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Strokes are a growing challenge in public health given their current rise in absolute number and their associated morbimortality. Strokes related to a large vessel occlusion (LVO) are the most severe sharing the worst functional outcome of all strokes. A better understanding of stroke pathophysiology is crucial to develop new therapeutic strategies and improve patient functional outcome after this life-changing event. While the main goal of LVO treatment is to obtain the quickest recanalization achievable, growing evidence suggests that a combined approach targeting the deleterious effect of thromboinflammation could improve stroke outcome.

This thesis aims at studying thromboinflammation using a translational approach going back and forth between the laboratory's bench and the patient's bed. Two axes involving the same actors of thromboinflammation are developed: 1. intracranial human thrombi responsible for LVO 2. microvasculature dysfunction in the setting of acute ischemic brain tissue.

In the first chapter, we highlight that LVO thrombi, irrespectively of stroke etiology, share a common structural feature: a dense surface shell encapsulating a highly heterogeneous core. A major biological and clinical implication of the core-shell structure of ischemic stroke thrombi comes from the relative resistance of their shell to tPA-mediated thrombolysis. In fact, we show that this outer shell made of densely compacted fibrillary and cellular components has a decreased sensitivity to tPA-mediated thrombolysis as compared to the thrombus inner core, and thus constitutes a shield against tPA. Targeting non-fibrin shell components might help to open breaches in the shell and thus enhance tPA efficacy.

In the second chapter, using an innovative quantitative assay for markers of red blood cells (RBCs), platelets, and leukocytes, we show that cardioembolic thrombi are richer in DNA and poorer in platelet compared with non-cardioembolic thrombi. From a pathophysiological perspective, the increased DNA content of thrombi from cardioembolic origin suggests a more prominent role of leukocytes in the formation of those thrombi. Our results provide a potential basis for the development of new tools and strategies for identification of patients with cryptogenic strokes and improving secondary prevention.

In the third chapter, we demonstrate, using the same quantitative approach, that the MRIblooming artefact called the two-layer small vessel sign (TLSVS) is associated with a greater thrombus weight and a higher thrombus RBC content. Prediction of thrombus RBC content could help pre-treatment decision making and selection of thrombolytics and thrombectomy devices to improve recanalization and avoid distal embolization.

In chapter IV, we show that plasma levels of several neutrophil activation markers continue to progress after and despite successful removal of LVO thrombi by endovascular treatment (EVT). Among the most notable dynamic changes we observed an overall early and transient increase in MPO and H3Cit plasma levels at 1-hour post-EVT, and a gradual decrease in MMP-9 plasma levels. MPO levels rose more in patients with a poor functional outcome than in those with a good functional outcome. This situation may be seen as further evidence arguing in favor of the use of DNase as an adjuvant therapy to IV tPA and/or EVT in stroke patients.

In the fifth and last chapter, we show that DNAse significantly decreased the infarct volume through a reduction of microvascular thrombosis and brain blood barrier disruption in a murine model of transient occlusion of the middle cerebral artery. This further indicate that early targeting of NETs represents a therapeutic strategy to improve the benefit of large artery recanalization in acute ischemic stroke.

Titre : Étude translationnelle de l'impact des phénomènes thromboinflammatoires à la phase aiguë de l'ischémie cérébrale. Physiopathologie et applications thérapeutiques.

Résumé :

Les accidents ischémiques cérébraux (AIC) sont un enjeu majeur de santé public du fait de leur morbi-mortalité élevée et de leur incidence en augmentation en rapport avec le vieillissement de la population. Les AIC secondaires à une occlusion proximale sont les AIC partageant le pronostic fonctionnel le plus sévère. Une meilleure compréhension des phénomènes physiopathologiques qui leurs sont associés est essentielle au développement de nouvelles stratégies thérapeutiques afin d'améliorer le pronostic de ces patients. Alors que l'objectif principal du traitement des occlusions proximales est d'obtenir une recanalisation la plus rapide possible, de plus en plus d'arguments suggèrent qu'une stratégie combinée ciblant les phénomènes thromboinflammatoires pourrait améliorer le pronostic des patients.

En se basant sur une approche translationnelle, les objectifs de cette thèse sont d'apporter de nouvelles connaissances sur les phénomènes thromboinflammatoires à la phase aiguë de l'ischémie cérébrale. Deux axes faisant intervenir les mêmes acteurs de la thromboinflammation sont développés. 1. Une étude des thrombus intracrâniens responsables des occlusion proximales. 2. Une étude de la dysfonction microvasculaire pendant l'ischémie et la reperfusion du tissu cérébral.

Dans le premier chapitre, nous mettons en évidence qu'indépendamment de la cause de l'AIC, les thrombus intracrâniens possèdent une structure commune : une coque dense et compacte enrobant un coeur hétérogène. Une conséquence biologique et clinique essentielle de cette découverte découle de la résistance de la coque à la thrombolyse intraveineuse par le tPA. Cibler d'autres composants de la coque que la fibrine permettrait de la fragiliser et ainsi d'augmenter l'efficacité du tPA.

Dans le deuxième chapitre, à l'aide d'une technique innovante de quantification des globules rouges, des plaquettes et des leucocytes, nous avons mis en évidence que les thrombus cardioemboliques sont plus riches en ADN et pauvres en plaquettes que les thrombus non cardioemboliques. D'un point de vue physiopathologique, la richesse en ADN des thrombus cardioemboliques suggère un rôle prédominant des leucocytes dans leur formation. Nos résultats offrent une base de travail pour le développement de nouvelles stratégies et de nouveaux outils pour le diagnostic étiologiques et l'amélioration de la prévention secondaire des AIC cryptogéniques.

Dans le troisième chapitre, nous démontrons, avec la même approche quantitative, que l'artefact IRM appelé two-layer small vessel sign est corrélé au poids des thrombus ainsi qu'à leur contenu en globules rouges. Ces données offrent la possibilité de guider la prise de décision thérapeutique avant l'administration de tPA et la réalisation d'un geste endovasculaire pour améliorer les chances de recanalisation et diminuer le risque d'embolisation distale. Dans le quatrième chapitre, nous exposons que les niveaux plasmatiques de plusieurs marqueurs d'activation neutrophilaire continuent d'évoluer après et malgré la recanalisation par geste endovasculaire. En particulier, il existe une augmentation rapide et transitoire des niveaux de MPO une heure après le geste endovasculaire contrastant avec une décroissance progressive des niveaux de MMP-9.

Dans le cinquième et dernier chapitre, nous montrons que l'administration de DNAse, dans un modèle d'occlusion transitoire de l'artère cérébrale moyenne chez le rat, est associée à une réduction du volume ischémique par l'intermédiaire d'une diminution de la thrombose microvasculaire ainsi que des lésions de la barrière hématoencéphalique. Ces données s'ajoutent aux précédentes en faveur d'un bénéfice clinique d'une stratégie thérapeutique ciblant précocement les NETs en association du traitement endovasculaire à la phase aiguë des AIC.
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« Les certitudes de la science se dissolvent dans l'incertitude de l'expérience » P. Lançon (Merci Tonie pour ce conseil lecture) The global lifetime risk of stroke in 2016 for those aged 25 years or older was 24.9% 1 , meaning that after 25 years, any person in the world has one chance out of four to suffer from stroke in his/her life. This risk is almost equal among men and women. Indeed, stroke risk largely increases with age and is higher in men, but women have a longer life expectancy 2 . Ischemic stroke, secondary to an intracranial vessel occlusion, account for 18.3% of the global lifetime risk 1 . Hemorrhagic stroke, secondary to the rupture of an intracranial vessel, accounts for 8.2% 1 .
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In low-and middle-income countries, stroke incidence has more than doubled in the last four decades 3 . In Europe, stroke incidence is declining but rates observed in young adults is rising.

Due to the ageing of the population, the absolute number of strokes is expected to rise by 34% between 2015 and 2035 2,4 (Figure 1). The absolute number of strokes is expected to gradually rise by 34% between 2015 and 2035.

Worldwide, stroke is the second leading cause of death and the third leading cause of disability [START_REF] Meglio | Two-layered susceptibility vessel sign is associated with biochemically quantified thrombus red blood cell content[END_REF] .

In Europe, one-month case fatality ranges from 13 to 35% 2 . When non-fatal, stroke is associated with a 33% risk of rehospitalization, 7 to 23% risk of dementia, 30-50% risk of depression, and 35-92% risk of fatigue within 1 year 2 . In young adults experimenting a stroke, 6 to 20% of individuals still need help in everyday activity (mRS > 2) after a mean follow-up of 3-12 years 6 .

Between 20% and 50% cannot return to work after a maximum follow up of 4 years 6 . Children and adolescents are not spared from stroke risk, but they share a relatively better outcome than adults 7,8 .

Since 2015, the development of endovascular therapy (EVT) in high-income countries has radically improved the outcome after a stroke with a large vessel occlusion (LVO) 9 . The number needed to treat to reduce disability by at least one level on mRS with EVT is only 2.6 10 . The long-term impact of EVT on stroke morbimortality still needs evaluation but will most probably be very favorable. Yet, EVT is a highly specialized technique and, even in high-income countries, it is not available widely in a short time frame. Although an estimated 21-30% 11 of patients with ischemic stroke have LVO, fewer than 2% receive thrombectomy in daily practice 12 . Forming enough interventional neuroradiologists to ensure continuity of care is also challenging [START_REF] Forestier | Mechanical thrombectomy practices in France: Exhaustive survey of centers and individual operators[END_REF] . In most of the middle and low-income countries EVT is not available at all.

Finally, even in randomized trials and when done in a short time frame, 56% of individuals still share a functional dependance (mRS >2) 3 months after an EVT-treated stroke 9 . This stresses the need for a multimodal approach for acute stroke management including pre-hospital care, pharmacological treatment and endovascular therapy.

The morbimortality of stroke, associated with the increase in the absolute number of strokes in the coming years, makes of stroke an important challenge for public health. Developing innovative medical treatments, broadly available and easily administrable is crucial to the future management of acute ischemic stroke. In this perspective, it is crucial to better understand the pathophysiological processes ongoing during acute stroke in order to identify new biological targets.

II.

The cascade leading to stroke

A. Occlusion site and hemodynamic consequences

Continuous brain activity throughout days and nights implies a constant supply of oxygen and nutrients to brain cells. This is emphasized by the fact that brain cells have a high metabolic demand and a low metabolic storage capacity [START_REF] Magistretti | A cellular perspective on brain energy metabolism and functional imaging[END_REF] . In fact, while the energy demands of the brain account for at least 20% of the body's energy consumption, no glycogen is stored in neurons, and astrocytes are the only cells in the brain that store it [START_REF] Magistretti | A cellular perspective on brain energy metabolism and functional imaging[END_REF] . The brain vasculature and the neurovascular unit ensure a continuous and adaptative blood flow to the brain [START_REF] Muoio | The neurovascular unit -concept review[END_REF] . The neurovascular unit is composed by neurons, astrocytes, endothelial cells, myocytes, pericytes and extracellular matrix components (Figure 2). These cells, through their intimate anatomical and chemical relationship, detect the needs of neuronal supply and trigger necessary responses (vasodilation or vasoconstriction) for such demands. Ischemic stroke is the consequence of a sudden interruption of the continuous blood flow to a brain region. The neuron (blue) establishes synapses with interneurons (purple) and with astrocytes (green), sending information through neurotransmitters on their oxygen requirements and commands contraction or vascular relaxation. Astrocytes, through calcium waves, transmit the order to the vessels. The point of contact between astrocytes and the vasculature is the end-feet, which can be in touch directly with endothelial cells (red), pericytes (yellow) or myocytes/Smc (orange). Adapted from Muoio et al. 15 Normal brain vascular anatomy Oxygenated blood coming from the lungs is pumped to the brain first through the heart and the aorta. Brain vasculature results from the progressive ramification of thoracic arteries into cervical and then intracranial arteries.

Cervical arteries.

Before entering the crane, the anterior circulation (Figure 3, red) is formed by the two internal carotid arteries emerging from the aorta (left carotid artery) and the brachiocephalic trunk (right carotid artery). The posterior circulation (Figure 3, blue) is formed by the two vertebral arteries (VA) emerging from the subclavian arteries (left and right).

Intracranial arteries.

After entering the crane, the left and right internal carotid artery give medially and anteriorly the anterior cerebral arteries (ACA, Figure 3, blue left and right) and laterally the middle cerebral arteries (MCA, Figure 3, blue left and right). Vertebral arteries, after giving the inferior cerebellar arteries (left and right), join to form the unique basilar artery which then give posteriorly the two posterior cerebral arteries (PCA, Figure 3, red, left and right). Middle and superior cerebellar arteries also arise from the basilar artery. Variations from this typical organization exist without any pathological signification [START_REF] Tatu | Arterial Territories of the Human Brain[END_REF] . Finally, the ACA, MCA and PCA give deep branches (perforating arteries) and an anastomotic network at the surface of the cortex (pial arteries), which then plunge through the brain cortex (transmedullar arteries). This organization leads to defined parenchymal artery territories (i.e., left MCA territory, right PCA territory, etc.), whose respective areas individually vary with the anastomotic network (Figure 3, bottom image). Bottom image adapted from Tatu et al. [START_REF] Tatu | Arterial Territories of the Human Brain[END_REF] The collateral network

The collateral network is the variable anastomotic network between the ACA/MCA/PCA territories, and the left and right hemispheres. It is a dynamic system that tends to preserve cerebral perfusion when the primary conduits fail to provide perfusion to critical parts of the brain. The collateral network is made of proximal (primary and secondary) and distal anastomosis [START_REF] Malhotra | Collaterals in ischemic stroke[END_REF] .

