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Introduction 1. Vascular capillary morphogenesis: cellular and molecular mechanisms

Development of blood vessels plays a key role in both physiological and pathological processes. Blood vessels are critical to supply growing tissues with nutrients and oxygen. In vertebrates, they organize in a tree-like hierarchical structure, that actually exists as two distinct arterial and venous trees, connected to one another at their tips through capillary beds.

Arteries transport blood away from the heart and branch into smaller vessels called arterioles, which distribute blood to capillary beds. Capillaries lead back the blood to small vessels called venules that grow into larger veins and reach back the heart. All types of vessels display structural specificities that are required for their function (see figure 1 for the structure of the vessels). Capillaries, the smallest blood vessels, are the unique sites of exchange of many substances with all tissues and fulfill this way a critical function in the vasculature. They consist of a monolayer of endothelial cells polarized in a luminal/abluminal manner and oriented along blood flow, and devoid of smooth muscle cells which are replaced by pericytes. Pericytes are contractile mural cells that enwrap endothelial cells, communicating with them through both direct physical contacts and paracrine signaling. In these small vessels, the structural and mechanical properties of the vascular wall are thus only relying on the basement membrane, a specialized extracellular matrix (ECM) that separates the endothelium from the surrounding stromal tissue. It forms a continuous sheet-like structure 50 to 150 nm thick that surrounds the basal surface of the endothelial monolayer and ensheathes perivascular cells, which also participate in its synthesis and organization (figure 1).

During early embryonic development, the vascular tree is initiated through vasculogenesis, the process of blood vessel formation from mesodermally-derived precursors called angioblasts (processed reviewed in [START_REF] Eichmann | Vascular development: from precursor cells to branched arterial and venous networks[END_REF]. These cells first form masses known as blood islands together with hematopoietic precursor cells. Empty spaces then form in the blood islands and develop into vessel lumens. Vascular tubes eventually connect to one another, and the primary plexus differentiates into either arterial or venous fate in response to a combination of hemodynamic stimuli and genetic factors. Vasculogenesis is followed by angiogenesis, which refers to the formation of new blood vessels from pre-existing ones and accounts for a considerable fraction of vessel growth during development, and then throughout life in physiological as well as pathological situations (Potente et al., 2011). Two angiogenesis mechanisms have been described until now: splitting of pre-existing vessels through intussusceptive angiogenesis, which mainly concerns arteries and veins, and sprouting angiogenesis, which is involved in capillary growth. Sprouting angiogenesis occurs in conditions that require an increase in blood and oxygen supply, and arises in various pathological circumstances including ischemia, cancer, or retinopathies. Distinct steps of this process include endothelial cell sprouting, elongation and branching, lumen formation, anastomosis, and vessel maturation (also see figure 2). One of the key steps in vessel maturation is the generation of a basement membrane by endothelial cells, the structure that supports new vessels and that I will describe in the next chapter of this manuscript. In this chapter, I will detail the cellular and molecular mechanisms involved in sprouting angiogenesis.

cells matrix

1.1. Cellular mechanisms of sprouting angiogenesis 1.1.1. Angiogenic stimuli Angiogenesis is mainly activated by growth factors expressed in hypoxic tissues, such as vascular endothelial growth factors (VEGF) or fibroblast growth factors (FGF). Hypoxia, a condition in which a tissue is deprived of adequate oxygen supply, occurs in physiological situations, such as embryonic and post-natal development, but also in pathological conditions such as ischemia or cancer. Hypoxia stimulates angiogenesis through multiple pathways including nitric oxide and hypoxia-inducible transcription factors (HIFs). HIF is a constitutively expressed nuclear protein, composed of an α and a β subunits. Half-life of the α subunit is regulated in an oxygen-dependent manner. The actual oxygen sensor is the enzyme prolyl hydroxylase that is involved in post-translational modifications of the α subunit. Upon hydroxylation in normoxia HIF1α is rapidly degraded via VHL-mediated ubiquitin proteasome pathway. However, under hypoxia, hydroxylation, VHL binding and degradation of HIF1α are prevented, and the protein accumulates in the nucleus and dimerizes with the β-subunit. HIF α/β heterodimers thus bind to Hypoxic Response Elements on DNA and activate the transcription of a large spectrum of target genes including genes involved in angiogenesis and vascular remodeling, and ECM composition and organization [START_REF] Germain | Hypoxia-driven angiogenesis: role of tip cells and extracellular matrix scaffolding[END_REF] (and see figure 2).

Figure 2. HIF regulation by oxygen levels. A: in normoxia, HIFα is hydroxylated and binds pVHL, causing its degradation through ubiquitination. B: in response to hypoxia, pHVL is S-nitrosylated, preventing its interaction with HIFα. HIF a thus accumulates and associates with the β-subunit. HIF can then be translocated into the nucleus and activate gene expression of pro-angiogenic factors. From [START_REF] Rahimi | The Ubiquitin-Proteasome System Meets Angiogenesis[END_REF] VEGFs are among the target genes the most activated by hypoxia, and are crucial regulators of angiogenesis (reviewed in [START_REF] Olsson | VEGF receptor signalling -in control of vascular function[END_REF]. The VEGF family is composed of secreted dimeric glycoproteins, including placenta growth factor (PIGF), VEGF-A, VEGF-B, VEGF-C, VEGF-D and VEGF-E. Alternative splicing of several members of the VEGF family gives rise to isoforms with different biological activities. Taking VEGF-A as an example, alternative splicing results in five principal forms, the predominant one being VEGF165, from which a significant fraction binds to the ECM and cell surface by its heparin-binding sites. This isoform is responsible for inducing physiologically patterned vasculature [START_REF] Park | The vascular endothelial growth factor (VEGF) isoforms: differential deposition into the subepithelial extracellular matrix and bioactivity of extracellular matrixbound VEGF[END_REF]. Longer forms interact more strongly with the ECM whereas shorter forms that lost their C-terminal heparin-binding domains are more diffusible. Mammalian VEGFs bind to three tyrosine kinase receptors: VEGFR1 (or Flt1) binds VEGF-A, VEGF-B and PIGF; VEGFR2 (or Flk1 or KDR) binds VEGF-A, VEGF-C, VEGF-D and VEGF-E; VEGFR3 binds VEGF-C and VEGF-D.

VEGFR1 and VEGFR2 are the most expressed by endothelial cells and play a crucial role in vascular homeostasis. VEGFR1 is somewhat considered to act as a VEGF-A 'trap' as it has high ligand affinity and poor kinase activity, whereas VEGFR2 activation drives most of the VEGF-dependent signaling pathways involved in angiogenesis. Their activation is initiated by binding of VEGF to the N-terminal part of their extracellular domain, by diffusion or by presentation through co-receptors such as heparan sulfate proteoglycans (HSPGs) and integrins. This binding is responsible for homo or hetero-dimerization and activation of the receptors, leading to changes in the intracellular domain conformation and autophosphorylation of tyrosine residues in the receptor dimer that trigger activation of downstream signaling pathways involved in vascular homeostasis [START_REF] Olsson | VEGF receptor signalling -in control of vascular function[END_REF].

1.1.2. Tip/stalk cell specification

In the absence of pro-angiogenic stimuli, endothelial cells are quiescent and VEGF-A signaling is maintained at a low level, allowing endothelial cell survival and homeostasis in an autocrine manner, as demonstrated by the endothelial loss of expression of VEGF resulting in an increase in autophagy leading to cell death [START_REF] Domigan | Autocrine VEGF maintains endothelial survival through regulation of metabolism and autophagy[END_REF]. However, in the presence of pro-angiogenic stimuli, such as high levels of VEGF, endothelial cells will degrade the basement membrane to allow migration and sprouting of new vessels. In this case, endothelial cells are specified into tip and stalk cells. The tip cell leads the sprouting vessel, whereas the stalk cells proliferate for sprout extension, and form the lumen of the vessel [START_REF] Geudens | Coordinating cell behaviour during blood vessel formation[END_REF].

Studies of vascular network formation in mouse retina [START_REF] Gerhardt | VEGF guides angiogenic sprouting utilizing endothelial tip cell filopodia[END_REF], as well in zebrafish embryo [START_REF] Blum | Complex cell rearrangements during intersegmental vessel sprouting and vessel fusion in the zebrafish embryo[END_REF] have shown that tip cells extend dynamic filopodia and lamellipodia at the leading front, to sense and respond to guidance cues found in the microenvironment.

Tip cells guide sprouts and show functional similarities with neuron growth cones that guide axons [START_REF] Adams | Axon Guidance Molecules in Vascular Patterning[END_REF]. Stalk cells have the ability to form tubes and extend the vascular network. They produce fewer filopodia, are more proliferative and form the vascular lumen (figure 3). They also establish contacts with neighboring cells to ensure integrity of the newly formed vessel. Besides, they downregulate the expression of matrix metalloproteinases (MMPs), that degrade the ECM, and adopt apico-basal polarity. form new vascular loops (D). Elimination of unnecessary branches is led by a process called pruning (E). Eventually, endothelial cells become quiescent and the new vasculature is stabilized by recruitment of pericytes and deposition of ECM (F). Adapted from [START_REF] Szymborska | Hold Me, but Not Too Tight-Endothelial Cell-Cell Junctions in Angiogenesis[END_REF] Specification of endothelial cells into tip and stalk cells is controlled by the Notch signaling pathway (see figure 3 and figure 4) [START_REF] Phng | Angiogenesis: A Team Effort Coordinated by Notch[END_REF]. Notch activity is high in stalk cells but low in tip cells, which express high levels of the Notch ligand Delta-like 4 (Dll4). In response to VEGFA-VEGFR2 signaling, Dll4 expression is increased in the tip cells, concomitant with an increase in the expression of Notch receptor in the adjacent stalk cells.

The resulting stimulation of Notch in stalk cells leads to the downregulation of VEGFR2 and increased VEGFR1 expression [START_REF] Suchting | The Notch ligand Delta-like 4 negatively regulates endothelial tip cell formation and vessel branching[END_REF]. Stalk cells thus become less sensitive to VEGF-A due to the high affinity of VEGFR1 for VEGF ligands and its poor signaling activity. Inversely, tip cells with low Notch activity have high VEGFR2 and low VEGFR1 expression, resulting in higher levels of Dll4 and maintaining the tip cell specification (figure 4). Although endothelial cells express several Notch receptors, Notch1 is critical for suppressing tip cell behavior in stalk cells, as indicated by the hypersprouting phenotype and excessive number of tip cells following Notch1 endothelial-specific deletion [START_REF] Hellström | Dll4 signalling through Notch1 regulates formation of tip cells during angiogenesis[END_REF]. Besides, the importance of a balanced tip/stalk specification by Notch is illustrated by the paradoxical effects of gene inactivation of Notch1 or Dll4 in endothelial cells: although more vessels are formed, they are not fully perfused and dysfunctional [START_REF] Phng | Angiogenesis: A Team Effort Coordinated by Notch[END_REF][START_REF] Suchting | The Notch ligand Delta-like 4 negatively regulates endothelial tip cell formation and vessel branching[END_REF]. From [START_REF] Lee | Ups and downs of guided vessel sprouting: the role of polarity[END_REF] 1.1.3. Lumen formation, shaping the tube

The capacity to establish an uninterrupted lumen is crucial for blood vessel formation, and endothelial cells engage in this process very early during embryogenesis, following several mechanisms [START_REF] Ellertsdóttir | Vascular morphogenesis in the zebrafish embryo[END_REF][START_REF] Iruela-Arispe | Cellular and Molecular Mechanisms of Vascular Lumen Formation[END_REF][START_REF] Zeeb | Resolving cell-cell junctions: lumen formation in blood vessels[END_REF]. Two distinct processes have been discussed: 1) cell hollowing, in which intracellular vacuoles merge and then interconnect with neighboring cells to generate continuous tubes; 2) cord hollowing, involving packed cells undergoing shape changes together with establishment of an apico-basal polarity to create a multicellular tube with a central extracellular lumen (see figure 5). The latter model in which endothelial cells define the apico-basal polarity is the most probable one. Indeed, analysis of proteins involved in the establishment of polarity and cellcell junctions including fibronectin, β-catenin [START_REF] Jin | Cellular and molecular analyses of vascular tube and lumen formation in zebrafish[END_REF], podocalyxin, or Par3 [START_REF] Strilić | The molecular basis of vascular lumen formation in the developing mouse aorta[END_REF] has shown that polarization and formation of endothelial cell-cell junctions occur just before creation of the lumen. The mechanisms underlying the establishment of the apico-basal polarity are not fully understood, however, conserved polarity proteins such as Par6 (Etienne- [START_REF] Etienne-Manneville | Cell polarity: Par6, aPKC and cytoskeletal crosstalk[END_REF], podocalyxin, or Par3 [START_REF] Strilić | The molecular basis of vascular lumen formation in the developing mouse aorta[END_REF], with known functions in epithelial polarity are also involved in endothelial cells. In this latter study, authors showed that the first steps of lumen formation in the paired aorta mouse embryos begin upon formation of cell-cell adherens junctions between angioblasts, inducing establishment of an apical interface. Accumulation of negatively charged anti-adhesive glycoproteins at the luminal surface then confers a signal that opens up the lumen [START_REF] Strilić | The molecular basis of vascular lumen formation in the developing mouse aorta[END_REF]. Simultaneously to these extracellular events, the actomyosin cytoskeleton is being remodeled and F-actin becomes enriched at junctions between cells shortly before lumenization. If junctional actin cables are not recruited, as it is the case when formin is inhibited, lumens fail to open [START_REF] Phng | Formin-mediated actin polymerization at endothelial junctions is required for vessel lumen formation and stabilization[END_REF]. Endothelial cells form vacuoles that fuse to give rise to the lumen. Adapted from [START_REF] Ellertsdóttir | Vascular morphogenesis in the zebrafish embryo[END_REF] In summary, these studies show that the lumen is formed between apical surfaces of endothelial cells by a cord hollowing process. Signaling from the ECM might also provide initial spatial cues for the organization of cell polarity. As an example, loss of β1 integrin in the endothelium increases expression of proteins present in cell-cell junctions such as VE-B. cell hollowing A. cord hollowing cadherin and PECAM-1 and disturbs their polarized localization, leading to disorganization of cell-cell contacts, and blocking lumen formation [START_REF] Zovein | Beta1 integrin establishes endothelial cell polarity and arteriolar lumen formation via a Par3-dependent mechanism[END_REF]. These results suggest that forces established between endothelial cells but also between endothelial cells and the surrounding ECM must be tightly tuned in order to form a lumen. It is important to note that these processes have been studied in the absence of blood flow and indeed occur before establishment of circulation. In addition to the mechanisms proposed above, a recent work conducted in the zebrafish embryo showed that hemodynamic force exerted by blood flow itself, also plays a role in remodeling of the vascular network and in lumenization of new vascular connections by inducing spherical deformations of the endothelial apical membrane [START_REF] Gebala | Blood flow drives lumen formation by inverse membrane blebbing during angiogenesis in vivo[END_REF]. These results demonstrate that blood flow is an additional feature regulating lumen formation during angiogenesis.

Endothelial cell-cell junctions

The endothelial barrier is regulated by coordination of adherens junctions, basement membrane and pericyte coverage. Endothelial cell-cell junctions comprise both tight junctions (composed of occludins, claudins, JAM adhesion molecules) and adherens junctions, whose main component is VE-cadherin. PECAM (platelet endothelial cell adhesion molecule) also contribute to cell-cell adhesion processes (figure 6). Besides, endothelial cells also express N-cadherin, that plays a role in adhesion between endothelial cells and mural cells. Adapted from [START_REF] Dejana | Endothelial adherens junctions at a glance[END_REF] VE-cadherin is a glycoprotein that spans across the plasma membrane and is exclusively expressed at the endothelial cell surface. Mice invalidated for VE-cadherin die during development (E9.5) from vascular hemorrhages due to endothelial cell apoptosis [START_REF] Carmeliet | Targeted deficiency or cytosolic truncation of the VE-cadherin gene in mice impairs VEGF-mediated endothelial survival and angiogenesis[END_REF]. The intracellular domain of VE-cadherin interacts with several adaptors or effectors such as vinculin, p120-catenin, or β-catenin (figure 6). These adaptors are able to bind to proteins that mediate actin cytoskeleton organization and linkage such as α-actinin.

The intracellular domain of VE-cadherin contains several tyrosine that can be phosphorylated and are involved in endothelial barrier integrity by regulating interactions between VE-cadherin and its adaptors. At the basal state, VE-cadherin forms a complex at the endothelial cell surface together with VEGFR2 and integrin αvβ3 that has been demonstrated to regulate vascular stability [START_REF] Carmeliet | Targeted deficiency or cytosolic truncation of the VE-cadherin gene in mice impairs VEGF-mediated endothelial survival and angiogenesis[END_REF][START_REF] Gomez Perdiguero | ANGPTL4-αvβ3 interaction counteracts hypoxia-induced vascular permeability by modulating Src signalling downstream of vascular endothelial growth factor receptor 2[END_REF].

The team of Johan De Rooij has characterized two different organizations for VE-cadherin in endothelial cell-cell junctions: 1) stable adherens junctions, that present a linear organization of VE-cadherin and 2) unstable adherens junctions, that present a Z-shape non-continuous organization of VE-cadherin [START_REF] Oldenburg | Mechanical control of the endothelial barrier[END_REF]) (and see figure 7). Several factors such as thrombin, VEGF or TNF-α trigger the transition between these two morphologies, involving the activation of small GTPases that play a key role in actomyosin organization. For example, VEGF-induced RhoA activation and subsequent ROCK activation leads to increased actomyosin contractility and stress fiber formation. Tensions generated by these stress fibers induce a non-continuous and unstable VE-cadherin organization. Inversely, when the endothelium is in a stable state, actin organizes cortically in the cells, thanks to activation of small GTPases Cdc42 or Rac1. Actomyosin network is therefore associated with VE-cadherin that adopt a linear morphology along cell junctions (Huveneers et al., 2012) (and see figure 7). The actomyosin-mediated contractility and actin remodeling in endothelium has significant impact on shape changes and control of intercellular junctions. Recent studies demonstrated the constitutive appearance of junction-associated intermittent lamellipodia (JAIL) that drives VE-cadherin dynamics and controls endothelial permeability [START_REF] Cao | Putting VE-cadherin into JAIL for junction remodeling[END_REF]. This reticular organization corresponds to overlapping regions of adjacent cells and are characterized by co-localization with PECAM-1. They maintain endothelial stability in regions characterized by low actin tension in the cells. JAILs have also been observed in vivo in capillaries (Fernandez-Martin et al, 2012) and are involved in angiogenesis (Cao et al., 2017).

Establishment of this type of junction initiates formation of new adhesion plaques of intercellular VE-cadherin and strengthens vascular integrity.

Maturation and stabilization of blood vessels

For capillaries to be functional, they must mature at multiple levels. At the network level, maturation involves remodeling into a hierarchically branched network and adaptation of vascular patterning to tissue needs. This also involves maturation at the cellular level by recruitment of mural cells and at the subcellular and molecular level by deposition of basement membrane in the vascular wall.

Pericytes are specialized cells found along capillaries that lack vascular smooth muscle cells.

They are non-contractile cells displaying long cytoplasmic extensions that surrounds capillaries. Pericyte coverage is very variable from one organ to another, with central nervous system and retina having the most covered capillaries reaching 85% of the endothelium surface. This observation fits with the importance of pericytes as regulators of permeability at the blood-brain barrier. The role of pericytes in capillary stabilization includes regulation of endothelial cell proliferation and migration, as well as participation in basement membrane assembly [START_REF] Stratman | Endothelial cell-pericyte interactions stimulate basement membrane matrix assembly: influence on vascular tube remodeling, maturation, and stabilization[END_REF]. In fact, defects in endothelial cell-pericyte interactions lead to embryonic death due to failures in vascular remodeling and stabilization [START_REF] Armulik | Pericytes: Developmental, Physiological, and Pathological Perspectives, Problems, and Promises[END_REF]. Recruitment of pericytes at the capillary surface is regulated by platelet-derived growth factor (PDGF) signaling [START_REF] Lindahl | Pericyte loss and microaneurysm formation in PDGF-B-deficient mice[END_REF]. The ligand PDGF-B is expressed by endothelial tip cells whereas pericytes express its receptor PDGFR-β. PDGF-B is secreted and binds to heparan sulfate proteoglycans in the endothelial ECM, thus generating a gradient that allows pericyte recruitment [START_REF] Gerhardt | Endothelial-pericyte interactions in angiogenesis[END_REF]. Once recruited, pericytes participate in basement membrane generation [START_REF] Stratman | Endothelial-derived PDGF-BB and HB-EGF coordinately regulate pericyte recruitment during vasculogenic tube assembly and stabilization[END_REF], as suggested by electron microscopy images showing basement membrane between pericytes and endothelial cells but also ensheathing pericytes themselves [START_REF] Joutel | Perturbations of the cerebrovascular matrisome: A convergent mechanism in small vessel disease of the brain?[END_REF] (and see figure 8). showing fibrillar connections (small horizontal arrows) between pericyte's basal lamina (bl) and larger collagen bundles [START_REF] Sims | The pericyte--a review[END_REF]) B: a capillary in the striatum showing continuous basement membrane (BM) (black arrowheads) covering the basal side of the endothelial cells (EC) and enwrapping the pericyte (P). The BM is surrounded by several perivascular astrocyte endfeet (pve). [START_REF] Joutel | Perturbations of the cerebrovascular matrisome: A convergent mechanism in small vessel disease of the brain?[END_REF] It has been difficult to elucidate how capillary tubes form in vivo, and there is an increasing requirement for relevant in vitro models allowing a molecular analysis of these events. Development of in vitro models of capillary morphogenesis in 3D extracellular matrices including type I collagen or fibrin has allowed to shed light on numerous processes involved in capillary elongation, lumen formation and basement membrane deposition by endothelial cells.

They have also been developed in order to pre-vascularize tissue constructs in the context of regenerative medicine. One model consists in seeding endothelial cells as single cells into 3D hydrogels. They eventually auto-assemble into 3D tubular networks within 72h when cultured under proper conditions. This model can be used to study tip/stalk cell differentiation and establishment of cell-cell junctions as well as recruitment of perivascular cells (figure 9). This assay is more closely related to the process of vasculogenesis as opposed to angiogenesis, which can easily be mimicked using the Cytodex bead assay [START_REF] Nakatsu | Optimized Fibrin Gel Bead Assay for the Study of Angiogenesis[END_REF], a model in which endothelial cells are seeded at the surface of a bead and embedded in a fibrin gel in order to mimic a stable endothelium from which lumenized tubes can sprout (see figure 9). In both models, endothelial cells deposit collagen IV in a polarized manner (figure 8). These models are relevant to properly study the balance between tip cell migration, establishment of stable adherens junctions and cell-matrix adhesions, as opposed to models in which endothelial cells are only migrating and form unstable capillaries in part due to growth factors overstimulation. Basement membrane generated by endothelial cells indeed provides them with a structural and dynamic support. It constitutes the interface between cells and interstitial ECM and is mainly composed of type IV collagen, laminins 411 and 511, fibronectin and heparan sulfate proteoglycans such as perlecan. Defects in assembly of basement membrane often results in angiogenesis defaults (Bignon et al., 2011;Zhou et al., 2008), and the functional role of these proteins and their assembly will be discussed in the next chapter. 

Vascular microenvironment remodeling: synthesis and degradation during angiogenesis

The vascular microenvironment comprises distinct structures according to the type of blood vessel and their physiological situation, i.e. whether they are angiogenic or quiescent. It includes the vascular basement membrane, present in all blood vessels, and optionally for large blood vessels a conjunctive tissue called the elastic lamina. Finally, the interstitial ECM is surrounding these structures in all vessels (see figure 1 in the first chapter). During angiogenesis, the vascular microenvironment undergoes an extensive remodeling characterized by synthesis of the basement membrane to support the new vessel, and degradation of the pre-existing interstitial ECM to allow cell migration and capillary morphogenesis. Both processes will be described in the present chapter, and emphasis will be placed on basement membrane formation, that has been the major focus of my work.

Interstitial ECM degradation

The extracellular microenvironment is a three-dimensional network of macromolecules that provides an architectural support and anchorage for the cells. It includes the interstitial ECM, present in all intercellular spaces and consisting of a complex meshwork of highly cross-linked proteins. Interstitial ECM composition is tissue-specific and alterations of this structure have been associated with various pathologies such as fibrosis or cancer. In 2012, Hynes and colleagues defined the genes within mouse and human genomes that encode all ECM proteins, but also proteins that interact with or modify the ECM. The resultant database was the first comprehensive in silico predication of the in vivo 'matrisome' [START_REF] Naba | The Matrisome: In Silico Definition and In Vivo Characterization by Proteomics of Normal and Tumor Extracellular Matrices[END_REF]. In the wall of capillaries, this interstitial ECM is mainly composed of elastin and fibrillar collagens, collagen I being by far its major component. Both display distinct functions in the vascular system, respectively elasticity and mechanical stability, as demonstrated by the phenotype of mice invalidated for the α1 chain of collagen I that die between E12 and E14 due to rupture of blood vessels [START_REF] Löhler | Embryonic lethal mutation in mouse collagen I gene causes rupture of blood vessels and is associated with erythropoietic and mesenchymal cell death[END_REF]. The interstitial ECM is a dynamic structure experiencing deep remodeling during angiogenesis consisting in the degradation of its components to allow cell migration and vessel formation, as sprouting angiogenesis is an invasive process. This highly regulated remodeling, in return affects the mechanical and biochemical properties of the vascular microenvironment and regulates endothelial behavior. The ECM is indeed a reservoir of diverse molecules that can promote or inhibit angiogenesis by modulation of endothelial cell growth, proliferation, and migration. In the first step of angiogenesis, endothelial cells switch from a quiescent to an angiogenic phenotype, inducing enzymatic degradation of the ECM.

Matrix metalloproteinases (MMPs) are proteolytic enzymes that appear to be especially involved in this process. MMPs act not only by facilitating endothelial cell migration by disrupting physical barriers, but they also contribute to release growth factors or cytokines sequestered within the ECM. In a model of corneal neovascularization, it was demonstrated that MMPs can enzymatically release sequestered VEGF and induce angiogenesis [START_REF] Ebrahem | Cross-Talk between Vascular Endothelial Growth Factor and Matrix Metalloproteinases in the Induction of Neovascularization in Vivo[END_REF]. Podosomes and invadopodia are specialized structures with ability to degrade the ECM and formation of podosomes was shown as an important step in vascular sprouting [START_REF] Seano | Endothelial podosome rosettes regulate vascular branching in tumour angiogenesis[END_REF].

Basement membrane generation

Basement membranes are common extracellular matrices that surround the basal side of epithelial and endothelial cells. They act as support of the plasma membrane, protect tissues from mechanical stress and provide a dynamic interface between cells and the surrounding microenvironment [START_REF] Yurchenco | Basement membranes: cell scaffoldings and signaling platforms[END_REF]. They can also act as a physical barrier between two compartments as it is the case in the skin, where it separates the epidermis from the dermis.

Another described function is the joining of two tissues through fusion of adjacent basement membranes such as the glomerular basement membrane, an original structure found between the epithelial podocytes and endothelial cells in the kidney glomerulus and that has a filtering role separating blood and urine. In this case, the adjacent basement membranes are very specified and each side differs in their structural and biochemical properties. Basement membranes are indeed highly diverse in terms of structure and molecular composition. They are packed in a dense layer but their thickness is very variable ranging from a few micrometers in the lens capsule of the eye to fifty nanometers for the endothelial basement membrane.

In capillaries, the vascular wall is limited to the basement membrane, since they lack smooth muscle cells and the associated interstitial ECM: the basement membrane alone thus provides the structural and mechanical features supporting the endothelium. It exists as a dense sheetlike structure 50 to 100 nm thick, that enwraps endothelial cells and pericytes, acting as a barrier of capillary blood vessels. The structure and physical properties of the ECM can be different according to the vascular beds, as demonstrated by scanning electron microscopy analysis of the ECM ultrastructure (figure 11) showing differences in basement membrane organization in the vena cava and aorta. A first model for basement membrane assembly proposes that laminin networks first organize into macromolecular sheets through interactions with cell surface receptors. They then support deposition of nidogen and perlecan which both participate to cross-linking the collagen IV network in order to generate the core of the basement membrane (Hohenester and Yurchenco, 2013). This "laminin-centered" vision has been questioned by the group of Billy Hudson, rather proposing that collagen IV would provide a molecular scaffold for interactions with other basement membrane components such as laminins (Brown et al., 2017). These two distinct models could be explained by the differential abundance between collagen IV and laminins 600 nm 200 600 nm aorta inferior vena cava according to the tissue origin of the basement membrane. Indeed, proteomic approaches have focused on analyzing differential ratio between several components in various basement membranes and allowed to shed light on specificities regarding their localization (Uechi et al., 2014). More generally, the exact kinetics of assembly of basement membranes, including capillary basement membrane, and the succession of molecular events leading to their complex scaffolding is not well described, although tight regulation is required for angiogenesis and vascular stability. In this section, I will first describe the main proteins composing the endothelial basement membrane. Then I will detail how these supramolecular complexes assemble and organize.

Main components of the endothelial basement membrane

Laminins

Laminins are a family of 16 heterotrimeric (αβg) glycoproteins resulting from combinations of subunits encoded by 5, 4 and 3 genes, respectively (figure 13). Laminins 411 and 511, containing α4 and α5 chains combined to laminin β1 and g1, are the predominant isoforms found in the endothelial basement membrane. Laminin 511 is strongly expressed in the basement membrane of large blood vessels, and its expression appears late in development at around 3 or 4 weeks postnatally [START_REF] Sorokin | Developmental Regulation of the Laminin α5 Chain Suggests a Role in Epithelial and Endothelial Cell Maturation[END_REF], whereas laminin 411 is expressed at all stages in development and in all blood vessels (Thyboll et al., 2002). Mouse genetic studies have demonstrated that both isoforms are required for vessel stability [START_REF] Song | Endothelial Basement Membrane Laminin 511 Contributes to Endothelial Junctional Tightness and Thereby Inhibits Leukocyte Transmigration[END_REF]Thyboll et al., 2002). Laminin α4 is essential for blood vessel development, indeed α4 knock-out mice present vascular leakage inducing hemorrhages during the embryonic and neonatal periods (Thyboll et al., 2002). Large vessels are not concerned and only capillaries are affected. α4-null mice display abnormalities in the structure of basement membrane, including reduction in collagen IV deposition, suggesting that laminin α4 is required for the organization of collagen IV in the basement membrane. The vascular alterations of the α4 knock-out mice are not detected after the first weeks of life, suggesting compensation by other laminin α chains. Besides its role in basement membrane stability, α4 chain of laminin is involved in tip/stalk cell specification during angiogenesis. An increase in filopodia and tip cell number was indeed observed in the retina of α4 knock-out mice, concomitant with downregulation of Dll4 (Stenzel et al., 2011a).

These results suggest that laminin could induce Dll4 expression in tip cells through integrin β1 signaling, and thus regulate endothelial cell behavior during angiogenesis. The role of laminin α5 in vascular homeostasis has not been fully reported. A recent publication indicates that endothelial laminin α5 is essential for proper formation of focal adhesions and cortical stiffness of endothelial cells [START_REF] Russo | Endothelial basement membrane laminin 511 is essential for shear stress response[END_REF]. Besides, laminin α5 is crucial to shear stress response by stabilizing VE-cadherin at adherens junctions, thus increasing the strength of cellcell adhesion. In these α5 knock-out mice, authors also describe no effect on collagen IV and fibronectin deposition in endothelial basement membrane, suggesting that laminin α5 was not required for their deposition. Another study has reported the role of laminin α5 in regulating endothelial cell-cell junctions [START_REF] Song | Endothelial Basement Membrane Laminin 511 Contributes to Endothelial Junctional Tightness and Thereby Inhibits Leukocyte Transmigration[END_REF]. In this report, analysis of skin capillaries in mice that lack laminin 511 showed VE-cadherin disorganization, demonstrating that laminin α5 stabilizes endothelial junctions. The role of both laminin 411 and 511 isoforms has also been described in vitro using the Cytodex bead assay, an angiogenesis model already presented in the first part of the manuscript and useful to study basement membrane deposition by endothelial cells (figure 10). In this model, authors show that endothelial cells deposit laminin α4 and α5 and that invalidation of each subunit using siRNA decreased vascular morphogenesis [START_REF] Xu | Laminin-511 and α6 integrins regulate the expression of CXCR4 to promote endothelial morphogenesis[END_REF]. Interestingly, laminin α5 deletion had a stronger effect on capillary formation, as compared to laminin α4 deletion, and they did not compensate for one another, suggesting that both isoforms play distinct roles in this process.

Collagen IV

Type IV collagen is the most abundant component of the endothelial basement membrane.

Collagen IV comprises six distinct α chains from α1 to α6 that assemble with a great specificity to form only three heterotrimers α1α1α2, α3α4α4 and α5α5α6. α1α1α2 is the predominant one in all tissues including the vascular basement membrane. In the glomerular basement membrane of the kidney, collagen IV α1α1α2 protomers produced by the endothelial cells form a network closely juxtaposed to the endothelium, whereas α3α4α5 protomers secreted only by epithelial podocytes are tightly attached to the α1α1α2 network [START_REF] Suleiman | Nanoscale protein architecture of the kidney glomerular basement membrane[END_REF].

