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Introduction

Dendritic cells as immune function, from immunity to tolerance

Our bodies are protected from foreign invaders by a set of organs, cells, and multiple processes that together compose our immune system. To function properly, the immune system needs to identify and respond to a very wide range of microbial components that needs to be eliminated, and distinguished from self (non-harmful) components, which have to be tolerated.

The term 'immune system' started to be gradually used in articles in the mid-1960s [START_REF] Moulin | The Immune System: A Key Concept for the History of Immunology[END_REF], whereas before this date the immune system was generally referred to as the lymphoid system (M.D. Cooper 1968). In the late nineteenth century, the existence of the immune system was proven by Nobel prize laureates: Ilya Mechnikov and Paul Ehrlich in 1908. Nevertheless, after the mid-1800s, a set of groundbreaking experiments was carried out by Louis Pasteur (a French microbiologist), who was working on chicken cholera. He and the German physician Robert Koch proved that diseases can be generated by microorganisms that have the capacity of invading pluricellular organisms. Pasteur also showed that infection with attenuated microorganisms (using heat or chemicals) confers a resistance from the body against the same pathogen (A. Plotkin 2005). Such resistance to disease was called immunity (from the Latin word immunitas) and this observation was the breakthrough basis for vaccination.

However, at that point, no one could tell how and what was triggering immunity. The initial hypothesis of Pasteur and Koch that different chemical and biochemical environmental conditions could attenuate or increase the survival of a microroganisms inside the host was abandoned after the observation made by Mechnikov and coworkers.

In the 1880s, the Russian zoologist Ilya Mechnikov was working on the digestive system of a simple marine organism when he became fascinated by the ability of some "moving cells", which were not part of the digestive system, to sort out foreign bodies and defend the organism against them. After several years and observations, he called these cells phagocytes (come from the Greek phagein meaning "to devour", and -cyte for "cell"). He suggested that these cells would be the first line of defense against foreigner agents, which would respond by engulfing them. These observations introduced the concept of "innate immunity" (Mechnikov, 1884).

The discovery of Mechnikov shed light on how the body reacts to foreign invasion, however questions like why and how this resistance evolved were still without a clear answer until the work of Emil von

Behring and Paul Ehrlich emerged.

Ehrlich was working on the development of techniques for staining tissues and bacteria with chemical dyes, he proposed that living cells had small spike-like molecular structures that could capture nutrients and other external elements to allow their internalization. Ehrlich introduced the idea that upon infection, the body produces chemicals to defend itself against the intruder, which he called antitoxins.

The discoveries and observations of Ehrlich's research group at the Institute for Infectious Diseases in Berlin and of Mechnikov at the Institut Pasteur in Paris laid the ground of our understanding of innate and adaptive immune responses.

The immune response: a collaborative work between innate and adaptive immune systems

The immune system consists of a wide range of different organs, tissues, cells, and processes that serve to protect the organism against foreign pathogens. This defense system is composed of several layers of protection. The first layer are epithelia, (namely epidermis, lung epithelial cells, digestive tract epithelium…etc) that constitute both a physical and a chemical barrier against invaders. If the invader escapes this first layer of defense, it will face the innate immune system. In vertebrates, an additional layer of defense arises after innate immunity: it is called adaptive immunity. together, innate and adaptive immunity constitute the "arms" of the immune system, the interplay and crosstalk between these two arms is critical to fight infection. Elements of innate immunity can affect the onset of adaptive immunity and vice-versa. For instance, the adaptive immune response depends on the presentation of an antigen by a cell that belongs to the innate immune system (antigen-presenting cell). Cells from both arms of the immune system are generated from hematopoietic stem cells (HSC) in the bone marrow, in a process called hematopoiesis.

Physical barriers

Physical barriers are the first layer of defense against external pathogens, and their function could be summarized as following [START_REF] Alberts | Molecular biology of the cell[END_REF] :

1. Epithelial surfaces such as the one covering the respiratory, urinary, and digestive tracts, which provide a physical barrier against intruders. These surfaces are also covered with a mucus layer to further help preventing the entry of pathogens.

2. The ability of epithelial cells to engulf microorganisms and degrade them.

3. The phagocytes killing of the pathogens by engulfing and degrading them.

The two first lines are common among plants and mammalians whereas the third one is specific for mammalian species. Interestingly, this line requires the ability of the phagocyte to migrate and patrol the organism to keep its integrity, and is composed of several cell types which constitute the innate immune response.

Innate immune system (broad recognition and fast elimination)

The innate immune response depends on recognizing pathogen-associated molecular patterns (PAMPs) through germline-encoded host receptors (PRRs) [START_REF] Akira | Pathogen recognition and innate immunity[END_REF]. Different types of molecules could serve as PAMPs, such as lipopolysaccharides (LPS), which promotes the secretion of cytokines and eicosanoids by immune cells [START_REF] Abbas | Basic Immunology[END_REF]. PAMPs are important for the survival of microrganisms and are distinguishable from self-molecules (Janeway 1989). Of note, the term "PAMPs" has been criticized on the basis that most microbes also express these molecules so the term microbe-associated molecular patterns (MAMPs) was proposed [START_REF] Koropatnick | Microbial factor-mediated development in a host-bacterial mutualism[END_REF]). In addition to recognizing PAMPs, PRRs can also recognize damage-associated molecular patterns (DAMPs), which are associated with components of host cells that are released upon cell death or tissue damage, for example upon inflammation. PRRs also help the initiation of antigen-specific adaptive immune responses [START_REF] Kumar | Pathogen recognition by the innate immune system[END_REF]. There are several families of PRRs:

-Membrane-bound PRRs include: some Toll-like receptors (TLRs), C-type lectin receptors (CLRs).

-Intracellular PRRs include: some Toll-like receptors (TLRs) such as TLR3,8 and 9, RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), and cytosolic DNA sensors (CDSs).

This allows efficient recognition of both extracellular and intracellular pathogens.

Four major cell types constitute innate immunity: macrophages, natural killer's cells, neutrophils, and dendritic cells, all descendent of the hematopoietic lineage.

1. 1.3 The adaptive immune system (more specific recognition, and generation of memory)

Adaptive immunity (also called acquired immunity) arose in vertebrates around 500 million years ago.

The adaptive immune response is driven by cells called lymphocytes: T and B lymphocytes, and which can create immunological memory after exposure to a microorganism, enhancing the efficiency of secondary immune responses to this microorganism. Although both T and B lymphocytes derive from the same common lymphoid progenitor, they display distinct features in their response to pathogens.

The adaptive immune system includes both antibody-(humoral) and cell-mediated immunities.

Humoral immunity is based on B cells ability to produce antibodies, these antibodies can circulate within the body and bind to specific pathogens and render them inactive. Cell-mediated immunity is based on T cells that are activated via their receptor (TCR) binding to specific antigen presented on the surface of an antigen-presenting cell (APC). Upon activation, T-cells can either directly kill the cell presenting the pathogen-associated antigens on their surfaces (cytotoxic CD8 T-cells) or produce molecules that will activate macrophages and lead to the destruction of the pathogen (CD4 helper Tcells). The adaptive immune response mediated by T and B cells is more specific as both antibodies and TCRs are generated through the recombination of the variable (V), diversity (D), and joining (J) gene segments [START_REF] Tonegawa | Somatic generation of antibody diversity[END_REF]). V(D)J rearrangements occur in immature T and B lymphocytes and is mediated by recombination activating genes (RAG1, 2). This leads to almost a 10 6 wide variation in the structure of the B and T cell receptors.

Dendritic cells (pivotal link between innate and adaptive immune systems)

Dendritic cells (DCs) are considered as professional antigen-presenting cells (APCs). Dendritic cells are considered to be at the interface between innate and adaptive immune responses. They were first discovered by Ralph [START_REF] Steinman | Identification of a novel cell type in peripheral lymphoid organs of mice. I. Morphology, quantitation, tissue distribution[END_REF][START_REF] Steinman | Identification of a novel cell type in peripheral lymphoid organs of mice. I. Morphology, quantitation, tissue distribution[END_REF], who received the 2011 Nobel prize for this breakthrough discovery. Despite the absence of a dendritic cell-specific marker, all dendritic cells share the common feature of being able to activate naïve T cells [START_REF] Merad | The Dendritic Cell Lineage: Ontogeny and Function of Dendritic Cells and Their Subsets in the Steady State and the Inflamed Setting[END_REF]. Dendritic cells have a vast variety of germline-encoded host receptors (PRRs) enabling them to detect and respond to a wide variety of microorganisms. Upon microbial encountering, dendritic cells engulf the microbes and cleave them to generate antigenic peptides that will be then presented on their surfaces in association to major histocompatibility complex (MHC) proteins. Microbial encounter will also lead to maturation of dendritic cells, which will acquire the ability to transport these MHC-peptide complexes to the closest lymphoid organ to activate T lymphocytes. Thus, dendritic cells are considered as key "linkers" between innate and adaptive immune responses (adapted from [START_REF] Alberts | Molecular biology of the cell[END_REF]).

In mice, dendritic cells exhibit elevated expression of the integrin CD11c and of MHC class II molecules. They can be further phenotypically and functionally characterized on the beasis of their antigen presentation capacity. They are usually classified into 4 subgroups: conventional dendritic cells (cDCs), plasmacytoid dendritic cells (pDCs), Langerhans cells (LCs), and monocyte-derived dendritic cells. They display distinct differentiation pathways (summarized in figure 1).

Dendritic cell subsets

In this paragraph I will try to summarize the most widely known subsets of dendritic cells.

-

Conventional dendritic cells

These are specialized antigen-presenting cells, relatively short lived and constantly replaced by precursors from the bone marrow. When they are immature, they have a high phagocytic/macropinocytic ability, which is down-regulated upon maturation. Once they become mature they produce huge amounts of cytokines [START_REF] Geissmann | Development of monocytes, macrophages, and dendritic cells[END_REF][START_REF] Satpathy | Re(de)fining the dendritic cell lineage[END_REF]. They can be divided into (1) migratory dendritic cells, which reside in non-lymphoid tissues and (2) lymphoid tissue-resident dendritic cells. They have two main functions: they (1) maintain tolerance to self and ( 2) induce specific immune responses against antigens [START_REF] Merad | Dendritic cell homeostasis[END_REF].

-

Lymphoid-resident dendritic cells

These are cells that gather and present antigens in lymphoid organs. They are present in the thymus, in lymph nodes, in the spleen and in Peyer's patches. They are usually classified into CD8 + cDCs (which express high levels of CD8 on their surface) and CD8 -cDCs.

CD8 -cDCs are also classified into CD4 + CD8 -(CD4 + ) and CD4 -CD8 -cDCs. In lymphoid organs and in addition to lymphoid resident cDCs, two subsets of migratory DCs have been characterized in mice:

IntegrinαE/CD103 + and Integrin αM/CD11b + [START_REF] Shortman | Steady-state and inflammatory dendritic-cell development[END_REF]. Typically lymphoid-resident dendritic cells have an immature phenotype with high antigen uptake capacity whereas migratory DCs have a more mature phenotype once they reach lymph nodes [START_REF] Wilson | Most lymphoid organ dendritic cell types are phenotypically and functionally immature[END_REF].

-

Migratory dendritic cells

These are the cells that serve as immune sentinels in peripheral tissues. They constantly sample their environment and upon encountering a danger signal they migrate towards lymph nodes. This migration event also takes place in steady-state conditions but at lower frequency [START_REF] Shortman | Steady-state and inflammatory dendritic-cell development[END_REF]. The migration of migratory dendritic cells under homeostatic and inflammatory conditions is governed by the expression of the chemokine receptor 7 (CCR7) on their surface [START_REF] Ohl | CCR7 Governs Skin Dendritic Cell Migration Under Inflammatory and Steady-State Conditions[END_REF]. In most mouse peripheral tissues, including the skin, migratory dendritic cells can be divided into two categories:

CD11b + DCs and CD103 + DCs, however, in the skin we can find the double positive DCs (CD11b + CD10 3+ ). CD103 + CD11b -DCs have properties similar to mouse splenic CD8 + DCs: they are very efficient at cross-presenting antigens to activate CD8 + T cells, they express molecules like Clec9A that recognizes F-actin released from necrotic cells (a DAMP), and TLR3, which binds double-stranded RNA (a viral PAMP). These cells are also able to cross present skin-associated self-antigens to CD8 + T-cells, suggesting a potential and important role in tolerance to self at homeostatic conditions (William R Heath 2013).

The immunological role of CD11b + CD103 -DCs is not as clear, although it was shown that upon skin infection with HSV, these cells present antigens preferentially to CD4 + T-cells. One study divides -Langerhans cells (LCs)

These are cells firstly described by Paul Langerhans in 1868. These cells populate the epidermal layer of the skin. In homeostatic conditions, they continuously extend membrane protrusions to patrol their environment, and upon encountering a pathogen, they engulf it using these large and dynamic dendrites [START_REF] Ng | Migratory dermal dendritic cells act as rapid sensors of protozoan parasites[END_REF]. Epidermal Langerhans cells express high levels of Langerin (CD207), which has been shown to have a key role in the uptake of several pathogens including HIV1 [START_REF] Turville | Diversity of receptors binding HIV on dendritic cell subsets[END_REF]. Langerhans cells are also characterized by the expression of E-cadherin, EpCAM, and DEC205. Another characteristic of the Langerhans cells is the presence of granules called Birbeck granules. In steadystate conditions, Langerhans cells constantly migrate to lymph nodes with a rate that increases upon inflammation [START_REF] Merad | The Dendritic Cell Lineage: Ontogeny and Function of Dendritic Cells and Their Subsets in the Steady State and the Inflamed Setting[END_REF]. In the bone marrow, HSCs produce myeloid (MP) and lymphoid (LP) committed precursors. MPs give rise to monocytes, macrophages (Mφ) and DC precursors (MDPs). MDPs give rise to monocytes, some populations of macrophages, and common DC precursors (CDPs). Two monocyte subsets, Ly6C + and Ly6C -, leave the bone marrow to enter the blood. CDPs give rise to preclassical DCs (pre-cDCs) and plasmacytoid DCs (PDCs). Pre-cDCs circulate in blood and enter lymphoid tissues, where they give rise to CD8α + and CD8α -cDCs, and nonlymphoid tissues, where they may give rise to CD103 + lamina propria DCs (lpDCs). Under homeostatic conditions in nonlymphoid tissues, Ly6C -monocytes may contribute to alveolar Mφ, and Ly6C + monocytes become CX3CR1 + lpDCs. During inflammation, Ly6C + monocytes give rise to monocyte-derived DCs, for example, tumor necrosis factor (TNF) and inducible nitric oxide synthase (iNOS)-producing DCs (TipDCs), inflammatory Mφ, and may contribute to myeloid-derived suppressor cells (MDSCs) associated with tumors. They are also suspected (dashed arrow) to contribute to microglia and Langerhans cells in selected experimental conditions. Microglia and Langerhans cells can renew independently from the bone marrow (curved arrow). HSCs can also leave their bone marrow nich (dashed arrow) and enter peripheral tissues, where they differentiate into myeloid cells during inflammation. It is unclear at this time whether LPs contribute substantially to PDCs and cDCs (dashed arrow). From [START_REF] Geissmann | Development of monocytes, macrophages, and dendritic cells[END_REF]).

-Plasmacytoid dendritic cells (pDCs)

These cells express relatively low levels of MHC class II and co-stimulatory molecules (Miriam Merad 2013) at steady-state, which are upregulated upon activation with PAMPs. They are instrumental for type I Interferon (IFN) production in the context of viral infections [START_REF] Shortman | Steady-state and inflammatory dendritic-cell development[END_REF][START_REF] Merad | The Dendritic Cell Lineage: Ontogeny and Function of Dendritic Cells and Their Subsets in the Steady State and the Inflamed Setting[END_REF].

-

Monocyte-derived dendritic cells

These are cells differentiate from monocytes upon inflammation [START_REF] Geissmann | Development of monocytes, macrophages, and dendritic cells[END_REF]. Monocytes constitute about 10% of leukocytes in human blood and 4% of leukocytes in mouse blood. Upon certain infections, the number of circulating monocytes increase and they infiltrate into the infected tissue/organ (Chunfeng Qu 2014), where they differentiate into dendritic cells [START_REF] Schlitzer | Dendritic cells and monocyte-derived cells: two complementary and integrated functional systems[END_REF]. There are four general subsets of monocytes according to their surface expression of CD14 and CD16: CD14-high CD16-negative, CD14-high CD16-low, CD14-low CD16high, and CD14-low CD16-low (Loems Ziegler-Heitbrock 2010).

The lifetime, location, and function of different subtypes of dendritic cells are illustrated in figure2. A summary of the different DC subsets and their niche is illustrated in the table of figure 3. From [START_REF] Merad | Dendritic cell homeostasis[END_REF]. 

The main immune function of immature dendritic cell: Antigen sampling and processing

To accomplish their immune function, dendritic cells need to engulf microorganisms, process them, and present them on their surface in association to MHC molecules. Antigen internalization mainly occurs in immature dendritic cells, which are specialized in environment patrolling. These cells have several routes of antigen uptake, depending on the size of the antigens to be taken up: phagocytosis, macropinocytosis or receptor-mediated endocytosis. Upon internalization, antigens are degraded in endo-lysosomal compartments into smaller peptides that will then be loaded onto MHC molecules [START_REF] Alberts | Molecular biology of the cell[END_REF]. MHC/peptide complexes are then recognized by the T lymphocytes. Depending on the type of message that dendritic cells transfer to T cells through antigen presentation, different forms of adaptive immune responses can be established. Critically, for a dendritic cell to successfully home to the lymph nodes and initiate an adaptive response, it has to undergo "dendritic cell maturation".

Mechanisms of antigen uptake

As mentioned earlier, there are several routes of entry into immature dendritic cells, as shown in figure 4. On one side, phagocytosis and endocytosis are used by these cells to uptake large molecules and typically requires specific antigen-receptor interactions. On the other side, macropinocytosis is used by immature DCs to uptake fluids in a non-specific manner, which strongly enhances their environment sampling capacity.

Receptor-mediated endocytosis

An important route of receptor-mediated endocytosis in immature dendritic cells is clathrin-mediated endocytosis (CME), which is crucial for many physiological processes, ranging from nutrient uptake to intracellular communication. Clathrin-mediated endocytosis occurs through receptor-ligand interactions, however, it was shown that non-specific endocytosis through clathrin-mediated pits also exists [START_REF] Hillaireau | Nanocarriers' entry into the cell: relevance to drug delivery[END_REF]. After the engagement of the receptor by a ligand, clathrin-coated pits invaginate inside the cell and detach to form endocytic vesicles that will fuse with endo-lysosomes and eventually end up in degradative compartments (Gary J Doherty 2009). Dendritic cells can express a wide variety of receptors that not only help them internalizing a variety of antigens, but also further define the type of peptide antigens they will ultimately present to T lymphocytes [START_REF] Lennon-Duménil | A closer look at proteolysis and MHC-class-II-restricted antigen presentation[END_REF] . phagosomes. The fusion of phagosomes with the lysosomal compartment leads to the formation of phagolysosomes, where the foreign particles are enzymatically degraded. B) Clathrin-mediated endocytosis involves the formation of vesicles from triskelion clathrin-coated regions of the plasma membrane. The triskelion clathrin in the cytosol are then recycled back to the plasma membrane followed by movement of ingested materials from early endosome to the late endosome, finally fusing with lysosome to form the lysosomeendosome hybrid. The materials are then degraded by the low pH and enzyme-rich environment of the endolysosomal vesicle. C) Caveolin-mediated endocytosis involves internalization through caveolin (a dimeric protein) enriched invaginations. The cytosolic caveolin vesicle then delivers its contents to endosomes, to form caveosomes which can avoid lysosomal enzymatic degradation, and are transported along the cytoskeleton to the endoplasmic reticulum/golgi complex. D) Macropinocytosis is a clathrin-and caveolin-independent pathway. It involves the formation of large vesicles called macropinosomes, which occurs through actin filament driven plasma membrane protrusions. The contents are degraded following fusion with the lysosomal compartment. (Figure partially adapted from Hillaireau and Couvreur, Cell. Mol. Life Sci.(Hillaireau 2009).

An example of how the expression of a certain receptor can affect the immune function of an antigenpresenting cell is the study that was performed on DEC-205, a c-type like lectin expressed by dendritic cells, which recognizes glycosylated antigens; engaging DEC-205 results in 100 to 1000 fold increase in the efficiency of antigen uptake and presentation and eventually leads to the induction of either a tolerogenic response (in steady-state conditions, i.e. in the absence of a dendritic cell maturation signal) or an efficient and strong immune response (in inflammatory conditions, i.e. when a dendritic cell maturation signal is present) [START_REF] Mahnke | The dendritic cell receptor for endocytosis, DEC-205, can recycle and enhance antigen presenta-tion via major histocompatibility complex class II-positive lysosomal compartments[END_REF]. Another receptor that provides functional differences between APCs based on their endocytic ability are Fcγ receptors (FcγR); several APCs express these receptors including macrophages, dendritic cells, and B-cells. In dendritic cells and macrophages, the engagement of activating FcγRs fosters endocytosis and thus antigen capture, processing and presentation [START_REF] Regnault | Fcγ receptor-mediated induction of dendritic cell maturation and major histocompati-bility complex class I-restricted antigen presentation after immune complex inter-nalization[END_REF], while in B-cells engagement of inhibitory FcγR prevent endocytosis [START_REF] Amigorena | Cy-toplasmic domain heterogeneity and func-tions of IgG Fc receptors in B lympho cytes[END_REF].

Immature dendritic cells express additional antigen receptors such as complement and scavenger receptors, including the complement receptors CR3, CR4, and not CR2 or CR1 (Reis e [START_REF] Reis E Sousa | Phagocytosis of antigens by Lan-gerhans cells in vitro[END_REF] and the scavenger receptor CD36, which is important for the uptake of apoptotic bodies [START_REF] Platt | Recognizing death: the phagocytosis of apoptotic cells[END_REF].

Dendritic cells also express several transmembrane c-type lectins in addition to DEC205 [START_REF] Jiang | The receptor DEC-205 expressed by dendritic cells and thymic epithelial cells is involved in antigen processing[END_REF], such as CD23 [START_REF] Jurgens | Activation of human epidermal Langerhans cells by en-gagement of the high affinity receptor for IgE, Fc epsilon RI[END_REF] which is a low affinity receptor for IgE antibodies and thus is involved in allergy and resistance to parasites, Clec9a, which recognizes actin arrays on necrotic membranes and Dectins, which bind to fungi components. Monocyte-derived dendritic cells express the macrophage-mannose receptor (MMR) that mediates antigen uptake and presentation [START_REF] Sallusto | Dendritic cells use macro-pinocytosis and the mannose receptorto concentrate macromolecules in the major histocompatibility complex class II compartment: downregulation by cytokines and bacterial products[END_REF]. Some dendritic cells also express type II lectins with mannose specificity, such as Langerin (expressed on Langerhans cells) and specific ICAM3-grabbing non-integrin receptors (DC-SIGN or CD109a/b, expressed on some specific dendritic cell subtypes) (Valladeau J 200, Geijtenbeek TB 2000).

Phagocytosis and Macropinocytosis-mediated antigen uptake

Soluble and particulate antigens are uptaken by macropinocytosis and phagocytosis respectively. Both of these processes are actin-dependent and require membrane ruffling in order to form large intracellular vacuoles. Macropinocytosis is generally a non-receptor dependent form of fluid uptake and happens through the cytoskeleton, whereas phagocytosis is usually receptor-mediated [START_REF] Pierre Guermonprez | ANTIGEN PRESENTATION AND T CELL STIMULATION BY DENDRITIC CELLS[END_REF]. Immature dendritic cells have the ability to constitutively perform macropinocytosis [START_REF] Sallusto | Dendritic cells use macro-pinocytosis and the mannose receptorto concentrate macromolecules in the major histocompatibility complex class II compartment: downregulation by cytokines and bacterial products[END_REF], thus enabling the cells to nonspecifically uptake and sample large amounts of extracellular fluids.

Phagocytosis on the other hand engages specific receptors, which allow actin polymerization and effective pathogen uptake. In general, both phagocytosis and clathrin-dependent endocytosis can involve the same receptors. Both phagocytosis and macropinocytosis occur through nucleation of branched actin networks by the Arp2/3 complex.

-Phagocytosis mediated by activating Fcγ Receptors (how phagosomes form and close)

Mouse immature dendritic cells express different Fcγ receptors: CD64 (FcγRI), CD16 (FcγRIII) and CD32 (FcγRII) [START_REF] Esposito-Farese | Membrane and soluble Fc gamma RII/III modulate the antigen-presenting capacity of murine dendritic epidermal Langerhans cells for IgG-complexed antigens[END_REF][START_REF] Fanger | Type I (CD64) and type II (CD32) Fc gamma receptor-mediated phagocytosis by human blood dendritic cells[END_REF], Langerhans cells express FcγRI and FcεRI (CD23) [START_REF] Jurgens | Activation of human epidermal Langerhans cells by en-gagement of the high affinity receptor for IgE, Fc epsilon RI[END_REF]. Engagement of most Fcγ receptors by specific antibodies induces the maturation of dendritic cells through tyrosine phosphorylation of ITAM (immunoreceptor tyrosinecontaining activation) motif in the receptor's cytosolic tail [START_REF] Jurgens | Activation of human epidermal Langerhans cells by en-gagement of the high affinity receptor for IgE, Fc epsilon RI[END_REF][START_REF] Geissmann | A sub-set of human dendritic cells expresses IgA Fc receptor (CD89), which mediates internalization and activation upon cross-linking by IgA complexes[END_REF]. In mouse dendritic cells, the engagement of FcγR induces Syk and ERK phosphorylation [START_REF] Sedlik | A Critical Role for Syk Protein Tyrosine Kinase in Fc Receptor-Mediated Antigen Presentation and Induction of Dendritic Cell Maturation[END_REF], Syk also phosphorylates type I phosphatidylinositol 3-kinase (PI3K), leading to the production of PIP3 at the phagocytic cup. Together with Vav, PIP3 activates Rac1. During the engulfment of particles, the activity of Rac1 relocates from pseudopod to the cup base [START_REF] Hoppe | Cdc42, Rac1, and Rac2 display distinct patterns of activation during phagocytosis[END_REF]). The WAVE complex acts downstream of Rac1 and contributes to actin remodeling during phagocytosis. Rac1 also regulate the phosphorylation of myosin through regulation of myosin phosphatase [START_REF] Shibata | Rac1 regulates myosin II phosphorylation through regulation of myosin light chain phosphatase[END_REF] and thereby control contractility, which promotes phagosome closure [START_REF] Cox | Myosin X is a downstream effector of PI(3)K during phagocytosis[END_REF]. Prior to phagosome sealing, actin is removed from the base of the phagocytic cup thus allowing the membrane-bound particle to penetrate the cytoplasm of the cell. The nascent phagosome then has to undergo fission from the cell membrane to form an internal compartment that will fuse with endolysosomal compartments. The mechanisms of fission of phagosomes to form endosomes are still controversial.

-

Phagocytosis mediated by complement

The mechanism that regulates complement receptor (CR)-mediated phagocytosis was first described by Caron and Hall (Emmanuelle Caron 1998): they showed that CR-mediated phagocytosis is mainly

RhoA-(rather than Rac1-) dependent. RhoA activates RhoA kinase (ROCK) upstream of myosin phosphorylation and recruitment of the Arp2/3 complex. RhoA also activates the actin nucleator formin mDia1 (Flannagan, Jaumouillé et al. 2012). Microtubules also regulate the recruitment of mDia1 at the site of phagosome formation through the microtubule-associated protein CLIP-170 (Elodie Lewkowicz 2008). The final goal of these processes is to form and close the phagocytic cup.

-Uptake of antigen through macropinocytosis -

Macropinocytosis in dendritic cells

Immature dendritic cells are specifically known for their macropinocytic capacity. As mentioned earlier, immature dendritic cells use macropinocytosis to sample their environment, in a constitutive manner [START_REF] Sallusto | Dendritic cells use macro-pinocytosis and the mannose receptorto concentrate macromolecules in the major histocompatibility complex class II compartment: downregulation by cytokines and bacterial products[END_REF], using the activity of both Rac1 and Cdc42 (Garrett 2000[START_REF] West | Rac is required for constitutive macropinocytosis by dendritic cells but does not control its downregulation[END_REF] to internalize large amounts of extracellular fluids. The ability of dendritic cells to combine both macropinocytosis and receptor-mediated endocytosis enables them to present antigens even if they are present at very low concentrations as it confers the cells the ability to engulf non-specifically a large amount of material while retaining only specific antigens [START_REF] Sallusto | Dendritic cells use macro-pinocytosis and the mannose receptorto concentrate macromolecules in the major histocompatibility complex class II compartment: downregulation by cytokines and bacterial products[END_REF]. This suggests that dendritic cells are able to exchange water rapidly across their membranes. Macropinocytosis has been shown to acutely increase in dendritic cells upon activation of the TLR with LPS [START_REF] West | Enhanced dendritic cell antigen capture via toll-like receptor-induced actin remodeling[END_REF], thus increasing the capacity to both capture and present antigens. Although mature dendritic cells significantly downregulate their macropinocytic capacity, they can continue capturing antigens through receptor-mediated endocytosis/phagocytosis (Platt 2010).

Dendritic cells down regulate antigen uptake upon maturation

Upon maturation of dendritic cells, their antigen uptake capacity is transiently increased upon the first minutes of stimulation then decreased after, thus narrowing the range of antigens that they will capture and present before leaving the periphery and migrating to lymph nodes [START_REF] Sallusto | Dendritic cells use macro-pinocytosis and the mannose receptorto concentrate macromolecules in the major histocompatibility complex class II compartment: downregulation by cytokines and bacterial products[END_REF]. Then, antigen capture is downregulated through two independent mechanisms: decreased expression of surface antigen receptors, and downregulation of macropinocytosis [START_REF] Sallusto | Efficient presentation of soluble antigen by cultured human dendritic cells is maintained by granulocyte/macrophage colony-stimulating factor plus interleukin 4 and downregulated by tumor necrosis factor alpha[END_REF][START_REF] Sallusto | Dendritic cells use macro-pinocytosis and the mannose receptorto concentrate macromolecules in the major histocompatibility complex class II compartment: downregulation by cytokines and bacterial products[END_REF]. In a study by Shurin et al., they demonstrated that inactivation of Cdc42 (by using dominant-negative Cdc42) blocked the ability of the dendritic cell to perform macropinocytosis and phagocytosis (Galina [START_REF] Shurin | Small Rho GTPases Regulate Antigen Presentation in Dendritic Cells[END_REF]. This finding is in contrast with findings by two other groups (West et al., Garrett et al) that could not detect any changes in Cdc42 activity upon maturation, nor they could restore the macropinocytosis capacity in mature dendritic cells even after injection of a constitutively active form of Cdc42, suggesting that dendritic cells may downregulate antigen internalization through other mechanisms (Garrett 2000[START_REF] West | Rac is required for constitutive macropinocytosis by dendritic cells but does not control its downregulation[END_REF]).

V.

The main function of mature dendritic cells: Antigen presentation to T-cells

Dendritic cells respond to two different types of signals: direct recognition of antigens through specific pattern recognition receptors and indirect detection of danger through cytokines, internal compounds, or even ongoing immune responses [START_REF] Gallucci | Danger signals: SOS to the immune system[END_REF]. In response to these signals, dendritic cells enter into a differentiation program referred to as maturation, which enables them to migrate to lymph nodes and stimulate T-cells.

The maturation of dendritic cells leads to the upregulation of co-stimulatory molecules and MHCpeptide complexes on the cell surface as well as to secretion of different cytokines and chemokines that have a major role in the activation of T cells.

Dendritic cell maturation or activation

Many PAMP/DAMP receptors described to be involved in dendritic cell maturation, such as TLRs, are also expressed in other cell types where the signal cascade is well characterized. However, few studies describe these signals in dendritic cells. One refined study shows that the maturation of dendritic cells upon LPS binding to TLR4 occurs through the activation of the transcription factor NF-κB (Rescigno M 1998). Another more recent study also confirms the activation of the NF-κB pathway upon LPS stimulation of human monocyte-derived dendritic cells [START_REF] Ardeshna | he PI3 kinase, p38 SAP kinase, and NF-kappaB signal transduc-tion pathways are involved in the survival and maturation of lipopolysaccharide-stimulated human monocyte-derived den-dritic cells[END_REF]. In the next paragraph I will describe in more details the signaling cascade leading to NF-κB activation.

NF-κB and its role in dendritic cell activation

As mentioned earlier, immature dendritic cells can be activated upon recognition of pathogenassociated or danger-associated molecular patterns (PAMPs, or DAMPs) through pattern recognition receptors (PRRs). One subgroup of PRRs is composed by Toll-like receptors (TLRs), a family of twelve different receptors that can detect both PAMPs and DAMPs [START_REF] Akira | Pathogen recognition and innate immunity[END_REF][START_REF] Zelenay | Adaptive immunity after cell death[END_REF]. TLR activation triggers a signaling cascade that results in the activation of several transcription factors, including NF-κB [START_REF] Kawai | ignaling to NF-κB by Toll-like receptors[END_REF]. Most TLRs (except TLR3) activates the canonical NF-κB pathway through the adaptor protein MyD88 [START_REF] West | Recognition and signaling by toll-like receptors[END_REF]. Once the MyD88-interleukin-1 receptorassociated kinase (IRAK)1 forms a complex with IRAK4, this complex activates TNFR-associated factor (TRAF6). TRAF6 in turn catalyzes the synthesis of a K63-linked polyubiquitin chain on NEMO, a regulatory subunit of the IkB kinase (IKK) complex. This polyubiquitin chain recruits MAP3K7 and its proteins TAB1, 2, and 3, leading to the phosphorylation and activation of IKK / [START_REF] Deng | Activation of the IkappaB kinase complex by TRAF6 requires a dimeric ubiquitin-conjugating enzyme complex and a unique polyubiquitin chain[END_REF].

Upon its activation, IKK / phosphorylates the inhibitory protein IkB which in turn inactivates NF-κB. The phosphorylation of IkB results in its degradation, allowing the translocation of NF-κB into the nucleus and increase the expression of pro-inflammatory cytokines that activate immune responses [START_REF] Hayden | NF-κB and the immune response[END_REF].

A study by Defelice et al. shows that NF-κB dynamics depend on the nature of the stimuli. For example, high doses of LPS or IL-1 decrease NFκB translocation/activation, whereas high doses of TNF increase the translocation of this transcription factor (DeFelice MM 2019). Of note, activation of the NF-κB pathway has two flavors: canonical and non-canonical signaling pathways as briefly summarized by [START_REF] Sun | The non-canonical NF-κB pathway in immunity and inflammation[END_REF]) in figure 5. The canonical nuclear factor-κB (NF-κB) pathway is triggered by signals from a large variety of immune receptors, which activate the kinase TGFβ-activated kinase 1 (TAK1). TAK1 then activates a trimeric IκB kinase (IKK) complex, composed of catalytic (IKKα and IKKβ) and regulatory (IKKγ) subunits, via phosphorylation of IKKβ. Upon stimulation, the IKK complex, largely through IKKβ, phosphorylates members of the inhibitor of κB (IκB) family, such as the prototypical IκB member IκBα and the IκB-like molecule p105, which sequester NF-κB members in the cytoplasm. IκBα associates with dimers of p50 and members of the REL family (RELA or c-REL), whereas p105 associates with p50 or REL (RELA or c-REL). Upon phosphorylation by IKK, IκBα and p105 are targeted for ubiquitin (Ub)dependent degradation in the proteasome, resulting in the nuclear translocation of canonical NF-κB family members, which bind to specific DNA elements, termed κB enhancers of target genes, in the form of various dimeric complexes, including RELA-p50, c-REL-p50, and p50-p50 [START_REF] Hayden | Shared principles in NF-κB signaling[END_REF]. By contrast, non-canonical NF-κB signalling is based on the processing of p100, an IκB-like molecule that predominantly, although not exclusively, regulates RELB. The non-canonical NF-κB pathway selectively responds to a subset of tumour necrosis factor receptor (TNFR) superfamily members that target the activation of the kinase NF-κB-inducing kinase (NIK)4. NIK phosphorylates and activates IKKα, which in turn phosphorylates carboxy-terminal serine residues of p100, triggering selective degradation of the C-terminal IκBlike structure of p100 and leading to the generation of p52 and the nuclear translocation of p52 and RELB4. PRRs, pattern recognition receptors. From(Sun 2017).

Antigen Presentation

Mature dendritic cells arrive to secondary lymphoid organs loaded with antigen to present them and activate T cell responses. CD8 + and CD4 + T cells express receptors that interact with peptide fragments associated to MHC class I and II molecules, respectively. The degradation of the peptide and the loading onto MHC molecules mainly occurs intracellularly in dendritic cells, and the intracellular pathways for peptide loading onto MHC molecules have been extensively studied. Two contradictory models have been suggested on how the loading onto MHC molecules occurs; one suggests that the MHC class II molecules are loaded with exogenous and endogenous antigen in the endocytic pathway, but there is a selective loading of MHC class I with only endogenous antigens in the ER. This model accounts for the selective killing by CD8 + cytotoxic T-cells of virus-infected APCs (that presents endogenous viral antigens). In contrast, the second model proposed by M. Bevan over 20 years ago suggests that priming of cytotoxic T-cells in vivo occurs upon presentation of exogenous antigens on MHC class I molecules and this is known as cross-priming of T-cells (BevanMJ. 1976). Later, other studies reconciled these two models by highlighting that internalized antigens may be presented by MHC class II as well as MHC class I molecules in a phenomenon referred to as cross-presentation (Joffre 2012).

MHC class I-mediated antigen presentation by dendritic cells

Most peptides that are loaded on MHC class I molecules come from ubiquitinated proteins that were degraded by the proteasome. These newly synthesized peptides are transferred to the ER by peptide transporters TAPs to be loaded onto freshly synthesized MHC class I molecules [START_REF] Cresswell | The nature of the MHC class I peptide loading complex[END_REF].

The peptide-MHC I complex is then transferred through the Golgi to the plasma membrane (Figure 6). 2) alternative translation products and defective ribosomal products, (3) proteins retrotranslocated to the cytosol from the ER, and ( 4) internalized proteins transferred to the cytosol and imported into the ER in a TAP-dependent fashion. In each of these routes, proteins are ultimately degraded in the cytosol by the proteasome and further trimmed by cytosolic peptidases. The resulting peptides are transported into the lumen of the ER for loading on newly synthesized MHC-I products. There is also evidence for another pathway (5) in which internalized proteins are processed and loaded in the endocytic pathway onto MHC-I molecules that recycle from the plasma membrane, independently of TAP. From (Trombetta 2005).

It was shown that the lifetime of MHC class I molecules increased upon maturation of dendritic cells (Rescigno M 1998) but less than the lifetime of MHC class II molecules (Cella M 1997). Another difference between MHC I and II molecules is the interesting fact that MHC class I molecules are efficiently synthesized and transferred to the cell membrane in mature dendritic cells while MHC class II molecule synthesis is inhibited (Rescigno M 1998[START_REF] Cella | Maturation, activation, and protection of dendritic cells induced by double-stranded RNA[END_REF],. Accordingly, the expression of the immunoproteasome subunits LMP7, LMP2, and PA28 increases upon dendritic cell maturation [START_REF] Macagno | Dendritic cells upregulate im-munoproteasomes and the proteasome regulator PA28 during maturation[END_REF][START_REF] Morel | Processing of some antigens by the standard proteasome but not by the immunoproteasome results in poor presentation by dendritic cells[END_REF]. These change in proteasome composition modify the repertoire of peptide antigens presented onto MHC class I molecules to CD8 T cells [START_REF] Morel | Processing of some antigens by the standard proteasome but not by the immunoproteasome results in poor presentation by dendritic cells[END_REF].

MHC class II-mediated antigen presentation by dendritic cells

Antigens loaded onto MHC class II molecules are usually exogenous antigens or endogenous proteins resident in the endocytic compartments. Peptide loading onto the MHC class II molecules involves a different pathway than MHC class I. Upon synthesis in the cytosol, three α/β MHC II dimers link to a trimer of the MHC class II invariant chains (Ii or CD74). Nonamers are then transported to the endocytic pathway thanks to a di-leucine motif present in the cytosolic tail of Ii. Once these complexes reach endolysosomes, they are exposed to an acidic environment enriched for proteolytic enzymes, which sequentially cleave Ii, [START_REF] Villadangos | Proteases involved in MHC class II antigen presentation[END_REF]. This allows MHC class II molecules becoming competent for binding of peptide antigens It further free MHC class II molecules of the Ii endosomal-localization motif, allowing MHC class II/peptide complexes reaching the plasma membrane.

MHC class II-restricted antigen presentation is very tightly regulated in dendritic cells. First, in immature dendritic cells, antigen degradation is not efficient: internalized antigens can stay intact in endosomes for days [START_REF] Inaba | The formation of immunogenic major his-tocompatibility complex class II-peptide ligands in lysosomal compartments of dendritic cells is regulated by inflam-matory stimuli[END_REF], limiting the availability of antigenic peptides. Second, in immature dendritic cells, there are very few MHC class II molecules available to bind antigenic peptide; in mouse bone marrow-derived dendritic cells, MHC class II molecules are also kept associated with a partially degraded form of Ii (Iip10), which does not allow peptide loading. Upon maturation of dendritic cells, the pathways that regulate MHC/peptide complex formation are modified. MHC class II/peptide complex endocytosis is downregulated (Cella M 1997[START_REF] Villadangos | MHC class II expression is regulated in dendritic cells indeearly recycling endosomal pathway in hu-man Langerhans cells[END_REF], allowing their stabilization at the cell surface rather than their degradation. Protease activity also increases, promoting the availability of antigenic peptides [START_REF] Inaba | The formation of immunogenic major his-tocompatibility complex class II-peptide ligands in lysosomal compartments of dendritic cells is regulated by inflam-matory stimuli[END_REF] [START_REF] Pierre | Developmental regulation of MHC class II transport in mouse dendritic cells[END_REF]. MHC class II/peptide complexes assemble with the co-stimulatory molecule B7-2 in endolysosomes, before being transferred to the cell surface where they form microclusters to induce T-cell stimulation [START_REF] Turley | Transport of peptide-MHC class II complexes in developing dendritic cells[END_REF]. Of note, mature dendritic cells can still form new MHC/peptide complexes using MHC molecules recycled from the cell surface [START_REF] Askew | CpG DNA induces mat-uration of dendritic cells with distinct effects on nascent and recycling MHC-II antigen-processing mechanisms[END_REF].

T-cell priming by dendritic cells: activation and tolerization

Several pieces of evidences define dendritic cells as the most potent antigen-presenting cells that induce T-cell priming (which could be defined as the first encounter between a naïve T-cell with its specific antigen (Janeway 1989)). For example, in vivo injection of antigen-loaded dendritic cells induces strong CD4 + and CD8 + T-cell responses [START_REF] Inaba | Dendritic cells pulsed with protein antigens in vitro can prime antigen-specific, MHC-restricted T cells in situ[END_REF][START_REF] Mayordomo | Bone marrow-derived den-dritic cells pulsed with synthetic tumour peptides elicit protective and therapeutic antitumour immunity[END_REF]. The Jenkin's group were the first who used immunofluorescence on a lymph node to visualize the interactions between antigenspecific T-cells and antigen-loaded dendritic cells [START_REF] Ingulli | In vivo detection of dendritic cell antigen presentation to CD4(+) T cells[END_REF]. Another study demonstrated that dendritic cells were able to break neonatal tolerance of T-cells [START_REF] Ridge | Neonatal tolerance revisited: turning on newborn T cells with dendritic cells[END_REF]. Dendritic cells were further shown to induce peripheral tolerance toward transplantation antigens [START_REF] Steptoe | Augmentation of dendritic cells in murine organ donors by Flt3 ligand alters the balance between transplant tolerance and immunity[END_REF], and tumor antigens [START_REF] Ludewig | Immunotherapy with den-dritic cells directed against tumor anti-gens shared with normal host cells re-sults in severe autoimmune disease[END_REF] among many others. Moreover, the presence of dendritic cells is important to induce and maintain central and peripheral tolerance. Several studies had shown that thymic [START_REF] Kyewski | Intrathymic presentation of circu-lating non-MHC antigens by medullary dendritic cells. An antigen-dependent microenvironment for T cell differentiation[END_REF] and splenic dendritic cells (Crowley M 1990[START_REF] Guery | The mode of protein antigen administration determines pref-erential presentation of peptide-class II complexes by lymph node dendritic or B cells[END_REF] alongside with B-cells are important for antigen presentation upon intravenous injection of high doses of tolerogenic antigens. Furthermore, mature dendritic cells from the T cell zones in lymph nodes can present self-antigens from peripheral tissues (L. 1995(L. , Inaba K 1997)). These studies were among the first that demonstrated the importance of the interaction between dendritic cells and T-cells in regulating the priming of T-cells.

T-cell priming by mature dendritic cells

Upon maturation, dendritic cells rapidly re-localize to the T-cell zone of lymph nodes, bearing antigens on their surfaces. The process of maturation enhances the surface expression of co-stimulatory and adhesion molecules such as B7.1 and B7.2 that bind CD28 and CTLA-4 on T-cells. This increases the ability of mature dendritic cells to prime T-cells. On the T-cell side, CD28 is constitutively expressed and accelerates the initial step of T-cell priming, whereas CTLA-4 is induced and is implicated in the downregulation of the T-cell responses. Another receptor expressed by the T-cells is PD-1 (an inhibitory receptor), which binds to the PD-L1/B7-H1 (a member of the B7 family) expressed at the surface of dendritic cells [START_REF] Freeman | Engage-ment of the PD-1 immunoinhibitory receptor by a novel B7 family member leads to negative regulation of lympho-cyte activation[END_REF]. A decrease in T-cell proliferation and activation was reported upon B7H-1 co-stimulation. Another member of the B7 family was described in dendritic cells, B7-DC: it binds to PD-1 and stimulates T-cell proliferation, IL-2 and IFN-y secretion [START_REF] Tseng | B7-DC, a new dendritic cell molecule with potent costimulatory properties for T cells[END_REF]. The in vivo importance of dendritic cell maturation in the context of T-cell priming is particularly clear in the context of CD8 + T-cell priming. I mentioned here a few examples of some co-stimulatory molecules expressed by the dendritic cells which are involved in T-cell priming, but the list of these molecules keeps expanding.

The role of immature dendritic cells in T-cell tolerization

Immune tolerance could be identified as the absence of response from the immune system to certain molecules, tissues, or organs. In vitro studies have shown that the uptake of apoptotic cells produced by the renewal of tissues does not induce maturation of dendritic cells [START_REF] Gallucci | Natural adjuvants: endogenous ac-tivators of dendritic cells[END_REF][START_REF] Sauter | Consequences of cell death: ex-posure to necrotic tumor cells, but not primary tissue cells or apoptotic cells, in-duces the maturation of immunostimula-tory dendritic cells[END_REF]. However, an in vivo study showed the upregulation of CCR7 expression by dendritic cells upon phagocytosis of apoptotic tumor bodies [START_REF] Hirao | CC chemokine receptor-7 on dendritic cells is induced after interaction with apoptotic tumor cells: critical role in migration from the tumor site to draining lymph nodes[END_REF], suggesting that some dendritic cells might arrive to lymph nodes in a non-fully mature state. Furthermore, homeostatic migration of dendritic cells from the periphery to lymph nodes is observed in the absence of maturation stimuli/inflammation. It was, thus proposed that non-fully mature dendritic cells transport and present self-antigens to induce tolerance (Steinman RM 2000). On the same line, it was shown that the presentation of self-antigens by immature dendritic cells leads to the proliferation and differentiation of naïve T-cells toward a regulatory phenotype (Treg) [START_REF] Jonuleit | Dendritic cells as a tool to induce anergic and regulatory T cells[END_REF][START_REF] Roncarolo | Differentiation of T regulatory cells by immature dendritic cells[END_REF]. Repeated stimulation of human CD4 + T-cells by immature dendritic cells induce IL10 production, further inhibiting T-cell proliferation [START_REF] Jonuleit | Induction of interleukin 10-producing, nonprolifera-ting CD4(+) T cells with regulatory prop-erties by repetitive stimulation with allogeneic immature human dendritic cells[END_REF]. The tolerogenic phenotype of immature dendritic cells was investigated in vivo in therapeutic applications such as the injection of allogeneic dendritic cells in patients who had undergone graft surgery. It resulted in the prolongation of the allograft survival due to the immature phenotype of the injected cells [START_REF] Fu | Costimulatory molecule-deficient dendritic cell progenitors (MHC class II , CD80dim, CD86 ) prolong cardiac allograft survival in nonimmuno-suppressed recipients[END_REF].

At steady state, i.e. in the absence of DC maturation/inflammation, the number of regulatory T-cells present in the spleen or in lymph nodes is dependent on the number of dendritic cells (Darrasse-Jèze G 2009). Interestingly, MHC class II molecules and the costimulatory molecules CD80/CD86expressed at the surface of these dendritic cells are essential to maintain the regulatory T-cell population (Darrasse-Jèze G 2009, [START_REF] Baron | Dendritic cell-restricted CD80/86 deficiency results in peripheral regulatory T-cell reduction but is not associated with lymphocyte hyperactivation[END_REF].

The molecular pathways that governs the activation and migration of dendritic cells upon inflammation has been well established, however, which environmental signal and regulatory networks control dendritic cell migration to lymphoid organs at steady state remain largely unknown. A recent work by [START_REF] Baratin | Homeostatic NF-κB Signaling in Steady-State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance[END_REF] signified a novel gene network that specifically controls the homeostatic migration of dendritic cells which is regulated by the NF-κB pathway. IKKB-NF-κB signaling is essential for the steady-state maturation and migration of dendritic cells and thus for their tolerogenic function, as shown by the autoimmune features displayed by IKKB knock out mice. However, the IKK -NF-κB axis is not required for dendritic cell development or survival [START_REF] Baratin | Homeostatic NF-κB Signaling in Steady-State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance[END_REF].

Importantly, the environmental signals that promote this pathway of homeostatic dendritic cell migration are still to be defined.

As key messengers between adaptive and innate immunity, dendritic cells exert their activity in different places far from their tissue of origin, implying that they must possess advanced migratory skills to navigate efficiently through the body. When these cells are immature, they need to constantly sample their surrounding microenvironment, and once mature, they must enter lymphatic vessels and travel to lymph nodes to present antigens to T-cells. A small fraction of these dendritic cells are not retained in the lymph nodes but migrate along the lymphatic tree to reach the blood circulation. These dendritic cells are able to present their antigens in primary lymphoid organs such as the bone marrow [START_REF] Cavanagh | Activation of bone marrow-resident memory T cells by circulating, antigen-bearing dendritic cells[END_REF], the spleen [START_REF] Mullins | Route of immunization with peptide-pulsed dendritic cells controls the distribution of memory and effector T cells in lymphoid tissues and determines the pattern of regional tumor control[END_REF], and the thymus [START_REF] Bhagawat | The LTB4-BLT1 axis regulates actomyosin and β2 integrin dynamics during neutrophil extravasation[END_REF]. This complex life cycle of dendritic cells requires high migratory capacities as a critical property for their immune function.

