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THESIS SUMMARY

Our laboratory has demonstrated that the interferon gamma receptor (IFN-R) partition into specific lipid nanodomains is essential for activation of the downstream JAK/STAT pathway.

Short and dynamic actin filaments, namely "actin asters", driven by Myosin ll have been proposed to regulate the formation of lipid nanodomains and the activation of receptors at the plasma membrane such as integrins and B cell receptor. However, the role of the different actin nucleators and elongation factors in this process is still not understood. Here, we investigated the role of actin dynamics in IFN-R membrane partitioning and function in human fibroblasts. Among several actin-related inhibitors, only pre-treatment with SMIFH2, a specific formin inhibitor, impaired the activation of the JAK/STAT signaling pathway. Based on RNAi screening, we identified DIAPH3/Dia2, a member of the formin family, as a specific regulator of IFN- stimulated JAK/STAT signaling. To further characterize the role of Dia2 in JAK/STAT activation, we monitored the diffusion behavior of the IFN-R2 subunit at the plasma membrane by spot-variation fluorescence correlation spectroscopy (svFCS). Upon SMIFH2 treatment or Dia2 depletion, we observed a drastic change of IFN-R2 diffusion suggesting a role for Dia2 in the nano-partitioning of IFN-R at the plasma membrane. We also showed that Dia2 depletion downregulates the amount of cholesterol-associated sphingomyelin (SM/Chol) at the plasma membrane and its nanoclustering using spinningdisk and single molecule localization microscopy, respectively. Furthermore, we identified RhoA as a major upstream regulator of Dia2, controlling IFN-R function. Finally, we demonstrated that Dia2 is necessary for programmed death-ligand 1 (PD-L1) cell expression and localization at the plasma membrane. We next observed that IFN- stimulation can also induce a solid activation of RhoA, followed by F-actin polymerization and formation of an actin meshwork that requires Dia2 and Myosin ll. This mechanism downstream of IFN-R activation by IFN- could potentially act as a positive feedback loop for JAK/STAT signaling. Altogether, our data implicate for the first time the RhoA-Dia2 axis as a major regulator of IFN- induced JAK/STAT signaling. Dia2 can probably govern the formation of SM/Chol nanodomains that are required for proper IFN-R nano-partitioning and function at the plasma membrane.

RÉSUMÉ DE LA THÈSE

Notre laboratoire a montré que le récepteur de l'interféron gamma (IFN-R) s'associe à des nanodomaines lipidiques spécifiques et essentiels à l'activation de la voie de signalisation JAK/STAT. Il a été proposé que des filaments courts et dynamiques d'actine, appelés " asters d'actine ", associés à la Myosine II, régulent la formation des nanodomaines lipidiques et l'activation des récepteurs de la membrane plasmique, tels que les intégrines et le récepteur des lymphocytes B. Cependant, le rôle des différents nucléateurs d'actine et de ces facteurs d'élongation dans ce processus n'est toujours pas compris. Nous avons étudié ici le rôle de la dynamique de l'actine dans le partitionnement membranaire et la fonction de l'IFN-R dans les fibroblastes humains. Parmi plusieurs inhibiteurs liés à l'actine, seul le prétraitement avec SMIFH2, un inhibiteur spécifique des formines, a inhibé l'activation de la voie de signalisation JAK/STAT. Grâce à un criblage ARNi, nous avons identifié DIAPH3/Dia2, un membre de la famille des formines, comme un régulateur spécifique de la signalisation JAK/STAT stimulée par l'IFN-. Pour caractériser davantage le rôle de Dia2 dans l'activation de JAK/STAT, nous avons suivi le comportement de diffusion de la sous-unité IFN-R2 à la membrane plasmique par spectroscopie de corrélation de fluorescence par variation du volume d'observation (svFCS). Lors du traitement par SMIFH2 ou de la déplétion de Dia2, nous avons observé un changement drastique de la diffusion de l'IFN-R2, suggérant un rôle de Dia2 dans la nano-partition de l'IFN-R à la membrane plasmique. Nous avons également montré que la déplétion de Dia2 diminue la quantité de sphingomyéline associée au cholestérol (SM/Chol) au niveau de la membrane plasmique et son nanoclustering en utilisant respectivement la microscopie à spinning disk et la microscopie de localisation de molécule unique. De plus, nous avons identifié RhoA comme un régulateur majeur en amont de Dia2, contrôlant la fonction d'IFN-Rs. Enfin, nous avons démontré que Dia2 est nécessaire à l'expression et à la localisation des cellules de programmed death-ligand 1 (PD-L1) à la membrane plasmique. Nous ensuite observé que la stimulation de l'IFN- peut également induire une activation rapide de RhoA, suivie d'une polymérisation d'actine et de The JAK/STAT signaling pathway

Introduction on the different cytokine families

Cytokines are secreted glycoproteins that act as intercellular messengers and induce many cellular events such as proliferation, differentiation, growth, or apoptosis of their target cells.

The term "cytokine" is composed of the Greek words κύτος and κίνησις (cell and movement)

and corresponds to their ability to mobilise cells to sites of infection and inflammation.

Cytokines Type I interferon receptors are heterodimers composed of IFN-R1 and IFN-R2. A large number of type I interferon cytokines are present in mammals, including IFN- (which has at least 13 different isoforms of its own), IFN-, IFN-, IFN- and IFN- [START_REF] Ivashkiv | Regulation of type i interferon responses[END_REF]. Remarkably, although each type I interferon leads to different downstream consequences, structural studies have shown that each ligand binds to the receptor at the same location; however, the stability of the synthetic complexes differs [START_REF] Thomas | Structural linkage between ligand discrimination and receptor activation by Type i interferons[END_REF]. Thus, the half-life of the cytokine/receptor complex appears to determine the receptor and -3 (IL-28B) receptor [START_REF] Wack | Guarding the frontiers: The biology of type III interferons[END_REF]. This type III receptor consists of two chains, IL-28R and IL-10R-, the latter of which is shared with the IL-10 family of receptors.

the IL-10 family of receptors binds to its ligands such as IL-10, IL-19, IL-20, IL-22, IL-24 and IL-26 [START_REF] Tsou | Apoptosis signalregulating kinase 1 is mediated in TNF-α-induced CCL2 expression in human synovial fibroblasts[END_REF][START_REF] Morris | The molecular details of cytokine signaling via the JAK/STAT pathway[END_REF] (Figure 3). IFN- is a type II interferon that is primarily produced by cells of the immune system, including innate-like lymphocyte populations, such as natural killer (NK) cells, innate lymphoid cells (ILCs), and adaptive immune cells such as T helper 1 (TH1) cells and CD8 + cytotoxic T lymphocytes (CTLs) (Ivashkiv, 2018). IFN- signaling plays a key role in innate immunity against mycobacteria. Following infection with Mycobacterium, Pattern

Recognition Receptors (PRR) on Antigen-Presenting Cells (APCs) recognize various

Mycobacterium molecules and then begin to produce IL-23 (consisting of IL-12p40 and IL-23p19) and IL-18 [START_REF] Verreck | Human IL-23producing type 1 macrophages promote but IL-10-producing type 2 macrophages subvert immunity to (myco)bacteria[END_REF]. IL-23 and IL-18 bind to their respective receptors on NK cells, activating IFN- production [START_REF] Van De Wetering | IL-23 modulates CD56+/CD3-NK Cell and CD56+/CD3+ NK-like T Cell function differentially from IL-12[END_REF]. IFN- then binds to its receptor Over time, the cellular IFN- response evolves by affecting the expression and function of various enzymes and metabolic, chromatin and transcriptional regulators, thereby inducing a reprogrammed cellular state characterized not only by its gene expression profile but also by altered responsiveness to environmental challenges [START_REF] Gurjar | Leishmania intercepts IFN-γR signaling at multiple levels in macrophages[END_REF] (Figure 5). 1.5 The structure of IFN-R complex Three decades ago, Walter and colleagues first resolved the structure of an IFN- crystal structure bound to a high-affinity extracellular fragment of the IFN-R1 subunit [START_REF] Walter | Crystal structure of a complex between interferon-γ and its soluble high-affinity receptor[END_REF]. In the complex, an IFN- homodimer binds two copies of individual IFN-R1 with sub nanomolar affinity. Unlike the class 1 growth hormone receptor complex, the two copies of the IFN-R1 subunit do not interact with each other and are separated by 27 Å [START_REF] Walter | Crystal structure of a complex between interferon-γ and its soluble high-affinity receptor[END_REF]. Recently, the first crystal structure of the extracellular moiety of IFN-R hexamer complex (IFN- ligand: IFN-R1: IFN-R2, 2:2:2) was described at a resolution of 

Regulation of the cell surface expression of IFN-R subunits

The cell surface expression levels of IFN-R is critical for its activation and functions (Xu et al., 2018). The amount of receptors available at the cell surface is controlled by a series of dynamic processes including delivery of de novo synthesis, endocytosis, recycling, and degradation. IFN-R1 is widely expressed on all nucleated cells and expression level is ubiquitous [START_REF] Valente | Distribution of interferon-γ receptor in human tissues[END_REF], whereas that of IFN-R2 is finely tuned by many factors that will determine the outcome of the IFN--induced JAK/STAT dependent responses [START_REF] Regis | IFNγR2 trafficking tunes IFNγ-STAT1 signaling in T lymphocytes[END_REF]. IFN-R2 is differentially expressed among the immune cells, highly expressed in B and myeloid cells but barely expressed or absent in T cells (Bernabei et al., 2001) (Figure 7). Downregulation of IFN-R2 is a negative mechanism to limit the response to IFN- stimulation and was observed in particular to tune down its apoptotic effects on cells [START_REF] Bogdanov | Physico-chemical methods for the characterisation of unifloral honeys: a review[END_REF][START_REF] Coutinho | Thymic commitment of regulatory T cells is a pathway of TCR-dependent selection that isolates repertoires undergoing positive or negative selection[END_REF]. Recently, Xu and colleagues found that there are less surface IFN-R2 in macrophages upon Listeria monocytogenes infection in Eselectin deficient mice (endothelial selectins are members of a family of cell adhesion molecules induced on vascular endothelial cells during inflammation) (Xu et al., 2018).

Burton Tyrosine Kinase (BTK) elicited by extrinsic E-selectin engagement phosphorylates cytoplasmic IFN-R2, facilitating EF-hand domain-containing protein D2 (EFHD2) binding and promoting IFN-R2 trafficking from the Golgi complex to the cell plasma membrane. These results demonstrate that membrane translocation of cytoplasmic IFN-R2 is required to activate macrophage innate response against intracellular bacterial infection. Moreover, IFN- itself induces the decrease of surface IFN-R1 in myeloid cells, at the gene expression level, altering their sensitivity to IFN- and therefore blunting the normal activation of STAT1 and STAT3. Thus, it was proposed that this control of macrophage IFN-R1 abundance likely permits the fine tuning of macrophage activation and inflammation [START_REF] Crisler | Ligand-induced IFNGR1 down-regulation calibrates myeloid cell IFNγ responsiveness[END_REF].