The chains are approximately 400 nm long and are composed of three domains: a short Nterminal 7S domain, a long middle triple helical collagenous domain, and a C-terminal globular non-collagenous NC1 domain. Assembly of collagen IV heterotrimers is initiated intracellularly by interactions between the NC1 globular domain of three α chains leading to formation of a heterotrimeric protomer. After secretion of the triple-helical protomers, both the 7S and NC1 domains are responsible for the assembly of the networks. Two collagen IV protomers associate through their C-terminal NC1 domains and 7S domains of four protomers associate at their N-terminal domains. In parallel, lateral associations between these assembled molecules form an elaborate supramolecular scaffold and allow formation of the complex mesh network of collagen IV. This mesh organization is a peculiar feature that distinguish collagen IV from fibrillar collagens such as collagen I, and results from the presence of more than 20 interruptions in the Gly-X-Y motifs present in the central collagenous domain of type IV collagen. Besides, unlike collagen I, the NC1 and 7S domains are not cleaved from the molecule but rather initiate assembly and contribute to its cross-linking. These two major features provide structural flexibility to the molecule and allow mesh-like organization in the basement membrane.

Biosynthesis and secretion of collagen IV requires post-translational modifications including hydroxylation of lysine and proline residues, and is highly dependent on specific molecular chaperone proteins such as Hsp47 or Tango1 [START_REF] Marutani | Accumulation of type IV collagen in dilated ER leads to apoptosis in Hsp47-knockout mouse embryos via induction of CHOP[END_REF][START_REF] Wilson | Global defects in collagen secretion in a Mia3/TANGO1 knockout mouse[END_REF]. They ensure proper collagen IV protomer assembly in the endoplasmic reticulum and transit to the cis-Golgi while preventing aberrant aggregation. A similar mechanism has been previously proposed with other ECM proteins such as SPARC, that associate with collagen IV prior to secretion and could thus act as a late chaperone for proper collagen IV secretion (Chioran et al., 2017;[START_REF] Duncan | The predicted collagen-binding domains of Drosophila SPARC are essential for survival and for collagen IV distribution and assembly into basement membranes[END_REF].

Collagen IV assembly is stabilized by specific cross-linking enzymes including peroxidasin and lysyl oxidases (LOXs). Peroxidasin has been described to cross-link collagen IV through formation of sulfilimine bonds between a methionine sulfur and a lysin nitrogen of the NC1 domains, thus stabilizing the hexameric structure of collagen IV C-terminus (Bhave et al., 2012) (figure 14). Cross-linking by peroxidasin is responsible for mechanical resistance in the collagen IV molecule as demonstrated by the phenotype of the peroxidasin knock-out mice that display reduced stiffness of the renal tubular basement membrane [START_REF] Bhave | The Sulfilimine Cross-Link of Collagen IV Contributes to Kidney Tubular Basement Membrane Stiffness[END_REF]. This is however not sufficient to result in a vascular phenotype in these mice. In vitro peroxidasin knock-down in endothelial cells resulted in the inhibition of ECM assembly of not only collagen IV but also laminin and fibronectin, suggesting that collagen IV network serves as scaffolds for the assembly of fibronectin and laminin [START_REF] Lee | Peroxidasin is essential for endothelial cell survival and growth signaling by sulfilimine crosslink-dependent matrix assembly[END_REF]. Peroxidasin was also required for FAK and ERK phosphorylation in endothelial cells, thus demonstrating that proper ECM scaffolding is important for ECM-mediated signaling.

LOXs are secreted copper-containing amine oxidases that catalyze the oxidative deamination of lysine residues in collagens to generate semi-aldehyde known as allysines. These highly reactive groups then undergo spontaneous associations resulting in collagen cross-linking.

LOX enzymes thus do not directly cross-link collagens but catalyze the last step required for this process. Even though lysyl oxidase-mediated cross-links have been identified in collagen IV for quite a while [START_REF] Bailey | Cross-linking in type IV collagen[END_REF], we have shown that LOXL2-depletion in endothelial cells results in defects in collagen IV deposition and cross-linking in the ECM (Bignon et al., 2011). More recently, cross-linking of the 7S domain of collagen IV by LOXL2 was demonstrated (Añazco et al., 2016). From Marchand et al., 2019. Interestingly, collagen IV networks display a highly oriented macromolecular organization in the basement membrane. Recent studies have indeed reported a polarized distribution of collagen IV trimers as the N-and C-terminal domains are localized at opposite sides of the basement membrane: the 7S domain is detected at the stromal side whereas the NC1 domain colocalizes with laminin towards the cell surface, at the stiffer side of the basement membrane (Halfter et al., 2013). This suggests that collagen IV could be organized in such a way that the protein extends throughout the entire width of the basement membrane thus questioning the former horizontal model of organization of collagen IV molecules and also fundamentally questioning the functional role for this organization. These data have been obtained by studying the glomerular basement membrane, a structure that is quite thick (approximately 400nm). Such organization has however never been described in the endothelial one, although collagen IV polarization could be an extracellular cue differentially regulating endothelial cell behavior.

Collagen IV assembly is required for vascular development and homeostasis. Double deletion of Col4a1 and Col4a2 results in embryonic death at E10.5. Embryos display dilated and fragile blood vessels and show many hemorrhages, especially in the brain where capillaries are reduced and perturbed, even though development of large vessels is not affected by the deletion (Pöschl et al., 2004). In accordance with these results, our team showed that downregulating collagen IV in endothelial cells affected capillary formation in a 3D angiogenesis model (Bignon et al., 2011). Collagen IV is however not critically needed for the formation of basement membranes, since deposition of laminin and nidogen was not affected by the absence of collagen IV, supporting the hypothesis that these other components could compensate for collagen IV absence in some basement membranes (Pöschl et al., 2004).

Collagen IV is nevertheless crucial for blood vessel integrity at later stages, when mechanical demand is triggered by establishment of blood perfusion. The association of mutations in collagen IV with defects in capillary formation and vessel integrity in human pathologies confirmed these experimental results (Gould et al., 2006;Plaisier et al., 2007). Mutations in collagen IV α1 and α2 were found to cause porencephaly and HANAC syndrome, diseases characterized by intracranial hemorrhages and associated with small-vessel disease.

Perturbations of the matrisome of cerebral blood vessels is a possible cause in these pathologies [START_REF] Joutel | Perturbations of the cerebrovascular matrisome: A convergent mechanism in small vessel disease of the brain?[END_REF].

Fibronectin

Fibronectin is a ubiquitous high molecular weight glycoprotein composed of two subunits linked together through disulfide bonds. Although it is not a specific component of basement membranes, and was even described as absent from certain basement membranes (Halfter et al., 2013), fibronectin is highly expressed in endothelial cells, and used a marker for blood vessels (Bignon et al., 2011;[START_REF] Gerhardt | VEGF guides angiogenic sprouting utilizing endothelial tip cell filopodia[END_REF]. Fibronectin is indeed expressed around early embryonic vessels before the presence of other basement membrane proteins (George et al., 1993;[START_REF] Risau | Changes in the vascular extracellular matrix during embryonic vasculogenesis and angiogenesis[END_REF]. It is secreted in circulation as a soluble form by hepatocytes (plasma fibronectin) or expressed in tissues by many cell types (cellular fibronectin). The cellular fibronectin differs from the plasma fibronectin by the presence of additional domains called EDA and EDB, arising from alternative splicing of fibronectin pre-mRNA. It has been demonstrated that mice lacking both EDA and EDB, but still expressing fibronectin lacking these domains, die at E10.5 due to defects in embryonic and yolk sac vessels, showing that the absence of these domains alters the function of fibronectin [START_REF] Astrof | Multiple cardiovascular defects caused by the absence of alternatively spliced segments of fibronectin[END_REF]. Integrins are the major family of cellular receptors through which fibronectin exerts its functions. They recognize the tripeptide Arg-Gly-Asp (RGD) on fibronectin, and this interaction is facilitated and further stabilized by the synergistic effect of the PHSRN site (figure 15). Apart from integrins, fibronectin also has binding sites to other ECM components, including glycosaminoglycans, and other fibronectin molecules (figure 15). Fibronectin also provides a platform for angiogenic signaling by increasing the bioavailability of diffused growth factors such as VEGF [START_REF] Wijelath | Heparin-II domain of fibronectin is a vascular endothelial growth factor-binding domain: enhancement of VEGF biological activity by a singular growth factor/matrix protein synergism[END_REF]. Fibronectin is assembled into a fibrillar matrix in all tissues through a multistep process called fibrillogenesis that is initiated by binding to its major receptor, integrin α5β1. Fibronectin binding induces receptor clustering, providing local high concentrations of fibronectin at the cell surface and thus promoting fibrillogenesis. However, other ECM proteins have been involved in promoting fibronectin fibrillogenesis, such as proteoglycans [START_REF] Chung | Glycosaminoglycans modulate fibronectin matrix assembly and are essential for matrix incorporation of tenascin-C[END_REF] transglutaminase-2 [START_REF] Akimov | Cell-surface transglutaminase promotes fibronectin assembly via interaction with the gelatin-binding domain of fibronectin: a role in TGFbeta-dependent matrix deposition[END_REF] or tenascin-C [START_REF] Radwanska | Counterbalancing anti-adhesive effects of Tenascin-C through fibronectin expression in endothelial cells[END_REF].

Consistent with these results, it has been demonstrated that some fibronectin matrix can be assembled in the absence of RGD-α5β1 integrin interaction [START_REF] Ichihara-Tanaka | Matrix assembly of recombinant fibronectin polypeptide consisting of amino-terminal 70 kDa and carboxyl-terminal 37 kDa regions[END_REF][START_REF] Sechler | Altered rate of fibronectin matrix assembly by deletion of the first type III repeats[END_REF]. More recently, it was described that fibronectin fibrillogenesis is a cellautonomous process in endothelial cells, that requires endogenous production of fibronectin, demonstrated by the fact that adding soluble fibronectin to fibronectin-depleted cells did not restore fibrillogenesis (Cseh et al., 2010). Cells seeded on a fibronectin coating were nevertheless able to assemble exogenously added soluble fibronectin, suggesting that the nature of the substrate can play a permissive role in fibronectin assembly. Although the fibronectin deposited by cells plated on a coated substrate did not seem different from de novo fibronectin at the cell scale, there is no further data about the impact of coating on fibronectin fibrillogenesis at the molecular scale. Recently, the team of Yamada has described promoting effects of basement membrane proteins coating on fibronectin organization by cells (Lu et al., 2020). Indeed, fibronectin deposition was greatly enhanced when cells were plated on collagen IV compared to laminin coating, suggesting preferential interactions between fibronectin and collagen IV. Importantly, and as already described (Cseh et al., 2010), direct interactions between coated proteins and cells were necessary to induce fibronectin deposition, as addition of soluble proteins did not recapitulate the effects on fibronectin organization. Furthermore, basement membrane coating (mimicked using Matrigel) promoted fibronectin deposition by enhancing capacity of cells to assemble fibronectin and not by enhancing fibronectin expression or secretion by cells. All these studies demonstrate that fibronectin assembly is an autocrine process that can be influenced by the substrate through direct interactions between these macromolecular complexes. Interestingly, the same mechanism has been reported with collagen IV remodeling. A recent study has demonstrated that synthetic polymers coated with basement membrane proteins such as fibronectin or laminin could modulate ECM defects due to mutations in collagen IV in fibroblasts (Ngandu Mpoyi et al., 2020). Coated substrates also rescued the reduced stiffness and organization of the deposited matrix by mutant cells.

However, no ultrastructural analysis of the basement membrane deposition upon coating was provided in this study.

Interestingly, recent studies demonstrated that disruption of fibronectin fibrillogenesis in cultured cells using the Functional Upstream Domain (FUD) peptide that inhibits fibronectin assembly, disrupted the incorporation of collagen IV and laminin into the ECM (Filla et al., 2017;Miller et al., 2014). In the more recent paper, when authors add FUD after several days of culture, i.e. once the ECM was more established, collagen IV and laminin did not require pre-existing fibronectin fibrils and could be assembled into large macromolecular complexes. This suggested that fibronectin fibrils initially act as organizing centers that allows nascent ECM formation, whereas mature ECM assembly rather seems to be fibronectin-independent.

Interestingly, the team of Viola Vogel designed a fibronectin-FRET probe that acts as a strain sensor in the ECM, thus providing unique information on fibronectin mechanical state (Kubow et al., 2015;[START_REF] Smith | Force-induced unfolding of fibronectin in the extracellular matrix of living cells[END_REF]. Authors showed that tension across fibronectin molecule is able to regulate its interaction with collagen I fibers in the ECM. Indeed, relaxed fibronectin preferentially co-localizes with collagen I. Once assembled, collagen fibers inhibit the ability of fibroblasts to further stretch the matrix, and mechanically become the tension-bearing components in the ECM. These data provide evidence of a reciprocal mechano-regulation among ECM structural proteins that directs hierarchical assembly of the ECM.

Many studies provide evidence for a major role of fibronectin in vascular development.

Invalidation of FN1 gene in mice leads to embryonic lethality at E8.5 with severe cardiovascular defects including defects in the embryonic vasculature and aberrant organization of vessels in the yolk sac (George et al., 1993). Endothelial-specific deletion of fibronectin postnatally results in abnormal patterning of the retinal vasculature and mice develop vascular defects despite the presence of exogenous fibronectin secreted by other cell types in the retina (Turner et al., 2017). In vitro studies also demonstrated that fibronectin assembly regulates endothelial cell capillary morphogenesis in 3D models (Zhou et al., 2008) or capillary-like tube formation on Matrigel (Cseh et al., 2010). Fibronectin fibrillogenesis also promotes junctional stability for endothelial cells (Cseh et al., 2010). It is likely that fibronectin fibrillogenesis acts through direct effects on endothelial cells by promoting cell adhesion and focal adhesion maturation, and also through indirect effects by providing structural support for deposition of other matrix proteins such as collagens and thus regulate endothelial cell behavior. This hypothesis is supported by the fact that during mouse retina vascularization, filopodia of tip cells extend along the fibronectin network deposited by astrocytes before angiogenesis, suggesting that this primary network supports angiogenesis (Bignon et al., 2011). Vascular guidance by fibronectin secreted by astrocytes was indeed showed to promote the directional migration of tip cells and adhesion of filopodia [START_REF] Stenzel | Integrin-dependent and -independent functions of astrocytic fibronectin in retinal angiogenesis[END_REF].

LOXL2, actor of vascular ECM remodeling

Lysyl oxidase family of proteins

Lysyl oxidases are secreted copper-dependent enzymes that oxidize primary amine groups of lysines and hydroxylysines in collagens and elastin into reactive aldehydes. The highly reactive allysines produced undergo spontaneous association with other lysyl-oxidase derived aldehydes, or with non-modified lysine residues, resulting in cross-linking of the proteins.

Deamination by LOX enzymes is an essential step in collagen and elastin assembly and is thus required for the structural integrity of the ECM in various tissues (Moon et al., 2014). The family comprises five members in mammals including LOX and four lysyl oxidase-like proteins (LOXL1 to LOXL4). They are composed of a conserved C-terminal catalytic domain that contains a lysine tyrosylquinone cofactor (LTQ) and a copper binding site, and a variable Nterminal region (figure 16). The family is subdivided into two groups regarding the degree of conservation of the catalytic domain and the structure of the N-terminal domains (Moon et al., 2014). LOX and LOXL1 share 88% similarity in the catalytic domain, suggesting common substrates, and have N-terminal domains that are proteolytically cleaved by Bone Morphogenetic Protein-1 (BMP1), a procollagen C-proteinase, in order to generate the enzymatically active proteins (figure 16). Whereas LOXL2-4 catalytic domains also share 86 to 88% similarity, they only have 64 to 68% similarity with LOX and LOXL1 catalytic domains. LOXL2-4 share an extension of 20-23 amino acids beyond their catalytic domain, and a common specific structure of their N-terminal part consisting in 4 scavenger receptor cysteine rich (SRCR) domains (figure 16)

whose function is not clear yet. Unlike LOX and LOXL1, LOXL2 N-terminal domain is not entirely cleaved off from the catalytic domain but rather split in two between SRCR2 and SRCR3. Whereas this processing by extracellular serine proteases is not required for activation of its oxidase activity (Okada et al., 2018), it is necessary for LOXL2 to oxidize and cross-link type IV collagen (López-Jiménez et al., 2017). Crystal structure of a truncated inactive recombinant LOXL2 was reported and demonstrated that SRCR4 is the only SRCR domain interacting with the catalytic domain [START_REF] Zhang | Crystal structure of human lysyl oxidase-like 2 (hLOXL2) in a precursor state[END_REF]. Our SAXS and electron microscopy analyses confirmed this observation and revealed that SRCR domains are organized in a string of pearl way, supporting the processing and release of SRCR1 and SRCR2 domains and suggesting own independent activity of these domains (Schmelzer et al., 2019) (and see appendix 1).

Concerning their tissue distribution, expression of LOX and LOXL1 overlap in many tissues including heart, lung, kidney and skin. In contrast, high LOXL2 mRNA levels were found in reproductive tissues such as prostate, uterus and placenta. Immunohistochemistry analyses on various organs showed a general distribution of LOX and LOXL1 in regions presenting fibrillar collagens, whereas LOXL2 was detected in regions presenting type IV collagen and elastin [START_REF] Csiszar | Lysyl oxidases: A novel multifunctional amine oxidase family[END_REF], suggesting the specificity of LOX family members for distinct substrates. Such complementary distribution was described and well-illustrated in the skin where LOX is expressed in the dermis, while LOXL2 was detected in the basement membrane of the dermal-epidermal junction and of blood vessels [START_REF] Fujimoto | Reciprocal regulation of LOX and LOXL2 expression during cell adhesion and terminal differentiation in epidermal keratinocytes[END_REF].

In accordance with this pattern of expression, mice invalidated for LOX die at birth due to ruptured aneurysms in the aorta, suggesting a critical weakness in the tensile strength of this collagen-rich tissue. Analysis of collagen I and elastic fibers architecture in knock-out mice demonstrated a loose, diffuse and fragmented organization [START_REF] Hornstra | Lysyl Oxidase Is Required for Vascular and Diaphragmatic Development in Mice[END_REF][START_REF] Maki | Inactivation of the Lysyl Oxidase Gene Lox Leads to Aortic Aneurysms, Cardiovascular Dysfunction, and Perinatal Death in Mice[END_REF], whereas no change in endothelial basement membrane arrangement was observed [START_REF] Mäki | Lysyl oxidase is essential for normal development and function of the respiratory system and for the integrity of elastic and collagen fibers in various tissues[END_REF]. Besides, invalidation of LOXL1 in mice leads to impaired deposition of elastin in various tissues, and accumulation of tropoelastin generating vascular abnormalities, with no effect in collagen I cross-linking. These data show that LOX has an essential role in both collagen I and elastin cross-linking, whereas LOXL1 specifically cross-links elastin. As for LOXL2, gene deletion in mice results either in partial embryonic lethality or defects in development of the cardiovascular system, [START_REF] Martin | Lysyl oxidase-like 2 represses Notch1 expression in the skin to promote squamous cell carcinoma progression[END_REF] or in complete embryonic lethality (Steppan et al., 2019). These studies however did not investigate the potential substrates involved. Unlike LOX and LOXL1, isolation and purification of LOXL2 was made possible and enabled to conduct in vitro studies in order to identify substrates for this enzyme.

LOXL2 substrates

As already mentioned, LOXL2 expression was associated with basement membranes [START_REF] Csiszar | Lysyl oxidases: A novel multifunctional amine oxidase family[END_REF][START_REF] Fujimoto | Reciprocal regulation of LOX and LOXL2 expression during cell adhesion and terminal differentiation in epidermal keratinocytes[END_REF] suggesting that collagen IV could be a preferential substrate of this enzyme. Consistent with these observations, our team demonstrated that LOXL2 colocalizes with type IV collagen in the retina of newborn rats, and regulates collagen IV organization in the ECM of endothelial cells. Interestingly, inhibition of lysyl oxidase activity using ß-APN increased the amount of collagen IV solubilized from the ECM, suggesting involvement of LOXL2 catalytic activity in this process (Bignon et al., 2011). Direct evidence for collagen IV cross-linking by LOXL2 was indeed demonstrated in the glomerular basement membrane (Añazco et al., 2016). Besides its role in collagen IV cross-linking, LOXL2 is also involved in cross-linking interstitial ECM proteins such as elastin and collagen I. Using mass spectrometry analysis and cross-linked peptide identification, our team has recently demonstrated for the first time the direct involvement of LOXL2 in elastin cross-linking (Schmelzer et al., 2019) (and see appendix 1). In addition, in vitro use of a LOXL2-specific inhibitor, PXS-5153A, dose-dependently reduced oxidation and cross-linking of collagen I, directly demonstrating that collagen I is a substrate for LOXL2 (Schilter et al., 2019). Recent unpublished data from our group also aimed to better characterize LOXL2-generated crosslinks in collagen I (Bidault et al, en preparation) (see appendix 2). We indeed demonstrated that human recombinant LOXL2 modulated the structural and mechanical properties of collagen fibers in hydrogels and we were able to identify specific cross-linked peptides in collagen I telopeptides using mass spectrometry.

In addition to extracellular matrix proteins, recent works have documented deamination by LOXL2 of a cell surface recptor, namely PDGF-Rβ [START_REF] Mahjour | Mechanism for oral tumor cell lysyl oxidase like-2 in cancer development: synergy with PDGF-AB[END_REF] and of the nuclear protein histone H3 [START_REF] Herranz | Lysyl oxidase-like 2 (LOXL2) oxidizes trimethylated lysine 4 in histone H3[END_REF]. It is proposed that the ligand PDGF-AB is secreted together with LOXL2 by tumor cells and activates PDGFRβ in fibroblasts to promote their proliferation via activation of the ERK1/2 signaling pathway [START_REF] Mahjour | Mechanism for oral tumor cell lysyl oxidase like-2 in cancer development: synergy with PDGF-AB[END_REF]. The intracellular activity of LOXL2 and its consequences on histone deamination and gene transcription will be discussed below.

Altogether, these results demonstrate that LOXL2 cross-links type IV collagen of the basement membrane, as well as ECM interstitial components including collagen I and elastin. This diversity of substrates thus questions the distribution of LOXL2 in the microenvironment, which could be at the interface between basement membrane and intersitial ECM in various tissues.

Pathological role of LOXL2 and associated mechanisms

Dysregulation of LOXL2 levels has been linked to several pathological conditions, including fibrosis and cancer, as well as cardiovascular pathologies. While perturbations in the function of LOXL2 in ECM remodeling was responsible for generating a pathological microenvironment in fibrosis and cancer (Barry-Hamilton et al., 2010), other unexpected functions of this enzyme were identified in the course of investigation of tumor growth and dissemination. Possible mechanisms and biological activities that have also been proposed include intracellular effects of LOXL2 targeting activation of the FAK/Src signaling pathway, induction of EMT and regulation of gene transcription, and will be further discussed in this section.

Implication of LOXL2 in fibrosis via ECM remodeling

Fibrosis is a dysfunctional response to tissue injury associated with abnormal ECM deposition and progressive loss of tissue function. This pathological state involves multiple cell types, including fibroblasts and myofibroblasts but also other regulators such as growth factors or cytokines in the 3D environment. The involvement of LOXL2 has been demonstrated in multiple fibrotic tissues, including cardiac interstitial fibrosis (Yang et al., 2016), pulmonary fibrosis (Barry-Hamilton et al, 2010;[START_REF] Aumiller | Comparative analysis of lysyl oxidase (like) family members in pulmonary fibrosis[END_REF][START_REF] Jones | Nanoscale dysregulation of collagen structure-function disrupts mechanohomeostasis and mediates pulmonary fibrosis[END_REF], renal [START_REF] Cosgrove | Lysyl oxidase like-2 contributes to renal fibrosis in Col4α3/Alport mice[END_REF], and liver fibrosis (Barry-Hamilton et al., 2010;[START_REF] Ikenaga | Selective targeting of lysyl oxidase-like 2 (LOXL2) suppresses hepatic fibrosis progression and accelerates its reversal[END_REF][START_REF] Klepfish | LOXL2 Inhibition Paves the Way for Macrophage-Mediated Collagen Degradation in Liver Fibrosis[END_REF]Schilter et al., 2019;[START_REF] Vadasz | Abnormal deposition of collagen around hepatocytes in Wilson's disease is associated with hepatocyte specific expression of lysyl oxidase and lysyl oxidase like protein-2[END_REF]. In these studies, genetic deletion (Yang et al., 2016) or pharmacological inhibition of LOXL2 (Barry-Hamilton et al., 2010;[START_REF] Jones | Nanoscale dysregulation of collagen structure-function disrupts mechanohomeostasis and mediates pulmonary fibrosis[END_REF]Schilter et al., 2019;[START_REF] Cosgrove | Lysyl oxidase like-2 contributes to renal fibrosis in Col4α3/Alport mice[END_REF] reduced fibrosis and improved overall tissue function. More precisely, inhibition of LOXL2 was sufficient to decrease the collagen amount and cross-links (Barry-Hamilton et al., 2010;[START_REF] Ikenaga | Selective targeting of lysyl oxidase-like 2 (LOXL2) suppresses hepatic fibrosis progression and accelerates its reversal[END_REF]Schilter et al., 2019). A recent study demonstrated that dysregulation of collagen cross-linking resulted in abnormal fibers at the nanometer scale and was more responsible for ECM stiffening than an increase in collagen concentration [START_REF] Jones | Nanoscale dysregulation of collagen structure-function disrupts mechanohomeostasis and mediates pulmonary fibrosis[END_REF]. These authors also demonstrated that LOXL2 inhibition reduced hydroxyallysine-derived collagen cross-links and normalized collagen fibrillogenesis, thus reducing tissue stiffness and improving lung function [START_REF] Jones | Nanoscale dysregulation of collagen structure-function disrupts mechanohomeostasis and mediates pulmonary fibrosis[END_REF]. In addition to direct ECM remodeling, LOXL2 inhibition also results in decreased differentiation of cells into more fibrogenic phenotypes [START_REF] Aumiller | Comparative analysis of lysyl oxidase (like) family members in pulmonary fibrosis[END_REF][START_REF] Ikenaga | Selective targeting of lysyl oxidase-like 2 (LOXL2) suppresses hepatic fibrosis progression and accelerates its reversal[END_REF]Yang et al., 2016) or in increased amounts of cells involved in ECM degradation like monocyte-derived macrophages [START_REF] Klepfish | LOXL2 Inhibition Paves the Way for Macrophage-Mediated Collagen Degradation in Liver Fibrosis[END_REF]. Overall, these studies support the initial hypothesis that LOXL2 secreted by stromal cells mediates fibroblast activation through ECM remodeling and local stiffness increase, and thus amplifies fibrosis establishment (Barry-Hamilton et al., 2010).

Implication of LOXL2 in cancer progression

A large number of studies have documented increased expression of LOXL2 in many different human cancers including breast, laryngeal, lung, gastric or liver cancers [START_REF] Ye | Evolving roles of lysyl oxidase family in tumorigenesis and cancer therapy[END_REF].

Furthermore, inhibition of LOXL2 expression was always shown to decrease tumor growth, invasiveness properties of cancer cells and metastasis dissemination. However, multiple mechanisms for LOXL2 regulation of cancer progression are currently being investigated and give a rather complex overview. Independently of the cancer type and localization, extracellular and intracellular roles for LOXL2 have been described to explain its oncogenic functions (Moon et al., 2014). These distinct propositions will be further discussed in this section.

A/ Cancer and ECM remodeling by LOXL2

LOXL2-mediated ECM remodeling

One of the major hypotheses concerns an extracellular role for LOXL2 in establishment and maintenance of a pathological microenvironment (Barry-Hamilton et al., 2010). The latter study was the first description of a previously unknown role for LOXL2 in ECM remodeling during cancer progression. In different in vivo cancer models, targeting LOXL2 with an inhibitory monoclonal antibody reduced primary tumor and metastasis by decreasing cross-linked collagenous matrix and production of growth factors, thereby targeting the suitable microenvironment for tumor growth and metastasis (Barry-Hamilton et al., 2010). Other studies have since then confirmed a strong correlation between LOXL2 expression, increased collagen deposition and change in the ECM architecture in various cancers [START_REF] Peng | ZEB1 induces LOXL2-mediated collagen stabilization and deposition in the extracellular matrix to drive lung cancer invasion and metastasis[END_REF][START_REF] Saito | Aberrant Collagen Cross-linking in Human Oral Squamous Cell Carcinoma[END_REF][START_REF] Zhou | Reorganized Collagen in the Tumor Microenvironment of Gastric Cancer and Its Association with Prognosis[END_REF]. Besides collagen, other extracellular actors such as fibronectin and MMP, including MT1-MMP and MMP9, play a role in LOXL2-mediated tumor progression [START_REF] Barker | LOXL2-mediated matrix remodeling in metastasis and mammary gland involution[END_REF][START_REF] Moon | MCF-7 cells expressing nuclear associated lysyl oxidase-like 2 (LOXL2) exhibit an epithelial-to-mesenchymal transition (EMT) phenotype and are highly invasive in vitro[END_REF]Wu et al., 2018a). These effects in ECM remodeling by LOXL2 impact the cytoskeletal reorganization of cancers cells, as demonstrated by enhanced phosphorylation of myosin light chain kinase in hepatocellular carcinomas [START_REF] Wong | Lysyl oxidase-like 2 is critical to tumor microenvironment and metastatic niche formation in hepatocellular carcinoma[END_REF].

Furthermore, in the context of lung cancer, LOXL2 secreted by tumor cells induced fibronectin deposition by lung fibroblasts, thus promoting the formation of the pre-metastatic niche and enabling tumor progression (Wu et al., 2018a).

Until recently, only correlation between LOXL2 expression and ECM deposition was demonstrated in cancer microenvironment. It was therefore unclear whether the effects of LOXL2 were due to a change in ECM organization or in its composition. A recent study described for the first time the effects of LOXL2 on ECM ultrastructural properties at the fiber level in the context of triple-negative breast cancer [START_REF] Grossman | Tumor Cell Invasion Can Be Blocked by Modulators of Collagen Fibril Alignment That Control Assembly of the Extracellular Matrix[END_REF]. Inhibition of LOXL2 had no impact on ECM composition, but decreased the number of cross-links and deeply changed the orientation and thickness of the collagen fibers. The resulting anisotropic fibril organization was responsible for alteration in cancer cell invasion properties. In a 3D spheroid assay, inhibition of LOXL2 locally impacted collagen alignment and subsequent cancer cell migration [START_REF] Grossman | Tumor Cell Invasion Can Be Blocked by Modulators of Collagen Fibril Alignment That Control Assembly of the Extracellular Matrix[END_REF]. This study thus clearly demonstrates a tight regulation of ECM structural properties by LOXL2 in tumor and suggests that changes in local stiffness sensed by cancer cells influence their invasive behavior.

LOXL2 as a paracrine factor regulating cancer microenvironment

Identifying the source of extracellular LOXL2 in the microenvironment is a major challenge to address its effects on ECM remodeling. The tumor microenvironment is composed of many actors, and both tumoral and stromal cells such as cancer-associated fibroblasts (CAFs) have been shown to express high levels of LOXL2 in different cancers [START_REF] Ye | Evolving roles of lysyl oxidase family in tumorigenesis and cancer therapy[END_REF]. In a recent study, pharmacological inhibition of LOXL2 in CAFs disorganized the ECM and decreased migration of co-cultured prostate tumor cells [START_REF] Nguyen | Proteomic Profiling of Human Prostate Cancer-associated Fibroblasts (CAF) Reveals LOXL2-dependent Regulation of the Tumor Microenvironment[END_REF]. These data indicate that CAF-secreted LOXL2 could be an important mediator of intercellular communication within the tumor microenvironment. At the opposite, LOXL2 secreted by tumor cells reciprocally activates stromal fibroblasts in the context of breast [START_REF] Barker | Tumor-Secreted LOXL2 Activates Fibroblasts through FAK Signaling[END_REF] and oral squamous cell carcinoma [START_REF] Mahjour | Mechanism for oral tumor cell lysyl oxidase like-2 in cancer development: synergy with PDGF-AB[END_REF]. In the latter study, LOXL2 was secreted together with PDGF-AB by tumor cells, and was able to trans-activate PDGFRβ in stromal fibroblasts to promote their activation. Similarly, LOXL2 produced by breast cancer cells increased fibroblastmediated collagen contraction and invasion through the ECM via activation of integrin/FAK signaling pathway in stromal fibroblasts [START_REF] Barker | Tumor-Secreted LOXL2 Activates Fibroblasts through FAK Signaling[END_REF]. Overall, these data suggest an important role for LOXL2 as a paracrine signal capable of acting in trans through ECM remodeling, thereby promoting maintenance of a permissive local niche.