Migration incorporates several cell locomotion events that occur in different types of environments and thus requires many environment-specific molecular mechanisms.

A dendritic cell journey: from the bone marrow to peripheral tissues and lymph nodes

Dendritic cells are challenged with migrating large distances throughout their lifecycle. Dendritic cell's precursors, which exit the bone marrow, home to different tissues and organs in the body where they seed and differentiate. Once differentiated, immature dendritic cells constantly patrol the tissue to search for any danger signal (damage or infection), which in tissues, such as the gut, the lungs and the skin, also involves active cell migration. Upon encountering such signals, dendritic cells become mature and migrate to lymphatic vessels and lymph nodes (or other lymphoid organs) where they encounter and activate T-cells to start adaptive immune responses. Additionally, primary lymphoid organ-resident dendritic cells and monocytes can cross endothelial venues to reach lymph nodes. Monocytes can also be recruited to peripheral tissues, in particular upon infection [START_REF] León | Monocyte-derived dendritic cells formed at the infection site control the induction of protective T helper 1 responses against Leishmania[END_REF]. All these different migratory routes taken by dendritic cells throughout their life cycle expose the cells to microenvironments of different topographies, stiffness, and porosities and this requires dendritic cells to implement different mechanisms of migration.

Seeding peripheral tissues with dendritic cells

The final differentiation step of dendritic cells from their precursors (pre-DCs) is believed to take place in peripheral tissues (Liu K 2009). Extravasation of these precursors, which reach the tissue through the blood circulation after leaving the bone-marrow, happens in three main steps and is controlled by signaling by cytokines receptors, selectins, and integrin [START_REF] Ta | Traffic signals for lymphocyte recirculation and leukocyte emigration: the multistep paradigm[END_REF][START_REF] Alvarez | Mechanisms and consequences of dendritic cell migration[END_REF]. The first step is the tethering of the precursor cell to slow them down and facilitate rolling along the endothelium. This is mediated by the binding of L-selectin (expressed on pre-DCs) to E-and P-selectins (expressed on activated endothelial cells) [START_REF] Tedder | The selecting: vascular adhesion molecules[END_REF]. The second step is the adhesion of the precursors causing an arrest of movement. This is mediated by the binding of CX3CR1 expressed by pre-DCs to the chemoattractants expressed by endothelial cells. This step triggers a conformational change and activation of β1 and β2 integrins on pre-DCs, which in turn bind their ligands ICAM-1/2, VCAM-1 and MAdCAM-1 expressed on endothelial cells, promoting pre-DC arrest and exit from blood vessels by diapedesis [START_REF] Ta | Traffic signals for lymphocyte recirculation and leukocyte emigration: the multistep paradigm[END_REF]. This process is depicted in figure 7. Leukocytes bind loosely to the endothelium via low-affinity interaction between selectins and their ligands. Once loosely bound, they begin rolling slowly along the endothelium. Chemokines cause a conformational change in the leukocyte, exposing the leukocyte integrins that bind to endothelial ICAM-1 and VCAM-1 and thus inducing firm adherence. The leukocyte then undergoes diapedesis into tissues along the chemokine gradient. (From ACS surgery).

Migration of immature dendritic cells within peripheral tissue

Within peripheral tissues such as the lung, gut and skin dermis, immature dendritic cells patrol their environment by actively migrating. [START_REF] Ng | Migratory dermal dendritic cells act as rapid sensors of protozoan parasites[END_REF][START_REF] Hélène | Macropinocytosis Overcomes Directional Bias in Dendritic Cells Due to Hydraulic Resistance and Facilitates Space Exploration[END_REF]. Their migration is rather slow and diffusive and coupled to antigen capture [START_REF] Faure-Andre | Regulation of dendritic cell migration by CD74, the MHC class IIassociated invariant chain[END_REF][START_REF] Chabaud | Cell migration and antigen capture are antagonistic processes coupled by myosin II in dendritic cells[END_REF], Vargas P 2016). Of note, some dendritic cell subtypes, such as Langerhans cells of the epidermis, do not migrate but rather constantly extend and retract protrusions to sample their environment while remaining almost stationary [START_REF] Kissenpfennig | Dynamics and function of langerhans cells in vivo: dermal dendritic cells colonize lymph node areas distinct from slower migrating langerhans cells[END_REF][START_REF] Nishibu | Behavioral responses of epidermal langerhans cells in situ to local pathological stimuli[END_REF]. At steady-state conditions, approximately 5% of skin dendritic cells leave the tissue toward the lymph nodes within 24 hours [START_REF] Tomura | Monitoring cellular movement in vivo with photoconvertible fluorescence protein "Kaede" transgenic mice[END_REF]. In mice, dendritic cells are replenished from the blood at a rate of 4000 cells per hour, and from spleen each 10 to 14 days [START_REF] Liu | Origin of dendritic cells in peripheral lymphoid organs of mice[END_REF]. In tissues, the migration of immature dendritic cells can be restricted by different tissue physical properties such as hydraulic resistance or geometry/topography [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF][START_REF] Hélène | Macropinocytosis Overcomes Directional Bias in Dendritic Cells Due to Hydraulic Resistance and Facilitates Space Exploration[END_REF]. The ability of immature dendritic cells to constitutively engulf fluid by macropinocytosis renders them insensitive to hydraulic resistance, facilitating environment patrolling and sampling for the presence of danger signals [START_REF] Hélène | Macropinocytosis Overcomes Directional Bias in Dendritic Cells Due to Hydraulic Resistance and Facilitates Space Exploration[END_REF]. Once dendritic cells mature, they downregulate macropinocytosis and thus become biased toward choosing paths with lower hydraulic resistance. This might help them finding short path to efficiently reach lymph nodes and start immune responses [START_REF] Hélène | Macropinocytosis Overcomes Directional Bias in Dendritic Cells Due to Hydraulic Resistance and Facilitates Space Exploration[END_REF].

Migration from peripheral tissue to lymph nodes

Dendritic cells arrive to lymph nodes via lymphatic vessels in a multi-step process summarized in figure 8, they propose a model for the interstitial migration of skin dendritic cells from the cutaneous microenvironment to the afferent lymphatics en route to the lymph nodes. The migratory cascade is divided into five discrete steps: starting with recognition of a mobilizing signal (inset 1), detachment from structural tissue elements (inset 2), trafficking through interstitial space (inset 3), transit through the afferent lymphatic endothelium (inset 4), and transit through the afferent lymph vessels (inset 5).

Major chemokine-chemokine receptor (CKRs) pathways and other trafficking molecules controlling DC migration are highlighted [START_REF] Alvarez | Mechanisms and consequences of dendritic cell migration[END_REF]. Various steps for dendritic cells migration from the skin to lymph nodes From [START_REF] Alvarez | Mechanisms and consequences of dendritic cell migration[END_REF].

Dendritic cell's guidance to lymph nodes: an essential role for CCR7

As described above, dendritic cells enter into a maturation program upon encounter with danger. Upon maturation, several processes linked to the cell's sentinel function are downregulated, amongst them is macropinocytosis. Downregulation of macropinocytosis results from the downregulation of Cdc42 and a reduction in Arp2/3 levels (Vargas P 2016). This results in increased migration speed and facilitates the arrival of dendritic cells to lymph nodes (Vargas P 2016). Dendritic cells further increase the surface expression of many molecules upon maturation, most of them facilitating antigen presentation, cell migration and chemotaxis to lymph nodes, as summarized in figure 9. Dendritic cell homing to lymph nodes at steady-state and upon inflammation is tightly dependent on the upregulation of the G-protein coupled chemokine receptor 7 (CCR7) [START_REF] Förster | CCR7 coordinates the primary immune response by establishing functional micro-environments in secondary lymphoid organs[END_REF][START_REF] Ohl | CCR7 Governs Skin Dendritic Cell Migration Under Inflammatory and Steady-State Conditions[END_REF].

Both CCL19 and CCL21 are ligands to CCR7. Both CCL19 and CCL21 are ligands of CCR7. While CCL21 is critical for dendritic cell migration from peripheral tissues to lymphatic vessels and lymph nodes, CCL19 allows proper localization of dendritic cells in lymph nodes [START_REF] Wendland | Lymph node T cell homeostasis relies on steady state homing of dendritic cells[END_REF] In peripheral tissues, endothelial cells secrete CCL21, which allows the formation of a CCL21 haptotatic gradients in direction to lymphatic vessels [START_REF] Weber | Interstitial dendritic cell guidance by haptotactic chemokine gradients[END_REF]. Endothelial cells upregulate the expression of CCL21 upon inflammation, which increases the arrival of dendritic cells to the nearest lymph node [START_REF] Johnson | Inflammation-induced secre-tion of CCL21 in lymphatic endothelium is a key regulator of integrin-mediated dendritic cell transmigration[END_REF]. CCL21 gradients start at approximately 90µm from lymph vessels, which tails the distance that shifts dendritic cells' migration from random to directional [START_REF] Weber | Interstitial dendritic cell guidance by haptotactic chemokine gradients[END_REF]. CCL21 is additionally released at the site of transmigration and promotes the entry of mature dendritic cells into lymphatic vessels (Vaahtomeri 2017). The CCL21 gradient within lymphatic vessels also facilitates the migration of mature dendritic cells to lymph nodes [START_REF] Russo | Intralymphatic CCL21 Promotes Tissue Egress of Dendritic Cells through Afferent Lymphatic Vessels[END_REF]. The role of pro-inflammatory mediators in the activation of dendritic cells have been widely studied. For example, prostaglandins E2 (PGE2) induces CCR7 oligomerization on the dendritic cell surface, which leads to CCR7 phosphorylation by Src kinases and increases the efficiency of dendritic cell migration along CCL21 gradients [START_REF] Hauser | Inflamma-tion-induced CCR7 oligomers form scaffolds to integrate dis-tinct signaling pathways for efficient cell migration[END_REF]. Of note, to be able to efficiently follow these gradients, dendritic cells must increase their cell-intrinsic migration speed and persistence (Vargas P 2016).

Entry of dendritic cells into lymphatic vessels

For mature dendritic cells to reach their final destination, lymph nodes, they first need to enter lymphatic vessels through intravasation. The first step in this process is to cross the vessels' basement membrane.

It has been shown that for this, dendritic cells search for entry points or portals along the discontinuous structure of the membrane. Once they have found a portal, dendritic cells send protrusions into the vessels and contract their cell rear to squeeze and penetrate its lumen (Pflicke H 2009). Lymphatic endothelial cells (LECs) express high levels of the lymphatic vessel endothelial protein LYVE-1, a receptor for hyaluronic acid (HA), which is bound at the surface of dendritic cells. This interaction between HA and LYVE-1 facilitates dendritic cells' entry to lymphatic capillaries [START_REF] Johnson | Dendritic cells enter lymph vessels by hyaluronanmediated docking to the endothelial receptor LYVE-1[END_REF].

Upon inflammation, LECs also upregulate the expression of integrin ligands such as ICAM-1, which promotes adhesion-mediated dendritic cells transmigration [START_REF] Johnson | An inflammation-induced mechanism for leukocyte transmigration across lymphatic vessel endothelium[END_REF][START_REF] Johnson | Inflammation-induced secre-tion of CCL21 in lymphatic endothelium is a key regulator of integrin-mediated dendritic cell transmigration[END_REF][START_REF] Vigl | Tissue inflamma-tion modulates gene expression of lymphatic endothelial cells and dendritic cell migration in a stimulus-dependent manner[END_REF]. Finally, the interaction between dendritic cells and LECs increases intracellular calcium signaling, leading to secretion of vesicles loaded with CCL21, thereby reinforcing dendritic cell recruitment and entry to the lymphatics (Vaahtomeri K 2017).

Arrival at the lymph nodes

Once dendritic cells enter lymphatic vessels, which forms an incredibly complex network, they need 12-24 hours to arrive to lymph nodes. Indeed, dendritic cells move slowly within lymphatics along the vessel wall by extending protrusions at the cell's front [START_REF] Tal | DC mobilization from the skin requires docking to immobilized CCL21 on lymphatic endothelium and intralymphatic crawling[END_REF]. Interestingly, once dendritic cells mature, they downregulate macropinocytosis and thus become sensitive to hydraulic resistance. This allows them choosing paths with low hydraulic resistance at bifurcations and might thus facilitate their guidance to lymph nodes [START_REF] Hélène | Macropinocytosis Overcomes Directional Bias in Dendritic Cells Due to Hydraulic Resistance and Facilitates Space Exploration[END_REF].

After leaving lymphatic capillaries, dendritic cells reach large vessels that collect the lymph, wherein they are guided by CCL21 gradients towards lymph nodes. Once in lymph nodes, dendritic cells transmigrate through the subcapsular sinus toward the para-cortex, which is patrolled by T-cells moving on fibroblastic reticular cells (FRCs). FRCs express gradients of CCL21 and CCL19, which help the interaction between dendritic cells and T-cells (Link A 2007). Furthermore, dendritic cells present in the T-cell area produce CCL19 to further attract other dendritic cells to their site [START_REF] Cyster | Chemokines and the Homing of Dendritic Cells to the T Cell Areas of Lymphoid Organs[END_REF].

De Winde et al., (Charlotte M. de Winde 2020) summarized the most critical molecular toolbox used by dendritic cells to fulfill their main objective as the immune system's sentinels (figure 10). Cell migration is an essential process for immune responses. It is also involved in other physiological or pathological events such as embryonic development or metastasis progression. Thus, the mechanisms underlying cell migration have been studied in a variety of different contexts [START_REF] Yamada | Mechanisms of 3D cell migration[END_REF]. To migrate the cell relies on internal forces that are transmitted to the substrate to allow its displacement.

Previous studies have highlighted various strategies developed by cells to meet the requirements for cell migration (Vicente-Manzanares 2005).

As described in chapter 1, dendritic cells play an essential role in the onset of immunity by linking innate and adaptive responses. They uptake information on the microenvironment in peripheral tissues and transport it to lymph nodes, where they initiate immune responses. They are thus equipped to migrate efficiently in different physical and chemical contexts, which can vary depending on the nature of the tissue.

The role of the cytoskeleton in dendritic cells migration

A cell can be seen as a "bag of organelles" including the nucleus (in which I will focus on in more details in the next chapter), the cytosol and the cytoskeleton. They are separated from the extracellular environment by the plasma membrane. The mechanical properties of the cell thus result from the properties of these components [START_REF] Starodubtseva | Mechanical properties of cells and ageing[END_REF][START_REF] Keren | Mechanical forces and feedbacks in cell motility[END_REF]).

The cytoskeleton

The cytoskeleton is a three-dimensional network made up of bio-polymers. It can hold mechanical loads of different magnitudes and natures, which are constantly applied to cells in tissues. The cytoskeleton is considered as a viscoelastic material, meaning that it can exhibit both elastic and viscous properties once it undergoes deformation. The cell contains three types of bio-polymers: actin filaments, intermediate filaments, and microtubules. Their dynamics, interactions, and organization play an essential role in defining the cell's mechanical properties. Here I will focus on the actin network as it is at the center of my work.

The actin cytoskeleton

Actin is one of the most abundant proteins in the cell (Laurent Blanchoin 2014). In most eukaryotic cells, globular monomeric actin (G-actin) assembles in dimers before polymerizing to form actin filaments (F-actin) [START_REF] Cooper | Actin, a Central Player in Cell Shape and Movement[END_REF]. Actin filaments are more flexible and dynamic than other cytoskeleton elements: they facilitate cell morphological changes in response to environmental stimuli at the time scale of minutes (Laurent Blanchoin 2014). The two ends of an actin filament differ in their dynamics of subunit addition and removal, they are referred to as the barbed end and the pointed end.

Single actin filaments elongate ten-times faster at the barbed end than at the pointed end [START_REF] Cooper | Actin, a Central Player in Cell Shape and Movement[END_REF].

Elongation of actin filaments results from the addition of ATP-G-actin at the barbed end that is quickly hydrolyzed in ADP following its incorporation within the growing filament. In contrast, filament depolymerization occurs at the pointed end where ADP-G-actin is removed [START_REF] Kunda | Actin Nucleation: Spire -Actin Nucleator in a Class of Its Own[END_REF]. However, actin elongation rate is modulated by actin binding proteins which interact with G-actin and F-actin to control the actin remodeling cycle. Profilin (an actin binding protein) binds directly to G-actin and promote the assembly step or sequester actin monomers. Cofilin (an actin severing protein) interacts with F-actin at the pointed end, destabilizes it, inducing depolymerization (Pruyne et al., 2002). The binding sites of the different actin binding proteins partially overlap, resulting in competition for actin interaction and tight regulation of filament elongation. Capping proteins also play a key role in regulating actin remodeling: they stabilize the barbed ends, preventing both polymerization and depolymerization. While the elongation of F-actin is spontaneous, the nucleation step of the first three monomers is thermodynamically unfavorable [START_REF] Pollard | Molecular mechanisms controlling actin filament dynamics in nonmuscle cells[END_REF]. The formation of new F-actin filaments is thus strongly dependent on factors that promote or inhibit actin nucleation. The assembly of actin filaments in F-actin networks is further dependent on actin cross-linkers and -motor proteins.

Actin network organization

The primary limiting step in the formation of actin filaments is the nucleation step. It requires the activity of actin-binding proteins called actin nucleators. Several actin nucleators were identified in the past years; Arp2/3, Formins, cordon blue, Spire, and Leiomodin [START_REF] Goode | Actin nucleation and elongation factors: mechanisms and interplay[END_REF]). I will focus specifically on Arp2/3 and formins as they play a predominant role in eukaryotic cells.

-Arp2/3-dependent formation of actin branched network Arp2/3 complex was discovered more than twenty five years ago (L M Machesky 1994). It is composed of seven subunits. Two of them Arp2 and 3 are actin-related proteins and mimic an actin dimer. The complex acts as a template for further F-actin elongation and overcomes the limiting step of nucleation [START_REF] Goley | The ARP2/3 complex: an actin nucleator comes of age[END_REF]. It binds to the side of pre-existing filaments and branches a filament at an angle of 70°. The new filament grows from its barbed end, while interactions with capping proteins limit its length [START_REF] Amann | The Arp2/3 complex nucleates actin filament branches from the sides of pre-existing filaments[END_REF]. Actin nucleation by Arp2/3 leads to the formation of a branched network of short actin filaments. The main regulators of the Arp2/3 activity are nucleator promoting factors (NPFs) (WAVE, WASP, WASH) (reviewed in (Jeremy D. Rotty 2013)). NPF-mediated activation of the Arp2/3 complex is a highly regulated process mainly controlled by the Rho family of small GTPases including Rho, Rac and Cdc42. For example, Rac and Cdc42 bind to the WASP-GBD domain, which in the end leads to the binding of this NPF to Arp2/3, thereby activating the complex. WAVE, on the other hand has a different activation model. It includes the binding of Rac1 to the SRA1 domain, which releases the WCA domain of WAVE for binding to and activation of Arp2/3 (Jeremy D. Rotty 2013).

-Arpin, an Arp2/3 inhibitor An additional protein that controls the Arp2/3 complex activity is Arpin, which restricts the rate of actin polymerization. The Arpin structure was reported by [START_REF] Wang | Structure of the human smoothened receptor bound to an antitumour agent[END_REF] while its function was reported first in vitro by the lab of A.Gautreau [START_REF] Dang | Inhibitory signalling to the Arp2/3 complex steers cell migration[END_REF][START_REF] Krause | Steering cell migration: lamellipodium dynamics and the regulation of directional persistence[END_REF], who showed that signaling by the small GTPase Rac activates Arpin at the lamellipodia tip (like WAVE). In the absence of Arpin, this tip protrudes faster, and cells migrate faster with straighter trajectories. Thus, they concluded that the coexistence of the Rac-Arpin-Arp2/3 inhibitory circuit with the Rac-WAVE-Arp2/3 stimulatory circuit controls and tunes actin polymerization [START_REF] Dang | Inhibitory signalling to the Arp2/3 complex steers cell migration[END_REF]. Arp2/3 inhibition has recently gained more attention as it has been associated with attenuation of cancer progression [START_REF] Molinie | The Arp2/3 regulatory system and its deregulation in cancer[END_REF], and pathogen invasion [START_REF] Jubrail | Arpin is critical for phagocytosis in macrophages and is targeted by human rhinovirus[END_REF]. In that context, several studies addressed the role of Arpin in cell migration. In retinal pigmented epithelial RPE1 cells, Arpin depletion causes higher speed and persistence of a random mode of migration [START_REF] Maiurip & Rupprecht | Actin flows mediate a universal coupling between cell speed and cell persistence[END_REF]. Arpin depletion in cancer cells and amoebas increased the duration of active migration, and cell persistency [START_REF] Gorelik | The Arp2/3 inhibitory protein arpin induces cell turning by pausing cell migration[END_REF] but Arpin activity was dispensable for chemotaxis in these cells [START_REF] Dang | The Arp2/3 inhibitory protein Arpin is dispensable for chemotaxis[END_REF]. A recent study demonstrates a role for Arpin in phagocytosis by macrophages infected with human rhinovirus [START_REF] Jubrail | Arpin is critical for phagocytosis in macrophages and is targeted by human rhinovirus[END_REF]. Importantly, the role of Arpin as an actin regulator has not been addressed in dendritic cells.

-Formins-dependent formation of non-branched actin networks Formins mediate the nucleation of non-branched actin structures [START_REF] Evangelista | Formins: signaling effectors for assembly and polarization of actin filaments[END_REF]. For this, they stabilize the spontaneously formed actin dimers and, upon dimer assembly, the FH2 domain of formins binds to the barbed end of F-actin and moves with it, allowing the rapid insertion of G-actin. The high affinity of the FH2 domain to the barbed end of F-actin protects it from being blocked by capping proteins. Moreover, the FH1 domain of formins facilitates the insertion of a G-actin at pointed ends by recruiting Profiling-G-actin complexes. This increases the elongation rate of actin barbed ends by as much as five folds compared to free ends [START_REF] Goode | Actin nucleation and elongation factors: mechanisms and interplay[END_REF][START_REF] Goode | Formins at a glance[END_REF]. To facilitate actin nucleation, formins have to be activated themselves. Indeed, Diaphanous-related formins (DRFs), which are the most abundant formin types in vertebrates, exist in an autoinhibited state in the cytosol. The release from this state requires the activity of the small Rho-GTPase, RhoA (unlike Arp2/3, which is mainly activated downstream of Rac and Cdc42). In general, actin nucleation by formins leads to the formation of linear actin networks and bundles that are instrumental for immune cells, including dendritic cells, to migrate and form protrusions for environment sensing (Vargas P 2016).

Tool to study cells migration

The migration of cells has been heavily studied in 2D surfaces, however, in many instances this cannot be extrapolated to complex 3D environments such as those in which cells migrate in vivo. As a striking example, dendritic cells are barely motile in 2D but migrate efficiently once compressed between two surfaces or in 1D micro-channels [START_REF] Heuze | Migration of dendritic cells: physical principles, molecular mechanisms, and functional implications[END_REF].

Although the mechanical and molecular properties of the microenvironment can differ significantly, an essential parameter that distinguishes cell migration in 3D environments from 2D surfaces is the degree of cell physical confinement. Indeed, confinement can promote cell migration by helping cells develop and use pushing forces, even in low adhesion environments [START_REF] Hawkins | Pushing off the walls: a mechanism of cell motility in confinement[END_REF], M. Le Berre 2013, Y.-J. Liu 2015). The complexity of in vivo environments and the difficulty to precisely control them in tissues created the need to break it down its different components (such as topography, pore size, rigidity, density). For this, different micro-fabricated systems were developed in our lab [START_REF] Heuze | Migration of dendritic cells: physical principles, molecular mechanisms, and functional implications[END_REF] as well as in M. Sixt lab, as summarized below.

-3D gels Collagen gels are widely used to study cell migration as they mimic collagen-rich connective tissues in which many cells migrate (Wolf 2009). These gels form a porous 3D meshwork that allows studying non-proteolytic migration of different types of cells [START_REF] Wolf | Amoeboid shape change and contact guidance: T-lymphocyte crawling through fibrillar collagen is independent of matrix remodeling by MMPs and other proteases[END_REF]. This meshwork forms narrow pores through which cells migrate by squeezing their body and, if pores are small enough, their nucleus (T. Lämmermann 2008[START_REF] Wolf | Physical limits of cell migration: control by ECM space and nuclear deformation and tuning by proteolysis and traction force[END_REF]. The pore size and physical properties of these gels depend on the type of collagen used. Our lab has recently developed a microdevice that allows the fabrication of several collagen gels of specific dimensions in a single dish compatible with microscopy. By using this system, we can change the geometry of the collagen meshwork and thus challenge more or less the cells (Pablo J Sáez 2018). Furthermore, by adding chemokines -such as CCL21, which binds to collagen, and CCL19, which does not-gradients can be created, facilitating the study of haptotaxis and chemotaxis. An illustration of this device is shown in figure 11. fluorescence image evidencing the gradient of FITC dextran (50µg/ml) in the chamber. The corresponding graph of the image (lower panel) shows the fluorescence intensity in the x axis of the chamber. Note that in the arbitrarily defined zone 2 there is gradient formation, while in the zone 1 there is not. From (Pablo J Sáez 2018).

-Micro-fabricated channels

To study dendritic cell migration in controlled encironments, our lab has extensively used microfabricated channels. Leukocytes, such as T-cells and dendritic cells, enter spontaneously into channels in which they migrate bi-directionally, reaching speeds close to what is reported in vivo [START_REF] Faure-Andre | Regulation of dendritic cell migration by CD74, the MHC class IIassociated invariant chain[END_REF][START_REF] Jacobelli | Confinement-optimized three-dimensional T cell amoeboid motility is modulated via myosin IIA-regulated adhesions[END_REF][START_REF] Moreau | Dynamic in situ cytometry uncovers T cell receptor signaling during immunological synapses and kinapses in vivo[END_REF]. Micro-channels are made of poly-di-methyl-siloxane (PDMS), a biocompatible elastomer. They can be made of different sizes and shapes [START_REF] Heuze | Cell migration in confinement: a micro-channel-based assay[END_REF]. They are bound to a glass bottom dish making them compatible with live-imaging. Different cell motility parameters can be automatically extracted from movies of cells migrating in such channels, such as instantaneous cell velocity, speed fluctuations, changes in direction, time of pauses…etc. By changing channel geometry and dimension, we can assess the individual contribution of different extracellular properties to the cell migration profile. For example, the effect of confinement in narrow spaces on dendritic cell migration can be studied by introducing constrictions with well-defined geometry, whereas adhesion/friction can be tuned by changing the coating of the channel walls. The geometry of channels can also be complexified by creating mazes or bifurcations to study how cells chose their migration path (figure 12) [START_REF] Heuze | Migration of dendritic cells: physical principles, molecular mechanisms, and functional implications[END_REF][START_REF] Hélène | Macropinocytosis Overcomes Directional Bias in Dendritic Cells Due to Hydraulic Resistance and Facilitates Space Exploration[END_REF][START_REF] Reversat | Cellular locomotion using environmental topography[END_REF]. Changing the size of channels or adding constrictions with different size/height can also be used to study the deformation of cells when single-cell migrate through these small holes which mimic the passage of cells between endothelial layers in vivo (Pablo J Sáez 2018). Landscape irregularity in vivo imposes decision making: a parameter that can be measured in vitro by adding bifurcations to the micro-channel devices. From [START_REF] Heuze | Migration of dendritic cells: physical principles, molecular mechanisms, and functional implications[END_REF]).

-2D confinement

Another approach to study cell migration on 2D confined surfaces consists in adding a roof on top of cells. This was the main principle of the "under-agarose assay" [START_REF] Heit | Measuring chemotaxis and chemokinesis: the under-agarose cell migration assay[END_REF]) used to study leukocyte migration in confinement [START_REF] Renkawitz | Adaptive force transmission in amoeboid cell migration[END_REF][START_REF] Tim Lämmermann | Mechanical Modes of 'Amoeboid' Cell Migration[END_REF]. In these studies, the agarose roof's rigidity can be controlled, but one cannot adequately control the height separating the surface and the glass slide. Our lab has optimized this principle and developed the "cell-confiner," which is made of PDMS and allows precise control of the height separating the parallel surfaces between which cells migrate (Le Berre 2014). It is even possible to dynamically change the degree of confinement by using a device to control the pressure (Le Berre 2012). Similarly, a static multi-well confiner allows the confinement of a large number of cells. In this case, it is not the pressure that holds the confinement slide but rather the deformation of the PDMS pillars (figure 13) (Le Berre 2014). This is the device I used during my PhD in order to confine dendritic cells in a controlled manner. (A) A lid of a multi-well plate (Mwl) is modified by introducing large PDMS pillars (Pp) to hold the confinement slides (Cs). These pillars typically have the height of the plate, which can be slightly increased with a PDMS sheet (Ps). (B) When the multiwell plate (Mwp) containing cells and culture medium (Cm) is closed with the modified lid, the confinement slides are applied on the cells adhering to the bottom of the wells. Pillars that are slightly higher than the well depth deform and apply pressure on the confinement slides. From (Le Berre 2014). Right: schematic expalining lateral view of the cell and nucleus upon unixial confinement, the smaller the confinment hieght, the more deformaed the cell and it's nucleus. Schematic by Bertsy Goic.

Mechanisms of dendritic cell migration

During their migration, leukocytes, such as dendritic cells, use the so called "amoeboid-like migration mode", which is known to be fast as it relies on rapid rounds of actomyosin contraction and actin polymerization [START_REF] Tim Lämmermann | Mechanical Modes of 'Amoeboid' Cell Migration[END_REF], Y.-J. Liu 2015). This mode of migration, which they adapt while migrating in different environments, is usually considered to be non-dependent on adhesive or proteolytic molecules. It is very efficient for cells moving in 3D environments. On the other hand, fibroblasts and endothelial cells use the mesenchymal migration mode, which depends on focal adhesions formed by integrins and leads to extracellular matrix (ECM) remodeling through proteases secreted or expressed at the cell surface. This migration mode is efficient for cells moving in 2D environments, which are rare in vivo. Switching between both migration modes (mesenchymal and amoeboid-like) can be triggered by modulating cells adhesion to the environment and their level of confinement (Y.-J. Liu 2015) or by specific inhibition of the actomyosin cytoskeleton (T. Lämmermann 2008[START_REF] Obeidy | Partial loss of actin nucleator actin-related protein 2/3 activity triggers blebbing in primary T lymphocytes[END_REF].

In order for cells to move, they need to generate and transmit forces to the substrate through either adhesion or friction. Cells also need to polarize and establish a front-to-back axis consisting of a leading-edge and a contractile edge, which in immune cells is often referred to as uropod. The primary source of force generation by the actin cytoskeleton are expansion (polymerization or relaxation) and shrinking (disassembly or contraction). Both depend on energy generated by hydrolysis of ATP. For example, polymerization of actin filaments below the plasma membrane can generate enough force to push the membrane and form a lamellipodia (if forming a branched actin network) and/or filopodia (if forming actin bundles). On the contrary, contraction of actin networks can lead to their disassembly or create an intracellular pressure gradient that leads to symmetry breaking and forward movement. This contraction step is dependent on Myosin II, which crosslinks actin filament and facilitates their sliding one past the other, thus creating tension in actin network. Thus the coordinated assembly of different actin networks within specific subcellular localizations provides to the cell with the machinery required for movement (Figure 14).

Figure 14 The actin cytoskeleton in cell locomotion

Cell migration is supported by the generation of membrane protrusions at the cell front resulting from actin polymerization at the leading edge. Concomitantly, Myosin II-mediated contractions at the rear of the cell allow back retraction resulting in the forward movement of the cell. Adapted from [START_REF] Parsons | Cell adhesion: integrating cytoskeletal dynamics and cellular tension[END_REF].

Moving in 2D environments; balancing adhesion and contraction

Dendritic cells can migrate in 2D environments using adhesive molecules to strongly interact with the substrate and generate traction forces, even though this migration mode in rather inefficient. Here, the cell's leading edge pushes the cell forward by coupling cortical actin with adhesion receptors: after the polymerization of actin and Myosin II-driven activity, actin filaments starts to be pushed at the back to create a retrograde flow of actin and actin-bound molecules. This retrograde flow is coupled to the extracellular environment via transmembrane adhesion receptors (such as integrins) and focal adhesion proteins, generating pulling forces that will ultimately push the cell forward [START_REF] Tim Lämmermann | Mechanical Modes of 'Amoeboid' Cell Migration[END_REF][START_REF] Sixt | Mechanisms of force generation and force transmission during interstitial leukocyte migration[END_REF][START_REF] Heuze | Migration of dendritic cells: physical principles, molecular mechanisms, and functional implications[END_REF]. One important feature of adhesion-dependent migration is the necessity to disassemble focal adhesions at the rear of the cell for it to be able to move forward. This disassembly is facilitated by the dynamic regulation of integrin receptors that can be switched off or endocytosed and by the Myosin II contraction forces, both supporting retractions [START_REF] Parsons | Cell adhesion: integrating cytoskeletal dynamics and cellular tension[END_REF]. Thus adhesion and contraction have to be well balanced by the cells in order to achieve effective locomotion in 2D.

Moving in 3D environments

While migration on 2D surfaces is strictly dependent on the anchoring of cells to surface, this does not apply to cells moving in 3D environments. After the discovery of integrins and their diversity, it was assumed that they are indispensable for cell locomotion in both 2D and 3D environments. However, several early studies in different leukocytes debated about the importance of integrins for cells' locomotion whether in collagen gels or in vivo (P. [START_REF] Friedl | CD4+ T lymphocytes migrating in threedimensional collagen lattices lack focal adhesions and utilize beta1 integrin-independent strategies for polarization, interaction with collagen fibers and locomotion[END_REF][START_REF] Franitza | Real-time analysis of integrin-mediated chemotactic migration of T lymphocytes within 3-D extracellular matrix-like gels[END_REF][START_REF] Werr | Integrin alpha(2)beta(1) (VLA-2) is a principal receptor used by neutrophils for locomotion in extravascular tissue[END_REF], until a study that ultimately demonstrated that integrins were not necessary for interstitial migration of mouse dendritic cells, B-cells, and neutrophils (T. Lämmermann 2008). In the absence of integrins, the backward movement of F-actin is not limited, resulting in an increased retrograde flow [START_REF] Renkawitz | Adaptive force transmission in amoeboid cell migration[END_REF]. This flow creates enough friction with the substrate to propel the cell forward [START_REF] Bergert | Force transmission during adhesion-independent migration[END_REF]. Furthermore, in total absence of membrane-force coupling, cells can take advantage of their environment topography, and the texture of the substrate to create retrograde flow sufficient to push them forward [START_REF] Reversat | Cellular locomotion using environmental topography[END_REF]).

-A role for actin flow in coupling the migration speed and persistence When organizing the first World Cell Race, it was observed that the cell migration speed and persistence are coupled [START_REF] Maiuri | The first World Cell Race[END_REF]. It was then demonstrated that this results from the retrograde transport of actin-regulatory factors and their accumulation at the cell rear, which results in enhanced polarity and thus in persistent migration [START_REF] Maiurip & Rupprecht | Actin flows mediate a universal coupling between cell speed and cell persistence[END_REF]. Myosin II is among the critical actinregulators that are transported backward, creating a sustained back-to-front gradient of the motor protein essential to maintain contractility at the cell rear et allow forward movement (Ruprecht 2015, Y.-J. Liu 2015).

Force transduction by dendritic cells migrating in tissues

In the case of dendritic cells migrating within tissues, a theoretical model based on friction was proposed as a model for dendritic cells' migration in confinement, in which actin polymerizing filaments perpendicularly push against the channel wall [START_REF] Hawkins | Pushing off the walls: a mechanism of cell motility in confinement[END_REF]. This model proposed that moving forward is provided by a pressure gradient inside cells in the absence of force coupling. This gradient was indirectly quantified by visualizing the contact regions of cells with the substrate. Dendritic cells when stationary display homogenous contact with their substrate, but once they start moving, they display a close contact with the substrate at the back of the cell exclusively (Figure15).

All what I have described so far suggest that the distinct migration modes adopted by cells in general and dendritic cells in particular are strongly dependent on the physical properties of their environment.

Cells can switch between different modes of migration upon changes in their environment [START_REF] Renkawitz | Adaptive force transmission in amoeboid cell migration[END_REF], Y.-J. Liu 2015) and this endows dendritic/immune cells with the ability to navigate through tissues of variable physical and mechanical properties. 

The role of the actomyosin cytoskeleton in dendritic cell migration

As mentioned above, the members of the Rho small GTPase family are key regulators of the actin cytoskeleton. Rac and Cdc42 coordinate protrusion at the leading edge and promote actin polymerization by activating WAVE and WASP upstream of the Arp 2/3 complex (Tim Lämmermann 2009, Vargas P 2016). However, the direct inhibition of WAVE (Hem1) or Arp2/3 does not affect dendritic cell migration in confined environment [START_REF] Leithner | Diversified actin protrusions promote environmental exploration but are dispensable for locomotion of leukocytes[END_REF], Vargas P 2016).

Dendritic cell migration is indeed rather driven by actin cables/bundles nucleated by the mDia1 formin at their rear, which are cross-linked and contracted by Myosin II (Vargas P 2016[START_REF] Bretou | Lysosome signaling controls the migration of dendritic cells[END_REF].

Interestingly, in immature dendritic cells, Myosin II can also be recruited to the cell through it interaction with the MHC class II-associated invariant chain (Ii) [START_REF] Faure-Andre | Regulation of dendritic cell migration by CD74, the MHC class IIassociated invariant chain[END_REF]. This, together with the activation of Cdc42 and Arp2/3, allows macropinocytosis for antigen capture (Vargas P 2016).

Upon maturation, dendritic cells upregulate the actin-bundling protein fascin-1 resulting in the disassembly of podosomes [START_REF] Yamakita | Fascin1 Promotes Cell Migration of Mature Dendritic Cells[END_REF][START_REF] Lamsoul | ASB2α regulates migration of immature dendritic cells[END_REF]. Although podosomes disassembly is a key factor in dendritic cells transition from mesenchymal to amoeboid migration with no adhesion nor matrix degradation. However, the relevance of podosomes in 3D migration is unclear, these structures being essentially observed in 2D in vitro. Perhaps more importantly, maturation enhances actomyosin contractility in dendritic cells. Indeed, in immature state, actomyosin at the cell front allows antigen environment sampling by macropinocytosis. This is associated to slow cell migration phases [START_REF] Chabaud | Cell migration and antigen capture are antagonistic processes coupled by myosin II in dendritic cells[END_REF], Vargas P 2016). Once dendritic cells are fully mature, actomyosin contractility and macropinocytosis are down-regulated at the cell front, allowing acceleration (Vargas P 2016[START_REF] Bretou | Lysosome signaling controls the migration of dendritic cells[END_REF] Mature dendritic cells now become more efficient at following CCL21 gradients, which facilitates their arrival to lymphatic vessels and the lymph node (Vargas P 2016). This has been observed upon maturation of dendritic cells by the PAMP LPS and by the DAMP ATP, which is released upon tissue damage (Vargas P 2016[START_REF] Sáez | ATP promotes the fast migration of dendritic cells through the activity of pannexin 1 channels and P2X7 receptors[END_REF].

The dense and complex structure of the extracellular matrix, which is composed of pores sometimes smaller than the typical cell size in general limits cell migration. Non-proteolytic cells, such as dendritic cells, have developed mechanisms to adjust their migration to such physical constraints. In particular, dendritic cells are equipped with specific mechanisms to deform their cell body and nucleus (the most rigid cell organelle) in confined areas [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF], and can also adapt their migration path to avoid obstacles [START_REF] Yamada | Mechanisms of 3D cell migration[END_REF]. In the next chapter, I will focus on the central role of the nucleus, which has been described as the main limiting factor in dendritic cell migration and deformation [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF] in the mechanical response of dendritic cells to physical constraints.

The nucleus: dual role in mechanotransduction and cell migration

"The subject of cell mechanics encompasses a wide range of essential cellular processes, ranging from macroscopic events such as the maintenance of cell shape, cell motility, adhesion, and deformation to microscopic events such as how cells sense mechanical signals and transduce them into a cascade of biochemical signals ultimately leading to a host biological response." [START_REF] Roger Kamm | Introduction, with the biological basis for cell mechanics[END_REF].

Leukocytes have a very active 'life-style' that is characterized by rapid migration, morphological changes, cell and organelle deformations, and by cell-to-cell interactions. They thus experience different types of mechanical constraints, during their lifetime to which they must respond in order to adapt to their environment. This cellular response to mechanical constraints involves mechanotransduction pathways.

Cell Migration & Mechanotransduction

Cells can read different mechanical stimuli and respond to them by activating biochemical signaling in a process defined as mechanotransduction. Through this process, cells can sense the physical properties of their environment and adapt their behavior, migration trajectories and function, accordingly [START_REF] Lammerding | Nuclear Mechanics and Mechanotransduc-tion in Health and Disease[END_REF]. Interestingly, an increasing amount of evidence shows that almost all cell types are mechanosensitive. For example, the differentiation of stem cells is controlled by changing their substrate's rigidity or geometry [START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF]. Cardiac cells also have mechanical responses: they change their volume in response to increase in tension [START_REF] Lyon | Mechanotransduction in cardiac hypertrophy and failure[END_REF]. The sensing of environmental mechanical properties is performed by mechanosensitive proteins that can be localized at the plasma membrane, in the cytoskeleton or even in cell organelles such as the nucleus [START_REF] Lammerding | Nuclear Mechanics and Mechanotransduc-tion in Health and Disease[END_REF].

Disruption of these mechanosensitive pathways can lead to developmental defects, compromised immune responses, premature aging and cancer [START_REF] Lammerding | Mechanotransduction gone awry[END_REF][START_REF] Jain | The role of mechanical forces in tumor growth and therapy[END_REF][START_REF] Fernández-Sánchez | Mechanical induction of the tumorigenic β-catenin pathway by tumor growth pressure[END_REF]. Migrating cells, such as dendritic cells, are in contact with distinct extracellular matrices during their lifespan, and are thus subjected to different mechanical challenges to which they must adapt. For In this chapter, I will focus on the role of the actin cytoskeleton and of the cell nucleus in this process, as it is at the center of my work.

The actin cytoskeleton in mechanotransduction

The actomyosin cytoskeleton is sensitive to forces and thus serves a key role in mechanotransduction.

At least two critical mechanisms involving the actin cytoskeleton can be used by cells to transduce mechanical forces into biochemical signals (Andrew R. Harris 2018): First, mechanical forces can modify the affinity of actin-binding and regulatory proteins to actin filaments, for example by changing their conformation. Second, mechanical forces can affect the actin networks' density, organization and subcellular localization via a direct effect on actin polymerization kinetics. Both mechanisms will ultimately help cells adapting to the mechanical cues imposed by the environment. This will have major biological consequences. For example, actomyosin-dependent mechanosensing can direct tissue morphogenesis during development [START_REF] Chanet | Actomyosin meshwork mechanosensing enables tissue shape to orient cell force[END_REF]. Recently, lymphocytes have also been shown to use actomyosin dynamics for mechanical signaling at the immune synapse (Nathan H. [START_REF] Roy | The Actin Cytoskeleton: A Mechanical Intermediate for Signal Integration at the Immunological Synapse[END_REF][START_REF] Kumari | Actomyosin-driven force patterning controls endocytosis at the immune synapse[END_REF]), which tunes their ability to efficiently respond to antigen stimulation. As mentioned above, in dendritic cells, actin nucleation around the nucleus is stimulated by physical confinement to allow nucleus deformation and migration through small holes. This is observed ex vivo as well as in vivo, for example in the mouse skin [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF].

The cell nucleus in mechanotransduction

The nucleus has been for a long time an underappreciated organelle in mechanobiology. It is now commonly accepted that it does serve as a mechanosensitive element, based on evidence supporting the bidirectional signaling between the nucleus and the cytoskeleton in response to mechanical stimulation.

How extracellular mechanical cues can modulate gene expression via nuclear mechanotransduction

responses is reviewed by Uhler and Shivashankar (figure16) (Uhler 2017). In the next paragraph I will discuss the role of the nucleus as a mechanosensitive organelle and the consequences of the nucleus property on cell behavior, fate, tissue homeostasis and patho-physiology. 

Nesprins

(proteins with Klarsicht-ANC-1-SYNE homology (KASH) domains) on the outer nuclear membrane physically link with actin, microtubules and intermediate filaments. The nesprins are in turn connected to the inner nuclear membrane through dimers of SUN (Sad1p-UNC-84)-domain proteins, which are further linked to the nuclear lamina and chromatin. These cytoskeleton-nucleus links apply differential mechanical forces on the nucleus. Actin exerts contractile forces, whereas microtubules exert compressive forces. BAF, barrier-to-autointegration factor; ECM, extracellular matrix; ER, endoplasmic reticulum; NPC, nuclear pore complex. From (Uhler 2017).

The nucleus as a mechanosensitive organelle

The nucleus is one of the largest and stiffest organelle of eukaryotic cells. The nucleus from mammalian cells is composed of a nucleoplasm surrounded by lamina and two lipid bilayers: the inner nuclear membrane and the outer nuclear membrane. The nucleus outer membrane is an extension of the endoplasmic reticulum (ER) membrane that connects to the inner membrane by the nuclear pore complexes (NPCs) (figure 16). The primary function of NPCs is to control protein transport across the nuclear envelope. The nuclear membrane is a lipid bilayer and was thus considered as a 2D fluidstructure that does not contribute to the mechanical properties of the nucleus (A C Rowat 2006).

However, the inner nuclear membrane is tightly connected to the lamina networks, which puts the nuclear envelope membrane under tension, as observed for the plasma membrane. The nuclear lamina interacts with a variety of nucleoskeleton-associated proteins such as emerin, lamin B, nesprins, and SUNs [START_REF] Lammerding | Nuclear Mechanics and Mechanotransduc-tion in Health and Disease[END_REF], which are connected to the cell cytoskeleton and also contribute to nuclear membrane tension (A. C. [START_REF] Rowat | Characterization of the elastic properties of the nuclear envelope[END_REF][START_REF] Rowat | Mechanical properties of the cell nucleus and the effect of emerin deficiency[END_REF]. Below, I will summarize the role of the nucleus in cell migration with a focus on its mechanical properties.

The nucleus, the stiffer organelle of the cell, a central player in mechanotransduction

As mentioned above, the nucleus is the largest (5-20um) most rigid cellular compartment. Since the 90's, the nucleus was predicted to have a role in cell mechanics (A J Maniotis 1997). However, only in 2000, Guilak et al., using micropipette aspiration, showed that the nucleus has distinct mechanical properties than the whole cell [START_REF] Farshid Guilak | Viscoelastic Properties of the Cell Nucleus[END_REF]. Although the nucleus can be studied at different scales, most of the studies on its mechanical properties have focused on the nucleoplasm and the nuclear lamina. From these studies, the nucleus has emerged as a viscoelastic solid (being the nucleoplasm) embedded inside an elastic shell (being the lamina network) [START_REF] Lammerding | Experimental techniques for study of chromatin mechanics in intact nuclei and living cells[END_REF] 

The nucleoplasm mechanical properties

The nucleoplasm is mainly composed of DNA arranged in chromatin and embedded in a solution containing several proteins, including actin filaments (Brittany J. [START_REF] Belin | Visualization of actin filaments and monomers in somatic cell nuclei[END_REF]. It was initially proposed that the nucleoplasm is a highly viscous and elastic solid (Yiider Tseng 2004). However, there have been subsequent reports suggesting that this viscous/elastic nucleoplasm can transform into a more condensed network. Taken, all of these different studies together, we can point out that the nucleoplasm of the cells can be considered as a viscoplastic or a viscoelastic material which gives the nucleus its ability to flow during cell's migration. Still, further characterization of the different components of the nucleoplasm (such as chromatin, F-actin, Myosin) and the interactions between them will be essential to better understand the mechanical properties of the nucleus.

Function and mechanical properties of the lamina network

The lamina's mechanical properties depend on the structure of the lamina network and the mechanical features of its filaments.

The lamina network composition

The nuclear lamina network is composed by different types of lamin filaments. Electron microscopy facilitated the first identification of this network, but only in 1975, they were described as crucial components that provide structure to the nucleus (R.P. [START_REF] Aaronson | Isolation of nuclear pore complexes in association with a lamina[END_REF]. Lamins are type V intermediate filament proteins; their main function is to provide structural support to the nucleus for proper chromatin organization and transcription regulation. Lamins interact with the inner nuclear membrane proteins to form the nuclear lamina on the nuclear envelope's interior. Lamins can alter gene regulation in response to mechanical signals applied to the cells [START_REF] Dutta | Implications and Assessment of the Elastic Behavior of Lamins in Laminopathies[END_REF]. In vertebrates, lamins are divided into two major categories: A/C and B types. Both are composed of a short N-terminal domain located at their head, a central rod domain, and a C-terminal domain located at their tail [START_REF] Dechat | Nuclear lamins: major factors in the structural organization and function of the nucleus and chromatin[END_REF][START_REF] Dechat | Nuclear lamins[END_REF].

Lamin A/C are encoded by the LMNA gene, which can undergo alternative splicing [START_REF] Lammerding | Lamins at a glance[END_REF]. There are multiple isoforms of B-type lamins, the most common ones being lamin B1 and B2, encoded by two different genes [START_REF] Lammerding | Lamins at a glance[END_REF]. Lamins A/C and B form two distinct but interconnected layers (Martin W. [START_REF] Goldberg | Filaments made from A-and B-type lamins differ in structure and organization[END_REF][START_REF] Dechat | Nuclear lamins[END_REF]. Importantly, lamin A/C expression scales up with tissue stiffness (Joe Swift 2013).

-

Functions of the lamin network

There have been several reports on the different functions of the lamin networks. Herein, I will summarize some of their functions.

I. Maintenance of nuclear shape

Lamins play a critical role in providing support to maintain the shape of the nucleus. They also play a role in anchoring the nucleus to the ER and interacting with the cell cytoskeleton to form a stable complex that provides support against mechanical constraints [START_REF] Dittmer | The lamin protein family[END_REF][START_REF] Tariq | Lamin A and microtubules collaborate to maintain nuclear morphology[END_REF].

II. Role in mitosis

Lamins go through phosphorylation by mitosis-promoting factors (MPFs) during mitosis, this leads to the disassembly of the lamina and the nuclear envelope, and thus to the condensation of chromatins and DNA replication. Upon chromosome segregation, lamin de-phosphorylation occurs, promoting reassembly of the nuclear envelope [START_REF] Fields | The regulation of mitotic nuclear envelope breakdown: a role for multiple lamin kinases[END_REF].

III. Role in Apoptosis

Due to their close association with chromatin and nuclear envelope, lamins play a key role in apoptosis.

Caspases (apoptosis-related proteases) can cleave both lamins A and B (Yosef Gruenbauma 2000). This

triggers Lamin-DNA separation and subsequent DNA condensation for programmed cell death to proceed.

Mechanics of the lamin network

In general, Lamins are perceived as shock absorbers that can bear up to 50% of the constraints applied to the nucleus. In agreement, downregulation of lamin A/C decreased the stiffness of the nucleus (Jan Lammerding 2004), whereas, lamin A/C upregulation upon mechanical constraints induced nuclear stiffening through the activity of Src-family kinase (Christophe Guilluy 2014).