During infection by Mycobacterium tuberculosis (M. tb), IFN-R1 and IFN-R2 protein expression are downregulated in macrophages and peripheral blood mononuclear cells (PBMC) of patients with active tuberculosis disease [START_REF] Kak | Regulation of Interferon-γreceptor (IFN-γR) expression in macrophages during Mycobacterium tuberculosis infection[END_REF]. Then infected macrophages are refractory to the protective effects of IFN-, although it is highly secreted.

This observation led to an important explanation for M. tb's ability to successfully evade host immunity. This study illustrates perfectly how assembly and membrane expression level of cytokine receptors at the cell surface is essential for proper innate activation and cytokine signaling (Xu et al., 2018). Since the original discovery of the regulation of Epidermal Growth Factor Receptor (EGFR)

signaling by clathrin-mediated endocytosis [START_REF] Vieira | Control of EGF receptor signaling by clathrinmediated endocytosis[END_REF], it is now well established that the activation of intracellular signaling pathways by numerous receptors can be directly regulated by receptor endocytosis and endosomal sorting (Blouin & Lamaze, 2013). Whereas our laboratory has demonstrated this is true for type I IFN receptors, endocytosis is not necessary for IFN- to trigger JAK/STAT signaling after binding to IFN-R [START_REF] Marchetti | Stat-mediated signaling induced by type I and type II interferons (IFNs) is differentially controlled through lipid microdomain association and clathrindependent endocytosis of IFN receptors[END_REF]Blouin et al., 2016). However IFN-R endocytosis can still regulate its function by controlling the amount of receptors available for ligand at the cell surface.

Recently, Singh and colleagues have shown that a ubiquitin ligase FBXW7 is involve in proteasomal degradation of IFN-R1 in mouse triple-negative breast cancer (TNBC) (Singh et al., 2020). Interestingly, dysfunction of FBXW7 activates intrinsic IFN- signalling, promoting tumour progression which supports the hypothesis for ligand-induced endocytosis in the pathophysiological environment of tumors. Similarly, to IFN-R1, an YRGL motif is present on position 273-276 and a LI doublet is found on position 255-256 of IFN-R2 [START_REF] Farrar | Identification of a functionally important sequence in the C terminus of the interferon-γ receptor[END_REF][START_REF] Rigamonti | Surface Expression of the IFN-γR2 Chain Is Regulated by Intracellular Trafficking in Human T Lymphocytes[END_REF][START_REF] Rosenzweig | Characterization of a Dipeptide Motif Regulating IFN-γ Receptor 2 Plasma Membrane Accumulation and IFN-γ Responsiveness[END_REF]Blouin & Lamaze, 2013). The deletion of these motifs impairs the internalization of IFN- and IFN-R2 [START_REF] Boselli | Expression of IFNγR2 mutated in a dileucine internalization motif reinstates IFNγ signaling and apoptosis in human T lymphocytes[END_REF]. Although there is strong evidence that IFN-R is internalized by clathrin-coated pits (CCPs) [START_REF] Marchetti | Stat-mediated signaling induced by type I and type II interferons (IFNs) is differentially controlled through lipid microdomain association and clathrindependent endocytosis of IFN receptors[END_REF], other mechanisms for cell entry cannot be excluded. Two decades ago, Sadir and his colleagues showed that IFN- and IFN-R is localized in both CCPs and caveolae by electron microscopy, suggesting caveolae may also endocytose IFN-R [START_REF] Sadir | Caveolae and clathrin-coated vesicles: Two possible internalization pathways for IFN-gamma and IFN-gamma receptor[END_REF]. Besides that, IFN-R can also be endocytosed through other actin-driven endocytosis, since specific antibody bound to IFN-R1 subunit induces capping and actin colocalization [START_REF] Cruz | Surface redistribution of interferon γreceptor and its colocalization with the actin cytoskeleton[END_REF]. Using Detergent Resistant Membranes (DRMs) isolation, our group and others have described that IFN-R1 and IFN-R2 are associated with cholesteroland sphingolipid-rich regions of the cell surface [START_REF] Subramaniam | Lipid Microdomains Are Required Sites for the Selective Endocytosis and Nuclear Translocation of IFN-γ, Its Receptor Chain IFN-γ Receptor-1, and the Phosphorylation and Nuclear Translocation of STAT1α[END_REF][START_REF] Marchetti | Stat-mediated signaling induced by type I and type II interferons (IFNs) is differentially controlled through lipid microdomain association and clathrindependent endocytosis of IFN receptors[END_REF]. One cannot exclude that these specific membrane lipids may represent another pathway for IFN-R to enter the cell as they can participate to clathrin-independent endocytic routes (Lamaze et al., 2001;[START_REF] Marchetti | Stat-mediated signaling induced by type I and type II interferons (IFNs) is differentially controlled through lipid microdomain association and clathrindependent endocytosis of IFN receptors[END_REF]Blouin & Lamaze, 2013;[START_REF] Green | Current prospects of type II interferon γ signaling & autoimmunity[END_REF][START_REF] Sandvig | Clathrin-independent endocytosis: an increasing degree of complexity[END_REF] (Figure 8). Considering the limitations of DRMs techniques to study lipid rafts in living cells, since they are usually proned to artefacts, one still needs a more advanced and reliable techniques to correctly decipher the role of lipid rafts in IFN-R signaling.

1.8 The dual face of IFN- signaling in tumor progression 

The IFN- as an anti-tumor agent

Anti-tumor effects mediated by IFN- depend on multiple processes. For example, IFN- can inhibit the proliferation (Bromberg et al., 1996;Chin et al., 1996) and promote the apoptosis of tumor cells by upregulating caspases and downregulating SLC7A11 and SLC3A2, an amino acid transporter system [START_REF] Fulda | IFNγ sensitizes for apoptosis by upregulating caspase-8 expression through the Stat1 pathway[END_REF][START_REF] Takeda | Critical role for tumor necrosis factor-related apoptosis-inducing ligand in immune surveillance against tumor development[END_REF]Liu et al., 2011).

Importantly, IFN- can also be involved in the inhibition of angiogenesis, impairing the proliferation and survival of endothelial cells, inducing ischemia in the tumor stroma like downregulation of Vascular Endothelial Growth Factor A (VEGF-A) would do [START_REF] Beatty | IFN-γ-Dependent Inhibition of Tumor Angiogenesis by Tumor-Infiltrating CD4 + T Cells Requires Tumor Responsiveness to IFN-γ[END_REF][START_REF] Hayakawa | IFN-γ-mediated inhibition of tumor angiogenesis by natural killer T-cell ligand, α-galactosylceramide[END_REF][START_REF] Kammertoens | Tumour ischaemia by interferon-γ resembles physiological blood vessel regression[END_REF]. In particular, the engagement of the IFN-R endothelial cells results in blood vessel destruction, necroptosis and ferroptosis, which leads to the arrest of blood flow and subsequent collapse of tumors [START_REF] Zhang | Interferon alpha inhibits hepatocellular carcinoma growth through inducing apoptosis and interfering with adhesion of tumor endothelial cells[END_REF][START_REF] Gordon-Alonso | Galectin-3 captures interferon-gamma in the tumor matrix reducing chemokine gradient production and T-cell tumor infiltration[END_REF][START_REF] Jorgovanovic | Roles of IFN-γin tumor progression and regression: A review[END_REF]. Moreover, IFN- is critical for the infiltration of NK cells into the tumor [START_REF] Groom | CXCR3 ligands: Redundant, collaborative and antagonistic functions[END_REF][START_REF] Melero | T-cell and NK-cell infiltration into solid tumors: A key limiting factor for efficacious cancer immunotherapy[END_REF][START_REF] Da Silva | Dipeptidylpeptidase 4 inhibition enhances lymphocyte trafficking, improving both naturally occurring tumor immunity and immunotherapy[END_REF]), macrophages activation [START_REF] Cardoso | An interferon-γ-delivery system based on chitosan/poly(γ-glutamic acid) polyelectrolyte complexes modulates macrophagederived stimulation of cancer cell invasion in vitro[END_REF], IL-12 production (L. [START_REF] Zhang | Improving adoptive T cell therapy by targeting and controlling IL-12 expression to the tumor environment[END_REF]. Overall, the versatility of IFN- and its fine-tuned biological effects lead to tumor rejection (Castro et al., 2018) (Figure 9).

Pro-tumorigenic effects of IFN- stimulation

Despite extensive evidence showing for years that IFN- has a bright side in anti-tumor immunity and can inhibit tumor growth [START_REF] Young | Role of interferon-γ in immune cell regulation[END_REF][START_REF] Martini | IFN-γ-mediated upmodulation of MHC class I expression activates tumor-specific immune response in a mouse model of prostate cancer[END_REF][START_REF] Vigneron | Human Tumor Antigens and Cancer Immunotherapy[END_REF], recent reports suggested that it may also play a pro-tumorigenic role. This dark "protumor" side of IFN- covers from contribution to tumor metastasis to immune escape. In particular, IFN- can contribute to the formation of a metastatic niche by transforming cancer stem cells to metastatic cancer stem cells through the induction of the chemokine receptor CXCR4 which enhances their migratory and invasive potential (Chen et al., 2011).

The transcription factors upregulation of epithelial-mesenchymal transition (EMT) has also been observed in prostate cancer cells after IFN- stimulation (Zheng et al., 2022). In parallel, the IFN- produced by T cells is able to block tumor cells cancer immuno-editing by downregulating the major histocompatibility complexes (MHCs) and upregulating indoleamine 2,3-dioxygenase (IDO) and programmed cell-death ligand 1 (PD-L1), parts of the checkpoint inhibitors [START_REF] Ribas | Adaptive immune resistance: How cancer protects from immune attack[END_REF]Mojic et al., 2018;Lei et al., 2020). This escape mechanism could explain why clinical trials with IFN--based therapies have had limited success. The anti-PD-1/PD-L1 immunotherapy, for which Prof. Tasuku Honjo was awarded Nobel Prize in 2018, has been trialled in a broad range of malignancies and achieved clinical success. But the cancers of many patients are still resistant to this blockade strategy and overcoming this limitation remains a significant challenge. Despite high tumor mutational burden (TMB) being often considered as a marker of responsiveness to anti-PD-1/PD-L1 therapy, studies have revealed that the resistance of PD1/PD-L1 blockade in some high-mutated tumors could probably be attributed to mutations in JAK1 and JAK2 (JAK1/2) [START_REF] Shin | Primary resistance to PD-1 blockade mediated by JAK1/2 mutations[END_REF]. In fact, JAK1/2 mutations disrupt the IFN- signaling transduction and leads to the lack of PD-L1 expression even in the presence of IFN-, making useless the inhibition PD-1/PD-L1 interaction in patients receiving immunotherapy (Lei et al., 2020). Meanwhile, the JAK1/2 mutations downregulate the expression of chemokines (e.g., CXCL9, CXCL10, and CXCL11), which in turn limit the infiltration of T-cells (Kursunel & Esendagli, 2016;[START_REF] Kursunel | Corrigendum to "The untold story of IFN-γ in cancer biology[END_REF][START_REF] Shin | Primary resistance to PD-1 blockade mediated by JAK1/2 mutations[END_REF]. Therefore, considerable research work remains to be done to understand the highly complex regulatory role of IFN- in the tumour microenvironment and how it can be used for therapeutical applications to dampen tumor growth (Castro et al., 2018;Lei et al., 2020) (Figure 10). Macrophage Activation Syndrome (MAS) [START_REF] Mehta | COVID-19: consider cytokine storm syndromes and immunosuppression[END_REF][START_REF] Akram | A tale of bleeding and clotting: DIC in COVID-19[END_REF]. Covid-19 patients were found with higher level cytokines, including IL-2, IL-6, IL-7, IL-10, granulocytecolony stimulating factor (G-CSF), IFN-, and TNF-, similar to the pathogenesis of severe acute respiratory syndrome (SARS) and the Middle East Respiratory Syndrome (MERS) [START_REF] Arsoy | Current Therapeutic Interventions for COVID-19[END_REF][START_REF] Kam | Systematic analysis of disease-specific immunological signatures in patients with febrile illness from Saudi Arabia[END_REF]. A therapeutic strategy is then to block the receptor associated JAK kinases that are commonly activated by the different cytokines released during CRS. There are several JAK inhibitors currently approved by the U.S. Food and Drug Administration (US FDA) and European Medicine Agency (EMA) that are in use for the treatment of many inflammation-driven pathologies such as inflammatory bowel disease, Rheumatoid Arthritis (RA), and psoriasis [START_REF] Schwartz | Type I/II cytokines, JAKs, and new strategies for treating autoimmune diseases[END_REF]. These include JAK1