LOXL2-mediated FAK/Src signaling

It is likely that LOXL2-mediated ECM remodeling promotes activation of various signaling pathways regulating tumor cells proliferation and migration, such as the FAK/Src signaling pathway in CAFs [START_REF] Barker | Tumor-Secreted LOXL2 Activates Fibroblasts through FAK Signaling[END_REF], but also in RCC cell lines [START_REF] Hong | Silencing of lysyl oxidase-like 2 inhibits the migration, invasion and epithelial-to-mesenchymal transition of renal cell carcinoma cells through the Src/FAK signaling pathway[END_REF], which can be regulated through both extra-and intracellular signals. Extracellular inhibition of LOXL2 in gastric tumors from patients downregulated the Src/FAK signaling pathway, decreasing tumor growth and metastases [START_REF] Peng | Secreted LOXL2 is a novel therapeutic target that promotes gastric cancer metastasis via the Src/FAK pathway[END_REF]. Another autocrine role for LOXL2 has been described in the context of lung tumors, where secreted LOXL2 induced FAK activation through collagen reorganization. In addition, LOXL2 overexpression alone had no effect on migration and invasion unless extrinsic collagen was introduced, also supporting the fact that LOXL2 acts extracellularly in this context [START_REF] Peng | ZEB1 induces LOXL2-mediated collagen stabilization and deposition in the extracellular matrix to drive lung cancer invasion and metastasis[END_REF] (and see figure 17). Additional data rather suggest that intracellular LOXL2 directly modulates FAK and other signaling pathways in tumor cells, as previously described concerning LOX-mediated activation of FAK in breast cancer [START_REF] Erler | Lysyl Oxidase Mediates Hypoxic Control of Metastasis[END_REF]. Similarly, treatment with catalase reduced intracellular levels of H2O2 and thus inhibited LOXL2-mediated phosphorylation of ErbB2 in cancer cells [START_REF] Chang | LOXL2 induces aberrant acinar morphogenesis via ErbB2 signaling[END_REF]. Other mediators of intracellular LOXL2 involved in cytoskeleton remodeling include MARCKSL1, which regulate the FAK signaling pathway in breast cancer cells [START_REF] Kim | Lysyl oxidaselike 2 (LOXL2) controls tumor-associated cell proliferation through the interaction with MARCKSL1[END_REF], and ezrin, whose phosphorylation is regulated by LOXL2 [START_REF] Zhan | LOXL2 Upregulates Phosphorylation of Ezrin to Promote Cytoskeletal Reorganization and Tumor Cell Invasion[END_REF]. 

LOXL2 acts intracellularly to regulate EMT

EMT is an important process in tumor progression as it allows epithelial cells to lose their cellcell adhesions and to acquire invasive properties (see figure 18). A previous report demonstrated that LOXL2 intracellularly interacts and cooperates with Snail1, a key EMT transcription factor, to downregulate E-cadherin expression and induce an invasive behavior in cancer cells (Peinado et al., 2005). This study was the first to shed light on potential intracellular effects of LOXL2 in cancer progression. Using expression of LOXL2 catalytically inactive mutants in cancer cells, it was demonstrated that LOXL2 enzymatic activity was not required for the induction of EMT mediated by Snail1 [START_REF] Cuevas | LOXL2 catalytically inactive mutants mediate epithelial-to-mesenchymal transition[END_REF], suggesting that the SRCR domains of the protein can mediate this process. 

Existence of a balance between intra-and extracellular roles of LOXL2 in EMT

This latter study was already raising the possibility of a balance between intra-and extracellular LOXL2 levels in the regulation of EMT. Authors reported that intracellular LOXL2 alone was sufficient to activate FAK in cancer cells, and that induction of EMT thus resulted from indirect intracellular mechanisms [START_REF] Cuevas | LOXL2 catalytically inactive mutants mediate epithelial-to-mesenchymal transition[END_REF]. Similarly, another approach consisted in expressing recombinant mutant LOXL2 that could or could not be secreted [START_REF] Moon | MCF-7 cells expressing nuclear associated lysyl oxidase-like 2 (LOXL2) exhibit an epithelial-to-mesenchymal transition (EMT) phenotype and are highly invasive in vitro[END_REF].

This study reported that intracellular nuclear-associated LOXL2 stabilized Snail1 and induced EMT, whereas cells expressing only the secreted form of LOXL2 kept their epithelial phenotype and showed lower invasive properties, suggesting that only intracellular LOXL2 could mediate this process. These experiments have however been conducted in vitro using 2D Matrigel invasion assays, and suggested that EMT regulation by secreted LOXL2 may require a more complex microenvironment involving 3D interactions between LOXL2 and ECM structural proteins to support invasion by cancer cells. Another report clearly demonstrated that intraand extracellular mechanisms are independent and complementary to induce an invasive phenotype in cancer cells [START_REF] Peng | Secreted LOXL2 is a novel therapeutic target that promotes gastric cancer metastasis via the Src/FAK pathway[END_REF]. While intracellular LOXL2 induced downregulation of E-cadherin via Snail1 activation, secreted LOXL2 was required for FAK/Src activation, therefore potentiating adhesion and invasion of gastric cancer cells (and see figure 17).

LOXL2 intracellularly regulates EMT through multiple pathways

A more precise mechanism has recently been proposed to clarify the intracellular role of LOXL2 in EMT. LOXL2 activity is actually involved in oxidation of lysine 4 of histone H3, and thus contributes to cancer progression by affecting transcription of key genes involved in tumorigenesis [START_REF] Herranz | Lysyl oxidase-like 2 (LOXL2) oxidizes trimethylated lysine 4 in histone H3[END_REF] (and see figure 19). Loss of LOXL2 in cancer cells was proved to reduce histone oxidation, therefore modifying chromatin architecture and limiting the EMT process (Millanes-Romero et al., 2013). Furthermore, this genome reorganization by LOXL2 was able to increase chemosensitivity of cancer cells, thus opening new insights into potential therapeutic tools to overcome resistance to cancer treatments [START_REF] Cebrià-Costa | LOXL2-mediated H3K4 oxidation reduces chromatin accessibility in triple-negative breast cancer cells[END_REF].

In addition to its effects on chromatin regulation, the same laboratory that firstly identified intracellular LOXL2 as a regulator of EMT (Peinado et al., 2005) recently reported a new and original mechanism where overexpression of LOXL2 promotes its accumulation in the endoplasmic reticulum (ER), leading to activation of the IRE1-XBP1 pathway involved in ERstress response [START_REF] Cuevas | LOXL2 drives epithelial-mesenchymal transition via activation of IRE1-XBP1 signalling pathway[END_REF]. This activation could trigger the expression of several EMT transcription factors and be responsible for the induction of EMT phenotype in cancer cells. The newly proposed ER-stress regulation suggested that misfolding of LOXL2 and subsequent retention in the ER could be an important feature in establishment of EMT and that previously described intracellular accumulation of LOXL2 could be mediated by such process. This hypothesis thus seems promising and should be considered when studying effects of intracellular LOXL2.

Intracellular LOXL2 involvement was also shown in control of cell polarity, a strongly dysregulated mechanism in EMT. It was proposed that LOXL2 downregulates the expression of tight junctions and cell polarity proteins claudin1 and Lgl2 and induces subsequent disorganization of junctions in breast cancer cells. Invalidation of LOXL2 in these cells resulted in upregulation of these proteins associated with reversion of EMT [START_REF] Moreno-Bueno | Lysyl oxidase-like 2 (LOXL2), a new regulator of cell polarity required for metastatic dissemination of basal-like breast carcinomas[END_REF].

Interestingly, the role of LOXL2 has also been studied in endothelial-to-mesenchymal transition (EndMT), an important process in vascular development in which endothelial cells differentiate into a mesenchymal phenotype (de Jong et al., 2019;Neumann et al., 2018). Unlike epithelial cells, the expression of LOXL2 alone was not sufficient to induce EndMT in endothelial cells.

Both studies however demonstrated that LOXL2 modulates EndMT induced by transforming growth factor-β stimulation (de Jong et al., 2019). These data further suggested that intracellular activity of LOXL2 is differently regulated according to the cell type, and may play a distinct role in endothelial cells as compared to cancer cells. 

Role of LOXL2 in cardiovascular pathologies / vascular development

It is likely that LOXL2 is involved in development and stability of the cardiovascular system, although no clear consensus about the phenotype of the knock-out mice has been described [START_REF] Martin | Lysyl oxidase-like 2 represses Notch1 expression in the skin to promote squamous cell carcinoma progression[END_REF]Steppan et al., 2019). LOXL2 is however clearly linked to extracellular matrix cardiovascular disease including aneurysms, suggesting a cross-talk between ECM remodeling by LOXL2 and vascular stability. LOXL2 was indeed screened for genetic susceptibility to intracranial aneurysms in two distinct studies (Akagawa et al., 2007;Wu et al., 2018b). Surprisingly, a paper focusing on retinal small aneurysms showed an increased expression of LOXL2 together with basement membrane components, suggesting that this overproduction could be a compensatory mechanism managed by pericytes or other cell types (López-Luppo et al., 2017).

An additional role for LOXL2 in the regulation of the vascular system is linked to modulation of TGF -induced EndMT (de Jong et al., 2019). A recent study has identified GATA6-AS as a novel actor in regulation of EndMT by LOXL2 (Neumann et al., 2018). GATA6-AS is a long non-coding RNA that interacts intracellularly with LOXL2 and negatively regulates nuclear LOXL2 function, modulating endothelial cell gene expression (figure 20). As EndMT can be linked to angiogenesis, authors also examined how the interplay between GATA6-AS and LOXL2 could regulate vascular sprouting. Interestingly, GATA6-AS silencing did not alter extracellular levels of LOXL2, and intracellular activity of LOXL2 was not required for sprouting angiogenesis, suggesting that the endothelial sprouting phenotype is rather driven by extracellular LOXL2. Moreover, another study reported that the SRCR domains of LOXL2

interacted with GATA6 independently of the catalytic domain [START_REF] Peng | The interaction of LOXL2 with GATA6 induces VEGFA expression and angiogenesis in cholangiocarcinoma[END_REF], suggesting that these effects were not linked with LOXL2 activity. Furthermore, LOXL2 is involved in vascular development and angiogenesis. Our group demonstrated for the first time that LOXL2 functionally regulates angiogenesis during development (Bignon et al., 2011). Invalidation of LOXL2 in zebrafish embryos impaired development of intersegmental vessels and demonstrated LOXL2 involvement in capillary morphogenesis. In vitro studies by loss and gain of function confirmed that LOXL2 was required for angiogenic sprouting in 3D models, and demonstrated that this enzyme is necessary for collagen IV assembly in the endothelial ECM. Inhibition of LOXL2 catalytic activity had no impact on both processes, suggesting a non-catalytic role for LOXL2 in angiogenesis correlated with collagen IV scaffolding (Bignon et al., 2011). However, no specific molecular mechanism had been described to explain its effects on endothelial cells. These results were supported by the proposed distribution of LOXL2 at basement membranes [START_REF] Csiszar | Lysyl oxidases: A novel multifunctional amine oxidase family[END_REF][START_REF] Fujimoto | Reciprocal regulation of LOX and LOXL2 expression during cell adhesion and terminal differentiation in epidermal keratinocytes[END_REF] and by the more recent demonstration of collagen IV as a substrate for LOXL2 (Añazco et al., 2016). Besides, LOXL2 has been described to be particularly enriched in endothelial tip cells, the cells that lead the vascular growth (del Toro et al., 2010), also supporting its major role in angiogenesis. Finally, LOXL2 is involved in pathological angiogenesis [START_REF] Grossman | Tumor Cell Invasion Can Be Blocked by Modulators of Collagen Fibril Alignment That Control Assembly of the Extracellular Matrix[END_REF]Zaffryar-Eilot et al., 2013). In lung carcinoma, the strongest LOXL2 expression was found within the tumor vasculature (Zaffryar-Eilot et al., 2013). Targeting LOXL2 resulted in an anti-angiogenic effect that was not sufficient to inhibit tumor development, suggesting that LOXL2 has more impact on endothelial cells as compared to tumor cells.

Cell-microenvironment interactions or how ECM regulates cell responses

Living cells sense and respond to a broad range of external stimuli, both physical and chemical.

They integrate these extracellular cues and transduce them into intracellular signals that drive changes in cell processes, including morphology, migration, survival and eventually fate, which are required for tissue and organ development (reviewed in [START_REF] Farge | Mechanotransduction in Development[END_REF][START_REF] Mammoto | Mechanical control of tissue and organ development[END_REF][START_REF] Wozniak | Mechanotransduction in development: a growing role for contractility[END_REF]. This overall process is called mechanotransduction and is divided into multiple steps including: i) mechanosensing, or sensitivity to a mechanical stimulus by a cell, ii) mechanosignaling i.e. an intracellular signaling event occurring in response to the mechanical stimulus, iii) mechanotransmission and tension generation, i. In the case of endothelial cells, the role of integrin-mediated adhesions in angiogenesis and vascular stability has been extensively studied. It is now becoming very clear that vascular morphogenesis is influenced by changes in the biomechanical state of endothelial cells that are driven by interactions between cell-cell and cell-ECM adhesions. Indeed, cooperation between these two modes of adhesion is essential to regulate vascular morphogenesis and homeostasis, yet little is known about the precise mechanisms and actors involved in these cross-talks.

In this chapter, I will first describe how cell adhesion machinery is organized and matures in endothelial cells, and how it constitutes a focus point for cell-ECM interactions. I will then move on to mechanosensing through integrin-mediated anchorage to the ECM, and present the main signaling pathways involved in endothelial cell mechanotransduction. Finally, I will examine how ECM regulates endothelial mechanosensing and subsequent cell responses, and discuss about the importance of cell-ECM and cell-cell cross-talks to regulate endothelial contractility.

Focal adhesions, the main hub for cell-matrix interactions

Focal adhesions are dynamic actin-integrin links, whose assembly and maturation are driven by feedback from interactions with the ECM. Many recent studies have revealed an amazing degree of molecular complexity, illustrated by the great number of core components in these adhesions, and rich selection of regulatory proteins that are able to modulate the structure and dynamics of these hubs. While the integrin adhesome indeed consists of about 160 distinct constituents (Zaidel-Bar et al., 2007), I will here focus on the main components of these structures that have been described as involved in establishment and maturation of focal adhesions in response to the ECM.

Main components of focal adhesions

Integrins

Integrins span across the plasma membrane and link the ECM to the cell cytoskeleton. They have arisen as fundamental adhesion receptors that mediate cell and tissue function in a very broad range of situations, both in health and disease [START_REF] Kechagia | Integrins as biomechanical sensors of the microenvironment[END_REF][START_REF] Winograd-Katz | The integrin adhesome: from genes and proteins to human disease[END_REF]. Several recent reviews have described in detail the biochemical [START_REF] De Franceschi | Integrin traffic -the update[END_REF][START_REF] Humphries | Signal transduction via integrin adhesion complexes[END_REF] and mechanical (Chen et al., 2017a;Sun et al., 2016a) regulation of integrins. Recent publications are now shedding light not only on how integrins are affected by these signaling pathways but also on how this tight regulation allows integrins to act as sensors of the environment.

Structure and ligands

Integrins are heterodimeric transmembrane receptors composed of non-covalently interacting α and β subunits. There are at least 24 different integrin receptors in mammals, resulting from combinations of 18 α and 8 β subunits, each recognizing a specific set of ECM ligands. Though some subunits appear in only single heterodimer, 12 integrins contain the β1-subunit and five the αv-subunit [START_REF] Humphries | Integrin ligands at a glance[END_REF]. α and β subunits are both type I transmembrane proteins composed of a large extracellular domain, a single-pass transmembrane helix and a short cytoplasmic domain. Synthetized α and β subunits heterodimerize in the endoplasmic reticulum and are necessarily expressed as heterodimers at the cell membrane [START_REF] Tiwari | Divalent cations regulate the folding and activation status of integrins during their intracellular trafficking[END_REF]. Binding sites for ECM ligands either involve residues from both subunits, for example in the case of α5β1 and αvβ3 integrins, which recognize the RGD motif in proteins such as fibronectin, or reside in a specific domain of the α-subunit as it is the case for the collagenbinding integrins α1β1, α2β1, α10β1 and α11β1 [START_REF] Kechagia | Integrins as biomechanical sensors of the microenvironment[END_REF]. A hallmark of integrins is their ability to bind several ECM ligands, that can vice-versa engage different integrin heterodimers. However, a growing hypothesis is that integrins with overlapping ligand specificities have markedly distinct biomechanical features [START_REF] Kechagia | Integrins as biomechanical sensors of the microenvironment[END_REF]. Endothelial cells express 9 different integrins heterodimers [START_REF] Hynes | Cell-matrix adhesion in vascular development: Cell-matrix adhesion in vascular development[END_REF] (see table 1). 

Role of integrins in vascular development

The role of integrins in endothelial cell function and angiogenesis has been studied by mutation of either subunits or their ligands, or using selective antagonists to these receptors. The effects of genetic ablation or integrin antagonists on development and angiogenesis are reviewed by Silva and collaborators [START_REF] Silva | Integrins: The Keys to Unlocking Angiogenesis[END_REF]. Briefly, complete deletion of β1 integrin leads to mice embryonic lethality at E5.5 due to a peri-implantation defect [START_REF] Fässler | Consequences of lack of beta 1 integrin gene expression in mice[END_REF].

Deletion of β1 integrin only in endothelial cells increases the lifespan of mice embryos until E9.5-E10.5, but they eventually die due to severe vascular branching defects, showing the importance of endothelial β1 integrin expression in development of the vascular system [START_REF] Tanjore | β1 integrin expression on endothelial cells is required for angiogenesis but not for vasculogenesis[END_REF]. Blocking antibodies against α2β1 and α1β1 integrins, both collagen receptors, induce a decrease in VEGF-mediated angiogenesis in vivo, and a decrease in tumor angiogenesis [START_REF] Senger | Angiogenesis promoted by vascular endothelial growth factor: Regulation through 1 1 and 2 1 integrins[END_REF]. Using the model of zebrafish embryo, injection of morpholino targeting α2 subunit induced abnormal and stunted intersegmental vessels and absence of dorsal longitudinal anastomotic vessel, providing evidence for a central role of α2β1 integrin in developmental angiogenesis [START_REF] San Antonio | A Key Role for the Integrin α2β1 in Experimental and Developmental Angiogenesis[END_REF]. Concerning fibronectin receptors, mice invalidated for the α5 integrin gene present dilatation and aberrant distribution of vessels of the yolk sac, which is lethal between E10 and E11 [START_REF] Yang | Embryonic mesodermal defects in alpha 5 integrindeficient mice[END_REF].

Furthermore, treatments of endothelial cells with α5β1 antagonists decrease physiological and pathological angiogenesis [START_REF] Kim | Regulation of integrin alpha vbeta 3-mediated endothelial cell migration and angiogenesis by integrin alpha5beta1 and protein kinase A[END_REF]. Antibodies targeting αvβ3 integrins inhibit cell adhesion to vitronectin, and repress neovascularization in a variety of in vivo models including tumor angiogenesis and retinal angiogenesis (Eliceiri andCheresh, 1998, 1999;[START_REF] Friedlander | Involvement of integrins alpha v beta 3 and alpha v beta 5 in ocular neovascular diseases[END_REF]. However, more recent studies question these data, and suggest that αvβ3 integrins may have an inhibitory role in angiogenesis [START_REF] Hodivala-Dilke | alphavbeta3 integrin and angiogenesis: a moody integrin in a changing environment[END_REF][START_REF] Reynolds | Enhanced pathological angiogenesis in mice lacking beta3 integrin or beta3 and beta5 integrins[END_REF]. Additionally, other studies have demonstrated that α6 integrin plays a role in tumor angiogenesis [START_REF] Bouvard | Tie2-dependent deletion of α6 integrin subunit in mice reduces tumor growth and angiogenesis[END_REF]. These conflicting data about the role of integrins in vascular development could be explained by potential compensatory mechanisms implemented by subunits of other integrins depending on the biological system and context.

Mechanosensing through integrin-mediated anchorage to the ECM

The ability of cells to sense biochemical and mechanical features of their microenvironment through integrin-based adhesion hubs is called mechanosensing. Cell mechanosensing is a multistep process initiated by binding of integrins to their ECM ligands. Integrin molecular bonds display a behavior termed 'catch-bond' or more precisely 'catch-slip bond'. In a catchslip bond, force applied on integrins first strengthens the bond (catch regime) but once a given threshold is reached, force starts weakening the bond (slip regime). Catch bonds seem to be a usual feature of integrin-ligand interactions and occur in different bonds with RGD-containing ligands such as bonds between fibronectin and α5β1 [START_REF] Kong | Demonstration of catch bonds between an integrin and its ligand[END_REF] or αvβ3 [START_REF] Chen | Force regulated conformational change of integrin αVβ3[END_REF][START_REF] Elosegui-Artola | Mechanical regulation of a molecular clutch defines force transmission and transduction in response to matrix rigidity[END_REF]. It is relevant to note that while the properties under force Talin is indeed required for integrin activation, focal adhesion formation and cell spreading, as demonstrated in cells lacking talin 1 and talin 2 isoforms that fail to form focal adhesion, and present an abolished integrin-cytoskeleton linkage [START_REF] Zhang | Talin depletion reveals independence of initial cell spreading from integrin activation and traction[END_REF]. Whereas integrin needs talin for all of its functions, the opposite is not true; for example, talin regulates cadherin gene expression independently of integrins in drosophila [START_REF] Bécam | Integrinindependent repression of cadherin transcription by talin during axis formation in Drosophila[END_REF]. Endothelialspecific inactivation of the talin1 gene in mouse embryo leads to embryonic lethality at E8.5-E9.5 from vascular defects, as observed in the head and yolk sac vessels. In endothelial cells, talin2 was not able to compensate for talin1 depletion, suggesting distinct roles for the two isoforms in these cells [START_REF] Monkley | Endothelial cell talin1 is essential for embryonic angiogenesis[END_REF]. Tamoxifen-induced endothelial cell-specific deletion of talin1 in adult mice results in weakened stability of intestinal microvascular blood vessels, vascular leakage and death. Confocal analysis of intestinal villi revealed morphological alterations of the vasculature and the basement membrane. Interestingly, intestinal capillary junctions were discontinuous, and endothelial cells detached from neighboring cells in absence of talin1. This effect was emphasized in the retina, where endothelial talin1 depletion induced disorganized capillary cell-cell junctions and decreased recruitment of VE-cadherin at these sites. Loss of talin1 in endothelial cells in vitro resulted in increased cell contractility, altered VE-cadherin organization, and induced vascular permeability (Pulous et al., 2019). These data suggest that talin is required for endothelial barrier function.

Paxillin is a multi-domain scaffold protein that works as a platform for the recruitment of Paxillin is essential for normal mouse development, and has been found to critically regulate the development of mesodermally-derived structures such as heart and somites. The knockout mouse closely looks like the knock-out mouse for fibronectin [START_REF] Hagel | The adaptor protein paxillin is essential for normal development in the mouse and is a critical transducer of fibronectin signaling[END_REF]. In endothelial cells, paxillin rapidly becomes phosphorylated in response to VEGF [START_REF] Abedi | Vascular endothelial growth factor stimulates tyrosine phosphorylation and recruitment to new focal adhesions of focal adhesion kinase and paxillin in endothelial cells[END_REF]. Paxillin knock-down in endothelial cells increases migration and invasiveness of endothelial cells, in a model of Matrigel implant but also during neonatal retinal angiogenesis [START_REF] German | Paxillin controls endothelial cell migration and tumor angiogenesis by altering neuropilin 2 expression[END_REF]. Consistent with this study, recent data show that paxillin-dependent Cdc42 activation is essential for cell polarity and angiogenic sprouting [START_REF] Boscher | Polarization and sprouting of endothelial cells by angiopoietin-1 require PAK2 and paxillin-dependent Cdc42 activation[END_REF].

Vinculin is so far the most characterized adhesion adaptor-protein. It is structurally composed of 5 domains distributed in 3 groups, vinculin head, linker domain and vinculin tail domains.

The head has binding sites for talin and β-catenin while the linker binds vasodilator-stimulated phosphoprotein (VASP) and the tail contains binding domains for paxillin, and actin filaments In fact, vinculin is critical for generation of traction force in cells, which will be further developed in the next chapter. Phosphorylation of vinculin at Y100 and Y1065 by Src kinase is required during focal adhesion development and maturation and may affect vinculin binding to other proteins by modifying its conformational changes. Interestingly, vinculin implication has been demonstrated in the formation of podosomes, which are mechanosensitive structures able to protrude into the ECM and to degrade it (van den [START_REF] Van Den Dries | Probing the mechanical landscape -new insights into podosome architecture and mechanics[END_REF]. Recruitment of vinculin seems to play a critical role in podosomes force generation and protrusive force transmission to the substrate. This suggested that vinculin could play a role in vascular patterning, since the formation of podosomes has been described as an important step in sprouting angiogenesis [START_REF] Seano | Endothelial podosome rosettes regulate vascular branching in tumour angiogenesis[END_REF][START_REF] Warren | Podosome rosettes precede vascular sprouts in tumour angiogenesis[END_REF]. Paxillin has also similarly been shown

to be crucial for formation of invadosomes, other actin-based structures able to digest the ECM [START_REF] Petropoulos | Roles of paxillin family members in adhesion and ECM degradation coupling at invadosomes[END_REF]. Another aspect that supports a role for vinculin in angiogenesis, is that vinculin is involved in mechanical coupling at cell-cell junctions (Seddiki et al., 2018) (and see chapter on vascular morphogenesis, and endothelial cell-cell junctions). Accordingly, abolition of vinculin expression in endothelial cells resulted in defects in vascular morphogenesis in the mouse retina (Carvalho et al., 2019). In zebrafish embryo, vinculin mutant fish die at 21 days post fertilization, also displaying defects in juvenile cardiovascular development. Vinculin does not seem to affect initial vasculogenesis, but impacts the formation of a well-organized vascular network, especially in the coronary vasculature. Coronary vessels are indeed over-present, disorganized, and mispatterned in these fish. It is suggested that this effect is mediated by ERK hyperactivity causing overproliferation of endocardial cells, leading to abnormal alignment of endothelial cells and impaired angiogenesis. These results indicate that vinculin is essential for proper vascular morphogenesis [START_REF] Cheng | Vinculin b deficiency causes epicardial hyperplasia and coronary vessel disorganization in zebrafish[END_REF].

Focal adhesion dynamics

Cell-ECM adhesions are categorized into several types corresponding to their level of maturation, according to their size, stability, location, and molecular composition: nascent adhesions also called focal complexes, focal adhesions, and fibrillar adhesions (figure 25, and reviewed in [START_REF] Parsons | Cell adhesion: integrating cytoskeletal dynamics and cellular tension[END_REF]. They mature through the recruitment of a repertoire of adhesion plaque proteins, including actinin (to facilitate actin association) and adaptor proteins such as paxillin, which, as already described, promotes interactions between multiple signaling complexes. 

Formation of nascent adhesions

Upon cell adhesion, the first structures assemble by nucleating three to six integrins at the leading edge of cell protrusions, as well as at the cell periphery, and form nascent adhesions [START_REF] Bachir | Integrinassociated complexes form hierarchically with variable stoichiometry in nascent adhesions[END_REF] (and see figure 26). The mechanism by which they first assemble remains quite unclear and the exact molecular nature of these complexes is not well described. It has been shown that they comprise at least two molecules of talin that link α/β integrin dimers to actin filaments [START_REF] Kukkurainen | The talinintegrin interface under mechanical stress[END_REF]. At this step, inside-out signals regulate displacement of intracellular integrin inhibitors and allow talin binding to integrin β-tails. Integrin activation is also promoted by an outside-in mechanism through ECM binding and ECM force application (see figure 27) that slows the diffusion of integrin dimers within the cell membrane. Integrin activation by this process is thought to increase affinity for ECM ligand binding [START_REF] Takagi | Global Conformational Rearrangements in Integrin Extracellular Domains in Outside-In and Inside-Out Signaling[END_REF]. Open arrowheads indicate maturing adhesions that begin to elongate centripetally. From [START_REF] Choi | Actin and α-actinin orchestrate the assembly and maturation of nascent adhesions in a myosin II motorindependent manner[END_REF]. Next step in focal complexes assembly involves opening of binding sites within the talin rod domain for recruitment of additional proteins that reinforce integrin-cytoskeleton bonds. This process has been studied using various methods including magnetic tweezers and AFM [START_REF] Del Rio | Stretching single talin rod molecules activates vinculin binding[END_REF], and high-resolution microscopy [START_REF] Margadant | Mechanotransduction in vivo by repeated talin stretch-relaxation events depends upon vinculin[END_REF] to explore the unfolding pathways of talin. Both studies revealed that the length of talin increases over time due to mechanical stress, and that physical extension of talin rod exposes cryptic hydrophobic binding sites for other proteins including vinculin.

Maturation of focal complexes into focal adhesions

At this stage, the width of integrin-based adhesions is usually below 1 μm, corresponding to the scale of the diameter of a single ECM fiber [START_REF] Gasiorowski | Biophysical cues and cell behavior: the big impact of little things[END_REF][START_REF] Kim | Focal adhesion size uniquely predicts cell migration[END_REF].

Subsequent step is maturation of focal complexes into focal adhesions, which are elongated structures 3 to 10 µm long associated with stress fibers. Binding of vinculin to talin triggers the clustering of activated integrins [START_REF] Humphries | Vinculin controls focal adhesion formation by direct interactions with talin and actin[END_REF]. Interactions between talin and the vinculin tail promote their association with actin, therefore reinforcing actin-integrin link [START_REF] Galbraith | The relationship between force and focal complex development[END_REF]. Besides, simulations of molecular dynamics of focal adhesion formation show that vinculin recruitment might be locally enhanced by applied tensile forces [START_REF] Hytönen | How force might activate talin's vinculin binding sites: SMD reveals a structural mechanism[END_REF]. Using a FRET-based tension sensor, Grashoff and collaborators have shown that vinculin molecules are under a force of 2.5 pN in stable adhesions, and are in a stretched configuration in assembling focal adhesions, and in a non-stretched configuration in disassembling focal adhesions [START_REF] Grashoff | Measuring mechanical tension across vinculin reveals regulation of focal adhesion dynamics[END_REF]. This suggests an important role for vinculin in focal adhesion maturation and force transmission to the actin cytoskeleton. In fact, successful binding of vinculin to talin is essential to stabilize talin-F-actin interaction and thus to transfer the mechanical signal inward [START_REF] Humphries | Vinculin controls focal adhesion formation by direct interactions with talin and actin[END_REF].

Formation of fibrillar adhesions

The last step is maturation of focal adhesions into fibrillar adhesions where talin is replaced by tensin [START_REF] Mccleverty | Structure of the PTB domain of tensin1 and a model for its recruitment to fibrillar adhesions[END_REF] (see figure 29). Fibrillar adhesions are rich in 5 1 integrins and their main function is to promote fibronectin fibrillogenesis, and reorganization of the ECM [START_REF] Pankov | Integrin dynamics and matrix assembly: tensin-dependent translocation of alpha(5)beta(1) integrins promotes early fibronectin fibrillogenesis[END_REF][START_REF] Zamir | Dynamics and segregation of cell-matrix adhesions in cultured fibroblasts[END_REF]. Tyrosine phosphorylation of the cytoplasmic tail of integrin has been suggested to induce integrin-tensin interaction and abrogate talin binding in fibrillar adhesions [START_REF] Mccleverty | Structure of the PTB domain of tensin1 and a model for its recruitment to fibrillar adhesions[END_REF]. However, the precise mechanistic details of talintensin switch remain unclear. Tensin silencing reduces force generation, indicating an important role for tensins in mechanotransduction to the ECM (Georgiadou et al., 2017).

Besides, it has been demonstrated that substrate stiffness promotes growth of fibrillar adhesions in a tensin-dependent manner (Barber-Pérez et al., 2020). Other studies have identified the Kank (N motif and ankyrin repeat domains) family of proteins as talin-binding components of focal adhesions [START_REF] Bouchet | Talin-KANK1 interaction controls the recruitment of cortical microtubule stabilizing complexes to focal adhesions[END_REF]Sun et al., 2016b).

Similar to tensins, Kanks promote integrin activation, formation of fibrillar adhesions and fibronectin fibrillogenesis. However, they reduce traction force, in contrast with tensins (Sun et al., 2016b). It is still unknown whether Kanks and tensins co-operate or compete during the process of adhesion maturation and what their respective contributions to fibrillar adhesions and ECM assembly are [START_REF] Georgiadou | Tensins: Bridging AMP-Activated Protein Kinase with Integrin Activation[END_REF]. Zyxin is also a hallmark of mature focal adhesions [START_REF] Zaidel-Bar | Early molecular events in the assembly of matrix adhesions at the leading edge of migrating cells[END_REF] and was shown to be needed for force-dependent actin polymerization [START_REF] Hirata | Mechanical forces facilitate actin polymerization at focal adhesions in a zyxin-dependent manner[END_REF]. Zyxin is a mechanosensory component whose association with both focal adhesions and stress fibers depends on application of mechanical forces to these structures. Its effects on actin polymerization and stress fibers remodeling might involve a collaboration with VASP [START_REF] Hoffman | Genetic ablation of zyxin causes Mena/VASP mislocalization, increased motility, and deficits in actin remodeling[END_REF] for Src. This leads to the formation of a FAK-Src signaling complex that phosphorylates distinct focal adhesion proteins including FAK, paxillin and p130cas, which is involved in the regulation of Rho family GTPases [START_REF] Demali | Integrin signaling to the actin cytoskeleton[END_REF]. As an example, phosphorylated p130Cas recruits the adaptor protein Crk into the developing focal adhesion site, and this complex activates Rac1 [START_REF] Brugnera | Unconventional Rac-GEF activity is mediated through the Dock180-ELMO complex[END_REF]. FAK has also been shown to transmit integrin-stimulated signals to c-Jun N-terminal kinase (JNK), one of the major effectors of the MAPK signaling pathway.