Early studies performed on cells over-expressing the LMNA gene proposed that the lamina network behaves as a two-dimensional solid-elastic material (A. C. [START_REF] Rowat | Characterization of the elastic properties of the nuclear envelope[END_REF][START_REF] Rowat | Mechanical properties of the cell nucleus and the effect of emerin deficiency[END_REF]. More recent studies performed by the Discher lab on cells expressing endogenous levels of lamins suggest that the Lamin A/C network rather acts as a viscous material that flows upon deformation, whereas the Lamin B network acts as an elastic material that works as a spring (Takamasa Harada 2014). Maniotis et al., in 1997 were the first to show that there is a mechanical coupling that transmits the force applied on the cytoskeleton to the nucleus. These observations constituted the first evidence of a potential link between the nucleus and the cytoskeleton (A J Maniotis 1997). They were completed later on by the description of the LINC complex.

Linking the nucleus to the cytoplasm

The LINC complex

As explained earlier, the nuclear envelope (NE) is composed of the inner nuclear membrane and the outer nuclear membrane. A bridge connects these two NE membranes and link them to different cytoskeleton components. Proteins are transported from the ER towards the inner nuclear membrane to interact with the lamin network, or toward the outer membrane to interact with the cytoskeleton. SUN-KASH interactions at the perinuclear space (PNS) complete this bridge (Klarsicht, ANC-1, and Syne/Nesprin) (see figure 17). The entire chain of proteins which bridges the cytoskeleton, through SUN and KASH proteins, to the nucleoskeleton, is called the LINC complex [START_REF] Fridolfsson | Interactions Between Nuclei and the Cy-toskeleton are Mediated by SUN-KASH Nuclear-Envelope Bridges[END_REF][START_REF] Starr | KASH and SUN proteins[END_REF]). Sun proteins (for Sad1 and UNC-84) are components of the inner nuclear membrane. SUN proteins localize at the perinuclear space (PNS) to recruit KASH proteins [START_REF] Fridolfsson | Interactions Between Nuclei and the Cy-toskeleton are Mediated by SUN-KASH Nuclear-Envelope Bridges[END_REF][START_REF] Sosa | Structural insights into LINC complexes[END_REF]. KASH proteins mainly localize to the outer nuclear membrane [START_REF] Starr | KASH 'n Karry: The KASH domain family of cargo-specific cytoskeletal adaptor proteins[END_REF]. They are essential for positioning of the nucleus in the cell [START_REF] Wilhelmsen | KASH-domain proteins in nuclear migration, anchorage and other processes[END_REF] and for force transmission from the nucleoskeleton to the cytoskeleton [START_REF] Uzer | Cell Mechanosensitivity to Extremely Low-Magnitude Signals Is Enabled by a LINCed Nucleus[END_REF]. Expression of dominant-negative KASH domains decreases the stiffness of the cytoplasm [START_REF] Stewart-Hutchinson | Structural requirements for the assembly of LINC complexes and their function in cellular mechanical stiffness[END_REF] and changes the transmission of forces applied at the cell surface, thus decreasing the deformation of the nucleus in response to the applied constraints [START_REF] Stewart-Hutchinson | Structural requirements for the assembly of LINC complexes and their function in cellular mechanical stiffness[END_REF][START_REF] Lombardi | The interaction between nesprins and SUN proteins at the nuclear envelope is critical for force transmission between the nucleus and cytoskeleton[END_REF]. SUN proteins at the inner nuclear membrane bind to the nuclear lamina and other nucleoplasmic proteins while interacting with KASH domain proteins at the outer nuclear membrane. KASH domain proteins directly or indirectly interact with cytoskeletal filaments, thereby forming a physical connection between the nuclear interior and cytoskeleton. Please note that SUN and KASH domain proteins can exist in multiple isoforms encoded by several genes. In human somatic cells, the most predominant KASH domain proteins are nesprin-1, -2, and -3 and their various isoforms, and Sun1 and Sun2 are the predominant SUN proteins. Illustrated are only the largest isoforms for nesprin-1-4; cells express many additional shorter nesprin isoforms, including some lacking the KASH domain. Smaller nesprin isoforms may also be located on the inner nuclear membrane. Note that nesprin-1, -2, -4 and KASH5 can also interact with kinesin and/or dynein. Samp1 and torsin A are involved in the regulation of the LINC complex. Not depicted are KASH5 and the SUN protein isoforms Sun3-5, as their expression is restricted to germ cells. The nuclear lamina comprises A-type and B-type lamins. Note that torsin A can be localized in the endoplasmic reticulum and the perinuclear space, with the distribution varying depending on expression levels." From (Lammerding. 2013) .

Pathologies related to the nuclear mechanical properties

When several discoveries reported that mutations in the lamina were related to a range of genetic diseases, especially on tissues that experience high mechanical strains, a lot of attention was directed to understanding how the mechanical properties of the nucleus affect cell behavior and the pathophysiology of tissues [START_REF] Zwerger | Nuclear mechanics in disease[END_REF]. Laminopathies include several diseases amongst them is progeria (a premature aging condition). In this disease, which results from mutations in the lamin A/C gene, the nuclei are dysmorphic, have a thickened lamina and display loss of peripheral heterochromatin [START_REF] Goldman | Accumulation of mutant lamin A causes progressive changes in nuclear architecture in Hutchinson-Gilford progeria syndrome[END_REF]. Even though the molecular mechanisms behind most of these laminopathies are not fully understood, it is proposed that mutations in the lamin network or the LINC complex alter the structure of the nucleus itself. This would lead to a disruption of the link between the lamina and the chromatin, and eventually to misregulation of gene expression.

The nucleus & (dendritic) cell migration

Migration is a process highly dependent on the interaction between the ECM and the cell, and on the transmission of forces between them. In simple mechanical models of the nucleus, the lamins B mainly govern the elastic strength, while the lamin A/C network and chromatin determine the viscous strength [START_REF] Lele | Mechanical principles of nuclear shaping and positioning[END_REF]). In the case of large nuclear deformations, the lamin A/C plays a major role in nuclear resistance (Lammerding J 2006[START_REF] Stephens | Chromatin and lamin A determine two different mechanical response regimes of the cell nucleus[END_REF]. As a result, the level of lamin A/C determines the nuclear rigidity (Joe Swift 2013) and the ability of cells to deform through small pores (Takamasa Harada 2014). Some cells, such as neutrophils, express a low level of lamin A/C. They have a soft nucleus that promotes their migration through narrow pores [START_REF] Rowat | Nuclear envelope composition determines the ability of neutrophil-type cells to passage through micron-scale constrictions[END_REF]. However, reduced lamin A/C is also associated with their short lifespan (Takamasa Harada 2014). Dendritic cells must combine migration and survival to reach lymph nodes and present antigens to T-cells. Thus, they express higher levels of lamin A/C compared to neutrophils and develop different strategies to allow the movement of their rigid nucleus in complex extracellular environments [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF] . Recent study demonstrated how nuclear probing of the extracellular pore size would allow mature dendritic cells to avoid trapping of their nucleus in a narrow pore during migration (Renkawitz J 2019). In general, nuclear positioning plays a key role in determining cell migration speed, persistence in addition to path selection. Several components determine nucleus positioning within cells, The leading players in this process are actin filaments, microtubules, and motor proteins in addition to the intermediate filaments [START_REF] Starr | ANChors away: an actin based mechanism of nuclear positioning[END_REF][START_REF] Isabelle Dupin | Nuclear positioning: Mechanisms and functions[END_REF]. At the level of the nuclear envelope, the most explicit role in nuclear positioning relies on the LINC complex [START_REF] Worman | Nuclear Positioning[END_REF].

All three components of the cytoskeleton (actin filaments, intermediated filaments, and microtubules) are involved in nucleus positioning to different degrees. The role of actin is essential to maintain cellular polarity during migration (Edgar R. Gomes 2005[START_REF] Gant Luxton | Linear Arrays of Nuclear Envelope Proteins Harness Retrograde Actin Flow for Nuclear Movement[END_REF][START_REF] Kumar | Actomyosin contractility rotates the cell nucleus[END_REF]. In immature dendritic cells, Arp2/3-induced actin polymerization is used for nucleus deformation when cells go across highly confined spaces. This process is independent of Myosin II contractility (although Myosin II determines the speed of passage), but relies on LaminA/C, which is transiently disassembled upon nucleus compression [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF], This is in contrast to mature dendritic cells navigating along CCL21 gradients, which use Myosin II contractility to deform their nucleus and progress forward (T. Lämmermann 2008[START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF]. Of note, the nuclear envelope of dendritic cells can eventually rupture when they pass constrictions, which is rapidly repaired by the ESCRT complex, but leads to DNA damage (Matthew Raab 2016). Whether deformation of the nucleus of dendritic cells triggers signaling pathways and transcriptional responses, which can affect the immune function of these cells (Chen 2016) remains an open question and is the main objective of my thesis.

How are physical constraints sensed by the nucleus?

Generally, mechanical stimulation applied to the cell signals through adhesion molecules and leads to changes in RhoA activity, which can induce a cellular mechanical response (Keith Burridge 2019).

However, other studies argue for the existence of a direct axis that mediates force transmission through the cytoskeleton to the nucleus and its components, which could directly sense applied forces. This model, with our understanding of the physical link between the cell and its nucleus, can explain force transmission to the nucleus (Ning [START_REF] Ning Wang | Mechanotransduction at a distance: mechanically coupling the extracellular matrix with the nucleus[END_REF][START_REF] Lammerding | Nuclear Mechanics and Mechanotransduc-tion in Health and Disease[END_REF], which could go through the regulation of the nuclear pore complex activity (Elosegui-Artola A 2017). The proposed nuclear mechanosensing mechanism can be summarized as follows [START_REF] Lammerding | The Driving Force: Nuclear Mechanotransduction in Cellular Function, Fate, and Disease[END_REF] 

From (Lammerding 2019).

In conclusion, nuclei are endowed with an interconnected mechanotransduction pathway composed of the cytoskeleton, of perinuclear actin components, of the LINC complex, and of lamina, which all together mediate force transmission from the extracellular environment to the nucleus [START_REF] Chambliss | The LINC-anchored actin cap connects the extracellular milieu to the nucleus for ultrafast mechanotransduction[END_REF].

Mechanical memory

An interesting concept about the ability of cells to retain the memory of past mechanical challneges and potentially affect their future phenotypes came as a result of several studies carried out with stem cells.

For example, culturing stem cells on a stiff substrate led to sustained translocation of transcription factor YAP into the nucleus even when cells were re-plated on the soft substrate [START_REF] Yang | Mechanical memory and dosing influence stem cell fate[END_REF]. Likewise, condensation of chromatin via actin polymerization can be sustained after mechanical stimulation to create a mechanical memory [START_REF] Heo | Biophysical regulation of chromatin architecture instills a mechanical memory in mesenchymal stem cells[END_REF]. This exciting concept is still in its beginning, and further investigations on the mechanism and molecular pathways underlying the mechanical memory of stem cells are needed. A deeper understanding could allow us better target such mechanisms and potentially find remedies for pathologies related to nuclear mechanotransduction.

cytosolic phospholipase A 2 and its role in nuclear mechanical response

The role of the nuclear membrane sensing of mechanical stimulation gained a lot of attention with the studies by Enyedi and colleagues [START_REF] Enyedi | Nuclear membrane stretch and its role in mechanotransduction[END_REF]. They were the first to describe a mechanism of nuclear mechanosensing response mediated by the nuclear membrane. Their study demonstrated that hypnotic swelling (or direct compression) of the nucleus induces stretching of the nuclear membrane, which results in the translocation and eventually activation of the cytosolic phospholipase A2 (cPLA2) pathway (B. Enyedi 2016). They further demonstrated that this pathways is tuned in the nucleus through the endogenous levels of lamin A/C and F-actin (inhibiting lamin A/C or depolymerization of F-actin increased cPLA2 activation) (B. Enyedi 2016).

Phospholipase A2 is composed of diverse family of enzymes that could be classified based on their function into secretory-Ca 2+ dependent PLA2 (sPLA2), cytosolic-Ca 2+ dependent PLA2 (cPLA2), and Ca 2+ independent PLA2 (iPLA2) [START_REF] Balsinde | Regulation and inhibition of phospholipase A2[END_REF][START_REF] Cummings | Phospholipase A2s in Cell Injury and Death[END_REF][START_REF] Burke | Phospholipase A2 structure/function, mechanism, and signaling[END_REF]. The cPLA2 family is composed of three enzymes, among which the cPLA2α has been well studied because of its role in the metabolism of the arachidonic acid (ARA). The catalytical activity of cPLA2 is Ca2 +dependent, and a concentration of free intracellular Ca 2+ is essential for the localization of the enzyme [START_REF] Balsinde | Regulation and inhibition of phospholipase A2[END_REF]. For instance, at low calcium concentration (100-125 nm), cPLA2α translocate to the Golgi apparatus whereas at higher concentrations (210-280 nm) it translocate to the ER and nuclear membrane [START_REF] Evans | The calcium binding loops of the cytosolic phospholipase A2 C2 domain specify targeting to Golgi and ER in live cells[END_REF] where it mediates the release of arachidonic acid from membrane phospholipids [START_REF] Schievella | Calcium-mediated translocation of cytosolic phospholipase A2 to the nuclear envelope and endoplasmic reticulum[END_REF][START_REF] Hirabayashi | Critical duration of intracellular Ca2+ response required for continuous translocation and activation of cytosolic phospholipase A2[END_REF][START_REF] Choukroun | Cytosolic phospholipase A(2) regulates golgi structure and modulates intracellular trafficking of membrane proteins[END_REF][START_REF] Evans | Intracellular calcium signals regulating cytosolic phospholipase A2 translocation to internal membranes[END_REF]. Upon its release, the arachidonic acid converts to its biologically oxygenated derivatives via cytochrome P450, cyclo-oxygenase (PTGS2 also known as COX-2), or the lipoxygenase (5-LOX, 12-LOX, 15-LOX) [START_REF] Makotomurakami | Cellular components that functionally interact with signaling phospholipase A2[END_REF][START_REF] Rådmark | 5-Lipoxygenase: mechanisms of regulation[END_REF]). The end products for COX-mediated catalysis of arachidonic acid are prostaglandins (PGs), whereas the 5-LOX catalysis along with the activity of the 5-LO-activating protein (FLAP) is essential producers of leukotrienes at the nuclear membrane [START_REF] Makotomurakami | Cellular components that functionally interact with signaling phospholipase A2[END_REF][START_REF] Rådmark | 5-Lipoxygenase, a key enzyme for leukotriene biosynthesis in health and disease[END_REF]. Importantly, COX-2 contains two functionally active k B-binding sites upstream of its transcriptional start site [START_REF] Appleby | Structure of the human cyclooxygenase-2 gene[END_REF], which eventually leads to the activation of the NF-kB pathway. Inhibitors of PLA2 and inhibitors of leukotriene synthesis also inhibits the subsequent activation of NF-k B (Van Puijenbroek AA 1999).

-cPLA2 and the actin cytoskeleton

Both the activity and the translocation of cPLA2 are cytoskeleton-dependent [START_REF] Pedersen | Hypotonic cell swelling induces translocation of the alpha isoform of cytosolic phospholipase A 2 but not the gamma isoform in Ehrlich ascites tumor cells[END_REF][START_REF] Cybulsky | The actin cytoskeleton facilitates complement-mediated activation of cytosolic phospholipase A(2)[END_REF][START_REF] Fatima | Intact actin filaments are required for cytosolic phospholipase A(2) translocation but not for its activation by norepinephrine in vascular smooth muscle cells[END_REF]. The adhesion-dependent activation of Ras-MAP kinase Erk2 is preceded by the activation of the cPLA2 pathway [START_REF] Clark | Ras activation is necessary for integrin-mediated activation of extracellular signal-regulated kinase 2 and cytosolic phospholipase A2 but not for cytoskeletal organization[END_REF]. The activation of different receptors such as Fc receptor in macrophages, and LPS-TLR4 in monocytes leads to the activation of cPLA2α pathway and the production of glycerophosphoinositol 4-phosphate (GroPIns4P) [START_REF] Zizza | Phospholipase A2IVα regulates phagocytosis independent of its enzymatic activity[END_REF][START_REF] Vessichelli | The natural phosphoinositide derivative glycerophosphoinositol inhibits the lipopolysaccharide-induced inflammatory and thrombotic responses[END_REF]. The GroPIns4P produced is implicated in regulating immune cells responses [START_REF] Patrussi | The glycerophosphoinositols: from lipid metabolites to modulators of T-cell signaling[END_REF] in a slightly inhibitory manner [START_REF] Zizza | Phospholipase A2IVα regulates phagocytosis independent of its enzymatic activity[END_REF][START_REF] Vessichelli | The natural phosphoinositide derivative glycerophosphoinositol inhibits the lipopolysaccharide-induced inflammatory and thrombotic responses[END_REF]. Furthermore, it is also implicated in regulating cytoskeleton dynamics in immune cells and fibroblasts [START_REF] Mancini | Reorganization of actin cytoskeleton by the phosphoinositide metabolite glycerophosphoinositol 4phosphate[END_REF][START_REF] Filippi | SRC-dependent signalling regulates actin ruffle formation induced by glycerophosphoinositol 4-phosphate[END_REF][START_REF] Patrussi | The glycerophosphoinositols: from lipid metabolites to modulators of T-cell signaling[END_REF] and promotes cell motility [START_REF] Varone | A signalling cascade involving receptor-activated phospholipase A2, glycerophosphoinositol 4-phosphate, Shp1 and Src in the activation of cell motility[END_REF]. In fibroblasts, ICAM-1 induction is dependent on the activity of the cPLA2α pathway and regulated by the transcription factors NF-κB and CREB [START_REF] Hadad | Endothelial ICAM-1 protein induction is regulated by cytosolic phospholipase A2α via both NF-κB and CREB transcription factors[END_REF]. Recent work has shown that activation of the cPLA2 pathway, upon stretching of the nucleus during confinement, increases cell contractility through MyoII activation (Valeria [START_REF] Venturini | The nucleus measures shape deformation for cellular proprioception and regulates adaptive morphodynamics[END_REF][START_REF] Lomakin & Cattin | The nucleus acts as a ruler tailoring cell responses to spatial constraints[END_REF]. Furthermore, the end products of this pathway could also modulate neutrophils migration by regulating actomyosin and β2-integrin remodeling [START_REF] Bhagawat | The LTB4-BLT1 axis regulates actomyosin and β2 integrin dynamics during neutrophil extravasation[END_REF]).

-The role of cPLA2 pathway in immune responses

In immune cells, the nuclear envelope plays a role in the synthesis of eicosanoids (which are considered strong chemoattractant for myeloid cells such as neutrophils). These synthesized eicosanoids are released by extracellular vesicles (EVs) and can help direct the migration and recruitment of neutrophils to the site of injury (J. Esser 2010, M.E. [START_REF] Newcomer | Location, location, location: compartmentalization of early events in leukotriene biosynthesis[END_REF], Majumdar R 2016). Furthermore, extracellular vesicles containing metabolites of arachidonic acid induce cell migration in an autocrine and paracrine way (C. Subra 2010). The activity of the cPLA2 pathway is not only important to modulate neutrophils' migration, cPLA2 is also a key to regulate neutrophil-mediated bacterial elimination and to control the immune responses to bacterial infections in mice [START_REF] Rubin | Cytosolic phospholipase A2-alpha is necessary for plateletactivating factor biosynthesis, efficient neutrophil-mediated bacterial killing, and the innate immune response to pulmonary infection: cPLA2-alpha does not regulate neutrophil NADPH oxidase activity[END_REF].

In rats, the activation of cPLA2 in T-cells induces a regulatory phenotype of these cells in a model of autoimmune disease [START_REF] Yang | Protective effect of cytosolic phospholipase A2 inhibition against inflammation and degeneration by promoting regulatory T cells in rats with experimental autoimmune encephalomyelitis[END_REF].

In dendritic cells, exogenous addition of arachidonic acid during cell culture renders the dendritic cells more efficient in migration (in vivo and in vitro), and in T-cell stimulation capacity without markedly affecting their CCR7 expression (Kumar J 2014). In another study, stimulating monocyte-derived dendritic cells with the addition of prostaglandin E2 (PGE2) enhanced CCR7 expression by the cells and potentiated their migration in vitro [START_REF] Scandella | Prostaglandin E2 is a key factor for CCR7 surface expression and migration of monocyte-derived dendritic cells[END_REF]. Priming of dendritic cells with an antigen in the presence of PGE2 increases the production of IL10 by these cells and promotes regulatory T-cell responses [START_REF] Kalinski | Dendritic cells, obtained from peripheral-blood precursors in the presence of PGE 2 , promote Th2 responses[END_REF][START_REF] Kaisar | Dectin-1/2-induced autocrine PGE 2 signaling licenses dendritic cells to prime Th2 responses[END_REF]. In addition, the activation of monocytes with LPS induces regulatory T-cell responses in a PGE2-dependent manner [START_REF] Bryn | LPS-activated monocytes suppress T-cell immune responses and induce FOXP3+ T cells through a COX-2-PGE2-dependent mechanism[END_REF].

Several stimuli such as hormones, lipids, or other extracellular cues directly activates G-protein coupled receptors (GPCRs), which activate the phospholipase A2 pathway (Park JB 2012) (summarized in figure 19). For example, stimulating macrophages with ionophore leads to the translocation of cPLA2 and 5-LOX to the nucleus and the activation of the pathway [START_REF] Peters-Golden | Redistribution of 5-lipoxygenase and cytosolic phospholipase A2 to the nuclear fraction upon macrophage activation[END_REF][START_REF] Harizi | Prostaglandins Inhibit 5-Lipoxygenase-Activating Protein Expression and Leukotriene B 4 Production from Dendritic Cells Via an IL-10-Dependent Mechanism[END_REF].

Similarly, LPS-activation of bone marrow derived dendritic cells also activates cPLA2 pathway (Hedi [START_REF] Harizi | Cyclooxygenase-2-Issued Prostaglandin E2 Enhances the Production of Endogenous IL-10, Which Down-Regulates Dendritic Cell Functions[END_REF]. A variety of extracellular ligands bind to and activate specific receptors, such as receptor tyrosine kinases (RTKs) and G protein-coupled receptors (GPCRs). In GPCR signaling, phospholipase Cβ (PLCβ) is activated by the Gα or Gβγ subunit, and PLCɛ is stimulated by a small GTPase (RAP2B or RHOA). In the case of PLCδ, activation of the Gh-interacting GPCR (α1-adrenergic, oxytocin and thromboxane receptor) and GTP binding of Gh induces dissociation of PLCδ from Gh. Released PLCδ is then activated by calcium. In RTK signaling, RTKs directly recruit and phosphorylate PLCγ. Activated PLC can generate two second messengers, diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3), by hydrolysing phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5) P2). DAG and IP3-induced calcium release from the endoplasmic reticulum can activate protein kinase C (PKC), which stimulates PLD activity in a phosphorylation-dependent or a phosphorylation-independent manner [START_REF] Hammond | Characterization of two alternately spliced forms of phospholipase D1. Activation of the purified enzymes by phosphatidylinositol 4,5-bisphosphate, ADP-ribosylation factor, and Rho family monomeric GTP-binding proteins and protein kinase C-α[END_REF][START_REF] Kim | Phosphorylation and activation of phospholipase D1 by protein kinase C in vivo: determination of multiple phosphorylation sites[END_REF]) PLD hydrolyses phosphatidylcholine (PC) into phosphatidic acid (PA), which can recruit and activate multiple downstream molecules. Calcium binding and phosphorylation by ERK can fully activate cytosolic PLA2 (cPLA2). Intracellular calcium-independent PLA2 (iPLA2) is phosphorylated by PKC. cPLA2 and iPLA2 can hydrolyse various phospholipids, including PC, phosphatidylserine (PS) and PA, into arachidonic acid (AA) [START_REF] Alberghina | Phospholipase A2: new lessons from endothelial cells[END_REF], which is further converted into prostaglandins (PGs) and leukotrienes (LTs). PGs and LTs can act as autocrine or paracrine mediators and are generated from AA through two major pathways, the cyclooxygenase (COX) pathway and the lipoxygenase (LOX) pathway, respectively(Wang 2010) Membraneassociated PA-selective PLA1 (mPA-PLA1) and secretory PLA2 (sPLA2) convert PA into lysophosphatidic acid (LPA), which can activate autocrine or paracrine signaling [START_REF] Mills | The emerging role of lysophosphatidic acid in cancer[END_REF][START_REF] Aoki | Two pathways for lysophosphatidic acid production[END_REF]. Red boxes and circles indicate PLC signaling, beige indicates PLD signaling and green indicates PLA2 signaling. The figure shows only the pathways that are directly associated with phospholipases (PLC, PLD and PLA) and their lipid mediators, and not the complete network of cellular pathways. 4EBP1, 4E binding protein 1; CASP, caspase; EGF, epidermal growth factor; GEF, guanine nucleotide exchange factor; IKK, inhibitor of NF-κB kinase; JAK1, Janus kinase 1; MBS, myosin binding subunit; MLC, myosin light chain; NFAT, nuclear factor of activated T cells; NF-κB, nuclear factor-κB; PDK1, pyruvate dehydrogenase kinase isoform 1; PIP5K, phosphatidylinositol 4-phosphate 5kinase; ROCK, RHO kinase; S1P, sphingosine 1-phosphate; S6K, S6 kinase; SOS1, son of sevenless homologue 1; STAT, signal transducer and activator of transcription; TSC, tuberous sclerosis; VEGF, vascular endothelial growth factor; WASP, Wiskottt-Aldrich syndrome protein; WAVE, WASP family protein member. The dashed arrows indicate indirect processes. From [START_REF] Park | Phospholipase signalling networks in cancer[END_REF].

As highlighted during the introduction chapters of this thesis, dendritic cells are the sentinels of the immune system; they have to continuously sample their microenvironment and transfer the information from the periphery to lymph nodes where they interact with lymphocytes to either induce an immune responses or to maintain tolerance [START_REF] Heuze | Migration of dendritic cells: physical principles, molecular mechanisms, and functional implications[END_REF].

The key step in the guidance and homing of the dendritic cells to lymph nodes is the upregulation of the chemokine receptor 7 (CCR7) surface expression [START_REF] Weber | Interstitial dendritic cell guidance by haptotactic chemokine gradients[END_REF]. Additionally, upon maturation dendritic cells become faster and more persistent (Vargas P 2016). Both CCR7 up-regulation and this increase in the speed and directionality of dendritic cells are needed for them to follow CCL21 gradients to lymphatic vessels and lymph nodes upon activation with pathogen and/or danger-associated molecular patterns (PAMPS and/or DAMPS) produced during infection or tissue damage. Importantly, as described in the introduction, dendritic cells also constantly exit peripheral tissue at steady-state conditions to reach lymph nodes [START_REF] Ohl | CCR7 Governs Skin Dendritic Cell Migration Under Inflammatory and Steady-State Conditions[END_REF]). This so-called "homeostatic dendritic cell migration" is essential for the maintenance of tolerance to self, most likely as the result of presentation of selfantigens to T cells. Yet, little is known on the pathways controlling homeostatic migration of dendritic cells. In the pioneering work by Baratin and colleagues, they demonstrated that homeostatic dendritic cell migration is dependent on the homeostatic activation of the NF-kB pathway, which promotes CCR7 upregulation [START_REF] Baratin | Homeostatic NF-κB Signaling in Steady-State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance[END_REF]. However, the environmental signals leading to homeostatic activation of the NF-kB pathway remain unknown.

What could trigger CCR7 up-regulation and dendritic cell migration at steady state? When dendritic cells are patrolling peripheral tissues such as the skin, the lungs or the gut, they experience important environments challenged by mechanical stimulation. Our labs have shown that such constraints has deep impact on the actin cytoskeleton of dendritic cell, promoting the assembly a perinuclear pool of F-actin that deforms the nucleus and facilitates migration in confinement (Matthew Raab 2016[START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF]. However, the long-term effect(s) of such deformation events on the immune function of dendritic cells are unknown. We hypothesized that the mechanical constraints that immature dendritic cells experience in peripheral tissues could induce CCR7 expression and fast DC motility and thereby be the trigger for their migration to lymph nodes at steady-state.

Could such long-term mechanical response of dendritic cells involve their nucleus? Several studies point to the essential role of the nucleus as a mechanosensitive component in different cell types, in particular, the pioneering work of Enyedi and colleagues (B. Enyedi 2016). They were the first to show that nuclear swelling (or compression) leads to nuclear envelope stretching and activation of the cPLA2 pathway (the end product of this pathway being pro-inflammatory eicosanoids as described in the introduction). This study demonstrated an essential mechanosensory role of the nucleus in regulating immune responses to tissue damage in Zebrafish.

Additionally, the activity of cPLA2 can modulate immune cell migration, such as neutrophil chemotaxis or extravasation [START_REF] Bhagawat | The LTB4-BLT1 axis regulates the polarized trafficking of chemoattractant GPCRs during neutrophil chemotaxis[END_REF][START_REF] Bhagawat | The LTB4-BLT1 axis regulates actomyosin and β2 integrin dynamics during neutrophil extravasation[END_REF].

During my thesis, I contributed to the work of Lomakin et al., in our lab, who showed how cell mechanical confinement at a height below the size of the nucleus leads to actomyosin contractility upregulation. In particular, I deciphered the role of the nuclear envelope tension sensor, cPLA2, in promoting a short-term response in immature dendritic cells: Myosin II activation and fast migration, which occurs few minutes upon the deformation of their nucleus (Lomakin & Cattin 2020). (see Article 1, Science, In Press). However, the long-term impact of such mechanical confinement on the behavior of immature dendritic cells was unknown. This is the global question I aimed at addressing during my thesis, specific question being formulated as follows:

-What are the effects of mechanical confinement on dendritic cell's behavior and immune function?

-What is (are) the pathway (s) triggered in immature dendritic cells that experience mechanical constraints upon physical confinement? -Does the nucleus of these cell play a role in orchestrating their response to mechanical constraints? -Could the mechanical stimulation imposed by the physical constraints of peripheral tissues on immature dendritic cells be an environmental signal that triggers CCR7 expression and fast migration to lymph nodes at steady state, i.e. in the absence of any PAMP and DAMP?

The answers to these questions are provided in in Article 2 (to be submitted), which constitutes the core of my PhD work.

Article 1 shows my contribution to the study by Lomakin et al., which is currently in press in Science Magazine. In this work I performed and analyzed all the data showing the implication of the cPLA2 pathway in modulating dendritic cell migration in response to mechanical stimulation (I highlighted my contribution in each figure with a red rectangle). Briefly, using bone marrow-derived dendritic cells that were confined with the 2D static confiner under 4µm and 3µm heights, I show that confinement of immature dendritic cells above a certain threshold (3µm height), induces nuclear envelope unfolding and cPLA2 activation, which leads to actin remodeling and increase in actomyosin contractility to facilitate dendritic cell migration in such constrained environments. This paper is the basis of our findings regarding the implication of the mechanosensitive enzyme cPLA2 in regulating dendritic cell immune function (my PhD project described in Article 2).

preventing hyperplasia [START_REF] Eisenhoffer | Crowding induces live cell extrusion to maintain homeostatic cell numbers in epithelia[END_REF]. When egressing from the bone marrow or encountering the porous interstitial collagen matrix, hematopoietic cells estimate the pore size of the barrier tissue to choose the site of least mechanical resistance (2,3). Epidermal stem cells sense the amount of the extracellular matrix (ECM) that is available for cell attachment and spreading, and use this as a guidance cue in their cell fate decision-making (4). These examples illustrate the sensitivity of complex cell behaviors to environmental spatial and mechanical constraints, known in quantitative sciences as boundary conditions (BCs) (5). Although the importance of BCs in cell physiology is increasingly recognized, only a few mechanisms by which cells can measure specific BCs are precisely identified (e.g. the stiffness of the substrate on which cells grow (6), or the geometry of their adhesive environment (7)). Amongst the known mechanisms, most are related to either strain (deformation) or stress (forces) and are collectively referred to as mechanotransduction pathways (8,9). Here, we asked whether cells are also equipped with a mechanism to measure absolute dimensions, which could instruct them about distances between neighboring cells or matrix pore size. In our previous study, we discovered that many histologically unrelated cell types change their migratory strategies in response to the specific confinement height (10). This almost universally leads to a long-lasting increase in actomyosin contractility and amoeboid cell propulsion in the absence of specific adhesion to the substrate. Together with similar findings in early zebrafish embryos (11), these observations illustrate the simplest case in which cells measure one of their dimensions to adapt their behavior to local BCs in vitro and in vivo. However, the mechanism underlying this phenomenon remained unknown. To tackle this question, we applied a reductionist approach in which the degree of confinement is precisely controlled and paralleled with quantitative microscopy. We confined single nonadherent, initially rounded, interphase cells using an ion beam-sculpted flat silicon microcantilever (Fig. 1A) mounted on an atomic force microscopy (AFM) setup (12)(13)[START_REF] Stewart | Hydrostatic pressure and the actomyosin cortex drive mitotic cell rounding[END_REF] and simultaneously monitored the actomyosin cytoskeleton dynamics and contractile force generation employing confocal videomicroscopy and AFM-based force spectroscopy. Using the cell line HeLa-Kyoto (human cervical carcinoma) expressing MYH9-GFP (myosin IIA), we performed confinement experiments in which the height of the same single cell (n = 30 different cells) is changed in a step-wise fashion starting from 20 μm (the average diameter of these cells is 20 ± 4 μm in the nonadherent rounded state that we start from in these experiments, n = 100 cells). In a typical experiment, force recording showed that each confinement step is accompanied by an abrupt, largeamplitude increase in output force immediately followed by a flat plateau, which is expected when deforming a passive viscoelastic object (Fig. 1A). However, each analyzed cell at a specific height displayed a steady increase of the force (6 to 5 µm confinement in Fig. 1A) instead of the flat plateau. This steady force increase represents an active response of the cell to spatial confinement and means that the cell is actively pushing the confining cantilever up. Within the cell population, different cells have their own trigger height at which they start generating the outward force on the cantilever (Fig. 1A right graph). Most cells remain insensitive to 10 µm confinement (which corresponds to half of the initial cell height, Fig. 1B), while almost 100% of analyzed cells display an active force response upon reaching 5 µm confinement (Fig. 1A right graph). We thus chose to systematically study the response of cells to 5 vs. 10 µm confinement height. Our analyses showed that cell confinement to 5 but not 10 µm stimulates rapid (2.05 ± 0.33 min, n = 10 cells) recruitment of myosin II from the cytosol to the cortex (Fig. 1C,D, Fig. S1A and Movie S1), which is then followed by circumferential contraction of the cell and force production (Fig. 1E). Both phenomena require myosin II activity, as follows from the effect of pharmacological inhibition of the upstream regulator of myosin II activity Rho-associated protein kinase ROCK (Fig. 1D,E). The mechanochemical changes observed in response to the threshold confinement manifest themselves in a sustained (up to several hours) and active non-apoptotic plasma membrane blebbing (Movie S2), whose degree is directly proportional to the levels of myosin II at the cell cortex (Fig. S1B-D). Quantifying cell blebbing index as a simple morphological readout of increased actomyosin contractility in several other primary and immortalized cell lines, we were able to confirm the generality of our observations (Fig. S1E). To test whether cells would also adapt their cortical actomyosin contractility to the degree of environmental confinement in a context more closely recapitulating in vivo settings, we examined human fibrosarcoma cells HT1080 infiltrating 3D cell-derived matrices (CDM) (Fig. 1F). We found that cortical recruitment of myosin II in these cells linearly scales with self-imposed smallest dimension of the cell, which the cells acquire spontaneously squeezing through differentially sized gaps and trails in the 3D CDM (Fig. 1F), thus validating our AFM-based observations in physiologically relevant conditions. Importantly, switching cell height back to the initial unconfined state in our AFM experiments induced a rapid (3.78 ± 0.94 min, n = 7 cells) re-localization of myosin II to the cytosol (Fig. S1F), indicating that persistent contractility requires a sustained confinement below the threshold height. Collectively, these experiments show that single cells can sense the difference between 10 and 5 µm and trigger a sustained, yet reversible, active contractile response at a specific deformation height. We next performed experiments to narrow down the range of potential mechanisms involved in this height-dependent actomyosin contractility response. Confinement experiments on adherent, wellspread cells showed qualitatively the same threshold-like response as we established for rounded nonadherent cells (Fig. S2A-C). Moreover, experimental manipulations of extracellular [Ca 2+ ] or [Mn 2+ ] to modulate engagement of integrins during cell contact with the surface of the confining cantilever [START_REF] Kong | Demonstration of catch bonds between an integrin and its ligand[END_REF] did not affect the response in nonadherent suspended cells (Fig. S2D). This suggested that the sensing mechanism does not depend on classical integrin-based mechanotransduction pathways. The sustained increase in contractility (Fig. S1D), and the fact that the response was dependent on the confinement height per se rather than the speed of confinement (Fig. S3), renders unlikely a signal originating from strain in the actin cortex or the plasma membrane, because these structures dissipate stress in minutes due to fast turnover [START_REF] Clark | Stresses at the Cell Surface during Animal Cell Morphogenesis[END_REF]. A natural candidate that matches the range of relevant confinement heights at which the response is triggered and that can display long-term stress due to slow turnover of its stiff elastic shell is the cell nucleus [START_REF] Enyedi | A Case for the Nuclear Membrane as a Mechanotransducer[END_REF]. Indeed, the nucleus, and more specifically its envelope, has been shown in the recent years to trigger diverse cell responses when the nuclear compartment is deformed: entry of the transcription factors YAP/TAZ (9), activation of the ATR kinase [START_REF] Kumar | ATR mediates a checkpoint at the nuclear envelope in response to mechanical stress[END_REF], release of calcium [START_REF] Itano | Cell spreading controls endoplasmic and nuclear calcium: A physical gene regulation pathway from the cell surface to the nucleus[END_REF], activation of the phospholipase cPLA2 [START_REF] Enyedi | The Cell Nucleus Serves as a Mechanotransducer of Tissue Damage-Induced Inflammation[END_REF] and nuclear envelope rupture accompanied by DNA damage [START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF][START_REF] Denais | Nuclear envelope rupture and repair during cancer cell migration[END_REF]. Considering that the response to confinement was reversible and required only a few minutes for its manifestation, potential changes at the level of cell transcription/translation are unlikely at play, which we confirmed experimentally by acutely inhibiting the processes of transcription and translation (Fig. S4A). Blocking the ATR kinase activity did not yield a phenotype either (Fig. S4B). Moreover, neither nuclear envelope ruptures nor ruptures of the plasma membrane were observed at 5 µm confinement (Fig. S4C,D), excluding a mechanism based on an extracellular signal influx through transient holes in the plasma membrane, or mixing of cytoplasmic and nuclear contents. We thus performed a small pharmacological inhibitors screen targeting the pathways compatible with a minute timescale response (e.g., intracellular calcium release -2APB and BAPTA-AM treatmentsand/or signaling lipid production by the calcium-dependent nuclear membrane stretch-sensitive phospholipase cPLA2 -AA (AACOCF3) treatment). We also included inhibition of the myosin light chain kinase MLCK (ML7 treatment) that upregulates myosin II in response to calcium release [START_REF] Solanes | Space exploration by dendritic cells requires maintenance of myosin II activity by IP 3 receptor 1[END_REF], as well as known inhibitors for classical mechanotransduction pathways triggered by plasma membrane tension/cell cortex deformation (see Table S1). The screen (Fig. 2A and Table S2) showed that extracellular calcium, plasma membrane-associated stretch-sensitive channels and plasma membrane tension are not involved in the response to confinement. However, intracellular calcium, intracellular stretch-sensitive calcium channels associated with the perinuclear ER, the calcium-dependent myosin kinase MLCK and the nuclear envelope tension sensor cPLA2 were required for the contractile response, pointing to a signal emanating from the perinuclear ER and/or the nuclear envelope to activate actomyosin contraction at a specific confinement height. Consistently, imaging of intracellular calcium using the GCaMP6 calcium biosensor revealed a strong increase in cytosolic calcium upon 5 µm confinement (Fig. S5A), which was inhibited by blocking intracellular stretch-sensitive calcium channels InsP3Rs with 2APB (Fig. S5B), but not via chelating extracellular calcium with BAPTA (Fig. S5A). Conversely, adding ionomycin (to artificially increase cytosolic calcium concentration) or the signaling lipid arachidonic acid/ARA (the product of active cPLA2 enzyme) to cells confined at 10 µm induced persistent blebbing without further confinement (Fig. S5C). Finally, analysis of the supernatant of a population of confined cells (using a large confinement device, see Methods section) showed an increase in the presence of ARA upon 5 µm confinement, which is lost upon cPLA2 inhibition (Fig. S5D). Importantly, unlike inhibitors that globally perturb basal cell contractility (e.g. Y27632) at both 10 and 5 µm, the drugs that yielded a phenotype in our mini-screen exert their effect only at 5 µm, as follows from our measurements of cortical cell tension, cell pressure, and the cortex-to-cytosol ratio of myosin II at 10 µm (Fig. S5E). This indicates that the targets of the drugs become functionally engaged in a trigger-like fashion when the cell is confined below 10 µm. These results, together with the controls for drugs' activity (Fig. S5F) suggest that the nuclear membrane compartment, continuous with the perinuclear ER, might be involved in measuring the cell dimensions and triggering the contractile response below a specific confinement height. To understand how the nucleus and its envelope could contribute to triggering the sustained contractile response of cells to a specific confinement height, we characterized nuclear shape and deformation state at 20, 10 and 5 µm confinement (Fig. 2B). Based on chromatin staining, we observed that the nuclear volume remains relatively constant, while its projected surface area increased significantly between 10 and 5 µm confinement (Fig. 2C), suggesting a potential expansion of the nuclear envelope. To visualize the nuclear envelope more directly, we used cells expressing the inner nuclear membrane protein Lap2B fused to GFP. We observed that the nuclear envelope in rounded nonadherent cells (trypsinized cells assayed shortly after replating) displays large folds and wrinkles, which become less prominent at 10 µm and completely disappear once the cells are confined to 5 µm (Fig. 2D). To characterize this phenomenon quantitatively, we estimated the nuclear envelope folding index by measuring the excess of perimeter of the nuclear envelope (EOPNE) in the same single cell at various heights (n = 10 analyzed cells) or statistically comparing this parameter across populations of cells (n = 50 cells per population) confined to a specific height (Fig. 2D right graphs, we also confirmed this result using an additional metric based on standard deviation of the local curvature along the nuclear envelope perimeter, Fig. S5G). Un-confining cells led to a rapid refolding of the envelope concomitant with the loss of the contractile response (Fig. 2E). These measurements suggest that within the range of confinement heights applied in our experiments, the nucleus maintains a constant volume by progressively unfolding its envelope until reaching a fully unfolded state at 5 µm. A higher degree of confinement and more severe nuclear compression results in a significant nuclear volume loss (with up to 50% of volume decrease at 3 µm (data not shown), also reported previously based on micropipette aspiration experiments [START_REF] Rowat | Mechanical Properties of the Cell Nucleus and the Effect of Emerin Deficiency[END_REF]) and eventually nuclear envelope rupture events that become predominant below 3 µm confinement height [START_REF] Le Berre | Fine control of nuclear confinement identifies a threshold deformation leading to lamina rupture and induction of specific genes[END_REF]. As the nuclear envelope fully unfolds, it is likely to reach a state in which it stretches and becomes tensed. To estimate this parameter, we first measured the thermally and actively driven fluctuations of the nuclear envelope on the time scale of seconds [START_REF] Chu | On the origin of shape fluctuations of the cell nucleus[END_REF]. Using fast image acquisition mode for live cells expressing the Lap2B-GFP nuclear envelope marker and subpixel-resolution tracking of the nuclear envelope on consecutive images of the cells (see Methods), we found that the amplitude of fast fluctuations of the nuclear envelope systematically decrease as cells get more confined (Fig. 2F). This is consistent with an increase in the nuclear envelope tension. Imaging nuclear pores in the nuclear envelope of the same cell at various confinement heights showed that confinement from 10 to 5 µm causes neighboring nuclear pores to become more distant from each other, consistent with a stretching of the nuclear envelope that accommodates the pores (Fig. 2G). Finally, we observed that the nuclearstretch activated phospholipase cPLA2, which senses lipid crowding in the nuclear envelope [START_REF] Enyedi | The Cell Nucleus Serves as a Mechanotransducer of Tissue Damage-Induced Inflammation[END_REF], remains in the nucleoplasm at 10 µm, and relocalizes to the nuclear envelope at 5 µm (Fig. 2H), a transition previously shown to be triggered by nuclear membrane tension increase and to correspond to cPLA2 enzyme activation [START_REF] Enyedi | The Cell Nucleus Serves as a Mechanotransducer of Tissue Damage-Induced Inflammation[END_REF]. Overall, these observations suggest that confinement to 5 µm was inducing a stretching of the fully unfolded nuclear envelope. To assess whether the height threshold at which cells display the active contractile response coincides with the induction of nuclear envelope stretching, we took advantage of the variety of nuclear shapes and folding states in the cell population and systematically investigated these parameters along with contractile force and cell morphology readouts. First, correlative recording of F-actin and the nuclear envelope (Fig. 2I bottom images) enabled us to observe that the nuclear envelope unfolding temporally precedes the onset of the contractile response manifested in vigorous cell blebbing (Fig. 2I top graph; Movie S3), with a delay of 38 ± 17 s (n = 20 cells). This is compatible with a causal link between the nuclear envelope unfolding-stretching and the onset of a sustained contractile response. Second, we found that cells with more folded nuclei before confinement (larger EOPNE) start to contract at a lower confinement height (Fig. 2J), indicating that the degree of nuclear envelope folding sets the sensitivity threshold for the ability of cells to discriminate between different confinement heights. Because we utilize cultured proliferating cells in our experiments, a source of cell-to-cell variability in responses to confinement could come from the cell cycle stage. A recent study showed that in cultured cycling cells, the nuclear envelope gets gradually smoother and tensed as the nucleus expands during the cell cycle progression from the G1 to the S/G2 phase [START_REF] Chu | On the origin of shape fluctuations of the cell nucleus[END_REF]. The cell cycle stage thus introduces a natural range of nuclear envelope states in a cell population. We used a FUCCI HeLa cell line with fluorescent cell cycle stage markers, confirming that G1 cells have a much higher excess of nuclear envelope perimeter than G2 cells (Fig. S5H). While the unconfined cell height and mechanical state (basal cortical tension and cell pressure) at 10 µm confinement were similar for rounded, nonadherent G1 and G2 cells (Fig. S5H), G2 cells required less confinement than G1 cells to trigger the contractile response (Fig. S5H bottom right graph). This result further confirms that the state and size of the nucleus defines a ruler to trigger the active contractile cell response. It also suggests that the nuclear ruler might render proliferating cells more or less sensitive to deformations depending on their cell cycle stage. This can provide a mechanistic basis for the recently described link between cell mechanics and cell cycle progression in multicellular epithelia and single cancer cells [START_REF] Uroz | Regulation of cell cycle progression by cell-cell and cell-matrix forces[END_REF][START_REF] Aureille | Nuclear envelope deformation controls cell cycle progression in response to mechanical force[END_REF], thus opening an exciting new avenue for future research. Altogether, our results suggest the following working model (Fig. 2K): each single cell in the rounded state has a certain nuclear volume and an excess of nuclear envelope surface area, which promotes nuclear surface folding. When one of the dimensions of the cell is reduced below the resting nuclear diameter, the nucleus deforms and its envelope unfolds. Once the nuclear envelope reaches full unfolding, it stretches, potentially together with the perinuclear ER, leading to calcium release from internal stores and cPLA2 re-localization followed by the cPLA2 enzyme activation and production of the signaling lipid arachidonic acid/ARA. Both calcium ions and arachidonic acid are classical second messenger molecules with a well-known stimulatory effect on actomyosin contractility [START_REF] Solanes | Space exploration by dendritic cells requires maintenance of myosin II activity by IP 3 receptor 1[END_REF][START_REF] Tsai | Ca2+ Pulses Control Local Cycles of Lamellipodia Retraction and Adhesion along the Front of Migrating Cells[END_REF][START_REF] Cui Gong | Arachidonic acid inhibits myosin light chain phosphatase and sensitizes smooth muscle to calcium[END_REF][START_REF] Feng | Rho-associated Kinase of Chicken Gizzard Smooth Muscle[END_REF], thus mechanistically linking the cell height and nuclear envelope stretching to cell contractility. Consistent with this model, the correlative live recording of cPLA2 localization, calcium (GCaMP6) and forces during changing the height from 10 to 5 µm, showed re-localization of cPLA2 within 20 seconds and intracellular calcium increase within less than a minute, both phenomena preceding the contractile response of the cell (Fig. S5I). We then decided to validate the nuclear ruler model by testing its direct predictions: the nuclear ruler pathway activation in cells squeezing through small holes, and its loss in enucleated cells as well as in cells with defects in nuclear envelope mechanics and morphology. A first direct prediction of the nuclear ruler model is that as cells start squeezing through a tissue opening with a size smaller than a typical nuclear diameter, they should deform-unfold-and-stretch their nuclei as the nuclear shape gets less spherical, increasing the needed surface area for a given volume. This in turn would lead to an increase in cortical myosin II concentration when the nuclear ruler pathway turns on. To test this prediction in a controlled and quantitative manner, we flowed HeLa cells through confining microchannels with bottleneck constrictions. We found that nuclear deformations reflected in changes of the nuclear roundness index, indeed, precede myosin II accumulation at the cortex, and that this takes place when nuclear diameter is confined to approximately 5, but not 10 µm (Fig. 3A). To examine whether these dependencies can be observed in spontaneously migrating cells in a more physiological context, we looked at invasive HT1080 cells maneuvering through a 3D CDM. Plotting myosin II cortical accumulation against the plasma membrane excess of perimeter (i.e. cell blebbing and thus contractility measure), we verified that our measure of myosin II recruitment at the cell cortex is a good predictor of the degree of cell contractility in 3D (Fig. S6). We then found that this parameter scales with the extent of nuclear surface folding, which in turn is strongly dependent on the smallest nuclear dimesion (Fig. 3B), very much similar to the results derived from our AFM-and microfluidicsbased experiments. These data show that both imposed and spontaneous nuclear deformations observed in migrating cells correlate with the contractile response, suggesting that our working model could be applied to physiological contexts such as cells circulating in blood capillaries or cells migrating through dense tissues.