inhibitor upadacitinib [START_REF] Westhovens | Filgotinib (GLPG0634/GS-6034), an oral JAK1 selective inhibitor, is effective in combination with methotrexate (MTX) in patients with active rheumatoid arthritis and insufficient response to MTX: Results from a randomised, dose-finding study (DARWIN 1)[END_REF][START_REF] Tanaka | Efficacy and safety of peficitinib (ASP015K) in patients with rheumatoid arthritis and an inadequate response to conventional DMARDs: A randomised, double-blind, placebo-controlled phase III trial (RAJ3)[END_REF], JAK2 inhibitor Fedratinib [START_REF] Caruso | Fedratinib becomes new option in myelofibrosis[END_REF], and non-selective JAKs inhibitors: Ruxolitinib [START_REF] Mascarenhas | Ruxolitinib: The first FDA approved therapy for the treatment of myelofibrosis[END_REF], Baricitinib [START_REF] Mullard | FDA approves Eli Lilly's baricitinib[END_REF], tofacitinib [START_REF] Traynor | FDA approves tofacitinib for rheumatoid arthritis[END_REF] and oclacitinib [START_REF] Damsky | JAK inhibitors in dermatology: The promise of a new drug class[END_REF]) (Figure 11). Interestingly, Ruxolitinib treatment had a faster clinical improvement and a favourable safety with Covid-19 patients (Cao et al., 2020). Moreover, Boricitinib recently highlighted the potential positive role in the management of covid-19 patients [START_REF] Islam | A Perspective on Emerging Therapeutic Interventions for COVID-19[END_REF].

Despite potential therapeutic benefits, these drugs are lacking specificity. Among all the highly secreted cytokines released during CRS, IFN- is now thought to be central in the disease. Therefore, Emapamulab, the only anti-IFN- monoclonal antibody available, is currently tested against severe covid-19 disease [START_REF] Cure | Can emapalumab be life saving for refractory, recurrent, and progressive cytokine storm caused by COVID-19, which is resistant to anakinra, tocilizumab, and Janus kinase inhibitors[END_REF] (Figure 11).

Chapter 2

The lipid nanodomains or "rafts"

Lipids of the plasma membrane (PM)

A simple definition of a lipid is based on its solubility: a lipid is soluble in organic solvents and insoluble in water. In theory, there are around 180,000 different lipid species [START_REF] Shevchenko | Lipidomics: Coming to grips with lipid diversity[END_REF][START_REF] Wenk | Lipidomics: New tools and applications[END_REF] that belong to eight different categories:

glycerophospholipids, sterol lipids, sphingolipids, fatty acyls, glycerolipids, prenol lipids, saccharolipids, and polyketides based on their chemical structure (Brügger, 2014). In mammalian cells, the major lipid species are glycerophospholipids, sphingolipids and sterol lipids [START_REF] Wu | Regulation of T cell signalling by membrane lipids[END_REF] (Figure 12A). Glycerophospholipids are the most abundant lipid species and contain subfamilies depending on their hydrophilic head group on the sn-3 position (Figure 12A) of the glycerol backbone: phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG), phosphatidylinositol (PI) or unmodified phosphatidic acid.

Figure 12. The nature of the different PM lipids. From [START_REF] Wu | Regulation of T cell signalling by membrane lipids[END_REF] Sphingosine is amide-linked with a fatty acid to form ceramide that can be further modified by different head groups such as PC for sphingomyelin (SM), glucose or galactose for glycosphingolipids (GSLs). SM and GSLs are the major species of mammalian sphingolipids.

Contrary to glycerophospholipids and sphingolipids, sterols, of which cholesterol (Chol) is the most found in mammalian cells, are small, rigid, and fully hydrophobic. Different lipids together are organized in a conserved circular network called co-regulation of lipids network [START_REF] Köberlin | A Conserved Circular Network of Coregulated Lipids Modulates Innate Immune Responses[END_REF] (Figure 12B). Lipids are not homogeneously distributed at the PM since the inner and outer membrane leaflets present an asymmetrical lipid distribution.

Sphingolipids and Chol are more abundant in the outer layer of the PM with PC. In contrast, the acidic glycerophospholipids such as PI, PS, and PE are enriched in the inner side of the PM [START_REF] Wu | Regulation of T cell signalling by membrane lipids[END_REF] (Figure 12C). A recent study on human red blood cells using mass spectrometry (MS) was able to give a better and quantitative description of this asymmetry [START_REF] Lorent | Plasma membranes are asymmetric in lipid unsaturation, packing and protein shape[END_REF]. Whereas lipid asymmetry has been known for long and mainly associated with cell death when lost, there are still a lot of its features (regulation, functions and physiological implications) that need to be studied and better characterized [START_REF] Clarke | Physiological roles of transverse lipid asymmetry of animal membranes[END_REF][START_REF] Doktorova | Structural and functional consequences of reversible lipid asymmetry in living membranes[END_REF]. In addition, the above-mentioned lipids and even ceramides can generally be separated laterally into different nanodomains at the PM and form what have been called for years "lipid rafts".

2.2

The particular case of SM biosynthesis and export to the PM Ceramides are central for the metabolism of sphingolipids, including SM, GSL and sphingosine 1-phosphate (S1P), which is synthesized from fatty acids bound to sphingosine (Sph) on their amino groups. Ceramides are produced via de novo synthesis through the condensation of serine and palmitoyl-CoA by serine palmitoyl transferase (SPT) or with a salvage pathway at the endoplasmic reticulum. They are then transported to the Golgi apparatus by the ceramide transfer protein (CERT). In this compartment, SM is generated by sphingomyelin synthase SMS1 and SMS2, and glucosylceramide (GlcCer) is produced by GlcCer synthase (GCS) (Figure 13C). SM is next transported to the PM and form the SM-rich microdomain (Figure 13A). At the PM, SM can be hydrolyzed into ceramide by neutral SMase (nSMase), which works as ceramide-rich platform or a bioactive lipid to regulate cellular signaling [START_REF] Taniguchi | Ceramide/sphingomyelin rheostat regulated by sphingomyelin synthases and chronic diseases in murine models[END_REF]. In parallel, SM is also synthetized from ceramide by SMS2 at the PM (Figure 13B). In addition, lysosomal ceramide is also generated from SM by lysosomal acid SMase (L-aSMase), that could be further used for SM generation elsewhere in the cell [START_REF] Taniguchi | Role of ceramide/sphingomyelin (SM) balance regulated through "SM cycle" in cancer[END_REF]) 2.3 A brief history of the "lipid rafts"

The fluid mosaic model was proposed five decades ago by Singer and Nicolson together to explain the cell membrane organization, in which proteins and lipids form the cell membrane bilayers [START_REF] Singer | THE FLUID MOSAIC MODEL OF THE STRUCTURE OF CELL MEMBRANES Reprinted with permission from Science[END_REF][START_REF] Nicolson | Update of the 1972 Singer-Nicolson Fluid-Mosaic Model of Membrane Structure[END_REF]. These results sparked the idea that distinct membrane sub-compartments are present in biological membranes. Thus, the concept of "lipid rafts" was proposed to explain the heterogeneous organisation of PM components [START_REF] Simons | Functional rafts in cell membranes[END_REF] observed during liquid-liquid phase separation (Simons & Vaz, 2004) or the formation of local signaling platforms (Lingwood & Simons, 2010).

The concept of lipid raft controversy arose from the fact that no direct picture of such domains in living unperturbed cells at the nanoscale exists. Meanwhile, this concept was controversial since the only available methods to study the lipid rafts were limited to detergent-based biochemical separations, which undoubtedly brought a wealth of new information but also tended to produce artefacts. To try to address this lack of consensus, biophysicists, biochemists, and cell biologists together redefined the lipid raft model in 2006

with the following definition: the lipid rafts are heterogeneous, dynamic, and cholesterol and sphingolipid enriched membrane nanodomains (10-200 nm) that compartmentalize cellular processes (Pike, 2006). These nanoscale membrane domains also have the potential to form microscopic domains (>300 nm) upon clustering induced by protein-protein and protein-lipid interactions (Lingwood & Simons, 2010).

For the two last decades, the situation has changed dramatically regarding the study and comprehension of lipid nanodomains with the development of new optical microscopy techniques that could overcome the diffraction limit, MS based lipidomics, a variety of probes that could recognize specific lipids and receptors. These important technical improvements have led to the recent revision and enrichment of the original concept of 'lipid rafts' as highly dynamic nanoscale lipid-protein assemblies, having the capacity to regulate the spatial-temporal sorting and/or activation of membrane receptors (Pike, 2006;[START_REF] Lamaze | Receptor lipid nanodomain partitioning and signaling[END_REF]Sezgin et al., 2017) (Figure 14). Recently, the direct imaging and characterization of lipid rafts in living cells were performed with fluorescent probes bioorthogonally coupled to new lipid analogs, with Chol analog [START_REF] Lorizate | (1 of 15) Super-Resolution Microscopy Using a Bioorthogonal-Based Cholesterol Probe Provides Unprecedented Capabilities for Imaging Nanoscale Lipid Heterogeneity in Living Cells[END_REF] and SM analog [START_REF] Kinoshita | Raft-based sphingomyelin interactions revealed by new fluorescent sphingomyelin analogs[END_REF] respectively. 2.4 Mechanisms of lipid rafts regulation.

Lipid-lipid interactions.