Several studies have highlighted the potential role of FAK in vascular morphogenesis and homeostasis. Endothelial deletion of FAK in mice leads to embryonic death at E11.5 with primary vascular defects, including bleeding, dilated capillaries in the yolk sac and impaired sprouting angiogenesis in the neuroepithelium. Interestingly, there was no effect on cell migration in FAK-null endothelial cells, but defective lamellipodia and cell spreading were observed, whether the cells were seeded on laminin or on fibronectin coatings. These results further suggested that the vascular defects observed in mice could be explained by ECMdependent mechanisms [START_REF] Braren | Endothelial FAK is essential for vascular network stability, cell survival, and lamellipodial formation[END_REF]. Furthermore, it has been proven that VEGF stimulation in endothelial cells increases FAK recruitment to cell-cell junctions, suggesting a role for FAK in endothelial cell barrier function [START_REF] Chen | VEGF-induced vascular permeability is mediated by FAK[END_REF]. FAK is also involved in tumor angiogenesis [START_REF] Jean | Inhibition of endothelial FAK activity prevents tumor metastasis by enhancing barrier function[END_REF][START_REF] Mitra | Integrin-regulated FAK-Src signaling in normal and cancer cells[END_REF][START_REF] Tavora | Endothelial FAK is required for tumour angiogenesis[END_REF] and was actually found to form a complex containing integrin αvβ5 in a Src-dependent manner, which was required for VEGF-stimulated angiogenesis in a mouse model [START_REF] Eliceiri | Src-mediated coupling of focal adhesion kinase to integrin alpha(v)beta5 in vascular endothelial growth factor signaling[END_REF].

Many other downstream signaling pathways are regulated by integrin activation. In all cases, reorganization of actin cytoskeleton is a direct outcome in focal adhesion assembly and modulation of cell contractility is part of the mechanotransduction process. In the next section, I will expose the mechanisms of force transmission within the actin cytoskeleton and at focal adhesion sites.

Actomyosin network organization, mechanics and regulators

Each step of assembly of focal adhesions depends on the application of mechanical force by the actin system. Many studies indeed show that focal adhesions themselves cannot fully explain all the mechanosensing process, and that the actin cytoskeleton plays an important role at a larger scale [START_REF] Gupta | Adaptive rheology and ordering of cell cytoskeleton govern matrix rigidity sensing[END_REF][START_REF] Gupta | Single cell rigidity sensing: A complex relationship between focal adhesion dynamics and large-scale actin cytoskeleton remodeling[END_REF][START_REF] Trichet | Evidence of a large-scale mechanosensing mechanism for cellular adaptation to substrate stiffness[END_REF]. One striking example is provided by the study of the cell response to substrate stiffness. A set-up suspending cells between 2 microplates was developed in order to measure the forces involved during substrate stiffness sensing [START_REF] Mitrossilis | Single-cell response to stiffness exhibits muscle-like behavior[END_REF]. In these experiments, authors tuned the apparent stiffness sensed by cells by controlling one of the microplates in real-time, and measuring the force exerted by cells at the same time. They found that the rapid time-scale (second-scale) at which cells respond to changes in substrate stiffness could not be due to minutes-long biochemical signaling at focal adhesions, whereas including the actin cytoskeleton in the equation could explain such fast response. A similar set-up has been described using an AFM stiffness-clamp model to investigate cell contractility in response to stiffness [START_REF] Webster | An AFM-based stiffness clamp for dynamic control of rigidity[END_REF]. Other recent studies showed that the number of actin stress fibers increases with stiffness of the substrate, and that they tend to align parallel to each other, thus polarizing the cell [START_REF] Trichet | Evidence of a large-scale mechanosensing mechanism for cellular adaptation to substrate stiffness[END_REF]. This change of organization could be due to regulation of molecular actors involved in actin cytoskeleton dynamics that are sensitive to tension. This notion is also demonstrated by experiments consisting in plating cells on micropatterned substrates, which spatially restricts the localization of adhesions [START_REF] Lehnert | Cell behaviour on micropatterned substrata: limits of extracellular matrix geometry for spreading and adhesion[END_REF][START_REF] Thery | Anisotropy of cell adhesive microenvironment governs cell internal organization and orientation of polarity[END_REF]. Cells that are placed on flat, triangular adhesive islands form focal adhesions and stress fibers along the edges of the triangles [START_REF] Théry | Cell distribution of stress fibres in response to the geometry of the adhesive environment[END_REF] whereas plating cells on islands that consist of straight and semicircular strips induces the development of a fan-like morphology of the actin cytoskeleton, with an actin-rich lamellipodium associated with the curved strip, and a tail located at the end of the straight strip [START_REF] Thery | Anisotropy of cell adhesive microenvironment governs cell internal organization and orientation of polarity[END_REF]. This kind of experiment demonstrates that the actomyosin system plays an important role in mechanosensing, and 2014). MLCK1 is expressed by endothelial cells and regulates MLC phosphorylation to control traction force generation and subsequent regulation of endothelial cell shape [START_REF] Faurobert | CCM1-ICAP-1 complex controls β1 integrin-dependent endothelial contractility and fibronectin remodeling[END_REF]. Besides, phosphorylation of MLC is involved in endothelial barrier function as pMLC is detected as cell-cell junctions and associated either with reinforcement of barrier function [START_REF] Moreno | An EMMPRIN-γ-catenin-Nm23 complex drives ATP production and actomyosin contractility at endothelial junctions[END_REF] or with contractility-induced barrier disruption [START_REF] Stockton | Cerebral cavernous malformations proteins inhibit Rho kinase to stabilize vascular integrity[END_REF].

Arp2/3 is the most common regulator of actin filament nucleation. Arp2/3 colocalizes with VEcadherin at endothelial cell-cell junctions where it is involved in small actin-driven protrusions called JAILs (Abu Taha and Schnittler, 2014) (and see figure 30). This type of junction is critical to control endothelial barrier function and remodeling. Indeed, actin bundles consist of two oppositely oriented branched networks that push the plasma membrane of neighboring cells against each other and thus maintain strong interactions between VE-cadherins.

Inhibition of the Arp2/3 complex in endothelial cells thus leads to breakdown of linear adherens junctions [START_REF] Efimova | Branched actin networks push against each other at adherens junctions to maintain cell-cell adhesion[END_REF] and see figure 30). Similar to Arp2/3, formins are a family of ubiquitous Rho-GTPase effector proteins that are also involved in the actin polymerization. In the zebrafish embryo, knocking-down formin-like 3 expression leads to unstable endothelial junctions, that results in defects in blood vessels lumen formation [START_REF] Phng | Formin-mediated actin polymerization at endothelial junctions is required for vessel lumen formation and stabilization[END_REF]. These data highlight the importance of actin nucleation in endothelial cells, and the consequences of actin cytoskeleton rearrangements on vascular morphogenesis will be further detailed in the next chapter. 

Implication of actomyosin contractility in angiogenesis and vascular stability

As already mentioned, sprouting angiogenesis depends on coordinated migration and proliferation of endothelial cells, both processes relying on cell rearrangements mediated by actin structures. Besides, the role of actomyosin contractility is important for stabilization, remodeling and mechanosensing properties of adherens cell-cell junctions [START_REF] Ladoux | The mechanotransduction machinery at work at adherens junctions[END_REF]. Endothelial actomyosin contractility is thus supposed to be involved in regulation of vascular stability.

Important regulators of every aspect of actin cytoskeleton function are the small Rho family GTPases, mainly Rho and Rac [START_REF] Burridge | Rho and Rac take center stage[END_REF]). Among many Rho

GTPases, Cdc42 has been demonstrated to regulate actin cytoskeletal dynamics, and to be involved in vascular development, as demonstrated by endothelial-specific knock-out mice for Cdc42 that lacked branched vascular structures in the trunk and heart [START_REF] Jin | Deletion of Cdc42 enhances ADAM17-mediated vascular endothelial growth factor receptor 2 shedding and impairs vascular endothelial cell survival and vasculogenesis[END_REF]. In another 3D in vitro set-up of sprouting angiogenesis, inhibition of Cdc42 impaired vascular morphogenesis, and increased the number of migrating single cells, suggesting that Cdc42 is crucial to maintain cell-cell contacts in multicellular angiogenic sprouts [START_REF] Nguyen | Cdc42 regulates branching in angiogenic sprouting in vitro[END_REF].

Consistent with this study, recent data described that inhibition of Cdc42 in endothelial cells led to reduction of cell-cell junction stability, and reduced the association of actin stress fibers and VE-cadherin at junctional sites. Cdc42 inhibition thus induced defects in endothelial cell polarity during sprouting angiogenesis in the mouse retina (Carvalho et al., 2019). These data suggest that Cdc42 maintains collective cell migration and stabilizes endothelial cell junctions by promoting endothelial cell contractility, both processes being required during vascular morphogenesis. A similar phenomenon has been described in the zebrafish embryo, where coupling between endothelial cell junctions and cortical actin cytoskeleton is needed and provides structural support to polymerize F-actin cables and generate force during endothelial cell sprouting and elongation in the context of vascular morphogenesis [START_REF] Sauteur | Cdh5/VE-cadherin promotes endothelial cell interface elongation via cortical actin polymerization during angiogenic sprouting[END_REF].

More originally, actomyosin contractility of the surrounding cells of the microenvironment is also capable to modulate blood vessel formation in trans. In a recent study in pancreatic islets, the biomechanical properties of islet cells, such as their actomyosin-mediated cortex tension and force of adhesion to endothelial cells are driving endothelial network formation. Indeed, increasing actomyosin-mediated cell contractility by downregulating integrin-linked kinase (ILK) expression in pancreatic cells inhibited their adhesion to endothelial cells and reduced vascularization. These results indicate that the actomyosin mechanical state of the surrounding environment can determine whether the blood vasculature envelops and invades the growing tissue [START_REF] Kragl | The biomechanical properties of an epithelial tissue determine the location of its vasculature[END_REF].

Technical approaches to study cell traction forces and rigidity sensing

Technical approaches to study cell traction forces and rigidity sensing have been recently

reviewed [START_REF] Gupta | Single cell rigidity sensing: A complex relationship between focal adhesion dynamics and large-scale actin cytoskeleton remodeling[END_REF][START_REF] Polacheck | Measuring cell-generated forces: a guide to the available tools[END_REF]. Generally, force measurements rely on measuring the displacement of the substrate in response to force generated by cells. In the context of cell-ECM interactions, the standard approach that has been conventionally established over the last decades is traction force microscopy (TFM). In order to carry out these experiments, cells are seeded on deformable substrates such as polyacrylamide hydrogels, that will undergo linear elastic deformations upon cell tractions. means stretching of the protein, and tension applied on it. As already mentioned, a vinculin-FRET sensor has been described [START_REF] Grashoff | Measuring mechanical tension across vinculin reveals regulation of focal adhesion dynamics[END_REF] and similar force probes have been developed to sense tension in VE-cadherin and PECAM1 [START_REF] Conway | Fluid shear stress on endothelial cells modulates mechanical tension across VE-cadherin and PECAM-1[END_REF] or E-cadherin [START_REF] Borghi | E-cadherin is under constitutive actomyosin-generated tension that is increased at cell-cell contacts upon externally applied stretch[END_REF]. Interestingly, the team of Viola Vogel described a fibronectin-FRET probe that gives information on fibronectin mechanical state (Kubow et al., 2015;[START_REF] Smith | Force-induced unfolding of fibronectin in the extracellular matrix of living cells[END_REF].

Atomic force microscopy (AFM) is another technique that can be used in many ways to evaluate the mechanical and/or structural state of substrates or cells. AFM is a surface probe technique that uses a soft cantilever to image surfaces or cells, or to apply forces while interacting with them. It can be used to measure tension in the cell cortex by deforming the surface of single cells and simultaneously recording force-indentation curves [START_REF] Krieg | Tensile forces govern germ-layer organization in zebrafish[END_REF]. AFM can also be used to physically separate adherent single cells and measure adhesion force between them [START_REF] Puech | A new technical approach to quantify cellcell adhesion forces by AFM[END_REF], or to stretch single molecules (El-Kirat-Chatel and Beaussart, 2018). Interestingly, AFM allows to determine the force required to deform ECM, and to measure in this way the strain stiffening of the substrate (van Helvert and

Friedl, 2016). To detect strain stiffening at the leading edge of cells migrating on collagen I fibrillar hydrogels, authors used AFM nanoindentation and observed elevation of Young's modulus along the leading edge of cells. This technique can now be used simultaneously to optical fluorescence imaging in order to follow a structure, its dynamics and localization [START_REF] Cazaux | Synchronizing atomic force microscopy force mode and fluorescence microscopy in real time for immune cell stimulation and activation studies[END_REF].

ECM regulates focal adhesion organization and subsequent cell responses

Several parameters contribute to the strength of adhesion between a cell and its environment such as organization of adhesion receptors at the cell surface, and their affinity for the ligand into capillaries that can be implanted in vivo, and demonstrated that the diameter of the channel in which cells are first seeded is important to trigger proper vascularization after implantation [START_REF] Chaturvedi | Patterning vascular networks in vivo for tissue engineering applications[END_REF]. In another model of lumen formation, based on hepatocytes canaliculi, geometry of the ECM was also shown to be crucial to induce proper lumen morphogenesis [START_REF] Li | Extracellular matrix scaffolding guides lumen elongation by inducing anisotropic intercellular mechanical tension[END_REF]. ECM geometry can also be modulated by ligand spacing and density and can subsequently influence endothelial responses. Indeed, high ECM densities are able to resist to cell-generated traction forces and to promote endothelial cell spreading and growth, whereas low ECM densities inhibits endothelial cell spreading, thus proposing that context-dependent enrichment of ECM components has a role in endothelial cell responses [START_REF] Ingber | Mechanochemical switching between growth and differentiation during fibroblast growth factor-stimulated angiogenesis in vitro: role of extracellular matrix[END_REF]. Another descriptor of ECM geometry is its orientation, that has also been shown to modulate cell morphology and intracellular signaling. Using a microcontact printing approach to orthogonally vary ECM alignment, density and size, a recent paper described that increasing ECM alignment led cells to adopt an elongated uniaxial morphology, polarized the cell, and modulated cell migration (Wang et al., 2018a).

Influence of ECM stiffness

Many studies have characterized the response of cells to substrate stiffness and agreed that cells are unable to spread on softer substrates, whereas they completely spread on stiffer substrates. In agreement, focal adhesions are larger, actin cytoskeleton is more polarized and cells exert higher traction forces on stiffer substrates [START_REF] Balaban | Force and focal adhesion assembly: a close relationship studied using elastic micropatterned substrates[END_REF][START_REF] Discher | Tissue Cells Feel and Respond to the Stiffness of Their Substrate[END_REF][START_REF] Lo | Cell Movement Is Guided by the Rigidity of the Substrate[END_REF][START_REF] Prager-Khoutorsky | Fibroblast polarization is a matrix-rigidity-dependent process controlled by focal adhesion mechanosensing[END_REF][START_REF] Trichet | Evidence of a large-scale mechanosensing mechanism for cellular adaptation to substrate stiffness[END_REF], demonstrating their involvement in sensing the substrate stiffness. Following the same idea, while cells are not able to polarize on soft substrates, they do on stiffer ones though a mechanisms that is dependent on myosin II activity and α-actinin in fibroblasts [START_REF] Doss | Cell response to substrate rigidity is regulated by active and passive cytoskeletal stress[END_REF]. During development of drosophila egg chamber, it was demonstrated that the ECM basement membrane is secreted in such a way that a stiffness gradient is sensed by epithelial cell and regulates organ and cell shape [START_REF] Chlasta | Variations in basement membrane mechanics are linked to epithelial morphogenesis[END_REF][START_REF] Crest | Organ sculpting by patterned extracellular matrix stiffness[END_REF]. In endothelial cells, ECM stiffening has been shown to induce β1 integrin activity, as well as traction force generation, without major changes in the endothelial transcriptome, suggesting that the biomechanical response of endothelial cells is not mediated by changes in gene expression [START_REF] Bastounis | Subendothelial stiffness alters endothelial cell traction force generation while exerting a minimal effect on the transcriptome[END_REF]. The impact of ECM stiffening on endothelial response has been further evaluated using 3D collagen hydrogels of controlled stiffness: by increasing the collagen concentration, and thereby ECM stiffness, endothelial cells were able to better organize in vitro, demonstrating a level of regulation of endothelial behavior imposed by the substrate (Raghavan et al., 2010).

Combination of factors

As ECM stiffness and geometry are linked to one another, influence of combination of these two parameters on cell responses have also been studied. Using micropatterned substrates of controlled stiffness, it was recently shown that increasing ECM ligand spacing promotes growth of focal adhesion complexes in endothelial cells on intermediate-rigidity substrates, but induces their collapse on higher stiffnesses, suggesting that there is an optimal stiffness that decreases as ligand spacing increases (Oria et al., 2017). These data suggest that ECM geometry together with the mechanical properties of the substrate are able to modulate cell adhesion. However, it has been suggested that ECM stiffness ultimately controls the cellular response, over the amount of ECM ligands presented. Indeed, when cells are cultured on ECM substrates of varying rigidities, focal adhesion fail to assemble when cells are cultured on ECM substrates below a critical stiffness threshold, even when ECM ligands are presented at saturated levels (Cavalcanti-Adam et al., 2007). This was also the case in zebrafish epicardial explants, where stiffness exerted by the ECM is responsible for impaired cytokinesis, and increasing ECM ligand density was not able to restore failed divisions [START_REF] Uroz | Traction forces at the cytokinetic ring regulate cell division and polyploidy in the migrating zebrafish epicardium[END_REF].

Altogether, these data demonstrate that both ECM geometry and stiffness are important features regulating endothelial adhesion and subsequent cell responses required for angiogenesis. As already mentioned, a proper balance between cell-ECM and cell-cell junctions is also required during this process, as numerous cross-talks exist between these two modes of adhesion. In the next section, I will develop how these cross-talks are balanced and regulated in endothelial cells. Vinculin is a key mediator of integrin signaling that also regulates cell-cell junctions. Vinculin is indeed present in both complexes (figure 31) and is necessary for force transmission [START_REF] Geiger | Vinculin, an intracellular protein localized at specialized sites where microfilament bundles terminate at cell membranes[END_REF]. Vinculin depletion affects both integrin adhesion [START_REF] Rodríguez Fernández | Suppression of vinculin expression by antisense transfection confers changes in cell morphology, motility, and anchoragedependent growth of 3T3 cells[END_REF] and actomyosin contractility [START_REF] Mierke | Mechano-coupling and regulation of contractility by the vinculin tail domain[END_REF]. It acts as a cytoskeleton anchoring protein in both cases and is involved in reinforcement and stabilization of cell-cell junctions [START_REF] Bays | Vinculin phosphorylation differentially regulates mechanotransduction at cell-cell and cell-matrix adhesions[END_REF] (figure 32). Previous data have shown that vinculin enrichment at cell-cell contacts was dependent on tension, either by experiments inhibiting intracellular contractility (le Duc et al., 2010;[START_REF] Sumida | Myosin II activity dependent and independent vinculin recruitment to the sites of E-cadherin-mediated cell-cell adhesion[END_REF] or by experiments in which external forces were applied to cells [START_REF] Dufour | α-catenin, vinculin, and F-actin in strengthening Ecadherin cell-cell adhesions and mechanosensing[END_REF]. A proposed mechanism regulating vinculin Phosphorylation of vinculin at Y822 has been shown to regulate vinculin function and activation at sites of cell-cell junctions but not cell-ECM adhesions [START_REF] Bays | Vinculin phosphorylation differentially regulates mechanotransduction at cell-cell and cell-matrix adhesions[END_REF]. Vinculin function in endothelial cell-cell junctions has also been more specifically described (Huveneers et al., 2012). In this study, authors expressed a vinculin binding-deficient mutant of β-catenin in endothelial cells, and showed that adherens junctions formed normally. This demonstrated that vinculin recruitment was not required for formation of adherens junctions in endothelial cells. However, when submitted to thrombin treatment for induction of vascular permeability, adherens junctions devoid of vinculin were more severely disrupted and failed to return to their stable state for a longer time. These results suggested a role for vinculin in the protection against force-dependent remodeling of endothelial junctions. Interestingly, talin was also reported to localize at endothelial cell junctions, and the same types of vascular defects were reported in endothelial-specific talin knockout mice, also supporting a link between integrin activation and maintenance of endothelial barrier (Pulous et al., 2019). Cell-ECM interactions have indeed been demonstrated to influence cell-cell junctions in several contexts, mainly using epithelial cells on micro-patterned substrates [START_REF] Maruthamuthu | Cell-ECM traction force modulates endogenous tension at cell-cell contacts[END_REF][START_REF] Tseng | Spatial organization of the extracellular matrix regulates cell-cell junction positioning[END_REF]. The role of ECM in regulating vinculin recruitment at cell-cell junctions has been precisely addressed. By plating cells on fibronectin-patterned polyacrylamide gels of controlled stiffness, recent data suggest that junctional recruitment of vinculin, β-catenin and F-actin is significantly increased with substrate stiffness. These experiments suggested that ECM stiffness imposes intercellular tension that positively controls vinculin recruitment at cell-cell junctions (Seddiki et al., 2018). In monolayers of endothelial cells, localization at intercellular contacts of integrin α2β1 and α5β3 has been described and this distribution was independent of the initial plating substrate [START_REF] Lampugnani | The role of integrins in the maintenance of endothelial monolayer integrity[END_REF]. β1 integrin was also localized to cell junctions in another more recent report (Pulous et al., 2019).

After cell adhesion, endothelial cells synthetize and organize their own ECM that can eventually redistribute integrins receptors. Interestingly, authors reported deposition of matrix at cell junctions and suggested that this was representing potential ligands for the integrins found at the same locations. Since localization of integrin molecules at cell-cell junctions did not depend on the nature of the plating substrate, it is possible that the ECM produced by endothelial cells during these experiments could mediate integrin redistribution at cell-cell contacts. This hypothesis is supported by the very early deposition of ECM by endothelial cells after spreading. In adipocytes of drosophila fat body, addressed secretion of collagen IV in the basement membrane at epithelial cell-cell contacts was also detected [START_REF] Ke | Collagen secretion screening in Drosophila supports a common secretory machinery and multiple Rab requirements[END_REF] and supports the hypothesis of autocrine ECM deposition that could mediate cell-cell junctions in this cell type. More recently, links between integrin β1 and VE-cadherins have been investigated in endothelial-specific gene inactivation of integrin β1. Deleted mice display major defects in cell-cell junction establishment during vascular development, leading to vascular leakage and hemorrhages [START_REF] Yamamoto | Integrin β1 controls VE-cadherin localization and blood vessel stability[END_REF]. These results clearly indicate that alterations in integrin activity as a result of defective cell-ECM interactions affect the stability of endothelial cell-cell contacts.

Aims of the study

The work of my PhD thesis was conducted at the Center for Interdisciplinary Research in Biology in College de France, within the team "Matrix proteins in hypoxia and angiogenesis" led by Stephane Germain. How hypoxic endothelial cells integrate chemical signals with mechanical cues from their local microenvironment in order to build and maintain functional capillary networks remains an open question and is driving our team's research. We are indeed interested in understanding how angiogenesis and vascular integrity are regulated with a focus on the vascular microenvironment and remodeling of the extracellular matrix during this process. The team has thus been using a multidisciplinary approach based on animal models of vascular pathology including myocardial infarct, stroke, retinopathies to understand the role of matrix proteins in blood vessel formation and vascular integrity [START_REF] Bouleti | Protective effects of angiopoietin-like 4 on cerebrovascular and functional damages in ischaemic stroke[END_REF][START_REF] Galaup | Protection Against Myocardial Infarction and No-Reflow Through Preservation of Vascular Integrity by Angiopoietin-Like 4[END_REF]. The team has also developed in vitro 3D capillary formation models in the context of tissue engineering (Gorin et al., 2016) and to decipher the mechanisms involved in regulation of capillary morphogenesis [START_REF] Beckouche | The interaction of heparan sulfate proteoglycans with endothelial transglutaminase-2 limits VEGF165-induced angiogenesis[END_REF]Bignon et al., 2011).

We are studying the role of hypoxia-target proteins of the microenvironment in vascular development and stability, and more specifically of ECM modifying enzymes that regulate matrix proteins assembly and growth factor availability. Studies of the laboratory thus aim at better understanding the complex interplay between endothelial cells and ECM that will eventually affect angiogenesis, which is indeed characterized by remodeling of the vascular microenvironment through interstitial ECM degradation and formation of the basement membrane. The team had previously identified the lysyl oxidase like-2 protein (LOXL2) as a secreted hypoxia-target in developmental angiogenesis and in the context of ischemic diseases. Further studies had then suggested a role for this enzyme in ECM remodeling during angiogenesis. However, the precise molecular mechanisms involved in building and remodeling the vascular microenvironment remained to be elucidated, although basement membrane components are essential for proper vascular morphogenesis (Bignon et al., 2011;[START_REF] Gould | Mutations in Col4a1 Cause Perinatal Cerebral Hemorrhage and Porencephaly[END_REF]Turner et al., 2017;Zhou et al., 2008).

In this context, my research project aims at understanding: -1/ how endothelial cells build their own microenvironment during angiogenesis and especially how the endothelial basement membrane is secreted and assembled; and -2/ how cell response to the matrix resulting from this scaffolding could modulate vascular morphogenesis.

How is basement membrane deposited and organized by endothelial cells?

A little is known about the molecular mechanisms leading basement membrane deposition and organization by endothelial cells in the context of angiogenesis. I first aimed to identify the succession of molecular events leading to autocrine secretion and scaffolding of the macromolecular complexes composing the endothelial basement membrane, and was interested in understanding the role of LOXL2 in this process. I thus explored the dynamics of association between several basement membrane components, and characterized their spatio-temporal distribution leading to matrix organization. For this purpose, I developed a correlative atomic force/fluorescence microscopy approach in order to better characterize basement membrane topography and structural properties together with identity of some components involved at high resolution. The aim of this work was thus to propose a model of assembly of the endothelial basement membrane and to get a better insight into how LOXL2 could participate to this scaffolding.

What are the effects of basement membrane scaffolding on cell responses and angiogenesis?

I then focused on understanding the impact of this autocrine basement membrane and investigated a possible link between basement membrane deposition by endothelial cells and their angiogenic response. I was therefore interested in evaluating how endothelial cells could sense and integrate information from the basement membrane and used LOXL2-depleted cells as a tool to characterize the impact of a defective basement membrane scaffolding on endothelial cell adhesion, contractility, and spreading. Besides, as cooperation between cell-ECM and cell-cell adhesions are essential in the angiogenic process (Han and de Rooij, 2016), I was interested in understanding how these two types of adhesion could be regulated in our set-up.

Overall, this work will provide new insights into the mechanisms connecting the impact of LOXL2 on ECM scaffolding to the angiogenic response of endothelial cells.

Results

Umana-Diaz et al, Matrix Biol 2020

The following paper aimed to characterize the role of LOXL2 domains in matrix deposition and angiogenesis, using directed mutagenesis. This paper demonstrated that both processes do not require LOXL2 catalytic activity. My contribution to this paper consists in the in vitro analysis of basement membrane deposition by LOXL2-depleted cells, together with investigating ECM partners for LOXL2. I also used time-lapse TIRF microscopy to investigate LOXL2 direct incorporation in the basement membrane.

Autocrine regulation of endothelial mechanotransduction by LOXL2-mediated assembly of basement membrane Marion F Marchand 

ABSTRACT

Vascular basement membrane provides the only structural support to blood capillaries at the interface between endothelial cells and tissues. Even though it regulates capillary formation as well as integrity and function, the assembly of capillary basement membrane during angiogenesis is still poorly characterized. In addition to the structural core proteins including laminin, collagen IV and fibronectin, many associated proteins and post-translational modifying enzymes are involved in the generation of basement membrane. We have shown that lysyl oxidase-like 2 regulates both collagen IV assembly and angiogenesis. The precise mechanisms connecting the functional roles of LOXL2 in these processes however remain unknown. We here characterized the early steps of deposition and assembly of basement membrane components by endothelial cells using high resolution correlative atomic force/fluorescence microscopy. We demonstrated that collagen IV, laminin and fibronectin are deposited independently before association of fibronectin microfibrils with self-assembled collagen IV.

LOXL2 was involved in linking these two structures and promoted further enrichment and thickening of the basement membrane. We then analyzed the mechanotransduction response of endothelial cells to the defective basement membranes generated upon LOXL2 depletion. Adhesion and contractility machineries were not altered in these cells, but the formation of focal adhesions and their long-term maturation were nonetheless affected, also resulting in defaults in translocation of vinculin and pY118paxillin to cell-cell junctions. Altogether, we identified a novel autocrine mechanism regulating mechanotransduction through the supramolecular assembly of collagen IV and fibronectin in the 

INTRODUCTION

Basement membranes (BMs) are specialized extracellular matrices developed at the interface of tissues that play major roles for both tissue development and homeostasis. Whereas their function has been restricted to structural support for long, recent studies have highlighted their dynamic roles in the regulation of multiple cellular processes [START_REF] Jayadev | Basement membranes[END_REF][START_REF] Pozzi | The nature and biology of basement membranes[END_REF].

Vascular BMs thus provide structural support to blood vessels at the interface between endothelial cells and tissues and are also involved in angiogenesis (Marchand et al., 2019). The diversity of composition and structure of vascular BMs depending on vessel type and vascularized tissue further supports specific roles in the regulation of vascular functions (Liliensiek et al., 2009;Uechi et al., 2014).

Many components of vascular BMs are required for the formation of blood capillaries. This has been described for the core components laminins [START_REF] Estrach | Laminin-binding integrins induce Dll4 expression and Notch signaling in endothelial cells[END_REF]Stenzel et al., 2011) and collagen IV (Bignon et al., 2011;Pöschl et al., 2004), as well as for associated proteins like fibronectin (Turner et al., 2017;Zhou et al., 2008), or for the network linker perlecan [START_REF] Aviezer | Perlecan, basal lamina proteoglycan, promotes basic fibroblast growth factor-receptor binding, mitogenesis, and angiogenesis[END_REF][START_REF] Sharma | Antisense targeting of perlecan blocks tumor growth and angiogenesis in vivo[END_REF]. Assembly of capillary BM during angiogenesis is however still poorly characterized, mainly for experimental reasons considering the limited access to such structure in vivo. Both structural support and regulatory functions of BM have to be effective within hours after initiation of angiogenesis.

Indeed, BM assembly is initiated by tip cells (Stenzel et al., 2011), and blood perfusion and perivascular cell recruitment are detected in the first stalk cells in contact with tip cells, as extensively demonstrated in dynamic models including vascularization of the mouse retina and formation of zebrafish intersomitic vessels (Potente et al., 2011).

BM is generated by association of two distinct networks of laminin and collagen IV. Laminin is considered as the foundational building block for assembly through tight association with the cell surface and is then connected to a self-assembled collagen IV network. Recent studies have provided more evidence for the highly organized supramolecular assembly of these proteins within the BM. A major aspect is their polarized distribution that results in specific adhesion and regulatory properties of each side of the BM (Halfter et al., 2013[START_REF] Halfter | New concepts in basement membrane biology[END_REF]. The essential role of this supramolecular assembly is illustrated by the impact of point mutations in collagen IV on long term vascular function, which results in many vascular diseases including small vessel disease and HANAC syndrome (Gould et al., 2006;[START_REF] Jeanne | Genotype-phenotype correlations in pathology caused by collagen type IV alpha 1 and 2 mutations[END_REF]Plaisier et al., 2007). We have demonstrated that lysyl oxidase-like 2 is involved in the regulation of BM assembly by endothelial cells (Bignon et al., 2011). More specifically, the involvement of LOXL2 concerned collagen IV assembly, whereas laminin deposition was hardly affected (Umana-Diaz et al., 2020). In addition, LOXL2 is expressed in tip cells in mouse retina (del Toro et al., 2010) and in growing zebrafish intersomitic vessels (Bignon et al., 2011) and regulates both developmental and pathological angiogenesis (Bignon et al., 2011;de Jong et al., 2019;[START_REF] Van Bergen | The Role of LOX and LOXL2 in the Pathogenesis of an Experimental Model of Choroidal Neovascularization[END_REF]Zaffryar-Eilot et al., 2013). Lysyl oxidases (LOX and LOXL-1 to 4) are involved in remodeling the microenvironment both during development and in pathologies including cardiovascular diseases, fibrosis and cancer [START_REF] Mäki | Lysyl oxidases in mammalian development and certain pathological conditions[END_REF][START_REF] Trackman | Enzymatic and non-enzymatic functions of the lysyl oxidase family in bone[END_REF]. These secreted enzymes catalyze the deamination of hydroxylysines and lysines in collagens and elastin. In addition to the conserved catalytic domain, LOXL2 contains 4 repeats of SRCR domains that are organized as a rod-like structure presenting the catalytic domain at its tip (Schmelzer et al., 2019). In agreement with such structure, we have demonstrated that SRCR domains alone were effective in the assembly of collagen IV by endothelial cells, independently of the catalytic domain and activity (Umana-Diaz et al., 2020). LOXL2 also participates to the tensile force of the BM through cross-linking of the 7S domains of collagen IV (Añazco et al., 2016), along with peroxidasin that generates sulfilimine crosslinks between NC1 domains (Bhave et al., 2012), and with formation of disulfides. Mechanisms connecting LOXL2 function in BM assembly to angiogenesis however remain to be deciphered considering that multiple functions have been ascribed to LOXL2. These consist in either extracellular activity maintaining a pathological microenvironment (Barry-Hamilton et al., 2010) or intracellular functions involving LOXL2 in epithelialmesenchymal transition and regulation of gene expression in the context of tumor growth (Millanes-Romero et al., 2013;Peinado et al., 2005). In endothelial cells, LOXL2 also displays intracellular functions regulating gene expression through GATA6-AS interactions (Neumann et al., 2018). LOXL2 alone however does not trigger endothelial-mesenchymal transition, but is only associated with TGFb-induced endothelial-mesenchymal transition (de Jong et al., 2019;Neumann et al., 2018).

