytes or platelets19. 

 E-selectin (or CD62E) is found on the surface of endothelial cells and 

its expression is induced by several inflammatory mediators such as 

cytokines and bacterial toxins19.  
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 L-selectin (or CD62L) is constitutively expressed on all granulocytes, 

monocytes and most lymphocytes, as a transmembrane glycoprotein. 

Leukocyte activation causes L-selectin proteolytic cleavage, releasing 

a soluble form19,20.  

 P-selectin (or CD62P) is stored in granules of platelets (α-granules) 

and in Weibel–Palade bodies of endothelial cells. P-selectin is rapidly 

translocated to the surface of activated platelets and endothelial cells 

by several stimuli19,21.  

 

1.1.2.1.2. Selectin ligands 

 All selectin ligands are carbohydrates (sialylated, fucosylated or 

sulfated)22. Interactions between selectins and selectin ligands result in 

temporary intercellular interactions, responsible for the rolling step of the 

leukocyte infiltration process11.   

 Among the selectin ligands, PSGL-1 is a transmembrane homodimeric 

mucin that has been originally described as a P-selectin ligand. However, 

nowadays it is known that it can interact with all three selectins11. It is 

expressed on almost all leukocytes, but it is functional when correctly 

glycosylated. The expression of PSGL-1 has been also described in some 

endothelial cells11,21.  

 E-selectin ligand-1 (ESL-1) and glycosylated CD44, both expressed 

on leukocytes, have affinity for E-selectin, resulting on leukocyte-

endothelium interaction21. Additionally, α4-intregrins also act as selectin 

ligands23. The glycosylation-dependent cell adhesion molecule-1 (GlyCAM-

1), the mucosal vascular addressin cell adhesion molecule-1 (MAdCAM-1) 

and the mucin-like protein CD34, expressed on endothelial cells can interact 

with L-selectin21.  
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1.1.2.2. Leukocyte activation 

Selectin engagement and chemoattractant signaling lead to leukocyte 

activation18. The generation and release of different chemoattractants 

cooperate temporally and spatially to choreograph leukocyte trafficking. 

Chemoattractants are a chemically diverse group of molecular leukocyte 

guidance cues where chemokines are included.  

 

1.1.2.2.1. Chemokines 

Chemokines comprise a large family of low-molecular-weight (8–12 

kDa) cytokines with chemotactic activity. During the last two decades, these 

glycoproteins have been pointed out as a family of crucial mediators for the 

cellular migration during immune surveillance, inflammatory process and 

progression of diseases as cancer24.  

These mediators are usually composed by 70-130 amino acids and 

are synthetized and released by immune cells. Their homeostatic functions 

include the maturation and traffic of leukocytes, tissue repair and 

angiogenesis25. Besides their role in several physiological processes, some 

chemokines have also been linked to pathological mechanisms in 

tumorigenesis, in metastasis as well as in inflammatory and autoimmune 

diseases26. All of them share similar structural features and a characteristic 

three-dimensional folding established by intramolecular disulfide bonds, 

which are essential for the interactions with their respective receptors. They 

act in autocrine or paracrine manner26,27.  

Chemokines are potent mediators of leukocyte adhesion and 

transmigration. They transmit their signals through interaction with G 

protein-coupled receptors (GPCR) present on leukocyte and other immune 

cells28. Through their engagement with cognate GPCR, “inside-out” signals 

are triggered, which lead to the activation of leukocyte integrins (β2 and/or 

α4 integrins)29,30. Structurally, GPCR are composed by an extracellular N-

terminus, followed by 7 membrane-spanning domains, which in turn are 

connected by 3 intracellular and 3 extracellular loops, and finish with an 
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intracellular C-terminus, forming a central cavity within the plasma 

membrane (Figure 2)31. The intracellular region is one coupled to the G 

protein. Classically, GPCR are divided in three families: rhodopsin-like 

family, secretin/glucagon receptor family and metabotropic 

glutamate/pheromone family32,33. 

 

Figure 2. Generic structure of G protein-coupled receptors. G protein-coupled 

receptors are composed by an extracellular N-terminus, followed by 7 transmembrane 

helices (H), connected by 3 intracellular loops (IL) and 3 extracellular loops (EL) and 

ends with a intracellular C-terminus, forming a central cavity within the plasma 

membrane. Image adapted from Fossépré et al. (2014)34. 

 

 So far, 43 human chemokines and only 23 receptors have been 

identified. In this complex system, one receptor can recognize more than 

one chemokine. Moreover, one chemokine can interact with different 

receptors as well. According to their structure, chemokines are classified in 

four groups: C-X-C, C-C, C and C-X3-C. All of them are characterized by 

the presence of four cysteine residues in the N-terminus of the peptide 

chain, except for C-chemokines (lymphotactin-α and -β) that only have two 

residues35,36. This classification is based on the number and arrangement 

of these four cysteine residues that form disulfide bonds in their tertiary 

structure37. 

 CXC-chemokines (or α-chemokines) have the first two cysteine 

residues separated by one amino acid, while CC-chemokines (or β-

chemokines) own two adjacent cysteine residues. Regarding C-chemokines 
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(also known as γ-chemokines), the first and third cysteine residue are 

absent and they present only one disulfide bond. Finally, CX3C-chemokines 

(also known as δ-chemokines) have their first two cysteine residues 

separated by three amino acids (Figure 3)38.  

 

 

Figure 3. Structure of chemokine families. Chemokines are classified into four families 

according to the relative position of the first two conserved cysteine residues in the N-

terminus of the peptide chain. CXC-chemokines (A), CC-chemokines (B), C-chemokines 

(C) and CX3C-chemokines (D). Adapted from Balaji et al. (2015)39. 

 

 All chemokines are soluble, except fractalkine (CX3CL1) and CXCL16, 

which can be expressed as soluble form or as a transmembrane form, being 

the first form a result of the proteolytic cleavage of the second one. These 

two chemokines, in their soluble form, are chemoattractant for CX3CR1+ or 

CXCR6+ cells respectively, while in their transmembrane form they are 

involved in cell-cell interaction40,41.  

 In addition to the structural classification, chemokines can also be 

classified according to their expression and functional activity. Therefore, 

chemokines can be divided in three families: proinflammatory chemokines 
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which are induced during an inflammatory response and involved in 

leukocyte recruitment to the sites of inflammation; homeostatic chemokines 

expressed constitutively in non-inflamed tissues and involved in hemostatic 

migration of cells; and mixed-function chemokines, which display both 

properties26,42. 

 

1.1.2.2.2. Tumor necrosis factor-α (TNFα) 

 Although not a chemokine, tumor necrosis factor-α (TNFα) is a 17 kDa 

cytokine involved in systemic inflammation that causes increased 

expression of CAMs and generation and release of chemokines being 

involved in all the steps of the leukocyte recruitment cascade43. It was 

described for the first time in 1975 by Carswell et al., who discovered an 

endotoxin-induced serum factor that caused tumor necrosis in mice44. The 

soluble form of this cytokine (17 kDa) is the result of the proteolytic cleavage 

of the transmembrane form (26 kDa), catalyzed by the enzyme ADAM17, 

also known as TNFα-converting enzyme (TACE)45. 

 TNFα is involved in endothelial dysfunction and is recognized as a 

major risk factor in the initiation and progression of atherosclerotic lesion 

formation and the subsequent development of cardiovascular disease. 

Macrophages are the main source of TNFα; however, this cytokine is also 

produced by several type of cells such as monocytes, endothelial cells, T-

lymphocytes, B-lymphocytes, NK cells, mast cells, glial cells and tumor 

cells43,46-48. Moreover, TNFα production can be triggered by several stimuli 

like endotoxins, fungal or parasitic antigens, viruses, interleukins, interferon-

γ (IFNγ), tumor cells or TNFα itself43. As a stimulus, TNFα leads to 

production and release of numerous secondary mediators including 

interleukins, growth factors, prostaglandins, leukotrienes, bradykinin, 

chemokines or TNFα itself43. 

 In homeostasis, TNFα is an immunostimulant, enhances resistance to 

infectious agents and tumors, it is also involved in sleep regulation and 

embryonic development. However, it has also been associated to several 

pathological complications49. Increased levels of TNFα have been detected 
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and implicated in several diseases and conditions such as rheumatoid 

arthritis50, Alzheimer's disease51, obesity52, atherosclerosis53, metabolic 

syndrome54 and familial hypercholesterolemia55, playing a central role in the 

systemic inflammation associated. Indeed, anti-TNFα therapy has 

demonstrated beneficial outcomes in several inflammatory diseases, mainly 

in rheumatoid arthritis and inflammatory bowel disease56-59. 

  

1.1.2.2.2.1. Biological activity of tumor necrosis factor-α 

 TNFα exerts its effects through its interaction with two receptors: 

TNFR1 and TNFR2. TNFR1 is a strong inducer of proinflammatory 

activities, is a transmembrane receptor ubiquitously expressed by almost all 

cell types. Importantly, the clinically success of anti-TNFα therapy seems to 

rely mainly on the interference with TNFR1-related activities60. TNFR2 is 

responsible of both proinflammatory and anti-inflammatory effects and is 

mainly expressed on immune cells but also in some non-immune cells46,60. 

 Although TNFα is able to bind and activate both TNFR1 and TNFR2, 

it is known TNFR1 is more readily activated. Due to the limited ability of 

soluble TNFα to activate TNFR2, the TNFR2-related activities are mainly 

due to the surrounding transmembrane TNFα expressing cells60.  

 Caspases, nuclear factor (NF)-κB and mitogen-activated protein 

kinases (MAPK) are the main signalling pathways downstream TNFα 

receptor stimulation. Regarding to MAPK, three groups have been 

identified:  the p38 MAPK, the extracellular signal-regulated kinases 1/2 

(ERK1/2), and the cJun NH2-terminal kinases (JNK). While ERK1/2 are 

usually activated by mitogens and differentiation factors, p38 MAPK and 

JNK are normally activated by stress stimuli. Importantly, all of these MAPK 

can be activated by TNFα, which results in phosphorylation of several 

downstream substrates61. Thus, external stimuli (e.g. TNFα) are converted 

into physiological responses. On the other hand, it is well known that TNFα 

induces rapid transcription of genes involved in the regulation of 

inflammation, cell survival, proliferation and differentiation through NF-κB 

pathway activation62. Among the NF-κB family, the protein p65 (also known 
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as RelA) possesses a transactivation domain which allows it to initiate gene 

transcription through co-activator recruitment62. Importantly, p38 MAPK has 

been described to be upstream of NF-κB-dependent gene expression63 

(Figure 4).  

 

Figure 4. TNFα signalling pathways. Transmembrane TNFα (26 kDa) is subjected to 

a proteolytic cleavage by TACE (TNFα-converting enzyme, also known as ADAM17), 

resulting in soluble TNFα (17 kDa). Soluble TNFα binds and activates its receptor 

(TNFR1) which in turn recruits the DD-containing adaptor protein TRADD (TNFR1 

associated death domain protein). TRADD forms a proinflammatory complex through the 

recruitment of RIP1 (Receptor-interacting protein 1) and TRAF2 (TNF Receptor 

Associated Factor 2) which activate NIK (NF-κB inducing kinase). NIK mediates 

activation of IKK (IκB kinase), a kinase that leads to IκB (Inhibitor κB) degradation, 

resulting in functional NF-κB. After an extracellular stress stimulus, p38 MAPK is 

activated, which phosphorylates and activates other kinases or transcription factors. The 

resultant stabilization of mRNA and gene expression modulation by p38 MAPK has been 
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described to be required for NF-κB-dependent gene expression. Image adapted from 

Palladino et al. (2003)64. 

 

 In endothelial cells, TNFα induces endothelial ROS production65, 

endothelial dysfunction66,67, leukocyte interaction68, as well as  

proinflammatory cytokine and chemokine generation and release65, and 

plays a central role throughout the whole atherosclerotic process69. 

Additionally, it has been demonstrated that TNFα increases the expression 

of chemokines such as CXCL1670, CX3CL168, the generation and release of 

CCL271, as well as increases the expression of the CAMs (E-selectin, 

intercellular adhesion molecule-1 or ICAM-1, vascular cell adhesion 

molecule-1 or VCAM-1, etc.). 

 

1.1.2.3. Leukocyte adhesion 

 Leukocyte rolling and leukocyte chemoattractants lead to integrin 

activation. Leukocyte adhesion to the endothelium is mediated through the 

interaction of integrins present on the leukocyte surface, mainly β2 and α4 

integrins, and their counter endothelial ligands, most of which belong to the 

immunoglobulin-like family of CAMs. 

 Rolling interactions increase the efficiency of leukocyte interactions 

with endothelial cell-presented chemoattractants. The interaction of 

leukocyte chemoattractants with cognate GPCR leads to a strong inside-out 

stimulatory signal, and a high affinity and avidity state of leukocyte integrins 

(activation) for their specific endothelial ligands to establish firm shear-

resistant adhesions18. 

 Integrins are a large family of heterodimeric transmembrane 

glycoproteins that are involved in many cellular functions. They are 

composed by two subunits, bound by non-covalent interactions: α (alpha) 

and β (beta) subunits. Among them, the β2-integrins, which share the same 

β subunit (CD18) and different α subunits (CD11a, CD11b, CD11c, CD11d), 

are the most important integrins for leukocyte adhesion1,30. The most 
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relevant leukocyte integrins for leukocyte endothelial arrest are lymphocyte 

function-associated-1 (LFA-1 or CD11a/CD18 or αLβ2), which is expressed 

on all effector leukocytes, macrophage-1 antigen (Mac-1 or CD11b/CD18 

or αMβ2) expressed on neutrophils, monocytes and eosinophils and α4-

intregrins, as very late antigen-4 (VLA-4 or α4β1) or α4β7 integrins, 

expressed on monocytes, eosinophils, and different effector T and B 

cells18,23,72. 

 In general, most circulating leukocytes maintain their integrins in an 

inactive state, but effector lymphocytes and some monocyte subsets 

express adhesive integrins18. Activated integrins bind with relatively high 

affinity to their counter endothelial ligands including intercellular adhesion 

molecule-1 (ICAM-1) for β2-integrins, and vascular cell adhesion molecule-

1 (VCAM-1) for α4-integrins, resulting in firm adhesion and arrest (Figure 

1)1,72. 

 

1.1.2.3.1. Integrins 

 Integrins, as previously indicated, are heterodimeric transmembrane 

glycoproteins composed by two subunits bound by non-covalent 

interactions: α (alpha) and β (beta) subunits.  

 So far, 18 α subunits (α1–11, αV, αIIb, αL, αM, αX, αD and αE) and 8 β 

subunits (β1–8) have been described in humans; consequently, more than 

24 heterodimeric combinations are possible73,74. In addition, integrins are 

divided in subfamilies according to their β subunit: integrins β1 (CD29), 

integrins β2 (CD18), integrins β3 (CD61), etc. 

 Among them, the β2-integrins, which share the same β subunit (CD18) 

and different α subunits – αL (or CD11a), αM (or CD11b), αx (or CD11c) and 

αd (or CD11d) – are the most important integrins for leukocyte adhesion1: 

 αLβ2: Also known as lymphocyte function-associated-1 (LFA-1) or 

CD11a/CD18, is expressed on all leukocytes. 

 αMβ2: Also known as Mac-1 or CD11b/CD18, it is expressed in 

granulocytes and monocytes. 
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 αxβ2: Also known as P150/95 or CD11c/CD18, it is expressed in 

granulocytes and monocytes. 

 αdβ2: Also known as CD11d/CD18, is expressed in dendritic cells and 

macrophages. 

 α4-intregrins share the same α subunit (CD49d) and are also relevant 

in leukocyte adhesion23,72: 

 α4β1: Also known as VLA-4 or CD49d/CD29, is expressed in most 

leukocytes but not in neutrophils.  

 α4β7: Also named lymphocyte Peyer's patch adhesion molecule-1 

(LPAM-1), is expressed in lymphocytes. 

 These integrins interact with some other CAMs from the 

immunoglobulin superfamily, such as ICAM-1, ICAM-2 and VCAM-11,72. 

Importantly, the expression of integrins on leukocyte and the expression of 

immunoglobulin-like CAMs on endothelial cells is enhanced by 

inflammatory mediators1,75. Integrins can also interact with a wide range of 

proteins from the extracellular matrix (fibronectin, laminin, etc.), as well as 

with some soluble components (fibrinogen, von Willebrand Factor, etc.)15. 

Thus, integrins not only mediate cell-cell interactions but cell-extracellular 

matrix interactions as well.  

 

1.1.2.3.2. Immunoglobulin superfamily 

 CAMs from the immunoglobulin superfamily are transmembrane 

proteins, which have one or more extracellular immunoglobulin-like 

domains. Among them, ICAM-1, ICAM-2, VCAM-1, MAdCAM-1, platelet 

and endothelial cell adhesion molecule-1 (PECAM-1 or CD31) and the 

junctional adhesion molecules (JAMs) are the most widely studied (Table 

I). These immunoglobulin-like CAMs are especially expressed on 

endothelial cells; although, some can be found on platelets, leukocytes and 

other cells1,76,77.  

 Some immunoglobulin-like CAMs are constitutively expressed, while 

others require a de novo synthesis in response to stimuli such as cytokines 
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or bacterial toxins78. Immunoglobulin-like CAMs are usually ligands of 

integrins, resulting in the firm adhesion and arrest of leukocytes. However, 

they are also able to interact with proteins from extracellular matrix and 

soluble components75. Like integrins, immunoglobulin-like CAMs are 

involved in mechanisms of cell-cell and cell-extracellular matrix 

interactions1. 

 

Table I – Immunoglobulin-like receptors, adapted from McEver et al. (2018)79 

Name Expressed by  Ligand  Function(s) 

ICAM-1 
Macrophages, EC, 
other cells 

αMβ2, αLβ2, FIB 
T-cell responses, leukocyte 
adhesion to EC 

ICAM-2 EC  αLβ2 Leukocyte adhesion to EC 

ICAM-3 Leukocytes αLβ2 
T-cell responses, leukocyte 
aggregation 

ICAM-4 Erythroid precursors α4β1, αVβ3, αllbβ3  Regulate erythropoiesis 

GPVI  Platelets Collagen 
Platelet adhesion and 
activation 

PECAM-1 
(CD31) 

Leukocytes, 
platelets, EC 

PECAM-1 
EC junctions, leukocyte 
transmigration, cell signaling 

VCAM-1 Activated EC, SMC α4β1, α4β7 
Mononuclear cell adhesion 
to EC 

MAdCAM-1 EC of Peyer patches α4β7 Lymphocyte homing 

Siglecs  Leukocyte subsets 
Sialylated 
glycans 

Regulates B-cell activation, 
innate immunity?, 
hematopoiesis? 

JAMs EC  
JAMs, αLβ2, 
α4β1 

EC junctions, leukocyte 
transmigration 

CD2 T cells LFA-3a T-cell responses 

CD4 T cells Class II MHCa T-cell responses 

CD8 T cells Class I MHCa T-cell responses 

CD3 (T-cell 
receptor) 

T cells 
Antigen on 
MHCa 

T-cell responses 

CD28 
(Costimulatory 
molecule) 

T cells B7-1 (CD80) T-cell responses 

        
aLFA-3 and classes I and II MHC molecules are also immunoglobulin-like receptors. 
 
Abbreviations: EC – Endothelial cells; ICAM – Intercellular adhesion molecules; JAM 
– Junctional adhesion molecule; LFA-3 – Lymphocyte function associated antigen 3; 
MHC – Major histocompatibility complex; PECAM-1 – Platelet and endothelial cell 
adhesion molecule-1; SMC – Smooth muscle cells.  
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1.1.2.4. Leukocyte transmigration 

 Once leukocytes are firmly adhered to the endothelium, they 

transmigrate across the endothelial monolayer. The integrins are not only 

responsible for the attachment of leukocytes to the endothelium, but they 

are also able to transfer signals from the extracellular domain into the cell 

by outside-in signaling80. These signals strengthen adhesion and induce 

intraluminal crawling in the search for optimal sites for leukocyte 

transendothelial migration11,80-82. While neutrophil intraluminal crawling was 

originally described to be mediated by Mac-1 or αMβ2 integrin, and its 

interaction with its counter receptor ICAM-182, other studies described that 

LFA-1 or αLβ2 integrin and ICAM-2 also participate in crawling in other 

leukocyte subtypes83. Nevertheless, directional leukocyte crawling is guided 

by intravascular chemokine gradients18,83. 

 Leukocytes can reach the extravascular tissue using a paracellular or 

transcellular route, with the former much more common than the latter18,84. 

However, the molecular mechanisms of transmigration are the least well 

understood and probably the most complex aspect of leukocyte trafficking, 

and involve PECAM-1 (CD31), JAMs, CD99, endothelial cell-selective 

adhesion molecule (ESAM), ICAMs, integrins, and VE-cadherin, among 

others (Figure 1)18. This complex binding mechanism reduces the 

leukocyte adhesion, facilitates the diapedesis and leukocytes migrates to 

the  inflammatory focus following a chemotactic gradient1. 
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1.2. Main axes investigated in this Thesis 

CXCL16/CXCR6 and CX3CL1/CX3CR1 chemokine axes are involved in 

mononuclear cell attachment to the endothelium and the subsequent 

transmigration of monocytes and lymphocytes, a critical step in the atherogenic 

process85-88. CCL2, also known as monocyte chemoattractant protein-1 (MCP-

1), regulates the migration and infiltration of monocytes, T-lymphocytes, and NK 

cells through interaction with its receptor (CCR2)89. Moreover, there are 

evidences that CXCL16/CXCR6, CX3CL1/CX3CR1 and CCL2/CCR2 axes are 

involved in the development of cardiovascular diseases (CVDs) in several 

cardiometabolic disorders86,90-95. Given that the present Thesis focuses these 

three chemokine axes in the context of the systemic inflammation associated to 

different cardiometabolic diseases, we have included this additional chapter to 

properly understand the results obtained. 

 

1.2.1. CXCL16/CXCR6 axis 

 The CXC-chemokine CXCL16, also known as SCYB16, SR-PSOX or 

CXCLG16, is a low molecular weight transmembrane glycoprotein (30 kDa) 

composed by 254 amino acids, forming 4 domains: a CXC-chemokine 

domain, a glycosylated mucin-like stalk, a transmembrane domain and a 

short cytoplasmic domain (Figure 5). This transmembrane chemokine is 

expressed on endothelial, epithelial, and smooth muscle cells, as well as on 

macrophages, dendritic cells, B and T cells, and platelets85,87. Its expression 

is induced by several proinflammatory cytokines such as TNFα and/or 

IFNγ70,96. 

 The chemokine CXCL16 interacts with the CXCR6 receptor, also 

known as Bonzo, STRL33 or TYMSTR97. Given its dual nature, this 

chemokine presents several functions. The membrane-bound CXCL16 

promotes the firm adhesion of cells expressing its cognate receptor CXCR6, 

which are mainly T-lymphocytes, NKT-lymphocytes and monocytes86,98-100. 

The proteolytic cleavage of the membrane-bound CXCL16 releases soluble 

CXCL16, which acts as a chemoattractant for CXCR6+ cells87,98. This 

proteolytic cleavage is mediated by two proteases, characterized by the 
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presence of a disintegrin and a metalloprotease (ADAM) domain, known as 

ADAM10 and ADAM17/TACE (TNFα-converting enzyme)101,102. While 

ADAM10 carries out the constitutive- and inducible-cleavage of 

CXCL1698,103,104, ADAM17 is only able to conduct the inducible-cleavage101.  

 

 

Figure 5. Schematic representation of CXCL16 structure. The chemokine CXCL16 

is a transmembrane molecule which presents 4 domains: a CXC-chemokine domain, a 

glycosylated mucin-line stalk domain, a transmembrane domain and a cytoplasmic 

domain. Adapted from Izquierdo et al. (2014)85. 

 

  Additionally, apart from its chemoattractant property, soluble CXCL16 

also promotes the proliferation of vascular cells86, participates in the 

regulation of the angiogenesis96,105,106, as well as in the transcription of 

several proinflammatory genes107,108. Membrane-bound CXCL16 can also 

act a as scavenger receptor, which leads to the internalization of 

phosphatidylserine, bacteria or oxidized low-density lipoproteins (ox-LDL), 

promoting the formation of foam cells during the atherosclerotic process 

(Figure 6)85,86,109. 
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Figure 6. Schematic representation of CXCL16 functions. Membrane-bound 

CXCL16 acts as scavenger receptor and allows the internalization of phosphatidylserine 

and oxidized low-density lipoproteins (ox-LDL) (1). The proteases ADAM10 and 

ADAM17 cleave the ectodomain (2), while the γ-secretase complex cleaves the C-

terminus (3), resulting in the release of the soluble CXCL16 that acts as chemoattractant 

for CXCR6+ cells. Adapted from Izquierdo et al. (2014)85. 

 

1.2.1.1. CXCL16/CXCR6 axis in cardiovascular diseases 

 CXCL16 is able to attract and promote the firm adhesion of 

lymphocytes and monocytes to the vascular endothelium. In fact, CXCL16 

plays an important role in the vascular inflammation109. In this regard, some 

polymorphisms observed in the gene encoding for CXCL16 have been 

associated with the severity of the coronary artery disease86. Additionally, 

high serum levels of this chemokine have been reported in patients with 

cardiovascular diseases (CVDs). Indeed, CXCL16 has becoming potential 
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marker for cardiovascular and inflammatory diseases, including 

atherosclerosis85. 

 CXCL16 was identified in human carotid endarterectomy specimens 

and in lesions of apolipoprotein E deficient (Apoe-/-) mice fed a Western-

type diet. Its role in atherosclerosis, however, remains controversial. While 

CXCL16- and low-density lipoprotein receptor (LDL-R)-deficient mice 

(Cxcl16-/-LDLr-/-) had accelerated atherosclerosis110, other observations 

indicated that endothelial CXCL16 expression is found at sites predisposed 

to lesion formation and plays a role in the early formation of atherosclerotic 

lesions100. Likewise, deficiency of CXCR6 in Apoe-/- mice resulted in 

reduced T cell number and macrophage infiltration within the lesion, 

diminishing atherosclerosis9.  

 Moreover, it has been described that this chemokine axis participates 

in the atherosclerotic process by regulating the inflammatory response, the 

lipid metabolism and the acceleration of the atheroma vulnerability111. 

Consequently, the CXCL16/CXCR6 axis has emerged as a candidate for 

cardiovascular disease prediction and a target for therapeutic intervention86.  

 

1.2.2. Fractalkine (CX3CL1)/CX3CR1 axis 

 Fractalkine, also known as CX3CL1, is a CX3C-chemokine widely 

expressed in immune and non-immune cells. This transmembrane 

chemokine is expressed on endothelial, epithelial, and smooth muscle cells, 

as well as on macrophages, microglia, dendritic cells, and platelets41,87,112. 

Its expression is induced by several proinflammatory cytokines such as 

TNFα and/or IFNγ. Indeed, the expression of CX3CL1 is markedly 

upregulated in human arterial and venous endothelial cells during the 

inflammatory process41,68,87. 

 CX3CL1 can be found as a membrane-bound form or as a soluble 

form87. The membrane-bound CX3CL1 is composed by four different 

domains: a chemokine domain tethered to the cell surface via a heavily 

glycosylated mucin-like stack which, in turn, is attached to transmembrane 



INTRODUCTION 
 

20 
 

and cytoplasmic domains. It promotes the firm adhesion of cells expressing 

its cognate receptor CX3CR1, which are mainly T-lymphocytes, NKT-

lymphocytes, monocytes, macrophages and smooth muscle cells41,68,113,114. 

The proteolytic cleavage of membrane-bound CX3CL1 releases soluble 

CX3CL1, which acts as a chemoattractant for CX3CR1+ cells. The 

constitutive-cleavage of CX3CL1 is also mediated by ADAM10, whereas the 

inducible-cleavage is carried out by both ADAM10 and ADAM17 (Figure 

7)102,103. 

 Beyond its chemoattractant properties, other functions have been 

attributed to soluble CX3CL1. It has been reported that soluble CX3CL1 

induces angiogenesis through increased expression of the hypoxia-

inducible factors (HIF) and the generation of vascular endothelial growth 

factor (VEGF)115-117. This soluble chemokine also promotes cell survival by 

enhancing the expression of the anti-apoptotic factor B-cell lymphoma 2 

(Bcl2)117. The increased expression of Bcl2 in foam cells contributes to the 

formation of the atherosclerotic plaque117. 

 

Figure 7. Schematic representation of CX3CL1 functions. Membrane-bound CX3CL1 

promotes the firm adhesion of cells expressing its cognate receptor CX3CR1 (1). The 

proteolytic cleavage of the membrane-bound CX3CL1, by ADAM10 and ADAM17, 

releases soluble CX3CL1 (2). Soluble CX3CL1 acts as a chemoattractant for CX3CR1+ 

cells causing cell migration (3). Through signaling intermediates, soluble CX3CL1 inhibits 

apoptosis and induces cell survival (3). Adapted from White et al. (2009)118. 



INTRODUCTION 

21 
 

1.2.2.1. Fractalkine (CX3CL1)/CX3CR1 axis in cardiovascular diseases 

 CX3CL1/CX3CR1 axis is involved in the chemotaxis of mononuclear 

cell and their attachment to the endothelium. As a result, this axis 

contributes for the subsequent transmigration of monocytes and 

lymphocytes across the endothelial barrier to the arterial subendothelial 

space, a critical step in the atherogenic process (Figure 8)41,68,87. 

Furthermore, previous human studies from our team have shown that 

endothelial CX3CL1 neutralization reduce the leukocyte adhesion to the 

dysfunctional endothelium41,68. 

 In preclinical studies, Apoe-/-Cx3cr1-/- mice subjected to a high-fat diet 

had reduced macrophage infiltration in vessel wall, when compared to Apoe-

/- mice with the same diet. Consequently, a decreased atherosclerotic lesion 

formation was found in these CX3CR1-deficient mice88. Other studies 

described that interrupting the CX3CL1/CX3CR1 interaction in vivo was 

found to limit monocytic cell recruitment to vascular lesions and to produce 

a highly protective effect in animal models of atherosclerosis119,120. 

 The chemokine fractalkine/CX3CL1 and its receptor CX3CR1 have 

been implicated in CVDs. In humans, the identification of a mutant form of 

CX3CR1, termed CX3CR1-M280, was found to be defective in mediating 

adhesive and chemotactic activity121,122. This mutated form of CX3CR1 was 

linked to lower risk of atherosclerosis, acute coronary events, and coronary 

artery endothelial cell dysfunction121,122. Additionally, CX3CR1 upregulation 

has been detected in circulating monocytes of patients with coronary artery 

disease123. Inasmuch, CX3CL1/CX3CR1 axis mediates heterotypic 

anchorage of foam cells to coronary artery smooth muscle cells, facilitating 

the atherogenic process124. Moreover, findings from a chronic renal 

insufficiency cohort study revealed that high plasma levels of soluble 

CX3CL1 may contribute to both atherosclerotic CVDs and diabetes92. 

 Taken together, these evidences suggest that CX3CL1 plays an 

important role in vascular inflammation and in different cardiometabolic 

diseases, perhaps contributing to atherosclerotic lesion formation. 
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Figure 8. Dual nature of fractalkine/CX3CL1 in atherosclerosis. Soluble CX3CL1, as 

a consequence of the proteolytic cleavage of membrane-bound CX3CL1 through the 

action of ADAM10 or ADAM17, promotes the chemotaxis of CX3CR1-expressing 

leukocytes (A). Membrane-bound CX3CL1 from endothelial cells promotes the firm 

adhesion of rolling leucocytes onto the vessel wall (B) leading to their subendothelial 

transmigration (C), a critical step in the atherogenic process. Adapted from Apostolakis 

et al. (2013). 

 

1.2.3. Monocyte chemoattractant protein-1 (MCP-1 or CCL2)/CCR2 axis 

 Monocyte chemoattractant protein-1 (MCP-1), also known as CCL2, is 

a CC-chemokine of 13 kDa composed by 76 amino acids125. This 

chemokine is produced by several cell types including endothelial cells, 

fibroblasts, epithelial cells, smooth muscle cells and 

monocytes/macrophages89.  

 Through interaction with the CCR2 receptor, CCL2 regulates the 

migration and infiltration of monocytes, T-lymphocytes and NK cells. Unlike 

MCP-1, the expression of the its transmembrane receptor CCR2 is relatively 
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restricted to certain types of cells: mononuclear cells, vascular smooth 

muscle cells and activated NK cells89. Interestingly, CCL2 has also been 

found to be anchored on the surface of endothelial cells thought 

glycosaminoglycans71,126.  

 It is also known that CCL2 expression is up-regulated by the 

proinflammatory cytokines such as TNFα, interleukin (IL)-1β or IFNγ71,127. 

Indeed, enhanced CCL2 levels are found in several diseases, such as 

breast cancer, rheumatoid arthritis or essential hypertension89,128,129. In 

addition, CCL2/CCR2 axis may play an important role in metabolic 

disorders130,131 and seems to be involved in the development of CVDs132.  

 

1.2.3.1. MCP-1 (CCL2)/CCR2 axis in cardiovascular diseases 

 This chemokine and its receptor CCR2 have been widely implicated in 

the development and progression of cardiovascular diseases (CVDs)89.  

 In preclinical models, increased CCL2 expression in cardiac myocytes 

was accompanied with an accumulation of macrophage in the myocardium 

of hypertensive rats, suggesting a potential role of CCL2 in the development 

of heart failure133. Additional studies from our group indicate increased 

CCL2 expression in suprarenal aortic walls of a murine model of abdominal 

aortic aneurysm induced by angiotensin-II134,135. The treatment with 

calcitriol (vitamin D) reduced abdominal aortic aneurysm formation in these 

animals, which was accompanied by a decrease in CCL2 expression in 

suprarenal aortic walls135, suggesting the involvement of CCL2 in this CVD 

development. Evidences in animal models by deletion of CCR2 in Apoe-/- 

mice subjected to a hypercholesterolemic diet demonstrated reduced 

atherosclerotic lesion formation136. Similarly, the deletion of MCP-1 in Ldl-r 

-/- mice under an atherogenic diet resulted in reduced macrophage 

infiltration in the aortic wall and, consequently, in reduced atherosclerotic 

plaque formation137. 

 In human studies, several polymorphisms in the gene coding for MCP-

1 have been associated with high cardiovascular risk138-141. Indeed, some 
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correlations were found between the MCP-1 A-2518G polymorphism with 

macrovascular complications in type 2 diabetes mellitus (T2D)139 and higher 

risk of myocardial infarction142. Furthermore, enhanced circulating MCP-1 

levels were positively correlated with apolipoprotein B (ApoB), low-density 

lipoprotein (LDL) cholesterol and triglycerides levels in patients with primary 

hypercholesterolemia143. In the same study, hypercholesterolemic patients 

presented higher leukocyte adhesion to the dysfunctional arterial 

endothelium when compared to healthy volunteers, suggesting an 

increased risk of atherosclerosis development143.   

 Overall, these evidences suggest that CCL2/CCR2 axis may be a 

potential intervention target in atherosclerosis and its cardiovascular 

complications.  
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1.3. Atherosclerosis 

1.3.1. General points 

 Nowadays, CVDs are the main cause of mortality and morbidity in 

Europe, being responsible of 3.9 million deaths per year144. Moreover, 

CVDs currently represent more than 30% of all causes of deaths 

worldwide145. It is estimated by the World Health Organization (WHO) that 

CVDs will be the main socioeconomic problem worldwide in 2020 

(resolution WHA66.10, WHO, 2013). Despite of the advances on primary 

prevention and the new pharmacologic approaches to diminish cholesterol 

levels in plasma, the adoption of unhealthy habits have led to an increase 

in diabetes and obesity incidence. Thus, CVDs remain the main cause of 

death in Europe, Unites States of America and Asia144,146, and therefore the 

increase in the prevalence of atherosclerosis, the underlying 

pathology146,147. 

 The term atherosclerosis is composed by two Greek words: athero + 

sclerosis, which mean gruel and hardening respectively. Currently, 

atherosis is associated to lipid accumulation in the intima of arteries, 

resulting in fatty streaks, whereas sclerosis is associated to the formation of 

the fibrous cap composed by smooth muscle cells, leukocytes and 

connective tissue148. Atherosclerosis is a chronic vascular and inflammatory 

disease, characterized by the presence of high concentration of LDL 

cholesterol in plasma, which leads to the formation of atheroma, or 

atheromatous plaque, in the subendothelial space147. In addition, calcium 

precipitates and inflammatory cells are also covered by the fibrous cap147. 

The initial formation of the atheroma is also known as atherogenesis. In 

general, it is not usual in regions where the blood flow is uniform and 

unidirectional such as in the descending thoracic aorta; however, it is more 

common in vascular regions where the blood flow has a bigger geometric 

complexity such as curvatures or branches149,150 (Figure 9). Thus, the 

bigger curvature of the aortic arch and the carotid bifurcation are prone to 

blood flow irregularities and variability on shear stress magnitude and 
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direction, which can lead to the development of endothelial dysfunction, an 

early step in the atherogenic process8,151,152. 

 It is important to highlight that atherogenesis is asymptomatic; 

however, in the late steps of atheroma formation, cardiovascular events can 

occur such as myocardial infarction, stroke or loss of functions of the 

extremities, due to an artery occlusion and/or erosion and rupture of the 

atheroma153. 

 

Figure 9. Development of early atherosclerotic lesion in vascular regions with 

geometric complexity (human carotid bifurcation). The development of atheroma is 

more common in vascular regions with geometric complexity such as the major curvature 

of the human carotid artery (carotid sinus). As a consequence of blood flow irregularities 

and variability on the shear stress magnitude and direction, endothelial dysfunction can 

be induced. Adapted from Tabas et al. (2015)151. 

 

1.3.2. Atherogenesis 

 Atherogenesis is the process of atheroma formation. This process is 

induced by a damage in endothelial cells and involves immune cells, mainly 

T- and B-lymphocytes, monocytes and macrophages154.  

 It has been traditionally considered a metabolic disorder characterized 

by an arterial obstruction by fat deposits in the blood vessel walls. According 



INTRODUCTION 

27 
 

to this vision, atherosclerosis was the result of the passive accumulation of 

cholesterol in arterial wall, mainly from large and medium-sized elastic and 

muscular arteries155. Nowadays, it is widely accepted that atherogenesis is 

a more complex process that involves numerous biochemical and molecular 

responses highly specific, with constant interactions between several 

cellular mediators. Inflammation is present in every single atherogenesis 

step, yet the cause-effect relationship remains not well understood16,156. 

 Nevertheless, scientific evidence associating an inflammation process 

with atherogenesis is nowadays without doubt. Both innate and adaptive 

immune responses participate in this process; consequently, some 

inflammatory mediators have been studied as new therapeutic targets and 

prognostic biomarkers for cardiovascular events157.  

 

1.3.2.1. Endothelial dysfunction 

 The vascular endothelium is a multifunctional organ composed by a 

monolayer of endothelial cells that line the inner surface of blood vessels. It 

plays an important role in vascular homeostasis maintenance, regulation of 

the vascular tone, vascular structure, vascular permeability and 

coagulation158. Furthermore, endothelial cells produce a broad range of 

mediators that are involved in cellular adhesion, vascular smooth muscle 

cell proliferation and inflammation such as CAMs, cytokines, chemokines, 

etc.158. Therefore, changes in the arterial endothelium physiology can lead 

to endothelium activation, more commonly known as endothelial 

dysfunction, an important feature prior to atherosclerosis 

development159,160.  

 Endothelial dysfunction is characterized by the release of cytokines, 

chemokines and increased expression of CAMs, responsible for leukocyte 

adhesiveness and subsequent transmigration37,161. It leads to changes in 

the bioavailability of nitric oxide (NO), due to reductions in endothelial nitric 

oxide synthase (eNOS) expression and/or increased generation of reactive 

oxygen species (ROS). NO has a protective role on vessel walls against 

endothelial activation, inflammation, abnormal vessel growth and fibrosis162. 
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 The activation of endothelial cells in vascular regions prone to develop 

atheroma induces: 

 Increased expression of CAMs, such as E-selectin, P-selectin, ICAM-

1 or VCAM-1, that promote leukocyte adhesion to the endothelium 

(mainly monocytes and T-lymphocytes) and their migration to the intima 

layer35. 

 Chemokine generation and release, such as MCP-1/CCL2, IL-

8/CXCL8 or growth-regulated oncogene-α (GROα)/CXCL1, among 

others, leading to the recruitment of different circulating leukocyte 

subsets to the vessel wall163.  

 Therefore, the accumulation of monocytes, macrophages and 

lymphocytes in the blood vessel walls leads to chronic inflammation and 

subsequent development of atherosclerosis164. In turn, monocytes and 

tissue macrophages, as well as endothelial cells and vascular smooth 

muscle cells, generate free radicals that oxidizes LDL to ox-LDL, by a redox 

reaction. Consequently, proinflammatory chemokines and CAMs are also 

synthetized from these cells, creating a proinflammatory and prothrombotic 

phenotype and triggering an innate immune response in the intima layer, 

which precedes the development of atherogenesis161,163. On the other hand, 

vascular smooth muscle cells play an important role in the release of 

extracellular matrix proteoglycans, collagen, and elastic fibers, facilitating 

the leukocyte accumulation in the subendothelial space165. 
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1.4. Metabolic disorders: Metabolic Syndrome and Familial 

Hypercholesterolemia  

1.4.1. General points 

 Metabolic disorders result in elevated human and economic costs to 

the national public health system. Additionally, the WHO estimated that, in 

2020, cardiovascular diseases (CVDs) will be the main health and socio-

economic problem in the world (resolution WHA66.10, WHO, 2013). 

Moreover, 31% of global deaths were due to CVDs in 2016166, which is 

concerning the medical community around the world.   

 Numerous evidences indicate that a low-grade systemic inflammation 

is generally associated to several metabolic disorders such as metabolic 

syndrome or familial hypercholesterolemia167,168. Moreover, systemic 

inflammation is the main responsible for the premature atherosclerosis 

development and all the related complications8,152,169,170.  

 

1.4.2. Metabolic Syndrome (MS) 

 Metabolic syndrome (MS), also known as syndrome X, 

cardiometabolic syndrome or CHAOS (Coronary artery disease, 

hypertension, atherosclerosis, obesity and stroke – commonly used in 

Australia)171, is a metabolic disorder characterized by a cluster of 

cardiovascular risk factors and its prevalence in Western Countries remains 

increasing172.  

 The definition of MS was firstly developed in 1998, by the WHO, where 

insulin resistance appeared to be the main pathophysiological cause of this 

disorder173. However, the definition MS has changed and other 

pathophysiological features have been associated with this cardiometabolic 

disorder174. Nowadays, MS is diagnosed when at least three of the following 

metabolic abnormalities are assembled: Visceral obesity (defined by an 

abdominal perimeter higher than 102 cm in men and 88 cm in women); 

arterial hypertension (defined by values of blood pressure higher than 

130/85 mmHg), dysglycemia (defined by a fasting blood glucose level 
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higher than 100 mg/dL), hypertriglyceridemia (defined by plasmatic 

triglyceride concentration higher than 150 mg/dL) and low plasmatic levels 

of high-density lipoprotein (HDL) cholesterol (lower than 40 mg/dL in men 

and 50 mg/dL in women) (Figure 10)175,176.  

 

 

Figure 10. Diagnosis criteria for metabolic syndrome. The diagnosis of MS is 

attributed when at least 3 of the 5 following features is assembled: 1 – visceral obesity 

(waist perimeter > 102 cm for men or > 88 cm for women); 2 – arterial hypertension 

(blood pressure > 130/85 mmHg); 3 – dysglycemia (fasting glucose levels > 100 mg/dL); 

4 – hypertriglyceridemia (triglycerides blood levels > 150 mg/dL); 5 – low HDL cholesterol 

levels (HDL < 40 mg/dL for men or < 50 mg/dL for women). 

 

 These physiological alterations can lead to oxidative stress, 

inflammation and subsequent endothelial dysfunction, which increase the 

risk of CVDs development such as atherosclerosis8,152,169,177. Indeed, 

clinical evidence suggests that obesity and MS are associated to endothelial 

dysfunction and a low-grade inflammation state175,176,178. 

 This cardiometabolic disorder is also associated to the development 

of type 2 diabetes mellitus (T2D), hyperuricemia, hyperandrogenism, 
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polycystic ovary syndrome, hepatic steatosis and nonalcoholic fatty liver 

disease (NAFLD), restrictive pulmonary disease and some types of 

cancer167,179-182.  

 The development of MS is complex and some details of its 

physiopathology requires further clarification. Most of the MS patients are 

old, obese, have a sedentary lifestyle with low physical activity, present 

insulin resistance or even pre-diabetes183. Indeed, overweight, genetic 

conditions, ageing, sedentary lifestyle and excessive calorie intake are the 

main determinant factors for MS development183. Nevertheless, there are 

other risk factors that influence this disorder such as the desynchronization 

of the circadian rhythm or chronodisruption184, the excessive alcohol intake, 

mood disorders and the psychotropic medication171. 

 In addition to the high prevalence in adult population, the prevalence 

of MS is also increasing in children and teenagers, being higher in America 

then in Europe167. In regard to this, there is a lack of consensus about MS 

definition for pediatric uses, which complicates the therapy167. Some efforts 

should be done to improve MS prevention and its early detection in young 

population, to reduce MS incidence in adults. 

 

1.4.2.1. Low-grade inflammation state in Metabolic Syndrome 

 It has become evident that systemic inflammation is the main driver of 

premature atherosclerosis and its complications. Indeed, there is evidence 

to support that a low-grade systemic inflammation is often associated with 

the MS185. 

 In regard to this, platelet activation is linked to cardiovascular 

morbidity. Indeed, activated platelets can mediate the endothelial adhesion 

of circulating leukocytes, a characteristic feature of the dysfunctional 

endothelium and central for atherosclerotic lesion formation8. Upon their 

activation, platelets express specific CAMs such as P-selectin, critically 

involved in the interaction of platelets with endothelial cells and leukocytes, 

and release several inflammatory chemokines including platelet factor-4 

(PF-4)/CXCL4 or regulated on activation, normal T cell expressed and 
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secreted (RANTES)/CCL5186. Platelet activation and greater circulating 

levels of soluble P-selectin, PF-4/CXCL4 and RANTES/CCL5 have 

previously been reported in MS95,187-190. 

 Moreover, MS has been related to an increased number of several 

circulating leukocyte subsets and enhanced monocyte activation187,191,192. 

Additionally, enhanced expression of CXCR6 has been reported on T cells 

and NKT cells90, while greater CX3CR1 expression has been described on 

monocytes of patients with MS91,191. In regard to other soluble inflammatory 

markers, several studies have shown that TNFα, IL-6, CXCL16, 

fractalkine/CX3CL1, MCP-1/CCL2 and high-sensitivity C-reactive protein 

are found at higher levels in MS patients than in age-matched 

controls86,90,91,95,193,194. 

 Nonetheless, some results on the inflammatory status of this complex 

metabolic disorder are contentious, particularly with regard to soluble 

mediators and leukocyte subsets95,190-192,195. Therefore, a deeper 

knowledge of the different cellular and soluble components of systemic 

inflammatory responses associated with MS and their clinical 

consequences is needed. 

 

1.4.3. Familial Hypercholesterolemia (FH) 

 Familial hypercholesterolemia (FH) is an autosomal dominant genetic 

disorder characterized by elevated plasma levels of LDL196. It is one of the 

most prevalent genetic disease, affecting 1 in 200 to 500 worldwide, which 

suggests that up to 34 million people present FH197.  

 This disorder is often underdiagnosed and undertreated, being 

estimated that less than 1% of FH cases are managed adequately. When 

untreated, this condition can lead to accelerated atherosclerosis and other 

cardiovascular events, associated to high risk of mortality197,198. Indeed, 

individuals with FH present 3 to 13 times greater risk of premature 

atherosclerotic cardiovascular disease compared to individuals with normal 

plasma levels of LDL197,199. 
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 Moreover, FH can be divided into two forms depending on the 

presence of one or two affected alleles: heterozygous or homozygous 

respectively. Heterozygous FH, the most common form of FH, usually 

presents LDL levels 2 to 3 times greater than normal, while the homozygous 

form presents up to 10 times greater. Consequently, homozygous FH is 

associated to a higher risk of early atherosclerosis which can be up to 100 

times greater than the risk in the general population199.  

 Therefore, the early diagnosis is central to start a lipid-lowering 

therapy and to reduce the cardiovascular risk198. However, most of the 

individuals with FH do not present symptoms until cardiovascular 

complications take place. Visible signs of lipid accumulation such as corneal 

arcus or tendon xanthomas are not present in most FH individuals. The 

diagnosis of FH is usually based on plasma LDL levels, presence of signs 

of lipid accumulation, premature coronary artery disease, family history 

and/or genetic analysis200. Indeed, the European Society of Cardiology, the 

European Society of Atherosclerosis and the International Familial 

Hypercholesterolemia Foundation recommend the use of the Dutch Lipid 

Clinic Network algorithm for FH diagnosis, which takes into account all of 

these parameters198. 

 A genetic analysis can be useful to detect mutations and to establish 

an early diagnosis; however, a negative test is not enough to discard a FH 

condition. Approximately 1 in 5 patients with heterozygous FH present a 

negative genetic profile for all currently known genetic mutations196,198. At 

present, mainly 3 mutations are known to cause FH: mutations in genes 

encoding LDL-R, ApoB or proprotein convertase subtilisin/kexin type 9 

(PCSK9)201,202. LDL-R is found primarily on hepatocyte cell membranes. It 

is responsible of LDL uptake for it further endocytosis and degradation, 

decreasing plasma levels of LDL. On the other hand, ApoB is a protein 

bound to LDL, recognized by LDL-R, which allows the formation of receptor-

ligand complex for LDL clearance. Finally, PCSK9 is an enzyme expressed 

in many cells and tissues, including hepatocytes, and involved in LDL-R 

degradation, which decreases LDL clearance. Mutations leading to a loss-

of-function of LDL-R (60-90% of FH cases) or ApoB (~5% of FH cases), as 
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well as mutations leading to a gain-of-function of PCSK9 (up to 3% of FH 

cases) affect the normal plasma clearance of LDL and, consequently, its 

circulating levels196,197,201. 

 Once FH is diagnosed, a lipid-lowering therapy is needed. The first 

goal to achieve is to reduce plasma levels of LDL by at least 50%. Healthy 

lifestyle, including a low-fat diet, physical activity and smoking cessation, 

can help in this LDL reduction; however, a pharmacological therapy is 

needed197,200,202. Statins are selective inhibitors of 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA) reductase, used as first-line treatment for 

FH. Inhibiting HMG-CoA reductase, statins decrease the biosynthesis of 

cholesterol. Generally, low doses of statins are insufficient for FH treatment. 

Thus, moderate to high doses of statins are prescribed. However, many 

individuals treated with statins do not achieve their target levels of LDL. 

