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A. Atherosclerosis and its cerebrovascular outcomes…………………………………………………32 Pour être au plus proche de l'humain nous avons utilisé des modèles animaux murins et primate non-humain (PNH) âgés sous régime gras. Une approche translationnelle avec suivi longitudinal de biomarqueurs sanguins et d'imagerie combinée à la caractérisation tissulaire de l'inflammation a été effectuée pour tenter d'élucider les spécificités de la réponse inflammatoire dans la paroi vasculaire des grosses artères et le tissu cérébral.

Nous avons montré que chez des souris ApoE -/-âgées l'exercice physique peut contrecarrer les effets délétères d'un régime gras lorsque l'apport calorique est contrôlé mais plus lorsqu'il ne l'est pas. La dégradation de la barrière hémato-encéphalique pourrait expliquer l'inflammation observée in vivo et confirmée par l'analyse tissulaire. L'étude des PNH a montré l'intérêt d'associer imagerie multimodale et dosages sanguins dans la stratification du risque cardiovasculaire ainsi que l'importance d'associer des marqueurs métaboliques, inflammatoires et anti-inflammatoires.

Nous avons montré l'intérêt de contrôler les apports caloriques pour bénéficier des effets protecteurs de l'exercice sur l'athérosclérose et l'importance d'avoir une vue globale du patient pour une stratification individuelle précise du risque cardio et cérébrovasculaire.
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RESUME Cerebrovascular integrity maintenance and inflammation in atherosclerosis animal models: a biomarker approach

Stroke is the leading cause of disabilities worldwide and is mainly caused by atherosclerosis. But this is not the only risk for patients. Indeed, as this pathology is due to a lack of circulating cholesterol management and could lead to more pernicious outcomes such as the disorganization of cerebrovascular units that, when combined with systemic and local inflammation, can result in serious repercussions in the brain.

Aged murine and non-human primate (NHP) animal models fed high cholesterol diets were used as they are closest to the human pathology. A translational approach with longitudinal follow-up of circulating and imaging biomarkers combined with a tissular characterization of inflammation was performed in order to elucidate the specificities of the inflammatory response in the vascular wall of large vessels and brain tissue.

We showed that in old ApoE-/-mice exercise can counterbalance the deleterious effects of a high fat diet when caloric intake is controlled, but not when food is given ad libitum. The leakage of the blood-brain barrier might explain the neuroinflammation observed in vivo, and confirmed by tissular analysis. The study on NHP showed the interest of combining multimodal imaging with blood dosage for cardiovascular risk stratification and the importance of associating metabolic, inflammatory and also anti-inflammatory markers.

We highlighted the importance of controlling calorie intake in order to benefit from the protective effects of exercise on atherosclerosis and the relevance of having an overview of the patient's status for an accurate individual stratification of cardio and cerebrovascular risk.

KEY WORDS

Atherosclerosis, imaging, neuroinflammation, animal models, stratification, exercise Atherosclerosis is the underlying cause of death and morbidity worldwide: 17.5 million of death in 2012 e.g. 31% of all deaths and the second in France with 150 000 deaths per year (World Health Organization). 80% of cardiovascular diseases deaths are due to myocardial infarction (MI;7.4 million) or stroke (6.7 million) making this a public health issue.

ILLUSTRATIONS

Atherosclerosis is a complex pathology, worsened by environmental factors such as obesity, type 2 diabetes mellitus, dyslipidemia, hypertension, smoking and sedentarity. Atherosclerosis is a silent disease with no real symptoms which is revealed only when the arterial obstruction lead to outcomes such as myocardial infarction (120 000 per year in France), stroke (130 000 per year), peripheral vascular disease, kidney failure or mesenteric infarction. In the brain, it can also lead to transient ischemic attack (TIA) corresponding to a brief and harmless neurological deficit considered as an alert signal for upcoming stroke. But the exact reaction cascade leading to outcomes is still elusive. Indeed, it combines inflammation with a dyslipidemic context and mainly results in vascular lesions but also in cerebrovascular outcomes still poorly explained. This complexity of atherosclerosis requires animal models closer to human pathology, notably aged animals, an essential factor to encounter both peripheral and central alterations of oxidant/antioxidant balance and inflammation. Translational techniques for atherosclerosis exploration are also needed to assess circulating biomarkers such as lipidic profile, inflammation, and oxidative stress. The combined use of imaging biomarkers provides local information on plaque morphology and function, and even if it is still explorative, in situ inflammation follow-up in arterial vessel wall and in cerebrovascular tissues.

Studies on animal models permit the end-point tissue evaluation of the atherosclerosis

completing the in vivo imaging approach, especially for inflammatory and oxidative stress status. It enables the validation of the best combination of biomarkers (circulating and imaging) transposable in human clinic and diagnosis. In this work, we successively tested these biomarkers to evaluate the modulating effects of exercise in old ApoE -/-mice when high fat/high cholesterol diet is given under a controlled regimen or ad libitum. We then transposed these combinations of biomarkers to study the modulation of inflammation in a non-human primate (NHP) model of atherosclerosis under high fat/high cholesterol diet. We finally evaluate the clinical relevance of our findings by analysis of gene expression in endarterectomy samples from symptomatic and asymptomatic patients. The manuscript is organized in four parts: an introduction of atherosclerosis and the different biomarkers strategies followed by the experimental studies in mice and in NHP, and a general discussion and conclusion.

I. ATHEROSCLEROSIS: A COMPLEX PATHOLOGY WITH MULTIPLE OUTCOMES

My thesis, as emphasized in this chapter, focused on cerebrovascular outcomes of atherosclerosis in humans and animal models.

The first part will illustrate the physiopathology of atherosclerosis, from the plaque development to the progression of advanced pathology and vulnerability and to the cerebrovascular outcomes of plaque rupture. This will lead to the second section on the connections between main metabolic organs (e.g. liver and adipose tissue) andatherosclerosis. And finally, this chapter will focus on different animal models available for research purpose and well-known interventions such as lifestyle behavior and drugs (lowering cholesterol drugs, mitochondrial protection, oxidative stress and inflammation modulation).

A.

Atherosclerosis and its cerebrovascular outcomes

Atherosclerosis is a complex and multisite vascular disease leading to a numerous different phenotypes of vulnerable plaque: rupture-prone, erosion-prone, calcified, hemorrhagic or stenotic plaques [START_REF] Naghavi | From Vulnerable Plaque to Vulnerable Patient: A Call for New Definitions and Risk Assessment Strategies: Part I[END_REF] (Figure 1). Several features can be found in the same plaque, increasing its vulnerability. Cerebrovascular outcomes of atherosclerosis, such as transient ischemic attack or stroke lead to many important sequels such as hemiplegia or facial paralysis, and even to death [START_REF] Toole | Identification of vascular endothelial genes differentially responsive to fluid mechanical stimuli: cyclooxygenase-2, manganese superoxide dismutase, and endothelial cell nitric oxide synthase are selectively up-regulated by steady laminar shear stress[END_REF].

Atherosclerosis: a lipidic and inflammatory chronic disease

Atherosclerosis is the underlying cause of stroke, heart attack and peripheral vascular disease. Virchow discovered a century ago that atheroma plaque contained fatty element that Windaus lately identified as cholesterol, suggesting an important role for lipids in the pathogenesis of atherosclerosis [START_REF] Mayerl | Atherosclerosis research from past to present-on the track of two pathologists with opposing views, Carl von Rokitansky and Rudolf Virchow[END_REF]. More recently, the acceptance of atherosclerosis as an inflammatory disease has led to appealing advances in the understanding of this pathology [START_REF] Ross | Atherosclerosis-an disease[END_REF].

In this section, we will rapidly discuss the development of atheroma plaque and then focus more on the different characteristics of atherosclerosis such as the lipidic side, the role of immune cells and inflammation and then the participation of oxidative stress.

a) Plaque development

In the 50's, the World Health Organization (WHO) published a classification of the different plaque progression stages, described more precisely by Stary et al.in 1995(Stary et al., 1995).

The atherosclerotic lesions are divided into six types of plaque; from the initial lesion (type I) characterized by isolated macrophage foam cells in the intima to the complicated lesion (type VI)

marked by a defect of the plaque's surface and a thrombus (Figure 2).Atherosclerosis is a progressive disease, evaluating throughout the life, and in the following paragraphs we will describe the initiation and evolution of the plaque.

i. Atherosclerosis lesion initiation and fatty streak phase

Vascular endothelium reacts to different mechanical (shear stress and blood flow) and molecular (cytokines, oxidized molecules) stimuli in order to maintain homeostasis, arterial tone and proper inflammation control [START_REF] Dahlbäck | Blood coagulation[END_REF][START_REF] Lüscher | Endothelium-dependent control of vascular tone: effects of age, hypertension and lipids[END_REF][START_REF] Luscinskas | Endothelial-dependent mechanisms in chronic inflammatory leukocyte recruitment[END_REF].

Physiological endothelium, found in normal shear stress regions, has polygonal and flattened shaped cells with a basal membrane and joined by tight junctions to form an efficient barrierbetween arterial lumen and vessel wall. In these cells, transcription factors Krüppel-like factor (KLF) 2 and 4 are activated, enhancing eNOS expression and contributing to cell migration and survival [START_REF] Chiplunkar | The Krüppel-like factor 2 and Krüppel-like factor 4 genes interact to maintain endothelial integrity in mouse embryonic vasculogenesis[END_REF]Topper et al., 1996). There is also increased expression of superoxide dismutase (SOD) which decreased cellular oxidative stress (Topper et al., 1996), allowing maintenance of an effective barrier [START_REF] Lei | Nitric oxide, a protective molecule in the cardiovascular system[END_REF]. Regions with normal shear stress and efficient endothelial function are resistant to atherosclerosis formation.

In perturbed blood flow and low shear stress regions such as arterial bifurcations or curves (also called atheroma-prone regions), endothelial cells suffered because of hemodynamics perturbations [START_REF] Gimbrone | Endothelial dysfunction, hemodynamic forces, and atherogenesis[END_REF]. It leads to a morphological modification, cells become cuboidal, and alignment is impaired resulting in an increased senescence and apoptosis [START_REF] Hansson | Aortic endothelial cell death and replication in normal and lipopolysaccharide-treated rats[END_REF][START_REF] Nerem | Vascular endothelial morphology as an indicator of the pattern of blood flow[END_REF].

The lowering of endothelial nitric oxide synthase (eNOS) and SOD expression leads to an increased oxidative stress which enhances the low-density lipoproteins (LDL), very low-density lipoproteins (VLDL) and chylomicrons subendothelial retention and oxidation [START_REF] Ross | Atherosclerosis-an disease[END_REF]. The resulting activation of nuclear factor-kappa B (NF-κB) signaling pathway promotes the expression of monocytes adhesion molecules (intercellular adhesion molecule 1, ICAM-1;vascular cell adhesion molecule 1, VCAM-1, Pselectin), cytokines (macrophage chemoattractant protein 1, MCP-1;interleukine 8, IL-8) and proinflammatory receptor (toll like receptor, TLR) conducting to an subendothelial monocyte infiltration [START_REF] Hamik | Kruppel-like factor 4 regulates endothelial inflammation[END_REF][START_REF] Moore | Macrophages in the pathogenesis of atherosclerosis[END_REF]Yurdagul et al., 2013). Endothelial dysfunction arises from all these and is characterized by a lacunar, prothrombotic and proinflammatory barrier [START_REF] Gimbrone | Vascular endothelium, hemodynamics, and the pathobiology of atherosclerosis[END_REF].

Endothelial activation causes monocyte recruitment via a cascade including monocyte rolling mainly mediated by P-selectin, adhesion via VCAM-1 and ICAM-1 [START_REF] Galkina | Vascular adhesion molecules in atherosclerosis[END_REF], activation and transendothelial migration mediated by cytokines, MCP-1 and IL-8 [START_REF] Gerszten | MCP-1 and IL-8 trigger firm adhesion of monocytes to vascular endothelium under flow conditions[END_REF][START_REF] Gu | Absence of monocyte chemoattractant protein-1 reduces atherosclerosis in low density lipoprotein receptor-deficient mice[END_REF]. Though macrophages are the principal infiltrating cells, several other cells supply to plaque development such as T cells, mast cells and dendritic cells [START_REF] Paulson | Resident intimal dendritic cells accumulate lipid and contribute to the initiation of atherosclerosis[END_REF][START_REF] Rocha | Obesity, inflammation, and atherosclerosis[END_REF]. T cells modulate the macrophage phenotype: Th1 cells produce interferon gamma (IFNγ)

which induces proinflammatory macrophage phenotype also called M1; when Treg produce transforming growth factor beta (TGFβ) and IL-10, inducing anti-inflammatory macrophage profile or M2.

In this first phase of atherosclerosis, monocyte-derived macrophages internalize LDL and VLDL which are then degraded by lysosomes resulting in the release of excess free cholesterol. It is then directed to the ER when it will be esterified by acyl-CoA cholesterol acyltransferase (ACAT). The resulting cholesteryl ester (CE) is then batched into lipidic droplets, a characteristic feature of foam cells. OxLDL and to a lesser extent glycated LDL are easily uptake via numerous non cholesterol downregulated receptor (CD36, SR-A) (Moore andFreeman, 2006), phagocytosis (Torzewski et al., 2004),

via apolipoprotein E (ApoE)receptor [START_REF] Schwartz | Lipolysis of triglyceride-rich lipoproteins, vascular inflammation, and atherosclerosis[END_REF] or pinocytosis [START_REF] Kruth | Fluid-phase pinocytosis of LDL by macrophages: a novel target to reduce macrophage cholesterol accumulation in atherosclerotic lesions[END_REF]) (Figure 3). Foam cells leads to fatty streak formation, which is the first hallmark of atherosclerosis (Figure 4).

ii. Progression to advanced lesion

Fatty streak lesions do not induce clinical complications and can regress. But, once vascular smooth muscle cells (VSMCs) have proliferated in the endothelium, regression is less prone to occur.

There is a small pool of VSMCs in the endothelium and their proliferation is mediated by growth factors secreted by inflammatory macrophages e.g. Platelet-Derived Growth Factor (PDGF) or Fibroblast Growth Factor (FGF) [START_REF] Raines | Inflammation after microglial activation and traumatic brain injury[END_REF][START_REF] Yang | Fibroblast growth factor signaling in the vasculature[END_REF] Macrophages also release chemoattractants such as Matrix Metalloproteinases (MMP) inducing migration of VSMCs from media to intima and proliferation [START_REF] Johnson | Matrix metalloproteinases: influence on smooth muscle cells and atherosclerotic plaque stability[END_REF]. Accumulation of these VSMCs builds a complex extracellular matrix including collagens, proteoglycans and elastin leading to the formation of a fibrous cap above the lipidic core of foam cells [START_REF] Libby | Changing concepts of atherogenesis[END_REF]. The more the plaque progress, the more lipids accumulates in the core, mainly due to enriched-CE particles from dead foam cells(Figure 4).

VSMCs also have the ability to load CE but as they express less ABCA1 and have a poor lysosomal activity and cholesterol trafficking, they contribute to an inefficient cholesterol efflux [START_REF] Jerome | Lysosomal lipid accumulation in vascular smooth muscle cells[END_REF][START_REF] Li | Cholesterol is poorly available for free apolipoproteinmediated cellular lipid efflux from smooth muscle cells[END_REF]. In this environment, macrophages also show an impaired lysosomal function resulting in a decrease of free cholesterol and CE uptake and to the accumulation of lipids in the plaque [START_REF] Jerome | Advanced atherosclerotic foam cell formation has features of an acquired lysosomal storage disorder[END_REF] suggesting that lysosomal dysfunction is part of the plaque worsening. While accumulation of cells in the subendothelial space leads to a protrusion in the artery, the vessel is remodeling in order to keep the lumen in a physiological range. Thus, the lumen occlusion decrease leads to few clinical symptoms of atherosclerosis during most of the life of the plaque [START_REF] Alexander | Genetic inactivation of IL-1 signaling enhances atherosclerotic plaque instability and reduces outward vessel remodeling in advanced atherosclerosis in mice[END_REF][START_REF] Heusch | Cardiovascular remodelling in coronary artery disease and heart failure[END_REF].

Likewise, during the life of the plaque, the maintained oxidative stress feeds the low-grade inflammation in enhancing M1 polarization of macrophages leading to a vicious circle at the origin of the plaque progression [START_REF] Dutta | Myocardial infarction accelerates atherosclerosis[END_REF].

iii.

Vulnerable plaque and rupture

Non resolved inflammation is the cause of advanced plaque, leading to the formation of vulnerable plaque. Vulnerable plaque is morphologically characterized by several parameters such as a necrotic core and a thin fibrous cap (Libby, 2013a;[START_REF] Virmani | Vulnerable plaque: the pathology of unstable coronary lesions[END_REF]. These features turn the plaque in a rupture-prone configuration [START_REF] Virmani | Vulnerable plaque: the pathology of unstable coronary lesions[END_REF] (Figure 5).

The necrotic core contains high quantity of dead macrophages due to an important oxidative stress or a nutrient deprivation (Tabas, 2010a) and the remaining macrophages present a defective efferocytosis [START_REF] Tabas | Macrophage death and defective inflammation resolution in atherosclerosis[END_REF]. This defect impairs the phagocytosis of apoptosis-dead macrophages and lead to a necrotic death which release several oxidized intracellular components and inflammatory molecules. Inflammation, oxidative stress and cell death are increased in this microenvironment (Thorp and Tabas, 2009). On the other hand, the thinning of the fibrous cap is the result of the extracellular matrix (ECM) loss, mainly due to the death of the VSMCs of the cap caused by both macrophages [START_REF] Geng | Fas is expressed in human atherosclerotic intima and promotes apoptosis of cytokine-primed human vascular smooth muscle cells[END_REF], inflammatory cytokines [START_REF] Boyle | Tumor necrosis factor-alpha promotes macrophage-induced vascular smooth muscle cell apoptosis by direct and autocrine mechanisms[END_REF] and oxidation products [START_REF] Fruhwirth | The oxidized phospholipids POVPC and PGPC inhibit growth and induce apoptosis in vascular smooth muscle cells[END_REF].

Besides the inflammation, the lipidic composition of the plaque is also an important parameter to take into account. Recent studies showed that stable and unstable plaque present differences in their lipid composition. Stable plaques hold more CE-containing polyunsaturated fatty acids (PUFA)

when unstable plaques present more CE-containing monounsaturated fatty acids (MUFA) and lysophosphatidylcholine (lysoPC) more prone to oxidation [START_REF] Stegemann | Comparative lipidomics profiling of human atherosclerotic plaques[END_REF].

When the plaque ruptures, it exposes the necrotic core prothrombotic and procoagulant factors to the pool of platelets procoagulant factors in the vessel lumen resulting in a thrombus formation. The thrombus is the main cause of clinical outcomes. Indeed, the lumen occlusion leads to myocardial infarction, unstable angina, sudden cardiac death and even stroke when the thrombus migrates or is formed in the cerebrovascular territory (Libby, 2013a;[START_REF] Virmani | Vulnerable plaque: the pathology of unstable coronary lesions[END_REF].

b) Lipidic physiopathology

Anitsckow evidenced the causal role of cholesterol in the atherosclerosis pathogenesis in the early 1900s showing that rabbit fed with cholesterol developed atheroma in a similar way than humans [START_REF] Anichkov | Ueber experimentelle Cholesterinsteatose und ihre Bedeutung für die Entstehung einiger pathologischer Prozesse[END_REF]. But several decades passed before it was confirmed by epidemiological studies as the Framingham study [START_REF] Kannel | Factors of risk in the development of coronary heart disease--six year follow-up experience. The Framingham Study[END_REF] and the Multiple Risk Factor Intervention Trial (MRFIT) [START_REF] Stamler | relationship between serum cholesterol and risk premature death from coronary heart disease continuous and graded? Findings in 356,222 primary screenees of the Multiple Risk Factor Intervention Trial (MRFIT)[END_REF]that elevated blood cholesterol levels were associated with increased risk of cardiovascular outcomes. LDL-C levels are directly correlated with cardiovascular events [START_REF] Castelli | Incidence of coronary heart disease and lipoprotein cholesterol levels. The Framingham Study[END_REF]while high-density lipoproteins cholesterol (HDL-C) levels are inversely associated with the cardiovascular risk [START_REF] Gordon | High density lipoprotein as a protective factor against coronary heart disease. The Framingham Study[END_REF].

The physiological path that cholesterol follows in the body is very complex. Moreover, cholesterol can be absorbed from diet or synthesized de novo and can pass through various modes of transport, storage and metabolism. In this paragraph, we will discuss LDL and HDL,the principal cholesterol-loading particles, and triglycerides.

i. LDL

LDL particles represent a heterogeneous group of lipoproteins from 18 to 25nm of diameter produced by the liver from VLDL. LDL are composed of 78% of lipids and 22% of proteins including apolipoprotein B100 (ApoB100), phospholipids, triglycerides and antioxidant liposoluble vitamins (vit E and carotenoids). Their function is the transport of free or esterified cholesterol to the cells via the blood. Because of is implication in atherogenesis, LDL are commonly called "bad cholesterol" on contrary to HDL, called "good cholesterol" because of its atheroprotective effects.

LDL can be separated by gradient polyacrylamide electrophoresis in non-denaturing condition. Seven LDL subfractions are distinguished, allowing classifying the subjects in two phenotypes: A phenotype is characterized by large LDL (mean diameter > 255 Å) and B phenotype when LDL mean diameter is lower [START_REF] Austin | Atherogenic lipoprotein phenotype. A proposed genetic marker for coronary heart disease risk[END_REF]. Most of the population (70%) have an A or intermediate phenotype. Small and dense LDL are prevalent in individuals with cardiovascular disease [START_REF] Stampfer | A prospective study of triglyceride level, low-density lipoprotein particle diameter, and risk of infarction[END_REF]. Numerous prospective studies have shown that LDL diameter is a predictive factor of coronary artery disease (CAD) risk even if this link was not independent from HDL-C or triglycerides (TG) levels [START_REF] Arsenault | Cholesterol levels in small LDL particles predict the risk of coronary heart disease in the EPIC-Norfolk prospective population study[END_REF][START_REF] Lamarche | Fasting insulin and apolipoprotein B levels and low-density lipoprotein particle size as risk factors for ischemic heart disease[END_REF][START_REF] Stampfer | A prospective study of triglyceride level, low-density lipoprotein particle diameter, and risk of infarction[END_REF].Even if small and dense LDL cannot be considered as an independent risk factor for cardiovascular disease, these LDL subfractions are highly atherogenic particles mainly due to a lower affinity for LDL-C receptor (LDLR) [START_REF] Galeano | Apoprotein B structure and receptor recognition of triglyceriderich low density lipoprotein (LDL) is modified in small LDL but not in triglyceride-rich LDL of normal size[END_REF] which increases the plasmatic residence time [START_REF] Campos | Differences in receptor binding of LDL subfractions[END_REF][START_REF] Packard | Apolipoprotein B metabolism and the distribution of VLDL and LDL subfractions[END_REF]and so favors their oxidization [START_REF] Chait | Susceptibility of small, dense, lowdensity lipoproteins to oxidative modification in subjects with the atherogenic lipoprotein phenotype, pattern B[END_REF] and phagocytosis by macrophages. Moreover, small LDL have an increased affinity for proteoglycans [START_REF] Anber | Influence of plasma lipid and LDL-subfraction profile on the interaction between low density lipoprotein with human arterial wall proteoglycans[END_REF] resulting in an intensification of their transfer into the subendothelial space [START_REF] Björnheden | Accumulation of lipoprotein fractions and subfractions in the arterial wall, determined in an in vitro perfusion system[END_REF].

Finally, dense LDL are associated with endothelial dysfunction [START_REF] Vakkilainen | Endothelial dysfunction in men with small LDL particles[END_REF] and increase of intima-media thickness (IMT) [START_REF] Liu | Association between carotid intima-media thickness and low-density lipoprotein size and susceptibility of lowdensity lipoprotein to oxidation in asymptomatic members of familial combined hyperlipidemia families[END_REF]. Recent study by Grammer et al., showed that both small and large LDL are associated with a cardiovascular risk in patient referred for coronary angiography [START_REF] Grammer | Low-density lipoprotein particle diameter and mortality: the Ludwigshafen Risk and Cardiovascular Health Study[END_REF].

LDLR was discovered in the 1972 by Goldstein and Brown from studies on familial hypercholesterolemia (FH) [START_REF] Goldstein | The LDL receptor[END_REF]. Indeed Ldlr gene mutation is the main cause of this disease associated with high levels of LDL-C and increased risk for premature cardiovascular disease. LDLR is a surface receptor mediating the internalization of LDL particles, which are hydrolyzed by lysosomal enzymes leading to the release of cholesterol in the cell. It follows several regulations such as the decrease of the 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-CoA reductase) activity, the decrease of Ldlr gene transcription leading to a lowering of LDLR on the cell surface and an increase of ACAT activity. ACAT stimulates the storage of excess cholesterol as cholesteryl ester droplets in the cytoplasm [START_REF] Brown | Receptor-mediated endocytosis: insights from the lipoprotein receptor system[END_REF]) (Figure 6).

LDL infiltration in the intima through dysfunctional endothelium initiates atherosclerotic plaque formation in the arteries [START_REF] Bonetti | Endothelial dysfunction: a marker of atherosclerotic risk[END_REF]. LDL are then retained in the subendothelial space because of their high binding affinity to proteoglycans. The oxidization of LDL lipids in the intima leads to modification on the ApoB residues, which are then recognized by macrophages scavenger receptors and internalized, converting the macrophages to cholesterol-loaded foam cells [START_REF] Brown | Lipoprotein metabolism in the macrophage: implications for cholesterol deposition in atherosclerosis[END_REF][START_REF] Greaves | The macrophage scavenger receptor at 30 years of age: current knowledge and future challenges[END_REF]. The foam cells release numerous cytokines, initiating an inflammatory response [START_REF] Hansson | The discovery of cellular immunity in the atherosclerotic plaque[END_REF][START_REF] Libby | Progress and challenges in translating the biology of atherosclerosis[END_REF] inducing the oxidization/inflammation vicious circle at the origin of plaque progression [START_REF] Higashi | Endothelial function and oxidative stress in cardiovascular diseases[END_REF].

More details on LDL oxidization will be given in the following chapter on oxidative stress.

ii. HDL HDL are lipoproteins of high density responsible of cholesterol trafficking to the liver where it will be eliminated, thereby avoiding cholesterol accumulation in blood vessels and so atherosclerosis risk. HDL are composed of 48% lipids and 52% proteins (mainly apolipoprotein A1, ApoA1 but also apolipoprotein E, ApoE). They can be divided into 5 subfractions, differing by their proteic content [START_REF] Davidson | Proteomic analysis of defined HDL subpopulations reveals particle-specific protein clusters: relevance to antioxidative function[END_REF]. HDL3 subfraction is the only one correlated with a decreased cardiovascular risk [START_REF] Martin | HDL cholesterol subclasses, myocardial infarction, and mortality in secondary prevention: the Lipoprotein Investigators Collaborative[END_REF]. HDL can inhibit endothelial cells apoptosis excepted in subject with cardiovascular diseases, probably due to a variation of the apolipoprotein content: those containing only ApoA-I seems to be more cardioprotective than those with ApoA-I and ApoA-II [START_REF] Genest | Plasma apolipoprotein A-I, A-II, B, E and C-III containing particles in men with premature coronary artery disease[END_REF][START_REF] Riwanto | Altered activation of endothelial anti-and proapoptotic pathways by high-density lipoprotein from patients with coronary artery disease: role of high-density lipoprotein-proteome remodeling[END_REF]. High plasmatic HDL-C level might be correlated with a lowering of CVD occurrence (Emerging Risk Factors Collaboration et al., 2009)but there is still no evidence of a causal mechanism: genetic or pharmacological-induced HDL increase does not present a protective effect on CVD [START_REF] Haase | LCAT, HDL cholesterol and ischemic cardiovascular disease: a Mendelian randomization study of HDL cholesterol in 54,500 individuals[END_REF][START_REF] Khera | Cholesterol efflux capacity, highdensity lipoprotein function, and atherosclerosis[END_REF][START_REF] Voight | Plasma HDL cholesterol and risk of myocardial infarction: a mendelian randomisation study[END_REF]. Moreover, HDL function might be more important than HDL-C level which is not a reliable biomarker of it [START_REF] Khera | Cholesterol efflux capacity, highdensity lipoprotein function, and atherosclerosis[END_REF].

iii. Triglycerides-rich lipoproteins (TRLs)

TRLs group very low density lipoproteins (VLDL), chylomicrons and theirs remnants and are the main transporter of triglycerides in plasma. They form a group of heterogeneouslipoproteins of different size, density and composition and are differently associated to the cardiovascular risk [START_REF] Ginsberg | New perspectives on atherogenesis: role of abnormal triglyceride-rich lipoprotein metabolism[END_REF]. TRLs are directly and indirectly contributing to atherosclerosis progression [START_REF] Hodis | Triglyceride-rich lipoprotein remnant particles and risk of atherosclerosis[END_REF][START_REF] Rosenson | Genetics and causality of triglyceride-rich lipoproteins in atherosclerotic cardiovascular disease[END_REF]. First, TRLs remnants can penetrate into the intima and be scavenged by macrophages without oxidative modification, contributing to foam cell formation and plaque progression [START_REF] Nordestgaard | Selective retention of VLDL, IDL, and LDL in the arterial intima of genetically hyperlipidemic rabbits in vivo. Molecular size as a determinant of fractional loss from the intima-inner media[END_REF][START_REF] Rosenson | Genetics and causality of triglyceride-rich lipoproteins in atherosclerotic cardiovascular disease[END_REF].They were found to be as atherogenic as LDL, and even more due to the higher cholesterol volume carried by TRL particle compared to LDL [START_REF] Rosenson | Genetics and causality of triglyceride-rich lipoproteins in atherosclerotic cardiovascular disease[END_REF] and promoteendothelialdysfunction [START_REF] Aung | Induction of ATF3 gene network by triglyceride-rich lipoprotein lipolysis products increases vascular apoptosis and inflammation[END_REF]. Secondarily, TRLs hydrolysis by lipoprotein lipase (LPL) releases a large amount of lipolytic products such as oxidized free fatty acids (FFA)in the arterial lumen leading to an increase of inflammatory cytokines resulting in endothelial inflammation [START_REF] Aung | Induction of ATF3 gene network by triglyceride-rich lipoprotein lipolysis products increases vascular apoptosis and inflammation[END_REF][START_REF] Wang | Triglyceride-rich lipoprotein lipolysis releases neutral and oxidized FFAs that induce endothelial cell[END_REF]. Furthermore, TRL remnants have been shown to upregulate the expression of ICAM-1 and VCAM-1 on the endothelium [START_REF] Wang | Triglyceride-rich lipoprotein modulates endothelial vascular cell adhesion molecule (VCAM)-1 expression via differential regulation of endoplasmic reticulum[END_REF], increase the production of reactive oxygen species (ROS) [START_REF] Wang | Triglyceride-rich lipoprotein lipolysis releases neutral and oxidized FFAs that induce endothelial cell[END_REF] and enhance platelet aggregation and intensify the coagulation cascade [START_REF] Olufadi | Effects of VLDL and remnant particles on platelets[END_REF]. They also inhibit the protective effect of HDL [START_REF] Patel | Acute hypertriglyceridaemia in humans increases the triglyceride content and decreases the anti-inflammatory capacity of high density lipoproteins[END_REF]. Moderately elevated triglycerides level (1.7 -5.6 mmol/L) are independently associated with CVD risk even in patients under statins, suggesting that TRLs are important to take into account for the medical care of patients [START_REF] Boekholdt | Association of LDL cholesterol, non-HDL cholesterol, and apolipoprotein B levels with risk of cardiovascular events among patients treated with statins: a meta-analysis[END_REF].

Although numerous epidemiological studies have shown the association between triglycerides and CVD [START_REF] Assmann | The importance of triglycerides: results from the Prospective Cardiovascular Münster (PROCAM) Study[END_REF]Emerging Risk Factors Collaboration et al., 2009;[START_REF] Faergeman | Plasma triglycerides and cardiovascular events in the Treating to New Targets and Incremental Decrease in End-Points through Aggressive Lipid Lowering trials of statins in patients with coronary artery disease[END_REF][START_REF] Freiberg | Nonfasting triglycerides and risk of ischemic stroke in the general population[END_REF] the inconsistence of the results of triglycerides-lowering agents on cardiovascular events leaves the question of a direct causal role of TRLs in CVD [START_REF] Hegele | The polygenic nature of hypertriglyceridaemia: implications for definition, diagnosis, and management[END_REF].

c) Low-grade inflammation

Monocytes are peripheral mononuclear blood cells belonging to the innate immunity originate from a common myeloid progenitor cell in the bone marrow. They will differentiate into macrophages since they entered into a tissue; at this stage they are called "steady-state" macrophages or M0 [START_REF] Gordon | Monocyte and macrophage heterogeneity[END_REF]. Then, according to the tissular microenvironment, i.e. the cytokines and chemokines expressed in the tissue, they will differentiate and express several cell surface markers and secrete cytokines, which are used to determine the phenotype of the macrophages.