Furthermore, these authors also excluded the participation of intracellular function of LOXL2 to the regulation of angiogenesis, providing evidence for the sole extracellular LOXL2 in the regulation of this process (Neumann et al., 2018). Endothelial LOXL2 is also involved in cardiovascular pathologies of the BM including vascular stiffening and aneurysm (Akagawa et al., 2007;López-Luppo et al., 2017;Steppan et al., 2019;Wu et al., 2018). In order to get a better understanding of the mechanisms connecting the involvement of LOXL2 in collagen IV assembly with angiogenesis, we here investigated the assembly of endothelial BM by correlative atomic force/fluorescence microscopy. We demonstrated that LOXL2 finely tunes the association between collagen IV and fibronectin. We then characterized endothelial mechanotransduction in response to the BM they generated and identified paxillin as a mediator of the defaults in adhesion and cell-cell junctions that could mediate the regulation of angiogenesis.

RESULTS

Assembly of endothelial basement membrane

Angiogenesis-associated matrix remodeling was assessed during postnatal vascularization of mouse retina by investigating the distribution of fibronectin and collagen IV in the vascular front (Fig. 1). Fibronectin was detected in the avascular microenvironment where it provides tracks to endothelial tip cell filopodia. Higher fibronectin staining was detected at the surface of endothelial tip cells and in the abluminal basement membrane of capillaries. In contrast, collagen IV distribution was restricted to endothelial cell surface, and tip cell processes were protruding out of the collagen IV staining. Such distribution indicated early cell interaction with microenvironment fibronectin followed by its remodeling and incorporation in the basement membrane together with collagen IV. They also suggested the tight regulation of this process during vascular morphogenesis, which could be achieved by LOXL2 since it has been identified as a marker for tip cells in mouse retina (del Toro et al., 2010) and as a regulator of angiogenesis and collagen IV deposition (Bignon et al., 2011). We have indeed already demonstrated that LOXL2 depletion affects collagen IV overall assembly by endothelial cells independently of enzyme activity (Umana-Diaz et al., 2020). We here further characterized ECM deposition using high resolution structural analysis by AFM and fluorescence microscopy. We first established conditions for the preparation of endothelial cell-derived matrix (CDM) and found that six hours was the minimal culture time that ensured the decellularization process did not alter the material deposited (Fig. S1A). Expression of a LOXL2/GFP construct which colocalized with fibronectin in the ECM allowed characterization of the culture conditions required for appropriate basement membrane deposition (Fig. S1B andC). Generation of a homogenous basement membrane-like matrix required cell seeding at confluency and culture over a period of three days. Analysis of topography by AFM 6h post-seeding showed deposition of nascent ECM fibers that were approximately 5 µm long and 30 to 80 nm high (Fig. 2A). While these structures displayed only little connection, they extended laterally and connected to form a uniform lattice at 24 hours (Fig. 2B) as they also increased in diameter (Fig. 2D). Forty-eight hours later, a homogeneous network had been generated, consisting in overlapping fibrillar material that was at least 200 nm high and heightened up to 600 nm (Fig. 2C).

Extension of the fibrillar network was quantified by calculating the image proportion covered by fibrillar material higher than 50 nm in each condition. Lateral extension of the fibrillar network persisted during the whole process, covering from 2% of the field at 6h to 95% at 72h (Fig. 2E). ECM thickening was assessed as the mean height of the fibers in 75 or 5% of the highest structures detected (Fig. 2F). Whatever the proportion of fibers analyzed, there was no difference between 6 and 24h, whereas major thickening of the ECM occurred between 24 and 72h (Fig. 2F). BM deposition thus appears as a continuous and progressive process that develops through a biphasic growth involving first lateral elongation, followed by ECM thickening and organization into multiple layers.

We then analyzed the spatio-temporal distribution of ECM components in these structures and thus performed correlative AFM-fluorescence microscopy. CDM generated for 6h and 24h of culture were analyzed for the distribution of fibronectin, collagen IV, laminin and LOXL2 before topography measurements by AFM (Fig. 2G-I). We detected a strong colocalization of fibronectin and LOXL2 at both time points (Fig. 2G), whereas collagen IV was less co-localized with LOXL2 at 6h and increased over time (Fig. 2H), as previously described (Umana-Diaz et al., 2020). We then calculated the correlation rate between the fluorescence signal and AFM-detected structures (Fig. S2). At 6h, ECM nascent fibers mainly contained fibronectin and LOXL2 (64.20% ± 19% and 62.66% ± 15% respectively) (Fig. 2Gi) and about two and a half times less collagen IV (26.11% ± 9%) (Fig. 2Hi). Indeed, collagen IV appeared as a granular staining with no specific structure (Fig. 2Hi). Collagen IV was however redistributed over time and correlated with the fibrillar structures detected by AFM at 24h (70.39% ± 10%) (Fig. 2Hii), while no significant change was detected for fibronectin and LOXL2 (58.18% ± 12% and 56.59% ± 9%) (Fig. 2Gii). During the whole process, laminin displayed a diffuse distribution with poor co-localization with fibronectin, and very limited association with the fibrillar structures detected by AFM (Fig. 2I) with only 32.05% ± 13% correlation at 24h (Fig. 2Ii-ii). This analysis suggested that fibronectin and collagen IV were first deposited independently by cells, with high and low rates of association with LOXL2, respectively. These proteins were then redistributed to common supramolecular structures organized as a network over the first 24h, which then matured as suprastructures through overlay of interconnected networks.

LOXL2 drives BM spatio-temporal assembly and cell morphology in a context-dependent manner

We then analyzed the impact of LOXL2-depletion on the early steps of BM deposition by endothelial cells (Fig. 3A). Nascent fibrils of fibronectin and granular staining of collagen IV were still generated by cells depleted for LOXL2 at 6h (Fig. 3Ai). Fibronectin remodeling was however impacted by LOXL2-depletion at 24h: whereas control cells had remodeled fibronectin into a homogenous meshwork, LOXL2-depleted cells had generated long aligned fibrils of fibronectin (Fig. 3Aii). In contrast, collagen IV meshwork formation was not affected by LOXL2-depletion at 24h (Fig. 3Aii). As a result, collagen IV co-localization with FN was limited (Fig. 3B), and correlative AFM-fluorescence microscopy at 24h allowed detection of granular material alongside the fibrillar structures that was identified as collagen IV by immunostaining (Fig. 3C). These data suggested that LOXL2 was responsible for ECM maturation by promoting association of the fibronectin fibrillar material with the collagen IV meshwork over time. We thus investigated consequences of this maturation impairment by measuring the characteristics of CDM generated after 3 days in culture (Fig. 3D-F). LOXL2 depletion highly impacted ECM topography (Fig. 3D). The homogeneous multi-layered control ECM was replaced by large sparse aggregates, with a limited network of thin fibrillar structures (Fig. 3Dii). LOXL2 depletion indeed induced formation of much thicker structures about twice higher than the fibers generated by control cells (Fig. 3E). Correlative AFM-fluorescence microscopy showed that these aggregated structures contained fibronectin and collagen IV (Fig. 3F), in agreement with our former fluorescence data (Bignon et al, 2011;Umana-Diaz et al, 2020). These data suggested that LOXL2 stabilizes the structures generated at 24h that otherwise aggregated in the absence of the enzyme. Noticeably, LOXL2 displayed a more punctiform distribution at 72h than at the earlier time points (Fig. 3F). A fibrillar distribution of LOXL2/GFP was however detected in the ECM at 72h (Fig. S3), suggesting that maturation of BM over time was accompanied with decrease of access of the antibody to the Nterminus of LOXL2, most probably as a result of steric hindrance. We also performed immunostaining using an antibody directed against the C-terminal half of the protein, but could only detect intracellular LOXL2 and no staining was observed in the ECM (Fig. S4A). In addition, these antibodies did not detect LOXL2/GFP in secretory vesicles (Fig. S4B), further supporting protein interactions of LOXL2 in the late secretory pathway, as we previously described with fibronectin and collagen IV (Umana-Diaz et al, 2020). Overall, this structural analysis demonstrated that LOXL2 was not involved in the secretion/deposition of ECM proteins but was regulating their supramolecular assembly for meshwork extension and thickening. These data suggested that: -1/ fibronectin and collagen IV were independently deposited in the matrix with high and low association with LOXL2, respectively; -2/ fibronectin was deposited as fibrillar structures, while collagen IV assembled in a meshwork pattern after deposition; -3/ these complexes were then remodeled into supramolecular structures in a LOXL2dependent manner that associated fibronectin to collagen IV following a pattern led by the latter.

The dramatic shift in fibronectin and collagen IV organization between 24h and 72h observed upon knock-down of LOXL2 expression suggested a strong cell-mediated remodeling of the matrix. We thus analyzed the impact of impaired ECM scaffolding on cell morphology and cytoskeleton remodeling. Cell shape was assessed using immunostaining of b-catenin on confluent monolayers and morphometric parameters were calculated (Fig. S5). LOXL2-depleted cells underwent important shape modifications resulting in aligned and more elongated cells as compared to control cells (Fig. 4A).

Indeed, cell circularity was 30% lower for LOXL2-depleted cells (Fig. 4B), and maximum Feret diameter was increased by 1.8-fold in LOXL2-depleted cells (Fig. 4C). Whereas F-actin was distributed subcortically in confluent control cells, with a random overall distribution, it was localized in transversal bundles of stress fibers oriented along a preferential axis in LOXL2-depleted cells (Fig. 4D-F). These data suggested that the defects in fibronectin organization detected at 24h impacted cell shape at longer term.

In order to confirm that LOXL2-mediated scaffolding impacted endothelial cell response, we experimentally modulated ECM organization by surface coating fibronectin before seeding cells. We have already shown that such coating modified collagen IV distribution by control cells and rescued its assembly by LOXL2-depleted cells (Umana-Diaz et al., 2020; Fig. 5A). The first steps in deposition of fibronectin and collagen IV at 6h were not affected, and only fibronectin remodeling at 24h was slightly impacted (Fig. S6). Furthermore, seeding cells on a gradient of fibronectin demonstrated that a minimal amount of 0.09 µg/cm 2 was sufficient to induce the remodeling of collagen IV thick filamentous structures into a homogeneous network by control cells, while restoration of collagen IV deposition by LOXL2-depleted endothelial cells was only achieved at 1.5 µg/cm 2 fibronectin (Fig. 5A). In order to investigate whether these effects were directly mediated by interactions between ECM proteins or induced by enhanced cell adhesion, we compared the impact of fibronectin whole protein to its RGD and PHSRN peptides that mediate cell attachment (Fig. 5B) [START_REF] Akiyama | Fibronectin and integrins in invasion and metastasis[END_REF]. Surface coating with either RGD or PHSRN did not modify ECM deposition and only full-length fibronectin induced collagen IV remodeling by endothelial cells (Fig. 5C), thus supporting that interactions between ECM proteins are driving basement membrane remodeling.

We thus investigated how modulating BM deposition by LOXL2-depleted cells through surface coating with fibronectin impacted cortical actin distribution and cell morphology (Fig. 5D-F). No change in either factor was detected in control cells. While LOXL2-depleted cells were elongated and displayed aligned stress fibers at low fibronectin concentration, both cell shape and cytoskeleton organization were shifted to values of control cells when seeded on fibronectin coatings at 1.5 µg/cm 2 (Fig5D-F), the concentration that also rescued matrix deposition by these cells (Fig5A). Altogether, these data demonstrated that ECM scaffolding by LOXL2 was responsible for regulation of cell shape and cytoskeleton remodeling in endothelial cells.

LOXL2 affects endothelial cell mechanotransduction through ECM scaffolding

In order to test whether LOXL2 depletion affected mechanotransduction through ECM organization, we first characterized the intrinsic capacity of cells expressing LOXL2 or not to respond to similar ECM stimuli, without any influence of the ECM they produced. For that purpose, endothelial cells were seeded on fibronectin or collagen I coating one hour before analysis of focal adhesion and cell spreading. Focal adhesions were then visualized with paxillin staining and their morphologic characteristics including surface area, circularity, aspect ratio and mean distance from the edge of cells were calculated. These experiments revealed equal formation of nascent adhesions at the cell edges and maturation into focal adhesions towards the cell center (Fig. 6A-B). Besides, global architecture of the actin cytoskeleton was similar in control and LOXL2-depleted cells in these conditions (Fig. 6A). In agreement with these observations, cell spreading was not affected by LOXL2 depletion either (Fig. 6C).

These results suggested that traction forces developed by endothelial cells during the initial steps of cell adhesion and spreading were not depending on LOXL2 expression. We further investigated mechanotransduction in these cells by measuring cell response to stiffness and thus performed AFM stiffness-clamp experiments. This setup allows to evaluate single endothelial cell mechanosensing by tuning the apparent stiffness of the cell microenvironment in real time [START_REF] Mitrossilis | Real-time single-cell response to stiffness[END_REF].

Traction force was dynamically recorded while applying a broad range of stiffness values, from 10mN/m to 400mN/m during a continuous single-cell traction force experiment. Control and LOXL2depleted cells displayed the same increasing traction rate, as the stiffness applied was raised (Fig. 6D), indicating that LOXL2 does not impact cell contractility per se in response to stiffness. We thus tested whether the defective cytoskeleton organization and cell morphology could result from cell response to the autocrine ECM generated by endothelial cells. Control cells were seeded on cell-derived matrices generated by either control cells or LOXL2-depleted cells and focal adhesions were analyzed 60 minutes after plating. The distribution of paxillin and pY397-FAK in cells seeded on control matrices were similar to that previously described on ECM surface coating (Fig. 7A). While matrices prepared from LOXL2-depleted cells were supporting cell adhesion and spreading, they were however not able to promote proper maturation of nascent adhesions into focal adhesions.

To further assess the impact of the defective basement membrane generated in the absence of LOXL2, confluent cells were cultured for three days before analysis of the distribution of adhesion proteins. Phosphorylated FAK was detected in focal adhesions whether cells expressed LOXL2 or not (Fig. 7B). The shape and distribution of these adhesion structures was however quite different, with the presence of elongated and aligned adhesions in LOXL2-depleted cells that were reminiscent of the stress fibers described above. Vinculin was detected in similar focal adhesions in these cells, with limited localization to cell-cell junctions, whereas it was mainly co-localized with b-catenin in control cells (Fig. 7B). Vinculin expression and recruitment to adhesion on ECM surface coating were however not affected by loss of LOXL2 expression (Fig. S7AB). Considering its role in the control of the turnover of focal adhesions, we also investigated the distribution of pY118-paxillin (Fig. 7C). Surprisingly, pY118paxillin was mainly localized at cell-cell junctions in control cells. Furthermore, it was redistributed from cell-cell junctions to ECM adhesions that displayed similar shape and distribution as those detected with phosphorylated FAK in LOXL2-depleted cells. In addition, we observed a modification of the organization of pY118-paxillin at adherens junctions. While pY118-paxillin was localized on top of the adherens junctions immunostained for b-catenin in control cells, the few pY118-paxillin still associated with junctions in LOXL2-depleted cells was either co-localized in the same focal plane or located beside b-catenin staining (Fig. 7Cii). We thus investigated phosphorylation of paxillin together with activation of ERK and Akt signaling pathways in cells that had been seeded at confluency and maintained for three days for BM assembly (Fig. 7D). Paxillin basal phosphorylation was decreased by 40%, while its expression was slightly increased. On the opposite, ERK and Akt expression was not affected by LOXL2-depletion. While basal phosphorylation of Akt was not affected, phosphorylated ERK was increased 1.6-fold. To assess cell response to angiogenic stimulus, cells were treated with VEGF. Whereas VEGF triggered more phosphorylation of ERK in control cells than in LOXL2-depleted cells, this should be balanced by the increased basal level of p-ERK detected in the latter cells.

Phosphorylation of paxillin and Akt was increased by VEGF only in LOXL2-depleted cells. The altered distribution of pY118-paxillin and vinculin in adherens junctions, together with modifications of the expression and phosphorylation of paxillin drove us to investigate the permeability properties of LOXL2-depleted cells using impendence measurement. Even though these cells reached a plateau with similar kinetics as control cells, their basal permeability as well as thrombin-induced response were altered (Fig. S8).

Altogether, these data suggested that the defective basement membrane generated by LOXL2depleted cells was responsible for the default in mechanotransduction response of endothelial cells through altered maturation of cell-ECM adhesions and translocation to adherens junctions. They also suggested that paxillin is a major regulator of these defaults considering the alteration in its distribution and activation both under basal conditions and in response to VEGF.

DISCUSSION

Endothelial basement membrane is crucial for developmental angiogenesis as demonstrated by the phenotype of mice lacking collagen IV (Pöschl et al., 2004), fibronectin (George et al., 1993;Turner et al., 2017) and laminin (Thyboll et al., 2002). In the case of collagen IV, mutations in a1 or a2 chains result in vascular pathologies at longer term, including aneurysms and vascular leakage [START_REF] Jeanne | Genotype-phenotype correlations in pathology caused by collagen type IV alpha 1 and 2 mutations[END_REF]Plaisier et al., 2007). Little is however known about the structural organization of the basement membrane of capillaries, the vascular unit responsible for angiogenesis. We already demonstrated that LOXL2 has a functional role both in angiogenesis and in organisation of endothelial basement membrane components (Bignon et al., 2011;Umana-Diaz et al., 2020). We thus aimed to identify the molecular events leading to scaffolding of the endothelial basement membrane and to decipher the mechanisms connecting LOXL2-mediated ECM scaffolding to the mechanotransduction response of endothelial cells.

Using correlative atomic force/fluorescence microscopy, we identified nascent ECM fibrillar structures containing fibronectin and LOXL2. Collagen IV immunofluorescence was also colocalized with LOXL2 but as a granular staining that was not correlated with AFM structures. The intracellular interactions between LOXL2 and fibronectin or collagen IV that we had already identified (Umana-Diaz et al., 2020) support their co-secretion in such structures in the matrix. The lack of binding of antibodies to LOXL2 in the secretory vesicles, most probably as a result of steric hindrance, further support interactions with these proteins in the late secretory pathway. Such interactions could protect collagen IV and fibronectin from misfolding or aggregation prior to their deposition in the basement membrane, as already proposed for collagen IV and SPARC (Chioran et al., 2017). These intracellular interactions do not affect deposition of collagen IV and fibronectin to their respective ECM structures, but could target LOXL2 to fibronectin fibrils and to collagen IV granular deposits, as already suggested by our time-lapse TIRF acquisitions (Umana-Diaz et al., 2020). Fibronectin fibrillogenesis is a cell-autonomous process requiring endogenous synthesis (Cseh et al., 2010;Turner et al., 2017) and is essential for basement membrane deposition as an ECM organizing center (Filla et al., 2017;Miller et al., 2014).

Our results demonstrate that LOXL2 does not regulate these first steps of matrix deposition.

Kinetics of collagen IV, fibronectin, laminin and LOXL2 organization showed that the independent fibronectin and collagen IV deposits co-assembled over time into a network that resembles neither early deposit of these proteins. LOXL2 was colocalized in this network, in agreement with our previous data (Umana-Diaz et al., 2020). At this step of matrix deposition, LOXL2 depletion impacted fibronectin remodeling, resulting in a dense layer of elongated and aligned fibrils, but collagen IV remodeling into a homogenous network was not impacted. Self-assembly of collagen IV thus appears to be the driving force of basement membrane assembly at this step. Indeed, topography imaging could identify material stained for collagen IV alongside fibronectin fibrils upon LOXL2 knock-down, supporting uncoupling of fibronectin and collagen IV reorganization. In agreement with these data, Lu and collaborators have recently proposed a new basement-membrane triggered mechanism responsible for fibronectin fibrillogenesis using surface coating with collagen IV (Lu et al., 2020). Our observations of increasing ECM fiber diameter during this remodeling also supports the supramolecular assembly of fibronectin and self-assembled collagen IV in the basement membrane. Even though fibronectincollagen IV association has been described for long (Aumailley and Timpl, 1986;Miller et al., 2014), there is still no binding site identified for their direct interaction. LOXL2 could cross-link both proteins as we have identified direct interactions of LOXL2 with each of these proteins (Umana-Diaz et al., 2020).

Maturation of basement membrane is further achieved by continuous accumulation of multiple layers of such structures resulting in thicker and denser network. Our former TIRF analysis had already provided evidence for matrix reloading with LOXL2 and deposition of extra-layers on preexisting fibers during cell migration (Umana-Diaz et al., 2020). Such mechanism for building up basement membrane has been described during egg chamber elongation in drosophila [START_REF] Haigo | Global tissue revolutions in a morphogenetic movement controlling elongation[END_REF][START_REF] Isabella | Rab10-Mediated Secretion Synergizes with Tissue Movement to Build a Polarized Basement Membrane Architecture for Organ Morphogenesis[END_REF]. Furthermore, LOXL2 stabilizes basement membrane organization during this process since its knock-down resulted in large aggregates containing both fibronectin and collagen IV after three days in culture. Such stabilization activity thus prevented the cell-driven aggregation of basement membrane that resulted from adhesion through integrins or other ECM receptors and traction forces associated with cell migration. Tension level in fibronectin regulates its interactions with collagen I and reciprocally fibrillar collagen shields fibronectin from cellular traction (Kubow et al., 2015). In basement membrane, LOXL2 interaction with collagen IV-fibronectin complexes could maintain fibronectin in a low-tension state, thus protecting these supramolecular complexes from cell-driven tractions, and preventing the aggregation observed upon LOXL2 depletion. Indeed, in LOXL2-depleted cells, organization of cytoskeleton stress fibers directly corresponded to fibronectin organization in long aligned fibrils, whereas the meshwork organization of fibronectin resulted in cortical actin distribution in control cells.

Surface coating with matrix proteins including fibronectin and collagen I prevented their aggregation in the absence of LOXL2 by providing anchor points to the matrix deposited by cells. Similar rescue of a default in collagen IV deposition was recently proposed for collagen IV mutation (Ngandu Mpoyi et al., 2020). Moreover, we here show that cell adhesion peptides of fibronectin did not affect matrix organization whereas full length protein resulted in a homogenous network. Quite remarkably, surface coating with LOXL2 SRCR domains also affected matrix deposition and even rescued LOXL2 knock-down (Umana-Diaz et al., 2020). These results also demonstrated that stabilization of the fibronectin-collagen IV network by LOXL2 was not mediated by its catalytic activity but rather relied on non-catalytic cross-linking of these ECM proteins by LOXL2 SRCR domains. LOXL2 was indeed recently proposed to act as a major component of basement membrane building blocks (Brown et al., 2017). Our analysis provides details concerning the involvement of LOXL2 in this process. Altogether, we showed that LOXL2 interaction with collagen IV and fibronectin regulates their supramolecular assembly and stabilizes the basement membrane. Laminin has been considered as an organizer of basement membranes for long by providing a scaffold to other basement membrane components including collagen IV self-assembled network (Hohenester and Yurchenco, 2013). In our model, laminin is indeed not associated with early deposition or assembly of the fibronectin-LOXL2-collagen IV network. Furthermore, we had already shown that LOXL2 depletion had very limited effect on laminin deposition by endothelial cells (Umana-Diaz et al., 2020). These data are thus in agreement with the late association of independent supra-structures of laminin and collagen IV through cross-linking by nidogen and perlecan.

LOXL2 depletion impacted cell morphology and cytoskeleton redistribution resulting in elongated cells with bundles of actin stress fibers. This organization was correlated with fibronectin alignment, thus suggesting that LOXL2-mediated matrix organization could directly impact cell mechanotransduction. It has been known for long that local geometric control of ECM (Chen et al., 1997) and ECM ligand micropatterning (Cavalcanti-Adam et al., 2007;Oria et al., 2017) drive cytoskeleton organization and cell fate. There is however limited transfer of such results to analysis of endogenous ECM production. The submicron defaults in basement membrane assembly that we detected in absence of LOXL2 could correspond to the modifications driven by micropatterning of ECM components. Indeed, modifying ECM-deposition by LOXL2-depleted cells using surface coating with fibronectin rescued not only basement membrane deposition but also cytoskeleton organization and cell shape. Similar results were described in the case of collagen IV point mutation which also affected cell morphology (Ngandu Mpoyi et al., 2020).

We thus analyzed characteristics of endothelial cell adhesion to their autocrine basement membrane, and demonstrated that distribution of the focal adhesion proteins pY397-FAK, vinculin and pY118-paxillin was impaired in LOXL2-depleted cells. Vinculin and pY397-FAK were detected in long focal adhesions evenly distributed at the cell-matrix interface, in a pattern reminiscent of fibronectin and cytoskeleton alignment. Such matrix-driven distribution of adhesions was described when cells were seeded on microcontact-printed ECM and also resulted in cell elongation and alignment (Wang et al., 2018). In a context where matrix deposition by cells was abrogated, i.e. cell seeding on ECM surface coating followed by short term analysis, there was no default in focal adhesion formation and maturation. Cell spreading was not impacted either, thus indicating that adhesion machinery was not altered in these cells. A similar protocol applied to matrix derived from LOXL2-depleted cells however allowed detection of defaults in maturation of nascent adhesions into focal adhesions, thus highlighting the major autocrine role of endothelial basement membrane in mechanotransduction.

Stiffness is also affected in matrices generated by LOXL2-depleted cells, resulting in 70% less stiff matrices compared to control cells (2,3 kPa as measured by nanoindentation) (Umana-Diaz et al., 2020). Whereas this could be responsible for the defective response in cell-ECM adhesion (van Geemen et al., 2014), we nevertheless observed an increased number and a global redistribution of focal adhesions, suggesting that matrix topography prevails over stiffness. In line with this, cell contractility in response to a wide range of stiffness was not sensitive to LOXL2 expression.

Vinculin is a force-sensor both at cell-ECM and cell-cell junctions in epithelial (le Duc et al., 2010;Thomas et al., 2013) and endothelial cells (Huveneers et al., 2012). In these cells, vinculin is part of focal adherens junctions and regulates junction stability. In parallel with increased ECM focal adhesions labelled with pY397-FAK and vinculin, colocalization of the latter with b-catenin was decreased in LOXL2-depleted cells. Vinculin redistribution out of the adherens junction could be explained by the decrease in basement membrane stiffness resulting from LOXL2 depletion (Umana- et al., 2020). Indeed, ECM stiffness has been shown to positively regulate vinculin recruitment to cell-cell junctions (Seddiki et al., 2018). Whereas vinculin translocation from cell-ECM to cell-cell junctions is well documented, only a few studies describe paxillin localization to adherens junctions. It has been shown at cell-cell borders in epithelial zebrafish tissues (Crawford et al., 2003) and in endothelial cells where it interacts with b-catenin (Birukova et al., 2007;van Geemen et al., 2014). We detected pY118-paxillin co-localized with b-catenin at the level of cell-cell junctions in control cells.

Diaz
Most of pY118-paxillin was not maintained in cell-cell junctions in LOXL2-depleted cells. The local distribution of pY118-paxillin still present in adherens junction was shifted from accumulation on top of b-catenin in control cells, to within or beside b-catenin staining in LOXL2-depleted cells. Basal phosphorylation of paxillin was decreased in these cells. Dephosphorylation of paxillin has been linked

to stabilization and decreased turnover of focal adhesions (Zaidel-Bar et al., 2007). In agreement, we detected increased cell-ECM adhesions stained for pY397-FAK and vinculin with limited staining of pY118-paxillin. Our data however challenged such a role for phosphorylation of paxillin in adherens junction, as decreased overall phosphorylation of paxillin was accompanied with decreased vinculin in the junctions. Such opposite mechanisms of adhesion stabilization could rely on the nature of the binding partner of paxillin in each compartment, i.e. FAK in focal adhesions and b-catenin in adherens junctions [START_REF] Dubrovskyi | Identification of paxillin domains interacting with β-catenin[END_REF].

Altogether, our study demonstrates that loss of LOXL2 expression in endothelial cells leads to dramatic default in basement membrane assembly, and subsequent altered mechanotransduction response at the level of cell-ECM as well as cell-cell adhesion. This autocrine matrix-mediated signaling might be responsible for the impaired angiogenesis that we previously described both during zebrafish embryo development and in in vitro 3D models (Bignon et al., 2011;Umana-Diaz et al., 2020). Indeed, endothelial-specific knock-out of vinculin in mice leads to defects in vascular morphogenesis through loss of a-catenin-mediated coupling of adherens junctions to actin cytoskeleton (Carvalho et al., 2019).

In a similar manner, endothelial-specific knockout of FAK inhibited angiogenesis without perturbation of vasculogenesis [START_REF] Shen | Conditional knockout of focal adhesion kinase in endothelial cells reveals its role in angiogenesis and vascular development in late embryogenesis[END_REF]. Considering that surface coating restored ECM components deposition in vitro, the defaults in basement membrane assembly resulting from LOXL2 depletion that we described in vitro might not result in as complete default in basement membrane generation in vivo. They might rather trigger fine rearrangements of basement membrane as observed in the endothelial-specific deletion of fibronectin in mice (Turner et al., 2017) and in patients with point mutations in collagen IV responsible for small vessel disease or HANAC syndrom [START_REF] Jeanne | Genotype-phenotype correlations in pathology caused by collagen type IV alpha 1 and 2 mutations[END_REF]Plaisier et al., 2007). In agreement with this hypothesis, LOXL2 is considered a candidate gene in the vascular matrix pathologies like intracranial aneurysm (Akagawa et al., 2007;López-Luppo et al., 2017;Wu et al., 2018) and vascular stiffening (Steppan et al., 2019).

MATERIALS AND METHODS

Antibodies

Primary and secondary antibodies are listed in table 1.

Cell culture, expression vectors, lentivirus and shRNA tools

Human umbilical vein endothelial cells (HUVECs) were prepared and grown as already described (Chomel et al, FASEB J 2009) in endothelial cell growth medium (ECGM2, Promocell). Experiments were performed using HUVECs between passages 2 and 5. pLKO.1 plasmids encoding shRNA were purchased from Sigma-Aldrich (Saint-Louis, MO, USA). Lentiviral production was performed in HEK293FT cells using Mission lentiviral Packaging Mix, Sigma-Aldrich (Saint-Louis, MO, USA). Endothelial cells isolated from 1 umbilical cord were split in 2 and infected before the first passage with control or LOXL2 targeting lentivirus. Transductions were repeated using HUVECs from different umbilical cords.

Transduced cells were selected for 7 days with puromycin at 2 μg/mL for shRNA-mediated downregulation. For coating experiments, collagen I purchased from Corning (Corning, NY, USA) or human purified fibronectin purchased from Sigma-Aldrich (Saint-Louis, MO, USA) were respectively diluted in 20 mM acetic acid or 1X PBS before coating petri dishes for one hour at 37°C. RGD or PHSRN coating experiments were realized using DenovoMatrix (Dresden, Germany) coated plates.

Preparation of cell-derived extracellular matrices

HUVECs were seeded at confluency in low petridishes (Ibidi, Martinsried, Germany) and cultured in ECGM2 for the desired amount of time. Before decellularization, cells were washed in cold PBS and detached on ice, using a solution containing 0,3% Triton X-100 and 20 mM ammonium hydroxide in cold PBS. Samples were checked under a light microscope to ensure proper decellularization. The matrices were washed several times with cold PBS before further processing.

Immunofluorescence

HUVECs were seeded at confluency in µ-slides ibiTreat 8 wells (Ibidi, Martinsried, Germany) and cultured from 6h to 72h before fixation with 4% paraformaldehyde and permeabilization with 0,5 % Triton-X-100. Appropriate primary and secondary antibodies were incubated in the presence of 1% normal goat serum and 0,01% Triton-X-100. Images were acquired with either a Zeiss (Oberkochen,

Germany) W1 spinning-disk microscope or a Zeiss (Oberkochen, Germany) Axio Observer epifluorescence microscope equipped with an apotome module using 63x or 40x objectives. For image analysis, image J software was used.