When goals for LDL levels are not achieved with the maximum tolerable 

doses of statins, different lipid-lowering strategies such as PCSK9 inhibitors 

are recommended in a combination therapy196,197,202,203. Further details 

about PCSK9 and PCSK9 inhibition are described in the section 1.4.3.2. 

Proprotein convertase subtilisin/kexin type 9 (PCSK9). 

 

1.4.3.1. Low-grade inflammation state in Familial and Primary 

Hypercholesterolemia 

 

 Primary hypercholesterolemia (PH) is a lipid disorder characterized by 

elevated serum levels of cholesterol and LDL. This metabolic disorder is 

heterogeneous at the genetic level and includes both autosomal-dominant 

FH and the more frequent polygenic non-familial hypercholesterolemia204. 

Given that little information about low-grade inflammation state in FH is 

available, studies in PH are also gathered below. 

 Previous studies indicate that low-grade systemic inflammation is 

associated with PH, which might explain the higher incidence of CVD in 

these patients204,205. In this context, several studies have shown that 

different soluble inflammatory markers, including TNFα, IL-1, IL-6, IL-
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8/CXCL8, IFNγ, MCP-1/CCL2 and high sensitivity C reactive protein, are 

detected at higher levels in patients with hypercholesterolemia than in age-

matched controls205-211. By contrast, whereas the mRNA expression of 

RANTES/CCL5 was reported to be increased in mononuclear cells from 

children with FH, this chemokine mRNA up-regulation was not found in 

adults with the disease207. 

 Moreover, hypercholesterolemia has been previously associated with 

platelet activation205,212, while an increase in leukocyte activation in vitro has 

also been reported in subjects at high cardiovascular risk 

(hyperlipidemia)213. Upon their activation, platelets and leukocytes express 

specific CAMs, critically involved in the interaction of platelets and 

leukocytes with endothelial cells186,214, all of which are central for 

atherosclerotic lesion formation. A correlation has been previously reported 

between inflammation and endothelial dysfunction in patients with PH205,215. 

 A recent study from our group, involving 22 PH patients and 21 age-

matched controls, also indicates that a low-grade systemic inflammation is 

associated to this pathology143. PH presented increased platelet and 

leukocyte activation, greater percentage of several leukocyte subsets and 

higher percentages of circulating platelet-leukocyte aggregates. 

Additionally, circulating levels of proinflammatory cytokine and chemokines 

such as IL-8/CXCL8, MCP-1/CCL2, fractalkine/CX3CL1 and IL-6 were found 

to be positively correlated with key lipid features of PH (ApoB, LDL and 

triglycerides), whereas negative correlations were found for the anti-

inflammatory cytokines IL-4 and IL-10. This study provided the first evidence 

that increased platelet and leukocyte activation leads to elevated platelet-

leukocyte aggregates in PH and augmented arterial leukocyte 

adhesiveness, a key event in atherogenesis143. 

  

1.4.3.2. Proprotein convertase subtilisin/kexin type 9 (PCSK9) 

 PCSK9 is a serine protease, ubiquitously expressed in several tissues 

and cells, involved in the metabolism of LDL cholesterol. This enzyme is 

mainly secreted by hepatocytes and circulates in the plasma. PCSK9 has 
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affinity to LDL-R, forms a complex and promotes its degradation, reducing 

the LDL up-take by hepatocytes (Figure 11)216. Therefore, PCSK9 

overexpression affects LDL clearance, increasing its circulating levels.  

 In 2003, gain-of-function mutations in the gene encoding PCSK9 were 

identified216. They are responsible for up to 3% of FH cases201. However, 

the loss-of-function of LDL-R, ApoB or the gain-of-function of PCSK9 result 

in the impairment of LDL clearance, by enhanced LDL-R degradation and/or 

impairment of LDL-R/LDL binding. Consequently, these conditions increase 

plasma levels of LDL and the atherogenic risk.    

 

Figure 11. PCSK9-mediated degradation of LDL-R. The transcription factor sterol 

regulatory element-binding protein (SREBP) induces the synthesis of LDL receptor (LDL-

R) and expression proprotein convertase subtilisin/kexin type 9 (PCSK9). PCSK9 has 

affinity to LDL-R and the resultant complex is internalized by hepatocytes into clathrin-

coated vesicles. Subsequently, this LDL-R/PCSK9 complex undergoes to lysosomal 

degradation. Adapted from Lambert et al. (2012)216. 

 

 Thus, as previously outlined, PCSK9 has emerged as a novel target 

for LDL-lowering therapy, when statins do not achieve their target levels of 

LDL203. Furthermore, statin therapy is associated with increases in PCSK9 
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activity, which suggests a potential incremental lowering of LDL through 

inhibition of PCSK9 in the statin-treated patients. The inhibition of PCSK9 

results in an increase of transmembrane expression of LDL-R in 

hepatocytes and, consequently, in a reduction of plasma LDL levels (Figure 

12)216. During the last years, some monoclonal antibodies against human 

PCSK9 have been developed and, according to the European Medicines 

Agency, two are currently available for therapy: alirocumab and 

evolocumab. Both monoclonal antibodies are administrated subcutaneously 

every 2 weeks for alirocumab or 4 weeks for evolocumab202. A study from 

2017 has showed good efficacy and safety data of these monoclonal 

antibodies in patients with FH and statin-intolerant when administered for at 

least 8 weeks217.      

 

Figure 12. PCSK9 inhibition. Monoclonal antibodies (mAb) against proprotein 

convertase subtilisin/kexin type 9 (PCSK9) prevent the formation of the complex LDL 

receptor (LDL-R)/PCSK9. Consequently, LDL-R binds to LDL particle and the complex 

LDL-R/LDL is internalized. Then, LDL particle is degraded in lysosome, whereas LDL-R 

is recycled back to the membrane. Adapted from Lambert et al. (2012)216. 
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 The cost of PCSK9 inhibition treatment is elevated and not sustainable 

for health services if applied to all FH patients. However and more relevant, 

models for a cost-benefit analysis have revealed that cost-effectiveness 

ratios were lowest for those groups that proposed for consideration of 

PCSK9 inhibition in the consensus statement for patients with severe FH 

with CVD that, under conventional treatments, fail to attain LDL goal203. 

 On the other hand, increased PCSK9 levels have been associated to 

enhanced platelet count and reactivity, increasing the risk of cardiovascular 

events218-220. PCSK9 inhibition has been reported to decrease CCR2 

expression in monocytes of FH patients221. Notably, PCSK9 inhibition ability 

to influence cardiovascular risk seems to be profound and beyond their LDL 

lowering effects222. Despite these findings, little is known about the impact 

of PCSK9 inhibition on the low-grade inflammation state associated to FH. 

Therefore, the study of the effects of PCSK9 inhibition on favorable 

cardiovascular outcomes is needed and considerable work in this space is 

required. 

 Additionally, recent studies have described the expression of PCSK9 

in human umbilical vein endothelial cells (HUVEC) and in aortic endothelial 

cells (HAEC)223,224. In these studies, endothelial PCSK9 expression has 

been reported to be increased by ox-LDL or lipopolysaccharide (LPS) 

stimulation, respectively. It is widely accepted that LPS-induced responses 

are dependent of ROS production, via NADPH oxidase (Nox)224. In addition, 

LPS-induced responses are, in part, dependent of TNFα production, a 

cytokine involved in the systemic inflammatory state of patients with FH207. 

However, endothelial PCSK9 expression induced by TNFα has not been 

investigated yet. Therefore, it might be possible that TNFα modulates 

PCSK9 expression in endothelial cells and the inhibition of this enzyme may 

have important consequences on the endothelial dysfunction induced by 

TNFα.
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2.  OBJECTIVES 

1. One of the early steps in atherogenesis is endothelial dysfunction, a 

prothrombotic and proinflammatory phenotype of the endothelium 

characterized by an overexpression of cell adhesion molecules and the 

generation and release of chemokines leading to the initial adhesion of 

leukocytes and their subsequent transmigration from bloodstream to the 

subendothelial space8. Metabolic syndrome (MS) is associated to a low-

grade of systemic inflammation, endothelial dysfunction and increasing risk 

of suffering cardiovascular disorders175. Given that the CXCL16/CXCR6 

axis has emerged as a candidate for cardiovascular disease prediction and 

a target for therapeutic intervention86, the first objective of this Thesis was 

to characterize the role of CXCL16/CXCR6 axis in patients with MS in the 

context of the low-grade of systemic inflammation associated to this 

pathological state. 

 

2. MS has been related to an increased number of several circulating 

leukocyte subsets and enhanced monocyte and platelet 

activation134,187,191,192. Nonetheless, some results on the inflammatory 

status of this complex metabolic disorder are contentious, particularly with 

regard to soluble mediators and leukocyte subsets95,190-192,195. Therefore, a 

deeper knowledge of the different cellular and soluble components of the 

systemic inflammatory responses associated to MS and their clinical 

consequences is needed. Thus, the second objective of this Thesis was 

to evaluate the inflammatory status associated to MS. More precisely, the 

activation state of platelets and leukocytes, the presence of platelet-

leukocyte aggregates, the detection of soluble inflammatory mediators and 

the functional consequences of the CX3CL1/CX3CR1 and CCL2/CCR2 axes 

in MS patients and age-matched controls. 

 

3. Familial hypercholesterolemia (FH) is a major risk factor for cardiovascular 

diseases and has also been associated to endothelial dysfunction and low-

grade of systemic inflammation221,225. Recent evidence suggests that 

monoclonal antibodies against proprotein convertase subtilisin/kexin type 9 
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(PCSK9), an enzyme involved in the degradation of low-density lipoprotein 

(LDL) receptor, influence cardiovascular risk and this effect seems to be 

profound and beyond their LDL cholesterol-lowering effects222. Therefore, 

the study of the impact of PCSK9 inhibition on favorable cardiovascular 

outcomes is needed and considerable work in this space is required. Given 

that PCSK9 expression has been reported in endothelial cells223,224, the 

third objective of this Thesis was to evaluate the consequences of 

endothelial PCSK9 inhibition in the dysfunctional endothelium induced by 

tumor necrosis factor-α (TNFα), a cytokine involved in the systemic 

inflammatory state of patients with FH207. More precisely, the impact of 

endothelial PCSK9 inhibition on mononuclear cell adhesion and the 

underlying mechanisms involved in this response. Additionally, the 

consequences of the administration of PCSK9 inhibitors to patients with FH 

on the immune system has been barely investigated. Therefore, the 

activation state of platelets and leukocytes, the presence of platelet-

leukocyte aggregates, the role of CXCL16/CXCR6, CX3CL1/CX3CR1 and 

CCL2/CCR2 axes and their functional consequences were evaluated in FH 

patients before and after eight weeks of treatment with a monoclonal 

antibody against PCSK9 (alirocumab). 
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3. MATERIAL AND METHODS 

3.1. Material and Methods of the first study: Functional Role of 

Endothelial CXCL16/CXCR6-Platelet-Leukocyte Axis in 

Metabolic Syndrome 

3.1.1. Human samples and ethical committee approval 

 The study protocol complied with the principles outlined in the 

Declaration of Helsinki and was approved by the institutional ethics 

committee of the University Clinic Hospital of Valencia (Valencia, Spain). All 

subjects, or relatives of neonates, had signed an informed consent.  

 

3.1.1.1. Isolation of human umbilical artery endothelial cells (HUAEC) 

 Human umbilical artery endothelial cells (HUAEC) were isolated from 

human umbilical cords obtained from the Gynecology and Obstetrician Unit 

of the University Clinic Hospital of Valencia (Valencia, Spain). Importantly, 

no more than 12 hours had elapsed since childbirth in all cases.  

 Cells were isolated by collagenase treatment (collagenase type I, 

Gibco, 1 mg/mL, Thermo Fisher Scientific, Waltham, MA)226 and maintained 

in human endothelial cell basal medium-2 (EBM-2, Lonza, Verviers, 

Belgium) supplemented with endothelial growth medium-2 (EGM-2, Lonza) 

including 10% fetal bovine serum (FBS, Biowest, Nuaillé, France). Cells 

were grown to confluence up to passage 1 to preserve endothelial features. 

Prior to every experiment, cells were incubated for 24 h in medium 

containing 2% FBS. 
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3.1.1.2. Blood samples from age-matched controls and metabolic 

syndrome (MS) patients 

 A total of 28 subjects (13 MS patients and 15 age–matched control 

subjects) were included in the present study. MS and control subjects were 

recruited by the Endocrinology and Nutrition Service at University Clinic 

Hospital of Valencia (Valencia, Spain).  

 MS was confirmed by medical history, clinical exam and biochemical 

parameters according to the definition established by the International 

Diabetes Federation. The diagnostic criteria for MS were defined by at least 

three of the following conditions: 1) Male waist circumference ≥ 94 cm, 

female waist circumference ≥ 80 cm; 2) triglycerides (TG) ≥ 150 mg/dL or 

pharmacological treatment for hypertriglyceridemia; 3) Blood pressure ≥ 

130 (systolic) and/or 85 (diastolic) mmHg or pharmacological treatment for 

hypertension; 4) Fasting glucose level ≥ 100 mg/dL; 5) Male HDL-

cholesterol < 40 mg/dL, female HDL-cholesterol < 50 mg/dL.  

 Normolipidemic (fasting total cholesterol and triglycerides below 90th 

of our population), normoglycemic (fasting glucose < 100 mg/dL) and non-

obese (BMI < 30 kg/m2) healthy volunteers were recruited among personal 

and plasma donors of our center.  

 The inclusion criteria for entering in the study were: male and female, 

age 18–65 years. The exclusion criteria were: BMI > 35 kg/m2, T2D, 

personal history of major vascular events (coronary artery disease or 

peripheral arterial disease or stroke), abnormal intima/media thickness, 

hypothyroidism, asthma, autoimmune diseases, chronic hepatic disease, 

chronic renal failure, chronic heart failure (NYHA > II), cancer, pregnancy or 

breast-feeding women, infection or inflammatory disease (including 

personal history of allergy) in the six weeks prior to the study, the use of 

drugs capable of modifying the lipid profile or inflammation that cannot be 

withdrawn 6 weeks before starting the study, and alcohol consumption > 30 

g per day. 

 Blood samples were extracted from all subjects and collected in BD 

Vacutainer® blood collection tubes (BD Biosciences, San Jose, CA) 
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containing sodium citrate (3.2%), or in BD Vacutainer PST II tubes with 

lithium/heparin as anticoagulant agents (17 IU/mL, BD Biosciences). 

 

3.1.2. Immunophenotyping by flow cytometry technique 

3.1.2.1. Flow cytometry: General points 

Flow cytometry is a powerful tool for research and clinical applications. 

This technique is commonly used for immunophenotyping of different type 

of samples, including whole blood. Cells were labelled with fluorescent dyes 

or fluorochrome-conjugated antibodies against the targets investigated. As 

shown in Figure 13, labelled cells pass individually through a laser beam 

and specific fractions of the light emitted from the cells are collected and 

processed. Information about the cell size is given by the forward scatter 

(FSC) detector, while cell complexity is given by the side scatter (SSC). 

Additional detectors, called photomultiplier tubes (PMTs), provide 

information for immunophenotyping. Finally, the electrical current generated 

is converted into interpretable data227-229. 

 

 

 

 

 

 

 

 

 

Figure 13. Illustrative scheme of lasers light scattering and detection, from a flow 

cytometer. The lasers light are scattered and the different fractions are collected by 

several detectors (FSC, SSC and PMTs). The electrical current generated is converted 

into interpretable data by the computer. Image adapted from Adan et al. (2017)227. 
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3.1.2.2. Flow cytometry experimental protocols 

 Blood samples from MS 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 II tubes with lithium/heparin as anticoagulant agents (17 

IU/mL, BD Biosciences). 

 Saturated amounts of primary antibodies conjugated with different 

fluorochromes, detailed in Table II, were used according manufacturer’s 

instructions. Next, 20 μL of blood were added, gently shaken and incubated 

for 30 min at room temperature in the dark. Then, 1x lysis buffer (BD 

FACS™ lysing solution 10x concentrate, BD Biosciences) was added to 

each tube to lyse erythrocytes. Subsequently, all samples were run in a 

FACSVerse flow cytometer (BD Biosciences). 

 All flow cytometry data were analyzed with FlowJo® v10.0.7 software 

(FlowJo LLC, Ashland, OR). 

 

Table II – Antibodies used in flow cytometry assay 

Antibody−fluorochrome Clone Isotype Manufacturer 

CD41 – CF Blue HIP8 IgG1 Immunostep 

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

CD62P − APC HI62P IgG1 Immunostep 

CD41 – CF Blue HIP8 IgG1 Immunostep 

CXCR6 – PE 56811 Mouse IgG2B R&D 

CD41 – PE/Cy7 HIP8 Mouse IgG1 BioLegend 

CD16 – FITC 3G8 Mouse IgG1 BD Biosciences 

CD14 − APC 47-3D6 Mouse IgG2A Immunostep 

CXCR6 – PE 56811 Mouse IgG2B R&D 

CD3 − APC 33-2A3 Mouse IgG2A Immunostep 

CD4 − V450 RPA-T4 Mouse IgG1 BD Biosciences 

CD8 − FITC SK1 Mouse IgG1 BD Biosciences 
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3.1.2.3. Platelet analysis 

3.1.2.3.1. Determination of platelet activation 

 To determine the grade of platelet activation, the percentages of PAC-

1+ (detects activated integrin αIIbβ3) and P-selectin+ (CD62P) platelets were 

measured in MS patients and age-matched controls by flow cytometry. 

Citrated blood samples (6.25 μL), 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, Madrid, Spain), were incubated in the 

dark for 30 minutes with a 5-carboxyfluorescein (CF)-conjugated 

monoclonal antibody (mAb) against human CD41 (1.25 μL, clone HIP8, 

IgG1, Immunostep, Salamanca, Spain) and a fluorescein isothiocyanate 

(FITC)-conjugated mAb against human PAC-1 (2.5 μL, clone PAC-1, IgM, 

BD Biosciences, San Jose, CA) or with an allophycocyanin (APC)-

conjugated mAb against human P-selectin (1.25 μL, clone HI62P, IgG1, 

Immunostep). 

 Samples were run in a flow cytometer. The morphology was 

determined with SSC vs. FSC that allowed the selection of CD41+ 

populations (platelets), according to the gating strategy illustrated in Figure 

14. Results were expressed as the percentage of positive platelets. 

 

3.1.2.3.2. Determination of CXCR6 expression on platelets 

 To determine the expression of CXCR6 in platelets, from MS patients 

and aged-matched controls, 20 μL of citrated blood was incubated with 1 μL 

of phycoerythrin (PE)-conjugated mAb against human CXCR6 (clone 

56811, IgG2B, R&D Systems, Abingdon, UK) and 1 μL of CF-conjugated 

mAb against human CD41 (clone HIP8, IgG1, Immunostep, Salamanca, 

Spain). Samples were incubated for 30 min at room temperature in the dark. 

Subsequently, erythrocytes were lysed with 1x lysis buffer (BD FACS lysing 

solution 10x concentrate, BD Biosciences, San Jose, CA).  
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CD41-CF 

Platelets 

Then, the selection of platelets was done as described in the previous 

section (Figure 14). Results were expressed as the percentage of positive 

platelets for CXCR6. 

 

 

  

 

 

 

 

Figure 14. Flow cytometry detection and morphologic gating of human platelets in 

whole blood. Platelets were gated according to the side scatter (SSC-A) and forward 

scatter (FSC-A) in the logarithmic scale and defined as CD41+ population. 

 

3.1.2.4. Leukocyte subpopulations studies 

3.1.2.4.1. Determination of CXCR6 expression on neutrophils 

 

 To determine the expression of CXCR6 on circulating neutrophils, 

from MS patients and aged-matched controls, a FITC-conjugated mAb 

against human CD16 (clone 3G8, IgG1, BD Biosciences, San Jose, CA) and 

a high SSC were combined to discard erythrocytes and select the neutrophil 

population. 

 After the identification of the neutrophil (CD16+) population, the 

possible contribution of platelets was studied using two different 

experimental approaches. First, heparinized whole blood was analyzed to 

detect neutrophil-platelet aggregates. Secondly, blood samples were 

incubated with 10 mM ethylenediaminetetraacetic acid (EDTA), for 15 min 

at 37ºC, to promote platelet dissociation as described230. In both cases a 

PE/Cy7-conjugated mAb against CD41 (clone HIP8, IgG1, BioLegend, San 
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Diego, CA) was used to select or exclude platelets, according to the gating 

strategy illustrated in Figure 15.  

 Then, CXCR6 expression was determined in neutrophil-platelet 

aggregates and platelet-free neutrophils using a PE-conjugated mAb 

against human CXCR6 (clone 56811, IgG2B, R&D Systems, Abingdon, UK).  

  

 

Figure 15. Flow cytometry detection and morphologic gating of human neutrophils 

in 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. 

 

3.1.2.4.2. Determination of CXCR6 expression on monocytes 

 

 To determine the expression of CXCR6 on circulating monocytes, from 

MS patients and aged-matched controls, an APC-conjugated mAb against 

human CD14 (clone 47-3D6, IgG2A, Immunostep, Salamanca, Spain) and a 

medium SSC were combined to select the monocyte population. 

Neutrophils 

Neutrophil-platelet 

aggregates 

Platelet-free 

neutrophils 
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 After the identification of the monocytes (CD14+) population, the 

possible contribution of platelets was studied using two different 

experimental approaches. First, heparinized whole blood was analyzed to 

detect monocyte-platelet aggregates. Second, blood samples were 

incubated with 10 mM EDTA, for 15 min at 37ºC, to promote platelet 

dissociation as described230. In both cases a PE/Cy7-conjugated mAb 

against CD41 (clone HIP8, IgG1, BioLegend, San Diego, CA) was used to 

select or exclude platelets, according to the gating strategy illustrated in 

Figure 16. To confirm that EDTA incubation does not alter CXCR6 

expression on monocytes, heparinized whole blood samples from healthy 

individuals was incubated either with EDTA (10 mM, for 15 min at 37ºC) or 

with the antiplatelet agent ticagrelor (6.25 µM for 15 min at RT, Sigma-

Aldrich, Madrid, Spain) as described231.  

 Then, CXCR6 expression was determined in monocyte-platelet 

aggregates and platelet-free monocytes using a PE-conjugated mAb 

against human CXCR6 (clone 56811, IgG2B, R&D Systems, Abingdon, UK).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Flow cytometry detection and morphologic gating of human monocytes 

in whole blood. Monocyte-platelet 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. 
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3.1.2.4.3. Determination of CXCR6 expression on T-lymphocytes 

 

 To determine the expression of CXCR6 on circulating T-lymphocytes, 

from MS patients and aged-matched controls, an APC-conjugated mAb 

against human CD3 (clone 33-2A3, IgG2A, Immunostep, Salamanca, Spain) 

and a low SSC were combined to select the T-lymphocyte population. CD8+ 

T-lymphocytes were selected using a FITC-conjugated mAb against human 

CD8 (clone SK1, IgG1, BD Biosciences, San Jose, CA), while CD4+ T-

lymphocytes were selected using a V450-conjugated mAb against human 

CD4 (clone RPA-T4, IgG1, BD Biosciences). 

 After the identification of the CD8+ T-lymphocytes and CD4+ T-

lymphocytes, the possible contribution of platelets was studied using two 

different experimental approaches. First, heparinized whole blood was 

analyzed to detect CD8+ or CD4+ T-lymphocyte-platelet aggregates. 

Second, blood samples were incubated with 10 mM EDTA, for 15 min at 

37ºC, to promote platelet dissociation as described230. In both cases a 

PE/Cy7-conjugated mAb against CD41 (clone HIP8, IgG1, BioLegend, San 

Diego, CA) was used to select or exclude platelets, according to the gating 

strategy illustrated in Figure 17. To confirm that EDTA incubation does not 

alter CXCR6 expression on lymphocytes, heparinized whole blood samples 

from healthy individuals was incubated either with EDTA (10 mM, for 15 min 

at 37ºC) or with the antiplatelet agent ticagrelor (6.25 µM for 15 min at RT, 

Sigma-Aldrich, Madrid, Spain) as described231. 

 Then, CXCR6 expression was determined in CD8+ T-lymphocyte-

platelet, CD4+ T-lymphocyte-platelet aggregates, platelet-free CD8+ T-

lymphocytes and platelet-free CD4+ T-lymphocytes using a PE-conjugated 

mAb against human CXCR6 (clone 56811, IgG2B, R&D Systems, Abingdon, 

UK).  

 

 

 

 

 



MATERIAL AND METHODS 
 

54 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Flow cytometry detection and morphologic gating of human CD8+ and 

CD4+ lymphocytes in whole blood. Lymphocyte-platelet complexes were selected as 

CD8+ CD41+ or CD4+ CD41+ population from heparinized whole blood, and platelet-

free lymphocytes were gated as CD8+ CD41- or CD4+ CD41- from blood incubated with 

EDTA. 

 

3.1.3. Leukocyte-endothelial cell interactions under flow conditions 

3.1.3.1. Parallel-plate flow chamber: General points 

 Parallel-plate flow chamber procedure allows the visualization of cell 

adhesion under dynamic flow conditions, mimicking the physiological milieu. 

As shown in Figure 18, the parallel flow chamber system consists in a base 

plate with an entrance and exit port through which cells and media are 

perfused. Coupled to this base plate are a vacuum pump and a gasket that 

controls the chamber diameter. Under 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 created over the endothelial monolayer, with the 

infusion rate being regulated by the suction pump, thus emulating the blood 

flow over the human endothelium. 

T-lymphocytes 
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 To measure leukocyte adhesion, HUAEC were seeded on 35 mm 

diameter culture plates pre-coated with 5.5 μg/mL fibronectin. Once 

confluence was reached and after the corresponding treatment of the cells, 

the plates were placed in a dynamic flow assay using a parallel flow 

chamber (GlycoTech flow, Gaithersburg, MD). 

 The GlycoTech flow chamber was assembled and placed onto an 

inverted microscope stage, and whole blood was then perfused through the 

HUAEC monolayers. Leukocyte adhesion was determined after 7 min at 0.5 

dyn/cm2. Cells interacting on the surface of the endothelium were visualized 

and recorded (x20 objective, x10 eyepiece) using a phase-contrast 

microscope (Axio Observer A1, Carl Zeiss microscope, Oberkochen, 

Germany) connected to a video camera (SSC-DC80P, Sony, Tokio, Japan). 

At least 5 fields were recorded for 10 s each. Those leukocytes that 

established a stable contact with the endothelial monolayer for at least 10 s 

were considered adherent. Adherent cells were counted while the perfusion 

medium remained in continuous infusion.  

 Finally, images were recorded and saved on a computer for further 

analysis. 

 

Figure 18. Parallel-plate flow chamber system. 
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3.1.3.2. Parallel-plate flow chamber experimental protocol 

 Before starting each assay, Hank’s balanced salt solution (HBSS, 

Lonza, Verviers, Belgium), tempered at 37ºC, was perfused in order to 

adjust the flow at a rate of 0.156 mL/min (corresponding to a shear stress 

of 0.5 dyn/cm2).  

 In order to study the leukocyte-endothelium interaction ex vivo, diluted 

whole blood (1:10 in HBSS), from MS patients and age-matched controls, 

was perfused across HUAEC monolayers unstimulated or stimulated with 

recombinant human TNFα (20 ng/mL, Sigma-Aldrich, Madrid, Spain) for 

24h.  

 To evaluate the role of CXCL16 on leukocyte adhesion to the 

dysfunctional arterial endothelium, in some experiments cells were 

incubated with a polyclonal goat IgG neutralizing antibody against human 

CXCL16 (2 µg/mL, R&D Systems, Abingdon, UK) or with an IgG Control (2 

µg/mL, R&D Systems) 10 minutes before blood perfusion.  

 Experiments were carried out in heparinized blood incubated or not 

with EDTA (10 mM, for 15 min, 37ºC) to evaluate the contribution of platelets 

to leukocyte adhesion230. 

 

3.1.4. Measurement of plasmatic levels of soluble CXCL16  

 Heparinized human whole blood (17 IU heparin/mL) from MS patients 

and aged-matched volunteers was collected and centrifuged in order to 

obtain the plasma, which was stored at -80ºC. Human soluble CXCL16 was 

measured in plasma samples by enzyme-linked immunosorbent assay 

(ELISA, DuoSet ELISA Development Systems, R&D Systems, Abingdon, 

UK), following manufacturer’s instructions. Results were expressed as 

pg/mL of soluble CXCL16 in plasma. 
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3.2. Material and Methods of the second study:  

Systemic Inflammation in Metabolic Syndrome: Increased 

Platelet and Leukocyte Activation. Key Role of CX3CL1/CX3CR1 

and CCL2/CCR2 Axes in Arterial Platelet-Proinflammatory 

Monocyte Adhesion 

3.2.1. Human samples and ethical committee approval 

 The study protocol complied with the principles outlined in the 

Declaration of Helsinki and was approved by the institutional ethics 

committee of the University Clinic Hospital of Valencia (Valencia, Spain). All 

subjects, or relative of neonates, had signed an informed consent.  

 HUAEC were isolated from human umbilical cords, as described in 

section 3.1.1. Human samples and ethical committee approval. In parallel, 

a total of 39 subjects (18 MS patients and 21 age-matched control subjects 

without MS) were included in this study. MS patients and control subjects 

were recruited by the Endocrinology Unit at University Clinic Hospital of 

Valencia (Valencia, Spain). 

 MS patients were confirmed by medical history, clinical exam and 

biochemical parameters according to the definition established by the 

International Diabetes Federation (IDF). The diagnostic criteria for MS were 

defined by at least three of the following conditions:  1) Male waist 

circumference ≥ 94 cm, female waist circumference ≥ 80 cm; 2) triglycerides 

(TG) ≥ 150 mg/dL or pharmacological treatment for hypertriglyceridemia; 3) 

Blood pressure ≥ 130 and/or 85 mmHg or pharmacological treatment for 

hypertension; 4) Fasting glucose level ≥ 100 mg/dL; 5) Male HDL < 40 

mg/dL, female HDL < 50 mg/dL.  

 Normolipidemic (fasting total cholesterol and tryglicerides below 90th 

of our population), normoglycemic (fasting glucose <100 mg/dL) and non-

obese (BMI<30 kg/m2) healthy volunteers were recruited among personal 

and plasma donors of our center. The inclusion criteria for entering in the 

study were: male and female, age 18–65 years. The exclusion criteria were: 

BMI > 35 kg/m2, T2D, personal history of major vascular events (coronary 
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artery disease or peripheral arterial disease or stroke), abnormal 

intima/media thickness, hypothyroidism, asthma, autoimmune diseases, 

chronic hepatic disease, chronic renal failure, chronic heart failure (NYHA > 

II), cancer, pregnancy or breast-feeding women, infection or inflammatory 

disease (including personal history of allergy) in the six weeks prior to the 

study, the use of drugs capable of modifying the lipid profile or inflammation 

that cannot be withdrawn 6 weeks before starting the study, and alcohol 

consumption > 30 g per day. 

 Blood samples were extracted from all subjects and collected in BD 

Vacutainer® blood collection tubes (BD Biosciences, San Jose, CA) 

containing sodium citrate (3.2%), or in BD Vacutainer PST II tubes with 

lithium/heparin as anticoagulant agents (17 IU/mL, BD Biosciences). 

 

3.2.2. Immunophenotyping by flow cytometry technique 

 General points of flow cytometry technique are described in section 

3.1.2.1. Flow cytometry: General points. 

3.2.2.1. Flow cytometry experimental protocols 

 Blood samples from MS 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 II tubes with lithium/heparin as anticoagulant agents (17 

IU/mL, BD Biosciences). 

 Saturated amounts of primary antibodies conjugated with diverse 

fluorochromes, detailed in Table III, were used according manufacturer’s 

instructions. Next, 20 μL of blood were added, gently shaken and incubated 

for 30 min at room temperature in the dark. Then, 1x lysis buffer (BD 

FACS™ lysing solution 10x concentrate, BD Biosciences) was added to 

each tube to lyse erythrocytes. Subsequently, all samples were run in a 

FACSVerse flow cytometer (BD Biosciences). 

 All flow cytometry data were analyzed with FlowJo® v10.0.7 software 

(FlowJo LLC, Ashland, OR). 
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Table III – Antibodies used in flow cytometry assay 

Antibody−fluorochrome Clone Isotype Manufacturer 

CD41 – CF Blue HIP8 IgG1 Immunostep 

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

CD62P − APC HI62P IgG1 Immunostep 

CD41 – CF Blue HIP8 IgG1 Immunostep 

CX3CR1 − PE 528728 Mouse IgG1 R&D 

CD41 – PE/Cy7 HIP8 Mouse IgG1 BioLegend 

CD16 – FITC 3G8 Mouse IgG1 BD Biosciences 

CD14 − APC 47-3D6 Mouse IgG2A Immunostep 

CCR2 − BV421 K036C2 Mouse IgG2A BioLegend 

CX3CR1 − PE 528728 Mouse IgG1 R&D 

CD11b − PE 
CBRM1/

5 
Mouse IgG1 BioLegend 

CD11b – APC ICRF44 Mouse IgG1 BioLegend 

CD3 − APC 33-2A3 IgG2A Immunostep 

CD4 − V450 RPA-T4 Mouse IgG1 BD Biosciences 

CD8 − FITC SK1 Mouse IgG1 BD Biosciences 

CD69 – PE FN50 IgG1 Immunostep 

 

 

3.2.2.2. Platelet analysis 

3.2.2.2.1. Determination of platelet activation 

 To determine the grade of platelet activation, the percentages of PAC-

1+ (detects activated integrin αIIbβ3) and P-selectin+ (CD62P) platelets were 

measured for MS patients and age-matched controls by flow cytometry. 

Citrated blood samples (6.25 μL), diluted 1:10 in glucose buffer (1 mg/mL 

glucose in PBS containing 0.35% BSA, Sigma-Aldrich, Madrid, Spain), were 

incubated in the dark for 30 minutes with a CF-conjugated mAb against 

human CD41 (1.25 μL, clone HIP8, IgG1, Immunostep, Salamanca, Spain) 

and a FITC-conjugated mAb against human PAC-1 (2.5 μL, clone PAC-1, 
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Platelets 

IgM, BD Biosciences, San Jose, CA) or with an APC-conjugated mAb 

against human P-selectin (1.25 μL, clone HI62P, IgG1, Immunostep). 

 Samples were run in a flow cytometer. The morphology was 

determined with SSC vs. FSC that allowed the selection of CD41+ 

populations (platelets), according to the gating strategy illustrated in Figure 

19. Results were expressed as the percentage of positive platelets. 

 

3.2.2.2.2. Determination of CX3CR1 expression on platelets 

 To determine the expression of CX3CR1 on the platelets’ surface, from 

MS patients and aged-matched controls, 20 μL of citrated blood was 

incubated with 1 μL of PE-conjugated mAb against human CX3CR1 (clone 

528728, IgG1, R&D Systems, Abingdon, UK) and 1 μL of CF-conjugated 

mAb against human CD41 (clone HIP8, IgG1, Immunostep, Salamanca, 

Spain). Samples were incubated for 30 min at room temperature in the dark. 

Subsequently, erythrocytes were lysed with 1x lysis buffer (BD FACS lysing 

solution 10x concentrate, BD Biosciences, San Jose, CA).  

Then, the selection of platelets was done as described in the previous 

section (Figure 19). Results were expressed as the percentage of positive 

platelets for CX3CR1. 

 

 

 

 

 

 

Figure 19. Flow cytometry detection and morphologic gating of human platelets in 

whole blood. Platelets were gated according to the side scatter in the logarithmic scale 

and defined as CD41+ population. 
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3.2.2.3. Leukocyte subpopulations studies 

3.2.2.3.1. Measurement of the activation state and CX3CR1 expression on 

neutrophils and eosinophils 

 

 To determine the activation state and the expression of CX3CR1 on 

circulating neutrophils and eosinophils, from MS patients and aged-

matched controls, a FITC-conjugated mAb against human CD16 (clone 

3G8, IgG1, BD Biosciences, San Jose, CA) and a high SSC were combined 

to discard erythrocytes and select the neutrophil and eosinophil populations. 

 After the identification of the 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 attached to platelets. Second, blood samples 

were incubated with 10 mM EDTA, for 15 min at 37ºC, to promote platelet 

dissociation as described230. In both cases a PE/Cy7-conjugated mAb 

against CD41 (clone HIP8, IgG1, BioLegend, San Diego, CA) was used to 

select or exclude platelets, according to the gating strategy illustrated in 

Figure 20. 

 Then, to determine the grade of activation of these cell populations, an 

APC-conjugated mAb against human integrin CD11b (clone ICRF44, IgG1, 

BioLegend, San Diego, CA) in platelet-free neutrophils and platelet-free 

eosinophils was used. Similarly, CX3CR1 expression in both populations, 

associated or not with platelets, was also determined using a PE-conjugated 

mAb against human CX3CR1 (clone 528728, IgG1, R&D Systems, 

Abingdon, UK). 
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Figure 20. Flow cytometry detection and morphologic gating of human neutrophils 

and eosinophils in 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. Eosinophil-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. 

  

3.2.2.3.2. Measurement of the activation state and CX3CR1 expression on 

monocytes 

 

 To determine the activation state and the expression of CX3CR1 on 

circulating monocytes, from MS patients and aged-matched controls, an 

APC-conjugated mAb against CD14 (clone 47-3D6, IgG2A, Immunostep, 

Salamanca, Spain) and a medium SSC were combined to select the 

monocyte population.  

Neutrophils 

Eosinophils 
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 Subsequently, in order to distinguish the different types of 

monocytes232, the CD14 marker was confronted with a FITC-conjugated 

mAb against human CD16 (clone 3G8, IgG1, BD Biosciences, San Jose, 

CA) and a BV421-conjugated mAb against human CCR2 (clone K036C2, 

IgG2A, BioLegend, San Diego, CA), consequently 3 subpopulations of 

monocytes were differentiated as described in Table IV.  

 

Table IV – Differential markers of monocyte subpopulations 

Marker Cellular population 

CD14+CD16−CCR2+ Monocyte type 1 (Mon 1) 

CD14+CD16+CCR2+ Monocyte type 2 (Mon 2) 

CD14+CD16+CCR2− Monocyte type 3 (Mon 3) 

 

 The possible contribution of platelets was studied using two different 

experimental approaches. First, heparinized whole blood was analyzed to 

detect monocytes attached to platelets. Second, blood samples were 

incubated with 10 mM EDTA, for 15 min at 37ºC, to promote platelet 

dissociation as described230. In both cases a PE/Cy7-conjugated mAb 

against CD41 (clone HIP8, IgG1, BioLegend, San Diego, CA) was used to 

select or exclude platelets, according to the gating strategy illustrated in 

Figure 21. 

Then, to determine the grade of activation of these cell populations, a 

PE-conjugated mAb against human integrin CD11b (clone CBRM1/5, IgG1, 

BioLegend, San Diego, CA) in platelet-free monocyte subsets was used. 

Similarly, CX3CR1 expression in all subpopulations, associated or not with 

platelets, was also determined using a PE-conjugated mAb against human 

CX3CR1 (clone 528728, IgG1, R&D Systems, Abingdon, UK). 
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Figure 21. Flow cytometry detection and morphologic gating of human monocyte 

subsets in whole blood. Mon1-platelet complexes were selected as CD14+ CD16- 

CD41+ population from heparinized whole blood, and platelet-free Mon1 were gated as 

CD14+ CD16- CD41- from blood incubated with EDTA. Mon2-platelet complexes were 

selected as CD14+ CD16+ CCR2+ CD41+ population from heparinized whole blood, 

and platelet-free Mon2 were gated as CD14+ CD16+ CCR2+ CD41- from blood 

incubated with EDTA. Mon3-platelet complexes were selected as CD14low CD16+ CCR2- 

CD41+ population from heparinized whole blood, and platelet-free Mon3 were gated as 

CD14low CD16+ CCR2- CD41- from blood incubated with EDTA. 

 

 The same analysis was performed using another gating strategy 

approach (illustrated in Figure 22) to firstly study the variation of CD14, 

CD16, CX3CR1 and CCR2 expression among monocyte subsets and, 

secondly, to find possible differences between MS patients and age-

matched controls. 

Monocytes 
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Figure 22. Flow cytometry detection and morphologic gating of human monocytes 

for the immunophenotype study of the different monocyte subsets. Classical 

monocytes (Mon1) were selected as CD14+ CD16- population from whole blood. In order 

to study the monocyte immunophenotypic changes, eight gates were designed (S1-8) 

from CD14+ CD16- to CD14low CD16+. 

 

3.2.2.3.3. Measurement of the activation state and CX3CR1 expression on 

T-lymphocytes 

 

 To determine the activation state and the expression of CX3CR1 on 

circulating T-lymphocytes, from MS patients and aged-matched controls, an 

APC-conjugated mAb against human CD3 (clone 33-2A3, IgG2A, 

Immunostep, Salamanca, Spain) and a low SSC were combined to select 

the T-lymphocyte population. CD8+ T-lymphocytes were selected using a 

FITC-conjugated mAb against human CD8 (clone SK1, IgG1, BD 

Biosciences, San Jose, CA), while CD4+ T-lymphocytes were selected 

using a V450-conjugated mAb against human CD4 (clone RPA-T4, IgG1, 

BD Biosciences). 

 After the identification of the CD8+ T-lymphocytes and CD4+ T-

lymphocytes, the possible contribution of platelets was studied using two 

different experimental approaches. First, heparinized whole blood was 

analyzed to detect CD8+ or CD4+ T-lymphocytes attached to platelets. 

Second, blood samples were incubated with 10 mM EDTA, for 15 min at 

37ºC, to promote platelet dissociation as described230. In both cases a 

PE/Cy7-conjugated mAb against CD41 (clone HIP8, IgG1, BioLegend, San 
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Diego, CA) was used to select or exclude platelets, according to the gating 

strategy illustrated in Figure 23. 

 Then, to determine the grade of activation of these cell populations, a 

PE-conjugated mAb against human CD69 (clone FN50, IgG1, Immunostep) 

in platelet-free T-lymphocytes was used. Similarly, CX3CR1 expression in 

both T-lymphocyte subpopulations, associated or not with platelets, was 

also determined using a PE-conjugated mAb against human CX3CR1 (clone 

528728, IgG1, R&D Systems, Abingdon, UK). 

 

Figure 23. Flow cytometry detection and morphologic gating of human CD8+ and 

CD4+ lymphocytes in whole blood. Lymphocyte-platelet complexes were selected as 

CD8+ CD41+ or CD4+ CD41+ population from heparinized whole blood, and platelet-

free lymphocytes were gated as CD8+ CD41- or CD4+ CD41- from blood incubated with 

EDTA. 

 

3.2.3. Leukocyte-endothelial cell interactions under flow conditions 

 Details of parallel-plate flow chamber technique are described in 

section 3.1.3.1. Parallel-plate flow chamber: General points. 
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3.2.3.1. Parallel-plate flow chamber experimental protocol 

 Before starting each assay, Hank’s balanced salt solution (HBSS, 

Lonza, Verviers, Belgium), tempered at 37ºC, was perfused in order to 

adjust the flow at a rate of 0.156 mL/min (corresponding to a shear stress 

of 0.5 dyn/cm2).  

 In order to study the leukocyte-endothelium interaction ex vitro, diluted 

whole blood (1:10 in HBSS), from MS patients and age-matched controls, 

was perfused across HUAEC monolayers unstimulated or stimulated with 

recombinant human TNFα (20 ng/mL, Sigma-Aldrich, Madrid, Spain) for 

24h.  

 To evaluate the role of CX3CL1 or CCL2 in the leukocyte adhesiveness 

to the dysfunctional arterial endothelium, in some experiments cells were 

incubated with a monoclonal mouse IgG1 neutralizing antibody against 

human CX3CL1 (5 µg/mL, R&D Systems, Abingdon, UK), monoclonal 

mouse IgG1 neutralizing antibody against human CCL2 (2 µg/mL, R&D 

Systems) or with an isotype matched control antibody (MOPC-21, 5 µg/mL, 

Sigma-Aldrich) 10 minutes before blood perfusion.  

 Experiments were carried out in heparinized blood incubated or not 

with EDTA (10 mM, for 15 min, 37ºC) to evaluate the contribution of platelets 

to leukocyte adhesion230. 

 

3.2.4. Quantification of soluble markers in plasma 

 Heparinized human whole blood (17 U heparin/mL) from MS patients 

and aged-matched volunteers was collected and centrifuged in order to 

obtain the plasma, which was stored at -80ºC. Human soluble interleukin 

(IL)-4, IL-6, IL-8/CXCL8, IL-10, IL-12, IL-13, IL-25, IL-33, growth-regulated 

oncogene-α (GROα)/CXCL1, platelet factor-4 (PF-4)/CXCL4, monocyte 

chemoattractant protein-1 (MCP-1)/CCL2, regulated on activation, normal 

T cell expressed and secreted (RANTES)/CCL5, eotaxin-1/CCL11, eotaxin-

2/CCL24, eotaxin-3/CCL26, fractalkine/CX3CL1, tumor necrosis factor-α 

(TNFα), interferon-γ (IFNγ) and soluble P-selectin (sP-selectin), present in 



MATERIAL AND METHODS 
 

68 
 

plasma, were measured by ELISA (DuoSet ELISA Development Systems, 

R&D Systems, Abingdon, UK), as indicated in manufacturer’s instructions. 

Results are expressed as pg/mL or ng/mL cytokine in plasma. 

 

3.2.5. Detection of CX3CR1 and CCR2 expression on adherent 

leukocyte-platelet complexes 

3.2.5.1. Immunofluorescence assay 

 In order to visualize adherent CX3CR1 and CCR2 expressing-platelet–

leukocyte complexes or platelet–monocyte complexes with endothelial cells 

we performed an immunofluorescence analysis.  

 Confluent endothelial cells were grown on glass coverslips and 

stimulated with 20 ng/mL TNFα (Sigma-Aldrich, Madrid, Spain), for 24 h. 

Heparinized blood from patients with MS and age-matched controls was 

incubated without or with EDTA (10 mM, for 15 min, 37ºC).  

 After the flow chamber assay, cells were fixed with 4% 

paraformaldehyde and blocked in PBS containing 1% BSA (Sigma-Aldrich). 

Subsequently, cells were incubated at room temperature for 2 h with an 

Alexa Fluor 594-conjugated antibody against human CD45, to detect 

leukocytes (1:50 dilution, red, clone RA3-6B2, IgG2A, Biolegend, San Diego, 

CA) or an APC-conjugated antibody against human CD14, to detect 

monocytes (1:50 dilution, red, clone 47-3D6, IgG2A, Immunostep, 

Salamanca, Spain).  

 Additionally, all cells were also incubated for 2 h with an Alexa Fluor 

350-conjugated antibody against human CCR2 (1:50 dilution, blue, clone 

48607, IgG2B, R&D Systems, Abingdon, UK) and a FITC-conjugated 

antibody against human CX3CR1 (1:50 dilution, green, clone 528728, IgG1, 

R&D Systems).  

 All antibody dilutions were made in 0.1% BSA/PBS. Images were 

captured with Zeis Axio Observer A1 fluorescence microscope (Zeiss, 

Thornwood, NY).  
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3.3. Material and Methods of the third study: Impact of PCSK9 

Inhibition on the Dysfunctional Endothelium and Immune 

System of Patients with Familial Hypercholesterolemia 

3.3.1. Assessment of PCSK9 expression in arterial endothelium 

 First, we investigate the PCSK9 expression by the arterial 

endothelium. For this purpose, HUAEC were isolated and cultured for 

PCSK9 detection by several experimental approaches which are described 

in the sections below.  

 

3.3.1.1. Isolation and culture of HUAEC 

 HUAEC were isolated from human umbilical cords as described in 

section 3.1.1. Human samples and ethical committee approval. 

 

3.3.1.2. Quantitative reverse transcription polymerase chain reaction 

(qRT-PCR) studies 

 PCSK9 mRNA expression was determined, by quantitative reverse 

transcription polymerase chain reaction (qRT-PCR), in HUAEC. Cells were 

stimulated, or not, with TNFα (20 ng/mL, Sigma-Aldrich, Madrid, Spain) for 

1, 4 or 24 h.  

 After stimulus, HUAEC were washed with ice-cold PBS and RNA was 

extracted using TRIzol reagent (Ambion, Life technologies, Waltham, MA) 

as described in manufacturer’s instructions. Of note, disposable RNase-free 

pipette tips and tubes are used and, additionally, all non-disposable material 

and working surface was previously cleaned with RNase decontamination 

solution (RNase away, Molecular BioProducts, San Diego, CA).  

 Then, RNA content was measured using a spectrophotometer 

NanoDrop-100 (Thermo Fisher Scientific, Waltham, MA). The reverse 

transcription was performed with 1000 ng of total RNA with TaqMan reverse 

transcription reagent kit (Applied Biosystems, Life technologies, Waltham, 

MA) in a SimpliAmp Thermal Cycler (Applied Biosystems). Cycle conditions 
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for reverse transcription polymerase chain reaction (RT-PCR) are described 

in Table V. 

Table V – Cycle conditions for RT-PCR 

Step Temperature (ºC) Time (min) 

Predenaturation 25 10 

Primer extension 37 120 

cDNA synthesis 85 5 

Termination 4 Until use 

 

 Resulting complementary DNA (cDNA) was amplified with specific 

primers, described in Table VI and produced by Sigma-Aldrich, for PCSK9 

or GAPDH (glyceraldehyde 3-phosphate dehydrogenase)233, using Taq 

DNA Polymerase (Luminaris Color HiGreen qPCR Master Mix high ROX, 

Thermo Fisher Scientific), in a 7900HT Fast Real-Time PCR System 

(Applied Biosystems).  

 Cycle conditions for quantitative polymerase chain reaction (qPCR) 

using, SYBR green method, are described in Table VII.  

 Relative quantification of the different transcripts was determined with 

the 2-ΔΔCt method234, using GAPDH as endogenous control, normalized to 

vehicle. 

 

Table VI – Primers sequences used in qPCR assay 

Gen Primer sequence 

Human PCSK9 
Forward 5’-GGCAGGTTGGCAGCTGTTT-3’ 

Reverse 5’-CGTGTAGGCCCCGAGTGT-3’ 

Human GAPDH 
Forward 5’-ATGTTCGTCATGGGTGTGAAC-3’ 

Reverse 5’-GCATGGACTGTGGTCATGAGT-3’ 
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Table VII – Cycle conditions for qPCR using SYBR green method 

Step Temperature (ºC) Time 

UDG pre-treatment 50 2 min 

Initial denaturation 95 10 min 

Denaturation 95 15 sec 

Annealing / Extension 60 1 min 

(Denaturation + Annealing/Extension) repeated for 40 cycles 

Dissociation Program Step 1 95 15 sec 

Dissociation Program Step 2 60 1 min 

Dissociation Program Step 3 95 15 sec 

 

UDG: Uracil-DNA glycosylases 

 

3.3.1.3. Flow cytometry studies 

 After the detection of PCSK9 mRNA levels in HUAEC, the arterial 

endothelium expression of the protein form of PCSK9 was determined by 

flow cytometry. Thus, HUAEC were stimulated, or not, with TNFα (20 ng/mL, 

Sigma-Aldrich, Madrid, Spain) for 24 or 48 h.  