As macrophages are the more represented immune cells in plaque and can also be approached by in-vivo imaging, we will focus on them even if other immune cells such as lymphocytes also play important roles in this pathology. In this section, we will consider the setup of low-grade inflammation in atherosclerosis context from macrophage recruitment to context-adapted phenotypic expression. Then we will focus on knowledge about subsets from in vitro to in vivo studies in mice, nonhuman primates and humans and finally we will discuss the relevance of the M1/M2 dichotomy.

i. Low-grade inflammation: from macrophages recruitment to advanced plaque

Monocytes migrate from the blood through tissues to replace long-lived tissue-specific macrophages of the bones (osteoclasts), alveoli, connective tissue (histiocytes), gastrointestinal tract, liver (Küpffer cells), central nervous system (CNS; microglia), spleen and peritoneum [START_REF] Gordon | Monocyte and macrophage heterogeneity[END_REF]. In the blood, monocytes are not a homogenous population of cells, and the question whether specific monocytes leads to specific tissue macrophages is still under debate [START_REF] Nahrendorf | The healing myocardium sequentially mobilizes two monocyte subsets with divergent and complementary functions[END_REF]. A theory exists that monocytes are still developing and maturing in the blood and can be recruited to the tissues at different time point during the maturation continuum [START_REF] Sunderkötter | Subpopulations of mouse blood monocytes in maturation stage and inflammatory response[END_REF], distinguishing 'inflammatory' and 'resident' monocytes. In some cases, local proliferation of tissueresident macrophages can directly give mature macrophages, such as microglia in the CNS [START_REF] Ajami | Local self-renewal can sustain CNS microglia maintenance and function throughout adult life[END_REF].

Macrophages have a crucial role in the totality of atherosclerosis stages: from initiation of the lesion and its expansion to necrosis inducing rupture, and even to resolution and regression of the plaque (Tabas and Bornfeldt, 2016). There are the principal immune cells in atheroma plaque; risk factors of CVD as hypercholesterolemia enhance bone marrow production of monocytes (Swirski et al., 2007) and increase of circulating monocytes is a known independent risk factor for atherogenesis [START_REF] Dutta | Regulation and consequences of monocytosis[END_REF]Schlitt et al., 2004). Monocytes enter in the vessel in regions of abnormal hemodynamic stress via adhesion to endothelial cell [START_REF] Gerhardt | Monocyte trafficking across the vessel wall[END_REF]. Once in the intima, they differentiate to lesional macrophages [START_REF] Randolph | Mechanisms that regulate macrophage burden in atherosclerosis[END_REF] depending on lesional microenvironment which is different according to the area and the stage of lesion development. Thus, systemic factors such as dyslipidemia, low-grade inflammation induced by diabetes mellitus and infection can affect the microenvironment. There are three plausible and seriously associated actors of macrophage phenotype:

the cholesterol and lipid loading, the metabolic state and the balance between proinflammatory and proresolving molecules (Tabas and Bornfeldt, 2016).

Microenvironment is responsible of pro-atherogenic effect of the lipid loading in foam cells [START_REF] Spann | Regulated accumulation of desmosterol integrates macrophage lipid metabolism and inflammatory responses. Cell 151[END_REF]. The determination of inflammatory status of macrophages depend on the balance between free cholesterol efflux and CE storage [START_REF] Lim | Signal transducer and activator of transcription-1 is critical for apoptosis in macrophages subjected to endoplasmic reticulum stress in vitro and in advanced atherosclerotic lesions in vivo[END_REF][START_REF] Tall | Cholesterol, inflammation and innate immunity[END_REF]. Free cholesterol efflux and in vivo reverse transport are inhibited by inflammation [START_REF] Mcgillicuddy | Inflammation impairs reverse cholesterol transport in vivo[END_REF], evidencing that inflammation and lower cholesterol efflux supply this detrimental vicious circle.

The finely settle of the balance between cholesterol uptake, intracellular handling and efflux can be viewed as a complex apparatus and any perturbation in it can induce macrophage dysfunction, inflammation, altered activation of nuclear receptor and atherosclerosis [START_REF] Moore | Macrophages in atherosclerosis: a dynamic balance[END_REF][START_REF] Spann | Regulated accumulation of desmosterol integrates macrophage lipid metabolism and inflammatory responses. Cell 151[END_REF].

An inalienable link exists between the metabolic phenotype of a macrophage and its inflammatory phenotype (Tabas and Bornfeldt, 2016). In vitro studies demonstrate that there are important differences in M1 and M2 metabolism: M1 phenotype reposes on an increase glycolysis for energy metabolism while M2 phenotype mainly relies on fatty acid oxidation [START_REF] Vats | Oxidative metabolism and PGC-1beta attenuate macrophage-mediated inflammation[END_REF]. Indeed, glycolysis is essential for activation of inflammation and survival of M1 [START_REF] Tannahill | The emerging role metabolic regulation in the functioning of Toll-like receptors and the NOD-like receptor Nlrp3[END_REF][START_REF] Tawakol | HIF-1α and PFKFB3 Mediate a Tight Relationship Between Proinflammatory Activation and Anerobic Metabolism in Atherosclerotic Macrophages[END_REF] and fatty acid oxidation seems to be necessary for M2 [START_REF] Vats | Oxidative metabolism and PGC-1beta attenuate macrophage-mediated inflammation[END_REF].

Lesional macrophage proatherogenic effect results in a sensitive equilibrium amongst pro and anti-inflammatory processes [START_REF] Tabas | Macrophage death and defective inflammation resolution in atherosclerosis[END_REF]. Main proinflammatory cytokines are interleukin (IL-1, IL-6, IL-12, IL-15, IL-18), TNFα and chemokine ligand (e.g. MCP-1)when major proresolving and antiatherosclerotic molecules are IL-10, TGFβ [START_REF] Galkina | Immune and inflammatory mechanisms of atherosclerosis (*)[END_REF]. In mice model, IL-13, IL-27 and CXCL5 can be added [START_REF] Cardilo-Reis | Interleukin-13 protects from atherosclerosis and modulates plaque composition by skewing the macrophage phenotype[END_REF][START_REF] Koltsova | Interleukin-27 receptor limits atherosclerosis in Ldlr-/-mice[END_REF][START_REF] Rousselle | CXCL5 limits macrophage foam cell formation in atherosclerosis[END_REF].

Subendothelial macrophage accumulation is one of the first steps of lesion initiation.

Monocytes enter in the intima attracted by oxLDL in the subendothelium and expression of adhesion molecules on endothelial cell surface [START_REF] Williams | The response-to-retention hypothesis of early atherogenesis[END_REF]. The recruitment of monocytes to the intima occurs due to the leukocyte adhesion cascade: capture and rolling (mediated by E and Pselectins), activation (via chemokines), arrest (mediated by ICAM-1, VCAM-1 and integrins), adhesion strengthening and spreading (mediated by SRC kinases and PI3K), intravascular crawling (mediated by ICAM-1) and then paracellular (mediated by PECAM-1, ESAM) or transcellular transmigration (mainly mediated by ICAM-1) [START_REF] Ley | Getting to the site of inflammation: the leukocyte adhesion cascade updated[END_REF]) (Figure 7).Adhesion of monocyte on endothelium activates the transcription factor signal transducers and activators of transcription 1 (STAT1) involved in the monocyte to macrophage maturation process by modulating the expression of functional genes such as ICAM-1 [START_REF] Coccia | STAT1 activation during monocyte to macrophage maturation: role of adhesion molecules[END_REF]. The fatty streak expands mainly due to more macrophage accumulation and by increase of foam cells. Proliferation of resident macrophages can also participate to the accumulation of cells in this region [START_REF] Robbins | Local proliferation dominates lesional accumulation in atherosclerosis[END_REF][START_REF] Rosenfeld | Macrophage proliferation in atherosclerosis: an historical perspective[END_REF].

In advanced lesions, apoptosis of macrophages is increased, partly due to endoplasmic reticulum (ER) stress induced by free cholesterol or fatty acids (Thorp et al., 2009). Furthermore, advanced lesional macrophages present a defective efferocytosis, contributing to plaque necrosis and increased inflammation due to the release of inflammatory molecules from uncleared post-apoptotic cells [START_REF] Ridker | Interleukin-1β inhibition and the prevention of recurrent cardiovascular events: rationale and design of the Canakinumab Antiinflammatory Thrombosis Outcomes Study (CANTOS)[END_REF][START_REF] Stoneman | Monocyte/macrophage suppression in CD11b diphtheria toxin receptor transgenic mice differentially affects atherogenesis and established plaques[END_REF]. Moreover, macrophages have a defect in autophagy resulting in inflammasome activation (NLRP3, NF-κB) in response to cholesterol crystals and leading to larger plaque [START_REF] Razani | Autophagy links inflammasomes to atherosclerotic progression[END_REF]. A recent study from Libby suggests that macrophages can contribute to the thinning of the fibrous cap and therefore to plaque rupture by secreting MMPs (Libby, 2013b). Likewise, macrophages can sometimes be associated to intraplaque hemorrhage in advanced human lesions [START_REF] Kolodgie | Intraplaque hemorrhage and progression of coronary atheroma[END_REF]. All of this shows that macrophages are important actors of development of lesions, especially concerning the necrotic core formation leading to unstable lesion and promoting acute clinical cardiovascular events.

Regression of plaque in mice is characterized by the reduction of the macrophage content and an alteration of gene expression in the remaining macrophages (Feig et al., 2011a;[START_REF] Willecke | Effects of High Fat Feeding and Diabetes on Regression of Atherosclerosis Induced Low-Density Lipoprotein Receptor Gene Therapy in LDL Receptor-Deficient Mice[END_REF]. In regressing lesion, some studies showed that macrophage phenotype is not completely antiinflammatory. Indeed, remaining CD-68 + cells display high level of Arg1 and Cd163 (genes generally considered as M2 markers) and reduced levels of Tnfa and Ccl2 mRNA but also an upregulation of Cxcl2 and Il1b mRNA expression (Feig et al., 2011a). Evenly, CD68+ smooth muscle cells can contribute to the observed gene expression variation. Recently, Nagareddy et al. proposed that the impaired regression of atherosclerotic lesions might be caused by an increase of macrophage recruitment rather than a reduction of macrophages egress [START_REF] Nagareddy | Hyperglycemia promotes myelopoiesis and impairs the resolution of atherosclerosis[END_REF].

ii. Macrophages subsets in plaque

Two different populations of monocytes can be differentiated in mice based on the expression of cell-surface markers: inflammatory monocytes are defined as CCR2 + (C-C motif chemokine receptor 2), CX3CR1 low (C-X-C motif chemokine receptor 1) and Ly6 + (lymphocyte antigen 6 complex) and resident monocytes are defined as CCR2 -, CX3CR1 high , Ly6 - [START_REF] Geissmann | Blood monocytes consist of two principal subsets with distinct migratory properties[END_REF]. Extrapolate mouse data to humans becomes very delicate because human monocytes seem to have distinct physiology from that of mouse [START_REF] Strauss-Ayali | Monocyte subpopulations and their differentiation patterns during infection[END_REF]. In humans, monocytes are mainly (90%) CD14 high CD16 -and referred as "classical" or CD14 + CD16 + and referred as "nonclassical" [START_REF] Passlick | Identification and characterization of a novel monocyte subpopulation in human peripheral blood[END_REF].

Concerning macrophages, two major macrophages subsets were identified in vitro that are phenotypically and functionally different: "classically activated" or M1 phenotype considered as proinflammatory and "alternative activated" induced in vitro by IFNγ or LPS and M2 considered as antiinflammatory and induced by IL-4 or IL-13 [START_REF] Mills | M-1/M-2 macrophages and the Th1/Th2 paradigm[END_REF][START_REF] Nathan | Identification of interferon-gamma as the lymphokine that activates human macrophage oxidative metabolism and antimicrobial activity[END_REF][START_REF] Pace | Macrophage activation: priming activity from a T-cell hybridoma is attributable to interferon-gamma[END_REF][START_REF] Stein | Interleukin 4 potently enhances murine macrophage mannose receptor activity: a marker of alternative immunologic macrophage activation[END_REF].

But the more macrophages are studied, the more the M1/M2 model seems to be inadequate especially as this model is based on in vitro studies with unknown relevance to in vivo states. [START_REF] Mantovani | Macrophage polarization: tumor-associated macrophages as a paradigm for polarized M2 mononuclear phagocytes[END_REF]Tabas and Bornfeldt, 2016). In in vitro studies the stimulation was reduced to 1 or 2 stimuli (INFγ and LPS for M1, IL-4 and IL-13 for M2) while in atherosclerosis, macrophages are exposed to a profusion of stimuli that will induce different functions and cell-surface markers. For example, in human endarterectomy lesions, the microenvironment of atherosclerotic plaque has been identified as Th1

dominant with more INFγ than IL-4 [START_REF] Frostegård | Cytokine expression in advanced human atherosclerotic plaques: dominance of proinflammatory (Th1) and macrophage-stimulating cytokines[END_REF]. But the M1/M2 paradigm is limited because it does not take account of the source and context of the stimuli and strict M1/M2 stimuli do not exist alone in the tissues (in contrary of in vitro situation). In contrast with in vitro situation, in vivo macrophages respond to the tissular microenvironment and interact with T and B cells which will determine whichever phenotype they will have [START_REF] Cruz-Leal | Liposomes of phosphatidylcholine and cholesterol induce an M2-like macrophage phenotype reprogrammable to M1 pattern with the involvement of B-1 cells[END_REF][START_REF] Mantovani | The chemokine system in diverse forms of macrophage activation and polarization[END_REF][START_REF] Mosser | Exploring the full spectrum of macrophage activation[END_REF].

Macrophages phenotype and functions in atherosclerosis were intensively studied in atherosclerosis during the last decades and there is still a lot to discover. Studies showed that M2 phenotype can be divided into three subclasses: M2a, M2b and M2c; all having atheroprotective effect but in different ways [START_REF] Mantovani | The chemokine system in diverse forms of macrophage activation and polarization[END_REF]. Since the last decade, others populations of macrophages have been suggested in atherosclerosis plaque. M(Hb) and Mhem induced by exposure to hemoglobin/haptoglobin complexes in vitro and hemorrhage or neovascularization in vivo and are resistant to lipid loading [START_REF] Boyle | Coronary intraplaque hemorrhage evokes a novel atheroprotective macrophage phenotype[END_REF], Mox induced by exposure to oxidized phospholipids in vitro in mice [START_REF] Kadl | Identification of a novel macrophage phenotype that develops in response to atherogenic phospholipids via Nrf2[END_REF], M4 induced by CXCL4 and showing protective effects [START_REF] Chinetti-Gbaguidi | Macrophage subsets in atherosclerosis[END_REF], and a population of macrophages stimulated by IL-17A [START_REF] Erbel | IL-17A influences essential functions of the monocyte/macrophage lineage and is involved in advanced murine and human atherosclerosis[END_REF].More details are presented in the Figure 8.

One cell-surface marker cannot be sufficient to distinguish which phenotype macrophages are expressing. Indeed, only a few markers are specific for a given phenotype and some are shared by multiple subclasses resulting in overlapping macrophage phenotypes (Figure 8 and Table 1). One of the greatest properties of macrophages is that they are remarkably plastic and are able to switch from one phenotype to another regarding on the microenvironment [START_REF] Lee | Distinct macrophage phenotypes contribute to kidney injury and repair[END_REF][START_REF] Porcheray | Macrophage activation switching: an asset for the resolution of inflammation[END_REF].

Atherosclerotic plaque microenvironment is complex and heterogeneous and influences the phenotyping of macrophages. In the same way, macrophage subtypes influence plaque structure and evolution by their activities (e.g. phagocytosis, cytokine release) (Tabas and Bornfeldt, 2016). Macrophage plasticity has also been observed during plaque regression (Feig et al., 2011b).

iii. Relevance of M1/M2 dichotomy and perspectives

Based on all the discoveries on macrophage phenotype, one only thing remains certain: the M1/M2 dichotomy is no longer applicable. In atherosclerosis as in other diseases involving macrophages, lesional macrophages can be best viewed as representing a wide continuum of phenotypes and functions.

There is still a lot to discover and lighten concerning subclasses of macrophages and how they are determined. In mycobacterial infection for example, a new phenotype of macrophage, called mycobacterial infection induces suppressor macrophage (MIS macrophage), has been highlighted by Tatano et al.in mycobacterial-infected mice(Tatano et al., 2014). These specific macrophages, downregulates both Th1 and Th2 cytokine release but increases IL-17A and IL-22 production. This new subset is functionally completely different from M1 and M2 and presents a unique phenotype mixing M1 and M2 markers: IL-12 + , IL-1β high , IL-6 + , TNF + , NOS2 + , CCR7 high , IL-10 high , Arg1 -, MMR low , Ym1 high , Fizz low and CD163 high .

The phenotype of these macrophages is very interesting and need to be studied also in an atherosclerosis model.

d) Oxidative stress

ROS are highly reactive molecules either endogenous or exogenous which can damage all classes of macromolecules [START_REF] Holmström | Cellular mechanisms and physiological consequences of redox-dependent signalling[END_REF]. In atherosclerosis pathogenesis, oxidative stress has been established to be an important actor, particularly by promoting oxidation of LDL, one of the earliest hallmark of atherogenesis [START_REF] Peluso | Oxidative stress in atherosclerosis development: the central role of LDL and oxidative burst[END_REF].

Atherosclerosis has three fundamental features: inflammation, disturbed blood flow and abnormal shear stress, arterial wall remodeling and immoderate ROS production is involved in all of these characteristics [START_REF] Alexander | The Jeremiah Metzger Lecture. Pathogenesis of atherosclerosis: redox as a unifying mechanism[END_REF]. Recent studies corroborate the hypothesis of ROS contribution to the structural remodeling of arterial wall by VSMCs proliferation and inflammation [START_REF] Park | Role of inflammation in the pathogenesis of arterial stiffness[END_REF][START_REF] Patel | Oxidative stress is associated with impaired arterial elasticity[END_REF]. Thus, ROS are known to increase adhesion on the endothelium, and to take part tothe signaling pathway forinflammatory cytokines production such as TNFα or IL-1β. ROS accelerate the atherosclerotic process by increasing the differentiation of monocytes to macrophages, which produce ROS in return to feed the vicious cycle [START_REF] Higashi | Endothelial function and oxidative stress in cardiovascular diseases[END_REF].

Indeed, disturbed blood flow, low or oscillatory shear stress has pro-oxidative and proinflammatory effects on vessels leading to deleterious consequences on endothelial function while laminar blood flow has protective effects [START_REF] Cunningham | The role of shear stress in the pathogenesis of atherosclerosis[END_REF]. Disturbed blood flow commonly appears at bifurcations, curvatures and branch points [START_REF] Hajra | The NF-kappa B signal transduction pathway in aortic endothelial cells is primed for activation in regions predisposed to atherosclerotic lesion formation[END_REF]. The chronic exposure to oscillatory shear stress enhances endothelial NADPH oxidase (Nox) generation of O2 •- resulting in monocytes adhesion [START_REF] Hwang | Oscillatory shear stress stimulates endothelial production of O2-from p47phox-dependent NAD(P)H oxidases, leading to monocyte adhesion[END_REF]. The stimulation of adhesion molecules (e.g. P-

selectin, E-selectins, and VCAM-1) induces more inflammation by increasing leukocytes attraction.

This intensifies phagocytosis-induced ROS production leading to the vicious circle mentioned above [START_REF] Higashi | Endothelial function and oxidative stress in cardiovascular diseases[END_REF][START_REF] Hwang | Oscillatory shear stress stimulates endothelial production of O2-from p47phox-dependent NAD(P)H oxidases, leading to monocyte adhesion[END_REF].

Nox is expressed in macrophages, neutrophils, endothelial cells, VSMCs and fibroblasts [START_REF] Li | Intracellular localization and preassembly of the NADPH oxidase complex in cultured endothelial cells[END_REF] and is the main source of ROS production induced by non-laminar shear stress in vessels [START_REF] Hwang | Oscillatory shear stress stimulates endothelial production of O2-from p47phox-dependent NAD(P)H oxidases, leading to monocyte adhesion[END_REF].

Then, during the inflammatory phase of atherogenesis, others sources of ROS emerged: infiltrated monocytes/macrophages, dysfunctional endothelial cells, migrated VSMCs [START_REF] Griendling | NAD(P)H oxidase: role in cardiovascular biology and disease[END_REF][START_REF] Li | Intracellular localization and preassembly of the NADPH oxidase complex in cultured endothelial cells[END_REF]. Migration of LDL from the artery lumen to the media initiates the injury of vessel wall [START_REF] Navab | The Yin and Yang of oxidation in the development of the fatty streak. A review based on the 1994 George Lyman Duff Memorial Lecture[END_REF]. Once in the arterial wall, LDL are oxidized by excessive ROS and phagocytized by macrophages, creating lipid droplets characteristics of foam cells [START_REF] Steinberg | Beyond cholesterol. Modifications of low-density lipoprotein that increase its atherogenicity[END_REF]. In addition, oxidative stress activates matrix metalloproteinases (MMPs) of endothelial cells, foam cells and VSMCs which degrades the extracellular matrix leading to plaque rupture [START_REF] Galis | Matrix metalloproteinases in vascular remodeling and atherogenesis: the good, the bad, and the ugly[END_REF].

Some other tissues are affected by abnormalities in cholesterol trafficking, one of the most exposed (even if it is not the most classical organ studied in this context) is the brain, which will be the purpose of the following section.

Cerebrovascular outcomes of high fat diet induced atherosclerosis

As seen above, high fat diet and resulting defect in cholesterol handling are the first cause of atherosclerosis and lead to cardio and cerebrovascular diseases. Indeed, the brain is very sensitive to reduced blood flow due to stenotic plaques but even more to emboli coming from carotid plaques and obstructing cerebral arteries leading to stroke. Based on this, this section will focus on cholesterol metabolism in the brain and outcomes resulting from an excess of cholesterol from the diet such as brain inflammation and stroke.

a) Cholesterol metabolism in brain

The brain contains 20% of the whole body cholesterol, it is the most cholesterol-rich organ (15-20 mg/g of tissue) [START_REF] Björkhem | Brain cholesterol: long secret life behind a barrier[END_REF]. This is mainly unesterified cholesterol. In the brain, cholesterol is essential for neuronal physiology from development to adulthood due to its involvement in synapse development and formation, dendrite differentiation, axonal elongation and long-term potentiation [START_REF] De Chaves | Elevation of ceramide within distal neurites inhibits neurite growth in cultured rat sympathetic neurons[END_REF][START_REF] Fester | Cholesterol-promoted synaptogenesis requires the conversion of cholesterol to estradiol in the hippocampus[END_REF][START_REF] Goritz | Multiple mechanisms mediate cholesterol-induced synaptogenesis in a CNS neuron[END_REF]. Cholesterol depletion in neurons impairs neuronal functions and defects in its metabolism lead to neurodegenerative diseases such as Niemann-Pick disease, Huntington's disease, Parkinson's disease and Alzheimer's disease (AD) [START_REF] Block | Altered cholesterol and fatty acid metabolism in Huntington disease[END_REF][START_REF] Di Paolo | Linking lipids to Alzheimer's disease: cholesterol and beyond[END_REF][START_REF] Madra | Niemann-Pick type C pathogenesis and treatment: from statins to sugars[END_REF][START_REF] Wang | Statins: neuroprotective mechanisms in neurodegenerative diseases[END_REF].

Hence, there is a real necessity to closely maintain the cholesterol content in the brain in order to keep brain functions.

Because of the blood-brain barrier (BBB), cholesterol metabolism in the brain is different and separated from that in peripheral tissues. Thereby, brain cholesterol in adult is principally supplied by de novo synthesis [START_REF] Jeske | Regulation of rates of cholesterol synthesis in vivo in the liver and carcass of the rat measured using [3H]water[END_REF]. Cholesterol synthesis rate is correlated with myelinisation processes, thus higher during perinatal stage and adolescence [START_REF] Saher | High cholesterol level is essential for myelin membrane growth[END_REF] and remains at very low rate during adulthood. Indeed, except during myelinisation processes, the turnover of cholesterol in the brain is very low because of the minimal losses [START_REF] Morell | Origin of cholesterol in myelin[END_REF]. In the brain, the half-life of cholesterol is comprised between 6 months and 5 years when its only few days in the plasma [START_REF] Björkhem | Oxysterols and Alzheimer's disease[END_REF][START_REF] Dietschy | Thematic review series: brain Lipids. Cholesterol metabolism in the central nervous system during early development and in the mature animal[END_REF]. Although a minimal availability of cholesterol is required for neuronal function, this function can be impaired not only because of a lack of cholesterol but also due to an excess in cholesterol content [START_REF] Kleveland | Effect of a single dose of the interleukin-6 receptor antagonist tocilizumab on inflammation and troponin T release in patients with non-ST-elevation myocardial infarction: a double-blind, randomized, placebo-controlled phase 2 trial[END_REF][START_REF] Pooler | The 3-hydroxy-3-methylglutaryl co-enzyme A reductase inhibitor pravastatin enhances neurite outgrowth in hippocampal neurons[END_REF]. Excess of cholesterol leads to 24-hydroxycholesterol (24-OHC) accumulation which have toxic effects on the cells [START_REF] Matsuda | 24(S)-hydroxycholesterol is actively eliminated from neuronal cells by ABCA1[END_REF].

ApoE is highly expressed in brain (second most ApoE-rich organ after the liver) and is involved in cholesterol homeostasis [START_REF] Linton | Phenotypes of apolipoprotein B and apolipoprotein E after liver transplantation[END_REF]. The major source of ApoE in brain is astrocytes and in a lower way neuron-supporting cells [START_REF] Mahley | Apolipoprotein E4: a causative factor and therapeutic target in neuropathology, including Alzheimer's disease[END_REF]; neurons may express ApoE after excitotoxic injury acting as modulators of the inflammatory response [START_REF] Iwata | Traumatic brain injury induces biphasic upregulation of ApoE and ApoJ protein in rats[END_REF]Xu et al., 1999). In humans, ApoE isoform ε4 is correlated with amyloid plaques in Alzheimer's disease [START_REF] Liu | Apolipoprotein E and Alzheimer disease: risk, mechanisms and therapy[END_REF]. Likewise, brain cell membranes of AD patients were found to be enriched in cholesterol [START_REF] Xiong | Cholesterol retention in Alzheimer's brain is responsible for high beta-and gamma-secretase activities and Abeta production[END_REF]. LDLR is the main receptor for ApoE-containing lipoprotein uptake in the brain and is mostly expressed in glial cells [START_REF] Rebeck | Apolipoprotein E in sporadic Alzheimer's disease: allelic variation and receptor interactions[END_REF]. Furthermore, ApoE-containing lipoproteins have a potent anti-apoptotic effect and protect brain against neurodegeneration [START_REF] Hayashi | Protection of Neurons from Apoptosis by Apolipoprotein E-containing Lipoproteins Does Not Require Lipoprotein Uptake and Involves Activation of Phospholipase Cγ1 and Inhibition of Calcineurin[END_REF].

Dysregulation of cholesterol handling in the brain lead to chronic disorders such as neurodegenerative pathologies (e.g. Alzheimer's, Parkinson's or Niemann-Pick's disease) or chronic inflammation resulting later in transient ischemic attack or stroke.

b) Brain inflammation induced by high fat diet

Brain inflammation and oxidative stress, induced by systemic inflammation, are suspected of increasing the overall cardio and cerebrovascular risk [START_REF] Drake | Brain inflammation is induced by co-morbidities and risk factors for stroke[END_REF][START_REF] Macrez | Stroke and the immune system: from pathophysiology to new therapeutic strategies[END_REF]) (Figure 9). In adult brain, oxidative stress is a well-known factor of neurodegenerative disorders, stroke, seizures or trauma [START_REF] Coyle | Oxidative stress, glutamate, and neurodegenerative disorders[END_REF]. Furthermore, Yates et al. have shown that carotid atherosclerosis was linked to cognitive impairments and increased brain atrophy suggesting a relationship between metabolic inflammation and neurodegeneration [START_REF] Yates | Impact of metabolic syndrome on cognition and brain: a selected review of the literature[END_REF]. Peripheral metabolic chronic inflammation is at the origin of a vicious circle involving vascular changes, oxidative stress and insulin resistance. All together, these pathophysiological phenomena deteriorate the cerebrovascular function. They are also known to activate transcriptional factors such as activator protein 1 (AP-1) and NF-κB causing stimulation of inflammatory factors receptors and adhesion molecules that results in inflammatory markers (TNFα, IL-1β, NO) release in brain parenchyma [START_REF] Saavedra | Angiotensin II AT(1) receptor blockers ameliorate inflammatory stress: a effect for the treatment of brain disorders[END_REF]. This inflammatory status in brain may induce abnormalities in BBB, microglia activation and brain insulin resistance, themselves likely causing cognitive decline.

c) Stroke

There is a complex relationship between lipids and acute stroke. Although in most cohort studies there is a direct relationship between cholesterol level and ischemic stroke, this relationship varies by the stroke subtype and the lipid component considered. High total cholesterol (TC) and LDL-C levels are associated with higher risk of ischemic stroke [START_REF] Horenstein | Cholesterol predicts stroke mortality in the Women's Pooling Project[END_REF][START_REF] Kurth | Lipid levels and the risk of ischemic stroke in women[END_REF] while lower levels are associated with higher risk of brain hemorrhage (Wang et al., 2013a). Concerning HDL-C levels, it exists an inverse association with cerebrovascular diseases [START_REF] Sacco | High-density lipoprotein cholesterol and ischemic stroke in the elderly: the Northern Manhattan Stroke Study[END_REF][START_REF] Shahar | Plasma lipid profile and incident ischemic stroke: the Atherosclerosis Risk in Communities (ARIC) study[END_REF]. But this association is more a function of HDL-C subfractions rather than of total HDL-C [START_REF] Bots | Torcetrapib and carotid intima-media thickness in mixed dyslipidaemia (RADIANCE 2 study): a randomised, double-blind trial[END_REF]. HDL3 seems to be atheroprotective whereas HDL2 does not. Indeed, there is a direct relationship between HDL2 and carotid plaque thickness and an inverse relationship between HDL3 and plaque area [START_REF] Tiozzo | High-density lipoprotein subfractions and carotid plaque: the Northern Manhattan Study[END_REF].

Atherosclerosis stroke subtypes are highly associated with cholesterol levels as showed in some studies [START_REF] Cui | High serum total cholesterol levels is a risk factor of ischemic stroke for general Japanese population: the JPHC study[END_REF][START_REF] Imamura | LDL cholesterol and the development of stroke subtypes and coronary heart disease in a general Japanese population: the Hisayama study[END_REF][START_REF] Tirschwell | Association of cholesterol with stroke risk varies in stroke subtypes and patient subgroups[END_REF]. In contrast, association between dyslipidemia and lacunar stroke is still controversial: case-control studies showed relationship between LDL-C and TC and lacunar stroke [START_REF] Amarenco | Blood lipids in brain infarction subtypes[END_REF][START_REF] Tirschwell | Association of cholesterol with stroke risk varies in stroke subtypes and patient subgroups[END_REF], whereas other studies did not [START_REF] Cui | High serum total cholesterol levels is a risk factor of ischemic stroke for general Japanese population: the JPHC study[END_REF][START_REF] Imamura | LDL cholesterol and the development of stroke subtypes and coronary heart disease in a general Japanese population: the Hisayama study[END_REF]. Finally, despite the fact that dyslipidemia is a known coronary heart disease risk factor, no association between this and embolic stroke were found [START_REF] Tirschwell | Association of cholesterol with stroke risk varies in stroke subtypes and patient subgroups[END_REF].

Others cerebrovascular diseases as lacunar infarcts and cerebral microbleeds can also be found in atherosclerotic patients. Lacunar infarct refers to a small subcortical ischemic lesion probably resulting from an intracerebral arteriole occlusion associated with acute neurological symptoms. It can be due to microatheroma or fibrinoid necrosis [START_REF] Arauz | Prospective study of single and multiple lacunar infarcts using magnetic resonance imaging: risk factors, recurrence, and outcome in 175 consecutive cases[END_REF][START_REF] Khan | Risk factor profile of cerebral small vessel disease and its subtypes[END_REF]. Internal carotid artery stenosis and LDL-C are associated with lacunar stroke [START_REF] Mok | Prevention and Management of Cerebral Small Vessel Disease[END_REF]. Cerebral microbleeds (CMBs) refers to small perivascular hemosiderin deposits associated with macrophages, resulting from leakage through cerebral small vessels and characterized by hypointense lesions on T2*weighted gradient-recalled echo MRI. Low triglyceride levels are associated with CMBs while HDL or LDL-C are not [START_REF] Wieberdink | Serum lipid levels and the of intracerebral hemorrhage: the Rotterdam Study[END_REF]. Moreover, meta-analysis showed that ApoE ε4 allele carriers have higher risks of CMBs [START_REF] Maxwell | Genetic associations with brain microbleeds: Systematic review and metaanalyses[END_REF].