Whole-mount retina immunofluorescence

For whole mount retina stainings, eyes were fixed in 4% PFA and retinas were dissected and stained as previously described (del Toro et al., 2010). Briefly, isolectin B4 was incubated overnight in PBS, 1 mM CaCl2, 1 mM MgCl2 and 1% Triton-X-100. Retinas were washed and secondary antibodies/streptavidin were incubated in the presence of 0,25 % Triton-X-100. Retinas were mounted and imaged with a Zeiss (Oberkochen, Germany) W1 spinning-disk microscope using 25x or 40x

objetcives.

Protein extraction and immunoblotting

HUVECs were directly lysed with Laemmli buffer containing 4% SDS and 50 mM DTT, before separation by SDS-PAGE. Proteins were transferred to PVDF membranes before incubation with the appropriate antibodies in 25 mM Tris-HCl, pH 7.4, 0.1% Tween 20, and 5% milk. Immunological detection was performed with streptavidin-horseradish peroxidase (HRP) conjugated secondary antibodies, using ECL (Life Technologies) as a substrate.

Correlative fluorescence/atomic force microscopy

Analysis of ECM topography was determined using a scanning force microscope NanoWizard 4, JPK-BioAFM (Berlin, Germany) mounted on a Zeiss (Oberkochen, Germany) Axio Observer epifluorescence microscope equipped with an apotome module, placed on a vibration isolation table. Topography was determined using a conical shape probe with typical tip radius of curvature < 10 nm mounted on a gold coated cantilever (0.03-0.09 N/m) (Biolever Mini, Olympus). Spring constant was determined upon calibration by the thermal noise method (Hutter J and Bechhoefer J, Rev of Sci Instr 1993). Quantitative imaging (QI) (JPK, Berlin, Germany) was conducted in PBS. Typically, an AFM map of 20 x 20 μm corresponding to 256x256 pixels was acquired at an appropriate scan speed (100 to 200 µm/s) and the lower setpoint possible (typically 0.1 nN) to prevent damage to the sample. AFM image processing and analysis were performed using JPK data processing software and ImageJ. Second order flattening is applied to AFM topography images to remove tilt and bow. Median filter and Gaussian convolution were also applied when necessary. Correlative with fluorescence was achieved based on the optical calibration module (JPK). Quantification of fluorescence content was achieved as described (Fig. S2) by thresholding both AFM and fluorescence images and calculating integrated density of pixelized images.

Stiffness-clamp experiments

Measurements for stiffness clamp were carried out as previously described (Webster KD et al, Plos One 2011;Mitrossilis D et al, PNAS 2009). Briefly, experiments were conducted using a NanoWizard 4, JPK-BioAFM (Berlin, Germany) associated with the module CellHesion 200. Tipless cantilevers Arrow TL1 purchased from NanoWorld) were coated with 40 µg/mL fibronectin for 20 min at room temperature. Cells were seeded in a 35mm µ-dish coated with fibronectin for 2 min. The cantilever was put in contact with individual cells, and measures were started after 150 s.

Transendothelial electrical resistance

Transendothelial electrical resistance was used as an indicator of the barrier function of the endothelial monolayer and was determined using an electrical cellular impedance sensor (ECIS) Applied Biophysics, Troy, NY). Endothelial cells were seeded at confluency on gold microelectrodes coated with fibronectin. Real time transendothelial electrical resistance was continuously measured in a 37°C , 5%

CO2 incubator over several days. Cultures were maintained 20h after reaching a plateau before measurement of thrombin-induced permeability. F: Correlative AFM-fluorescence analysis was performed on CDM prepared from control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells seeded at confluency and maintained for 72h before preparation of CDM and immunostaining of fibronectin (i) or collagen IV (ii) (green) and LOXL2 (red).

Scale bar: 5µm. area, perimeter, circularity, and maximum Feret diameter. Cells located at the border were removed from the analysis.

Figure S6. Matrix deposition on fibronectin coating

Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were seeded at confluency on fibronectin surface coating and maintained for 6h (A) or 24h (B) before immunostaining of fibronectin (green -left panels) or collagen IV (green -right panels). Scale bars: 50 µm (i) and 10 µm (ii). 

Discussion and perspectives

Sprouting angiogenesis is associated with extensive ECM remodeling, including basement membrane deposition by endothelial cells. Although this structure is a crucial component of the vasculature required for capillary morphogenesis and maintenance of vascular integrity, the structural and molecular mechanisms involved in building and remodeling this extracellular microenvironment are not completely understood. Our team previously identified LOXL2 as a protein expressed in the endothelial basement membrane in hypoxic conditions and demonstrated that LOXL2 regulates capillary formation and collagen IV deposition (Bignon et al., 2011). The present work thus aimed to link the major role of LOXL2 in regulating the organization of the endothelial basement membrane to the downstream mechanotransduction properties of endothelial cells that are required for angiogenesis. I have first characterized generation of the basement membrane and the functional role of LOXL2 in this process, and then analyzed the consequences of LOXL2 depletion on the mechanosensing and response of endothelial cells to their defective microenvironment. I was also involved in a project focused on the role of LOXL2 in cross-linking the interstitial ECM. This complementary function of LOXL2 associated to pathologies including cancer and fibrosis provided information concerning the complexity of targeting LOXL2 in pathological microenvironments.

Basement membrane deposition

The first part of the present work aimed to characterize basement membrane deposition by endothelial cells and to investigate the role of LOXL2 in regulating this process. Little is known about the structural organization and molecular composition of the capillary basement membrane, even though each of its core components is essential to vascular development and homeostasis (Marchand et al., 2019). Indeed, mice lacking collagen IV, laminin or fibronectin display defects in capillary formation (George et al., 1993;Pöschl et al., 2004;Thyboll et al., 2002) and 3D in vitro angiogenesis models also confirmed these observations (Bignon et al., 2011;[START_REF] Xu | Laminin-511 and α6 integrins regulate the expression of CXCR4 to promote endothelial morphogenesis[END_REF]Zhou et al., 2008). However, very few models are available i) to study the structure of capillary basement membrane and ii) to decipher the succession of events leading to the supramolecular assembly of its components. Indeed, accessing capillary basement membrane topography remains a challenge. In order to study the role of LOXL2 in structural mechanisms involved in basement membrane deposition and molecular assembly by endothelial cells, we used in vitro cell-derived extracellular matrices, which had already been described before for endothelial cells and mesenchymal cells (Bignon et al., 2011;[START_REF] Tello | Generating and characterizing the mechanical properties of cell-derived matrices using atomic force microscopy[END_REF]. We took advantage of polarization of basement membrane deposition below the cells and modulated its assembly by tuning several factors including culture time, confluency and physical support, but also coating conditions.

We first demonstrated that basement membrane deposition by endothelial cells is an autocrine process, initiated upon cell seeding consisting in deposition of nascent fibrillar structures building up a meshwork. This process is continuous and progressive over periods of days, and develops via two major steps involving lateral elongation before thickening/assembly into multiple layers. The historical model of basement membrane organization consists in association of self-assembled laminin sheet and collagen IV network, connected through binding to heparan sulfate proteoglycans and nidogen (Hohenester and Yurchenco, 2013). In parallel, fibronectin is proposed to be associated to this structure rather than a structural component [START_REF] Lebleu | Structure and Function of Basement Membranes[END_REF]. We here demonstrated that basement membrane assembly relies on the organization of collagen IV and fibronectin supramolecular complexes and were therefore interested in characterizing the involvement of LOXL2 in this process.

A. LOXL2 interacts with ECM proteins prior to their deposition A transcriptomic analysis demonstrated high expression of LOXL2 in endothelial tip cells (del Toro et al., 2010), suggesting its early deposition in the basement membrane during sprouting angiogenesis. Indeed, using a LOXL2-GFP construct, time-lapse TIRF microscopy experiments showed direct incorporation upon exocytosis in the first fibrillar structures of the matrix underneath migrating cells (Umana-Diaz et al., 2020), raising the question of the mechanisms involved in targeting LOXL2 to these exocytosis hotspots. A previous report has demonstrated that the exocyst, an octameric protein complex involved in the tethering of secretory vesicles to the plasma membrane prior to SNARE-mediated fusion and secretion is involved in matrix degradation by locally releasing MT1-MMP-containing vesicles [START_REF] Monteiro | Endosomal WASH and exocyst complexes control exocytosis of MT1-MMP at invadopodia[END_REF]. A similar mechanism could be proposed for matrix generation and LOXL2

exocytosis.

LOXL2 could be co-deposited with other basement membrane components, as we detected intracellular interactions with collagen IV and fibronectin using proximity ligation assay and surface plasmon resonance experiments (Umana-Diaz et al., 2020). Interactions with collagen IV fits with the fact that it is a substrate of LOXL2 (Añazco et al., 2016). The result was less expected concerning LOXL2-fibronectin interaction, although binding of fibronectin to LOX catalytic domain (very conserved in the whole LOX family) had already been described [START_REF] Fogelgren | Cellular fibronectin binds to lysyl oxidase with high affinity and is critical for its proteolytic activation[END_REF]. Another function of LOXL2 intracellular interactions could correspond Generation of endothelial cells depleted for each of these components including laminin could provide more details on the sequential events leading to basement membrane organization.

Further maturation of the collagen IV-fibronectin network consists in accumulation of multiple layers of these fibrillar structures, as detected by AFM and TIRF experiments. Overnight timelapse TIRF movies showed that endothelial cells kept on loading the matrix locally with LOXL2 as they migrated, suggesting a continuous deposition process and a role for LOXL2 in matrix maturation. These results were consistent with work conducted in the drosophila egg chamber, which constitutes an interesting system to study basement membrane deposition. Liveimaging analysis showed that elongation of the egg chamber is coupled to basement membrane production by migrating follicle cells and extracellular fibrils of collagen IV eventually align along the elongation axis [START_REF] Isabella | Dynamic regulation of basement membrane protein levels promotes egg chamber elongation in Drosophila[END_REF]. Our data therefore suggest that LOXL2 incorporation in the basement membrane is a dynamic process associated with cell migration.

C. LOXL2 drives ECM spatio-temporal assembly in a context-dependent manner

We had already demonstrated that LOXL2 regulates collagen IV deposition (Bignon et al., 2011) and further established that these effects are not dependent on its catalytic activity but require the SRCR12 domains of the protein (Umana-Diaz et al., 2020). We here demonstrated that LOXL2 promotes association of the fibronectin fibrillar material with the collagen IV meshwork over time and stabilizes basement membrane at later stages. Indeed, LOXL2 is not involved in the first steps of matrix deposition, but rather drives supramolecular organization of its components over time. In a first step, LOXL2-depletion results in inhibition of fibronectin remodeling, whereas collagen IV organization can still proceed. At longer term, maturation of the collagen IV network is also impaired and both fibronectin and collagen IV end up in huge aggregates with damaged topographical distribution as detected by AFM. Interactions between collagen IV and fibronectin have been known for long (Aumailley and Timpl, 1986;Miller et al., 2014). However, to our knowledge, no binding site has been identified yet in either protein. An interesting hypothesis is that LOXL2 participates to the supramolecular assembly of fibronectin to self-assembling collagen IV by providing a link between these two complexes. Even though collagen IV cross-linking has an important role in basement membrane stability (Añazco et al., 2016;[START_REF] Lee | Peroxidasin is essential for endothelial cell survival and growth signaling by sulfilimine crosslink-dependent matrix assembly[END_REF], we have shown that LOXL2 function in basement membrane scaffolding does not require its catalytic activity (Umana-Diaz et al., 2020). Inhibition of fibronectin remodeling in LOXL2-depleted basement membranes, characterized by alignment of fibronectin fibrils, could be explained by increased intramolecular tension. Using FRETbased sensors, regulation of fibronectin-collagen I interactions by fibronectin tension has been demonstrated (Kubow et al., 2015). Similarly, LOXL2-mediated collagen IV-fibronectin association could regulate subsequent mechanoregulation between ECM proteins.

We were also interested in understanding how basement membrane scaffolding was influenced by substrate coating conditions. Indeed, basement membrane deposition in vivo is known to be modulated by the molecular composition/stiffness of the surrounding microenvironment as demonstrated by structural distinctions between several basement membranes according to the vascular bed (Liliensiek et al., 2009). We demonstrated that surface coating with collagen I or fibronectin induced remodeling of collagen IV by control cells and also rescued collagen IV organization by LOXL2-depleted cells (Umana-Diaz et al., 2020).

We further demonstrated that these effects were dose-dependent, as already suggested for fibronectin fibrillogenesis by fibroblasts upon coating with collagen IV, laminin or Matrigel (Lu et al., 2020). Furthermore, using the RGD and PHSRN cell-adhesion peptides, we demonstrated that this process was mediated by interactions between ECM proteins and not induced by improved cell adhesion.

Our results concerning fibronectin alignment at 24h in the LOXL2-depleted cells suggested a strong cell-mediated remodeling of the matrix. We propose that LOXL2 protects the matrix from being subjected to cell tractions mediated by integrins α5β1 or αVβ3, through either mechanical or topographical regulation: i) stabilization of the matrix by LOXL2 could anchor cells in a stiffer network; ii) remodeling of the fibronectin network with collagen IV selfassembling network could mask cell adhesion sites, as discussed further. This hypothesis is also supported by observation of collagen IV fibrils alignment along cell elongation axis in the drosophila egg chamber, that also correlates with F-actin distribution in epithelial cells [START_REF] Cerqueira Campos | Oriented basement membrane fibrils provide a memory for Factin planar polarization via the Dystrophin-Dystroglycan complex during tissue elongation[END_REF]. Of note, similar ECM alignment is observed in tumorassociated stromal collagen, correlating with increased local invasion of tumor cells [START_REF] Provenzano | Contact guidance mediated three-dimensional cell migration is regulated by Rho/ROCK-dependent matrix reorganization[END_REF]. In this context, regulation of collagen architecture by LOXL2 rather than molecular content regulates cell responses [START_REF] Grossman | Tumor Cell Invasion Can Be Blocked by Modulators of Collagen Fibril Alignment That Control Assembly of the Extracellular Matrix[END_REF].

Altogether, our data demonstrate that LOXL2 drives spatio-temporal assembly of the basement membrane by promoting association of fibronectin to self-assembled collagen IV.

This process could be responsible for regulating architecture and topography of the matrix, making it less prone to cell-mediated remodeling. We thus propose that ECM scaffolding through LOXL2 could mediate cell rearrangements, as supported by the impact of LOXL2 on cortical actin distribution and cell morphology at longer term.

Mechanotransduction

The second part of my work aimed to decipher the mechanical response of endothelial cells to the basement membrane they generated. While previous reports had shown the impact of ECM structural/mechanical properties on cell responses, mainly by using micropatterned substrates or ECM geometrical control [START_REF] Cavalcanti-Adam | Lateral spacing of integrin ligands influences cell spreading and focal adhesion assembly[END_REF]Chen et al., 1997), only few studies focused on the role of cell-generated matrix in regulating this process [START_REF] Cerqueira Campos | Oriented basement membrane fibrils provide a memory for Factin planar polarization via the Dystrophin-Dystroglycan complex during tissue elongation[END_REF]Ngandu Mpoyi et al., 2020). Analysis of endothelial mechanotransduction properties demonstrated that LOXL2-mediated basement membrane scaffolding regulates focal adhesions distribution and maturation, and especially distribution of vinculin, pY397-FAK and pY118-paxillin. Interestingly, vinculin and pY397-FAK were detected in large and elongated focal adhesions in LOXL2-depleted cells. Similar alignment of focal adhesions could be triggered by patterning fibronectin in lines [START_REF] Wang | Extracellular matrix alignment dictates the organization of focal adhesions and directs uniaxial cell migration[END_REF]. Fluorescence levels of pY118-paxillin were very low in these structures, and overall paxillin phosphorylation was decreased upon LOXL2-depletion. Dephosphorylation of paxillin is associated with stabilization of focal adhesions (Zaidel-Bar et al., 2007) and could be responsible for the cytoskeleton reorganization and cell elongation that we have described above. These effects are mediated by defaults in matrix remodeling since paxillin distribution in nascent and focal adhesions was not affected on surface coatings.

In parallel with remodeling of cell-ECM adhesions, LOXL2 depletion also impacted redistribution of vinculin from cell-cell junctions. Vinculin is a well characterized force-sensor at epithelial and endothelial cell junctions, where it functionally regulates stability of cell-cell junctions (le Duc et al., 2010;Huveneers et al., 2012;Thomas et al., 2013). Vinculin was redistributed out of the focal adherens junctions in LOXL2-depleted cells. Recruitment of vinculin to cell-cell junctions is dependent on ECM stiffness (Seddiki et al., 2018).

Redistribution of vinculin out of focal adherens junctions could therefore be due to a lower ECM stiffness (Umana-Diaz et al., 2020). pY118-paxillin was also translocated out of cell-cell junctions but did not accumulate in cell-ECM adhesions, as vinculin. Localization of paxillin at cell-cell junctions has been poorly investigated (Birukova et al., 2007;Crawford et al., 2003), even in studies that provided evidence for such distribution (van Geemen et al., 2014).

Furthermore, its distribution within adherens junctions was also modified, which could correspond to decreased tension forces at cell-cell junctions. Such translocation out of the cellcell junctions was indeed accompanied with increased permeability.

Angiogenesis

We here show that basement membrane scaffolding by LOXL2 regulates endothelial cell mechanotransduction and we propose that this mechanism could explain the angiogenic and perturbed topography would thus fail at supporting angiogenesis. We have shown that 3D

in vitro tube formation was completely abolished within the hydrogel whereas LOXL2-depleted cells could generate capillaries in the vicinity of the stiff culture dish (Bignon et al., 2011). These results strongly suggested that sensed-stiffness of the micro-environment plays an important role in counterbalancing LOXL2-depletion, especially considering that cell contractility in response to stiffness is not altered by LOXL2 depletion. The concept of basement membrane as a mechanical support is illustrated by experiments using in vitro capillary models, in which adding soluble RGD peptides is unable to stimulate tube formation, showing that the role of ECM relies on endothelial cell ability to resist mechanical loads more than ability to bind cell receptors [START_REF] Ingber | Mechanochemical switching between growth and differentiation during fibroblast growth factor-stimulated angiogenesis in vitro: role of extracellular matrix[END_REF]. LOXL2 stabilizes fibronectin and collagen IV association into basement membrane networks, thus downregulating formation of cell-ECM adhesions and promoting cell-cell adherens junctions. In the absence of LOXL2, prevention of fibronectin remodeling could maintain binding sites for cell receptors such as integrin a5b1, resulting in stress fibers and increased tension exerted by cells. Such mechanoregulation has already been proposed for interactions between fibronectin and collagen I (Kubow et al., 2015).

In parallel, decreased translocation of adhesion proteins to cell-cell contacts could prevent junction formation and vascular morphogenesis, as demonstrated for the endothelial knockout of vinculin (Carvalho et al., 2019). This process would thus prevent generation of capillaries in a 3D environment.

Link between interstitial ECM and basement membrane generation

A complementary project developed in the lab aimed to produce collagen I hydrogels with improved angiogenic properties. For that purpose, we used a biomimetic approach consisting in cross-linking collagen I by LOXL2. Indeed, direct cross-linking of collagen I by LOXL2 has been recently demonstrated (Schilter et al., 2019) and such activity has been linked to pathological situations such as cancer or fibrosis (Barry-Hamilton et al., 2010;[START_REF] Cosgrove | Lysyl oxidase like-2 contributes to renal fibrosis in Col4α3/Alport mice[END_REF][START_REF] Ikenaga | Selective targeting of lysyl oxidase-like 2 (LOXL2) suppresses hepatic fibrosis progression and accelerates its reversal[END_REF]Schilter et al., 2019). Overexpression of LOXL2 is linked to increased collagen cross-links, ECM stiffening, and change in collagen structural properties including alignment and nanoarchitecture of fibers [START_REF] Jones | Nanoscale dysregulation of collagen structure-function disrupts mechanohomeostasis and mediates pulmonary fibrosis[END_REF]Schilter et al., 2019).

We first tuned collagen fibrillogenesis by modulating pH, temperature and collagen concentration of the hydrogels, thus generating a panel of seven gels in a range of bulk stiffness from 50 Pa to 5 kPa, as measured by shear rheology. There was however no direct connection between stiffness or pore size of these hydrogels and capillary formation. We investigated the impact on angiogenesis of LOXL2-mediated modifications of the microenvironment. We focused on two hydrogels with opposed characteristics: a soft gel with low fibrillogenesis that promoted good capillary formation, and a stiffer one with high fibrillogenesis and poor angiogenic properties. LOXL2-mediated cross-linking highly improved mechanical properties of the first hydrogel, without impacting angiogenesis, while it improved capillary formation in the stiffer gel, without noticeable impact on neither structural properties nor bulk stiffness.

To get better insight into the mechanisms involved in these effects, we turned to high resolution analysis of structural and mechanical properties of the hydrogels. Topographical imaging confirmed the structural analysis performed by second-harmonic generation: LOXL2-mediated cross-linking of the low fibrillogenesis hydrogels increased pore size while it had no impact on the high fibrillogenesis hydrogel. Nanoindentation allowed measurement of the mechanical properties at the fiber level. Such analysis demonstrated that LOXL2 cross-linking had a strong effect on stiffness of bundles of fibers. We thus analyzed collagen remodeling at the initiation of capillary formation, before establishment of the basement membrane. Stacking of collagen at the cell surface was observed in the hydrogel with high fibrillogenesis. However, crosslinking with LOXL2 prevented this process, in agreement with the high elastic properties of collagen in these gels (Sapudom et al., 2019). LOXL2-mediated cross-linking could thus impact endothelial cell behavior at two levels: i) by increasing strain stiffening at the cell scale, thus promoting cell migration (Doyle et al., 2015;[START_REF] Wang | Actomyosin contractility-dependent matrix stretch and recoil induces rapid cell migration[END_REF]; ii) by preventing excessive collagen packing at cell surface which limits angiogenesis in hydrogels with high fibrillogenesis; similar mechanism has been recently described in breast cancer where collagen shell structure limits endothelial migration [START_REF] Tien | Matrix pore size governs escape of human breast cancer cells from a microtumor to an empty cavity[END_REF] and also in the context of desmoplasia where inhibition of LOXL2 abolished stromal matrix restrain, unexpectedly resulting in increased tumor progression [START_REF] Jiang | Pancreatic ductal adenocarcinoma progression is restrained by stromal matrix[END_REF].

Conclusion

Although most of the studies I performed aimed to characterize the role of LOXL2 in vascular basement membrane remodeling, my participation to this last project allowed me to enlarge my understanding of LOXL2 function and to propose a general schematic of its impact in ECM remodeling and angiogenesis. 

INTRODUCTION

Tissue engineering is now considered to be the most promising approach for promoting regeneration of failing organs. This strategy consists in combining the therapeutic potential of regenerating stem cells with the mechanical support of biomaterials. Its success is however directly subject to blood perfusion of the grafted tissue-engineered construct for cell survival and differentiation [START_REF] Novosel | Vascularization Is the Key Challenge in Tissue Engineering[END_REF][START_REF] Auger | The Pivotal Role of Vascularization in Tissue Engineering[END_REF]. Promoting angiogenesis in situ after implantation of the tissue construct is often considered as inefficient, particularly in the context of hard or thick tissues [START_REF] Grosso | It Takes Two to Tango: Coupling of Angiogenesis and Osteogenesis for Bone Regeneration[END_REF]. In vitro prevascularization is a more promising approach consisting in generating a microvascular network in vitro and relying on inosculation with the host circulation for perfusion. Using dental pulp stem cells co-seeded with endothelial cells in a scaffold, we have recently demonstrated that such prevascularized construct result in high perfusion and protection from apoptosis (Atlas, Gorin et al. submitted). In vitro microvascularization of that construct occured as a response to the angiogenic factors released by stem cells conditioned with FGF-2 (Gorin et al. 2016).

A huge amount of studies has been focusing on secreted factors or cell-cell interactions involving stem cells included in tissue constructs [START_REF] Kerschnitzki | Architecture of the Osteocyte Network Correlates with Bone Material Quality[END_REF][START_REF] Rademakers | Oxygen and Nutrient Delivery in Tissue Engineering: Approaches to Graft Vascularization[END_REF]). Much less attention has been given to the nature of scaffolds that would provide the best environment to endothelial cells for in vitro capillary morphogenesis. This is however getting even more important in the context of tissue construct pre-vascularization using techniques such as biofabrication or 3D printing [START_REF] Novosel | Vascularization Is the Key Challenge in Tissue Engineering[END_REF][START_REF] Kolesky | Three-Dimensional Bioprinting of Thick Vascularized Tissues[END_REF][START_REF] Song | Vascular Tissue Engineering: Progress, Challenges, and Clinical Promise[END_REF]. Indeed, stiffness and composition of matrix plays a major role in controlling cell proliferation, migration, and even differentiation [START_REF] Engler | Matrix Elasticity Directs Stem Cell Lineage Specification[END_REF][START_REF] Ulrich | The Mechanical Rigidity of the Extracellular Matrix Regulates the Structure, Motility, and Proliferation of Glioma Cells[END_REF]. Many studies have indeed proven the high impact of mechanical constraints on endothelial cell behavior [START_REF] Sieminski | The Relative Magnitudes of Endothelial Force Generation and Matrix Stiffness Modulate Capillary Morphogenesis in Vitro[END_REF][START_REF] Mammoto | A Mechanosensitive Transcriptional Mechanism That Controls Angiogenesis[END_REF]Raghavan et al. 2010;[START_REF] Lesman | Mechanical Regulation of Vascular Network Formation in Engineered Matrices[END_REF].

Whereas macroporous scaffolds and cell-derived microenvironments like cell-sheets could provide interesting tools for in vivo angiogenesis, they might not be able to provide the immediate support required for rapid in vitro formation of capillaries (X. [START_REF] Li | Induced Migration of Endothelial Cells into 3D Scaffolds by Chemoattractants Secreted by Pro-Inflammatory Macrophages in Situ[END_REF][START_REF] Gibot | Cell-Based Approach for 3D Reconstruction of Lymphatic Capillaries in Vitro Reveals Distinct Functions of HGF and VEGF-C in Lymphangiogenesis[END_REF]. Hydrogels of natural polymers thus appear as more adapted biomaterials, and collagen has indeed been extensively used in this context, including for the development of angiogenesis models over the last 20 years [START_REF] Montesano | Synergistic Effect of Hyaluronan Oligosaccharides and Vascular Endothelial Growth Factor on Angiogenesis in Vitro[END_REF]. One of the major defaults of such hydrogels as biomaterials dedicated to implantation is however their softness which makes them difficult to handle, even more in the context for manipulation of fragile microvascular networks.

Collagen is a very versatile material that can be used in many different ways, and improving the physical properties of collagen gels has been achieved using several approaches [START_REF] Sorushanova | The Collagen Suprafamily: From Biosynthesis to Advanced Biomaterial Development[END_REF]. The requirements for a material dedicated to capillary morphogenesis include stiffness and pore size for promotion of cell migration and matrix remodeling for allowing vascular morphogenesis. Indeed, migration requirement varies with cell types, but nucleus plasticity has recently been identified as the major limiting factor [START_REF] Wolf | Physical Limits of Cell Migration: Control by ECM Space and Nuclear Deformation and Tuning by Proteolysis and Traction Force[END_REF][START_REF] Thiam | Perinuclear Arp2/3-Driven Actin Polymerization Enables Nuclear Deformation to Facilitate Cell Migration through Complex Environments[END_REF], with cells encountering nuclear envelop deformation and rupture as they migrate in pores under 2 µm [START_REF] Raab | ESCRT III Repairs Nuclear Envelope Ruptures during Cell Migration to Limit DNA Damage and Cell Death[END_REF]. Furthermore, in parallel with migration, endothelial cells need to organize into tubular structures with a diameter of 10 to 20 µm whose establishment requires matrix remodeling for generating space and for synthesizing their own vascular microenvironment. We here used collagen hydrogels generated under conditions that support fibrillogenesis by self-assembly. We first investigated the remodeling of such collagen hydrogels during the process of capillary formation. We then modulated collagen fibrillogenesis in order to obtain a wide panel of hydrogels with distinct physical characteristics. Among the different factors that control collagen fibrillogenesis, we chose to modulate temperature and pH as their impact has already been extensively documented (Y. [START_REF] Li | PH Effects on Collagen Fibrillogenesis in Vitro: Electrostatic Interactions and Phosphate Binding[END_REF][START_REF] Harris | In Vitro Fibrillogenesis of Collagen Type I in Varying Ionic and PH Conditions[END_REF][START_REF] Ramírez-Rodríguez | PH-Responsive Collagen Fibrillogenesis in Confined Droplets Induced by Vapour Diffusion[END_REF][START_REF] Xie | Collagen Gels with Different Fibrillar Microarchitectures Elicit Different Cellular Responses[END_REF]. Even though ionic composition also controls fibrillogenesis, this condition was imposed by the culture medium required for capillary formation [START_REF] Carey | Biophysical Control of Invasive Tumor Cell Behavior by Extracellular Matrix Microarchitecture[END_REF][START_REF] Harris | Influence of Saline and PH on Collagen Type I Fibrillogenesis in Vitro: Fibril Polymorphism and Colloidal Gold Labelling[END_REF].

In order to further extend the range of physical properties of the hydrogels, we also used a biomimetic approach based on the cross-linking activity of lysyl-oxidase like 2 (LOXL2). Enzymes of the LOX family are indeed responsible for the covalent cross-linking of collagens by catalyzing the deamination of lysines and hydroxylysines both in physiological and pathological contexts (H.-J. Moon et al. 2014). They share a conserved catalytic domain that contains a copper-binding site and a lysyl tyrosylquinone cofactor (Fig. S6). LOXL2 also contains 4 repeats of SRCR domains that extend as a string of pearl without interaction with the catalytic domain (Schmelzer et al. 2019). Oxidation of collagens and tropoelastin by LOXL2 has been known for long, but it is only recently that the resulting cross-linking of these proteins has been demonstrated [START_REF] Bibliography Anazco | Lysyl Oxidase Like-2 Crosslinks Collagen IV of Glomerular Basement Membrane[END_REF]Schilter et al. 2019;Schmelzer et al. 2019). This enzyme has indeed been associated with pathological contexts involving matrix stiffening, i.e. fibrosis and tumor growth (Barry-Hamilton et al. 2010;Yang et al. 2016;[START_REF] Han | Zyxin regulates endothelial von Willebrand factor secretion by reorganizing actin filaments around exocytic granules[END_REF], and also with the regulation of angiogenesis during development (Bignon et al. 2011). We here took advantage of the specificity of LOXL2 for a limited spectrum of sites in collagen in order to promote cross-linking of hydrogels that would increase their mechanical properties without blocking cell progression and vascular morphogenesis as a result of excessive cross-linking.

Our aim was thus to determine optimal conditions for producing collagen hydrogels that were stiff enough for handling and supportive of in vitro pre-vascularization of tissue constructs. Analysis of matrix stiffness and pore size both at a bulk scale and at the cell-scale allowed characterization of the conditions required for capillary formation and of a candidate approach for generating such conditions in cross-linked collagen gels.

RESULTS

• Capillary formation is associated with remodeling of the fibrillar microenvironment and generation of basement membrane When spheroids of endothelial cells are seeded in collagen hydrogels and cultivated in complete endothelial growth medium supplemented with 5 ng/ml VEGF, individual cells invade the hydrogel without maintaining cell-cell junctions, in a mesenchymal manner (Fig. S1A; movie 1). When cultivated in conditioned medium from dermal fibroblasts containing 5 ng/ml VEGF, these cells invade the hydrogel as organized angiogenic sprouts consisting in tip and stalk cells to generate capillaries (Fig. S1B; movie 2), as previously described in fibrin hydrogels [START_REF] Nakatsu | Angiogenic Sprouting and Capillary Lumen Formation Modeled by Human Umbilical Vein Endothelial Cells (HUVEC) in Fibrin Gels: The Role of Fibroblasts and Angiopoietin-1☆[END_REF]Bignon et al. 2011). We here analyzed the matrix remodeling associated with such capillary formation. Twenty hours after seeding cells in collagen, they elongated and polarized as they explored the environment with long protrusions bearing filopodia (Fig. 1A.i). They established large areas of cell-cell contacts mediated by CD31 and VE-Cadherin (Fig. 1A.iii-iv) with no lumen formation (Fig. 1Aii). Both proteins display a patchy distribution typical of junction-associated intermittent lamellipodia (JAIL) (Cao et al. 2017) (Fig. 1A.iii-iv). Intracellular aggregates of co-localized VE-cadherin and CD31 were also detected at the tip of the protrusions (Fig. 1A.i). After 3 days in culture, cells have organized into lumenized and branched capillaries (Fig. 1B.i-ii). VE-Cadherin was localized to mature adherens junctions (Fig. 1B.iv). During the process of capillary formation cytoskeleton underwent remodeling as actin was redistributed from a cortical network at 20 hours (Fig. 1A.i) to stress fibers and cell junctions (Fig. 1B.v). Endothelial cells indeed organized in angiogenic sprouts and acquired typical specification into tip and stalk cells, as demonstrated by VEcadherin and ß-catenin co-localization either as aggregates in protrusions of tip cells, or at cell adherens junctions in stalk cells (Fig. 1C).