Although the lipid raft concept still needs to be established in vivo, there are clear differences in the interaction affinities between various lipids, and these differences are sufficient to produce a heterogeneous lipid distribution in vitro [START_REF] Veatch | Separation of Liquid Phases in Giant Vesicles of Ternary Mixtures of Phospholipids and Cholesterol[END_REF][START_REF] Lingwood | Plasma membranes are poised for activation of raft phase coalescence at physiological temperature[END_REF][START_REF] Levental | Cholesterol-dependent phase separation in cell-derived giant plasma-membrane vesicles[END_REF][START_REF] Levental | Polyunsaturated lipids regulate membrane domain stability by tuning membrane order[END_REF]. In the lipid raft model, the formation of raft is driven mainly by the preferential binding of Chol to sphingolipids [START_REF] Ramstedt | Interaction of cholesterol with sphingomyelins and acylchain-matched phosphatidylcholines: A comparative study of the effect of the chain length[END_REF] and possibly other lipids such as gangliosides [START_REF] Lozano | Dynamic Reorganization and Correlation among Lipid Raft Components[END_REF] (Figure 15A). Furthermore, a variation on the role of palmitoylation in regulation of raft-like domains was recently proposed for postsynaptic density protein 95 (PSD95) [START_REF] Tulodziecka | Remodeling of the postsynaptic plasma membrane during neural development[END_REF], and membrane palmitoylated protein 1 (MPP1) [START_REF] Łach | Palmitoylation of MPP1 (Membrane-palmitoylated Protein 1)/p55 is crucial for lateral membrane organization in erythroid cells[END_REF][START_REF] Podkalicka | MPP1 as a factor regulating phase separation in giant plasma membrane-derived vesicles[END_REF] (Figure 15C). Mammalian membrane lipids contain 12-24 carbons in their hydrocarbon acyl chains; thus, there is the potential to yield drastically different hydrophobic tail lengths. To minimize the unfavourable exposure of hydrophobic tails to the aqueous environment, lipids segregate according to their acyl chain length, which can potentially introduce lateral heterogeneity [START_REF] Heberle | Bilayer thickness mismatch controls domain size in model membranes[END_REF]. Similarly, the transmembrane domain (TMD) of a membrane receptor contains in its sequence aromatic, polar, and sometimes charged amino acids whose sequences are involved in protein-protein or protein-lipid interactions. The overall hydrophobicity of the span is always hydrophobic which is required for proper embedding through the lipid membrane. Then, the hydrophobic matching between these TMDs and the surrounding membrane lipids minimizes the energetically unfavourable exposure of hydrophobic residues to aqueous environments [START_REF] Jensen | Lipids do influence protein function -The hydrophobic matching hypothesis revisited[END_REF][START_REF] Kaiser | Lateral sorting in model membranes by cholesterol-mediated hydrophobic matching[END_REF] (Figure 15D). As amphipathic molecules, lipids have polar head groups and nonpolar sidechains, and both parts can interact with proteins in diverse ways (Figure 15B). The interactions between lipid head groups and protein domains have long been studied [START_REF] Moravcevic | Conditional peripheral membrane proteins: Facing up to limited specificity[END_REF].

Conserved protein domains, such as Pleckstrin Homology (PH) domain and C2 domain in phosphatase and tensin homolog (PTEN), can interact with specific lipid head groups, Phosphatidylinositol 4,5-bisphosphate (PIP2) and PS respectively [START_REF] Maffucci | Specificity in pleckstrin homology (PH) domain membrane targeting: A role for a phosphoinositide-protein co-operative mechanism[END_REF]Corbalan-Garcia & Gómez-Fernández, 2014). These globular domains have positively charged pockets or surfaces, containing either basic residues or bound Ca 2+ cations, to interact with the negatively charged head groups of acidic glycerophospholipids such as PIP2.

In addition, non-specific ionic protein-lipid interactions can occur between protein polybasic regions and acidic glycerophospholipids. The lipid-interacting polybasic regions are often unstructured and located close to transmembrane domains or lipid-modification sites [START_REF] Li | Ionic protein-lipid interaction at the plasma membrane: What can the charge do?[END_REF].

Whole lipid interaction

In comparison to the protein interactions occurring with lipid headgroups, the structural and biochemical characterizations of the protein interactions that need the whole lipid molecule are technically challenging but reveal rather complex lipid-binding motifs. For example, a potential binding domain of ganglioside GM3 was discovered in EGFR [START_REF] Coskun | Regulation of human EGF receptor by lipids[END_REF], and a signature sequence VXXTLXXIY in the p24 protein (a group of transmembrane proteins that are major components of COPI and COPII -coated vesicles) has been reported to specifically interact with the sphingomyelin 18 (SM18) (Contreras et al., 2012). Bioinformatic analysis identified about 27 putative sphingolipid-binding motifs [START_REF] Björkholm | Identification of novel sphingolipid-binding motifs in mammalian membrane proteins[END_REF]. In the past, several Chol binding motifs have also been proposed, either linear or three dimensional: the Chol recognition amino acid consensus (CRAC) motif (H. [START_REF] Li | Peripheral-type benzodiazepine receptor function in cholesterol transport. Identification of a putative cholesterol recognition/interaction amino acid sequence and consensus pattern[END_REF], the YIYF motif [START_REF] Sever | Insig-dependent Ubiquitination and Degradation of Mammalian 3-Hydroxy-3methylglutaryl-CoA Reductase Stimulated by Sterols and Geranylgeraniol[END_REF], and the Chol consensus motif that has four spatially separated sites (R/K, W/Y, I/V/L, F/Y) [START_REF] Hanson | A Specific Cholesterol Binding Site Is Established by the 2.8 Å Structure of the Human β2-Adrenergic Receptor[END_REF]. Moreover, the reverse form of CRAC, CARC, has been introduced in the past in the neurotransmitter receptor paradigm for acetylcholine [START_REF] Di Scala | Relevance of CARC and CRAC Cholesterol-Recognition Motifs in the Nicotinic Acetylcholine Receptor and Other Membrane-Bound Receptors[END_REF]. The CARC motif exhibits a preference for the outer membrane leaflet compared to its mirror motif CRAC that is more prone to be found in the inner membrane leaflet. Some membrane proteins even have dual CARC-CRAC sequences within their same transmembrane structural domains [START_REF] Fantini | A mirror code for protein-cholesterol interactions in the two leaflets of biological membranes[END_REF]. Due to the highly relaxed motif sequence formed by both CRAC and CARC motifs, these domains are found in almost all membrane proteins. Thus, biochemical and biophysical characterizations are required to properly demonstrate the binding of Chol to a membrane protein with a potential CRAC or CARC motif. In addition, a new cholesterol binding site was recently discovered in the TMD of IFN-R2 subunit by the Contreras' group, a motif which is also found in many single and multiple-span membrane proteins especially in GPCR and channel receptors (Morana et al., 2022). More generally, we are still at an early stage of our understanding of specific protein-lipid interaction modalities. The development of new technologies, such as improved mass spectrometry methods, will probably extend our knowledge of these interactions [START_REF] Landreh | A sliding selectivity scale for lipid binding to membrane proteins[END_REF]) (Table1).

Table 1. Lipid-protein interactions. From [START_REF] Wu | Regulation of T cell signalling by membrane lipids[END_REF] Two initial studies have reported that IFN- cytokine led to a rapid and important redistribution of IFN-R complex into lipid rafts at the PM in varies cell types [START_REF] Subramaniam | Lipid Microdomains Are Required Sites for the Selective Endocytosis and Nuclear Translocation of IFN-γ, Its Receptor Chain IFN-γ Receptor-1, and the Phosphorylation and Nuclear Translocation of STAT1α[END_REF][START_REF] Marchetti | Stat-mediated signaling induced by type I and type II interferons (IFNs) is differentially controlled through lipid microdomain association and clathrindependent endocytosis of IFN receptors[END_REF]. A later work confirmed the key role of Choldependent clustering of IFN-R in IFN- biological activity (Sen et al., 2011) The cortical actin cytoskeleton (or actin cortex) has recently been shown to influence membrane organization [START_REF] Fritzsche | Actin kinetics shapes cortical network structure and mechanics[END_REF]D. v. Köster & Mayor, 2016) and determine the molecular diffusion dynamics of numerous proteins at the PM [START_REF] Goswami | Nanoclusters of GPI-Anchored Proteins Are Formed by Cortical Actin-Driven Activity[END_REF][START_REF] Mueller | STED nanoscopy reveals molecular details of cholesterol-and cytoskeleton-modulated lipid interactions in living cells[END_REF][START_REF] Honigmann | A lipid bound actin meshwork organizes liquid phase separation in model membranes[END_REF][START_REF] Saha | Diffusion of GPIanchored proteins is influenced by the activity of dynamic cortical actin[END_REF]. In fact, Mayor and Rao together proposed that Glycosylphosphatidylinositol (GPI)-Anchored Proteins (GPI-APs)

clustering is the result of dynamic self-organization of actomyosin into nanocontractile assemblies [START_REF] Goswami | Nanoclusters of GPI-Anchored Proteins Are Formed by Cortical Actin-Driven Activity[END_REF] termed 'asters' about 15 years ago (Gowrishankar et al., 2012). These short dynamic actin filaments bind to and transiently immobilize the negatively charged lipid PS in the inner membrane leaflet, possibly via specific interactions between actin and membrane adaptor proteins. This lipid species usually contains long saturated acyl chains that engage in cholesterol-mediated transbilayer interactions with long acyl chaincontaining GPI-anchored proteins located in the outer leaflet, which results in the formation of local raft-like domains (Raghupathy et al., 2015) (Figure 17). Moreover, recent live-cell experiments have shown that self-organizing cortical actin patterns such as asters generate more-ordered membrane environments in the immediate PM areas (Fritzsche et al., 2017).

Together, these actin-driven mechanisms of membrane ordering provide a consistent explanation for the dynamic properties and non-equilibrium distribution of nanoclusters such as GPI-APs, glycosphingolipids in the outer leaflet and RAS proteins (belong to a class of protein called small GTPase) in the inner leaflet of live-cell membranes (Rao & Mayor, 2014). 2.5 The physiological functions of lipid rafts.

Multiple functions for lipid rafts

Immunoglobulin E (IgE)-mediated signalling was the first signalling pathway that was shown to be associated with lipid rafts [START_REF] Field | FcεRI-mediated recruitment of p53/56(lyn) to detergent-resistant membrane domains accompanies cellular signaling[END_REF]. Since then, several studies have implicated these domains in various innate and adaptive immune responses [START_REF] Varshney | Lipid rafts in immune signalling: current progress and future perspective[END_REF], like T cell receptor [START_REF] Dinic | The T cell receptor resides in ordered plasma membrane nanodomains that aggregate upon patching of the receptor[END_REF] and B cell receptor mediated signaling [START_REF] Sproul | Cutting Edge: B Cell Antigen Receptor Signaling Occurs Outside Lipid Rafts in Immature B Cells[END_REF][START_REF] Gupta | Visualizing lipid raft dynamics and early signaling events during antigen receptor-mediated B-lymphocyte activation[END_REF][START_REF] Beck-García | Nanoclusters of the resting T cell antigen receptor (TCR) localize to non-raft domains[END_REF]. Furthermore, several other immune-associated proteins have been found in DRMs [START_REF] Wright | CD14, a receptor for complexes of lipopolysaccharide (LPS) and LPS binding protein[END_REF], which are GPI-APs, including CD14 (the receptor for bacterial lipopolysaccharides), and THY1/CD90 (which is crucial for T cell activation) [START_REF] Luger | Thy-1-Deficient Mice Impaired Cutaneous Immune Responses in[END_REF]. Furthermore, it has been shown that lipid rafts can compartmentalize cellular signaling by concentrating positive regulatory components such as kinases [START_REF] Filipp | Enrichment of Lck in Lipid Rafts Regulates Colocalized Fyn Activation and the Initiation of Proximal Signals through TCRαβ[END_REF]) (Figure 18A), together with excluding negative regulatory elements such as phosphatases [START_REF] Zhang | CD45 Signals outside of Lipid Rafts to Promote ERK Activation, Synaptic Raft Clustering, and IL-2 Production[END_REF] (Figure 18B).