B. Others metabolic organs

Besides cardiovascular organs and brain, other organs are also affected by high fat and high cholesterol consumption. Here, we will briefly discuss in in which way and the high fat/high cholesterolinduced consequences in two metabolic organs of reference such as liver and adipose tissue.

Liver

The liver is an important metabolic organ involved in glucose and lipid homeostasis. The link between liver and atherosclerosis was showed by studies on non-alcoholic fatty liver disease (NAFLD), showing the relationship between dysregulation of lipid metabolism and storage in the liver and subclinical atherosclerosis [START_REF] Al Rifai | The association of nonalcoholic fatty liver disease, obesity, and metabolic syndrome, with systemic inflammation and subclinical atherosclerosis: the Multi-Ethnic Study of Atherosclerosis (MESA)[END_REF][START_REF] Santos | Hepatic steatosis is associated with a greater prevalence of coronary artery calcification in asymptomatic[END_REF][START_REF] Sung | Fatty liver, insulin resistance, and features of metabolic syndrome: relationships with coronary artery calcium in 10,153 people[END_REF]. Intrahepatic lipid depots are closely linked to cardiovascular outcomes [START_REF] Fabbrini | Intrahepatic fat, not visceral fat, is linked with metabolic complications of obesity[END_REF]Speliotes et al., 2010), NAFLD being an independent predictor of cardiovascular events [START_REF] Hamaguchi | Nonalcoholic fatty liver disease is a novel predictor of cardiovascular disease[END_REF][START_REF] Targher | Risk of cardiovascular disease in patients with fatty liver disease[END_REF].

It also has a key role in inflammatory response as it releases acute phase reactant such as CRP or serum amyloid A (SAA). These liver-derived inflammatory markers were found to rapidly increase after consumption of an excessive amount of dietary lipids [START_REF] Kleemann | HMG-CoA reductase inhibitors: effects on chronic subacute inflammation and onset of atherosclerosis induced by dietary cholesterol[END_REF]Tannock et al., 2005).In an interesting transcriptomic and metabolomics study, Kleemann et al, showed that pro-atherogenic inflammatory factors originate from the liver. Indeed, mice fed with high cholesterol diet (1% w/w) showed faster atherogenesis than mice fed with no or low cholesterol (0.25% w/w). Moreover, genomic analysis showed that a high cholesterol load leads to an extended reprogramming in the liver, involving not only metabolic adaptations to cholesterol but also inflammatory stress (cell proliferation and adhesion apoptosis, immune and inflammatory response) [START_REF] Kleemann | Atherosclerosis and liver inflammation induced by increased dietary cholesterol intake: a combined transcriptomics and metabolomics analysis[END_REF]. Furthermore, diet-induced metabolic changes observed in the liver were different according to the amount of cholesterol intake, demonstrating that the switch to a proinflammatory gene expression profile in the liver was accompanied by the development of a new metabolic hepatic state significantly different from the metabolic state at baseline [START_REF] Kleemann | Atherosclerosis and liver inflammation induced by increased dietary cholesterol intake: a combined transcriptomics and metabolomics analysis[END_REF].

Adipose tissue / ectopic fat deposits

Adipose tissue represents 15 to 30% of the body weight in humans. It is dispersed throughout the body in discreet depots which constitute separate "mini-organs" [START_REF] Cinti | The adipose organ: morphological perspectives of adipose tissues[END_REF]. The cardio-metabolic impact of adipose tissue of each individual depends on the size of each depots and the balance between them. Indeed, peripheral fat distribution, as in the limbs, is favorable while central fat, as in the trunk, is detrimental [START_REF] Lee | Adipose tissue heterogeneity: implication of depot differences in adipose tissue for obesity complications[END_REF] and even leading to poorest survival in patients with CAD [START_REF] Coutinho | Combining body mass index with measures of central obesity in the assessment of mortality in subjects with coronary disease: role of "normal weight central obesity[END_REF]. On the contrary, peripheral fat distribution is correlated to a lower BP, insulin sensitivity and healthy lipid profile, resulting in the metabolically healthy obese phenotype [START_REF] Appleton | Diabetes and cardiovascular disease outcomes in the metabolically healthy obese phenotype: a cohort study[END_REF][START_REF] Manolopoulos | Gluteofemoral body fat as a determinant of metabolic health[END_REF].

Adipose tissue exerts endocrine effects on numerous tissues such as the vasculature, liver and skeletal muscle (Figure 10). In obese condition, various pro-inflammatory cytokines and molecules are upregulated which will affect all of the stage of atherosclerosis contributing indirectly to CVD [START_REF] Berg | Adipose tissue, inflammation, and cardiovascular disease[END_REF][START_REF] Mattu | Role of adipokines in cardiovascular disease[END_REF].

The ratio between visceral (VAT) and subcutaneous adipose tissue (SAT) showed close correlations to cardio-metabolic risk [START_REF] Preis | Abdominal subcutaneous and visceral adipose tissue and insulin resistance in the Framingham heart study[END_REF][START_REF] Smith | Visceral adipose tissue indicates the severity of cardiometabolic risk in with and without type 2 diabetes: results from the INSPIRE ME IAA study[END_REF] as accumulation of fat in the visceral compartment and in smaller internal depots (neck, muscle, perivascular) reflects the inability of the SAT for additional TG storage has detrimental effects on the surrounding tissues, especially the liver, skeletal muscle and heart [START_REF] Carobbio | Origins of metabolic complications in obesity: ectopic fat accumulation. The importance of the qualitative aspect of lipotoxicity[END_REF]. In this context, VAT increases the delivery of FFA to the liver leading to insulin resistance [START_REF] Iacobellis | Epicardial fat thickness and coronary artery disease correlate independently of obesity[END_REF][START_REF] Kabir | Molecular evidence supporting the portal theory: a causative link between visceral adiposity and hepatic insulin resistance[END_REF], and release IL-6 in the portal vein inducing synthesis of CRP by the liver thus contributing to low-grade inflammation [START_REF] Shoelson | Inflammation and insulin resistance[END_REF] Fat depots around heart, epicardial (EAT) and pericardial adipose tissue (PAT), were found to be associated with higher occurrence of CVD [START_REF] Gaborit | Human epicardial adipose tissue has a specific transcriptomic signature depending on its anatomical peri-atrial, peri-ventricular, or peri-coronary location[END_REF]. Volume and expansion of EAT were related to an increase in coronary calcification (Yerramasu et al., 2012) and PAT to reduced left ventricular function and increased risk of atrial fibrillation [START_REF] Kim | Pericardial fat amount is an independent risk factor of coronary artery stenosis assessed by multidetector-row computed tomography: the Korean Atherosclerosis Study 2[END_REF][START_REF] Thanassoulis | Pericardial fat is associated with prevalent atrial fibrillation: the Framingham Heart Study[END_REF] suggesting a locally toxic effect of them.

The effect of dietary cholesterol on liver and adipose tissue is summarized in Figure 11.

C. Animal models of atherosclerosis

Pharmacologically or mechanically induced vulnerable plaque animal models are commonly used but do not representthe whole destabilization process leading to a vulnerable plaque.

For this reason, we will only address diet-induced or genetically modified models of atherosclerosis plaque, as they are more systemic models for pre-clinical and translational studies.

Mouse models

Mice models are the most commonly used in atherosclerosis research, especially the C57BL/6J strain-derived mice. They present some significant advantages such as their easy breeding, their low cost of maintenance and the fact that their genetic background is well-known. The principal inconvenients are their small size and their plasmatic lipoprotein profiles that are highly different than humans. Actually, wild-type mice do not develop atherosclerosis due to their lack of cholesteryl ester transfer protein (CETP) and to the fact that their plasmatic cholesterol is mainly contained in HDL compared to LDL for humans [START_REF] Salmon | Plasma lipoproteins and the synthesis and turnover of plasma triglyceride in normal and genetically obese mice[END_REF]. Furthermore, mice dietary cholesterol absorption is weak [START_REF] Carter | Genetic variation in cholesterol absorption efficiency among inbred strains of mice[END_REF] High fat high cholesterol diet notably accelerate atherogenesis with a significant increase of plasmatic cholesterol level (>1000 mg/dL) and lesions enriched in foam cells [START_REF] Nakashima | ApoE-deficient mice develop lesions of all phases of atherosclerosis throughout the arterial tree[END_REF].

Indeed, advanced lesions contain cholesterol crystals, necrotic core and calcifications. In older ApoE null mice lesions can present hemorrhage suggesting plaque instability [START_REF] Rosenfeld | Advanced atherosclerotic lesions in the innominate artery of the ApoE knockout mouse[END_REF]. On the contrary, no significant coronary artery lesions were showed in this model.

Although his widespread use, ApoE null mice had some inconvenients mostly due to the differences between lipoprotein metabolism in mice compared to human (e.g. plasmatic cholesterol are mostly carried by remnants while LDL in humans). Furthermore, ApoE has numerous other functions affecting macrophage and adipose tissue physiology and immune function [START_REF] Getz | Apoprotein E as a lipid transport and signaling protein in the blood, liver, and artery wall[END_REF] that impact atherogenesis and plaque progression independently of plasmatic lipid levels [START_REF] Fazio | Increased atherosclerosis in mice reconstituted with apolipoprotein E null macrophages[END_REF][START_REF] Van Eck | Accelerated atherosclerosis in C57Bl/6 mice transplanted with ApoE-deficient bone[END_REF].

b) LDLR null mice

As seen above LDLR is extremely important for lipoprotein homeostasis but do not have plethora effects as ApoE which is the great advantage of this model. Indeed, the lack of LDLR mainly influences lipoprotein uptake and clearance, increasing the preponderance of LDL in chow diet fed mice but presenting only limited lesions in older animals [START_REF] Barcat | Combined hyperlipidemia/hyperalphalipoproteinemia associated with premature spontaneous atherosclerosis in mice lacking hepatic lipase and low density lipoprotein receptor[END_REF][START_REF] Teupser | Induction atherosclerosis by low-fat, semisynthetic diets in LDL receptor-deficient C57BL/6J and FVB/NJ mice: comparison of lesions of the aortic root, brachiocephalic artery, and whole aorta (en face measurement)[END_REF]. A high fat diet is needed for a significant lesion development. This diet induces an accumulation of VLDL and remnants and a higher plasmatic cholesterol level and more foam cells than ApoE null under chow diet.

Thus, an LDLR null mouse is a good model for intermediate atherosclerosis.

Rabbits

Rabbits are a widely used animal model for atherosclerosis studies due to their high sensitivity to dietary cholesterol overload [START_REF] Duff | Experimental cholesterol arteriosclerosis and its relationship to human atherosclerosis[END_REF]. Moreover, they share several aspects of lipoprotein metabolism with humans such as the composition of their ApoB-containing lipoprotein [START_REF] Fan | Overexpression of human apolipoprotein B-100 in transgenic rabbits results in increased levels of LDL and decreased levels of HDL[END_REF], hepatic production of VLDL [START_REF] Duverger | Inhibition of atherosclerosis development in cholesterol-fed human apolipoprotein A-I-transgenic rabbits[END_REF], the presence of plasmatic CETP and a high absorption rate of cholesterol [START_REF] Hoeg | Overexpression of lecithin:cholesterol acyltransferase in transgenic rabbits prevents diet-induced atherosclerosis[END_REF]. The disadvantages of this animal model is that rabbits lack of hepatic lipase, and when fed with atherogenic diet, rabbits develop atherosclerotic lesions in aortic arch and thoracic aorta rather than abdominal aorta while this location is almost always affected in humans [START_REF] Warren | Rabbit hepatic lipase cDNA sequence: low activity is associated with low messenger RNA levels[END_REF].

Two strains of rabbits are known to be relevant models for human hyperlipidemia:

Watanabe Hereditary Hypercholesterolemic (WHHL) which are defective for LDLR and present pathology similar to familial hypercholesterolemia [START_REF] Aliev | Watanabe rabbits with heritable hypercholesterolaemia: a model of atherosclerosis[END_REF][START_REF] Kondo | A heritable hyperlipemic rabbit[END_REF] and the St Thomas' Hospital (STH) which are good models for combined human hypertriglyceridemia and hyperlipidemia [START_REF] Beaty | A genetic model for control of hypertriglyceridemia and apolipoprotein B levels in the Johns Hopkins colony of St. Thomas Hospital rabbits[END_REF][START_REF] Nordestgaard | Intermediate density lipoprotein levels are strong predictors of the extent of aortic atherosclerosis in the St. Thomas's Hospital rabbit strain[END_REF].

Transgenic animals are also available such as New-Zealand White-human apoB100 that mimic a hyperlipidemia combined to a reduced HDL-C concentration [START_REF] Fan | Overexpression of human apolipoprotein B-100 in transgenic rabbits results in increased levels of LDL and decreased levels of HDL[END_REF] but transgenic rabbits are not so easy to product and allow less genetic manipulation than mice.

Pigs and mini-pigs

Pigs develop atherosclerosis spontaneously when fed with standard diet [START_REF] Skold | Spontaneous atherosclerosis in the arterial system of swine[END_REF] and this process can be accelerated by an atherogenic diet [START_REF] Koskinas | Natural history of experimental coronary atherosclerosis and vascular remodeling in relation to endothelial shear stress: a serial, in vivo intravascular ultrasound study[END_REF].

The large size of pigs is an advantage for atherosclerosis studies; it enables the non-invasive measurement of arteries [START_REF] Czernuszewicz | Non-invasive in vivo characterization of human carotid plaques with acoustic radiation force impulse ultrasound: comparison with histology after endarterectomy[END_REF][START_REF] Millon | Low WSS Induces Intimal Thickening, while Large WSS Variation and Inflammation Induce Medial Thinning, in an Animal Model of Atherosclerosis[END_REF] and provides a sufficient amount of arterial tissues for biological analysis. Moreover, they are physiologically close to humans with a similar lipoprotein profile and develop lesions in coronary arteries. The counterpart of their large size is the quantity of food needed and the technical difficulties of housing and transportation for imaging as well as the lack of tools available for molecular biology or antibodies.

Non-human primates

Non-human primates are the closest to humans so are very useful for translational research.

Although atherogenesis can differ according to the different species of monkeys, all of them present humanoid lipoprotein metabolism with a predominance of non-HDL, CETP expression and the same HDL subclasses than humans. Furthermore, non-human primates respond differently to cholesterol thus they can be divided into "hyper" or "hyporesponders" to cholesterol, resulting in a heterogeneous repartition of profiles among individuals in the same way as in humans [START_REF] Bullock | Comparative primate atherosclerosis. I. Tissue cholesterol concentration and pathologic anatomy[END_REF][START_REF] Clarkson | Genetic control of plasma cholesterol. Studies on squirrel monkeys[END_REF]. Another similarity with human is that males develop more atherosclerosis than females under high fat diet.

The two most used species are Rhesus and Cynomolgus monkeys, which even if they are evolutionary close, show different responses to atherosclerosis. Rhesus monkeys fed with high fat diet develop complex coronary lesions with an increase of vasa vasorum density in the media and a thickened intima [START_REF] Heistad | Blood flow through vasa vasorum of coronary arteries in atherosclerotic monkeys[END_REF]. Cynomolgus are more responsive to high fat diet and atherosclerosis progression is faster than in Rhesus with plasmatic cholesterol levels two-fold higher and a large density of skin xanthomas and more lipid-rich monocytes in the blood (Davis et al., 1984a(Davis et al., , 1984b)). Macacas are also widely used to study the impact of social status on atherosclerosis progression showing that submissive status in the group favor atherogenesis in females [START_REF] Kaplan | The relationship between social status and atherosclerosis in male and female monkeys as revealed by meta-analysis[END_REF].

Others species of monkeys were used for atherosclerosis research such as baboons, microcebus, squirrel monkeys, spider monkeys but are less close to human than Macaca, which are nowadays the best available animal model for translational research.

D. Intervention modalities

There are several steps in CVD prevention; they range from seek to maintain health to drugs and/or surgery in order to minimize the impact of a chronic clinical disease as presented in Figure 12. This section will firstly discuss lifestyle factors and then briefly overview the range of drugs available for CVD prevention and/or treatment.

Systemic and central modulators

Atherosclerosis is a multifactorial pathology caused by both environmental and genetic factors, environmental being the most important and furthermore the easiest to control. Numerous studies showed that lifestyle factors such as dietary intake, physical activity and behavior (smoking, sleep, stress, etc.) are the first factors of prevention of CVD. Before any treatment, a healthy lifestyle is the better way to avoid the development of atherosclerosis and thus CVD whence its name of primordial prevention.

a) Diet

The first step for a healthy lifestyle is a healthy diet. Indeed, except for genetic lipidic pathologies, the first cause of atherosclerosis and related CVD is an uncontrolled diet. The dietary intake influences all biological parameters such as blood pressure (BP), cholesterol level, and lipidic homeostasis. European Society of Cardiology (ESC) and American Heart Association (AHA) went to a global consensus concerning dietary intake of different nutrients. BP homeostasis is important in the prevention of atherogenesis, as an increased BP lead to hemodynamic changes and to endothelial dysfunction. So a reduced consumption of salt and an increased consumption of potassium is beneficial for maintain BP at normal range [START_REF] Ekmekcioglu | The role of dietary potassium in hypertension and diabetes[END_REF][START_REF] Stamler | Dietary salt and blood pressure[END_REF] whence diets rich in fruits and vegetables are cardioprotective [START_REF] Aaron | Role of dietary salt and potassium intake in cardiovascular health and disease: a review of the evidence[END_REF]. A moderate consumption of alcohol is recommended and associated with a reduced risk of coronary arterial disease whereas more than two drinks per day increases the risk of hypertension in men [START_REF] Klatsky | Alcohol and cardiovascular diseases: where do we stand today?[END_REF].

As stated above, diet is a significant factor influencing the risk of dyslipidemias development. Caloric restriction from saturated fats (especially if replaced with PUFAs) is associated with a reduction of LDL-C level. An additional benefit is observed when saturated fats are replaced with PUFAs, resulting in an increase of HDL-C [START_REF] Berglund | Comparison of monounsaturated fat with carbohydrates as a replacement for saturated fat in subjects with a high metabolic risk profile: studies in the fasting and postprandial states[END_REF][START_REF] Ginsberg | Effects of reducing dietary saturated fatty acids on plasma lipids and lipoproteins in healthy subjects: the DELTA Study, protocol 1[END_REF][START_REF] Obarzanek | Effects on blood lipids of a blood pressurelowering diet: the Dietary Approaches to Stop Hypertension (DASH) Trial[END_REF]. Carbohydrates, specifically refined sugars also have a role in the development of CVD and its related adverse outcomes. Indeed, a significant association between added dietary sugar and CVD mortality was showed [START_REF] Yang | Added sugar intake cardiovascular diseases mortality among US adults[END_REF]. The increase of added sugar consumption was related to increased BP but also to dyslipidemias by increasing the circulating lipid and lipoprotein level [START_REF] Jayalath | Sugar-sweetened beverage consumption and incident hypertension: a systematic review and meta-analysis of prospective cohorts[END_REF][START_REF] Malik | Impact of sugarsweetened beverages on blood pressure[END_REF][START_REF] Stanhope | A dose-response study of consuming high-fructose corn syrup-sweetened beverages on lipid/lipoprotein risk factors for cardiovascular disease in young adults[END_REF].

In summary, a dietary pattern is highlighted from all this recommendations: high consumption of fruits, vegetables and whole grains, add poultry and fish and low-fats such as nuts and limited consumption of red meat and refined sugar (American Heart Association; US Department of Health and Human Services); offering protective effects on BP and lipid profile.

The diet is obviously an important parameter to take into account for atherosclerosis prevention but it is also beneficial in each step of CVD prevention, indeed, control of food and dietary intake is requested in individuals presenting risk factors or clinical events.

a) Physical exercise

As physical inactivity is a well-known risk factor for cardiovascular diseases, its opposite may have beneficial effects. Moreover, beneficial effect of exercise on health is discussed since

Hippocrate "All parts of the body, if used in moderation and exercised in labours to which each is acustomised, become thereby healthy and well developed and age slowly". Numerous epidemiological studies have shown the preventive and protective effect of exercise on atherosclerosis and cardiovascular disease [START_REF] Kramsch | Reduction of coronary atherosclerosis by moderate conditioning exercise in monkeys on an atherogenic diet[END_REF][START_REF] O'connor | Efficacy and safety of exercise training in patients with chronic heart failure: HF-ACTION randomized controlled trial[END_REF][START_REF] Pedersen | Exercise as medicine -evidence for prescribing exercise as therapy in 26 different chronic diseases[END_REF][START_REF] Swift | Physical activity, cardiorespiratory fitness, and exercise training in primary and secondary coronary prevention[END_REF].

Indeed, as primordial prevention requires a healthy lifestyle, physical activity is one of the cardinal points with diet and non-smoking. Moderate exercise enables maintain of glucose and blood pressure homeostasis and balance between calories intake and energy expenditure [START_REF] Colberg | Exercise and type 2 diabetes: the American College of Sports Medicine and the American Diabetes Association: joint position statement executive summary[END_REF][START_REF] Cornelissen | Exercise training for blood pressure: a systematic review and meta-analysis[END_REF][START_REF] Millar | Evidence for the role of isometric exercise training in reducing blood pressure: potential mechanisms and future directions[END_REF]. Moreover, exercise wad showed to decrease oxidative stress by upregulating anti-oxidant system [START_REF] Bloomer | Blood oxidative stress biomarkers: influence of sex, exercise training status, and dietary intake[END_REF][START_REF] Cunha | Exercise training prevents oxidative stress and ubiquitin-proteasome system overactivity and reverse skeletal muscle atrophy in heart failure[END_REF], decrease the release of inflammatory cytokines and CRP and increase that of anti-inflammatory [START_REF] Goldhammer | Exercise training modulates cytokines activity in coronary heart disease patients[END_REF][START_REF] Fernandes | Acute and chronic effects of exercise on inflammatory markers and B-type natriuretic peptide in patients with coronary artery disease[END_REF][START_REF] Schumacher | Physical performance is associated with markers of vascular inflammation in patients with coronary heart disease[END_REF][START_REF] Sjögren | Simple advice on lifestyle habits and long-term changes in biomarkers of inflammation and vascular adhesion in healthy middle-aged men[END_REF], to reduces the expression of adhesion molecules such as ICAM and the leukocyte recruitment at the plaque location [START_REF] Schumacher | Physical performance is associated with markers of vascular inflammation in patients with coronary heart disease[END_REF][START_REF] Sjögren | Simple advice on lifestyle habits and long-term changes in biomarkers of inflammation and vascular adhesion in healthy middle-aged men[END_REF]. Furthermore, moderate exercise can also lower the LDL concentration in plasma and protect the remaining LDL against oxidization [START_REF] Medlow | Exercise training protects the LDL I subfraction from oxidation susceptibility in an aged human population[END_REF][START_REF] Nickel | Immunomodulatory effects of aerobic training in obesity[END_REF] and limit the plaque progression [START_REF] Cardinot | Preventive and therapeutic moderate aerobic exercise programs convert atherosclerotic plaques into a more stable phenotype[END_REF]) (Figure 13). In patient with clinical symptoms of cardiovascular disease, practice of a regular exercise was shown to lower the incidence of cardiovascular mortality [START_REF] O'connor | Efficacy and safety of exercise training in patients with chronic heart failure: HF-ACTION randomized controlled trial[END_REF].

As Paracelsus said "Poison is in everything, and no thing is without poison. The dosage makes it either a poison or a remedy." And it is also valid for physical exercise. Indeed, as stated above, a moderate exercise have notable beneficial effect every step of cardiovascular disease prevention, but several clinical studies have shown that is practiced at high intensity and/or with a high frequency, and even more if rare and acute, exercise may have deleterious effects [START_REF] Eijsvogels | Are There Deleterious Cardiac Effects of Acute and Chronic Endurance Exercise?[END_REF]. Indeed, an advanced coronary artery atherosclerotic plaque can result in a cardiac ischemia and lead to sudden cardiac death in asymptomatic patient, as well as the increase of catecholamine spill over can lead to arrhythmia and thus to ventricular fibrillation [START_REF] Kim | Cardiac arrest during long-distance running races[END_REF]. In symptomatic patients, sudden cardiac death are mostly caused by plaque rupture during exercise or by arrhythmia induced by myocardial scar or ischemia [START_REF] Kim | Cardiac arrest during long-distance running races[END_REF][START_REF] Thompson | Exercise and acute cardiovascular events placing the risks into perspective: a scientific statement from the American Heart Association Council on Nutrition, Physical Activity, and Metabolism and the Council on Clinical Cardiology[END_REF].

To summarize, physical activity is one of the cornerstone of cardiovascular health but an excessive practice can lead to opposite deleterious effects. Based on this, the American College of Cardiology and the European Society of Cardiology advocate a minimal daily physical activity or a moderate exercise training several days per week in order to maintain a physical health and avert cardiovascular diseases [START_REF] Eckel | AHA/ACC guideline on lifestyle management to reduce cardiovascular risk: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines[END_REF][START_REF] Piepoli | European Guidelines on cardiovascular disease prevention in clinical practice: The Sixth Joint Task of the European Society of Cardiology and Other Societies on Cardiovascular Disease Prevention in Clinical Practice (constituted by representatives of 10 societies and by invited experts)Developed with the special contribution of the Association for Cardiovascular Prevention & Rehabilitation (EACPR)[END_REF]. In the same way, individualization of exercise training would have a greater effect on CVD risks (Josephson RA).

Drugs

Atherosclerosis is a complex process involving the interplay of many actors and numerous The first success was the development of statins which still are the most used medication for cholesterol lowering and are administered for both first and secondary prevention since late 80s [START_REF] Alberts | Discovery, biochemistry and biology of lovastatin[END_REF]. Statins are hypolipemiant drugs inhibiting the HMC-CoA reductase, a crucial enzyme in the cholesterol synthesis pathway. This allows the decrease of plasmatic cholesterol, particularly LDL-C, which is the main actor of atherogenesis (Figure 14). Besides their hypocholesterolemiant effect, statins decrease the vascular inflammation and the endothelial dysfunction, resulting in a potent effect on atherosclerosis [START_REF] Davignon | Beneficial cardiovascular pleiotropic effects of statins[END_REF][START_REF] Robinson | Pleiotropic effects of statins: benefit beyond cholesterol reduction? A meta-regression analysis[END_REF].Numerous clinical studies showed the beneficial effect of statins on patients with risk factors and/or CVD [START_REF] Cannon | Intensive versus moderate lipid lowering with statins after acute coronary syndromes[END_REF][START_REF] Downs | Primary prevention of acute coronary events with lovastatin in men and women with average cholesterol levels: results of AFCAPS/TexCAPS. Air Force/Texas Coronary Atherosclerosis Prevention Study[END_REF][START_REF] Lipid Study | Prevention of Cardiovascular Events and Death with Pravastatin in Patients with Coronary Heart Disease and a Broad Range of Initial Cholesterol Levels[END_REF][START_REF] Sacks | The effect of pravastatin on coronary events after myocardial infarction in patients with average cholesterol levels. Cholesterol and Recurrent Events Trial N[END_REF][START_REF] Simvastatin | Randomised trial of cholesterol lowering in 4444 patients with coronary heart disease: the Scandinavian Simvastatin Survival Study (4S)[END_REF] and stroke [START_REF] Amarenco | Lipid management in the prevention of stroke: review and updated meta-analysis of statins for stroke prevention[END_REF]Cholesterol Treatment 14). It is mostly used when patients do not tolerate others statins but can also be administered in combination with statins when patients cannot reach the targeted LDL-C level. The efficiency of Ezetimibe was showed by many clinical studies, confirming its utility in combination of statins for LDL-C and CVD reduction [START_REF] Baigent | The effects of lowering LDL cholesterol with simvastatin plus ezetimibe in patients with chronic kidney disease (Study of Heart and Renal Protection): a randomised placebocontrolled trial[END_REF][START_REF] Kastelein | Comparison of ezetimibe plus simvastatin versus simvastatin monotherapy on atherosclerosis progression in familial hypercholesterolemia. Design and rationale of the Ezetimibe and Simvastatin in Hypercholesterolemia Enhances Atherosclerosis Regression (ENHANCE) trial[END_REF][START_REF] Rossebø | Intensive lipid lowering with simvastatin and ezetimibe in aortic stenosis[END_REF][START_REF] Villines | The ARBITER 6-HALTS Trial (Arterial Biology for the Investigation of the Treatment of Reducing Cholesterol 6-HDL and LDL Treatment Strategies in Atherosclerosis): final results and the impact of medication adherence, dose, and treatment duration[END_REF] and reduction of stroke occurrence [START_REF] Cannon | Ezetimibe Added to Statin Therapy after Acute Coronary Syndromes[END_REF][START_REF] De Caterina | Cholesterol-lowering interventions and stroke: insights from a meta-analysis of randomized controlled trials[END_REF].The principal inconvenient of Ezetimibe is that it can cause adverse side effects like liver disease.

Another available drugsto decrease thecholesterol level is proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors (Figure 14). PCSK9 is a protein playing a critical role in cholesterol homeostasis by binding the LDLR and inducing its endocytosis and then its lysosomal degradation [START_REF] Lopez | Inhibition of PCSK9 as a novel strategy for the treatment of hypercholesterolemia[END_REF]. The reduced number of LDLR available at the surface of liver cells lead to a lower LDL-C internalization by hepatocytes and thus an increase of plasmatic LDL-C levels.

Monoclonal antibodies against PCSK9 were shown to be efficient in decreasing cholesterol, cardiac event and other CVD [START_REF] Lambert | The PCSK9 decade[END_REF][START_REF] Navarese | Effects of Proprotein Convertase Subtilisin/Kexin Type 9 Antibodies in Adults With Hypercholesterolemia: A Systematic Review and Meta-analysis[END_REF]. A vaccine is also available and exhibit significant reduction in TC, FC, phospholipids and triglycerides concentrations [START_REF] Crossey | A cholesterol-lowering VLP vaccine that targets PCSK9[END_REF]. On the contrary to statins and ezetimibe, PCSK9 inhibitors showed no beneficial effects on stroke occurrence both at primary and secondary prevention [START_REF] Milionis | Proprotein convertase subtilisin kexin 9 (PCSK9) inhibitors to treat hypercholesterolemia: Effect on stroke risk[END_REF], and even exhibited neurocognitive deficits [START_REF] Sabatine | PCSK9 Inhibitors and Cardiovascular Events[END_REF].

Other classes of drugs are available such as triglycerides lowering therapies or drugs increasing HDL concentration but these will not be discussed in this chapter.

b) Inflammation modulators

As a substantial proportion of atherosclerosis-related CVD occurs in individuals without apparent hyperlipidemia, targeting the inflammatory side of the pathology seemed attractive for reducing CVD risk mainly for secondary prevention.

As stated above, statins showed, in addition of their lipid-lowering effects, antiinflammatory properties resulting in a reduction of plasmatic hs-CRP levels [START_REF] Bohula | Achievement of dual low-density lipoprotein cholesterol and high-sensitivity C-reactive protein targets more frequent with the addition of ezetimibe to simvastatin and associated with better outcomes in IMPROVE-IT[END_REF][START_REF] Nissen | Statin therapy, LDL cholesterol, C-reactive protein, and coronary artery disease[END_REF][START_REF] Ridker | Relation of baseline high-sensitivity Cprotein level to cardiovascular outcomes rosuvastatin in the Justification for Use of statins in Prevention: an Intervention Trial Evaluating Rosuvastatin (JUPITER)[END_REF]. A humanized anti-human IL-6 antibody (tocilizumab) is also available and allows reduction of hs-CRP and troponine T levels resulting in a beneficial attenuation of inflammatory response in patients with non-ST elevation myocardial infarction (NSTEMI) [START_REF] Kleveland | Effect of a single dose of the interleukin-6 receptor antagonist tocilizumab on inflammation and troponin T release in patients with non-ST-elevation myocardial infarction: a double-blind, randomized, placebo-controlled phase 2 trial[END_REF]. The principal inconvenient of tocilizumab is that it increases LDL-C levels [START_REF] Ridker | Anti-inflammatory therapies for cardiovascular disease[END_REF].

As the "master cytokine" in atherosclerosis, IL-1β seems to be a good target for antiinflammatory therapies [START_REF] Dinarello | A clinical perspective of IL-1β as the gatekeeper of inflammation[END_REF]. Treatment with IL-1ra recombinant, anakinra, blocking IL-1β significantly decreases the inflammatory state in patients [START_REF] Dinarello | Anti-inflammatory Agents: Present and Future[END_REF]. Anakinra administration in ST elevation myocardial infarction (STEMI) patients showed a reduction of the acute inflammatory response in the three months following the event and a long-term reduction in new-onset heart failure [START_REF] Abbate | Comparative safety of interleukin-1 blockade with anakinra in patients with ST-segment elevation acute myocardial infarction (from the VCU-ART and VCU-ART2 pilot studies)[END_REF].