Capillary morphogenesis was also associated with major matrix remodeling. Twenty hours after seeding, fibrillar collagen was strikingly stacked up at the cell surface, as detected using second harmonic generation in 2P-microscopy (Fig. 2A.i). In addition, bundles of radial collagen fibers were detected at the cell vicinity, demonstrating transmission of cell contraction to the microenvironment. Deposition of collagen IV at the cell surface was limited at this early time point, compared to intracellular immuno-staining (Fig. 2A.ii). After 72 hours, packed collagen was still detected in some areas at the cell surface (Fig. 2D.i), but radial bundles of collagen fibers were no more present along capillaries (Fig. 2B.i and S1A). Collagen IV was deposited in the basement membrane at the interface between fibrillar collagen and cell surface (Fig. 2C.iv and D.iv). We investigated collagen I degradation using Marimastat, a matrix metalloproteinase inhibitor. Marimastat treatment inhibited capillary formation in a dosedependent manner (Fig. 3A-B). Lumen formation was also abolished and cell surface bore numerous filopodia (Fig. 3C). Collagen I remained stacked up at the surface of endothelial cells after 3 days in culture (Fig. 3D.i) with similar levels to those observed after 20 hours under control conditions (Fig. 2B.i and S1A.i), supporting inhibition of its remodeling. Only limited amount and shorter radial bundles of fibers were detected, indicating inhibition of cell contraction or of its transmission to the matrix. Using an antibody specific for cleaved collagen I (anti-Col1-3/4C), we verified that Marismastat did inhibit collagen degradation (Fig. S2). Cleaved collagen I was only detected after 96 hours incubation, and colocalized with the SHG signal stacked up along basement membrane of the capillaries (Fig. S2A andB). Treatment with Marimastat strongly decreased the signal detected with anti-Col1-3/4C (Fig. S2C andD). The strongest staining actually appeared to be intracellular (Fig. S2D), suggesting processing by cysteine or serine lysosomal proteases. The amount of collagen IV deposition was not affected by Marimastat (Fig. 3D.ii), but its distribution however overlapped with packed collagen I instead of generating an interface between fibrillar collagen and cell surface (Fig. 3D). In addition, Marimastat neither inhibited formation of capillary network nor did it alter lumen formation in fibrin hydrogel (Fig. S3), demonstrating that it is the remodeling of collagen I from the scaffold that is affected by MMP inhibition rather than cell-generated material. These observations also suggested that remodeling of collagen at the cell surface consisted in a fine tuning between stacking up and breaking down fibrillar collagen for providing support to cell mechanotransduction, rather than coarse degradation generating channels for cell progression. They also raised questions as to whether and to which extent collagen I fibrillogenesis could modulate capillary formation.

• Capillary formation is regulated by collagen fibrillogenesis Collagen fibrillogenesis was thus tuned in order to characterize the optimal microenvironment supporting capillary formation. Fibrillogenesis of collagen I at 2 or 4.5 mg/ml was triggered at pH 6.5, 7 or 8.5 and at either 20 or 37°C. These conditions provided hydrogels with elastic properties in a stiffness range from 50 to 5000 Pa (Fig. 4A-C). Increasing concentration of collagen or pH, and lowering temperature enhanced collagen storage modulus, as previously described in several studies (X. [START_REF] Li | Induced Migration of Endothelial Cells into 3D Scaffolds by Chemoattractants Secreted by Pro-Inflammatory Macrophages in Situ[END_REF][START_REF] Holder | Control of Collagen Gel Mechanical Properties through Manipulation of Gelation Conditions near the Sol-Gel Transition[END_REF]. The structural properties of the hydrogels were analyzed using SHG (Fig. 4D). Collagen fibers were thinner and shorter and reached higher densities at 4.5 mg/ml than at 2 mg/ml. At both concentrations, length and diameter of the fibers increased together with stiffness at higher pH. Pore size was assessed over 100 µm stacks. Collagen concentration was the factor affecting the more distribution of pore size (Fig. 4E andF). In gels containing 4.5 mg/ml collagen, 50% of the total pore area was achieved by pores smaller than 1.5 µm, and the largest pores reached 3.4 µm in diameter. Low concentration (2 mg/ml) gels contained a wider range of pore size, with 12 to 28% of the total pore size made up by pores above 4 µm, and the largest pores reaching 9 µm. There was no overall direct correlation between stiffness and distribution of pore size under the fibrillogenesis conditions that we investigated.

Angiogenesis was then assessed by embedding endothelial cells in hydrogels right after neutralization, as fibrillogenesis was initiated. We thus verified that cell encapsulation did not alter fibrillogenesis (Fig S3). Capillary formation was inversely correlated with stiffness of the hydrogels (Fig. 4G). The higher amounts of endothelial cells engaged in capillaries was measured in the softer gels, independently of the concentration of collagen and size of the pores. Pore size was not limiting capillary formation, except for the stiffer (5 kPa) gel generated at higher concentration and lower pH. Surprisingly, among the 2 mg/ml gels, increasing pore size and stiffness by generating the gel at higher pH (20°C and pH 8.5) limited capillary formation. This result was quite unexpected considering the positive impact of both increased stiffness and enlarged pores on cell migration described in the literature [START_REF] Wolf | Physical Limits of Cell Migration: Control by ECM Space and Nuclear Deformation and Tuning by Proteolysis and Traction Force[END_REF]).

• LOXL2-mediated increased mechanical and structural properties impact vascularization of collagen hydrogels In order to improve collagen as a biomaterial for generating pre-vascularized tissue constructs, we used a biomimetic cross-linking approach. We recently described the purification of active recombinant human LOXL2 (Schmelzer et al. 2019). LOXL2 was added upon neutralization of collagen, when fibrillogenesis was initiated. We first verified that LOXL2 treatment resulted in collagen cross-linking by measuring the total amount of hydroxylysinonorleucine (HLNL) cross-links after acidic lysis of the gels (Fig. 5A). We then analyzed the consequence of LOXL2 treatment on the mechanical and structural properties of the collagen hydrogels. Gel points were assessed as the time where the storage modulus G' becomes larger than the loss modulus G", thus shifting from a viscoelastic substance to a viscoelastic solid. Gel point was modulated by collagen concentration and temperature but not by pH (Fig. S4). It was actually not possible to measure the gel point of hydrogels prepared at 37°C (Fig. S4A andB) because gelation was too fast [START_REF] Holder | Control of Collagen Gel Mechanical Properties through Manipulation of Gelation Conditions near the Sol-Gel Transition[END_REF], even though fibrillogenesis was limited at this temperature (Fig. 4D). We thus only treated with LOXL2 the gels prepared at 20°C. LOXL2 differently affected physical properties of the hydrogels depending on their initial fibrillogenesis level in the absence of enzyme, resulting in bulk aspect of collagen organization by SHG imaging quite similar compared to what was observed in the absence of LOXL2 (Fig. 5C). Stiffness, pore size and fiber length were all increased by LOXL2 in the three gels produced at either pH 6.5 or 7 and at both concentrations of collagen (Fig. 5B-E). Whereas the increase resulted in a limited availability of large pores above 4 µm (less than 10%) in the 4.5 mg/ml gels (Fig. 5E), the 2 mg/ml gels reached values of 20 and 28% of the total pore area corresponding to pores larger than 4 µm (Fig. 5D). No significant change was detected for stiffness measured by shear rheology and for the distribution of pore size in the gels produced at pH 8.5. In order to demonstrate the involvement of the lysyl oxidase activity, LOXL2 was pre-incubated with 500 µM ß-APN for 30 minutes prior to addition to neutralized collagen. ß-APN treatment inhibited LOXL2-mediated increase in stiffness and pore size, but did not affect the fiber length. These data suggested that LOXL2 could cross-link collagen I through both catalytic-dependent and -independent mechanisms. LOXL2 also increased the gel point of all gels, but this effect was not reversed by ß-APN either (Fig. S4), further suggesting that some non-catalytic interactions with collagen I could modulate collagen organization. We thus investigated direct interactions between LOXL2 and collagen I using surface plasmon resonance (SPR). In addition to full-length LOXL2, we purified a truncated form consisting in the 2 N-terminal SRCR domains alone (termed SRCR12) (Umana-Diaz et al. in revision) (Fig. S5), which corresponds to a naturally occurring form in many cell types (López-Jiménez, Basak, and Vanacore 2017;Okada et al. 2018;Schmelzer et al. 2019). Interactions with collagen I were measured using immobilized collagen I with analytes being either full-length LOXL2 or the SRCR12 truncated form. We determined two dissociation constants for LOXL2 (681 and 5.7 nM) and one for SRCR12 (20.4 nM) (table 1), indicating that the two N-terminal domains of LOXL2 could bind collagen I with a similar affinity whereas they were in the full-length protein or after their proteolytic removal. This hypothesis was further supported by our recent structural data showing the string of pearl organization of LOXL2 with no interactions between the N-terminal SRCR domains and the C-terminal domain of LOXL2 (Schmelzer et al. 2019). These data supported the non-enzymatic cross-linking of collagen I through interactions with the SRCR and the catalytic domain of LOXL2, resulting in increased fiber length with no impact on hydrogel stiffness nor on pore size.

We then assessed capillary formation in the collagen gels cross-linked by LOXL2 (Fig. 6). LOXL2 had no impact in the less reticulated hydrogel prepared with 2mg/ml collagen I at pH6.5, even though mechanical properties of this hydrogel displayed the largest increase. LOXL2 did not improve capillary formation in the stiffer high-density gel either. In the three other gels, LOXL2 improved capillary formation with no correlation with the increase of mechanical and structural properties. We thus pushed further the characterization of the 2 mg/ml collagen gels generated either at pH 6.5, which have highest changes in mechanical properties with no impact on capillary formation, or at pH 8.5, which have no modification of pore size and smallest effect on stiffness, but yet highest impact on angiogenesis.

We used atomic force microscopy (AFM) to collect force-distance curves by probing the surface of thick collagen hydrogels. Topographical analysis confirmed the SHG data demonstrating low pore size increased by LOXL2 in gels generated at pH 6.5, and large pores with no impact of LOXL2 at pH 8.5 (Fig. 7A andB). Elastic modulus (E) was then calculated in hydrogels generated at pH 6.5 using colloidal probes of 6 µm diameter. These analyses confirmed the increase in gel stiffness measured by shear rheology (Fig. 7C). It was however not possible to fit the force-distance curves with the Hertz model when we probed the hydrogels generated at pH 8.5, due to the large size of the pores compared to the size of the probe, and to the lower density of longer fibers (fig. 7B). Considering the topography of these hydrogels, we thus turned to a more specific approach to measure stiffness of bundles of collagen fibers using AFM Quantitative Imaging (QI) mode used conical shape probes, which allows to record complete force-distance curves at each pixel and extraction of elasticity. We found that LOXL2 increased the stiffness of collagen fibers in hydrogels generated at pH 8.5 (Fig. 7 D-E andG). We measured a very heterogeneous distribution of the stiffness, with some bundles reaching values of above one kPa, almost 10-fold higher than in the control gels. Treatment with ß-APN abolished this effect (Fig. 7F andG). Such a strong local stiffening of collagen at the cell-scale could be responsible for the important improvement of capillary formation mediated by LOXL2 treatment. Indeed, endothelial cells could not stack up the collagen fibers cross-linked by LOXL2 at their surface 24 hours after seeding as they do in control gels (Fig. 7H). This was not due to their confinement as cells spread in 3D to a similar extent (movie 3).

DISCUSSION

In this study, we used a biomimetic approach based on the physiological cross-linking of collagen by the lysyl-oxidase LOXL2 to produce hydrogels with improved characteristics for generation of microvascularized tissue constructs. Whereas many studies have focused on the impact of modulation of the 3D microenvironment, they are often limited to the investigation of cell spreading and migration. Our work further assessed vascular morphogenesis, which includes deeper matrix remodeling and generation of vascular basement membrane. Whereas the current paradigm consists in associating increased stiffness with migration and vascularization, there is an overall contradiction between studies that show either the positive impact of mechanical constraints (Raghavan et al. 2010;[START_REF] Meer | Three-Dimensional Co-Cultures of Human Endothelial Cells and Embryonic Stem Cell-Derived Pericytes inside a Microfluidic Device[END_REF], or inhibition by increasing stiffness [START_REF] Crosby | Quantifying the Vasculogenic Potential of Induced Pluripotent Stem Cell-Derived Endothelial Progenitors in Collagen Hydrogels[END_REF][START_REF] Stevenson | A Self-Assembling Peptide Matrix Used to Control Stiffness and Binding Site Density Supports the Formation of Microvascular Networks in Three Dimensions[END_REF][START_REF] Francis-Sedlak | Collagen Glycation Alters Neovascularization in Vitro and in Vivo[END_REF].

Capillary formation in collagen gels is associated with major remodeling of the ECM consisting in reorganization and degradation of the fibrillar collagen, and de novo generation of vascular basement membrane. Whereas the first processes are common with most cell types, including mesenchymal or tumor cells, the latter is specific to epithelial and endothelial cells and participates to micro-vascular morphogenesis (Pöschl et al. 2004;Bignon et al. 2011;X. Zhou et al. 2008). We observed strong fibrillar collagen stacking at the cell surface and radial bundles of fibers extending in the hydrogel. At the same time point, cells displayed protrusions in the gel, associated with strong cortical actin staining, suggesting that cell-matrix interactions were responsible for such collagen organization. Similar collagen reorganization had already been described in endothelial cells (P.-F. [START_REF] Lee | Nonlinear Optical Microscopy Reveals Invading Endothelial Cells Anisotropically Alter Three-Dimensional Collagen Matrices[END_REF][START_REF] Mcleod | Microscopic Matrix Remodeling Precedes Endothelial Morphological Changes During Capillary Morphogenesis[END_REF] as well as in fibroblasts [START_REF] Pena | Multiphoton Microscopy of Engineered Dermal Substitutes: Assessment of 3-D Collagen Matrix Remodeling Induced by Fibroblast Contraction[END_REF]. Cells could nevertheless exert traction forces beyond this collagen shell-like organization, as indicated by the radial bundles of collagen fibers, and as measured by 3D traction force microscopy (Jorge-Peñas et al. 2017). Such bundles of collagen were actually used by endothelial cells for migration and establishment of cell-cell interactions required for capillary morphogenesis [START_REF] Mcleod | Microscopic Matrix Remodeling Precedes Endothelial Morphological Changes During Capillary Morphogenesis[END_REF]. Forty-eight hours later, endothelial cells had established cell-cell junctions and organized in lumenized capillaries. Most of the fibrillar collagen packed at the cell surface was simultaneously lost, except at the level of branching points (P.-F. [START_REF] Lee | Nonlinear Optical Microscopy Reveals Invading Endothelial Cells Anisotropically Alter Three-Dimensional Collagen Matrices[END_REF]. Loss of this collagen I shell corresponded to the proteolytic activity of matrix metalloproteases ( [START_REF] Hinsbergh | Endothelial Sprouting and Angiogenesis: Matrix Metalloproteinases in the Lead[END_REF], as demonstrated by inhibition with an MMP inhibitor and by colocalization with cleaved collagen I. Similar observations were done by Lee and collaborators, who also showed that delaying addition of MMP inhibitor resulted in inhibition of the expansion of lumen diameter (P.-F. [START_REF] Lee | Nonlinear Optical Microscopy Reveals Invading Endothelial Cells Anisotropically Alter Three-Dimensional Collagen Matrices[END_REF]. Quite remarkably, detection of cleaved collagen did not extend further from the cell surface, suggesting a major role for MT1-MMP rather than soluble MMP2 or MMP9 ( [START_REF] Hinsbergh | Endothelial Sprouting and Angiogenesis: Matrix Metalloproteinases in the Lead[END_REF]. In parallel with lumen formation, we observed -1) cortical actin redistribution to cell-cell junctions and stress fibers, -2) loss of the radial bundles of collagen fibers and -3) deposition of collagen IV at the interface between cell surface and fibrillar collagen. These observations indicated a clear shift of endothelial cell interactions with the ECM, and thus a major role for basement membrane generation, as already demonstrated (X. Zhou et al. 2008;Bignon et al. 2011). The inhibition of ECM degradation was very instructive as it revealed that neither collagen I stacking nor basement membrane deposition were altered, but that there was disorganization of the ECM at the cell surface, with co-localization of packed fibrillar collagen and collagen IV. Altogether, these experiments allowed deciphering the steps of ECM remodeling during capillary formation in collagen hydrogels. They suggested a central role for stacking of collagen I at the cell surface in the early steps of capillary formation, for allowing both cell migration and organization of the basement membrane-interstitial ECM interface. These data also suggested the possibility to modulate capillary formation through the tuning of collagen fibrillogenesis.

Capillary formation is regulated by mechanical cues at several levels, starting with regulation of endothelial gene expression by stiffness [START_REF] Mammoto | A Mechanosensitive Transcriptional Mechanism That Controls Angiogenesis[END_REF][START_REF] Santos | Extracellular Stiffness Modulates the Expression of Functional Proteins and Growth Factors in Endothelial Cells[END_REF], but modulation of 3D environments in order to analyze single factors like porosity or stiffness is difficult to set up. Indeed, increasing stiffness does not always improve capillary morphogenesis, and translating conclusions from one material to another is complex. In this regard, fibrin has also been used for modulation of angiogenesis, but its fibrillar component is too different from collagen's to compare these studies [START_REF] Lesman | Mechanical Regulation of Vascular Network Formation in Engineered Matrices[END_REF]. Using hydrogels made by combinations of synthetic peptides, inversely proportional extent of microvascularization and stiffness was demonstrated [START_REF] Stevenson | A Self-Assembling Peptide Matrix Used to Control Stiffness and Binding Site Density Supports the Formation of Microvascular Networks in Three Dimensions[END_REF]. Contradictory results have also been generated using similar approaches to increase physical properties of collagen [START_REF] Francis-Sedlak | Characterization of Type I Collagen Gels Modified by Glycation[END_REF]2010;[START_REF] Mason | Tuning Three-Dimensional Collagen Matrix Stiffness Independently of Collagen Concentration Modulates Endothelial Cell Behavior[END_REF]. These studies all dealt with relatively soft hydrogels under 500 Pa. Our three softer gel formulations ranging from 56 to 221 Pa showed no impact on vascularization. It is only once 500 Pa is reached that 10% inhibition is detected, and stiffer gels induced more inhibition of micro-vascularization. Soft hydrogels under 500 Pa are however not appropriate for manipulation of micro-vascularized tissue constructs which requires at least 1 kPa bulk stiffness to prevent collapsing upon handling. Whereas this can be achieved by increasing concentration, the matrix density results in cell confinement too high to allow cell spreading and migration [START_REF] Stevenson | A Self-Assembling Peptide Matrix Used to Control Stiffness and Binding Site Density Supports the Formation of Microvascular Networks in Three Dimensions[END_REF][START_REF] Mcleod | Microscopic Matrix Remodeling Precedes Endothelial Morphological Changes During Capillary Morphogenesis[END_REF][START_REF] Crosby | Quantifying the Vasculogenic Potential of Induced Pluripotent Stem Cell-Derived Endothelial Progenitors in Collagen Hydrogels[END_REF]. We also observed cell rounding and inhibition of morphogenesis in our hydrogels at 4.5 mg/mL and high pH.

Cross-linking collagen hydrogels is not always an appropriate solution to reach high enough stiffness, as described above using glucose [START_REF] Francis-Sedlak | Characterization of Type I Collagen Gels Modified by Glycation[END_REF]2010;[START_REF] Mason | Tuning Three-Dimensional Collagen Matrix Stiffness Independently of Collagen Concentration Modulates Endothelial Cell Behavior[END_REF]. Stronger crosslinking agents like genipin are potent factors in cardiovascular engineering for controlling release of molecules [START_REF] Gaudio | Induction of Angiogenesis Using VEGF Releasing Genipin-Crosslinked Electrospun Gelatin Mats[END_REF] or evolution of vascular grafts [START_REF] Madhavan | Evaluation of Composition and Crosslinking Effects on Collagen-Based Composite Constructs[END_REF]. Genipin is also used for preventing cell infiltration as a way to control degradation and matrix replacement in vivo [START_REF] Liang | Crosslinking Structures of Gelatin Hydrogels Crosslinked with Genipin or a Water-Soluble Carbodiimide[END_REF]). Such approaches are however not adapted to rapid in vitro vascularization. Common chemical cross-linkers are also impossible to use with cells, unless they target specific modifications of the polymers used to generate the hydrogels, which is not the case using native collagen. We thus turned to a biomimetic approach for cross-linking, using LOXL2, a physiologically relevant collagen crosslinking enzyme. Whereas the lack of availability of purified LOX has hindered its use in biomaterial science, LOXL2 turns out to be more readily available and we have already demonstrated that crosslinking tropoelastin with recombinant human LOXL2 resulted in the generation of a material with similar elastic properties as elastin (Schmelzer et al. 2019). One recent study has also demonstrated the improvement of tensile properties of collagen after addition of exogenous LOXL2, resulting in two-fold increase in cartilage generated in vitro, and further three-fold increase after implantation [START_REF] Makris | Developing Functional Musculoskeletal Tissues through Hypoxia and Lysyl Oxidase-Induced Collagen Cross-Linking[END_REF]). In the present work, LOXL2 increased hydroxylysinonorleucine (HLNL) within 24 hours and strongly impacted collagen hydrogels, but to different extents depending on the fibrillogenesis conditions. In gels with limited fibrillogenesis, LOXL2 increased both gel structure and stiffness. In gels with higher fibrillogenesis, LOXL2 had limited impact on gel structure and bulk stiffness. In a similar manner, LOXL2 had no impact on the compressive moduli of engineered bone constructs, while increasing pyridinoline (PYR) cross-links [START_REF] Mitra | Exogenous Lysyl Oxidase-Like 2 and Perfusion Culture Induce Collagen Crosslink Formation in Osteogenic Grafts[END_REF].

In terms of functional impact, we observed the largest increase in capillary formation upon LOXL2mediated cross-linking of the hydrogel that was the less modified in terms of pore size and stiffness. We thus investigated collagen mechanical properties at the cell-scale using AFM. Whereas the topographical observations confirmed the SHG results, measuring elastic moduli of bundles of fibers revealed a very high and heterogeneous increase, as some of the bundles reached values 10 times higher than the average measurement performed in the control gels not treated with LOXL2. Quite remarkably, these modifications of mechanical properties translated into inhibition of the compaction of collagen at the cell surface 24 hours after cell embedding. These observations corresponded to the higher elasticity of bundles of fibers that we measured resulting in higher strain stiffening at the cell scale. Modulation of matrix properties at the local cell-scale has been highlighted recently (Doyle et al. 2015;Sapudom et al. 2019;[START_REF] Zhan | LOXL2 Upregulates Phosphorylation of Ezrin to Promote Cytoskeletal Reorganization and Tumor Cell Invasion[END_REF]. These studies pointed to the role of fiber elasticity in promotion of cell migration. In a similar manner, LOXL2-mediated cross-linking of collagen under conditions of high fibrillogenesis improved transmission of cell forces as a result of storage of elastic energy (W. Y. [START_REF] Wang | Actomyosin contractility-dependent matrix stretch and recoil induces rapid cell migration[END_REF]. Furthermore, such collagen fiber elasticity could also participate in increased efficiency of lumen formation by limiting collagen stacking at the cell surface during the first hours of cell spreading in the 3D microenvironment.

Altogether, our data demonstrate that microvascularization in collagen hydrogels is associated to complex matrix remodeling consisting in stacking of fibrillar collagen followed by its degradation at the cell-surface in order to allow for generation of basement membrane. Furthermore, we showed that, rather than bulk physical properties of matrices, it is the microarchitecture of collagen gels that limits micro-vascularization. Whether cell confinement plays an important role, elasticity of bundles of fibers at the cell-scale trumps the bulk stiffness by regulating both cell migration and microarchitecture remodeling for lumen formation. The LOXL2-based biomimetic cross-linking that we described here might thus provide a powerful tool for production of micro-vascularized collagen hydrogels that better support both remodeling by endothelial cells and handling for transplantation.

MATERIALS AND METHODS

• Cell culture Normal human dermal fibroblasts were purchased from Promocell (Heidelberg, Germany) and cultured in the dedicated medium (FGM-2). Conditioned media were prepared using complete endothelial cells medium (ECGM-2, Promocell). Human umbilical vein endothelial cells (HUVEC) were isolated and cultured as previously described [START_REF] Chomel | Interaction of the Coiled-Coil Domain with Glycosaminoglycans Protects Angiopoietin-like 4 from Proteolysis and Regulates Its Antiangiogenic Activity[END_REF]. Experiments were performed up to passage 5.

• Collagen hydrogels

Collagen was acid-extracted from rat tails and stored at 4°C in 500 mM acetic acid for long term storage. Batches were dialysed with Spectra-Por with 20 mM acetic acid. Hydrogels were prepared by diluting collagen to 2 or 4.5 mg/ml in 20mM acetic acid. Concentrated (10X) M199 culture medium (Thermo Fisher Scientific, MA, USA) was added and pH was raised to the indicated values by addition of NaHCO3 on ice. Gelation was performed at 20 or 37°C during 60 min. In some experiments, LOXL2 (325 U/ml) was added to the collagen solution right after neutralization of the pH at the initiation of gelation at 20°C. LOXL2 inhibition was performed by pre-incubation of LOXl2 with 500 µM ß-APN (SIGMA-Aldrich) for 30 minutes at room temperature before addition to the neutralized collagen solution.

• Capillary formation assay Capillary formation was performed by encapsulating 1 to 1.5 10 6 HUVEC/ml in collagen right after pH neutralization at the initiation of fibrillogenesis. After 60 min of polymerization at the indicated temperature, fibroblast-conditioned medium containing 5 ng/ml VEGF (R&D Systems, Minneapolis, MN, USA) was added and the hydrogels were further incubated at 37°C in 5% C02. Culture medium was changed every 24h for up to 5 days. Marimastat was also replaced every day, together with the conditioned medium. Each hydrogel formulation was analyzed in triplicate wells in at least two independent experiments (n≥6).

• Immunofluorescence, microscopy and image analysis For immunofluorescence experiments, hydrogels were fixed with 4% paraformaldehyde for 30 min. They were then washed 3 times with PBS and permeabilised for 30 min in PBS containing 1% triton-X-100 (Thermo Fisher Scientific). Immunostaining and fluorescent labeling of cytoskeleton and nuclei were performed in PBS-Triton-X-100 0.2%. β-catenin was detected with antibody #4627 coupled to AlexaFluor 647 from Cell Signalling Technologies (Danvers, MA, USA); VE-cadherin with antibody #53-1449 coupled to AlexaFluor 488 from Affymetrix (Santa Clara, CA, USA); CD31 with antibody #MO823 from Agilent Technologies (Santa Clara, CA, USA); collagen IV with antibody #MAB1910 from Thermo Fisher Scientific; cleaved collagen I with antibody #0217-050 from Immunoglobe (Himmelstadt, Germany). Secondary antibodies coupled to AlexaFuor dyes were purchased from Thermo Fisher Scientific.

For imaging of endothelial cell organization and collagen remodeling, images were acquired with a Leica SP5-MP confocal microscope equipped with a Leica HCX PL APO X25 objective lens, (water immersion, 0.95 NA) (Leica, Wetzlar, Germany). Multiphoton excitation was performed using a Maitai SP laser (Newport Corporation, Irvine, CA, USA). Second harmonic generation (SHG) signal was collected by external non-descanned detector at 440 nm, using laser excitation at 880 nm.

For analysis of pore size, z-stacks were acquired 100 µm beyond the surface of the hydrogels and over 100 µm depth with a 4 µm step. Three independently cast hydrogels were analyzed. Three fields of view were acquired per sample. Pore size was quantified using a macro developed in ImageJ function 'Local Thickness (Hildebrand and Rüegsegger, 1997) and Matlab (Mathworks, Natick, MA, USA). Average of 25 planes per sample was calculated, and the cumulative pore area per fiel was plotted.

For quantification of capillary formation, hydrogels were stained with DAPI and phalloidin coupled to either AlexaFluor 488 or AlexaFluor 555 (Thermo Fisher Scientific). For the Marimastat experiments, images were acquired with a Zeiss Observer equipped with Apotome 2 (Zeiss, Heidelberg, Germany).

Capillary network were segmented with Imaris 8.2 (Bitplane, Belfast, UK) and quantified with a software developed in-house using Matlab as previously described (Atlas, Gorin et al. submitted) and based opensource plugging [START_REF] Arganda-Carreras | 3D Reconstruction of Histological Sections: Application to Mammary Gland Tissue[END_REF][START_REF] Kerschnitzki | Architecture of the Osteocyte Network Correlates with Bone Material Quality[END_REF].

For analysis of the impact of fibrillogenesis on capillary formation, images were acquired with a confocal spinning-disk microscope equipped with a 10X objective lens (0.3 NA) (Roper Technologies, Lakewood Ranch, FL, USA and Nikon Instruments, Amsterdam, Netherlands). Z-stacks were acquired 100 µm beyond the surface of the hydrogel over a depth of 300 µm using a step size of 5 µm. Four independent fields per well were imaged. Quantification of capillary formation was performed with Fiji using macros designed in our group. Briefly, 3D coordinates of nuclei centroids were extracted from DAPI staining and assigned in 3D masks of capillaries that were generated from the phalloidin staining. Number of nuclei per capillary was then calculated, considering structures containing 6 or more nuclei as capillaries, based on observation of lumenized structures.

• Shear rheology Rheological experiments were performed on MCR302 with Rheocompass V1.12 (Anton Paar, Graz, Austria). Temperature was controlled with a peltier system equipped with an insert for disposable cups and deformation was applied with a cone of Θ = 2°C with a diameter of 25mm. Collagen hydrogels were prepared as described above and cast on the rheometer. Polymerization was followed for 60 min with a deformation γ = 0.1% applied at a 1 Hz frequency at the indicated temperature. Each experimental condition was performed independently at least three times.

• LOXL2 purification and activity measurement Recombinant human LOXL2 was purified from the secretion medium of CHO cells and activity was assessed as previously described using cadaverin (Sigma-Aldrich, Saint Louis, MO, USA) as a substrate (Palamakumbura et al, 2002;Schmelzer et al, 2019). The capacity of LOXL2 to oxidize lysines after fibrillogenesis was also measured. Gels were cast in 96 well plates. After 60 minutes of polymerization, gels were washed with 50 mM borate buffer pH 8 before addition of 325 U/ml LOXL2 and 2.75 µg/ml Amplex UltraRed and 1 U/ml horse radish peroxidase (Thermo Fisher Scientific). Reactions were followed with a spectrometer ENVISION (Perkin Elmer, Waltham, MA, USA) during 60min at 37°C using λex = 535nm and λem = 610nm. The amount of H202 produced by LOXL2 activity was determined with a standard of peroxide (100 to 4000 mM) generated in the same conditions without LOXL2.

• SPR binding assays SPR binding assays were carried out in a Biacore T100 system (GE Healthcare, Protein Science Facility, UMS 3444, Lyon, France) using human placenta collagen IV and human plasma fibronectin (C7521 and F2006, Sigma). They were covalently immobilized on a dextran-covered CM5 sensor chip using the amine coupling kit (GE Healthcare) according to the manufacturer's instructions at a flow rate of 5 µL/min with 10 mM Hepes, 150 mM NaCl, P20 0.05% pH 7.4 as runining buffer. The carboxyl groups of CM5 sensor chips were activated by injecting N-hydroxysuccinimide/1-ethyl-3-(3dimethylaminopropyl)carbodiimide for 420 s. Collagen I was injected for 420 s at 100µg/mL over the activated sensor chip. The residual activated groups were blocked by injecting 1M ethanolamine pH 8.5 for 420 s. Two injections of running buffer of 60 s each were then performed.

Several concentrations of full-length LOXL2 (8, 16, 32, 64 and 128 nM) and SRCR12 domains (62.5, 125, 250, 500 nM and 1 µM) were injected at 30μl/min for 180s over immobilized collagen I and over a control flow cell submitted to the coupling steps without ligand to evaluate non-specific binding, which was subtracted from raw data. The association (ka) and dissociation rate (kd) constants and the equilibrium dissociation constant (KD) were calculated using the Biaevaluation software (version 2.0.3).

• Quantification of cross-links Hydrogels were hydrolyzed in 6 N HCl at 110 °C for 24 h. Purification and enrichment of the crosslinks were performed by solid-phase extraction, then measured by HPLC.