Interestingly, lipid rafts were found important for host-pathogen interactions in HIV since the binding of the Gag protein of HIV has been shown to bind to lipid raft regions of host cells [START_REF] Dick | HIV-1 gag protein can sense the cholesterol and acyl chain environment in model membranes[END_REF][START_REF] Lorizate | Comparative lipidomics analysis of HIV-1 particles and their producer cell membrane in different cell lines[END_REF]. Besides viruses, bacterial toxins such as cholera and Shiga toxins, bind the cell through specifically enriched lipid domains with GM1 and Gb3 glycosphingolipids, respectively [START_REF] Farnoud | Raft-Like Membrane Domains in Pathogenic Microorganisms[END_REF] (Figure 18B). Meanwhile, cell biologists have used molecules that naturally bind to Chol, SM and GSLs and developed various probes able to bind them or insert in PM domains enriched in those lipids.

We can distinguish four groups: (1) GPI-APs [START_REF] Brown | Lipidomics: Analysis of the lipid composition of cells and Subcellular organelles by Electrospray ionization mass spectrometry[END_REF], ( 2) lipid binding-based probes, such as GSLs binding protein, cholera toxin B (CTxB) [START_REF] Harder | Lipid domain structure of the plasma membrane revealed by patching of membrane components[END_REF], the fluorescent Chol-binding antifungal antibiotics, filipin [START_REF] Qin | Elevated plasma membrane cholesterol content alters macrophage signaling and function[END_REF] (Figure 20 and Figure 23), or SM binding protein, Ostreolysin A (OlyA) (K. A. [START_REF] Johnson | The use of anthrolysin O and ostreolysin A to study cholesterol in cell membranes[END_REF], [START_REF] Nieto-Garai | Shedding light on membrane rafts structure and dynamics in living cells[END_REF] Fluorescent Chol and SM analogues [START_REF] Klymchenko | Fluorescent probes for lipid rafts: From model membranes to living cells[END_REF], ( 4) membrane propertysensing probes such as solvatochromic probes derived from Laurdan [START_REF] Owen | Quantitative imaging of membrane lipid order in cells and organisms[END_REF] and Nile red [START_REF] Klymchenko | Fluorescent probes for lipid rafts: From model membranes to living cells[END_REF] and the recently developed Flipper-TR [START_REF] Strakova | Haloflippers: A general tool for the fluorescence imaging of precisely localized membrane tension changes in living cells[END_REF]. As the size of lipid nanodomains range from 20 to 200 nm (Pike, 2006) 

Chol and SM probes

Since the proposed size of lipids rafts are in the range of the nanoscale (20-200 nm), the methods to visualize them in a leaflet-specific manner are rather limited [START_REF] Kobayashi | Impact of Intrinsic and Extrinsic Factors on Cellular Sphingomyelin Imaging with Specific Reporter Proteins[END_REF]. Bioorthogonal labelling of lipid analogs were developed to visualize and characterize lipid nanodomains at the cell surface of living cells as exemplified with the new Chol-N3 probe [START_REF] Lorizate | (1 of 15) Super-Resolution Microscopy Using a Bioorthogonal-Based Cholesterol Probe Provides Unprecedented Capabilities for Imaging Nanoscale Lipid Heterogeneity in Living Cells[END_REF] and the alkyne-propargyl-SM probe [START_REF] Kinoshita | Raft-based sphingomyelin interactions revealed by new fluorescent sphingomyelin analogs[END_REF]. The recent discoveries of SM-binding proteins enabled the visualization of endogenous SM at the nanoscale with SRFM (Abe et al., 2012;[START_REF] Murate | Transbilayer distribution of lipids at nano scale[END_REF][START_REF] Kishimoto | Detectors for evaluating the cellular landscape of sphingomyelin-and cholesterol-rich membrane domains[END_REF][START_REF] Makino | A novel sphingomyelin/cholesterol domain-specific probe reveals the dynamics of the membrane domains during virus release and in Niemann-Pick type C[END_REF][START_REF] Tomishige | The use of pore-forming toxins to image lipids and lipid domains[END_REF]. In these studies, SBPs labelled by fluorophores or fluorescent proteins were added to the medium to label cell surface SM in living cells [START_REF] Kobayashi | Impact of Intrinsic and Extrinsic Factors on Cellular Sphingomyelin Imaging with Specific Reporter Proteins[END_REF] (Figure 20). 2.6.2 Chol/SM complex sensor: Ostreolysin A (OlyA)

Ostreolysin, a 15 kDa pore-forming protein from the edible oyster mushroom (Pleurotus ostreatus), has been shown to specifically bind to membranes containing both Chol and SM in liposomes [START_REF] Sepčić | Interaction of ostreolysin, a cytolytic protein from the edible mushroom Pleurotus ostreatus, with lipid membranes and modulation by lysophospholipids[END_REF][START_REF] Rebolj | EPR and FTIR studies reveal the importance of highly ordered sterol-enriched membrane domains for ostreolysin activity[END_REF], DRMs [START_REF] Sepčić | Ostreolysin, a pore-forming protein from the oyster mushroom, interacts specifically with membrane cholesterol-rich lipid domains[END_REF] and in living cells (K. A. [START_REF] Johnson | Accessibility of cholesterol at cell surfaces[END_REF][START_REF] Zhou | Interferon-mediated reprogramming of membrane cholesterol to evade bacterial toxins[END_REF][START_REF] Johnson | The use of anthrolysin O and ostreolysin A to study cholesterol in cell membranes[END_REF]. Meanwhile, OlyA can form a pore complexed at the PM and permeabilizes the PM only when combined with the 59KDa co-factor pleurotolysin B (PlyB), another protein from mushroom Pleurotus eryngii [START_REF] Ota | Membrane cholesterol and sphingomyelin, and ostreolysin A are obligatory for pore-formation by a MACPF/CDClike pore-forming protein, pleurotolysin B[END_REF][START_REF] Schlumberger | Permeability characteristics of cell-membrane pores induced by ostreolysin A/pleurotolysin B, binary pore-forming proteins from the oyster mushroom[END_REF]. However, further studies also showed that OlyA finely bound and stabilized microdomains of SM-sequestered pool of cholesterol (Chol/SM) and reduced the accessible Chol pool to Chol probes such as domain 4 of perfringolysin O-domain 4 (PFO-D4) or anthrolysin O-domain 4 (ALO-D4) [START_REF] Johnson | Ostreolysin A and anthrolysin O use different mechanisms to control movement of cholesterol from the plasma membrane to the endoplasmic reticulum[END_REF]. Recently, Radhakrishnan's laboratory solved the crystal structure of OlyA and precisely demonstrated that OlyA only detects Chol/SM complex but not free SM, as SM adopts different conformations depending on the present of Chol or not. Meanwhile, a single glutamic acid residue located in the ceramide binding pocket of OlyA determined the Chol/SM complex specificity. In this way, a mutant OlyA (E69A) was generated that binds to these two SM conformations: SM alone and the Chol/SM complex (Endapally et al., 2019) (Figure 21). Because of the availability of accurate structural and biochemical studies, the OlyA and OlyA (E69A) has become a powerful tool and been applied successfully in living cells for many biology questions such as Interferon-mediated PM Chol reprogramming [START_REF] Zhou | Interferon-mediated reprogramming of membrane cholesterol to evade bacterial toxins[END_REF], the Hedgehog (Hh)

signaling pathway [START_REF] Radhakrishnan | Cholesterol access in cellular membranes controls Hedgehog signaling[END_REF], cell motility [START_REF] Hu | Release of cholesterolrich particles from the macrophage plasma membrane during movement of filopodia and lamellipodia[END_REF], virus entry [START_REF] Tang | Sphingomyelin-Sequestered Cholesterol Domain Recruits Formin-Binding Protein 17 for Constricting Clathrin-Coated Pits in Influenza Virus Entry[END_REF]. an aegerolysin protein extract from mushroom Pleurotus eryngii, shares 80% sequence homology to OlyA, and also shows Chol/SM complex binding feature [START_REF] Bhat | Binding of a pleurotolysin ortholog from Pleurotus eryngii to sphingomyelin and cholesterolrich membrane domains[END_REF]. The

Lysenin is an earthworm-derived 33-kDa pore-forming toxin [START_REF] Yamaji | Lysenin, a novel sphingomyelin-specific binding protein[END_REF][START_REF] Yilmaz | Real-time visualization of assembling of a sphingomyelin-specific toxin on planar lipid membranes[END_REF] that preferentially binds to clusters of SM molecules, but not to co-cluster with GSLs. The non-toxic construct NT-Lys is the shortest C-terminal fragment (amino acids 161-297) that still retains the same SM binding characteristics of the original Lysenin [START_REF] Kiyokawa | Spatial and functional heterogeneity of sphingolipid-rich membrane domains[END_REF]. Equinatoxin II (EqT) is a sea anemone-derived 20-kDa pore-forming toxin belonging to the actinoporin family [START_REF] Anderluh | Cloning, sequencing, and expression of equinatoxin II[END_REF][START_REF] Podobnik | Crystal structure of an invertebrate cytolysin pore reveals unique properties and mechanism of assembly[END_REF]. EqT was initially found to recognize dispersed SM monomer [START_REF] Bakrač | Molecular determinants of sphingomyelin specificity of a eukaryotic pore-forming toxin[END_REF][START_REF] Deng | Sphingomyelin is sorted at the trans Golgi network into a distinct class of secretory vesicle[END_REF], but also recently showed to bind to SM co-clustered with GSLs (Makino et al., 2015).

Recently, a novel nontoxic mushroom protein, termed Nakanori that specifically binds to Chol/SM complex in mammalian cells was identified by Kobayashi's laboratory (Makino et al., 2017). However, Nakanori shows no sequence homology with OlyA but is able to bind Chol/SM complex with higher affinity. The distribution and dynamics of SM and SM/Cholrich lipid nanodomains remain poorly understood. Nevertheless, considering their binding specificity and their potential drawbacks, SBPs still appear as very useful tools when combined with biochemical and biophysical analyses, to study the distribution, the dynamics, and function of SM in cells [START_REF] Kobayashi | Impact of Intrinsic and Extrinsic Factors on Cellular Sphingomyelin Imaging with Specific Reporter Proteins[END_REF]. (Figure 22). 