 Then, endothelial cells were detached from culture plates by scraping 

in ice-cold 2 mM EDTA-containing PBS, previously incubated for 20 min on 

ice. HUAEC (≈ 4 x 105 cells) were then recovered by centrifugation and 

pellets were resuspended in 20 μL of PBS-BSA 3% containing 1 μL of PE-

conjugated polyclonal antibody against human PCSK9 (polyclonal, IgG, 

LifeSpan BioSciences, Seattle, WA), for 45 min at 4ºC in the dark.  

 Samples were run in a flow cytometer (BD FACSVerse, BD 

Biosciences, San Jose, CA). The expression of PCSK9 was expressed as 

the mean of fluorescence intensity, as well as the percentage of positive 

cells.  
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3.3.1.4. Western-blot studies 

 After endothelial PCSK9 detection by flow cytometry, we confirmed its 

expression by western-blot studies. Briefly, confluent HUAEC were 

stimulated, or not, with TNFα (20 ng/mL, Sigma-Aldrich, Madrid, Spain) for 

24 or 48 h.  

 All cells were washed with PBS and detached by scraping in 

radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors 

(composition described in Table VIII). Cellular debris was removed by 

centrifugation. 

 

Table VIII – Composition of RIPA buffer containing protease inhibitors (50 mL) 

 

 Protein content was determined by the bicinchoninic acid (BCA) assay 

using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, 

MA), according to the manufacturer’s instruction.  

 Samples were denatured with a loading buffer (composition described 

in Table IX) at 95ºC for 5 min, subjected to sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) using a 10% acrylamide 

running gel (composition described in Table X and Table XI), and 

transferred to polyvinylidene difluoride (PVDF) membrane (Amersham 

Hybond 0.2μm PVDF blotting membrane, GE Healthcare, Chicago, IL).  

 

 

 Component Quantity Manufacturer 

RIPA Buffer 

EDTA tetrasodium salt 4-

hydrate  

113 mg 

(5mM) 

PanReac 

AppliChem 

Triton X-100 500 μL Sigma-Aldrich 

PBS 1x 50 mL ----- 

Protease 

inhibitors 

Phenylmethanesulfonyl 

fluoride (PMSF) 100mM 
1:100 Sigma-Aldrich 

Protease Inhibitor Cocktail 1:100 Sigma-Aldrich 
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Table IX – Composition of the loading buffer (50 mL) 

 

Table X – 10% Acrylamide running gel composition for SDS-PAGE 

 

Table XI – Stacking gel composition for SDS-PAGE 

 

Component Quantity Manufacturer 

Tris(hydroxymethyl)aminomethane 1.5 g Sigma-Aldrich 

Distilled water 6.2 mL ----- 

HCl 1M Adjusted for pH 6.8 PanReac AppliChem 

Glycerol 20 mL Sigma-Aldrich 

Sodium dodecyl sulfate  

(SDS) 30% 
13.7 mL Sigma-Aldrich 

β-mercaptoethanol 10 mL Sigma-Aldrich 

Bromophenol blue 
Adjusted for blue 

color 
Bio-Rad 

Component Quantity Manufacturer 

Acrylamide 2.5 mL BioBÀSIC 

1.5 M Tris-HCl pH 8.8 buffer 2.5 mL Bio-Rad 

SDS 20% 50 μL Sigma-Aldrich 

Distilled water  4.85 mL ----- 

Tetramethylethylenediamine 

(TEMED) 
5 μL Sigma-Aldrich 

Ammonium Persulfate 

(APS) 10% 
50 μL National Diagnostics 

Component Quantity Manufacturer 

Acrylamide 500 μL BioBÀSIC 

0.5 M Tris-HCl pH 6.8 buffer 630 μL Bio-Rad 

SDS 20% 25 μL Sigma-Aldrich 

Distilled water  3.8 mL ----- 

Tetramethylethylenediamine 

(TEMED) 
5 μL Sigma-Aldrich 

Ammonium Persulfate 

(APS) 10% 
25 μL National Diagnostics 
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 Non-specific binding sites were blocked with 3% BSA in tris-buffered 

saline (TBS) solution for 1 h, and membranes were then incubated overnight 

with a goat polyclonal antibody against human PCSK9 (0.3 µg/mL, Abcam, 

Cambridge, UK) or with a mouse mAb against human β-actin (1:2000, 

Sigma-Aldrich). 

 Subsequently, membranes were washed with washing buffer (TBS-

tween 20 0.05%) and further incubated for 1 h with a secondary HRP-linked 

anti-goat or anti-mouse IgG antibody (both 1:2000 diluted, DAKO, Agilent 

Technologies, Santa Clara, CA). 

 Membranes were then developed using Amersham ECL Western 

Blotting Detecting Reagents (GE Healthcare). Signals were recorded with a 

luminescent analyzer (ImageQuant LAS 500, GE Healthcare) and analyzed 

using ImageJ (Windows free version, developed by National Institutes of 

Health, Bethesda, MD). Finally, β-actin was used as endogenous control, 

and results were normalized to vehicle group. 

 

3.3.1.5. Immunofluorescence studies 

 PCSK9 expression was also analyzed by immunofluorescence. For 

this purpose, HUAEC were grown to confluence on glass coverslips. Cells 

were stimulated, or not, with TNFα (20 ng/mL, Sigma-Aldrich, Madrid, 

Spain) for 24 or 48 h. 

HUAEC were fixed with 4% paraformaldehyde (PanReac AppliChem, 

Chicago, IL) for 10 min at room temperature and blocked in a PBS solution 

containing 1% BSA for 1 h at room temperature. Then, the cells were 

incubated at 4°C overnight with a primary goat polyclonal antibody against 

human PCSK9 (5 μg/mL, diluted in a 0.1% BSA/PBS solution, Abcam, 

Cambridge, UK). 

 Next, cells were incubated with a secondary rabbit polyclonal antibody 

anti-goat Alexa Fluor 488-conjugated (diluted 1:500 in a 0.1% BSA/PBS 

solution, Invitrogen, Life technologies, Waltham, MA) for 1 h at room 

temperature. 
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 Then, cell nuclei were counterstained with Hoechst Stain solution 

(1:4000 dilution in PBS, Sigma-Aldrich) for 30 min at room temperature. 

Finally, coverslips were then mounted with SlowFade Gold Antifade 

Reagent (Invitrogen), according to the manufacturer’s instructions.  

Images were captured with a fluorescence microscope (Axio Observer A1, 

Carl Zeiss, Oberkochen, Germany) equipped with a 40× objective lens and 

a 10× eyepiece.  

 

3.3.2. Transfection with PCSK9 siRNA 

 Next, we investigated the consequences of PCSK9 knockdown in 

arterial endothelial cells. Different approaches have been used as described 

in the sections below.  

 

3.3.2.1. Isolation and culture of human umbilical artery endothelial 

cells (HUAEC) 

 To study the impact of PCSK9 inhibitors on the dysfunctional arterial 

endothelium, HUAEC were isolated from human umbilical cords obtained 

from the Gynecology and Obstetrician Unit of the University Clinic Hospital 

of Valencia (Valencia, Spain). Further details are described in section 3.1.1. 

Human samples and ethical committee approval. 

3.3.2.2. siRNA-mediated gene silencing  

 In order to knockdown PCSK9 expression in HUAEC, small interfering 

RNA (siRNA) transfection was carried out. HUAEC were cultured on 

different cell culture plates, dishes or flasks, according to the assay.  

 HUAEC cultures with a 60% of confluency were transfected with either 

control or PCSK9 siRNA (25 nM, both pre-designed by GE Healthcare 

Dharmacon, Lafayette, CO), using Lipofectamine RNAiMAX (0.3 μL for 

each 1pmol of siRNA, Invitrogen, Life technologies, Waltham, MA). 
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 48 h post-transfection, HUAEC used for the experiments described in 

the following sections. The efficiency of siRNA transfection for PCSK9 was 

determined by western-blot, following the protocol described in section 

3.3.1.4. Western-blot studies. 

 

3.3.2.3. Parallel-plate flow chamber studies  

 In order to study the functional role of endothelial PCSK9 in the 

mononuclear cell adhesion to the dysfunctional arterial endothelium, a 

parallel-plate flow chamber assay was employed. Additional details are 

described in section 3.1.3.1. Parallel-plate flow chamber: General points. 

 HUAEC were cultured on 35 mm culture dishes and transfected with 

control siRNA or PCSK9-specific siRNA, as described in section 3.3.2.2. 

siRNA-mediated gene silencing. Cells were stimulated, or not, with 

recombinant human TNFα (20 ng/mL, Sigma-Aldrich, Madrid, Spain) for 

48h.  

 Before starting each assay HBSS (Lonza, Verviers, Belgium), 

tempered at 37ºC, was perfused in order to adjust the flow at a rate of 0.156 

mL/min (corresponding to a shear stress of 0.5 dyn/cm2).  

 Then, mononuclear cells were obtained from buffy coats of healthy 

donors by Ficoll Hypaque density gradient centrifugation (Ficoll Paque Plus, 

GE Healthcare, Chicago, IL) as previously described235. The isolated 

mononuclear cells (1x106 cells/mL) were perfused across HUAEC 

monolayers using a Glycotech flow chamber (GlycoTech, Gaithersburg, 

MD) assembled and placed onto an inverted microscope. To determine the 

platelet contribution to mononuclear cell adhesion, some experiments were 

carried out with mononuclear cells incubated with EDTA (10 mM, for 15 

minutes a t 37ºC), as previously described230. 

 In all experiments, mononuclear leukocyte-endothelial cell interactions 

were determined after 5 min at 0.5 dyn/cm2. Cells interacting with the 

surface of the endothelium were visualized and recorded (×20 objective, 
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×10 eyepiece) using phase-contrast microscopy (Axio Observer A1 Carl 

Zeiss microscope, Oberkochen, Germany). 

 

3.3.2.4. Measurement of ICAM-1, VCAM-1, CX3CL1 and CXCL16 

expression 

3.3.2.4.1. Flow cytometry studies  

 We next investigate the consequences of endothelial PCSK9 

downregulation on the expression of some adhesion molecules such as 

ICAM-1 or VCAM-1 or membrane-bound chemokines such CX3CL1 or 

CXCL16. For this purpose, HUAEC were cultured on 12-well plates and 

transfected with control siRNA or PCSK9-specific siRNA, as described in 

section 3.3.2.2. siRNA-mediated gene silencing. Cells were stimulated, or 

not, with recombinant human TNFα (20 ng/mL, Sigma-Aldrich, Madrid, 

Spain) for 48 h. 

 Then, endothelial cells were detached from culture plates by scraping 

in ice-cold 2 mM EDTA-containing PBS, previously incubated for 20 min on 

ice. HUAEC were then recovered by centrifugation (1300 rpm, 10 min, 4ºC) 

and pellets were resuspended and incubated, for 45 min at 4ºC in the dark, 

with 20 μL of PBS-BSA 3% containing saturated amounts of fluorochrome-

conjugated antibodies (detailed in Table XII), according to manufacturer’s 

instructions. 

 

Table XII – Antibodies used in flow cytometry assay 

Antibody−fluorochrome Clone Isotype Manufacturer 

CD106/VCAM-1 – APC STA Mouse IgG1 BioLegend 

CD54/ICAM-1 – FITC HA58 Mouse IgG1 BioLegend 

Fractalkine/CX3CL1 − PE 51637 Mouse IgG1 R&D 

CXCL16 – APC 256213 Rat IgG2A R&D 
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 Samples were run in a flow cytometer (BD FACSVerse, BD 

Biosciences, San Jose, CA). The expression of ICAM-1, VCAM-1, CX3CL1, 

or CXCL16 was presented as the mean of fluorescence intensity. 

 Finally, flow cytometry data were analyzed with FlowJo® v10.0.7 

software (FlowJo LLC, Ashland, OR). 

 

3.3.2.4.2. Immunofluorescence studies  

 To confirm the results from flow cytometry analysis an additional 

immunofluorescence assay was employed. HUAEC were cultured on glass 

coverslips and transfected with control siRNA or PCSK9-specific siRNA, as 

described in section 3.3.2.2. siRNA-mediated gene silencing. Cells were 

stimulated or not with recombinant human TNFα (20 ng/mL, Sigma-Aldrich, 

Madrid, Spain) for 48 h. 

 Then, HUAEC were fixed with 4% paraformaldehyde (PanReac 

AppliChem, Chicago, IL), for 10 min at room temperature, and blocked in a 

PBS solution containing 1% BSA for 1 h at room temperature. Next, cells 

were incubated at 4°C overnight with different primary antibodies, as 

described in Table XIII, all diluted in a PBS-BSA 0.1% solution.  

 

Table XIII – Antibodies used in immunofluorescence assay 

Antibody 
Working 

concentration 
Clone Isotype Manufacturer 

VCAM-1 2.5 μg/mL  Polyclonal Rabbit IgG Abcam 

ICAM-1 0.305 μg/mL EP1442Y Rabbit IgG Abcam 

CX3CL1 1 μg/mL Polyclonal Rabbit IgG Abcam 

CXCL16 5 μg/mL Polyclonal Rabbit IgG Abcam 

 

 Then, cells were incubated with a secondary goat polyclonal antibody 

anti-rabbit Alexa Fluor 488-conjugated (1:500 in PBS-BSA 0.1%, Invitrogen, 

Life technologies, Waltham, MA) for 1 h at room temperature, in the dark. 
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 Cell nuclei were counterstained with Hoechst Stain solution (1:4000 

dilution in PBS, Sigma-Aldrich) for 20 min at room temperature, in the dark. 

Finally, coverslips were then mounted with SlowFade Gold Antifade 

Reagent (Invitrogen), according to the manufacturer’s instructions.  

 Images were captured with a fluorescence microscope (Axio Observer 

A1, Carl Zeiss, Oberkochen, Germany) equipped with a 40× objective lens 

and a 10× eyepiece. 

 

3.3.2.5. Determination of chemokine concentration in cell 

supernatants  

 In order to investigate the consequences of endothelial PCSK9 

downregulation on the release of different endothelial chemokines, ELISA 

assay was employed.  

 Cells were stimulated as described in section 3.3.2.4. Measurement of 

ICAM-1, VCAM-1, CX3CL1 and CXCL16 expression. Then, supernatants 

were collected and IL-8/CXCL8, GROα/CXCL1, soluble CXCL16, MCP-

1/CCL2, RANTES/CCL5 and soluble fractalkine/CX3CL1 were measured by 

ELISA commercial kits (R&D Systems, Abingdon, UK), following the 

manufacturer’s instructions. Results are expressed as pg/mL of chemokine. 

 

3.3.2.6. NADPH oxidase activity assessment 

 To investigate the consequences of endothelial PCSK9 

downregulation on NADPH oxidase (Nox) activity, NADP+/NADPH ratio was 

assessed by a colorimetric assay.  

 HUAEC were cultured on 6-well plates and transfected with control 

siRNA or PCSK9-specific siRNA, as described in section 3.3.2.2. siRNA-

mediated gene silencing. Cells were stimulated, or not, with recombinant 

human TNFα (20 ng/mL, Sigma-Aldrich, Madrid, Spain) for 1 h. 

NADP+/NADPH ratio was determined using a commercial kit 

(NADP/NADPH Assay kit, Abcam, Cambridge, UK), according to the 

manufacturer’s instructions. 



MATERIAL AND METHODS 
 

80 
 

3.3.2.7. Determination of the Nox isoforms expression 

3.3.2.7.1. qRT-PCR studies 

 In order to determine which Nox isoforms are involved in endothelial 

expression of PCSK9, mRNA levels of the main endothelial Nox isoforms 

(Nox2, 4 and 5) were measured by qRT-PCR analysis. 

 HUAEC were cultured on 6-well plates and transfected with control 

siRNA or PCSK9-specific siRNA, as described in section 3.3.2.2. siRNA-

mediated gene silencing. Cells were stimulated, or not, with recombinant 

human TNFα (20 ng/mL, Sigma-Aldrich, Madrid, Spain) for 1 h. 

 After stimulus, RNA fraction was extracted from HUAEC, RNA content 

was measured and reverse transcription was performed as described in 

section 3.3.1.2. Quantitative reverse transcription polymerase chain 

reaction (qRT-PCR) studies. 

 Resulting cDNA was amplified with specific TaqMan probes for NOX2 

(Hs00166163_m1), NOX4 (Hs01379108_m1), NOX5 (Hs00225846_m1) 

and GAPDH (4310884E), all pre-designed by Applied Biosystems (Life 

technologies, Waltham, MA), in a 7900HT Fast Real-Time PCR System 

(Applied Biosystems), using TaqMan Universal PCR Master Mix (Applied 

Biosystems), following the manufacturer’s instructions. Cycle conditions for 

qPCR, using TaqMan method, are described in Table XIV.  

 

Table XIV – Cycle conditions for qPCR using TaqMan method 

Step Temperature (ºC) Time 

UDG pre-treatment 50 2 min 

Initial denaturation 95 10 min 

Denaturation 95 15 sec 

Annealing / Extension 60 1 min 

(Denaturation + Annealing/Extension) repeated for 40 cycles 
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 Relative quantification of the different transcripts was determined with 

the 2-ΔΔCt method234, using GAPDH as endogenous control, normalized to 

vehicle. 

 

3.3.2.7.2. Western-blot studies  

 Additionally, western-blotting was performed to confirm which Nox 

isoforms are involved in endothelial expression of PCSK9. Thus, HUAEC 

were cultured on 25 cm2 cell culture flask and transfected with control siRNA 

or PCSK9-specific siRNA, as described in section 3.3.2.2. siRNA-mediated 

gene silencing. Cells were stimulated, or not, with recombinant human 

TNFα (20 ng/mL, Sigma-Aldrich, Madrid, Spain) for 1 h. 

 The expression of Nox2, Nox4 and Nox5 were measured by western-

blotting, as detailed in section 3.3.1.4. Western-blot studies, using the 

primary antibodies described in Table XV. 

 

Table XV – Primary antibodies used in western-blot assay for quantification of 
Nox isoforms expression 

Antibody 
Working 

concentration 
Clone Isotype Manufacturer 

Nox2 1 µg/mL Polyclonal Rabbit IgG Abcam 

Nox4 0.5 µg/mL UOTR1B493 Rabbit IgG Abcam 

Nox5 0.5 µg/mL Polyclonal Rabbit IgG Abcam 

β-actin 0.5 µg/mL AC-74 Mouse IgG2A Sigma-Aldrich 
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3.3.2.8. Determination of ERK1/2, p38 MAPK and NF-κB p65 activation 

3.3.2.8.1. Flow cytometry studies  

 In order to investigate the cellular signaling pathways involved in 

endothelial PCSK9 expression, flow cytometry was used to measure the 

phosphorylation of ERK1/2, p38 MAPK and NF-κB p65 in HUAEC. 

 Thus, HUAEC were cultured on 12-well plates and transfected with 

control siRNA or PCSK9-specific siRNA, as described in section 3.3.2.2. 

siRNA-mediated gene silencing. Cells were stimulated, or not, with 

recombinant human TNFα (20 ng/mL, Sigma-Aldrich, Madrid, Spain) for 1h. 

 After stimulus, cells were detached with StemPro Accutase cell 

dissociation reagent (5 min at 37ºC, Gibco, Thermo Fisher Scientific, 

Waltham, MA). HUAEC (≈ 4 x 105 cells), recovered by centrifugation (1400 

rpm, for 10 min at 4ºC), fixed and permeabilized using a commercial kit (BD 

Cytofix/Cytoperm Fixation and Permeabilization Solution kit, BD 

Biosciences, San Jose, CA), following manufacturer’s instructions. Next, 

cells were incubated with saturated amounts of fluorochrome-conjugated 

antibodies (described in Table XVI), according to manufacturer’s 

instructions, for 45 min at 4ºC in the dark.  

 

Table XVI – Antibodies used in flow cytometry for cellular signaling studies 

Antibody−fluorochrome Clone Isotype Manufacturer 

ERK1/2 (pT202/pY204) – 
BV421 

20A Mouse IgG1 BD Biosciences 

p38 MAPK (pT180/pY182) 
– AF647 

36/p38  Mouse IgG1 BD Biosciences 

NF-κB p65 (pS529) − PE K10-895.12.50 Mouse IgG2B BD Biosciences 

 

 Samples were run in a flow cytometer (BD LSRFORTESSA X-20, BD 

Biosciences, San Jose, CA). The expression of phosphorylated ERK1/2, 

p38 MAPK and NF-κB p65 were presented as the mean of fluorescence 

intensity. Flow cytometry results were analyzed with FlowJo v10.0.7 

software (FlowJo, Ashland, OR). 
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3.3.2.9. Determination of HUAEC viability 

 In order to determine cell viability after the transfection process, TNFα 

stimulation and to validate this experimental setting, the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was 

employed. A 100 µL-suspension of HUAEC (2 x 105 cells/mL) in 0.1% FBS 

supplemented EBM-2 medium (Lonza, Verviers, Belgium) was added to 

each well of a 96-well plate. Cells were transfected, or not, as described in 

section 3.3.2.2. siRNA-mediated gene silencing and stimulated, or not, with 

recombinant human TNFα (20 ng/mL, Sigma-Aldrich, Madrid, Spain) for 1 

h. Then, 100 µL of MTT solution (Sigma-Aldrich) was freshly prepared at 3 

mg/mL in PBS and added to each well followed by incubation at 37°C for 3 

h. Supernatants were discarded and 200 µL of DMSO (Sigma-Aldrich) were 

added to each well to dissolve the formazan formed. The optical density at 

dual wavelengths (560 and 630 nm) was determined in a spectrophotometer 

(Infinite M200, Tecan, Männedorf, Switzerland). 

 

3.3.3. Studies with familial hypercholesterolemia patients before and 

after a PCSK9 inhibitor (alirocumab) treatment 

3.3.3.1. Recruitment of familial hypercholesterolemia (FH) patients 

 In order to investigate the consequences of PCSK9 inhibitor treatment 

in the inflammatory state, leukocyte-endothelium interactions and 

immunophenotyping changes of patients with FH, a total of 8 FH patients 

were included in this present study.  

 FH patients, recruited by the Endocrinology Unit at University Clinic 

Hospital of Valencia (Valencia, Spain), were confirmed by medical history, 

clinical exam and biochemical parameters according to the following 

diagnosis criteria: 1) Plasma levels of total and LDL above the 95th 

percentile corrected for age and sex; 2) presence of tendon xanthomata; 3) 

coronary heart disease in a first-degree relative; 4) bimodal distribution of 

total cholesterol and LDL levels in the family, indicating an autosomal 
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dominant pattern of phenotype IIa. All FH subjects in the study had a 

positive genetic diagnosis236.  

 In addition to FH diagnosis, the inclusion criteria for entering in the 

study were: 1) treatment with maximum tolerated doses of statins or 2) 

plasmatic levels of LDL > 100 mg/dL. Furthermore, the exclusion criteria 

were: 1) CVDs; 2) type 1 diabetes mellitus; 3) arterial hypertension; 4) 

smoking habit; 5) alcohol intake > 30 g/day; 5) weight variation > 10% in the 

last 3 months; 6) liver or kidney failure; 7) uncontrolled hypothyroidism; 8) 

history of inflammatory disease or 9) anti-inflammatory drugs in the last 6 

weeks.  

 The selected FH patients were submitted to a treatment with a PCSK9 

inhibitor (Alirocumab, Praluent, 150 mg/subcutaneous/14 days, Sanofi, 

Paris, France), for 8 weeks. Blood samples, from these patients, were 

collected before and after treatment. Importantly, human samples were 

complied with the principles outlined in the Declaration of Helsinki and was 

approved by the institutional ethics committee of the University Clinic 

Hospital of Valencia (Valencia, Spain). All subjects had signed an informed 

consent.  

3.3.3.2. Immunophenotypic changes in FH patients   

 General points of flow cytometry technique are described in section 

3.1.3.1. Parallel-plate flow chamber: General points. 

3.3.3.2.1. Flow cytometry experimental protocols 

 Blood samples from FH 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 II 

tubes with lithium/heparin as anticoagulant agents (17 IU/mL, BD 

Biosciences). 

 For leukocyte immunophenotyping, 50 μL of blood were used, 

whereas 20 μL of blood were used for platelet immunophenotyping. 

Saturated amounts of fluorochrome-conjugated primary antibodies, detailed 

in Table XVII, were added to blood samples, along with 50 μL of brilliant 
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stain buffer (BD Biosciences), according to manufacturer’s instructions. 

Each sample was gently shaken and incubated for 30 min at room 

temperature in the dark. Then, 1x lysis buffer (BD FACS™ lysing solution 

10x concentrate, BD Biosciences) was added to each tube to lyse 

erythrocytes. Subsequently, all samples were run in a LSRFORTESSA X-

20 flow cytometer (BD Biosciences). 

 All flow cytometry data were analyzed with FlowJo® v10.0.7 software 

(FlowJo LLC, Ashland, OR). 

 

Table XVII – Antibodies used in flow cytometry for FH patients’ 
immunophenotyping 

Antibody−fluorochrome Clone Isotype Manufacturer 

CD41 – CF Blue HIP8 Mouse IgG1 Immunostep 

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

CD62P − APC HI62P Mouse IgG1 Immunostep 

CD16 − FITC 3G8 Mouse IgG1 BD Biosciences 

CD41 – PerCP-Cy5.5 HIP8 Mouse IgG1 BD Biosciences 

CD11b – APC M1/70 Rat IgG2B BD Biosciences 

CD14 – BV650 M5E2 Mouse IgG2A BD Biosciences 

CCR2 – BV510 K036C2 Mouse IgG2A BioLegend 

CX3CR1 − PE 2A9-1 Rat IgG2B BD Biosciences 

CXCR6 – BV421 13B 1E5 Mouse IgG2A BD Biosciences 

CD69 – BV711 FN50 Mouse IgG1 BD Biosciences 

CD3 – APC-H7 SK7 Mouse IgG1 BD Biosciences 

CD4 – BUV395 RPA-T4 Mouse IgG1 BD Biosciences 

CD8 − FITC RPA-T8 Mouse IgG1 BD Biosciences 

CD14 – APC-H7 MφP9 Mouse IgG2B BD Biosciences 

CD16 – APC-H7 3G8 Mouse IgG1 BD Biosciences 

CD25 – APC M-A251 Mouse IgG1 BD Biosciences 

CXCR3 – APC 
1C6/CX

CR3 
Mouse IgG1 BD Biosciences 

CD56 – BB515 B159 Mouse IgG1 BD Biosciences 
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TCR Vα24-Jα18 – 
PE/Cy7 

6B11 Mouse IgG1 BioLegend 

CD127 – BV650 
HIL-7R-

M21 
Mouse IgG1 BD Biosciences 

CCR6 – PE/Cy7 11A9 Mouse IgG1 BD Biosciences 

C-Kit – BV650 104D2 Mouse IgG1 BD Biosciences 

FcεRI – FITC CRA1 Mouse IgG2B Miltenyi Biotec 

 

 

3.3.3.2.2. Platelet analysis 

3.3.3.2.2.1. Determination of platelet activation 

 To determine platelet activation, the percentages of PAC-1+ (detects 

activated integrin αIIbβ3) and P-selectin+ (CD62P) platelets were measured 

in FH patients before and after the treatment with the PCSK9 inhibitor, by 

flow cytometry. Citrated blood samples (6.25 μL), diluted 1:10 in glucose 

buffer (1 mg/mL glucose in PBS containing 0.35% BSA, Sigma-Aldrich, 

Madrid, Spain), were incubated in the dark for 30 minutes with a CF-

conjugated mAb against human CD41 (1.25 μL, clone HIP8, IgG1, 

Immunostep, Salamanca, Spain) and a FITC-conjugated mAb against 

human PAC-1 (2.5 μL, clone PAC-1, IgM, BD Biosciences, San Jose, CA) 

or with an APC-conjugated mAb against human P-selectin (1.25 μL, clone 

HI62P, IgG1, Immunostep). 

 Samples were run in a flow cytometer. The morphology was 

determined with SSC vs. FSC that allowed the selection of CD41+ 

population (platelets), according to the gating strategy illustrated in Figure 

24. Results were expressed as the percentage of positive platelets. 

 

3.3.3.2.2.2. Determination of CX3CR1, CXCR6 and CCR2 expression on 

platelets 

 To determine the expression of CX3CR1, CXCR6 and CCR2 on 

platelet surface, in blood from FH patients before and after the treatment 

with the PCSK9 inhibitor, 20 μL of citrated blood was incubated with 1 μL of 
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PE-conjugated mAb against human CX3CR1 (clone 2A9-1, IgG2B, BD 

Biosciences, San Jose, CA), 1 μL of BV421-conjugated mAb against human 

CXCR6 (clone 13B 1E5, IgG2A, BD Biosciences), 1 μL of BV510-conjugated 

mAb against human CCR2 (clone K036C2, IgG2A, BioLegend, San Diego, 

CA) and 1 μL of PerCP-Cy5.5-conjugated mAb against human CD41 (clone 

HIP8, IgG1, BD Biosciences). Samples were incubated for 30 min at room 

temperature in the dark. Subsequently, erythrocytes were lysed with 1x lysis 

buffer (BD FACS lysing solution 10x concentrate, BD Biosciences, San 

Jose, CA).  

 Then, morphology was determined with SSC vs. FSC that allowed the 

selection of CD41+ populations and the determination of CX3CR1, CXCR6 

and CCR2 expression (Figure 24).  

 

 

 

 

 

Figure 24. Flow cytometry detection and morphologic gating of human platelets in 

whole blood. Platelets were gated according to the side scatter in the logarithmic scale 

and defined as CD41+ population. 

 

3.3.3.2.3. Leukocyte subpopulations studies 

3.3.3.2.3.1. Determination of the activation state and CX3CR1 and CXCR6 

expression on neutrophils and eosinophils 

 

 To study the activation of circulating neutrophils and eosinophils and 

their expression of CX3CR1 and CXCR6, from FH patients before and after 

the treatment with the PCSK9 inhibitor, a FITC-conjugated mAb against 

human CD16 (clone 3G8, IgG1, BD Biosciences, San Jose, CA) and a high 

SSC were combined to discard erythrocytes and select the neutrophil and 

eosinophil populations. 

Platelets 
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 After the identification of the 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 neutrophil-platelet aggregates. Second, blood samples 

were incubated with 10 mM EDTA, for 15 min at 37ºC, to promote platelet 

dissociation as described230. In both cases a PerCP-Cy5.5-conjugated mAb 

against CD41 (clone HIP8, IgG1, BD Biosciences) was used to select or 

exclude platelets, according to the gating strategy illustrated in Figure 25. 

 Then, to determine the activation state of these cell populations, an 

APC-conjugated mAb against human integrin CD11b (clone M1/70, IgG2B, 

BD Biosciences) in platelet-free neutrophils and platelet-free eosinophils 

was used. Similarly, CX3CR1 and CXCR6 expression, associated or not 

with platelets, was also determined using a PE-conjugated mAb against 

human CX3CR1 (clone 2A9-1, IgG2B, BD Biosciences) and a BV421-

conjugated mAb against human CXCR6 (clone 13B 1E5, IgG2A, BD 

Biosciences). 

 

Figure 25. Flow cytometry detection and morphologic gating of human neutrophils 

and eosinophils in 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. Eosinophil-platelet 

complexes were selected as CD16- CD41+ population from heparinized whole blood, 

and platelet-free eosinophils were gated as CD16- CD41- from blood incubated with 

EDTA. 
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3.3.3.2.3.2. Determination of the activation state and CX3CR1, CXCR6 and 

CCR2 expression on monocytes 

 

 To determine the activation state and the expression of CX3CR1, 

CXCR6 and CCR2 on circulating monocytes from FH patients before and 

after the treatment with the PCSK9 inhibitor, a BV650-conjugated mAb 

against human CD14 (clone M5E2, IgG2A, BD Biosciences, San Jose, CA) 

and a medium SSC were combined to discard erythrocytes and select the 

monocyte population.  

 Subsequently, in order to distinguish the different types of 

monocytes232, the CD14 marker was confronted with a FITC-conjugated 

mAb against human CD16 (clone 3G8, IgG1, BD Biosciences) and a BV510-

conjugated mAb against human CCR2 (clone K036C2, IgG2A, BioLegend, 

San Diego, CA), consequently 3 subpopulations of monocytes were 

differentiated as described in Table XVIII.  

 

Table XVIII – Differential markers of monocyte subpopulations 

Marker Cellular population 

CD14+CD16−CCR2+ Monocyte type 1 (Mon 1) 

CD14+CD16+CCR2+ Monocyte type 2 (Mon 2) 

CD14+CD16+CCR2− Monocyte type 3 (Mon 3) 

 

 The possible contribution of platelets was studied using two different 

experimental approaches. First, heparinized whole blood was analyzed to 

detect monocyte-platelet aggregates. Second, blood samples were 

incubated with 10 mM EDTA, for 15 min at 37ºC, to promote platelet 

dissociation as described230. In both cases a PerCP-Cy5.5-conjugated mAb 

against CD41 (clone HIP8, IgG1, BD Biosciences) was used to select or 

exclude platelets, according to the gating strategy illustrated in Figure 26. 

 Then, to determine the grade of activation of these cell populations, an 

APC-conjugated mAb against human integrin CD11b (clone M1/70, IgG2B, 
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BD Biosciences) in platelet-free monocytes and monocyte subsets was 

used. Similarly, CX3CR1, CXCR6 and CCR2 expression, in all 

subpopulations, associated or not with platelets, was also determined using 

a PE-conjugated mAb against human CX3CR1 (clone 2A9-1, IgG2B, BD 

Biosciences), a BV421-conjugated mAb against human CXCR6 (clone 13B 

1E5, IgG2A, BD Biosciences) and a BV510-conjugated mAb against human 

CCR2 (clone K036C2, IgG2A, BioLegend, San Diego, CA).  

 

 

 

 

 

 

 

 

 

Figure 26. Flow cytometry detection and morphologic gating of human monocyte 

subsets in whole blood. Mon1-platelet complexes were selected as CD14+ CD16- 

CD41+ population from heparinized whole blood, and platelet-free Mon1 were gated as 

CD14+ CD16- CD41- from blood incubated with EDTA. Mon2-platelet complexes were 

selected as CD14+ CD16+ CCR2+ CD41+ population from heparinized whole blood, 

and platelet-free Mon2 were gated as CD14+ CD16+ CCR2+ CD41- from blood 

incubated with EDTA. Mon3-platelet complexes were selected as CD14low CD16+ CCR2- 

CD41+ population from heparinized whole blood, and platelet-free Mon3 were gated as 

CD14low CD16+ CCR2- CD41- from blood incubated with EDTA. 

 

 

 

Monocytes 
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3.3.3.2.3.3. Determination of the activation state and CX3CR1 and CXCR6 

expression on T-lymphocytes and T helper subsets 

 

 To determine the activation state and the expression of CX3CR1 and 

CXCR6 on circulating T-lymphocytes, from FH patients before and after the 

treatment with the PCSK9 inhibitor, an APC-H7-conjugated mAb against 

human CD3 (clone SK7, IgG1, BD Biosciences, San Jose, CA) and a low 

SSC were combined to select the T-lymphocyte population. CD8+ T-

lymphocytes (cytotoxic T cell) were selected using a FITC-conjugated mAb 

against human CD8 (clone RPA-T8, IgG1, BD Biosciences), while CD4+ T-

lymphocytes (T helper cells) were selected using a BUV395-conjugated 

mAb against human CD4 (clone RPA-T4, IgG1, BD Biosciences).  

 Furthermore, in order to distinguish the different T helper subsets, 

CD4+ cells were confronted with an APC-conjugated mAb against human 

CXCR3 (clone 1C6/CXCR3, IgG1, BD Biosciences) and a PE/Cy7-

conjugated mAb against human CCR6 (clone 11A9, IgG1, BD Biosciences), 

consequently 3 subpopulations of T helper cells (Th1, Th2 and Th17) were 

differentiated as described in Table XIX. 

 

Table XIX – Differential markers of T helper subpopulations 

Marker Cellular population 

CD4+CXCR3+CCR6- T helper 1 (Th1) 

CD4+CXCR3-CCR6- T helper 2 (Th2) 

CD4+CXCR3-CCR6+ T helper 17 (Th17) 

 

 After the identification of the CD8+ T-lymphocytes, CD4+ T-

lymphocytes and the different T helper subpopulations, the possible 

contribution of platelets was studied using two different experimental 

approaches. First, heparinized whole blood was analyzed to detect CD8+ T-

lymphocytes, CD4+ T-lymphocytes or T helper subsets attached to platelets. 

Second, blood samples were incubated with 10 mM EDTA, for 15 min at 

37ºC, to promote platelet dissociation as described230. In both cases a 
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PerCP-Cy5.5-conjugated mAb against CD41 (clone HIP8, IgG1, BD 

Biosciences) was used to select or exclude platelets, according to the gating 

strategy illustrated in Figure 27. 

 Then, to determine the grade of activation of these cell populations, a 

BV711-conjugated mAb against human CD69 (clone FN50, IgG1, BD 

Biosciences) in platelet-free T-lymphocytes subsets was used. Similarly, 

CX3CR1 and CXCR6 expression in all populations, associated or not with 

platelets, was also determined using a PE-conjugated mAb against human 

CX3CR1 (clone 2A9-1, IgG2B, BD Biosciences) and a BV421-conjugated 

mAb against human CXCR6 (clone 13B 1E5, IgG2A, BD Biosciences). 

 

Figure 27. Flow cytometry detection and morphologic gating of human CD8+ and 

CD4+ lymphocytes in whole blood, as well as Th1, Th2 and Th17 populations. 

Lymphocyte-platelet complexes were selected as CD8+ CD41+ or CD4+ CD41+ 

population from heparinized whole blood, and platelet-free lymphocytes were gated as 

CD8+ CD41- or CD4+ CD41- from blood incubated with EDTA. Th1-, Th2- and Th17-

platelet complexes were selected as CCR6- CXCR3+ CD41+, CCR6- CXCR3- CD41+ 

or CCR6+ CXCR3- CD41+ respectively, whereas platelet-free Th1, Th2 and Th17 cells 

were selected as CCR6- CXCR3+ CD41-, CCR6- CXCR3- CD41- or CCR6+ CXCR3- 

CD41- respectively. 
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3.3.3.2.3.4. Determination of the activation state and CX3CR1 and CXCR6 

expression on regulatory T cell 

 

 To determine the activation state and the expression of CX3CR1 and 

CXCR6 on circulating regulatory T cells (Treg), from FH patients before and 

after the treatment with the PCSK9 inhibitor, an BUV395-conjugated mAb 

against human CD4 (clone RPA-T4, IgG1, BD Biosciences, San Jose, CA) 

and a low SSC were combined to select the T-lymphocyte population. Next, 

in order to select Treg population, CD4+ cells were confronted with an APC-

conjugated mAb against human CD25 (clone M-A251, IgG1, BD 

Biosciences) and a BV650-conjugated mAb against human CD127 (clone 

MHIL-7R-M21, IgG1, BD Biosciences). 

 After the identification of the Treg population, the possible contribution 

of platelets was studied using two different experimental approaches. First, 

heparinized whole blood was analyzed to detect Treg attached to platelets. 

Second, blood samples were incubated with 10 mM EDTA, for 15 min at 

37ºC, to promote platelet dissociation as described230. In both cases a 

PerCP-Cy5.5-conjugated mAb against CD41 (clone HIP8, IgG1, BD 

Biosciences) was used to select or exclude platelets, according to the gating 

strategy illustrated in Figure 28. 

 Then, to determine the activation state of these cell populations, a 

BV711-conjugated mAb against human CD69 (clone FN50, IgG1, BD 

Biosciences) in platelet-free Treg was used. Similarly, CX3CR1 and CXCR6 

expression in Treg, associated or not with platelets, was also determined 

using a PE-conjugated mAb against human CX3CR1 (clone 2A9-1, IgG2B, 

BD Biosciences) and a BV421-conjugated mAb against human CXCR6 

(clone 13B 1E5, IgG2A, BD Biosciences).  
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Figure 28. Flow cytometry detection and morphologic gating of human regulatory 

T cell (Treg). Treg-platelet complexes were selected as CD4+ CD25+ CD127low CD41+ 

population from heparinized whole blood, and platelet-free Treg were gated as CD4+ 

CD25+ CD127low CD41- from blood incubated with EDTA. 

 

3.3.3.2.3.5. Determination of the activation state and CX3CR1 and CXCR6 

expression on basophils and mast cell progenitors 

 

 To determine the activation state and the expression of CX3CR1 and 

CXCR6 on circulating basophils and mast cell progenitors, from FH patients 

before and after the treatment with the PCSK9 inhibitor, an APC-H7-

conjugated mAb against human CD3 (clone SK7, IgG1, BD Biosciences, 

San Jose, CA), an APC-H7-conjugated mAb against human CD14 (clone 

MφP9, IgG1, BD Biosciences) and an APC-H7-conjugated mAb against 

human CD16 (clone 3G8, IgG1, BD Biosciences) were combined to discard 

T-lymphocyte, monocyte and neutrophil populations, respectively. Next, 

CD3-CD14-CD16- cells were confronted with an APC-conjugated mAb 

against human CD11b (clone M1/70, IgG2B, BD Biosciences), a FITC-

conjugated mAb against human FcεRI (clone CRA1, IgG2B, Miltenyi Biotec, 

Bergisch Gladbach, Germany) and a BV650-conjugated mAb against 
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human C-Kit (clone 104D2, IgG1, BD Biosciences), consequently basophils 

and mast cell progenitors were differentiated as described in Table XX. 

 

Table XX – Differential markers of basophils and mast cell progenitors 

Marker Cellular population 

CD3-CD14-CD16-CD11b+FcεRI+C-Kit- Basophil 

CD3-CD14-CD16-CD11b+FcεRI+C-Kit+ Mast cell progenitor 

 

  

 After the identification of basophil population, the possible contribution 

of platelets was studied using two different experimental approaches. First, 

heparinized whole blood was analyzed to detect basophils attached to 

platelets. Second, blood samples were incubated with 10 mM EDTA, for 15 

min at 37ºC, to promote platelet dissociation as described230. In both cases 

a PerCP-Cy5.5-conjugated mAb against CD41 (clone HIP8, IgG1, BD 

Biosciences) was used to select or exclude platelets, according to the gating 

strategy illustrated in Figure 29. 

 Then, to determine the activation state of these cell populations, a 

BV711-conjugated mAb against human CD69 (clone FN50, IgG1, BD 

Biosciences) in platelet-free basophils and mast cell progenitors was used. 

Similarly, CX3CR1 and CXCR6 expression in these populations, associated 

or not with platelets, was also determined using a PE-conjugated mAb 

against human CX3CR1 (clone 2A9-1, IgG2B, BD Biosciences) and a 

BV421-conjugated mAb against human CXCR6 (clone 13B 1E5, IgG2A, BD 

Biosciences). 
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Figure 29. Flow cytometry detection and morphologic gating of human basophils 

and mast cell progenitors. Basophil-platelet complexes were selected as CD3- CD14- 

CD16- CD11b+ FcεRI+ C-Kit- CD41+ population from heparinized whole blood, whereas 

platelet-free basophils were gated as CD3- CD14- CD16- CD11b+ FcεRI+ C-Kit- CD41- 

from blood incubated with EDTA. Mast cell progenitor-platelet complexes were selected 

as CD3- CD14- CD16- CD11b+ FcεRI+ C-Kit- CD41+ population from heparinized whole 

blood, whereas platelet-free mast cell progenitors were gated as CD3- CD14- CD16- 

CD11b+ FcεRI+ C-Kit- CD41- from blood incubated with EDTA. 

 

3.3.3.3. Leukocyte-endothelial cell interactions under flow conditions   

 Details of parallel-plate flow chamber assay are described in section 

3.1.3.1. Parallel-plate flow chamber: General points. 

3.3.3.3.1. Parallel-plate flow chamber experimental protocol 

 Before starting each assay, Hank’s balanced salt solution (HBSS, 

Lonza, Verviers, Belgium), tempered at 37ºC, was perfused in order to 

adjust the flow at a rate of 0.156 mL/min (corresponding to a shear stress 

of 0.5 dyn/cm2). 

 In order to study the leukocyte-endothelium interaction ex vivo, diluted 

whole blood (1:10 in HBSS), from FH patients before and after the 8 weeks-

treatment with the PCSK9 inhibitor, was perfused across HUAEC 
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monolayers unstimulated or stimulated with recombinant human TNFα (20 

ng/mL, Sigma-Aldrich, Madrid, Spain) for 48 h. 

 Experiments were carried out in heparinized blood incubated or not 

with EDTA (10 mM, for 15 min, 37ºC) to evaluate the contribution of platelets 

to leukocyte adhesion230. 
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3.4. Statistical analysis  

 Values are expressed as individual data points, percentages or mean ± 

standard error of the mean (SEM) when appropriate. For comparisons of two 

unpaired groups, unpaired Student´s t test was used in data that passed both 

normality (Kolmogorov-Smirnov test) and equal variance (Levene test); 

otherwise, a non-parametric Mann Whitney U test was performed. For 

comparisons of two paired groups, paired Student´s t test was used in data that 

passed both normality (Kolmogorov-Smirnov test) and equal variance (Levene 

test); otherwise, a non-parametric Wilcoxon matched-pairs test was performed.  

For comparisons among multiple groups, one-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. In addition, some 

correlations between experimental findings and clinical features were calculated 

using Pearson and Spearman correlation methods. All statistical studies were 

performed with GraphPad Prism 6 (GraphPad Software, La Jolla, CA). 
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4.  RESULTS 

4.1. Results of the first study:  

Functional Role of Endothelial CXCL16/CXCR6-Platelet-

Leukocyte Axis in Metabolic Syndrome 

In this first study, a total of 13 metabolic syndrome (MS) patients and 15 age–

matched control subjects were included. MS and control subjects were recruited 

by the Endocrinology and Nutrition Service at University Clinic Hospital of 

Valencia (Valencia, Spain). Blood samples were extracted from all subjects and 

collected in blood collection tubes containing sodium citrate or lithium/heparin as 

anticoagulant agents, as previously described in section 3.1.1. Human samples 

and ethical committee approval. The functional role of CXCL16/CXCR6 axis in 

leukocyte-platelet-endothelium interactions was assessed in MS patients and 

compared to age-matched controls. Clinical and biological parameters of patients 

and age-matched controls are shown in Table XXI. No statistically significant 

differences were found regarding age or gender between the two groups. By 

contrast, body mass index (BMI), waist circumference, systolic and diastolic blood 

pressure, fasting glucose, levels of total cholesterol, low-density lipoprotein 

(LDL)-cholesterol and triglycerides were all significantly higher in MS patients 

than in controls, whereas high-density lipoprotein (HDL)-cholesterol levels were 

significantly lower, as expected. 

 

4.1.1. Platelet activation and CXCR6 platelet expression are 

enhanced in MS patients  

 We first determined the platelet activation state in the two study groups 

using flow cytometry. The percentages of platelets PAC-1+ or P-selectin+ 

(CD62P) were significantly higher in patients than in controls (Figures 30A 

and B; P = 0.042 and 0.001 respectively), indicating their enhanced platelet 

activation state. In addition, the percentage of CXCR6+ platelets was 

significantly increased in these patients (Figure 30C; P = 0.036), although 

the mean fluorescence intensity (MFI) did not differ between both groups 

(Figure 30D; P > 0.05). 
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Table XXI – Clinical features of subjects studied 

Clinical  features Control volunteers MS subjects 

Number per group (n) 15 13 

Age (years) 46.6 ± 3.8 53.2 ± 4.2 

Gender (male %) 20.0% 15.4% 

BMI (kg/m2) 25.6 ± 1.0 31.5 ± 1.0** 

Waist (cm) 83.9 ± 2.6 101.8 ± 2.0** 

Systolic blood pressure 

(mmHg) 
113.4 ± 2.3 129.9 ± 2.5** 

Diastolic blood pressure 

(mmHg) 
71.1 ± 2.6 80.5 ± 1.5** 

Fasting Glucose (mg/dL) 84.6 ± 1.7 104.4 ± 3.6** 

Total Cholesterol (mg/dL) 211.0 ± 9.4 240.4 ± 15.0* 

LDL levels (mg/dL) 133.4 ± 7.4 160.0 ± 12.7* 

Triglycerides (mg/dL) 86.8 ± 10.4 207.9 ± 38.7** 

HDL levels (mg/dL) 67.4 ± 2.8 48.6 ± 2.5** 

 

Data are presented as mean ± SEM. Definition of abbreviations: BMI = Body Mass Index; 

LDL = Low-Density Lipoprotein; HDL = High-Density Lipoprotein. *P < 0.05 or **P < 0.01 

versus control group.  

 

4.1.2. CXCR6-expressing platelet-neutrophil, platelet-monocyte and 

platelet-CD8+ lymphocytes aggregates are elevated in MS patients  

 We next evaluated the CXCR6 expression in some leukocyte subsets 

and in leukocyte-platelet aggregates in both groups using flow cytometry 

analysis. The percentage of CXCR6+ neutrophil-platelet aggregates (Figure 

31A; P = 0.009), as well as the percentages of CXCR6+ monocyte- and 

CD8+ lymphocyte-platelet aggregates were found to be significantly higher 

in MS subjects than in the control group (Figures 31C and E; P = 0.043 and 

0.021 respectively). In order to study the potential contribution of platelets 

to CXCR6 leukocyte expression, we incubated some blood samples with 
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EDTA to promote platelet dissociation as described230. Thus, when platelets 

were disaggregated (EDTA treated), we found that while neutrophils did not 

express CXCR6 (Figure 31B; P > 0.05), monocytes and CD8+ lymphocytes 

of MS patients showed enhanced CXCR6 expression (Figures 31D and F; 

P = 0.007 and 0.045 respectively) compared with that detected in the control 

subjects. No differences between groups were observed in CXCR6 

expression in the CD4+ lymphocyte population (Figures 31G and H; both P 

> 0.05).  

 

Figure 30. MS patients have enhanced platelet activation and platelet CXCR6 

expression compared with control subjects. Platelet expression of PAC-1 (A), P-

selectin/CD62P (B) and CXCR6 (C and D). Results are expressed as percentage of 

positive platelets (n=13 MS patients, n=15 age-matched controls). Values are expressed 

as mean ± SEM. *P < 0.05 or **P < 0.01 relative to values in the control group. 
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Figure 31. CXCR6-expressing platelet-neutrophil, platelet-monocyte and platelet-

CD8+ lymphocyte aggregates are elevated in MS patients. Percentage of CXCR6+ 

neutrophils (A and B), monocytes (C and D), CD8+ lymphocytes (E and F) and CD4+ 

lymphocytes (G and H). Heparin refers to leukocyte-platelet aggregates (A, C, E and G) 

and EDTA refers to leukocytes free of platelets (B, D, F and H). Results are expressed 

as percentage of positive platelets (n=13 MS patients, n=15 age-matched controls). 