A second prediction of our working model is that removing the cell nucleus should affect the contractile response to confinement. We thus produced cytoplasts by cell enucleation using centrifugation [START_REF] Rodionov | Digital fluorescence microscopy of cell cytoplasts with and without the centrosome[END_REF]. This resulted in a mixed population of enucleated cytoplasts and nucleated cells (Fig. 3C). Cytoplasts on average had a smaller volume compared to nucleated cells (Fig. S7A) but a rather similar height (note that a decrease in cell volume scales only to the cubic root of cell diameter). Thus, we were able to compare nucleated cells and enucleated cytoplasts of similar initial heights confined to 10 and 5 µm. While nucleated cells showed the expected contractile response at 5 µm, this was not the case for enucleated cytoplasts (Fig. 3D and Movie S4). Cytoplasts were not deficient in the contractile response pathway, because confining them further down to 1 µm triggered both a force response and myosin II recruitment at the cortex (Fig. S7B). Nevertheless, this response was still weaker compared to nucleated cells at 5 µm, and, while it was reduced upon treatment with 2APB inhibiting calcium release from internal stores, it was not affected by treatment with the cPLA2 inhibitor AACOCF3 (Fig. S7B). This is potentially due to direct compression and stretching of other endomembranes (e.g. endoplasmic reticulum (ER)) that remain present in enucleated cytoplasts (Fig. S7C). Endomembranes could take over the measuring function of the bulky nucleus at lower heights. To further demonstrate the difference in responsiveness to deformation provided by the nucleus/perinuclear ER vs. the cell cortex, we used spread cells and took advantage of the small size of the wedged cantilever tip to apply only a local deformation on the cell (Fig. 3E). This experiment confirmed that locally compressing the cell cortex in the lamellar region, even down to less than 1 micron (Fig. S8 and Movie S5), produces only a very transient response, while confining the part of the cell that contains the nucleus results in a rapid and sustained contractile response (Fig. 3F and Movie S6). Upon nuclear deformation, myosin II cortical recruitment occurred even in the region which was not directly confined (Fig. 3F). This showed that the contractile response is not due to the deformation per se, but rather due to a signal which could get released locally and propagate away from the nucleus (indeed, the increase in contractility in the nonconfined part manifested with a slight delay compared to the nuclear region, Movie S6). In conclusion, consistent with our working model, the nucleus is required to set the size at which the contractile response is triggered and the deformation of nuclear or nucleus-associated compartments is necessary to trigger the sustained response. We further tested the nuclear ruler model by more directly affecting two key parameters: the stiffness and the folded state of the nuclear envelope. Lamin A/C depleted cells (Fig. S9A) displayed nuclear dysmorphia and a more floppy nuclear envelope (Fig. 4A), but did not undergo excessive cell death, even upon confinement to 5 µm height (Fig. S9B), at which the depleted cells also show a high rate of nuclear envelope ruptures (Fig. 4A bottom left graph). This mechanical instability of the nuclear envelope together with the modifications of its viscoelastic properties upon Lamin A/C depletion, could contribute to the relaxation of tension in the envelope. While the volume of nuclei in the depleted cells was similar to control cells prior to 5 µm confinement, and their projected surface area increased after the 5 µm-confinement to the same extent as the area of control nuclei (Fig. S9C), along with a statistically significant decrease in the degree of nuclear envelope folding/curvature (Fig. S9D), unlike in control cells (Fig. 2F), fluctuations of the nuclear envelope in Lamin A/C-depleted cells did not decrease in response to 20-10-5 µm confinement (Fig. 4A top right graph). This suggests that the envelope of depleted nuclei remained floppy at all confinement heights. Confinement of depleted cells to 5 µm did not trigger intracellular calcium release nor did it increase levels of ARA production normally expected from a tensed nuclear/perinuclear ER membrane compartment (Fig. S9E '5 µm confinement' subpanel). Consistently, while basal mechanics (cortical tension and intracellular pressure) of the depleted cells were unaltered at 10 µm (Fig. S9E '10 µm confinement' subpanel), the cells displayed significantly decreased levels of myosin II accumulation at the cortex (Fig. S9F) and contractile force (Fig. 4A bottom right graph) in response to 5 µm confinement . This is again consistent with our working model for the nuclear ruler. It further suggests that the level of Lamin A/C in the nuclear lamina, which varies to a great extent in different cell types and environmental conditions, can modulate the response of cells to spatial confinement by affecting the mechanical properties of the nuclear envelope. The inner nuclear membrane and ER membrane protein lamin B receptor/LBR is known to control nuclear envelope folding in a dose-dependent manner [START_REF] Gravemann | Dosage effect of zero to three functional LBR-genes in vivo and in vitro[END_REF]. Its overexpression leads to a massive perinuclear ER expansion and overproduction of nuclear envelope membranes [START_REF] Zwerger | Induction of a Massive Endoplasmic Reticulum and Perinuclear Space Expansion by Expression of Lamin B Receptor Mutants and the Related Sterol Reductases TM7SF2 and DHCR7[END_REF][START_REF] Ma | Lamin B receptor plays a role in stimulating nuclear envelope production and targeting membrane vesicles to chromatin during nuclear envelope assembly through direct interaction with importin beta[END_REF][START_REF] Ellenberg | Nuclear Membrane Dynamics and Reassembly in Living Cells: Targeting of an Inner Nuclear Membrane Protein in Interphase and Mitosis[END_REF]. This in turn provides additional nuclear envelope surface area to accommodate excess membrane protein, as evidenced from our measurements of EOPNE for Lap2b-GFP (control)-expressing cells vs. LBR-GFP overexpressing cells (Fig. 4B images and top graph). This parameter, along with nuclear envelope curvature, remained high in LBR-GFP overexpressing cells upon 10-to-5 µm confinement (Fig. S9G). This shows that the nuclear envelope did not fully unfold at 5 µm in LBR-GFP overexpressing cells. Consistently, LBR overexpression abrogated both cytoplasmic calcium increase and levels of ARA production at 5 µm (Fig. S9H '5 µm confinement' subpanel). While LBR-GFP overexpressing cells displayed basal cortical mechanics similar to control cells at 10 µm confinement (Fig. S9H '10 µm confinement' subpanel), the cells had significantly impaired levels of cortical myosin II accumulation (Fig. S9I) and contractile force production in response to 5 µm confinement (Fig. 4B bottom graph). Overall, these experiments demonstrate that nuclear envelope unfolding triggers a strong and sustained contractile response upon confinement. Nuclear envelope folding and unfolding thus constitutes a key element of the nuclear ruler mechanism. It further suggests that modulation of nuclear envelope components that affect the extent of nuclear envelope folding (e.g. LBR and SUN2 ( 37)) could allow different cell types to trigger responses to various levels of confinement, or to measure different ranges of sizes, depending on their function. Finally, we wanted to assess the functional relevance of the nuclear ruler. Our conjecture is that cells migrating in complex 3D environments and encountering various tissue confines could utilize the nuclear ruler to discriminate between small and large openings (3). If the opening is smaller than the nuclear size, nuclear deformation and stretching can trigger actomyosin contractility providing a motive force for the cell to squeeze through the opening to avoid entrapment, suggesting a function for the nuclear ruler in cell migration. Generalizing this concept, we hypothesized that the nuclear ruler mechanism can be used by migrating cells to increase their propulsion force when space becomes limited, explaining the switch to fast amoeboid migration upon confinement of slow mesenchymal cells, which we previously reported (10). Indeed, we found here that single HeLa-Kyoto cells, remaining under the confining AFM cantilever for prolonged periods of time, can translate the increase in cortical myosin II concentration and contractile force into a spontaneously-initiated, wiggling, yet directional, movement enabling the cells to evade the cantilever. (Fig. S10 A). To investigate the nuclear ruler mechanism further in the context of migratory cell behaviors, we turned to professionally migrating cells such as primary immune cells. We confined populations of immature mice bone marrow-derived dendritic cells (iDCs) to various heights using our 2D cell confiner device (38). We observed the predicted increase in migration speed upon confinement (Fig. 4C). This speed increase was lost upon chemical inhibition (AA, Fig. 4C 4E), suggesting that iDCs sense spatial confinement and adapt their contractility relying on the nuclear ruler pathway. This was further confirmed by our measurements of the cortex-to-cytosol ratio of myosin II, which reveal that myosin II gets accumulated at the cell cortex in a cPLA2-dependent manner specifically at 3 µm height (Fig. 4F). We also found that upon confinement to 3 µm, a large fraction of iDCs drastically changes its morphology and switches to an elongated triangular shape characteristic of fast moving cells that is almost entirely lost upon cPLA2 depletion (Fig 4D and Movie S7). The switch to the fast moving mode was associated with a front-back cell polarization with both myosin II and F-actin accumulating at the cell back in a cPLA2-dependent fashion (Fig. S10B). Overall, these experiments show that the cPLA2-dependent increase in cortical myosin II upon nuclear unfolding, triggers a switch to a migratoroty-polarized phenotype and fast, ballistic-like cell motion (with a velocity up to 10 µm) in iDCs experiencing the confinement heights that significantly deform their nucleus. The data obtained from both HeLa-Kyoto cells and primary iDCs thus suggest that the nuclear ruler pathway could be involved in triggering a contractile 'evasion reflex' helping invasive cells to escape or quickly penetrate the most confined regions of dense tissues. To further test the function of the nuclear ruler mechanism in invasive cell migration, we assessed the protease-independent ability of human metastatic skin melanoma cells, a well-established cellular model employing contractility-driven, amoeboid invasive motion in vivo [START_REF] Sanz-Moreno | Rac Activation and Inactivation Control Plasticity of Tumor Cell Movement[END_REF], to chemotactically transmigrate (Fig. S10C) through 3D dermal collagen gels. The 3D collagen lattices (Fig. 4G left images) displayed pore sizes ranging from 1 to 12 µm (Fig. S10D), thus representing a heterogeneous, mechanically restrictive environment in which cells are expected to deform their nuclei. Consistent with our experimental confinement data, perturbations specific to the nuclear envelope/perinuclear ER membrane tension and calcium-dependent MLCK, as well as biophysical properties of the nuclear envelope, affected the efficiency of melanoma chemotactic transmigration through 3D collagen (Fig. 4G right graph and Table S3). To more directly test whether this outcome was determined by the nuclear ruler and restrictive size of pores in the heterogeneous 3D collagen lattice, we compared transmigration efficiency of melanoma cells through synthetic polycarbonate membranes with nonrestrictive (d = 12 µm) vs. restrictive (d = 8 µm) pores (Fig. 4H left images and Fig. S10E). We found that melanoma cells rely on basal actomyosin contractility or pathways associated with the nuclear envelope/perinuclear ER membrane tension and calcium-dependent MLCK as well as biophysical properties of the nuclear envelope only when transmigrating through 8-µm pores (Fig. 4H right graphs and Table S3) that are smaller than the average size of the nucleus in melanoma cells (diameter of 11 ± 2 µm, n = 100 cells). These results suggest that thanks to the nuclear ruler, migratory cells can utilize the energetically costly actomyosin contractility motor on demand, when local cell environment becomes excessively restrictive to cell migration. Collectively, our data establish a fundamentally new, nongenetic function for the nucleus as an internal ruler. Relying on this ruler, cells can measure the degree of their environmental confinement and rapidly tailor specific behaviors to adapt to the confinement at timescales shorter than changes in gene expression. In the context of cell migration, such tailored cellular behaviors might help cells to avoid environmental entrapment, which is relevant to cancer cell invasion, immune cell patrolling of peripheral tissues, and progenitor cell motility within a highly crowded cell mass of a developing embryo. The nuclear ruler mechanism defines an active function for the nucleus in cell migration, potentially explaining why enucleated cells show a poor motile capacity in dense collagen gels [START_REF] Graham | Enucleated cells reveal differential roles of the nucleus in cell migration, polarity, and mechanotransduction[END_REF]. Additionally, since the nucleus is the largest and stiffest cellular component and is therefore a ratelimiting element during cell transmigration through openings smaller than the nuclear size, the rapid propulsive force generation via the nuclear ruler pathway can be considered as a positive feedback mechanism enabling nuclear squeezing. This rapid nuclear squeezing also decreases the fraction of time during which the nucleus is mechanically stressed in a small pore/constriction, which might be beneficial for the cell fitness, because a prolonged mechanical stress can be potentially damaging to nuclear chromatin [START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF][START_REF] Nava | Heterochromatin-Driven Nuclear Softening Protects the Genome against Mechanical Stress-Induced Damage[END_REF]. In some particular cases, such as the higly motile mature neutrophils, the nucleus is not a physical barrier for cell transmigration, because it is extremely pliable and has a characteristic multilobed morphology with 3 to 5 lobes joined by slender strands of genetic material. These peculiar nuclear properties in neutrophils are due to low LMNA and high LBR expression [START_REF] Manley | The Neutrophil Nucleus: An Important Influence on Neutrophil Migration and Function[END_REF] suggesting that the nucleus might not be used as a ruler in these cells. The nuclear ruler mechanism relies on the sensing of nuclear envelope tension by the phospholipidhydrolyzing enzyme cPLA2 [START_REF] Enyedi | A Case for the Nuclear Membrane as a Mechanotransducer[END_REF][START_REF] Enyedi | The Cell Nucleus Serves as a Mechanotransducer of Tissue Damage-Induced Inflammation[END_REF][START_REF] Enyedi | Tissue damage detection by osmotic surveillance[END_REF]. The enzymatic activity of cPLA2 is fundamental to the eicosanoid biosynthetic pathway known for its function as an essential mediator of paracrine inflammatory signaling in the immune system, with effects on myosin II activity and thus contractilitydriven cell polarization and migration of neutrophils [START_REF] Afonso | LTB4 Is a Signal-Relay Molecule during Neutrophil Chemotaxis[END_REF][START_REF] Majumdar | Exosomes Mediate LTB4 Release during Neutrophil Chemotaxis[END_REF][START_REF] Subramanian | The LTB4-BLT1 axis regulates the polarized trafficking of chemoattractant GPCRs during neutrophil chemotaxis[END_REF]. The function we propose here relies on a direct mechanical activation of cPLA2 and subsequent release of ARA, but it does not exclude the induction of the downstream inflammatory signaling associated with ARA metabolism. When we confined the nucleus and activated contractility in only one cell out of a pair of closely juxtaposed cells, we did not observe any sign of contractility activation in the neighboring intact cell (Fig. S11), suggesting that the activation of myosin II by mechanical compression of the nucleus does not depend on a paracrine signaling. Fully characterizing the signaling cascade triggered by mechanical activation of the cPLA2 pathway and subsequent changes in lipid metabolism in the context of confined cell migration is an important perspective for future studies. We also showed that the nuclear ruler pathway depends on intracellular calcium release, and thus potentially on stretch-activated calcium channels. Here, we pinpointed a role for InsP3Rs, but there is a plethora of other stretch-sensitive calcium channels on the ER and nuclear membranes [START_REF] Alonso | Nuclear Ca2+ signalling[END_REF], which could also contribute to the nuclear ruler pathway depending on the cell type. Establishing the nucleus as an internal ruler of extracellular environment opens up new exciting avenues of research not only in the field of 3D single cell migration, but also tissue homeostasis and developmental biology. The nuclear ruler might be involved in a variety of contexts in which multicellular crowding has been reported to trigger an increase in cell motion [START_REF] Tse | Mechanical compression drives cancer cells toward invasive phenotype[END_REF][START_REF] Alessandri | Cellular capsules as a tool for multicellular spheroid production and for investigating the mechanics of tumor progression in vitro[END_REF], including in solid tumors [START_REF] Georgouli | Regional Activation of Myosin II in Cancer Cells Drives Tumor Progression via a Secretory Cross-Talk with the Immune Microenvironment[END_REF]. It is well known that the actomyosin cytoskeleton structure and dymanics are modulated by the process of cell spreading and interactions with the ECM [START_REF] Pitaval | Cell shape and contractility regulate ciliogenesis in cell cycle-arrested cells[END_REF]. This modulation is largely attributed to integrin-mediated signaling pathways [START_REF] Kechagia | ) for sharing the HeLa cell line that stably expresses cPLA2α-mKate2, and V. Sanz-Moreno (Queen Mary University of London, London, UK) for providing A375P cells. LBR pEGFP-N2 (646) was a gift[END_REF]. At the same time, it is obvious that the higher the degree of cell spreading on the ECM, the shorter its apparent height and thus the flatter its nucleus [START_REF] Aureille | Nuclear envelope deformation controls cell cycle progression in response to mechanical force[END_REF]. This in turn suggests that the nuclear ruler pathway could play a role in modulating the cytoskeleton and potentially affecting other signaling and metabolic processes depending on the degree of cell spreading. Cell density, in tissues such as epithelial monolayers, also changes the cell shape and aspect ratio. Epithelial cells might thus utilize the nucleus to sense local cell density, which is critical for tissue formation, homeostasis, turnover, and wound healing.

Vargas for performing additional experiments during the revision of the article, which were finally not included in the article but helped the progress of our reasoning. Some illustrations accompanying figures of the present manuscript were partially generated using the BioRender.com online tool; A: Left, an XY view of the flat silicon microcantilever and a representative force response curve of a cell whose height was changed in a step-wise fashion from 10 to 5 µm with 1 µm increment and 5 min time interval between each step. Right, percentage of cells displaying the force response (a sustained force increase (> 15 nN)) upon subjecting cells to a specific height.

B:

Cell height changes imposed by the flat silicon microcantilever. 3D images (XZ views) of the same single live HeLa-Kyoto cell expressing MYH9-GFP at 20, 10, and 5 µm confinement height. C: Time-lapse image sequence of the same single live cell (XY views; single, midplane confocal slices) subjected to 10 µm confinement (top) followed by height change to 5 µm (bottom). Each imposed confinement height was stably maintained for 5 minutes and myosin II subcellular distribution over time was monitored simultaneously. Scale bar, 10 µm. D: Left, a representative graph illustrating dynamic relocalization of myosin II from the cytoplasm to the cell cortex in the same single live cell immediately upon confinement to 10 µm held for 5 minutes followed by height change to 5 µm maintained for the next 5 minutes. Middle, change in myosin II cortex/cytoplasm ratio measured in the same single live cell confined to 10 µm and 5 µm. The measurements were done 5 minutes after application of each confinement height (n = 10 different cells; p value, paired t test). Right, cancellation of myosin II accumulation at the cortex revealed in the same single live cell (n = 10 different cells; p value, paired t test) confined to 10 and 5 µm upon pharmacological suppression of myosin II activity with the Rho kinase/ROCK inhibitor Y27632 (10 µM). The measurements were done 5 minutes after application of each confinement height. E: Left, a representative force response curve of the same single live cell immediately upon confinement to 10 µm held for 5 minutes followed by height change to 5 µm (ΔF, force increase) maintained for the next 5 minutes. Middle, statistical analysis of force response output detected at 10 vs. 5 µm confinement (mean ± SD; n = 10 cells per each height; p value, unpaired t test). The measurements were done 5 minutes after application of each confinement height. Right, statistical analysis of force changes in response to 5 µm confinement in cells treated with 1% DMSO (control) and 10 µM Y27632 (myosin II activity downregulation) (mean ± SD; n = 10 cells per each height; p value, unpaired t test). The measurements were done 5 minutes after application of the confinement. F: Left, 3D dermal fibroblast cell-derived matrix (CDM) stained with a collagen I antibody. Middle, representative images of human fibrosarcoma cells HT1080 expressing GFP-myosin light chain 2 in 3D CDM (XZ views, vertical cross-sections) with the smallest cell dimensions measured as 10 and 5 µm. Right, correlation between natural (as opposed to imposed in AFM experiments) smallest cell dimensions in 3D CDM and cortical accumulation of myosin II (n = 30 cells). Scale bar, 20 µm. A: Statistical analysis of myosin II accumulation at the cortex (left) and force generation (ΔF, right) in response to 5 µm confinement in cells treated with 1 % DMSO (control), 0.4 mM DOCL (deoxycholate, decreasing plasma membrane tension), 10 µM Gd 3+ (GdCl3, inhibiting stretch-sensitive ion channels on the plasma membrane), 2 mM BAPTA (an extracellular Ca 2+ chelator), AA (AACOCF3, blocking the activity of the nuclear envelope tension sensor cPLA2), 100 µM 2APB (an inhibitor of the stretch sensitive Ca 2+ -channels InsP3R present on the perinuclear ER and nuclear membranes), 10 µM BAPTA-AM (an intracellular Ca 2+ chelator), and 20 µM ML-7 (an inhibitor of the Ca 2+ -calmodulindependent myosin light chain kinase/MLCK) (mean ± SD; n = 10 cells per each perturbation). PM tension, plasma membrane tension-related pathway; ER/NE tension, endoplasmic reticulum/nuclear envelope tension-related pathway; [Ca 2+ ]out, extracellular calcium entry; [Ca 2+ ]in, release of calcium from intracellular sources. See Table S2 for G: Nuclear pores on the nuclear envelope of the nucleus from the same single live cell at 10 and 5 µm confinement height, and quantifications of the inter-nuclear pore distance (NP-NP distance) measured in the same single live cell confined to 10 and 5 µm (n = 10 different cells; p value, paired t test). Scale bar, 0.5 µm. H: Subnuclear localization of the nuclear membrane tension sensor cPLA2 in the same single live cell at 10 and 5 µm confinement height, and quantifications of cPLA2's stretch-sensitive accumulation at the nuclear envelope (ratio between the cPLA2 reporter signal at the nuclear envelope vs. the nucleoplasm (NE/NPM)) measured in the same single live cell confined to 10 and 5 µm (n = 10 different cells; p value, paired t test). Scale bar, 1.5 µm. I: A representative graph and time-lapse image sequence illustrating that nuclear envelope unfolding (accessed through measurements of EOPNE) temporally precedes the onset of active plasma membrane blebbing (measured as EOPPM) and associated with it contractile force response during the transition from 10 to 5 µm height. Scale bar, 5 µm. J: Diagram illustrating that the degree of nuclear envelope folding (EOPNE) before cell confinement determines the height at which cells detect and respond to spatial confinement by generating contractile force (n = 20 cells). K: Proposed model: cells utilize the nucleus as an internal ruler for their height. Once cellular height is below a resting nuclear diameter, nucleus gets squeezed, which expands its envelope. When nuclear expansion reaches a critical level, nuclear envelope gets tensed (given that nuclear volume remains constant). This in turn stimulates nuclear stretch-sensitive proteins whose activity can initiate a signaling ultimately upregulating actomyosin contractility. G: 3D super-resolution microscopy images of dermal collagen lattices displaying pores and constrictions of different sizes, and quantifications of the percentage of human melanoma cells A375 able to chemotactically transmigrate through the lattice (1 mm thick) in a proteolysis-independent manner (determined by the presence of the matrix metalloproteinase (MMP) inhibitor GM6001, 20 µM) in the following conditions: control (1% DMSO, ctrl siRNA, and Lap2b expression), basal actomyosin contractility inhibition with 10 µM Y27632 and 10 µM blebbistatin (Y27 and BBS), nuclear LMNA depletion (LMNA si), nuclear LBR-GFP overexpression (LBR), nuclear envelope tension sensor cPLA2a depletion (PLA2G4A si), cPLA2 inhibition with 20 µM AACOCF3 or 10 µM of an alternative cPLA2 inhibitor PACOCF3 (AA and PA), inhibition of stretch-sensitive ion channels on the plasma membrane with 10 µM GdCl3 or 5 µM of an alternative inhibitor the peptide GsMTx4 from the tarantula venom (Gd 3+ and GsMTx4), inhibition of the stretch sensitive Ca 2+ -channels InsP3R present on the perinuclear ER and nuclear membranes with 100 µM 2APB or 10 µM of an alternative inhibitor Xestospongin C (2APB and Xesto), and Ca 2+ -calmodulin-dependent myosin light chain kinase/MLCK inhibition with 20 µM ML7 (ML7). Dotted line, cell transmigration rate upon global perturbation of actomyosin contractility with Y27 and BBS, for visual comparison with other experimental conditions. See Table S3 for pairwise statistical comparisons. H: Scanning electron microscopy images of polycarbonate membranes with 12 and 8 µm pores in diameter (scale bar, 10 µm) , and quantifications of the percentage of human melanoma cells A375 able to chemotactically transmigrate through the differentially-sized pores in the conditions replicating those specified in G. Dotted line, cell transmigration rate upon global perturbation of actomyosin contractility with Y27 and BBS, for visual comparison with other experimental conditions. See Table S3 for pairwise statistical comparisons.

Materials and Methods

Cell Culture Human cervical adenocarcinoma cells HeLa-Kyoto stably expressing myosin IIA (MYH9)-GFP and LifeAct-mCherry or Myh9-GFP and the plasma membrane-targeting CAAX box fused to mCherry, or Lap2b-GFP, Nup107-GFP, HeLa (CCL-2) cells stably expressing cPla2-mKate2, human fibrosarcoma cells HT1080 expressing GFP-myosin light chain 2, primary human foreskin fibroblasts (HFFs), human melanoma cells A375P, N-rasV12 oncogene-transformed rat liver epithelial cells IAR-2, and canine kidney epithelial cells MDCK-2 were maintained in DMEM/F12 supplemented with 10% FBS (Invitrogen) at 37°C and 5% CO2. Human epidermal stem cells (HESCs) were cultured as previously described [START_REF] Eisenhoffer | Crowding induces live cell extrusion to maintain homeostatic cell numbers in epithelia[END_REF]. All cell lines were tested for mycoplasma contamination using MycoScope™ PCR Mycoplasma Detection Kit (Genlantis). Mouse bone-marrow derived immature dendritic cells (iDCs) were obtained by culturing bone marrow cells (from both male and female LifeAct-GFP mice, Myh9-GFP mice, and control or LMNA KO mice) for 10-11 days in complete DC medium (IMDM medium supplemented with fetal calf serum (FCS, 10%), glutamine (20 mM), penicillin-streptomycin (100 U/mL), ß-mercaptoethanol (50 μM) and granulocyte-macrophage colony-stimulating factor (50 ng/mL)-containing supernatant obtained from transfected J558 cells.

Transfection procedure, expression vectors, and siRNA oligonucleotides Cells were transfected with plasmid DNA using Lipofectamine™ LTX reagent (Invitrogen) transiently or stably, according to manufacturer's protocol. For RNA interference experiments, cells were transfected with siRNA oligonucleotides using Lipofectamine® RNAiMAX reagent (Invitrogen), according to manufacturer's protocol. In experiments on cPLA2a knockdown in bone marrow-derived mouse immature dendritic cells (iDCs), the cells were transfected using the Amaxa mouse Dendritic Cell Nucleofector Kit (Lonza). The following expression vectors were used for plasmid DNA transfections: empty vector pEGFP-C1 (Clontech); Addgene plasmids: 61996 LBR pEGFP-N2 (646) (2), 40753 pGP-CMV-GCaMP6s (3), 86849 pBOB-EF1-FastFUCCI-Puro (4). To knockdown LMNA or cPLA2a, cells were transfected with nontargeting siRNA (control) or validated ON-TARGETplus SMARTpool siRNA reagents (Dharmacon) targeting human-specific LMNA mRNA (cat. # L-004978-00-0005), human-specific PLA2G4A mRNA (cat. # L-009886-00-0005), or mouse-specific Pla2g4a mRNA (cat. # L-063167-01-0010). Unless stated otherwise, cells were analyzed 72 h post-transfection using standard Western blot or immunofluorescent analysis protocols. Based on quantitative densitometry of proteins, the knockdown efficiency was estimated as 84.7 ± 2.5% (3 repeats). Additionally, a lentiviral vector plasmid encoding a nontargeting shRNA (control) or shRNA targeting human-specific LMNA mRNA designed in house and standard lentivirusbased transduction-infection protocols were used to achieve LMNA/C knockdown in HeLa cells.

Drug treatments

The following pharmacological inhibitors and chemical compounds were used: 10 µM ROCK-mediated contractility inhibitor Y-27632 (Y27) (EMD), 10 µM myosin II ATPase inhibitor blebbistatin (BBS) (Toronto Research Chemicals), 20 µM Ca 2+ -sensitive myosin light chain kinase/MLCK inhibitor ML-7 (Sigma-Aldrich), 1 mM apoptosis inducer hydrogen peroxide (H2O2), 1 µM transcription inhibitor triptolide (TRP) (Tocris Bioscience), 50 µg ml -1 translation inhibitor cycloheximide (CHX) (Sigma-Aldrich), 1 µM AZD6738 inhibiting the Serine/Threonine protein kinase Ataxia Telangiectasia and Rad3 related (ATR) capable of sensing nuclear envelope tension (Tocris Bioscience), 10 μM nonspecific plasma membrane permeability marker propidium iodide (PI) (Sigma-Aldrich), 0.4 mM plasma membrane tension reducer sodium deoxycholate (DOCL) (Sigma-Aldrich), 10 μM gadolinium (III) chloride (Gd 3+ ) or 5 μM peptide GsMTx4 from the tarantula venom affecting mechanosensitive ion channels on the plasma membrane (Tocris Bioscience), 2 mM extracellular Ca 2+ chelator BAPTA (Sigma-Aldrich), 10 µM intracellular Ca 2+ chelator BAPTA-AM (Sigma-Aldrich), 10 µM ionomycin (IOM) directly facilitating the transport of Ca 2+ across the plasma membrane (Sigma-Aldrich), 70 µM signalling lipid arachidonic acid (ARA) (a product of enzymatic activity of the nuclear envelope stretchsensitive enzyme cPLA2) activating actomyosin contractility (Cayman Chemical), 20 µM AACOCF3 (AA) or 10 µM PACOCF3 (PA) inhibiting the nuclear envelope stretch-sensitive enzyme cPLA2 (Tocris Bioscience), 100 µM 2APB or 10 µM Xestospongin C (Xesto) blocking stretch-activated inositol triphosphate receptors (InsP3Rs) on the ER/nuclear membranes (Tocris Bioscience), and 20 µM broad-spectrum matrix metalloproteinase inhibitor GM6001 (Merck Millipore). Growth medium was supplemented with 1% DMSO (vol/vol) (Sigma-Aldrich) in control experiments.

Western blotting Cells were collected and resuspended in Laemmli buffer. Proteins were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto PVDF membranes. After incubation with primary (Lamin A/C antibody #2032 (Cell Signaling Technology), cPLA2a antibody #PA5-29100 (Invitrogen), and GAPDH antibody #ab9483 (Abcam)) and secondary (IRDye® and VRDye™ (LI-COR)) antibodies, the membranes were visualized using Odyssey® CLx Infrared Imaging System (LI-COR).

Quantitative PCR (qPCR)

To assess the efficacy of the siRNA treatment, qPCR was carried out on iDCs after 48 hours of the siRNA treatment. RNA extraction was performed using RNeasy Micro RNA kit (Qiagen), according to the manufacturer's protocol. cDNA was produced using the high capacity cDNA synthesis kit (Thermo Fisher), according to the manufacturer's protocol, starting from 1 μg of RNA. Quantitative PCR experiments were performed using Taqman Gene Expression Assay (Applied Biosystems) and carried out on a Lightcycler 480 (Roche) using the settings recommended by the manufacturer. The following primers were used: Mm01284324_m1 for PLA2g4 and Mm99999915 for GAPDH as a control. cPLA2a expression was assessed in si-control and si-cPLA2a iDCs. Samples were run in triplicate for each condition. Data were subsequently normalized to GAPDH values, and to the values obtained in control iDCs. The fold change was calculated using the formula 2 -ΔΔCT .

Single-cell flat AFM-based confinement coupled to live cell imaging Trypsinized cells were resuspended in CO2-independent, phenol red-free DMEM/F-12 medium supplemented with 10% FBS (Invitrogen) and plated on glass-bottomed 35-mm dishes (Fluordishes). Experiments with non-adherent cells were initiated 30 minutes after cell plating to allow for cell sedimentation. Spread cells were obtained 6 hours post cell plating. Dishes with cells were mounted in a dish heater (JPK Instruments) and kept at 37 °C under an inverted light microscope (Axio Observer.Z1; Zeiss) equipped with a confocal microscope unit (LSM 700; Zeiss) and the atomic force microscope (AFM) head (CellHesion 200; JPK Instruments). Focused ion beam (FIB)-sculpted, flat silicon microcantilevers were processed and calibrated as described in (5). The microcantilevers were fixed on a standard JPK glass block and mounted in the AFM head. The cantilever was lowered on the cell to a preset height with a constant speed of 0.5 μm•s - 1 , and the resulting varying force and cantilever height were recorded over time. At the same time, differential interference contrast (DIC) and fluorescence images at the midplane of the confined cell (the imaging settings were readjusted to the medial plane of the cell each time the cell was confined to a specific height) were recorded every 5 seconds using a 63× water immersion objective. All microscopy equipment was placed and experiments were carried out in a custom-made isolation box at 37 °C (The Cube; Life Imaging Services).

Determination of cell pressure and cortical tension

Cell geometry, pressure, and cortical tension were measured based on AFM and imaging data as described in ( 5) and ( 6).

Production of cytoplasts Enucleated cells were generated as described in (7) and (8).

Microfabrication-based confinement of cell populations

To obtain large quantities of confined cells for cell population or biochemical studies, cell confinement was performed using a home-made device ( 9) consisting of a suction cup made in polydimethylsiloxane (PDMS, RTV615, GE) used to press a confining coverslip bearing PDMS microspacers (micropillars) on top of the culture substrate populated with cells. The height of the micropillars (10 µm vs. 5 µm) determines the height for spatial confinement of cells between the coverslip and the substrate. A version of the cell confiner adapted to multi-well plates was used to perform multiple experiments in parallel (10). The molds for the PDMS micro-spacers were fabricated following standard photolithography procedures. The surface of the confining side was always treated with non-adhesive pLL-PEG (SuSoS).

Assaying activation of apoptosis in live cells

To detect levels of active apoptotic caspases, the Image-iT LIVE Red Poly Caspases detection kit based on a fluorescent inhibitor of caspases (FLICA) methodology (I35101, Molecular probes) was used according to the manufacturer's protocol.

Biochemical measurements of arachidonic acid (ARA) release Cells were confined using microfabricated devices as described in the subsection "Microfabricationbased confinement of cell populations". Confinement was released and the cells were immediately extracted with Dole's solution (heptane, isopropyl alcohol, 1 N sulfuric acid; 10:40:1). Pentafluorobenzyl esters of the fatty acids were prepared and quantified by gas chromatography-mass spectometry with reference to an internal standard of d8-AA as described in (11).

Epithelial monolayer stretching A custom-made stretching device was used to perform epithelial monolayer stretching experiments as described in (12).

Chemotactic transmigration assays

Serum-starved A375P cells were harvested and transferred in serum-free medium to the upper compartment of 5, 8 (Cat. # 3421 and 3428, Corning), or 12 (Cat. # CBA-107, Cell Biolabs Inc.) µmpore polycarbonate membrane inserts (transwells). Cell density was adjusted according to the specific area of each transwell with 5×104, 1.5×105, and 7.5×105 cells added to 5, 12, and 8 µm transwells, respectively. Cells were allowed to transmigrate toward the lower compartment containing 10% FBS for 12 h. Transmigration efficiency was calculated as number of cells at the lower compartment divided by the number of cells added to the upper compartment of a transwell. To examine the ability of A375P cells to chemotax through 3D collagen gels, atelopeptide fibrillar bovine dermal collagen (Cat. # 5005-B; PureCol, Advanced BioMatrix) was prepared at 1.7 mg ml -1 in DMEM and allowed to polymerize in the upper compartment of the 12 µm-pore polycarbonate membrane insert (Cat. # CBA-107, Cell Biolabs Inc.). Serum-starved cells were seeded on top of the collagen pad in serum-free medium, allowed to adhere and transmigrate through the collagen layer and the membrane toward the lower compartment containing 10% FBS for 24 h. Transmigration efficiency was calculated as number of cells at the lower compartment divided by the number of cells added to the upper compartment of the transwell.

Generation of 3D cell-derived matrices (CDMs)

HFFs were plated at high density on gelatin-coated and glutaraldehyde-treated 35 mm (4 x 10 5 cells, MatTek) or 50 mm (5.7 x 10 5 cells, Warner Instruments) glass-bottom dishes. Cultures were maintained for 10 days, adding new media with 50 µg/ml ascorbic acid every other day. The matrices were denuded of cells by adding extraction buffer (20 mM NH4OH and 0.5% Triton X100 in PBS) for 10 min at room temperature and washed with PBS.

Quantitative image analysis Fluorescence intensity levels (mean gray values, a.u.) were obtained from background subtracted images using the ImageJ/Fiji software (NIH, http://rsb.info.nih.gov/ij/index.html). The Imaris (version 8.3) image analysis software (Bitplane) was utilized to measure nuclear volume reconstructed from 3D confocal microscopy images. The dimensionless parameter excess of perimeter (EOP) was calculated to estimate the amount of nuclear envelope (NE) or plasma membrane (PM) area stored in macro-and micro-folds. To calculate EOP, we first obtained values for perimeter (P) and surface area (A) from 2D images taken at the maximum radius of the nucleus (NE marker Lap2b-GFP labelling)/cell (PM marker CAAX box-mCherry labelling). Next, we introduced R0 as the radius of the circle defined by the area A, which allowed us to compute EOP as the ratio between P and 2πR0. EOP values of a highly folded object tend to be close to 1, while EOP of an object with a smooth surface tend to be close to 0. Additional theoretical calculations were performed to account for experimentally observed changes in nuclear aspect ratio (AR); no significant contribution of AR changes to the measured values of EOP was observed. The MIPAR™ v.3.2.3. image analysis software (MIPAR Software) and the Kappa plugin for ImageJ/Fiji (https://github.com/brouhardlab/Kappa/tree/master/docs#fit-the-curve-to-the-data) were used to estimate NE surface curvature. To measure NE fluctuations, nuclei of live cells expressing Lap2b-GFP were recorded using a high frame rate acquisition mode (250 msec/frame) for 5 minutes. The position of each nucleus was corrected for linear and rotational drift using the Stackreg plugin of the ImageJ/Fiji software. Upon drift correction, the edge of the nucleus was registered at a given angle. NE fluctuations were calculated by measuring the standard deviation of the NE from its mean position. To precisely position the NE, linescans across the NE (intensities along a line of 1 pixel in width perpendicular to the NE) were made at different positions along the NE. For each point along the NE and for each timepoint in the movie, the point of maximum intensity was calculated on the linescan and a parabola was fitted on points before and after the maxima to determine the localization of the NE with a sub-pixel resolution. For each position along the NE, the mean position was taken as the mean of all the timepoints. The standard deviation of the position of the NE around this mean position was taken as one measure for the fluctuation of the NE. Each point along the NE contributes one measure. Obtained mean NE fluctuation values were expressed in µm. The same approach can be applied to measure PM fluctuations. A floppy, and thus less tensed, membrane is expected to fluctuate more, while a membrane under tension exhibits no or significantly diminished fluctuations. The distance between neighboring nuclear pores (NP-NP distance) was estimated for the same living cell expressing a NP maker Nup107-GFP at different degrees of spatial confinement. To this end, a medial confocal slice of the nucleus was obtained to then trace individual NPs along the NE using the Linescan function of the MetaMorph (version 7.7) software (Molecular Devices). Each individual NP was resolved as a local maximum of fluorescence intensity on the Linescan diagram. The distance between nearest local maxima was represented as NP-NP distance. Cell speed was analyzed using the manual tracking plugin of ImageJ/Fiji. To measure collagen pore sizes, collagen fibers were imaged via axially swept light-sheet microscopy (13). The fibers were then detected from the deconvolved images by applying a steerable filter [START_REF] Stewart | Hydrostatic pressure and the actomyosin cortex drive mitotic cell rounding[END_REF] followed by non-maximum-suppression. We then calculated pore sizes using a custom-written Matlab code implementing the algorithm described in [START_REF] Kong | Demonstration of catch bonds between an integrin and its ligand[END_REF].

Statistics and reproducibility of experiments

Unless stated otherwise, statistical significance was determined by two-tailed unpaired or paired Student's t-test after confirming that the data met appropriate assumptions (normality, homogenous variance and independent sampling). Statistical data are presented as average ± either SEM or SD. Sample size (n) and p-value are specified in the text of the paper or figure legends. Samples in most cases were defined as the number of cells counted/examined within multiple different fields of view on the same dish/slide, and thus represent data from a single sample within a single experiment. When data from a single sample are shown, they are representative of at least three additional samples from independent experiments. A: Comparison of myosin II distribution in a representative example of a cell displaying the contractile force response (based on AFM output force registration paralleled with myosin II fluorescence imaging) at 8 µm confinement height. Note, the cell at 10 µm (left) has a diffused, cytosolic distribution of myosin II signal, which is most evident upon examination of a medial plane of the cell on the XY projection. However, once the cell height is gradually (10 µm → 9 µm → 8 µm) reduced to 8 µm (right), myosin II re-localizes from the cytosol to the contractile cortex in this example. The XZ projection of the cell shows that this pattern is not unique to a single medial plane in XY coordinates. Myosin II displays a robust cortical accumulation across entire lateral parts of the cell but is less apparent in top and bottom parts of the cell cortex. This might be due to the fact that the plasma membrane is sterically restricted to bulge out at these sites, which interferes with the continuous blebbing required to maintain high cortical myosin II levelscontraction of the cortex enriched with myosin II induces pressure-based plasma membrane blebs which in turn accumulate myosin II at their own cortex; subsequent retraction of these blebs enables incorporation of the bleb-associated cortical myosin-II-F-actin into the main cortical actomyosin ring, further fueling the continuous cycle of global cortex contraction-local bleb formation-bleb retraction-cortex reformation. The example of a cell at 10 µm vs. 8 µm was chosen because the myosin II accumulation across entire lateral parts of the cells is visually clearer at this confinement height; cells demonstrating the contractile force response at heights lower than 8 µm have the same myosin II distribution pattern. B: Comparing apoptosis induction efficiency (quantified as average fluorescence intensity of the FLICA apoptotic caspase activity reporter in cells) in response to spatial confinement of cells to 10 and 5 µm vs. treatment of cells with a classical apoptosis inducer hydrogen peroxide (H202, 1mM) as a positive control. Mean ± SD; n = 85 cells from 3 independent fields of view per each experimental condition; p value, unpaired t test. C: The plasma membrane (PM) blebbing index, measured as the excess of plasma membrane perimeter (EOPPM), correlates with cortical accumulation of myosin II in cells under 5 µm confinement (n = 35 cells). Scale bar, 10 µm. D: Percentage of blebbing cells 30 and 120 minutes post 5 µm-confinement. Mean ± SD; n = 120 cells per each time point from 3 independent fields of view; p value, unpaired t test. E: Quantifications of the plasma membrane (PM) blebbing index measured as the excess of plasma membrane perimeter (EOPPM) at 10 and 5 µm confinement in primary human epidermal stem cells (HESCs, n = 45 cells per each height), immortalized N-ras-transformed rat liver hepatocytes IAR-2 (n = 150 cells per each height), and human melanoma cell line A375P (n = 40 cells per each height). Mean ± SD; p value, unpaired t test. F: Quantifications of myosin accumulation at the cortex in response to release of spatial confinement (n = 7 cells). Statistical analysis of the dependence between the confinement height at which cells display a robust contractile force response (ΔF > 15 nN) to 10-to-5 µm confinement and the speed with which the confinement is applied. Mean ± SD; n = 10 cells per each experimental condition; p value, unpaired t test. A: Pretreatment of cells with pharmacological inhibitors of global transcription (Triptolide (TRP), 1 µM) and translation (Cycloheximide (CHX), 50 µg mL -1 ) does not interfere with the contractile cell output in the form of plasma membrane blebbing measured as EOPPM in cells under 5 µm confinement (right, mean ± SD; n = 35 cells per each experimental condition; p value, unpaired t test). The effect of the inhibitors on cell viability (middle) is used as a positive control for the inhibitors' activity (mean ± SD; n = 150 cells per each experimental condition; p value, unpaired t test). B: Pretreatment of cells with a pharmacological inhibitor (AZD6738, 1 µM) of ATR kinase known to be sensitive to nuclear envelope tension (13) does not interfere with the contractile cell output in the form of plasma membrane blebbing measured as EOPPM in cells under 5 µm confinement (right, mean ± SD; n = 40 cells per each experimental condition; p value, unpaired t test). The effect of the ATR kinase inhibitor on cell viability (middle) is used as a positive control for the inhibitor's activity (mean ± SD; n = 150 cells per each experimental condition; p value, unpaired t test).

C: Representative images of a GFP-labeled nuclear localization sequence (NLS) probe in cells subjected to 10-to-5 µm confinement (no nuclear rupture) vs. 3-to-2 µm confinement (nuclear rupture = positive control). Appearance of the GFP-NLS signal in the cytoplasm is a sign of nuclear membrane rupture. Measurements of the GFP-NLS signal subcellular redistribution in the same living cell subjected to 10-to-5 µm confinement (n = 10 different cells; p value, paired t test) or 3-to-2 µm confinement (n = 10 different cells; p value, paired t test) confirm that confining cells to 5 µm height does not rupture the nuclear membrane. Scale bar, 10 µm. D: Representative images of Propidium iodide (PI) fluorescence in cells subjected to 10-to-5 µm confinement (no plasma membrane rupture) vs. shear stress (plasma membrane rupture = positive control). PI can enter the cell through nonspecific pores/wounds in the plasma membrane and becomes fluorescent after binding to cytoplasmic RNA or nuclear DNA molecules. Measurements of PI fluorescence levels in the same living cell subjected to 10-to-5 µm confinement (n = 10 different cells; p value, paired t test) or shear stress (n = 10 different cells; p value, paired t test), confirm that cell confinement per se does not rupture the plasma membrane. Scale bar, 15 µm. A: Left, representative images illustrating that intracellular Ca 2+ concentration increases in response to 10-to-5 µm confinement even in the presence of 2 mM BAPTA chelating extracellular Ca 2+ . Right, measurements of cytoplasmic fluorescence intensity for the genetically encoded fluorescence Ca 2+ sensor GCaMP6 in the same living cell subjected to 10-to-5 µm confinement in the presence of 2 mM BAPTA (n = 10 different cells; p value, paired t test). Scale bar, 10 µm. B: Measurements of GCaMP6 fluorescence levels in the same BAPTA (2 mM)-treated living cell subjected to 10-to-5 µm confinement in the presence of 100 µM 2APB inhibiting the stretch sensitive Ca 2+ -channels InsP3R present on the perinuclear ER and nuclear membranes (n = 10 different cells; p value, paired t test). C: Comparing the contractile cell output in the form of plasma membrane blebbing measured as EOPPM in cells under different degrees of spatial confinement in the presence of 1% DMSO (control), 10 µM ionomycin (IOM, artificially increasing the intracellular Ca 2+ level), or 70 µM arachidonic acid (ARA, the signaling lipid-product of enzymatic activity of the nuclear membrane stretch-sensitive protein cPLA2). Mean ± SD; n = 35 cells per each experimental condition; p value, unpaired t test. D: Biochemical measurements of ARA release in cell populations confined to 10 or 5 µm in the presence or absence of a cPLA2 inhibitor AACOCF3 (AA, 20 µM; n = 3 replicates; mean ± SD; p value, unpaired t test). E: Top, representative single medial confocal slice images of myosin II fluorescence in cells at 10 vs. 5 µm confinement in the presence of 1% DMSO (control) or the drugs Y27 (Y27632, 10 µM (global downregulation of myosin II activity)), 2APB (100 µM (blockage of the stretch-sensitive Ca 2+ -channels InsP3R on nuclear and perinuclear ER membranes)), and AA (AACOCF3, 20 µM (inhibition of the nuclear membrane stretch-sensitive protein cPLA2)). Scale bar, 10 µm. Middle, change in myosin II cortex/cytoplasm ratio measured in the same single live cell confined to 10 µm and subsequently 5 µm in the presence 100 µM 2APB or 20 µM AA. The measurements were done 5 minutes after application of each confinement height (n = 10 different cells per each experimental condition; p value, paired t test). The two (upper and lower) graphs on the right side of the panel demonstrate statistical analyses of myosin II cortex/cytoplasm ratio at 10 and 5 µm confinement in cells treated with 1% DMSO or the drugs Y27 (10 µM), 2APB (100 µM), and AA (20 µM). Mean ± SD; n = 30 cells per each experimental condition; p value, unpaired t test. The measurements were done 5 minutes after application of the specified confinement height. Unlike perturbations that impact basal levels of actomyosin contractility (e.g. Y27, which entirely prevents cells from accumulating myosin II at the cortex in response to 10-to-5 µm-confinement, as shown in Fig. 1D), the drugs affecting the nuclear ruler pathway (2APB and AA) do not prevent cells from accumulating myosin II at the cortex in response to 10-to-5 µm-confinement. Such cells do change their myosin II cortex/cytoplasmic ratio in a statistically significant manner, but the fold change is statistically smaller than in control cells (see additionally Fig. 1D). These data suggest that the drugs are unlikely to affect the actomyosin cytoskeleton prior to the 5 µm confinement step. Indeed, as follows from the upper right graph here, Y27 cancels the small variations in the cortex/cytosol ratio of myosin II at 10 µm; while the drugs affecting the nuclear ruler pathway have no statistically significant impact on the myosin II cortex/cytosol ratio at 10 µm. Bottom, biophysical measurements of cell mechanics at 10 µm confinement height. Unlike perturbations that impact basal levels of actomyosin contractility (e.g. Y27, 10 µM), 100 µM 2APB and 20 µM AA do not change intracellular pressure and cortical tension estimated in cells at 10 µm confinement. Mean ± SD; n = 10 cells per each experimental condition; p value, unpaired t test. F: Left, measurements demonstrating that 0.4 mM deoxycholate (DOCL) does perturb plasma membrane (PM) tension as evidenced from DOCL's effect on relative cell spreading and fast fluctuations of the plasma membrane (n = 10 cells per each measurement; mean ± SD; p value, unpaired t test). Right, measurements of Ca 2+ entry into the cell upon stretching MDCK cell monolayers grown on flexible PDMS membranes in the presence or absence of 10 µM GdCl3 inhibiting stretch-sensitive ion channels on the plasma membrane (n = 3 replicates; mean ± SD; p value, unpaired t test). G: Automatic curvature detection in representative single, medial confocal slice images of the nuclear envelope in control HeLa-Kyoto cells expressing Lap2B-GFP (a marker of the nuclear envelope). The images illustrate that nuclear envelope curvature decreases in the same living cell subjected to 20-to-10-to-5 µm confinement. The graph below demonstrates statistical analysis of standard deviation of nuclear envelope curvature (SDcurvature) in cells at 20 µm (n = 16 cells), 10 µm (n = 19 cells), and 5 µm (n = 15 cells). Mean ± SD; p value, unpaired t test.