Chol probes based on Chol dependent cytolysins (CDCs)

Several pathogenic bacteria and fungi have evolved to secrete pore-forming toxins that bind PM Chol to lyse host cells for access to their nutrients and defend against phagocytosis.

Therefore, many Chol probes have been successfully developed from these toxins to detect Chol at the PM and its transport to different cellular compartments (Figure 26A).

Perfringolysin O (PFO, a theta toxin) is one of the most well-known members of Chol dependent cytolysins (CDC), and binds to PM but only when cholesterol concentration is higher than 35-40 mol% [START_REF] Mitsui | Ring formation of perfringolysin o as revealed by negative stain electron microscopy[END_REF][START_REF] Das | Use of mutant 125I-Perfringolysin O to probe transport and organization of cholesterol in membranes of animal cells[END_REF]. However, PFO can only be used in vitro or at low concentration on fixed samples due to its cytolytic activity and the high critical concentration of Chol. Ohno-Iwashita and colleagues later generated a derivative called BCtheta, allowing to reduce the Chol binding threshold to 30 mol% and which does not cause membrane damages, by partial proteolysis and subsequent methylation [START_REF] Ohno-Iwashita | A modified θ-toxin produced by limited proteolysis and methylation: a probe for the functional study of membrane cholesterol[END_REF][START_REF] Ohno-Iwashita | A modified θ-toxin produced by limited proteolysis and methylation: a probe for the functional study of membrane cholesterol[END_REF]. Moreover, the 13KDa C-terminal domain 4 (PFO-D4) was generated to reduce its toxicity without changing the Chol binding threshold (35-40 mol%) compared with PFO, to study cell surface Chol [START_REF] Ishitsuka | Fluorescence image screening for chemical compounds modifying cholesterol metabolism and distribution[END_REF][START_REF] Mizuno | Fluorescent probes for superresolution imaging of lipid domains on the plasma membrane[END_REF]. More efforts were produced to reduce the Chol binding threshold of PFO-D4, and Maekawa and Fairn generated the mutant D4H with a

Chol binding concentration of about 20-30 mol% [START_REF] Johnson | Modifications in perfringolysin O domain 4 alter the cholesterol concentration threshold required for binding[END_REF][START_REF] Maekawa | Complementary probes reveal that phosphatidylserine is required for the proper transbilayer distribution of cholesterol[END_REF]. Through the addition of further point mutations such as PFO-D4-YQDA, the binding threshold of D4H to cholesterol was lowered to 10 mol% [START_REF] Liu | Orthogonal lipid sensors identify transbilayer asymmetry of plasma membrane cholesterol[END_REF]. Another CDC, the cytotoxicity reduced C-terminal Anthrolysin O, ALO-D4, originally extracted from grampositive bacteria, also binds cholesterol with a threshold of 40 mol% (Figure 23). The later diffusion coefficient D can be calculated by fitting this autocorrelation to an appropriate model, as known parameter: average diffusion time of the labelled molecule (d) in the focal volume, together with the mean number of particles, (N) (Figure 24B) (He & Marguet, 2011). For membrane measurements, the intersection of the laser with the membrane defines a two-dimensional Gaussian detection area. Until now, several FCSderivative approaches have been developed to study molecules partitioning at PM, such as Fluorescence Cross-Correlation Spectroscopy (FCCS) [START_REF] Schwillle | Dual-color fluorescence crosscorrelation spectroscopy for multicomponent diffusional analysis in solution[END_REF], scanning FCS [START_REF] Ruan | Spatial-temporal studies of membrane dynamics: Scanning fluorescence correlation spectroscopy (SFCS)[END_REF], two-focus FCS [START_REF] Dertinger | The optics and performance of dual-focus fluorescence correlation spectroscopy[END_REF], spot variation FCS (Wawrezinieck et al., 2005), z-scan FCS (Wawrezinieck et al., 2005) and super resolution FCS: STED-FCS [START_REF] Hedde | Stimulated emission depletion-based raster image correlation spectroscopy reveals biomolecular dynamics in live cells[END_REF] (Figure 24C). SvFCS was initially developed to study molecules that diffuse at the PM with a nonlinear relationship with time because of nonexclusive reasons such as cytoskeleton interactions, molecular crowding, association with lipid-dependent domains, or any combination of these (Mailfert et al., 2020). In this context, svFCS approach measures fluorescence emission fluctuations at various focal volumes and provides indirect spatial information that would allow the identification of specific molecular diffusion types at the PM. By plotting the diffusion time D as a function of the various spatial scales defined by the waist (ω), which corresponds to the detection beam radius size, we obtain a straight line, called the FCS diffusion law. In this case, it is possible then to describe the diffusion pattern of a given molecule for a given physiological condition. The FCS diffusion law projection (green dashed line) intercepts the transit time y axis at the origin (0 = 0) in the case of free diffusion (under the Brownian diffusion constraint) (Figure 25A); in the negative y axis (0 < 0) when diffusion is constraint by meshwork barriers (Figure 25B), or in positive y axis (0 > 0) when molecules associate with traps and domains (including lipid rafts) (Figure 25C) (Mailfert et al., 2020).

Altogether, the svFCS appears to be a perfect method to track the membrane diffusion of a transmembrane receptor a high temporal resolution at the PM in particular in the context of potential dynamic association with lipid nanodomains (He & Marguet, 2011) (Figure 25). 2.6.6 Super-resolution microscope (SRM) for the study of lipid nanodomains.

2.6.6.1 Single Molecule Localization Microscopy (SMLM)

SRM overcomes the diffraction limit of light (Vangindertael et al., 2018), allowing the detailed visualization of cellular structures: organelles, cytoskeleton assemblies (actin, microtubules, intermediate filaments), lipid nanodomains and other scaffolding structures such as CCPs and caveolae that all have typical dimensions between 10 and 500 nm [START_REF] Sahl | Fluorescence nanoscopy in cell biology[END_REF][START_REF] Schermelleh | Super-resolution microscopy demystified[END_REF]. SMLM is one of the most powerful SRM, which obtains information beyond the diffraction limit by pinpointing the position of single fluorophores, a mechanism that is distinct from other strategies such as STED or Structured Illumination Microscopy (SIM) (Bachmann et al., 2016;Wegel et al., 2016;Vangindertael et al., 2018) In the SMLM, a few well-isolated single fluorophores emitting light (Figure 26A) are recorded by switching to a blinking mode at any given frame (Figure 26C). It is possible to fit a single fluorophore's position with a precision well beyond the size of the point-spread function (PSF), an about 200 nm-wide spot due to diffraction by the microscope objective (Figure 26A). Each fluorophore is then detected and localized with high precision by a localization algorithm.

Figure 26. Principle of SMLM. From [START_REF] Jimenez | About samples, giving examples: Optimized Single Molecule Localization Microscopy[END_REF].

By repeating this process in consecutive images, localizations are accumulated until a complete image is reconstructed, a much higher resolution image (middle and lower panels in Figure 26D) than made by epifluorescence (Figure 26B and upper panel in Figure 26D).

This localization precision primarily depends on the number of photons emitted by the fluorophores and is typically around 8 nm for standard deviation (s.d., 20 nm in FWHM, Full

Width at Half Maximum) [START_REF] Mortensen | Optimized localization analysis for single-molecule tracking and super-resolution microscopy[END_REF].

2.6.6.2 Multicolor imaging method: Spectral Demixing.

The application of SMLM in multicolour imaging faces significant technical challenges. First, the different photo-switching characteristics of fluorophores require adapted specific buffers for the different spectral ranges. There are also significant chromatic aberrations at the nanoscale which hampers the reconstruction of molecule localization with correct accuracy. Conventional multicolor sequential acquisitions often lead to uncontrollable drifts between colors [START_REF] Baddeley | 4D super-resolution microscopy with conventional fluorophores and single wavelength excitation in optically thick cells and tissues[END_REF]. In this context, the SMLM community has proposed a spectral separation algorithm which shows excellent advantages for the simultaneous measurement of two colours in both two-dimensional and three-dimensional systems, such as the system based on red-emitting dyes and developed by Abbelight company [START_REF] Winterflood | Dual-Color 3D Superresolution Microscopy by Combined Spectral-Demixing and Biplane Imaging[END_REF]. In spectral demixing, a single laser is used to excite two spectrally close fluorophores such as the far-red dyes AlexaFluor647 (AF647) and CF680, which are both highly performing in terms of brightness and duty-cycle in the same conventional blinking buffer. Their partially overlapping emission is spectrally split with a dichroic beamsplitter before reaching the two separate cameras (Figure 27). Then, a particular color either single AF647 or CF680 molecule is distinguished based on their ratio metric intensity R, a photon ratio is evaluated for each detection on both cameras that the characteristic ratio for each fluorophore [START_REF] Winterflood | Dual-Color 3D Superresolution Microscopy by Combined Spectral-Demixing and Biplane Imaging[END_REF] (Figure 27).

Chapter 3 Cell morphology and actin cytoskeleton

The definition of actin cortex

The actin cortex is a dense submembrane, approximately 200 nm thick, reticular structure composed of actin filaments, actin-binding proteins such as actin crosslinkers, and myosin motors (Figure 28C). Although the actin cortex is very thin (order of magnitude of 0.1 µm)

relatively to the entire cell volume (order of magnitude of 100µm) (Figure 28A), it plays a key role in generating cell surface tension and influencing the movement and activation of cell surface molecules through the transformation of actin-binding proteins, the elongation and depolymerization of actin filaments, and the contractile forces generated by myosin movement [START_REF] Honigmann | Compartmentalization of the Cell Membrane[END_REF][START_REF] Barvitenko | Two motors and one spring: Hypothetic roles of non-muscle myosin ii and submembrane actin-based cytoskeleton in cell volume sensing[END_REF]. The cortical tension dominates the cell surface tension over membrane tension [START_REF] Winklbauer | Cell adhesion strength from cortical tension -An integration of concepts[END_REF][START_REF] Truong Quang | Extent of myosin penetration within the actin cortex regulates cell surface mechanics[END_REF], which is critical for cell functions, such as cell motility and communication with its neighbors (Figure 28B) [START_REF] Kelkar | Mechanics of the cellular actin cortex: From signalling to shape change[END_REF]. 3.2 Ultra-structure assemblies related to actin cortex