Values are expressed as mean ± SEM. *P < 0.05 or **P < 0.01 relative to values in the 

control group. 
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4.1.3. Leukocyte adhesion to the dysfunctional arterial endothelium, 

induced by TNFα, is reduced by the neutralization of CXCL16 activity 

in MS patients but no in the control group 

 Once evaluated the CXCR6 expression in platelets, different 

leukocyte-platelet aggregates and leukocyte subsets, we next investigated 

the functional role of CXCL16/CXCR6 axis in the leukocyte adhesiveness 

to the dysfunctional arterial endothelium, induced by TNFα. Leukocyte 

adhesion to the arterial endothelium was significantly increased after TNFα 

stimulation in both groups, being this effect significantly higher in MS 

subjects than in control subjects. Notably, this parameter was significantly 

reduced by the neutralization of endothelial CXCL16 activity in MS patients 

(P < 0.001) but not in the control group (Figures 32A and B). Moreover, 

leukocyte adhesiveness was found to be reduced when leukocytes were 

dissociated from platelets (Heparin vs EDTA).  
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Figure 32. Neutralization of CXCL16 activity significantly reduced leukocyte 

adhesion to TNFα-stimulated arterial endothelium in MS patients but not in age-

matched controls. Increased platelet-leukocyte and leukocyte adhesion was found in 

both groups when arterial endothelium was stimulated with TNFα (20 ng/mL, 24 h, A and 

B) being significantly higher in the MS group than in the control subjects. Blockade of 

CXCL16 activity only affected leukocyte adhesion in TNFα-stimulated endothelium in MS 
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patients, in the presence (A) or absence of platelets (B) (n=13 MS patients, n=15 age-

matched controls). Results are presented as leukocyte adhered per mm2 (cells/mm2). 

Values are expressed as mean ± SEM. **P < 0.01 relative to values in the respective 

medium group. ++P < 0.01 relative to values in the respective TNFα + MOPC-21 group. 

ΔΔP < 0.01 relative to values in the age-matched control group. 

 

4.1.4. Plasma levels of soluble CXCL16 were significantly increased 

in MS patients 

 We finally measured the circulating levels of the soluble form of 

CXCL16, which acts as chemoattractant for CXCR6+ cells. We found 

enhanced plasma levels of soluble CXCL16 in MS subjects when compared 

to age-matched controls (Figure 33; P = 0.048). 
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Figure 33. Increased plasma levels of soluble CXCL16 in MS patients. Plasma levels 

of the soluble form of CXCL16 were significantly increased in the MS group (n=13 MS 

patients, n=15 age-matched controls). Results are presented as pg/mL of soluble 

CXCL16 in plasma. Values are expressed as mean ± SEM. *P < 0.05 relative to values 

in the control group. 

 

4.1.5. EDTA did not directly affect CXCR6 expression on leukocytes 

 In order to confirm that EDTA treatment did not affect CXCR6 

expression, we compared the effects from EDTA treatment with the effects 

of ticagrelor, an agent that also cause platelet disaggregation of platelets 

from leukocytes. Both treatments similarly decreased the CXCR6 

expression in monocytes (Figure 34A; P < 0.001 EDTA vs heparin; P = 

0.001 ticagrelor vs heparin) and in T-lymphocytes (Figures 34B; P = 0.004 
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EDTA vs heparin; P = 0.013 ticagrelor vs heparin), when compared to 

heparin group.  
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Figure 34. EDTA treatment did not alter CXCR6 expression in human mononuclear 

cells. Whole blood samples from healthy individuals were incubated without or with 

either EDTA or ticagrelor. Percentage of CXCR6+ cells was determined by flow cytometry 

in monocytes (CD14+, A) or lymphocytes (CD3+, B) (n=5 independent experiments). 

Results are presented as percentage of CXCR6+ cells. Values are expressed as mean 

± SEM. **P < 0.01 relative to values in the respective heparin group. 
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4.2.  Results of the second study:  

Systemic Inflammation in Metabolic Syndrome: Increased 

Platelet and Leukocyte Activation. Key Role of CX3CL1/CX3CR1 

and CCL2/CCR2 Axes in Arterial Platelet-Proinflammatory 

Monocyte Adhesion 

In this second study, a total of 18 metabolic syndrome (MS) patients and 21 

age–matched control subjects were included. MS and control subjects were 

recruited by the Endocrinology and Nutrition Service at University Clinic Hospital 

of Valencia (Valencia, Spain). Blood samples were extracted from all subjects 

and collected in tubes containing sodium citrate or lithium/heparin as 

anticoagulant agents, as previously described in section 3.2.1. Human samples 

and ethical committee approval.  

No statistically significant differences were found regarding age, gender or 

height between the two groups. By contrast, body mass index (BMI), weight, waist 

circumference, systolic and diastolic blood pressure, glucose, insulin levels, 

homeostatic model assessment index, levels of total cholesterol, low-density 

lipoprotein (LDL)-cholesterol and triglycerides were all significantly higher in MS 

patients than in controls, whereas high-density lipoprotein (HDL)-cholesterol 

levels were significantly lower, as expected. Indeed, patients with MS had insulin 

resistance and abdominal obesity. Clinical and biological parameters of patients 

and age-matched controls are shown in Table XXII. 
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Table XXII – Demographic and clinical features of MS patients and age-matched 

controls 

Clinical  features Control volunteers MS subjects 

Number per group (n) 21 18 

Age (years) 48.76 ± 2.72 52.17 ± 3.22 

Gender M/F (%) 5/16 (23.81/76.19) 3/15 (16.67/83.33) 

BMI (kg/m2) 25.46 ± 0.71 31.02 ± 0.89** 

Weight (kg) 69.35 ± 2.58 83.31 ± 2.87** 

Height (cm) 164.9 ± 2.36 163.78 ± 1.70 

Waist circumference (cm) 85.35 ± 1.98 100.00 ± 1.70** 

Systolic blood pressure 

(mmHg) 
116.60 ± 2.01 130.33 ± 2.06** 

Diastolic blood pressure 

(mmHg) 
71.65 ± 1.89 79.89 ± 1.15** 

Glucose (mg/dL) 86.71 ± 1.51 103.78 ± 2.99** 

Insulin (mIU/L) 7.64 ± 0.90 18.42 ± 2.00** 

HOMA Index 1.65 ± 0.20 4.67 ± 0.50** 

Cholesterol levels (mg/dL) 206.10 ± 6.82 239.47 ± 12.81* 

LDL levels (mg/dL) 130.62 ± 5.42 156.22 ± 11.15* 

HDL levels (mg/dL) 65.95 ± 2.52 50.50 ± 2.14** 

Triglycerides (mg/dL) 80.95 ± 7.33 181.56 ± 29.95** 

IgG (mg/dL) 966.70 ± 41.08 985.82 ± 48.85 

IgM (mg/dL) 100.42 ± 7.56 104.50 ± 13.03 

IgE (mg/dL) 42.59 ± 12.04 57.15 ± 17.29 

 

Data are presented as mean ± SEM. HOMA index is calculated by fasting serum insulin 

(μU/ml) × fasting plasma glucose (mmol/L)/22.5. Definition of abbreviations: BMI = Body 

Mass Index; LDL = Low-Density Lipoprotein; HDL = High-Density Lipoprotein. *P < 0.05 

or **P < 0.01 versus control group.  
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4.2.1. Platelet activation is enhanced in patients with MS 

 We first determined the platelet activation state and the levels of 

platelet activation-related soluble mediators in blood samples from MS 

patients and age-matched controls using flow cytometry and ELISA assays. 

While no significant differences in the number of circulating platelets were 

found between both groups (Figure 35A; P > 0.05), the percentage of 

platelets expressing PAC-1 and P-selectin (CD62P) was significantly higher 

in MS patients than in controls (Figures 35B and D; both P = 0.001), 

indicating an enhanced activation state. In addition, the increased 

percentage of activated platelets positively correlated with blood glucose 

levels (Figures 35C and E). As P-selectin can translocate 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, however no differences were encountered 

between MS patients and age-matched controls (Figure 35F; P > 0.05). 

Likewise, circulating levels of platelet factor-4 (PF-4)/CXCL4 and regulated 

on activation normal T cell expressed and secreted (RANTES)/CCL5, 

platelet chemokines that can be released upon their activation, were similar 

in both groups (Figures 35G and H; both P > 0.05).  
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Figure 35. Platelet activation is elevated in patients with MS and positively 

correlated with glucose levels. Flow cytometry analysis of platelets stained with 

conjugated antibodies against CD41 (A), CD41 and PAC-1 (B), and CD41 and P-selectin 

(D). Results are expressed as percentage of positive cells. Soluble (s)P-selectin (F), PF-

4/CXCL4 (G) and RANTES/CCL5 (H) plasma levels (ng or pg/mL) were measured by 

ELISA. (n = 21 control subjects and n = 18 MS patients). Values are expressed as mean 

± SEM. **P < 0.01 relative to values in the control group. Correlations between circulating 

glucose levels and percentage of circulating platelets PAC-1+ (C) or P-selectin+ (E). 
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4.2.2. The percentage of activated neutrophils and circulating levels 

of IL-8/CXCL8 are elevated in patients with MS 

 We next evaluated several parameters related to the activation of 

different leukocyte subsets. No differences were detected, between MS 

patients and age-matched controls, in the number of circulating neutrophils 

(Figure 36A; P > 0.05) or in the percentage of neutrophil-platelet 

aggregates (Figure 36B; P > 0.05). However, neutrophil activation (CD11b 

expression) was higher in MS patients than in age-matched controls (Figure 

36C; P = 0.027), and positively correlated with circulating glucose levels 

(Figure 36D). Given that chemokines, such as growth-regulated oncogene-

α (GROα)/CXCL1 and IL-8/CXCL8 can induce human neutrophil activation 

and chemotaxis, we quantified their levels in plasma. Whereas MS patients 

presented higher plasma levels of IL-8/CXCL8 than age-matched controls 

(Figure 36E; P = 0.048), no differences were found in the circulating levels 

of GROα/CXCL1 (Figure 36F; P > 0.05). 
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Figure 36. The percentage of activated neutrophils and IL-8/CXCL8 circulating 

levels are increased in patients with MS. Flow cytometry analysis of heparinized whole 

blood co-stained with specific markers for platelets and neutrophils (A and B). 
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Neutrophils were also stained for CD11b (C). Results are expressed as percentage of 

positive cells and as mean of fluorescence intensity (MFI). IL-8/CXCL8 (E) and 

GROα/CXCL1 (F) plasma levels (pg/mL) were measured by ELISA (n = 21 age-matched 

controls and n = 18 MS patients). Values are expressed as mean ± SEM. *P < 0.05 

relative to values in the control group. Correlations between circulating glucose levels 

and CD11b expression on neutrophils (D). 

 

4.2.3. Patients with MS present a higher percentage of circulating 

eosinophils, increased number of eosinophil-platelet aggregates, 

enhanced eosinophil activation and decreased eotaxin-2/CCL24 

plasma levels 

 An increase in the number of circulating eosinophils has been 

previously reported in patients with MS237. In agreement with this 

observation, we found that patients with MS presented a higher percentage 

of circulating eosinophils relative to age-matched controls (P = 0.038), and 

this positively correlated with blood glucose levels (Figures 37A and B). 

Additionally, an increase in the percentage of eosinophil-platelet aggregates 

(Figure 37C; P = 0.038), as well as enhanced eosinophil activation (CD11b 

expression, Figure 37D; P = 0.018), was found in the MS group. Since 

different chemokines are involved in eosinophil activation with eotaxin-

1/CCL11, -2/CCL24 and -3/CCL26 being especially relevant238, we also 

examined their circulating levels. Whereas no differences in the plasma 

levels of eotaxin-1/CCL11 and eotaxin-3/CCL26 were detected between the 

two groups (Figures 37E and G; both P > 0.05), circulating levels of 

eotaxin-2/CCL24 were significantly lower in the MS group than in controls 

(Figure 37F; P = 0.044). 

 



RESULTS 
 

114 
 

0

5

1 0

1 5

2 0

P
e

rc
e

n
ta

g
e

 o
f

c
ir

c
u

la
ti

n
g

 e
o

s
in

o
p

h
il

s

*

0

5

1 0

1 5

2 0

2 5

E
o

s
in

o
p

h
il

s
 b

o
u

n
d

to
 p

la
te

le
ts

 (
%

)

*

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

C
D

1
1

b
 e

x
p

re
s

s
io

n
 o

f

e
o

s
in

o
p

h
il

s
 (

M
F

I) *

G lu c o s e  (m g /d L )

P
e

rc
e

n
ta

g
e

 o
f

c
ir

c
u

la
ti

n
g

 e
o

s
in

o
p

h
il

s

6 0 8 0 1 0 0 1 2 0 1 4 0

0

5

1 0

1 5

2 0
r  =  0 .4 8 9 3

p  =  0 .0 0 2 1

0

5 0 0

1 0 0 0

1 5 0 0

E
o

ta
x

in
-1

/C
C

L
1

1

(p
g

/m
L

)

E
o

ta
x

in
-2

/C
C

L
2

4

(p
g

/m
L

)

0

2 0 0

4 0 0

6 0 0

8 0 0

*

E
o

ta
x

in
-3

/C
C

L
2

6

(p
g

/m
L

)

0

1 0 0 0

2 0 0 0

3 0 0 0

A B C

D E F G

A g e -m a tc h e d  C o n tro ls

M S  P a tie n ts

Figure 37. The percentage of circulating eosinophils, platelet-eosinophil 

aggregates and activated eosinophils is increased in patients with MS. Flow 

cytometry analysis of heparinized whole blood co-stained with specific markers for 

platelets and eosinophils (A and C). Eosinophils were also stained for CD11b (D). 

Results are expressed as percentage of positive cells and as mean of fluorescence 

intensity (MFI). Eotaxin-1/CCL11 (E), eotaxin-2/CCL24 (F) and eotaxin-3/CCL26 (G) 

plasma levels (pg/mL) were measured by ELISA (n = 21 age-matched controls and n = 

18 MS patients). Values are expressed as mean ± SEM. *P < 0.05 relative to values in 

the control group. Correlations between circulating glucose levels and percentage of 

circulating eosinophils (B). 

 

4.2.4. MS patients present a higher percentage of circulating 

monocytes and enhanced monocyte activation 

 We next analyzed monocyte subpopulations in peripheral blood by 

flow cytometry, finding that the percentage of total circulating monocytes 

was higher in MS patients than in control subjects (P = 0.081), which again 

positively correlated with the levels of circulating glucose (Figures 38A and 

B). Monocytes can be divided into three subsets with distinct features, 

including their differential expression of the cell surface markers CD14, 

CD16 and CCR2 (Table IV, section 3.2.2.3.2. Measurement of the 

activation state and CX3CR1 expression on monocytes). We examined for 

changes in these subsets in the two groups, finding that whereas the 



RESULTS 
 

115 
 

percentage of circulating type 1 monocytes (Mon1) was significantly lower 

in MS patients than in controls, the percentage of type 2 (Mon2) and type 3 

(Mon3) monocytes was significantly higher (Figure 38C; P = 0.034, 0.016 

and 0.025 respectively). No differences in the percentage of monocyte-

platelet aggregates were found between groups (Figures 38D and E; all P 

> 0.05), in accord with the results for neutrophil-platelet aggregates. When 

monocyte activation (CD11b expression) was evaluated, all monocyte 

subsets were found to be in an activated state in MS patients (Figures 38F 

and H; P = 0.025 for monocytes, P = 0.025 for Mon1, P = 0.026 for Mon2 

and P = 0.017 for Mon3), which positively correlated with glucose levels 

(Figure 38G). However, neither CCR2 expression on monocytes nor the 

plasma levels of its cognate ligand MCP-1/CCL2 differed between groups 

(Figures 38I–K; all P > 0.05).  
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Figure 38. The percentage of total circulating monocytes, Mon2 and Mon3 

monocytes and activated Mon1–3 monocytes is elevated in patients with MS, 

whereas the percentage of Mon1 monocytes is decreased. Flow cytometry analysis 

of heparinized whole blood co-stained with specific markers for platelets and Mon1, 2 

and 3 monocytes (A, C, D and E), CD11b integrin (F and H) and CCR2 (I and J). Results 
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are expressed as percentage of positive cells or mean fluorescence intensity (MFI). 

MCP-1/CCL2 (K) plasma levels (pg/mL) were measured by ELISA (n = 21 control 

subjects and n = 18 MS patients). Values are expressed as mean ± SEM. *P < 0.05 

relative to values in the control group. Correlations between circulating glucose levels 

and percentage of circulating monocytes (B) as well as CD11b expression on monocytes 

(G). 

 

4.2.5. The percentages of circulating T-lymphocytes, T-lymphocyte-

platelet aggregates and activated CD8+ lymphocytes are elevated in 

patients with MS 

 Mature T cells express the general co-receptor CD3, and also express 

either CD4 (T helper cell) or CD8 (cytotoxic T cell) epitopes depending on 

the type of T cell. Flow cytometry analysis showed that MS patients 

presented higher percentages of circulating CD3+ (P = 0.047), CD4+ (P = 

0.044) and CD8+ (P = 0.042) lymphocytes (Figures 39A and B), and the 

percentage of CD8+ lymphocytes positively correlated with circulating 

glucose levels (Figure 39C). Moreover, the percentage of CD3+ (P = 0.037), 

CD4+ (P = 0.020), and CD8+ (P = 0.009), lymphocytes bound to platelets 

(Figures 39D and E), and also the activation state (CD69 expression) of 

CD3+ and CD8+ lymphocytes was greater in patients than in control subjects 

(Figures 39G and H; P = 0.021 and 0.046 respectively). Interestingly, a 

positive correlation was found between the percentage of CD8+ lymphocyte-

platelet aggregates and CD69+CD8+ cells with plasma glucose levels 

(Figures 39F and I). TNFα is a central adipokine in MS134,194, and we found 

an increase in its circulating levels in MS patients (Figure 39J; P = 0.002), 

which again positively correlated with circulating glucose concentrations 

(Figure 39K). By contrast, whereas the circulating levels of IFNγ, a cytokine 

released by Th1 lymphocytes, were not different between patients and 

controls (Figure 39L; P > 0.05), the anti-inflammatory cytokine IL-4, which 

is mainly produced by Th2 lymphocytes, was significantly lower in the 

circulation of MS patients (Figure 39M; P < 0.001). Indeed, an inverse 

correlation was found between IL-4 and circulating glucose levels (Figure 

39N). The plasma levels of the lymphocyte-associated cytokines IL-6, IL-
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10, IL-12, IL-13, IL-25 and IL-33 were also measured but no differences 

were found between groups (data not shown). 
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Figure 39. The percentage of circulating CD3+ lymphocytes (CD4+ and CD8+), 

platelet-CD3+ lymphocyte (CD4+ and CD8+) aggregates, CD8+ lymphocyte 

activation and TNFα circulating levels, are significantly elevated in patients with 

MS, whereas plasma levels of IL-4 are decreased. Heparinized whole blood was co-

stained with specific markers for platelets and CD3+, CD4+ and CD8+ lymphocytes (A, B, 

D and E) as well as for CD69 (G and H). Results are expressed as the percentage of 

positive cells. TNFα (J), IFNγ (L) and IL-4 (M) plasma levels (pg/mL) were measured by 
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ELISA (n = 21 control subjects and n = 18 MS patients). Values are expressed as mean 

± SEM. *P < 0.05 or **P < 0.01 relative to values in the control group. Correlations 

between circulating glucose levels and the percentage of circulating CD8+ cells (C), 

platelet-CD8+ lymphocyte aggregates (F), activated CD8+ lymphocytes (I) as well as 

TNFα (K) and IL-4 (N) circulating levels. 

 

4.2.6. Enhanced CX3CR1 expression in platelets, different leukocytes 

subsets and leukocyte-platelet aggregates in patients with MS 

 The CX3CL1/CX3CR1 axis is involved in leukocyte recruitment and in 

the development of cardiovascular disorders41,87,123,239. Thus, we next 

evaluated CX3CR1 expression in platelets, leukocyte subtypes and 

leukocyte-platelet aggregates of both groups by flow cytometry. We found 

that the percentage of CX3CR1-expressing platelets was significantly higher 

in the MS group than in controls (P = 0.002) and positively correlated with 

blood glucose levels (Figures 40A and B). Whereas both neutrophil- and 

eosinophil-platelet aggregates of MS patients showed increased CX3CR1 

expression when compared with the control group (Figures 40C and D, 

Heparin; P = 0.035 and 0.008 respectively), neither expressed CX3CR1 

after platelet dissociation (Figures 40C and D, EDTA). The percentage of 

CX3CR1+ eosinophil-platelet aggregates positively correlated with 

circulating glucose levels (Figure 40E). Additionally, in the total monocyte 

subpopulation, an increase in the percentage of CX3CR1-expressing cells 

was evident in MS patients irrespective of whether platelets were bound or 

unbound (Figure 40F; P = 0.029 and 0.049 respectively). Detailed analysis 

of this population revealed that Mon1 monocytes were responsible for these 

differences (Figures 40G and H; P = 0.038 for heparin, P = 0.016 for 

EDTA). A similar profile was detected in CD3+ lymphocytes from MS 

patients (Figure 40I; P = 0.034 for heparin, P = 0.001 for EDTA) and the 

percentage of CD3+CX3CR1+ lymphocytes was found to positively correlate 

with blood glucose levels, with or without bound platelets (Figures 40J and 

K). This enhanced CX3CR1 expression in CD3+ lymphocytes was due to 

CD8+ and not CD4+ lymphocytes (Figures 40L and M; P = 0.034 for 

heparin, P = 0.026 for EDTA). In spite of these findings, the circulating levels 
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of soluble fractalkine/CX3CL1 ligand did not differ between the two groups 

(Figure 40N). 
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Figure 40. Enhanced CX3CR1 expression on platelets, platelet-neutrophil, -

eosinophil, -Mon1, -CD3+CD8+ lymphocyte aggregates, Mon1 monocytes and 

CD3+CD8+ lymphocytes in MS patients. Flow cytometry analysis of heparinized and 

EDTA-treated whole blood co-stained with specific markers for CX3CR1+ and platelets, 

neutrophils, eosinophils, Mon1, 2 and 3 monocytes as well as CD3+, CD4+ and CD8+ 
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lymphocytes (A, B, C, D, F, G, H, I, L and M). Results are expressed as percentage of 

positive cells. Fractalkine/CX3CL1 (N) plasma levels (pg/mL) were measured by ELISA 

(n = 21 control subjects and n = 18 MS 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 respective heparin group. Correlations between circulating glucose levels 

and CX3CR1-expressing platelets (B), CX3CR1-expressing platelet-eosinophil 

aggregates (E), CX3CR1-expressing platelet-CD3+ lymphocyte aggregates (J), CX3CR1-

expressing CD3+ lymphocytes (K). 

 

4.2.7. Circulating leukocytes from patients with MS show superior 

adhesiveness to TNFα-stimulated arterial endothelium, which is partly 

dependent on CX3CL1 and CCL2 activity 

 To explore the functional consequences of these observations, we 

tested the role of the CX3CL1/CX3CR1 and CCL2/CCR2 axes on leukocyte 

adhesion to dysfunctional arterial endothelium (HUAEC monolayers) under 

dynamic flow conditions. We used TNFα as an inflammatory stimulus to 

mimic dysfunctional endothelium as it is a key cytokine in MS134,194, and its 

circulating levels are elevated in MS patients (Figure 39J). Also, TNFα 

induces endothelial CX3CL1 expression87 and CCL2 generation240. When 

samples of heparinized whole blood from MS patients and age-matched 

controls were perfused across TNFα-stimulated HUAEC, leukocyte 

adhesiveness was greater in the MS group than in the control group (Figure 

41A; P < 0.001). Notably, neutralization of CX3CL1 or CCL2 activity on 

HUAEC led to a decrease in platelet-leukocyte endothelial adhesion in the 

MS group only after TNFα stimulation of HUAEC (Figure 41A; both P < 

0.001).  

 When platelets were disaggregated from leukocytes with EDTA, 

leukocyte adhesion to endothelial cells remained significantly higher in the 

MS group than in the control group (Figure 41B; P < 0.001), despite the 

significantly lower number of leukocytes adhered to TNFα-stimulated 

HUAEC than when platelets were bound (Figure 41A; P < 0.001). 

Neutralization of either CX3CL1 or CCL2 activity on HUAEC again markedly 
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reduced TNFα-induced leukocyte adhesion in the MS group but not in the 

control group (Figure 41B; both P < 0.001).  

 Consistent with these observations, immunofluorescence studies 

revealed enhanced adherent platelet–leukocyte complexes to TNFα-

stimulated endothelial cells from MS patients (Figure 41G) compared with 

age-matched controls (Figure 41C) and some of these adhered complexes 

expressed both CCR2 and CX3CR1 receptors (Figure 41G). Further 

analysis of the monocyte subpopulation (CD14+) showed that most of them 

expressed both chemokine receptors (Figures 41E and I). Inasmuch, when 

platelets were disaggregated from leukocytes with EDTA, leukocyte 

adhesion to TNFα-stimulated HUAEC was notably diminished but this 

parameter was markedly greater in the MS group (Figure 41H) than the 

control group (Figure 41D) and again monocytes were mainly expressing 

CCR2 and CX3CR1 receptors (Figures 41F and J). 

 

 



RESULTS 
 

122 
 

 

Figure 41. Circulating leukocytes from MS patients show increased adhesiveness 

to TNFα-stimulated HUAEC, which is partly dependent on both CX3CL1/CX3CR1 

and CCL2/CCR2 interactions. HUAEC were stimulated with TNFα (20 ng/mL) for 24 h. 

Some cells were incubated with a CX3CL1 or a CCL2 neutralizing antibody or an isotype-

matched control antibody (MOPC-21). Subsequently, whole blood from MS patients and 

age-matched controls incubated without (A) or with (B) EDTA was perfused across 
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endothelial monolayers for 5 min at 0.5 dyn/cm2 and leukocyte adhesion quantified (n = 

21 control subjects and n = 18 MS patients). Results are presented as leukocyte adhered 

per mm2 (cells/mm2). Values are expressed as mean ± SEM. **P < 0.01 relative to values 

in medium; ++P < 0.01 relative to TNFα+MOPC-21; ∆P < 0.05 or ∆∆P < 0.01 relative to 

the respective age-matched control group. Immunofluorescence analysis showing 

adherent platelet–leukocyte cell complexes or platelet-monocyte aggregates to TNFα-

stimulated HUAEC (C-J). Heparinized blood from age-matched controls and patients 

with MS was incubated without or with EDTA. After the flow chamber assay, cells were 

fixed with 4% paraformaldehyde and blocked in PBS containing 1% BSA. Then, cells 

were incubated for 2 h with an Alexa 594-conjugated antibody against human CD45 to 

detect leukocytes (1:50 dilution, red; C,D,G,H) or an APC-conjugated antibody against 

human CD14 to detect monocytes (1:50 dilution, red; E,F,I,J). Additionally, all cells (C-

J) were then incubated for 2 h with an Alexa Fluor 350-conjugated antibody against 

human CCR2 (1:50 dilution, blue) and a FITC-conjugated antibody against human 

CX3CR1 (1:50 dilution, green). Images were captured with a Zeis Axio Observer A1 

fluorescence microscope. Bar graph = 25 μm. 

 

4.2.8. Circulating Mon2 and Mon3 populations which were increased 

in MS patients are likely the consequence of a phenotypic shift from 

Mon1 monocytes 

 In order to study the monocyte immunophenotypic changes between 

classical monocytes (Mon1) and intermediate/nonclassical monocytes 

(Mon2/Mon3), eight gates were designed (S1-8) from CD14+CD16- to 

CD14lowCD16+, as described in Figure 22 from section 3.2.2.3.2. 

Measurement of the activation state and CX3CR1 expression on 

monocytes. The expression of CD14, CD16, CCR2 and CX3CR1 for each 

gate was measured by flow cytometry. 

 We found a significant increase of CD14 antigen density in classical 

(Mon1) and intermediate (Mon2) monocytes from MS patients, when 

compared to age-matched controls (Figure 42A; all P < 0.001). Moreover, 

a significant enhancement of CD16 antigen density in intermediate (Mon2) 

and nonclassical (Mon3) monocytes was found in MS patients (Figure 42B 

all P < 0.002). However, no differences were found between patients and 
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controls relative to CCR2 and CX3CR1 antigen density in monocytes 

(Figures 42C and D; all P > 0.05). 

 On the other hand, CCR2 and CX3CR1 expression were decreased 

from CD14+CD16- to CD14lowCD16+, which suggests that the increase of 

the Mon2 and Mon3 populations found in MS (Figure 42C) was likely the 

consequence of a phenotypic shift from Mon1 monocytes. 
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Figure 42. Comparison of CD14, CD16, CCR2 and CX3CR1 expression in the 

different monocyte subsets of MS patients and age-matched controls. 

Immunophenotypic changes of the different monocyte subsets, relative to CD14 (A), 

CD16 (B), CCR2 (C) and CX3CR1 (D) expression in MS patients and age-matched 

controls. Results (mean ± SEM) are expressed as mean fluorescence intensity (MFI). 

**P < 0.01 relative to values in the control group. 
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4.3. Results of the third study: 

Impact of PCSK9 Inhibition on the Dysfunctional Endothelium 

and Immune System of Patients with Familial 

Hypercholesterolemia 

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is an enzyme widely 

expressed in different tissues and cells. PCSK9 binds to LDL receptor (LDL-R) 

and promotes its endosomal and lysosomal degradation, reducing the hepatic 

uptake of LDL222. On the other hand, the PCSK9 inhibition increases the 

expression of superficial LDL-R and, in turn, reduces plasma LDL levels. In the 

last years, some monoclonal antibodies against PCSK9 have been developed, 

as alirocumab, in order to reduce plasma LDL levels in patients where the 

treatment with statins is not satisfactory203.  

The expression of PCSK9 in endothelial cells, as well as its potential role in 

leukocyte adhesion, are not well documented. Thus, in this third study, we first 

investigated the expression of PCSK9 in arterial endothelial cells in response to 

an inflammatory stimulus (TNFα), its impact on leukocyte-endothelium 

interactions and the mechanisms involved in its inhibitory effect on this response.  

 

4.3.1. TNFα induces PCSK9 expression in HUAEC 

The expression of PCSK9 has been described in human umbilical vein 

endothelial cells (HUVEC) and in human aortic endothelial cells (HAEC) 

before223,224. In these studies, endothelial PCSK9 expression has been 

reported to be increased by oxidized low-density lipoproteins (ox-LDL) or 

LPS stimulation, respectively. However, the potential effect of TNFα on 

PCSK9 expression has not been investigated in endothelial cells.  

Therefore, we first analyzed PCSK9 expression in human umbilical 

artery endothelial cells (HUAEC). While TNFα stimulation (20 ng/mL) for 1 

or 4 h did not alter PCSK9 mRNA expression (Figures 43A and B; all P > 

0.05), a significant increase in PCSK9 mRNA expression was detected after 

24 h stimulation with the cytokine (Figure 43C; P = 0.032). 
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We next determined PCSK9 protein expression, which was found 

enhanced after 24h-stimulation with TNFα and was patent after 48h-

stimulation with the cytokine. These results were detected by flow cytometry 

(Figure 43D; control vs TNFα: P = 0.008 at 24h, P = 0.001 at 48h) and 

confirmed by western-blotting (Figure 43E; control vs TNFα: P > 0.05 at 

24h, P = 0.011 at 48h) and immunofluorescence (Figure 43F). Therefore, 

all the remainder experiments were performed after 48 h stimulation with 

TNFα. 

 

Figure 43. TNFα induces increased PCSK9 expression in HUAEC. PCSK9 mRNA 

expression in HUAEC at 1 (A), 4 (B) or 24h (C) stimulation with TNFα (20 ng/mL). PCSK9 

expression was assessed in HUAEC at 24 and 48h-stimulation with TNFα, by flow 

cytometry (D), western-blot (E) and immunofluorescence (F) assays. Results are 
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expressed as relative mRNA or protein expression, or as mean fluorescence intensity 

(MFI). Values are expressed as mean ± SEM (n = 6 – 9 independent experiments). *P < 

0.05 or **P < 0.01 relative to values in the vehicle group; +P < 0.05 relative to values in 

the TNFα 24h group. Bar graph = 50 μm. 

 

4.3.2. Endothelial PCSK9 silencing reduced mononuclear cell 

adhesion to the dysfunctional arterial endothelium induced by TNFα 

through down-regulation of ICAM-1, VCAM-1, CX3CL1 and CXCL16 

expression 

In order to knockdown endothelial PCSK9, siRNA approach was 

employed. A significant reduction of PCSK9 protein expression was evident 

after 48 h of transfection with the PCSK9-specific siRNA (Figure 44). 

 

Figure 44. Transfection of HUAEC with PCSK9 specific siRNA. Gene silencing was 

performed in HUAEC using either control siRNA or specific siRNA to PCSK9. After 48 h, 

protein expression of PCSK9 was determined by western blot to assess silencing 

efficiency. Results (mean ± SEM of n = 5 independent experiments) are expressed 

relative to β-actin. Representative blots are shown. *P < 0.05 relative to values in the 

respective control siRNA group. 

 

Next, we investigated the functional role of endothelial PCSK9 in 

leukocyte arrest using the parallel-plate flow chamber assay. Freshly-

isolated human mononuclear cells, obtained from buffy coats of healthy 

donors, were perfused across HUAEC monolayers, previously transfected 
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with control siRNA or PCSK9-specific siRNA and stimulated or not with 

TNFα (20 ng/mL) for 48 h. TNFα caused a significant increase in 

mononuclear leukocyte adhesion to arterial endothelial cells transfected 

with control siRNA (Figure 45A; P < 0.001); however, the inhibition of 

endothelial PCSK9 expression, by a PCSK9-specific siRNA, significantly 

reduced mononuclear cell adhesion to the dysfunctional arterial 

endothelium (TNFα) by 55.8% (Figure 45A; P < 0.001). 

Similarly, when platelets were dissociated by EDTA treatment, the 

enhanced mononuclear cell adhesion induced by TNFα was significantly 

decreased when endothelial PCSK9 was knocked-down (44.5% inhibition) 

(Figure 45B; P = 0.003). In fact, platelets play an important role in this 

response since EDTA treatment significantly reduced TNFα-induced 

mononuclear cell adhesion to the endothelium (Figure 45B; all P < 0.001). 

As expected, TNFα stimulation increased ICAM-1, VCAM-1, CX3CL1 

and CXCL16 expression in HUAEC (Figures 45C-G). Interestingly, the 

significant decrease of mononuclear cell adhesion to the PCSK9-silenced 

endothelium seems to be due to the significant reduction in the expression 

of some relevant TNFα-induced endothelial cell adhesion molecules such 

as ICAM-1 (Figures 45C and G; P = 0.033) and VCAM-1 (Figures 45D and 

G; P = 0.048) and the membrane-bound chemokines CX3CL1 (Figures 45E 

and G; P = 0.014) and CXCL16 (Figures 45F and G; P = 0.025). These 

results were also confirmed by immunofluorescence studies (Figure 45G).  
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Figure 45. Endothelial PCSK9 silencing reduces mononuclear cell adhesion to the 

dysfunctional arterial endothelium induced by TNFα through down-regulation of 

ICAM-1, VCAM-1, CX3CL1 and CXCL16 expression. The effect of endothelial PCSK9 

silencing on mononuclear cell adhesion to the dysfunctional arterial endothelium, 
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induced by TNFα (20 ng/mL, 48h), was assessed by the parallel-plate flow chamber 

assay (A and B) and the expression of endothelial ICAM-1, VCAM-1, CX3CL1 and 

CXCL16 by flow cytometry (C-F) and immunofluorescence assays (G). Results are 

expressed as number of adhered cells per mm2 or as mean fluorescence intensity (MFI). 

Values are expressed as mean ± SEM (n = 6 – 8 independent experiments). *P < 0.05 

or **P < 0.01 relative to values in the respective vehicle group; +P < 0.05 or ++P < 0.01 

relative to values in the TNFα-stimulated control siRNA group; ΔΔP < 0.01 relative to 

values in the respective heparin group. Bar graph = 50 μm. 

 

4.3.3. Endothelial PCSK9 silencing reduced the synthesis and 

release of different proinflammatory chemokines in endothelial cells 

The implications of endothelial PCSK9 in the synthesis and release of 

different chemokines induced by TNFα were evaluated by ELISA assay. As 

expected, and in agreement with previous results98,241-245, TNFα stimulation 

(20 ng/mL, 48 h) induced the release of some important chemoattractant 

cytokines such as soluble fractalkine/CX3CL1, soluble CXCL16, IL-

8/CXCL8, MCP-1/CCL2, RANTES/CCL5 and GROα/CXCL1.  

Interestingly, silencing of endothelial PCSK9, significantly decreased 

TNFα-induced generation and release of soluble fractalkine/CX3CL1 by 

32.6% (Figure 46A; P = 0.029), soluble CXCL16 by 41.2% (Figure 46B; P 

= 0.032), IL-8/CXCL8 by 42.9% (Figure 46C; P = 0.031) and MCP-1/CCL2 

by 16.8% (Figure 46D; P = 0.028) without affecting the synthesis and 

release of RANTES/CCL5 or GROα/CXCL1 (Figures 46E and F; all P > 

0.05). 
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Figure 46. Silencing of endothelial PCSK9 significantly reduced the synthesis and 

release of different chemokines. Control or PCSK9 siRNA transfected cells were 

stimulated with TNFα (20 ng/mL, 48 h) and levels of soluble fractalkine/CX3CL1 (A), 

soluble CXCL16 (B), IL-8/CXCL8 (C), MCP-1/CCL2 (D), RANTES/CCL5 (E) and 

GROα/CXCL1 (F) were determined in culture supernatants by ELISA. Results are 

presented as pg/mL. Values are expressed as mean ± SEM (n = 8 – 12 independent 

experiments). **P < 0.01 relative to values in the respective vehicle group; +P < 0.05 

relative to values in the respective control siRNA group. 

 

4.3.4. PCSK9 endothelial silencing decreased NADPH oxidase 

activity in HUAEC and reduced the enhanced expression of Nox2, 

Nox4 and Nox5 isoforms induced by TNFα 

The production of reactive oxygen species (ROS) and activation of 

redox-sensitive signaling pathways mediate many of the inflammatory 

responses of TNFα, including mononuclear cell recruitment246,247. Because 

NADPH oxidases (Nox) are one of the potential sources of superoxide anion 
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production in the vasculature246, and since TNFα induces Nox expression 

in endothelial cells248, we next evaluated the effects of endothelial PCSK9 

silencing in NADPH activity, using a colorimetric assay to measure 

NADP/NADPH ratio. TNFα stimulation (20 ng/mL, 1 h) significantly 

increased NADP/NADPH ratio in control siRNA HUAEC (Figure 47A; P = 

0.003). Interestingly, the knockdown of PCSK9 in HUAEC, significantly 

reduced NADP/NADPH ratio by 89.8% (Figure 47A; P = 0.032). 

Given that Nox2, Nox4, and Nox5 are the most abundant Nox isoforms 

in endothelial cells246, we next investigated which of these isoforms are 

downregulated in this experimental setting. PCSK9 endothelial silencing 

significantly reduced TNFα-induced increased mRNA expression of Nox2 

(Figure 47B; P = 0.001), Nox4 (Figure 47C; P = 0.012) and Nox5 (Figure 

47D; P = 0.010). Accordingly, western-blot analysis revealed that PCSK9 

silencing also decreased the increased expression of Nox2 (Figure 47E; P 

= 0.027), Nox4 (Figure 47F; P = 0.006) and Nox5 (Figure 47G; P = 0.026) 

induced by TNFα. In order to study cell viability after the transfection 

process, TNFα stimulation and to validate this experimental setting, the MTT 

assay was employed. No differences were found in cell viability (93.9-98.8% 

HUAEC viability) when compared to HUAEC transfected with control siRNA 

or PCSK9 siRNA either unstimulated or stimulated with TNFα (20 ng/mL) 

(data not shown). 
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Figure 47. PCSK9 endothelial silencing decreased NADPH oxidase activity in 

HUAEC and reduced the enhanced expression of Nox2, Nox4 and Nox5 isoforms 

induced by TNFα. Relative NADP/NADPH ratio was measured by a colorimetric assay, 

using a commercial kit (A). mRNA expression of Nox2 (B), Nox4 (C) and Nox5 (D) was 

determined by qRT-PCR and protein expression of Nox2 (E), Nox4 (F) and Nox5 (G) 

was assessed by western-blot assay. HUAEC were stimulated, or not, with TNFα (20 

ng/mL) for 1 h. Results are expressed as relative ratio (A), mRNA expression relative to 

GADPH (B-D) or protein expression relative to β-actin (E-G). Values are expressed as 

mean ± SEM (n = 5 – 8 independent experiments). *P < 0.05 or **P < 0.01 relative to 

values in the respective vehicle group; +P < 0.05 or ++P < 0.01 relative to values in the 

TNFα-stimulated control siRNA group. 
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4.3.5. PCSK9 endothelial silencing decreased p38 MAPK and NF-

κB/p65 activation but not ERK1/2 

It is well known that TNFα activates a variety of redox-sensitive 

pathways, including extracellular signal-regulated kinases (ERK)1/2 and 

p38 mitogen-activated protein kinase (MAPK)61. The activation of these 

different components of the MAPK family is associated with nuclear factor 

(NF)-κB transactivation61 and NF-κB pathways have been involved in 

PCSK9 expression249-251.  

Therefore, we next examined the potential involvement of these 

signaling pathways in TNFα-induced PCSK9 expression. As expected, and 

according to previous reports62,252, stimulation with TNFα increased p38 

MAPK, ERK1/2 and NF-κB/p65 phosphorylation in control siRNA 

transfected cells (Figures 48A, B and C; P = 0.009, P = 0.040 or P = 0.006, 

respectively). Interestingly, when endothelial PCSK9 was knocked-down by 

a specific siRNA, a reduction of TNFα-induced p38 MAPK and NF-κB/p65 

activation was observed (Figures 48A and C; P = 0.016 or P = 0.030, 

respectively), but no differences were found regarding ERK1/2 activation 

(Figures 48B; P > 0.05). 

 

 

Figure 48. PCSK9 endothelial silencing decreased p38 MAPK and NF-κB/p65 

activation but not ERK1/2. Flow cytometry assay was employed to determine the 

phosphorylation of p38 MAPK (A), ERK1/2 (B) and NF-κB/p65 (C). HUAEC were 

stimulated, or not, with TNFα (20 ng/mL) for 1 h. Results are presented as mean 

fluorescence intensity (MFI). Values are expressed as mean ± SEM (n = 5 independent 
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experiments). *P < 0.05 or **P < 0.01 relative to values in the respective vehicle group; 

+P < 0.05 relative to values in the TNFα-stimulated control siRNA group. 

  

4.3.6. Treatment with alirocumab, a monoclonal antibody against 

PCSK9, for two months, reduced platelet activation in patients with FH 

In order to investigate the consequences of PCSK9 blockade in the 

inflammatory state of patients with familial hypercholesterolemia (FH), a 

total of 8 FH patients were recruited by the Endocrinology and Nutrition 

Service at University Clinic Hospital of Valencia (Valencia, Spain). The 

selected patients (inclusion and exclusion criteria, as well as clinical 

features, are described in section 3.3.3.1. Recruitment of familial 

hypercholesterolemia patients) were submitted to a treatment with a 

monoclonal antibody against PCSK9 (Alirocumab, 150 

mg/subcutaneously), every other week for 8 weeks. Blood samples, from 

these patients, were collected before and after treatment, as previously 

described in section 3.3.3. Studies with familial hypercholesterolemia 

patients before and after a PCSK9 inhibitor (alirocumab) treatment. Clinical 

and biological parameters of FH patients, before and after treatment, are 

shown in Table XXIII. No statistically significant differences were found 

regarding levels of fasting glucose, high-density lipoprotein (HDL)-

cholesterol, triglycerides, apolipoprotein B (ApoB), glutamyl pyruvic 

transaminase (GPT), creatinine, immunoglobulin (Ig)M or IgE before and 

after alirocumab treatment. By contrast, levels of total cholesterol, low-

density lipoprotein (LDL)-cholesterol, glutamic oxaloacetic transaminase 

(GOT) and IgE were all significantly lower in FH patients after treatment. 

The impact of PCSK9 inhibitors on the dysfunctional endothelium and 

immune system of patients with FH was assessed. 
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Table XXIII – Clinical features of FH patients before and after treatment 

Clinical  features  Before treatment After treatment 

Glucose (mg/dL) 101.25 ± 7.13 101.25 ± 6.89 

Cholesterol levels (mg/dL) 236.75 ± 21.91 163.38 ± 14.68** 

LDL levels (mg/dL) 153.25 ± 18.32 89.50 ± 11.71** 

HDL levels (mg/dL) 65.00 ± 3.58 62.38 ± 3.45 

Triglycerides (mg/dL) 121.50 ± 19.42 111.13 ± 19.96 

ApoB (mg/dL) 76.00 ± 18.00 72.38 ± 9.00 

GOT (U/L) 37.63 ± 7.44 32.29 ± 8.67* 

GPT (U/L) 38.13 ± 10.75 37.13 ± 15.30 

Creatinine (mg/dL) 0.81 ± 0.06 0.83 ± 0.08 

IgG (mg/dL) 899.75 ± 55.15 855.50 ± 47.66* 

IgM (mg/dL) 106.13 ± 24.76 104.13 ± 21.93 

IgE (mg/dL) 50.01 ± 16.31 43.50 ± 13.61 

 

Data are presented as mean ± SEM. Definition of abbreviations: LDL = Low-Density 

Lipoprotein; HDL = High-Density Lipoprotein; ApoB = Apolipoprotein B; GOT = Glutamic 

Oxaloacetic Transaminase; GPT = Glutamyl Pyruvic Transaminase; Ig = 

Immunoglobulin. *P < 0.05 or **P < 0.01 relative to values detected before treatment. 

  

We first evaluated the percentages of circulating platelets, as well as 

their activation state by flow cytometry. Treatment with alirocumab did not 

alter the percentages of circulating platelets (Figure 49A; P > 0.05). 

However, the percentages of activated platelets determined as PAC-1+ 

(Figure 49B; P < 0.001) or P-selectin+ (CD62P, Figure 49C; P = 0.010) 

were significantly decreased two months after alirocumab administration.  
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Figure 49. Treatment with alirocumab reduced platelet activation in FH patients. 

Flow cytometry analysis of platelets stained with conjugated antibodies against CD41 

(A), CD41 and PAC-1 (B) and CD41 and P-selectin (C). Results are expressed as 

percentage of positive cells. Values are expressed as mean ± SEM (n = 8 FH patients). 

*P < 0.05 or **P < 0.01 relative to values detected before treatment. 

 

4.3.7. Neutrophil activation is reduced in FH patients treated with 

alirocumab 

While alirocumab treatment did not affect the percentages of 

circulating neutrophils (Figure 50A; P > 0.05) or eosinophils (Figure 50D; 

P > 0.05), a significant reduction of neutrophil activation (CD11b 

expression) was observed (Figure 50C; P = 0.042). Eosinophil activation 

was not altered (Figure 50F; P = 0.1244), although a significant increase in 

the percentage of eosinophil-platelet aggregates was observed (Figure 

50E; P = 0.011). In contrast, the percentage of circulating neutrophil-platelet 

aggregates remained unchanged treatment (Figure 50B; P > 0.05). 
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Figure 50. Reduced neutrophil activation was found in FH patient treated with 

alirocumab. Flow cytometry analysis of heparinized whole blood co-stained with specific 

markers for platelets and neutrophils (A and B) or for platelets and eosinophils (D and 

E). Neutrophils and eosinophils were also stained for CD11b (C and F). Results are 

presented as percentage of positive cells or as mean of fluorescence intensity (MFI). 

Values are expressed as mean ± SEM (n = 8 FH patients). *P < 0.05 relative to values 

detected before treatment. 

 

4.3.8. Alirocumab treatment of patients with FH reduced monocyte 

activation (Mon1 and Mon2) 

We next evaluated the effects of alirocumab on the total monocyte 

population and the different monocyte subsets by flow cytometry. No 

differences were observed in the percentage of circulating monocytes or in 

the different monocyte subpopulations between the values detected before 

and after alirocumab treatment (Figures 51A and B; all P > 0.05). Similar 

P
e

rc
e

n
ta

g
e

s
 o

f

c
ir

c
u

la
ti

n
g

 n
e

u
tr

o
p

h
il
s

0

1 0

2 0

3 0

4 0

5 0

A
g

g
re

g
a

te
s

n
e

u
tr

o
p

h
il
-p

la
te

le
t 

(%
)

0

2 0

4 0

6 0

8 0

1 0 0

C
D

1
1

b
 e

x
p

re
s

s
io

n
 o

f

n
e

u
tr

o
p

h
il

s
 (

M
F

I)

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

*

P
e

rc
e

n
ta

g
e

s
 o

f

c
ir

c
u

la
ti

n
g

 e
o

s
in

o
p

h
il

s

0

2

4

6

8

1 0

A
g

g
re

g
a

te
s

e
o

s
in

o
p

h
il

-p
la

te
le

t 
(%

)

0

2 0

4 0

6 0

8 0

1 0 0
*

C
D

1
1

b
 e

x
p

re
s

s
io

n
 o

f

e
o

s
in

o
p

h
il

s
 (

M
F

I)
0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

A B C

D E F

B e fo re  tre a tm e n t A fte r  tre a tm e n t



RESULTS 
 

139 
 

observations were encountered when the percentage of monocyte-platelet 

aggregates were analyzed (Figures 51C and D; all P > 0.05). However, the 

administration of alirocumab significantly reduced total monocyte activation 

(CD11b expression) (Figure 51E; P = 0.036), which was found to be 

dependent on the reduced activation state of Mon1 and Mon2 subsets 

(Figure 51F; P = 0.022 and 0.042 respectively).  

 

Figure 51. Alirocumab treatment reduced monocyte activation (Mon1 and Mon2) 

in FH patients. Flow cytometry analysis of heparinized whole blood co-stained with 

specific markers for platelets, monocytes and the different monocytes subsets (Mon1, 

Mon2 and Mon3; A-D). All monocyte subsets were also stained for CD11b (E and F). 

Results are presented as percentage of positive cells or as mean of fluorescence 

intensity (MFI). Values are expressed as mean ± SEM (n = 8 FH patients). *P < 0.05 

relative to values detected before treatment. 
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4.3.9. Alirocumab treatment of patients with FH reduced the 

percentage of circulating T-lymphocytes and enhanced the activation 

state of CD4+ cells 

The effects of alirocumab treatment on T-lymphocyte populations, 

from FH patients were also evaluated by flow cytometry. The percentage of 

circulating CD3+-lymphocytes was significantly decreased after alirocumab 

treatment (Figure 52A; P = 0.049). Deeper analysis revealed that the 

percentages of both CD4+ cells and CD8+ cells were significantly reduced 

(Figure 52B; P = 0.014 and 0.026 respectively). In contrast, the 

percentages of T-lymphocyte-platelet aggregates remained unchanged 

after the treatment (Figures 52C and D; all P > 0.05). 