Methotrexate (MTX) is a commonly used immune modulator which directly targets the inflammatory process in atherosclerosis. It effect was firstly showed in rheumatoid arthritis patients which exhibited a decrease of 21% of cardiovascular and cerebrovascular events when treated with MTX [START_REF] Choi | Methotrexate and mortality in patients with rheumatoid arthritis: a prospective study[END_REF][START_REF] Micha | Systematic review and meta-analysis of methotrexate use and risk of cardiovascular disease[END_REF] suggesting a concomitant improvement of atherosclerosis in these patients [START_REF] Westlake | The effect of methotrexate on cardiovascular disease in patients with rheumatoid arthritis: a systematic literature review[END_REF].

An alternative classic anti-inflammatory drug, colchicine, commonly used to treat gout appears to be an interesting candidate due to its apparent blocking properties of NLRP3 inflammasome resulting in a decrease of IL-1β and IL-6 [START_REF] Martinon | Gout-associated uric acid crystals activate the NALP3 inflammasome[END_REF]. Although frequent gastrointestinal side effects, colchicine was found to significantly reduce CVD up to 60% [START_REF] Nidorf | Low-dose colchicine for secondary prevention of cardiovascular disease[END_REF][START_REF] Verma | Colchicine in cardiac disease: a systematic review and meta-analysis of randomized controlled[END_REF].

The Figure 15 shows a summary of the mechanism of action of the anti-inflammatory drugs presented in this paragraph.

c) Oxidative stress modulators

Oxidative stress is another factor of atherosclerosis progression and CVD and can be the target of some treatment. The first one is, due to their pleiotropic effects, statins. They can act as an indirect antioxidant by inhibiting HMG-CoA reductase, a limiting enzyme for O2 •-production. They also have the ability to enhance eNOS expression thus improving the vascular NO bioavailability [START_REF] Baigent | Efficacy and safety of cholesterol-lowering treatment: prospective meta-analysis of data from 90,056 participants in 14 randomised trials of statins[END_REF][START_REF] Node | Short-term statin therapy improves cardiac function and symptoms in patients with idiopathic dilated cardiomyopathy[END_REF][START_REF] Takemoto | Statins as antioxidant therapy for preventing cardiac myocyte hypertrophy[END_REF].

Angiotensin II, when present at high concentration, contribute to the release of O2 •-whence use of angiotensin converting enzyme inhibitors (ACEi) may have a beneficial effect on oxidative stress [START_REF] Schmidt-Ott | The multiple actions of angiotensin II in atherosclerosis[END_REF]. Another way to decrease angiotensin II levels in blood is the administration of angiotensin II type I receptor blocker (ARB), of the sartans family, which enhance NO production and lower oxidative stress leading to a significantly decrease of the carotid intima-media thickness [START_REF] Ono | Candesartan decreases carotid intima-media thickness by enhancing nitric oxide and decreasing oxidative stress in patients with hypertension[END_REF].

Calcium channel blockers (CCBs) have antihypertensive and antioxidant properties thereby there are widely used in secondary prevention for CVD treatment [START_REF] Hernández | Calcium antagonists and atherosclerosis protection in hypertension[END_REF]. CCB administration reduces the risk of stroke even if it does not further slowdown the progression of atherosclerosis than usual treatment (i.e. ACEi) [START_REF] Costanzo | Calcium channel blockers and cardiovascular outcomes: a metaanalysis of 175,634 patients[END_REF][START_REF] Survase | Actions of calcium channel on vascular proteoglycan synthesis: relationship to atherosclerosis[END_REF].

A wide variety of food supplements are available to increase the concentration of antioxidants such as vitamin A, C and E, beta carotene, lycopene, CoQ10 or quercetin as well as regular consumption of antioxidant-rich nourishments. Although vitamins were associated with a lower occurrence of peripheral arterial disease [START_REF] Lane | Nutrition impacts the prevalence of peripheral arterial disease in the United States[END_REF] and vitamin E was specifically found to reduce the rate of non-fatal MI [START_REF] Stephens | controlled of vitamin E in patients with coronary disease: Cambridge Heart Study (CHAOS)[END_REF], the effectiveness of antioxidant therapies remains debated.

In 

II. Translational exploration of atherosclerosis: circulating, tissular and imaging biomarkers

Translation of knowledge from animal models to human is important for improvement of patient care. For this purpose, identification of biomarkers and imaging tools enabling the exploration of atherosclerosis is critical. Therefore, this section will focus on different biomarkers and imaging modalities used in both animals and humans.

A.

Circulating and tissular biomarkers

Biomarkers are medical signs that can be objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention (Biomarkers Definitions Working Group., 2001). The first characteristic of a biomarker is that it needs to be easily measured. Thus most of them are present in systemic circulation or tissues of interest for animal models. My thesis work is focused on inflammation in atherosclerosis, so we will solely discuss of oxidative stress and inflammatory biomarkers used in human clinic and then rapidly evoke biomarkers used in preclinical studies.

Oxidative stress

All organisms using oxygen for their energetic metabolism produce endogenous ROS. The presence of effective antioxidant mechanisms maintains homeostasis. When the ROS production exceeds the capacities of antioxidant system to scavenge and inactivate ROS, oxidative stress appears.

In atherosclerosis, as seen in previous chapter, oxidative stress have an important role as it is involved in cell adhesion to arterial wall, lipids oxidization, proliferation and migration of VSMCs, endothelial cell apoptosis, MMP activation and alteration of vasomotricity. Consequently, oxidative stress markers can serve as biomarkers of cardiovascular and cerebrovascular risk in patient [START_REF] Khoury | The Burden of Major Adverse Cardiac Events and Antiplatelet Prevention in Patients with Coronary or Peripheral Arterial Disease[END_REF][START_REF] Ritzenthaler | Dynamics of oxidative stress and urinary excretion of melatonin and its metabolites acute ischemic stroke[END_REF].

a) Advanced oxidization protein products (AOPP)

Elevated plasmatic AOPP levels were found in patients with coronary artery disease [START_REF] Kaneda | Increased level of advanced oxidation protein products in patients with coronary artery disease[END_REF]. AOPP was shown to correlate with plasmatic fibrinogen level, which plays an important role in inflammatory processes and atherogenesis (Selmeci et al., 2006). Thus, AOPP could represent a biochemical marker of specific importance [START_REF] Kalousová | Relationship between advanced glycoxidation end products, inflammatory markers/acute-phase reactants, and some autoantibodies in chronic hemodialysis patients[END_REF]. Furthermore, in a recent review, Klafke et al [START_REF] Klafke | Biomarkers of Subclinical Atherosclerosis and Natural Products as Complementary Alternative Medicine[END_REF] highlighted the importance of AOPP as biomarker for

CVDs as it provides information on level of proteins modifications and metabolic control. Anti-oxidant enzymes serve for prevention of vascular tissue damages (and in other tissues). In early atherosclerosis, anti-oxidant activity is upregulated for maintenance of homeostasis but since the oxidative stress gets chronically high, this compensation ceases leading to an oxidative status [START_REF] Gupta | Correlation of antioxidants with lipid peroxidation and lipid profile in patients suffering from coronary artery disease[END_REF]. A significant decrease of SOD activity was also observed in obese postmenopausal women compared to normal weight matched women [START_REF] Uppoor | Oxidative Stress in Obese Postmenopausal Women: An Additive Burden for Atherosclerosis[END_REF]. Consequently, analysis of SOD activity can be interesting in patientspresenting risk factor for follow-up of atherosclerosis progression.

d) Glutathion peroxidase (GPx)

Previous study showed the inverse correlation between dietary cholesterol level and GPx activity, confirming the impact of cholesterol burden on anti-oxidant activity [START_REF] Shih | beta-Carotene and canthaxanthin alter the pro-oxidation and antioxidation balance in rats fed a high-cholesterol and highdiet[END_REF]). An epidemiologic study on black versus white people showed that GPx activity is lower in black women than in white women and that its increase is correlated with a high BP [START_REF] Van Zyl | Antioxidant enzyme activity is associated with blood pressure and carotid intima media thickness in black men and women: The SABPA study[END_REF]. The relation between GPx and some risk factor of atherosclerosis make its measurement interesting for atherosclerosis.

e) Myeloperoxidase (MPO)

MPO is an enzyme contained in immune cells, notably monocytes, involving in pathogen destruction via ROS production (hypochlorous acid). This enzyme is known to have an important role in cardiovascular diseases [START_REF] Schindhelm | CD14+CD16+ monocytes in coronary artery disease and their relationship to serum TNF-alpha levels[END_REF][START_REF] Zhang | Association between myeloperoxidase levels and risk of coronary artery[END_REF].MPO can be seen both as an oxidative stress or an inflammation biomarker, because of is implication at both level.

In atherosclerosis, MPO is involved in LDL peroxidation and HDL modification leading to foam cell formation [START_REF] Podrez | Myeloperoxidase-generated reactive nitrogen species convert LDL into an atherogenic form in vitro[END_REF][START_REF] Zheng | Apolipoprotein A-I a selective target for myeloperoxidasecatalyzed oxidation and functional impairment in subjects with cardiovascular disease[END_REF], consumption of endothelium-derived NO leading to depletion of NO [START_REF] Hazen | Formation of nitric oxide-derived oxidants by myeloperoxidase in monocytes: pathways for monocyte-mediated protein nitration and lipid peroxidation In vivo[END_REF] and plaque destabilization and rupture through MMP activation [START_REF] Anatoliotakis | Myeloperoxidase: expressing inflammation and oxidative stress in cardiovascular disease[END_REF]) (Figure 16).Numerous epidemiologic studies showed direct correlation between plasmatic or serum MPO levels and CVD events independently of all others CVD risk factors [START_REF] Anatoliotakis | Myeloperoxidase: expressing inflammation and oxidative stress in cardiovascular disease[END_REF].

Key inflammatory circulating biomarkers

There is a complex interplay of cytokines and proteins actors during the time course of chronic inflammatory process. The following section will discuss the use of some of them as biomarkers based on their physiopathological role and to epidemiologic studies. a) High-sensitivity C-reactive protein (hs-CRP)

C-reactive protein (CRP) is a non-glycosylated circulatory pentraxin composed of 5 identical subunits produced by hepatocytes [START_REF] Tillett | SEROLOGICAL REACTIONS IN PNEUMONIA WITH A NON-PROTEIN SOMATIC FRACTION OF PNEUMOCOCCUS[END_REF] and adipose tissue [START_REF] Ouchi | Reciprocal association of C-reactive protein with adiponectin in blood stream and adipose tissue[END_REF]. CRP is part of the immune system: it binds to immunoglobulin G and activates complement system. CRP is a well-known marker of inflammatory reaction because of its precocity, sensitivity and specificity. In atherosclerosis, pentameric CRP is dissociated by platelets and lysoPC in a monomer that settles on atheroma plaque and enhance inflammation [START_REF] Eisenhardt | Dissociation of pentameric to monomeric C-reactive protein on activated platelets localizes inflammation to atherosclerotic plaques[END_REF].

i. In cardiovascular diseases

Baseline plasma CRP concentrations were found to be higher among men with myocardial infarction or ischemic stroke than among men without vascular event. This shows that the baseline plasma concentration of CRP predicts the risk of future myocardial infarction or stroke but not those of venous thrombosis [START_REF] Ridker | Inflammation, aspirin, and the risk of cardiovascular disease in apparently healthy men[END_REF](Ridker et al., , 2000a)). These findings were later confirmed in more than 50 epidemiological studies worldwide (Emerging Risk Factors Collaboration et al., 2010).

Global risk algorithms that include hs-CRP, as the Reynolds Risk Scores outperform those solely using Framingham covariates [START_REF] Cook | Comparison of the Framingham and Reynolds Risk scores for global cardiovascular risk prediction in the multiethnic Women's Health Initiative[END_REF]. Hs-CRP correlates closely to the risk of plaque rupture and vascular thrombosis but not really to the underlying atherosclerotic burden (Ridker, 2016a).

Risks of cardiovascular event-free survival with hs-CRP are similar to those with LDL-C and in an independent manner [START_REF] Ridker | Comparison of C-reactive protein and low-density lipoprotein cholesterol levels in the prediction of first cardiovascular events[END_REF].

Hs-CRP levels are associated with numerous features of metabolic syndrome and their severity, and predict vascular risk among patients already defined as insulin-resistant. In patients with unusual or moderate cardiovascular risk profiles, hs-CRP can be measured in order to refined risk assessment [START_REF] Vlachopoulos | The role of vascular biomarkers for primary and secondary prevention. A position paper from the European Society of Cardiology Working Group on peripheral circulation: Endorsed by the Association for Research into Arterial Structure and Physiology (ARTERY) Society[END_REF]. Thereby, hs-CRP level >3mg/l indicate high vascular risk when interpreted in the context of other risk factors. A potential limitation of hs-CRP testing lies in that biological impact of inflammation on vascular risk can be underestimated due to the non-specificity of hs-CRP.

A strong debate existed on whether hs-CRP is a marker or a mediator in atherothrombosis [START_REF] Anand | C-reactive protein is a bystander of cardiovascular disease[END_REF][START_REF] Bisoendial | C-reactive protein is a mediator of cardiovascular disease[END_REF][START_REF] Yousuf | High-sensitivity C-reactive protein and cardiovascular disease: a resolute belief or elusive link?[END_REF]. Mendelian randomization studies suggest that CRP is a predictor of cardiovascular events but improbable to itself be a causal factor in the pathway of disease expression [START_REF] Dehghan | Meta-analysis of genome-wide association studies in >80 000 subjects identifies multiple loci for C-reactive protein levels[END_REF][START_REF] Zacho | Genetically elevated C-reactive protein and ischemic vascular disease[END_REF] which was confirmed in recent epidemiological studies [START_REF] Lane | Infusion of pharmaceutical-grade natural human C-reactive protein is not proinflammatory in healthy adult human volunteers[END_REF][START_REF] Noveck | Effects of an antisense oligonucleotide inhibitor of C-reactive protein synthesis on the endotoxin challenge response in healthy human male volunteers[END_REF]. CRP is thus viewed like animportant downstream biomarker of cardiovascular disease, suggesting that upstream pathways analysis (IL-1β

and IL-6)can provide more information (Figure 17) (IL6R Genetics Consortium Emerging Risk Factors Collaboration et al., 2012;[START_REF] Ridker | From C-Reactive Protein to Interleukin-6 to Interleukin-1: Moving Upstream To Novel Targets for Atheroprotection[END_REF].

ii. In cerebrovascular diseases

A recent meta-analysis on stroke and hs-CRP showed that males exhibiting high levels of hs-CRP had 46% greater risk of ischemic stroke, but no of hemorrhagic stroke [START_REF] Zhou | Hs-CRP in stroke: A meta-analysis[END_REF]. The

Framingham study showed that baseline hs-CRP levels predict the risk of stroke [START_REF] Rost | Plasma concentration of C-reactive protein and risk of ischemic and transient ischemic attack: the Framingham study[END_REF].

Consequently, even if the mechanism underlying high hs-CRP concentration and ischemic stroke risk is still not clearly understood, hs-CRP can be used as complementary tool to predict ischemic stroke.

CRP and inflammatory cytokines secreted after an acute ischemic stroke are associated with the brain infarct volume [START_REF] Beamer | Interleukin-6 and interleukin-1 receptor antagonist in acute stroke[END_REF]. An increase in CRP levels 12-24 hours after thrombolysis is negatively correlated with neurological outcomes as a reduction of National Institutes Health Stroke Scale (NIHSS) is observed [START_REF] Gill | Trends in C-Reactive Protein Levels Are Associated with Neurological Change Twenty-Four Hours after Thrombolysis for Acute Ischemic Stroke[END_REF]. As CRP levels are associated with postinfarct lesion size, larger area of necrosis and elevated inflammatory response [START_REF] Di Napoli | C-reactive protein in ischemic stroke: an independent prognostic factor[END_REF],measurement of CRP concentration at 12-24 hours may be considered as an accurate prognostic biomarker [START_REF] Gill | Trends in C-Reactive Protein Levels Are Associated with Neurological Change Twenty-Four Hours after Thrombolysis for Acute Ischemic Stroke[END_REF][START_REF] Vangilder | C-reactive protein and long-term ischemic stroke[END_REF].

Acute stroke patients presenting increased levels of inflammatory markers at admission have poor recurrence, complication and mortality outcomes [START_REF] Audebert | Systemic inflammatory response depends on initial stroke severity but is attenuated by successful thrombolysis[END_REF] and elevated baseline CRP is correlated with adverse long-term functional outcome [START_REF] Vangilder | C-reactive protein and long-term ischemic stroke[END_REF]. In a recently published prospective study, Frøyshov et al .showed that stroke-survivors suffered more comorbidity and higher level of leukocytes, fibrinogen, IL-6 and hs-CRP during the sixteen years follow-up than stroke-free subjects. However, hs-CRP was not independently associated with mortality in these subjects in contrary to its upstream cytokine IL-6 [START_REF] Frøyshov | Elevated inflammatory markers predict mortality in long-term ischemic stroke-survivors: a population-based prospective study[END_REF].

b) Interleukin-6 (IL-6)

IL-6 is a major cytokine secreted by macrophages and T cells involved in acute and chronic inflammation regulation and playing the role of secondary messenger in these processes. It is capable of crossing the BBB and initiating fever. IL-6 can also be secreted by endothelial cells and smooth muscle cells in blood vessels and can induce the B cells maturation in plasmocytes with efficient antibodies production.

In addition to controlling immune cells, IL-6 is also important in hepatocytes regulation, hematopoiesis, skeleton, cardiovascular system, nervous and endocrine systems and placenta [START_REF] Kishimoto | Interleukin-6 family of cytokines and gp130[END_REF].

i. In cardiovascular diseases

IL-6 levels measured in healthy populations predict future vascular risk (Ridker et al., 2000a[START_REF] Ridker | Plasma concentration of interleukin-6 and the risk of future myocardial among apparently healthy men[END_REF]. Kaptoge et alconfirmed in their prospective studies and meta-analysis of others studies that each standard deviation increase in log IL-6 correlates with 25% increase in risk of future vascular events [START_REF] Kaptoge | Inflammatory cytokines and risk of coronary heart disease: new prospective study and updated meta-analysis[END_REF]. Others studies also showed that this cytokine correlates with endothelial dysfunction, arterial stiffness and subclinical atherosclerosis events [START_REF] Esteve | Serum interleukin-6 correlates with endothelial dysfunction in healthy men independently of insulin sensitivity[END_REF][START_REF] Lee | Usefulness of C-reactive protein and interleukin-6 as predictors of outcomes in patients with chronic obstructive pulmonary disease receiving pravastatin[END_REF][START_REF] Mahmud | Arterial stiffness is related to systemic inflammation in essential hypertension[END_REF]. Despite this, no clinical studyhas yet confirmed these findings and the IL-6 assessment remains difficult because of its short half-life and circadian and post-prandial variations.

Although IL-6 is the main cytokine inducing CRP production by hepatocytes, it also relies on atherosclerotic plaque initiation and vulnerability [START_REF] Schieffer | Impact of interleukin-6 on plaque development and morphology in experimental atherosclerosis[END_REF][START_REF] Yudkin | Inflammation, obesity, stress and coronary heart disease: is interleukin-6 the link?[END_REF], microvasculardysfunction [START_REF] Guo | Association between local interleukin-6 levels and slow flow/microvascular dysfunction[END_REF] and on deleteriousevents in acute ischemia [START_REF] Lindmark | Relationship between interleukin 6 and mortality in patients with unstable coronary artery disease: effects of an early invasive or noninvasive strategy[END_REF]. Consequently, IL-6 has a causal role in atherosclerosis. It also can be produced by cardiomyocytes at the moment of infarcted zones reperfusion, and is involved in reperfusion injuries [START_REF] Gwechenberger | Cardiac myocytes produce interleukin-6 in culture and in viable border zone of reperfused infarctions[END_REF].

ii. In cerebrovascular diseases IL-6 is also a well-known neuropoeitin by its effects on hematopoietic and nervous system.

In the CNS, IL-6 is secreted by astrocytes, oligodendrocytes, microglia and neurons. Endothelial cells in the brain can also produce IL-6 in abundance, acting on neighboring cells and regulating via an autocrine way IL-6 synthesis.

In physiological context, IL-6 plays an important role in adult neurogenesis [START_REF] Bauer | The neuropoietic cytokine family in development, plasticity, disease and injury[END_REF] and long-term memorization processes [START_REF] Tancredi | The inhibitory effects of interleukin-6 on synaptic plasticity in the rat hippocampus are associated with an inhibition of mitogen-activated protein kinase ERK[END_REF].

In neuropathological situation like stroke, the detrimental role of inflammation is known [START_REF] Ekdahl | Inflammation is detrimental for neurogenesis in adult brain[END_REF][START_REF] Whitney | Inflammation mediates varying effects in neurogenesis: relevance to the pathogenesis of brain injury and neurodegenerative[END_REF] and upregulation of IL-6 may have a role on neurogenesis.

In vitro studies of IL-6 upregulation in the hippocampus showed that it significantly decreases the differentiation of neural stem cells into neurons [START_REF] Monje | Inflammatory blockade restores adult hippocampal neurogenesis[END_REF]. A clear increase of serum and cerebrospinal fluid (CSF) concentration of IL-6 have been observed shortly after ischemic stroke and correlates with infarct volume [START_REF] Tirschwell | Association of cholesterol with stroke risk varies in stroke subtypes and patient subgroups[END_REF]Tarkowski et al., 1995). Besides these findings, Acalovschi et al. showed that IL-6 expression after stroke depends on IL-6 haplotype [START_REF] Acalovschi | Multiple levels of regulation of the interleukin-6 system in stroke[END_REF]. Indeed, in animal models, an upregulation of IL-6 in neurons and in a lower way in glial and endothelial cells was demonstrated [START_REF] Suzuki | Ambivalent aspects of interleukin-6 in cerebral ischemia: inflammatory versus neurotrophic aspects[END_REF].

IL-6 may be a critical factor coordinating responses in stroke such as control of oxidative stress [START_REF] Jung | Neuroprotection by interleukin-6 is mediated by signal transducer and activator of transcription 3 and antioxidative signaling in ischemic stroke[END_REF]and angiogenesis [START_REF] Gertz | Essential role of interleukin-6 in post-stroke angiogenesis[END_REF]. Furthermore, IL-6 was found to be an independent mortality predictor in stroke-survivors patients [START_REF] Frøyshov | Elevated inflammatory markers predict mortality in long-term ischemic stroke-survivors: a population-based prospective study[END_REF]. 

i. In cardiovascular diseases

IL-1 is known to play a role in numerous diseases and their maintenance in peripheral organs andin the central system. It induces the production of fibronectin, resulting in clinical evolution of coronary artery diseases and their adverse outcomes such as congestive heart failure (CHF) or angina [START_REF] Rabinovitch | Elastase and cell matrix interactions in the pathobiology of vascular disease[END_REF]. The InCHIANTI study showed that patients suffering from CHF or angina have higher levels of IL-1β than controls whereas there was no significant difference between other diseases and controls [START_REF] Di Iorio | Serum IL-1beta levels in health and disease: a population-based study. "The InCHIANTI study[END_REF].

IL-1β is a good inflammatory biomarker for research purpose due to its great biological basis and its implication in the atherosclerosis process [START_REF] Packard | Inflammation in atherosclerosis: from vascular biology to biomarker discovery and risk prediction[END_REF] but its short half-life and large circadian variations makes its use difficult in clinical routine [START_REF] Biasillo | Inflammatory biomarkers and coronary heart disease: from bench to bedside and back[END_REF]. Since several years, IL-1 receptor antagonist (IL-1Ra) emerges as a more accurate biomarker for diagnosis of acute coronary syndrome and stable angina and prognostic of acute myocardial infarction in the same way than IL-18 [START_REF] Biasillo | Inflammatory biomarkers and coronary heart disease: from bench to bedside and back[END_REF].

Consequently, in cardiovascular clinic, IL-1β seems to be rather an indirect marker of a chronic low-grade inflammation and depict a fraction of the activated monocytes/macrophages production [START_REF] Di Iorio | Serum IL-1beta levels in health and disease: a population-based study. "The InCHIANTI study[END_REF].

ii. In cerebrovascular diseases

In cerebrovascular context, things are different. Inflammation contribution prior to and after a stroke is of major importance for outcomes determination after an acute CNS injury. Indeed, preexisting inflammation and high levels of IL-1β can affect the susceptibility and the severity of CNS injury [START_REF] Denes | Inflammation and brain injury: acute cerebral ischaemia, peripheral and central inflammation[END_REF][START_REF] Mccoll | Systemic infection, inflammation and acute ischemic stroke[END_REF]. Moreover, a raised inflammatory status, notably due to IL-1β increase, is the common element of all co-morbidities of stroke. Furthermore, IL-1β was shown to have a contributing role in plaque rupture and thromboembolism [START_REF] Packard | Innate and adaptive immunity in atherosclerosis[END_REF].

Acute stroke has been showed to induce increased levels of IL-1β in blood and cerebrospinal fluid [START_REF] Maas | Molecular biomarkers in stroke diagnosis and prognosis[END_REF]. Consequently, measurement of IL-1β levels may have an informative role serving as biomarker for improvement of diagnosis and prognosis [START_REF] Jickling | Blood biomarkers of ischemic stroke[END_REF][START_REF] Sharp | Molecular markers and mechanisms of stroke: RNA studies of blood in animals and humans[END_REF]. In experimental animal models, IL-1β was able to modulate infarct evolution (the higher IL-1β the poorest the outcomes are), thus confirming its strong interest as putative marker of stroke severity and neurologic outcomes [START_REF] Emsley | An early and sustained peripheral inflammatory response in acute ischaemic stroke: relationships with infection and atherosclerosis[END_REF][START_REF] Jickling | Blood biomarkers of ischemic stroke[END_REF].

d) Tumor Necrosis Factor alpha (TNFα)

TNFα is a glycoprotein produced mainly by macrophages and also by lymphoid cells, mast cells, endothelial cells, cardiomyocytes, adipose tissue, neurons and fibroblastes. It is an important cytokine involved in systemic inflammation and acute phase reaction. TNFα is released in response to lipopolysaccharide, others bacterial products and IL-1. Among all its properties, TNFα stimulates the release of CRP by the liver, is a potent chemoattractant of neutrophils and promotes the expression of adhesion molecules on endothelial cells.

In atherosclerosis, TNFα was shown to increase proliferation of VSMCs [START_REF] Rastogi | TNF-α response of vascular endothelial and vascular smooth muscle cells involve differential utilization of ASK1 kinase and p73[END_REF], endothelial inflammation [START_REF] Ouchi | Sfrp5 is an anti-inflammatory adipokine that modulates metabolic dysfunction in obesity[END_REF] and apoptosis [START_REF] Csiszar | Proinflammatory phenotype of coronary arteries promotes endothelial apoptosis in aging[END_REF]) and plasmatic concentrations are positively correlated with carotid IMT [START_REF] Skoog | Peak plasma interleukin-6 and other peripheral markers of inflammation in the first week of ischaemic stroke correlate with brain infarct volume, stroke severity and long-term outcome[END_REF], and increased in patients with premature coronary artery disease [START_REF] Jovinge | Tumor necrosis factor-alpha activates smooth muscle cell migration in culture and is expressed in the balloon-injured rat aorta[END_REF]. Thus, TNFα can be considered as an important mediator for CVD development.

The use of TNFα as predictive biomarker of outcomes and infarct size is still debated.

Actually, several studies showed increased seric and CSF levels of TNFα in stroke patients, correlated with worsening of neurological symptoms, increased infarct size and poor short-term outcomes [START_REF] Mazzotta | Different cytokine levels in thrombolysis patients as predictors for clinical outcome[END_REF][START_REF] Zaremba | Early TNF-alpha levels correlate with ischaemic stroke severity[END_REF] while some others found that TNFα levels were not correlated with infarct size or outcomes [START_REF] Intiso | Incidence of first-ever ischemic and hemorrhagic stroke in a well-defined community of southern Italy, 1993-1995[END_REF][START_REF] Vila | Proinflammatory cytokines and early neurological worsening in ischemic stroke[END_REF].

e) Monocyte chemoattractant protein 1 (MCP-1)

MCP-1 (also known as CCL2) is the major pro-inflammatory cytokine controlling the monocyte recruitment in the vessel, mediated through C-C chemokine receptor 2 (CCR2). This chemokine is expressed in macrophage-rich regions of atherosclerotic plaques [START_REF] Namiki | Local overexpression of monocyte chemoattractant protein-1 at vessel wall induces infiltration of macrophages and formation of atherosclerotic lesion: synergism with hypercholesterolemia[END_REF].

MCP-1 has inflammatory and pro-atherogenic effects such as migration and proliferation of VSMCs, plaque neovascularization, thrombosis or induction of MMPs [START_REF] Egashira | Molecular mechanisms mediating inflammation in vascular disease: special reference to monocyte chemoattractant protein-1[END_REF]proven by gene deletion experiments [START_REF] Inoue | Anti-monocyte chemoattractant protein-1 gene therapy limits progression and destabilization of established atherosclerosis in apolipoprotein E-knockout mice[END_REF]. Elevated plasmatic levels of MCP-1 were shown to be associated with future risk of major adverse events like MI or death [START_REF] Kervinen | Prognostic usefulness of plasma monocyte/macrophage and T-lymphocyte activation markers in patients with acute coronary syndromes[END_REF][START_REF] De Lemos | Association between plasma levels of monocyte chemoattractant protein-1 and long-term clinical outcomes in patients with acute coronary syndromes[END_REF] but its independent value as predictor of cardiovascular risk was not confirmed by the MONICA/KORA Augsburg study [START_REF] Herder | Chemokines and incident coronary heart disease: results from the MONICA/KORA Augsburg casecohort study, 1984-2002[END_REF]. Thus, to confirm the potential use of MCP-1 as clinical biomarker supplemental cohort studies are needed.

In stroke, the key post-ischemic event is leukocytes recruitment relying first on chemokines [START_REF] Dirnagl | Pathobiology of ischaemic stroke: an integrated view[END_REF]. MCP-1 represents a crucial step for this infiltration and its expression in ischemic area exacerbates ischemic damages. An overexpression of this chemokine leads to an increased infarct size and monocytes/macrophages population in the injured area [START_REF] Chen | Differential chemokine and chemokine receptor gene induction by ischemia, alloantigen, and gene transfer in cardiac grafts[END_REF]. Moreover, an increase of MCP-1 levels has been showed in early stages of ischemic stroke in the CSF of patients [START_REF] Garcia-Bonilla | Immune mechanisms in cerebral ischemic tolerance[END_REF][START_REF] Losy | Monocyte chemoattractant protein-1 is increased in the cerebrospinal fluid of patients with ischemic stroke[END_REF].

What about anti-inflammatory markers?

Anti-inflammatory markers can also be monitored, in order to refine the examination and stratification of the plaque stage. For example, IL-10 and IL-1 receptor antagonist (IL-1ra) plasmatic (and tissular when possible) levels can be measured and provide information on plaque characterization and status.

IL-10, produced by Th2 lymphocytes and monocytes/macrophages is known to inhibit the production of Th1-related cytokines (IFNγ, TNFα, IL-2) and macrophages-derived interleukins (IL-1, IL-6, IL-8, TNFα). Although protective effect of IL-10 was showed in different studies on advanced atherosclerosis plaque [START_REF] Mallat | Protective role of interleukin-10 in atherosclerosis[END_REF][START_REF] Tiret | Genetic analysis of the interleukin-18 system highlights the role of the interleukin-18 gene in cardiovascular disease[END_REF] and acute coronary syndrome [START_REF] Anguera | Elevation of serum levels of the anti-inflammatory cytokine interleukin-10 and decreased risk of coronary events in patients with unstable angina[END_REF][START_REF] Smith | Serum levels of the antiinflammatory cytokine interleukin-10 are decreased in patients with unstable angina[END_REF] and even in stroke (Ren et al., 2011) its status is still debated. Indeed, it is still unclear whether high plasmatic levels are a marker of anti-inflammatory pattern or counterregulatory consequence of pro-inflammatory profiles observed in the atherosclerotic plaque. Moreover, TNFα/IL-10 ratio can be used to define the patient status, as it is increased in CAD patients compared to healthy ones [START_REF] Goswami | TNF-alpha/IL-10 ratio and C-reactive protein as markers of the inflammatory response in CAD-prone North Indian patients with acute myocardial infarction[END_REF].

IL-1ra, produced by the same cells as IL-1, has the property to bind the IL-1 receptor and block the signaling cascade of inflammation. Its production is delayed after IL-1 secretion in order to avoid long-acting inflammation. In atherosclerosis, IL-1ra plasmatic level was found to be higher in diseased arteries than in normal and in this context IL-1ra behaves as an acute phase reactant [START_REF] Gabay | Interleukin 1 receptor antagonist (IL-1Ra) is an acute-phase protein[END_REF]. Furthermore, measure of IL-1ra levels in unstable angina were shown to correlate with IL-6 levels, suggesting a prognostic role of IL-1ra [START_REF] Biasucci | Increasing levels of interleukin (IL)-1Ra and IL-6 during the first 2 days of hospitalization in unstable angina are associated with increased risk of in-hospital coronary events[END_REF].

Consequently, measurement of anti-inflammatory markers can be useful for a better accuracy of the patient's stratification.