• AFM nanoindentation experiments Global elastic modulus (E) of collagen hydrogels was determined by colloidal probe force spectroscopy using a scanning force microscope (NanoWizard 4, JPK Instruments, Berlin, Germany) mounted on an AxioObserver microscope (Zeiss) placed on a vibration isolation table. Briefly, a gold coated cantilever (0.01 N/m) with a 6.44 μm bead probe (NanoAndMore, Paris, France) was used. Exact spring constant was determined upon calibration in PBS by the thermal noise method [START_REF] Hutter | Calibration of Atomic-force Microscope Tips[END_REF] prior to each experiment. Each AFM measurement consists in the acquisition of 255 force-distance curves extracted as 16 x 16 matrices with indentation points spaced 6 µm apart. Measurements were conducted at 3 different positions in 2 independent gel preparations. Approach and retraction speeds were kept constant at 5 µm/s, ramping the cantilever by 7 µm with a 1.2 nN threshold in a closed z loop that keeps the maximal force applied to the hydrogel constant. As colloidal probe indentation did not produce valid force-distance curves for stiffer collagen hydrogels generated at pH 8.5 (data not shown), we performed an analysis of fiber stiffness using a conical shape probe with typical tip radius of curvature < 30nm mounted on a gold coated cantilever (0.03-0.09 N/m). Quantitative imaging (QI) (JPK, Berlin, Germany) was conducted to acquire a complete force-distance curve at each pixel. Scanning speed was kept constant to 200 µm/s, ramping the cantilever by 10 µm with a 1 nN threshold, to prevent damage to the samples. At least 3 different fields of 30 x 4 µm (while collecting 100 x 27 pixels) were imaged on each hydrogel, in 2 independent gel preparations.

For AFM imaging experiments, collagen hydrogels were fixed with 2% PFA 2,5% glutaraldehyde in PBS and subsequently washed and conserved in PBS-azide at 4°C. AFM topography images were recorded using a NanoWizard 4, JPK under the same conditions as for fiber stiffness measurement. Typically, an AFM image of 20 x 10 μm corresponding to 200 x 100 pixels was acquired at an appropriate scan rate between 200 and 300 kHz and the setpoint was kept as low as possible to prevent damage to the sample. AFM image processing and analysis were performed using JPK and ImageJ. Second order flattening is applied to AFM topography images to remove tilt and bow. Median filter and Gaussian convolution were also applied.

• Automated fitting of force-indentation curves and data processing As a measure of matrix elasticity, we used the Young's modulus of the 3D collagen matrices. AFM force-distance curves were both transformed to force-indentation curves and fitted using the JPK data processing software. Curves were fitted from the end downward using the contact-point independent linear Hertz-Sneddon model [START_REF] Carl | Elasticity Measurement of Living Cells with an Atomic Force Microscope: Data Acquisition and Processing[END_REF] depending on the indenter geometry, i.e. for beadshaped measurements, we extracted E from [1]: 𝐹 #/% = ( % ) *+, -√𝑅 𝛿

[1] where F is the force, R is the bead radius, E is the Young's modulus, 𝛿 is the indentation depth, 𝜈 is the Poisson ratio, which was set to 0.5. The Hertz model assumes infinite sample thickness, which was approximated by using small indentation (typical indentation depth 1-4 µm) on at least 1 mm thick hydrogels, assuming that the underlying plastic dish did not interfere with the measurements. We also passed over the fact that the Poisson ratio (reflecting the behavior of the material under compression) was set to 0.5 (for soft incompressible biological samples) and may be asymmetric and nonlinear for collagen [START_REF] Steinwachs | Three-Dimensional Force Microscopy of Cells in Biopolymer Networks[END_REF]. Automated curve fitting was applied using fitting range of 100% of curve for a batch of force-distance curves for each condition.

• Fiber stiffness measurements We used automated curve fitting on QI images to generate height maps as well as stiffness maps. We collected individual regions of interest on height maps corresponding to collagen fibers and selected the corresponding ROI on the stiffness map. We then extracted the mean stiffness of fibers a posteriori. We quantified individual stiffness of about 6 groups of fibers in at least 3 different fields in 2 independent experiments. Exemplary force-distance curve and corresponding fits of the Hertz model are shown figure S2. 

Figure 1 .

 1 Figure 1. Structure of different types of vessels: capillaries (b), arterioles and venules (c), arteries and veins (d) and associated ECM, adapted from Jain, 2003. EC= endothelial cells, PCs = pericytes, BM= basement membrane, IEL= internal elastic lamina, SMCs=smooth muscle cells, EEL= external elastic lamina, FB= fibroblasts.

Figure 3 .

 3 Figure 3. Vascular morphogenesis, schematic representation. Upon activation with VEGF (A), endothelial cells acquire transient tip and stalk cell phenotypes (B) through Notch signaling to from a sprout. They elongate through collective migration and proliferation (C). They fuse by anastomosis to

Figure 4 .

 4 Figure 4. Guidance cues of vessel sprouting. Notch/Dll4 signaling in tip/stlak cells; Dll4 is highly expressed in tip cells, and its receptor Notch is expressed by stalk cells, leading to downregulation of R2 and upregulation of R1.

Figure 5 .

 5 Figure 5. Mechanisms of lumen formation during sprouting angiogenesis by cord hollowing and cell hollowing. t: tip cell; s: stalk cell. A: Cord hollowing process. Endothelial cells grow in a paired configuration maintaining an apical surface in between. Cellular rearrangements will then lead to a continuous apical surface and open up the luminal space. B: Cell hollowing process.

Figure 6 .

 6 Figure 6. Overview of different endothelial cell junctions. TJ= tight junctions, AJ= adherens junctions, EC= endothelial cells.

Figure 7 .

 7 Figure 7. Overview of actin structures involved in endothelial cell-cell adhesion. From Oldenburg and de Rooij, 2014. Adherens junctions are labeled by VE-cadherin antibody in HUVECs. FA are labeled by FAK staining. The actin cytoskeleton is labeled by F-actin staining. Radial stress fibers are located centrally in the cell and connect to focal adhesions on either side. Cortical actin network is hardly visible, very thin.

Figure 8 .

 8 Figure 8. Pericytes and vascular basement membrane. A: Pericyte and endothelial cell of a venule,

Figure 9 .

 9 Figure 9. In vitro 3D angiogenesis model and perivascular recruitment. A: i) Endothelial cells expressing GFP (green) were co-seeded with SHED stem cells expressing LifeAct-Ruby (red) in a collagen hydrogel and cultured for 4 days for capillary formation and perivascular recruitment of stem cells at the capillary surface ii) and iii) SHED were color-coded in red when isolated, and in purple when recruited at the surface of the endothelial network. B: 3D reconstruction demonstrated lumen formation and C: time-lapse imaging every 20 minutes and cells were color-coded: endothelial cells (green), perivascular SHED (purple) and SHED being recruited and migrating along the capillary (white). Adapted from Atlas*, Gorin* et al, in preparation.

Figure 10 .

 10 Figure 10. Main features of capillaries in an in vitro 3D model: lumen formation and basement membrane generation. A: scanning electron microscopy of a capillary embedded in fibrin. B: immunofluorescence and confocal imaging of collagen IV. Courtesy from Laurent Muller

Figure 11 .

 11 Figure 11. Ultrastructure of different vascular basement membranes. Scanning electron micrographs of endothelial cells and basement membrane in the inferior vena cava and aorta. From Liliensiek et al., 2009

Figure 12 .

 12 Figure 12. Polarized basement membrane in the capillary wall. From Marchand et al., 2019

Figure

  Figure 13. Organization of laminins. The C-terminal long arms are oriented towards the cell surface whereas the Nterminal short arms are oriented towards the vascular BM. The main interacting proteins are agrin, nidogen and perlecan. From Marchand et al., 2019.

Figure

  Figure 14. Organization of collagen IV the vascular basement membrane. The NC1 domains crosslinked by the peroxidasin enzyme are oriented towards the laminin network. The 7S domains crosslinked after deamination of lysine residues by LOXL2 are oriented towards the interstitial ECM. 7S and NC1 crosslinks are indicated in red.

Figure 15 .

 15 Figure 15. Representation of the linear structure of fibronectin molecule. It shows the different types of repeats, EDA/EDB domains, and the binding sites for cells and other molecules including ECM components, heparin and VEGF. From Efthymiou et al., 2020.

Figure

  Figure 16. Structure of the lysyl oxidase family members. From Moon et al., 2014.

Figure 17 .

 17 Figure 17. Proposed mechanism for FAK activation by secreted LOXL2. LOXL2 induces ECM stiffening to activate oncogenic signaling pathways including FAK/Src. From Moon et al., 2014.

Figure 18 .

 18 Figure 18. Epithelial-to-mesenchymal transition process. EMT is a process in which epithelial cells are transformed into mesenchymal cells. Cells downregulate adherens junctions and cell polarity proteins and upregulate proteins involved in migration and invasion. From Moon et al., 2014.

Figure 19 .

 19 Figure 19. Proposed model for intracellular LOXL2 role in EMT. Intracellular LOXL2 regulates Snail1 or histone H3 to repress Ecadherin expression, leading to EMT. From Moon et al., 2014.

Figure 20 .

 20 Figure 20. Schematic representation of GATA-ASregulated LOXL2 function. In the nucleus, LOXL2 catalyzes the oxidative deamination of lysine 4 on histone 3 (Herranz et al., 2016), a process which is negatively regulated by GATA6-AS. (From Neumann et al., 2018).

  e. the act of transmitting a force from outside to the inside or the other way round[START_REF] Jansen | Mechanotransduction at the cell-matrix interface[END_REF] (and see figure21). Integrin-based adhesion structures are the main molecular link between cells and the ECM and act as bidirectional hubs transmitting signals between cells and their environment. These proteins sense mechanical signals coming from the ECM by modulating their activation state and rate of turnover. Integrin binding to the ECM results in the recruitment of intracellular adaptors such as talin and paxillin, as well as other signaling proteins such as FAK that are able to modify their level of tyrosine phosphorylation to trigger activation of distinct downstream signaling pathways. These complexes are also platforms that associate with the acto-myosin cytoskeleton and drive its remodeling, stimulating contractility and regulating cell shape (see figure21).

  Figure 21. Model of mechanotransduction. This panel distinguishes the mechanosensing structural module from the mechanosignaling one. It also describes the mechanotransmission process through generation of tension forces. From Stutchbury et al., 2017.

  of integrin-RGD bonds have been extensively studied, there are unfortunately no report depicting force-dependent lifetimes of bonds between integrins and non-RGD ECM ligands such as collagens or laminins. Integrin binding to ECM ligands and their subsequent clustering provide bidirectional signaling by mechanisms known as 'outside-in signaling' and 'inside-out signaling' which are associated to receptor conformational changes. Integrin clustering at the cell surface indeed triggers accumulation of several adaptors and hubs of signaling proteins[START_REF] Horton | Definition of a consensus integrin adhesome and its dynamics during adhesion complex assembly and disassembly[END_REF], regulating signaling pathways, such as activation of FAK, Src, Akt, and Erk pathways, and also downstream regulation of small GTPases of the Rho family. These signaling molecules are essential for regulation of cytoskeletal dynamics, as they provide platforms for organization of acto-myosin, including actin polymerization and myosin activation, and subsequent tension generation.Talin, paxillin, vinculinFocal adhesions are composed of a complex network of adaptors proteins organized into functional modules and each are responsible for regulating distinct aspects of mechanotransduction. The main signal transduction adaptor proteins include talin, paxillin and vinculin. Whereas talin and vinculin are part of the structural module proteins in focal adhesions, paxillin is involved in the signaling module[START_REF] Stutchbury | Distinct focal adhesion protein modules control different aspects of mechanotransduction[END_REF] (and see figure 21). Talin has a unique role in formation and maintenance of focal adhesions. It forms the core of integrin adhesion complexes by directly linking integrins to actin, increasing the affinity of integrin for ligands and engaging several proteins. Talin serves as a platform to recruit other focal adhesion structural proteins such as vinculin via multiple binding sites present along the molecule (see figure 22).

Figure 22 .

 22 Figure22. Talin structure. The protein is composed of a head which interacts with FAK and integrins, whereas the talin rod has binding sites for vinculin and actin. Adapted from[START_REF] Hu | Cooperative Vinculin Binding to Talin Mapped by Time-Resolved Super Resolution Microscopy[END_REF] 

  various regulatory and structural proteins that together govern dynamic changes in cell adhesion (figure23). The C-terminal half of paxillin contains four LIM (Lin11, Isl-1, Mec-3) domains, which are double-zinc-finger motifs mediating protein-protein interactions and that function as an anchor to the plasma membrane. The N-terminus part of paxillin contains repetitive leucine-rich domains and a proline-rich sequence that binds SH3-containing proteins such as tyrosine kinases and controls this way most of the signaling activity of paxillin. Integrin binding to the ECM promotes paxillin phosphorylation at Y118 by Src and FAK, as well as Y31 by FAK, which allows paxillin interaction with downstream effectors such as p130cas, and transduction of external signals mediated by mitogen-activated protein kinases (MAPKs).Tyrosine phosphorylation of paxillin has been shown to regulate both assembly and turnover of adhesion sites(Zaidel-Bar et al., 2007).

Figure 23 .

 23 Figure 23. Paxillin structural and functional organization. The N-terminus contains a proline-rich region that anchors SH3-containing proteins and five leucine-rich LD domains, which include docking sequences for the recruitment of signaling and structural molecules such as FAK, vinculin, and Crk. The C-terminus contains four cystein-histidine-enriched LIM domains, involved in the anchoring of paxillin to

(

  see figure 24). Vinculin exists in two conformations: an open active form and a closed autoinhibited state in which the tail domain interacts with the head. Different studies suggest that activation of vinculin towards the open conformation could be regulated by interaction with talin, phosphorylation of vinculin, or increase of tension on adhesion sites (reviewed in Bays and DeMali, 2017).

Figure 24 .

 24 Figure 24. Vinculin structure and binding partners. Also represented a schematic of vinculin in closed, inactive and open, active conformations. Adapted from Bays and DeMali, 2017.

Figure 25 .

 25 Figure 25. Adhesion dynamics at a glance; from Joo and Yamada, Stem Cell Biology and Tissue Engineering in Dental Sciences, 2015. Adhesions are classified in focal complexes (a), focal adhesions (b) and fibrillar adhesions (c).

Figure 26 .

 26 Figure 26. TIRF micrographs of a Chinese hamster ovary (CHO) cell expressing paxillin-mEGFP on glass coated with fibronectin. Closed arrowheads show nascent adhesions assembling and turning over in protrusions.

Figure 27 .

 27 Figure 27. How forces from the ECM regulate integrin properties. Adapted from (Kechagia et al., 2019). Integrin-ECM binding follows a catch bond behavior. When force (F) applied to the ECM-bound integrin is below the optimal bond force (Fb) the strength of the bond increases with force. When F exceeds Fb, the bond lifetime decays with force.

Figure 28 .

 28 Figure 28. Force regulates integrin clustering. Adapted from Kechagia et al., 2019. If a force (F) is applied to an adhesion site, further integrin clustering decreases the force applied to individual integrin dimers, minimizing elastic energy since it decreases the applied strain.

Figure 29 .

 29 Figure 29. From focal to fibrillar adhesions. Talintensin switch and downstream signaling. Adapted from Kechagia et al., 2019.

  that integrin adhesions are able to control organization of the actin cytoskeleton. In this chapter, I will focus on actomyosin network organization and mechanics, and actomyosin regulators to explain how cell contractility is modulated in response to the ECM. I will then describe how cell contractility and cytoskeleton rearrangements are involved in angiogenesis and vascular development.Actomyosin contractility results from the mechanical action of myosin II motors, which use energy from ATP hydrolysis to exert forces on actin. Actin filaments (F-actin) have structural polarity resulting from the head-to-tail assembly of the actin monomers, leading to two distinct filament ends named minus and plus ends. Myosin II motors have two globular head domains linked by a long tail domain. Head domains bind to actin while the tail domains serve to assemble myosin II molecules into bipolar filaments. This bipolar architecture allows myosin filaments to slide anti-parallel actin filaments and this sliding activity can give rise to either a contractile or an extensible force[START_REF] Koenderink | Architecture shapes contractility in actomyosin networks[END_REF]. Non-muscle myosin II is a hexamer composed of two heavy chains, two essential myosin light chains (MLC) and two regulatory myosin light chains. MLC can be phosphorylated by Myosin Light Chain Kinase (MLCK) which regulates vascular smooth muscle cells contraction(Loirand and Pacaud, 

Figure 30 .

 30 Figure 30. Sequential steps in JAIL-mediated VE-cadherin dynamics, and role of the Arp2/3 complex. 1) a region with a low VE-cadherin density forms 2) branched actin filaments develop at these sites in an Arp2/3-dependent manner, during this process VE-cadherin on each side of the membrane can associate in trans and form a VE-cadherin plaque; 3) JAIL extension is done by the disassembly of branched actin networks, dissociation of the Arp2/3 complex from actin filaments and by recruiting VEcadherin molecules present in the plaque clusters; 4) the formed VE-cadherin clusters move to the junctions and become new junctional sites. From Cao and Schnittler, 2019.

  Fluorescent beads are embedded into these hydrogels and are used as fiducial markers. Microscopy tracking allows to produce a displacement map for the substrate, and established integrated workflows and force reconstruction gives access to cellular traction forces with µm resolution. Recent data have demonstrated that it is also possible to reliably measure traction forces exerted by cells embedded in 3D hydrogels, either by quantifying bead displacement, or cell-induced ECM deformations(Jorge-Peñas et al., 2017). This technique has been well characterized to measure live ECM displacement around endothelial cells at high resolution in the context of vascular sprouting[START_REF] Steuwe | Fast quantitative time lapse displacement imaging of endothelial cell invasion[END_REF]. Development of FRET-based molecular tension sensors has also enabled intracellular tension measurements at molecular scale in a range of few pN/molecule. These sensors use Forster (fluorescence) resonance energy transfer (FRET) between a donor and an acceptor fluorophore, and the energy transfer depends on the distance between the two fluorophores. Increasing distance means less energy transfer,

(

  [START_REF] Albiges-Rizo | Actin machinery and mechanosensitivity in invadopodia, podosomes and focal adhesions[END_REF]. As an example, distance between individual integrins is important to modulate and reinforce cell adhesion[START_REF] Selhuber-Unkel | Cooperativity in Adhesion Cluster Formation during Initial Cell Adhesion[END_REF]. However, one of the key features able to modulate reinforcement of adhesion structures reside in ECM organization. Spatial distribution of ECM ligands, nanotopography of the ECM and mechanical properties such as stiffness are factors involved in control of integrin organization and maturation of adhesion complexes. In the next sections, I will provide information about the influence of ECM geometry and mechanical properties on endothelial cell responses.4.3.1. Influence of ECM geometryPhysical parameters such as spatial organization of the extracellular environment is important in regulating cell-ECM interactions. The work of Christopher Chen has determined how ECM geometry governs endothelial cell survival in the context of capillary morphogenesis. Using micropatterned substrates to control cell shape, it was further demonstrated that the area of cell spreading could drive changes in endothelial cell proliferation and apoptosis(Chen et al., 1997). More recently, his team used micropatterning technique to organize endothelial cells

4. 4 .

 4 Cross-talks between cell-ECM adhesions and cell-cell contacts Junctional properties of endothelial cells were already described the first section of the manuscript. During embryonic development and angiogenesis, cells often show collective migration, characterized by cooperation between assembly and disassembly of cell-ECM adhesions and cell-cell adhesions. However, little is known about the mechanisms and molecules involved in the cross-talks between these two modes of adhesion. Cell-ECM and cell-cell adhesions share similarities in structure and organization (Han and de Rooij, 2016; Lecuit et al., 2011) (see figure 31). Both form clusters whose properties are relying on actomyosin contractility. In the case of cell-cell junctions, VE-cadherins associate with the actin cytoskeleton through specific adaptors such as α-catenin and β-catenin, as well as shared ones including vinculin and FAK. Both structures are composed of a signaling layer, a force transduction layer and actin-regulatory layer (Han and de Rooij, 2016) (and see figure 31).

Figure

  Figure 31. Structure and organization of integrin and cadherin adhesion complexes. Adapted from Han and de Rooij, 2016.

  recruitment and mechanotransduction at cell-cell junctions involves the conformation changes of -catenin that are dependent on force generated by myosin-II(le Duc et al., 2010).

Figure

  Figure 32. Vinculin is localized at cell-ECM and cell-cell junctions. From Pulous and Petrich, 2019.

  ABBREVIATIONS

Figure 1 .

 1 Figure 1. Angiogenesis-associated extracellular matrix remodelingFibronectin and collagen IV were immunostained (green) in postnatal mouse retina (P5). Endothelial cells were detected using Isolectin B4 (red) as a marker. Scale bar: 10 µm.

Figure 2 .

 2 Figure 2. Endothelial basement membrane topography and assemblyA-F: Endothelial cells were seeded at confluency and maintained for 6h (A), 24h (B) or 72h (C) before preparation of CDM. Topographical analysis was performed by AFM. Height maps representative of at least 3 independent experiments are shown. For each map, a two-dimensional scan line of height (white-dotted line) was measured. Scale bar: 5µm. Height maps were quantified for ECM fiber diameter (D), matrix coverage(E) and mean height (F). Matrix coverage was assessed as the proportion of pixels higher than 50 nm. Mean height was calculated for either 75 or 5% of the highest pixels. Two (6h-orange) and 3 (24h-purple, 72h green) independent experiments with a minimum of 4 maps/experiment were performed. For fiber diameters, Mann-Whitney test for non-Gaussian distribution was performed (**** p < 0.0001), for matrix coverage, Kruskal-Wallis test was performed for non-Gaussian distribution (* p < 0.0225, ** p < 0.0011, **** p < 0.0001), for mean height, two-way ANOVA was performed (**** p < 0.0001). G-I: Correlative AFM-fluorescence analysis was performed on CDM prepared from confluent cells cultured for 6h (i) or 24h (ii) and immunostained for LOXL2 and fibronectin (G), or LOXL2 and collagen IV (H) or fibronectin and laminin (I). Scale bar: 5µm.Quantification of the proportion of AFM-detected structures containing fluorescent signal was performed in n=2 distinct experiments and at least 3 maps of 20x20 µm for each condition. Statistical analysis was done using paired t-tests (* p < 0.03, *** p < 0.0002, **** p < 0.0001).

Figure 3 .

 3 Figure 3. LOXL2-depletion affects spatio-temporal distribution of basement membrane components A : Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were seeded at confluency and maintained for 6h (i) or 24h (ii) before preparation of CDM and immunostaining of fibronectin or collagen IV (green) and LOXL2 (red). Scale bar: 50 µm (3 top rows) and 5 µm (lower row). B: Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were seeded at confluency and maintained for 24h before preparation of CDM and immunostaining of fibronectin (green) or collagen IV (red). Scale bar: 10 µm. C: Correlative AFM-fluorescence analysis was performed on CDM prepared from control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells seeded at confluency and maintained for 24h before preparation of CDM and immunostaining of collagen IV (green). Field of view is 8 x 12 µm. D-E: Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were seeded

Figure 4 .

 4 Figure 4. LOXL2-depletion affects cell morphology and cytoskeleton organization. Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were seeded at confluency and maintained for 72h before immunostaining of b-catenin (A) or detection of F-actin with phalloidin-AlexaFluor 488 and of nuclei with DAPI (blue) (D). Morphometric parameters (cell circularity (B) and Ferret diameter (C)). Cytoskeleton orientation was measured and is presented as the average of vector proportion within 20° from the main axis (E) and as average of orientation per field of view per experiment (F). Scale bar: 20 (A) and 10 (D) µm. Statistical analysis was done using unpaired t-tests (**** p < 0.0001).

Figure 5 .

 5 Figure 5. Fibronectin surface coating modulates ECM assembly, cell morphology and cytoskeleton organization A: Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were seeded at confluency on tissue culture plastic (no coating) or on surface coating of fibronectin at the indicated concentration ranging from 0.09 to 3 µg/cm 2 . Cells were maintained for 72h before immunostaining of collagen IV (green). Nuclei were stained with DAPI (blue). Scale bar: 25 µm. B-C: Schematic representation of fibronectin indicating the position of the PHSRN and RGD peptides (B). Endothelial cells were seeded at confluency and maintained for 72h before staining of fibronectin (top row and magenta) and collagen IV (central row and green). Scale bar: 50µm. D-F: Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were seeded at confluency on tissue culture plastic (no coating) or on surface coating of fibronectin at the indicated concentration ranging from 0.09 to 3 µg/cm 2 . Cells were maintained for 72h before immunostaining of b-catenin (magenta) or detection of F-actin with phalloidin-AlexaFluor 488 (green) and of nuclei with DAPI (blue) (D). Cell circularity (E) and cytoskeleton orientation (F) were measured for shControl (dark boxes) and shLOXL2 (clear boxes) cells.Scale bar: 30 µm. Statistical analysis was done using two-way ANOVAs (# p < 0.05, ## p < 0.05, #### p < 0.0001).

Figure 6 .

 6 Figure 6. LOXL2-depletion does not alter the adhesion and contractility capacities of endothelial cells A-C: Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were plated on surface coating of fibronectin (i) or collagen I (ii) for 1h. A: Paxillin was immunostained (top row -magenta) and F-actin was detected with phalloidin-AlexaFluor 488 (green). Nuclei were stained with DAPI (blue). Scale bar: 20 µm. Morphometric parameters of focal adhesions (mean area, circularity, aspect ratio, distance from the edge of the cell) (B) and surface area of individual cells (C) were calculated were calculated for shControl (dark boxes) and shLOXL2 (clear boxes) cells in 4 independent experiments. n=42 to 52 cells. t-tests were performed. D: Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were captured on an AFM cantilever coated with fibronectin and immobilized on a fibronectin coating for measurement of their mean traction rate in an AFM-stiffness clamp set-up. Statistical analysis was performed using unpaired t-tests.

Figure 7 .

 7 Figure 7. Matrices generated by LOXL2-depletion alter distribution of adhesion proteins and signaling pathways A: Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were seeded at confluency and cultured 72h before preparation of CDM. Control cells were then plated for 1h before immunostaining of paxillin (magenta and middle row) or pY397-FAK (pFAK -green and bottom row). Scale bar: 50 µm (top row) and 5 µm (middle and bottom rows). B-C: Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were seeded at confluency and cultured 72h before immunostaining of pY397-FAK (pFAK -cyan-B) or vinculin (green-B) or pY118-paxillin (pPAX -green-C). b-catenin was immunostained (red) and nuclei were detected with DAPI (blue). Orthogonal views are presented for merged images of the pY118-paxillin and b-catenin double-immunostaining (Cii). Scale bar: 25 µm (B and Ci) and 10 µm (Cii). D: Control (shCt) or LOXL2-depleted (shLOXL2) endothelial cells were seeded at confluency and cultured 72h before cell lysis and western blotting for the indicated proteins (i). The level of expression (ii), basal phosphorylation (iii) and VEGF-induced phosphorylation (iv) were quantified in 4 independent experiments performed in duplicate culture wells (n=8). Statistical analysis was performed using unpaired t-tests (* p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.0001).

Figure S7 .

 S7 Figure S7. Vinculin expression and early association to focal adhesion is not affected by LOXL2 knockdown A: Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were plated on surface coating of fibronectin or collagen I for 1h. Vinculin was immunostained (top row -magenta) and F-actin was detected with phalloidin-AlexaFluor 488 (green). Nuclei were stained with DAPI (blue). Scale bar: 10 µm. B: Control (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were seeded at confluency and cultured 24h before cell lysis and western blotting for the indicated proteins.

Figure S8 .

 S8 Figure S8. Vascular permeability is affected by LOXL2 knock downControl (shControl) or LOXL2-depleted (shLOXL2) endothelial cells were seeded at confluency on fibronectin surface coating. Cells were stimulated with thrombin at 88h. Impedance was measured over 72h for assessment of permeability. Culture medium changes are indicated at 24h and 68 h.

  response of endothelial cells by regulating mechanics of cell-ECM and cell-cell contacts. Using a 3D in vitro capillary formation set-up in which endothelial cells are seeded in collagen I hydrogels, we have recently demonstrated that initial cell spreading in the hydrogel is accompanied by a strong traction of collagen fibers that establish a shell-like organization of material stacked-up at the cell surface (Atlas et al, in preparation, see appendix #). As vascular morphogenesis progresses, collagen IV is deposited in the basement membrane at the interface between fibrillar collagen and cell surface, in parallel with formation of adherens junctions and remodeling of actin cytoskeleton. An interesting hypothesis is that this newly formed basement membrane provides local mechanical anchorage to cells, thus promoting formation and stabilization of cell-cell junctions, at the expense of cell-ECM adhesions. The matrix generated by LOXL2-depleted cells combining lower stiffness(Umana-Diaz et al., 2020) 
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Table 1 :

 1 Antibodies and fluorescent probes

	dilution

TABLE 1 :

 1 Interactions of LOXL2 with collagen I:

	ligand	analyte	K D1 (nM)	K D2 (nM)	Chi 2
	Collagen I	LOXL2	681 ± 7.8	5.7 ± 5.8	< 2.09
	Collagen I SRCR12		20.5 ± 0.9	<9.81

Abbreviations
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The following paper aims to characterize basement membrane supramolecular assembly by endothelial cells and to address the role of LOXL2 in regulating this scaffolding. We finally investigating the molecular mechanisms connecting LOXL2 function in basement membrane assembly to the angiogenic response of endothelial cells. (30 000cells/cm 2 ) or above (60 000 cells/cm 2 ) confluency. They were fixed after 72h in culture and immunostained for LOXL2 (red). Scale bar:100 µm.

Figure S2. Quantification method for correlative/AFM images

To quantify the correlation rate between the fluorescence signal and the AFM-detected structures, images were cropped and manually thresholded for all channels using image J software. Integrated density (ID) was calculated for thresholded AFM and after image calculation of pixels containing both thresholded AFM and fluorescence signals. Proportion of fibers containing fluorescent signal was then calculated as the ratio of integrated densities. 

Figure S5. Segmentation and image analysis for calculation of morphometric parameters

b-catenin signal was thresholded to generate binary images before applying MorphoLibJ plugin (Image J) in order to segment and obtain morphological parameters on the confluent monolayers including to a late-chaperone activity, to ensure proper folding prior to deposition in the ECM. Similar activity has already been proposed for SPARC protecting collagen IV from misfolding during intracellular trafficking in the drosophila embryo (Chioran et al., 2017). This hypothesis is also supported by our immunofluorescence results showing that two antibodies targeting the Nand C-terminus of LOXL2 do not detect LOXL2/GFP in the Golgi apparatus nor in secretory vesicles. Intracellular interactions of LOXL2 with other ECM proteins in the late secretory pathway could prevent antibody recognition. This is also consistent with the structural analysis of LOXL2 that we investigated using small-angle X-ray scattering demonstrating that the 4 SRCR domains and the catalytic domain are organized as a string of pearls, free from any steric hindrance, making these domains available for interactions with other proteins (Schmelzer et al., 2019). A protective role of LOXL2 on collagen IV was further suggested by the requirement for cleavage of the SRCR domains 1 and 2 prior to cross-linking collagen IV 7S domains (López-Jiménez et al., 2017). Altogether, our data suggest that LOXL2 interacts intracellularly with collagen IV and fibronectin and stabilizes these proteins before deposition in ECM structures upon exocytosis.

B. Spatio-temporal distribution of basement membrane components

Whereas initial deposition of collagen IV appeared as a diffuse granular staining, fibronectin was incorporated into short fibrils of approximately 50 nm diameter and 5 µm long. Consistent with our results, fibronectin fibrillogenesis is a cell-autonomous process that requires endogenous synthesis of fibronectin in endothelial cells (Cseh et al., 2010). LOXL2 was detected in both ECM nascent fibers and granular structures. Using immunofluorescence (Umana-Diaz et al., 2020) and correlative high-resolution topography analysis, we then followed the remodeling of these fibronectin fibrils and collagen IV granular deposits. Collagen IV was associated with fibronectin in ECM fibers only after 24h of culture in a pattern of elongated and connected fibrillar structures that resembles neither early fibronectin fibrils, nor collagen IV granular deposition. Two recent hypotheses were proposed for association of these proteins in the basement membrane: on one hand, fibronectin fibrils could be the organizing centers allowing nascent ECM formation (Filla et al., 2017); on the other hand, collagen IV surface coating was proposed to promote fibronectin fibrillogenesis (Lu et al., 2020). In both situations, our data nevertheless demonstrate that laminin is not a scaffold for collagen IV and fibronectin assembly, but is rather organized independently, in agreement with the historical two-layered model of basement membranes (Hohenester and Yurchenco, 2013).
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Appendix 2

Atlas*, Bidault* et al, in prep ABSTRACT Vascularization of tissue constructs is a hindrance to success of regenerative medicine approaches based on tissue engineering. One option considered for improving blood perfusion consists in in vitro pre-vascularization, which requires characterization of hydrogels supporting formation of microvascular networks and stiff enough for manipulation. Angiogenesis is associated with complex matrix remodeling targeting both fibrillar collagen I of the biomaterial and network-forming collagen IV of the basement membrane generated by endothelial cells. We here investigated the impact of collagen I organization on in vitro pre-vascularization of constructs. Enhancing fibrillogenesis increased stiffness but decreased capillary formation. In order to further modulate the mechanical and structural properties of hydrogels, we used a biomimetic strategy taking advantage of lysyl oxidase-like 2 cross-linking activity. Hydrogels crosslinked under weak fibrillogenesis conditions displayed higher stiffness and preserved angiogenic properties. Cross-linking stiffer hydrogels with low angiogenic properties improved capillary formation with limited macroscopic impact on stiffness. Measuring the local properties of collagen by atomic force microscopy however demonstrated the strong impact of LOXL2 cross-linking on fibers at the cell-scale.

Altogether, LOXL2-mediated cross-linking of collagen hydrogels allowed the production of stiffer gels with increased angiogenic properties, thus constituting a promising option for pre-vascularization of tissue constructs.
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