H: Upper left, quantifications of nuclear size and cell height illustrating that rounded nonadherent G1 (n = 10) and G2 (n =10) cells have a similar height, but different nuclear size at resting state (no confinement). Upper right, quantifications of intracellular pressure and cortical tension in G1 (n = 10) vs. G2 (n = 10) cells illustrating that the cell cycle stage per se does not affect basal levels of actomyosin contractility that controls cortical cell tension and intracellular pressure at 10 µm confinement. Lower left, naturally occurring dynamic changes in nuclear shape and size accompanying cell cycle progression in the same live HeLa-Kyoto cell expressing the FUCCI fluorescent cell cycle reporter system and growing in a Petri dish. Lower right, quantifications revealing differences in nuclear size (radius) and folding (EOPNE) in G1 (n = 10) vs. G2 (n = 10) cells under 10 µm confinement, and differential height-dependence of contractile force response in G1 (n = 15) vs. G2 (n = 15) cells. Mean ± SD; p value, unpaired t test. Scale bar, 10 µm. I: A representative graph illustrating that an increase in cytosolic Ca 2+ and the accumulation at the nuclear envelope of the nuclear envelope stretch-sensitive enzyme cPLA2 temporally precede contractile force response measured with the flat AFM. This phenomenon is observed in almost 100% of analyzed cases (n = 30 cells). Correlation between the cell blebbing index measured as the excess of plasma membrane perimeter and cortical accumulation of myosin II in HT1080 cells imaged within the 3D dermal fibroblast-derived cell matrix (n = 30 cells). B: Top, unlike rounded nucleated cells upon centrifugation, rounded enucleated cytoplasts with a similar size (~ 15 µm in diameter) do not respond to 10-to-5 µm confinement and begin measuring confinement height at significantly lower heights with a strong preference to 1 µm confinement (n = 25 cytoplasts with diameter ≥ 15 µm). Middle and bottom, representative single medial confocal slice images of myosin II fluorescence as well as statistical analysis of myosin II cortex/cytoplasm ratio demonstrate that similar to nucleated cells at 5 µm, enucleated cytoplasts at 1 µm also increase myosin II concentration at the cortex (see Fig. 3D for myosin II cortex/cytoplasm ratio in enucleated cytoplasts at 5 µm); however, the fold increase is statistically smaller than in nucleated cells, indicating that there is no complete activation of myosin II in enucleated cytoplasts. 100 µM 2APB blocking intracellular calcium release from internal membrane storages (e.g. ER membranes), but not 20 µM AA (AACOCF3) inhibiting nuclear cPLA2, leads to a statistically significant decrease in myosin II cortex/cytoplasm ratio in enucleated cytoplasts at 1 µm. Mean ± SD; n = 10 per each experimental condition; p value, unpaired t test. C: Representative images of Lap2B-GFP subcellular distribution illustrating that both nucleated cells and enucleated cytoplasts preserve an elaborate system of ER membranes that could take over the ruler function of the nucleus at significantly lower confinement heights. Scale bar, 10 µm. Left, an image illustrating the position of the flat cantilever to achieve a local compression of the cortex in the lamellar region of the cell (cyan, F-actin; magenta, myosin II; yellow, nucleus; scale bar, 10 µm), and quantification of the fast and transient increase in cortical myosin II signal upon strong (500 nm height confinement) compression of the cell cortex (the rapid and transient nature of the myosin II signal increase followed by decline to the initial level in response to local 500 nm compression of the lamellar region was observed in almost 100 % of analyzed cells (n = 15)). Right, statistical analyses of cortical accumulation of myosin II before and 5 minutes after 500 nm confinement of the cortex and force readouts after 500 nm confinement of the cortex (n = 10 cells; mean ± SD; p value, unpaired t test). B: Percentage of propidium iodide (PI)-positive (dead) control (Ctrl RNAi) and LMNA-depleted (LMNA RNAi) cells upon confinement to 10 and 5 µm. Mean ± SD; data are from 3 replicates; n = 200 cells per each experimental replicate; p value, unpaired t test. C: Left, nuclear volume measurements in control (Ctrl RNAi) and LMNA-depleted (LMNA RNAi) cells at 10 µm confinement. Mean ± SD; n = 30 cells per experimental condition; p value, unpaired t test. Right, measurements of projected nuclear surface area taken for the nucleus from the same single live cell at 10 vs. 5 µm in control (Ctrl RNAi) and LMNA-depleted (LMNA RNAi) cells (n = 10 different cells; p value, paired t test). D: Quantifications illustrating the degree of nuclear envelope folding (measured as excess of perimeter of the nuclear envelope (EOPNE) or standard deviation of nuclear envelope curvature (SDcurvature)) in control (Ctrl RNAi) and LMNA-depleted (LMNA RNAi) cells upon confinement to 10 and 5 µm. Mean ± SD; n = 30 cells per each experimental condition, p value, unpaired t test. E: Left, quantifications illustrating the effect of nuclear LMNA knockdown on the increase of intracellular Ca 2+ concentration and production of the signaling lipid ARA in response to 5 µm confinement (n = 3 replicates per each experimental condition; mean ± SD; p value, unpaired t test). Right, quantifications of intracellular pressure and cortical tension in control (n = 10) vs. LMNA depleted (n = 10) cells illustrating that LMNA depletion does not affect basal levels of actomyosin contractility that controls cortical cell tension and intracellular pressure at 10 µm confinement. Mean ± SD; p value, unpaired t test. F: Left, representative single medial confocal slice images of myosin II fluorescence in control (Ctrl RNAi) and LMNA-depleted (LMNA RNAi) cells. Scale bar, 10 µm. Middle, measurements of myosin II cortex/cytoplasm ratio obtained from the same single live cell confined to 10 µm and subsequently 5 µm. The measurements were done 5 minutes after application of each confinement height (n = 10 different cells per each experimental condition; p value, paired t test). Right, statistical analysis of myosin II cortex/cytoplasm ratio at 5 µm confinement. Mean ± SD; n = 30 cells per each experimental condition; p value, unpaired t test. The measurements were done 5 minutes after application of the specified confinement height. LMNA depleted cells do change their myosin II cortex/cytoplasmic ratio in a statistically significant manner, but the fold change is significantly smaller than in control cells (see additionally Fig. 1D). G: Representative images of nuclei in control Lap2b-GFP expressing cells and LBR-GFP overexpressing (OE) cells at 10 vs. 5 µm confinement (scale bar, 5 µm) and quantifications of the degree of nuclear envelope folding measured as excess of perimeter of the nuclear envelope (EOPNE) in the same single live cell upon 10-to-5 µm confinement in Lap2b-GFP expressing cells and LBR-GFP OE cells (n = 10 different cells per each experimental condition; p value, paired t test). Measurements of standard deviation of nuclear envelope curvature (SDcurvature) in Lap2b-GFP expressing cells and LBR-GFP OE cells at 10 and 5 µm confinement are shown on the right top and bottom graphs. Mean ± SD; n = 20 cells per each experimental condition; p value, unpaired t test. H: Left, quantifications illustrating the effect of LBR-GFP OE on the increase of intracellular Ca 2+ concentration and production of the signaling lipid ARA in response to 5 µm confinement (n = 3 replicates per each experimental condition; mean ± SD; p value, unpaired t test). Right, quantifications of intracellular pressure and cortical tension in control Lap2b-GFP expressing cells (n = 10) vs. LBR-GFP OE cells (n = 10) illustrating that LBR-GFP OE does not affect basal levels of actomyosin contractility that controls cortical cell tension and intracellular pressure at 10 µm confinement. Mean ± SD; p value, unpaired t test. Scale bar, 10 µm. I: Left, representative single medial confocal slice images of myosin II fluorescence in control Lap2b-GFP expressing cells and LBR-GFP OE cells. Scale bar, 10 µm. Middle, measurements of myosin II cortex/cytoplasm ratio obtained from the same single live cell confined to 10 µm and subsequently 5 µm. The measurements were done 5 minutes after application of each confinement height (n = 10 different cells per each experimental condition; p value, paired t test). Right, statistical analysis of myosin II cortex/cytoplasm ratio at 5 µm confinement. Mean ± SD; n = 30 cells per each experimental condition; p value, unpaired t test. The measurements were done 5 minutes after application of the specified confinement height. LBR-GFP OE cells do change their myosin II cortex/cytoplasmic ratio in a statistically significant manner, but the fold change is significantly smaller than in control cells (see additionally Fig. 1D). A: Top, representative images of HeLa-Kyoto cells kept under the confining AFM microcantilever for a prolonged period of time (1 hour). Cell body outlines were captured at different time points after application of 5 µm-confinement, differentially color-coded, and superimposed to reveal cell body movement over the entire observation period. Prolonged spatial confinement under the AFM microcantilever stimulates cell motility initiationcells try to evade the microcantilever. Middle, single (midplane confocal slice) myosin II fluorescence images of the cell outlines depicted in the top panel above. Myosin II images were acquired 5 min after application of 5 µm confinement. Statistical analysis demonstrates that the fraction of cells remaining stationary under the confinement is characterized by a significantly lower ratio between cortical and cytosolic myosin II. Mean ± SD; n = 24 cells (motility initiators) and 6 cells (stationary cells); p value, unpaired t test. Scale bar, 5 µm. Bottom, proportion of cells remaining stationary or initiating motility under the prolonged confinement in the absence (DMSO control) or presence of small-molecule compounds targeting proteins involved in the nuclear ruler pathway (20 µM AACOCF3 (AA) and 100 µM 2APB); n = 30 cells per each experimental condition. B: Top left, representative images (maximum intensity projections) of Myh9-GFP-expressing control (Ctrl si) and cPLA2a-depleted (Pla2g4a si) mouse iDCs at 3 µm height. Top right, levels of depletion of cPLA2a (the Pla2g4a gene) in mouse iDCs. mRNA levels of cPLA2a quantified with qRT-PCR 72h after siRNA transfection. Values are normalized to mRNA levels of cPLA2a in control samples. Mean ± SD; n = 3. Middle left, a representative line scan graph (obtained from maximum intensity projections images) demonstrating accumulation of myosin II fluorescence signal at the back of a typical iDC (Ctrl si) under 3 µm-confinement and a rather homogeneous front-back distribution of myosin II fluorescence in a typical cPLA2a-depleted iDC (Pla2g4a si) under 3 µm-confinement. Middle right, proportion of control (Ctrl si) and cPLA2a-depleted (Pla2g4a si) iDCs remaining stationary or initiating motility under prolonged (1.5 hr) 4 vs. 3 µm-confinement. cPLA2a functions become critical at stronger, 3 µm confinement, when the cell microenvironment is mechanically resistive to cell migration. n = 60 cells per each experimental condition. Bottom left, percentage of cells with myosin II accumulated at the back in control (Ctrl si) or cPLA2a-depleted (Pla2g4a si) iDCs under 3 µm confinement. n = 60 cells per each experimental condition. Bottom right, representative maximum intensity projection images of LifeAct-GFP-expressing motile (framed in pink) and stationary (framed in blue) iDCs under 3 µm confinement; the corresponding line scan graph demonstrates that F-actin fluorescence signal is characteristically accumulated at the back of the cell in motile iDCs (pink curve), while stationary iDCs (blue curve) show F-actin collapsed in the cell center. Scale bar, 30 µm. C: A simplified cartoon illustrating cell and nuclear squeezing through a confining opening in the extracellular environment in response to a gradient of chemotactic molecules, the situation that can be modelled experimentally using the Boyden chamber transwell assay. D: A representative 3D super-resolution image of the dermal collagen lattice and an example of computer vision-aided pore size analysis by filling 3D spheres in between the collagen fibers in the skeletonized 3D super-resolution image of the collagen lattice. The measurements show that the 3D collagen lattices represent an environment with pore sizes ranging from ~ 1 µm (minimum size) to 10 µm (maximum size) in diameter. E: Scanning electron microscopy images of polycarbonate membranes with 12, 8, and 5 µm pores in diameter, and quantification of the percentage of human melanoma cells A375 able to chemotactically transmigrate through the differentially-sized pores. The analysis shows that 5 µm pores are impenetrable for melanoma cells, 12 µm pores do not restrict cell migration, while 8 µm pores are ratelimiting to cell migration and thus ideally suited for the study of cell transmigration through mechanically restrictive environments. Mean ± SD; data are from 3 replicates; n = 200 cells per each experimental replicate; p value, unpaired t test. Selective, single-cell confinement of cell doublets, in which the distance between the plasma membrane of the adjacent cells is ≤ 3 µm. t = 0' corresponds to a state before confinement application; t = 5' denotes conditions 5 minutes after selective application of 5 µm-height confinement; the selectively confined cell is marked with a star sign (*). Note, at least on the timescale of 15 minutes, the ratio between cortical and cytosolic myosin II is not changing in nonconfined cells (NC) compared to their immediate neighbors under confinement (C). In some cases, a local bias in cortical accumulation of myosin II between closely located cells was observed before confinement, however, this biased pattern was unstable after confinement application. Scale bar, 10 µm. J Cell Biol. 1996 Mar;132(5):915-23.

Table S2. Pairwise statistical comparisons related to Fig. 2A Table S3. Pairwise statistical comparisons related to Fig. 4G,H The results obtained during my PhD are presented here in form of a manuscript in preparation for a submission. They aim at understanding the role of mechanical stimulation on the immune function of these cells. M. [START_REF] Steinman | Dendritic cells: translating innate to adaptive immunity[END_REF]. Their main immune-surveillance function consists in sampling peripheral tissues (immature DCs) and migrating to lymph nodes to transmit the information they gathered to T cells (mature DCs). This requires the surface expression of the chemokine receptor CCR7, which recognizes CCL21 gradients that guide DCs to lymphatic vessels and lymph nodes [START_REF] Weber | Interstitial dendritic cell guidance by haptotactic chemokine gradients[END_REF]. DC migration is massively induced upon infection by pathogen-associated molecular patterns (PAMPs), which increase the levels of CCR7 surface expression as well as the DC migration speed (Vargas P 2016).

Manuscript in preparation for submission

II. The transcriptional response of dendritic cells to mechanical stimulation dictates their steady-state migration to the lymph nodes

Once in lymph nodes, PAMP-activated DCs present pathogen-derived antigens to T cells, leading to their activation and initiation of the adaptive immune response [START_REF] Alvarez | Mechanisms and consequences of dendritic cell migration[END_REF]. Importantly, DC migration to lymph nodes also occurs in homeostasis, i.e. in the absence of inflammation and PAMPs, and helps maintaining T cell tolerance (Steinman RM 2000), most likely through presentation of selfantigens [START_REF] Jonuleit | Dendritic cells as a tool to induce anergic and regulatory T cells[END_REF][START_REF] Roncarolo | Differentiation of T regulatory cells by immature dendritic cells[END_REF]. This process is also dependent on CCR7 upregulation [START_REF] Ohl | CCR7 Governs Skin Dendritic Cell Migration Under Inflammatory and Steady-State Conditions[END_REF][START_REF] Forster | CCR7 and its ligands: balancing immunity and tolerance[END_REF] and was shown to rely on the NF-κB/IKKb pathway [START_REF] Baratin | Homeostatic NF-κB Signaling in Steady-State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance[END_REF], however, whether environmental signal(s) are needed to up-regulate CCR7 and induce DC homeostatic migration remains unknown.

In peripheral tissues, the DC microenvironment consists not only of biochemical cues (PAMPs, cytokines, chemokines…) but also of physical ones (geometry, adhesion, stiffness…). Physical cues result from the material properties of tissues (cells, matrix and fluid) and from their 3-D organization.

The mechanisms by which cells respond to physical cues have recently gained interest with the emergence of the field of mechano-biology. Seminal studies showed that stem cells cultured in the presence of the same growth factors undergo drastically distinct differentiation programs when exposed to substrates of different rigidities [START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF]). Similarly, it was shown that the capacity of cancer cells to proliferate, migrate, invade are totally dependent on the mechanical properties of their microenvironment [START_REF] Levental | Matrix crosslinking forces tumor progression by enhancing integrin signaling[END_REF][START_REF] Jang | Increased extracellular matrix density disrupts E-cadherin/β-catenin complex in gastric cancer cells[END_REF]. These breakthroughs suddenly brought awareness to the fact that cells do not only respond to external chemical cues but also to the physical properties of their environment. Surprisingly, very little is known on how tissue physical cues impact the behavior and fate of immune cells and thereby shape immune responses.

We have shown that application of a controlled mechanical constraints on the nucleus of immature DCs activates actomyosin contractility, which in turns enhances cell migration and facilitates cell navigation in confined environments [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF][START_REF] Lomakin & Cattin | The nucleus acts as a ruler tailoring cell responses to spatial constraints[END_REF]. Increased actomyosin contractility in mechanically challenged DCs results from stretching of the nuclear membrane and subsequent activation of cytosolic Phospholipase 2 (cPLA2), a lipid metabolism enzyme that produces arachidonic acid. These results highlight that DCs are mechanosensitive cells and raises the so far unexplored question on the role played by mechanical stimulation in the regulation of DC immunesurveillance function. This question becomes particularly relevant when taking into consideration [START_REF] Eisenhoffer | Crowding induces live cell extrusion to maintain homeostatic cell numbers in epithelia[END_REF] the continuous mechanical challenge that DCs undergo in tissues, for example when migrating into the interstitial space of the skin, or transmigrating through basement membranes (Matthew Raab 2016[START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF], and ( 2) the tremendous changes in the physical organization of tissues that occur upon inflammation in the context of both infection and tumor growth [START_REF] Overstreet | Inflammation-induced interstitial migration of effector CD4⁺ T cells is dependent on integrin αV[END_REF].

Here, we show that mechanical constraints experienced by immature DCs turns on a transcriptional program that deeply modifies their immune-surveillance properties by changing the cytokines and chemokines they express and respond to. This program includes the Ccr7 gene, which endows DCs with the ability of exiting peripheral tissues and reaching lymph nodes. We found that this transcriptional program is initiated by Arp2/3-dependent actin nucleation in the perinuclear area of mechanically challenged DCs, which in turn activates cPLA2 and the downstream NFKB/ IκκB pathway. We further show that the Arp2/3 inhibitor, Arpin, protects immature DCs from activation of this program, thus limiting their exit from peripheral tissues at steady-state. Accordingly, we found that

Arpin KO DCs show enhanced homeostatic migration to lymph nodes, i.e. in the absence of inflammation. These results identify the mechanical stimulation experienced by the nucleus of tissueresident DCs as an important environmental signal responsible for their homeostatic migration to lymph nodes, which is needed for the establishment of tolerance.

Results

An exquisitely sensitive transcriptional program activated by mechanical stimulation in DCs

We have shown that by deforming the nucleus of different cell types, including DCs, , enhances Myosin II-dependent actomyosin contractility and the cell migration speed in response to mechanical stimulation (Lomakin & Cattin 2020). However, how mechanical signals impacts the immunesurveillance properties of DCs has not been investigated so far. To address this question, we analyzed the transcriptional profile of mechanically challenged immature DCs by confining them at 3 µm height using the "cell confiner" described in (fig. 1a). We chose this experimental condition as it allows a fine control of nuclear deformation, is independent of interaction with the extracellular matrix, which can induce other signals, and is sufficient to increase Myosin II activity (Lomakin & Cattin 2020).

Remarkably, bulk RNA sequencing analysis highlighted 1060 genes that were significantly upregulated and 510 genes that were significantly down-regulated when immature DCs were deformed at 3 µm-height, as compared to non-confined cells (fig. 1b). Pathway analysis showed that the first set of genes whose expression increases corresponded to cell migration-associated genes (fig. 1c). Additional pathways included inflammation-related genes such as cytokines and Nfkb-related ones. Looking closely at the list of most up-regulated genes revealed that, in addition to several chemokines and cytokines, they included the Ccr7 gene (increased 4.3 fold), which encodes for the chemokine receptor that guides DCs from peripheral tissues to lymph nodes (Lars Ohl 2004) (fig. 1d). This result is consistent with published data highlighting that the transcription of the Ccr7 gene is under the control of NF-κB and its regulator IκκB [START_REF] Baratin | Homeostatic NF-κB Signaling in Steady-State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance[END_REF]. Thus, mechanical stimulation induces a transcriptional program in immature DCs associated to changes in both their migratory and immunemodulatory properties.

We next asked how dynamic and sensitive to mechanical constraints were these transcriptional changes.

We decided to focus on the Ccr7 gene, whose expression can be monitored at the single cell level using DCs derived from a mouse expressing a Ccr7 GFP reporter [START_REF] Nakano | Migratory properties of pulmonary dendritic cells are determined by their developmental lineage[END_REF]. In these animals, one Ccr7 allele has been replaced by the gfp gene, whose transcription is driven by the Ccr7 endogenous promoter. CCR7-GFP immature DCs were confined for ~30 min and their GFP expression monitored overtime. Strikingly, we observed that while CCR7 expression gradually increased in immature DCs confined at 3 µm-height, this was not observed in cells confined at 2 µm-height and 4 µm-height (fig. 1e and supplementary movie 1). This result was verified by both immunofluorescence analyses and real time quantitative PCR of the expression of the endogenous Ccr7 gene (fig. 1f,1g), excluding an artifact due to mouse genetic manipulation. The specificity of the anti-CCR7 antibody was also validated experimentally using CCR7 KO DCs (fig. S1a). We conclude that the transcriptional program induced by mechanical stimulation in immature DCs is exquisitely sensitive to the level of deformation applied to the cell.

The transcriptional response of DCs to mechanical stimulation requires cPLA2 activation

We next asked whether the pathway involving the lipid metabolism enzyme cPLA2, which is activated upon sensing of mechanical stimulation by the cell nucleus, is involved in the transcriptional response of immature DCs. In support of this hypothesis, our transcriptomic data highlighted several genes belonging to this pathway, whose expression was modified in mechanically-challenged DCs (fig. 2a).

In addition, we found that confinement of immature DCs at 3 µm-height further enhanced their migration speed, as previously described (Lomakin & Cattin 2020), which is reminiscent of actomyosin activation downstream of cPLA2 (fig. S1b).

To address the role of cPLA2 in the DC transcriptional response to mechanical stimulation, we knocked down this enzyme using siRNA and analyzed the transcription of Ccr7 using both quantitative RT-PCR and our GFP reporter (efficacy of the si-RNA in fig. S2a). As an internal control we show that the speed of DCs did not increase in cPLA2 knock down DCs confined at 3 µm-height (fig. S2b). More importantly, no induction of CCR7 expression was observed in these cells (fig. 2b,2c). This result was verified when treating immature DCs with a cPLA2 inhibitor (fig. 2d), highlighting the strict requirement for cPLA2 in the DC transcriptional response to mechanical stimulation. Consistent with these data, we further observed that cPLA2 translocated to the DC nucleus upon confinement at 3 µm-height (fig. 2e), suggesting that it was activated. Of note, cPLA2 activation was not observed when DCs were confined at 2 or 4 µm-height (fig. 2e,2f), consistent with our results showing that these two experimental conditions do not enhance CCR7 expression (fig. 1e, 1f, 1g). Importantly, induction of CCR7 expression upon treatment of immature DCs with LPS was unaffected by cPLA2 knock down or inhibition (fig. 2g).

Altogether, these findings indicate that the transcriptional response of DCs to mechanical stimulationbut not to LPS-specifically requires cPLA2, suggesting that it might rely on nuclear deformation.

The transcriptional response of DCs to mechanical stimulation relies on nuclear deformation

This result provided a potential explanation for the lack of mechanical response in DCs confined at 2 or 4 µm-height: while confinement at 4 µm-height might not be sufficient to deform the nucleus and activate cPLA2, confinement at 2 µm-height may, to the opposite, damage the nuclear envelop and thereby impair activation of this enzyme. This was supported by the orthogonal projections of the nucleus of confined cells: while the nucleus of DCs confined at 4 µm-height was barely deformed, the nucleus of cells confined at 2 µm-height was totally flat and its surface significantly increased (fig. 3a).

To test whether such extent of nuclear deformation does lead to nuclear envelop rupture, we ectopically expressed an NLS (Nuclear Localization Signal)-GFP construct in immature DCs. We found that the NLS-GFP reporter remained in the nucleus of cells confined at both 3 µm-height and 4 µm-height. In contrast, it exhibited a diffused cytoplasmic localization in immature DCs confined at 2 µm-height (fig. 3b and fig. S3a), showing that their nuclear envelop had indeed been ruptured.

Interestingly, we also observed that these cells had lost their Lamin A/C upon 2µm confinement, whereas this nucleoskeleton protein was rather up-regulated in immature DCs confined at 3 µm-height, at both the mRNA and protein levels (fig. 3c,3d, also by RNA seq with increase fold of 3.1). The latter is reminiscent of results obtained in confined stem cells and cancer cells, which were shown to increase their levels of Lamin A/C to resist mechanical stimulation (Joe Swift 2013). Of note, immature DCs confined at 2 µm-height were not irreversibly damaged as they up-regulated CCR7 expression upon LPS treatment (fig. S3b). These data suggest that the transcriptional response of DCs to mechanical stimulation may require an intact nucleoskeleton/nuclear envelop. To test this hypothesis, we confined Lamin A/C KO DCs at 3 µm-height and assessed whether they respond to this mechanical stimulation.

No up-regulation of CCR7 expression was observed (fig. 3e). In addition, we found that actomyosin activation in these cells was also abrogated in the absence of Lamin A/C, as they failed to accelerate upon mechanical stimulation (fig. S3c) as we previously reported (Lomakin & Cattin 2020). Hence, an intact nuclear envelop and/or cytoskeleton are needed for the transcriptional response of immature DCs to mechanical stimulation, in agreement with this response resulting from nuclear deformation and subsequent cPLA2 activation.

The sensitivity of DCs to mechanical stimulation is limited by the Arp2/3 inhibitor Arpin

We next investigated the mechanisms responsible for sensing mechanical constraints upstream of cPLA2 activation at the nucleus. Among the genes that were upregulated in DCs confined at 3µmheight, we found different classes of myosin genes and distinct regulators of the actin cytoskeleton, including the gene encoding for the recently described Arp2/3 inhibitor, Arpin (fig. 4a). This gene particularly retained our attention as we have previously observed that confinement of DCs in narrow micro-channels can lead to Arp2/3-mediated assembly of branched actin around their nucleus [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF], which helps compressing this rigid organelle for the cell to move forward and might also be required for the ability of DCs to modulate gene transcription upon mechanical stimulation. We therefore hypothesized that by decreasing the nucleation of branched actin around the nucleus of DCs by Arp2/3, Arpin might modulate the transcriptional response of these cells to mechanical stimulation.

Such mechanism could limit confinement-induced CCR7 expression in tissue-resident immature DCs, preventing them from constantly escaping from peripheral tissues to reach lymph nodes. To test this hypothesis, we generated a conditional knock out mouse for Arpin (Arpin flox/flox ), which was crossed to CD11c-CRE mice in order to obtain deletion in DCs (Arpin flox/flox x CD11c-CRE). For the sake of simplicity, we will refer to those cells as Arpin KO DCs.

Strikingly, we found that Arpin KO immature DCs exhibited increased sensitivity to mechanical stimulation: they turned on CCR7 expression when confined at 4 µm-height, an experimental condition that did not have any effect in wild-type immature DCs (fig. 4b). This result suggested that branched actin nucleated by Arp2/3, which is limited by Arpin, might be required for the transcriptional response of DCs to mechanical challenge. To test this hypothesis, we treated Arpin WT and Arpin KO immature DCs (supplementary movie 4). In addition, Arpin KO DCs were faster at crossing the constrictions (fig. 4h).

Additionally the number of cells that indeed crossed the constriction was higher in the Arpin KO DCs (fig. S4e). In consequence, these cells needed less time to cross the length of the channel (fig. 4i).

Altogether, these results propose the following working model: mechanical stimulation induces actin nucleation by Arp2/3 at the nucleus of immature DCs, leading to activation of the lipid metabolism enzyme, cPLA2, which on short time scale facilitates cell migration through constrained environments (Lomakin & Cattin 2020), and on a longer time scale modifies their gene expression profile.

The Arp2/3 inhibitor Arpin protects DCs from NFKB-dependent homeostatic migration to lymph nodes

Our findings indicate that exertion of mechanical stimulation at the nuclear envelope has two effects: a short-term effect that leads to enhanced DC migration and a long-term effect that modifies gene transcription and, in particular, leads to the expression of the chemokine receptor, CCR7. Importantly, both these effects will ultimately facilitate the exit of immature DCs from peripheral tissues and arrival to lymph nodes. We therefore hypothesized that Arpin expression in immature DCs might function to protect immature DCs from mechanical stimulation experienced while patrolling peripheral tissues and thereby limit cPLA2 activation and homeostatic DC migration to lymph nodes. In agreement with this hypothesis, we found that the number of migratory conventional type 2 DCs (cDC2s) in the lymph nodes was enhanced in the absence of Arpin at steady-state, i.e. in the absence of inflammation (fig. 5a).

This tendency was also observed for migratory cDC1s, although not statistically significant. This difference did not result from an increased in numbers of skin cDC2s (fig. 5b). Arpin WT and KO DCs also showed similar numbers of lymph-node-residents cDCs (fig. 5a). These results strongly suggest that homeostatic migration of DCs is enhanced in the absence of Arpin, i.e. in a condition where they display enhanced sensitivity to mechanical stimulation.

This result was particularly appealing as [START_REF] Eisenhoffer | Crowding induces live cell extrusion to maintain homeostatic cell numbers in epithelia[END_REF] disrupting homeostatic migration of cDCs, by inhibiting NF-κB signaling, had been shown to lead to breakage of tolerance, and (2) the signal(s) involved in this process had not been identified [START_REF] Baratin | Homeostatic NF-κB Signaling in Steady-State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance[END_REF]. Thus our results suggested a role of environmental parameters and in particular mechanical signals experienced by immature DCs while sampling the environment of peripheral tissues as one of the signals controlling the homeostatic migration of DCs.

Therefore, we asked if these mechanical signals are upstream inducers of the NF-κB-dependent homeostatic migration, and we wanted to test whether NF-kB is indeed required for the mechanical induction of CCR7 up regulation in DCs.

To address this question we analyzed whether IκκB KO , which cannot undergo homeostatic DC migration, show a response to mechanical stimulation. Strikingly, we found that immature IκκB KO DCs confined at 3 µm-height did not induce actomyosin contraction, nor expression of the Ccr7 gene (fig. 5c and5d). which was confirmed by using the NFKB inhibitor (fig. 5e). To the opposite, both immature 

Mechanically challenged DCs exhibit a tolerogenic phenotype

If the mechanical stimulation that immature DCs experience in peripheral tissues is an environmental signal that triggers their homeostatic migration to lymph nodes, which helps to the establishment of tolerance, one expects mechanically-challenged DCs to be endowed with tolerogenic properties.

Accordingly, transcriptomic profiling of immature DCs confined at 3µm-height showed that expression of the immunosuppressive cytokine IL-10 was enhanced upon application of mechanical stimulation on these cells (fig. 6a). On the same line, we observed that the expression of co-stimulatory molecules was less induced in mechanically-challenged DCs as compared to LPS-treated DCs (fig. 6b). To directly assess the immune-modulatory properties of mechanically-challenged DCs, we confined immature DCs In conclusion, although mechanical stimulation induces CCR7 expression and thereby promotes homeostatic DC migration, we show here that mechanically-challenged DCs rather harbor a tolerogenic than an immunogenic phenotype. This, in combination with our results revealing the existence of a specific mechanism that limits the response of immature DCs to mechanical stimulation, strongly suggest that the mechanical constraints experienced by these cells when patrolling peripheral tissues is one of the environmental signals that triggers their migration to lymph nodes at steady-state. (a) heat map of some mRNAs levels of cytoskeleton genes whose expression was increased in immature dendritic cells in response to mechanical confinement as revealed by RNA sequencing analysis (b) Arpin (an Arp2/3 inhibitor) negatively regulates confinement-induced CCR7 upregulation in dendritic cells. Bone marrow-derived dendritic cells from Arpin wild type and knock out mice were confined at 4µm and 3µm heights for four hours then cells were harvested to check CCR7 expression by RT-qPCR. Graph: represents mean with SD of normalized CCR7 fold change. Data represents 2 independent experiments, P values were calculated by unpaired one way ANNOVA test, ***P= 0.0007, ** P=0.0015, ns= not significant (c) Confinement-induced CCR7 upregulation in dendritic cells from Arpin wild type and knockout mice is inhibited by the Arp2/3 inhibitor CK666 treatment as revealed by RT-qPCR after four hours of confinement. Graph: represents mean with SD of normalized CCR7 fold change in Arpin wild type and knock out cells confined at 4µm and 3µm height upon treatment with CK666 or DMSO at 25µM, compared to non-confined cells. Data represents one experiment (d) cPLA2 activity is required for confinement-induced CCR7 upregulation in Arpin knockout cells confined at 4µm height as it is for wild type cells confined at 3µm height as revealed by RT-qPCR.

Arpin wild type and knockout wells were confined at 3µm and 4µm heights respectively upon depletion of the cPLA2 gene (Pla2g4a) by si-RNA method, after four hours of confinement. Graph: represents mean with SD of normalized CCR7 fold change after normalization to non-confined control cells. Data represents one experiment (e) Representative confocal immunofluorescence images of cPLA2 (magenta) and DAPI (grey) and Actin (yellow) in dendritic cells treated with DMSO or CK666 at 25µM and confined at 3µm height and fixed after four hours of confinement. Scale bar, 20µm. Graph: box and whiskers plot showing the median value and min to max range of nuclear cPLA2 mean intensity upon immunofluorescence staining (region of interest is selected from the DAPI image) of dendritic cells from Arpin knockout and wild type mice confined at 4µm and 3µm heights respectively and treated with DMSO or CK666 at 25µM, data represents 1 experiment (n=21cells in KO DMSO cells at 4µm, n=48 cells in KO CK666 cells at 4µm, n=46 cells in WT DMSO cells at 3µm, n=30 cells in WT CK666 cells at 3µm ) P values were calculated by unpaired one way ANNOVA test, ****P<0.0001, ***P= 0.0005 (f) Representative confocal images of LifeAct (in grey) and nucleus (in red) of dendritic cells derived from LifeAct-GFP Arpin wild type and knockout derived dendritic cells directly under confinement at 4µm and 3µm heights. Top: XY images of one cell per condition, scale bar 10µm. Bottom: XZ images of cell and its nucleus by orthogonal view. Cells were stained with NucBlue to mark the nucleus 20 minutes before the confinement (g) Mean LifeAct signal density map of control dendritic cells (top) and dendritic cells treated with the Arp2/3 complex inhibitor (CK666, 25µM) (bottom) under confinement. Representative of 2 independent experiments (n=9 cells in 4µm control, n=13 cells in 4µm CK666 treated, n=9 cells in 3µm control, n= 10 cells in 3µm CK666 treated). Graph: percentage of cells displaying different LifeAct accumulation in the different conditions, data represents 2 independent experiments (Control: n=40 WT cells at 4µm, n=70 WT cells at 3µm, n=90 KO cells in 4µm. CK666 treated: n=42 WT cells at 4µm, n=66 WT cells in 3µm, n=50 KO cells at 4µm) (h) dendritic cells from Arpin knockout mice cross faster the constrictions, graph: box and whiskers plot showing the median value and min to max range of cell's velocity before and after passing the constriction in the 2µm and 1µm size, data represents 2 independent experiments, (n= 16 cells in WT 2µm before, n=20 cells in KO 2µm before, n=18 cells in WT 2µm after, n=19 cells in KO 2µm after, n=16 cells in WT 1µm before, n=6 cells in KO 1µm before, n=17 cells in WT 1µm after, n=6 cells in KO 1µm after) P values were calculated by unpaired one way ANNOVA test, ***P=0.006, ** P=0.0052 40x (NA 1.3) oil objective with a resolution of 1024x1024 pixels and Z stack size of 0.33µm. Cells were stained with Nucblue to mark DNA (in red).

Movie S3: Z stacks movies of LifeAct expression in Arpin knockout cells confined at 4µm height.

Representative examples of immature dendritic cells derived from Arpin knockout mice that have GFPactin. Live imaging was done using confocal microscope (Leica DMi8, SP8 scanning head unit) with 40x (NA 1.3) oil objective with a resolution of 1024x1024 pixels and Z stack size of 0.33µm. Cells were stained with Nucblue to mark DNA (in red). Movie S4: Time lapse images of dendritic cells from Arpin wild type and knock out mice migrating in channels with constrictions of 2µm size. Cells were stained with Nucblue to mark DNA (in blue) and cells are lifeAct (in green). The movies show enhanced accumulation of branched actin around the nucleus of dendritic cells from Arpin KO while crossing the constrictions. These cells were faster at crossing the length of the constriction than their wild type counterparts. Live imaging was done on 20x (NA 0.75) dry objective, Nikon video-microscopy.

(LPS) which is a component of bacterial cell wall recognized by dendritic cells through TLR signaling.

LPS-activated dendritic cells have higher levels of expression of the costimulatory molecules CD86 and CD40 as well as the chemokine receptor CCR7. The LPS was added as a pulse (for 20-25) minutes then cells were washed and re-plated in fresh medium left overnight in the incubator then used.

6-well plate confiner

Dendritic cell confinement was performed using a 6-well plate confiner described by (Y.-J. Liu 2015)

that allows the recovery of large number of cells and the simultaneous imaging of several conditions.

To make the polydimethylsiloxane (PDMS, RTV615) pillars at a certain height, 12 mm glass coverslips were sonicated in methanol, washed in ethanol then plasma treated and placed on the top of a PDMS mixture on top of wafer molds that contain the pillars at the desired height. The PDMS mixture is composed of PDMS A/crosslinker B at 1/10 W/W. The height of the PDMS pillars is what determines the height of confinement of the cells between the coverslip and the bottom substrate. After adding the coverslips to the wafers, they are baked at 95° for 15 minutes, then carefully removed using isopropanol.

Then they are washed again with isopropanol, dried well and plasma treated for 2 minutes. They are then incubated with non-adhesive pLL-PEG (SuSoS, PLL (20)-g [3.5]-PEG ( 2)) at 0.5mg/ml in 10mM HEPES pH 7.4 buffer for one hour at room temperature. The coverslips are then washed well with water to remove all the remaining PEG and incubated in cell's medium for at least 2 hours before the confinement starts. To make the confinement steps, we use a modified version of a classical 6-well plate cover; large PDMS pillars were stuck on the coverlid (these are the ones which will hold the fabricated coverslips). These large pillars will push the coverslips from the top of the lid to confine the cells. 6-well plates with glass bottom can be used in case of imaging of the cells (MatTek corporation, P06G-1.5-20-F).

Live cell imaging

Live Time-lapse recordings were acquired with 20x (NA 0.75) dry objective, Nikon video-microscopy, for 4-6 hours at 37 °C with 5% CO2 atmosphere. Or by confocal microscope (Leica DMi8, SP8 scanning head unit) with 40x (NA 1.3) oil objective with a resolution of 1024x1024 pixels. Both microscopes were controlled by MetaMorph software. Image analysis was performed using ImageJ/Fiji software (NIH, http://rsb.info.nih.gov/ij/index.html). For speed analysis, imaging was done for 4 hours taking one image every 2 minutes, and the analysis was done using the manual tracking function in ImageJ. For GFP quantification, imaging was done using both transmission phase and GFP. Images corresponding to each time point of interest were collected in each condition, the outline of each cell was drawn by hand on the trans images, then the mean GFP signal was calculated on the corresponding GFP image using a homemade macro.

(Dharmacon # L-009886-00-0010) and ON-TARGETplus Non-Targeting Control Pool (Dharmacon # D-001810-10-20).

RT-qPCR

After removing the confinement, the lysis buffer was added directly to recover the confined cells, taking in parallel control cells that were not confined.

RNA extraction was performed using RNeasy Micro RNA kit (Qiagen), according to the manufacturer's protocol. cDNA was produced using the high capacity cDNA synthesis kit (thermo fisher), according to the manufacturer's protocol, starting from 1 μg of RNA. Quantitative PCR experiments were performed using Taqman Gene Expression Assay (Applied Biosystems) and carried out on a Lightcycler 480 (Roche) using the settings recommended by the manufacturer.

The following primers were used: Mm99999130_s1 for CCR7, Mm00444540_m1 for CD86 primer, Mm00497783_m1 for lamin A/C, Mm01284324_m1 for PLA2g4 and Mm99999915 for GAPDH as a control. The expression of each gene of interest was assessed in immature non-confined cells. Samples were run in triplicate for each condition. Data were subsequently normalized to GAPDH values, and to the values obtained in control immature cells were used as a base unit equal to one, thus allowing for display of the data as "fold-greater" than the immature cells. The fold change was calculated by the formula 2 -ΔΔCT .

Flow cytometry analysis

To characterize the expression of some surface markers on the dendritic cells after confinement we used the FACS approach. In brief, after confining the cells, the confiner was removed and cells were recovered directly by gently washing with medium. Non-confined cells (immature and LPS activated)

were also taken as controls. Cells were resuspended in the buffer (PBS BSA 1% EDTA 2mM). After blocking with Fc antibody (BD #553142) and live/dead staining kit (Thermo # L34966) for 15 minutes, cells were stained with the desired antibodies for 20 minutes (at 37° for CCR7 staining and at 4° for the rest). Cells were then washed three times and resuspended in the staining buffer. Flow cytometry was performed on LSRII (BD) and analyzed using FlowJo software version 10. Mean florescent values of each condition were plotted with Graphpad Prism version 8. The following antibodies were used: anti-CCR7 (Biolegend #BLE120114), anti-CD86 (Ozyme # BLE105037), anti-CD83 (Biolegend # BLE121508), anti-CD80 (BD # 553769), anti-MHCII (Ozym # BLE107622), anti-CD11c (BD # 550261) with the corresponding isotypes to each antibody.

For the T-cell presentation assay: DQ-OVA (Thermo # D12053) and OVA peptide (Cayla #vac-isq)

were added to each condition with the corresponding concentration, cells were then confined for four hours, then recovered by washing with medium and counted, T-cells which were purified from OTII mice were added to the recovered dendritic cells with a ratio of 10 to 1 respectively. Then next day, half of the medium was recovered and staining for T-cells was don. Cells were stained in 2mM EDTA, 5%FBS in PBS following the same protocol as before. Then 2 days later, the rest of the medium was recovered and sating for the T-cells was done.

Flow cytometry was performed on LSRII (BD) and analyzed using FlowJo software version 10.

Percentage values were plotted with Graphpad Prism version 8. The following antibodies were used:

anti-CD4 (BD # 553051), anti-CD69 (eBioscience # 48-0691-82), anti-TCR (BD # 553190).

RNA seq

After removing the confinement, the lysis buffer was added directly to recover the confined cells, taking in parallel control cells that were not confined.

RNA extraction was performed using RNeasy Micro RNA kit (Qiagen), according to the manufacturer's protocol. The samples were checked for the quality of the extracted RNA before sending them to the NGS-sequencing platform in the institute Curie. samples were loaded on the 10X Chromium Controller instrument (10X Genomics) according to the manufacturer's protocol, based on the 10X GEMCode proprietary technology, both samples were processed in one batch. After the sequencing step, the raw data and alignments of the run were processed by the bioinformatic platform. Further analysis to obtain the normalized fold change of the differentially expressed genes was done with the help of the institute Curie bioinformatic platform.

Electron microscopy

Cells were confined at desired heights, then confinement was removed and Cells were fixed in 2 % glutaraldehyde in 0.1 M cacoldylate buffer, pH 7.4 for 1h, post-fixed for 1h with 2% buffered osmium tetroxide, dehydrated in a graded series of ethanol solution, and then embedded in epoxy resin. Images were acquired with a digital camera Quemesa (SIS) mounted on a Tecnai Spirit transmission electron microscope (FEI Company) operated at 80kV.

Microchannels preparation and cell loading

Microchannels were prepared as previously described25,28. Briefly, PDMS was used to prepare 7_5 mm microchannels with constrictions from a custom-made mould. The PDMS chamber and a 35-mm glass-bottom dish (FD35-100, WPI) were plasma activated before being bound to each other. The binding was left to strengthen in a 65 °C oven for one hour. The obtained microchannels were plasma cleaned then incubated with 50 mg/mlof fibronectin at RT for one hour then washed with PBS before being incubated with the adequate medium (containing drugs if necessary) for at least two hours at 37

°C and 5% CO2 before cell loading.

Microscopy imaging and quantification of cell speed in constrictions

Migrating cells were imaged for 16 h on an inverted Eclipse Ti-E (Nikon) full motorized microscope equipped with a cooled CCD (charge-coupled device) camera (HQ, Photometrics), with a 0.75 numerical aperture (NA) and 20x objective. We recorded an image every 2 minutes. We focused on the passage of the first constriction encountered by the cell. Characteristics of cell passage through constrictions were determined using a custom-made semi-automatized ImageJ macro. The cell (or nucleus) passage time represents the time between the cell (nucleus) entering the constriction and the cell (nucleus) back exiting the constriction.

In vivo analysis of dendritic cell's subtypes

Littermates at the age of 12-16 weeks of Arpin wild type and knockout mice were used. Both males and females.

To collect cells from the skin: 1 cm 2 part of the skin was cut with the help of a stencil, and transferred to an Eppendorf tube. 1ml of 0.25 mg/ml of liberase (Sigma #5401020001) and 0.5 mg/ml of DNAse (Sigma #10104159001) in 1 ml RPMI medium (sigma). The skin was cut using scissors and incubated 1-2 hours at 37°.

To collect cells from the lymph nodes: axial and branchial lymph nodes were removed. Then they were transferred to an Eppendorf tube containing 500µl of RPMI medium, DNAse was added at concentration of 0.5 mg/ml and collagenase at 1 mg/ml. The nodes were further cut with scissors and incubated 20 minutes at 37°.After, cells were re-suspended in PBS 0.5% BSA 2mM EDTA at 4°. Cells were filtered with cells strainer of 100µm in a tube of 50ml. cells were centrifuged and then stained following the same protocol as explained before.

The following antibodies were used: 

Statistics

Statistical significance was calculated between two groups by Mann-Whitney test. Ordinary Mann-Whitney with multiple comparison was used to calculate statistical significance between multiple groups. Analyses were performed using GraphPad Prism 8 software.

In this last part of my thesis, I will discuss my results and propose a model for the response of dendritic cells to mechanical stimulation by confinement. I will start by summarizing the main results I obtained during my thesis study. I will use some preliminary results that I have obtained to orient the discussion.

At last, I will place these findings in a broader context and discuss the contributions my work to the general view of the mechanical response of immune cells.

I. Summary of the results:

In this work, we demonstrate the effect of physical constraints on dendritic cell's migration and immune phenotype. We show that immature dendritic cells are exquisitely sensitive to physical confinement, which induces both short-term effects, such as actomyosin contractility, and long-term effects, such as CCR7 expression. This is observed upon confinement of immature dendritic cells at 3µm height. We further observed that at 3µm height, immature dendritic cells remodeled their actin cytoskeleton and assembled an Arp2/3-dependent F-actin pool in the perinuclear area, which activates the nuclear envelope stretch-sensor cPLA2. This Arp2/3-dependent cPLA2 activation promotes the activation of the NFKB pathway that upregulates CCR7 gene expression (among others), which drives the arrival of dendritic cells from peripheral tissues to lymph nodes in vivo. Immature dendritic cells challenged at 3µm height express less co-stimulatory molecules compared to LPS-activated dendritic cells, which could explain their reduced ability to induce CD4 + T-cell proliferation and activation. Furthermore, the transcriptomic profiling of these cells showed the upregulation of IL10 expression suggesting that the phenotype of mechanically-challenged dendritic cells could rather be associated with the induction of tolerance (C. [START_REF] Pasare | Toll-dependent control mechanisms of CD4 T cell activation[END_REF]. This hypothesis is supported by the literature highlighting that the products of cPLA2, PGEs, also have a strong tolerogenic potential [START_REF] Kalinski | Dendritic cells, obtained from peripheral-blood precursors in the presence of PGE 2 , promote Th2 responses[END_REF][START_REF] Bryn | LPS-activated monocytes suppress T-cell immune responses and induce FOXP3+ T cells through a COX-2-PGE2-dependent mechanism[END_REF][START_REF] Kaisar | Dectin-1/2-induced autocrine PGE 2 signaling licenses dendritic cells to prime Th2 responses[END_REF].Tolerance is associated with the constitutive arrival of otherwise not fully matured dendritic cells from the periphery to the lymph nodes (R.M. [START_REF] Steinman | Tolerogenic dendritic cells[END_REF]. It guarantees the integrity of self and is essential to several pivotal processes such as tolerance of the fetus during pregnancy, tolerance to allografts, or tolerance to certain microbiomes (such as those present at the digestive track). Mechanical stimulation of dendritic cells may thus represent one of the so far unknown signal(s) for generating tolerogenic dendritic cells under steady-state conditions.

Interestingly, confinement-induced CCR7 upregulation in immature dendritic cells requires an intact nucleoskeleton and an intact nuclear envelope since confinement at 2µm height, which resulted in nuclear envelope rupture and lamin A/C disruption, did not induce CCR7 upregulation upon mechanical confinement.

Actin assembly in the perinuclear area of immature dendritic cells confined at a 4µm height was also not observed, nor cPLA2 and NF-κB activation, most likely due to limited nucleus deformation.

Consequently, confinement at 4µm height did not lead to actomyosin contractility activation and CCR7 upregulation.

Our in vitro data on bone marrow-derived dendritic cells from Arpin KO mice indicated significant upregulation of CCR7 in immature dendritic cells upon confinement at 4µm height that increased even further upon confinement at 3µm. Consistent with these in vitro results, we observed an enhanced migration of migratory dendritic cells (mDC2) to lymph nodes in Arpin KO mice at steady-state conditions. These data further support our hypothesis that mechanical stimulation experienced by immature dendritic cells while migrating in peripheral tissues could constitute one of the signals that induce CCR7 upregulation in these cells and facilitates their migration to lymph nodes in steady-state conditions to maintain tolerance.

The exact mechanisms triggering these actin remodeling events, as well as the function of the perinuclear actin in inducing nuclear cPLA2 activation remain to be established.

II. Mechanical stimulation leads to CCR7 upregulation in immature dendritic cells: in vivo implications

Dendritic cell maturation includes the upregulation of several costimulatory molecules such as CD86, the translocation of the MHCII to the surface, and the production of several cytokines and chemokines [START_REF] Trombetta | Cell biology of antigen processing in vitro and in vivo[END_REF]. Maturation is further accompanied by the upregulation of CCR7 surface expression, which guides dendritic cells to lymphatic vessels and lymph nodes in response to the CCL21 gradient [START_REF] Weber | Interstitial dendritic cell guidance by haptotactic chemokine gradients[END_REF]. The journey of dendritic cells from the periphery to lymph nodes can occur as a result of stimuli, such as inflammation/DAMPs/PAMPs, or can take place at steady-state conditions. However, in both cases, it is dependent on the expression of CCR7 by dendritic cells (Lars [START_REF] Ohl | CCR7 Governs Skin Dendritic Cell Migration Under Inflammatory and Steady-State Conditions[END_REF]). The migration of dendritic cells at steady-state is critical to maintain the pool of regulatory T-cells in lymph nodes (Darrasse-Jèze G 2009), but the signals that govern and regulate this migration events have remained unknown. The elegant work of Baratin and colleagues unraveled a novel role of the IκκB-NF-κB pathway in inducing CCR7 expression and migration of dendritic cells at steady-state [START_REF] Baratin | Homeostatic NF-κB Signaling in Steady-State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance[END_REF]. However, the upstream regulators and the homeostatic signals that trigger the activation of this pathway are yet to be defined (figure 46). Unraveling dendritic cell's steady-state regulators could have potential implications in autoimmune diseases and cancer therapies. Our results suggest that the mechanical challenges that immature dendritic cells experience while patrolling peripheral tissues might be one of the signal(s) that trigger their homeostatic migration to lymphoid organs. Interestingly, a previous study on immature dendritic cells has proposed a role for mechanical stimulation in modifying the immune phenotype of these cells and promoting their migration to lymph nodes in homeostasis. Indeed, Jiang and colleagues reported how mechanical disruption of E-cadherin and adhesion in immature bone marrow-derived dendritic cells (accomplished by passing them over magnetic columns) leads to the upregulation of several costimulatory molecules in these cells, including CCR7 (Jiang A 2007). They further reported that these mechanically challenged cells produced high levels of IL10 and induced peripheral T-cell tolerance in vitro and in vivo (Jiang A 2007). Suggesting that they are indeed mechanosensitive. In addition, Jang and colleagues showed that the density of the extracellular matrix increases upon cancer and this leads to disruption of E-cadherin in tumor cells (Minjeong Jang 2018), which could potentially have an effect on the function of the neighboring immune cells. Our data further suggest a role of mechanical stimulation in inducing dendritic cell migration in the absence of other stimuli. We propose that in response to the mechanical challenges experienced by immature dendritic cells while migrating in a highly complex environment, actin accumulates in the perinuclear area and leads to activation of the stretch-sensitive cPLA2 pathway that in its turn activates NF-κB leading to increased CCR7 upregulation and imprints the cells with tolerogenic properties. The activity of the Arp2/3 complex is thus essential in 'tuning' the mechanical response of immature dendritic cells to the physical constraints of the environment.