B. Imaging biomarkers

The composition of the plaque is a critical factor determining risk of cerebral ischemia [START_REF] Fisher | Carotid plaque pathology: thrombosis, ulceration, and stroke pathogenesis[END_REF]. Rupture-prone plaque also called vulnerable plaque, present some characteristic features such as a large lipid necrotic core [START_REF] Mono | Plaque characteristics of asymptomatic carotid stenosis and risk of stroke[END_REF] covered by a thin fibrous cap [START_REF] Li | How critical is fibrous cap thickness to carotid plaque stability? A flow-plaque interaction model[END_REF]. Non-invasive imaging is a useful tool for atherosclerosis diagnosis, for cardiovascular risk stratification and vulnerable patient detection (Figure 18).In this chapter we will discuss the different modalities available for atherosclerosis imaging and then focus more on the most used biomarkers imaged from these modalities. The most used type of image is B-mode image, which displays the acoustic impedance of a two-dimensional cross-section of tissue. Other types of images can be used to analyses blood flow, location of blood, the stiffness of a tissue or anatomy of a three-dimensional region.

Ultrasound is a medical imaging modality presenting several advantages: real-time images, portability of the apparatus allowing the examination at the bedside of patient, low cost, and radiationfree. On the other hand, this technic can be limited by patient morphology, the difficulty of imaging structures behind bone or air and the critical dependence on the operator's skills.

Traditional ultrasound analysis provides information on the vessel wall, particularly on intima-media thickness (IMT) and on the severity of the stenosis. This technique also enables quantification of plaque tissue, including fibromuscular tissue, intraplaque hemorrhage, lipids and calcium [START_REF] Lal | Pixel distribution analysis of B-mode ultrasound scan images predicts histologic features of atherosclerotic carotid plaques[END_REF]allowing identifying patients with vulnerable plaque (Salem et al., 2014).

Several studies comparing histologic content of plaques and ultrasound plaque echogenicity showed that vulnerable and rupture-prone plaques have been characterized by low gray-scale values or echolucent on B-mode use [START_REF] Grønholdt | Spiral computed tomographic imaging related to computerized ultrasonographic images of carotid plaque morphology and histology[END_REF]. Indeed, echolucent plaques revealed large lipid core, thin fibrous cap and numerous tissue factors for platelet deposition [START_REF] Grønholdt | Macrophages are associated with lipid-rich carotid artery plaques, echolucency on B-mode imaging, and elevated plasma lipid levels[END_REF][START_REF] Nordestgaard | Echolucent rupture-prone plaques[END_REF]. Furthermore, these plaques showed signs of ongoing inflammation and intraplaque neovascularization [START_REF] Grønholdt | Spiral computed tomographic imaging related to computerized ultrasonographic images of carotid plaque morphology and histology[END_REF][START_REF] Partovi | Contrast-enhanced ultrasound for assessing carotid atherosclerotic plaque lesions[END_REF]. On the contrary, high gray-scale or echogenic plaques were shown to contain denser fibrous tissues and calcification, being more stable [START_REF] Grønholdt | Macrophages are associated with lipid-rich carotid artery plaques, echolucency on B-mode imaging, and elevated plasma lipid levels[END_REF].

During the past years, emergence of computer-aided diagnostic method has improved the assessment of atherosclerosis plaque and in term of speed and accuracy, allowing the categorization of patients as symptomatic or asymptomatic and stratify the stroke [START_REF] Acharya | Atherosclerotic risk stratification strategy for carotid arteries using texture-based features[END_REF][START_REF] Pedro | Asymptomatic carotid disease--a new tool for assessing neurological risk[END_REF][START_REF] Steinl | Ultrasound imaging for risk assessment in atherosclerosis[END_REF] and cardiovascular disease events [START_REF] Baldassarre | Measurements of carotid intima-media thickness and of interadventitia common carotid diameter improve prediction of cardiovascular events: results of the IMPROVE (Carotid Intima Media Thickness [IMT] and IMT-Progression as Predictors of Vascular Events in a High Risk European Population) study[END_REF][START_REF] Polak | Carotid-wall intima-media thickness and cardiovascular events[END_REF][START_REF] Weber | Cardiovascular Imaging for the Primary Prevention of Atherosclerotic Cardiovascular Disease[END_REF].

The recent development of contrast agents for ultrasound improved the evaluation of IMT, irregularities or ulcerations on the plaque. Contrast agents are composed of gas microbubbles (<5μm) covered of substances (e.g. as albumin, lipids or polymers) and strongly reflects acoustic energy, increasing the return signal and behaving as a true intravascular tracer [START_REF] Feinstein | The powerful microbubble: from bench to bedside, from intravascular indicator to therapeutic delivery system, and beyond[END_REF]).

b) X-Ray imaging and Computed Tomography (CT) Scanner

The coronarography is an invasive imaging technique using X-Rays and iodine injection in order to visualize coronary arteries. It is the technique of reference for research of CAD such as atherosclerosis and its consequences (angor, myocardial infarction, and silent myocardial ischemia), and to treat culprit lesions by endovascular intervention. Modern CT scanner enables fast and non-invasive X-ray imaging of coronary arteries.

Calcification is an important factor in atherosclerosis burden and provides useful information regarding to the stage of the plaques. CT scan can be used to measure the amount of calcium in coronary arteries, it is called coronary artery calcium score (CACS). CACS is acquired with a noncontrast chest CT scan with a breath hold of 5 seconds and a low-dose radiation (<1mSv, similar as mammography) [START_REF] Gerber | Ionizing radiation in cardiac imaging: a science advisory from the American Heart Association Committee on Cardiac Imaging of the Council on Clinical Cardiology and Committee on Cardiovascular Imaging and Intervention of the Council on Cardiovascular Radiology and Intervention[END_REF]. This enables to detect the presence of calcium through the whole epicardial coronary system. Coronary calcification is defined as a lesion observable on 3 or more adjacent pixels (~1mm²) and X-Ray attenuation superior to the threshold of 130 Hounsfield units [START_REF] Agatston | Quantification of coronary artery calcium using ultrafast computed tomography[END_REF]. CACS was characterized by a score determined by the product of the calcified plaque area and the maximal calcium lesion density. Nowadays, standardized categories for CACS are used from 0 (no calcified plaque) to >400 (severe plaque) [START_REF] Agatston | Quantification of coronary artery calcium using ultrafast computed tomography[END_REF]. In patients with asymptomatic CAD, CACS is the most robust predictor of coronary events and thus is important for primary prevention, especially in the intermediate-risk population, even surpassing the Framingham Risk Score [START_REF] Hecht | Coronary artery calcium scanning in asymptomatic patients with diabetes mellitus: a paradigm shift[END_REF]. CACS is also strongly associated with development of stroke or heart failure [START_REF] Gibson | Coronary artery calcium and incident cerebrovascular events in an asymptomatic cohort. The MESA Study[END_REF][START_REF] Hermann | Coronary artery calcification is an independent stroke predictor in the general population[END_REF][START_REF] Leening | Coronary calcification and the risk of heart failure in the elderly: the Rotterdam Study[END_REF].

c) Optical imaging

Optical imaging includes various imaging techniques using visible, ultraviolet and infrared light for imaging. Molecular imaging involves inference of the deflection of light emitted from source to structure, texture or anatomic properties of materials. In the cardiovascular field, it includes near infrared luminescence (NIRF or spectroscopy (NIRS), optoacoustic imaging and several other imaging modalities.

Near infrared fluorescence (NIRF) is an optical imaging techniques using near-infrared fluorescence, mostly used in oncology. It displays high sensitivity and allows the in vivo visualization of a variety of molecular entities through versatile fluorescent probe design. NIR wavelengths permit relatively deep photon penetration into tissue, minimal autofluorescence and higher optical contrast. In vivo fluorescence with NIR possesses a huge potential for a numerous molecular diagnostic and therapeutic applications in atherosclerosis [START_REF] Jaffer | Real-time catheter molecular sensing of inflammation in proteolytically active atherosclerosis[END_REF][START_REF] Jaffer | Two-dimensional intravascular near-infrared fluorescence molecular imaging of inflammation in atherosclerosis and stent-induced vascular injury[END_REF][START_REF] Vinegoni | Indocyanine green enables near-infrared fluorescence imaging of lipid-rich, inflamed atherosclerotic plaques[END_REF][START_REF] Yoo | Intra-arterial catheter for simultaneous microstructural and molecular imaging in vivo[END_REF]. Near infrared spectroscopy (NIRS) is a technique similar to that of NIRF and used for oxygen saturation detection and it is associated to Doppler for micro-emboli detection in cerebrovascular territories and detect high risk plaque [START_REF] Goldstein | Detection of lipid-core plaques by intracoronary near-infrared spectroscopy identifies high risk of periprocedural myocardial infarction[END_REF][START_REF] Igarashi | Monitoring of filter patency during carotid artery stenting using near-infrared spectroscopy with high timeresolution[END_REF][START_REF] Liebig | Endovascular Treatment of Acute Stroke: Evolution and Selection of Techniques and Instruments Based on Thrombus Imaging[END_REF].

Optoacoustic imaging is a technique relied on absorption of pulsed laser light by an absorbing object within a tissue to create pressure waves that are detected at the tissue surface. It is used to visualize structures into a turbid environment combining spectroscopy accuracy and ultrasound resolution [START_REF] Dima | Non-invasive carotid imaging using optoacoustic tomography[END_REF][START_REF] Rosenthal | Intravascular multispectral optoacoustic tomography of atherosclerosis: prospects and challenges[END_REF].

d) Magnetic Resonance Imaging (MRI)

MRI is a medical imaging technique based on nuclear magnetic resonance (NMR) using quantic properties of atomic nucleus. Some atomic nuclei can absorb and emit radiofrequency energy when placed in an external magnetic field. For clinical and research use, hydrogen is the most used atom to generate radiofrequency signal due to its natural abundance in human and other biological organisms, especially in water and fat.

MRI acquisition parameters such as echo time (TE) and repetition time (TR) can be modified according to the feature or tissue analyzed. The setting of theses parameters allow the use of different ponderations allowing the analysis of the images from different point of view. T1 ponderation also called « anatomic ponderation » consists in short TR (400-600ms) and TE (10-20ms) in order to neutralize T2 bias. T1 ponderation makes white matter or fat appearing brighter than grey matter, bone or water. This sequence is also used with contrast agent injection for abnormalities characterization. On the contrary, T2 ponderation called "tissular" ponderation consists in long TR (>2000ms) and TE (>80ms). Finally, the proton density ponderation is a mix between T1 and T2 ponderation with a short TE (10-20ms) and a long TR (>2000ms) allowing images with proton density contrast distinguishing liquids, tissues and fat. Other sequences permit the annulation of fat signal (short time of inversion recovery, STIR), of free water (FLAIR) for cerebral exploration without the CSF signal, gradient echo for visualization of heterogeneities on nervous system.

MRI is mostly used in diagnostic medicine and biomedical research allowing medical diagnosis, staging of disease and follow-up without ionizing radiation exposition. This is an imaging modality of major interest for acute ischemic stroke diagnosis [START_REF] Nael | Magnetic Resonance Imaging of Acute Stroke[END_REF], measurement of myocardial infarction size (Rinta-Kiikka et al., 2014) and carotid plaque diagnosis [START_REF] Brinjikji | Contemporary carotid imaging: from degree of stenosis to plaque vulnerability[END_REF][START_REF] Huibers | Non-invasive Carotid Artery Imaging to Identify the Vulnerable Plaque: Current Status and Future Goals[END_REF].Studies even suggest that it is the new gold-standard for plaque composition assessment [START_REF] Gupta | Carotid plaque MRI and stroke risk: a systematic review and metaanalysis[END_REF]. In this section, we will focus on the two most used classes of contrast agents, namely gadolinium chelates and ultrasmall superparamagnetic particles iron oxide (USPIOs)

and their utility in clinical and research atherosclerosis.

i. Atherosclerosis fibrous cap thickness and neovascularization characterization with gadolinium-based contrast agents

Gadolinium (Gd) is a chemical component from the lanthanides group which is coupled to a chelator or a ligand in order to serve as contrast agent for MR imaging. Gd-based contrast agents (Gd-CAs) are administered intravenously and monitored via T1 MRI sequences, upon which it makes appear a hyperintense signal. Gd-CAs bind to albumin, forming a complex which extrasavates at sites of albumin leakage into the extraluminal space resulting in an enhancement of arterial wall. For imaging of atherosclerotic plaques, it penetrates into the lesions and will induce different signal intensities according to the tissue. When it enters in the plaque, Gd unbinds the albumin and accumulates in the extracellular matrix, but not in the lipid-rich necrotic core because of its lipophobic properties resulting in a preferential enhancement of fibrous tissue [START_REF] Liu | Peripheral arterial wall imaging using contrast-enhanced, susceptibility-weighted phase imaging[END_REF]. On the same way, neovascularization areas, containing extensive microvessels, showed a strong enhancement of T1 signal [START_REF] Calcagno | Gadolinium-Based Contrast Agents for Vessel Wall Magnetic Resonance Imaging (MRI) of Atherosclerosis[END_REF][START_REF] Yuan | high resolution MRI for atherosclerotic carotid artery tissue characterization[END_REF]. The use of Gd-CAs is thus very helpful for further characterize the plaque constitution in patients candidating for endarterectomy [START_REF] Sadat | Inflammation and neovascularization intertwined in atherosclerosis: imaging of structural and molecular imaging targets[END_REF].

Likewise, Gd-CAs are well-known in the field of neuro-imaging for BBB leakage assessments [START_REF] Runge | The use of Gd DTPA as a perfusion agent and marker of blood-brain barrier disruption[END_REF]. Indeed, Gd chelates cannot cross through an integer BBB, but in context of chronic or acute neuroinflammation such as multiple sclerosis, Alzheimer's disease or stroke, BBB presents more or less extended leakage, allowing Gd-CAs to pass through and accumulate in the brain [START_REF] Essig | Use of contrast media in neuroimaging[END_REF][START_REF] Merino | Blood-brain barrier disruption after cardiac surgery[END_REF]. Gd-CAs can also be used for perfusion MR imaging in brain after stroke or in context of brain vascular or inflammatory diseases [START_REF] Cotton | The advantage of high relaxivity contrast agents in brain perfusion[END_REF].

ii. Phagocytosis imaging with Ultrasmall Superparamagnetic

Particle Iron Oxide (USPIOs)

USPIOs consist of a small iron-oxide core embedded in dextran, citrate or polymer shell for a final size of 10 to 50 nm. These particles had large negative magnetic susceptibilities resulting in hypointensities (negative contrast) on T2-weighted sequences.

In this work, we will only discuss the use of USPIOs for monocytes/macrophages/microglia imaging as they are one of the contrast agents used during my thesis research. Indeed, these nanoparticles are phagocytized by macrophages, thus reflecting inflammation in the plaque. Some studies have shown that carotid plaque inflammation can be identified using USPIO-enhanced MRI and that these USPIOs accumulates mainly in macrophages of ruptured or rupture-prone carotid lesion in human [START_REF] Kooi | Accumulation of ultrasmall superparamagnetic particles of iron oxide in human atherosclerotic plaques can be detected by in vivo magnetic resonance imaging[END_REF][START_REF] Trivedi | Identifying inflamed carotid plaques using in vivo USPIO-enhanced MR imaging to label plaque macrophages[END_REF] confirming the fact that an important macrophage infiltration is an indicator of plaque vulnerability. Recent clinical trial also demonstrated the potential use of USPIOs for assessment of therapeutic response to anti-inflammatory drugs on atherosclerotic patients [START_REF] Tang | The ATHEROMA (Atorvastatin Therapy: Effects on Reduction of Macrophage Activity) Study. Evaluation using ultrasmall superparamagnetic oxide-enhanced magnetic resonance imaging carotid disease[END_REF].

On cerebrovascular territories, USPIOs are used to image macrophage/microglia response to chronic (multiple sclerosis, glioma) [START_REF] Brochet | Early macrophage MRI of inflammatory lesions predicts lesion severity and disease development in relapsing EAE[END_REF][START_REF] Taschner | Characteristics of ultrasmall superparamagnetic iron oxides in patients with brain tumors[END_REF] or acute inflammation (stroke) [START_REF] Saleh | Identification of patients with a histologically unstable carotid plaque using plaque image analysis[END_REF]. Several studies showed that phagocyte imaging was feasible in stroke patients and that they can provide additional information to infarct size [START_REF] Nighoghossian | Inflammatory response after ischemic stroke: a USPIOenhanced MRI study in patients[END_REF].

iii. Other vulnerable plaque features imaged by MRI

Improvement of surface coils enabled accelerated acquisition and improvement of the signal-to-noise ratio. Moreover, development of multi-contrast sequences (i.e. post-Gd contrast enhanced black-blood imaging) resulted in an accurate identification of lipid-rich necrotic core [START_REF] Trivedi | Multi-sequence in vivo MRI can quantify fibrous cap and lipid core components in human carotid atherosclerotic plaques[END_REF], thrombus [START_REF] Moody | Characterization of complicated carotid plaque with magnetic resonance direct thrombus imaging in patients with cerebral ischemia[END_REF], fibrous cap and its rupture [START_REF] Fayad | Characterization of atherosclerotic plaques by magnetic resonance imaging[END_REF], arterial inflammation [START_REF] Kerwin | Inflammation in carotid atherosclerotic plaque: a dynamic contrast-enhanced MR imaging study[END_REF], intraplaque hemorrhage [START_REF] Kampschulte | Differentiation of intraplaque versus juxtaluminal hemorrhage/thrombus in advanced human carotid atherosclerotic lesions by in vivo magnetic resonance imaging[END_REF]and neovascularization [START_REF] Kerwin | Quantitative magnetic resonance imaging analysis of neovasculature volume in carotid atherosclerotic plaque[END_REF]. A thin or ruptured fibrous cap, a larger necrotic core and intraplaque hemorrhage showed increased risk for stroke in clinical studies using MRI as prognostic tool [START_REF] Singh | Moderate carotid artery stenosis: MR imaging-depicted intraplaque hemorrhage predicts risk of cerebrovascular ischemic events in asymptomatic men[END_REF][START_REF] Takaya | Association between carotid characteristics and subsequent ischemic cerebrovascular events: a prospective with MRI--initial results[END_REF]. Recently, new application was developed for MRI shear stress assessment [START_REF] Canton | A framework for the co-registration of hemodynamic forces and atherosclerotic plaque components[END_REF]allowing an even more accurate evaluation of plaque composition and vulnerability.

Molecular imaging

In this section, we will focus more on the most used molecular imaging techniques and their tracers available for imaging the different features of atherosclerosis and neuroinflammation. We Injected tracer emits a positron, which after few millimeters in the tissue will meet an electron and result in an annihilation reaction namely the emission at 180° of two 511 keV photons. The PET camera detects those photons simultaneously, called coincidence detection.

The most used radioactive elements are the 18 F (half-life= 110 minutes), the 11 C (20 minutes), the 13 N (10 minutes) and the 15 O (2 minutes). The characteristics of 18 F and 11 C will be discussed in a following section.

Since few years, novel apparatus are available combining both TEP and MRI technique, enabling time saving and a more accurate registration of TEP images on anatomy due to the higher contrast of MR images versus CT. Moreover, the fact that both examinations are conducted in the same time relieves registration problems due to a different position of the patient in the bed.

PET tracers are increasingly used for atherosclerosis diagnosis and follow-up thanks to their high specificity. In the following section, we will discuss the use of the "gold standard" in atherosclerosis PET imaging ( 18 F-FDG), a well-used inflammation-targeting tracer ( 11 C-PK11195) and a rapid overview of other useful tracers in atherosclerosis field (Figure 19).

i. 18 F-Fluorodesoxyglucose ( 18 F-FDG): the gold standard 18 F-FDG is a radionucleotide analog of glucose which accumulates intracellularly in proportion to cellular demand for glucose (Figure 20). First used for imaging of tumor staging, this was found to be detected in arterial territories during whole-body scans suggesting its use in atherosclerosis imaging [START_REF] Yun | F-18 FDG uptake in the large arteries: a new observation[END_REF]. FDG is now the most used radioligand in imaging studies of atherosclerosis. This tracer is taken up into cells via Glut 1 and 3 which are upregulated in atherogenesis due to hypoxia in the lipidic core. Once in the cytoplasm, it undergoes phosphorylation by hexokinase 1 but is unable to continue glycolysis cycle because of its conformation. Thus, FDG diffuse very slowly out of the cell, resulting in intracellular accumulation, which allows quantification. Consequently, it can be used as a sensitive measure of increased metabolic activity, particularly in tissues without baseline high metabolic activity such as physiologic vessel wall and blood. In the vulnerable plaque, a high concentration of pro-inflammatory macrophages induces a high metabolic activity [START_REF] Davies | FDG-PET can distinguish inflamed from non-inflamed plaque in an animal model of atherosclerosis[END_REF][START_REF] Liu | High resolution FDG-microPET of carotid atherosclerosis: plaque components underlying enhanced FDG uptake[END_REF][START_REF] Tawakol | In vivo 18F-fluorodeoxyglucose positron emission tomography imaging provides a noninvasive measure of carotid plaque inflammation in patients[END_REF].

FDG PET/CT is a useful technique for non-invasive imaging of plaque due to the variation of FDG uptake between symptomatic and non-symptomatic carotid plaque in humans [START_REF] Rudd | Imaging atherosclerotic plaque inflammation with [18F]-fluorodeoxyglucose positron emission tomography[END_REF]. It also allows the discrimination of non-stenotic symptomatic carotid plaque which is not possible with MRI [START_REF] Davies | Identification of culprit lesions after transient ischemic attack by combined 18F fluorodeoxyglucose positron-emission tomography and high-resolution magnetic resonance imaging[END_REF]. Lipidic-rich plaques are more prone to rupture than fibroatheroma or calcified plaque and present a higher FDG uptake [START_REF] Silvera | Multimodality imaging of atherosclerotic plaque activity and composition using FDG-PET/CT MRI in carotid and femoral arteries[END_REF]. Both LDL and TC have been

shown to be independently associated with FDG uptake [START_REF] Chróinín | Serum lipids associated with inflammation-related PET-FDG uptake in symptomatic carotid plaque[END_REF][START_REF] Kaida | Positive correlation between malondialdehyde-modified low-density lipoprotein cholesterol and vascular inflammation evaluated by 18F-FDG PET/CT[END_REF].

Furthermore, higher FDG uptake has been shown to be correlated with an increased risk of cerebrovascular events such as microemboli, whatever the stenosis degree [START_REF] Marnane | Carotid plaque inflammation on 18F-fluorodeoxyglucose positron emission tomography predicts early stroke recurrence[END_REF][START_REF] Moustafa | Carotid plaque inflammation is associated with cerebral microembolism in patients with recent transient ischemic attack or stroke: a pilot study[END_REF]. FDG uptake in aorta is higher in patients with recent myocardial infarction than those with stable angina and even higher in patient with ST elevation myocardial infarction (STEMI)

versus non-STEMI showing a close correlation between neighboring arterial territories [START_REF] Joshi | Systemic Atherosclerotic Inflammation Following Acute Myocardial Infarction: Myocardial Infarction Begets Myocardial Infarction[END_REF][START_REF] Rudd | Relationships among regional arterial inflammation, calcification, risk factors, and a prospective fluorodeoxyglucose positron-emission tomography/computed tomography imaging study[END_REF]. Likewise, epidemiologic study showed that FDG uptake is higher in subjects with acute coronary syndrome than in those with stable angina (Kim et al., 2015).

In summary, carotid artery FDG uptake is correlated with age, clinical risk factors, inflammatory biomarkers [START_REF] Noh | Relation of carotid artery 18F-FDG uptake to C-reactive protein and Framingham risk score in a large cohort of asymptomatic adults[END_REF][START_REF] Rudd | Relationships among regional arterial inflammation, calcification, risk factors, and a prospective fluorodeoxyglucose positron-emission tomography/computed tomography imaging study[END_REF] and high-risk plaque features on imaging modalities such as CT, MRI and ultrasonography [START_REF] Figueroa | Distribution of inflammation within carotid atherosclerotic plaques with high-risk morphological features: a comparison between positron emission tomography activity, plaque morphology, and histopathology[END_REF][START_REF] Graebe | 18FDG PET and ultrasound echolucency in carotid artery plaques[END_REF][START_REF] Silvera | Multimodality imaging of atherosclerotic plaque activity and composition using FDG-PET/CT MRI in carotid and femoral arteries[END_REF].

ii. TSPO: from a biological target to an imaging agent, 11 C-PK11195

Translocator protein (TSPO), formerly called PBR (peripheral benzodiazepine receptor) is a highly conservative 18kDa transmembrane protein, even found in bacteria. It is located on outer mitochondria membrane, mostly expressed in steroids-synthesizing tissues (e.g. brain, adrenal gland and gonads) and mature monocytes and characterized by its ability to bind a variety of benzodiazepine-like drugs. It represents 5-10% of all proteins of outer mitochondria membrane in steroidogenic cells [START_REF] Anholt | The peripheral-type benzodiazepine receptor. Localization to the mitochondrial outer membrane[END_REF]. In case of high cholesterol handling, such as high cholesterol diet, TSPO expression is downregulated in aorta, testis and liver, not in brain [START_REF] Dimitrova-Shumkovska | Chronic high fat, high cholesterol supplementation decreases 18 kDa Translocator Protein binding capacity in association with increased oxidative stress in rat liver and aorta[END_REF]. Inversely, in human macrophages, TSPO expression is increased when exposed to oxLDL as in atherosclerosis [START_REF] Taylor | Targeting mitochondrial 18 kDa translocator protein (TSPO) regulates macrophage cholesterol efflux and lipid phenotype[END_REF].

TSPO is complexed with voltage-dependent anion channel (VDAC) and adenine nucleotide transporter (ANT) [START_REF] Mcenery | Isolation of the mitochondrial benzodiazepine receptor: association with the voltage-dependent anion channel and the adenine nucleotide carrier[END_REF], proteins involved in mitochondria permeability transition pore, and allows translocation of cholesterol from outer to inner mitochondria membrane.

TSPO has long been associated with steroidogenesis and mitochondrial permeability transition pore (mPTP) [START_REF] Azarashvili | Carbenoxolone induces permeability transition pore opening in rat mitochondria via the translocator protein TSPO and connexin43[END_REF][START_REF] Culty | In vitro studies on the role of the peripheral-type benzodiazepine receptor in steroidogenesis[END_REF], some even hypothesize that a deletion of TSPO would lead to a lethal phenotype. TSPO seemed to be critical for mitochondrial processes but, in physiological situation, morphological adaptation and redundancy of functions in mitochondria could compensate for the loss of function of TSPO. Indeed, recent studies with TSPO knock-out mice showed that mice can have a normal phenotype despite of TSPO deletion [START_REF] Banati | Positron emission tomography and functional characterization of a complete PBR/TSPO knockout[END_REF][START_REF] Morohaku | Translocator protein/peripheral benzodiazepine receptor is not required for steroid hormone biosynthesis[END_REF][START_REF] Sileikyte | Regulation of the Mitochondrial Permeability Transition Pore by the Outer Membrane Does Not Involve the Peripheral Benzodiazepine Receptor (Translocator Protein of 18 kDa[END_REF]. We cantherefore think that TSPO may become phenotypically important when the mitochondria loses its compensation capacity as during aging or in response to metabolic challenges [START_REF] Gut | Lost in translocation: the functions of the 18-kD translocator protein[END_REF].

TSPO also interacts with cytosolic proteins and acts like a mitochondrial anchor allowing transduction of intracellular signals to mitochondria.

In central nervous system, TSPO is mostly expressed in microglia and reactive astrocytes and is now used as a biomarker of brain inflammation and reactive gliosis in PET/CT imaging. TSPO has a low brain expression level in physiological situation and up-regulates in pathological conditions (Alzheimer disease, Parkinson disease, and multiple sclerosis, brain trauma or stroke) (Batarseh and Papadopoulos, 2010;[START_REF] Chauveau | Nuclear imaging of neuroinflammation: a comprehensive review of [11C]PK11195 challengers[END_REF]. TSPO is a sensitive biomarker of neurodegeneration and brain damage (especially in neuroinflammation and reactive gliosis) (Batarseh and Papadopoulos, 2010;[START_REF] Janssen | Imaging of neuroinflammation in Alzheimer's disease, multiple sclerosis and stroke: Recent developments in positron emission tomography[END_REF].

TSPO chemical ligands, as PK11195, were thus focused on diagnosis of numerous diseases such as traumatic brain injury, neuroinflammation and neurodegeneration [START_REF] Selvaraj | The changing landscape in translocator protein (TSPO) function[END_REF].

Although TSPO expression is upregulated in the brain at sites of injury and inflammation, as well asfollowing a number of neuropathological conditions including stroke, herpes and HIV encephalitis, and neurodegenerative disorders such as Alzheimer's disease, multiple sclerosis, amyotrophic lateral sclerosis, Parkinson's disease, and Huntington's disease (Batarseh et al., 2010), the molecular mechanisms underlying these diseases remain unclear.

However, recent in vivo studies showed that TSPO also had a potential neuroprotective role. Indeed, upregulation of its expression level can enhance alternative M2 microglial activation, resulting in more phagocytic activity and upregulation of anti-inflammatory genes to promote recovery from tissue damages and resolve neuroinflammation [START_REF] Kim | Translocator protein 18 kDa (TSPO): old dogma, new mice, new structure, and new questions for neuroprotection[END_REF].

Similar to what was observed in the brain, TSPO is also overexpressed in cardiac pathologies [START_REF] Fairweather | Sex differences in translocator protein 18 kDa (TSPO) in the heart: implications for imaging myocardial inflammation[END_REF]. Human clinical trials to diagnose carotid atherosclerosis have also been completed during the past few years (http://www.clinicaltrials.gov: NCT00547976), showing its utility in human clinic.

A second isoform of TSPO (TSPO2) exists, is expressed in hematopoietic tissues and is located on endoplasmic reticulum and nuclear membrane. It is involved in cholesterol redistribution during erythrocytes maturation. This isoform does not bind drugs [START_REF] Rupprecht | Translocator protein (18 kDa) (TSPO) as a therapeutic target for neurological and psychiatric disorders[END_REF].

PK11195 is an isoquinoline carboxamide which is a potent and selective antagonist ligand for TSPO with an affinity in nanomolar range [START_REF] Owen | Imaging brain microglial activation using positron emission tomography and translocator protein-specific radioligands[END_REF])(Figure 21). After monocyte activation, TSPO expression increase two to three-fold, resulting in more than 2 million of binding sites for PK11195 [START_REF] Zavala | Benzodiazepines and PK 11195 exert immunomodulating activities by binding on a specific receptor on macrophages[END_REF]. 11 C-PK11195 was showed to enable detection and quantification of inflammation in aorta of patients with vasculitis, showing a higher uptake of the tracer in patients compared to controls [START_REF] Pugliese | Imaging of vascular inflammation with [11C]-PK11195 and positron emission tomography/computed tomography angiography[END_REF]. Gaemperli et al demonstrated that carotid plaques associated with ipsilateral outcomes such as stroke or TIA had higher uptake of 11 C-PK11195(Gaemperli et al., 2012). Uptake of 11 C-PK11195 was showed to be more focal and localized than 18 F-FDG uptake, reflecting better the plaque composition (Gaemperli et al., 2012;[START_REF] Rudd | Imaging atherosclerotic plaque inflammation with [18F]-fluorodeoxyglucose positron emission tomography[END_REF].
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C-PK11195 is the tracer of choice for neuroinflammation imaging in vivo as demonstrated in stroke [START_REF] Ramsay | Monitoring by PET of macrophage accumulation in brain after ischaemic stroke[END_REF], neurodegeneration [START_REF] Banati | The peripheral benzodiazepine binding site in the brain in multiple sclerosis: quantitative in vivo imaging of microglia as a measure of disease activity[END_REF][START_REF] Edison | Microglia, amyloid, and cognition in Alzheimer's disease: An[END_REF][START_REF] Okello | Microglial activation and amyloid deposition in mild cognitive impairment: a PET study[END_REF] and braininjury (Ramlackhansingh et al., 2011). Some studies revealed that binding of 11 C-PK11195 correlated with the number of activated microglia/infiltrated monocytes in models of stroke [START_REF] Myers | Macrophage and astrocyte populations in relation to [3H]PK 11195 binding in rat cerebral cortex following a local ischaemic lesion[END_REF][START_REF] Rao | Traumatic brain injury leads to increased expression of peripheral-type benzodiazepine receptors, neuronal death, and activation of astrocytes and microglia in rat thalamus[END_REF]. In rat model of induced stroke, 11 C-PK11195 imaging showed microglia/monocyte infiltration in the infarcted area [START_REF] Cremer | The distribution of radioactivity in brains of rats given [N-methyl-11C]PK 11195 in vivo after induction of a cortical ischaemic lesion[END_REF], and this finding was confirmed in human [START_REF] Ramsay | Monitoring by PET of macrophage accumulation in brain after ischaemic stroke[END_REF]. Microglia was showed to be activated as early as day 3 post stroke, first at the external border of the infarct and then spreading to the core [START_REF] Gerhard | Evolution of microglial activation in patients after ischemic stroke: a [11C](R)-PK11195 PET study[END_REF]; and 11 C-PK11195 allowed the imaging of microglia activation as far as six months after stroke [START_REF] Thiel | temporal dynamics of poststroke neuroinflammation: a longitudinal diffusion tensor imagingguided PET study with 11C-PK11195 in acute subcortical stroke[END_REF].

iii. Others well-known PET tracers that can be used in atherosclerosis 68 Ga-and 64 Cu-DOTATATE DOTATATE ( [START_REF] Naghavi | Force. From vulnerable plaque to vulnerable patient-Part III: Executive summary of the Screening for Heart Attack Prevention and Education (SHAPE) Task Force report[END_REF][START_REF] Subramanian | Arterial inflammation in patients with HIV[END_REF][START_REF] Evans | PET Imaging of Atherosclerotic Disease: Advancing Plaque Assessment from Anatomy to Pathophysiology[END_REF][START_REF] Gaemperli | Imaging intraplaque inflammation in carotid atherosclerosis with 11C-PK11195 positron emission tomography/computed tomography[END_REF]-tetraazacyclododecane-N,N',N'',N'''-tetraacetic acid]-d-Phe1, Tyr3-octroate) is a radioligand binding somatostatin receptor subtype 2 (SST2) which is upregulated on macrophage membrane when they are activated [START_REF] Armani | Expression, pharmacology, and functional role of somatostatin receptor subtypes 1 and 2 in human macrophages[END_REF]. This radioligand can be labeled with 68 Ga or 64 Cu.