Proximal primary collaterals.

At the base of the crane, the right and left internal carotid arteries can be united by the anterior communicating artery (unique artery between the two anterior cerebral arteries). Left and right internal carotid arteries can also be united with the homolateral posterior cerebral artery through the posterior communicating arteries (left and right). This forms the circle of Willis (Figure 4).

Anterior and posterior communicating arteries are thought to be absent or hypoplastic respectively in 10% and 30% of the general population [START_REF] Lippert | Arterial Variations in Man: Classification and Frequency[END_REF] . When present, they explain why an isolated cervical internal carotid artery or a vertebral artery occlusion does not necessarily cause an ischemic stroke. Thanks to the supply from the other cervical arteries through the circle of Willis, a sufficient blood flow is maintained downstream a cervical or proximal intracranial occlusion. Posterior cerebral artery, BA: Basilar artery. Adapted from Tatu. DIU Neurovasculaire. [START_REF] Tatu | Arterial Territories of the Human Brain[END_REF][START_REF] Canaz | Morphometric analysis of the arteries of Willis Polygon[END_REF] Proximal secondary collaterals (Figure 5).

Anastomotic arteries exist between the top of the internal carotid artery and the external carotid arteries shunting possible lesion of the internal carotid artery. This comprises the ophthalmic, meningeal, occipital, facial and maxillary arteries. These are less direct and diminutive connections than the Willis polygon. Distal collaterals (Figure 6)

At the brain surface, pial arteries arising from the anterior, middle and posterior cerebral arteries also form anastomoses with a high degree of interindividual variability. Therefore, the consequence of a proximal occlusion of one of these arteries is variable from an individual to the other. After an occlusion of the MCA, the area and the depth of the downstream decrease in cerebral blood flow are directly correlated to the importance of the pial anastomotic network [START_REF] Malhotra | Collaterals in ischemic stroke[END_REF] . Consequently, an abundant pial anastomotic network is associated with smaller and less severe ischemic stroke [START_REF] Lima | The pattern of leptomeningeal collaterals on CT angiography is a strong predictor of long-term functional outcome in stroke patients with large vessel intracranial occlusion[END_REF] . Many distal anastomoses between the branches of the MCA and the ACA can be seen (red arrows).

From Suofu Y et al. Neuroscience 2012 [START_REF] Suofu | Matrix metalloproteinase-2 or -9 deletions protect against hemorrhagic transformation during early stage of cerebral ischemia and reperfusion[END_REF] .

In addition to the high interindividual variability in these anastomotic networks, these networks also display variability throughout the life of a given individual, as well as during a stroke.

Chronic atherosclerotic disease has been reported to be associated with the development or opening of collaterals in the long term [START_REF] Malhotra | Collaterals in ischemic stroke[END_REF] . On the contrary, after the acute occlusion of an intracranial vessel, the positive hemodynamic effect of collaterals is thought to rapidly decrease within minutes [START_REF] Liebeskind | Imaging the future of stroke: I. Ischemia[END_REF] .

Transmedullar and perforating arteries have no anastomotic network. Consequently, an occlusion of one of these arteries will constantly be responsible for a stroke of the corresponding territory (small vessel occlusion). Even if very small, some of these territories are critical for specific brain function. Therefore, small vessel occlusion can lead to substantial symptoms.

Occlusion of an intracranial vessel

The acute hemodynamic consequences of the occlusion of a brain artery supplying the brain depend mainly on two factors related to the brain's vascular anatomy:

1. the site of occlusion

the presence of collaterals

The importance of systemic hemodynamic variations like hypotension or hypovolemia, is not discussed here but they can also have a significant impact on brain hemodynamic and collateral function [START_REF] Maïer | Mortality and Disability According to Baseline Blood Pressure in Acute Ischemic Stroke Patients Treated by Thrombectomy: A Collaborative Pooled Analysis[END_REF] .

A cervical occlusion will affect a large territory but, if present, many intracranial collaterals can be involved to supply the cerebral blood flow. On the other hand, a distal intracranial occlusion will have consequences in a smaller territory but with fewer possibility for collaterals to supply the blood flow. In this regard, occlusion of the proximal segments of intracranial arteries (i.e.

large vessel occlusion (LVO, Figure 7) are critical and responsible for the most severe stroke in a large territory [START_REF] Smith | Prognostic significance of angiographically confirmed large vessel intracranial occlusion in patients presenting with acute brain ischemia[END_REF] .

This PhD thesis addresses strokes caused by LVO which are responsible for 21 to 30% of ischemic strokes (Figure 7). 

B. Causes of large vessel occlusion

Thrombi are the main causes of LVO. In most cases, these thrombi are embolic, whether the origin of the embolus is known or not. This highlights a major difference with coronary thrombi, which are generally formed in situ, on a ruptured atherosclerotic plaque at the site of occlusion.

As discussed below, the large majority of LVO results from the embolization of intracardiac or extracranial arterial thrombi. In occidental countries, only a minority of strokes occur secondary to the rupture of an intracranial atherosclerotic plaque [START_REF] Kolominsky-Rabas | Epidemiology of ischemic stroke subtypes according to TOAST criteria: incidence, recurrence, and long-term survival in ischemic stroke subtypes: a population-based study[END_REF] . In Asian countries, this type of stroke is much more prevalent [START_REF] Yu | Analysis of 10,811 Cases with Acute Ischemic Stroke from Korean Stroke Registry: Hospital-Based Multicenter Prospective Registration Study [Internet[END_REF] . Other occasional etiologies include paradoxical embolism from a venous thrombus, calcic embolus, embolus of a cardiac valve fragment, vascular extrinsic compression, and vasculitis.

Boeckh-Behrens et al. [START_REF] Boeckh-Behrens | Thrombus Histology Suggests Cardioembolic Cause in Cryptogenic Stroke[END_REF] recently reported LVO etiologies according to TOAST classification.

In this cohort of 145 consecutive stroke patients, 92% of LVO were caused by an embolic thrombus: 50% were cardioembolic thrombi, 16% were arterioembolic thrombi, and 26% were embolic thrombi from an undetermined source (ESUS). The remaining 8% were occlusions due to another determined cause like an intracranial atherosclerotic plaque or paradoxical embolism [START_REF] Boeckh-Behrens | Thrombus Histology Suggests Cardioembolic Cause in Cryptogenic Stroke[END_REF] . Most of the time, the thrombus is formed in the heart or a cervical artery and then migrate to the brain arteries. Less often the thrombus is formed directly in situ on an atherosclerotic plaque of an intracranial artery. Adapted from Bacigaluppi et al. [START_REF] Bacigaluppi | Insights from thrombi retrieved in stroke due to large vessel occlusion[END_REF] Therefore, schematically, ischemic stroke thrombi are formed either in conditions of high shear stress, like in the case of a ruptured carotid atherosclerotic plaque, or in conditions of low shear stress, like in the left atrial appendage (LAA) of the heart during atrial fibrillation (AF, Figure 8).

Cardioembolic thrombi

Over 150 years ago, Virchow proposed a triad of abnormalities predisposing to thrombosis that included stasis of blood flow, structural changes in the vessel wall, and a procoagulant state.

The Virchow's triad is now considered to be particularly relevant to the pathogenesis of deep vein thrombosis (Figure 9). Increasing evidence indicates that it also contributes to AFassociated thrombosis in the LAA [START_REF] Watson | Mechanisms of thrombogenesis in atrial fibrillation: Virchow's triad revisited[END_REF] . The loss of regular atrial contractions reduces blood flow velocities, particularly in the atria and most prominently in the atrial appendages [START_REF] Manning | Impaired left atrial mechanical function after cardioversion: Relation to the duration of atrial fibrillation[END_REF][START_REF] Diane | Relations between left atrial appendage blood flow velocity, spontaneous echocardiographic contrast and thromboembolic risk in vivo[END_REF] .

Furthermore, AF is associated with endothelial alterations [START_REF] Goette | Angiotensin II receptor blockade reduces tachycardia-induced atrial adhesion molecule expression[END_REF] and activation of both platelets [START_REF] Sohara | Atrial Fibrillation Activates Platelets and Coagulation in a Time-Dependent Manner: A Study in Patients With Paroxysmal Atrial Fibrillation[END_REF] and the coagulation cascade [START_REF] Kumagai | Increased intracardiovascular clotting in patients with chronic atrial fibrillation[END_REF] . As a result, AF leads to a proinflammatory and prothrombotic state of the endocardia, illustrated by an overexpression of vascular cell adhesion molecule 1 (VCAM-1) and VWF by endocardial cells [START_REF] Goette | Angiotensin II receptor blockade reduces tachycardia-induced atrial adhesion molecule expression[END_REF][START_REF] Nakamura | Tissue factor expression in atrial endothelia associated with nonvalvular atrial fibrillation: possible involvement in intracardiac thrombogenesis[END_REF] , thus contributing to enhanced leukocyte recruitment [START_REF] Kamiyama | Expression of cell adhesion molecules and the appearance of adherent leukocytes on the left atrial endothelium with atrial fibrillation: rabbit experimental model[END_REF] . Interestingly, patients with a thrombus in the LAA were shown to have higher circulating VWF compared with those without thrombus [START_REF] Naser | Left Atrial Blood Stasis and Von Willebrand Factor-ADAMTS13 Homeostasis in Atrial Fibrillation[END_REF] and higher VWF levels in chronic AF is associated with greater ischemic stroke risk [START_REF] Pinto | Immunoinflammatory predictors of stroke at follow-up in patients with chronic non-valvular atrial fibrillation (NVAF)[END_REF] . A role for neutrophils in intracardiac thrombosis remains to be ascertained but it was reported recently that higher neutrophil elastase levels (but not cell-free DNA), were independently associated with higher risk of all-cause mortality in AF patients, thus suggeting a potential role of neutrophils in AF complications [START_REF] Ana | MiR-146a Regulates Neutrophil Extracellular Trap Formation That Predicts Adverse Cardiovascular Events in Patients With Atrial Fibrillation[END_REF] .

Current models support a primary role for tissue factor-based thrombin generation, with a secondary role being played by platelets, in LAA thrombogenesis [START_REF] Becker | Thrombogenesis in atrial fibrillation: contributing mechanisms and natural history[END_REF][START_REF] Caterina | General mechanisms of coagulation and targets of anticoagulants (Section I): Position Paper of the ESC Working Group on Thrombosis -Task Force on Anticoagulants in Heart Disease[END_REF] . It should be noted that these models are based in parts on the clinical superiority of anticoagulant therapeutic strategies over antiplatelet treatment for secondary prevention of cardioembolic stroke recurrence [START_REF] Powers | AHA/ASA Focused Update of the 2013 Guidelines for the Early Management of Patients With Acute Ischemic Stroke Regarding Endovascular Treatment: A Guideline for Healthcare Professionals From the American Heart Association/American Stroke Association[END_REF] . which is dependent on platelet or interleukin-8 and ROS released from endothelium [START_REF] Clark | Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood[END_REF][START_REF] Gupta | Activated endothelial cells induce neutrophil extracellular traps and are susceptible to NETosis-mediated cell death[END_REF] . Platelets also promotes NETs formation through TLR4 activation [START_REF] Clark | Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood[END_REF] . NETs provide an additional scaffold for platelet and red blood cell (RBC) adhesion and trapping, promote fibrin formation, and exacerbate platelet and endothelial activation. Adapted from Fuchs et al. 46 Right. Concept of endocardial remodeling in fibrillating atria according to the expert consensus on atrial cardiomyopathies. Prothrombogenic factors (VWF, adhesion molecules like VCAM-1, P-selectin etc; green) are expressed at the surface of endothelial cells causing an increased adhesiveness of platelets and leucocytes to the atrial endocardium. Several clinical factors like diabetes mellitus, heart failure and ageing increase molecular alterations (oxidative stress pathways) within myocytes and endothelial cells, and thereby, increase the expression of prothrombogenic factors. Adapted from Goette et al. [START_REF] Goette | EHRA/HRS/APHRS/SOLAECE expert consensus on atrial cardiomyopathies: definition, characterization, and clinical implication[END_REF] 