Unexpectedly, the percentage of CD69+ T-lymphocytes was 

significantly increased after anti-PCSK9 treatment (Figure 52E; P = 0.036), 

which seemed to be mainly due to increased CD69+CD4+ cells (Figure 52F; 

P = 0.049). 

 

4.3.10. Alirocumab treatment of patients with FH reduced the 

percentage of circulating Th1 cells but Th1 and Treg activation was 

enhanced 

Further analysis of the different CD4+ T cell subpopulation (Th1, Th2, 

Th17 and Treg lymphocytes) was carried out by the use of flow cytometry. 

Interestingly, the percentage of circulating Th1 cells was significantly 

decreased after alirocumab treatment (P = 0.016), while the percentage of 

circulating Th2, Th17 or Treg lymphocytes remained unchanged (Figures 

53A and D; P > 0.05). The percentage of the different Th lymphocyte-

platelet aggregates did not differ from those encountered before the 

treatment (Figures 53B and E; all P > 0.05). In contrast, the percentage of 

activated Th1 and Treg cells (CD69+) was significantly increased after 

alirocumab treatment (Figures 53C and F, P = 0.020 and P = 0.021, 

respectively). 
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Figure 52. Alirocumab treatment reduced the percentage of circulating T-

lymphocytes and enhanced the activation state of CD4+ cells in patients with FH. 

Flow cytometry analysis of heparinized whole blood co-stained with specific markers for 

platelets, T-lymphocytes (CD3+; A and C) and T-lymphocyte subsets (CD4+ and CD8+; 

B and D). All T-lymphocytes were also stained for CD69 (E and F). Results are presented 

as percentage of positive cells or as mean of fluorescence intensity (MFI). Values are 

expressed as mean ± SEM (n = 8 FH patients). *P < 0.05 relative to values detected 

before treatment. 
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Figure 53. Alirocumab treatment of patients with FH reduced the percentage of 

circulating Th1 cells but Th1 and Treg activation was enhanced. Flow cytometry 

analysis of heparinized whole blood co-stained with specific markers for platelets and T 

helper cell subsets (Th1, Th2, Th17 and Treg; A, B, D and E). All CD4+ T cell subsets 

were also stained for CD69 (C and F). Results are presented as percentage of positive 

cells. Values are expressed as mean ± SEM (n = 8 FH patients). *P < 0.05 relative to 

values detected before treatment. 

 

4.3.11. Alirocumab treatment of patients with FH reduced the 

percentage of circulating basophils and basophil activation 

Again, the effect of alirocumab treatment on basophils and mast cell 

progenitors was determined by flow cytometry. A significant reduction in the 

percentage of circulating basophils (Figure 54A; P = 0.028) and their 

activation state (CD11b expression) (Figure 54C; P = 0.034) was 

encountered after alirocumab treatment. In contrast, no differences were 

observed in the percentage of basophil-platelet aggregates (Figure 54B; P 

> 0.05). 
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In regard to mast cell progenitors, no differences were encountered 

either in the percentage of circulating cells (Figure 54D; P > 0.05), their 

complexes with platelets (Figure 54E; P > 0.05) or their activation state 

(CD69 expression) after treatment with the antibody (Figure 54F; P > 0.05). 

 

 
Figure 54. Alirocumab treatment of patients with FH reduced the percentage of 

circulating basophils and basophil activation. Flow cytometry analysis of heparinized 

whole blood co-stained with specific markers for platelets and basophils (A and B) or for 

platelets and mast cell progenitors (D and E).  Basophils and mast cell progenitors were 

also stained for CD11b or for CD69, respectively (C and F). Results are presented as 

percentage of positive cells or as mean of fluorescence intensity (MFI). Values are 

expressed as mean ± SEM (n = 8 FH patients). *P < 0.05 relative to values detected 

before treatment. 
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4.3.12. Alirocumab treatment of patients with FH reduced CX3CR1 

expression in platelets and in several leukocyte subsets 

Given that enhanced CX3CR1 expression has been described in 

patients with FH253, the effects of alirocumab treatment on platelet and 

leukocyte CX3CR1 expression were also investigated in FH patients by flow 

cytometry. 

The expression of CX3CR1 on platelets was not altered by alirocumab 

treatment (Figure 55A; P > 0.05). In regard to leukocytes, since neutrophils 

and eosinophils do not express CX3CR1 but platelets do87,254, the 

expression of this receptor was evaluated in neutrophil- and eosinophil-

platelet aggregates and found that alirocumab treatment significantly 

reduced CX3CR1 expression on both populations (Figures 55B and C; P = 

0.029 for neutrophil-platelet aggregates, P = 0.028 for eosinophil-platelet 

aggregates). 

Although no significant differences were found in CX3CR1 expression 

of monocyte-platelet aggregates after alirocumab treatment (Figure 55D; P 

> 0.05), CX3CR1 expression on Mon2- and Mon3-platelet aggregates was 

significantly decreased after antibody treatment (Figure 55E; P = 0.024 for 

Mon2-platelet aggregates, P = 0.016 for Mon3-platelet aggregates). 

Furthermore, CX3CR1 expression on platelet-free monocytes was 

drastically reduced by alirocumab treatment (EDTA, Figure 55D; P = 

0.045), which again seemed to be mainly due to the decreased expression 

of Mon2 and Mon3 subsets (Figure 55F; P = 0.023 and P = 0.024 

respectively).  

Regarding T-lymphocytes, alirocumab treatment significantly reduced 

CX3CR1 expression on CD3+ cell- (P = 0.028), CD4+ cell- (P = 0.037) and 

CD8+ cell- (P = 0.037) platelet aggregates (Heparin, Figures 55G and H), 

as well as on CD3+ cells (P = 0.009), CD4+ cells (P = 0.004) and CD8+ cells 

(P = 0.039) when they were dissociated from platelets (EDTA, Figures 55G 

and I). Inasmuch, CX3CR1 expression was also significantly decreased 

after treatment on all Th cell subsets and Treg lymphocytes either when 

they have platelets bound or unbound (Figures 55J-L; Heparin: P = 0.049 
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for Th1, P = 0.028 for Th2, P = 0.019 for Th17, P = 0.013 for Treg; EDTA: 

P = 0.006 for Th1, P = 0.002 for Th2, P = 0.002 for Th17, P = 0.006 for 

Treg). 

Finally, no differences on CX3CR1 expression were observed on 

basophils or mast cell progenitors (Figures 55M and N; all P > 0.05) after 

alirocumab treatment.  

 
Figure 55. Alirocumab treatment of patients with FH reduced CX3CR1 expression 

in platelets and in several leukocyte subsets. Flow cytometry analysis of heparinized 

and EDTA-treated whole blood co-stained with specific markers for CX3CR1 expression 

in platelets (A); neutrophil-platelet aggregates (B); eosinophil-platelet aggregates (C); 

monocytes and monocyte subsets (D-F); CD3+-, CD4+- and CD8+ lymphocytes (G-I); 

Th1, Th2 and Th17 cells (J and K); Treg cells (L); basophils (M) and mast cell progenitors 

(N). Results are presented as mean of fluorescence intensity (MFI). Values are 
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expressed as mean ± SEM (n = 8 FH patients). *P < 0.05 or **P < 0.01 relative to values 

detected before treatment; +P < 0.05 relative to values in the respective heparin group. 

 

4.3.13. Alirocumab treatment of patients with FH reduced CXCR6 

expression on T-lymphocytes and basophils  

The expression of CXCR6 in different leukocyte subpopulations is 

enhanced in several chronic inflammatory diseases, such as metabolic 

syndrome and chronic obstructive pulmonary disease and have functional 

consequences70,134. However, to our best knowledge, the analysis of 

CXCR6 expression has not been addressed in the context of FH. Therefore, 

we evaluated the effects of alirocumab treatment on CXCR6 expression of 

platelets and leukocyte subpopulations by flow cytometry. 

CXCR6 expression on platelets, neutrophil-/eosinophil-platelet 

aggregates, total monocytes and monocyte subsets, Treg cells and mast 

cell progenitors remained unchanged after alirocumab treatment (Figures 

56A, B, C, D, E, F, L and N; all P > 0.05). However, administration of the 

antibody for two months significantly decreased CXCR6 expression on 

CD3+, CD4+ and CD8+ cell-platelet aggregates (Heparin, Figures 56G and 

H; P = 0.011, P = 0.005 or P = 0.044, respectively), as well as on CD3+, 

CD4+ and CD8+ cells when platelet were unbound (EDTA, Figures 56G and 

I; P = 0.041, P = 0.017 or P = 0.022, respectively). Moreover, alirocumab 

treatment also reduced CXCR6 expression on all Th cell subsets, either with 

or without bound platelets (Figures 56J and K; all P < 0.030). Similarly, 

after the treatment, basophil-platelet aggregates and platelet-free basophils 

presented reduced CXCR6 expression (Figure 56M; P = 0.045 or P = 

0.047, respectively). 
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Figure 56. Alirocumab treatment of patients with FH reduced CXCR6 expression 

on T-lymphocytes and basophils. Flow cytometry analysis of heparinized and EDTA-

treated whole blood co-stained with specific markers for CXCR6 expression in platelets 

(A), neutrophil-platelet aggregates (B), eosinophil-platelet aggregates (C), monocytes 

(D-F), T-lymphocytes (G-L), basophils (M) and mast cell progenitors (N). Results are 

presented as mean of fluorescence intensity (MFI). Values are expressed as mean ± 

SEM (n = 8 FH patients). *P < 0.05 or **P < 0.01 relative to values detected before 

treatment; +P < 0.05 or ++P < 0.01 relative to values in the respective heparin group. 
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4.3.14. Alirocumab treatment of patients with FH reduced CCR2 

expression on platelet-free monocytes (Mon1 and Mon2) 

Enhanced CCR2 expression, which is associated to higher 

atherogenic risk255, has been described on classical monocytes (Mon1) 

from FH patients221. Moreover, a significant reduction of CCR2 expression 

in Mon1 monocyte subset was found in FH patients treated with anti-PCSK9 

drugs221. Therefore, CCR2 expression on platelets and monocyte subsets 

was examined by flow cytometry. 

Interestingly, while no differences in CCR2 expression were found on 

platelets or monocyte-platelet aggregates of FH patients treated with 

alirocumab (Figures 57A, B heparin and C; all P > 0.05), a significant 

reduction was observed on platelet-free monocytes (EDTA, Figure 57B; P 

= 0.003). More specifically on Mon1 and Mon2 subsets (Figure 57D; P = 

0.008 and P < 0.001, respectively), given that Mon3 do not express this 

chemokine receptor232. 

 
Figure 57. Alirocumab treatment of patients with FH reduced CCR2 expression on 

platelet-free monocytes (Mon1 and Mon2). Flow cytometry analysis of heparinized 

and EDTA-treated whole blood co-stained with specific markers for CCR2 expression on 

platelets (A), monocytes (B) and monocyte subsets (C and D). Results are presented as 

mean of fluorescence intensity (MFI). Values are expressed as mean ± SEM (n = 8 FH 

patients). **P < 0.01 relative to values detected before treatment.  
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4.3.15. Alirocumab treatment of patients with FH reduced leukocyte 

and leukocyte-platelet adhesion to TNFα-stimulated HUAEC 

Prompted by the previous results presented, we next investigated the 

impact of the changes on different immune players, induced by the anti-

PCSK9 treatment, on the leukocyte and platelet-leukocyte adhesion to the 

dysfunctional arterial endothelium.  

Since FH is associated to a low-grade of systemic inflammation and 

enhanced circulating levels of TNFα55,256, we used this cytokine to stimulate 

HUAEC monolayers and reproduce arterial endothelium dysfunctionality. 

An ex vivo parallel-plate flow chamber assay was employed. Thus, diluted 

whole blood from FH patients before and after 8 weeks treatment with the 

PCSK9 inhibitor, was perfused across HUAEC monolayers unstimulated or 

stimulated with recombinant human TNFα (20 ng/mL) for 48 h. 

Prior to alirocumab treatment, TNFα stimulation (20 ng/mL, 48h) of 

HUAEC resulted in enhanced leukocyte-platelet and leukocyte 

adhesiveness (Figures 58A and B; P = 0.016 or P = 0.001, respectively) to 

the arterial endothelium. Interestingly, alirocumab treatment reduced TNFα-

induced leukocyte-platelet adhesion by 49.4% (Figure 58A; P = 0.016). 

Similarly, when platelets were dissociated from leukocytes with EDTA, a 

significant decrease of leukocyte adhesion (48.4%) was observed after anti-

PCSK9 treatment (Figure 58B; P = 0.042). Moreover, significant 

differences between heparin and EDTA conditions were observed, which 

indicates that platelets play an important role leukocyte-endothelium 

interaction. 
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Figure 58. Alirocumab treatment of patients with FH reduced leukocyte and 

leukocyte-platelet adhesion to TNFα-stimulated HUAEC. HUAEC were stimulated 

with TNFα (20 ng/mL) for 48 h. Subsequently, whole blood from FH patients (before and 

after treatment with alirocumab), incubated without (A) or with EDTA (B), was perfused 

across endothelial monolayers for 7 min at 0.5 dyn/cm2 and leukocyte adhesion 

quantified (n = 8 FH patients). Results are presented as adhered leukocyte per mm2 

(cells/mm2). Values are expressed as mean ± SEM. *P < 0.05 or **P < 0.01 relative to 

values in respective medium group; +P < 0.05 relative to values before treatment in TNFα 

stimulated cells; ∆P < 0.05 or ∆∆P < 0.01 relative to the respective heparin group. 
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5. DISCUSSION 

5.1. Discussion of the first study: 

Functional Role of Endothelial CXCL16/CXCR6-Platelet-

Leukocyte Axis in Metabolic Syndrome 

It is well known that metabolic syndrome (MS) increase the risk for 

atherosclerosis and cardiovascular events257. Indeed, there is clinical evidence 

suggesting that MS is a precursor of endothelial dysfunction152, a prothrombotic 

and proinflammatory state of the endothelium that precedes atherogenesis8.  

In a clinical context, where a proinflammatory state appears to be present 

and although there is evidence to support platelet activation as a prevailing 

feature in MS258, we demonstrate that these patients present elevated levels of 

circulating CXCR6-expressing platelets. 

A detailed analysis of CXCR6 expression on different leukocyte subsets 

revealed relevant and novel information. First, the expression of CXCR6 on 

neutrophils, monocytes and CD8+ lymphocytes was due mainly to platelets bound 

to leukocytes since in the absence of platelets the percentage of CXCR6-

expressing leukocytes was either zero (neutrophils do not express CXCR687) or 

was drastically diminished (monocytes and CD8+ lymphocytes). Second, the 

percentage of CXCR6-expressing platelet-leukocyte aggregates was higher in 

MS patients than in age-matched controls. Third and unexpected, no differences 

were found between MS patients and age-matched controls in the percentage of 

CXCR6+ platelets bound to CD4+ lymphocytes or CXCR6-expressing CD4+ 

lymphocytes. To the best of our knowledge, this is the first report evaluating 

CXCR6 expression on leukocytes in MS patients under physiological conditions. 

The only previous report studying CXCR6 expression on leukocytes in this setting 

found increased numbers of CXCR6+ T cells and CXCR6+ NKT cells90, albeit in 

EDTA-treated conditions where platelet contribution was not considered. Of note, 

the effect of the platelet aggregation inhibitor ticagrelor on CXCR6 leukocyte 

expression was evaluated and no differences were found between ticagrelor and 

EDTA treatment. Thus suggesting that EDTA effect on CXCR6 leukocyte 
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expression was due to platelet-leukocyte disaggregation without affecting 

leukocyte chemokine receptor expression. 

Platelet activation is linked to cardiovascular morbidity; indeed, activated 

platelets can mediate the endothelial adhesion of circulating leukocytes, a 

characteristic feature of the dysfunctional endothelium8. Especially relevant to the 

present study is the concept that the augmented numbers of CXCR6+ platelets 

are likely involved in the increased platelet-neutrophil, platelet-monocyte, and 

platelet-CD8+ lymphocyte adhesion to the dysfunctional arterial endothelium in 

MS patients but not in controls. In this background, significantly diminished 

leukocyte arrest was found in the absence of platelets, and neutralization of 

CXCL16 activity significantly impaired platelet-leukocyte arterial arrest induced 

by TNFα. Therefore, therapeutic intervention at this chemokine/chemokine 

receptor axis may only be effective under pathological conditions. Additionally, 

and as previously described86,90, we found that circulating levels of soluble 

CXCL16 are higher in MS patients than in age-matched controls. When whole 

blood from healthy volunteers was incubated with CXCL16 at the concentrations 

found in MS patients, increased CXCR6 expression was detected in platelets and 

platelet-neutrophil aggregates, which may explain the increased CXCL16-

dependent platelet-leukocyte adhesiveness to the dysfunctional endothelium in 

MS patients.  

Furthermore, the increased percentage of CXCR6+ platelet-bound 

monocytes and CD8+ lymphocytes may constitute a new membrane-associated 

biomarker of systemic inflammation in MS and a prognostic marker of further 

cardiovascular events given that it seems to drive the initial attachment of 

mononuclear leukocytes to the dysfunctional arterial endothelium, a primary 

event in atherogenesis. Additionally, the blockade of CXCL16/CXCR6 axis may 

be a promising therapeutic target to prevent cardiovascular events in patients 

with MS. 
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5.2. Discussion of the second study: 

Systemic Inflammation in Metabolic Syndrome: Increased 

Platelet and Leukocyte Activation. Key Role of CX3CL1/CX3CR1 

and CCL2/CCR2 Axes in Arterial Platelet-Proinflammatory 

Monocyte Adhesion 

Metabolic syndrome (MS) is associated with an increased risk of developing 

arteriosclerosis and the likelihood of future serious ischemic 

events152,169,175,176,178,237. Previous studies have provided evidence of low-grade 

systemic inflammation in patients with MS (reviewed in Hotamisligil et al. 

(2006)185). In the present study, we carried out a detailed characterization of 

different immune cell types and soluble inflammatory markers in MS and 

correlated some of these data with the circulating levels of glucose. The 

enhanced inflammatory status in MS 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. Neutralization of CX3CL1/CX3CR1 or 

CCL2/CCR2 axes partially diminished the initial adhesion of platelet-leukocyte 

and leukocyte adhesion to stimulated arterial endothelium, constituting a potential 

preventive target for cardiovascular events.  

Platelet activation is known to be associated with atherogenesis and 

cardiovascular morbidity186. 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/CCL5186. Platelet 

activation has previously been reported in MS134,187-189, and we here confirm and 

extend these observations by showing positive correlations between the platelet 

activation state and blood glucose levels. Platelet surface molecules such as 

GPIIb/IIIa (recognized by PAC-1) or P-selectin are critically involved in the 

interaction of platelets with endothelial cells and leukocytes186, all of which are 

central for atherosclerotic lesion formation. However, in contrast to previous 

reports95,190, the circulating levels of sP-selectin, PF-4/CXCL4 or RANTES/CCL5 

did not differ between the groups investigated here, suggesting a moderate 

thrombogenic profile in the MS patients. 
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To gain insight into the immune state of the MS environment, we examined 

different leukocyte subtypes. Whereas no differences in the percentage of 

circulating neutrophils or platelet-neutrophil aggregates were detected between 

patients and controls, a clear increase in the percentage of activated cells (CD11b 

expression) was observed in patient samples, which correlated with circulating 

glucose levels and suggests the potential existence of a proatherogenic state. 

This is consistent with our finding of increased circulating levels of IL-8, which is 

involved in neutrophil activation. By contrast, an increase in the number of 

circulating eosinophils was detected in MS patients, which correlated with blood 

glucose levels. This finding of increased circulating eosinophils has been 

previously described and associated with impaired lung function in patients with 

MS237. These events were accompanied by elevations in platelet-eosinophil 

aggregates and eosinophil activation (CD11b expression). However, despite 

these findings, and although eotaxins are known key eosinophil 

chemoattractants, we found no differences in the circulating levels of eotaxin-

1/CCL11 and eotaxin-3/CCL26 between groups, but circulating levels of eotaxin-

2/CCL24 were significantly lower in the MS group. It is possible that other 

chemokines or other nonchemokine factors such as complement factor C5a or 

platelet activating factor might be responsible for activation of this leukocyte 

subtype259. These intriguing observations may imply a yet unknown role for these 

cells in MS and warrant further investigation. 

Human monocytes are known to be a heterogeneous cell population that is 

commonly classified into three subtypes: classical CD14+CD16–CCR2+ (Mon1), 

intermediate CD14+CD16+CCR2+ (Mon2), and nonclassical CD14+CD16+CCR2- 

(Mon3)260. A previous study found no significant differences in the total number 

of circulating monocytes between MS patients and healthy controls191, which 

contrasts with our findings and those of another study192. Moreover, the increased 

percentage of total monocytes in patients with MS reported here positively 

correlated with circulating glucose levels. Closer examination revealed that this 

was due to the increased in the percentage of Mon2 and Mon3 monocytes as the 

percentage of Mon1 monocytes was diminished, as previously described195. In 

this context, increased numbers of Mon2 and Mon3 subtypes in hyperlipidemia 

has been associated with atherosclerosis development261, and other studies have 
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noted enhancement in circulating CD16+ monocytes (Mon2 and Mon3) in CVD262, 

which is possibly linked to disease outcome263. Furthermore, there is evidence to 

support that mobilized classical monocytes from the bone marrow mature into 

nonclassical monocytes through an intermediate subset. Along this line, analysis 

of our results suggests that the increase of the Mon2 and Mon3 populations found 

in MS likely results from a phenotypic shift of Mon1 monocytes. How these 

different monocyte subtypes correlate with disease pathogenesis and clinical 

outcomes in MS is, however, unknown. Of note, all monocyte subsets were found 

to be in an activated state (increased CD11b expression) and again this effect 

positively correlated with plasma glucose concentrations. Overall, our results 

suggest that activated monocytes in MS are more prone to interact with the 

dysfunctional endothelium and to release monocyte-derived inflammatory 

mediators, with the potential to initiate and amplify the atherogenic process. 

The lymphoid lineage has been scarcely investigated in a MS environment. 

We show that although an increased percentage of circulating CD3+ lymphocytes 

were detected in MS patients, as previously reported192, both, CD4+ and CD8+ 

cells were responsible for this enhancement. Also, a higher percentage of 

CD3+CD4+ and CD3+CD8+ lymphocyte-platelet aggregates were found in MS 

patients than in controls. By contrast, the enhanced activation state of CD3+ 

lymphocytes in MS patients was mainly due to CD3+CD8+ cells. We also found 

that the percentages of circulating CD8+ cells, CD8+ cell-platelet aggregates and 

CD8+CD69+ cells positively correlated with blood glucose levels. In this context, 

CD8+ cells are pro-atherogenic264 and CD8+ T-cell numbers in blood has been 

shown to correlate with the incidence of coronary events265. It is thus possible 

that CD8+ cells have a prominent role in the inflammatory status associated with 

MS. Indeed, some CD8+ cells-derived cytokines such as TNFα are significantly 

elevated in a MS scenario whereas those derived from CD4+ lymphocytes either 

remained unchanged or decrease (IL-4)266,267. In regard to the latter observation, 

basophils and natural killer T cells are alternative sources of IL-4268,269, although 

an analysis of their circulating levels in this pathology has not been reported. 

To the best of our knowledge, CX3CL1 receptor (CX3CR1) up-regulation has 

not been reported in MS, but it is known to be associated with coronary artery 

disease123 and with the development of cardiovascular disorders239. In this 
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regard, two findings are worthy of mention. First, enhanced CX3CR1 expression 

was found in platelets, platelet-neutrophil, -eosinophil, -Mon1 monocytes and -

CD8+ T cell aggregates, as well as in platelet-unbound Mon1 monocytes and 

CD8+ T-lymphocytes of MS subjects. Second, positive correlations with 

circulating glucose concentrations were found for CX3CR1-expressing platelets, 

platelet-eosinophil, - CD3+ T cell aggregates and CD3+ T-lymphocytes unbound 

to platelets.  

Activated platelets can mediate the endothelial adhesion of circulating 

leukocytes, a characteristic feature of dysfunctional endothelium8. Indeed, the 

augmented numbers of CX3CR1+ platelets are likely involved in the increased 

platelet-neutrophil, -eosinophil, -Mon1 monocytes and -CD8+ T-lymphocyte 

adhesion to the dysfunctional arterial endothelium in MS patients but not in 

controls. In this line, significantly diminished leukocyte arrest was found in the 

absence of platelets, and neutralization of CX3CL1 activity significantly impaired 

both platelet-leukocyte and leukocyte arterial arrest induced by TNFα to a similar 

extent. The analysis of these adhesive interactions suggests that the endothelial 

arrest of platelet-Mon1 monocyte aggregates and Mon1 monocytes are affected 

by CX3CL1 and CCL2 activity neutralization, since these cell express both 

CX3CR1 and CCR2 receptors and the reductions in leukocyte adhesion are of a 

similar magnitude. Given this, it is tempting to speculate that the reduced 

percentage of circulating proinflammatory (Mon1) monocytes detected in MS 

patients would be the consequence of their adhesion to and migration through 

the dysfunctional arterial endothelium. Accordingly, therapeutic intervention of 

these chemokine/chemokine receptor axes may only be effective under 

pathological conditions. Despite these findings, soluble fractalkine/CX3CL1 

circulating levels did not differ between patients and controls, which is in 

agreement with a previous report93.  

In conclusion, we report that the low-grade systemic inflammation associated 

with MS is accompanied by a mild prothrombotic state with heightened platelet 

activation, which together with the activation of different leukocyte subsets results 

in the formation of platelet-leukocyte aggregates and their adhesion to 

dysfunctional arterial endothelium. Neutralization of CX3CL1/CX3CR1 or 

CCL2/CCR2 chemokine axes partly inhibits leukocyte adhesion through impaired 
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proinflammatory monocyte (Mon1) adhesiveness to the dysfunctional 

endothelium, suggesting a potential link between the systemic inflammatory 

response and CVD development in MS. Finally, the positive correlations between 

glucose circulating levels and circulating proinflammatory cytokine TNFα, as well 

as the negative correlation with the anti-inflammatory cytokine IL-4 might be used 

as potential markers of CVD. Overall, it seems that the modulation of the cellular 

inflammatory components in MS, especially Mon1 monocytes, might be crucial to 

prevent further cardiovascular complications. 

 

 

 

 

 

 

 



DISCUSSION 
 

160 
 

5.3. Discussion of the third study: 

Impact of PCSK9 Inhibition on the Dysfunctional Endothelium 

and Immune System of Patients with Familial 

Hypercholesterolemia 

In the present study we have demonstrated that an inflammatory stimulus 

such as TNFα, a cytokine whose increased circulating levels have been detected 

in FH55,256, is capable to induce enhanced PCSK9 expression in the arterial 

endothelium. Furthermore, this effect has functional consequences since 

knockdown of this serine protease restores the endothelial functionality 

decreasing the mononuclear cell attachment to the pro-adhesive endothelium, a 

key event in the atherogenic process. Endothelial downregulation of PCSK9 was 

found to impact redox-signaling pathways leading to decreased TNFα-induced 

CAM expression and generation and release of different chemokines which 

underlie the undermined mononuclear cell adhesion to the arterial endothelium. 

In addition, an exhaustive comparative immunological study has revealed that 8-

weeks treatment of patients with FH with the anti-PCSK9 monoclonal antibody 

alirocumab, significantly reduced platelet, neutrophil, eosinophil, monocyte and 

basophil activation. In contrast, this treatment increased the activation of CD4+ 

lymphocytes which was mainly due to the increased activation of Treg cells. As 

a consequence of the impact of PCSK9 inhibition on different immune players, 

the adhesion of mononuclear cells to the dysfunctional arterial endothelium 

(TNFα-stimulated) was drastically reduced, thus suggesting an impaired 

cardiovascular risk of FH patients undergoing alirocumab therapy. 

Increased PCSK9 expression in endothelial cells was found to be induced by 

oxidized low-density lipoproteins (ox-LDL), low shear stress and LPS223,224. In the 

current study we have provided evidence of enhanced PCSK9 expression in the 

arterial endothelium by TNFα stimulation. Of note, endothelial PCSK9 silencing 

resulted in a significant reduction in the mononuclear cell adhesion to the TNFα-

stimulated arterial endothelium, thus suggesting a link between PCSK9 

expression and endothelial dysfunction, a required step in the atherogenic 

process215. In mice, knockdown of tissue PCSK9 expression markedly decreased 

the number of macrophages in the aortic lesion251 and treatment with alirocumab 
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impaired aortic plaque T cell infiltration270. Deeper analysis of the potential 

molecules involved in this response revealed that knockdown of PCSK9 

significantly reduced the increased expression of CAMs such as ICAM-1 and 

VCAM-1 as well as the membrane-bound chemokines fractalkine/CX3CL1 and 

CXCL16 induced by TNFα. While downregulation of PCSK9 was found to 

decrease LPS-induced VCAM-1 expression albeit in vascular smooth muscle 

cells249 and LDL-induced ICAM-1 expression in aortic endothelial cells from 

Pcsk9 knockout mice271, we now report that decreased PCSK9 expression 

impairs the expression of adhesive molecules involved in the initial mononuclear 

cell attachment to the dysfunctional arterial endothelium. 

In addition to adhesion molecules, chemokines also have the potential to 

recruit specific cell types and are involved in the regulation of leukocyte 

trafficking272. In regard to this, silencing tissue PCSK9 expression with lentivirus-

PCSK9 shRNA in mice reduced significantly the expression of MCP-1/CCL2 

blunting the subsequent accumulation of macrophages in aortic plaques251 and a 

recent study described a significant reduction of MCP-1/CCL2 mRNA expression 

in aortic endothelial cells from Pcsk9 knockout mice271. Similarly, vaccination 

against PCSK9 resulted in decreased circulating levels of chemokines such as 

macrophage inflammatory protein-1β (MIP-1β/CCL4) and macrophage-derived 

chemokine (MDC/CCL22)273. We have extended these findings and herein we 

showed that in addition to MCP-1/CCL2 generation and release, decreased 

levels of mononuclear cell chemoattractants which have been involved in the 

atherosclerotic process such as soluble fractalkine/CX3CL1113, soluble 

CXCL16274 or IL-8/CXCL8275 were detected in the supernatants of PCSK9-

silenced HUAEC when they were stimulated with TNFα. 

Having established the action of endothelial PCSK9 silencing on the 

aforementioned components of the canonical leukocyte recruitment cascade, we 

sought to determine its effect on some intracellular signaling cascades triggered 

by TNFα. Given that NADPH oxidases are important sources of ROS production 

in endothelial cells and are induced by TNFα276,277, we explored the effect of the 

targeted knockdown of PCSK9 on NADPH-oxidase-derived ROS production. 

First, TNFα-induced NADPH-oxidase activity was decreased in PCSK9-silenced 

HUAEC and second, the increased expression of Nox2, Nox4 and Nox5 isoforms, 
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the most abundant Nox isoforms in endothelial cells246,278, induced by TNFα were 

also ameliorated in PCSK9 downregulated endothelial cells. In agreement with 

our findings, transfection of endothelial cells and vascular smooth muscle cells 

cultures with PCSK9 siRNA significantly decreased the production of ROS and 

animals PCSK9-deficient expressed significantly less NADPH oxidase224. Among 

the different Nox isoforms involved in ROS production by endothelial cells, Nox5 

seems to be the most clearly implicated in the mononuclear leukocyte arrest to 

the dysfunctional endothelium41,278,279, and now we report that PCSK9 silencing 

markedly impairs its expression. In line with this observations, TNFα can boost 

the induction of the expression of a variety of redox-sensitive factors, as well as 

redox-regulated genes and transcription factors such as mitogen-activated 

protein kinases (MAPK)61. Indeed, PCSK9 deficiency was found to decrease p38 

MAPK phosphorylation albeit in ox-LDL treated HUVEC280 and here we show that 

TNFα-induced p38 MAPK activation but not ERK1/2 was markedly reduced in 

PCSK9 siRNA transfected arterial endothelial cells. Moreover, p38 MAPK can 

regulate the transcription of many genes through its action on downstream targets 

such as NF-κB281 and the phosphorylation of its p65 subunit by TNFα was 

diminished in PCSK9 silenced cells. Nevertheless, the link between PCSK9 

expression and NF-κB activation was previously described in in vitro and in vivo 

models249-251. Thus, taken together, these findings suggest that the inhibition of 

TNFα-induced Nox5 activation and expression by endothelial PCSK9 silencing 

may inhibit the activation of MAPKs that lead to activation of several transcription 

factors including NF-κB and the further regulation of genes encoding different 

CAMs and chemokines, which actively participate in the mononuclear leukocyte 

recruitment induced by the cytokine. 

It is important to point out that despite these data, further studies are required 

since the expression of LDL-R has not been explored in this in vitro setting. In 

addition, low intracellular levels of cholesterol have been described to induce, 

through NF-κB activation, the expression of the transcription factor sterol 

regulatory element binding protein-2 (SREBP-2), responsible to activate 

homeostatic mechanisms to increase and reestablish normal cholesterol levels. 

Whether PCSK9 silencing increases intracellular cholesterol levels or not and the 

involvement of SREBP-2 requires further investigation. Similarly, the role of 
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different nuclear receptors such as liver X receptor (LXR) or the peroxisome 

proliferator-activated receptor (PPAR) α and γ which are involved in lipid and 

glucose metabolism pathways and are expressed by endothelial cells are may be 

involved in the impaired mononuclear cell adhesiveness to the dysfunctional 

arterial endothelium when PCSK9 is knocked down, a potential mechanism not 

yet explored. 

Once stablished the beneficial effects of PCSK9 silencing in endothelial 

dysfunction and given that the impact of PCSK9 inhibition on the systemic 

inflammation associated to FH has been scarcely investigated, a pilot study was 

carried out. For this purpose, blood samples from patients with FH were analyzed 

before and 8 weeks after alirocumab administration. In regard to platelet 

activation, it is known to be associated with atherogenesis and cardiovascular 

morbidity186. Indeed, upon their activation, platelets express specific CAMs such 

as P-selectin, and release several inflammatory mediators. We have previously 

showed that patients with primary hypercholesterolemia (PH) present a pro-

thrombotic state characterized by increased platelet activation (P-selectin+ and 

PAC-1+ platelets)143. In the current study, treatment with alirocumab was found 

to decrease platelet activation in FH patients. In agreement with this 

observations, PCSK9 knockout mice developed less venous and arterial 

thrombosis and reduced platelet activation upon arterial injury282. In addition, in 

vitro studies with human platelets revealed that preincubation of platelets with 

human recombinant PCSK9 potentiated its aggregation, P-selectin expression 

and GPIIb/IIIa activation induced by a mild agonist282. Since different platelet 

surface molecules such as GPIIb/IIIa (recognized by PAC-1) or P-selectin are 

critically involved in the interaction of platelets to endothelial cells and 

leukocytes186 and that all of which are central for atherosclerotic lesion formation, 

it is reasonable to suggests that PCSK9 inhibitors ameliorate the prothrombotic 

state of FH patients and thus decrease the chances of suffering further 

cardiovascular events. 

To gain insight into the immune state of the hypercholesterolemic 

environment of FH after PCSK9 inhibition, we examined different leukocyte 

subtypes. In fact an increase in leukocyte activation in vitro has been reported in 

subjects at high cardiovascular risk (hyperlipidemia)213 and in neutrophils of 
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patients with PH143. In our study, while alirocumab treatment did not modified the 

percentage or circulating neutrophils and eosinophils, it clearly impaired their 

activation state (CD11b expression), suggesting the existence of a decreased 

proadhesive state. 

On the other hand, monocytes are key leukocytes in the initial development 

of the atherosclerotic lesion. Human monocytes are a heterogeneous cell 

population that are commonly classified into three subtypes: classical 

CD14+CD16–CCR2+ (Mon1), intermediate CD14+CD16+CCR2+ (Mon2), and 

nonclassical CD14+CD16+CCR2- (Mon3)260. A previous report indicated that 

adults with FH have a proinflammatory imbalance in circulating monocyte 

subpopulations (Mon1)283. We also described that only the percentage of the 

nonclassical/Mon3 subtype was the only subtype increased in patients with PH 

over controls143. However, treatment of patients with alirocumab did not affect the 

percentages of circulating monocytes regardless their subtype, which is in 

agreement with previous observations in patients under PCSK9 inhibitors 

treatment221. In contrast, administration of PCSK9 inhibitor for 8 weeks, 

diminished the activation state of monocytes which relied on the decreased 

CD11b expression in Mon1 and Mon2 subsets which both of them express CCR2 

receptor. This effect was not detected by Bernelot Moens et al.221 probably 

because they used a different approach to select the three populations of 

monocytes. Nevertheless, and based on our observations, it seems that PCSK9 

inhibition clearly affects the adhesive properties of classical monocytes (Mon1), 

the most abundant subpopulation of these leukocyte subset. These findings 

suggest a potential impaired Mon1 infiltration into the arterial wall within a FH 

environment. 

Of note, the analysis of the different lymphocyte populations in a PCSK9 

inhibitory context, showed relevant results. First, the percentage of circulating 

CD4+ and CD8+ cells was decreased. And second, while the percentage of 

activated CD4+ cells in alirocumab-treated patients was increased, detailed 

analysis of this subpopulation of lymphocytes revealed a significant reduction in 

the percentage of circulating proinflammatory Th1 lymphocytes and an increased 

activation state of the anti-inflammatory Treg population. Indeed, Tregs are 

atheroprotective and reduced numbers of these cells are found in patients with 
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coronary artery disease284. Therefore, all of these changes link systemic PCSK9 

inhibition towards an anti-atherogenic environment. However, further analysis of 

the soluble inflammatory mediators before and after 8 weeks alirocumab 

treatment may help to understand the consequences of the described 

observations. 

In the current study, we have also evaluated three chemokine/chemokine 

receptor axes. There is a wide body of evidence supporting a role of 

CX3CL1/CX3CR1, CCL2/CCR2 and CXCL16/CXCR6 axes in 

atherogenesis90,112,113,255,285,286. Along this line, increased expression of CX3CR1 

mRNA was found in monocytes of FH patients253 and increased percentage of 

Mon1 monocytes expressing the fractalkine/CX3CL1 receptor, CX3CR1, was 

detected in patients with PH compared with controls143. Here we show that 

alirocumab-treated patients have lower expression of CX3CR1 in monocytes and 

lymphocytes. This is relevant given that studies of atherosclerosis in mice 

suggest that both inflammatory (similar to human Mon1) and patrolling (similar to 

human Mon3) monocytes are involved in atherosclerosis progression262. 

Although CXCL16/CXCR6 axis has not been investigated in the context of FH, 

we have also detected decreased CXCR6 expression in all lymphocyte subsets 

which may impact in the decreased interaction of these cells with endothelial 

CXCL16 during PCSK9 inhibition. Finally, decreased CCR2 expression was 

found in Mon1 and Mon2 monocytes in patients with FH when they were treated 

with alirocumab for 8 weeks which is in agreement with previous reports221 and 

associated to lower atherogenic risk. 

Interestingly, all of these immunophenotypic changes could result in 

functional consequences. In this regard and given that siRNA PCSK9 decreased 

mononuclear cell adhesion to the TNFα-induced dysfunctional arterial 

endothelium, arterial endothelial cells were stimulated with the same cytokine and 

patient leukocyte adhesion before and after alirocumab treatment was evaluated. 

Notably, leukocyte adhesion to the TNFα-induced dysfunctional endothelium of 

FH patients was clearly impaired by anti-PCSK9 treatment regardless platelets 

were bound or unbound to leukocytes. Based on these functional results, under 

PCSK9 antibody treatment impaired subendothelial infiltration of leukocytes is 

expected. 
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All of these findings add further support to the results described in the 

landmark FOURIER trial287 since alirocumab treatment decreased the systemic 

inflammation associated to FH, the attachment of leukocytes and platelet-

leukocyte aggregates to the dysfunctional arterial endothelium and the likelihood 

of halting the progression of the atherosclerotic lesion. Nevertheless, the current 

study has some limitations: increased number of patients are required, a deeper 

analysis of the soluble inflammatory mediators before and 8 weeks after 

alirocumab treatment needs to be done as well as correlations between these 

mediators and circulating PCSK9 and key lipid profile levels in a FH milieu. We 

expect to overcome these issues in the near future. 

In conclusion, we have provided evidence that endothelial PCSK9 silencing 

impairs TNFα-induced endothelial dysfunction through Nox5 downregulation and 

inhibition of ROS-induced p38-MAPK/NF-κB activation leading to decreased 

CAM and membrane-bound chemokines expression as well as chemokine 

generation and release. These effects led to decreased mononuclear leukocyte-

endothelial interaction the initial step in the atherosclerosis lesion formation.  

Our findings also suggest that PCSK9 inhibition diminishes platelet and 

leukocyte activation in patients with FH, as well as CX3CR1, CXCR6 and CCR2 

expression on different immune players resulting in a reduction of leukocyte and 

leukocyte-platelet aggregate adhesiveness to the dysfunctional arterial 

endothelium. Therefore, PCSK9 inhibition treatment is a potential therapeutic 

strategy to prevent cardiovascular events in patients at high risk such as those 

with FH.  
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6.  CONCLUSIONS 

1. Enhanced CXCR6 expression was found on platelet-bound monocytes 

and CD8+ lymphocytes of patients with MS and CXCL16/CXCR6 axis 

neutralization reduced leukocyte adhesion. Thus, CXCR6 expression on 

these leukocyte populations may constitute a new membrane-associated 

biomarker for adverse cardiovascular events in MS. Pharmacological 

modulation of CXCL16/CXCR6 axis may positively affect cardiovascular 

outcome in MS. 

 

2. The low-grade systemic inflammation that is associated with metabolic 

syndrome (MS) is accompanied by a mild pro-thrombotic state with 

heightened platelet activation, which, together with the activation of 

different leukocyte subsets, results in the formation of platelet-leukocyte 

aggregates and their adhesion to the dysfunctional arterial endothelium, 

suggesting a possible link between systemic inflammation and 

cardiovascular disease development in this metabolic disorder. 

 

3. The neutralization of CX3CL1/CX3CR1 or CCL2/CCR2 axes partly inhibit 

leukocyte adhesion through impaired proinflammatory monocyte (Mon1) 

adhesiveness to the dysfunctional endothelium. Pharmacological 

modulation of the cellular inflammatory components in MS, especially 

Mon1 monocytes through CX3CL1/CX3CR1 or CCL2/CCR2 axes, might 

be crucial to prevent further cardiovascular complications. 

 

4. The endothelial silencing of PCSK9 reduces TNFα-induced endothelial 

dysfunction through Nox5 downregulation and inhibition of ROS-induced 

p38-MAPK/NF-κB activation leading to decreased CAM and membrane-

bound chemokines expression as well as chemokine generation and 

release. These effects led to decreased mononuclear leukocyte-

endothelial interaction, a key step in atherogenesis. 

 

5. Eight weeks treatment with the PCSK9 inhibitor (alirocumab) results in 

diminished platelet and leukocyte activation in patients with FH, as well as 

decreased CX3CR1, CXCR6 and CCR2 expression on different immune 
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players resulting in a reduction of leukocyte and leukocyte-platelet 

aggregate adhesiveness to the dysfunctional arterial endothelium. 

Therefore, PCSK9 inhibition treatment is a potential therapeutic strategy 

to prevent cardiovascular events in patients at high risk such as those with 

FH. 
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Cardiovascular disease (CVD) is a major comorbidity in chronic obstructive pulmo-
nary disease (COPD). Although the mechanism of its development remains largely 
unknown, it appears to be associated with cigarette consumption and reduced lung 
function. Therefore, the aim of this study was to investigate the potential link between 
water-soluble cigarette smoke extract (CSE)-induced endothelial dysfunction and the 
function of CXCL16/CXCR6 axis on the initial attachment of leukocytes, in addition to its 
possible impact on COPD-associated systemic inflammation. To do this, we employed 
several experimental approaches, including RNA silencing and flow cytometry analysis, 
the dynamic flow chamber technique, and intravital microscopy in the cremasteric 
arterioles of animals exposed to cigarette smoke (CS). CSE-induced arterial CXCL16 
expression, leading to increased platelet–leukocyte and mononuclear cell adhesiveness. 
CSE-induced CXCL16 expression was dependent on Nox5 expression and subsequent 
RhoA/p38 MAPK/NF-κB activation. Flow cytometry analysis revealed that COPD patients 
(n  =  35) presented greater numbers of activated circulating platelets (PAC-1+ and 
P-selectin+) expressing CXCL16 and CXCR6 as compared with age-matched controls 
(n = 17), with a higher number of CXCR6+-platelets in the smoking COPD group than 
in ex-smokers. This correlated with enhanced circulating CXCR6+-platelet–leukocyte 
aggregates in COPD patients. The increase in circulating numbers of CXCR6-expressing 
platelets and mononuclear cells resulted in enhanced platelet–leukocyte and leukocyte 
adhesiveness to CSE-stimulated arterial endothelium, which was greater than that found 
in age-matched controls and was partly dependent on endothelial CXCL16 upregulation. 
Furthermore, CS exposure provoked CXCL16-dependent leukocyte–arteriolar adhesion 
in cremasteric arterioles, which was significantly reduced in animals with a nonfunctional 
CXCR6 receptor. In conclusion, we provide the first evidence that increased numbers 
of CXCR6-expressing circulating platelets and mononuclear leukocytes from patients 
with COPD might be a marker of systemic inflammation with potential consequences in 
CVD development. Accordingly, CXCL16/CXCR6 axis blockade might constitute a new 
therapeutic approach for decreasing the risk of CVD in COPD patients.

Keywords: leukocyte recruitment, chemokines, endothelial dysfunction, cardiovascular comorbidity, arterial 
endothelium, cigarette smoke, chronic obstructive pulmonary disease
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inTrODUcTiOn

Chronic obstructive pulmonary disease (COPD) is a complex 
respiratory disorder characterized by the progressive and largely 
irreversible decrement in lung function associated with an abnormal 
chronic inflammatory response of the lungs to noxious particles 
and gases, mostly from cigarette smoke (CS). COPD is considered a 
multisystem disease characterized by both pulmonary and systemic 
inflammation (1–3). The latter is believed to be responsible for many 
COPD comorbidities (1, 3, 4), one of the most relevant of which is 
cardiovascular disease (CVD) (1, 3, 4). Indeed, epidemiological studies 
show that smoking is a significant risk factor for heart disease includ-
ing aneurysm formation and rupture, and stroke through atheroscle-
rosis development (5). Endothelial dysfunction is an early event in 
atherogenesis, which leads to a pro-inflammatory and prothrombotic 
phenotype (6) and triggers the adhesion and subsequent migration 
of leukocytes. Accordingly, vascular dysfunction in smokers has been 
widely described (7).

Adhesive interactions between leukocytes and arterial  
endothelium precede leukocyte infiltration to the subendothelial 
space (6, 8). Chemoattractant molecules including chemokines can 
potentially recruit specific cell types and participate in the regula-
tion of leukocyte trafficking (9). CXCL16 is a transmembrane 
chemokine expressed on endothelial, epithelial, and smooth muscle 
cells, as well as on macrophages, dendritic cells, B and T cells, and 
platelets (10, 11). CXCL16 was identified in human carotid endar-
terectomy samples and in lesions of apoE−/− mice fed a Western 
diet, pointing to a role in atherogenesis (12). CXCL16 is expressed 
in two distinct forms. Membrane-bound CXCL16 promotes the 
firm adhesion of cells expressing its cognate receptor, CXCR6. 
Proteolytic cleavage of membrane-bound CXCL16 releases soluble 
CXCL16, which acts as a chemoattractant for CXCR6+ cells (11).

The mechanisms by which CS promotes a pro-inflammatory 
and prothrombotic environment in the vessel wall remain largely 
unknown. We hypothesized that CS induces functional CXCL16 
expression in arterial endothelium. Because CXCL16/CXCR6 
axis is a potential candidate for CVD prediction and a target 
for therapeutic intervention (13), we also examined the levels of 
circulating CXCR6-expressing platelets and different leukocyte 
subsets in patients with COPD, and evaluated the implication for 
leukocyte adhesion to the dysfunctional arterial endothelium, a 
key event preceding atherogenesis.

MaTerials anD MeThODs

human In Vitro and Ex Vivo studies
Cell Culture
Human umbilical arterial endothelial cells (HUAEC) were iso-
lated by collagenase treatment (14) and maintained in human 
endothelial cell-specific medium (EBM-2) supplemented with 
endothelial growth medium (EGM-2) and 10% FBS. Cells up 
to passage 1 were grown to confluence to preserve endothelial 
features. Cells were incubated 16 h in medium containing 1% 
FBS prior to every experiment. Our previous studies have 
shown that human umbilical vein endothelial cells (HUVEC) 
do not behave like HUAEC in response to relevant cardiovas-
cular stimuli such as angiotensin II (Ang-II) (15, 16). In this 

context, HUAEC and HUVEC showed dissimilar neutrophil 
and mononuclear cell adhesion when the same stimulus was 
applied.

Cigarette Smoke Extract (CSE) Preparation
Cigarettes were obtained from the Kentucky Tobacco Research  
and Development Center at the University of Kentucky. The 
composition of 3R4F research grade cigarettes is as follows: total 
particulate matter, 10.9  mg/cigarette; tar, 9.5  mg/cigarette; and 
nicotine, 0.726 mg/cigarette. A 10% CSE was prepared by bubbling 
smoke from one 3R4F cigarette into 10 ml of EGM-2 medium 
without FBS at a rate of one cigarette/2 min as previously described 
(17, 18). The pH of the CSE was adjusted to 7.4 and sterile filtered 
through a 0.22-µm filter. CSE preparation was standardized by 
measuring the absorbance (optical density  =  0.86  ±  0.05) at a 
wavelength of 320 nm. The pattern of absorbance (spectrogram) 
observed at 320 nm showed very little variation between different 
preparations of CSE. CSE was freshly prepared for each experi-
ment and diluted with culture medium supplemented with 0.1% 
FBS immediately before use. Control medium was prepared by 
bubbling air through 10 ml of culture medium without FBS, the 
pH was adjusted to 7.4, and the medium was filtered as described 
above. In preliminary studies, a range of concentrations of CSE 
were tested (0.1–3%) and a final concentration of 1% was used 
in all experiments since it was not cytotoxic to endothelial cells 
(18). This CSE concentration approximately corresponds to the 
exposure associated with smoking 1.5 packs per day as previously 
estimated (19), and is consistent with the amount smoked by the 
COPD patients in this study.