An uptake of 68 Ga-DOTATATE was shown in asymptomatic individuals with coronary calcification and CV risk factors [START_REF] Mojtahedi | Assessment of vulnerable atherosclerotic and fibrotic plaques in coronary arteries using (68)Ga-DOTATATE PET/CT[END_REF][START_REF] Rominger | In vivo imaging of macrophage activity in the coronary arteries using 68Ga-DOTATATE PET/CT: correlation with coronary calcium burden and risk factors[END_REF].

64

Cu-DOTATATE is also used in carotid imaging and its uptake is correlated with CD163

(and in a lower manner with CD68) mRNA expression suggesting the identification of a different component of the atherosclerotic inflammatory process (Pedersen et al., 2015). Furthermore, a recent retrospective study reported that a higher 64 Cu-DOTATATE uptake is associated with cardiovascular risk factors [START_REF] Malmberg | 64Cu-DOTATATE for Noninvasive Assessment of Atherosclerosis in Large Arteries and Its Correlation with Risk Factors: Head-to-Head Comparison with 68Ga-DOTATOC in 60 Patients[END_REF].

64

Cu has a longer half-life than 68 Ga (12,7h versus 68 min) but 68 Ga is more readily available due to its production by a generator when 64 Cu requires a cyclotron. 18 F-Sodium Fluoride ( 18 F-NaF)

Microcalcification is one of the features of vulnerable rupture-prone plaque. 18 F-NaF is taken up at mineralization sites allowing the identification of microcalcification areas in vivo [START_REF] Hawkins | Quantitating tumor glucose metabolism with FDG and PET[END_REF]. 18 F-NaF was first used in atherosclerosis imaging by Derlin et al, demonstrating that 18 F-NaF uptake in the plaque reflects the active mineralization process in microcalcification [START_REF] Derlin | Feasibility of 18F-sodium fluoride PET/CT for imaging of atherosclerotic plaque[END_REF]. Carotid 18 F-NaF uptake correlates with cardiovascular risk factors in asymptomatic patients [START_REF] Derlin | In vivo imaging of mineral deposition in carotid plaque using 18F-sodium fluoride PET/CT: correlation with atherogenic risk factors[END_REF] but not with stroke [START_REF] Quirce | Contribution of 18F-sodium fluoride PET/CT to the study of the carotid atheroma calcification[END_REF]. 18 F-Fluoromisonidazole (FMISO)

Hypoxia is often associated with atherosclerosis due to the high oxygen demand from foam cells. 18 F-FMISO imaging measures the effect of hypoxia directly within the necrotic core of the plaque.

In a hypoxic environment 18 F-FMISO remains bound intracellularly, allowing a quantitative measure of its accumulation. 18 F-FMISO uptake was shown to be higher atheromatous regions rather than in normal tissue in rabbit [START_REF] Mateo | Noninvasive assessment of hypoxia in rabbit advanced atherosclerosis using 18 F-fluoromisonidazole positron emission tomographic imaging[END_REF]. In human, 18 F-FMISO uptake was found to be higher in carotids of symptomatic versus asymptomatic patients and correlated with FDG uptake, suggesting a contribution of hypoxia to the uptake of FDG [START_REF] Joshi | Imaging of hypoxia and inflammation in carotid atherosclerosis with 18F-fluoromisonidazole and 18F-fluorodeoxyglucose positron emission tomography[END_REF]. et al., 2007) or A429 VCAM-1 antibody, which is more sensitive and allows imaging of subtle neuroinflammation on MRI [START_REF] Montagne | Ultra-sensitive molecular MRI of cerebrovascular cell activation enables early detection of chronic central nervous system disorders[END_REF] both showing hypointensities on T2 weighted MRI.

Monoclonal antibody A429 can also be coupled with microbubbles for ultrasound imaging enabling the visualizationof inflamed endothelium and vasa vasorum [START_REF] Kaufmann | Molecular imaging of inflammation in atherosclerosis with targeted ultrasound detection of vascular cell adhesion molecule-1[END_REF]Wu et al., 2011). In nuclear imaging, 99m Tc-cAbVCAM1-5nanobodies are available for SPECT [START_REF] Broisat | Nanobodies targeting mouse/human VCAM1 for the nuclear imaging of atherosclerotic lesions[END_REF] and an in vivo phage display (VINP-28) labeled with 18 F for TEP/CT imaging of VCAM-1 [START_REF] Nahrendorf | 18F-4V for PET-CT imaging of VCAM-1 expression in atherosclerosis[END_REF]. This latter was for now only tested on mouse models of atherosclerosis and myocardial infarction but showed interesting properties.

ii. Intercellular adhesion molecule (ICAM-1)

ICAM-1 (also called CD54) is a member of immunoglobulin superfamily expressed by endothelial cells involved in leukocyte adhesion to endothelium. ICAM-1 can be imaged in systemic arteries using mostly anti-ICAM-1-conjugated bubbles for ultrasound [START_REF] Villanueva | Microbubbles targeted to intercellular adhesion molecule-1 bind to activated coronary artery endothelial cells[END_REF]. For neuroinflammation imaging, the MR tracer ICAM-MPIO which specifically bound brain endothelial cells in vitro after TNF stimulation and showsT2 hypointensities rapidly after induction of tMCAO stroke model in vivo [START_REF] Deddens | MRI of ICAM-1 upregulation after stroke: the importance of choosing the appropriate target-specific particulate contrast agent[END_REF] is the most commonly used.

iii. P-selectin P-selectin (also named CD62P) is an adhesion molecule expressed by platelets and activated endothelial cells. Several MRI probes exist for P-selectin imaging but most of them lack sensitivity. At these days, the most sensitive probe for P-selectin is a glyconanoparticle molecule (GNP-sLe x ) covered of a dextran-coated USPIO (van Kasteren et al., 2009)which is used for subclinical inflammatory foci imaging [START_REF] Serres | Systemic inflammatory response reactivates immune-mediated lesions rat brain[END_REF].

c) Myeloperoxidases imaging

As seen above, MPO is an important biomarker in cardiovascular diseases and its noninvasive detection can be performed by different imaging modalities. Indeed, MPO can be detected using a contrast agent, the MPO-activatable gadolinium chelate on MRI [START_REF] Nahrendorf | Activatable magnetic resonance imaging agent reports myeloperoxidase activity in healing infarcts and noninvasively detects the antiinflammatory effects of atorvastatin on ischemia-reperfusion injury[END_REF] or luminol on bioluminescence experiments [START_REF] Gross | Bioluminescence imaging of myeloperoxidase activity in vivo[END_REF]. For SPECT modality, 111 In-bis-5HT-DTPA is used to visualize MPO in the arterial wall and plaques of humans and animals [START_REF] Wu | In vivo examination of 111In-bis-5HT-DTPA to target myeloperoxidase in atherosclerotic ApoE knockout mice[END_REF].

d) Matrix metalloproteinases (MMPs) imaging

MMPs are calcium-dependent zinc-containing endopeptidases capable of degrading all kinds of extracellular matrix proteins but also several bioactive molecules hence their role in the plaque rupture. They are known to be involved in cell surface receptors cleavage, release of apoptotic ligands and chemokine/cytokine inactivation [START_REF] Van Lint | Chemokine and cytokine processing by matrix metalloproteinases and its effect on leukocyte migration and inflammation[END_REF]. MMPs also play a role in cell behaviors such as proliferation, migration, differentiation, or apoptosis. MMPs can be imaged using 111 In-RP782 or 99m Tc-RP05 on SPECT but also via MR imaging (P947) or NIRF (MMPsense) [START_REF] Osborn | The advancing clinical impact of molecular imaging in CVD[END_REF].

This review of the literature highlights the importance of assessing in the same time inflammatory marker (especially hsCRP), lipidic profile (i.e. LDL-C) combined with plaque imaging is now acknowledged in human clinic as well as the relevance of exploring not one but multiple vascular territories for a better individual and global CV risk stratification and patient care. Atherosclerosis is a complex pathology combining a dyslipidemic context and a chronic low-grade inflammation resulting mainly in vascular lesions but also in cerebrovascular lesions still poorly explored. Indeed, inflammation combined with a lipotoxic context lead to a vicious circle of pernicious effects such as cerebrovascular unit disorganization. The high complexity of atherosclerosis process and outcomes requires the use of more accurate animal models, notably in taking account of the critical factor of age for cardiovascular risks, and capable of underwent translational explorations with both circulating and imaging biomarkers.

My PhD work was focused on atherosclerosis and its consecutive cerebrovascular lesions in term of inflammation and blood-brain barrier leakage. For this, I used different animal models of atherosclerosis, as aged ApoE -/-mice and non-human primates fed an atherogenic diet and focused on imaging and biological biomarkers to assess plaque-induced cerebrovascular inflammation.

First, we used aged ApoE -/-mice as they are a well-known atherosclerosis model and their predisposition to plaque development combined with a high cholesterol diet and an advanced age offered a maximal cardio-metabolic risk context. The aim of our first study was to assess the effect of voluntary regular exercise training on central and peripheral deleterious effects of a high cholesterol diet in aged ApoE -/-mice. For this study, mice were fed according to their metabolic needs (article n°1).

Then in a second time, as the results of the first study showed that when mice were fed with controlled high cholesterol diet the exercise training reduced the cerebrovascular lesions and the inflammatory and oxidative status, we wanted to assess whether the same protective effects of training can be observed when the high cholesterol diet is given ad libitum (article n°2).

The last part of my thesis was based on a non-human primate model of atherosclerosis. We used aged Cynomolgus monkeys (Macaca fascicularis) under atherogenic diet to assess if a combination of multi-modalities imaging (ultrasound, MRI and PET/CT) and biological analysis can allow an accurate stratification of the individual cardio and cerebrovascular risk (article n°3).

In summary, my PhD work focused on a biomarker approach of general inflammation and cerebrovascular integrity in atherosclerosis animal models to determine was is the most efficient and relevant combination of biomarkers, using translational imaging techniques, biological and genomic analysis.

AIMS AND OBJECTIVES

ticle

RESULTS

ARTICLE N°1:

Vascular brain lesions present in advanced atherosclerosis share pathological hallmarks with peripheral vascular lesions such as inflammation and oxidative stress. Physical activity was shown to reduce these peripheral risk factors, but few studies were published on its cerebrovascular effects.

The aim of this study was to assess whether the beneficial effect of exercise training on inflammation and oxidative stress could be used as an intervention option in an aging atherosclerosis mouse model.

The characterization of vascular brain damage in old ApoE -/-mice fed a high fat diet with dietary controlled intake was performed using a combination of in vivo imaging and post-mortem analysis.

ApoE -/-mice and C57Bl/6 (used as control) were divided into five groups: old untrained and exercise trained ApoE -/-(respectively O-ApoE-UT and O-ApoE-ExT; 60 weeks-old), young untrained ApoE -/-(Y-ApoE-UT; 10 weeks-old), old untrained and exercise trained C57BL/6

(respectively O-C57-UT and O-C57-ExT; 60 weeks-old). ApoE -/-mice were fed a high fat diet (0.15% cholesterol, 21% lard fat) since 8 weeks of age with a dietary controlled intake (20g per week per animal) when C57BL/6 were fed a standard diet. Exercise trained mice were housed separately and have free access to a running wheel in their cages, while untrained were housed in small groups in standard cages (see Figure 22 for study design).

At the end of the 12-weeks training, insulin tolerance test was performed to assess the glucidic status of mice. In vivo MRI of brain and descending aorta was performed using contrast agents (Gadolinium and ultrasmall superparamgnetic iron oxide particle, USPIO) to quantify vascular permeability and macrophage accumulation in these two locations. After mice sacrifice, immunochemistry was realized on brain to confirm MRI observations (IgG for blood-brain barrier permeability and F4/80 for macrophages staining). Biological analysis were performed on heart, brain, aorta and liver to assess inflammation (IL-1β, TNFα) and oxidative stress (AOPP, catalase, FRAP, GPX, MDA, NOx, nitrotyrosine and SOD). Moreover, plasmatic cholesterol level was measured.

The training was effective as showed by the significantly increased citrate synthase activity and no weight variation was observed between trained and untrained ApoE -/-mice. O-ApoE-ExT showed an improvement of metabolic features (plasmatic cholesterol level and insulin sensitivity), and a reduced systemic and tissular (aorta, heart and liver) inflammation and oxidative stress, suggesting a protective effect of exercise on peripheral features. Furthermore, O-ApoE-ExT mice presented less aortic plaque with less macrophage accumulation and a better survival rate than the untrained (respectively 77% and 49%). Some hemi-and paraplegia events were observed in old ApoE -/-mice, especially in the untrained group. Brain abnormalities such as blood-brain barrier leakage and macrophage accumulation were detected by MRI in periventricular areas of old ApoE -/-mice of both trained and untrained group. These abnormalities were significantly reduced by exercise training (observed in 14% of trained mice versus 71% of untrained), as well as inflammation and oxidative stress, suggesting that training also have a protective central effect.

Highly localized vascular brain damages are frequent in this aging atherosclerosis model and exercise is able to reduce this outcome and improve lifespan. In vivo MRI allowed evaluation of both neurovascular damage and protective effect of exercise. Forty-five weeks-old ApoE -/-mice (45 weeks-old) were fed a high cholesterol diet (0.15% cholesterol, 21% lard fat) ad libitum and divided into 2 groups: exercise trained (EX) and sedentary (SED). Exercise trained mice had free access to a running wheel in their housing while sedentary were in standard cages (see Figure 23 for study design). In order to have a longitudinal follow-up, insulin tolerance test and brain MR imaging were performed before and after the twelve-weeks training. Brain MR imaging was realized with contrast agents for blood-brain barrier permeability assessment (Gadolinium) and macrophage accumulation (ultrasmall superparamagnetic iron oxide particles, USPIOs). After sacrifice, muscular insulin resistance was measured and oxidative stress and inflammation were assessed in plasma, aorta and brain. Histological analysis was also performed on brain to confirm MRI-detected lesions with macrophage and vascular permeability staining.

Aged ApoE -/-trained mice fed with ad libitum diet showed a significant weight gain (+18%, p=0.027) despite an effective training (citrate synthase activity p<0.05) compared to untrained mice.

Exercise training showed no improvement on peripheral features such as plasmatic cholesterol level, systemic and aorta inflammation and oxidative stress. A worsening of insulin resistance was even observed in the trained mice after the twelve-weeks training. Brain imaging highlighted a worsening of blood-brain barrier leakage as showed by the longitudinal MRI follow-up (increase of ΔT1 score, r²=0.87, p=0.049) and higher USPIOs accumulation in periventricular areas in exercised mice compared to the sedentary, suggesting a worsening of central lesions in trained ApoE -/-mice under ad libitum high cholesterol diet.

In a context of high cardio-metabolic risk and of uncontrolled fat consumption exercise does not provide any protective effect in old ApoE-/-mice. No benefits of exercise training was observed on both peripheral (insulin sensitivity, oxidative stress and inflammation) and central features (vascular permeability and inflammation). Furthermore, there was a fast induction of irreversible brain lesions in exercised-trained old ApoE-/-mice.

EX n=5 SED n=6

Insulin Atherosclerosis is a complex pathology combining dyslipidemia and low-grade inflammation, leading to cardiovascular outcomes. Individual risk stratification is a real need in clinic as the efficiency of the clinical care depends on taking into account all individuals features of the patients. The aim of this study is to test the validity of multi-modal imaging focused on macrophage metabolism and phenotype associated with a biological analysis (lipidic profile, inflammatory cytokines and genomic analysis) in a non-human primate model (NHP) under atherogenic diet.

Sixteen Cynomolgus monkeys (13.1±4 years-old) were fed a high cholesterol diet (23% fat, 11.3% saturated fatty acids, 0.5% cholesterol, n=13 animals) or standard diet (11% fat, <1% saturated fatty acids, n=3 animals) during 24 months (see Figure 24 for study design). Food ration was adapted to each animal according to their body weight. Longitudinal blood sampling was realized at 0, 1, 7, 12, 18 and 24 months for inflammatory cytokines, hsCRP and cholesterol/lipoprotein assessment.

Ultrasound imaging of vascular territories was performed at T+12 and T+18 months to localize plaque and observe their potential progression within the 6-months interval. PET/CT imaging sessions were performed using dual tracers for measurement of metabolic and inflammatory cellular activity using

[18F]-FDG and [11C]-PK11195 respectively. MR imaging was realized on carotids to assess the vessel wall thickness and on brain to visualize potential brain lesions. Inflammation and oxidative stress was assessed in carotids, aortic arch and abdominal aorta. Furthermore, tissular genomic analysis was performed on carotids, aortic arch, abdominal aorta, brain and adipose tissues, focused on metabolic, mitochondria , pan-macrophages, M1, M2 and lymphocytes markers.

NHPs fed atherogenic diet presented dyslipidemia (low HDL, high LDL and presence of at-risk LDL subfractions). Six-months ultrasound follow-up showed that most animals presented plaques in multiple location, with progressive lesions for some of them and at similar location than humans. Three animals showed downstream events (myocardial fibrosis, severe coronary or carotid plaque, lacunar stroke) confirming the relevance of this model and were the same than those presenting plaque progression on ultrasound follow-up. [18F]-FDG and [11C]-PK11195 presented similar uptake in high cholesterol animals (r²=0.799, p=0.028) but an inverse in control diet animals (r²=0.607).

Analysis of gene expression of metabolic, inflammatory and anti-inflammatory markers in the carotids enabled the stratification of animals in three groups: low, medium and high cardiovascular risk. Of note, in high cardiovascular risk group, both M1 and M2 markers were highly expressed. Furthermore, the three animals showing high CV risk in the carotids mRNA analysis are those that were highlighted by ultrasound and presence of downstream events.

Ultrasound follow-up as well as genomic analysis enabled the discrimination of animals with high cardiovascular risk. These animals being those presenting downstream events confirm the presence of vulnerable lesions in this model and the relevance of combination of inflammatory, metabolic and anti-inflammatory markers for individual stratification. This new biomarker combination offered possibilities for a better understanding of complex metabolic/inflammation interplay in the carotid plaque and adapted treatment in the clinical setting. The relevance of this association of gene expression was further evaluated in endarterectomy carotid samples of symptomatic and asymptomatic patients. 

At-risk profiles from imaging and tissue biomarkers combine inflammatory and anti-inflammatory features in carotid atherosclerosis
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ABSTRACT:

Atherosclerosis is a complex pathology, inducing cardiovascular events. Individual risk stratification remains difficult. The aim of the present study aim was to test the validity of multimodal imaging focused on macrophages combined with biological analysis in a non-human primate (NHP) model under atherogenic diet.

Sixteen Cynomolgus monkeys (mean age, 13.1±4 years) were fed high cholesterol (HC: 23% fat, 0.5% cholesterol) or standard diet for 24 months. Longitudinal blood sampling was performed for cholesterol and cytokine assessment. 6-month ultrasound follow-up of plaque progression and [ 18 F]-FDG, [ 11 C]-PK11195 PET/CT and MRI imaging were performed. Genomic analysis, focusing on metabolism, macrophage subsets and lymphocytes, was performed on NHP carotid, aorta and metabolic tissues and human endarterectomy samples from patients with symptomatic or asymptomatic carotid stenosis.

High-risk lipid profiles were noted at T+1 month. Ultrasound showed that most HC animals displayed lesions similar to humans. Three presented downstream events (myocardial fibrosis, small lacunar stroke), vessel wall inflammation and plaques, confirmed by PET/CT and MRI. Gene analysis further validated correlations between metabolic activity, inflammation and lymphocytes in carotids.

Interestingly, anti-inflammatory M2 markers correlated with metabolic and M1 markers in both NHP and human carotids.

Animals graded high-risk on gene analysis presented downstream events, confirming our vulnerable plaque model and the validity of combining inflammatory, metabolic and anti-inflammatory markers for stratification. These results were confirmed in patients, and open the way for new combinations of biomarkers for better understanding of complex metabolism/inflammation interplay in carotid plaque and adapted treatment in the clinical setting.

INTRODUCTION:

Atherosclerosis is a complex inflammatory lipid pathology, leading to plaque development. The paradigm for atherosclerosis diagnosis has evolved from the detection of lesion-induced artery stenosis to the subtler notions of vulnerable plaque and vulnerable patient [START_REF] Naghavi | Force. From vulnerable plaque to vulnerable patient-Part III: Executive summary of the Screening for Heart Attack Prevention and Education (SHAPE) Task Force report[END_REF]. However, as these concepts were originally defined from anatomopathology analysis, it remains challenging to stratify the cardiologic and cerebrovascular risk associated with atherosclerotic plaques in vivo in patients. Morphologic imaging (e.g.,. magnetic resonance imaging of carotids or ultrasound imaging of coronaries) demonstrated that plaque status may evolve in either direction, toward stability or vulnerability, depending on various local and systemic factors. In this dynamic situation, new biomarkers are therefore required, to enable the most appropriate treatment to be offered to each individual. More than a decade ago, [ 18 F]-fluorodeoxyglucose ([ 18 F]-FDG) PET/CT was first applied in patients to prospectively evaluate atherosclerosis inflammation and subsequent cerebrovascular risk [START_REF] Rudd | Imaging atherosclerotic plaque inflammation with [18F]-fluorodeoxyglucose positron emission tomography[END_REF]. Recently developed medical imaging methods have led to controversial results in various patient populations [START_REF] Figueroa | Measurement of arterial activity on routine FDG PET/CT images improves prediction of risk of future CV events[END_REF][START_REF] Subramanian | Arterial inflammation in patients with HIV[END_REF][START_REF] Knudsen | HIV infection and arterial inflammation assessed by (18)Ffluorodeoxyglucose (FDG) positron emission tomography (PET): a prospective cross-sectional study[END_REF]. Most novel imaging biomarkers target inflammation and macrophages, evaluating either macrophage phagocytic activity, glycolytic metabolism, macrophage mitochondrial proteins or M1/M2 receptors [START_REF] Tarkin | PET imaging of inflammation in atherosclerosis[END_REF][START_REF] Evans | PET Imaging of Atherosclerotic Disease: Advancing Plaque Assessment from Anatomy to Pathophysiology[END_REF]. But the debate is still open on the most useful association of circulating and imaging biomarkers to predict vulnerable plaque and future cardiovascular events, and to propose the best treatment in each specific situation (Duiveenvorden et al, 2013;[START_REF] Tarkin | Imaging Atherosclerosis[END_REF].

For example, it is not known whether [ 11 C]-PK11195, a ligand targeting the mitochondrial translocator (18kDa) protein (TSPO) that is overexpressed in activated innate immune cells and was used for carotid imaging in patients (Gaemperli et al, 2012), enables better diagnosis of at-risk plaque than [ 18 F]-FDG.

There is no consensually accepted small-animal model of vulnerable plaque, and existing models are not fully relevant to establishing imaging biomarkers for translational purposes (Millon at al, 2012). The Cynomolgus macaque under atherogenic diet has been found to be invaluable in establishing the protective effect of estrogen against coronary plaque development [START_REF] Adams | Inhibition of coronary artery atherosclerosis by 17beta estradiol in ovariectomized monkeys. Lack of an effect of added progesterone[END_REF]. In this model, atherosclerosis develops with a lipidic blood profile and multi-site progression as in humans, and the carotid lesions reproduce the plaque morphology observed in clinical studies, as vessel geometry is very close to that found in humans [START_REF] Shively | Carotid artery atherosclerosis in cholesterol-fed female cynomolgus monkeys. Effects of oral contraceptive treatment, social factors, and regional adiposity[END_REF]. Moreover, the innate immune system is a key player in vulnerable plaque, and this non-human primate (NHP) atherosclerosis model is the only one to display the same chemokine and cytokine armamentarium as in human atherosclerosis. Vascular lesions and peripheral inflammation status in this NHP atherosclerosis model were characterized by immunohistochemistry and blood biomarkers [START_REF] Register | Primate models in women's health: inflammation and atherogenesis in female cynomolgus macaques (Macaca fascicularis)[END_REF]). Yet the model has never been explored using translational multimodal imaging techniques and inflammation imaging biomarkers.

The aim of the present study is to show the added value of inflammation imaging markers and blood biomarkers for stratifying cardiovascular risk in an NHP atherosclerosis model. To develop a tool for stratification of vulnerable profiles in NHPs, we used blood sampling (lipid profile, and inflammatory circulating biomarkers), PET/CT and MRI inflammation imaging using dual PET tracer imaging in NHPs under atherogenic diet. We then evaluated the gene expression risk profile from three vascular territories and compared this with the in-vivo biomarker risk assessment. The carotid gene expression pattern was also evaluated in human endarterectomy samples from symptomatic and asymptomatic carotid artery stenoses. The study hypothesis was that discrimination of cerebrovascular risk requires a combination of metabolic, inflammatory and anti-inflammatory biomarkers.

MATERIAL AND METHODS:

Animals:

All animal studies and experiments were approved by the French Ministry of Agriculture and carried out in accordance with its official regulations, after approval by the local institutional review board (n os Pri V3944-000, Ssniff, Germany) (n=3: 2 female, 1 male) for 24 months. Food rations were adapted to each individual according to body weight (100g per day per animal under 5 kg; 200g per day per animal over 5 kg). One fruit was provided daily for each animal. Delicacies were also occasionally given to the animals at the end of the day as part of the test facility's environmental enrichment program. Study duration was 24 months.

Blood sampling:

For SD animals, 1 blood sample was taken at end of study. For lipid and cytokine plasma markers monitoring in HC animals, 6 blood samples were taken by venipuncture from the femoral vessel under anesthesia by ketamine (Imalgene® 1000, Merial, France) at 0, 1, 7, 12, 18 and 24 months (see supplemental Figure S1 for study design). The animals were fasted prior to blood collection. Blood was collected in EDTA tubes for plasma harvesting and inflammatory cytokine assay, and in citrate tubes for cholesterol/lipoprotein assay. The EDTA and citrate tubes were centrifuged at 1,500 g for 10 minutes; then supernatant was removed and stored at -80°C until further assays.

At the last time point, serum was used for high-sensitivity C-reactive protein (hs-CRP) measurement.

Cholesterol/lipoprotein and triglyceride assay:

Total plasma cholesterol was measured using the Accutrend Plus kit (Roche, France), and lipoprotein fractions in plasma were assessed using the Lipoprint® LDL subfractions kit (Quantimetrix, California, USA) according to the manufacturer's instructions.

Peripheral inflammation:

Hs-CRP was assessed in serum using a commercial kit (CSB-E10035Mo, CUSABIO, Baltimore, MD, USA).

Multimodal imaging in NHP

Ultrasonography:

Ultrasonography of vascular territories was performed jointly by a veterinarian and a cardiologist, both experts in ultrasound imaging, using a Philips CX 50 apparatus with a C8-5 microconvex probe according to a standardized imaging protocol: aorta, iliac bifurcation and carotid arteries. Results were expressed as presence or absence of lesion, and vessel wall thickness, and intima-media thickness (=IMT, when possible) (otherwise, in patients, IMT>0.7 mm can be assumed). For longitudinal assessment of disease progression, a score was given at each ultrasound session: 1 for small lesion in a single location, 2 for multi-site small lesions, and 3 for multi-site lesions with at least 1 large plaque.

PET/CT Scan:

Images were acquired on a 64-multidetector PET/CT scanner Biograph mCT (Siemens, Erlangen, Germany) with an axial field of view of 22 cm. The scanner is checked every day using established calibration procedures.

FDG imaging was performed in all animals 60 minutes after intravenous [ 18 F]-FDG injection of a target dose of 5 MBq/kg (mean dose, 86. 24 ± 22.72 MBq). Animals were placed in a supine position. 60 minutes after injection of the radiotracer, a whole-body low-dose CT scan (80kV, 20mAs, 1 mm slice thickness and 0.5 sec pitch) was acquired for attenuation correction. The CT scan dose was adjusted using the Care Dose 4D software (Siemens), with the animal body centered in the scanner to enable the whole-body coverage.

Three bed positions were used: the first one centered on the carotids encompassing the aortic arch and its branches, and the others 2 distally to cover the upper and lower part of the abdomen. Prior to FDG PET, fasting blood glucose concentration was recorded to check for a level less than 200 mg/dL. For each bed position, acquisition duration was 5 minutes.

After the PET examination, a CT angiography was acquired with the same field of view (FOV). A bolus of 20ml Iomeron 400 (Guerbet, Aulnay-sous-Bois, France) was injected at a rate of 3.5ml/sec in the antecubital vein, followed by saline flush at the same rate. Acquisition parameters were: 80kV, 20mAs, FOV 500 mm, 30 sec B filter, slice thickness 1 mm, and pitch 0.5 sec.

A subgroup of 8 animals was also explored using the 

Tissue analysis

NHP vascular and non-vascular tissus preparations:

At end of study, the animals were deeply anesthetized before lethal injection of pentobarbital. Carotids, aortic arch, abdominal aorta, and non vascular tissues (heart, pericardial and pericoronary, visceral and subcutaneous fat, brain) were collected and prepared for further analysis (i.e. pathological examination, gene expression or biochemistry measurements).

Human carotid endarterectomy samples:

Human carotid samples (n=19) were obtained from asymptomatic and symptomatic patients undergoing carotid endarterectomy in vascular surgery department of Edouard Herriot Hospital (Lyon, France).

Written informed consent for analysis of blood and tissue samples was obtained from all patients before surgery. Patients were considered symptomatic when an ipsilateral carotid-related neurological event was reported in the previous 6 months. Samples were prepared and gene expression was performed with the same methods as NHP samples.

Inflammation and oxidative stress:

Vascular samples from the imaging location (carotids, aortic arch, and abdominal aorta) were kept frozen at -80°C and ground into powder using a mortar. Proteins were extracted from the powder using a PBS/EDTA (5mM) solution. Protein extracts were then used to assess inflammatory cytokines and oxidative stress markers (IL-1 β, IL-6, TNFα and MDA), in the same way than in plasma.

Gene expression study:

mRNA were extracted from NHP carotids, aortic arch, abdominal aorta, adipose tissues (visceral, pericardial and periarterial) and frontal brain and from human carotid samples using the TRIZOL reagent procedure. Expression was assessed for 20 genes corresponding to glycolytic metabolism (Hk1), mitochondria metabolism (Ppif, Tspo), pan-macrophages (Cd14, Cd68), Tlr4,Ccl2,Tnfα,Cxcl9,Ccr2,Clec7a,Irf4,Cd163) markers and lymphocyte infiltration (Cd3ε) (list of primers on demand: vdicataldo@hotmail.fr), using the qPCR method. Actine β was used as the reference gene.

Histopathology of vessel wall and heart

The left carotid and parts of aortic arch and heart (apical area) were removed and stored in a 4% paraformaldehyde solution for 24 hours and then in 15% sucrose for 48h, and placed in a histology cassette and frozen in liquid nitrogen, except for heart samples which were embedded in paraffin.

These samples were cut in 10μm slices by cryostat (LEICA CM3050S), then stained with Hematoxilin/Eosin (MHS32-1L & HT110232-1L, Sigma-Aldrich), Oil Red O (841K04010169, MERK) and Masson's trichoma (ab150686, AbCam) in order to visualize respectively section morphology, lipids and fibrosis. Photographs were acquired using the ZEISS Scope A1 microscope (ZEISS).

A researcher experienced in vascular pathology and blind to the imaging results examined all histology sections of each specimen. The following features were graded on a simple semi-quantitative scale previously published by Lovett et al [START_REF] Lovett | Histological correlates of carotid plaque surface morphology on lumen contrast imaging[END_REF]: thrombus area, thick, thin (<200 μm) or ruptured fibrous cap, intraplaque hemorrhage, neovascularization, and macrophage infiltration. Loose fibrosis, defined as fibrous tissue rich in non-fibrillar extracellular matrix with thin and non-condensed collagen fibers, was graded as <30% or >30% of total fibrous tissue.