Arterioembolic thrombi

Atherosclerotic plaque rupture and disruption of the endothelial integrity leads to the exposure of various highly thrombogenic factors, including collagen, cholesterol crystals, and tissue factor [START_REF] Fernández-Ortiz | Characterization of the relative thrombogenicity of atherosclerotic plaque components: implications for consequences of plaque rupture[END_REF][START_REF] Toschi | Tissue factor modulates the thrombogenicity of human atherosclerotic plaques[END_REF] . Binding of VWF to collagen provides a thrombogenic matrix promoting the recruitment and activation of platelets. The platelet receptor GPIb is critical for establishing the first contact of platelets with a vascular lesion at high shear conditions by binding to arterial shear stress-unfolded VWF. GPVI is another platelet glycoprotein receptor that mediates the activation of platelet integrins, which is required for subsequent stable arrest of platelets and thrombus growth. GPVI is the major platelet receptor to collagen and is also considered as an immunoreceptor due to its association with FcRγ-chains. These bear immunoreceptor tyrosinebased activation motifs (ITAM) that ensure GPVI-dependent signaling. Most data indicate that GPVI plays a predominant role in platelet activation and thrombus formation only in the absence of substantial thrombin activity [START_REF] Dubois | Glycoprotein VI-dependent andindependent pathways of thrombus formation in vivo[END_REF][START_REF] Mangin | A humanized glycoprotein VI (GPVI) mouse model to assess the antithrombotic efficacies of anti-GPVI agents[END_REF] . After tethering to the vessel wall, platelets subsequently become activated and aggregate thanks to the release of ADP and thromboxane A2, which amplify platelet activation and inter-platelet integrin IIb3-fibrinogen/fibrin binding (Figure 10) [START_REF] Schulz | Platelets in Atherosclerosis and Thrombosis [Internet[END_REF] . Disruption of the endothelial integrity leads to the exposure of various highly thrombogenic factors including collagen. Binding of VWF to collagen provides a thrombogenic matrix promoting the recruitment and activation of platelets (red platelets) through GPIb dependent binding. GPVI also mediates the activation of platelet integrins, through direct binding to collagen. After tethering to the vessel wall, platelets subsequently become activated and aggregate thanks to the release of ADP and thromboxane A2 (TXA2), which amplify platelet activation and inter-platelet integrin IIb3fibrinogen/fibrin binding (green). Adapted from Schulz and Massberg 52 In addition, through the release of chemokines and the expression of adhesion receptors, such as P-selectin, platelets recruit leukocytes into the growing thrombus. They co-operate to further enhance fibrin formation and platelet activation through various mechanisms. Monocytes and neutrophils express TF, which triggers the blood coagulation cascade and the formation of thrombin. Thrombin is not only responsible for the polymerization of fibrin through cleavage of fibrinogen's fibrinopeptides, but also acts as a strong platelet agonist through activation of platelet protease-activated receptors (PAR1 and PAR4 on human platelets, PAR3 and PAR4 on mouse platelets). In parallel, platelets support the release of neutrophil extracellular traps (NETs), which in turn provide a pro-thrombotic scaffold that support fibrin formation and platelet adhesion and activation (Figure 11) [START_REF] Clark | Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood[END_REF][START_REF] Schulz | Platelets in Atherosclerosis and Thrombosis [Internet[END_REF][START_REF] Fuchs | Extracellular DNA traps promote thrombosis[END_REF][START_REF] Massberg | Reciprocal coupling of coagulation and innate immunity via neutrophil serine proteases[END_REF] .

The importance of platelets in arterioembolic thrombi is demonstrated by the results of largescale therapeutic trials showing the efficacy and superiority of antiplatelets over anticoagulation to prevent recurrences of stroke related to large-artery atherosclerosis [START_REF] Powers | AHA/ASA Focused Update of the 2013 Guidelines for the Early Management of Patients With Acute Ischemic Stroke Regarding Endovascular Treatment: A Guideline for Healthcare Professionals From the American Heart Association/American Stroke Association[END_REF] . 

C. Tissular consequences of large vessel occlusion

The importance of the core/penumbra mismatch Neurological dysfunction occurs within seconds to minutes after proximal occlusion because of significant depression of tissue perfusion barely sufficient to support basal ATP level, oxygen metabolism and normal ionic gradients. The whole area of hypoperfused tissue becomes nonfunctional immediately after occlusion. Yet, it can be divided in two concentric regions. On the one hand, the ischemic core, susceptible to ischemia and experiencing a profound decrease of perfusion, which rapidly evolves towards necrosis. On the other hands, the ischemic penumbra, more resistant to ischemia and with only a moderate decrease of perfusion, which is impaired but salvageable if reperfusion occurs (Figure 12). This area of ischemic penumbra then denotes the region at risk, functionally impaired, but potentially salvageable after reperfusion. Unless perfusion is improved the tissue at risk dies within minutes to hours [START_REF] Lo | A new penumbra: transitioning from injury into repair after stroke[END_REF] . The ischemic core by contrast refers to the irreversibly damaged tissue, characterized by <20% of baseline blood flow levels [START_REF] Lo | A new penumbra: transitioning from injury into repair after stroke[END_REF] . With time, if the occlusion persists, the infarct core expands into the ischemic penumbra, and therapeutic opportunity is lost. Therefore, a mismatch between the ischemic penumbra and the ischemic core is a major factor favoring a good clinical response to recanalization [START_REF] Lansberg | MRI profile and response to endovascular reperfusion after stroke (DEFUSE 2): a prospective cohort study[END_REF] . A core of irreversibly infarcted tissue (red zone) is surrounded by a peripheral region of ischemic but potentially salvageable tissue in the early phase of acute ischemic stroke, referred to as penumbra (orange zone). Without early recanalization, the infarct core gradually expands to include the penumbra (red arrows). Adapted from Kloska et al. [START_REF] Kloska | Acute stroke magnetic resonance imaging: current status and future perspective[END_REF] The concept of ischemic penumbra explains why a sudden and extremely severe neurological deficit can be associated with a favorable neurological outcome if reperfusion occurs rapidly.

This led to the concept of "time is brain" and the worldwide development of specialized unit of acute stroke management. One of their main objectives is to shorten the pre-hospital and intrahospital delay to reduce the interval between stroke onset and reperfusion [START_REF] Tamm | Impact of stroke care unit on patient outcomes in a community hospital[END_REF] . An abundant literature has now demonstrated that a short onset-to-reperfusion time lower mortality and increases the chances of a favorable outcome [START_REF] Mazighi | Impact of onset-to-reperfusion time on stroke mortality: a collaborative pooled analysis[END_REF] .

The rapidity of ischemic core extension into the penumbra, or disappearance of the mismatch, is extremely variable between patients [START_REF] Rocha | Fast Versus Slow Progressors of Infarct Growth in Large Vessel Occlusion Stroke: Clinical and Research Implications[END_REF] . Some patients characterized as "slow progressors", will benefit from a late recanalization because of a persisting mismatch. Conversely, "fast progressors" do not benefit from early recanalization if the mismatch has already disappeared by the time recanalization is performed [START_REF] Rocha | Fast Versus Slow Progressors of Infarct Growth in Large Vessel Occlusion Stroke: Clinical and Research Implications[END_REF] . Remarkably, good collaterals extend the time window for acute stroke treatment by reducing and slowing down penumbra loss [START_REF] Jung | Factors that determine penumbral tissue loss in acute ischaemic stroke[END_REF][START_REF] Nambiar | CTA Collateral Status and Response to Recanalization in Patients with Acute Ischemic Stroke[END_REF] (Figure 13). Molecular mechanisms leading to cell death

The imbalance of the brain bioenergetics induced by the loss of blood flow leads to cellular infarction of all brain cells, including neurons, astrocytes, endothelial cells, oligodendrocytes [START_REF] Pundik | Reperfusion brain injury: Focus on cellular bioenergetics[END_REF] .

In the ischemic core, ischemia depletes adenosine triphosphate (ATP) within minutes, leading to a failure of a multitude of energy-dependent cellular processes critical to cellular homeostasis. Irreversible damage of the brain cells (neurons, astrocytes) is secondary to excitotoxicity, calcium dysregulation and oxidative stress. Glutamate accumulates in the extracellular space as a consequence of energy and ion pump failure [START_REF] Choi | The role of glutamate neurotoxicity in hypoxic-ischemic neuronal death[END_REF] . The glutamate overload enhances the influx of calcium, sodium, and water into neurons through the stimulation of NMDA and AMPA receptors. Massive calcium influx, aggravated by other channels and ion pumps activated during ischemia, activates catabolic processes mediated by proteases, lipases, and nucleases [START_REF]Glutamate-induced neuronal death: A succession of necrosis or apoptosis depending on mitochondrial function[END_REF] . Production of ROS by the NAPDH oxidase also directly act as executioners of cell death 66 . Activation of NMDA receptors increases ROS both in neurons and vascular cells [START_REF] Girouard | Angiotensin II attenuates endothelium-dependent responses in the cerebral microcirculation through nox-2-derived radicals[END_REF] .

ROS further alter cellular proteins, lipids and ribonucleic acids, leading to cell dysfunction or death [START_REF] Eltzschig | Ischemia and reperfusion-from mechanism to translation[END_REF] . Apoptosis and necrosis are the final consequences of Ca 2+ overload, activation of catabolic processes and production of ROS 69 (Figure 14). Even if excitotoxicity and production of ROS occur in the penumbra, the moderate preservation of perfusion by collaterals prevent cell death [START_REF] Khoshnam | Pathogenic mechanisms following ischemic stroke[END_REF] . The evolution of penumbra to infarction is a dynamic process that depends on the duration of arterial occlusion counterbalanced by the magnitude of the residual collateral blood flow and the metabolic demand. Interestingly, an abrupt rise in metabolic demand secondary to a cortical spreading depolarization [START_REF] Mies | Correlation between peri-infarct DC shifts and ischaemic neuronal damage in rat[END_REF][START_REF] Back | Induction of spreading depression in the ischemic hemisphere following experimental middle cerebral artery occlusion: effect on infarct morphology[END_REF] or contrariwise, an abrupt decrease in perfusion secondary to a systemic hypotension, have both been associated with a shift from penumbra to necrosis [START_REF] Han-Gil | Blood Pressure Drop and Penumbral Tissue Loss in Nonrecanalized Emergent Large Vessel Occlusion[END_REF][START_REF] Maïer | Prognostic Significance of Pulse Pressure Variability During Mechanical Thrombectomy in Acute Ischemic Stroke Patients[END_REF] .

D. Microvascular consequences of large vessel occlusion

Based on experimental models of murine stroke, Gregory del Zoppo described in the 90' the downstream microvascular consequences of the proximal occlusion [START_REF] Garcia | Influx of leukocytes and platelets in an evolving brain infarct (Wistar rat)[END_REF] . Del Zoppo highlighted in a model of occlusion of the middle cerebral artery (MCAO) that leukocyte adhere to the endothelium and accumulate with aggregating platelets in the microvasculature [START_REF] Garcia | Influx of leukocytes and platelets in an evolving brain infarct (Wistar rat)[END_REF] . Fibrin is formed leading to thrombosis of the microcirculation. This phenomenon has since been better characterized and showed to involve classic actors of thrombosis (platelets, coagulation factors, endothelial cells) and actors of inflammation (leukocytes, neutrophils) promoting the concept of thromboinflammation [START_REF] Meyer | Thromboinflammation in Stroke Brain Damage[END_REF] . Thromboinflammation leads to the occlusion of the microvasculature and secondary lesions of the brain tissue on top of ischemic injuries [START_REF] Meyer | Thromboinflammation in Stroke Brain Damage[END_REF][START_REF] Desilles | Downstream Microvascular Thrombosis in Cortical Venules Is an Early Response to Proximal Cerebral Arterial Occlusion[END_REF] . More recently, our group exhibited that the deleterious consequences of thromboinflammation are not only secondary to reperfusion but start immediately after the proximal occlusion 77 (Figure 15).

Remarkably, similarly to what has been described in the heart [START_REF] Jaffe | Microvascular Obstruction and the No-Reflow Phenomenon After Percutaneous Coronary Intervention[END_REF] and based on animal models of MCAO, our group also established that proximal recanalization is not equivalent to brain tissue reperfusion [START_REF] Desilles | Exacerbation of Thromboinflammation by Hyperglycemia Precipitates Cerebral Infarct Growth and Hemorrhagic Transformation[END_REF] . The restoration of the blood flow by recanalization does not equal reperfusion of the tissue because of the thrombosed microvascular bed. This phenomenon of "no reflow" might partly explain why approximately 50% of EVT-treated -and rapidly recanalized -LVO patients still share a bad clinical outcome [START_REF] Stoll | Thrombo-inflammation in acute ischaemic stroke -implications for treatment[END_REF][START_REF] Nour | Ischemia-Reperfusion Injury in Stroke[END_REF] . Yet, while thromboinflammation and the differences between recanalization and reperfusion are extensively described in animal stroke models, their importance in human stroke still requires further investigations [START_REF] Gauberti Maxime | Ischemia-Reperfusion Injury After Endovascular Thrombectomy for Ischemic Stroke[END_REF][START_REF] Desilles | Letter by Desilles et al Regarding Article, "Ischemia-Reperfusion Injury After Endovascular Thrombectomy for Ischemic Stroke[END_REF] .