To test the relevance of our findings in vivo, we would like to induce dendritic cell's mechanical stimulation by applying a magnet clip on mice ears. This experimental system has been proven to induce edema without inflammation (Chi Ching Goh 2018). We plan to apply the magnets for 0.5 and 4 hours.

We will evaluate dendritic cell's migration and activation markers in lymph nodes from mice whose ears have been or not compressed by flow cytometry. We will further assess whether such stimulation induces dendritic cell's migration to lymph nodes by flow cytometry. Similar ear compression experiments could then be performed on the ears of the cPLA2 conditional KO mice that we are currently breeding, as well as in the IκκB KO mice. This would highlight the implication of these two pathways in regulating the mechanical response of dendritic cells in vivo.

Of note, dendritic cells migrating in vivo are moving within tissues that could range in their pore size from 2µm to 20µm in diameter (Wolf 2009). One could imagine that migrating in such different levels of confinement could lead to different extents of actin cytoskeleton remodeling in these cells.

Characterizing actin remodeling in vivo will further confirm the importance of our results that were obtained by in vitro confinement and could help better understand the mechanical short-term and longterm responses of dendritic cells. This might further facilitate the identification of novel drug targets that could block or activate the homeostatic migration and activation of dendritic cells in certain pathologies such as autoimmune diseases. We could even hypothesize that changes in the extracellular matrix density upon cancer development (Minjeong Jang 2018) could modify the phenotype of tumorinfiltrated dendritic cells, potentially toward a more tolerogenic phenotype.

III. Response of confined immature dendritic cells to chemokine:

To activate T-cells, dendritic cells need to reach the lymph node in a process dependent on their chemotactic response to CCL21 through CCR7 [START_REF] Weber | Interstitial dendritic cell guidance by haptotactic chemokine gradients[END_REF]. We therefore plan to test the functionality of confinement-induced CCR7 upregulation in immature dendritic cells. This will be done either by recovering confined immature cells and either embedding them in collagen gels containing CCL21 gradients (Pablo J Sáez 2018), or introducing them into micro-fabricated devices containing forests of PDMS pillars in which we can induce a gradient of the chemokine (available in the Piel's lab). This will be performed using the CCR7-reporter mouse to follow specifically the dendritic cells having up-regulated this chemokine receptor.

IV. Confinement transcriptionally reprograms dendritic cells: a role for nuclear pore complex (NPCs)?

The nucleus of the cells can undergo mechanical challenges during distinct processes such as migration in constrained environments [START_REF] Schreiber | Shear flow-dependent integration of apical and subendothelial chemokines in T-cell transmigration: implications for locomotion and the multistep paradigm[END_REF][START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF][START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF]. This mechanical Hoffman 2020). Therefore, we could envision a role for NPCs in mediating the mechanical response of dendritic cells by allowing the nuclear import of specific transcription factors (such as the NF-κB) or enzymes (such as cPLA2) involved in transcriptional reprogramming. This hypothesis could be tested by staining nuclear pore complex in confined dendritic cells by high-resolution immunofluorescence or electron microscopy, or by inhibiting their activity by using peptides such as cSN50.1 [START_REF] Lin | Inhibition of nuclear translocation of transcription factor NF-kappa B by a synthetic peptide containing a cell membrane-permeable motif and nuclear localization sequence[END_REF] and evaluate cPLA2 subcellular localization, actomyosin contractility, and NF-κB activation.

V. Dendritic cells with a ruptured nuclear envelope as a result of confinement: do they have a senescent phenotype?

To achieve their immune function, dendritic cells must migrate in the interstitial space of tissues and in lymphatic vessels to reach the T-cell zone in lymph nodes. They thus navigate through environments of different complexities. Our results suggest that dendritic cells have developed mechanisms to deal with this complexity. In particular, dendritic cells accumulate an Arp2/3 dependent branched actin shell around their nucleus, allowing the deformation of this rigid organelle and facilitating their migration in confined spaces. This accumulation also disassembles lamin A/C [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF]. Furthermore, immature dendritic cells migrating in microchannels with small constrictions or in explants from the mouse skin not only display events of nuclear deformation but also of nuclear envelope rupture Our results also demonstrated that extreme confinement at 2µm height of immature dendritic cells resulted in nuclear envelope rupture and compromised their nucleoskeleton as, evidenced by disruption of nuclear lamin A/C. We will complement this result by staining for phosphorylated lamin A/C which initiate perinuclear lamina disassembly [START_REF] Ward | Identification of cell cycle-regulated phosphorylation sites on nuclear lamin C[END_REF]. We will also inhibit this phosphorylation event in immature dendritic cells confined at 2µm height evaluate its effect on up-regulation of CCR7 expression. Additionally, we have preliminary data that show an increase in nuclear γH2AX (DNA damage marker) staining in nuclei of dendritic cells confined at 2µm height which is not observed in nuclei of cells confined at 3µm (figure 47). Thus, immature dendritic cells at extreme confinement height nuclear envelope ruptures and disassembled lamin A/C, which is associated to increased DNA damage, suggesting they might be senescent. We could further confirm this observation by checking other senescent associated markers such as P16INK4a, P21, or even test for senescence-associated secretory phenotype (SASP). Representative images of max projection obtained by immunofluorescence staining on immature dendritic cells confined for four hours at 3µm and 2µm heights, confinement was removed and cells were directly fixed and stained with DAPI (in grey) to mark the DNA and with γH2AX (in magenta), scale bar 20µm. graph: box and whiskers showing the median value and min to max range of nuclear γH2AX mean intensity upon immunofluorescence staining (region of interest is selected from the DAPI image), data represents experiment (n=28 cells in 3µm, n=21 cells in 2µm) P values were calculated by unpaired student's T-test *P < 0.0414.

The effects of DNA damage in dendritic cells have not been well characterized. However, we could speculate that they may have a long-term impact on their immune functions. Our results show that dendritic cells confined at 2µm-height were able to upregulate CCR7 upon LPS stimulation but not in response to mechanical stimulation (Figure .S3). We could argue that by inducing nuclear envelope rupture/repair and DNA damage response in dendritic cells, extreme confinement might have activated stress responses that compromised the "tolerogenic potential" of dendritic cells. Such cells should thus not migrate to lymph nodes at steady-state as they could trigger T cell responses against the self-antigens they carry. The cGAS-STING pathway could be such pathway although recent results from our colleagues suggest that this signaling axis is not activated by exposure of chromatin upon nuclear envelop rupture [START_REF] Gentili | The N-Terminal Domain of cGAS Determines Preferential Association with Centromeric DNA and Innate Immune Activation in the Nucleus[END_REF].

VI. Mechanical stimulation induces changes in gene expression: an effect on the chromatin organization?

The main component of the nucleus is the chromatin surrounded by the nuclear lamina and the inner and outer nuclear membrane. Lamina meshwork is anchored to the inner nuclear membrane and is mechanically connected to the cytoskeleton via the linker of the nucleoskeleton and cytoskeleton (LINC) complex which allows force transduction through the nuclear membrane [START_REF] Lele | Mechanical principles of nuclear shaping and positioning[END_REF]. The interaction between the lamina and chromatin is critical in maintaining the nuclear morphology (A.D.

Stephens 2017). Several studies showed that the application of external forces leads to changes in the chromatin state. For example, migration in confined environments can lead to chromatin compaction (G. Gerlitz 2010, E.C. Jacobson 2018). Moreover, chromatin remodeling could also affect gene expression and influence the activation status of dendritic cells activity in homeostasis and upon inflammation [START_REF] Boukhaled | Chromatin Architecture as an Essential Determinant of Dendritic Cell Function[END_REF]. Our RNAseq analysis showed changes in the transcription of many genes in confined dendritic cells: are they all changed as a result of transcription factors activation downstream of cPLA2 or could these changes be also due to direct chromatin reorganization/modification events.

Our preliminary data of electron microscopy on dendritic cells confined for 4 hours at 4µm, 3µm, and 2µm heights indicated important changes in heterochromatin compaction. In particular, cells confined at 3µm (figure 48) display less compacted chromatin as compared to cells confined at 2 and 4µm, suggesting a more 'active' transcription state [START_REF] Oberdoerffer | The role of nuclear architecture in genomic instability and ageing[END_REF]. These preliminary results suggest that confinement affects chromatin compaction in dendritic cells. Analyzing the changes in epigenetics marks induced by confinement is the next step to further explore this question. 

VII. A novel role of the nuclear envelope stretch-sensitive cPLA2 in orchestrating dendritic cell's immune function.

Our results propose a new role for the mechanosensitive enzyme cPLA2 in inducing transcriptional reprogramming in response to mechanical stimulation in immature dendritic cells. Even though the molecular pathways that govern the activation of the cPLA2 pathway have been already identified [START_REF] Park | Phospholipase signalling networks in cancer[END_REF], Enyedi and colleagues were the first to report how cPLA2 acts as a mechano-sensor in response to cell stretching or compression. This eventually promotes leukotrienes and prostaglandin secretion and increased the recruitment and activation of neighboring leukocytes (B. Enyedi 2016).

Due to the importance of the cPLA2 pathway in regulating lipid-mediator production and its broad tissue distribution, its role in regulating several homeostatic or pathological processes has been investigated in different tissues and organs [START_REF] Leslie | Cytosolic phospholipase A 2 : physiological function and role in disease[END_REF]. Interstingly, cPLA2 plays a protective role in the development of diabetes in non-obese diabetic (NOD) mice [START_REF] Oikawa | Protective role for cytosolic phospholipase A2alpha in autoimmune diabetes of mice[END_REF], and in sepsis-induced lung injury model by changing lipid mediator production and affecting the number of neutrophils recruited at the site of injury [START_REF] Nagase | Acute lung injury by sepsis and acid aspiration: a key role for cytosolic phospholipase A2[END_REF][START_REF] Naonori Uozumi | Modulation of Lipid and Protein Mediators of Inflammation by Cytosolic Phospholipase A2α during Experimental Sepsis[END_REF]. Interestingly, it was recently shown that neutrophil recruitment is limited by alveolar macrophages, which actively migrate at steady-state to patrol their environment [START_REF] Neupane | Patrolling Alveolar Macrophages Conceal Bacteria from the Immune System to Maintain Homeostasis[END_REF]. Whether these macrophages use cPLA2 to activate actomyosin contractility and produce PGEs is an interesting hypothesis to be tested.

All these studies use of full cPLA2 KO mice, which were helpful to understand the function and regulation of this pathway, but make in vivo experiments difficult to be interpreted, providing an explanation for some contradictory results reported on whether this enzyme is pro-or anti-inflammatory [START_REF] Leslie | Cytosolic phospholipase A 2 : physiological function and role in disease[END_REF]. To explore the role of cPLA2 in vivo, we are thus building a conditional KO mouse model that is being crossed to CD11c-CRE transgenic mice. This will allow deletion of the enzyme in both dendritic cells and macrophages. We would like to characterize the different dendritic cell/macrophage subtypes in peripheral tissues and lymphoid organs from these animals. In addition, we will assess whether cPLA2 KO bone marrow-derived dendritic cells up-regulate actomyosin contractility and CCR7 expression as observed when knocking down the enzyme with siRNA. We expect these experiments to provide stronger in vivo evidence on the role of cPLA2 in inducing dendritic cell's migration at steady-state.

VIII. Does confinement-induced cPLA2 activity act through cell-intrinsic or extrinsic factors?

For several years, the effect of cPLA2 activation has been studied mainly in the context of paracrine signaling by mediating the production of several lipid mediators. However, some papers point to the presence of an auto/paracrine signaling through the GPCRs that mediate the effect of cPLA2 [START_REF] Afonso | LTB4 Is a Signal-Relay Molecule during Neutrophil Chemotaxis[END_REF][START_REF] Bhagawat | The LTB4-BLT1 axis regulates the polarized trafficking of chemoattractant GPCRs during neutrophil chemotaxis[END_REF][START_REF] Bhagawat | The LTB4-BLT1 axis regulates actomyosin and β2 integrin dynamics during neutrophil extravasation[END_REF]. Importantly, in the recent paper by Lomakin et al., we demonstrated that the effect of confinement on cell's contractility was dependent on the direct mechanical activation of the enzyme (Lomakin & Cattin 2020), suggesting it is cell-intrinsic. Thus, we asked whether confinement-induced CCR7 upregulation in immature dendritic cells is cell-intrinsic or involves soluble factors secreted by confined cells (paracrine signaling). To address this question, we used either immature dendritic cells from CCR7-GFP mice, in which we knocked down the cPLA2 gene (by Si-RNA approach) or control cells from wild type mice. We then confined the knockdown cells either alone or in the presence of the wild type cells at 3µm height, and we quantified both cell speed and GFP expression in cPLA2 knockdown cells. Our results show that after 4 hours of confinement, the speed of knockdown immature dendritic cells did not increase in the presence or absence of wild type cells (the cells did not accelerate as did wild type cells), suggesting a cell-intrinsic mechanism of actomyosin activation. However, GFP expression increased in the cPLA2knockdown cells when they were mixed with wild type cells to levels close to control cells confined at 3µm (figure 49). These data suggest that confinement-induced actomyosin contractility in immature dendritic cells occurs through cell-intrinsic signaling (which further confirms the data reported by Lomakin et al.,), whereas, confinement-induced transcriptional reprogramming occurs through secreted soluble factors (paracrine signaling). This observation is following our RNAseq data that showed an upregulation of the expression of COX2 and prostaglandin receptors in confined immature dendritic cells. We plan to further confirm these results by inhibiting the downstream effectors of cPLA2. We could also use general inhibitors of GPCRs or use deuterated arachidonic acid (dARA), which has a slower oxidation rate than normal arachidonic acid (ARA) and confine the cells at 3µm height to check for speed and CCR7 expression. Experiments aimed at analyzing the effect of external arachidonic acid (ARA) and PGEs addition to dendritic cells might also give interesting results.

Finally, we will quantify the amount of lipids secreted by confined dendritic cells thanks to our collaboration with the lab of Dr. Edward Pearce, specialist in immune cell metabolism. 

Concluding remarks

In conclusion, in this work we addressed the unexplored question of how dendritic cells adapt to mechanical stimulation imposed by their extracellular microenvironment in order to efficiently migrate and modify their immune surveillance properties, accordingly. We propose that nuclear mechanical confinement of immature dendritic cells consists one of the environmental signal(s) that lead(s) to upregulation of CCR7 expression and thus induces dendritic cell's homeostatic migration to lymph nodes. We further show that the mechanosensitivity of dendritic cells is tuned by Arp2/3-dependent actin nucleation, which mediates the effect of physical confinement on homeostatic activation of the lipid metabolism enzyme, cPLA2, and downstream effectors IκκB-NF-κB. The short-term effect of cPLA2 activation allows dendritic cell acceleration by enhancing actomyosin contractility whereas its long-term effect allows the expression of the CCR7 chemokine receptor, both events being required for Cells sense physical constrains and respond to it once the confinement height is below the resting nuclear height. Left: dendritic cell migrating in a height that is not inducing nuclear squeezing, nuclear envelope tension is low and nuclear stretch-sensitive protein cPLA2 is inactive. Right: dendritic cells migrating at height that induces nuclear squeezing, which leads to an Arp2/3 branched actin accumulation (in green) at the perinuclear area which leads to nuclear envelope expanding, the nuclear envelope gets tensed stimulating nuclear stretch-sensitive protein cPLA2 whose activity can initiate a NF-κB signaling that ultimately leads to CCR7 upregulation and increased contractility in the cells. Created with BioRender.com [START_REF] Alberts | Molecular biology of the cell[END_REF]. Les complexes CMH / peptide sont alors reconnus par les lymphocytes T.

Selon le type de message que les cellules dendritiques transfèrent aux cellules T via la présentation de l'antigène, différentes formes de réponses immunitaires adaptatives peuvent être établies. De manière critique, pour qu'une cellule dendritique parvienne à atteindre les ganglions lymphatiques et initie une réponse adaptative, elle doit subir une « maturation cellulaire dendritique ».

La fonction principale des cellules dendritiques matures : présentation de l'antigène aux lymphocytes T

Les cellules dendritiques répondent à deux types de signaux différents : la reconnaissance directe des antigènes via des récepteurs de reconnaissance de formes spécifiques et la détection indirecte du danger via des cytokines, des composés internes ou même des réponses immunitaires en cours [START_REF] Gallucci | Danger signals: SOS to the immune system[END_REF]. En réponse à ces signaux, les cellules dendritiques entrent dans un programme de différenciation appelé maturation, qui leur permet de migrer vers les ganglions lymphatiques et de stimuler les lymphocytes T.

La maturation des cellules dendritiques conduit à la régulation à la hausse des molécules costimulantes et des complexes CMH-peptide à la surface cellulaire ainsi qu'à la sécrétion de différentes cytokines et chimiokines qui ont un rôle majeur dans l'activation des cellules T. [START_REF] León | Monocyte-derived dendritic cells formed at the infection site control the induction of protective T helper 1 responses against Leishmania[END_REF]. Toutes ces différentes voies de migration empruntées par les cellules dendritiques tout au long de leur cycle de vie exposent les cellules à des microenvironnements de topographies, de rigidité et de porosités différentes et cela nécessite que les cellules dendritiques mettent en oeuvre différents mécanismes de migration.

Guidage des cellules dendritiques vers les ganglions lymphatiques : un rôle essentiel pour le CCR7

Comme décrit ci-dessus, les cellules dendritiques entrent dans un programme de maturation en cas de danger. Lors de la maturation, plusieurs processus liés à la fonction sentinelle de la cellule sont régulés à la baisse, parmi lesquels la macropinocytose. La régulation à la baisse de la macropinocytose résulte de la régulation à la baisse du Cdc42 et d'une réduction des niveaux d'Arp2 / 3 (Vargas P 2016). Cela entraîne une vitesse de migration accrue et facilite l'arrivée des cellules dendritiques vers les ganglions lymphatiques (Vargas P 2016). Les cellules dendritiques augmentent encore l'expression de surface de nombreuses molécules lors de la maturation, la plupart d'entre elles facilitant la présentation de l'antigène, la migration cellulaire et la chimiotaxie vers les ganglions lymphatiques.

Mécanismes de migration des cellules dendritiques

La migration cellulaire est un processus essentiel pour les réponses immunitaires. Il est également impliqué dans d'autres événements physiologiques ou pathologiques tels que le développement embryonnaire ou la progression des métastases. Ainsi, les mécanismes sous-jacents à la migration cellulaire ont été étudiés dans une variété de contextes différents [START_REF] Yamada | Mechanisms of 3D cell migration[END_REF]. La migration de la cellule repose sur des forces internes qui sont transmises au substrat pour permettre son déplacement.

Des études antérieures ont mis en évidence diverses stratégies développées par les cellules pour répondre aux exigences de la migration cellulaire (Vicente-Manzanares 2005). Comme décrit au chapitre 1, les cellules dendritiques jouent un rôle essentiel dans l'apparition de l'immunité en liant les réponses innées et adaptatives. Ils absorbent des informations sur le microenvironnement dans les tissus périphériques et les transportent vers les ganglions lymphatiques, où ils déclenchent des réponses immunitaires. Ils sont ainsi équipés pour migrer efficacement dans différents contextes physiques et chimiques, qui peuvent varier en fonction de la nature du tissu.

Le rôle du cytosquelette dans la migration des cellules dendritiques

Une cellule peut être vue comme un « sac d'organites » comprenant le noyau (sur lequel je me concentrerai plus en détail dans le prochain chapitre), le cytosol et le cytosquelette. Ils sont séparés de l'environnement extracellulaire par la membrane plasmique. Les propriétés mécaniques de la cellule résultent donc des propriétés de ces composants [START_REF] Starodubtseva | Mechanical properties of cells and ageing[END_REF][START_REF] Keren | Mechanical forces and feedbacks in cell motility[END_REF].

The primary limiting step in the formation of actin filaments is the nucleation step. It requires the activity of actin-binding proteins called actin nucleators. Several actin nucleators were identified in the past years; Arp2/3, Formins, cordon blue, Spire, and Leiomodin [START_REF] Goode | Actin nucleation and elongation factors: mechanisms and interplay[END_REF]). I will focus specifically on Arp2/3 and formins as they play a predominant role in eukaryotic cells.

-Formation dépendant de Arp2 / 3 d'un réseau ramifié d'actine protubérances pour la détection de l'environnement (Vargas P 2016).

Outil pour étudier la migration des cellules

La migration des cellules a été fortement étudiée dans les surfaces 2D, cependant, dans de nombreux cas, cela ne peut pas être extrapolé à des environnements 3D complexes tels que ceux dans lesquels les -3D gels Les gels de collagène sont largement utilisés pour étudier la migration cellulaire car ils imitent les tissus conjonctifs riches en collagène dans lesquels de nombreuses cellules migrent (Wolf 2009). Ces gels forment un maillage 3D poreux qui permet d'étudier la migration non protéolytique de différents types de cellules [START_REF] Wolf | Amoeboid shape change and contact guidance: T-lymphocyte crawling through fibrillar collagen is independent of matrix remodeling by MMPs and other proteases[END_REF]. Ce maillage forme des pores étroits à travers lesquels les cellules migrent en comprimant leur corps et, si les pores sont suffisamment petits, leur noyau (T. Lämmermann 2008[START_REF] Wolf | Physical limits of cell migration: control by ECM space and nuclear deformation and tuning by proteolysis and traction force[END_REF]. La taille des pores et les propriétés physiques de ces gels dépendent du type de collagène utilisé.

Notre laboratoire a récemment mis au point un microdispositif permettant la fabrication de plusieurs gels de collagène de dimensions spécifiques dans une seule boîte compatible avec la microscopie. En utilisant ce système, nous pouvons changer la géométrie du maillage de collagène et ainsi défier plus ou moins les cellules (Pablo J Sáez 2018). En outre, en ajoutant des chimiokines -telles que CCL21, qui se lie au collagène, et CCL19, qui ne fait pas de gradients, peuvent être créées, facilitant l'étude de l'haptotaxie et de la chimiotaxie. Une illustration de cet appareil est présentée dans la figure 11. -Micro-fabricated canaux Pour étudier la migration des cellules dendritiques dans des environnements contrôlés, notre laboratoire a largement utilisé des canaux micro-fabriqués. Les leucocytes, comme les lymphocytes T et les cellules dendritiques, pénètrent spontanément dans des canaux dans lesquels ils migrent de manière bidirectionnelle, atteignant des vitesses proches de ce qui est rapporté in vivo [START_REF] Faure-Andre | Regulation of dendritic cell migration by CD74, the MHC class IIassociated invariant chain[END_REF][START_REF] Jacobelli | Confinement-optimized three-dimensional T cell amoeboid motility is modulated via myosin IIA-regulated adhesions[END_REF][START_REF] Moreau | Dynamic in situ cytometry uncovers T cell receptor signaling during immunological synapses and kinapses in vivo[END_REF]. Les micro-canaux sont constitués de poly-di-méthyl-siloxane (PDMS), un élastomère biocompatible. Ils peuvent être de différentes tailles et formes [START_REF] Heuze | Cell migration in confinement: a micro-channel-based assay[END_REF]. Ils sont liés à un plat à fond de verre, ce qui les rend compatibles avec l'imagerie en direct. Différents paramètres de motilité cellulaire peuvent être automatiquement extraits des films de cellules migrant dans de tels canaux, tels que la vitesse instantanée des cellules, les fluctuations de vitesse, les changements de direction, le temps des pauses… etc. En modifiant la géométrie et la dimension du canal, nous pouvons évaluer la contribution individuelle de différentes propriétés extracellulaires au profil de migration cellulaire. Par exemple, l'effet du confinement dans des espaces étroits sur la migration des cellules dendritiques peut être étudié en introduisant des constrictions avec une géométrie bien définie, tandis que l'adhésion / frottement peut être réglé en changeant le revêtement des parois du canal. La géométrie des canaux peut également être complexifiée en créant des labyrinthes ou des bifurcations pour étudier comment les cellules ont choisi leur chemin de migration (figure 12 (A) A lid of a multi-well plate (Mwl) is modified by introducing large PDMS pillars (Pp) to hold the confinement slides (Cs). These pillars typically have the height of the plate, which can be slightly increased with a PDMS sheet (Ps). (B) When the multiwell plate (Mwp) containing cells and culture medium (Cm) is closed with the modified lid, the confinement slides are applied on the cells adhering to the bottom of the wells. Pillars that are slightly higher than the well depth deform and apply pressure on the confinement slides. From (Le Berre 2014). Right: schematic expalining lateral view of the cell and nucleus upon unixial confinement, the smaller the confinment hieght, the more deformaed the cell and it's nucleus. Schematic by Bertsy Goic.

Mécanismes de migration des cellules dendritiques

Au cours de leur migration, les leucocytes, comme les cellules dendritiques, utilisent le soi-disant «mode de migration de type amiboïde», qui est connu pour être rapide car il repose sur des cycles rapides de contraction de l'actomyosine et de polymérisation de l'actine ( 

Le rôle du cytosquelette d'actomyosine dans la migration des cellules dendritiques

Migration cellulaire et mécanotransduction

Les cellules peuvent lire différents stimuli mécaniques et y répondre en activant la signalisation biochimique dans un processus défini comme la mécanotransduction. Grâce à ce processus, les cellules peuvent ressentir les propriétés physiques de leur environnement et adapter leur comportement, leurs trajectoires de migration et leur fonction en conséquence [START_REF] Lammerding | Nuclear Mechanics and Mechanotransduc-tion in Health and Disease[END_REF]. Fait intéressant, une quantité croissante de preuves montre que presque tous les types de cellules sont mécanosensibles. Par exemple, la différenciation des cellules souches est contrôlée en modifiant la rigidité ou la géométrie de leur substrat [START_REF] Engler | Matrix elasticity directs stem cell lineage specification[END_REF]. Les cellules cardiaques ont également des réponses mécaniques: elles changent de volume en réponse à l'augmentation de la tension [START_REF] Lyon | Mechanotransduction in cardiac hypertrophy and failure[END_REF]. La détection des propriétés mécaniques environnementales est effectuée par des protéines mécanosensibles qui peuvent être localisées au niveau de la membrane plasmique, dans le cytosquelette ou même dans les organites cellulaires comme le noyau [START_REF] Lammerding | Nuclear Mechanics and Mechanotransduc-tion in Health and Disease[END_REF]. La perturbation de ces voies mécanosensibles peut entraîner des anomalies du développement, des réponses immunitaires compromises, un vieillissement prématuré et le cancer [START_REF] Lammerding | Mechanotransduction gone awry[END_REF][START_REF] Jain | The role of mechanical forces in tumor growth and therapy[END_REF][START_REF] Fernández-Sánchez | Mechanical induction of the tumorigenic β-catenin pathway by tumor growth pressure[END_REF]. Les cellules en 

la phospholipase A2 cytosolique et son rôle dans la réponse mécanique nucléaire

Le rôle de la détection de la membrane nucléaire de la stimulation mécanique a attiré beaucoup d'attention avec les études d'Enyedi et de ses collègues [START_REF] Enyedi | Nuclear membrane stretch and its role in mechanotransduction[END_REF] [START_REF] Rubin | Cytosolic phospholipase A2-alpha is necessary for plateletactivating factor biosynthesis, efficient neutrophil-mediated bacterial killing, and the innate immune response to pulmonary infection: cPLA2-alpha does not regulate neutrophil NADPH oxidase activity[END_REF].

Chez le rat, l'activation de cPLA2 dans les cellules T induit un phénotype régulateur de ces cellules dans un modèle de maladie auto-immune [START_REF] Yang | Protective effect of cytosolic phospholipase A2 inhibition against inflammation and degeneration by promoting regulatory T cells in rats with experimental autoimmune encephalomyelitis[END_REF].

Dans les cellules dendritiques, l'ajout exogène d'acide arachidonique pendant la culture cellulaire rend les cellules dendritiques plus efficaces dans la migration (in vivo et in vitro), et dans la capacité de stimulation des cellules T sans affecter de façon marquée leur expression CCR7 (Kumar J 2014). Dans une autre étude, la stimulation des cellules dendritiques dérivées de monocytes avec l'ajout de prostaglandine E2 (PGE2) a amélioré l'expression de CCR7 par les cellules et potentialisé leur migration in vitro [START_REF] Scandella | Prostaglandin E2 is a key factor for CCR7 surface expression and migration of monocyte-derived dendritic cells[END_REF]. L'amorçage des cellules dendritiques avec un antigène en présence de PGE2 augmente la production d'IL10 par ces cellules et favorise les réponses régulatrices des lymphocytes T [START_REF] Kalinski | Dendritic cells, obtained from peripheral-blood precursors in the presence of PGE 2 , promote Th2 responses[END_REF][START_REF] Kaisar | Dectin-1/2-induced autocrine PGE 2 signaling licenses dendritic cells to prime Th2 responses[END_REF]. De plus, l'activation des monocytes avec le LPS induit des réponses régulatrices des lymphocytes T de manière dépendante de la PGE2 [START_REF] Bryn | LPS-activated monocytes suppress T-cell immune responses and induce FOXP3+ T cells through a COX-2-PGE2-dependent mechanism[END_REF]. Plusieurs stimuli tels que les hormones, les lipides ou d'autres signaux extracellulaires activent directement les récepteurs couplés aux protéines G (GPCR), qui activent la voie de la phospholipase A2 (Park JB 2012) (résumé dans la figure 19). Par exemple, la stimulation des macrophages avec un ionophore conduit à la translocation de cPLA2 et 5-LOX vers le noyau et à l'activation de la voie [START_REF] Peters-Golden | Redistribution of 5-lipoxygenase and cytosolic phospholipase A2 to the nuclear fraction upon macrophage activation[END_REF][START_REF] Harizi | Prostaglandins Inhibit 5-Lipoxygenase-Activating Protein Expression and Leukotriene B 4 Production from Dendritic Cells Via an IL-10-Dependent Mechanism[END_REF]. De même, l'activation par LPS des cellules dendritiques dérivées de la moelle osseuse active également la voie cPLA2 [START_REF] Harizi | Cyclooxygenase-2-Issued Prostaglandin E2 Enhances the Production of Endogenous IL-10, Which Down-Regulates Dendritic Cell Functions[END_REF].

Comme souligné dans les chapitres d'introduction de cette thèse, les cellules dendritiques sont les sentinelles du système immunitaire ; ils doivent continuellement échantillonner leur microenvironnement et transférer les informations de la périphérie vers les ganglions lymphatiques où ils interagissent avec les lymphocytes soit pour induire une réponse immunitaire, soit pour maintenir la tolérance [START_REF] Heuze | Migration of dendritic cells: physical principles, molecular mechanisms, and functional implications[END_REF].

L'étape clé dans le guidage et le retour des cellules dendritiques vers les ganglions lymphatiques est la régulation à la hausse de l'expression de surface du récepteur de chimiokine 7 (CCR7) [START_REF] Weber | Interstitial dendritic cell guidance by haptotactic chemokine gradients[END_REF].

De plus, lors de la maturation, les cellules dendritiques deviennent plus rapides et plus persistantes (Vargas P 2016) Nous avons montré que l'application de contraintes mécaniques contrôlées sur le noyau des CD immatures active la contractilité de l'actomyosine, qui à son tour améliore la migration cellulaire et facilite la navigation cellulaire dans des environnements confinés [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF][START_REF] Lomakin & Cattin | The nucleus acts as a ruler tailoring cell responses to spatial constraints[END_REF]. L'augmentation de la contractilité de l'actomyosine dans les CD stimulées mécaniquement résulte de l'étirement de la membrane nucléaire et de l'activation ultérieure de la phospholipase 2 cytosolique (cPLA2), une enzyme du métabolisme des lipides qui produit de l'acide arachidonique. Ces 

La réponse transcriptionnelle des CD à la stimulation mécanique nécessite l'activation de cPLA2

Nous avons ensuite demandé si la voie impliquant l'enzyme du métabolisme lipidique cPLA2, qui est activée lors de la détection d'une stimulation mécanique par le noyau cellulaire, est impliquée dans la réponse transcriptionnelle des CD immatures. À l'appui de cette hypothèse, nos données transcriptomiques ont mis en évidence plusieurs gènes appartenant à cette voie, dont modifiée dans les CD stimulées mécaniquement (fig. 2a). De plus, nous avons constaté que le confinement des CD immatures à 3 µm de hauteur améliorait encore leur vitesse de migration, comme décrit précédemment (Lomakin & Cattin 2020), qui rappelle l'activation de l'actomyosine en aval de cPLA2 (fig. S1b).

Pour aborder le rôle de cPLA2 dans la réponse transcriptionnelle DC à la stimulation mécanique, nous avons renversé cette enzyme à l'aide de siRNA et analysé la transcription de Ccr7 en utilisant à la fois la RT-PCR quantitative et notre rapporteur GFP (efficacité de l'ARN si dans la figure S2a) . En tant que contrôle interne, nous montrons que la vitesse des DC n'augmentait pas dans le cPLA2 renversant les DC confinés à 3 µm de hauteur (fig. S2b). Plus important encore, aucune induction de l'expression de ). Cette hypothèse est étayée par la littérature soulignant que les produits de la cPLA2, les PGE, ont également un fort potentiel tolérogène [START_REF] Kalinski | Dendritic cells, obtained from peripheral-blood precursors in the presence of PGE 2 , promote Th2 responses[END_REF][START_REF] Bryn | LPS-activated monocytes suppress T-cell immune responses and induce FOXP3+ T cells through a COX-2-PGE2-dependent mechanism[END_REF][START_REF] Kaisar | Dectin-1/2-induced autocrine PGE 2 signaling licenses dendritic cells to prime Th2 responses[END_REF] .La tolérance est associée à l'arrivée constitutive de cellules dendritiques autrement non complètement matures provenant de la périphérie des ganglions lymphatiques (RM [START_REF] Steinman | Tolerogenic dendritic cells[END_REF]. Elle garantit l'intégrité de soi et est essentielle à plusieurs processus pivots tels que la tolérance du foetus pendant la grossesse, la tolérance aux allogreffes ou la tolérance à certains microbiomes (tels que ceux présents au niveau de la voie digestive). La stimulation mécanique des cellules dendritiques peut donc représenter l'un des signaux inconnus jusqu'à présent pour générer des cellules dendritiques tolérogènes dans des conditions d'équilibre. Les mécanismes exacts déclenchant ces événements de remodelage de l'actine, ainsi que la fonction de l'actine périnucléaire dans l'induction de l'activation nucléaire du cPLA2 restent à établir.

II.

La stimulation mécanique conduit à une régulation positive du CCR7 dans les cellules dendritiques immatures: implications in vivo La maturation des cellules dendritiques comprend la régulation positive de plusieurs molécules costimulatrices telles que le CD86, la translocation du MHCII vers la surface et la production de plusieurs cytokines et chimiokines [START_REF] Trombetta | Cell biology of antigen processing in vitro and in vivo[END_REF]. La maturation s'accompagne en outre de la régulation à la hausse de l'expression de surface de CCR7, qui guide les cellules dendritiques vers les vaisseaux lymphatiques et les ganglions lymphatiques en réponse au gradient CCL21 [START_REF] Weber | Interstitial dendritic cell guidance by haptotactic chemokine gradients[END_REF].

Le voyage des cellules dendritiques de la périphérie vers les ganglions lymphatiques peut se produire à la suite de stimuli, tels que l'inflammation / DAMP / PAMP, ou peut avoir lieu à l'état d'équilibre.

Cependant, dans les deux cas, il dépend de l'expression de CCR7 par les cellules dendritiques (Lars Ohl 
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  CD11b + dermal DCs into two groups based on the expression of aldehyde dehydrogenase activity (ALDH). This study showed that skin ALDH + DCs can mediate the conversion of retinol to retinoic acid leading to the development of regulatory T-cells (Treg), a function that has already been shown for ALDH + DCs in the gut. (Kaplan 2010, William R Heath 2013).

Figure 1

 1 Figure 1 Differentiation of DCs and macrophages in mice.

Figure 2 :

 2 Figure 2 : Mouse DC populations, location and turnover in steady state.

Figure 3 :

 3 Figure 3 :Overview of classic definition of human, and equivalent mouse, dendritic cell subsets from (Charlotte M. de Winde 2020)

Figure 4

 4 Figure 4 An overview of phagocytic and nonphagocytic pathways.

  Macropinocytosis was first discovered in 1931 by Lewis who defined macropinosomes as large organelles formed at the base of plasma membrane extensions refered to as ruffles[START_REF] Teasdale | Defining Macropinocytosis[END_REF]. As mentioned earlier, macropinocytosis is not receptor-dependent (in contrast to phagocytosis) (Matthew[START_REF] Kirkham | Clathrin-independent Endocytosis: New Insights Into Caveolae and Non-Caveolar Lipid Raft Carriers[END_REF]. The activation of Rho GTPases (Cdc42 and Rac) and of PI3K lead to the production of phosphoinositide 4,5-bisphosphate [PI(4,5)P2]. Rho GTPases also activate WASP and WAVE, which bind to PI(4,5) P2] and help activating the Arp2/3 complex for nucleation of branched actin and circular ruffle formation. The closure of macropinosomes depends on the phosphorylation of CtBP1/BARS by PAK1 (Prisca[START_REF] Liberali | The closure of Pak1-dependent macropinosomes requires the phosphorylation of CtBP1/BARS[END_REF]. Macropinosomes then migrate toward the cell center in a contracting manner and acquire early markers of endosomes (Rab5, SNX5), then they exchange these markers with markers of late endosomes like Rab7, and eventually fuse with lysosomes (Markus C.[START_REF] Kerr | Defining mecropinocytosis[END_REF]. Of note, the fate of macropinosomes appears as different depending on the cell type.

Figure 5 :

 5 Figure 5 : Canonical and non-canonical NF-κB pathways.

Figure 6 :

 6 Figure 6: Possible sources of proteins presented

  It was first described by Ray D. Owens in 1945. He received the Nobel prize for this discovery. Tolerance could be divided into central tolerance (taking place mainly in the thymus during T-cell development and the bone marrow during B-cell development), and peripheral tolerance (happens mainly in lymph nodes).

Figure 7 :

 7 Figure 7 : Leukocytes recruitment from the blood circulation to sites of infection. Leukocytes bind loosely to the endothelium via low-affinity interaction between selectins and their ligands. Once loosely bound, they begin rolling slowly along the endothelium. Chemokines cause a conformational

Figure 8 :

 8 Figure 8 : DC trafficking from peripheral tissue to LN.

Figure 9 :

 9 Figure 9 :Key cell surface proteins and associated tetraspanins in dendritic cell immune function.

Figure 10

 10 Figure 10 :Surface proteins and cytoskeletal processes involved in dendritic cell migration. Left panel shows molecular mechanisms of precursor cells and immature DCs. Right panel shows molecular mechanisms driving directional migration of mature DCs. Tetraspanins are depicted as black four-transmembrane proteins. For detailed explanation, see the body of the text. CCL21 chemokine ligand 21, CCR7 chemokine receptor 7, CLEC-2 C-type lectin-like receptor 2, DC dendritic cell, HA hyaluronic acid, SEMA semaphorin. Image created with BioRender.com. From(Charlotte M. de Winde 2020).

Figure 11 :

 11 Figure 11 : Microfluidic device to study cell migration in 3D environments (a) The dimensions of the chamber are depicted in the schemes and also an example of the chamber is shown. Different views and details of the custom-made PDMS chamber used to study chemotaxis are shown. (b)fluorescence image evidencing the gradient of FITC dextran (50µg/ml) in the chamber. The corresponding graph of the image (lower panel) shows the fluorescence intensity in the x axis of the chamber. Note that in the arbitrarily defined zone 2 there is gradient formation, while in the zone 1 there is not. From (Pablo J Sáez 2018).

Figure 12

 12 Figure 12 : Micro-channels. (Left) Micro-channels with different geometries, imposing curvatures or constrictions to the cell. (Right)Landscape irregularity in vivo imposes decision making: a parameter that can be measured in vitro by adding bifurcations to the micro-channel devices. From[START_REF] Heuze | Migration of dendritic cells: physical principles, molecular mechanisms, and functional implications[END_REF]).

Figure 13 :

 13 Figure 13 : Left: Multi-well plate confiner. Right: Schematic of 2D confinement.

Figure 15 :

 15 Figure 15: Friction and adhesion during dendritic cell (DC) migration. (A) Schematic representation of forces required for cell movement in 2D and under confinement. 2D motility requires adhesion to the substrate, whereas, under confinement, it can be compensated by forces exerted by the cell body when pushing laterally on the substrate. (B-D) RICM (reflection interference microscopy) measurements of DCs migrating along fibronectin-coated microchannels show an inverse correlation between cell speed and surface of contact with the substrate (contacts appear in dark). (B) Slow cells exhibit large contacts. (D) Fast cells present minimal interactions, mostly restricted to the back. (C) During bi-phasic migration, slow phases are associated with increased surface contact at the front. From (Heuze 2013).

  example, they can be subjected to durotaxis (a form of cell migration in which cells are guided by rigidity gradients)[START_REF] Lo | Cell movement is guided by the rigidity of the substrate[END_REF], or barotaxis (Barotaxis is the migration of cells in response to hydraulic pressure)[START_REF] Hélène | Macropinocytosis Overcomes Directional Bias in Dendritic Cells Due to Hydraulic Resistance and Facilitates Space Exploration[END_REF]. Extracellular matrices' geometry and adhesion can also drive the switch of cell migration from an amoeboid type to a mesenchymal one[START_REF] Wolf | Plasticity of cell migration: a multiscale tuning model[END_REF] or vice versa (Y.-J.Liu 2015) 

  Figure 16: Nucleus mechanotransduction (Top panel) Cellular microenvironment and mechanosensing. In addition to soluble signals, cells experience shear, tensional and compressive forces in their microenvironment. These signals are sensed through receptors and are transduced to the nucleus through the cytoskeleton networks of actin and microtubules as well as by regulatory molecules. These signals modulate the threedimensional organization of chromosomes in the nucleus to regulate gene expression programmes. (Bottom panel) Coupling between cytoskeleton filaments and the nucleus through the linker of nucleoskeleton and cytoskeleton (LINC) complex. Nesprins (proteins with Klarsicht-ANC-1-SYNE

Figure 17

 17 Figure 17: "Schematic overview of LINC complex proteins and their connections to the cytoskeleton and nuclear interior.

  (see figure 18): Application of a mechanical stimulus induces (a) conformational changes of nuclear envelope proteins that allow nuclear envelope unfolding and changes in tension (b). This leads to stretching of the nuclear envelope (Enyedi B 2017), which opens nuclear pore complexes, increasing the import rate of several transcription factors through the nuclear membrane (Elosegui-Artola A 2017) (c), resulting in chromatin stretching, opening or compaction and eventually modifying gene expression (K. Damodaran 2018).

Figure 18 :

 18 Figure 18 : Proposed mechanisms of nuclear mechanotransduction.

Figure 19 :

 19 Figure 19 : Overview of phospholipase pathways and networks.

  bottom graph) or genetic depletion (Pla2g4a si, Fig. S10B upper right graph and Fig. 4D right graph) of cPLA2, or depletion of Lamin A/C (Lmna KO, Fig. 4C bottom graph), and corresponded specifically to the confinement height (3 µm) at which nuclei get fully unfolded in iDCs (Fig.

Figure 20 (

 20 Figure 20 (Figure 1): Cells sense their own height and upregulate actomyosin contractility once the height is decreased below a specific threshold.

Figure 21 (

 21 Figure 21 (Figure 2): Height-dependent actomyosin contractility output is controlled by the molecular and biophysical mechanisms associated with nuclear and perinuclear ER membrane stretch.

  pairwise statistical comparisons. B: 3D images of the DAPI-stained nucleus (XZ views) from the same single live cell at 20, 10, and 5 µm confinement height, illustrating nuclear deformations. C: Left, DAPI-stained nucleus (XY view) from the same single live cell subjected to 10 µm confinement followed by height change to 5 µm, demonstrating nuclear expansion. Middle, measurements of projected nuclear surface area taken for the nucleus from the same single live cell at 10 vs. 5 µm confinement (n = 10 different cells; p value, paired t test). Right, measurements of nuclear volume taken from the same single live cell at 10 vs. 5 µm confinement (n = 10 different cells; p value, paired t test). Scale bar, 10 µm. D: The nuclear envelope (XY views) of the same single live cell at 20, 10, and 5 µm confinement height (scale bar, 5 µm. Zoomed images represent an example of local nuclear envelope unfolding from another cell. Scale bar, 2.5 µm) , and quantifications of the degree of nuclear envelope folding measured as the excess of perimeter for the nuclear envelope (EOPNE) in the same single live cell confined to 10 and 5 µm (upper right, n = 10 different cells; p value, paired t test) or cells confined separately to 20, 10, and 5 µm (lower right, mean ± SD; n = 30 cells per each confinement height; p value, unpaired t test). E: The nuclear envelope (XY views) of the same single live cell confined to 5 µm and subsequently unconfined to 20 µm, and quantifications of the EOPNE in the same single live cell confined to 5 µm and subsequently unconfined to 20 µm (n = 10 different cells; p value, paired t test). Scale bar, 5 µm. F: Representative nuclear envelope fluctuation curves obtained from cells at different confinement heights, and quantifications of the nuclear envelope fluctuation index in the same single live cell confined to 10 and 5 µm (n = 10 different cells; p value, paired t test) or cells confined separately to 20, 10, and 5 µm (mean ± SD; n = 30 cells per each confinement height; p value, unpaired t test).

Figure 22 (

 22 Figure 22 (Figure 3): Cells "measure" their own height utilizing the nucleus as an internal ruler. A: Left, DAPI-stained HeLa-Kyoto cells microfluidically pushed through bottleneck PDMS constrictions to dynamically squeeze nuclei. Differentially-colored nuclear outlines demonstrate the evolution of nuclear deformation over time. Middle, visual correlation between various degrees of

Figure 23 (

 23 Figure 23 (Figure 4): Testing the limits of the nuclear ruler and its physiological role during cell motility in complex environments. A: Top left, representative images of DAPI-stained nuclei of HeLa-Kyoto cells in a Petri dish treated with control and LMNA siRNA. Top right, quantifications of nuclear envelope fluctuation index in

Figure 24 (

 24 Figure 24 (Fig. S1.) Experimental setup for quantification of the cortex-to-cytoplasm ratio of myosin II and plasma membrane blebbing upon cell confinement; Non-apoptotic plasma membrane blebbing associated with the contractile response to threshold confinement is sustained over time, observed in different cell types, and represents a reversible phenomenon.

Figure 25 (

 25 Figure 25 (Fig. S2. )Cell adhered to the substrate sense spatial confinement, but due to spreading-associated flattening respond to critical confinement at heights lower than those established for rounded nonadherent cells. Experimental modulation of integrin engagement during the contact of rounded nonadherent cells with the surface of the confining AFM cantilever does not change the contractile cell output upon confinement. A: 3D images (XZ views) of the same single live cell at 5, 4, and 3 µm confinement height. B: Top, myosin II fluorescence intensity levels in the same single live cell (XY views) sequentially subjected to 5, 4, and 3 µm confinement. Bottom left, a representative graph illustrating dynamic relocalization of myosin II from the cytoplasm to the cell cortex in the same single live cell sequentially confined to 5, 4, and 3 µm. Bottom right, statistical analysis of cortical accumulation of myosin II detected in different cells at 5, 4, and 3 µm confinement. Mean ± SD; n = 7 cells per each height; p value, unpaired t test. Scale bar, 10 µm. C: Top, a representative force response curve of the same single live cell sequentially confined to 5, 4, and 3 µm. Bottom, statistical analysis of force response output (ΔF) detected in different cells at 5, 4, and 3 µm confinement. Mean ± SD; n = 10 cells per each height; p value, unpaired t test. D: Changing extracellular cations from Ca 2+/ Mg 2+ to Mg 2+ /EGTA and to Mn 2+ to allosterically switch integrins between low and high affinity conformations (ref. 15 in the main text) in rounded nonadherent cells does not significantly affect the fold increase in cortical myosin II accumulation or contractile force production in response to 5 µm confinement. Mean ± SD; n = 10 cells per each experimental condition; p value, unpaired t test.

Figure 26 (

 26 Figure 26 (Fig. S3.) The height for contractile force response is insensitive to cell deformation rate.

Figure 27 (

 27 Figure 27 (Fig. S4.) Testing alternative mechanisms potentially implicated in the activation of myosin II-based contractility in response to precise confinement.

Figure 28 (

 28 Figure 28 (Fig. S5.) Molecular pathways associated with nuclear and perinuclear ER membrane stretch become engaged at 5 µm confinement height without affecting cell behaviors at 10 µm height.

Figure 29 (

 29 Figure 29 (Fig. S6.) Interdependence between the degree of plasma membrane blebbing and myosin II accumulation at the cortex in human fibrosarcoma cells maneuvering through 3D cell derived matrices.

Figure 30 (

 30 Figure 30 (Fig. S7.) Rounded enucleated cytoplasts possess a wide range of sizes, and those matching nucleated cell sizes are still incapable of measuring confinement height within the range of 10 to 5 µm. A: Large-scale statistical analysis of enucleated cytoplast size (n = 150) vs. nucleated cell size (n = 100, p value, unpaired t test).

Figure 31 (

 31 Figure 31 (Fig. S8. )The cortex compression in the lamellar region of the cell devoid of bulky cytoplasmic organelles.

Figure 32 (

 32 Figure 32 (Fig. S9.) Experimental perturbations targeting the ruler function of the nucleus do not affect basal contractility levels at 10 µm height, but significantly impact the signaling upstream of actomyosin activity at 5 µm confinement height. A: Nuclear LMNA knockdown efficiency in HeLa-Kyoto cells revealed with Western blotting.

Figure 33 (

 33 Figure 33 (Fig. S10.) Testing the role of the nuclear ruler pathway in the process of cell migration in complex microenvironments.