Plaques were classified according to the American Heart Association classification of coronary atherosclerosis and according to the Lovett and Redgrave classification [START_REF] Lovett | Histological correlates of carotid plaque surface morphology on lumen contrast imaging[END_REF]Stary et al, 1995).

Data analysis:

Blood kinetics:

To estimate overall risk in the plasma profile over time for each animal, lipid and hs-CRP levels were summarized by the maximal, median and final (at imaging time point) values.

Image analysis:

MRI: vessel wall area was measured (in mm²) in the right and left carotids (3 slices / per artery) by manual delineation of the inner and outer contours. MR angiography and CT angiography acquisitions then registered the region of interest (ROI) on the PET/CT data (supplemental Figure S2). [ 11 C]-PK11195 analysis: Levels of translocator protein (18 KDa) expressed in active macrophages were assessed using [ 11 C]-PK11195 kinetic analysis with an image arterial input function (descending aorta) and a 2-compartment reversible model (2TC-rev) or an equivalent graphical analysis (Logan).

2TC-rev allows identification of the following kinetic rate constants: K1, k2 between vascular volume and non-specific tissue, and association (k3) and dissociation rate constants (k4) for receptor-specific [START_REF] Kropholler | Development of a tracer kinetic plasma input model for (R)-[ 11 C]PK11195 brain studies[END_REF]. Rate constants depend on local concentration in the region of interest (ROI), in arterial plasma and in tissue. The relationship between micro-parameters (K1, k2, k3 and k4) enabled estimation of a macro-parameter: volume distribution (Vt).

Logan plot is a linear method, enabling estimation of Vt regardless of the number of compartments [START_REF] Logan | Graphical analysis of reversible radioligand binding from time-activity measurements applied to [N-11C-methyl]-(-)-cocaine PET studies in human subjects[END_REF]. This graphical method is based on observation of the portion of the reversible model, which approaches a steady state after a certain time following, a linear trend the slope of which can be related to Vt. As performed in Gaemperli's clinical carotid study (Gaemperli et al, 2012), a simplified TBR (PK) was also calculated using a static image reconstructed from the 20-35 minutes frames.

Vt, SUVmax (PK) and TBR (PK) (calculated using a static image reconstructed from the 20-35 minutes frames) were then compared to FDG uptake levels (SUVmax [ 18 F]-FDG) and TBR [ 18 F]-FDG) at the same locations (right and left carotids).

Brain PET/CT analysis

Based on anatomical-MRI and a maximum probability atlas [START_REF] Ballanger | A multi-atlas based method for automated anatomical Macaca fascicularis brain MRI segmentation and PET kinetic extraction[END_REF], 88 ROIs were defined and used to measure [ 11 C]-PK11195 binding potential (BP, with the Simplified Reference Tissue Model, SRTM), using the caudate nucleus as reference region with minimal uptake on PET-scans for these regions; here we focused on the frontal cortex (7 ROIs) and limbic system (6 ROIs).

Statistical analysis

All values are expressed as mean ± standard deviation or median with percentile ranges. Differences were tested on t test. Regression analysis was used for comparison between MR and PET parameters. A p level <0.05 was considered significant. Heat-maps for genomic risk profile were generated by hierarchical clustering of samples, using the ward.2 algorithm. Statistical analysis for longitudinal follow-up and for comparison between HC and SD measurements was performed with p<0.05 considered as significant. All statistical analyses were performed using R software.

RESULTS:

During the 24 months of the study, 5 HC animals died: 2 early and abruptly after diet onset, 2 euthanized because of acute kidney failure, and 1 prematurely from acute pancreatitis (severe pancreas autolysis found on necropsy). In these animals, large atherosclerotic lesions were also observed in various vascular beds (data not shown).

High-risk lipid profiles

Plasma cholesterol levels were normal in all HC animals at the beginning of the study and showed a brutal increase after the first month of diet (1 month on HC diet, compared to baseline: p=4.5.10 -4 ) and stayed at high levels throughout the 24 months (Figure 1A). The HDL/LDL ratio showed a parallel sudden decrease during the first month and remained low thereafter (1-month compared to baseline ratio; p=1.2.10 -5 ; Figure 1B).

Lipoprotein profiles further exhibited the differences between HC and SD animals: a lower HDL concentration and "at-risk" LDL subfractions (dense LDL subfractions are associated with coronary artery disease and risk of myocardial infarction; [START_REF] Austin | Low density lipoprotein subclass patterns and risk of myocardial infarction[END_REF][START_REF] Campos | Low density lipoprotein particle size and coronary artery disease[END_REF] in HC animals, corroborating lipid dysregulation (Figure 1C-D). Triglyceride levels did not significantly differ between HC and SD animals, although individual differences were observed (data not shown).

Multi-site active lesions on multimodal imaging in HC animals

Numerous atherosclerotic plaques in HC animals were visible on ultrasound imaging; at T+18 months' diet, 9 of the 10 HC monkeys showed atherosclerotic lesions at locations similar to those found in humans (common carotid and bulb, aortic arch, iliac arteries), confirmed by vessel histology. Plaque Hs-CRP levels confirmed chronic low-grade inflammation persisting over time (Figure 3B andS4).

LDL-C levels were also high in the same time interval, but with no significant increase (Figure 3C).

The animals with increasing ultrasound scores also showed increased hs-CRP or maintained a high level during follow-up (Figure S4).

Animals that did not complete the study showed a burst of circulating inflammation biomarkers in the blood sample prior to death (data not shown). Finally, downstream consequences found in the heart (fibrosis on histology) and brain (lacunar stroke on FLAIR MRI) in animals with advanced lesions (Figure 4) confirmed overall vulnerable status with high-risk HC animals. Interestingly, the 3 animals exhibiting myocardial fibrosis on histology were those with increased ultrasound score at T+18 months, and either elevated hs-CRP at baseline or stronger increase at T+18 months (Figures S4 and4).

For HC animals, PET and MR inflammation marker levels did not correlate with MR plaque burden (data not shown; p=0.3 plaque with Gd, p=0.9 plaque with [ S3).

SD animals presented relatively elevated hs-CRP levels (18 and 35 μg/ml respectively) and their corresponding inflammation imaging was also above normal values for both gadolinium signal intensity enhancement, [ 18 F]-FDG SUV and [ 11 C]-PK11195 TBR (Figure 2B, D, F). On histology, myocarditis with diffuse myocardial fibrosis was discovered in 1 animal (SD#2), confirming the in-vivo inflammation findings.

Carotid high-risk profiles combine overexpression of metabolic, inflammatory and antiinflammatory genes

Genomic analysis of carotid arteries showed strong correlations between genes related to imaging biomarkers (Hk1 for [ 18 F]-FDG and Tspo for [ 11 1). Heat-maps of gene expression in carotids highlighted 3 distinct groups of NHP according to level expression (Figure 5A). Of note, the 3 NHPs presenting downstream events (HC #1, 9 and 13) were all grouped as high-risk by this analysis, confirming the stratification using ultrasound and circulating biomarkers such as LDL-C and hs-CRP (Figure 5A-B and supplemental S4).

Analysis of patients' carotid endarterectomy samples showed that this high-risk profile was more frequent in symptomatic than asymptomatic patients, with the same macrophage pattern with both inflammatory and anti-inflammatory markers expressed (Figure 6). These results confirmed the pattern already observed in NHPs, and strengthened the concept of a combination of metabolic, M1 and M2 markers in high-risk subjects (Tables 2 and3).

Other vascular trees, brain, and adipose and immune tissues HC animals with carotid [ 18 F]-FDG uptake also showed increased signal in the aortic arch, and in hematopoietic organs (spleen and bone marrow) (Figure S5). Tissue analysis of 3 arterial walls (carotid, aortic arch and abdominal aorta) confirmed the high-risk status of the NHPs, as they were the only cases presenting higher values for more than 1 inflammatory/oxidative marker (out of the 4 selected) (data not shown). Gene expression in the 2 aortic locations did not provide a completely similar stratification.

However, the association between inflammatory/metabolic and anti-inflammatory gene expression was maintained (Figure S6).

Interestingly, brown fat activity was significantly decreased in HC compared to SD animals, whereas the increased activity of visceral and subcutaneous fat did not reach significance (Figure S7). In both perivascular and visceral adipose tissue, the association between inflammatory and anti-inflammatory gene expression was also strong (Figure S7).

Finally, brain image analysis with the dedicated NHP atlas segmentation showed higher [ 11 C]-PK11195 uptake in regions of the limbic system and frontal cortex in HD than SD animals, and a correspondingly lower [ 18 F]-FDG uptake (Figure S8). Gene expression in the frontal brain showed correlation between TSPO and HK1 genes (related to imaging biomarkers) and inflammatory genes CCL2, CD3ε and IL-6, and strikingly a negative correlation between IL-1β and IL-1ra (Figure S9).

DISCUSSION:

Severe diffuse plaques with large lipid core were observed in NHPs, and were associated with In the last year or two, the classical dichotomy of M1 (inflammatory) and M2 (anti-inflammatory/repair) macrophages has been seriously reconsidered (Tabas et al, 2016). A more comprehensive vision is emerging in the immunology community. Innate immune cell priming has been shown to be essential for future monocyte/macrophage response in cardiovascular diseases, and has also recently been postulated in resident macrophages, even in the brain (Holtmann et al, 2015). This priming promotes very different phenotypes that combine a delicate mixture of conventional M1 and M2 markers. For M2 markers for atherosclerosis imaging have also already been evaluated. The mannose receptor CD206 was imaged by direct targeting [START_REF] Blykers | PET Imaging of Macrophage Mannose Receptor-Expressing Macrophages in Tumor Stroma Using 18F-Radiolabeled Camelid Single-Domain Antibody Fragments[END_REF][START_REF] Cope | The inextricable axis of targeted diagnostic imaging and therapy: An immunological natural history approach[END_REF] or using its carboxylate ligand by FDM PET imaging [START_REF] Tahara | 2-deoxy-2-[18F]fluoro-D-mannose positron emission tomography imaging in atherosclerosis[END_REF], and indirect CD163 imaging was performed by targeting the somatostatin receptor with its ligand [ 64 Cu]-DOTATATE, which correlated with CD163 macrophages and symptomatic plaques (Pedersen et al, 2015). The present gene analysis confirmed that M2 markers (IL-10, CD163, IRF4, IL-1ra) were closely associated with both metabolic and inflammatory markers (IL6, IL1β, CCL2) in the 3 vascular beds studied; IL-1ra was the anti-inflammatory marker more frequently associated with inflammatory markers in vascular tissues (with CCL2 and IL-1β in carotid and aortic arch and with IL-6 in carotid).

In-vivo imaging in the carotids showed that [ 11 C]-PK11195 and [ 18 F]-FDG were correlated in HC animals. Therefore, these two tracers appeared equivalent in carotid and aortic arch atheroma, but were negatively correlated in the vessel wall and perivascular tissues of SD animals. Genomic analysis of metabolic and mitochondrial gene expression confirmed this association in the carotids and in the two aortic sites, but only in pericardial adipose tissue and not in the other depots. Yet, in all adipose tissues, inflammatory and anti-inflammatory gene expressions were still closely associated, confirming the strength of this association in different microenvironments in this context of chronic low-grade chronic inflammation.

Conversely, [ 18 F]-FDG and [ 11 C]-PK11195 gave contrasting results in the brain: in the limbic system and frontal cortex. Lower [ 18 F]-FDG uptake in the limbic system may be related to lower neuronal activity, as observed in Alzheimer's disease [START_REF] Kato T 1 | Brain fluorodesoxyglucose (FDG) PET in dementia[END_REF], and increased [ 11 C]-PK11195 uptake may represent neuroinflammation induced by HC diet, as previously demonstrated in mice (Mao et al, 2015).

In hypercholesterolemia, the central role of TSPO in mitochondrial cholesterol trafficking may be disturbed, and could be a therapeutic target [START_REF] Lecanu | Control of hypercholesterolemia and atherosclerosis using the cholesterol recognition/interaction amino acid sequence of the translocator protein TSPO[END_REF]. It plays a major role in cholesterol trafficking and astrocyte homeostasis [START_REF] Da Pozzo | TSPO PIGA Ligands Promote Neurosteroidogenesis and Human Astrocyte Well-Being[END_REF]. In the brain, increased TSPO expression is also linked to astrocyte and microglial activation and/or macrophage recruitment in acute and chronic inflammation (stroke, epilepsy) [START_REF] Chauveau | In vivo imaging of neuroinflammation in the rodent brain with [11C]SSR180575, a novel indoleacetamide radioligand of the translocator protein (18kDa)[END_REF][START_REF] Yankam Njiwa | Quantitative longitudinal imaging of activated microglia as a marker of inflammation in the pilocarpine rat model of epilepsy using [11C]-( R)-PK11195 PET and MRI[END_REF].

Further studies in this advanced atherosclerosis model would be necessary to confirm these TSPO/FDG imaging findings in the brain, combining inflammation and neuron damage, particularly in the limbic system. These mechanisms have already been explored in the ApoE -/-mouse model (Fullerton et al, 2001;Schwartz et al, 2013). In primates, TSPO imaging was recently performed in the context of acute neuro-inflammation progressing to neurodegeneration [START_REF] Lavisse | 18F]DPA-714 PET imaging of translocator protein TSPO (18 kDa) in the normal and excitotoxically-lesioned nonhuman primate brain[END_REF], further confirming the relevance of the NHP model for translational neuro-inflammation imaging studies.

Compared to mouse models, the present NHP model is unique, as vulnerable plaque phenotypes were observed in both the carotid and coronary arteries, with pathological downstream events. Longitudinal follow-up using imaging of plaque progression in multiple sites and inflammation biomarkers provided a first read-out of at-risk profiles, very similar to the clinical pattern. In terms of translation, the at-risk signature in the vessel wall combined metabolic, inflammatory and anti-inflammatory gene expression, which was further confirmed in endarterectomy samples. Moreover, this gene association in the carotids was able to stratify higher-risk animals. This finding is very relevant for patient care after endarterectomy, but needs to be confirmed.

Another limitation of the present study was the single inflammation imaging session. [ 18 F]-FDG imaging has been successfully performed in phase II and III clinical trial, where changes in carotid and aorta [ 18 F]-FDG uptake were essential to showing inflammation modulation with treatment and the globally more stable phenotype in the treatment group [START_REF] Tawakol | Intensification of statin therapy results in a rapid reduction in atherosclerotic inflammation : results of a multicenter fluorodesoxyglucose-positron emission tomography/computed tomography feasability study[END_REF][START_REF] Tarkin | PET imaging of inflammation in atherosclerosis[END_REF].

In conclusion, the present NHP vulnerable plaque model demonstrated that the 2 imaging markers of inflammation used for carotid examination in patients, [ to be divided into 3 groups according to cardiovascular risk (A). To be noted: the three animals with downstream events were classified in the high cardiovascular risk group on the RNA expression analysis alone. PCA analysis confirmed the 3 groups of animals (B). In the following section, I will discuss more precisely the results obtained during my PhD on the lights of the literature and the perspectives opened by this work.

A. Protective effect of exercise depends on the control of HC diet consumption

The beneficial effects of exercise training are well-known and regular moderate intensity exercise is recommended for patients with chronic cardiovascular or metabolic diseases, as well as in all populations, for health preservation. Although some studies show improvement of patients' health status with exercise only [START_REF] Hambrecht | Effect of exercise on coronary endothelial function in patients with coronary artery disease[END_REF], others studies show that a controlled food intake and/or a careful diet is necessary to obtain these beneficial effects [START_REF] Bergouignan | Effect of contrasted levels of habitual physical activity on metabolic flexibility[END_REF]. Others publications have even shown that regular exercise can lead to plaque regression or to a reduction of necrotic core area in at-risk patients [START_REF] Kurose | Effect of exercise-based cardiac rehabilitation on non-culprit mild coronary plaques in the culprit coronary artery of patients with acute coronary syndrome[END_REF][START_REF] Madssen | Predictors of Beneficial Coronary Plaque Changes after Aerobic Exercise[END_REF].

Peripheral effects

In article n°1 we showed that exercise training had positive effects on systemic and peripheral organs (aorta, heart and liver) in old ApoE -/-mice under controlled calorie intake. First, exercise decreased cholesterol level and improved insulin sensitivity in old ApoE -/-mice. A decrease of oxidative stress characterized by a decrease of oxidative products (lower AOPP in the heart, aorta and liver and lower MDA in plasma), and an increase of antioxidant enzymes (increase of SOD in aorta, heart, plasma and liver and of GPx in liver) was observed in mice that underwent regular voluntary exercise training compared to sedentary ones. Similarly, a lower level of inflammatory cytokines (IL-1β and TNFα) in aorta confirmed a decrease in inflammation in the exercised mice. Of note, although old ApoE -/-mice were obese at the beginning of the study due to their exposure to a HC diet beginning at 8 weeks of age, no significant weight gain was observed in either trained or sedentary mice due to the controlled calories intake.

In the context of ad libitum access to HC diet (article n°2), no beneficial effect of exercise was observed. Indeed, plasmatic cholesterol levels were similarly high in exercised and sedentary mice, as were oxidative stress and inflammation in the plasma and the aorta. A significant weight gain and a worsening of insulin resistance were even noted in trained mice at the end of the study.

The only difference between these two studies is the free/controlled HC diet access. This suggests that the differences observed on the impact of exercise in these two studies are related to fat/cholesterol consumption. Indeed, although our HC diet was not the maximally-enriched in cholesterol (0.5% when diet with 1.25% are available), it contained 21% fat mainly from pork lard (saturated fatty acid) which is known to play a role in the development of insulin resistance [START_REF] Putti | Skeletal Muscle Mitochondrial Bioenergetics and Morphology in High Fat Diet Induced Obesity and Insulin Resistance: Focus on Dietary Fat Source[END_REF]. Another suggestion is that, as mentioned in article n°2 and presented in several publications, some individuals were recognized as "non-responders" to exercise [START_REF] Böhm | Exercise and diabetes: relevance and causes for response variability[END_REF]. However, other recent studies highlighted the fact that maybe "non-responders" are just individuals who need more exercise (i.e. larger amount of exercise and especially high intensity exercise) than the majority of people to present the same beneficial effects of training [START_REF] Ross | Separate Effects of and Amount of Exercise on Interindividual Cardiorespiratory Fitness Response[END_REF]. Indeed, they showed that after 24 weeks of high-amount + high-intensity resistance training, there were no non-responders, while there was still 38% in the low-amount + low-intensity group. In a similar way, Bourdier et al showed that high-intensity exercise reduced size of myocardial infarction [START_REF] Bourdier | High-intensity training reduces intermittent hypoxia-induced ER stress and myocardial infarct size[END_REF]. These are really interesting findings, but I do not think that they can explain the more severe lesions found in our ApoE - /-mice under ad libitum HC diet compared to those of under controlled caloric intake. Indeed, ApoE -/- mice of both articles 1 and 2 ran similar distances per week, but showed completely opposite metabolic effects. Furthermore, it would be a huge coincidence if all of the 7 trained mice of article n°2 were nonresponders. In my opinion, the main difference is that ad libitum-fed mice consumed a lot more "lipotoxic" food than controlled ones, and this food behavior can be due to their regular exercising.

Indeed, if the mice in both articles exercised in a similar manner, the fact that those in article n°2 had ad libitum access to high fat diet resulted in a blunting of positive metabolic effects of exercise.

Central effects

Exercise impacted the brain differently in our two studies. While exercise presented a beneficial impact on cerebrovascular lesion with maintenance of BBB integrity and a low macrophage accumulation in periventricular areas in old ApoE -/-mice fed a controlled ration of HC diet, in a context of unregulated consumption of HC diet, exercise exhibited effects that are more deleterious. In article n°2, we observed a significant increase of BBB leakage and macrophage accumulation in the brain in exercised mice compared to sedentary mice. This discovery is strengthened by the longitudinal imaging follow-up which enabled us to observe the changes between pre and post-training images on both gadolinium-enhanced and T2/T2* sequences.

As shown recently, a daily ingestion of large amounts of high fat or HC diet in mice could lead to a chronic increase of LPS concentration in the gut by the microbiota, which can then be transferred to plasma, and to metabolic organs as well as to the brain (Mao et al., 2015). Therefore, this nutritional condition could lead to both chronic low-grade metabolic inflammation and neuroinflammation as showed in our old ApoE -/-mice under HC diet. In the brain, LPS is also known to affect permeability of the BBB through the release of cytokines [START_REF] Xaio | Effect of LPS on the permeability of the blood-brain barrier to insulin[END_REF].

In old ApoE -/-mice consuming an atherogenic diet, inflammation and BBB leakage are located in first-line responding regions in terms of BBB influx and immune cell recruitment, such as the hippocampus and circumventricular organs (Fullerton et al., 2001;Schwartz and Baruch, 2014). These specific areas have also been found to respond after a simple intraperitoneal LPS challenge [START_REF] Mori | From cartoon to real time MRI: in vivo monitoring of phagocyte migration in mouse brain[END_REF]. The fact that these locations are impacted supports the hypothesis that the continuous ingestion of HC diet by our obese mice increased LPS influx. These areas are also functionally involved in the regulation of food intake and central response to specific endocrine signals, such as leptin and others linked to obesity and metabolic diseases [START_REF] Erion | Obesity elicits interleukin 1-mediated deficits in hippocampal synaptic plasticity[END_REF][START_REF] Hsu | Blood-brain barrier disruption: mechanistic links between Western diet consumption and dementia[END_REF][START_REF] Kanoski | Liraglutide, leptin and their combined effects on feeding: additive intake reduction through common intracellular signalling mechanisms[END_REF][START_REF] Wang | Endogenous Glucagon-like Suppresses High-Fat Food Intake by Reducing Synaptic Drive onto Mesolimbic Dopamine[END_REF].

In old animals with advanced metabolic diseases, such as our ApoE -/-mice, the central beneficial effects of exercise appear to be impeded by the combined deleterious effects of the HC diet and age. This would lead to a vicious circle of central inflammation, promoted by overfeeding of atherogenic diet and eventually a constant influx of LPS, in turn worsening the central endocrine dysregulation of food intake.

It is now acknowledged that unhealthy diets can cause dysbiosis leading to gut inflammation [START_REF] Chistiakov | Role of gut microbiota in the modulation of atherosclerosis-associated immune response[END_REF] and numerous studies have shown that chronically inflamed gut may upregulate barrier breakdown, LPS permeability, generation of proinflammatory cytokines, systemic inflammation and neuroinflammation [START_REF] Denes | Inflammation and brain injury: acute cerebral ischaemia, peripheral and central inflammation[END_REF][START_REF] Macrez | Stroke and the immune system: from pathophysiology to new therapeutic strategies[END_REF]. Indeed, a wide range of inflammation-related proteins (LPS, CRP, and inflammatory cytokines) were found to be increased in Alzheimer's disease (AD) patients, promoting systemic and neuroinflammation (Zhang et al., 2009). Numerous recent studies have pointed out the link between peripheral inflammation and neuroinflammation and/or cognitive defects such as in AD, Parkinson's disease (PD), and Crohn's disease (CD) [START_REF] Denes | Inflammation and brain injury: acute cerebral ischaemia, peripheral and central inflammation[END_REF][START_REF] Herrera | Collateral Damage: Contribution of Peripheral Inflammation to Neurodegenerative Diseases[END_REF][START_REF] Van Langenberg | New choices, new challenges: Anti-TNF versus anti-integrin molecule therapy in IBD[END_REF]. Atherosclerosis has a significant impact on AD progression, and although the mechanisms are still unclear (Takeda et al., 2008) we can hypothesize that circulating proinflammatory cytokines are part of the link between these two pathologies. Interestingly, the hippocampus is the most cited brain region impacted by systemic inflammation [START_REF] Hall | Biomarkers of vascular risk, systemic inflammation, and microvascular pathology and neuropsychiatric symptoms in Alzheimer's disease[END_REF][START_REF] Quirce | Contribution of 18F-sodium fluoride PET/CT to the study of the carotid atheroma calcification[END_REF].

These studies highlighted the different routes by which systemic inflammation can access the brain, such as the vagus nerve, leaked BBB or by circumventricular organs (CVOs) [START_REF] Daulatzai | Chronic functional bowel syndrome enhances gut-brain axis dysfunction, neuroinflammation, cognitive impairment, and vulnerability to dementia[END_REF]Roth et al., 2004). CVOs border the hippocampus and the cerebellum possibly explaining why these regions are the first affected by the neuroinflammation induced by systemic inflammation. In our ApoE - /-mice, we can hypothesize that BBB leakage observed by MRI might be the result of the release of LPS from HC diet absorption. Interestingly, the regions affected in our study are the hippocampus and the periventricular areas (CVOs) giving evidence that the gut-brain axis plays a role in the lesions observed.

B. What imaging modality or combination of imaging modalities is the most relevant for CV risk assessment?

In our non-human primate study, we used multimodal imaging to determine the cardiovascular risk of each animal (article n°3). We demonstrated that ultrasound follow-up of multiple vascular territories was useful and allowed the detection of plaque progression and the more accurate stratification of animals according to the number of territories impacted and the progression or regression of the plaque during the follow-up. This single observation, combined with LDL-C and hsCRP level variations during the same period was sufficient to distinguish the three animals exhibiting evident downstream events at the time of sacrifice. As said above, ultrasound imaging was performed on multiple arteries in order to evaluate the most relevant localizations for further examinations. Then, MRI and molecular imaging was focused on the carotids as the most frequently lesioned territory in our animals and also the most studied in human clinical studies. MRI provided morphologic information of vessel wall volume and plaque area while PET/CT imaging with [ 18 F]-FDG and [ 11 C]-PK11195 was used to detect high metabolic activity and inflammation in the plaque, respectively. These two features are important to take into account because they indicate plaque activity and enable the differentiation of active and vulnerable plaques from silent plaques, which are less dangerous, even if they can be more stenotic than others.

Ultrasound and especially carotid intima-media thickness (cIMT) and X-ray tomography coronary calcium scores (CCS) have been considered to be standard measurements for CV risk assessment in asymptomatic patient for decades [START_REF] Beere | Experimental atherosclerosis at the carotid bifurcation of the cynomolgus monkey. Localization, compensatory enlargement, and the sparing effect of lowered heart rate[END_REF][START_REF] Naqvi | Carotid intima-media thickness and plaque in cardiovascular risk assessment[END_REF][START_REF] Spence | Technology Insight: ultrasound measurement of carotid plaque--patient management, genetic research, and therapy evaluation[END_REF] and are even part of the AHA/ACC guidelines [START_REF] Greenland | ACCF/AHA guideline for assessment of cardiovascular risk in asymptomatic adults: a report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines[END_REF]. However, their usefulness is still debated as some studies showed that it might not be accurate [START_REF] Finn | Correlation between carotid intimal/medial thickness and atherosclerosis: a point of view from pathology[END_REF][START_REF] Meershoek | Histological evaluation disqualifies IMT and calcification scores as surrogates for grading coronary and aortic atherosclerosis[END_REF]. Indeed, cIMT and CCS are relevant measurements for early stage plaques, but showed no longer correlation with advanced plaques, showing that cIMT and CCS do not provide any supplemental benefit to prediction algorithms such as the Framingham Risk Score [START_REF] Polak | Carotid-wall intima-media thickness and cardiovascular events[END_REF]. Interestingly, if cIMT was not correlated to the plaque severity as observed post-mortem in the study of the Johnsen's team, it was demonstrated that the location where the measure is performed is of major importance. Indeed, cIMT of the common carotid showed no association with cardiovascular event (CVE) occurrence while cIMT of the carotid bulb showed a positive association [START_REF] Johnsen | Carotid atherosclerosis is a stronger predictor of myocardial infarction in women than in men: a 6-year follow-up study of 6226 persons: the Tromsø Study[END_REF].

It is worth noting that the fact that plaques extend faster in length along the carotid than in thickness [START_REF] Barnett | Psychological stress and the progression of carotid artery disease[END_REF] might explain the non-accuracy of cIMT measurements. Moreover, it is now known that the real danger in the plaque is its constitution (mainly lipidic, fibrotic, calcified, vascularized, etc) more than its thickness [START_REF] Naghavi | From Vulnerable Plaque to Vulnerable Patient: A Call for New Definitions and Risk Assessment Strategies: Part I[END_REF]. Thus ultrasound using microbubbles also is an interesting modality especially for treatment follow-up as some agents are very sensitive and able to detect changes in endothelial phenotype as increase of adhesion molecules in endothelial cell surface [START_REF] Khanicheh | Molecular imaging reveals rapid reduction of endothelial activation in early atherosclerosis with apocynin independent of antioxidative properties[END_REF].

More importantly, we found that [ 18 F]-FDG and [ 11 C]-PK11195 uptake were positively correlated in high cholesterol animals but negatively in the standard diet animals, suggesting that atherosclerosis pathology induced the uptake of these two markers in similar ways (article n°3). On the contrary, standard diet animals showed high uptake of [ 18 F]-FDG and low uptake of [ 11 C]-PK11195 or the inverse thus demonstrating the relevance of the dual tracer imaging for cardiovascular risk assessment.

As interesting as our imaging finding in this NHP study are, one important limitation is the fact that PET/CT and MRI imaging were only performed once, respectively at T+18 and T+24 months, thus providing incomplete information regarding lesion evolutivity. Indeed gene analysis is representative of the physiopathologic state of the animals at the end time point. Thus, [ 18 F]-FDG and In our article n°3, we analyzed M2 markers expression in the carotid and aortic arch in non-human primates under atherogenic diet or standard diet. We showed that M1 markers were more highly expressed in animals presenting large and severe plaques as well as downstream events (i.e. myocardial fibrosis or stroke), confirming the literature. Strikingly, we demonstrated that M2 markers (IL-1ra, CCR2, IL-10, Dectin-1 (CLec7a), IRF4 and CD163) were also highly expressed in these same animals. Indeed, in our study, mRNA expression analysis in the carotids grouped together animals presenting the most expressed M1 and M2 markers and these three NHPs are the ones that exhibited myocardial fibrosis and lacunar stroke at the autopsy, confirming the classification based on mRNA expression. These results are challenging the M1/M2 dichotomy paradigm that is largely accepted with M1 being predominant in vulnerable plaque and/or in symptomatic patients and M2 mostly in asymptomatic patients/stable plaque (de Gaetano et al., 2016;[START_REF] Mosser | Exploring the full spectrum of macrophage activation[END_REF]. Thus it confirms the observations of several studies exhibiting that human macrophages subtype are extremely plastic and dynamic and are largely more complex than the M1/M2 dichotomy [START_REF] Chinetti-Gbaguidi | Macrophage subsets in atherosclerosis[END_REF]van Dijk et al., 2016).

In their study, van Dijk et al, demonstrated in an abdominal aorta tissue bank that multiplex staining for M1/M2 macrophages failed to show a significant predominance of M1 macrophages in the foam cell-rich areas in humans' abdominal aorta plaques. Moreover, in this study, ~20 to 30% of macrophages from plaque at early to advanced stages are double positive for both M1 and M2 markers, challenging even more the paradigm of a clear M1 to M2 dichotomy. This is consistent with our results in article n°3 showing that animals with high M2 markers expression also have high expression of M1 markers. Furthermore, in our NHP study, animals for which M1 and M2 macrophage marker were most expressed were those presenting downstream events, suggesting that in late advanced stages of atherosclerosis or rupture-prone plaque, M2 markers are more likely a signal of danger than a sign of healing in progress as we used to see them.

Although macrophages' plasticity has been well documented in vitro as in vivo strongly suggesting a functional adaptivity of these cells [START_REF] Shnyra | Reprogramming of lipopolysaccharide-primed macrophages is controlled by a counterbalanced production of IL-10 and IL[END_REF][START_REF] Stout | Macrophages change their functional phenotype in to changes in microenvironmental influences[END_REF], this might not be systematic and may depend not only of the microenvironment but also of the state of differentiation of the macrophage [START_REF] Bouhlel | PPARgamma activation primes human monocytes into alternative M2 macrophages with anti-inflammatory properties[END_REF][START_REF] Gleissner | CXCL4 downregulates the atheroprotective hemoglobin receptor CD163 in human macrophages[END_REF]. Nonetheless, if M2 macrophages may exhibit mostly anti-atherogenic functions, they still have some properties that may promote plaque progression such as increased sensitivity to oxLDL, which may lead to enlargement of the lipidic core.

Furthermore, this plasticity can even lead to undesired functions and switch healing-prone macrophages to deleterious-prone ones without completely changing their phenotype.

D. Is combination of inflammatory with anti-inflammatory biomarker the answer for accurate individual stratification in atherosclerosis-induced CV risk?