Time frame of microvascular thromboinflammation in animal models of transient MCAO (tMCAO)

Immediately after LVO, hypoxemia and the abrupt decrease of the cerebral blood flow in the microvasculature cause leukocyte activation and adhesion to the endothelial cells [START_REF] Iadecola | The immunology of stroke: from mechanisms to translation[END_REF] . This margination primarily concerns neutrophils and takes place in the capillary and post-capillary venous compartment of the microcirculation [START_REF] Desilles | Downstream Microvascular Thrombosis in Cortical Venules Is an Early Response to Proximal Cerebral Arterial Occlusion[END_REF][START_REF] Kataoka | Leukocyte-endothelium interactions during permanent focal cerebral ischemia in mice[END_REF] Remarkably VWF and extracellular DNA have also been shown to contribute to thromboinflammation [START_REF] Meyer | Thromboinflammation in Stroke Brain Damage[END_REF] . If recanalization occurs, the abrupt restoration of the cerebral blood flow empties the arterial compartment of its aggregates. Conversely, in the capillary and the venous compartment, the aggregates persist and prevent tissue reperfusion. Moreover, neutrophils enter the brain tissue, contributing to lesions of the blood brain barrier (BBB) [START_REF] Shi | Rapid endothelial cytoskeletal reorganization enables early blood-brain barrier disruption and long-term ischaemic reperfusion brain injury[END_REF] . Hyperglycemia has been shown to foster neutrophil-dependent thrombosis of the microcirculation and is responsible for the loss of the core/penumbra mismatch (Figure 16).

While hyperglycemia and a high neutrophil count have also been associated with a faster shift from penumbra to infarction in human [START_REF] Rocha | Fast Versus Slow Progressors of Infarct Growth in Large Vessel Occlusion Stroke: Clinical and Research Implications[END_REF][START_REF] Desilles | Diabetes Mellitus, Admission Glucose, and Outcomes After Stroke Thrombolysis[END_REF][START_REF] Boisseau | Neutrophil count predicts poor outcome despite recanalization after endovascular therapy[END_REF] , whether it is related to microvascular thrombosis is subjected to discussion [START_REF] Gauberti Maxime | Ischemia-Reperfusion Injury After Endovascular Thrombectomy for Ischemic Stroke[END_REF][START_REF] Desilles | Letter by Desilles et al Regarding Article, "Ischemia-Reperfusion Injury After Endovascular Thrombectomy for Ischemic Stroke[END_REF] . 

Ischemia-reperfusion injury

The reperfusion injury was first described in myocardial infarction [START_REF] Yellon | Myocardial Reperfusion Injury[END_REF] . It denoted the tissue injury caused by reperfusion after a period of ischemia [START_REF] Yellon | Myocardial Reperfusion Injury[END_REF] . Later on, the pathological processes responsible for these secondary tissue injuries have been shown to initiate during ischemia [START_REF] Eltzschig | Ischemia and reperfusion-from mechanism to translation[END_REF] .

This led to the definition of a vast concept called ischemia-reperfusion injury (IRI) which has been demonstrated in a variety of organ systems including the heart, brain, liver and kidneys.

IRI englobes a range of different intricated mechanisms: activation of innate and adaptive immune responses, thromboinflammation, cell death programs during ischemia as much as the oxidative burst related to reperfusion and the prolonged inflammatory response days after the initial event [START_REF] Eltzschig | Ischemia and reperfusion-from mechanism to translation[END_REF] . In stroke, pre-clinical data suggest that ischemia is associated with a sterile immune response in the microcirculation (thromboinflammation) and the tissue and that the brutal restoration of oxygenation is associated with preventable injuries [START_REF] Pundik | Reperfusion brain injury: Focus on cellular bioenergetics[END_REF][START_REF] Eltzschig | Ischemia and reperfusion-from mechanism to translation[END_REF][START_REF] Nour | Ischemia-Reperfusion Injury in Stroke[END_REF][START_REF] Mizuma | Targeting Reperfusion Injury in the Age of Mechanical Thrombectomy[END_REF] . Therefore, targeting IRI in acute stroke treatment could improve the benefit obtained from recanalization.

The thromboinflammation of the microcirculation has been described above. Simultaneously, the resident macrophages of the brain (microglia) are also activated within minutes of ischemic onset [START_REF] Pundik | Reperfusion brain injury: Focus on cellular bioenergetics[END_REF] . ROS and a variety of molecular signals released from dead cells, danger-associated molecular pattern molecules (DAMPs), activate pattern recognition receptors including Tolllike receptors expressed on microglia. DAMPs also induce proinflammatory gene expression in infiltrating leukocyte [START_REF] Iadecola | The immunology of stroke: from mechanisms to translation[END_REF] . The pro-inflammatory state of microglia and infiltrating leukocyte further aggravates cell death through ROS an NO production, activation of the complement, activation of apoptosis induction receptors and releasing of perforin and granzym [START_REF] Iadecola | The immunology of stroke: from mechanisms to translation[END_REF] .

Experimental evidence also suggests that reperfusion is associated with a burst of oxidative stress [START_REF] Pundik | Reperfusion brain injury: Focus on cellular bioenergetics[END_REF] further aggravating this destructive spiral. Excessive ROS production upon reflow has been documented to overwhelm mitochondrial free radical scavenging systems that have been compromised by ischemia [START_REF] Pundik | Reperfusion brain injury: Focus on cellular bioenergetics[END_REF] . Recanalization could therefore transitorily aggravate cell death and enhance microglial and leukocyte activation.

IRI also includes a more prolonged adaptative and systemic immune response which is not discussed here.

E. LVO complications: hemorrhagic transformation and malignant edema

Hemorrhagic transformation

Hemorrhagic transformation (HT) refers to brain hemorrhage developing secondary to cerebral ischemia. HT is known to occur as part of the natural history of cerebral infarction, and its frequency and severity are increased by the use of anticoagulants, thrombolytics, and endovascular manipulations [START_REF] Álvarez-Sabín | Factors influencing haemorrhagic transformation in ischaemic stroke[END_REF] . Because HT occurs in brain tissue that is already necrotic, sometimes no clinical changes are seen. However, the severity of HT varies from small, asymptomatic petechial staining of necrotic brain tissue to the severe, confluent, and symptomatic HT. HT is a major concern for the clinician when treating a patient at the acute stage of ischemic stroke. On one hand, one should obtain the fastest recanalization possible, limit the secondary thrombosis and diminish the risk of stroke recurrence. On the other hand, he should not provoke a HT when using drugs that alter coagulation or fibrinolysis or during endovascular manipulations. For example, HT is the main complication of tissue plasminogen activator (tPA), the only medical therapy that provides a benefit for acute ischemic stroke treatment. The balance between treating thrombosis and favoring HT can be particularly difficult to find when treating a patient at the acute phase of ischemic stroke.

The mechanisms underlying HT remain unclear. Early recanalization and a small stroke volume are definitely associated with a reduced HT risk in human stroke and animal models [START_REF] Jickling | Hemorrhagic transformation after ischemic stroke in animals and humans[END_REF] .

Furthermore, some animal models exhibited that recanalization after 5 hours of MCAO (late recanalization) is associated with a 4-fold increased risk of HT compared to no recanalization [START_REF] Jickling | Hemorrhagic transformation after ischemic stroke in animals and humans[END_REF] .

This led some authors to consider that reperfusion of the ischemic brain tissue is central to the pathophysiology of HT [START_REF] Jickling | Hemorrhagic transformation after ischemic stroke in animals and humans[END_REF] . Some early observational studies in human shared the same conclusions [START_REF] Molina | Timing of spontaneous recanalization and risk of hemorrhagic transformation in acute cardioembolic stroke[END_REF] . Conversely, the randomized trials validating EVT up to 6 hours from stroke onset exhibited a 4-times higher recanalization rate in EVT-treated patients compared to control with no increased HT risk 9,10 . A large stroke volume appears to be a stronger determinant of HT risk regardless of the recanalization status [START_REF] Nogueira | Large Volumes of Critically Hypoperfused Penumbral Tissue Do Not Preclude Good Outcomes After Complete Endovascular Reperfusion: Redefining Malignant Profile[END_REF][START_REF] Panni | Acute Stroke With Large Ischemic Core Treated by Thrombectomy: Predictors of Good Outcome and Mortality[END_REF][START_REF] Gilgen | Younger Stroke Patients With Large Pretreatment Diffusion-Weighted Imaging Lesions May Benefit From Endovascular Treatment[END_REF] . To compound the problem, small petechial HT could be more related to the duration and severity of ischemia than large confluent HT which could share a different pathophysiology [START_REF] Thomalla | Two Tales: Hemorrhagic Transformation but Not Parenchymal Hemorrhage After Thrombolysis Is Related to Severity and Duration of Ischemia: MRI Study of Acute Stroke Patients Treated With Intravenous Tissue Plasminogen Activator Within 6 Hours[END_REF] .

HT is secondary to the disruption of the BBB [START_REF] Jickling | Hemorrhagic transformation after ischemic stroke in animals and humans[END_REF] . ROS can disrupt the BBB through damage to endothelial cells, pericytes, smooth muscle cells, and astrocytes. This results in increased BBB permeability and increased likelihood of HT. ROS damage of the neurovascular unit at the capillary level might predispose to petechial hemorrhage, whereas at the small arteriolar level ROS injury to both endothelial and smooth muscle cells could produce larger parenchymal hemorrhages [START_REF] Jickling | Hemorrhagic transformation after ischemic stroke in animals and humans[END_REF] . Experimental and clinical data also suggest that mutual and reciprocal interactions between thrombosis and inflammation could be central to the formation of HT [START_REF] Jickling | Hemorrhagic transformation after ischemic stroke in animals and humans[END_REF] .

Administration of tPA is another major determinant of HT risk. HT after tPA administration is a dynamic phenomenon, and its pathophysiology remains unclear [START_REF] Thiebaut | The role of plasminogen activators in stroke treatment: fibrinolysis and beyond[END_REF] . Various mechanisms have been reported to explain the 10-fold increase of HT risk by tPA 92 : 1. tPA interferes with hemostasis in the event of BBB disruption [START_REF] Vandelli | Fibrinogen Decrease after Intravenous Thrombolysis in Ischemic Stroke Patients Is a Risk Factor for Intracerebral Hemorrhage[END_REF][START_REF] Stump | Pharmacodynamics of thrombolysis with recombinant tissue-type plasminogen activator. Correlation with characteristics of and clinical outcomes in patients with acute myocardial infarction. The TAMI Study Group[END_REF][100] ; 2. tPA activates platelet derived growth factor-CC in the brain which has also been shown to lead to BBB leakage 101 ; 3. tPA induces the activation of matrix metalloproteinases which further injure BBB 102-104 ; 4. tPA may amplify potentially excitotoxic calcium currents 105 ; 5. tPA binds and cleaves LDL receptor-related protein 1 at the astrocytic end feet resulting in BBB alterations 106 .

Malignant edema

In the event of a large volume stroke, another deadly complication of LVO is malignant edema.

When the BBB is extensively injured, an important tissular edema can emerge, provoke a rise in the intracranial pressure and evolve to brain death. The association with a HT additionally worsens the rise of the intracranial pressure and precipitates brain death. In this situation the only available treatment is surgical. For patient under the age of 60yo, a decompressive craniectomy can be performed but is associated with a great morbidity. This treatment is even more efficient when performed before the establishment of the edema to prevent damages to other part of the non-affected brain tissue 107,108 . Therefore, clinical and radiological predictors of the occurrence of a malignant edema have been defined. Remarkably, recanalization has been shown to reduce the risk of evolution toward a malignant edema 109 even in the presence of these predictors 110 .

III. Characteristics of ischemic stroke thrombi

The composition and structure of ischemic stroke thrombi is of particularly high interest for at least two reasons:

1. Studying thrombus composition could help identify stroke etiology which is a major stake of secondary prevention aimed at reducing stroke recurrence.

2. Thrombus composition and structure could influence the efficacy of stroke treatment. 

A. Thrombus macroscopic aspect

At the macroscopic level, thrombi retrieved from patients with LVO stroke are highly heterogenous in size, shape, color, and texture 115 . Thrombi are often classified as predominantly white, supposedly platelet/fibrin-rich, or red dominant, supposedly red blood cell-rich 116 . In strokes, the largest series -and almost unique -classifying 250 thrombi according to their color, found 91% of predominantly red thrombi 117 . The remaining 9% of predominantly white thrombi were associated with "atypical etiologies" like infective endocarditis 117 . The shape of the thrombus is thought to be associated with the site of occlusion 112 and its length is independently and inversely correlated to the efficacity of tPA mediated thrombolysis 118 . As discussed in further details below, there is now evidence that the thrombus macroscopic aspect is a reflect of the thrombus cellular and molecular composition.