Figure 34 (

 34 Figure 34 (Fig. S11. )Testing for a potential paracrine effect of contractility activation upon cell/nuclear compression.Selective, single-cell confinement of cell doublets, in which the distance between the plasma membrane of the adjacent cells is ≤ 3 µm. t = 0' corresponds to a state before confinement application; t = 5' denotes conditions 5 minutes after selective application of 5 µm-height confinement; the selectively confined cell is marked with a star sign (*). Note, at least on the timescale of 15 minutes, the ratio between cortical and cytosolic myosin II is not changing in nonconfined cells (NC) compared to their immediate neighbors under confinement (C). In some cases, a local bias in cortical accumulation of myosin II between closely located cells was observed before confinement, however, this biased pattern was unstable after confinement application. Scale bar, 10 µm.
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  Arpin WT cells confined at 3 µm-height and ArpinKO DCs confined at 4 µm-height activated the NF-κB pathway, as shown by the nuclear translocation of this transcription factor (fig.5f). Importantly, this effect was abrogated when inhibiting cPLA2 activity (fig.5f) showing that mechanical induction of NF-kB nuclear translocation is cPLA2 dependent. This suggests that mechanical signals and cPLA2 activation at the nuclear envelop of mechanically challenged DCs might act upstream of NF-kB activation which in turn stimulates fast DC migration and CCR7 expression for these cells to reach lymph nodes at steady-state. They further point to mechanical stimulation as one of the environmental signals responsible for DC homeostatic migration.

at 3

 3 and 4 µm-height and monitored their ability to present Ovalbumin (OVA) to CD4 T-cells purified from OT-II transgenic mice, which express a TCR that recognizes an OVA peptide presented onto MHC class II (I-A b ) molecules. We observed that DCs confined at 4 µm-height activated T cells, as evaluated by surface expression of the CD69 marker and by their proliferation, almost as efficiently as nonconfined DCs (fig.6c). In contrast, DCs confined at 3 µm-height where much less efficient at activating T-cells, in particular at high antigen doses, suggesting that they render them irresponsive to antigenic stimulation. These results show that mechanically-challenged DCs are endowed with tolerogenic properties.

Figure 35 (

 35 Figure 35 (Figure 1): Mechanical stimulation initiates a maturation transcriptional program in confined immature dendritic cells and induces changes in their migratory and immune properties.(a) schematic of the 2D static confiner by Bertsy Goic (b)Volcano plot-Limma of all the differentially expressed genes in 3µm-confined cells vs non-confined dendritic cells(c)Functional analysis (KEGG/GO analysis) of pathways on the differentially expressed genes between 3µm-confined and non-confined dendritic cells. The size of the circle represents the counts of genes belonging to the pathway whereas the color represents the P-value of the difference in gene expression. Amongst the highly induced pathways are cell migration and regulation of inflammatory response (d) Heat map of mRNAs which are presented as increased in 3µm confined dendritic cells compared to non-confined cells, gens belonging to the NF-κB pathway are highlighted in red (e) Representative images of live cells (in transmission) and GFP expression (in false colors) of bone marrow-derived dendritic cells from CCR7-GFP mice under confinement of 4µm,3µm, and 2µm heights. Left panel are representative images at the beginning of the confinement (approximately 30 minutes after the beginning of the confinement), right panel are representative images four hours since the beginning of the confinement. Graph: violin plot of GFP total intensity ((mean intensity per cell-median of the background) x are of the cell) after four hours of confinement, the graph shows the median and the quartiles in red, outliers were identified by ROUT method and are represented in grey color, data represents 4 independent experiments (n=301 cells in 4µm, n=306 cells in 3µm, n=176 cells in 2µm). The median and SD of each individual experiment was calculated then P values were calculated by unpaired one way ANNOVA test, ****P < 0.0001 (f) Representative confocal immunofluorescence images of average intensity of CCR7 expression in confined dendritic cells four hours after confinement at 4µm, 3µm and 2µm height. Graph: box and whiskers plot showing the median value and min to max range of CCR7 mean intensity upon immunofluorescence staining in non-confined and confined dendritic cells, Scale bar, 10µm. Data represents 2 independent experiment, (n=26 cells in non-confined, n=74 cells in 4µm, n=89 cells in 3µm, n=64 cells in 2µm) P values were calculated by unpaired one way ANNOVA test, ****P < 0.0001 (g) RT-qPCR data confirms the significant upregulation of endogenous CCR7 expression in cells confined at 3µm height. Bone marrow-derived dendritic cells from C57BL6/J mice were confined at 4µm, 3µm and 2µm heights, the confinement was removed after four hours and cells were harvested for RT-qPCR with non-confined cells in parallel. Graph: mean with SD of CCR7 fold change after normalization to non-confined control cells. Data represents 3 independent experiments. P values were calculated by unpaired one way ANNOVA test, ***P < 0.0001 ** P=0.004.

Figure 36 (

 36 Figure 36 (Figure 2): The transcriptional response of dendritic cells to mechanical stimulation is dependent on the activity of the cPLA2 pathway.(a) heat map of mRNAs levels of genes belonging to the cPLA2 pathway whose expression was increased in immature dendritic cells in response to mechanical confinement as revealed by RNA sequencing analysis (b,c) Depletion of the cPLA2 gene (Pla2g4a) by si-RNA method abolishes CCR7 upregulation in dendritic cells confined specifically at 3µm height (b) RT-qPCR data on dendritic cells knocked down or control for cPLA2 and confined for four hours at 4µm and 3µm height. Graph: mean with SD of CCR7 fold change after normalization to non-confined control cells. Data represents on experiment (c) Graph: violin plot of GFP total intensity ((mean intensity per cell-median of the background) x are of the cell) showing the median and the quartiles in red, outliers were identified by ROUT method and are represented in grey color, data represents 2 independent experiments (n=46 cells in 4µm si-ctrl, n=42 cells in 4µm si-cPLA2, n=45 cells in 3µm si-ctrl, n=37 cells in 3µm si-cPLA2). The median and SD of each individual experiment was calculated then P values were calculated by unpaired one way ANNOVA test, ****P < 0.0001, *** P=0.0001 (d) Pharmacological inhibition of the cPLA2 pathway in 3µm confined dendritic cells abolishes CCR7 upregulation. Bone marrow-derived dendritic cells from CCR7-GFP mice were treated with the cPLA2 inhibitor AACOCF3 (50 µM) or DMSO (50µM) for 20 minutes then confined at 3µm height and imaged for several hours. Graph: violin plot of GFP total intensity ((mean intensity per cell-median of the background) x are of the cell) showing the median and the quartiles in red, outliers were identified by ROUT method and are represented in grey color, data represents 3 independent experiments (n=394 cells in control, n=225 cells in AA treated). The median and SD of each individual experiment was calculated then P values were calculated by unpaired student's T-test ****P < 0.000 (e) Representative confocal immunofluorescence images of average intensity of cPLA2 (magenta) and DAPI (grey) and F-actin (yellow) in confined dendritic cells at 4µm, 3µm and 2µm height after four hours of confinement. Scale bar, 10µm (f) Right graph: box and whiskers plot showing the median value and min to max range of nuclear cPLA2 mean intensity upon immunofluorescence staining of confined dendritic cells (region of interest is selected from the DAPI image), data represents 3 independent experiments (n=146 cells in 4µm, n=178 cells in 3µm) P values were calculated by unpaired student's T-test ****P < 0.000. Left graph: box and whiskers plot showing the ratio between the nucleus and the cytosol of cPLA2 intensity upon immunofluorescence staining of confined cells, data represents 3 independent experiments (n=257 cells in 4µm, n=443 cells in 3µm) P values were calculated by unpaired student's T-test ****P < 0.000 (g) Inhibiting cPLA2 activity doesn't diminish CCR7 upregulation in dendritic cells upon LPS activation. Left: RT-qPCR data on dendritic cells knocked down or control for cPLA2 after activation with LPS at 100ng/ml. Graph: mean with SD of CCR7 fold change after normalization to non-activated control cells. Data represents 2 independent experiments. Flow cytometry analysis on dendritic cells activated with LPS at 100ng/ml in presence of cPLA2 inhibitor AACOCF3 (50 µM) or DMSO (50µM) reveals a no change in CCR7 expression upon LPS stimulation in both conditions. Graph: histogram of CCR7 expression in CD11c positive cells. Red line is the expression by immature cells, blue line is the expression in LPS-stimulated cells, orange line the expression in LPS-stimulated cells in presence of the inhibitor AA. Representative of 2 independent experiment.

Figure 37 (

 37 Figure 37 (Figure 3): The transcriptional response of dendritic cells to mechanical stimulation requires intact nuclear envelop and intact nucleoskeleton.(a) Representative confocal images of live cells (in bright field) and nucleus (in red) under confinement of 4, 3, and 2µm height. Cells were stained with NucBlue 20 minutes before confinement then imaged by SP8 confocal microscopy (40x oil objective) Top: XY images of one cell per condition, scale bar 5µm, bottom: XZ images of the nucleus by orthogonal view. Graph: box and whiskers plot showing the median value and min to max range of the nucleus projected area. Data represents 2 independent experiments (n=42 cells in 4µm, n=34 cells 3µm, n=47 cells in 2µm) P values were calculated by unpaired one way ANNOVA test ****P<0.0001, *** P=0.0006 (b) Confinement at 2µm height induced nuclear blebbing and nuclear envelop rupture. Bone marrow-derived dendritic cells were transduced

Figure 38 (

 38 Figure 38 (Figure 4): Dendritic cells nuclear deformation is sensed by Arp2/3 that in its turn activates cPLA2.

  j) Arpin KO cells requires less time to cross the constrictions, graph: scatter plot with bars (mean with SEM in red), data represents 2 independent experiments (n= 23cells in WT 2µm, n=21 cells in KO 2µm, n=18 cells in WT 1µm, n=5 cells in KO 1µm). (h-i) experiments and analysis by M.G. Delgado.

Figure 39 (

 39 Figure 39 (Figure 5): Arpin controls the in vivo dendritic cell's homeostatic migration to the lymph nodes. (a) In vivo characterization of different dendritic cell's population at the lymph nodes of Arpin wild type and knock out mice at steady-state. An increase in migratory dendritic cell's number is observed in Arpin KO compared to WT, but no change is observed in resident dendritic cell's number. Data represents 3 independent experiments each dot is a mouse. P values were calculated by unpaired student T-test *P=0.04 (b) In vivo characterization of different dendritic cell's population at the skin of Arpin wild type and knockout mice at steady-state. We observe a tendency to having less migratory dendritic cells cDC2 in the Arpin knockout compared to wild type mice. Data represents 3 independent experiments each dot is a mouse (c) Ikkb activity is important for confinement-induced contractility Graph: box and whiskers plot showing the median value and min to max range of the median speed of each cell. Data represents one experiments (n=30 WT cells in 4µm, n=27 KO cells in 4µm, n= 30 WT cells in 3µm, n=35 KO cells in 3µm). The median and SD of each individual experiment was calculated then P values were calculated by unpaired one way ANNOVA test, ****P < 0.0001(d) Ikkb activity is important for confinement-induced CCR7 upregulation. RT-qPCR data on cells from Ikkb wild type and knock out mice confined at 4µm and 3µm height for four hours. Data represent 2 independent

Figure 40 (

 40 Figure 40 (Figure 6): Confinement-induced maturation drives a 'tolerogenic' dendritic cells phenotype.(a) heat map of mRNAs levels of genes coding for interleukins and costimulatory molecules whose expression was increased in immature dendritic cells in response to mechanical confinement as revealed by RNA sequencing analysis (b) Flow cytometry analysis of dendritic cells after confinement suggests that co-stimulatory molecules are less induced by confinement at 3µm height as compared to CCR7 levels. Cells were collected after four hours of confinement and stained for several surface markers of activation, immature and LPS-activated cells were also taken in parallel. Data represents one experiment; each condition is done in duplicates. Graphs: represent median with interquartile range of geometric mean florescence intensity of the different markers in the different cell populations (c) Flow cytometry data on T-cells proliferation and activation. Data represents one experiment in which each condition was done in duplicates. Cells were collected after four hours of confinement, counted and then T-cells purified from OTII mice were added to the dendritic cells at (10/1) ratio. Graph: the right part represents the percentage of proliferating T-cells after overnight incubation with the dendritic cells, the left part represents the percentage of activated T-cells after 3-days incubation with the dendritic cells.

Figure 41 (

 41 Figure 41 (Figure S1): Mechanical stimulation by confinement increases cell contractility. (a) Representative confocal immunofluorescence images of CCR7 expression in dendritic cells from CCR7 knock out mice: DAPI (red), CCR7 (green) (b) Confinement induces a fast migration mode in dendritic cells confined at 3µm. Graph: box and whiskers plot showing the median value and min to max range of the median speed of each cell. Data represents 3 independent experiments (n= 96 cells in 4µm, n=89 cells in 3µm, n=85 cells in 2µm). The median and SD of each individual experiment was calculated then P values were calculated by unpaired one way ANNOVA test, ****P < 0.0001 (c) The projected are of confined cells increases with smaller confinement height. Graph: box and whiskers plot showing the median value and min to max range of the cell's projected area. Data represents 3 independent experiments (n= 353 cells in 4µm, n=342 cells in 3µm, n=204 cells in 2µm). P values were calculated by unpaired one way ANNOVA test ****P<0.000.

Figure 42 (

 42 Figure 42 (Figure S2): The increase in cell contractility upon mechanical stimulation is dependent on cPLA2 activity. (a)mRNA levels of cPLA2 quantified with RT-qPCR 72h after siRNA transfection. Values are normalized to mRNA levels of cPLA2 in control cells. Graph represents the median and SD of 3 independent experiments (b) Graph: box and whiskers plot showing the median value and min to max range of the median speed of each cell. Data represents 2 independent experiments (n=49 cells in 4µm si-ctrl, n=48 cells in 4µm si-cPLA2, n= 51 cells in 3µm si-ctrl, n=47 cells in 3µm si-cPLA2). The median and SD of each individual experiment was calculated then P values were calculated by unpaired one way ANNOVA test, ****P < 0.0001.

Figure 43 (

 43 Figure 43 (Figure S3): Confinement-induced cell's contractility requires intact nuclear envelope. (a) Montage of movies displaying nuclear envelop rupture event in dendritic cells confined at 2µm height as observed by looking at the GFP channel in NLS-GFP transduced dendritic cells (b) Confinement doesn't inhibit CCR7 upregulation upon LPS stimulation. Bone marrow-derived dendritic cells were stimulated or not with LPS (at 100 ng/ml) then confined at 4, 3, and 2µm heights for four hours, then cells were harvested to do RT-qPCR. Graph: mean with SD of normalized CCR7 fold change after normalization to non-confined control cells. Data represents 2 independent experiments (c) Depletion of laminA/C diminishes the confinement-induced fast migration mode in dendritic cells confined at 3µm. Graph: box and whiskers plot showing the median value and min to max range of the median speed of each cell. Data represents 3 independent experiments (n=52 cells in 4µm WT, n=49 cells in 4µm KO, n=55 cells in 3µm WT, n=70 cells in 3µm KO) P values were calculated by unpaired one way ANNOVA test, ****P < 0.0001.

Figure 44 (

 44 Figure 44 (Figure S4): Arpin controls confinement-induced acceleration in the dendritic cells (a) The level of CCR7 expression in LPS-activated dendritic cells from Arpin WT and KO mice is not affected by CK666 treatment as revealed by flow cytometry. Graph: histograms of CCR7 expression in immature and LPS-activated dendritic cells treated with DMSO or CK666 at 25µM, data represent one experiment (b) mRNA levels of cPLA2 quantified with RT-qPCR 72h after siRNA transfection of Arpin wild type and knockout cells. Values are normalized to mRNA levels of cPLA2 in control cells. Graph represents the median and SD (c) Graph: box and whiskers plot showing the median value and min to max range of the median speed of each cell. Data represents one experiment (n=15 cells in each condition). The median and SD of each individual experiment was calculated then P values were calculated by unpaired one way ANNOVA test, ****P < 0.0001 **P=0.0089 (d) No difference in the projected area of the nucleus of Arpin wild type and knockout cells. Graph: box and whiskers plot showing the median value and min to max range of the nucleus projected area. Data represents 2 independent experiments (n=96 cells in WT non-confined, n=94 cells in KO non-confined, n=67 cells in WT4µm, n=55 cells in KO4µm, n=67 cells in WT3µm, n=71 cells in KO3µm). P values were calculated by unpaired one way ANNOVA test ****P<0.000, ** P=0.0081, nt= not significant. (e) More numbers of Arpin KO cells that pass the constriction. Graph: the total number of cells that crossed or not the constriction, data represents 2 independent experiments, (n= 25 cells in WT, n=35 cells in KO) data provided by M.G.Delgado.

  Anti-CCR7 (Biolegend #120114), anti-cd11c (eBioscience #25-0114-81), anti-cd326 (Biolegend #118217), anti-cd86 (BD pharmingen #553692), anti-cd11b (Biolegend #101237), anti-MHCII (eBioscience #56-5321-80), anti-cd45 (eBioscience #61-0451-82), ant-cd8a (BD bioscience #553035), anti-cd103 (eBioscience #46-1031-80). Flow cytometry was performed on LSRII (BD) and analyzed using FlowJo software version 10. Percentage values were plotted with Graphpad Prism version 8.

Figure 46

 46 Figure 46: Homeostatic NFκB signalling in steady state migratory dendritic cells regulates immune homeostasis and tolerance. (Baratin M 2015).

  stimulation can be transmitted directly to the nucleus (Ning Wang 2009) and can eventually lead to changes in nuclear membrane tension and induce membrane stretching (B. Enyedi 2016). Stretchinduced nuclear remodeling can open up NPCs and affect the import/export levels of several proteins and transcription factors within the nucleus of the cells (Elosegui-Artola A 2017). Furthermore, mechanical stimulation by stretching increases the accumulation of NPCs at the transmembrane nuclear actin filaments and increases the nuclear translocation of different transcription factors (Laura M.

  accompanied by DNA damage[START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF]. Nuclear envelope rupture and DNA damage due to extreme mechanical stimulation have been reported in several cell types and linked to senescence and aging phenomena in these cells[START_REF] Van Nguyen | DNA damage-induced cellular senescence is sufficient to suppress tumorigenesis: a mouse model[END_REF][START_REF] Denais | Nuclear envelope rupture and repair during cancer cell migration[END_REF][START_REF] Cho | Mechanosensing by the lamina protects against nuclear rupture, DNA damage, and cell-cycle arrest[END_REF]. Recently, using the 2D-confiner, Nader et al., reported that long term or strong confinement at 2µm height induced loss of nuclear envelope integrity and DNA damage in non-transformed cell lines such as RPE1, which then present different hallmarks of senescence (Guilherme P.F. Nader 2020).

Figure 47 :

 47 Figure 47: Extreme confinement at 2µm increases nuclear γH2AX staining.Representative images of max projection obtained by immunofluorescence staining on immature dendritic cells confined for four hours at 3µm and 2µm heights, confinement was removed and cells were directly fixed and stained with DAPI (in grey) to mark the DNA and with γH2AX (in magenta), scale bar 20µm. graph: box and whiskers showing the median value and min to max range of nuclear γH2AX mean intensity upon immunofluorescence staining (region of interest is selected from the DAPI image), data represents experiment (n=28 cells in 3µm, n=21 cells in 2µm) P values were calculated by unpaired student's T-test *P < 0.0414.

Figure 48 :

 48 Figure 48: Representative electron microscopy images of immature dendritic cells confined at 4µm, 3µm, and 2µm heights. EM was performed by Mabel San Roman.

Figure 49 :

 49 Figure 49: Confinement-induced cPLA2 activation is mediated by auto/paracrine signaling in the dendritic cells (a) violin plot of GFP total intensity ((mean intensity per cell-median of the background) x are of the cell) showing the median and the quartiles in red, one experiment (n=29 cells in control, n=21 cells in si-cPLA2 cells, n=20 cells in si-cPLA2 in mix) P values were calculated by unpaired one way ANNOVA test, ***P= 0.0003, ** p=0.0055, ns= not significant. (b): box and whiskers plot showing the median value and min to max range of the median speed of each cell, one experiment (n=23 cells in control, n=13 cells in si-cPLA2 cells, n=16 cells in si-cPLA2 in mix) P values were calculated by unpaired one way ANNOVA test, ****P<0.0001, ns= not significant.

  homeostatic dendritic cell migration to lymph nodes. Tolerance maintenance by dendritic cells having migrated to lymph nodes at steady state is further facilitated by the fact that cPLA2 activation limits the induction of co-stimulatory molecules at the surface of dendritic cells and promotes the secretion of immunosuppressive molecules such as PGEs and the cytokine IL10.

Figure 50 :

 50 Figure 50: Proposed model: Effect of physcial constrains on immature dendritic cells.

  le complexe Arp2 / 3 a été découvert il y a plus de vingt-cinq ans (L M Machesky 1994). Il est composé de sept sous-unités. Deux d'entre eux Arp2 et 3 sont des protéines liées à l'actine et imitent un dimère d'actine. Le complexe agit comme un modèle pour un allongement supplémentaire de la F-actine et surmonte l'étape limitante de la nucléation (Goley ED 2006). Il se lie sur le côté des filaments préexistants et ramifie un filament à un angle de 70 °. Le nouveau filament se développe à partir de son extrémité barbelée, tandis que les interactions avec les protéines de coiffage limitent sa longueur (Amann 2001). La nucléation de l'actine par Arp2 / 3 conduit à la formation d'un réseau ramifié de courts filaments d'actine. Les principaux régulateurs de l'activité Arp2 / 3 sont les facteurs promoteurs de nucléation (FNP) (WAVE, WASP, WASH) (examiné dans (Jeremy D. Rotty 2013)). L'activation médiée par NPF du complexe Arp2 / 3 est un processus hautement régulé principalement contrôlé par la famille Rho de petites GTPases comprenant Rho, Rac et Cdc42. Par exemple, Rac et Cdc42 se lient au domaine WASP-GBD, ce qui conduit finalement à la liaison de ce NPF à Arp2 / 3, activant ainsi le complexe. WAVE, d'autre part, a un modèle d'activation différent. Il inclut la liaison de Rac1 au nucléation de l'actine par les formines conduit à la formation de réseaux et de faisceaux linéaires d'actine qui aident les cellules immunitaires, y compris les cellules dendritiques, à migrer et à former des

  cellules migrent in vivo. À titre d'exemple frappant, les cellules dendritiques sont à peine mobiles en 2D mais migrent efficacement une fois comprimées entre deux surfaces ou dans des micro-canaux 1D[START_REF] Heuze | Migration of dendritic cells: physical principles, molecular mechanisms, and functional implications[END_REF].Bien que les propriétés mécaniques et moléculaires du microenvironnement puissent différer considérablement, un paramètre essentiel qui distingue la migration cellulaire dans les environnements 3D des surfaces 2D est le degré de confinement physique des cellules. En effet, le confinement peut favoriser la migration cellulaire en aidant les cellules à se développer et à utiliser des forces de poussée, même dans des environnements à faible adhérence[START_REF] Hawkins | Pushing off the walls: a mechanism of cell motility in confinement[END_REF], M. Le Berre 2013, Y.-J. Liu 2015).La complexité des environnements in vivo et la difficulté de les contrôler précisément dans les tissus ont créé le besoin de décomposer ses différents composants (tels que la topographie, la taille des pores, la rigidité, la densité). Pour cela, différents systèmes micro-fabriqués ont été développés dans notre laboratoire[START_REF] Heuze | Migration of dendritic cells: physical principles, molecular mechanisms, and functional implications[END_REF]) ainsi que dans le laboratoire M. Sixt, comme résumé ci-dessous.

Figure 51 :

 51 Figure 51 : Microfluidic device to study cell migration in 3D environments (a) The dimensions of the chamber are depicted in the schemes and also an example of the chamber is shown. Different views and details of the custom-made PDMS chamber used to study chemotaxis are shown. (b)fluorescence image evidencing the gradient of FITC dextran (50µg/ml) in the chamber. The corresponding graph of the image (lower panel) shows the fluorescence intensity in the x axis of the chamber. Note that in the arbitrarily defined zone 2 there is gradient formation, while in the zone 1 there is not. From (Pablo J Sáez 2018).

  ) (Heuze 2013, Hélène D. Moreau 2019lorsque les cellules uniques migrent à travers ces petits trous qui imitent le passage des cellules entre les couches endothéliales in vivo (Pablo J Sáez 2018).

Figure 52 :

 52 Figure 52 : Micro-channels. (Left) Micro-channels with different geometries, imposing curvatures or constrictions to the cell. (Right) Landscape irregularity in vivo imposes decision making: a parameter that can be measured in vitro by adding bifurcations to the micro-channel devices. From (Heuze 2013).

Figure 53 :

 53 Figure 53 : Left: Multi-well plate confiner. Right: Schematic of 2D confinement.

  ) L'application d'un stimulus mécanique induit (a) des changements conformationnels des protéines de l'enveloppe nucléaire qui permettent le déploiement de l'enveloppe nucléaire et des changements de tension (b). Cela conduit à un étirement de l'enveloppe nucléaire[START_REF] Enyedi | Nuclear membrane stretch and its role in mechanotransduction[END_REF], qui ouvre des complexes de pores nucléaires, augmentant le taux d'importation de plusieurs facteurs de transcription à travers la membrane nucléaire (Elosegui-Artola A 2017) (c), entraînant un étirement de la chromatine, une ouverture ou compactage et éventuellement modifier l'expression génique (K.[START_REF] Damodaran | Generation of large numbers of dendritic cells from mouse bone marrow cul-tures supplemented with granulocyte/macrophage colony-stimulating factor[END_REF].

  résultats mettent en évidence que les DC sont des cellules mécanosensibles et soulèvent la question jusqu'ici inexplorée du rôle joué par la stimulation mécanique dans la régulation de la fonction de surveillance immunitaire des DC. Cette question devient particulièrement pertinente lorsque l'on prend en compte[START_REF] Eisenhoffer | Crowding induces live cell extrusion to maintain homeostatic cell numbers in epithelia[END_REF] le défi mécanique continu que les CD subissent dans les tissus, par exemple lors de la migration dans l'espace interstitiel de la peau, ou lors de la transmigration à travers les membranes basales[START_REF] Raab | ESCRT III repairs nuclear envelope ruptures during cell migration to limit DNA damage and cell death[END_REF], Thiam HR 2016), et (2) les énormes changements dans l'organisation physique des tissus qui se produisent lors de l'inflammation dans le contexte à la fois de l'infection et de la croissance tumorale[START_REF] Overstreet | Inflammation-induced interstitial migration of effector CD4⁺ T cells is dependent on integrin αV[END_REF].Ici, nous montrons que les contraintes mécaniques subies par les CD immatures activent un programme transcriptionnel qui modifie profondément leurs propriétés de surveillance immunitaire en modifiant les cytokines et les chimiokines qu'elles expriment et auxquelles elles répondent. Ce programme comprend le gène Ccr7, qui confère aux CD la capacité de sortir des tissus périphériques et d'atteindre les ganglions lymphatiques. Nous avons constaté que ce programme de transcription est initié par la nucléation de l'actine dépendant de Arp2 / 3 dans la zone périnucléaire des CD stimulées mécaniquement, qui à son tour active la cPLA2 et la voie en aval NFKB / IκκB. Nous montrons en outre que l'inhibiteur Arp2 / 3, Arpin, protège les CD immatures de l'activation de ce programme, limitant ainsi leur sortie des tissus périphériques à l'état d'équilibre. En conséquence, nous avons constaté que les DC ArpinKO présentent une migration homéostatique améliorée vers les ganglions lymphatiques, c'est-à-dire en l'absence d'inflammation. Ces résultats identifient la stimulation mécanique ressentie par le noyau des CD résidant dans les tissus comme un signal environnemental important responsable de leur migration homéostatique vers les ganglions lymphatiques, qui est nécessaire pour l'établissement de la tolérance.RésultatsUn programme transcriptionnel extrêmement sensible activé par stimulation mécanique dans les CDNous avons montré qu'en déformant le noyau de différents types de cellules, y compris les CD, améliore la contractilité de l'actomyosine dépendante de la myosine II et la vitesse de migration cellulaire en réponse à une stimulation mécanique (Lomakin & Cattin 2020). Cependant, l'impact des signaux mécaniques sur les propriétés de surveillance immunitaire des CD n'a pas été étudié jusqu'à présent.Pour répondre à cette question, nous avons analysé le profil transcriptionnel des CD immatures soumis à un défi mécanique en les confinant à une hauteur de 3 µm en utilisant le «confineur de cellules» décrit dans (fig.1a). Nous avons choisi cette condition expérimentale car elle permet un contrôle fin de la déformation nucléaire, est indépendante de l'interaction avec la matrice extracellulaire, qui peut induire d'autres signaux, et est suffisante pour augmenter l'activité de Myosin II (Lomakin & Cattin 2020). De manière remarquable, l'analyse de séquençage de l'ARN en masse a mis en évidence 1060 gènes significativement régulés à la hausse et 510 gènes significativement régulés à la baisse lorsque les DC immatures étaient déformées à 3 µm de hauteur, par rapport aux cellules non confinées (figure1b).L'analyse des voies a montré que le premier ensemble de gènes dont l'expression augmente correspondait à des gènes associés à la migration cellulaire (figure1c). Des voies supplémentaires comprenaient des gènes liés à l'inflammation tels que les cytokines et ceux liés à la Nfkb. Un examen attentif de la liste des gènes les plus régulés à la hausse a révélé qu'en plus de plusieurs chimiokines et cytokines, ils incluaient le gène Ccr7 (multiplié par 4,3), qui code pour le récepteur de chimiokine qui guide les CD des tissus périphériques vers les ganglions lymphatiques (Lars Ohl 2004) (fig.1d). Ce résultat est cohérent avec les données publiées soulignant que la transcription du gène Ccr7 est sous le contrôle de NF -κB et de son régulateur IκκB[START_REF] Baratin | Homeostatic NF-κB Signaling in Steady-State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance[END_REF]. Ainsi, la stimulation mécanique induit un programme transcriptionnel dans les CD immatures associé à des changements dans leurs propriétés migratoires et immunomodulatrices.Nous avons ensuite demandé dans quelle mesure ces changements transcriptionnels étaient dynamiques et sensibles aux contraintes mécaniques. Nous avons décidé de nous concentrer sur le gène Ccr7, dont l'expression peut être surveillée au niveau de la cellule unique à l'aide de DC dérivées d'une souris exprimant un rapporteur Ccr7 GFP[START_REF] Nakano | Migratory properties of pulmonary dendritic cells are determined by their developmental lineage[END_REF]. Chez ces animaux, un allèle Ccr7 a été remplacé par le gène gfp, dont la transcription est pilotée par le promoteur endogène Ccr7. CCR7-GFP DC immatures ont été confinés pendant ~ 30 min et leur expression de GFP surveillée au fil des heures. De manière frappante, nous avons observé que si l'expression de CCR7 augmentait progressivement dans les DC immatures confinées à 3 µm de hauteur, cela n'a pas été observé dans les cellules confinées à 2 µm de hauteur et 4 µm de hauteur (fig.1eet film supplémentaire 1). Ce résultat a été vérifié à la fois par des analyses d'immunofluorescence et par PCR quantitative en temps réel de l'expression du gène Ccr7 endogène (fig.1f, 1g), en excluant un artefact dû à une manipulation génétique de la souris. La spécificité de l'anticorps anti-CCR7 a également été validée expérimentalement à l'aide de CCR7KO DC (fig.S1a). Nous concluons que le programme transcriptionnel induit par la stimulation mécanique chez les DC immatures est extrêmement sensible au niveau de déformation appliqué à la cellule.

  CCR7 n'a été observée dans ces cellules (fig.2b, 2c). Ce résultat a été vérifié lors du traitement de DC immatures avec un inhibiteur de cPLA2 (fig.2d), mettant en évidence l'exigence stricte de cPLA2 dans la réponse transcriptionnelle DC à la stimulation mécanique. En accord avec ces données, nous avons en outre observé que cPLA2 se déplaçait vers le noyau DC lors du confinement à 3 µm de hauteur (fig.2e), suggérant qu'il était activé. Il convient de noter que l'activation de cPLA2 n'a pas été observée lorsque les CD étaient confinées à 2 ou 4 µm de hauteur (fig.2e, 2f), ce qui correspond à nos résultats montrant que ces deux conditions expérimentales n'améliorent pas l'expression de CCR7 (fig.1e, 1f, 1g). Surtout, l'induction de l'expression de CCR7 lors du traitement de DC immatures avec LPS n'a pas été affectée par le knock down ou l'inhibition de cPLA2 (figure2g). Dans l'ensemble, ces résultats indiquent que la réponse transcriptionnelle des CD à la stimulation mécanique -mais pas au LPSnécessite spécifiquement cPLA2, ce qui suggère qu'elle pourrait s'appuyer sur la déformation nucléaire.La réponse transcriptionnelle des CD à la stimulation mécanique repose sur la déformation nucléaire Ce résultat a fourni une explication potentielle de l'absence de réponse mécanique dans les CD confinés à 2 ou 4 µm de hauteur: alors que le confinement à 4 µm de hauteur pourrait ne pas être suffisant pour déformer le noyau et activer le cPLA2, le confinement à 2 µm de hauteur peut, à l'inverse, endommager l'enveloppe nucléaire et ainsi altérer l'activation de cette enzyme. Ceci était soutenu par les projections orthogonales du noyau des cellules confinées: alors que le noyau des CD confinés à 4 µm de hauteur était à peine déformé, le noyau des cellules confinées à 2 µm de hauteur était totalement plat et sa surface augmentait significativement (fig.3a). Pour tester si une telle ampleur de déformation nucléaire conduit à la rupture de l'enveloppe nucléaire, nous avons exprimé ectopiquement une construction NLS (Nuclear Localisation Signal) -GFP dans les DC immatures. Nous avons constaté que le rapporteur NLS-GFP restait dans le noyau des cellules confinées à la fois à 3 µm de hauteur et 4 µm de hauteur.En revanche, il présentait une localisation cytoplasmique diffuse dans les CD immatures confinées à 2 µm de hauteur (fig.3bet fig.S3a), montrant que leur enveloppe nucléaire avait bien été rompue.Fait intéressant, nous avons également observé que ces cellules avaient perdu leur Lamin A / C lors d'un confinement de 2 µm, alors que cette protéine de nucléosquelette était plutôt régulée à la hausse dans les CD immatures confinées à 3 µm de hauteur, à la fois au niveau de l'ARNm et des protéines (figure 3c, 3d, également par ARN seq avec un facteur d'augmentationde 3,1). Ce dernier n'est pas sans rappeler les résultats obtenus dans les cellules souches confinées et les cellules cancéreuses, dont il a avec les cellules de type sauvage confinées à 4 um de hauteur, qui présentaient un modèle de distribution d'actine diffusée.Remarquablement, nous avons constaté que, lorsqu'ils étaient confinés à 4 µm de hauteur, les CD immatures ArpinKO affichaient un patch d'actine rappelant celui détecté dans les cellules de type sauvage confinées à 3 µm de hauteur (fig.4f, 4g et film supplémentaire 3). Cela n'était pas dû à la taille du noyau des DC ArpinKO, qui était comparable à celle des cellules de type sauvage (figureS4d).Conformément à ces résultats, nous avons observé que les CD immatures ArpinKO migrant à travers des constrictions étroites affichaient également une meilleure nucléation de l'actine autour de leur noyau par rapport à leurs homologues de type sauvage dans des constrictions plus importantes (taille de 2 µm).De plus, les DC d'ArpinKO étaient plus rapides à traverser les étranglements (fig.4h). De plus, le nombre de cellules qui ont effectivement traversé la constriction était plus élevé dans les DC ArpinKO (figureS4e). En conséquence, ces cellules ont mis moins de temps à traverser la longueur du canal (fig.4i). Au total, ces résultats proposent le modèle de travail suivant: la stimulation mécanique induit la nucléation de l'actine par Arp2 / 3 au niveau du noyau des CD immatures, conduisant à l'activation de l'enzyme du métabolisme lipidique, cPLA2, qui sur une courte échelle de temps facilite la migration cellulaire à travers des environnements contraints (Lomakin & Cattin 2020), et sur une plus longue échelle de temps modifie leur profil d'expression génique.L'inhibiteur Arp2 / 3 Arpin protège les CD de la migration homéostatique dépendante du NFKB vers les ganglions lymphatiquesNos résultats indiquent que l'effort de stimulation mécanique au niveau de l'enveloppe nucléaire a deux effets: un effet à court terme qui conduit à une migration DC améliorée et un effet à long terme qui modifie la transcription génique et, en particulier, conduit à l'expression du récepteur de la chimiokine , CCR7. Surtout, ces deux effets faciliteront en fin de compte la sortie des CD immatures des tissus périphériques et leur arrivée aux ganglions lymphatiques. Nous avons donc émis l'hypothèse que l'expression d'Arpin dans les DC immatures pourrait fonctionner pour protéger les DC immatures de la stimulation mécanique ressentie lors de la patrouille des tissus périphériques et ainsi limiter l'activation de cPLA2 et la migration homéostatique des DC vers les ganglions lymphatiques. En accord avec cette hypothèse, nous avons constaté que le nombre de CD migratoires conventionnelles de type 2 (cDC2) dans les ganglions lymphatiques était augmenté en l'absence d'Arpin à l'état d'équilibre, c'est-à-dire en l'absence d'inflammation (figure 5a). Cette tendance a également été observée pour les CDC1 migrateurs, bien que non statistiquement significative. Cette différence ne résultait pas d'une augmentation du nombre de cDC2 cutanés (fig.5b). Les CD ArpinWT et KO ont également montré des nombres similaires de CDC résidant dans les ganglions lymphatiques (figure 5a). Ces résultats suggèrent fortement que la migration homéostatique des CD est améliorée en l'absence d'Arpin, c'està-dire dans une condition où ils présentent une sensibilité accrue à la stimulation mécanique.Ce résultat était particulièrement attrayant car (1) la perturbation de la migration homéostatique des cDC, en inhibant la signalisation NF -κB, s'était avérée entraîner une rupture de la tolérance, et (2) le ou les signaux impliqués dans ce processus n'avaient pas été identifiés[START_REF] Baratin | Homeostatic NF-κB Signaling in Steady-State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance[END_REF]. Ainsi, nos résultats suggèrent un rôle des paramètres environnementaux et en particulier des signaux mécaniques ressentis par les CD immatures lors de l'échantillonnage de l'environnement des tissus périphériques comme l'un des signaux contrôlant la migration homéostatique des CD. Par conséquent, nous avons demandé si ces signaux mécaniques sont des inducteurs en amont de la migration homéostatique dépendante de NF-κB, et nous avons voulu tester si NF-kB est effectivement nécessaire pour l'induction mécanique de la régulation ascendante du CCR7 dans les DC.Pour répondre à cette question, nous avons analysé si IκκB KO, qui ne peut pas subir de migration homéostatique DC, montre une réponse à une stimulation mécanique. De manière frappante, nous avons constaté que les DC IκκB KO immatures confinées à 3 µm de hauteur n'induisaient pas de contraction de l'actomyosine, ni l'expression du gène Ccr7 (figures 5c et 5d). qui a été confirmée en utilisant l'inhibiteur de NFKB (fig.5e). Au contraire, les cellules ArpinWT immatures confinées à 3 µm de hauteur et les DC ArpinKO confinées à 4 µm de hauteur ont activé la voie NF-κB, comme le montre la translocation nucléaire de ce facteur de transcription (figure5f). Surtout, cet effet a été abrogé lors de l'inhibition de l'activité cPLA2 (figure5f) montrant que l'induction mécanique de la translocation nucléaire de NF-kB dépend de la cPLA2. Cela suggère que les signaux mécaniques et l'activation de cPLA2 au niveau de l'enveloppe nucléaire des DC soumis à une provocation mécanique pourraient agir en amont de l'activation de NF-kB qui à son tour stimule la migration rapide des DC et l'expression de CCR7 pour que ces cellules atteignent les ganglions lymphatiques à l'état d'équilibre. Ils indiquent en outre que la stimulation mécanique est l'un des signaux environnementaux responsables de la migration homéostatique DC.Les CD soumis à une provocation mécanique présentent un phénotype tolérogène Si la stimulation mécanique que subissent les CD immatures dans les tissus périphériques est un signal environnemental qui déclenche leur migration homéostatique vers les ganglions lymphatiques, ce qui contribue à l'établissement de la tolérance, on s'attend à ce que les CD présentant une déficience mécanique soient dotées de propriétés tolérogènes. En conséquence, le profilage transcriptomique des CD immatures confinées à 3 um de hauteur a montré que l'expression de la cytokine immunosuppressive IL-10 était améliorée lors de l'application d'une stimulation mécanique sur ces cellules (figure6a). Dans le même ordre d'idées, nous avons observé que l'expression des molécules co-stimulantes était moins induite dans les CD stimulées mécaniquement que dans les CD traitées au LPS (figure6b). Pour évaluer directement les propriétés immunomodulatrices des CD stimulées mécaniquement, nous avons confiné les CD immatures à 3 et 4 µm de hauteur et surveillé leur capacité à présenter de l'ovalbumine (OVA) aux lymphocytes T CD4 purifiés à partir de souris transgéniques OT-II, qui expriment un TCR qui reconnaît un peptide OVA présenté sur des molécules du CMH de classe II (I-Ab). Nous avons observé que les CD confinées à des cellules T activées à 4 µm de hauteur, comme évalué par l'expression de surface du marqueur CD69 et par leur prolifération, presque aussi efficacement que les CD non confinées (figure6c). En revanche, les CD confinées à une hauteur de 3 um étaient beaucoup moins efficaces pour activer les cellules T, en particulier à des doses d'antigène élevées, ce qui suggère qu'elles les rendent irresponsables à la stimulation antigénique. Ces résultats montrent que les CD à défi mécanique sont dotés de propriétés tolérogènes.En conclusion, bien que la stimulation mécanique induise l'expression de CCR7 et favorise ainsi la migration homéostatique des DC, nous montrons ici que les DC à défi mécanique hébergent plutôt un tolérogène qu'un phénotype immunogène. Ceci, en combinaison avec nos résultats révélant l'existence d'un mécanisme spécifique qui limite la réponse des CD immatures à la stimulation mécanique, suggère fortement que les contraintes mécaniques subies par ces cellules lors des patrouilles des tissus périphériques sont l'un des signaux environnementaux qui déclenche leur migration ganglions lymphatiques à l'état d'équilibre.[START_REF] Helft | GM-CSF Mouse Bone Marrow Cultures Comprise a Heterogeneous Population of CD11c (+)MHCII (+) Macrophages and Dendritic Cells[END_REF] mais elles peuvent se séparer au cours de la culture cellulaire basée sur leur adhésion. Les granulocytes sont éliminés au cours de la culture car non adhérents, alors que les macrophages sont beaucoup plus adhérents que les deux autres types de cellules et collent au fond de la plaque et ainsi on récupère les cellules dendritiques semi-adhérentes au dernier jour de culture.-Maturation des cellules dendritiques: Lors de l'utilisation de cellules matures (principalement comme contrôle positif du profil de maturation des cellules dendritiques): Les cellules du jour 10 (qui sont immatures lorsque nous les récupérons), sont stimulées avec 100 ng / ml de lipopolysaccharide (LPS) qui est un composant de la cellule bactérienne paroi reconnue par les cellules dendritiques grâce à la signalisation TLR. Les cellules dendritiques activées par le LPS ont des niveaux plus élevés d'expression des molécules costimulatrices CD86 et CD40 ainsi que du récepteur de chimiokine CCR7. Le LPS a été ajouté sous forme d'impulsion (pendant 20 à 25) minutes, puis les cellules ont été lavées et plaquées à nouveau dans du milieu frais laissé pendant une nuit dans l'incubateur puis utilisées. Confineur de plaque à 6 puits Le confinement des cellules dendritiques a été réalisé à l'aide d'un confineur de plaque à 6 puits décrit par (Y.-J. Liu 2015) qui permet la récupération d'un grand nombre de cellules et l'imagerie simultanée de plusieurs conditions. Pour fabriquer les piliers en polydiméthylsiloxane (PDMS, RTV615) à une certaine hauteur, des lamelles en verre de 12 mm ont été soniquées dans du méthanol, lavées dans de l'éthanol puis traitées au plasma et placées sur le dessus d'un mélange PDMS au-dessus des moules à gaufrettes qui contiennent les piliers à la hauteur désirée. Le mélange PDMS est composé de PDMS A / réticulant B à 1/10 W / W. La hauteur des piliers PDMS est ce qui détermine la hauteur de confinement des cellules entre la lamelle et le substrat inférieur. Après avoir ajouté les lamelles aux plaquettes, elles sont cuites à 95 ° pendant 15 minutes, puis soigneusement retirées à l'aide d'isopropanol. Ensuite, ils sont à nouveau lavés à l'isopropanol, bien séchés et traités au plasma pendant 2 minutes. Ils sont ensuite incubés avec du pLL-PEG non adhésif (SuSoS, PLL (20) -g [3,5] -PEG (2)) à 0,5 mg / ml dans du tampon HEPES 10 mM pH 7,4 pendant une heure à température ambiante. Les lamelles sont ensuite bien lavées avec de l'eau pour éliminer tout le PEG restant et incubées dans le milieu cellulaire pendant au moins 2 heures avant le début du confinement. Pour réaliser les étapes de confinement, nous utilisons une version modifiée d'un couvercle de plaque classique à 6 puits; de grands piliers PDMS étaient collés sur le couvercle (ce sont ceux qui contiendront les lamelles fabriquées). Ces grands piliers pousseront les lamelles du haut du couvercle pour confiner les cellules. Des plaques à 6 puits avec fond en verre peuvent être utilisées en cas d'imagerie des cellules (MatTek corporation, P06G-1.5-20-F). -Imagerie de cellules vivantes Pour le test de présentation des lymphocytes T: du DQ-OVA (Thermo # D12053) et du peptide OVA (Cayla # vac-isq) ont été ajoutés à chaque condition avec la concentration correspondante, les cellules ont ensuite été confinées pendant quatre heures, puis récupérées par lavage avec du milieu et comptés, les lymphocytes T qui ont été purifiés à partir de souris OTII ont été ajoutés aux cellules dendritiques récupérées avec un rapport de 10 à 1 respectivement. Puis le lendemain, la moitié du milieu a été récupérée et la coloration pour les lymphocytes T a été effectuée. Les cellules ont été colorées dans 2 mM EDTA, 5% FBS dans PBS en suivant le même protocole que précédemment. Puis 2 jours plus tard, le reste du milieu a été récupéré et le satinage des lymphocytes T a été effectué. La cytométrie en flux a été réalisée sur LSRII (BD) et analysée à l'aide du logiciel FlowJo version 10. Les valeurs de pourcentage ont été tracées avec Graphpad Prism version 8. Les anticorps suivants ont été utilisés: anti-CD4 (BD # 553051), anti-CD69 (eBioscience # 48-0691-82), anti-TCR (BD # 553190). -RNA seq Après avoir retiré le confinement, le tampon de lyse a été ajouté directement pour récupérer les cellules confinées, en prenant en parallèle des cellules témoins qui n'étaient pas confinées. L'extraction de l'ARN a été réalisée à l'aide du kit RNeasy Micro RNA (Qiagen), selon le protocole du fabricant. Les échantillons ont été vérifiés pour la qualité de l'ARN extrait avant de les envoyer à la plate-forme de séquençage NGS de l'institut Curie. les échantillons ont été chargés sur l'instrument 10X Chromium Controller (10X Genomics) selon le protocole du fabricant, basé sur la technologie propriétaire 10X GEMCode, les deux échantillons ont été traités en un seul lot. Après l'étape de séquençage, les données brutes et les alignements de l'analyse ont été traités par la plateforme bioinformatique. Une analyse plus poussée pour obtenir le changement de pli normalisé des gènes différentiellement exprimés a été réalisée avec l'aide de la plateforme bioinformatique de l'institut Curie. -Microscopie électronique Les cellules ont été confinées à des hauteurs souhaitées, puis le confinement a été retiré et les cellules ont été fixées dans du glutaraldéhyde à 2% dans un tampon cacoldylate 0,1 M, pH 7,4 pendant 1h, postfixées pendant 1h avec du tétroxyde d'osmium tamponné à 2%, déshydratées dans une série graduée de solution d'éthanol , puis noyé dans une résine époxy. Les images ont été acquises avec une caméra numérique Quemesa (SIS) montée sur un microscope électronique à transmission Tecnai Spirit (FEI Company) fonctionnant à 80 kV.-Préparation des microcanaux et chargement des cellules Dans cette dernière partie de ma thèse, je discuterai de mes résultats et proposerai un modèle de réponse des cellules dendritiques à la stimulation mécanique par confinement. Je commencerai par résumer les principaux résultats que j'ai obtenus au cours de ma thèse. J'utiliserai quelques résultats préliminaires que j'ai obtenus pour orienter la discussion. Enfin, je replacerai ces résultats dans un contexte plus large et discuterai des contributions de mes travaux à la vision générale de la réponse mécanique des cellules immunitaires. I. Résumé des résultats: Dans ce travail, nous démontrons l'effet des contraintes physiques sur la migration des cellules dendritiques et le phénotype immunitaire. Nous montrons que les cellules dendritiques immatures sont extrêmement sensibles au confinement physique, qui induit à la fois des effets à court terme, tels que la contractilité de l'actomyosine, et des effets à long terme, tels que l'expression de CCR7. Ceci est observé lors du confinement de cellules dendritiques immatures à une hauteur de 3 µm. Nous avons en outre observé qu'à 3 um de hauteur, les cellules dendritiques immatures ont remodelé leur cytosquelette d'actine et assemblé un pool de F-actine dépendant de Arp2 / 3 dans la zone périnucléaire, ce qui active le capteur d'étirement de l'enveloppe nucléaire cPLA2. Cette activation de cPLA2 dépendante d'Arp2 / 3 favorise l'activation de la voie NFKB qui régule à la hausse l'expression du gène CCR7 (entre autres), ce qui entraîne l'arrivée de cellules dendritiques des tissus périphériques aux ganglions lymphatiques in vivo. Les cellules dendritiques immatures provoquées à une hauteur de 3 µm expriment moins de molécules co-stimulantes que les cellules dendritiques activées par LPS, ce qui pourrait expliquer leur capacité réduite à induire la prolifération et l'activation des lymphocytes T CD4 +. De plus, le profilage transcriptomique de ces cellules a montré une régulation positive de l'expression d'IL10 suggérant que le phénotype des cellules dendritiques soumises à une provocation mécanique pourrait plutôt être associé à l'induction de la tolérance (C. Pasare 2004
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  intéressant, la régulation à la hausse du CCR7 induite par le confinement dans les cellules dendritiques immatures nécessite un nucléosquelette intact et une enveloppe nucléaire intacte car le confinement à une hauteur de 2 µm, qui a entraîné une rupture de l'enveloppe nucléaire et une perturbation de la couche A / C, n'a pas induit une régulation à la hausse CCR7 lors du confinement mécanique. L'assemblage de l'actine dans la zone périnucléaire des cellules dendritiques immatures confinées à une hauteur de 4 µm n'a pas non plus été observé, ni l'activation de cPLA2 et NF-κB, probablement en raison d'une déformation limitée du noyau. Par conséquent, le confinement à une hauteur de 4 µm n'a pas conduit à une activation de la contractilité de l'actomyosine et à une régulation positive du CCR7. Nos données in vitro sur les cellules dendritiques dérivées de la moelle osseuse de souris Arpin KO ont indiqué une régulation positive significative de CCR7 dans les cellules dendritiques immatures lors du confinement à 4 µm de hauteur qui a augmenté encore plus lors du confinement à 3 µm. Conformément à ces résultats in vitro, nous avons observé une migration améliorée des cellules dendritiques migratrices (mDC2) vers les ganglions lymphatiques chez les souris Arpin KO à l'état d'équilibre. Ces données soutiennent davantage notre hypothèse selon laquelle la stimulation mécanique subie par les cellules dendritiques immatures lors de la migration dans les tissus périphériques pourrait constituer l'un des signaux qui induisent une régulation à la hausse CCR7 dans ces cellules et facilite leur migration vers les ganglions lymphatiques dans des conditions d'équilibre pour maintenir la tolérance.