Quantitative RT-PCR
Human umbilical arterial endothelial cells were grown to conflu-
ence and stimulated with 1% CSE, INF-γ, or TNF-α (20 ng/ml) for 
1 or 4 h. Reverse transcription was performed on 300 ng of total 
RNA with the TaqMan reverse transcription reagent kit. cDNA 
was amplified with specific primers for CXCL16 and GAPDH (all 
pre-designed by Applied Biosystems, Carlsbad, CA, USA) in a 
7900HT Fast Real-Time PCR System (Applied Biosystem) using 
Universal Master Mix (Applied Biosystems). Relative quantifica-
tion of the different transcripts was determined with the 2−ΔΔCt 
method using GAPDH as endogenous control and normalized 
to control group.

Flow Cytometry
To assess CXCL16 endothelial expression, HUAEC were grown 
to confluence and stimulated with 1% CSE, INF-γ, or TNF-α  
(20 ng/ml) for 24 h. Then, endothelial cells were detached from 
culture flasks by scraping in ice-cold phosphate buffered saline 
(PBS) containing 0.05% NaN3 and 0.2% BSA and recovered 
by centrifugation. HUAEC were washed and incubated at 
2 × 106 cells/ml with an APC-conjugated monoclonal antibody 
against human CXCL16 (1  µg/ml) in PBS with 0.2% BSA and 
0.05% NaN3 for 1 h on ice. After two washes, cells were suspended 
in PBS containing 2% paraformaldehyde. The fluorescence signal 
of the labeled cells was then analyzed by flow cytometry. The 
expression of CXCL16 (APC-fluorescence) was expressed as the 
mean of fluorescence intensity.
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To determine the grade of platelet activation, PAC-1+ platelets 
(detects activated integrin αIIbβ3) and the expression of P-selectin 
(CD62P) were measured in platelets from active or not active 
smokers COPD patients and control-matched individuals by flow 
cytometry. Duplicate samples (25  µl) of citrated blood, diluted 
1/10 in glucose buffer (1 mg/ml glucose in PBS/0.35% BSA), were 
incubated in the dark for 30 min with a CF-conjugated monoclo-
nal antibody against human CD41 (5 µl) and an FITC-conjugated 
monoclonal antibody against human PAC-1 (2.5 µl) or with an 
APC-conjugated monoclonal antibody against human P-selectin 
(5 µl). Samples were run in a flow cytometer (FACSVerse flow 
cytometer, BD Biosciences, Franklin Lakes, NJ, USA). CD41+ 
(platelets) populations were selected according to the gating 
strategy illustrated in Figure SI in Supplementary Material and 
expressed as the percentage of positive platelets.

To determine the expression of CXCR6 and CXCL16 on 
platelets and CXCR6 on circulating neutrophils, monocytes, and 
lymphocytes from active or not active smokers COPD patients 
and control-matched individuals, duplicate samples (100 µl) of 
heparinized whole blood were incubated in the dark for 30 min 
with saturated amounts (10  µl) of PE-conjugated monoclonal 
antibodies against human CXCR6 or CXCL16. In some experi-
ments, blood samples were incubated with EDTA (10 mM, for 
15 min at 37°C) to promote platelet dissociation as described (20). 
Red blood cells were lysed and leukocytes were fixed using a com-
mercial lysis buffer. Samples were run in a flow cytometer and the 
expression of CXCR6 (PE fluorescence) was measured on CD41+ 
(platelets), CD16+CD14− (neutrophils), CD14+ (monocytes), and 
CD3+ (lymphocytes) populations according to the gating strategy 
illustrated in Figures SII–SIV in Supplementary Material.

Leukocyte–Endothelial Cell Interactions under  
Flow Conditions
A dynamic flow chamber assay was performed using human 
neutrophils and mononuclear cells obtained from buffy coats of 
healthy donors by Ficoll Hypaque density gradient centrifugation 
(14). HUAEC were grown to confluence and stimulated with 1% 
CSE or TNF-α (20 ng/ml) for 24 h. The flow chamber (GlycoTech, 
Rockville, MD, USA) was assembled and placed onto an inverted 
microscope stage. Then, freshly isolated neutrophils and mono-
nuclear cells (1 ×  106/ml) were perfused across the endothelial 
monolayers and leukocyte–endothelial cell interactions were 
determined. In all experiments, leukocyte interactions were 
determined after 5 min perfusion at 0.5 dyn/cm2. Cells interacting 
on the surface of the endothelium were visualized and recorded  
(20× objective, 10× eyepiece) using phase-contrast microscopy 
(Axio Observer A1 Carl Zeiss microscope, Thornwood, NY, USA).

In parallel, some plates were incubated with a monoclonal 
neutralizing antibody against human CXCL16 (2  µg/ml) or 
with an isotype-matched control antibody (MOPC-21, 2 µg/ml) 
10 min before blood perfusion. To evaluate the contribution of 
platelets to leukocyte adhesion, the experiments were carried out 
in heparinized blood incubated or not with EDTA (10 mM, for 
15 min, 37°C).

For human studies, diluted whole blood (1/10 in Hanks 
balanced salt solution) from COPD patients and age-matched 

controls was perfused across unstimulated or 1% CSE-stimulated 
endothelial monolayers and leukocyte–endothelial cell interac-
tions were determined. Similarly, in some experiments, plates 
were incubated with a monoclonal neutralizing antibody against 
human CXCL16 (2 µg/ml) or with a control antibody (MOPC-21, 
2 µg/ml) 10 min before blood perfusion. Again, the experiments 
were carried out in heparinized blood incubated or not with 
EDTA (10 mM, for 15 min, 37°C) to determine platelet contribu-
tion to leukocyte adhesion.

Immunofluorescence
Confluent endothelial cells were grown on glass coverslips and 
stimulated with 1% CSE, INF-γ, or TNF-α (20 ng/ml) for 24 h. 
The cells were fixed with 4% paraformaldehyde and blocked in 
a PBS solution containing 1% BSA. Then, cells were incubated at 
4°C overnight with a primary goat monoclonal antibody against 
human CXCL16 (1:200 dilution) in a 0.1% BSA/PBS solution, 
followed by incubation with a secondary FITC-conjugated rab-
bit anti-goat monoclonal antibody (1/1,000 dilution) at room 
temperature for 45  min. Cell nuclei were counterstained with 
4′-6-diamidino-2-phenylindole (DAPI). Images were captured 
with a fluorescence microscope (Axio Observer A1, Carl 
Zeiss, NY, USA) equipped with a 40× objective lens and a 10×  
eyepiece.

Transfection of Nox2, Nox4, Nox5, or RhoA siRNA
Transfection was carried out with Lipofectamine RNAiMAX fol-
lowing the manufacturer’s instructions. To determine silencing 
efficiency, Nox2, Nox4, Nox5, and RhoA expression was deter-
mined by western blotting of cell lysates at 48 h post-transfection.

Western Blotting
After treatments, cells were washed, detached, collected, and 
centrifuged at 15,000  g at 4°C for 30  min to yield the whole 
extract. Protein content was determined by the Bradford method. 
Samples were denatured, subjected to SDS-PAGE using a 10% 
running gel, and transferred to nitrocellulose membrane. Non-
specific binding sites were blocked with 3% BSA in TBS solu-
tion, and membranes were incubated overnight with a mouse 
polyclonal antibody against human Nox2 (0.2  µg/ml), a rabbit  
polyclonal antibody against human Nox4 (2 µg/ml), a rabbit poly-
clonal antibody against human Nox5 (2 µg/ml), or a mouse poly-
clonal antibody against human RhoA (5  µg/ml). Subsequently, 
membranes were washed and further incubated for 1 h with the 
corresponding secondary HRP-linked antibody; anti-rabbit IgG 
(1:2,000 dilution), anti-goat IgG (1:2,000 dilution), or anti-mouse 
IgG (1:2,000 dilution) and developed using the ECL system. 
Signals were recorded with a luminescent analyzer (FujiFilm 
image Reader LAS1000, Fuji, Tokyo, Japan) and analyzed using 
ImageJ (Windows free version).

Experimental Protocols
To evaluate the potential involvement of NADPH and xanthine 
oxidase (XO) on CSE-induced responses, cells were incubated 
for 1 h with an NADPH oxidase inhibitor (apocynin, 30 µM) or 
with a XO inhibitor (allopurinol, 100 µM) and then stimulated 
with 1% CSE for 24 h. The doses of these compounds were used 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


4

Marques et al. CXCL16/CXCR6 Axis in Smoking

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1766

as previously described (18, 21). Because the NADPH oxidase 
isoforms Nox2, Nox4, and Nox5 are all expressed in endothelial 
cells (22, 23), in subsequent experiments HUAEC were trans-
fected with either control or Nox2, Nox4, Nox5-specific siRNAs 
as described above. HUAEC were stimulated with 1% CSE 48 h 
post-transfection and CXCL16 expression was evaluated by 
western blot.

To investigate the possible contribution of RhoA to CSE-
induced CXCL16 expression, HUAEC were transfected for 48 h 
with control or RhoA-specific siRNA prior to CSE stimulation, 
and CSE-induced responses were measured 24  h later by flow 
cytometry.

In another set of experiments, cells were treated with a RhoA 
inhibitor (C3 transferase, 2  µg/ml) 4  h before CSE stimulation 
and CXCL16 expression was measured at 24 h by flow cytometry.

Finally, to further dissect the signaling pathways involved in 
CS-induced responses, endothelial cells were pretreated with 
inhibitors of ERK1/2 (PD098059, 20 µM), p38-MAPK (SB202190, 
20  µM), and NF-κB (MOL-294, 2.5  µM) 1  h prior to Ang-II 
stimulation. These concentrations have been employed in previ-
ous studies to successfully inhibit ERK1/2, p38-MAPK, or NF-κB 
activation (24, 25). CXCL16 expression was determined by flow 
cytometry 24 h after stimulation with 1% CSE.

Human Study Populations
All investigations with human samples conformed to the princi-
ples outlined in the Declaration of Helsinki and were approved 
by the institutional ethics committee at the University Clinic 
Hospital of Valencia. Written informed consent was obtained 
from all subjects.

A total of 52 subjects (35 COPD patients and 17 age-matched 
control subjects without COPD) were included in the study. COPD 
patients and control subjects were recruited by the Pneumology 
Unit at University Clinic Hospital of Valencia, Valencia, Spain. 
All patients had COPD confirmed by medical history, clinical and 
functional examinations, according to criteria established by the 
American Thoracic Society [Standards of diagnosis and care of 
patients with chronic obstructive pulmonary disease. Am J Respir 
Crit Care Med (1995) 152(Suppl):77–120].

The inclusion criteria for patients entering in the study were 
as follows: >40 years of age, smoking history of 10 packs/year, 
COPD confirmed by the post-bronchodilator ratio of low forced 
expiratory volume in 1 s (FEV 1) and forced vital capacity (FVC), 
FEV 1/FVC ratio <0.70 and the post-bronchodilator FEV 1 <80%, 
clinically stable with no exacerbations in the 8 weeks prior to the 
study. One pack-year was defined as smoking 20 cigarettes per 
day for 1 year. Exclusion criteria were the following: major vascu-
lar events (coronary artery disease, peripheral arterial disease, or 
stroke), asthma, autoimmune diseases, infection or inflammatory 
disease (including personal history of allergy), or the use of drugs 
capable of modifying inflammation that cannot be withdrawn 
8 weeks before starting the study, alcohol consumption >30 g per 
day, and smoking history of <10 packs/year. Individuals in the 
control group were volunteers seen at the respiratory function 
laboratory for routine preoperative assessment. Their age was 
>40 years, they were non smokers, had no history of pulmonary 
disease or respiratory symptoms, had a normal spirometry and 

conformed with most of the exclusion criteria described for 
COPD patients. Spirometry was performed on a Master Scope 
(Jaeger, Germany) after inhalation of 0.4 mg salbutamol. A mini-
mum of three airflow and volume tracings were obtained and the 
highest value for FEV 1 and FVC as percent-predicted normal 
were used for calculations. Most of the patients included in the 
study presented moderate COPD according to the GOLD classi-
fication [Global Initiative for Chronic Obstructive Lung Disease. 
Global strategy for the diagnosis, management, and prevention of 
COPD (January 2015), available from http://www.goldcopd.org]. 
Accordingly, 11.8% of the smokers with COPD were GOLD1 
(mild), 58.8% were GOLD2 (moderate), and 29.4% were GOLD3 
(severe). In the ex-smokers COPD patient group, 5.6% were 
GOLD1 (mild), 38.9% were GOLD2 (moderate), 44.4% were 
GOLD3 (severe), and 11.1% were GOLD4 (very severe). Those 
active smokers COPD patients had a cigarette within 2 h prior 
to lung function testing and blood sample collection. Clinical 
features of patients and age-matched controls are shown in Table 
SI in Supplementary Material. Given that COPD patients usually 
present additional comorbidities, the comorbidities of the three 
groups under investigation have been depicted in Table SII in 
Supplementary Material.

Soluble CXCL16 Quantification
Heparinized human whole blood (10  U heparin/ml) from 
COPD patients and aged-matched volunteers was collected. 
Before centrifugation to obtain plasma, additional heparin was 
added to the blood sample (to 100 U/ml). This procedure was 
used to help dissociate chemokines from blood cells. Plasma 
samples were stored at −80°C. Human CXCL16 was meas-
ured in plasma by ELISA. Results are expressed as picomolar 
chemokine in plasma.

animal studies
The animal protocol conforms to the Guide for the Care and Use 
of Laboratory Animals published by the US National Institutes 
of Health (NIH publication No. 85-23, revised 1996) and was 
approved by the Ethics Review Board of the University of 
Valencia.

Male C57BL/6 mice (22–30  g weight) carrying a targeted 
knock-in of GFP to disrupt the CXCR6 gene were used. Male 
heterozygous CXCR6gfp/+ mice were used as controls (CXCR6−/+) 
and homozygous CXCR6gfp/gfp animals that do not express 
functional CXCR6 receptor were used as CXCR6-deficient mice 
(CXCR6−/−).

Animal colonies were bred and maintained under specific 
pathogen-free conditions. Mice were fed with autoclaved bal-
anced diet and water.

CS Exposure
Exposure of mice to CS was carried out using a modified method 
previously described (18, 26). In brief, mice were placed in a 
plexiglass chamber (volume of 20 l) covered by a disposable filter. 
The smoke produced by cigarette burning was introduced at a 
rate of 25  ml/min into the chamber with a continuous airflow 
generated by a mechanical ventilator, with no influence on the 
chamber temperature (<0.1°C variation). The animals received 
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smoke from five 3R4F research-grade cigarettes. Exposure lasted 
approximately 35  min: 5  min in the smoke-air condition and 
1 min without smoke. They were subjected to two exposures per 
day with a 60-min smoke-free interval during 3 days. Experiments 
were carried out 16 h after the last exposure.

Intravital Microscopy
The mouse cremaster preparation used in this study was similar 
to that described previously (27). Mice were anesthetized by i.p. 
injection with a mixture of xylazine hydrochloride (10  mg/kg) 
and ketamine hydrochloride (200 mg/kg). Additional anesthetic 
(30 µl, i.v.) was administered as required to maintain profound 
anesthesia. A polyethylene catheter was placed in the jugular vein 
to permit the intravenous administration of additional anesthetic. 
The cremaster muscle was dissected free of tissues and exterior-
ized onto an optical clear viewing pedestal. The muscle was cut 
longitudinally with a cautery and held flat against the pedestal by 
attaching silk sutures to the corners of the tissue. The muscle was 
then perfused continuously at a rate of 1 ml/min with warmed 
bicarbonate-buffered saline (pH 7.4).

The cremasteric microcirculation was observed using an 
intravital microscope (Nikon Optiphot-2, SMZ1, Badhoevedorp, 
The Netherlands) equipped with a 50× objective lens (Nikon 
SLDW, Badhoevedorp, The Netherlands) and a 10× eyepiece. A 
video camera (Sony SSC-C350P, Koeln, Germany) mounted on 
the microscope projected the image onto a color monitor and the 
images were CCD recorded for playback analysis. Cremasteric 
arterioles (20–40  µm in diameter) were selected for study. 
Vessel diameter was measured online by using a video caliper 
(Microcirculation Research Institute, Texas A&M University, 
College Station, TX, USA).

The number of adherent leukocytes was determined offline 
during playback of the recorded images. A leukocyte was defined 
as adherent to arteriolar endothelium if it was stationary for at 
least 30 s. Leukocyte adhesion was expressed as the number per 
100 µm length of vessel per 5 min. Leukocyte responses were aver-
aged in three to five randomly selected arterioles in each animal.

RT-PCR
Reverse transcription was performed on 300 ng of total RNA with 
TaqMan reverse transcription reagents kit. cDNA was amplified 
using standard protocols employing the following primers: mouse 
CXCL16 forward, 5′-GCT TTG GAC CCT TGT CTC TTG 
C-3′, reverse 5′-GTG CTG AGT GCT CTG ACT ATG TGC-3′; 
GAPDH forward: 5′-TGACCACAGTCCATGCCATC-3′ and 
reverse 5′-GACGGACACATTGGGGGTAG-3′; in a 7900HT 
Fast real-time PCR System (Applied Biosystem) using Universal 
Master Mix (Applied Biosystems). Relative quantification of the 
different transcripts was determined with the 2−ΔΔCt method using 
GAPDH as endogenous control and normalized to control group.

Histology and Immunofluorescence
Immunofluorescence studies were carried out following a 
similar protocol to that previously described (28). Once intra-
vital microscopy determinations were performed, mice were 
sacrificed and the cremaster muscle was isolated and fixed in 
4% paraformaldehyde for 10  min. Muscles were incubated 

in 0.2% Triton X-100, 1% BSA, and 0.5% horse serum in PBS 
for 2 h. Then, muscles were incubated overnight at 4°C with a 
primary rabbit anti-mouse CXCL16 antibody (1/200 dilution) or 
PE-conjugated anti-mouse CD31 (PECAM-1) antibody (1/100 
dilution). Samples were washed with PBS and incubated for 1.5 h 
at room temperature with Alexa Fluor 488-conjugated donkey 
anti-rabbit secondary antibody (1/500 dilution). All antibodies 
were diluted in 0.1% PBS/BSA. Muscles were then mounted with 
Slowfade Gold Reagent (Invitrogen, Eugene, OR, USA). Images 
were acquired with a fluorescence microscope (Axio Observer 
A1, Carl Zeiss, NY, USA) equipped with a 40× objective lens and 
a 10× eyepiece.

additional Materials
Endothelial basal medium-2 (EBM-2) supplemented with 
endothelial growth medium-2 (EGM-2) and FBS were purchased 
from Lonza Iberica (Barcelona, Spain). Ketamine and xylazine 
hydrochloride were from ORION Pharma (Espoo, Finland). 
Apocynine, allopurinol, SB202190, PD098059, hematoxylin, 
the mouse anti-human β-actin monoclonal antibody (clone 
AC-15), the monoclonal antibody IgG1 (MOPC-21), and the 
rabbit polyclonal anti-human Nox5 antibody were purchased 
from Sigma-Aldrich (Madrid, Spain). The APC-conjugated 
rat monoclonal anti-human CXCL16, the recombinant human 
CXCL16, the rat polyclonal anti-human CXCL16, and the 
biotinylated goat polyclonal anti-human CXCL16 antibodies 
were purchased from R&D Systems (Abingdon, UK). The rabbit 
polyclonal anti-human Nox4 and the mouse monoclonal anti-
human RhoA antibodies were from Abcam (Cambridge, UK). 
The mouse monoclonal anti-human Nox2 (clone NL7) antibody 
was purchased from Serotec (Oxford, UK). Neutravidin-HRP was 
supplied by Perbio Science (Northumberland, UK). Ficoll-Paque 
TM plus and ECL developer were purchased from GE Healthcare 
(Chalfont St. Giles, UK). DAPI, TRIzol isolation reagent and 
the FITC-conjugated rabbit anti-goat secondary antibody were 
from Molecular Probes-Invitrogen (Carlsbad, CA, USA). The 
secondary antibodies, HRP-linked anti-goat and HRP-linked 
anti-rabbit were purchased from Dako (Glostrup, Denmark). 
The RhoA-specific siRNA and Ultra TMB-ELISA were purchased 
from Thermo Fisher Scientific Inc. (Kalamazoo, MI, USA). The 
FITC-conjugated monoclonal antibody against human PAC-1 
and the lysing solution were from BD Biosciences (San Jose, 
CA, USA). The CF-conjugated mouse monoclonal antibody 
against human CD41, the APC-conjugated mouse monoclonal 
antibody against human P-selectin, and the rabbit mAb against 
mouse CXCL16 were from Immunostep (Salamanca, Spain). 
The cell-permeable C3 transferase (RhoA inhibitor) was from 
Cytoskeleton Inc. (Denver, CO, USA). Slowfade Gold Reagent 
and lipofectamine RNAiMAX were from Invitrogen (Eugene, 
OR, USA). Nox2-, Nox4-, and Nox5-specific siRNAs were 
purchased from Pharmacon (Lafayette, CO, USA). TaqMan 
reverse transcription reagents kit was from Applied Biosystems 
(Perkin-Elmer Corporation, Carlsbad, CA, USA). Maxima First 
Strand cDNA Synthesis kit and Luminar Color HiGreen HigBox 
qPCR Master Mix were from Fermentas, Thermo Fisher Scientific 
(Waltham, MA, USA). The PE-conjugated rat monoclonal anti-
mouse CD31 antibody (clone 390) was from eBioscience (Hatfield, 
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FigUre 1 | Expression and function of CXCL16 in cigarette smoke extract (CSE)-stimulated human umbilical arterial endothelial cells (HUAEC) and effect of CXCL16 
neutralizing antibody on neutrophil and mononuclear leukocyte adhesion. HUAEC were stimulated with 1% CSE, INF-γ, or TNF-α (20 ng/ml) for 1, 4, or 24 h. 
Relative quantification of mRNA levels for CXCL16 and GAPDH after (a) 1 h and (B) 4 h (n = 5–8 independent experiments). Columns show fold increase in  
CXCL16 mRNA expression relative to control GAPDH. Values are expressed as mean ± SEM of the 2−ΔΔCt values. *P < 0.05 or **P < 0.01 relative to values in the 
medium group. (c) Protein expression was determined by flow cytometry. Results are expressed as mean of fluorescence intensity (MFI) (n = 7–8 independent 
experiments). Values are expressed as mean ± SEM. *P < 0.05 or **P < 0.01 relative to values in the medium group. (D) Following a similar protocol, CXCL16 was 
visualized in non-permeabilized HUAEC by immunofluorescence (green). Nuclei were counterstained with 4′6-diamidino-2-phenylindole (DAPI) (n = 4–5 independent 
experiments). (e,F) Endothelial cells were stimulated with 1% CSE for 24 h. Some cells were incubated with a CXCL16 neutralizing antibody (2 µg/ml) or an irrelevant 
isotype-matched monoclonal antibody (MOPC-21, 2 µg/ml). Subsequently, human neutrophils (e) or mononuclear cells (F) (1 × 106 cells/ml) incubated with or 
without EDTA were perfused over the monolayers for 5 min at 0.5 dyn/cm2 and leukocyte accumulation quantified (n = 5–7 independent experiments). Values are 
expressed as the mean ± SEM. *P < 0.05 or **P < 0.01 relative to values in the medium group; +P < 0.05 relative to the stimulus MOPC-21-treated group.
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UK). MOL-294 was kindly donated by Dr. Kahn (Department  
of Pathobiology, University Washington, Seattle, WA, USA).

statistical analysis
Values were expressed as mean  ±  SEM. For comparisons  
between two groups, Student’s t-test was used in data that passed 
normality (Kolmogorov–Smirnov test), otherwise, the non-
parametric Mann–Whitney U test was performed. Data within 
multiple groups were compared by one-way analysis of variance 
including Newman–Keuls post hoc test for multiple comparisons. 
P-values less than 0.05 were considered to be significant.

resUlTs

cse induces Functional cXcl16 
expression in hUaec
Whereas no differences were found for the expression of CXCL16 
mRNA in HUAEC after stimulation with CSE, INF-γ, or TNF-α 

for 1 h (Figure 1A), prolonged stimulation (4 h) led to a signifi-
cant increase in CXCL16 expression (Figure 1B). Flow cytometry 
analysis of HUAEC after 24 h exposure to CSE, INF-γ, or TNF-α 
revealed a significant increase in protein levels of CXCL16 
(Figure  1C), which was confirmed by immunocytochemistry 
(Figure 1D).

To investigate the functional role of CSE-induced endothelial 
CXCL16 expression, freshly isolated human neutrophils or mono-
nuclear cells were perfused across HUAEC monolayers. When 
compared with unstimulated cells, a significant increase in 
neutrophil and mononuclear cell arrest was observed in CSE-
stimulated HUAEC, although greater adhesion was observed 
when platelets were bound (heparin) than unbound (EDTA) to 
leukocytes (Figure  1E). Neutralization of CXCL16 activity on 
the endothelial cell surface resulted in a significant reduction in 
CSE-induced neutrophil/platelet adhesion to HUAEC by 60% 
(Figure  1E). By contrast, no neutralizing activity was detected 
in platelet-free neutrophils (Figure  1E). CXCL16 blockade 
resulted in a significant reduction of mononuclear cell/platelet 
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FigUre 2 | Inhibition of cigarette smoke extract (CSE)-induced CXCL16 
expression in arterial endothelial cells. (a) CXCL16 expression was 
determined by flow cytometry in human umbilical arterial endothelial cells 
preincubated or not with apocynin (30 µM) or allopurinol (100 µM) for 1 h  
and then stimulated with 1% CSE for 24 h (n = 7 independent experiments). 
Results are expressed as mean of fluorescence intensity (MFI). Values are 
expressed as the mean ± SEM. *P < 0.05 relative to values in the medium 
group; ++P < 0.01 relative to 1% CSE group. Endothelial cells were 
transfected with (B) Nox2, (c) Nox4, or (D) Nox5 siRNA or control siRNA. At 
48 h post-transfection, cells were stimulated with 1% CSE for 24 h. CXCL16 
expression was determined by flow cytometry. Results are expressed as MFI 
(n = 5–11 independent experiments). Values are expressed as mean ± SEM. 
*P < 0.05 or ** P < 0.01 relative to values in the medium group; ++P < 0.01 
relative to 1% CSE group in control siRNA transfected cells.
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(heparin) arrest to CSE-stimulated HUAEC (71% inhibition, 
Figure 1F). While mononuclear cell adhesion was still evident 
in CSE-stimulated HUAEC when platelets were dissociated from 
leukocytes (EDTA), impaired mononuclear leukocyte attach-
ment was detected after CXCL16 HUAEC neutralization (72% 
inhibition, Figure  1F). Similarly, neutralization of endothelial 
CXCL16 activity caused a significant reduction in TNF-α-induced 
neutrophil/platelet adhesion to HUAEC, but not in the absence 
of bound platelets (Figure SIVA in Supplementary Material). 
Regarding mononuclear cell adhesion, CXCL16 blockade also 
provoked a significant reduction of mononuclear cell arrest to 
TNF-α-stimulated HUAEC whether they were bound or not to 
platelets (Figure SVB in Supplementary Material).

nox5 gene silencing inhibits cse-induced 
endothelial cXcl16 expression
Water-soluble components of CS promote reactive oxygen spe-
cies (ROS) generation (18, 29). Because NADPH oxidases (Nox) 
and XO are important vascular sources of ROS (18), we first 
demonstrated that non-specific inhibition of NADPH oxidases 
but not XO inhibition diminished CSE-induced CXCL16 expres-
sion (Figure 2A).

Endothelial cells mainly express the NADPH family mem-
bers Nox2, Nox4, and Nox5 (22, 23). A significant reduction 
in the levels of Nox2, Nox4, and Nox5 protein was evident 
48  h after treatment with their respective siRNA (Figure SVI 
in Supplementary Material). Notably, whereas Nox2 or Nox4 
silencing had no significant impact on CSE-induced CXCL16 
expression in HUAEC (Figures  2B,C), silencing of Nox5 
resulted in an 81% reduction of CXCL16 expression in HUAEC 
(Figure 2D).

rhoa, p38 MaPK, and nF-κB activation 
are involved in cse-induced cXcl16 
expression in hUaec
RhoA is activated by CS and participates in subsequent endothe-
lial dysfunction (30). Inhibition of RhoA activity or depletion of 
RhoA protein by RNA interference led to a significant reduction 
in CXCL16 expression in CSE-treated HUAEC (Figures  3A,B, 
respectively).

Cigarette smoke can activate endothelial mitogen-activated 
protein kinase (MAPK) signaling cascades (18), which can 
modulate downstream targets such as NF-κB (31), leading 
to mononuclear cell recruitment. Pretreatment of arterial 
endothelial cells with a p38 MAPK inhibitor or with an NF-κB 
inhibitor, but not with an ERK1/2 inhibitor, significantly 
decreased surface expression of CXCL6 on CSE-stimulated cells 
(Figure 3C).

Platelet activation and expression of 
cXcl16 and cXcr6 is Upregulated in 
Patients with cOPD active smokers  
and ex-smokers
A significant increase in the percentage of platelets expressing 
PAC-1 and P-selectin, which are platelet activation markers, was 

detected in patients with COPD when compared with control 
subjects, but no differences were encountered between active 
and ex-smokers COPD patients Figures  4A,B. Notably, the 
percentage of circulating platelets expressing CXCL16 and 
CXCR6 was significantly higher in patients with COPD than 
in control subjects (Figures 4C,D). Although the percentage of 
CXCR6+-platelets was higher in the smokers COPD group than 
in ex-smokers, this did not reach significance.

cXcr6 expression on Monocytes and 
lymphocytes is Upregulated in Patients 
with cOPD
The number of circulating CXCR6-expressing neutrophils in 
heparinized whole blood was significantly higher in patients 
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FigUre 3 | Cigarette smoke extract (CSE)-induced CXCL16 overexpression 
is decreased by RhoA, p38 mitogen-activated protein kinase (MAPK), and 
nuclear factor (NF)-κB inhibition in human umbilical arterial endothelial cells 
(HUAEC). (a) CXCL16 expression was determined by flow cytometey in 
endothelial cells preincubated or not with a RhoA inhibitor (C3 transferase, 
2 µg/ml) for 4 h and then stimulated with 1% CSE for 24 h. Results are 
expressed as mean of fluorescence intensity (MFI) (n = 5 independent 
experiments). Values are expressed as mean ± SEM. *P < 0.05 relative to 
values in the medium group; +P < 0.05 relative to 1% CSE group.  
(B) HUAEC were transfected with RhoA siRNA or control siRNA. At 48 h 
post-transfection, cells were stimulated with 1% CSE for 24 h. CXCL16 
expression was determined by flow cytometry. Results are expressed as  
MFI (n = 7 independent experiments). Values are expressed as mean ± SEM. 
**P < 0.01 relative to values in the medium group; +P < 0.05 relative to their 
respective group in control siRNA-transfected cells. (c) HUAEC were 
stimulated with 1% CSE for 24 h. Some cells were pretreated with 
PD098059 (20 µM), SB202130 (20 µM), or MOL-294 (2.5 µM) for 1 h before 
CSE stimulation. CXCL16 expression was determined by flow cytometry. 
Results are expressed as MFI (n = 4–7 independent experiments). Values are 
expressed as mean ± SEM. **P < 0.01 relative to values in the medium 
group; +P < 0.05 relative to values in the 1% CSE group.
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with COPD than in control subjects (Figure 5A). Although no 
significant differences in this number were found between active 
or ex-smokers in the COPD group, a tendency toward an increase 
in neutrophil numbers was found in the active smokers group 

(Figure  5A). This increase was abolished when platelets were 
dissociated from leukocytes (Figure  5B). CXCR6-expressing 
monocytes and lymphocytes were also greater in number in 
COPD patients than in age-matched controls (Figures  5C–F); 
while the number was greater when platelets were aggregated to 
both leukocyte subpopulations, no significant differences between 
active or not active smokers COPD patients were observed, but 
a tendency for enhanced CXCR6 expression was noted in the 
former group (Figures 5C–F).

circulating leukocytes from Patients with 
cOPD have greater adhesiveness to cse-
stimulated hUaec
To explore the functional consequences of these observations, 
we examined the involvement of platelet CXCR6 on CXCL16-
dependent leukocyte–endothelial cell interactions under dynamic 
conditions. When heparinized whole blood from COPD patients 
and aged-matched controls was perfused across unstimulated 
HUAEC, leukocyte adhesiveness was higher in the COPD group 
(Figure 6A). No differences were found between active and ex-
smokers COPD patients (Figure  6A). Leukocyte adhesiveness 
was significantly greater after exposure of HUAEC to 1% CSE 
(Figure  6A). Interestingly, neutralization of CXCL16 activity 
on endothelial cells resulted in a significant reduction of CSE-
induced platelet–leukocyte–endothelial adhesion in the three  
groups (Figure 6A).

Importantly, when platelets were disaggregated from leuko-
cytes, cells from control subjects did not adhere significantly 
better to CSE-stimulated endothelium than to unstimulated 
(medium only) HUAEC (Figure 6B). By contrast, a significant 
increase in leukocyte adhesion to the CSE-stimulated endothe-
lium was observed in the COPD group irrespective of smoking 
activity (Figure 6B), and neutralization of CXCL16 activity again 
markedly decreased CSE-induced leukocyte adhesion in the 
COPD group (Figure 6B). However, no significant differences in 
the circulating levels of soluble CXCL16 were found between the 
groups (Figure 6C).

cs-induced leukocyte adhesion to 
Mouse cremasteric arterioles is  
reduced in cXcr6−/− Mice
To explore the potential in vivo relevance of these findings, we used 
a murine model of acute CS exposure in a background of CXCR6 
deficiency. While CS exposure induced a significant increase in 
arteriolar leukocyte adhesion in the cremaster muscle in both 
strains as assessed by intravital microscopy, leukocyte adhesion 
was significantly attenuated in CXCR6−/− mice (39% inhibition, 
Figure 7A). Finally, mRNA and immunohistochemistry analysis 
of the cremasteric microcirculation demonstrated increased 
expression of CXCL16 in CS-exposed animals (Figures 7B,C).

DiscUssiOn

Cardiovascular diseases are common comorbidities in smokers 
and patients with COPD (3); however, the mechanisms by which 
they develop remain largely unknown. Our study provides the first 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 4 | Percentage of circulating platelets expressing PAC-1, P-selectin, CXCL16, and CXCR6 from active and not active smoking chronic obstructive 
pulmonary disease (COPD) patients and aged-matched controls by flow cytometry. Platelets were stained with conjugated antibodies against (a) CD41 and PAC-1, 
(B) CD41 and P-selectin, (c) CD41 and CXCL16, and (D) CD41 and CXCR6. Results are expressed as percentage of positive cells (n = 15 aged-matched controls, 
n = 17 active smokers COPD patients, n = 16 ex-smokers COPD patients). Values are expressed as mean ± SEM. *P < 0.05 or **P < 0.01 relative to values in the 
control group.
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demonstration that water-soluble components of CS induce arte-
rial endothelial dysfunction partly through functional enhanced 
endothelial CXCL16 expression. This effect was dependent on 
Nox5 expression and on subsequent RhoA and p38 MAPK acti-
vation, leading to NF-κB transactivation and presumably further 
upregulation of CXCL16 gene expression. Peripheral blood analy-
sis of patients with COPD revealed greater numbers of activated 
circulating platelets (PAC-1+ and P-selectin+) and enhanced 
levels of circulating CXCL16- and CXCR6-expressing platelets. 
This activation was associated with augmented platelet–leukocyte 
adhesion to CSE-stimulated human arterial endothelium, which 
was partially dependent on arterial CXCL16 upregulation and 
increased CXCR6 expression on platelet–leukocyte aggregates 
and mononuclear cells. Furthermore, acute CS exposure in vivo 

was accompanied by increased CXCL16 expression in murine 
cremasteric arterioles, an organ distant from the lung, and 
leukocyte–arteriolar adhesion was significantly impaired in 
animals with a nonfunctional CXCR6 receptor. Overall, these 
results suggest that increased CXCR6 expression on mononuclear 
leukocytes and platelet–leukocyte aggregates might constitute 
a biomarker of systemic inflammation, which seems to be the 
main driver of CVD development, since CXCR6 is involved in 
the enhanced leukocyte adhesion to the dysfunctional arterial 
endothelium of COPD patients.

The use of aqueous CSE for cell stimulation is the most widely 
employed in vitro model for studies of COPD development and 
CS impact on cardiovascular outcomes (32–36). Despite its 
common use, it brings with it some limitations given that CS 
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FigUre 5 | Percentage of CXCR6-expressing leukocytes in different 
circulating subpopulations from active and not active smoking chronic 
obstructive pulmonary disease (COPD) patients and aged-matched controls 
by flow cytometry. Heparinized whole blood was co-stained with specific 
markers for (a,B) neutrophils, (c,D) monocytes, and (e,F) lymphocytes and 
CXCR6. Blood samples were incubated or not with EDTA. Results are 
expressed as percentage of positive cells (n = 17 aged-matched controls, 
n = 17 active smokers COPD patients, n = 16 ex-smokers COPD patients). 
Values are expressed as mean ± SEM. *P < 0.05 or **P < 0.01 relative to 
values in the control group.
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contains a large number of components (35), and there is a lack 
of knowledge of their identity and concentrations in smokers’ 
circulation (7). Nevertheless, aqueous CSE has a comparatively 
constant chemical composition (34). Indeed, the hydrophilic 
fraction of CS is believed to mainly contain the atherosclerosis-
causing agents (34). Accordingly, direct and indirect effects of CS 
on leukocyte–endothelial cell adhesion have been reported (37); 
directly, through oxidants and free radicals generated by CS, and 
indirectly, through the generation of pro-inflammatory cytokines 
(37). Of note, cigarette use induces endothelial dysfunction and 
increased circulating levels of inflammatory cytokines such as 
TNF-α, a cytokine which has been detected in the circulation 
of smokers and COPD patients (3, 7, 32, 35). We show here 
that CSE stimulation or acute exposure of mice to CS increases 
CXCL16 expression on arterial endothelial cells and cremasteric 
arterioles and enhances CXCL16-mediated mononuclear cell 
adhesiveness. It, therefore, seems plausible that this effect will 

FigUre 6 | Continued

be the consequence of either a direct effect of the water-soluble 
components of CS on endothelial cells, or the generation and 
release of TNF-α from the stimulated endothelium. Indeed, we 
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have previously found that CSE-induced mononuclear recruit-
ment was abolished in TNF-α-silenced endothelial cells (18), 
and TNF-α is one of the key cytokines involved in endothelial 
CXCL16 upregulation (11).

By exploring the mechanisms involved in CSE-induced 
CXCL16 endothelial expression, we found that Nox5 silencing 
decreased chemokine expression. Indeed, CS exposure induces 
rapid ROS production, impairing endothelial functions (38). 
Mononuclear cell recruitment induced by CS was also found 
to be Nox5 dependent (18). Additionally, the RhoA/Rho kinase 
pathway has been implicated in leukocyte recruitment (39) and 
RhoA can be activated by Nox5-generated ROS (40). We show 
that pharmacological inhibition of RhoA or its knockdown in 
HUAEC diminished CXCL16 expression provoked by CSE.  
RhoA is an upstream regulator of MAPK family members such 
as p38 MAPK (41), which can regulate the transcription of many 
genes through its action on downstream targets such as NF-κB; 
both are involved in inflammatory responses such as mononu-
clear cell recruitment induced by CSE (18). Our findings suggest 
that CSE-induced CXCL16 arterial upregulation is a consequence 
of RhoA activation by oxidant generation and p38 MAPK. This 
leads to activation of NF-κB and the further regulation of genes 
including CXCL16, which actively participates in the mononu-
clear leukocyte recruitment induced by CSE.

To extend our findings to a clinically relevant scenario, we 
studied different parameters in three homogeneous groups: 
control subjects with normal lung function and smokers and 
ex-smokers COPD patients. We first investigated platelet acti-
vation and expression of CXCL16 and CXCR6 in these groups. 
Platelet activation is linked to cardiovascular morbidity; indeed, 
activated platelets can mediate the endothelial adhesion of cir-
culating leukocytes (6). COPD has been associated with platelet 
activation (42). Our present results confirm and extend these 
findings and show that patients with COPD have significantly 
more platelets expressing CXCL16 and CXCR6 than do age-
matched controls, while no significant differences were found 
between smokers and ex-smokers COPD patients, there was 
a tendency for an increased number in the former. Because 
CXCR6 is highly expressed in platelets (43), we analyzed its 
expression on different platelet-bound or unbound leukocyte 
subsets. Surprisingly, we found higher circulating levels of 
CXCR6+-platelets bound to neutrophils in COPD patients 
than in age-matched control subjects. Typically, this subset of 
leukocytes does not express CXCR6 (11), which was confirmed 
by the absence of expression of the CXCL16 receptor when 
platelets were dissociated (EDTA). In parallel, increased cir-
culating numbers of CXCR6+ platelet–monocyte/lymphocyte  
aggregates and CXCR6+ mononuclear cells were found in 
COPD patients, although again no significant differences were 
observed between the smoker and ex-smoker groups.

These findings have functional consequences and we show 
that platelet–leukocyte adhesion to CSE-stimulated HUAEC 
was significantly more potent in the COPD group irrespective 
of their smoking activity. Our findings also suggest that platelets 
are critical for leukocyte adhesion to CSE-stimulated dysfunc-
tional arterial endothelium, as in their absence no significant 
adhesion was found in aged-matched controls. In this context, 

FigUre 6 | Continued  
Leukocyte recruitment by cigarette smoke extract (CSE)-stimulated human 
umbilical arterial endothelial cells (HUAEC) and CXCL16 plasma levels 
from whole blood of active and not active smokers patients with chronic 
obstructive pulmonary disease (COPD) and aged-matched controls. 
HUAEC were stimulated with 1% CSE for 24 h. Some cells were 
incubated with a CXCL16 neutralizing antibody (2 µg/ml) or an irrelevant 
isotype-matched monoclonal antibody (MOPC-21, 2 µg/ml). 
Subsequently, whole blood from patients with COPD active or not active 
smokers and healthy aged-matched controls incubated (a) without, or  
(B) with EDTA, was perfused over endothelial monolayers for 5 min at 
0.5 dyn/cm2 and leukocyte adhesion quantified (n = 13 aged-matched 
controls, n = 14 active smokers COPD patients, n = 16 ex-smokers 
COPD patients). Values are expressed as the mean ± SEM. **P < 0.01 
relative to values in the medium group; +P < 0.05 or ++P < 0.01 relative to 
1% CSE group; ΔP < 0.05 or ΔΔP < 0.01 relative to the values in the 
aged-matched control group. (c) CXCL16 plasmatic levels were 
measured by ELISA (n = 17 aged-matched controls, n = 17 active 
smokers COPD patients, n = 18 ex-smokers COPD patients). Values are 
expressed as the mean ± SEM.

FigUre 7 | Effect of cigarette smoke (CS) exposure in CXCR6-expressing 
and CXCRC6 knockout mice. Heterozygous (CXCR6−/+) and homozygous 
(CXCR6−/–) mice were exposed or not to CS for 3 days and responses 
were examined 16 h later. (a) Leukocyte–arteriolar endothelium 
interactions was measured by intravital microscopy. Results are expressed 
as mean ± SEM (n = 5–8 animals per group). *P < 0.05 or **P < 0.01 
relative to non-exposed animals; +P < 0.05 relative to CXCR6−/+ mice.  
(B) Relative quantification of CXCL16 and β-actin mRNA was determined 
by RT-PCR. Columns show fold increase in expression of CXCL16 mRNA 
relative to control GAPDH values (n = 5 independent experiments). Values 
are represented as mean ± SEM of the 2−ΔΔCt values. **P < 0.01 relative to 
non-exposed animals. (c) Cremaster muscle was fixed for CXCL16 and 
endothelium (CD31) staining. CXCL16 expression is shown in green 
(stained with an Alexa Fluor 488-conjugated donkey anti-rabbit secondary 
antibody) and vessel endothelium (red) was stained with a PE-conjugated 
anti-mouse CD31 monoclonal antibody. Overlapping expression of 
CXCL16 and CD31 is shown in yellow. Results are representative of five to 
six animals per group.
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platelets induce leukocyte recruitment in multiple inflammatory 
disorders, a property dissociated from their role in hemostasis 
(44). Therefore, in aged-matched controls, platelet-bound 
neutrophils are likely responsible for the arterial interactions 
detected since CSE-induced increased adhesiveness was partly 
dependent on CXCL16 upregulation and neutrophils do not 
express the CXCL16 receptor (CXCR6) (11), but platelets do 
(43). Notably, in the setting of COPD, platelet–leukocyte 
aggregates or platelet-unbound leukocytes showed similar 
adhesion to unstimulated and stimulated arterial endothelium. 
Moreover, CXCL16 neutralization exerted a comparable and 
significant reduction of CSE-induced leukocyte adhesion, both 
in untreated and in EDTA-treated whole blood. This parity can 
be attributed to the low shear rate employed, wherein plate-
let–leukocyte or leukocyte adhesion is platelet independent as 
described previously (45). Despite these findings, no differences 
in the levels of circulating soluble CXCL16 were found between 
groups. Finally, the clinical impact of these findings is likely 
relevant. First, patients with metabolic syndrome, who are also 
prone to atherosclerosis development, have increased numbers 
of circulating CXCR6+ cells (46). Second, blockade of CXCR6/
CXCL16 axis reduces both platelet and leukocyte attachment 
to the arterial endothelium in COPD. It is, therefore, attain-
able that increased numbers of circulating CXCR6-expressing 
platelets and mononuclear cells may establish a direct link 
between COPD and endothelial dysfunction and the further 
development of cardiovascular disorders. Nevertheless, no sig-
nificant differences in the parameters studied were encountered 
between COPD smokers and ex-smokers, suggesting that once 
the disease is established both populations are at similar risk of 
developing CVD.

In conclusion, we provide evidence that CSE induces CXCL16-
dependent leukocyte arrest by the arterial endothelium through 
Nox5 expression and RhoA/p38 MAPK/NF-κB activation. 
Increased numbers of circulating CXCR6-expressing platelets 
and mononuclear cells of COPD patients may constitute a marker 
of systemic inflammation with potential consequences in CVD 
development. Moreover, our study provides new insights into the 
potential therapeutic use of CXCL16/CXCR6 axis blockade since 
it dramatically reduces the adherence of platelets and leukocytes 

from COPD patients to the dysfunctional arterial endothelium, 
and treatment of cardiovascular comorbidities is a key goal in the 
management of this patient group.
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II-associated metabolic disorders

Aida Collado1,2†, Patrice Marques1,2†, Paula Escudero1,2, Cristina Rius1,2,

Elena Domingo1, Sergio Martinez-Hervás2,3,4, José T. Real2,3,4, Juan F. Ascaso2,3,4*‡,
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Aims Angiotensin-II (Ang-II) is the main effector peptide of the renin–angiotensin system (RAS) and promotes leucocyte adhe-
sion to the stimulated endothelium. Because RAS activation and Ang-II signalling are implicated in metabolic syndrome
(MS) and abdominal aortic aneurysm (AAA), we investigated the effect of Ang-II on CXCL16 arterial expression, the un-
derlying mechanisms, and the functional role of the CXCL16/CXCR6 axis in these cardiometabolic disorders.

....................................................................................................................................................................................................
Methods
and results

Results from in vitro chamber assays revealed that CXCL16 neutralization significantly inhibited mononuclear leuco-
cyte adhesion to arterial but not to venous endothelial cells. Flow cytometry and immunofluorescence studies con-
firmed that Ang-II induced enhanced endothelial CXCL16 expression, which was dependent on Nox5 up-regulation
and subsequent RhoA/p38-MAPK/NFjB activation. Flow cytometry analysis further showed that MS patients had
higher levels of platelet activation and a higher percentage of circulating CXCR6-expressing platelets, CXCR6-
expressing-platelet-bound neutrophils, monocytes, and CD8þ lymphocytes than age-matched controls, leading to
enhanced CXCR6/CXCL16-dependent adhesion to the dysfunctional (Ang-II- and TNFa-stimulated) arterial endo-
thelium. Ang-II-challenged apolipoprotein E-deficient (apoE-/-) mice had a higher incidence of AAA, macrophage,
CD3þ, and CXCR6þ cell infiltration and neovascularization than unchallenged animals, which was accompanied by
greater CCL2, CXCL16, and VEGF mRNA expression within the lesion together with elevated levels of circulating
soluble CXCL16. Significant reductions in these parameters were found in animals co-treated with the AT1 recep-
tor antagonist losartan or in apoE-/- mice lacking functional CXCR6 receptor (CXCR6GFP/GFP).

....................................................................................................................................................................................................
Conclusion CXCR6 expression on platelet-bound monocytes and CD8þ lymphocytes may constitute a new membrane-

associated biomarker for adverse cardiovascular events. Moreover, pharmacological modulation of this axis may
positively affect cardiovascular outcome in metabolic disorders linked to Ang-II.
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1. Introduction

Angiotensin II (Ang-II) is the main effector peptide of the renin–angioten-
sin system (RAS) and is implicated in atherogenesis.1 Ang-II exerts pro-
inflammatory effects including selective arterial/arteriolar mononuclear

cell adhesion through interaction with its AT1 receptor subtype.2 This
response is mediated, in part, by up-regulation of cell adhesion molecules
and the generation and release of different chemokines.2–5 Though the
production of TNFa and the subsequent endothelial expression of
the chemokine fractalkine (CX3CL1) seems to play a key role in this
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response,5,6 other yet unexplored inflammatory mediators are likely to
be involved in the adhesive properties of the arterial endothelium in re-
sponse to this peptide hormone.