B. Cellular components of ischemic stroke thrombi

Ischemic stroke thrombi are composed of the three types of the circulating blood cells: red blood cells (RBC), platelets and leukocytes. To date, apart from few case reports [119][120][121] there is no evidence that endothelial cells or mesenchymatous cells are significant components of ischemic stroke thrombi responsible for LVO ischemic stroke [START_REF] Bacigaluppi | Insights from thrombi retrieved in stroke due to large vessel occlusion[END_REF]122 . First histological studies on thrombus composition have shown that although ischemic stroke thrombi are heterogenous, they share some common features (Figure 17). They have RBC-rich areas contrasting with platelet and WBC-rich areas, whose respective proportions are highly variable [START_REF] Boeckh-Behrens | Thrombus Histology Suggests Cardioembolic Cause in Cryptogenic Stroke[END_REF]112 . The factors influencing this organization and these proportions are not fully understood.

Experimental data suggest that differences in intra thrombus molecular transport in parallel with regional differences in platelet packing density and activation is responsible for distinctive structures throughout a thrombus 124 Therefore, comorbidities that may affect blood cell counts or activation status (e.i. neutrophilia due to inflammatory states), and blood hemodynamic and flow at the site of occlusion as well as the technique used for thrombus removal could also modify thrombus content and structure. 

Platelets

Platelets are a major component of ischemic stroke thrombi [START_REF] Bacigaluppi | Insights from thrombi retrieved in stroke due to large vessel occlusion[END_REF]122 . Their well-documented role in thrombosis goes from initiating thrombus formation through aggregation, secretion and assembly of coagulation factors, to thrombus retraction and stabilization [START_REF] Schulz | Platelets in Atherosclerosis and Thrombosis [Internet[END_REF] . Thrombus retraction contributes to the formation of a mechanically stable thrombus 133 . The retraction is driven by the interaction between the fibrin network inside the thrombus and the actin-myosin cytoskeleton of platelets, which is mediated by integrin αIIbβ3. In addition, activated platelets release von Willebrand factor and enhance neutrophil recruitment [START_REF] Schulz | Platelets in Atherosclerosis and Thrombosis [Internet[END_REF] , as well as the formation of neutrophil extracellular traps [START_REF] Clark | Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood[END_REF] , which were all recently identified as components of stroke thrombi. Remarkably, platelets are also well known for being a source of various fibrinolysis inhibitors. Intriguingly, recent data has also provided evidence that platelets can bind plasminogen and promote its activation 134 . The role of platelets in fibrinolysis and thrombolysis resistance are presented in further details in Chapter IV.C.

Neutrophils and neutrophil extracellular traps

The vast majority of leukocytes in ischemic stroke thrombi are neutrophils 135,136 . Other leukocytes such as T-cells, macrophages and also B-cells have been identified in thrombi 137,138 .

Over the years, neutrophils have been increasingly recognized as active players of thrombosis.

The predominance of neutrophils in ischemic stroke thrombi might be a direct reflect of blood cell counts, as neutrophils are the main circulating leukocytes in humans. Nevertheless, it is worth noting that neutrophils can also be actively recruited to the site of thrombus formation through interactions with platelets and endothelial cell adhesion molecules 139 . 

C. Extracellular fibrillar components of ischemic stroke thrombi

Fibrin

Fibrin is a fibrous, non-globular protein, forming long strands of a robust insoluble network.

Fibrin is converted from the circulating plasmatic fibrinogen through the action of thrombin 156 . This enzymatic step is the final common pathway of the coagulation cascade. Earlier steps include the tissue factor pathway and the contact activation pathway. The fibrin network intermeshed with activated platelets works as the main scaffolding of a thrombus. Fibrin has been shown as one of the main components of ischemic stroke thrombi [START_REF] Bacigaluppi | Insights from thrombi retrieved in stroke due to large vessel occlusion[END_REF]122 . Yet, its amount is variable between thrombi and could be in part related to stroke etiology [START_REF] Boeckh-Behrens | Thrombus Histology Suggests Cardioembolic Cause in Cryptogenic Stroke[END_REF] . There is wide evidence that the thickness of fibrin fibers is highly variable and can be regulated by various factors. Importantly, fibrin fiber thickness and organization have a direct impact on its susceptibility to fibrinolysis. Fibrin can be (homotypically) crosslinked by FXIII, which can also cross-link fibrin to other thrombus components like 2-antiplasmin. Fibrin susceptibility to fibrinolysis and thrombolysis resistance are presented in further details in Chapter IV.C.

Fibronectin

Fibronectin is an extracellular matrix protein involved in cell adhesion, migration and proliferation. Plasma fibronectin is secreted specifically by hepatocytes to the blood circulation and has long been suspected to play a role in thrombosis and hemostasis 157 . Plasma fibronectin deposits at the site of arterial injury has been shown to support hemostasis prior to platelet accumulation 158 . Its presence within ischemic stroke thrombi have not been reported yet.

Von Willebrand Factor

Von Willebrand Factor (VWF) is a large, circulating, multimeric glycoprotein that is secreted by platelets and endothelial cells. VWF binds to FVIII, collagen and, particularly in its unfolded conformation, to platelet GPIb. VWF serves as a molecular bridge that crosslinks activated platelets, leading to stable platelet-platelet interactions and thrombus stabilization 122 . Ultralarge VWF multimers are cleaved by ADAMTS13 into smaller, less procoagulant forms.

The importance of VWF in primary hemostasis is illustrated by the von Willebrand disease, a hereditary disorder where the absence or the alteration of VWF is responsible for recurrent and sometimes deadly bleeding. In thrombosis, VWF has long been described as in important actor of arterial thrombus formation 159,160 . There is now evidence that VWF is also a substantial actor of venous thrombosis by mediating platelet and neutrophil recruitment to the vascular wall [START_REF] Fuchs | Neutrophil extracellular trap (NET) impact on deep vein thrombosis[END_REF]161 .

In the context of ischemic stroke, the presence of VWF in stroke thrombi was described in a study by Denorme et al. 162 VWF was present in all thrombi but in different amounts.

Remarkably, prospective studies have reported that high levels of VWF and low levels of ADAMTS13 increase the risk of developing ischemic stroke [163][164][165] and were correlated to stroke subtype 166 . The imbalance between VWF and ADAMTS13 might be an underlying mechanism of growing thrombus 167 .

D. Effect of time on thrombus organization

The effect of time on thrombus organization has been well characterized in myocardial infarction and DVT. In DVT, with time, the thrombus is colonized by macrophages which degrades hemosiderin deposits. Then, myofibroblast enters the thrombus, collagen accumulates, and a network of neovascularization develops. For example, in a mouse model of DVT, hemosiderin positive macrophages are rarely detected in 3-day-old thrombi, while they are systematically present in 5-day-old thrombi 168 . In the same model, both myofibroblasts and neo-vessels can be detected at 10 days 168 . Remarkably, at day 1 there is a mean of 7 neutrophils for 1 macrophage inside thrombi and this ratio gets progressively inverted with time. After day 5, macrophages are more abundant than neutrophils in thrombi. 169 .

In myocardial infarction, based on the analysis of large biobanks of human coronary thrombi, a common definition of thrombus age has emerged. A fresh thrombus (less than 1 day) is completely composed of layered patterns of platelets, fibrin, erythrocytes and intact neutrophils.

Lytic thrombus (between 1 and 5 days) shows areas of colliquation necrosis (liquefactive necrosis) and karyorrhexis (nuclear fragmentation) of granulocytes. Organization of thrombus (more than 5 days) is characterized by areas of ingrowth of smooth muscle cells, with or without depositions of young connective tissue and ingrowth of capillary vessels 170 .

Nucleated cells in ischemic stroke thrombi are mainly neutrophils 135,136 . Only few macrophages can be found, and no collagen deposits or myofibroblasts have been reported yet [START_REF] Bacigaluppi | Insights from thrombi retrieved in stroke due to large vessel occlusion[END_REF]122 . This would suggest that ischemic stroke thrombi are reasonably fresh thrombi (< 5 days). In one study, Laridan et al. classified ischemic stroke thrombi as younger or older than 1 day 135 . They found half of the thrombi < 1 day and a positive correlation between old thrombi (> 1 day) and the number of neutrophils in the thrombus.

IV. Large vessel occlusion treatments

A. Pharmacological treatment i. Tissue plasminogen activator

For the past 30 years, the only medical treatment that prove a clinical benefit for the treatment of acute ischemic stroke is recombinant tPA. Tissue plasminogen activator is an endogenous serine protease produced by endothelial cells. tPA promotes fibrinolysis, which is the physiological process responsible for the digestion of fibrin. Fibrinolysis results from the proteolytic activation of plasminogen into plasmin by tPA. It is initiated by the assembly of a ternary complex fibrin-tPA-plasminogen at the surface of fibrin. In fact, while plasminogen and tPA do not interact in circulation, their binding to fibrin brings them in close contact and further induces a conformational change of plasminogen that enables its activation by tPA (Figure 19). The assembly of the ternary complex leads to a considerable enhancement of the rate of plasminogen activation by tPA, by a factor of approximately 50. It occurs through specific recognition of lysine residues present in fibrin by the kringle domains of plasminogen and tPA.

tPA also binds to fibrin through its finger domain. Notably, the fibrinolytic action of plasmin generates C-terminal lysine residues, thus providing a positive feedback mechanism through enhanced plasminogen binding (Figure 20). Fibrin degradation leads to fibrin aggregates formation that further enhance plasmin production by binding to tPA and plasminogen.

Single chain urokinase plasminogen activator is another activator of fibrinolysis. Precursor of active 2 chain urokinase (uPA), it is mostly linked to cell-associated fibrinolysis. Nevertheless, studies with knockout mice suggest a role in intravascular fibrinolysis 171 . The two most critical serpin inhibitors in fibrinolysis are plasminogen activator inhibitor 1 (PAI-1) and alpha-2 plasmin inhibitor (2-antiplasmin). These inhibitors circulate in excess of their substrates (10-30 ng/mL for PAI-1 and tPA 173 , 70-100 ng/mL for 2-antiplasmin and plasmin 174 and are both very potent (second order rate constants for the inhibition between 10 6 and 10 7 M -1 s -1 for PAI-1 175 and 10 6 for 2-antiplasmin 176 ). These inhibitors help restricting plasmin formation and activity at the clot surface, as they rapidly capture and inhibit free tPA and plasmin, thus preventing the degradation of plasma proteins by plasmin.

Thrombin-activatable fibrinolysis inhibitor (TAFI) is another fibrinolysis inhibitors within a thrombus. It is activated by thrombin or plasmin and cleaves the C-terminal lysine residues of fibrin, thus inhibiting the binding of plasminogen and tPA to fibrin (Figure 20 and Figure 21), and therefore plasminogen activation 177 .

In the presence of fibrin, plasmin is 10 to 45-fold more resistant to 2-antiplasmin inhibition.

This resistance to 2-antiplasmin inhibition is further increased by C-terminal lysines residues accumulation as thrombus lysis intensify 178,179 . Interestingly, the presence of TAFI attenuates this positive feedback by cleaving C-terminal lysines residues thus downgrading 2antiplasmin inhibition of plasmin to 3-fold 179 .

It is important to note that 2-antiplasmin was shown to be responsible for the antifibrinolytic effect of FXIIIa. In fact, whereas the antifibrinolytic function of FXIII was initially attributed to its ability to promote fibrin-fibrin cross-linking, Fraser et al. later showed that its antifibrinolytic activity was expressed exclusively through α₂AP, which FXIII can also crosslink to fibrin 180 .

PN-1 is as serpin present within the α-granules of platelets inhibiting different serine proteases including thrombin, tPA, and plasmin 181 . PN-1 has been shown to inhibit plasmin generation induced by fibrin-bound tPA and also fibrin-bound plasmin and thereby decreases the rate of fibrinolysis 182 . In stroke, tPA has to be dispensed intravenously (IV) in a short time window of 4h30 from stroke onset to result in an improved functional outcome 183 . Beyond this time window, the risks associated with tPA administration outgrow the benefits. The likelihood of a positive effect on functional outcome is inversely proportional to the delay of tPA administration (Figure 22).

The Number Needed to Treat (The NNT is the average number of patients who need to be treated to prevent one additional bad outcome) to gain one patient with an excellent functional outcome (mRS 0-1) is 6 if tPA is given within 3 hours after stroke onset, and 37 if tPA is given between 3 and 4.5 hours after stroke onset 184 . tPA is effective irrespectively of age, stroke severity and despite an increased risk of fatal intracranial hemorrhage during the first few days after treatment 183 .

The main reason for this time-dependent efficacy of tPA administration is the progressive loss of the mismatch between the ischemic penumbra and the ischemic core through time.

Interestingly, selected patients with a persisting mismatch after 4.5 hours could still benefit from tPA administration 185 . This led some authors to favor a "tissue window" rather than a "time window" to guide tPA administration 186 . Yet, the 10-fold rise in HT risk because of tPA administration and its relative recanalization efficiency are important barriers to the generalization of its use beyond 4.5 hours. The efficacy of tPA regarding recanalization is inversely correlated to the size of the occluded artery (Figure 22). In case of an internal carotid artery occlusion, administration of tPA will result in only 4% of complete recanalization. In case of a MCA occlusion, tPA administration is associated with an incidence of 21% of complete recanalization for M1 occlusions, and 38%

for M2/M3 occlusions 187 . Other factors that were found to diminish tPA efficiency are poor collaterals and a thrombus length > 8mm [START_REF] Thiebaut | The role of plasminogen activators in stroke treatment: fibrinolysis and beyond[END_REF] . This relative efficacy could be either explained by a poor bioavailability at the site of occlusion and/or a biological resistance to tPA induced thrombolysis that we will discuss below.