Protrusion structures

During cell motility, actin filaments exert pushing force onto the PM and induce membrane protrusion using its polymerization energy [START_REF] Sens | Membrane tension and cytoskeleton organization in cell motility[END_REF]. The differences of rate of actin polymerization, as well as the local architecture of the assembled actin filaments together generate different types of protrusion structures, such as lamellipodia, filopodia and blebs. Lamellipodia are flat undulating cellular protrusions at the leading edge of the cell, which are filled with a branched network of actin filaments initiated by Arp2/3 complex [START_REF] Svitkina | Analysis of the actin-myosin II system in fish epidermal keratocytes: Mechanism of cell body translocation[END_REF][START_REF] Alexandrova | Actin cytoskeleton in mesenchymal-to-amoeboid transition of cancer cells[END_REF] (Figure 29A-C). Filopodia are thin elongated protrusions that are sensory structures, which are usually filled with bundled actin filaments generated by formins, VASP and Ezrin-Radixin-Moesin (ERM) family proteins together [START_REF] Small | Polarity of actin at the leading edge of cultured cells[END_REF][START_REF] Svitkina | Mechanism of filopodia initiation by reorganization of a dendritic network[END_REF][START_REF] Niggli | Ezrin/radixin/moesin: Versatile controllers of signaling molecules and of the cortical cytoskeleton[END_REF] (Figure 29D-F). Although very different by their structures, lamellipodia and filopodia are both recognized as major factors of EMT during tumor migration (T. [START_REF] Svitkina | The actin cytoskeleton and actin-based motility[END_REF][START_REF] Scott | Mechanochemical Signaling of the Extracellular Matrix in Epithelial-Mesenchymal Transition[END_REF]. Blebs are rounded protrusions formed due to an increase in the intracellular pressure that inflates a PM region which becomes filled with actin filaments within seconds [START_REF] Chikina | Time-resolved ultrastructure of the cortical actin cytoskeleton in dynamic membrane blebs[END_REF]. Whereas blebs can be chemically induced with paraformaldehyde, dithiothreitol or N-ethylmaleimide in a specific manner [START_REF] Lauster | Potential of proapoptotic peptides to induce the formation of giant plasma membrane vesicles with lipid domains[END_REF][START_REF] Steinkühler | Mechanical properties of plasma membrane vesicles correlate with lipid order, viscosity and cell density[END_REF][START_REF] Thone | Extracellular blebs: Artificially-induced extracellular vesicles for facile production and clinical translation[END_REF], they can also be formed upon treatment with actin related drugs, such as the Arp2/3 inhibitor CK666, and regulated by the RhoA-Rock signaling pathway [START_REF] Bovellan | Cellular control of cortical actin nucleation[END_REF] (Figure 29 G-I). 

Contractile structures

Originally, contraction forces pertained to the pulling forces produced by myosin familybased actin filaments in skeleton muscles [START_REF] Weber | Birth of the filament sliding model of muscle contraction[END_REF][START_REF] Svitkina | The actin cytoskeleton and actin-based motility[END_REF]. But the mechanism of contraction in skeleton is also applicable to non-muscle cells.

The best-studied contractile structures in non-muscle cells are stress fibers, which are formed by mutually aligned and tightly packed actin and Myosin II links [START_REF] Verkhovsky | Myosin II filament assemblies in the active lamella of fibroblasts: Their morphogenesis and role in the formation of actin filament bundles[END_REF][START_REF] Zimmermann | Feeling the force: formin's role in mechanotransduction[END_REF]) (Figure 30). 

Multiple compartmentalization structures

Thanks to the development of new imaging techniques with improved spatial and temporal resolutions, some actin structures presenting web-like multiple compartments have been recently observed in live cells. They appear to be much more refined and dynamic, comparing to traditional protrusions and stress fibers, and are more specifically involved in the regulation of receptor activation and transmembrane signal transduction. In 2015, the group of Betzig showed super resolution images of dynamic actin filaments within actin cortex with SIM in live cells [START_REF] Li | Extended-resolution structured illumination imaging of endocytic and cytoskeletal dynamics[END_REF]. The observation of the cortex formed by actin filaments showed an assembly into a heterogeneous meshwork with actin hotspots neighbouring more complex networks (Figure 31). 3.3 Actin polymerization and dynamics

The actin monomer (G-actin)

The actin monomer is composed of three main actin isoforms: ,  and  in vertebrates and all expressed in muscles, but only  and  isoforms can be found in non-muscle cells. Since the original description of the crystal structure of G-actin in complex with Deoxyribonuclease I [START_REF] Kabsch | Atomic structure of the actin: DNase I complex[END_REF], over 80 structures of actin have been reported [START_REF] Dominguez | Actin structure and function[END_REF][START_REF] Merino | Towards a structural understanding of the remodeling of the actin cytoskeleton[END_REF]. Most of these structures have been obtained as complexes with Actin-Binding Proteins (ABPs) and small molecules, or by chemically modifying or mutating actin to prevent its polymerization. Structural analysis reveals that G-actin has two domains separated by a cleft where the upper part of cleft binds two co-factors: a nucleotide (either ATP or ADP) and a cation (either calcium/Ca +2 or magnesium/Mg +2 ) (Figure 32). The lower part of cleft contains several hydrophobic amino acids, which are suitable for most ABPs binding. Remarkably, irrespective of the bound molecule or nucleotide state, the conformation of the actin monomer is globally the same [START_REF] Dominguez | Actin structure and function[END_REF]. The barbed end of the G-actin is located at the side of subdomains 2 and 4, which are accessible for elongation. On the contrary, the pointed end of G-actin is found in the subdomains 1 and 3, which are not accessible for elongation.

Remarkably, G-actin can spontaneously assemble into filamentous (F-actin) in presence of physiological concentrations of ATP and a divalent cation (Figure 32). 

The transition from G-actin to F-actin network

The total concentration of actin in cells is 50-200 µM, approximately half of it represents Gactin. Therefore, the unpolymerized pool of G-actin is around 25-100 µM, which is several orders of magnitude higher than the critical concentration (order of magnitude of 0.35 µM) of actin polymerization [START_REF] Pantaloni | The critical concentration of actin in the presence of ATP increases with the number concentration of filaments and approaches the critical concentration of actin[END_REF]. The actin filaments (F-actin network) is highly dynamic, and its full re-assembly is complete in tens of seconds, which is much faster than in vitro observation (Pollard, 2016). This could be explained by the active regulation of the dynamic assembly of G-actin by numerous factors, such as the actin nucleation promotor profilin, elongation proteins like formins, capping proteins, severing or annealing factors, branching factor Arp2/3 complex, and even cross-linkers (Pollard, 2016). There are hundreds of ABPs involved in this cellular process that all together generate finely tuned complex structures with many specific and essential functions in cells (Figure 33). 

Actin nucleation and elongation factors

The de novo generation of new actin filaments requires the assembly of two or three monomers that act as templates for polymerization and filament growth. This process, called "nucleation", is kinetically unfavorable: actin dimers are unstable, and most actin monomers are segregated by actin monomer binding proteins such as profilin and thymidine-4, which them prevent spontaneous nucleation. Thus, nucleation is a ratelimiting step in the assembly of new actin filaments [START_REF] Pollard | Quantitative Analysis of the Effect of Acanthamoeba Profilin on Actin Filament Nucleation and Elongation[END_REF]. Cells overcome this kinetic barrier by employing"actin nucleation factors"that catalyze this initial step [START_REF] Ferron | Structural basis for the recruitment of profilin-actin complexes during filament elongation by Ena/VASP[END_REF]. So far, three major classes of eukaryotic actin nucleators have Formins are well-known elongation factors that recruit profilin-actin complex by its FH1 and deliver them to FH2-capped filament end for rapid addition (Figure 34B) [START_REF] Ferron | Structural basis for the recruitment of profilin-actin complexes during filament elongation by Ena/VASP[END_REF].

The elongation mechanism of Ena/VASP is still not well understood. 3.4 Actin visualization methods

Probes for actin visualization in cells

Phalloidin is a bicyclic peptide belonging to a family of toxins and became a gold standard maker for F-actin in the fixed samples through its conjugation to a fluorescent dye. But the phalloidin staining has been restricted in use, because of its low permeability for cell membrane and the creation of artifacts and perturbation of F-actin network, depending on the permeabilization and fixation protocols [START_REF] Pereira | Fix your membrane receptor imaging: Actin cytoskeleton and CD4 membrane organization disruption by chemical fixation[END_REF]. More recently, the probe SIR-actin, derived from Jasplakinolide toxin with improved cell-permeability, has been introduced for fixed samples and live cells (D' Este et al., 2015). Tagging actin with GFP (and derivatives) is suitable for the study of specific actin structures in live cells, such as the actin cortex [START_REF] Clark | Monitoring actin cortex thickness in live cells[END_REF] or lamellipodia [START_REF] Koestler | F-and G-actin concentrations in lamellipodia of moving cells[END_REF] but it is difficult to distinguish the effects caused by the different actin nucleators and elongators, since its relatively big size (around 28 kDa) could introduce a biased selection and incorporation by these effectors [START_REF] Doyle | Movement of yeast cortical actin cytoskeleton visualized in vivo[END_REF]. Nowadays, several small size actin-binding domain probes have been developed, which, once coupled to fluorescence proteins, can track actin dynamics with more accuracy in live cells, such as LifeAct [START_REF] Riedl | Lifeact: A versatile marker to visualize F-actin[END_REF], Utrophin [START_REF] Burkel | Versatile fluorescent probes for actin filaments based on the actin-binding domain of utrophin[END_REF], F-tractin [START_REF] Schell | Inositol 1,4,5-Trisphosphate 3-Kinase A Associates with F-actin and Dendritic Spines via its N Terminus[END_REF], with relatively less side-effect on actin dynamics. For example, LifeAct is a short 17-amino-acid peptide from yeast Abp140 and become the most popular and widely used actin binding domain (ABD) probe that was successfully applied to investigate cell motility [START_REF] Rullo | Actin polymerization stabilizes α4β1 integrin anchors that mediate monocyte adhesion[END_REF][START_REF] Suarez | Profilin regulates F-Actin network homeostasis by favoring formin over Arp2/3 complex[END_REF].

Although the use of ABD probes seems to be an effective method to study endogenous actin cellular dynamic, they have also been shown to cause relatively high background because of their high affinity towards G-actin [START_REF] Riedl | Lifeact: A versatile marker to visualize F-actin[END_REF], and be unable to stain certain actin structures [START_REF] Sanders | Specialized filopodia direct long-range transport of SHH during vertebrate tissue patterning[END_REF]. More recently, a novel approach using actin Chromobody (ChromoTek), only utilizes single-domain antibodies (called nanobodies) to visualize actin dynamics in live cells. Compared to ABD probes, the actin Chromobody does not influence actin dynamics, even when it is expressed in cell at high levels [START_REF] Plessner | Nuclear F-actin formation and reorganization upon cell spreading[END_REF][START_REF] Melak | Actin visualization at a glance[END_REF]. Despite all the tools available, the visualization of actin dynamics in cells is still being improved (Figure 35). 

Techniques to study the dynamics of single-filament actin in vitro.

The observation of actin dynamics in vitro using Total Internal Reflection Fluorescence (TIRF) microscopy have become the most powerful assay to study directly the behavior of single actin filaments in real time [START_REF] Wioland | Celebrating 20 years of live singleactin-filament studies with five golden rules[END_REF]. Since the first observation by Amann and

Pollard of Live Single-Filament Assays (LSFA) twenty years ago [START_REF] Amann | Direct real-time observation of actin filament branching mediated by Arp2/3 complex using total internal reflection fluorescence microscopy[END_REF], there are numerous key molecular details that have been discovered, such as the veiled regulation mechanisms by Arp2/3 complexes [START_REF] Smith | Pathway of actin filament branch formation by Arp2/3 complex revealed by single-molecule imaging[END_REF], capping proteins [START_REF] Bombardier | Single-molecule visualization of a formin-capping protein "decision complex" at the actin filament barbed end[END_REF], Ena/VASP [START_REF] Hansen | VASP is a processive actin polymerase that requires monomeric actin for barbed end association[END_REF], VopF/VopL (Vizcarra & (Kotila et al., 2019).