As stated above, in our non-human primate study (article n°3), we observed an interesting correlation in the carotids between the mRNA expression of M1 (mainly TLR4, MCP-1, IL-6, IL-1β) and M2 (CD163, IRF4, IL-1ra, CLec7a) markers, with an increased expression in the most affected animals. It is worth noting that these markers were also positively correlated to metabolic (HK1), macrophage activation (TSPO) (both of them being related to the PET/CT imaging tracers used in this study) and lymphocyte (CD3ε) markers. Indeed, metabolic and inflammatory activity of cells contained in, or in the neighborhood of the plaque are essential features to take into account, not to mention lymphocyte infiltration into the plaque, which is a known marker of vulnerable/rupture-prone plaque in humans [START_REF] Van Dijk | A change in inflammatory footprint precedes plaque instability: a systematic evaluation of cellular aspects of the adaptive immune response in human atherosclerosis[END_REF][START_REF] Sakakura | Pathophysiology of atherosclerosis plaque progression[END_REF].

Based on these markers, gene analysis enabled to divide animals in three groups, the ones presenting the higher expression of these markers being the same as those exhibiting severe plaques, myocardial fibrosis, and for one of them even a lacunar stroke, suggesting that this combination of tissular markers is relevant for an individual stratification of cardiovascular risk. Furthermore, these three animals (called "at-risk") highlighted by the genomic analysis are those presenting an increase of their ultrasound score, i.e. presenting an aggravation and/or a development of their plaques during the 6 months between the two ultrasound sessions confirming the recent highlightening of the high value of combining molecular tools (transcriptomics, proteomics and lipidomics) with imaging techniques to improve the individual CV risk stratification [START_REF] Calcagno | Systems Biology and Noninvasive Imaging of Atherosclerosis[END_REF].

Interestingly, in the aortic arch, the classification of the animals is slightly different, but in fine, all animals grouped in the "medium" and "high-risk" groups showed up. The NHP HC#9 went from the high-risk group in the carotids to medium risk group in the aortic arch, confirming that not all plaques represent the same CV risk in one subject.

In at-risk animals, a high TSPO expression was observed in the carotids, which seems to be correlated with TLR4 and with macrophages (CD68). In the brain, it appears to be different, it is not correlated with macrophages (CD68 is negatively correlated to IL1β, and positively to M2 markers) but still with TLR4 and CD3ε. However, in this study, only the frontal part of the brain was used for gene expression analysis while on images we can see that the area presenting a lacunar stroke is close to the ventricles and more in a ventrotemporal localization, which might be part of the differences in gene expression between the carotid and the brain (article n°3).

Nonetheless, we had to notice that in our NHPs, as well as in our ApoE -/-mice, the brain regions exhibiting a high [ 11 C]-PK11195 uptake are periventricular areas, related to limbic system (hippocampus, amygdala, etc) and circumventricular organs (articles n°1, 2 and 3). Indeed, in our ApoE -/-mice studies, USPIOs MR imaging showed the same most affected regions, confirming the deleterious impact of high cholesterol diet on cerebrovascular units and circumventricular organs. Mice are a well-used animal model for atherosclerosis research thanks to their technical advantages (small size, easy breeding) and mostly because of the abundance of genetic modifications available enabling mechanistic studies and so importance advances in comprehension of atherosclerosis physiopathology [START_REF] Badaut | Increase of arginase activity in old apolipoprotein-E deficient mice under Western diet associated with changes in neurovascular unit[END_REF]Millon et al., 2014). However, translation from mice to humans is really difficult as showed by an abundant literature displaying large amounts of evidences of negative results obtained in clinical studies on neuroprotection despite a large body of evidence in mouse models of stroke [START_REF] Cho | Pre-and post-treatment with cyclosporine A in a rat model of transient focal cerebral ischaemia with multimodal MRI screening[END_REF][START_REF] Kohler | Intravenous minocycline in acute stroke: a randomized, controlled pilot study and meta-analysis[END_REF][START_REF] Nighoghossian | Cyclosporine in acute ischemic stroke[END_REF]. On the other hand, although non-human primates' studies are performed on a small animal number and do not enable such genetic modifications as mice, they present such physiological and even pathophysiological similarities with humans.

Moreover, their large size allows the use of the same imaging methods that they can be considered as an accurate and relevant animal model for phase II and III trial in such complex context as atherosclerosis and its outcomes.

CONCLUSION AND PERSPECTIVES

We showed in our article n°1 that low-intensity exercise effectively protects the brain from high fat diet-induced cerebrovascular lesions and for the first time in our second study on ApoE-/-mice (article n°2) that the non-restricted consumption of an atherogenic diet in old ApoE -/-mice blunts these central beneficial effects, leading to inflammation and BBB leakage in areas that are both involved in food intake regulation and immune cell recruitment. This work suggest that exercise-induced modulation depends on the amount of food intake. Indeed, when food intake was regulated, exercise showed a positive modulation of atherosclerosis (decrease of inflammation, oxidative stress, and plaque progression), while exercise induced deleterious effects when associated with unregulated food intake.

These results emphasizes the need for further gut-brain axis studies, including diet and exercise combined with neuroimaging biomarkers of inflammation and BBB permeability in order to evaluate the neuro-immune interactions and elucidate the central effect of the interventions.

The first thing to note on our article n°3 is that non-human primates under atherogenic diet is a relevant model of vulnerable plaque. Our results suggest that for an accurate stratification of the individual cardiovascular risk, it would be useful to perform an ultrasound follow-up of multiple arterial territories to observe global plaque progression, and of systemic inflammation marker such as hsCRP combined with imaging evaluation of M1 and M2 markers expression in the plaque. To note that in nonhuman primates as well as in humans, increased expression of both M1 and M2 markers in the plaque of at-risk subjects, challenges the M1/M2 paradigm. Thus, further studies on the macrophage phenotype in vulnerable atherosclerotic plaque are needed.

To summarize, atherosclerosis risk factors induce a local vascular inflammation, promoting the development of the plaque, which results in an increase of the local inflammation. This spreads into the systemic circulation leading to a systemic inflammation, which induces chronic cerebrovascular inflammation in the periventricular areas and favors the occurrence of ischemic accidents such as TIA and stroke that contribute to the systemic inflammation leading to plaque progression. This vicious circle between local, systemic and cerebrovascular inflammation and their component is still unexplained.

Imaging modalities enable the visualization and the study of both systemic circulation and brain and specific imaging markers can be used to characterize the plaques (e.g. morphology, activity, and metabolism) (Figure 25). Further studies are needed to reveal the role of each actors of the vicious circle.

To go further, analysis of peripheral blood mononuclear cells (PBMCs) is in progress in our NHP model, focused on their function and metabolic pathways involved in it (glycolytic, oxidative, mitochondrial markers) and their translational potential for CV risk stratification in atherosclerosis animals and in NHP acute stroke model.

Human's analysis of differences in M1/M2 and metabolic markers expression in symptomatic and asymptomatic human carotids is ongoing, with the objective to make the link with the impact of oxidative stress and sedentary (and even ultra-sedentary) behavior on these markers.

In parallel, a NHP study between a phase II and phase III trial of neuroprotective strategies targeting mitochondria with PET/MRI and PBMC longitudinal evaluation is in progress, as well as clinical studies using PET/MRI in stroke. A better selection of inclusion and exclusion criteria can be performed using translational imaging biomarkers (PET/MRI) and translational results from NHPs models (TSPO expression via PET imaging and BBB functional PET/MR in the cerebro-vasculature).
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  steps. Nowadays, treatments can concern patients with atherosclerosis and CVD risk factors thus called primary prevention treatment (most of the time hypocholesterolemiant drugs) or patients who already have outcomes resulting of their plaques, then there are secondary prevention drugs. Treatment for these patients are mostly focus on decreasing the inflammatory process and oxidative stress in order to stabilize the progression of the plaque and avoid the occurrence of others deleterious outcomes.The followingparagraph will sum up in a non-exhaustive way the most used treatment for primary and secondary prevention such as cholesterol lowering drugs, anti-inflammatory and antioxidant treatments. a) Cholesterol lowering drugs Since Anitschkow highlighted the major role of cholesterol in atherogenesis and plaque progression and afterdecades of research on cholesterol in atherosclerosis, the decrease of LDL-C seemed to be the best target for patients' treatment.

  this first part of the introduction, I have presented the atherogenesis and plaque development cycle, its main cerebrovascular outcome and briefly resume the different animal models used for research and the different interventions available to counteract plaque development and progression. In particular the strong link between inflammation and lipids handling, in vessels as in brain.

  b) Malondialdehyde (MDA) MDA has been documented in either chronic and acute diseases associated with high levels of oxidative stress such as cardiovascular, metabolic or neurodegenerative diseases. Although MDA levels in plasma of healthy individuals have shown great variability and the detection methods possessed numerous limitations[START_REF] Del Rio | A review of recent studies on malondialdehyde as toxic molecule and biological marker of oxidative stress[END_REF], MDA is still used as biomarker of oxidative stress. Indeed, during oxidative modification occurring in atherosclerosis, LDL lipids undergoes peroxidation leading to generation of different particles including MDA-particles. MDA-modified LDL possesses a potent chemotactic potential and can be engulfed more easily by macrophages. Recently, Tsiantoulas et al,[START_REF] Tsiantoulas | Circulating microparticles carry oxidation-specific epitopes and are recognized by natural IgM antibodies[END_REF]showedthatplasmatic MDA levelfrom the culpritlesion site of patient withmyocardialinfarction are increasedcompared to levelsfrom the periphery. c) Superoxide dismutase (SOD)

  c) Interleukin-1 beta (IL-1β) IL-1β is a resulting of the member of the interleukin 1 family. It is produced by macrophage as a precursor (pre-IL-1β) which is activated when cleaved by cytosolic caspase 1. IL-1β is an important mediator of the inflammatory response and is involved in numerous cellular activities, including cell proliferation, differentiation and apoptosis. An increased secretion of IL-1β leads to different autoinflammatory syndromes.

1 .

 1 Clinical-established imaging modalities for atherosclerosis Numerous imaging modalities are now available for research and clinical purpose. Here we will briefly present what are those techniques to evaluate plaque morphology and function. a) Ultrasound investigation of vascular territories Medical ultrasound (also known as ultrasonography) is a diagnostic imaging based on the application of ultrasound.

  will base our discussion on clinically available tracers and probes. a) Positron Emission tomodensitometry (PET/CT) Positron Emission Tomography (PET) is a metabolic functional imaging modality used both in clinic and in research. It needs intravenous injection of a radiopharmaceutical positron emitter (called radiotracer), manufactured in a cyclotron. This production is divided into two steps: generation of the radioelement and radiosynthesis of the radiopharmaceutical. The PET imaging is most likely combined with a computerized tomography (CT) scan, to allow a more precise localization of the uptake region.

68

  Ga-NOTA-RGDNeoangiogenesis is another well-known vulnerable plaque feature due to the risk of intraplaque hemorrhage leading to plaque rupture.68 Ga-1,4,7-triazaclyclononane-1,4,7-triacetic acid (NOTA)-Arg-Gly-Asp (RGD) ( 68 Ga-NOTA-RGD) target integrin ανβ3 expressed in angiogenic endothelial cells and macrophages. An increased uptake of this tracer was related to aortic atherosclerosis in ApoE null mice compared to atherosclerosis-free control animals and in a few patients with atherosclerosis[START_REF] Paeng | Feasibility and kinetic characteristics of (68)Ga-NOTA-RGD PET for in vivo atherosclerosis imaging[END_REF].b) Adhesion molecules imagingMigration of blood-borne leukocytes through the endothelium and/or the BBB if in the brain is a process consisting of chemoattraction, adhesion and transmigration. Chemoattraction is mediated via various cytokines and adhesion through the interaction of endothelial cell selectins (e.g. Pselectin), VCAM-1 or ICAM-1 with leukocytes integrins. Adhesion molecules are upregulated by inflammation and often represent the first hallmark of the inflammatory process making them interesting targets for imaging studies.i. Vascular adhesion molecule (VCAM-1)VCAM-1 (also called CD106) is and adhesion protein of the immunoglobulin superfamily expressed on endothelial cells. It is the most imaged adhesion molecule in atherosclerosis and neuroinflammation. VCAM-1 can be imaged using various tracers and techniques such as anti-VCAM-1 antibody conjugated to micron particles of iron oxide (MPIO) also named VCAM1-MPIO (McAteer

  In this second part, I have presented the different available biomarkers. Of note, as molecular imaging is still in development, we can easily imagine that new techniques and biomarkers will emerge in the near future. The next part of this manuscript focused on my research work, ultrasound and MRI were used for in vivo morphologic characterization of the arterial wall, and USPIO and 11 C-PK11195 for inflammation in large arteries and in brain.
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  FIGURES LEGENDS:

Figure S1 :

 S1 Figure S1:Abdominal MRI of fat mass of a SED (A) and an EX ApoE -/-mouse (B) and fat mass index (C) of ApoE -/-mice after the 12-weeks training. EX mice showed no apparent differences of fat distribution compared to SED mice(C). In both EX and SED ApoE -/-mice, localization of the fat depots was typical of the metabolic syndrome (A-B). Of note, the liver signal on the fat image was also higher than normal in both cases (A-B).

Figure S2 :

 S2 Figure S2: Impaired glucose time-course during insulin tolerance test of both SED and EX ApoE -/-mice before and after the twelve-weeks training (A). SED and EX WT mice values are given for reference, before and after the training (B). $ Significantly different from corresponding mice pre-training condition p<0.05; $$ p<0.005.

Figure S3 :

 S3 Figure S3: T2* map of SED and EX ApoE -/-mice before the twelve-weeks training (A for SED, D for EX) and after training (B for SED and E for EX), and after training post-USPIOs T2* in SED (C) and EX (F) ApoE -/-mice showing phagocytosis activity in periventricular areas. WT mice T2* maps under the same conditions are given for reference, before (G, J) and after training (H-I, K-L; I and L are after training post-USPIOs T2* maps). Display parameters (window width and contrast level) are identically set for all maps (respectively 5500 and 2500). After training, focal low T2* areas are visible in both SED and EX ApoE -/-(arrow, B and E). Inflammation is present around these areas, as shown by post-USPIOs maps (arrow, C and F).

Figure 24 :

 24 Figure 24: Study design non-human primate study

  1367 & 1239). Every effort was made to minimize animal suffering and reduce the number of animals used in the experiments. Animals were acclimated for at least 10 days prior to the first day of study, and were housed collectively with the following ambient parameters: aeration with > 10 air changes/hour and no air recirculation, 12-hour light/12-hour dark photoperiod, room temperature 22 ± 3°C, and humidity 55 ± 20%. The animal room and cages were cleaned daily. Sixteen Cynomolgus monkeys (Macaca fascicularis, Mauritius; mean age,13.1±4 years; 3 males, 13 ovariectomized females) received high cholesterol diet (HC: 23% fat (w/w), 0.5% cholesterol (w/w), 11.3% saturated fatty acids (w/w); E39126-34, Ssniff, Germany) (n=13) or standard diet (SD: 11% fat (w/w), saturated fatty acids < 1%;

  [ 11 C]-PK11195 PET tracer (mean dose, 123.70 ± 30.96 MBq) targeting TSPO of activated macrophages. This [ 11 C]-PK11195 examination was performed before the FDG examination. PET emission data of [11C]-PK11195 centered on the carotids were acquired over 60 min in list-mode format and rebinned into 18 temporal frames (background 56.42 ±11.16 s, 6x10s, 4x60s, 6x300s and 2x600s).MRI:MRI was performed on a 3-Testla MR scanner (MAGNETOM Prisma, Siemens). Animals were installed in supine position, with the head in the center of the posterior part of the 64-channels Head/Neck coil.For carotid imaging, a 4-channel phased array receiver coil was combined with head coil to optimize the signal-to-noise ratio and with cardiac triggering and breathing monitoring. The carotid was located with time of flight (TOF) sequences. MRI images were centered on the bifurcation and acquired using turbo spin echo (TSE). Proton density weighted (PDW) and T1-weighted (T1W) images were used. Imaging parameters were: 9 slices thickness of 2 mm, Field of View (FOV) = 205 mm, Echo Train Length (ETL) = 29, Repetition Time (TR) = 262 ms / 260 ms (PDW/ T1W), Echo Time (TE) = 23.0 ms/ 5.8 ms (PDW/ T1W), Echo Spacing (ES) = 5.79 ms and Receiver Bandwidth (BW) = 868 Hz/Px. Dynamic images were acquired with the TWIST (Time resolved angiography With Interleaved Stochastic Trajectories) pulse sequences and using all channels of MR coils. TWIST sequences were applied in the coronal orientation and acquired with a separation of 5 seconds between frames, interpolated to 2.46 ms. A 10 ml bolus of DOTAREM® (Guerbet, Aulnay-sous-Bois, France) was administered intravenously at 0.1 mL/s. Imaging parameters were: voxel size 0.8x0.8x1 mm, FOV = 280x228x88 mm, TR/TE = 3.0/1.12 ms and FA = 25º. Brain imaging was performed with the following sequences: 3D T1W MPRAGE used in pre-and post-injection: voxel size = 0.6x0.6x0.8 mm, FOV 180x180x102 mm, TR/TI/TE = 2100/1000/ 2.77 ms, FA = 8º, ES = 8 ms, BW = 210 Hz/Px 2D T2*W multi-gradient echo: 20 slices, voxel size = 0.7x0.7x2 mm, FOV 180x146x42 mm, ,TR = 1200, 12 echos times from 3.04 ms upto 49.68 ms ( TE = 4.24 ms), FA = 70º, bandwidth 270 Hz/Px. 3D T2W-FLAIR (Fluid Attenuation Inversion Recovery) voxel size = 0.6x0.6x0.8 mm, FOV = 180x180x102 mm, TR/TI/TE = 5000/1800/346 ms, ETL = 314, Echo Train Duration (ETD) = 926 ms, ES = 3.81 ms, BW = 744 Hz/Px.

[ 18 F

 18 ]-FDG image post-processing: All emission images were normalized using an inhomogeneity detector and corrected for dead time, random coincidences, diffusion and attenuation. Image reconstruction was performed with iterative Ordered-Subset Expectation Maximization (iterative OSEM method, TrueX + TOF UltraHD-PET) with 12 iterations and 21 subsets (effective number of iterations, ENI of 252), non-filtered in line with recent recommendations for FDG analysis in atherosclerosis[START_REF] Huet P 1 | Variability and uncertainty of 18F-FDG PET imaging protocols for assessing inflammation in atherosclerosis : suggestions for improvement[END_REF]. Spatial resolution at reconstruction was: voxel size 0.82 x 0.91 x 0.4mm. Standardized Uptake Value (SUVmean and max, Bq/mL) and Target-to-background ratio (TBR: SUVmax normalized by SUVmean of the superior vena cavae) were measured at 3 vascular locations (right and left carotids, aortic arch and abdominal aorta at the level of renal bifurcations) and in visceral adipose tissue in ROIs at the various location. MR angiography and PDW images (for the carotids) were used to generate regions-ofinterest at the different locations. For brain images, SUVmax was evaluated for the ROIs defined using the NHP atlas[START_REF] Ballanger | A multi-atlas based method for automated anatomical Macaca fascicularis brain MRI segmentation and PET kinetic extraction[END_REF] (see below).

Figures 3

 3 Figures 3 and S4) with progression of atherosclerosis in 3 out of 8 animals at 18 months (FigureS4).

  myocardial fibrosis and lacunar stroke in the corresponding territories, validating our NHP model of vulnerable plaque. Both metabolic and mitochondrial macrophage activity imaging markers were closely associated, as demonstrated by the correlation between [ 18 F]-FDG and [11 C]-PK11195 carotid measurements. Carotid gene analysis confirmed this finding, but also found a strong association with anti-inflammatory markers in both the NHP model and the endarterectomy samples. This relationship was further used to stratify the high-risk profiles, and diagnosed the same NHPs presenting progressive lesions at follow-up and pathological downstream consequences of plaque rupture. The two aortic locations (arch and abdomen) confirmed the association of inflammatory/anti-inflammatory gene expression. As in patients, [ 18 F]-FDG whole-body inflammation imaging in the NHP model of advanced atherosclerosis confirmed abnormal uptake in hematopoietic organs and white adipose tissue, and a decrease in the metabolic activity of brown fat. Finally, metabolic activity ([ 18 F]-FDG uptake) was lower in the limbic system in HC than in SD animals,, in parallel with increased TSPO mitochondrial activity in the same regions (i.e., increased [11 C]-PK11195 binding).

  clinical translation to atherosclerosis, this was very recently demonstrated by pathological analysis of abdominal aorta from a tissue bank(van Dijk et al, 2016), showing macrophages of both phenotypes intricately associated in lesions with vulnerable features. Analysis of carotid endarterectomy specimens has so far led to somewhat controversial results(de Gaetano et al, 2016;[START_REF] Jager | Distribution of Matrix Metalloproteinases in Human Atherosclerotic Carotid Plaques and Their Production by Smooth Muscle Cells and Macrophage Subsets[END_REF], perhaps because the external part of the media and the adventitia, which is missing in endarterectomy samples, is an important supplier of macrophages in atherosclerosis(van Dijk, 2016).

Figure 1 :Figure 3 :

 13 Figure 1: Lipid profiles. Plasmatic cholesterol level (A) and HDL/LDL ratio (B) in HC diet animals at 0, 1, 7, 12, 18 and 24 months after start of diet. Lipoprotein profile of 1 HC (C) and 1 control (D) NHP at T+24 months.

Figure 4 :

 4 Figure 4: At-risk NHPs with downstream events. Histological evidences of coronary stenosis (A, C), myocardial fibrosis (B) and severe and diffuse plaque (D) in 3 NHPs. These animals also presented severe and diffuse plaque visible in the left carotid (E,H, J). MRI (F) showed a lacunar stroke in 1 of these 2 animals, and PET/CT imaging showed high binding potential for [ 11 C]-PK11195 in the left carotid (G). The left carotid of this NHP showed multifocal plaque on histology (I).

Figure 5 :

 5 Figure 5: RNA expression of gene of vulnerable plaque markers in the carotid arteries enabled NHPs

Figure 6 :

 6 Figure 6: RNA expression of gene of vulnerable plaque markers in the carotid arteries confirmed the pattern of significant co-expression of inflammatory and anti-inflammatory macrophages in both symptomatic (A) and asymptomatic (B) inflammatory patients.

Figure S1 :

 S1 FIGURE 6

Figure S2 :

 S2 Figure S2: MR and CT angiographies used for MR and PET/CT images registration for an accurate placing of ROI for carotid wall measurement.

Figure S3 :

 S3 Figure S3: Right and left carotid individual values for MRI plaque surface (A, B), for gadolinium plaque SI enhancement (C, D), for SUVmax [ 18 F]-FDG (E, F), [ 11 C]-PK11195 (G, H) in HC and SD animals, respectively. Though PET inflammation biomarkers and gadolinium MRI permeability marker levels are not directly correlated, there is a corresponding left/right difference in HC animals with the three imaging markers. In old SD animals, there was also elevated inflammation at the measurement time-point, illustrating the importance of longitudinal inflammation evaluation to discriminate between chronic atherosclerosis inflammation and acute unrelated inflammatory status.

Figure S4 :

 S4 Figure S4: Individual values for ultrasound carotid scores (A), hsCRP (B) and LDL-C levels (C) at T+12 and T+18 months in HC animals. At-risk cholesterol profile (low HDL, high LDL-C), chronic inflammation (hsCRP high or increasing) and lesion progression by US were found in 3 NHP (#1, #9, #13).

Figure S5 :

 S5 Figure S5: Multi-site inflammation showing corresponding higher uptake in aortic arch and hematopoietic organs (bone marrow and spleenin in an at-risk HC animal compared to a lower risk SD subject.

Figure S6 :

 S6 Figure S6: RNA expression of genes of vulnerable plaque markers and correlation between them in aortic arch (left) and abdominal aorta (right).

Figure S7 :

 S7 Figure S7: Adipose tissue imaging of white subcutaneuous (SAT) and visceral fat (VAT) (A-B), and brown fat (BAT) (C-D). HC animals presented a higher [ 18 F]-FDG uptaje in visceral adipose tissue and a lower in brown adipose tissue compared to SD. Correlations from gene analysis in pericardic (E), periarterial (F) and visceral (G) adipose tissues showed positive correlations between pro and anti-inflammatory markers.

Figure S8 :

 S8 Figure S8: Brain PET/CT imaging. Higher uptake of [ 11 C]-PK11195 in the frontal cortex (A) and limbic system (B) in HC animals. Lower metabolic activity (lower [ 18 F]-FDG uptake) in the limbic system in HC animals (C).

Figure S9 :

 S9 Figure S9: RNA expression of genes of vulnerable plaque markers in the brain.

DISCUSSION

  Atherosclerosis is a complex multifactorial pathology characterized by dyslipidemia and low-grade inflammation leading to plaque formation. Over time, the plaques develop and can lead to vessel lumen stenosis or rupture and form thrombus or emboli resulting in clinical outcomes such as angina, myocardial infarction or stroke. Although atherosclerosis has been well studied during the last decades using different animal models and clinical studies, the cerebrovascular impacts of this pathology are still poorly investigated. Another issue is the lack of accurate biomarkers or combination of biomarkers available for accurate individual risk stratification.I demonstrated that regular exercise training was able to counteract peripheral and central damaging effects of a HC diet in old ApoE -/-mice when food rations were controlled, and that MRI enabled visualization of the cerebral damages (article n°1). My second study with longitudinal followup based on insulin resistance and brain MR imaging showed that exercise training was no longer beneficial in old ApoE-/-mice when fed with ad libitum HC diet (article n°2). HC consumption, when unregulated or not counterbalanced by physical exercise, leads to cerebrovascular unit disorganization characterized by BBB permeability and increased inflammatory activity in periventricular areas and in the hippocampus (article n°1 and 2). Lastly, my work on non-human primates fed an atherogenic diet emphasized the usefulness of multimodal imaging and a combination of biomarkers including not only metabolic and inflammatory markers but also anti-inflammatory markers for individual stratification of cardiovascular risk (article n°3). Overall, my work highlights the relevance of controlling calories intakes to benefit the protective effects of exercise on the progression of atherosclerosis and its outcomes as well as the significance of having a global view of the individual for an accurate stratification of CV risk.

[ 11 C

 11 ]-PK11195 uptake at T+24 months would have enabled a direct comparison to gene expression and MRI findings. In the same way, a combined PET/ MRI examination would have been useful to analyze the progression of the inflammation in the studied vessels and to better situate the onset of the lacunar stroke observed in HC#9.C. CV risk stratification: are M2 markers signals of healing or alarm?
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  while this is around 50% in humans, resulting in a limiting factor for diet-induced atherogenesis in wild-type C57BL/6J mice. For this reason, numerous genetically modified mouse models were generated, and we will discuss the two most used: ApoE null and LDLR null.

a) ApoE null mice ApoE null mice are the most widely used mouse model for atherosclerosis study due to their spontaneous development of complex vascular lesions comparable to human ones even under chow diet and since 8-10 weeks of age in the aortic root. Beyond 20 weeks, fibrous plaques are observable.

TABLE S2 :

 S2 

	FIGURE S1: FIGURE S2: FIGURE S3: ARTICLE N°3:				
			ApoE -/-SED	ApoE -/-EX	WT SED	WT EX
		IL-1β (pg/mg of prot)	610.0 ± 400	543.3 ± 216.0	0.9 ± 0.5	1.0 ± 0.4
		TNFα (pg/mg of prot)	607.4 ± 132.6	600.6 ± 216.6	0.5 ± 0.3	2.5 ± 3.2
	AORTA				
		AOPP (μmol/mg of prot)	76.8 ± 17.3 74.3 ± 17.3	8.5 ± 6.8	9.1 ± 7.2
		SOD (μmol/mg of prot/min)	5.2 ± 0.2	4.7 ± 1.5	5.6 ± 1.8	7.8 ± 1.7
		IL-1β (pg/mL)	376.7 ± 208.2	476.7 ± 378.6	111.6 ± 55.7 105.5 ± 31.5
	PLASMA	TNFα (pg/mL)	10.1 ± 13.6 6.5 ± 8.0	46.3 ± 5.6	72.4 ± 16.4
		AOPP (μmol/mL) 241.2 ± 31.8 210.3 ± 66.3	15.3 ± 2.6	13.4 ± 2.8
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Table 1 :

 1 18 F]-FDG and [11 C]-PK11195, are closely linked in the context of atherosclerosis. In the brain, they may provide additional information about locally impaired brain activity in the case of [ 18 F]-FDG and abnormal glial and/or macrophage mitochondria activity in the case of [11 C]-PK11195.More importantly, we demonstrated for the first time in a translational model that vulnerable plaque shows increased expression of metabolic, inflammatory and anti-inflammatory genes and that, in carotid plaque, this association enables high-risk subjects to be stratified. Further studies in NHPs and patients are needed to evaluate how this can impact care and future treatments. Correlations between RNA vulnerable markers in carotid artery.* genes related to imaging (Hk1 for [ 18 F]-FDG and Tspo for [11 C]-PK11195), ** anti-inflammatory markers
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Table 2 :

 2 Correlations between RNA vulnerable markers in carotid endarterectomy of symptomatic patients (n=9).* genes related to imaging (Hk1 for [ 18 F]-FDG and Tspo for [11 C]-PK11195), ** anti-

	inflammatory markers			
		Correlated with	r	p
	IL-1β	Irf4 **	0.91	0.001
	Ccl2	Hk1 *	0.9	0.001
		Tspo *	0.97	<0.001
		Ppif	0.93	<0.001
		Cd14	0.96	<0.001
		Cd68	0.82	0.007
		Tlr4	0.98	<0.001
		Il-6	0.92	<0.001
		Tnfα	0.88	0.002
		Cxcl9	0.71	0.032
		Il1-7ra	0.81	0.009
		Ccr2	0.87	0.003
		Il-10 **	0.88	0.002
		Clec7a **	0.93	<0.001
		Cd163 **	0.91	0.001
	Il-6	Hk1 *	0.87	0.002
		Tspo *	0.83	0.005
		Ppif	0.92	<0.001
		Cd14	0.86	0.003
		Tlr4	0.97	<0.001
		Ccl2	0.92	0.000
		Tnfα	0.75	0.019
		Cxcl9	0.72	0.029
		Ccr2	0.77	0.014
		Il-10 **	0.84	0.005
		Clec7a **	0.80	0.011
		Cd163 **	0.81	0.008
		Cd3ε	0.78	0.014

Table 3 :

 3 Correlations between RNA vulnerable markers in carotid endarterectomy of asymptomatic patients (n=10).* genes related to imaging (Hk1 for [ 18 F]-FDG and Tspo for [11 C]-PK11195), ** anti-

	inflammatory markers			
		Correlated with	r	p
	Il-1β	Tspo *	0.72	0.020
		Cd14	0.80	0.006
		Cd68	0.86	0.001
		Tlr4	0.76	0.011
		Ccl2	0.82	0.004
		Il-6	0.83	0.003
		Tnfα	0.72	0.014
		Cxcl9	0.78	0.008
		Il1-7ra	0.85	0.002
		Ccr2	0.83	0.003
		Clec7a **	0.84	0.002
		Cd163 **	0.84	0.002
	Ccl2	Tspo *	0.66	0.036
		Cd14	0.71	0.008
		Cd68	0.90	0.000
		Il1β	0.82	0.004
		Tlr4	0.67	0.034
		Il-6	0.97	<0.001
		Tnfα	0.97	<0.001
		Cxcl9	0.76	0.011
		Il1-7ra	0.98	<0.001
		Ccr2	0.99	<0.001
		Clec7a **	0.98	<0.001
		Cd163 **	0.90	<0.001
	Il-6	Tspo *	0.76	0.011
		Cd14	0.86	0.002
		Cd68	0.94	<0.001
		Il-1β	0.83	0.003
		Tlr4	0.75	0.013
		Ccl2	0.97	<0.001
		Tnfα	0.96	<0.001
		Cxcl9	0.84	0.003
		Il1-7ra	0.98	<0.001
		Ccr2	0.99	<0.001
		Clec7a **	0.97	<0.001
		Cd163 **	0.95	<0.001

Primers

Collect sequence of cDNA of the gene of interest on NCBI gene (http://www.ncbi.nlm.nih.gov/gene) for the studied (here, Macaca fascicularis). Find the NM (or XM sequence when the gene sequence is only predicted) sequence in the section "mRNA and protein" and collect the FASTA sequence for all variants. using Clustal Omega software, align FASTA sequences.

In NCBI gene, search again the gene of interest and collect the FASTA sequence in the section regions, transcripts and products" to obtain the genome sequence. Then go to Blast Once, primer sequence was chosen, test it using Amplifix software. If primers match with the gene of sequence, go to again for test their species and gene specificity.

Validation of primers:

Perform a qPCR at 60°C on one sample of each tissue of interest using the primers designed for each gene. Check on the melt curve of the qPCR, if only one peak is appearent, keep the qPCR samples for further validation of amplicon size. If melt present a second peak, perform a qPCR at Carotid plaque imaging: both Gd-chelates and Gd-NPs allowed good carotid wall delineation on condition that there were advanced plaques and Gd-NPs exhibits similar imaging properties Gd-chelates.

In context of well-established atherosclerosis, Gd-NPs enable a better identification of vulnerable plaques than Gd-chelates. Furthermore, atherosclerotic animals showed a significant retention of Gd-NPs to control animals that might be proportional with the degree of advancement of the pathology.