Apart from recanalization, another potential factor contributing to the benefit of tPA administration in ischemic stroke is its effect on thromboinflammation. Experimental studies in rats suggest that tPA could improve reperfusion after proximal recanalization by reducing microvascular thromboinflammation 188 . Indeed, tPA administration allowed a reduction in stroke volume in a rat model of cerebral ischemia-reperfusion induced by transient mechanical occlusion of the MCA 188 . Since in this model, occlusion of the MCA is induced mechanically by insertion of a monofilament -and not by a thrombus -the benefits of tPA administration cannot be attributed to a fibrinolytic effect at the macrovascular level. Remarkably, it was

shown in this study that mechanical occlusion of the MCA triggered an accumulation of fibrinogen, neutrophils and platelets in the microvasculature downstream of the MCA, eventually leading to secondary occlusions. Fibrin(ogen) levels, as well as markers of platelet and neutrophil activation, were decreased in the blood and brain tissue of tPA-treated rats, thus indicating that the beneficial effects of tPA in this model were due to a reduction in microvascular thromboinflammation 189 .

However, in a recent large clinical trial including patients with acute ischemic stroke from LVO, endovascular thrombectomy alone was noninferior with regard to functional outcome, within a 20% margin of confidence, to endovascular thrombectomy preceded by IV tPA 190 . If these results were confirmed by other studies, this would be in favor of a limited effect of tPA on thromboinflammation in human.

The main complication of tPA is bleeding. tPA-induced bleeding occurs in a dose-dependent manner [START_REF] Stump | Pharmacodynamics of thrombolysis with recombinant tissue-type plasminogen activator. Correlation with characteristics of and clinical outcomes in patients with acute myocardial infarction. The TAMI Study Group[END_REF]100,191 and can be favored by predisposing factors. As a consequence, there are many contraindications to tPA, like a recent surgery or the intake of other treatment interfering with hemostasis [START_REF] Powers | AHA/ASA Focused Update of the 2013 Guidelines for the Early Management of Patients With Acute Ischemic Stroke Regarding Endovascular Treatment: A Guideline for Healthcare Professionals From the American Heart Association/American Stroke Association[END_REF] . These contraindications, together with the short time window allowed for tPA administration explain why only a minority of stroke patients can be treated with tPA 192 .

B. Endovascular treatment

Endovascular treatment has radically changed the management of ischemic strokes secondary to LVO. It corresponds to the mechanical removal of the thrombus causing LVO under image guidance. Endovascular treatment is based on the use of microcatheters visible under X-rays and that are inserted into the thrombus from the groin or the arm. Removal of the thrombus can then be performed using either a stentretriever or an aspiration catheter.

Stentretrievers are small stents, deployed at the vicinity of the occlusive thrombus. When deployed, the stent meshes go through the thrombus and adhere to it. The thrombus is then removed by pulling outside the patient the stent attached to the thrombus through a large catheter. Because the stent meshes need to go through the thrombus to entrap it, this technique is often responsible for tearing of the thrombus (Figure 23). Aspiration technique relies on placing the tip of an aspiration catheter in contact with the occlusive thrombus. A negative pressure is then applied to draw the thrombus out. As compared to the use of stentretrievers, aspiration is thought to cause less alterations to the thrombus (Figure 24). Aspiration technique and stentretriever can be combined and performed at the same time. Image of a thrombus immediately after being removed from the MCA of a patient.

While large-scale randomized trials in 2013 were disappointing [193][194][195] , nine studies, seven within the 6-hour period and two in a period up to 16-24 hours, have shown dramatically improved functional outcomes in patients undergoing EVT for LVO 196 . The numbers needed to treat reported in these studies were particularly low: about 2.6 to reduce disability by at least one level on the mRS and about 5 to go from being dead or dependent to alive and Improving the quality of recanalization Stentretrievers were used in the main studies that showed efficacy for thrombectomy versus medical treatment alone 10 . Later, observational studies suggested that a direct aspiration as first pass technique (ADAPT) might lead to earlier reperfusion and lower cost of thrombectomy 202,203 . Yet, the specific studies addressing this question support equivalency of first line aspiration with first line stent retriever 204,205 . Both techniques are rarely associated with complications like a secondary embolus to a previously uninvolved territory or an intracranial vessel perforation 204,205 .

The quality of recanalization is scored with the Thrombolysis In Cerebral Infarction (TICI) score 206 . The TICI score reflects the level of intracranial perfusion as assessed by cerebral angiography. When an antegrade reperfusion of more than half of the previously occluded target artery ischemic territory (TICI 2b) is obtained, EVT is considered successful. Indeed, a TICI ≥ 2b at the end of the procedure is associated with a much better functional outcome than a TICI < 2b 207 . While a TICI 2b is achieved in approximatively 90% of EVT procedure 204 , only 50 to 60% of first passes end with a TICI ≥ 2b 204 . Moreover, a TICI of 3 (complete recanalization) is reached in only 30 to 40% of EVT 204 . Yet, a TICI of 3 and a first pass effect (FPE, TICI ≥ 2 after the first pass) have both been associated with better functional outcome 206,207 . Improving the quality of recanalization and increasing the rate of FPE are new challenges to improve the functional outcome of EVT-treated patients.

Remarkably, the composition and the structure of thrombi have been shown to impact these goals 119,136,[208][209][210][211][212][213] . Therefore, developing new drugs and techniques tailored to thrombus composition appears crucial to improve EVT. While antithrombotic treatments have improved the efficacy of endovascular treatment in myocardial infarction, other targets should probably be developed in ischemic stroke, owing to the risk of hemorrhagic transformation.

C. Resistance to fibrinolysis

The rate of tPA induced fibrinolysis is influenced by various enzymatic, cellular, and mechanical factors. In fact, there is large evidence that besides direct inhibitors of tPA and plasmin, fibrinolysis is also largely influenced by fibrin fiber structure, clot retraction, and thrombus cell composition. Although presented separately, many of the factors noted below are interrelated and often mutually reinforcing.

Fibrin structure

Fibrin network structure is modified by the local concentrations of various molecules like fibrinogen, thrombin, and ions, such as Ca 2+ as well as the local cellular environment. For example, high fibrinogen concentrations or high local thrombin concentrations, give rise to thrombus with thinner fibers at a higher density 214,215 . Conversely, increasing the Ca 2+ concentration or decreasing the thrombin concentration leads to thrombus composed of thicker fibers and a lower packing density 214 . Thrombus with a tight fibrin conformation made of thin fibers were shown to dissolve at a slower rate than those with a loose fibrin conformation made of thicker fibers 216 . Yet, in this model, the permeation of fibrinolytic agents into the thrombus appears to play a prevalent role in determining thrombus lysis rates rather than fibers thickness 217 .

Thin fibers are more rapidly cleaved than thick fibers in various other fibrinolysis models 216,218 .

Thin fibers are composed of fewer protofibrils within a cross section 172 and the molecules are more densely packed, so plasmin and tPA binding sites are closer together 219 . This provides additional reasons that thin fibers, all other things being equal, should lyse more rapidly than thick fibers 217 .

FXIII is a transglutaminase known for its contribution to normal hemostasis through crosslinking of adjacent fibrin fibrils. FXIII-cross linked fibrin fibers are 2-10 times stiffer, 50% less elastic, and have 40-50% lower extensibility than partially cross-linked fibers 220 . Even if the loss of fiber extensibility might play a role in fibrinolysis resistance 221 , it now seems clear that the cross-linking of fibrinolytic inhibitors -mainly 𝛼2-antiplasmin -is the primary antifibrinolytic function of FXIII 180,222,223 . 𝛼2-antiplasmin cross-linked to fibrin plays a significant role in inhibition of physiologically occurring fibrinolysis 224 . Remarkably, this inhibitory effect is increased during platelet retraction, when the fibers of the thrombus are closer together and fluid is expelled from the thrombus 222,224,225 . FXIII cross-links numerous other molecules, such as PAI-2, and TAFI 226 , as well as VWF, factor V, vitronectin, vinculin, myosin, and actin 227 .

Finally, fibrin morphology can be altered by various reactions like oxidation 228 , carbamylation 229 , as well as PF-4 exposure 230 conferring further resistance to fibrinolysis.

Platelets

Platelets are among the factors that contribute modifying fibrin density and thrombus structure.

They drive the process of thrombus retraction through fibrinogen binding to the integrin 𝛼II3.

Platelet-rich thrombi are well known to be particularly resistant to fibrinolysis 231,232 . The strong adhesive forces between platelets and fibrin, in combination with platelet contraction, place the fibers under tension that modulates the clot structure, stiffens fibrin and increases its density in the platelet-rich areas. Kim et al. recently showed that a key elementary step of contraction is sequential extension-retraction of platelet filopodia attached to fibrin fibers. The "hand-overhand" longitudinal pulling of fibrin fibers by platelets causes shortening and bending of plateletattached fibers, resulting in formation of fiber kinks. When attached to multiple fibers, platelets densify the fibrin network by pulling on fibers transversely to their longitudinal axes 233 . Thrombus retraction by platelets is also responsible for the expulsion of the unbound plasminogen 217 , an attenuated binding of tPA to fibrin 234 , and, as discussed above, of higher plasmin deactivation and slower lysis by FXIII-cross-linked 𝛼2-antiplasmin 223,232,235 .

In addition to their mechanical action, platelets also modulate fibrinolysis by secreting various fibrinolysis inhibitors. Factor XIII, 2-antiplasmin, PAI-1, TAFI, and PN-1 are released by activated platelets and their respective roles in fibrinolysis resistance are discussed above.

Polyphosphates are an inorganic phosphate molecule made of a repeated units of phosphate monomers joined by phosphoanhydride bonds, contained in platelet granules, with procoagulant effect 236,237 and enhancing TAFI activation 232 . Polyphosphates are also responsible for the formation of thicker fibrin strands that are more resistant to fibrinolysis and attenuate binding of tPA and plasminogen to fibrin 238 . Interestingly, polyphosphates have also been shown to activate FXII and subsequently act as a cofactor in enhancing its plasminogen activator activity 225,239 .

Intriguingly, recent works suggest that platelets are an heterogenous population with different state of activation 232 . Platelets have been shown to harbor plasminogen 134,240,241 , plasminogen activators 134,240,242 , and functional plasmin 243,244 on their surface and therefore exhibit a profibrinolytic activity 134,232 . Very recently, a novel receptor exhibiting a C-terminal lysing 

Red blood cells

Red blood cells also play a role in resistance to fibrinolysis. RBC bind to fibrin through a specific integrin 256 . Fibrin transmits the contractile force of neighboring activated platelets to red blood cells causing a change of their shape from biconcave to polyhedral 126 . This results in almost gap-free compaction of RBC forming a structure with a stronger diffusion barrier to fibrinolysis activator and therefore a higher fibrinolytic resistance 257 . Based on a translational approach, this PhD thesis project has studied different aspects of LVOstroke pathophysiology, spanning from thrombus formation to the embolic occlusion of large intracranial vessels, and the subsequent thromboinflammatory cascade.

Part 1: Large vessel occlusion

Overall, more than 450 ischemic stroke thrombi were analyzed during this project, with a particular focus given to their structural and composition features that could contribute to fibrinolysis resistance, or help to determine stroke etiology and, possibly, stroke outcome.

In chapter I, we highlight that LVO thrombi, irrespectively of stroke etiology, share a common structural feature: a highly heterogeneous core encapsulated by a dense surface shell participating in resistance to t-PA induced fibrinolysis. While platelets are essential to in vitro shell formation, this shell also includes various fibrinolysis inhibitors including NETs.

Together, we show in chapter II and III that intracranial thrombi also share differences in content correlating with stroke etiology and their MRI signal. These apparently conflicting results actually reflect the entanglement of common mechanisms and subtle differences of thrombus formation and migration that we will discuss further below.

In chapter IV, we show that the dynamic neutrophil activation at the acute phase of ischemic stroke in human is deleterious. We highlight that neutrophil activation markers continue to evolve after and despite successful removal of LVO thrombi by EVT and that markers of NETs formation correlate with stroke severity. Jointly, in chapter V, we show in a murine model of tMCAO that a treatment with DNAse-1, targeting NETs, is associated with an improvement of stroke outcome by reducing microvascular thrombosis compared to control.