Among the chemokines involved in leucocyte recruitment, CXCL16
is expressed on stimulated endothelial and smooth muscle cells, macro-
phages, dendritic cells, and platelets.7,8 CXCL16 is expressed in two dis-
tinct forms; membrane-bound CXCL16 promotes the firm adhesion of
cells expressing its cognate receptor CXCR6, whereas soluble CXCL16,
which is generated by proteolytic cleavage of membrane-bound
CXCL16, acts as a chemoattractant for CXCR6þ cells.8 CXCL16 was
identified in human carotid endarterectomy specimens and in lesions of
apolipoprotein E deficient (apoE-/-) mice fed a western-type diet. Its
role in atherosclerosis, however, remains controversial. While
CXCL16-/-LDLr-/- mice had accelerated atherosclerosis,9 other observa-
tions indicated that endothelial CXCL16 expression is found at sites pre-
disposed to lesion formation and plays a role in the early formation of
atherosclerotic lesions.10 Likewise, deficiency of CXCR6 in apoE-/- mice
resulted in reduced T-cell number and macrophage infiltration within
the lesion, diminishing atherosclerosis.11 Consequently, the CXCL16/
CXCR6 axis has emerged as a candidate for cardiovascular disease pre-
diction and a target for therapeutic intervention.12

Recent evidence suggests that enhanced circulating levels of renin and
Ang-II due to increased RAS activity are involved in the development of
insulin resistance, type 2 diabetes, and metabolic syndrome (MS), espe-
cially in subjects with hypertension.13,14 MS is a complex metabolic disor-
der characterized by a clustering of cardiovascular risk factors.15 In
general, a diagnosis of MS is made when three or more of the following
metabolic abnormalities are present: abdominal obesity, high blood pres-
sure, hypertriglyceridaemia, low HDL-cholesterol, and high fasting
glucose.16 When occurring together, these pathophysiological factors in-
crease the risk for atherosclerosis and cardiovascular events.17 Indeed,
there is clinical evidence suggesting that MS is a precursor of endothelial
dysfunction,18 a prothrombotic and proinflammatory state of the endo-
thelium that precedes atherogenesis.19

As found in MS, Ang-II signalling has been implicated in both angiogen-
esis and pathological vascular growth,20 and an association has been
reported between RAS imbalance and abdominal aortic aneurysm
(AAA) pathogenesis.21 Indeed, Ang-II-induced AAA formation in apoE-/-

mice shares many characteristic features of the human disease.22

Furthermore, metabolic changes in patients with AAA have been mainly
related to carbohydrate and lipid metabolism.23

Recently, a role for MS as an independent predictor of AAA and a re-
lationship between inflammation, MS, and AAA have been establish-
ed.23,24 The objective of this study was, therefore, to investigate the
effect of Ang-II on CXCL16 arterial expression and the underlying mech-
anisms involved. To extrapolate these findings to pathological conditions
and given that Ang-II seems to be a mediator involved in MS and AAA
formation, we also explored the functional role of the CXCL16/CXCR6
axis in both pathologies. Herein, we provide the first evidence that
blockade of the CXCL16/CXCR6 axis results in diminished arterial ad-
hesion of circulating mononuclear leucocytes from MS patients and re-
duced infiltration of macrophages and CD8þ T cells into lesions in a
murine model of AAA. These effects appear to be the consequence of a
greater percentage of circulating CXCR6þ platelet-bound leucocytes
and their interaction with CXCL16 on the arterial endothelium, which is
boosted in this pathological setting. Thus, CXCL16/CXCR6 axis may be-
come a powerful tool in the control of the arterial infiltration of mono-
nuclear cells that occur in these metabolic disorders.

2. Methods

2.1 Human in vitro and ex vivo studies
2.1.1 Cell culture
Human umbilical vein endothelial cells (HUVECs) and human umbilical
arterial endothelial cells (HUAECs) were isolated as described in the
Supplementary material online. Human aortic endothelial cells (HAECs)
were purchased from Lonza (Verviers, Belgium). Cell culture conditions
are described in the Supplementary material online.

2.1.2 Human study populations
A total of 28 subjects (13 MS patients and 15 age-matched control sub-
jects) were included in this study. MS and control subjects were
recruited by the Endocrinology and Nutrition Service at University
Clinic Hospital of Valencia, Valencia, Spain. The study protocol complied
with the principles outlined in the Declaration of Helsinki and was ap-
proved by the institutional ethics committee of the University Clinic
Hospital of Valencia, Valencia, Spain. All subjects signed an informed con-
sent. Further details are described in the Supplementary material online.

2.1.3 Leucocyte–endothelial cell interactions under flow

conditions
Freshly isolated mononuclear cells or whole blood were perfused across
the endothelial monolayers unstimulated or stimulated with Ang-II
(1mM) for 24 h. Details are described in the Supplementary material
online.

2.1.4 Quantitative RT–PCR
Total RNA was isolated from endothelial cells unstimulated or stimu-
lated with Ang-II for 1 or 4 h using Trizol. Further details are described in
the Supplementary material online.

2.1.5 Flow cytometry
To assess CXCL16 endothelial expression, endothelial cells were stimu-
lated with Ang-II or interferon c (IFNc) for 24 h. Further details are de-
scribed in the Supplementary material online.

2.1.6 Immunofluorescence
Confluent endothelial cells were grown on glass coverslips and stimu-
lated with Ang-II or IFNc. Further details are described in the
Supplementary material online.

2.1.7 Transfection of Nox2, Nox4, Nox5, or RhoA siRNA
Transfection was carried out with Lipofectamine RNAiMAX following
the manufacturer’s instructions. HUAECs were stimulated with Ang-II at
48 h post-transfection. Additional details are described in the
Supplementary material online.

2.1.8 Cytokine and chemokine quantification
Heparinized human whole blood from MS patients and aged-matched
controls or mouse blood was collected and cytokines and CXCL16
were measured by ELISA. Further details are described in the
Supplementary material online.

2.1.9 Animal studies
The animal protocols performed conformed to the guidelines of
Directive 2010/63/EU of the European Parliament on the protection of
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animals used for scientific purposes and were approved by the ethics re-
view board of the University of Valencia.

C57BL/6J, apoE-/- C57BL/6J, and CXCR6GFP/GFP C57BL/6J male mice
were supplied by Charles River Laboratories (Chatillon-sur-Chalaronne,
France). ApoE-/-CXCR6GFP/GFP C57BL/6J mice were obtained by crossing
apoE-/-C57BL/6J with CXCR6GFP/GFP C57BL/6J mice. ApoE-/-CXCR6GFP/þ

C57BL/6J mice were obtained by crossing apoE-/- C57BL/6J and
apoE-/-CXCR6GFP/GFP C57BL/6J mice. Animals were bred and maintained
under specific pathogen-free conditions at a constant temperature of
22± 2�C and humidity of 60–65% with a 12 h dark/light cycle, and with
free access to normal chow and autoclaved water. Further details are de-
scribed in the Supplementary material online.

2.1.10 Intravital microscopy
Ang-II was administered to randomly selected groups of mice via subcuta-
neous Alzet 2004 osmotic minipumps for 14 days. Mice were anaesthetized
by intraperitoneal (i.p.) injection with a mixture of xylazine hydrochloride
(10 mg/kg) and ketamine hydrochloride (200 mg/kg), and leucocyte–endo-
thelial cell interactions were determined in the cremasteric microcircula-
tion as described previously.25 Additional anaesthetic (30lL, i.v.) was
administered every 20 min to maintain profound anaesthesia. At the end of
the experiment, the animals were humanely euthanized by anaesthetic
overdose. Details are described in the Supplementary material online.

2.1.11 AAA formation in apoE2/2 mice
Male 12-week-old apoE-/-, apoE-/-CXCR6GFP/þ, and apoE-/-CXCR6GFP/GFP

mice were used. Alzet 2004 osmotic minipumps were implanted subcuta-
neously; Ang-II was infused at a rate of 1000 ng/kg/min. Simultaneously, los-
artan, an AT1 receptor antagonist, was infused in some Ang-II-treated
mice (30 mg/kg/day) for 28 days. Animals were anaesthetized by i.p. injec-
tion with a mixture of xylazine hydrochloride (10 mg/kg) and ketamine hy-
drochloride (200 mg/kg). At the end of the experiment, mice were
humanely euthanized by anaesthetic overdose. Further details are pro-
vided in the Supplementary material online.

2.1.12 Statistical analysis
Values are expressed as individual data points, percentages, or
means± SEM, when appropriate. For comparisons of two groups,
Student’s t-test was used in data that passed both normality (Kolmogorov–
Smirnov test) and equal variance (Levene test); otherwise, the non-
parametric Mann–Whitney U-test was performed. For comparisons among
multiple groups, one-way or two-way analysis of variance (ANOVA) fol-
lowed by post hoc analysis was used in data that passed both normality and
equal variance. Data were considered statistically significant at P < 0.05.

3. Results

3.2 Ang-II induces functional CXCL16
expression in HUAECs and HAECs
We first established that HUAECs, HUVECs, and HAECs express a func-
tional Ang-II AT1 receptor (Supplementary material online, Figure SVI).
We found that mononuclear leucocyte adhesion to HUAECs, HUVECs,
and HAECs increased markedly upon their stimulation with Ang-II for
24 h (Figure 1A–C), and greater adhesion was observed when mononu-
clear cells were bound with platelets (heparin). Notably, when CXCL16
activity was neutralized in arterial (HUAECs and HAECs) and venous
(HUVECs) endothelium, Ang-II-induced mononuclear cell adhesion was

significantly reduced only in HUAECs and HAECs (Figure 1A and C), sug-
gesting that CXCL16 expression triggered by Ang-II is functional only in
arterial endothelium. Because IFNc increases CXCL16 expression on
endothelial cells,8 this cytokine was used as a positive control.
Interestingly, whereas stimulation of HUAECs with Ang-II (1lM) or
IFNc (20 ng/mL) for 1 h failed to alter CXCL16 mRNA expression
(Figure 1D), incubation with either stimulus for 4 h provoked a significant
increase in CXCL16 mRNA expression (Figure 1E). Moreover, CXCL16
protein expression increased in HUAECs, HUVECs, and HAECs stimu-
lated for 24 h with Ang-II or IFNc as detected by flow cytometry (Figure
1F–H) and immunocytochemistry (Figure 1I). These effects were medi-
ated by the interaction of Ang-II with its AT1 receptor since pre-treat-
ment of the cells with the AT1 receptor antagonist EXP3174 (100 lM)
abrogated the responses elicited by Ang-II (Figure 1D–I).

3.3 Ang-II-induced CXCL16 expression
requires Nox5 expression and RhoA/
p38-MAPK/NFjB activation
The production of reactive oxygen species (ROS) mediates many of the
inflammatory responses of Ang-II.26 Potential sources of ROS in the vas-
culature include NADPH oxidases (Nox) and xanthine oxidase (XO).27

Pre-incubation of HUAECs for 1 h with the non-specific NADPH inhibi-
tor apocynin, but not the XO inhibitor allopurinol, significantly de-
creased CXCL16 protein expression induced by Ang-II for 24 h (Figure
2A). Because Nox2, Nox4, and Nox5 are the most abundant Nox iso-
forms in endothelial cells,26 we used targeted siRNA in HUAECs to es-
tablish which isoforms were involved in Ang-II-induced responses. The
efficiency of siRNA for Nox2, Nox4, and Nox5 mRNA expression are
shown in Supplementary material online, Figure SVII. Silencing of Nox5,
but not Nox2 or Nox4, resulted in a dramatic reduction in Ang-II-
induced endothelial CXCL16 expression (Figure 2B–D).

Signalling through the AT1 receptor stimulates a myriad of redox-
sensitive pathways, including RhoA, extracellular signal-regulated kinases
(ERK) 1/2, and p38 mitogen-activated protein kinase (MAPK).5,28–30 The
activation of these MAPK family components is in turn associated with
activation of nuclear factor (NF)-jB,5 which has been implicated in
CXCL16 expression.31 Consistent with these findings, the increase in
CXCL16 protein expression triggered by Ang-II in HUAECs was signifi-
cantly blunted by pre-treatment of the cells with a RhoA inhibitor or by
silencing RhoA expression (Figure 2E and F). Additionally, pre-incubation
of HUAECs with a p38-MAPK inhibitor but not an ERK1/2 inhibitor sig-
nificantly abrogated Ang-II-induced CXCL16 expression, by 98.7%
(Figure 2G). Consequently, pre-treatment of HUAECs with an NFjB in-
hibitor resulted in a significant reduction in CXCL16 expression induced
by Ang-II (Figure 2G). We previously showed that silencing of Nox5 abol-
ished Ang-II-induced RhoA activation.30 Knockdown of RhoA in
HUAECs resulted in the total inhibition of NFjB activation triggered by
the peptide (Figure 2H).

3.4 Circulating levels of activated and
CXCR6-expressing platelets, plasma solu-
ble CXCL16, TNFa, CXCR6-expressing
platelet-neutrophil, platelet-monocyte,
and platelet-CD8þ lymphocyte aggregates
are elevated in MS patients
We next evaluated platelet activation and CXCR6 expression in citrated
whole blood from MS patients and control subjects by flow cyometry.

Functional role of CXCL16/CXCR6 axis 3
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Figure 1 Ang-II induces functional CXCL16 expression in HUAEC and HAEC but not in HUVEC. (A–C) Endothelial cells were stimulated with Ang-II for
24 h. Some cells were incubated with a CXCL16 neutralizing antibody (2lg/mL) or with control serum (2lg/mL). Then, human mononuclear cells pre-
treated or not with EDTA (1� 106 cells/mL) were perfused across the endothelial monolayers and leucocyte adhesion quantified (n = 5–7 independent
experiments; *P < 0.05 or **P < 0.01 relative to medium;þP < 0.05 orþþP < 0.01 relative to Ang-II; DP < 0.05 or DDP < 0.01 relative to values in the hepa-
rin group). (D–H) Endothelial cells were stimulated with Ang-II (1lM) or IFN-c (20 ng/mL) for 1, 4, or 24 h. Some cells were pre-treated with EXP3174
(100lM) 1 h before Ang-II stimulation. Relative quantification of mRNA levels for CXCL16 and GAPDH after 1 h (D) and 4 h (E). Columns show fold
increases in CXCL16 mRNA expression relative to control GAPDH (n = 5–7 independent experiments; *P < 0.05 or **P < 0.01 relative to medium group;
þP < 0.05 relative to Ang-II). (F–H) CXCL16 expression (MFI) was determined by flow cytometry (n = 5–7 independent experiments; *P < 0.05 or
**P < 0.01 relative to values in medium; þP < 0.05 relative to Ang-II). (I) Immunofluorescence analysis showing CXCL16 expression in HUAECs.
Immunoreactivity was visualized using alexa-fluor 488 (green). Nuclei were counterstained with Hoechst dye (blue). Results are representative of 4–5 inde-
pendent experiments. Comparisons were made by one-way ANOVA.

4 A. Collado et al.

Downloaded from https://academic.oup.com/cardiovascres/advance-article-abstract/doi/10.1093/cvr/cvy135/5002177
by UNIVERSIDAD DE VALENCIA user
on 27 June 2018



..

..

..

..

..

..

..

..

..

..

..

..

..

..Results showed that the percentage of platelets expressing PAC-1, P-
selectin, and CXCR6 was significantly higher in MS patients than in age-
matched controls (Figure 3A–C). Similarly, circulating levels of soluble
CXCL16 and TNFa, but not IFNc, were significantly elevated in MS
patients (Figure 3D–F).

The percentage of CXCR6-expressing neutrophils in heparinized
whole blood was significantly higher in MS patients than in age-
matched controls (Figure 3G); however, CXCR6 expression was lost
when platelets were dissociated from this leucocyte subset. The

percentage of circulating CXCR6-expressing monocytes and CD8þ

lymphocytes was also greater in MS patients than in the control
group, and a comparable pattern was found when platelets were dis-
sociated from these leucocyte subtypes (Figure 3H–K). Surprisingly,
no differences were found in the percentage of CXCR6þ CD4þ lym-
phocytes between the two groups, irrespective of platelet binding
(Figure 3L and M). Attenuation of platelet–leucocyte interactions with
ticagrelor exerted similar effects to those of EDTA (see
Supplementary material online, Figure SVIII).

Figure 2 Ang-II-induced CXCL16 expression requires Nox5 expression and RhoA/p38-MAPK/NFjB activation. (A) HUAECs were stimulated with 1 lM
Ang-II for 24 h. Some cells were pre-treated with apocynin (30 lM) or allopurinol (100lM) 1 h before Ang-II stimulation. CXCL16 expression (MFI) in
HUAECs was determined by flow cytometry (n = 7 independent experiments; *P < 0.05 or **P < 0.01 relative to medium; þþP < 0.01 relative to Ang-II).
(B–D) HUAECs were transfected with Nox2 (B), Nox4 (C), Nox5 (D), or control siRNA. At 48 h post-transfection, cells were stimulated with 1 lM Ang-II
for 24 h and CXCL16 expression (MFI) was determined by flow cytometry (n = 6 independent experiments; *P < 0.05 or **P < 0.01 relative to medium;
þþP < 0.01 relative to Ang-II in control siRNA-transfected cells). (E) CXCL16 expression (MFI) in HUAECs pre-incubated or not with a RhoA inhibitor
(C3 transferase, 2mg/mL) for 4 h and then stimulated with 1 lM Ang-II for 24 h (n = 5 independent experiments; *P < 0.05 relative to medium;þP <0.05 rela-
tive to Ang-II). (F) HUAECs were transfected with RhoA or control siRNAs. At 48 h post-transfection, cells were stimulated with 1 lM Ang-II for 24 h.
CXCL16 expression (MFI) was determined by flow cytometry (n = 7 independent experiments; **P < 0.01 relative to medium;þP < 0.05 relative to Ang-II
in control siRNA transfected cells). (G) HUAECs were stimulated with 1 lM Ang-II for 24 h. Some cells were pre-treated with PD098059 (20 lM),
SB202130 (20 lM), or MOL294 (2.5lM) 1 h before Ang-II stimulation. CXCL16 expression (MFI) was determined by flow cytometry (n = 4–7 independent
experiments; **P < 0.01 relative to medium;þP < 0.05 relative to Ang-II). (H) HUAECs were transfected with RhoA or control siRNA. At 48 h post-trans-
fection, cells were stimulated with 1 lM Ang-II for 30 min. NFjB activation (p65 expression) was determined by flow cytometry. Results are expressed as
MFI (n = 6 independent experiments; **P < 0.01 relative to medium; þþP < 0.01 relative to Ang-II in control siRNA transfected cells). Comparisons were
made by one-way ANOVA.
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3.5 Circulating leucocytes from MS
patients show superior adhesiveness to
Ang-II- and TNFa-stimulated HUAECs,
which is partly dependent on CXCL16/
CXCR6
To explore the functional consequences of these observations, we inves-
tigated the involvement of CXCR6þ platelets in CXCL16-dependent
leucocyte–endothelial cell interactions under dynamic flow conditions.
TNFa is a central adipokine in MS,32 and an increase in its circulating lev-
els was found in MS patients (Figure 3E). Because it also induces endothe-
lial CXCL16 expression,8 we stimulated HUAECs with either Ang-II or
TNFa. When samples of heparinized whole blood from MS patients and
age-matched controls were perfused across stimulated HUAECs,
leucocyte adhesiveness was greater in the MS group (Figure 4A and C).
Interestingly, neutralization of CXCL16 activity on HUAECs resulted in
decreased platelet–leucocyte endothelial adhesion only for the MS
group after Ang-II or TNFa stimulation of HUAECs (Figure 4A and C).

When platelets were disaggregated from leucocytes with EDTA,
leucocyte adhesion to endothelial cells remained significantly higher in
the MS group than in the control group (Figure 4B and D) despite the sig-
nificantly lower number of leucocytes adhered to Ang-II- or TNFa-stim-
ulated HUAECs than when platelets were bound (heparin, Figure 4).
Neutralization of CXCL16 activity on HUAECs markedly reduced Ang-
II-induced leucocyte adhesion in both groups (Figure 4B), whereas adhe-
sion to TNFa-stimulated cells was reduced only in the MS group
(Figure 4D).

3.6 Chronic administration of losartan
reduces Ang-II-induced AAA formation
As a prelude to evaluating the potential role of the CXCL16/CXCR6
axis in a pathological in vivo model of Ang-II-induced AAA formation, we
used intravital microscopy to examine leucocyte–endothelial cell inter-
actions induced by Ang-II in the mouse cremasteric microcirculation.
Heterozygous CXCR6GFP/þ and homozygous CXCR6GFP/GFP knockout
mice were infused with saline or Ang-II (1000 ng/kg/min) for 14 days.

Figure 3 Circulating levels of activated and CXCR6-expressing platelets, circulating soluble CXCL16 and TNFa, CXCR6-expressing platelet-neutrophil,
platelet-monocyte and platelet-CD8þ lymphocyte aggregates are elevated in MS patients. Flow cytometry analysis of platelets stained with conjugated anti-
bodies against CD41 and PAC-1 (A), CD41 and P-selectin (B), and CD41 and CXCR6 (C). Plasma CXCL16 (D), TNFa (D), and IFNc (F) levels (pg/mL).
Heparinized or EDTA-treated whole blood was costained with specific markers for platelets and neutrophils (G), platelets and monocytes (H, I), platelets
and CD8þ lymphocytes (J, K), platelets and CD4þ lymphocytes (L, M), as well as for CXCR6, and analysed by flow cytometry. Results are expressed as per-
centage of positive cells or pg/mL (n = 13 MS patients, n = 15 control subjects; *P < 0.05 or **P < 0.01 relative to control group). Data sets A, B, D, G, I, K, M
were compared using Mann–Whitney U-test and data sets C, E, F, H, J, L were compared using Student’s t-test.
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..Ang-II treatment induced a significant enhancement in arteriolar
leucocyte adhesion in CXCR6GFP/þ mice, which was significantly re-
duced in CXCR6GFP/GFP mice (see Supplementary material online, Figure
SXA). Ang-II also increased CD11b expression on circulating monocytes
and CD69 expression on lymphocytes of CXCR6GFP/þ mice, whereas
neutrophil CD11b expression was unaffected (see Supplementary mate-
rial online, Figure SXB–D). The Ang-II-mediated CD11b and CD69 up-
regulation was also significantly reduced in CXCR6GFP/GFP mice (see
Supplementary material online, Figure SXC and D).

To extend these findings to a pathological model, we evaluated the ef-
fect of the Ang-II AT1 receptor antagonist losartan on experimentally

induced AAA formation. Accordingly, apoE�/�mice were infused subcu-
taneously with Ang-II (1000 ng/kg/min) or vehicle (saline) for 28 days,
which induced the development of AAA in Ang-II infused mice (Figure
5A). Ang-II-treated mice had a larger maximal external diameter of the
suprarenal aorta than saline-infused mice, and this was significantly de-
creased in mice cotreated with 30 mg/kg/day losartan (Ang-II,
2.2 ± 0.2 mm vs. losartan, 1.4 ± 0.1 mm; Figure 5B).

Immunohistochemical analysis of suprarenal aortic sections showed
that Ang-II infusion promoted the recruitment of CD68þ, CD3þ, and
CXCR6þ cells in the adventitia and media, which was substantially de-
creased in animals cotreated with losartan (Figure 5C–F). Likewise, an

Figure 4 Circulating leucocytes from MS patients show increased adhesiveness to Ang-II- and TNFa-stimulated HUAECs, which is partly dependent on
CXCR6/CXCL16 interaction. HUAECs were stimulated with Ang-II (1mM) or TNFa (20 ng/mL) for 24 h. Some cells were incubated with a CXCL16 neu-
tralizing antibody or control serum (2lg/mL). Subsequently, whole blood from MS patients and age-matched controls incubated without (A, C) or with (B,
D) EDTA was perfused across endothelial monolayers and leucocyte adhesion was quantified (n = 13 MS patients, n = 15 control subjects; *P < 0.05 or
**P < 0.01 relative to values in medium; þP < 0.05 or þþP < 0.01 relative to Ang-II or TNFa; DDP < 0.01 relative to the respective age-matched control
group; comparisons were made by two-way ANOVA. #P < 0.05 or ##P < 0.01, relative to values in the heparin group, comparisons were made by one-way
ANOVA).
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.increase in the number of CD31þ capillary vessels in suprarenal aortas
was also detected, and this was significantly lower in mice cotreated with
losartan (Figure 5C and G). Additionally, the mRNA expression of MCP-
1(CCL2), CXCL16, and VEGF in the suprarenal aorta of Ang-II-infused
apoE-/- mice was significantly decreased in animals cotreated with losar-
tan (Figure 5H–J). Moreover, circulating levels of soluble CXCL16 and
TNFa, but not IFNc, were significantly elevated in animals infused with
Ang-II, but were dramatically decreased by losartan coadministration
(Figure 5K–M). Finally, Ang-II infusion caused a significant increase in sys-
tolic blood pressure, which was lower in animals cotreated with losartan
(see Supplementary material online, Table SII). However, losartan admin-
istration failed to alter the lipid profile in apoE-/- mice chronically infused
with Ang-II (see Supplementary material online, Table SII).

3.7 CXCR6 deficiency reduces aortic
dilatation and inflammation in Ang-II-
induced AAA
We next generated apoE-/-CXCR6GFP/þ and apoE-/-CXCR6GFP/GFP mice
to evaluate the relevance of the CXCL16/CXCR6 axis in the develop-
ment of AAA. Ang-II infusion for 28 days provoked an increase in supra-
renal aorta expansion and diameter in both groups (Figure 6A and B);
however, aortic expansion was markedly smaller in apoE-/-CXCR6GFP/

GFP mice than in apoE-/-CXCR6GFP/þmice, with the former group having
a significantly smaller maximum diameter of the suprarenal aorta.
Interestingly, the Ang-II-induced inflammatory infiltrate (CD68þ, CD3þ,
and CXCR6þ cells) and neovascularization (CD31þ vessels) were also

Figure 5 Chronic administration of losartan decreases Ang-II-induced AAA formation in apoE-/- mice. Representative aortas from apoE-/- mice. The gross
appearance of the aortas were photographed digitally (A) and the maximal external diameter of the suprarenal aorta was measured (B). (C) Representative
photomicrographs of stained macrophages (CD68þ), lymphocytes (CD3þ), CXCR6þ cells and CD31þ microvessels in aortic cross sections.
Immunoreactivity was visualized using an alexa-fluor 633 secondary antibody (red) and alexa-fluor 488 secondary antibody (green), respectively. Nuclei
were stained with Hoechst dye (blue). (D–G) Number of CD68þ cells (D), CD3þ cells (E), CXCR6þ cells (F), and CD31þmicrovessels (G) per mm2 in aneu-
rysm aortic sections. (H–J) Gene expression of MCP-1 (CCL2) (H), CXCL16 (I), and VEGF (J) in AAA lesions analysed by RT–PCR. (K) CXCL16, (L) TNFa, and
(M) IFNc plasmatic levels were measured by ELISA (n = 5–7 animals/group; *P < 0.05 or **P < 0.01 relative to values in vehicle-infused mice; þP < 0.05 or
þþP < 0.01 relative to values in Ang-II-infused animals without losartan; comparisons were made by one-way ANOVA).
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significantly lower in apoE-/-CXCR6GFP/GFP mice (Figure 6D–G).
Additionally, whereas CCL2, CXCL16, and VEGF mRNA expression was
markedly elevated in the suprarenal aortas of apoE-/-CXCR6GFP/þ mice
treated with Ang-II, it was significantly lower in apoE-/-CXCR6GFP/GFP

mice subjected to the same stimulus (Figure 6H–J). Of note, immunofluo-
rescence analysis revealed a marked increase in CD8þCXCR6þ but not
in CD4þCXCR6þ lymphocyte infiltration in the AAA lesion of
apoE-/-CXCR6GFP/þ mice (see Supplementary material online, Figure
SXI). Nevertheless, neither the increase in blood pressure induced by
Ang-II nor the lipid profile was affected by CXCR6 (see Supplementary
material online, Table SII).

4. Discussion

We found that Ang-II, which has been implicated in the development of
MS and AAA, promoted functional CXCL16 expression on arterial en-
dothelial cells via Nox5 expression and subsequent RhoA/p38-MAPK/
NFjB activation. In addition, we also provide the first evidence implicat-
ing the CXCL16/CXCR6 axis as a key determinant for the initial interac-
tion between circulating platelet-bound leucocytes and dysfunctional
arterial endothelium in the environment of MS. In a pathological model
of Ang-II-induced AAA, blockade of AT1 receptor signalling resulted in
decreased lesion formation that was accompanied by a reduced

Figure 6 CXCR6 deficiency reduces aortic dilatation and inflammation in AAA induced by Ang-II in apoE-/- mice. Representative aortas from
apoE-/-CXCR6GFP/þ and apoE-/-CXCR6GFP/GFP mice. The gross appearances of the aortas were photographed digitally (A) and the maximal external
diameter of the suprarenal aorta was measured (B). (C) Representative photomicrographs of stained macrophages (CD68þ), lymphocytes (CD3þ),
CXCR6þ cells, and CD31þmicrovessels in aortic cross sections. Immunoreactivity was visualized using an alexa-fluor 633 secondary antibody (red)
and alexa-fluor 594 secondary antibody (red), respectively. Nuclei were stained with Hoechst dye (blue). (D–G) Number of CD68þ cells (D), CD3þ

cells (E), CXCR6þ cells (F), and CD31þmicrovessels (G) per mm2 in aneurysm aortic sections. (H–J) Gene expression of MCP-1 (CCL2) (H), CXCL16
(I), and VEGF (J) in the suprarenal aortas analyzed by RT–PCR (n = 6–10 animals/group; *P < 0.05 or **P < 0.01 relative to values in vehicle-infused
mice;þP < 0.05 orþþP < 0.01 relative to values in the Ang-II group in apoE-/- CXCR6GFP/þmice; comparisons were made by two-way ANOVA).
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inflammatory infiltrate including CXCR6þ cells and neovascularization.
These observations were confirmed in apoE-/- mice deficient for
CXCR6. Overall, the results suggest that the increased circulating levels
of CXCR6 on platelet-bound monocytes and CD8þ lymphocytes may
constitute a biomarker of adverse cardiovascular events since CXCR6 is
involved in the enhanced leucocyte adhesion to the dysfunctional arterial
endothelium of MS patients, a prominent feature of atherogenesis.
Furthermore, since Ang-II can increase CXCL16 expression on arterial
endothelial cells leading to CXCR6-mediated arterial adhesion and infil-
tration in MS and AAA, CXCL16 neutralization or CXCR6 antagonism
are promising strategies for therapeutic intervention.

Our in vitro studies using primary human arterial endothelial cells
revealed that Ang-II could promote functional CXCL16 expression since
platelet-mononuclear cell and mononuclear cell recruitment induced by
Ang-II was significantly inhibited when chemokine activity was neutral-
ized. This is in contrast to the venous endothelium where other media-
tors are likely involved despite the enhanced expression of the
chemokine. The delay in Ang-II-induced CXCL16 mRNA expression on
endothelial cells may be due to the synthesis and release of other inflam-
matory mediators. In regard to this, Ang-II increases TNFa mRNA and
protein expression on endothelial cells at earlier time points5 and this cy-
tokine up-regulates CXCL16.8

It is widely acknowledged that the activation of redox-sensitive signal-
ling pathways mediate many of the actions of Ang-II.5,29,30 We found that
Nox5 silencing blunted the increase in CXCL16 expression induced by
Ang-II, which is in agreement with a previous report establishing a major
role for Nox5 in Ang-II-induced mononuclear cell arrest.5 Similar to our
prior study showing that RhoA activation triggered by Ang-II is the con-
sequence of Nox5-mediated ROS generation,30 we found here that
Ang-II-induced CXCL16 expression was dependent on RhoA activation
and subsequent p38-MAPK activation, leading to NFjB transactivation.
Indeed, knockdown of RhoA in HUAECs resulted in the inhibition of
NFjB activation. While p38-MAPK and NFjB activation are known to
be involved in TNFa-induced CXCL16 expression, albeit in fibroblastic
reticular cells or lipopolysaccharide-stimulated macrophages,12,33 we
demonstrate here that endothelial CXCL16 expression induced by Ang-
II is Nox5/RhoA/p38-MAPK/NFjB-dependent.

In a clinical setting of MS where activated systemic RAS appears to
play an important role, patients had greater numbers of activated circu-
lating platelets. Although there is evidence to support platelet activation
as a prevailing feature in MS,34 we demonstrate that these patients pre-
sent elevated levels of circulating CXCR6-expressing platelets. A de-
tailed analysis of CXCR6 expression on different leucocyte subsets
revealed relevant and novel information. First, the expression of CXCR6
on neutrophils, monocytes, and CD8þ lymphocytes was due mainly to
platelets bound to leucocytes since in the absence of platelets the per-
centage of CXCR6-expressing leucocytes was either zero (neutrophils
do not express CXCR68) or was drastically diminished (monocytes and
CD8þ lymphocytes). Second, the percentage of CXCR6-expressing
platelet–leucocyte aggregates was higher in MS patients than in age-
matched controls. Third and unexpected, no differences were found be-
tween MS patients and age-matched controls in the percentage of
CXCR6þ platelets bound to CD4þ lymphocytes or CXCR6-expressing
CD4þ lymphocytes. Importantly, no differences were found in the num-
ber of the circulating leucocyte subsets under investigation between MS
patients and control subjects. To the best of our knowledge, this is the
first report evaluating CXCR6 expression on leucocytes in MS patients
under physiological conditions. The only previous report studying
CXCR6 expression on leucocytes in this setting found increased

numbers of CXCR6þ T cells and CXCR6þ NKT cells,35 albeit in EDTA-
treated conditions where platelet contribution was not considered.

Platelet activation is linked to cardiovascular morbidity; indeed, acti-
vated platelets can mediate the endothelial adhesion of circulating
leucocytes, a characteristic feature of the dysfunctional endothelium.19

Especially relevant to this study is the concept that the augmented num-
bers of CXCR6þ platelets are likely involved in the increased platelet–
neutrophil, platelet–monocyte, and platelet–CD8þ lymphocyte adhe-
sion to the dysfunctional arterial endothelium in MS patients but not in
controls. In this background, significantly diminished leucocyte arrest
was found in the absence of platelets, and neutralization of CXCL16 ac-
tivity significantly impaired platelet–leucocyte arterial arrest induced by
Ang-II and TNFa. Therefore, therapeutic intervention at this chemokine/
chemokine receptor axis may only be effective under pathological condi-
tions. Additionally, and as previously described,12,35 we found that circu-
lating levels of soluble CXCL16 and TNFa are higher in MS patients than
in age-matched controls. When whole blood from healthy volunteers
was incubated with CXCL16 at the concentrations found in MS patients,
increased CXCR6 expression was detected in platelets and platelet-
neutrophil aggregates (see Supplementary material online, Figure SXII),
which may explain the increased CXCL16-dependent platelet-leucocyte
adhesiveness to the dysfunctional endothelium in MS patients.
Furthermore, the increased percentage of CXCR6þ platelet-bound
monocytes and CD8þ lymphocytes may constitute a new membrane-
associated biomarker of systemic inflammation in MS and a prognostic
marker of further cardiovascular events given that it seems to drive the
initial attachment of mononuclear leucocytes to the dysfunctional arte-
rial endothelium, a primary event in atherogenesis.

To gain new insights into the potential contribution of CXCL16/
CXCR6 axis in an in vivo inflammatory environment, we infused Ang-II
into CXCR6GFP/þmice for 14 days and found an increase in the adhesion
of leucocytes to arterioles. This response was clearly dampened in
CXCR6GFP/GFP mice lacking a functional CXCR6 receptor. Furthermore,
decreased monocyte and lymphocyte activation were detected in
CXCR6GFP/GFP mice subjected to the same stimulus. These initial obser-
vations led us to suspect that the CXCL16/CXCR6 axis was probably in-
volved in pathologies associated with vascular inflammation in which
Ang-II is a key player. The role of RAS in AAA pathogenesis is widely ac-
cepted21,22; however, the role of CXCL16 in this pathology has been
scarcely investigated. In the only study performed so far, an increase in
CXCL16 mRNA expression was detected in CaCl2-induced AAA.36

Interestingly, chronic blockade of AT1 receptor with losartan reduced
AAA formation, and this was accompanied by impaired monocyte,
T lymphocyte, and CXCR6þ 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 express the CXCR6
receptor,8 it is tempting to speculate that the decreased endothelial ex-
pression of CXCL16 is partly responsible for the decreased cellularity
within the lesion. Nonetheless, other chemokines such as CCL2 are
likely involved in the aneurismal mononuclear cell infiltration as Ang-II
can promote CCL2 generation and release,4 and neutralizing the CCL2/
CCR2 axis has been shown to halt Ang-II-induced AAA development.37

We also found that losartan ameliorated angiogenesis in AAA animals.
In fact, the additional recruitment of inflammatory cells can be driven by
newly formed vessels, thus amplifying both the inflammatory and angio-
genic processes, as these leucocyte subtypes can release pro-angiogenic
chemokines and growth factors. In this regard, CXCL16 displays angio-
genic properties,38,39 CXCR6þ cells produce angiogenic factors such as
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VEGF and IL-8,40 and CXCR6 deficiency results in profound reductions
in monocyte and T-cell infiltration in the arthritic joint, which correlated
with impaired vessel formation.41 Furthermore, a strong correlation be-
tween CXCR6 expression and cancer aggressiveness has been linked to
angiogenic processes.40,42 More recently, it has been shown that simulta-
neous neutralization of MCP-1/CCL2 and CXCL16 activity significantly
inhibits tube formation in HUVECs.43

We generated apoE-/- mice with CXCR6 deficiency to gain a better
understanding of the role of CXCL16/CXCR6 axis in an AAA milieu.
Deficiency in CXCR6 markedly attenuated AAA formation, an effect
unrelated to systolic blood pressure or plasma cholesterol concentra-
tions. Decreased lesion formation was associated with a reduction in
macrophage, T and CXCR6þ cell infiltrates, and neovascularization and
also with impaired CCL2, CXCL16, and VEGF mRNA expression. Thus,
CXCR6þ cells are likely additional sources of inflammatory and angio-
genic mediators including CXCL16. Notably, immunofluorescence
analysis revealed a marked increase in CD8þCXCR6þ but not in
CD4þCXCR6þ lymphocyte infiltration in the AAA lesion of
apoE-/-CXCR6GFP/þ mice, which resembles the pattern encountered in
circulating CXCR6-expressing platelet-lymphocyte aggregates in MS
patients.

In conclusion, we have demonstrated ex vivo, in vitro, and in vivo
that CXCL16/CXCR6 axis plays a functional role in MS endothelial dys-
function and AAA formation. CXCR6 expression on platelet-bound
monocytes and CD8þ lymphocytes may constitute a new membrane-
associated biomarker for adverse cardiovascular events in cardiometa-
bolic disorders such as MS. Finally, pharmacological modulation of this
axis may positively affect cardiovascular outcome in metabolic disorders
linked to RAS activation.
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Abstract: Primary hypercholesterolemia (PH) is associated with a low grade systemic inflammation
that is likely the main driver of premature atherosclerosis. Accordingly, we characterized the immune
cell behaviour in PH and its potential consequences. Whole blood from 22 PH patients and 21
age-matched controls was analysed by flow cytometry to determine the percentage of leukocyte
immunophenotypes, activation, and platelet-leukocyte aggregates. Plasma markers were determined
by Enzyme-Linked ImmunoSorbent Assay (ELISA). The adhesion of platelet-leukocyte aggregates
to tumor necrosis factor-α (TNFα)-stimulated arterial endothelium was investigated using the
dynamic model of the parallel-plate flow chamber. PH patients presented greater percentage of
Mon 3 monocytes, Th2 and Th17 lymphocytes, activated platelets, and leukocytes than controls.
The higher percentages of circulating platelet-neutrophil, monocyte and lymphocyte aggregates
in patients caused increased platelet-leukocyte adhesion to dysfunctional arterial endothelium.
Circulating CXCL8, CCL2, CX3CL1, and IL-6 levels positively correlated with key lipid features of
PH, whereas negative correlations were found for IL-4 and IL-10. We provide the first evidence that
increased platelet and leukocyte activation leads to elevated platelet-leukocyte aggregates in PH and
augmented arterial leukocyte adhesiveness, a key event in atherogenesis. Accordingly, modulation of
immune system behavior might be a powerful target in the control of further cardiovascular disease
in PH.

Keywords: primary hypercholesterolemia; cytokines; chemokines; leukocyte activation; platelet
activation; endothelial dysfunction; systemic inflammation
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1. Introduction

Cardiovascular disease (CVD), predominantly coronary heart disease (CHD) and stroke, remains
the main cause of death in most European countries [1], and atherosclerosis is the most common
pathologic process for myocardial and cerebral ischemic disorders [2]. In recent years, it has
become evident that systemic inflammation is the main driver of premature atherosclerosis and
its complications, together with elevated plasma levels low density lipoprotein (LDL)-cholesterol [3].

Primary hypercholesterolemia (PH) is a lipid disorder characterized by elevated serum levels
of cholesterol and low-density lipoprotein (LDL). This metabolic disorder is heterogeneous at
the genetic level and includes both autosomal-dominant familial hypercholesterolemia (ADH),
which has an approximate prevalence of 1:200–1:500, and the more frequent polygenic non-familial
hypercholesterolemia [4]. In general, deleterious environmental factors such as a hypercholesterolemic
diet and obesity are linked to the disease.

Previous studies indicate that low grade systemic inflammation is associated with PH,
which might explain the higher incidence of CVD in these patients [4,5]. In this context, several studies
have shown that different soluble inflammatory markers, including tumor necrosis factor-α (TNFα),
interleukin-1 (IL-1), IL-6, interferon-γ (IFN-γ) and high sensitivity C reactive protein, are detected at
higher levels in patients with hypercholesterolemia than in age-matched controls [5–11]. In addition,
it is widely accepted that different chemotactic cytokines or chemokines are involved in the initial
stage of the atherosclerotic lesion formation and more precisely in the recruitment of different
leukocyte subsets [12]. In patients with hypercholesterolemia, increased circulating concentrations
of monocyte chemoattractant protein-1 (MCP-1/CCL2), macrophage inflammatory protein-1α
(MIP-1α/CCL3), MIP-1β (CCL4), IL-8/CXCL8 and IFN-γ-inducible protein10 (IP-10/CXCL10) have
been also described [10,11]. By contrast, whereas the mRNA expression of regulated on activation,
normal T cell expressed and secreted (RANTES/CCL5) was reported to be increased in mononuclear
cells from children with familial hypercholesteromia, this chemokine mRNA up-regulation was not
found in adults with the disease [13].

Despite these findings, little is known about the different cellular components of the systemic
inflammatory response present in PH and their clinicopathological consequences. Given that a richer
understanding of immune system behavior might open new horizons for CVD prognosis and treatment,
in the present study we performed an exhaustive analysis of different cellular and soluble immune
players in patients with PH and their potential consequences in arterial leukocyte adhesion, a crucial
event in atherogenesis. The activation state of platelets and relevant leukocyte subsets have been
explored as well as their interactions that lead to the formation of platelet-leukocyte aggregates.
Additionally, the different circulating levels of cytokines and chemokines involved in the activation
state of these cellular inflammatory components or in their recruitment have been quantified and
correlations with key lipid components of the disease have been established.

One of the earliest stages of atherogenesis is endothelial dysfunction, a proinflammatory and
prothrombotic phenotype of the endothelium that leads to platelet activation and the adhesion
and subsequent migration of T cells and leukocytes to the subendothelial space [14]. A correlation
has been previously reported between inflammation and endothelial dysfunction in patients with
PH [5]. Because very little is known about platelet-leukocyte-endothelium and leukocyte-endothelium
interactions in PH, we also sought to evaluate the functional significance of the inflammatory status in
PH using an ex vivo model of dysfunctional endothelium.

2. Materials and Methods

2.1. Cell culture

Human umbilical arterial endothelial cells (HUAEC) were isolated by collagenase treatment.
Details are described in the Supplemental data.
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2.2. Human Study Populations

A total of 43 subjects (22 PH patients and 21 age-matched control subjects without PH) were
included in the present study. Patients and control volunteers were recruited at the Endocrinology
Unit at University Clinic Hospital of Valencia, Spain.

Human studies were performed following the principles outlined in the Declaration of Helsinki
and were approved by the Clinical Research Ethics Committee of the University Clinical Hospital
of Valencia, Spain. All patients/controls signed an informed consent to participate in the study.
Further details are described in the Supplemental data.

2.3. Flow Cytometry

Full details are described in the Supplemental data, including the gating strategy (Figures S1–S6
and Table S2).

2.4. Quantification of Soluble Metabolic and Inflammatory Markers

Heparinized whole blood from patients and controls was used to quantitatively measure different
soluble metabolic and inflammatory markers by Enzyme-Linked ImmunoSorbent Assay (ELISA).
Further details are described in the Supplemental data.

2.5. Leukocyte-Endothelial Cell Interactions under Flow Conditions

Whole blood, treated or not with EDTA (Panreac, Barcelona, Spain), 10 mM, 15min, 37 ◦C),
was perfused across endothelial monolayers unstimulated or stimulated with TNFα (20 ng/mL,
Sigma-Aldrich, Madrid, Spain), for 24 h. Details are described in the Supplemental data.

2.6. Immunofluorescence Studies

Details are described in the Supplemental data.

2.7. Statistical Analysis

All results were analyzed using GraphPad Prism software (GraphPad Software, Inc., La Jolla,
CA, USA). Values are 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) and equal variance
(Levene) tests, as appropriate; otherwise, the non-parametric Mann Whitney U test was performed.
For comparisons among multiple groups, one-way analysis of variance (ANOVA) followed by post hoc
Bonferroni analysis was used in data that passed both normality and equal variance tests; otherwise,
the non-parametric Kruskal-Wallis test followed by Dunn´s post hoc analysis was used. Data were
considered statistically significant at p < 0.05.

3. Results

A total of 43 subjects (22 patients with PH and 21 age-matched control subjects without PH) were
included in the present study. The demographic, clinical and laboratory characteristics of patients and
controls are shown in Table 1. No statistically significant differences were found with regards to age,
gender, body mass index (BMI) or waist circumference between the two groups (Table 1). By contrast,
levels of total cholesterol (TC), LDL, triglycerides (TG) and apolipoprotein B (ApoB) were significantly
higher in patients than in controls (Table 1).
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Table 1. Demographic and clinical features of patients and age-matched controls.

Control Volunteers (n = 21) PH Subjects (n = 22) p Value

Age (years) 48.8 ± 2.7 49 ± 3.1 0.95
Gender M/F (%) 5/16 (23.8/76.2) 4/18 (18.2/81.8) 0.72

BMI (kg/m2) 25.4 ± 0.7 25.7 ± 0.9 0.83
Waist circumference (cm) 85.3 ± 1.9 85.7 ± 2.2 0.90

SBP (mmHg) 115.9 ± 2.0 124.7 ± 3.6 * <0.05
DBP (mmHg) 71.6 ± 1.8 78.5 ± 2.6 * <0.05

Glucose (mg/dL) 86.7 ± 1.5 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) 92.5 ± 4.1 127.4 ± 5.0 ** <0.01

GOT (U/L) 21.7 ± 0.9 22.8 ± 1.1 0.42
GPT (U/L) 18.3 ± 1.8 18.5 ± 1.1 0.90

Creatinine (mg/dL) 0.7 ± 0.0 0.7 ± 0.0 0.48
IgG (mg/dL) 966.7 ± 41.1 968.5 ± 34.4 0.97
Igm (mg/dL) 100.4 ± 7.6 125.8 ± 14.1 0.14

IgE total (IU/L) 42.6 ± 12.0 50.4 ± 16.9 0.71

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.

3.1. Platelet Activation Is Enhanced in Patients with PH

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 1A).
By contrast, the percentage of platelets expressing PAC-1 and P-selectin (CD62P) was significantly
higher in patients than in controls (Figure 1B,C,G), indicating their activation. 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 group (Figure 1D). Similarly,
circulating plasma levels of platelet factor-4 (PF-4/CXCL4), a platelet chemokine released upon platelet
activation, were significantly higher in PH patients than in controls (Figure 1E). No differences,
however, were encountered between PH patients and control subjects for the levels of circulating
RANTES (regulated on activation, normal T cell expressed and secreted)//CCL5, a chemokine released
by platelets and other immune cells when activated (Figure 1F).
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Figure 1. Platelet activation and related soluble markers are elevated in patients with PH. 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 percentage of positive cells. 
Soluble P-selectin (sP-selectin, D), PF-4/CXCL4 (E) and RANTES/CCL5 (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. SSC: Side Scatter. * p < 0.05 or ** p < 0.01 relative to values in the control 
group. 

3.2. The Percentage of Platelet-Neutrophil Aggregates, Activated Neutrophils, and Circulating Levels of IL-8, 
Are Elevated in Patients with PH 

We next evaluated several parameters related to the activation of different leukocyte subsets. No 
significant differences were found in the percentage of circulating neutrophils in heparinized blood 

Figure 1. Platelet activation and related soluble markers are elevated in patients with PH.
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 percentage of
positive cells. Soluble P-selectin (sP-selectin, D), PF-4/CXCL4 (E) and RANTES/CCL5 (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. SSC: Side Scatter. * p < 0.05 or ** p < 0.01 relative to values in the
control group.
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3.2. The Percentage of Platelet-Neutrophil Aggregates, Activated Neutrophils, and Circulating Levels of IL-8,
Are Elevated in Patients with PH

We next evaluated several parameters related to the activation of different leukocyte subsets.
No significant differences were found in the percentage of circulating neutrophils in heparinized
blood between the two groups (Figure 2A); however, the percentage of platelet-neutrophil aggregates
and activated neutrophils (CD69+) was significantly higher in patients than in controls (Figure 2B,C).
As some chemokines, such as growth-regulated oncogene-α (GROα/CXCL1) and IL-8 (CXCL8),
can induce activation and chemotaxis of human neutrophils, we quantified their levels in plasma.
Whereas no differences in the levels of CXCL1 were detected between the two groups (Figure 2D),
plasma levels of IL-8 were significantly elevated in PH patients (Figure 2E). Of note, we found a
significant association between the circulating levels of IL-8 and three clinical features of PH in patients:
ApoB, LDL and TC (Figure 2F–H).
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Figure 2. The percentage of platelet-neutrophil aggregates and activated neutrophils, and IL-8
circulating levels, are higher in patients with PH. 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 percentage of positive cells. GROα/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. Correlations between circulating IL-8 and ApoB (F), LDL (G) and TC (H) plasma levels.
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3.3. Circulating Mon 3 Monocytes, Platelet-Mon 1 and 3 Aggregates, Activated Mon 1 and 2 Monocytes,
and Plasma Levels of CCL2 and CX3CL1, Are All Elevated in Patients with PH

Three monocyte subpopulations have been described in peripheral blood based on their
differential expression of the cell surface markers CD14, CD16 and CCR2 (Table S1, Supplemental
data). Whereas the percentage of circulating type 1 (Mon 1) and 2 (Mon 2) monocytes in blood was not
different between patients and controls, as determined by flow cytometry, we found a significantly
higher percentage of circulating type 3 (Mon 3) monocytes in the former group (Figure 3A,D,G).
When we analyzed platelet-monocyte aggregates, those established between platelets and Mon 1 and
3 monocytes were significantly elevated in patients with PH (Figure 3B,E,H). Moreover, the expression
of CD11b integrin in Mon 1 and 2 monocytes, but not in Mon 3 monocytes, was significantly higher in
patients than in controls, indicating their activation (Figure 3C,F,I). Analysis of the fractalkine/CX3CL1
receptor (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 3J). 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 3K). 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 (Figure 3L,M), and a positive correlation was found between the circulating concentration of
both chemokines and ApoB, LDL and TC levels in patients (Figure 3N–S).
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Figure 3. The percentage of circulating Mon 3 monocytes, platelet-Mon 1 and 3 aggregates, activated
Mon 1 and 2 monocytes, and plasma levels of CCL2 and CX3CL1, are elevated in patients with PH.
Flow cytometry analysis of heparinized whole blood co-stained with specific markers for platelets
and Mon 1, 2 and 3 monocytes (A, B, D, E, G, H), CD11b integrin (C, F and I), and also for CX3CR1 in
heparinized and EDTA-treated whole blood (J and K). Results are expressed as 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. Correlations
between circulating MCP-1/CCL2 or fractalkine/CX3CL1 and ApoB (N and Q), LDL (O and R) and
TC (P and S) plasma levels.
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3.4. Circulating CD4+ Lymphocytes, Platelet-Lymphocyte (CD4+ and CD8+) Aggregates and Lymphocyte
(CD4+ and CD8+) Activation Are Significantly increased in Patients with PH

Mature T cells express the general marker CD3, and also express either CD4 or CD8 depending
on the type of T cell. Whereas no differences were found in circulating numbers of CD3+ and CD8+

lymphocytes between patients and controls, the number of CD4+ lymphocytes was higher the former
group (Figure 4A,D,J) and positively correlated with ApoB, LDL and TC levels (Figure 4G–I). Moreover,
the percentage of CD3+, CD4+ and CD8+ lymphocytes bound to platelets, and also their activation
state, (CD69+) was greater in patients than in control subjects (Figure 4B,C,E,F,K,L). Interestingly,
a positive correlation was found between the percentage of CD69+CD8+ cells and the lipid profile
(ApoB, LDL and TC levels) (Figure 4M–O).