  2004). La migration des cellules dendritiques à l'état d'équilibre est essentielle pour maintenir le pool de lymphocytes T régulateurs dans les ganglions lymphatiques[START_REF] Darrasse-Jèze | Feedback control of regulatory T cell homeostasis by dendritic cells in vivo[END_REF], mais les signaux qui régissent et régulent ces événements de migration sont restés inconnus. L'élégant travail de Baratin et de ses collègues a dévoilé un nouveau rôle de la voie IκκB-NF-κB dans l'induction de l'expression CCR7 et la migration des cellules dendritiques à l'état d'équilibre[START_REF] Baratin | Homeostatic NF-κB Signaling in Steady-State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance[END_REF].Cependant, les régulateurs amont et les signaux homéostatiques qui déclenchent l'activation de cette voie restent à définir. Démêler les régulateurs à l'état d'équilibre des cellules dendritiques pourrait avoir des implications potentielles dans les maladies auto-immunes et les thérapies anticancéreuses. Nos résultats suggèrent que les défis mécaniques rencontrés par les cellules dendritiques immatures lors de la patrouille des tissus périphériques pourraient être l'un des signaux qui déclenchent leur migration homéostatique vers les organes lymphoïdes.Il convient de noter que les cellules dendritiques migrant in vivo se déplacent dans des tissus dont la taille de pore peut varier de 2 µm à 20 µm de diamètre(Wolf 2009). On pourrait imaginer que la migration dans des niveaux de confinement aussi différents pourrait conduire à des degrés différents de remodelage du cytosquelette d'actine dans ces cellules. Caractériser le remodelage de l'actine in vivo confirmera davantage l'importance de nos résultats obtenus par confinement in vitro et pourrait aider à mieux comprendre les réponses mécaniques à court et à long terme des cellules dendritiques. Cela pourrait en outre faciliter l'identification de nouvelles cibles médicamenteuses qui pourraient bloquer ou activer la migration homéostatique et l'activation des cellules dendritiques dans certaines pathologies telles que les maladies auto-immunes. Nous pourrions même émettre l'hypothèse que des changements dans la densité de la matrice extracellulaire lors du développement du cancer (Minjeong Jang 2018) pourraient modifier le phénotype des cellules dendritiques infiltrées dans la tumeur, potentiellement vers un phénotype plus tolérogène.III.Réponse des cellules dendritiques immatures confinées à la chimiokine :Pour activer les cellules T, les cellules dendritiques doivent atteindre le ganglion lymphatique dans un processus dépendant de leur réponse chimiotactique à CCL21 par CCR7[START_REF] Weber | Interstitial dendritic cell guidance by haptotactic chemokine gradients[END_REF]. Nous prévoyons donc de tester la fonctionnalité de la régulation positive CCR7 induite par confinement dans les cellules dendritiques immatures. Cela se fera soit en récupérant des cellules immatures confinées et en les intégrant dans des gels de collagène contenant des gradients CCL21 (Pablo J Sáez 2018), soit en les introduisant dans des dispositifs micro-fabriqués contenant des forêts de piliers PDMS dans lesquels nous pouvons induire un gradient de la chimiokine (disponible dans le laboratoire de Piel). Ceci sera réalisé en utilisant la souris CCR7-reporter pour suivre spécifiquement les cellules dendritiques ayant régulé positivement ce récepteur de chimiokine.IV.La stimulation mécanique induit des changements dans l'expression des gènes: un effet sur l'organisation de la chromatine?Le composant principal du noyau est la chromatine entourée par la lame nucléaire et la membrane nucléaire interne et externe. Le maillage laminé est ancré à la membrane nucléaire interne et est relié mécaniquement au cytosquelette via le lieur du complexe nucléosquelette et cytosquelette (LINC) qui permet la transduction de force à travers la membrane nucléaire (Lele 2018). L'interaction entre la lame et la chromatine est essentielle pour maintenir la morphologie nucléaire (A.D. Stephens 2017). Plusieurs études ont montré que l'application de forces externes entraîne des modifications de l'état de la chromatine. Par exemple, la migration dans des environnements confinés peut conduire au compactage de la chromatine (G. Gerlitz 2010, E.C. Jacobson 2018). De plus, le remodelage de la chromatine pourrait également affecter l'expression des gènes et influencer le statut d'activation de l'activité des cellules dendritiques dans l'homéostasie et lors de l'inflammation (Boukhaled 2019). Notre analyse RNAseq a montré des changements dans la transcription de nombreux gènes dans les cellules dendritiques confinées: sont-ils tous modifiés à la suite de l'activation des facteurs de transcription en aval de cPLA2 ou ces changements pourraient-ils également être dus à des événements directs de réorganisation / modification de la chromatine. Nos données préliminaires de microscopie électronique sur des cellules dendritiques confinées pendant 4 heures à des hauteurs de 4 µm, 3 µm et 2 µm ont indiqué des changements importants dans le compactage de l'hétérochromatine. En particulier, les cellules confinées à 3 µm (figure 48) affichent moins de chromatine compactée que les cellules confinées à 2 et 4 µm, suggérant un état de transcription plus «actif» (Oberdoerffer P 2007). Ces résultats préliminaires suggèrent que le confinement affecte le compactage de la chromatine dans les cellules dendritiques. L'analyse des modifications des marques épigénétiques induites par le confinement est la prochaine étape pour approfondir cette question.
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Introduction 1. Les cellules dendritiques comme fonction immunitaire, de l'immunité à la tolérance

  Les découvertes et observations du groupe de recherche d'Ehrlich à l'Institut des maladies infectieuses de Berlin et de Mechnikov à l'Institut Pasteur de Paris ont jeté les bases de notre compréhension des réponses immunitaires innées et adaptatives.Le système immunitaire se compose d'un large éventail d'organes, de tissus, de cellules et de processus différents qui servent à protéger l'organisme contre les agents pathogènes étrangers. Ce système de défense est composé de plusieurs couches de protection. La première couche est constituée d'épithéliums (à savoir l'épiderme, les cellules épithéliales pulmonaires, l'épithélium du tube digestif… etc) qui constituent à la fois une barrière physique et chimique contre les envahisseurs. Si l'envahisseur échappe à cette première couche de défense, il affrontera le système immunitaire inné. Chez les vertébrés, une couche de défense supplémentaire apparaît après l'immunité innée : elle est appelée immunité adaptative. Ensemble, l'immunité innée et adaptative constituent les « bras » du système immunitaire, l'interaction et la diaphonie entre ces deux bras sont essentielles pour combattre l'infection.Des éléments d'immunité innée peuvent affecter le début de l'immunité adaptative et vice-versa. Par exemple, la réponse immunitaire adaptative dépend de la présentation d'un antigène par une cellule qui appartient au système immunitaire inné (cellule présentatrice d'antigène). Les cellules des deux bras du système immunitaire sont générées à partir de cellules souches hématopoïétiques (CSH) dans la moelle osseuse, dans un processus appelé hématopoïèse.Pour accomplir leur fonction immunitaire, les cellules dendritiques doivent engloutir les microorganismes, les traiter et les présenter à leur surface en association avec des molécules du CMH. L'internalisation de l'antigène se produit principalement dans les cellules dendritiques immatures, spécialisées dans les patrouilles environnementales. Ces cellules ont plusieurs voies de capture d'antigène, en fonction de la taille des antigènes à capturer : phagocytose, macropinocytose ou endocytose médiée par les récepteurs. Lors de l'internalisation, les antigènes sont dégradés dans les compartiments endolysosomaux en peptides plus petits qui seront ensuite chargés sur les molécules du CMH

	lymphocytes T. Ainsi, les cellules dendritiques sont considérées comme des «linkers» clés entre les
	réponses immunitaires innées et adaptatives (adapté de (Alberts B 2007)).
	Chez la souris, les cellules dendritiques présentent une expression élevée de l'intégrine CD11c et des
	1.1 La réponse immunitaire : un travail collaboratif entre les systèmes molécules du CMH de classe II. Ils peuvent être davantage caractérisés phénotypiquement et
	immunitaires innés et adaptatifs fonctionnellement sur la base de leur capacité de présentation d'antigène. Ils sont généralement classés
	en 4 sous-groupes : les cellules dendritiques conventionnelles (cDC), les cellules dendritiques
	plasmacytoïdes (pDC), les cellules de Langerhans (LC) et les cellules dendritiques dérivées de
	monocytes. Ils affichent des voies de différenciation distinctes.
	1.2 La fonction immunitaire principale de la cellule dendritique immature :
	prélèvement et traitement d'antigène
	1.1.1 Cellules dendritiques (lien pivot entre les systèmes immunitaires innés et
	adaptatifs)
	Les cellules dendritiques (DC) sont considérées comme des cellules présentatrices d'antigène (APC)
	professionnelles. Les cellules dendritiques sont considérées comme étant à l'interface entre les
	réponses immunitaires innées et adaptatives. Ils ont été découverts pour la première fois par Ralph
	Steinman en 1973 (Steinman 1973), qui a reçu le prix Nobel 2011 pour cette découverte
	révolutionnaire. Malgré l'absence de marqueur spécifique des cellules dendritiques, toutes les cellules
	dendritiques partagent la caractéristique commune de pouvoir activer des cellules T naïves (Miriam
	Merad 2013). Les cellules dendritiques possèdent une grande variété de récepteurs hôtes codés par la
	lignée germinale (PRR) leur permettant de détecter et de répondre à une grande variété de micro-
	organismes. Lors de la rencontre microbienne, les cellules dendritiques engloutissent les microbes et
	les clivent pour générer des peptides antigéniques qui seront ensuite présentés à leur surface en
	association avec des protéines du complexe majeur d'histocompatibilité (CMH). La rencontre
	microbienne conduira également à la maturation des cellules dendritiques, qui acquerront la capacité
	de transporter ces complexes MHC-peptide vers l'organe lymphoïde le plus proche pour activer les

  Les cellules dendritiques sont confrontées à la migration de grandes distances tout au long de leur cycle de vie. Les précurseurs des cellules dendritiques, qui sortent de la moelle osseuse, abritent différents tissus et organes du corps où ils sèment et se différencient. Une fois différenciées, les cellules dendritiques immatures patrouillent constamment dans les tissus à la recherche de tout signal

	de danger (lésion ou infection), qui dans les tissus, tels que l'intestin, les poumons et la peau, implique
	également une migration cellulaire active. En rencontrant de tels signaux, les cellules dendritiques
	deviennent matures et migrent vers les vaisseaux lymphatiques et les ganglions lymphatiques (ou
	d'autres organes lymphoïdes) où elles rencontrent et activent les cellules T pour déclencher des
	réponses immunitaires adaptatives. De plus, les cellules dendritiques et les monocytes des organes
	lymphoïdes primaires peuvent traverser les sites endothéliaux pour atteindre les ganglions
	lymphatiques. Les monocytes peuvent également être recrutés dans les tissus périphériques, en
	particulier lors d'une infection
	1.4 Un voyage cellulaire dendritique : de la moelle osseuse aux tissus
	périphériques et aux ganglions lymphatiques

  Tim Lämmermann 2009, Y.-J . Liu 2015). Ce mode de migration, qu'ils adaptent en migrant dans différents environnements, est généralement considéré comme non dépendant des molécules adhésives ou protéolytiques. Il est très efficace pour les cellules se déplaçant dans des environnements 3D. D'autre part, les fibroblastes et les cellules endothéliales utilisent le mode de migration mésenchymateuse, qui dépend des adhérences focales formées par les intégrines et conduit au remodelage de la matrice extracellulaire (ECM) par le

	la membrane plasmique peut générer suffisamment de force pour pousser la membrane et former un
	lamellipodes (si formant un réseau ramifié d'actine) et / ou des filopodes (si formant des faisceaux
	d'actine). Au contraire, la contraction des réseaux d'actine peut conduire à leur désassemblage ou créer
	un gradient de pression intracellulaire qui conduit à une rupture de symétrie et à un mouvement vers
	l'avant. Cette étape de contraction dépend de la Myosine II, qui réticule le filament d'actine et facilite
	leur glissement l'un sur l'autre, créant ainsi une tension dans le réseau d'actine. Ainsi, l'assemblage
	coordonné de différents réseaux d'actine dans des localisations subcellulaires spécifiques fournit à la
	cellule la machinerie nécessaire au mouvement.

biais de protéases sécrétées ou exprimées à la surface cellulaire. Ce mode de migration est efficace pour les cellules se déplaçant dans des environnements 2D, qui sont rares in vivo. Le basculement entre les deux modes de migration (mésenchymateux et amiboïde) peut être déclenché par la modulation de l'adhésion des cellules à l'environnement et leur niveau de confinement (Y.-J. Liu 2015) ou par une inhibition spécifique du cytosquelette d'actomyosine (T.Lämmermann 2008, Obeidy 2020). Pour que les cellules se déplacent, elles doivent générer et transmettre des forces au substrat par adhérence ou friction. Les cellules doivent également se polariser et établir un axe d'avant en arrière composé d'un bord d'attaque et d'un bord contractile, ce qui dans les cellules immunitaires est souvent appelé uropode. La principale source de génération de force par le cytosquelette d'actine est l'expansion (polymérisation ou relaxation) et le rétrécissement (désassemblage ou contraction). Les deux dépendent de l'énergie générée par l'hydrolyse de l'ATP. Par exemple, la polymérisation de filaments d'actine sous

Le noyau : double rôle dans la mécanotransduction et la migration cellulaire

  Comme mentionné ci-dessus, les membres de la famille Rho small GTPase sont des régulateurs clés éviter les obstacles[START_REF] Yamada | Mechanisms of 3D cell migration[END_REF]. Dans le prochain chapitre, je me concentrerai sur le rôle central du noyau, qui a été décrit comme le principal facteur limitant de la migration et de la déformation des cellules dendritiques[START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF] dans la réponse mécanique des cellules dendritiques aux contraintes physiques. Le sujet de la mécanique cellulaire englobe un large éventail de processus cellulaires essentiels, allant des événements macroscopiques tels que le maintien de la forme cellulaire, la motilité cellulaire, l'adhésion et la déformation à des événements microscopiques tels que la façon dont les cellules détectent les signaux mécaniques et les transforment en une cascade de signaux biochimiques conduisant finalement à une réponse biologique de l'hôte. »[START_REF] Roger Kamm | Introduction, with the biological basis for cell mechanics[END_REF].Les leucocytes ont un « style de vie » très actif qui se caractérise par une migration rapide, des changements morphologiques, des déformations cellulaires et organites et par des interactions de cellule à cellule. Ils subissent ainsi différents types de contraintes mécaniques, au cours de leur vie auxquelles ils doivent répondre pour s'adapter à leur environnement. Cette réponse cellulaire aux contraintes mécaniques implique des voies de mechanotransduction.

	du cytosquelette d'actine. Rac et Cdc42 coordonnent la protrusion au bord d'attaque et favorisent la
	polymérisation de l'actine en activant WAVE et WASP en amont du complexe Arp 2/3 (Tim
	Lämmermann 2009, Vargas P 2016). Cependant, l'inhibition directe de WAVE (Hem1) ou Arp2 / 3
	n'affecte pas la migration des cellules dendritiques en milieu confiné (Leithner A 2016, Vargas P
	2016).
	La migration des cellules dendritiques est en effet plutôt induite par des câbles / faisceaux d'actine
	nucléés par la formine mDia1 à leur arrière, qui sont réticulés et contractés par la Myosine II (Vargas
	P 2016, Bretou M 2017).
	Vargas P 2016). Une fois que les cellules dendritiques sont complètement matures, la contractilité de
	l'actomyosine et la macropinocytose sont régulées à la baisse au front cellulaire, permettant
	l'accélération (Vargas P 2016, Bretou M 2017) Les cellules dendritiques matures deviennent
	désormais plus efficaces pour suivre les gradients CCL21, ce qui facilite leur arrivée dans les
	vaisseaux lymphatiques et le ganglion lymphatique (Vargas P 2016). Cela a été observé lors de la
	maturation des cellules dendritiques par le PAMP LPS et par le DAMP ATP, qui est libéré lors de
	lésions tissulaires (Vargas P 2016, Sáez PJ 2017).
	La structure dense et complexe de la matrice extracellulaire, qui est composée de pores parfois plus
	petits que la taille cellulaire typique, limite en général la migration cellulaire. Les cellules non
	protéolytiques, telles que les cellules dendritiques, ont développé des mécanismes pour ajuster leur

Fait intéressant, dans les cellules dendritiques immatures, la myosine II peut également être recrutée dans la cellule grâce à son interaction avec la chaîne invariante associée au CMH de classe II (Ii)

[START_REF] Faure-Andre | Regulation of dendritic cell migration by CD74, the MHC class IIassociated invariant chain[END_REF]

. Ceci, combiné à l'activation de Cdc42 et Arp2 / 3, permet la macropinocytose pour la capture d'antigène

(Vargas P 2016)

. Lors de la maturation, les cellules dendritiques régulent à la hausse la protéine fascin-1, ce qui entraîne le désassemblage des podosomes

[START_REF] Yamakita | Fascin1 Promotes Cell Migration of Mature Dendritic Cells[END_REF][START_REF] Lamsoul | ASB2α regulates migration of immature dendritic cells[END_REF]

). Bien que le désassemblage des podosomes soit un facteur clé dans la transition des cellules dendritiques de la migration mésenchymateuse à amiboïde sans adhésion ni dégradation de la matrice. Cependant, la pertinence des podosomes dans la migration 3D n'est pas claire, ces structures étant essentiellement observées en 2D in vitro. Peut-être plus important encore, la maturation améliore la contractilité de l'actomyosine dans les cellules dendritiques. En effet, à l'état immature, l'actomyosine au niveau du front cellulaire permet un prélèvement de l'environnement antigénique par macropinocytose. Ceci est associé à des phases de migration cellulaire lente (Chabaud M 2015, migration à de telles contraintes physiques. En particulier, les cellules dendritiques sont équipées de mécanismes spécifiques pour déformer leur corps cellulaire et leur noyau (l'organite cellulaire le plus rigide) dans les zones confinées

[START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF]

, et peuvent également adapter leur chemin de migration pour
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  migration, telles que les cellules dendritiques, sont en contact avec des matrices extracellulaires distinctes au cours de leur durée de vie, et sont donc soumises à différents défis mécaniques auxquels elles doivent s'adapter. Par exemple, ils peuvent être soumis à la durotaxis (une forme de migration cellulaire dans laquelle les cellules sont guidées par des gradients de rigidité)[START_REF] Lo | Cell movement is guided by the rigidity of the substrate[END_REF], ou à la barotaxie (la barotaxie est la migration des cellules en réponse à la pression hydraulique) (Hélène Le noyau en tant qu'organite mécanosensible Le noyau est l'un des organites les plus grands et les plus rigides des cellules eucaryotes. Le noyau des cellules de mammifères est composé d'un nucléoplasme entouré de lamina et de deux bicouches lipidiques: la membrane nucléaire interne et la membrane nucléaire externe. La membrane externe du noyau est une extension de la membrane du réticulum endoplasmique (ER) qui se connecte à la membrane interne par les complexes de pores nucléaires (NPC) (figure16). La fonction principale des PNJ est de contrôler le transport des protéines à travers l'enveloppe nucléaire. La membrane nucléaire est une bicouche lipidique et a donc été considérée comme une structure fluide 2D qui ne contribue pas aux propriétés mécaniques du noyau (A C[START_REF] Rowat | Mechanical properties of the cell nucleus and the effect of emerin deficiency[END_REF]. Cependant, la membrane nucléaire interne est étroitement connectée aux réseaux de lames, ce qui met la membrane d'enveloppe nucléaire sous tension, comme observé pour la membrane plasmique. La lame nucléaire interagit avec une variété de protéines associées au nucléosquelette telles que l'émérine, la lamine B, les nespines et les SUN(Lammerding.2013), qui sont connectées au cytosquelette cellulaire et contribuent également à la tension de la membrane nucléaire (AC[START_REF] Rowat | Characterization of the elastic properties of the nuclear envelope[END_REF], AC Rowat 2006). Ci-dessous, je résumerai le rôle du noyau dans la migration cellulaire en mettant l'accent sur ses propriétés mécaniques.Lämmermann 2008[START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF]. Il convient de noter que l'enveloppe nucléaire des cellules dendritiques peut éventuellement se rompre lorsqu'elles passent des constrictions, ce qui est rapidement réparé par le complexe ESCRT, mais entraîne des dommages à l'ADN (Matthew Raab 2016). La question de savoir si la déformation du noyau des cellules dendritiques déclenche des voies de signalisation et des réponses transcriptionnelles, qui peuvent affecter la fonction immunitaire de ces cellules(Chen 2016) reste une question ouverte et est l'objectif principal de ma thèse.En règle générale, la stimulation mécanique appliquée aux signaux cellulaires par le biais de molécules d'adhésion et entraîne des changements dans l'activité RhoA, ce qui peut induire une réponse mécanique cellulaire (Keith Burridge 2019). Cependant, d'autres études plaident en faveur de l'existence d'un axe direct qui médie la transmission de force à travers le cytosquelette vers le noyau et ses composants, ce qui pourrait détecter directement les forces appliquées. Ce modèle, grâce à notre compréhension du lien physique entre la cellule et son noyau, peut expliquer la transmission de la force au noyau[START_REF] Ning Wang | Mechanotransduction at a distance: mechanically coupling the extracellular matrix with the nucleus[END_REF], Lammerding.2013), qui pourrait passer par la régulation de l'activité du complexe des pores

	3.5 Comment les contraintes physiques sont-elles ressenties par le noyau ?
	Comme expliqué précédemment, l'enveloppe nucléaire (NE) est composée de la membrane nucléaire
	interne et de la membrane nucléaire externe. Un pont relie ces deux membranes NE et les relie à
	différents composants du cytosquelette. Les protéines sont transportées du RE vers la membrane
	nucléaire interne pour interagir avec le réseau laminaire, ou vers la membrane externe pour interagir
	avec le cytosquelette. Les interactions SUN-KASH au niveau de l'espace périnucléaire (PNS)
	complètent ce pont (Klarsicht, ANC-1 et Syne / Nesprin) (voir figure 17). La chaîne entière de protéines
	qui relie le cytosquelette, via les protéines SUN et KASH, au nucléosquelette, est appelée complexe
	D . Moreau 2019). La géométrie et l'adhésion des matrices extracellulaires peuvent également entraîner LINC (Fridolfsson. 2010, Starr 2011). Les protéines solaires (pour Sad1 et UNC-84) sont des
	le passage de la migration cellulaire d'un type amiboïde à un mésenchymateux (Wolf 2010) ou vice composants de la membrane nucléaire interne. Les protéines SUN se localisent dans l'espace
	versa (Y.-J. Liu 2015) périnucléaire (PNS) pour recruter des protéines KASH (Fridolfsson. 2010, Brian A Sosa 2013). Les

Dans ce chapitre, je me concentrerai sur le rôle du cytosquelette d'actine et du noyau cellulaire dans ce processus, car il est au centre de mon travail.

3.2 3.3 Lier le noyau au cytoplasme

Maniotis et al., En 1997 ont été les premiers à montrer qu'il existe un couplage mécanique qui transmet la force appliquée sur le cytosquelette au noyau. Ces observations constituaient la première preuve d'un lien potentiel entre le noyau et le cytosquelette (A J Maniotis 1997). Ils ont été complétés plus tard par la description du complexe LINC.

3.3.1 Le complexe LINC

protéines KASH se localisent principalement sur la membrane nucléaire externe

[START_REF] Starr | KASH 'n Karry: The KASH domain family of cargo-specific cytoskeletal adaptor proteins[END_REF]

. Ils sont essentiels pour le positionnement du noyau dans la cellule

[START_REF] Wilhelmsen | KASH-domain proteins in nuclear migration, anchorage and other processes[END_REF] 

et pour la transmission de force du nucléosquelette au cytosquelette

[START_REF] Uzer | Cell Mechanosensitivity to Extremely Low-Magnitude Signals Is Enabled by a LINCed Nucleus[END_REF]

. L'expression des domaines progresser vers l'avant (T.nucléaires (Elosegui-Artola A 2017). Le mécanisme de mécano-détection nucléaire proposé peut être résumé comme suit (Lammerding 2019) (voir figure
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  . Ils ont été les premiers à décrire un mécanisme de réponse de mécano-détection nucléaire médiée par la membrane nucléaire. Leur étude a démontré que le gonflement hypnotique (ou compression directe) du noyau induit un étirement de la membrane nucléaire, qui entraîne la translocation et éventuellement l'activation de la voie cytosolique Ces eicosanoïdes synthétisés sont libérés par les vésicules extracellulaires (VE) et peuvent aider à diriger la migration et le recrutement des neutrophiles vers le site de la lésion (J.Esser 2010, M.E.[START_REF] Newcomer | Location, location, location: compartmentalization of early events in leukotriene biosynthesis[END_REF], Majumdar R 2016). De plus, les vésicules extracellulaires contenant des métabolites de l'acide arachidonique induisent une migration cellulaire de manière autocrine et

	paracrine (C. Subra 2010). L'activité de la voie cPLA2 n'est pas seulement importante pour moduler la
	migration des neutrophiles, cPLA2 est également une clé pour réguler l'élimination bactérienne médiée
	par les neutrophiles et pour contrôler les réponses immunitaires aux infections bactériennes chez la
	souris
	de la phospholipase A2 (cPLA2) (B.Enyedi 2016). Ils ont en outre démontré que ces voies sont
	accordées dans le noyau via les niveaux endogènes de lamin A / C et de F-actine (inhibition de la lamin
	A / C ou dépolymérisation de la F-actine augmentant l'activation de la cPLA2) (B.Enyedi 2016).
	La phospholipase A2 est composée de diverses familles d'enzymes qui pourraient être classées en
	fonction de leur fonction en PLA2 sécrétoire-Ca2 + dépendant (sPLA2), cytosolique-Ca2 + PLA2

dépendant (cPLA2) et Ca2 + indépendant PLA2 (iPLA2)

[START_REF] Balsinde | Regulation and inhibition of phospholipase A2[END_REF][START_REF] Cummings | Phospholipase A2s in Cell Injury and Death[END_REF][START_REF] Burke | Phospholipase A2 structure/function, mechanism, and signaling[END_REF]

. La famille cPLA2 est composée de trois enzymes, parmi lesquelles la cPLA2α a été bien étudiée en raison de son rôle dans le métabolisme de l'acide arachidonique (ARA). L'activité catalytique neutrophiles).
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  . La régulation à la hausse CCR7 et cette augmentation de la vitesse et de la directionnalité des cellules dendritiques sont nécessaires pour qu'elles suivent les gradients CCL21 vers les vaisseaux lymphatiques et les ganglions lymphatiques lors de l'activation avec un pathogène et / ou des modèles moléculaires associés au danger (PAMPS et / ou DAMPS) produits pendant une infection ou des lésions tissulaires. Fait important, comme décrit dans l'introduction, les cellules dendritiques quittent également constamment les tissus périphériques à l'état d'équilibre pour atteindre les ganglions lymphatiques (Lars Ohl 2004). Cette soi-disant «migration homéostatique des cellules dendritiques» Plusieurs études soulignent le rôle essentiel du noyau en tant que composant mécanosensible dans différents types de cellules, en particulier les travaux pionniers d'Enyedi et de ses collègues (B. Enyedi 2016). Ils ont été les premiers à montrer que le gonflement (ou compression) nucléaire conduit à un étirement de l'enveloppe nucléaire et à l'activation de la voie cPLA2 (le produit final de cette voie étant des eicosanoïdes pro-inflammatoires comme décrit dans l'introduction). Cette étude a démontré un rôle mécanosensoriel essentiel du noyau dans la régulation des réponses immunitaires aux lésions tissulaires chez le poisson zèbre. De plus, l'activité de cPLA2 peut moduler la migration des cellules immunitaires, comme la chimiotaxie des neutrophiles ou l'extravasation (Bhagawat C.Subramanian 2018, Bhagawat C.Subramanian 2020). Au cours de ma thèse, j'ai contribué aux travaux de Lomakin et al., Dans notre laboratoire, qui ont montré comment le confinement mécanique des cellules à une hauteur inférieure à la taille du noyau conduit à une régulation positive de la contractilité de l'actomyosine. En particulier, j'ai déchiffré le rôle du capteur de tension d'enveloppe nucléaire, cPLA2, dans la promotion d'une réponse à court terme dans les cellules dendritiques immatures: activation de la myosine II et migration rapide, qui se produit quelques minutes lors de la déformation de leur noyau (Lomakin & Cattin 2020 ). (voir l'article 1, 'article 1 montre ma contribution à l'étude de Lomakin et al., Actuellement sous presse dans Science Magazine. Dans ce travail, j'ai réalisé et analysé toutes les données montrant l'implication de la voie cPLA2 dans la modulation de la migration des cellules dendritiques en réponse à une stimulation mécanique (j'ai mis en évidence ma contribution dans chaque figure avec un rectangle rouge).Les résultats obtenus lors de ma thèse sont présentés ici sous forme d'un manuscrit en préparation d'une soumission. Ils visent à comprendre le rôle de la stimulation mécanique sur la fonction immunitaire de ces cellules.

	Manuscript
	Brièvement, en utilisant des cellules dendritiques dérivées de la moelle osseuse qui ont été confinées
	avec le confineur statique 2D sous des hauteurs de 4 µm et 3 µm, je montre que le confinement des
	cellules dendritiques immatures au-dessus d'un certain seuil (hauteur 3 µm), induit le déploiement de
	l'enveloppe nucléaire et l'activation de cPLA2, ce qui conduit au remodelage de l'actine et à
	l'augmentation de la contractilité de l'actomyosine pour faciliter la migration des cellules dendritiques
	dans de tels environnements contraints. Cet article est à la base de nos résultats concernant l'implication
	de l'enzyme mécanosensible cPLA2 dans la régulation de la fonction immunitaire des cellules
	dendritiques (mon projet de doctorat décrit à l'article 2).
	cellules dendritiques?
	Cependant, les signaux environnementaux conduisant à l'activation homéostatique de la voie NF-kB -Quelle est (sont) la ou les voies déclenchées dans les cellules dendritiques immatures qui subissent
	restent inconnus. des contraintes mécaniques lors de leur confinement physique?
	Qu'est-ce qui pourrait déclencher la régulation positive du CCR7 et la migration des cellules -Le noyau de ces cellules joue-t-il un rôle dans l'orchestration de leur réponse aux contraintes
	dendritiques à l'état d'équilibre? Lorsque les cellules dendritiques patrouillent dans les tissus mécaniques?
	périphériques tels que la peau, les poumons ou l'intestin, elles font l'expérience d'environnements
	importants mis à l'épreuve par une stimulation mécanique. Nos laboratoires ont montré que de telles -La stimulation mécanique imposée par les contraintes physiques des tissus périphériques sur les
	contraintes ont un impact profond sur le cytosquelette d'actine de la cellule dendritique, favorisant cellules dendritiques immatures pourrait-elle être un signal environnemental qui déclenche l'expression
	l'assemblage d'un pool périnucléaire de F-actine qui déforme le noyau et facilite la migration en de CCR7 et une migration rapide vers les ganglions lymphatiques à l'état d'équilibre, c'est-à-dire en
	confinement (Matthew Raab 2016, Thiam HR 2016). Cependant, les effets à long terme de tels l'absence de PAMP et d'HUMIDITÉ?
	événements de déformation sur la fonction immunitaire des cellules dendritiques sont inconnus. Nous Les réponses à ces questions sont fournies à l'article 2 (à soumettre), qui constitue le coeur de mes
	avons émis l'hypothèse que les contraintes mécaniques que subissent les cellules dendritiques travaux de thèse.
	immatures dans les tissus périphériques pourraient induire l'expression de CCR7 et une motilité rapide
	des DC et ainsi être le déclencheur de leur migration vers les ganglions lymphatiques à l'état d'équilibre.

est essentielle pour le maintien de la tolérance à soi-même, probablement en raison de la présentation d'auto-antigènes aux cellules T. Pourtant, on en sait peu sur les voies contrôlant la migration homéostatique des cellules dendritiques. Dans les travaux pionniers de Baratin et de ses collègues, ils ont démontré que la migration des cellules dendritiques homéostatiques dépend de l'activation homéostatique de la voie NF-kB, qui favorise la régulation à la hausse du CCR7

[START_REF] Baratin | Homeostatic NF-κB Signaling in Steady-State Migratory Dendritic Cells Regulates Immune Homeostasis and Tolerance[END_REF]

.

Une telle réponse mécanique à long terme des cellules dendritiques pourrait-elle impliquer leur noyau? Science, sous presse). Cependant, l'impact à long terme d'un tel confinement mécanique sur le comportement des cellules dendritiques immatures était inconnu. C'est la question globale que je souhaitais aborder lors de ma thèse, la question spécifique étant formulée comme suit:

-Quels sont les effets du confinement mécanique sur le comportement et la fonction immunitaire des L

in preparation for submission I. La réponse transcriptionnelle des cellules dendritiques à la stimulation mécanique dicte leur migration à l'état d'équilibre vers les ganglions lymphatiques Authors Z

  . Alraies 1,2,3 , G. Nader 3 , M.G. Delgado 1 , D. Sanséau 1 , M. Maurin 1 , C. Rivera 1 , S. Lameiras 4 , S. Baulande 4 , M. Deloger 5 , M. Grattia 1 , N. De Silva 1 , H. Moreau 1 N. Manel 1 , M. Piel 3# , A.M. Lennon-ZA a mené la plupart des travaux expérimentaux et participé à la conception d'expériences et à la préparation de manuscrits, GN a aidé aux étapes techniques et de confinement et a fourni une contribution intellectuelle pendant le projet, DS a réalisé des expériences et des analyses in vivo, MGD a effectué des expériences et des analyses sur les microcanaux, MM a conçu macros pour toutes les analyses d'images, CR a aidé à la conception et à la conduite de l'analyse par cytométrie en flux, SL et S.B. préparé des bibliothèques d'ARN-seq, MD a effectué l'analyse bioinformatique, MG a effectué l'étape de transduction virale NLS-GFP, NDS a fourni des souris LMNA KO, NM a fourni une contribution intellectuelle clé et a participé à la conception du projet, MP et A.-ML-D ont conçu le projet et coordonné et supervisé l'étude, et rédigé le manuscrit.Les cellules dendritiques (CD) sont des acteurs essentiels pour relier l'immunité innée à l'immunité adaptative (I.[START_REF] Mellman | Dendritic cells: specialized and regulated antigen processing machines[END_REF][START_REF] Steinman | Dendritic cells: translating innate to adaptive immunity[END_REF]. Leur principale fonction de surveillance immunitaire consiste à prélever des tissus périphériques (CD immatures) et à migrer vers les ganglions lymphatiques pour transmettre les informations qu'ils ont collectées aux cellules T (CD matures). Cela nécessite l'expression de surface du récepteur de chimiokine CCR7, qui reconnaît les gradients CCL21 qui guident les CD vers les vaisseaux lymphatiques et les ganglions lymphatiques[START_REF] Weber | Interstitial dendritic cell guidance by haptotactic chemokine gradients[END_REF]. La migration des DC est massivement induite lors de l'infection par des modèles moléculaires associés aux agents pathogènes (PAMP), qui augmentent les niveaux d'expression de surface de CCR7 ainsi que la vitesse de migration des DC(Vargas P 2016). Une fois dans les ganglions lymphatiques, les CD activées par PAMP présentent des antigènes dérivés de pathogènes aux cellules T, conduisant à leur activation et à l'initiation de la réponse immunitaire adaptative[START_REF] Alvarez | Mechanisms and consequences of dendritic cell migration[END_REF]. Surtout, la migration des DC vers les ganglions lymphatiques se produit également dans l'homéostasie, c'est-à-dire en l'absence d'inflammation et de PAMP, et aide à maintenir la tolérance des cellules T(Steinman RM 2000), très probablement par la présentation d'auto-antigènes[START_REF] Jonuleit | Dendritic cells as a tool to induce anergic and regulatory T cells[END_REF][START_REF] Roncarolo | Differentiation of T regulatory cells by immature dendritic cells[END_REF] . Ce
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Abstract:

The microscopic environment inside a metazoan organism is highly crowded. Whether individual cells can tailor their behavior to the limited space remains unclear. Here, we found that cells measure the degree of spatial confinement using their largest and stiffest organelle, the nucleus. Cell confinement below a resting nucleus size deforms the nucleus, which expands and stretches its envelope. This activates signaling to the actomyosin cortex via nuclear envelope stretch-sensitive proteins, upregulating cell contractility. We established that the tailored contractile response constitutes a nuclear ruler-based signaling pathway involved in migratory cell behaviors. Cells rely on the nuclear ruler to modulate the motive force enabling their passage through restrictive pores in complex threedimensional (3D) environments, a process relevant to cancer cell invasion, immune responses and embryonic development. One Sentence Summary: Nuclear envelope expansion above a threshold triggers a contractile cell response and thus acts as a ruler for the degree of cell deformation.

Main Text:

Much like modern day engineered devices, cells in the human body are able to make measurements. The precision of these measurements plays a critical role in many fundamental physiological and pathophysiological processes. For example, epithelial cells in the intestine monitor local cell densities, and if the density increases above a threshold, the cells exit the tissue, relieving the crowding effect and S1-S3 References (##-##)
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Abstract:

Dendritic cells (DCs) migration is a key step in establishing their immune function. While migrating, dendritic cells must adapt to different mechanical constraints imposed by their environment. In response to such constraints, DCs assemble a pool of actin around their nucleus, which results in nuclear deformation and facilitates cell migration in confined environments. How this phenomenon is regulated and what impact it might have on the function of DCs is unclear. Here, we show that Arp2/3-dependent actin nucleation at the nucleus of dendritic cells activates a specific gene expression program in response to mechanical stimulation. Activation of this program requires the nuclear stretch-sensitive enzyme cytosolic phospholipase A2 (cPLA2) and leads to the activation of NFKB, and the upregulation of hundreds of genes including chemokine receptor (CCR7), i.e. the chemokine receptor that drives DC migration to lymph nodes. We show that limitation of actin polymerization around the nucleus of DCs by Arpin, a recently described inhibitor of the Arp2/3 complex, protects immature DCs from spontaneous migration to lymph nodes as Arpin KO DCs exhibited enhanced homeostatic migration.

Remarkably, we found that the transcriptional response of DC to mechanical stimulation includes antiinflammatory genes and, accordingly, these cells harbor tolerogenic properties. These results show that by controlling cPLA2 and NFKB activation, Arpin prevents DC spontaneous maturation and migration to lymph nodes in response to mechanical confinement. We propose a model in which the mechanical constraints experienced by DCs while patrolling peripheral tissues might constitute one of the so far unknown environmental signal(s) that triggers CCR7 expression and DC migration to lymph nodes at steady-state for the maintenance of peripheral tolerance.

with the Arp2/3 inhibitor CK666. This experiment showed that inhibition of Arp2/3 activity prevented the induction of CCR7 expression upon confinement of both Arpin WT and Arpin KO DCs at 3µm-height and of Arpin KO cells at 4µm-height (fig. 4c). In contrast, Arpin KO immature DCs equally increased their CCR7 surface expression levels in response to LPS even when treated with the Arp2/3 inhibitor CK666 (fig. S4a). This result points to a role for Arp2/3-dependent actin nucleation in the transcriptional response of DCs to mechanical stimulation.

Perinuclear actin nucleated by Arp2/3 activates cPLA2 in response to mechanical stimulation

So far our results show that cPLA2 activation in mechanically challenged DCs turns on a transcriptional program that modifies both their migratory and immunomodulatory properties, and that this program also relies on actin nucleation by Arp2/3. We therefore hypothesized that Arp2/3-dependent actin nucleation might be needed for cPLA2 activation in DCs undergoing mechanical stimulation. Consistent with this hypothesis, we found that the transcriptional response of Arpin KO DCs confined at 4µm-height does indeed depend on cPLA2 (fig. 4d, efficacy of si-RNA in fig. S4b). Furthermore, analysis of cPLA2 showed that the enzyme localized to the nucleus of Arpin KO DCs confined at 4µm-height (fig. 4e), suggesting that it is indeed active in these cells. cPLA2 nuclear localization was prevented when pharmacologically inhibiting Arp2/3 (fig. 4e). In agreement with these results, we found that increase of actomyosin contractility, which requires cPLA2 was also enhanced in Arpin KO cells confined at 4µmheight (fig. S4c). We conclude that nucleation of branched actin by Arp2/3 regulates the response of DCs to confinement, suggesting that it activates cPLA2 in mechanically stimulated DCs. Does this process involve nucleation of branched actin at the nucleus of DCs? Two lines of evidence support this hypothesis: (1) migration of immature DCs within narrow constrictions triggers actin polymerization around their nucleus, which is Arp2/3-dependent and facilitates their migration [START_REF] Thiam | Perinuclear Arp2/3-driven actin polymerization enables nuclear deformation to facilitate cell migration through complex environments[END_REF], and (2) cPLA2 activation occurs upon stretching of the cell nuclear envelop (B. Enyedi 2016). To address this question, we therefore imaged actin dynamics in immature DCs confined at 3 µm-height. Time-lapse analysis showed enhanced cortical actin in these cells, as compared to DCs confined at 4 µm-height (fig. 4f and supplementary movie 2). Analysis of orthogonal projections showed that DCs confined at 3 µm-height further contained an actin patch that specifically formed on top and below their nucleus, which was lost upon Arp2/3 inhibition (fig. 4f and4g). This was in contrast to wild-type cells confined at 4µm-height, which exhibited a diffused actin distribution pattern.

Remarkably, we found that, when confined at 4 µm-height, Arpin KO immature DCs displayed an actin patch reminiscent of the one detected in wild-type cells confined at 3 µm-height (fig. 4f,4g and supplementary movie 3). This was not due to the nucleus size of Arpin KO DCs, which was comparable to the one of wild-type cells (fig. S4d). Consistent with these findings, we observed that Arpin KO immature DCs migrating through narrow constrictions also displayed enhanced actin nucleation around their nucleus compared to their wild type counterparts in larger constrictions (2µm in size) Littermates or age-mated mice were used as bone marrow donors; the breeder mice were previously backcrossed to C57BL6 for 7 generations.

Cells

Dendritic cells were obtained following a protocol first described by (K. [START_REF] Damodaran | Generation of large numbers of dendritic cells from mouse bone marrow cul-tures supplemented with granulocyte/macrophage colony-stimulating factor[END_REF]. It helps providing large number of cells without the need of a purification step. Both whole legs from 6 to 8 weeks old mice were flushed to obtain bone marrow. Cells are maintained in culture during 10 days in medium supplemented with fetal calf serum and granulocyte-macrophage colony stimulating factor-containing supernatant obtained from transfected J558 cells, as previously described by [START_REF] Faure-Andre | Regulation of dendritic cell migration by CD74, the MHC class IIassociated invariant chain[END_REF]. This medium supplemented with 1% of a penicillin/streptomycin cocktail to avoid bacterial contamination.

At days 4 and 7 of culture, cells are detached using PBS-EDTA (5 mM) and replated at 0.5:10 6 cells per milliliter of medium. At day 10, 90% of adherent cells express CD11c, an integrin family member, as well as MHC class II at medium levels which is specific to dendritic cells (K. [START_REF] Damodaran | Generation of large numbers of dendritic cells from mouse bone marrow cul-tures supplemented with granulocyte/macrophage colony-stimulating factor[END_REF]. The obtained cells can be used at day 10 or 11 as immature cells. The generation of dendritic cells from bone marrow supplemented with GM-CSF is a well-defined protocol but it promotes the differentiation of three cell types: granulocytes, macrophages, and dendritic cells [START_REF] Helft | GM-CSF Mouse Bone Marrow Cultures Comprise a Heterogeneous Population of CD11c (+)MHCII (+) Macrophages and Dendritic Cells[END_REF] but they can separated during the cell culture based in their adhesion. Granulocytes are eliminated during the culture since they are non-adherent, whereas, macrophages are much more adherent than the other two cell types and stick to the bottom of the plate and thus we recover the semi-adherent dendritic cells at the last day of culture.

-Dendritic cells maturation:

When using mature cells (mainly as a positive control for maturation profile of dendritic cells): Day 10 cells (which are immature when we recover them), are stimulated with 100 ng/ml of lipopolysaccharide

Constructs:

pTRIP-SFFV-EGFP-NLS (NLS-GFP hereafter) was generated introducing the SV40 NLS sequence (PKKKRKVEDP) by overlapping PCR at the C-terminal of GFP in pTRIP-SFFV were from the lab of N.Manel (Matthew Raab 2016).

Lentivirus transduction:

Transduced dendritic cells were obtained by transfection of BMDCs from C57BL/6 mice were 1million cells/2ml medium were plated. At day 4, 40ml of fresh pTRIP-SFFV-GFP-NLS lentivector supernatant were loaded in Ultra-Clear Centrifuge tubes (Beckman Coulter) and ultracentrifuged at 100,000g in a SW32 rotor (Beckman coulter) for 90 minutes at 4°C and re-suspended in 400µl of in DC medium.

200µl of ultracentrifuged virus were used to infect one well of cells in presence of 8µg/ml of Protamine.

Cells were then left for 48h, then washed to remove the viral particles and left in new medium till day 10 of culture.

Drugs and Reagents

For live imaging experiments I used Hoechst33342 from Thermo fischer (R37605) to mark the DNA.

For drug treatments I used: AACOCF3 (selective phospholipase A2 inhibitor, Tocris #1462-5), CK666(selective Arp2/3 inhibitor, Tocris #3950), BI605906 (selective IKKβ inhibitor #53001).

Immunofluorescence microscopy

The staining was done directly on the confinement plate to not affect the expression of the receptors of interest. After removing the confinement led, samples were fixed directly with 4% paraformaldehyde for half an hour, permeabilized with 0.2% Triton X-100, and then incubated overnight with the primary antibodies at 4°. The next day, samples were washed with PBS and incubated with the corresponding secondary antibodies for one hour, then washed three times with PBS and kept with 2ml of PBS until the imaging is done. Imaging was done using confocal microscope (Leica DMi8, SP8 scanning head unit) with 40x (NA 1.3) oil objective with a resolution of 1024x1024 pixels. The following primary antibodies were used for the IF staining: anti-CCR7 (abcam #ab32527), anti-laminA/C (Sigma #SAB4200236), anti-cPLA2 (abcam #ab58375), anti-NF-κB (cell signalling #mAB 8242), Alexa Fluorcoupled Phalloidin (Invitrogen).

Transfection and SiRNA oligonucleotides

Bone marrow derived dendritic cells at day 7 (3x10 6 ) were transfected with 100μl of the Amaxa solution (Lonza) containing siRNA (control or target-specific) following the manufacturer's protocol. Cells were further cultured for 48-72 hours. At the day of the experiment wells were detached with medium, some cells were collected to check the efficacy of the Si step by either western blot or RT-qPCR protocols.

The following SMARTpool siRNAs were used: SMARTpool: ON-TARGETplus PLA2G4A siRNA 

Remarques finales

In conclusion, in this work we addressed the unexplored question of how dendritic cells adapt to mechanical stimulation imposed by their extracellular microenvironment in order to efficiently migrate and modify their immune surveillance properties, accordingly. We propose that nuclear mechanical confinement of immature dendritic cells consists one of the environmental signal(s) that lead(s) to upregulation of CCR7 expression and thus induces dendritic cell's homeostatic migration to lymph nodes. We further show that the mechanosensitivity of dendritic cells is tuned by Arp2/3-dependent actin nucleation, which mediates the effect of physical confinement on homeostatic activation of the lipid metabolism enzyme, cPLA2, and downstream effectors IκκB-NF-κB. The short-term effect of cPLA2 activation allows dendritic cell acceleration by enhancing actomyosin contractility whereas its long-term effect allows the expression of the CCR7 chemokine receptor, both events being required for homeostatic dendritic cell migration to lymph nodes. Tolerance maintenance by dendritic cells having migrated to lymph nodes at steady state is further facilitated by the fact that cPLA2 activation limits the induction of co-stimulatory molecules at the surface of dendritic cells and promotes the secretion of immunosuppressive molecules such as PGEs and the cytokine IL10. 

ABSTRACT

MOTS CLÉS

Cellules dendritiques, cPLA2, CCR7, NFKB, migration homéostatique, stimulation mécanique RÉSUMÉ Les cellules dendritiques (CD) se situent à l'interface des réponses immunitaires innées et adaptatives. Les CD immatures patrouillent les tissus à la recherche d'antigène associé au danger. Lorsqu'ils rencontrent des signaux, ils lancent un programme de maturation et migrent vers le ganglion lymphatique pour mettre en place une réponse immunitaire adaptative. Cette migration est fortement dépendante du récepteur de chimiokine7 (CCR7) régulé positivement lors de la maturation. Cependant, en l'absence de tout signal de danger, certains CD régulent le CCR7, quittent les tissus périphériques et migrent vers les ganglions lymphatiques. Le mécanisme à l'origine de cette migration spontanée est inconnu, un seul article décrivant l'implication de la voie NF-KB. Nous avons émis l'hypothèse que la stimulation mécanique résultant du confinement des CD dans les tissus périphériques pourrait induire leur migration homéostatique vers les ganglions lymphatiques. En effet, nous avons montré que les CD subissent des déformations nucléaires lors de leur migration dans des zones confinées, et nous avons trouvé que ces événements pourraient induire l'expression de CCR7 dans ces cellules et leur donner le pouvoir de migrer vers les ganglions lymphatiques. Nous avons étudié l'effet du confinement sur des expressions de CCR7 dans des cellules dendritiques dérivées de la moelle osseuse et confinées dans un confiner in vitro. En utilisant l'imagerie microscopie, nous avons pu détecter une régulation positive de CCR7 dans les CD immatures migrant dans une espace confinée (hauteur 3 µm) ainsi qu'une vitesse de migration accrue. Cela n'a pas été observé dans les CD immatures confinés à une hauteur de 4um, ce qui n'induit pas de compression nucléaire, ni dans les cellules confinées à une hauteur de 2µm, ce qui induit une rupture de l'enveloppe nucléaire. Nous avons constaté que la présence d'un Arp2/3 actine branché autour du noyau des cellules confinées à 3 µm de hauteur est importante pour induire la déformation nucléaire et l'activation de la voie cPLA2 qui finalement active la voie NFKB et contrôle la migration homéostatique des cellules dendritiques in vivo. Nos résultats suggèrent que la migration des CD vers les organes lymphoïdes pourrait résulter du confinement mécanique de leur noyau.