Features of ischemic stroke thrombi: a dense surface shell surrounding a highly heterogeneous core Among our main findings is the fact that, irrespectively of stroke etiology, LVO thrombi share a common structural feature: a highly heterogeneous core encapsulated by a dense surface shell participating in resistance to t-PA induced fibrinolysis. Remarkably, a first description of a core/shell structure in ischemic stroke thrombi can be found in the study of Anh et al, in which they reported the presence of an outer shell made of a "fibrin crust" and aggregated platelets in human arterioembolic stroke thrombi 258 (Figure 27). Interestingly, in 2008, Ogata et al described a "dense mass of fibrin and platelet-rich" shell encircling a "red thrombus" in an intraluminal thrombus appended to a ruptured human carotid atherosclerotic plaque 111 (Figure 27). Therefore, evidence that thrombi causing LVO had a shell was out there, yet, to our knowledge, we were the first group to report that this thrombus architecture was not an isolated phenomenon but a common one. Our results showing that the shell thickness is highly variable may explain why it was not reported more often before. Also, while the shell is obvious in stereotyped samples displaying a RBC-rich core in which the contrast between the thrombus shell and inner core is the highest, it becomes difficult to distinguish in platelet-rich samples, in which this contrast becomes much less stark. From our experience, it appears that only specific labelling of platelets or the use of scanning electron microscopy can help to consistently highlight the peripheral accumulation of platelets and the associated compaction of fibrin. subsequent to laser-induced exposure of the subendothelium. Notably, we observed that a platelet-rich peripheral shell comparable to that observed in acute ischemic stroke thrombi also formed in a mouse model of occlusive thrombosis of the mouse carotid artery. Taken together, these data suggest that blood cell distribution in thrombi is, at least in part, the result and reflect of both blood cell distribution in flowing blood, and therefore of local hemodynamic conditions, as wells as of the localization and extent of the thrombotic hotbed. In this model, a thrombus forming under arterial laminar blood flow would adopt a core-shell structure characterized by a RBC-rich inner core and platelet-rich peripheral shell. Thrombi developing consecutively to stasis or in vortex rings, such as those forming when blood flows from the left atrium into the left ventricle [START_REF] Watson | Mechanisms of thrombogenesis in atrial fibrillation: Virchow's triad revisited[END_REF] , would present a more complex structure, with a more heterogenous distribution of blood cells in the thrombus core (Figure 28). On the top, representative image of a laminar flow and a thrombus with a stark repartition of RBCs in the center and platelets at the periphery. On the bottom, representative flow in the LAA and a thrombus with a more complex structure with a more heterogenous distribution of blood cells in the thrombus core. Nevertheless, in the latter, the accumulation of fibrin and platelets at the periphery can still be observed. Left images adapted from Bosi et al. and Isamail et al. 260,261 Thrombus images from Di Meglio et al. 262 Regardless of why platelets accumulate at the periphery of ischemic stroke thrombi, there are different mechanisms by which platelets may foster shell formation. I. We observed in the shell a particularly dense and compact fibrin network intermeshed with a high concentration of platelet. These areas of densely packed platelets have been shown to be associated with a reduced rate of solute transport within the platelet mass. Therefore, thrombin accumulates and provokes a strong agonist stimulation 124 . This facilitates further fibrin formation and platelet activation 232 . Moreover, upon thrombin stimulation, the copy number of αIIbβ3 on the platelet' membrane increases two-to three-fold 263 and the concurrent sharp rise in intracellular Ca2+ induces the active conformation of αIIbβ3 and interaction with fibrin. Platelets bound to the fibrin network have further been shown to tighten the fibrin network by actively retracting 232 .

Highly concentrated and retracted platelets could therefore partly explain the compacted aspect of the shell observed in our samples (Figure 29). Extracellular DNA and NETs are also abundant in the shell. Through the release of chemokines, but also by the expression of adhesion receptors such as P-selectin, platelets recruit neutrophils into growing thrombi [START_REF] Schulz | Platelets in Atherosclerosis and Thrombosis [Internet[END_REF] . Remarkably, platelets support the release of neutrophil extracellular traps (NETs) through TLR4 activation, which in turns enhance platelet activation [START_REF] Clark | Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood[END_REF][START_REF] Fuchs | Neutrophil extracellular trap (NET) impact on deep vein thrombosis[END_REF] .

Simultaneously, neutrophils recruited in a platelet-dependent manner release elastase, which degrades TFPI, further enhancing fibrin formation [START_REF] Massberg | Reciprocal coupling of coagulation and innate immunity via neutrophil serine proteases[END_REF] . This highlights the cooperation of neutrophils and platelets to foster fibrin and possibly shell formation.

Apart from platelet accumulation, other factors might contribute to the observed aspect of the shell. Ischemic stroke thrombi are vigorously pushed from their site of formation into the cerebral brain arteries by the arterial blood flow. The migrating thrombus then stop when the size of the occluded artery becomes smaller than the thrombus itself. The impact on thrombus structure of these mechanical forces remains to be investigated but could further compact ischemic stroke thrombi. Moreover, the contact between a thrombus with the endothelium has been shown to significantly decrease endothelium-dependent vasorelaxation 264 .

Vasoconstriction at the site of occlusion, as seen previously in thrombotic coronary arteries 265 , could also increase the compaction of the shell. Finally, thrombus alteration by EVT could have also influenced our results. Yet, the shell was equally observed when aspiration or stentretreiver were used and we could reproduce the shell in vitro and in vivo in a mouse model of carotid thrombosis. Additionally, this aspect of the shell was similarly observed in atrial thrombi of human explanted hearts. This argues that EVT is unlikely to be responsible for peripheral platelet accumulation and shell formation in acute ischemic stroke thrombi.

Features of ischemic stroke thrombi: shell resistance to tPA induced fibrinolysis

The plausible clinical importance of the shell is stressed by the fact that it is relatively more resistant to t-PA induced fibrinolysis compared to the core. Resistance to tPA-induced fibrinolysis is a critical problem when treating ischemic stroke patients and especially LVO.

While tPA is broadly available and easily deliverable, its administration is associated with only 20% of MCA early recanalization and 8% of internal carotid artery early recanalization 187 . The shell might confer resistance to tPA induced fibrinolysis for several reasons. First, it appears to form an impermeable barrier reducing thrombus porosity and therefore tPA penetration in the thrombus 266 . Secondly, the fibrin exhibits a modified structure previously shown to confer resistance to fibrinolysis [228][229][230] . Thirdly, the shell appears particularly rich in fibrinolysis inhibitors: NETs interfering with fibrinolysis by degrading plasminogen and competing with plasmin binding sites on fibrin; PAI-1 directly inhibiting tPA; PN-1 inhibiting fibrin-bound tPA and fibrin-bound plasmin. Finally, platelet accumulation also interferes with fibrinolysis by placing fibrin fibers under tension, expelling the unbound plasminogen 217 , attenuating binding of tPA to fibrin 234 , and by cross-linking 𝛼2-antiplasmin to fibrin through FXIII.

Another reason for the absence of recanalization after t-PA administration could arise from a failed thrombolysis despite an effective fibrinolysis. Indeed, the shell exhibit high amounts of Remarkably, VWF-cleaving enzyme like ADAMTS13 or N-Acetylcysteine and NETs cleaving DNAse-1 have been shown to improve thrombolysis of tPA-resistant thrombi 135,136,162,268 . This led our group and others 122,268 to suggest that fibrin degradation via plasmin alone might not be sufficient to achieve effective thrombolysis. Co-administration of these different thrombolytic agent to target together fibrin, NETs and VWF, hence appears like a promising therapeutic option for LVO. This approach would be all the more convincing if this therapeutic cocktail could be tailored on individual patient thrombus characteristics. In this regard, our data (chapter III) and the one from other groups 132 suggesting that the thrombus MRI signal correlates with its RBC content, offer a new opportunity to personalize stroke treatment on thrombus characteristics.

Features of ischemic stroke thrombi: correlation with stroke etiology and MRI artefact While ischemic stroke thrombi exhibit common structural features, they also display LVO etiology-related differences. In particular, although acute ischemic stroke thrombi share the same cell components, namely platelets, leukocytes, and RBCs, our results also indicate that the amount of leukocytes -or at least of nucleated cells -varies with LVO etiology. We indeed show in chapter II that cardioembolic thrombi are richer in DNA and poorer in platelets compared to arterioembolic thrombi. The high amount of DNA found in cardioembolic thrombi favor the hypothesis that thrombus formation in the LAA share common mechanism with DVT.

Indeed, on top of endothelial activation and blood stasis, neutrophil recruitment and NETs formation plays a primary role in DVT [START_REF] Fuchs | Neutrophil extracellular trap (NET) impact on deep vein thrombosis[END_REF] . The higher amount of DNA found in cardioembolic thrombi could be the consequence of the same primary role played by neutrophils and NETs in AF-associated thrombosis. Consistently, Laridan et al. found a higher quantity of NETs in cardioembolic thrombi 135 compared to arterioembolic thrombi. On the other hand, atheromatous thrombosis occurs in condition of high shear stress after sub-endothelial exposition. In these conditions, platelets share the primary role to initiate thrombosis. This is in accordance with the higher amounts of platelets that we found in arterioembolic thrombi.

While no apparent cause is found for approximatively 25% of LVO-stroke, our data suggest that the analysis of thrombus content could help target a sub population for a more active screening or to directly test a second prevention strategy. If our results were confirmed in a different cohort, one could imagine testing the efficacy of anticoagulation to reduce stroke recurrence in cryptogenic LVO-patients with high amount of DNA in their retrieved thrombi.

Interestingly, even if these differences in DNA and platelet content could help future management of ischemic stroke patients, at least small amounts of DNA and platelets were equally found in both arterioembolic and cardioembolic thrombi. This highlights that even if local conditions of thrombus formation influence the final thrombus content, ischemic thrombi are also exposed to common environments during and after migrating to the brain probably resulting in further modifications such as platelet and neutrophil accumulation at the periphery.

Targeting microvascular thrombosis on top of large vessel occlusion

Finally, in chapter IV, we provide evidence that dynamic changes in neutrophil activation occur at the acute phase of ischemic stroke in human. We highlight that neutrophil activation markers continue evolving after and despite successful removal of LVO thrombi by EVT. Because our population study almost exclusively comprised patients with successful recanalization and reperfusion, one cannot conclude from our data if neutrophil activation is stimulated by reperfusion. It would be interesting to address this issue in future studies, as the question of whether reperfusion injury occurs in human ischemic stroke remains open and highly controversial [START_REF] Gauberti Maxime | Ischemia-Reperfusion Injury After Endovascular Thrombectomy for Ischemic Stroke[END_REF][START_REF] Desilles | Letter by Desilles et al Regarding Article, "Ischemia-Reperfusion Injury After Endovascular Thrombectomy for Ischemic Stroke[END_REF] . Nevertheless, in agreement with other clinical studies, we show that markers of NETosis at admission are correlated with stroke severity and prognosis, thus indicating that neutrophil activation in human ischemic stroke is an early event that precedes reperfusion, and that is likely deleterious. Jointly, in chapter V, we show in a murine model of tMCAO that a treatment with DNAse-1, targeting NETs, is associated with an improvement of stroke outcome Taken together, these results add to the growing evidence that neutrophils are a solid target for the development of new pharmacological stroke treatments. Indeed, both the macrovascular resistance to t-PA induced fibrinolysis and the microvascular thrombosis related to neutrophil activation and NETs formation are counterbalanced by DNAse-1 administration.

Conclusion

In this thesis we have shown that ischemic stroke thrombi have a platelet rich and fibrinolysisresistant shell made of compacted thrombus components. This is the first description of such an ultrastructural organization in ischemic stroke thrombi with a relevant clinical perspective as it offers new therapeutic targets to improve recanalization. We have also devised a new technique to directly quantify the cellular content of ischemic stroke thrombi which allows us to find correlation between thrombus content, stroke etiology, and thrombus MRI signal.

It is also shown that neutrophil activation at the acute phase of ischemic stroke in human is a dynamic process which probably act as direct mediator of cerebral injury and that an early treatment with DNAse-1 is associated with an improved outcome in a murine model of stroke.

This adds to the growing evidence that neutrophils and NETs are common actors of micro and macrovascular thrombosis.