Closer inspection of the different CD4+ T lymphocyte subtypes revealed an increased number of
circulating Th2 and Th17, but not Th1, lymphocytes in patients (Figure 5A,D,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 (Figure 5B,C,E,F,H,I). In contrast
to CD4+ cells, the percentage of circulating Treg lymphocytes (Figure 5J), as well as the Treg/Th17 ratio
(Figure 5L), was significantly lower in patients. However, no differences were found between patients
and controls in the percentage of circulating Treg lymphocyte-platelet aggregates (Figure 5K). Of note,
whereas the circulating levels of IL-12, a cytokine involved in the differentiation of naïve T cells to
Th1 cells, were significantly elevated in patients, plasma levels of IFNγ, a cytokine released by Th1
lymphocytes, were not different from those of control subjects (Figure 5M,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 (Figure 5O,P). Indeed, an inverse
correlation was found between IL-4 and IL-10 and the lipid profile associated with PH (Figure 5Q–V).
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Figure 4. 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. Heparinized whole blood was co-stained with specific markers for platelets and 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 5. The percentage of circulating Th2 and Th17 lymphocytes, platelet-lymphocyte aggregates,
lymphocyte activation and IL-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. Heparinized whole blood was co-stained with specific markers for platelets and Th1,
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 percentage of positive cells. IL-12 (M), IFNγ

(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. Correlations between circulating IL-4 or IL-10 and ApoB (Q and T), LDL (R and
U) and TC (S and V) plasma levels.
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3.5. Circulating Levels of Pro-Inflammatory Cytokines but not Adipokines Are Increased in PH Patients

Th17 cells produce TNFα and IL-6 [15], and an increase in the plasma levels of these
pro-inflammatory cytokines has been reported in patients with PH [6,7,9]. We noted similar findings
in our patient cohort (Figure 6A,B); moreover, a positive association was found between IL-6 plasma
levels and the levels of circulating ApoB, LDL and TC (Figure 6C–E). By contrast, no differences
were found for the circulating levels of adiponectin, leptin or ghrelin between patients and controls
(Figure 6F–H).
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Figure 6. Increased circulating levels of pro-inflammatory cytokines but not adipokines in patients
with PH. TNFα (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 or ** p < 0.01 relative to values in the control group. Correlations between
circulating IL-6 and ApoB (C), LDL (D) and TC (E) plasma levels.

3.6. Circulating Platelet-Leukocytes and Leukocytes from PH Patients Have Increased Adhesiveness to
TNFα-Stimulated HUAEC

Endothelial dysfunction is one of the earliest stages of atherogenesis, and leads to the adhesion
and the subsequent migration of leukocytes [14]. Because TNFα is a central cytokine/adipokine
in hypercholesterolemia [9,11], we next explored the functional consequences of the elevated levels
of TNFα in patients with PH. We first examined the adhesion of platelet-leukocyte aggregates and
leukocytes alone to unstimulated or TNFα-stimulated arterial endothelial cells (HUAEC) under
dynamic flow conditions. To do this, experiments were carried out with heparinized or EDTA-treated
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 greater in the PH group (Figure 7A).
After exposure of HUAEC to TNFα for 24 h, leukocyte adhesiveness increased in both groups
and remained significantly greater in the PH group (Figure 7A). Importantly, when platelets were
disaggregated from leukocytes with EDTA, leukocyte adhesion was still significantly greater in the
PH group than the control group (Figure 7B), despite the significant decrease in the number of
adhered leukocytes to stimulated HUAEC after platelet disaggregation (Figure 7A,B). In agreement
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with these observations, immunofluorescence studies revealed enhanced adherent platelet–leukocyte
complexes to TNFα-stimulated endothelial cells from PH patients compared with age-matched controls
(Figure 7C,D). Furthermore, when platelets were disaggregated from leukocytes with EDTA, leukocyte
adhesion to TNFα-stimulated HUAEC was notably diminished but this parameter was markedly
greater in the PH group than the control group (Figure 7E,F).
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Figure 7. Circulating platelet-leukocyte aggregates and leukocytes from PH patients show increased
adhesiveness to TNFα–stimulated HUAEC. HUAEC were stimulated or not with TNFα (20 ng/mL)
for 24 h. Subsequently, whole blood from patients and controls, incubated without (A) or with EDTA
(B), was perfused across endothelial monolayers for 7 min at 0.5 dyn/cm2 and leukocyte adhesion
quantified (cells/mm2). 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 < 0.05 or ++p < 0.01 relative to
respective values in the control group; ∆∆p < 0.01 relative to respective values in the heparin group.
Immunofluorescence analysis showing adherent platelet–leukocyte cell complexes to TNFα-stimulated
HUAEC (C–F). Heparinized blood from age-matched controls and patients with PH was incubated
without or with EDTA. After the flow chamber assay, cells were fixed with 4% paraformaldehyde and
blocked in phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA). Then, cells
were incubated for 2 h with an Alexa 488-conjugated antibody against human CD45 (1:50 dilution,
green) and an allophycocyanin (APC)-conjugated antibody against human CD41 (1:50 dilution, red).
Nuclei of endothelial cells and leukocytes were stained with Hoechst (blue). Images were captured
with a Zeis Axio Observer A1 fluorescence microscope.
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4. Discussion

PH is associated with risk of developing arteriosclerosis and the likelihood of future serious
ischemic events. Previous studies have provided evidence of low systemic inflammation in patients
with hypercholesterolemia [6,7,9–11,16]. 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. 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.

Platelet activation is known to be associated with atherogenesis and cardiovascular morbidity [17].
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 [17]. We show
that patients with PH present a pro-thrombotic state characterized by increased platelet activation
(P-selectin+ and PAC-1+ platelets). While hypercholesterolemia has been previously associated with
platelet activation [5,16], we found that patients have both increased circulating levels of sP-selectin
and PF-4/CXCL4, which are involved in multiple atherogenic processes. Indeed, different platelet
surface molecules such as GPIIb/IIIa (recognized by PAC-1) or P-selectin are critically involved in the
interaction of platelets to endothelial cells and leukocytes [17], all of which are central for atherosclerotic
lesion formation.

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) [18]. 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 proatherogenic state. This is consistent with our finding of increased circulating levels of CXCL8,
which is involved in neutrophil activation, in the PH group, as has been reported previously, albeit in
patients with FH [10]. 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 biomarker of atherosclerotic risk in PH.

Human monocytes are a heterogeneous cell population that are commonly classified into
three subtypes: classical CD14+CD16–CCR2+ (Mon 1), intermediate CD14+CD16+CCR2+ (Mon 2),
and nonclassical CD14+CD16+CCR2- (Mon 3) [19]. There is evidence to support that adults with
FH have a pro-inflammatory imbalance in circulating monocyte subpopulations (Mon 1) [20],
although another study indicated that the levels of Mon 2 and/or Mon 3 subtypes were increased
in hyperlipidemia and associated with atherosclerosis development [21]. 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 (Figure S7, Supplemental
data). 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
fractalkine/CX3CL1 receptor (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
(similar to human Mon 3) monocytes are involved in disease progression [22]. In humans, different
studies have noted increases in circulating CD16+ monocytes in cardiovascular disease [22], which are
possibly linked to disease outcome [23]. 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 CCL2 and CX3CL1, the circulating levels of which were significantly elevated in
patients and correlated positively with plasma ApoB, LDL and TC content.
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To the best of our knowledge, the associations we found between T lymphocytes and PH have
not previously been reported. Four findings are worthy of mention. First, the percentage of circulating
CD4+ cells was significantly higher in patients with PH than controls, and directly correlated with 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, TNFα and IL-6 plasma levels were increased in patients, levels
of the anti-inflammatory cytokines IL-4 or 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 enviroment. Along this line, it is well known that both CD4+

and CD8+ T cells are involved in atherosclerosis development [24]. While the role of Th2 cells in
atherogenesis remains debated [24], it has recently been shown that patients with coronary artery
atherosclerosis had an impaired Treg/Th17 ratio together with reduced serum levels of IL-10 [25].
Th17 cells repress the function of Treg cells, contributing to an inflammatory milieu. Moreover, whereas
Th17 cells can produce the inflammatory cytokines TNFα and IL-6 [15], 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 Th17 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 [26,27] whose
circulating levels may be decreased in this pathology, although this requires further investigation.

We used a dynamic flow chamber model 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 TNFα, was significantly
higher in the patient group. The increased adhesion to functional (nonstimulated) 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
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 [14,28–31]. 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 have been detected
in the peripheral circulation of patients with unstable angina or other coronary diseases, and they
have been considered a predictive factor of acute myocardial infarction [32]. This platelet-leukocyte
interaction is in all probability due to the interaction of platelet P-selectin with its ligand, P-selectin
glycoprotein ligand-1, present on leukocyte surfaces, which in turns facilitates the interaction between
these aggregates and dysfunctional endothelium, a key event in arteries prone to arteriosclerotic lesion
development [14].

In conclusion, we report that 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 potential link between systemic inflammation and
CVD development in this metabolic disorder. Finally, the positive correlations between key lipid
features of PH and different circulating inflammatory 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 CVD. Overall, the modulation of the cellular and molecular
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inflammatory components in PH, as well as the lipid profile, might be crucial to prevent further
cardiovascular complications.
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Abstract: Background: Metabolic syndrome is associated with low-grade systemic inflammation,
which is a key driver of premature atherosclerosis. We characterized immune cell behavior in
metabolic syndrome, its consequences, and the potential involvement of the CX3CL1/CX3CR1
and CCL2/CCR2 chemokine axes. Methods: Whole blood from 18 patients with metabolic
syndrome and 21 age-matched controls was analyzed by flow cytometry to determine the leukocyte
immunophenotypes, activation, platelet-leukocyte aggregates, and CX3CR1 expression. ELISA
determined the plasma marker levels. Platelet-leukocyte aggregates adhesion to tumor necrosis
factor-α (TNFα)-stimulated arterial endothelium and the role of CX3CL1/CX3CR1 and CCL2/CCR2
axes was investigated with the parallel-plate flow chamber. Results: When compared with the
controls, the metabolic syndrome patients presented greater percentages of eosinophils, CD3+ T
lymphocytes, Mon2/Mon3 monocytes, platelet-eosinophil and -lymphocyte aggregates, activated
platelets, neutrophils, eosinophils, monocytes, and CD8+ T cells, but lower percentages of Mon1
monocytes. Patients had increased circulating interleukin-8 (IL-8) and TNFα levels and decreased
IL-4. CX3CR1 up-regulation in platelet-Mon1 monocyte aggregates in metabolic syndrome patients
led to increased CX3CR1/CCR2-dependent platelet-Mon1 monocyte adhesion to dysfunctional arterial
endothelium. Conclusion: We provide evidence of generalized immune activation in metabolic
syndrome. Additionally, CX3CL1/CX3CR1 or CCL2/CCR2 axes are potential candidates for therapeutic
intervention in cardiovascular disorders in metabolic syndrome patients, as their blockade impairs
the augmented arterial platelet-Mon1 monocyte aggregate adhesiveness, which is a key event
in atherogenesis.

Keywords: metabolic syndrome; cytokines; chemokines; leukocyte activation; platelet activation;
endothelial dysfunction; systemic inflammation
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1. Introduction

Cardiovascular disease (CVD), especially coronary heart disease and stroke, are the main causes
of mortality in most European countries [1], and atherosclerosis is the principal contributor to the
pathogenesis of myocardial and cerebral ischemic disorders. It has become increasingly evident
that systemic inflammation is the main driver of premature atherosclerosis and its complications.
Against this background, there is evidence supporting that low-grade systemic inflammation is often
associated with the metabolic syndrome [2], which is a cluster of cardiovascular risk factors with a high
prevalence in Western countries [3]. The diagnosis of metabolic syndrome is made when at least three
of the five following criteria are met: (1) abdominal obesity; (2) arterial hypertension; (3) dysglycemia;
(4) hypertriglyceridemia; and, (5) low high-density lipoprotein (HDL) cholesterol levels [4]. These
pathophysiological changes can lead to oxidative stress and inflammation, which increases the risk for
atherosclerosis and CVD [5–10]. Indeed, clinical evidence suggests that metabolic syndrome promotes
endothelial dysfunction [5], a prothrombotic and proinflammatory state that precedes atherogenic
events [11].

Several studies have shown that soluble inflammatory markers, including tumor necrosis
factor-α (TNFα), interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1/CCL2), CXCL16,
and high-sensitivity C-reactive protein are found at higher levels in patients with metabolic
syndrome than in the age-matched controls [12–15]. Moreover, metabolic syndrome has been
related to an increased number of several circulating leukocyte subsets and enhanced monocyte
and platelet activation [12,16–18]. Nonetheless, some results on the inflammatory status of this
complex metabolic disorder are contentious, particularly with regard to the soluble mediators and
leukocyte subsets [13,17–20]. Therefore, deeper knowledge regarding the different cellular and soluble
components of systemic inflammatory responses that are associated with metabolic syndrome and
their clinical consequences is needed.

The CX3CL1/CX3CR1 and CCL2/CCR2 chemokine axes have been implicated in the development
of CVD [21–24]. Fractalkine/CX3CL1 is a transmembrane protein that is widely expressed in immune
and non-immune human cells that occurs in two distinct for metabolic syndrome: a membrane-bound
form that promotes the firm adhesion of cells expressing its cognate receptor CX3CR1, and a soluble form
that is generated by the proteolytic cleavage of the transmembrane form [25]. The expression of CX3CL1
is markedly upregulated in human arterial and venous endothelial cells during the inflammatory
process [25,26]. It is also known that the CX3CL1/CX3CR1 axis is involved in mononuclear cell
attachment to endothelium and the subsequent transmigration of monocytes and lymphocytes, a
critical step in the atherogenic process [25,26].

MCP-1/CCL2 is a chemokine that is produced by several cell types, including endothelial cells,
fibroblasts, epithelial cells, smooth muscle cells, and monocytes/macrophages [27], and it regulates
the migration and infiltration of monocytes, T lymphocytes, and NK cells through interaction with
its receptor (CCR2). Accordingly, MCP-1/CCL2 is considered as a potential intervention target in
atherosclerosis and diabetes with insulin resistance [27–29].

We performed a comprehensive analysis of different cellular and soluble immune players in
patients with metabolic syndrome and examined their potential consequences for arterial leukocyte
adhesion, given that a better understanding of immune system behavior might open new horizons for
CVD prognosis and treatment. As increased circulating levels of TNFα have been detected in metabolic
syndrome patients [12,15], which can up-regulate CX3CL1 expression and promote the generation and
release of CCL2 [30,31], we also investigated the role of CX3CL1/CX3CR1 and CCL2/CCR2 axes in
platelet-leukocyte and leukocyte adhesion to the dysfunctional arterial endothelium in a metabolic
syndrome model.
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2. Materials and Methods

2.1. Cell Culture

The human umbilical arterial endothelial cells (HUAEC) were isolated by collagenase treatment.
Details are described in the Supplemental data.

2.2. Human Study Populations

A total of 39 subjects (18 patients with metabolic syndrome and 21 age-matched control subjects)
were included in the present study. The Endocrinology Unit at the University Clinic Hospital of
Valencia recruited the patients and controls (Valencia, Spain). All of the procedures involving human
samples complied with the principles outlined in the Declaration of Helsinki and the institutional
ethics committee of the University Clinic Hospital, Valencia approved them. All of the subjects signed
an informed consent.

The general inclusion criteria for entering in the study were: male and female, age 18–65 years.
Inclusion criteria for subjects with metabolic syndrome: medical history, clinical exam, and

biochemical parameters, according to the definition established by the International Diabetes Federation
confirmed metabolic syndrome. The diagnostic criteria for metabolic syndrome were defined by at least
three of the following conditions: (1) Male waist circumference ≥ 94 cm, female waist circumference
≥ 80 cm; (2) triglycerides (TG) ≥ 150 mg/dL or pharmacological treatment for hypertriglyceridemia;
(3) Blood pressure ≥ 130 (systolic) and/or 85 (diastolic) mmHg or pharmacological treatment for
hypertension; (4) Fasting glucose level ≥ 100 mg/dL; and, (5) Male HDL-cholesterol < 40 mg/dL, female
HDL-cholesterol < 50 mg/dL.

Inclusion criteria for controls: Healthy volunteers were recruited among personal and plasma
donors of our center. All of them were normolipidemic (fasting total cholesterol and triglycerides
below the 90th percentile of our population), normoglycemic (fasting glucose < 100 mg/dL), and
non-obese (BMI < 30 kg/m2).

Exclusion criteria: BMI > 35 kg/m2, type 2 diabetes, personal history of major vascular events
(coronary artery disease, peripheral arterial disease, or stroke), abnormal intima/media thickness,
hypothyroidism, asthma, autoimmune diseases, chronic hepatic disease, chronic renal failure, chronic
heart failure (NYHA > II), cancer, pregnancy or breast-feeding, infection or inflammatory disease
(including personal history of allergy) in the six weeks prior to the study, the use of drugs that
are capable of modifying the lipid profile or inflammation that cannot be withdrawn six weeks
before starting the study (lipid-lowering drugs, glucose-lowering drugs, anti-hypertensive drugs,
anti-inflammatory drugs and antioxidant supplements), and alcohol consumption > 30 g per day.

Table 1 shows the clinical and biological parameters of patients and age-matched controls.

Table 1. Demographic and clinical features of metabolic syndrome patients and age-matched controls.

Control Volunteers
(n = 21)

Metabolic Syndrome Patients
(n = 18) p Value

Age (years) 48.8 ± 2.7 52.2 ± 3.2 0.42
Gender M/F (%) 5/16 (23.8/76.2) 3/15 (16.7/83.3) 0.59

BMI (kg/m2) 25.5 ± 0.7 31.0 ± 0.9 ** <0.01
Weight (kg) 69.4 ± 2.6 83.3 ± 2.9 ** <0.01
Height (cm) 164.9 ± 2.4 163.8 ± 1.7 0.71

Waist circumference (cm) total 85.4 ± 2.0 100.0 ± 1.7 ** <0.01
Waist circumference (cm) male 92.4 ± 2.1 105.0 ± 1.2 ** <0.01

Waist circumference (cm) female 83.0 ± 2.3 99.0 ± 1.9 ** <0.01
Systolic blood pressure (mmHg) 116.6 ± 2.0 130.3 ± 2.1 ** <0.01
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Table 1. Cont.

Control Volunteers
(n = 21)

Metabolic Syndrome Patients
(n = 18) p Value

Diastolic blood pressure (mmHg) 71.7 ± 1.9 79.9 ± 1.2 ** <0.01
Glucose (mg/dL) 86.7 ± 1.5 103.8 ± 3.0 ** <0.01
Insulin (mIU/L) 7.6 ± 0.9 18.4 ± 2.0 ** <0.01
HOMA Index 1.7 ±0.2 4.7 ± 0.5 ** <0.01

Total Cholesterol levels (mg/dL) 206.1 ± 6.8 239.5 ± 12.8 * <0.05
LDL levels (mg/dL) 130.6 ± 5.4 156.2 ± 11.2 * <0.05
HDL levels (mg/dL) 66.0 ± 2.5 50.5 ± 2.1 ** <0.01

Triglycerides (mg/dL) 81.0 ± 7.3 181.6 ± 30.0 ** <0.01
IgG (mg/dL) 966.7 ± 41.1 985.8 ± 48.9 0.76
IgM (mg/dL) 100.4 ± 7.6 104.5 ± 13.0 0.78
IgE (mg/dL) 42.6 ± 12.0 57.2 ± 17.3 0.48
CRP (mg/L) 1.4 ± 0.2 2.1 ± 0.4 0.23

BMI, body mass index; HOMA, homeostatic model assessment; LDL, low-density lipoprotein; HDL,
high-density lipoprotein; Ig, immunoglobulin; CRP, C-reactive protein. Data are presented as mean ± SEM.
* p < 0.05 or ** p < 0.01 relative to values in the control group.

2.3. Flow Cytometry

Full details are described in the Supplemental data. Figures S1–S5 and Table S1 describe the
gating strategies.

2.4. Measurement of Soluble Metabolic and Inflammatory Markers

Heparinized whole blood was collected from patients and age-matched controls, and soluble
metabolic and inflammatory markers were measured by ELISA in plasma. Further details are described
in the Supplemental data.

2.5. Leukocyte-Endothelial Cell Interactions under Flow Conditions

Whole blood treated or not with ethylenediaminetetraacetic acid (EDTA), was perfused across
endothelial monolayers that were unstimulated or stimulated with TNFα (20 ng/mL), for 24 h. In some
experiments, the cells were pre-incubated with a neutralizing antibody against CX3CL1 or CCL2 or
with an isotype-matched control antibody. Details are described in the Supplemental data.

2.6. Statistical Analysis

All of the results were analyzed using GraphPad Prism software (GraphPad Software, Inc., La Jolla,
CA, USA). The values are 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) and equal variance (Levene) tests,
as appropriate; otherwise, the non-parametric Mann–Whitney U test was performed. For comparisons
among multiple groups, one-way analysis of variance, followed by post hoc Bonferroni analysis, was
used in data that passed both normality and equal variance tests; otherwise, the non-parametric
Kruskal–Wallis test followed by Dunn’s post hoc analysis was used. Data was considered to be
statistically significant at p < 0.05.

3. Results

A total of 39 subjects (18 patients with metabolic syndrome and 21 age-matched controls) were
included in the present study. Table 1 shows the demographic, clinical, and laboratory characteristics
of patients and controls. No statistically significant differences were found regarding the age, gender,
or height between the two groups. By contrast, body mass index (BMI), weight, waist circumference,
systolic and diastolic blood pressure, glucose, insulin levels, homeostatic model assessment (HOMA)
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index, levels of total cholesterol, low-density lipoprotein (LDL)-cholesterol, and triglycerides were
all significantly higher in metabolic syndrome patients than in the controls, whereas high-density
lipoprotein (HDL)-cholesterol levels were significantly lower, as expected. Indeed, patients with
metabolic syndrome had insulin resistance and abdominal obesity. Additionally, a table indicating the
number of patients that met each of the five metabolic syndrome criteria is shown in the Supplemental
Data (Table S2). In addition, none of the sub-groups markedly differ from the healthy group in age or
other non-metabolic syndrome parameters (Table S2, Supplemental Data).

3.1. Platelet Activation is Enhanced in Patients with Metabolic Syndrome

As a first step, we determined the platelet activation state and the levels of platelet activation-related
soluble mediators in the blood samples from the two groups using flow cytometry and enzyme-linked
immunosorbant assay (ELISA). While no significant differences in the number of circulating platelets
were found between the two groups (Figure 1A), the percentage of platelets expressing PAC-1 and
P-selectin (CD62P) was significantly higher in the metabolic syndrome patients than in the controls
(Figure 1B,D), indicating an enhanced activation state. In addition, the increased percentage of activated
platelets positively correlated with the blood glucose levels (Figure 1C,E). P-selectin can translocate
to the cell surface upon cell activation, where it can be cleaved and released into the circulation as
soluble P-selectin (sP-selectin). However, we found no differences in the circulating levels of sP-selectin
between the two groups (Figure 1F). Likewise, circulating levels of platelet chemokines that can be
released upon their activation, such as platelet factor-4 (PF-4/CXCL4) and regulated on activation
normal T cell expressed and secreted (RANTES/CCL5), were similar in both of the groups (Figure 1G,H).

3.2. The Percentage of Activated Neutrophils and Circulating Levels of IL-8 Are Elevated in Patients with
Metabolic Syndrome

We next evaluated several parameters related to the activation of different leukocyte subsets.
No differences were detected between the groups in the number of circulating neutrophils (Figure 2A)
or in the percentage of neutrophil-platelet aggregates (Figure 2B). However, neutrophil activation
(CD11b expression) was higher in metabolic syndrome patients than in the age-matched controls
(Figure 2C), and was positively correlated with circulating glucose levels (Figure 2D). Given that
chemokines, such as growth-regulated oncogene-α (GROα/CXCL1) and IL-8 (CXCL8) can induce
human neutrophil activation and chemotaxis, we quantified their levels in plasma. Although, metabolic
syndrome patients presented higher plasma levels of IL-8 than the age-matched controls, no differences
were found in the circulating levels of GROα/CXCL1 (Figure 2E,F).
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Figure 1. Platelet activation is elevated in patients with metabolic syndrome. Flow cytometry analysis
of platelets stained with conjugated antibodies against CD41 (A), CD41 and PAC-1 (B), and CD41
and P-selectin (D). Results are expressed as percentage of positive cells. Soluble (s)P-selectin (F),
platelet factor-4 (PF-4/CXCL4) (G) and regulated on activation normal T cell expressed and secreted
(RANTES/CCL5) (H) plasma levels (ng or pg/mL) were measured by enzyme-linked immunosorbant
assay (ELISA). (n = 21 control subjects and n = 18 metabolic syndrome patients). Values are expressed
as mean ± SEM. ** p < 0.01 relative to values in the control group. Correlations between circulating
glucose levels and percentage of circulating platelets PAC-1+ (C) or P-selectin+ (E).
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Figure 2. The percentage of activated neutrophils and IL-8 circulating levels are increased in patients
with metabolic syndrome. Flow cytometry analysis of heparinized whole blood co-stained with specific
markers for platelets and neutrophils (A,B). Neutrophils were also stained for CD11b (C). Results are
expressed as percentage of positive cells and as mean of fluorescence intensity (MFI). Interleukin-8
(IL-8)/CXCL8 (E) and growth-regulated oncogene-α (GROα/CXCL1) (F) plasma levels (pg/mL) were
measured by ELISA (n = 21 age-matched controls and n = 18 metabolic syndrome patients). Values
are expressed as mean ± SEM. * p < 0.05 relative to values in the control group. Correlations between
circulating glucose levels and CD11b expression on neutrophils (D).

3.3. Patients with Metabolic Syndrome Present a Higher Percentage of Circulating Eosinophils, Increased
Number of Eosinophil-Platelet Aggregates, Enhanced Eosinophil Activation and Decreased Eotaxin-2/CCL24
Plasma Levels

An increase in the number of circulating eosinophils has been previously reported in patients with
metabolic syndrome [10]. In agreement with this observation, we found that the patients with metabolic
syndrome presented a higher percentage of circulating eosinophils relative to the age-matched controls,
and this positively correlated with blood glucose levels (Figure 3A,B). Additionally, an increase in the
percentage of eosinophil-platelet aggregates (Figure 3C), as well as enhanced eosinophil activation
(CD11b expression, Figure 3D), was found in the metabolic syndrome group. As different chemokines
are involved in eosinophil activation, with eotaxin-1/CCL11, -2/CCL24, and -3/CCL26 being especially
relevant [32], we also examined their circulating levels. Whereas, no differences in the plasma levels of
eotaxin-1/CCL11 and eotaxin-3/CCL26 were detected between the two groups (Figure 3E,G), circulating
levels of eotaxin-2/CCL24 were significantly lower in the metabolic syndrome group than in the controls
(Figure 3F).
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Figure 3. The percentage of circulating eosinophils, platelet-eosinophil aggregates, and activated
eosinophils is increased in patients with metabolic syndrome. Flow cytometry analysis of heparinized
whole blood co-stained with specific markers for platelets and eosinophils (A,C). The eosinophils
were also stained for CD11b (D). Results are expressed as percentage of positive cells and as mean
of fluorescence intensity (MFI). Eotaxin-1/CCL11 (E), eotaxin-2/CCL24 (F), and eotaxin-3/CCL26 (G)
plasma levels (pg/mL) were measured by ELISA (n = 21 age-matched controls and n = 18 metabolic
syndrome patients). Values are expressed as mean ± SEM. * p < 0.05 relative to values in the control
group. Correlations between circulating glucose levels and percentage of circulating eosinophils (B).

3.4. Patients with Metabolic Syndrome Present a Higher Percentage of Circulating Monocytes and Enhanced
Monocyte Activation

Next, we analyzed monocyte subpopulations in peripheral blood by flow cytometry, finding
that the percentage of total circulating monocytes was higher in metabolic syndrome patients than
in the control subjects, which, again, positively correlated with the levels of circulating glucose
(Figure 4A,B). Monocytes can be divided into three subsets with distinct features, including their
differential expression of the cell surface markers CD14, CD16, and CCR2 (Table S1, Supplemental data).
We examined for changes in these subsets in the two groups, finding that, whereas the percentage
of circulating type 1 monocytes (Mon1) was significantly lower in metabolic syndrome patients than
in controls, the percentage of type 2 (Mon2) and type 3 (Mon3) monocytes was significantly higher
(Figure 4C). No differences in the percentage of monocyte-platelet aggregates were found between the
groups (Figure 4D,E), in accord with the results for neutrophil-platelet aggregates. When monocyte
activation (CD11b expression) was evaluated, all of the monocyte subsets were found to be in an
activated state in metabolic syndrome patients (Figure 4F,H), which positively correlated with glucose
levels (Figure 4G). However, neither CCR2 expression on monocytes nor the plasma levels of its
cognate ligand MCP-1/CCL2 differed between the groups (Figure 4I–K).
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were found between the groups (data not shown). 

Figure 4. The percentage of total circulating monocytes, Mon2 and Mon 3 monocytes and activated
Mon1–3 monocytes is elevated in patients with metabolic syndrome, whereas the percentage of Mon1
monocytes is decreased. Flow cytometry analysis of heparinized whole blood co-stained with specific
markers for platelets and Mon1, 2, and 3 monocytes (A,C–E), CD11b integrin (F,H) and CCR2 (I,J).
Results are expressed as percentage of positive cells or mean fluorescence intensity (MFI). MCP-1/CCL2
(K) plasma levels (pg/mL) were measured by ELISA (n = 21 control subjects and n = 18 metabolic
syndrome patients). Values are expressed as mean ± SEM. * p < 0.05 relative to values in the control
group. Correlations between circulating glucose levels and percentage of circulating monocytes (B) as
well as CD11b expression on monocytes (G).

3.5. The Percentages of Circulating Lymphocytes, Lymphocyte-Platelet Aggregates and Activated CD8+

Lymphocytes Are Elevated in Patients with Metabolic Syndrome

Mature T cells express the general co-receptor CD3, and also express either CD4 (T helper cell)
or CD8 (cytotoxic T cell) epitopes, depending on the type of T cell. Flow cytometry analysis showed
that metabolic syndrome patients presented higher percentages of circulating CD3+, CD4+, and
CD8+ lymphocytes than controls (Figure 5A,B), and the percentage of CD8+ lymphocytes positively
correlated with circulating glucose levels (Figure 5C). Moreover, the percentage of CD3+, CD4+, and
CD8+ lymphocytes bound to platelets (Figure 5D,E), and also the activation state (CD69 expression)
of CD3+ and CD8+ lymphocytes (Figure 5G,H) was greater in patients than in control subjects.
Interestingly, a positive correlation was found between the percentage of CD8+ lymphocyte-platelet
aggregates and CD8+CD69+ cells with plasma glucose levels (Figure 5F,I). TNFα is a central adipokine
in metabolic syndrome [12,15], and we found an increase in its circulating levels in metabolic syndrome
patients (Figure 5J), which again positively correlated with the circulating glucose concentrations
(Figure 5K). By contrast, whereas the circulating levels of IFNγ, a cytokine that is released by Th1
lymphocytes, were not different between patients and controls (Figure 5L), the anti-inflammatory
cytokine IL-4, which Th2 lymphocytes mainly produce, was significantly lower in the circulation of
metabolic syndrome patients (Figure 5M). Indeed, an inverse correlation was found between IL-4 and
circulating glucose levels (Figure 5N). The plasma levels of the lymphocyte-associated cytokines IL-6,
IL-10, IL-12, IL-13, IL-25, and IL-33 were also measured, but no differences were found between the
groups (data not shown).
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cardiovascular disorders [24–26,33]. Thus, we next evaluated CX3CR1 expression in platelets, 
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that the percentage of CX3CR1-expressing platelets was significantly higher in the metabolic 
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Figure 5. The percentage of circulating CD3+ lymphocytes (CD4+ and CD8+), platelet-CD3+ lymphocyte
(CD4+ and CD8+) aggregates, CD8+ lymphocyte activation, and tumor necrosis factor-α (TNFα)
circulating levels, are significantly elevated in patients with metabolic syndrome, whereas the plasma
levels of IL-4 are decreased. Heparinized whole blood was co-stained with specific markers for platelets
and CD3+, CD4+, and CD8+ lymphocytes (A,B,D,E), as well as for CD69 (G,H). Results are expressed as
the percentage of positive cells. TNFα (J), IFNγ (L) and IL-4 (M) plasma levels (pg/mL) were measured
by ELISA (n = 21 control subjects and n = 18 metabolic syndrome patients). Values are expressed as
mean ± SEM. * p < 0.05 or ** p < 0.01 relative to values in the control group. Correlations between
circulating glucose levels and the percentage of circulating CD8+ cells (C), platelet-CD8+ lymphocyte
aggregates (F), activated CD8+ lymphocytes (I), as well as TNFα (K) and IL-4 (N) circulating levels.

3.6. Enhanced CX3CR1 Expression in Platelets, Different Leukocyte Subsets and Leukocyte-Platelet Aggregates
in Patients with Metabolic Syndrome

The CX3CL1/CX3CR1 axis is involved in leukocyte recruitment and in the development of
cardiovascular disorders [24–26,33]. Thus, we next evaluated CX3CR1 expression in platelets,
leukocyte subtypes, and leukocyte-platelet aggregates of both groups by flow cytometry. We
found that the percentage of CX3CR1-expressing platelets was significantly higher in the metabolic
syndrome group than in the controls and positively correlated with blood glucose levels (Figure 6A,B).
Although both neutrophil- and eosinophil-platelet aggregates of metabolic syndrome patients showed
increased CX3CR1 expression when compared with the control group (Figure 6C,D, Heparin),
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neither expressed CX3CR1 after platelet dissociation (Figure 6C,D, EDTA). The percentage of the
CX3CR1+ eosinophil-platelet aggregates positively correlated with circulating glucose levels (Figure 6E).
Additionally, in the total monocyte subpopulation, an increase in the percentage of CX3CR1-expressing
cells was evident in the metabolic syndrome patients, irrespective of whether platelets were bound or
unbound (Figure 6F). Detailed analysis of this population revealed that the Mon1 monocytes were
responsible for these differences (Figure 6G,H). A similar profile was detected in CD3+ lymphocytes
from metabolic syndrome patients (Figure 6I) and the percentage of CD3+CX3CR1+ lymphocytes was
found to positively correlate with blood glucose levels, with or without bound platelets (Figure 6J,K).
This enhanced CX3CR1 expression in CD3+ lymphocytes was due to CD8+, and not CD4+ lymphocytes
(Figure 6L,M). In spite of these findings, the circulating levels of soluble fractalkine/CX3CL1 ligand did
not differ between the two groups (Figure 6N).

3.7. Circulating Leukocytes from Patients with Metabolic Syndrome Show Superior Adhesiveness to
TNFα-Stimulated Arterial Endothelium, Which is Partly Dependent on CX3CL1 and CCL2 Activity

We tested the role of the CX3CL1/CX3CR1 and CCL2/CCR2 axes on leukocyte adhesion to
dysfunctional arterial endothelium (HUAEC monolayers) under dynamic flow conditions to explore
the functional consequences of these observations. We used TNFα as an inflammatory stimulus to
mimic the dysfunctional endothelium, as it is a key cytokine in metabolic syndrome [12,15], and its
circulating levels are elevated in metabolic syndrome patients (Figure 5J). Additionally, TNFα induces
endothelial CX3CL1 expression [25] and CCL2 generation [34]. Leukocyte adhesiveness was greater in
the metabolic syndrome group than in the control group when samples of heparinized whole blood
from metabolic syndrome patients and age-matched controls were perfused across TNFα-stimulated
HUAEC (Figure 7A). Notably, the neutralization of CX3CL1 or CCL2 activity on HUAEC led to a
decrease in platelet-leukocyte endothelial adhesion in the metabolic syndrome group only after TNFα
stimulation of HUAEC (Figure 7A).

When the platelets were disaggregated from leukocytes with EDTA, leukocyte adhesion to
endothelial cells remained significantly higher in the metabolic syndrome group than in the
control group (Figure 7B), despite the significantly lower number of leukocytes that adhered to
TNFα-stimulated HUAEC than when platelets were bound (Figure 7A, Heparin). The neutralization
of either CX3CL1 or CCL2 activity on HUAEC again markedly reduced TNFα-induced leukocyte
adhesion in the metabolic syndrome group, but not in the control group (Figure 7B). Consistent
with these observations, immunofluorescence studies revealed enhanced adherent platelet-leukocyte
complexes to TNFα-stimulated endothelial cells from metabolic syndrome patients when compared
with age-matched controls and some of these adhered complexes expressed both CCR2 and CX3CR1
receptors (Figure 7C,E,G,I). Further analysis of the monocyte subpopulation (CD14+) showed that
most of them expressed both chemokine receptors (Figure 7E,I). Of note, when the platelets were
disaggregated from leukocytes with EDTA, leukocyte adhesion to TNFα-stimulated HUAEC was
evidently diminished, but this parameter was markedly greater in the metabolic syndrome group than
the control group and again monocytes mainly expressed CCR2 and CX3CR1 receptors (Figure 7D,F,H,J).
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Figure 6. Enhanced CX3CR1 expression on platelets, platelet-neutrophil, -eosinophil, -Mon1,
-CD3+CD8+ lymphocyte aggregates, Mon1 monocytes and CD3+CD8+ lymphocytes in metabolic
syndrome patients. Flow cytometry analysis of heparinized and (ethylenediaminetetraacetic acid)
EDTA-treated whole blood co-stained with specific markers for CX3CR1+ and platelets, neutrophils,
eosinophils, Mon1, 2 and 3 monocytes as well as CD3+, CD4+ and CD8+ lymphocytes (A–D,F–I,L,M).
Results are expressed as percentage of positive cells. Fractalkine/CX3CL1 (N) plasma levels (pg/mL)
were measured by ELISA (n = 21 control subjects and n = 18 metabolic syndrome 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 respective heparin group. Correlations between circulating
glucose levels and CX3CR1-expressing platelets (B), CX3CR1-expressing platelet-eosinophil aggregates
(E), CX3CR1-expressing platelet-CD3+ lymphocyte aggregates (J), and CX3CR1-expressing CD3+

lymphocytes (K).
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Figure 7. Circulating leukocytes from metabolic syndrome patients show increased adhesiveness to
TNFα-stimulated HUAECs, which is partly dependent on both CX3CL1/CX3CR1 and CCL2/CCR2
interactions. HUAEC were stimulated with TNFα (20 ng/mL) for 24 h. Some of the cells were
incubated with a CX3CL1 or a CCL2 neutralizing antibody or an isotype-matched control antibody
(MOPC-21). Subsequently, whole blood from metabolic syndrome patients and age-matched controls
incubated without (A) or with (B) EDTA was perfused across endothelial monolayers for 7 min at
0.5 dyn/cm2 and leukocyte adhesion quantified (n = 21 control subjects and n = 18 metabolic syndrome
patients). Results are presented as leukocyte adhered per mm2 (cells/mm2). Values are expressed
as mean ± SEM. ** p < 0.01 relative to values in medium; ++p < 0.01 relative to TNFα+MOPC-21;
∆p < 0.05 or ∆∆p < 0.01 relative to the respective age-matched control group. Immunofluorescence
analysis showing adherent platelet–leukocyte cell complexes, platelet-monocyte aggregates, leukocytes
or monocytes to TNFα-stimulated HUAEC (C–J). Heparinized blood from age-matched controls and
patients with metabolic syndrome was incubated without or with EDTA. After the flow chamber assay,
cells were fixed with 4% paraformaldehyde and blocked in PBS containing 1% BSA. Subsequently,
cells were incubated for 2 h with an Alexa 594-conjugated antibody against human CD45 to detect
leukocytes (1:50 dilution, red, C,D,G,H) or an APC-conjugated antibody against human CD14, to detect
monocytes (1:50 dilution, red, E,F,I,J). Additionally, all of the cells (C–J) were incubated for 2 h with an
Alexa Fluor 350-conjugated antibody against human CCR2 (1:50 dilution, blue) and a FITC-conjugated
antibody against human CX3CR1 (1:50 dilution, green). Images were captured with a Zeiss Axio
Observer A1 fluorescence microscope. Bar graph = 50 µm.
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4. Discussion

Metabolic syndrome is associated with an increased risk of developing arteriosclerosis and
serious ischemic events [5–10]. Previous studies have provided evidence of low-grade systemic
inflammation in patients with metabolic syndrome (reviewed in [2]). In the present study, we
carried out a detailed characterization of the different immune cell types and soluble inflammatory
markers in metabolic syndrome and correlated some of these data with the circulating levels of
glucose. The enhanced inflammatory status in metabolic syndrome that is 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.
The neutralization of the CX3CL1/CX3CR1 or CCL2/CCR2 axes partially diminished the initial adhesion
of platelet-leukocyte and leukocyte adhesion to stimulated arterial endothelium, constituting a potential
preventive target for cardiovascular events.

Platelet activation is known to be associated with atherogenesis and cardiovascular morbidity [35].
Indeed, platelets express specific cell adhesion molecules upon their activation, such as P-selectin, and
they release several inflammatory chemokines, including PF-4/CXCL4 or RANTES/CCL5 [35]. Platelet
activation has previously been reported in metabolic syndrome [12,16,36,37], and we here confirm and
extend these observations by showing positive correlations between the platelet activation state and
blood glucose levels. Platelet surface molecules, such as GPIIb/IIIa (recognized by PAC-1) or P-selectin,
are critically involved in the interaction of platelets with endothelial cells and leukocytes [35], all of
which are central for atherosclerotic lesion formation. However, in contrast to previous reports [13,19],
the circulating levels of sP-selectin, PF-4/CXCL4, or RANTES/CCL5 did not differ between the
groups that were investigated here, which suggests a moderate thrombogenic profile in the metabolic
syndrome patients.

We examined different leukocyte subtypes to gain insight into the immune state of the metabolic
syndrome environment. Although no differences in the percentage of circulating neutrophils or
platelet-neutrophil aggregates were detected between the patients and controls, a clear increase
in the percentage of activated cells (CD11b expression) was observed in patient samples, which
correlated with circulating glucose levels and suggests the potential existence of a proatherogenic
state. This is consistent with our finding of increased circulating levels of IL-8, which is involved in
neutrophil activation. By contrast, an increase in the number of circulating eosinophils was detected
in metabolic syndrome patients, which correlated with the blood glucose levels. This finding of
increased circulating eosinophils has been previously described and associated with impaired lung
function in patients with metabolic syndrome [10]. These events were accompanied by elevations
in platelet-eosinophil aggregates and eosinophil activation (CD11b expression). However, despite
these findings, and, although eotaxins are known key eosinophil chemoattractants, we found no
differences in the circulating levels of eotaxin-1/CCL11 and eotaxin-3/CCL26 between the groups, but
circulating levels of eotaxin-2/CCL24 were significantly lower in the metabolic syndrome group. It is
possible that other chemokines or other nonchemokine factors, such as complement factor C5a or
platelet activating factor, might be responsible for the activation of this leukocyte subtype [38]. These
intriguing observations may imply a yet unknown role for these cells in metabolic syndrome and
warrant further investigation.

Human monocytes are known to be a heterogeneous cell population that is commonly classified
into three subtypes: classical CD14+CD16−CCR2+ (Mon1), intermediate CD14+CD16+CCR2+ (Mon2),
and nonclassical CD14+CD16+CCR2− (Mon3) [39]. A previous study found no significant differences
in the total number of circulating monocytes between the metabolic syndrome patients and healthy
controls [17], which contrasts with our findings and those of another study [18]. Moreover, the
increased percentage of total monocytes in patients with metabolic syndrome that is reported here
positively correlated with circulating glucose levels. Closer examination revealed that this was due to
the increase in the percentage of Mon2 and Mon3 monocytes as the percentage of Mon1 monocytes
was diminished, as previously described [20]. In this context, increased numbers of Mon2 and Mon3
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subtypes in hyperlipidemia has been associated with atherosclerosis development [40], and other
studies have noted an enhancement in circulating CD16+ monocytes (Mon2 and Mon3) in CVD [41],
which is possibly linked to disease outcome [42]. Furthermore, there is evidence to support that
mobilized classical monocytes from the bone marrow mature into nonclassical monocytes through an
intermediate subset. Along this line, an analysis of our results suggests that the increase of the Mon2
and Mon3 populations that are found in metabolic syndrome is likely due to a phenotypic shift of Mon1
monocytes (Figures S5 and S6, Supplemental data). However, how these different monocyte subtypes
correlate with disease pathogenesis and clinical outcomes in metabolic syndrome is unknown. Of note,
all of the monocyte subsets were found to be in an activated state (increased CD11b expression), and
again this effect positively correlated with plasma glucose concentrations. Overall, our results suggest
that activated monocytes in metabolic syndrome are more prone to interact with the dysfunctional
endothelium and to release monocyte-derived inflammatory mediators, with the potential to initiate
and amplify the atherogenic process.

The lymphoid lineage has been scarcely investigated in a metabolic syndrome environment.
We show that, although an increased percentage of circulating CD3+ lymphocytes was detected
in metabolic syndrome patients, as previously reported [18], both CD4+ and CD8+ cells were
responsible for this enhancement. Additionally, a higher percentage of CD3+CD4+ and CD3+CD8+

lymphocyte-platelet aggregates was found in the metabolic syndrome patients than in controls. By
contrast, the enhanced activation state of CD3+ lymphocytes in metabolic syndrome patients was
mainly due to CD3+CD8+ cells. We also found that the percentages of circulating CD8+ cells, CD8+

cell-platelet aggregates, and CD8+CD69+ cells positively correlated with the blood glucose levels.
In this context, the CD8+ cells are pro-atherogenic [43] and the CD8+ T-cell numbers in blood have
been shown to correlate with the incidence of coronary events [44]. Thus, it is possible that CD8+ cells
have a prominent role in the inflammatory status that is associated with metabolic syndrome. Indeed,
some CD8+ cell-derived cytokines, such as TNFα, are significantly elevated in a metabolic syndrome
scenario, whereas those that are derived from CD4+ lymphocytes either remained unchanged or
decreased (IL-4) [45,46]. In regard to the latter observation, basophils and natural killer T cells are
alternative sources of IL-4 [47,48], although an analysis of their circulating levels in this pathology has
not been reported.

CX3CL1 receptor (CX3CR1) up-regulation is known to be associated with coronary artery
disease [33] and with the development of CVD [24,49]. In this regard, two findings are worthy
of mention. First, enhanced CX3CR1 expression was found in the platelets, platelet-neutrophil,
-eosinophil, -Mon1 monocytes, and -CD8+ T cell aggregates, as well as in platelet-unbound Mon1
monocytes and CD8+ T lymphocytes of metabolic syndrome subjects. Second, positive correlations with
circulating glucose concentrations were found for CX3CR1-expressing platelets, platelet-eosinophil,
platelet-CD3+ T cell aggregates, and CD3+ T lymphocytes unbound to platelets.

Activated platelets can mediate the endothelial adhesion of circulating leukocytes, a characteristic
feature of dysfunctional endothelium [11]. Indeed, the augmented numbers of CX3CR1+ platelets are
likely to be involved in the increased platelet-neutrophil, -eosinophil, -Mon1 monocytes, and -CD8+

T lymphocyte adhesion to the dysfunctional arterial endothelium in metabolic syndrome patients,
but not in controls. In this line, significantly diminished leukocyte arrest was found in the absence
of platelets, and the neutralization of CX3CL1 activity significantly impaired both platelet-leukocyte
and leukocyte arterial arrest induced by TNFα to a similar extent. The analysis of these adhesive
interactions suggests that CX3CL1 and CCL2 activity neutralization affect the endothelial arrest of
the platelet-Mon1 monocyte aggregates and Mon1 monocytes, since these cells express both CX3CR1
and CCR2 receptors and the reductions in leukocyte adhesion are of a similar magnitude. Given
this, it is tempting to speculate that the reduced percentage of circulating pro-inflammatory (Mon1)
monocytes detected in metabolic syndrome patients would be the consequence of their adhesion to,
and migration through, the dysfunctional arterial endothelium. Accordingly, therapeutic intervention
of these chemokine/chemokine receptor axes may only be effective under pathological conditions.
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Despite these findings, soluble fractalkine/CX3CL1 circulating levels did not differ between the patients
and controls, which is in agreement with a previous report [50].

In conclusion, we report that the low-grade systemic inflammation that is associated with metabolic
syndrome is accompanied by a mild pro-thrombotic state with heightened platelet activation, which,
together with the activation of different leukocyte subsets, results in the formation of platelet-leukocyte
aggregates and their adhesion to dysfunctional arterial endothelium. The neutralization of
CX3CL1/CX3CR1 or CCL2/CCR2 chemokine axes partly inhibits leukocyte adhesion through impaired
proinflammatory monocyte (Mon1) adhesiveness to the dysfunctional endothelium, which suggests
a potential link between the systemic inflammatory response and CVD development in metabolic
syndrome. Finally, the positive correlations between glucose circulating levels and different circulating
inflammatory mediators (TNFα) and the negative correlations with the anti-inflammatory cytokine
IL-4 might be used as potential markers of CVD. Overall, it can be seen from metabolic syndrome that
the modulation of the cellular inflammatory components in metabolic syndrome, especially Mon1
monocytes, might be crucial to prevent further cardiovascular complications.
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according to morphological properties and CD16 expression by flow cytometry, Figure S3: Gating strategy for
human monocyte detection in whole blood by flow cytometry, Figure S4: Gating strategy for human T lymphocyte
detection in whole blood by flow cytometry, Figure S5: Flow cytometry detection and morphologic gating of
human monocytes for the immunophenotype study of the different monocyte subsets, Figure S6: Comparison
of CD14, CD16, CCR2 and CX3CR1 expression in the different monocyte subsets of MS patients and healthy
volunteers, Table S1: Differential markers of monocyte subpopulations, Table S2: Number of patients that met
each of the 5 metabolic syndrome criteria.
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