While the literature suggests that other shell components -such as platelets and VWF, are similarly involved in microvascular thrombosis, altogether this leads to new avenues for the development of therapeutic cocktails targeting all aforementioned players. Co-administration of different thrombolytic agents to target together platelets, fibrin, NETs and VWF, appears like a promising therapeutic option for LVO. 
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  . For example, Stalker et al. showed in flow condition, that platelet activation during the hemostatic response to penetrating injuries is heterogeneous 125 . This results in a distinctive thrombus architecture that consists of a core of fully activated platelets immediately adjacent to the site of injury overlaid by a shell of minimally activated platelets 125 . Furthermore, Cines et al. showed in static condition that contracted blood clots develop a meshwork of fibrin and platelet aggregates on the exterior of the clot and a closepacked, tessellated array of compressed polyhedral erythrocytes within 126 . Both of these examples exhibit that platelet activation state and platelet contraction are important factors influencing thrombus structure. Furthermore, different flow conditions imply different distribution of blood cells 127 . In laminar flow, platelet concentration near the vessel wall is 2 to 3 times higher than the center of the vessel and flowing red blood cells at the center of the vessel enhance the near wall concentrations of platelet 128 . Diminution of the shear stress or loss of the laminar flow modify this physiological distribution 129 .
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  Neutrophil can promote thrombosis by several mechanisms. They stimulate both the contact and tissue factor coagulation pathways. They do not synthesize but acquire TF from activated monocytes in blood140,141 . Neutrophils expressing TF were shown to bind to injured endothelial wall and initiate thrombus formation 142 . Moreover, by inactivating TFPI, neutrophils further support the extrinsic pathway of coagulation initiated by TF. Indeed, neutrophil released nucleosomes were shown to facilitate co-assembly of neutrophil elastase and the anticoagulant TFPI, supporting TFPI inactivation and unleashing suppression of factor Xa, thereby fostering fibrin formation[START_REF] Massberg | Reciprocal coupling of coagulation and innate immunity via neutrophil serine proteases[END_REF] . Finally, neutrophil have been shown to support the contact pathway by locally assembly contact factors on the outer surface of their membrane 143 , inactivating 2antiplasmin and antagonist C1 inhibitor 144 , as well as activating factor XII 145 .Neutrophil extracellular traps (NETs) are networks of extracellular DNA fibers decorated with citrullinated histones (Hcit), myeloperoxidase (MPO) and elastase produced by activated neutrophils. NETs were first described for their anti-microbial activity as part of a defense mechanism against bacterial and fungal infection[146][147][148][149] . The thrombogenic involvement of NETs has now been described in various settings of thrombosis, including stroke, myocardial infarction, and deep vein thrombosis 150 . They have been shown to provide a scaffold and stimulus for thrombus formation[START_REF] Fuchs | Extracellular DNA traps promote thrombosis[END_REF] . They cause platelet adhesion, activation, and aggregation, promote fibrin deposition and interfere with fibrinolysis[START_REF] Fuchs | Extracellular DNA traps promote thrombosis[END_REF] . Several pro-coagulant pathways have been reported: NETs directly activate FXII 151 ; NETs bind to TF causing activation of the extrinsic pathway of coagulation 152 ; NETs bind to VWF and support the recruitment and activation of platelets[START_REF] Fuchs | Neutrophil extracellular trap (NET) impact on deep vein thrombosis[END_REF] ; NET locally concentrate enzymes, such as neutrophil elastase and myeloperoxidase, which respectively cleave and oxidize anticoagulants including TFPI and thrombomodulin[START_REF] Massberg | Reciprocal coupling of coagulation and innate immunity via neutrophil serine proteases[END_REF] ; NETs induce activation of endothelial cells 153 ; NETs inhibit activated protein C-mediated negative feedback of the coagulation cascade, and directly support thrombin activation154,155 . Notably, in ischemic stroke thrombi they have been shown to impair tPAinduced thrombolysis 136 and to be more abundant in cardioembolic thrombi 135 .
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 19 Figure 19: Ternary complex fibrin-tPA-plasminogen formation generating plasmin
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 20 Figure 20: Schematic diagram of fibrinolysis on the fibrin clot surface.
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 21 Figure 21: Regulation of fibrinolysis

Figure 22 :

 22 Figure 22: Effect of time and occlusion site on tPA treatment
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 23 Figure 23: Illustrative image of a stentretreiver deployed in a brain artery and entrapping a thrombus.
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 24 Figure 24: Illustrative image of an aspiration catheter inserted in a brain artery and aspirating a thrombus.
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 25 Figure 25: Impact of time on endovascular treatment
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 26 Figure 26: The impact of platelet contraction on fibrin fiber structure.

(

  Plg-RKT 245 ), has been shown to retain plasminogen on the activated platelet membrane and drive local fibrinolysis by enhancing cell surface-mediated plasminogen activation 246 . This supports the notion that different subpopulations of platelets could share different functions within the microenvironment of a thrombus. Leukocytes Both monocytes and neutrophils have the ability to modulate fibrinolysis 139 . While in vitro fibrinolysis is accelerated in the presence of isolated quiescent neutrophils 247 and monocytes 248 , under pathological circumstances, activated leukocytes attenuate endogenous fibrinolytic mechanisms 139 . Monocytes inhibit fibrinolysis by increasing activation of TAFI 249 . Elastase secreted by activated neutrophil has been shown to degrade plasminogen in non-active plasminogen fragments 250,251 . More recently, Barbosa da Cruz et al. showed that NETs bearing active elastase-DNA complexes reduce plasminogen into fragments, thus decreasing the local plasminogen concentration 252 . The authors further showed that plasminogen fragments compete with plasminogen for binding to fibrin decreasing thereby plasminogen activation to plasmin on fibrin surface. Moreover, DNA and histones contained in NETs also exert marked effects on the structural and mechanical parameters of fibrin and render them more resistant to tPAinduced lysis 253,254 . DNA has been shown to compete with fibrin for plasminogen liaison, forming non-fibrinolytic plasmin-DNA-fibrin complexes and, contrary to fibrin-plasmin liaison, increasing their susceptibility to serpins inhibition 254 . Longstaff et al. also suggested that the combination of DNA and histones could slow down the breakdown of fibrin clots by stabilizing the network through biding to fibrin degradation products 255 . Finally, NETs are recognized as a supplementary scaffold of thrombi on top of the fibrin network 146 .
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 27 Figure 27: previously published image of a core/shell structure in ischemic stroke thrombi
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 28 Figure 28: Thrombi developing consecutively to stasis or in vortex rings could exhibit different repartition of blood cells than thrombus forming in laminar flow.
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 29 Figure 29: Close up of the shell of an intracranial thrombus.

  NETs and VWF which contributes to thrombus scaffold. Fibrin and VWF can interact with each other via covalent crosslinking by FXIII or via thrombin-dependent incorporation 267 and NETs are recognized as a supplementary scaffold of thrombi on top of the fibrin network 146 .

  by reducing microvascular thrombosis compared to control. Remarkably,de Meyer et al. also showed a benefit of DNAse-1 administration in tMCAO which was greater when DNAse-1 was administered during occlusion rather than after recanalization 269 . Moreover, Pena-Martinez et al. confirmed that NETs formed in a TLR4 dependent manner in photothrombotic stroke and found the same benefit of DNAse-1 administration in a thrombotic model of MCAO 270 .
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Table of content Introduction

  

	I.	Stroke Epidemiology

  The analysis of ischemic stroke thrombi responsible for LVO has dramatically changed with the development of EVT. Before 2015, few samples came from postmortem autopsy 111 or small series of EVT-treated stroke patient with first generation technique 112 . Since 2015, when available 113 , EVT is systematically performed for LVO and some centers have started to prospectively collect retrieved thrombi 114 .

Chapter 1: acute ischemic stroke thrombi have an outer shell that impair fibrinolysis Chapter 3: Two-layered susceptibility vessel sign is associated with biochemically quantified thrombus red blood cell content Title : Two-Layered Susceptibility vessel sign is associated with biochemically quantified thrombus red blood cell content Supplemental table I. Demographics, Clinical, and Thrombus Characteristics for the

  

	Overall Study Sample		
		N	Values
	Demographics		
	Age, years, median (IQR)	84	77 (65 to 85)
	Men	84	46 (54.8)
	Medical history		
	Hypertension	84	54 (64.3)
	Diabetes	84	14 (16.7)
	Hypercholesterolemia	84	26 (31.0)
	Current smoking	79	13 (16.5)
	Coronary artery disease	82	8 (9.8)
	Previous stroke or TIA	83	9 (10.8)
	Previous antithrombotic medications	80	37 (46.3)
	Current stroke event		
	NIHSS score, median (IQR)	84	18 (14 to 20)
	ASPECTS, median (IQR)	84	7 (5 to 8)
	Suspected cardioembolic cause	84	44 (53.7)
	Site of occlusion		
	MCA	84	66 (78.6)
	ICA		18 (21.4)
	Intravenous rt-PA	83	45 (54.2)
	Onset to groin puncture time, min, median (IQR)	83	240 (176 to 279)

Supplemental table II. Main patient's characteristics according to susceptibility vessel sign status in patients with histopathology examination of thrombi Susceptibility vessel sign Two-layered Susceptibility vessel sign

  

	ASPECTS, median	8 (6 to 9)	7 (5 to 8)	7 (5 to 9)	6 (4 to 8)
	(IQR)						
	Suspected			8 (66.7)	36 (51.4)	23 (56.1)	21 (51.2)
	cardioembolic cause				
	Site of occlusion	No (n=12)	Yes (n=72)	No (n=42)	Yes (n=42)
	Demographics MCA		10 (83.3)	56 (77.8)	36 (85.7)	30 (71.4)
	Age, years, median ICA	72 (60 to 85) 78 (66 to 84) 2 (16.7) 16 (22.2)	81 (68 to 86) 72 (60 to 82) 1 6 (14.3) 12 (28.6)
	(IQR) Intravenous rt-PA	6 (50.0)	39 (54.9)	20 (48.8)	25 (59.5)
	Men Onset	to	groin	8 (66.7) 224 (152 to	38 (52.8) 240 (182 to	23 (54.8) 240 (176 to	23 (54.8) 233 (177 to
	Medical history puncture time, min,	271)	284)	276)	279)
	Hypertension median (IQR)		7 (58.3)	47 (65.3)	27 (64.3)	27 (64.3)
	Diabetes Onset to imaging	7 (58.3) 98 (70 to	7 (9.7) 2 110 (95 to	12 (28.6) 119 (90 to	2 (4.8) 2 103 (94 to
	Hypercholesterolemia	6 (50.0) 120)	20 (27.8) 150)	17 (40.5) 152)	9 (21.4) 144)
	Current smoking Imaging to groin	2 (16.7) 98 (54 to	11 (16.4) 119 (63 to	4 (9.8) 119 (63 to	9 (23.7) 112 (61 to
	Coronary puncture	artery	4 (33.3) 135)	4 (5.7) 1 147)	7 (16.7) 145)	1 (2.5) 146)
	disease Values expressed as n (%) unless otherwise indicated.		
	Previous stroke or 1 p<0.05, 2 p<0.01	5 (41.7)	4 (5.6) 2	7 (16.7)	2 (4.9)
	TIA Abbreviations: ASPECTS= Alberta stroke program early computed tomography score;
	Previous ICA=internal carotid artery; IQR=interquartile range; MCA=middle cerebral artery; 9 (75.0) 28 (41.2) 1 22 (55.0) 15 (37.5)
	antithrombotic NIHSS=National Institutes of Health Stroke Scale; rt-PA=recombinant tissue plasminogen
	medications activator; TIA=transient ischemic attack; SD=standard deviation	
	Current stroke event Supplemental Table S2. Main patient's characteristics according to susceptibility vessel sign status. Values
	expressed as n (%) unless otherwise indicated. 1 P < 0.05, 2 P < 0.01. Abbreviations: ASPECTS, Alberta stroke
	NIHSS score, median program early computed tomography score; ICA, internal carotid artery; IQR, interquartile range; MCA, middle 18 (14 to 20) 18 (14 to 20) 16 (10 to 20) 19 (16 to 22) 1
	(IQR) cerebral artery; NIHSS, National Institutes of Health Stroke Scale; rt-PA, recombinant tissue plasminogen
	activator; TIA, transient ischemic attack; SD, standard deviation.		
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independent 10,196 . Remarkably, in these trials EVT was not associated with a rise in HT risk 9,10 .

The future strategies to improve the LVO stroke care has to be developed together with EVT.

Preserving the penumbra Endovascular treatment up to 16-24 hours from stroke onset has proven beneficial in highly selected patients 197,198 . The inclusion criteria for the two-study validating EVT beyond 6 hours relied on a clinical or radiological mismatch between the ischemic core and the penumbra.

Criteria for inclusion were a small core infarct volume and either a high NIHSS score or a large radiological hypoperfusion 197,198 . While an estimated 10% of all hospital admissions for acute stroke would be eligible for EVT up to 6 hours, this number falls to 1.7-2.5% of all acute stroke admissions after 6 hours 199,200 . Moreover, nearly half of the EVT-treated patients in the 6-hours period do not share a functional independence 3 months after stroke 9 . There is a strong negative relationship between the functional outcome and the delay between recanalization and stroke onset (Figure 25). This is again related to the loss of the mismatch between the ischemic core and penumbra 201 . Therefore, continuing to develop strategies to preserve the penumbra is a major challenge for the future of stroke care and especially for patients with a "fast progressor" phenotype [START_REF] Rocha | Fast Versus Slow Progressors of Infarct Growth in Large Vessel Occlusion Stroke: Clinical and Research Implications[END_REF] (Figure 25). As discussed earlier, thromboinflammation is an early phenomenon in LVO and a credible target to preserve the penumbra and improve reperfusion after recanalization.

Aims

This thesis aims at studying thromboinflammation during the acute phase of ischemic stroke using a translational approach going back and forth between the laboratory's bench and the patient's bed.

Two axes involving the same actors of thromboinflammation are developed:

1. A study of the intracranial human thrombi responsible for LVO, with a special focus on determining if the composition and the ultrastructural organization of these thrombi participate in tPA resistance and if their composition correlates with stroke etiology and MRI signal.