First, G-actin and ABPs are purified, and then labelled with fluorescence dyes. Moreover, the actin filaments should be constrained to the surface and maintained close to the coverslip for proper TIRF observation (Figure 36A). Various techniques can be used to achieve this quasi-two-dimensional confinement, such as multiple anchoring points (Figure 36B), crowding agents (Figure 36C), and microfluidics (Figure 36D). Because of the application of these techniques, biologists can finely observe the complex assembly and diverse functions of actin filaments. 

Key pathways controlled by actin assembly

So far, Arp2/3 complex and formins are responsible for initiating the branched actin filament arrays and elongating the linear actin filament bundles, respectively [START_REF] Chesarone | Unleashing formins to remodel the actin and microtubule cytoskeletons[END_REF][START_REF] Rotty | New insights into the regulation and cellular functions of the ARP2/3 complex[END_REF][START_REF] Carlier | Global treadmilling coordinates actin turnover and controls the size of actin networks[END_REF]). The Arp2/3 complex was the first major actin nucleator to be identified [START_REF] Machesky | Purification of a cortical complex containing two unconventional actins from 127[END_REF], which is a large (~220 kDa) stable assembly of seven subunits all highly conserved in eukaryotes. The Arp2/3 complex alone is an inefficient nucleator, but its actin polymerization action is strongly increased by the engagement of NPFs like Wiskott-Aldrich Syndrome Protein (WASP) family (Buracco et al., 2019). It was shown that Arp2/3-mediated actin structures are very important for endocytosis [START_REF] Merrifield | Neural Wiskott Aldrich Syndrome Protein (N-WASP) and the Arp 2/3 complex are recruited to sites of clathrinmediated endocytosis in cultured fibroblasts[END_REF]M. Park et al., 2013), organelles organization (L. Park et al., 2013;[START_REF] Ríos-Barrera | An endosome-associated actin network involved in directed apical plasma membrane growth[END_REF], autophagosome maturation [START_REF] Coutts | Actin nucleation by WH2 domains at the autophagosome[END_REF]D. Liu et al., 2022), mitochondria biogenesis [START_REF] Shi | Research article arp2/3-branched actin regulates microtubule acetylation levels and affects mitochondrial distribution[END_REF], and lamellipodia formation [START_REF] Vinzenz | Actin branching in the initiation and maintenance of lamellipodia[END_REF]) (Figure 37).

On the other side, formins are responsible for actin elongation, which also have been demonstrated to play a critical role in filopodia formation (Schirenbeck et al., 2005), lamellipodia formation (Block et al., 2012) and cytokinesis (Buracco et al., 2019) (Figure 37). 3.6 Formins

Formin classification

The formin protein family is defined by its Formin Homology Domain 2 (FH2) [START_REF] Higgs | Phylogenetic analysis of the formin homology 2 domain[END_REF] and is further classified according to the FH2 and additional domains [START_REF] Schönichen | Fifteen formins for an actin filament: A molecular view on the regulation of human formins[END_REF]. The 15 formin genes in placental mammals can be categorized into seven subtypes (Courtemanche, 2018) 2). 

Formins structure

The largest subset including Dia, Daam, FMNL, and FHOD have an N-terminal GTPase Binding Domain (GBD) [START_REF] Rose | Structural and mechanistic insights into the interaction between Rho and mammalian Dia[END_REF], a Diaphanous inhibitory domain (DID), and a Diaphanous Autoregulatory Domain (DAD) [START_REF] Higgs | Formin proteins: A domain-based approach[END_REF][START_REF] Rose | Structural and mechanistic insights into the interaction between Rho and mammalian Dia[END_REF] (Figure 38A). The first autoinhibited state of full-length mouse Dia1 was solved using electron microscopy, but its overall structure is still a big question [START_REF] Nezami | Crystal structure of a complex between amino and carboxy terminal fragments of mDia1: Insights into autoinhibition of diaphanous-related formins[END_REF][START_REF] Maiti | Structure and activity of full-length formin mDia1[END_REF]. In the theoretical model, formins are depicted as dimers and can be divided into two major functional regions: the regulatory region, and the C-terminal active region. The N-terminal region typically governs localization and can influence the activities of the C-terminal active region, which includes DAD, FH1 and FH2, which directly perform actin assembly together.

The DAD interacts with the DID localized in the regulatory region in the autoinhibited conformation. The FH1 domain contains binding sites for profilin-actin (G-Actin) complexes (KSchutt et al., 1993;[START_REF] Perelroizen | Interaction of Profilin with G-Actin and Poly(l-proline)[END_REF]ursula et al., 2008), which are crucial for the recruitment of actin monomers to FH2 [START_REF] Sagot | An actin nucleation mechanism mediated by Bni1 and profilin[END_REF][START_REF] Kovar | The fission yeast cytokinesis formin Cdc12p is a barbed end actin filament capping protein gated by profilin[END_REF][START_REF] Yonetani | Regulation and targeting of the fission yeast formin cdc12p in cytokinesis[END_REF]Paul & Pollard, 2009). The adjacent FH2 is the most conserved domain in formins, and forms a head-to-tail doughnut-shaped dimer that encircles the barbed end of the actin filament (Figure 38B), which are critical for actin elongation and even sufficient to nucleation in vitro. At steady state, DRFs are autoinhibited through DID-DAD interactions (Buracco et al., 2019).

Binding of active Rho GTPases to the GBD subdomain of formins leads to their activation by releasing the DID-DAD interactions [START_REF] Li | The mouse formin mDia1 is a potent actin nucleation factor regulated by autoinhibition[END_REF] (Figure 40). In the case of Dia subfamily, one of the best described functional differences is their affinity to small GTPases of the Rho GTPases [START_REF] Lammers | Specificity of interactions between mDia isoforms and Rho proteins[END_REF]. RhoA and RhoB are the usual Rho GTPases that active the members of the Dia subfamily. On the contrary, FMNL2 and FMNL3 are always the effectors of Cdc42 GTPase (Block et al., 2012). However, other factors are also required for the full activation of formins [START_REF] Maiti | Structure and activity of full-length formin mDia1[END_REF].

In non-DRFs, part of the conserved N-terminal domain is often replaced by another domain, such as a PH domain, or a PTEN domain (Courtemanche, 2018). Under most conditions, the rate-limiting step in actin elongation is the binding of the profilin/G-actin complex to the formin FH1 domain through its polyproline binding site (PPB) (Courtemanche, 2018;[START_REF] Yu | Effects of Mechanical Stimuli on Profilin-and Formin-Mediated Actin Polymerization[END_REF][START_REF] Zweifel | Competition for delivery of profilin-actin to barbed ends limits the rate of formin-mediated actin filament elongation[END_REF]. In fact, profilin has much higher binding affinity for G-actin than for F-actin, and for its ATP-bound form rather than the GDP one, which notably increase the rate of actin elongation [START_REF] Jégou | Individual actin filaments in a microfluidic flow reveal the mechanism of ATP hydrolysis and give insight into the properties of profilin[END_REF][START_REF] Courtemanche | Interaction of profilin with the barbed end of actin filaments[END_REF]Kühn & Geyer, 2014;[START_REF] Suarez | Profilin regulates F-Actin network homeostasis by favoring formin over Arp2/3 complex[END_REF]Courtemanche, 2018) (Figure 39). 

The Formin-Rho GTPase complex

The interaction of Rho GTPases with formins has been first described for mouse Dia1 (mDia1, Dia1) by the Narumiya laboratory [START_REF] Watanabe | p140mDia, a mammalian homolog of Drosophila diaphanous, is a target protein for Rho small GTPase and is a ligand for profilin[END_REF][START_REF] Watanabe | Cooperation between mDia1 and ROCK in Rho-induced actin reorganization[END_REF]. The specific binding of active RhoA (RhoA-GTP) to Dia1 was confirmed in the following years with association/dissociation constants in the nanomolar affinity range [START_REF] Rose | Structural and mechanistic insights into the interaction between Rho and mammalian Dia[END_REF][START_REF] Higashi | Biochemical characterization of the Rho GTPase-regulated actin assembly by diaphanous-related formins, mDia1 and Daam1, in platelets[END_REF]. The structural characterization of the activating complex of Dia1 with RhoC revealed that formin binding is mediated essentially through the switch regions of the Rho GTPase, similarly to the other Rho GTPase effectors [START_REF] Rose | Structural and mechanistic insights into the interaction between Rho and mammalian Dia[END_REF]. The GBD 3.6.4 The regulation of formin activation at the PM.

Several formins are localized at the PM that has been shown to be an important actor of the specific activation of formin proteins. First, the N-terminal part of all the Dia subfamily proteins (Dia1, 2 and 3) is composed of several poly-basic residue domains (BRDs) (Brandt et al., 2007;Gorelik et al., 2011;Rousso et al., 2013), whose isoelectric point (pI) value is above 9 [START_REF] Ramalingam | Phospholipids regulate localization and activity of mDia1 formin[END_REF]. Therefore, the BRD interacts with negatively charged lipids of the PM inner leaflet. It has been shown that the BRD of Dia1 helps for its anchoring at the PM [START_REF] Ramalingam | Phospholipids regulate localization and activity of mDia1 formin[END_REF] and that activated mDia1 is targeted to the apical membrane of acinar cells [START_REF] Geron | Directing exocrine secretory vesicles to the apical membrane by actin cables generated by the formin mDia1[END_REF]. Moreover, in Drosophila, Dia1-like Formin A (ForA) utilizes the phosphoinositide intracellular gradient for subcellular targeting in polarized cells (Ramalingam et al., 2015), and its localization at the apical membrane is further enhanced by Rho1 GTPases, similarly to Rif GTPases that promote the membrane localization of Dia2 in mammalian cells (Gorelik et al., 2011). Molecular dynamic simulations have predicted that Dia2 interacts with PIP2 headgroups, and that Chol promotes these electrostatic interactions (Bucki et al., 2019). Meanwhile, FMNL2 and FMNL3 are the two only orthologues among DRFs that undergo lipidation. Furthermore, based on the X-ray crystal of surface patch that would be important for the association with negatively charged lipids of PM inner leaflet [START_REF] Moriya | Protein N-myristoylation is required for cellular morphological changes induced by two formin family proteins, FMNL2 and FMNL3[END_REF] (Figure 41). Besides direct interaction of formins with membranes, the associated Rho GTPases can contribute as a potent third membrane targeting motif, since the Rho GTPases usually present prenylation by either farnesylation or geranyl-geranylation on C-terminal cysteine residue [START_REF] Kühn | The structure of FMNL2-Cdc42 yields insights into the mechanism of lamellipodia and filopodia formation[END_REF] (Figure 41). Formins interact with many binding partners to assemble a variety of actin-based cellular structures [START_REF] Campellone | A nucleator arms race: Cellular control of actin assembly[END_REF][START_REF] Chesarone | Unleashing formins to remodel the actin and microtubule cytoskeletons[END_REF]. In yeast, Formins have an essential role in the assembly of cytokinetic rings and cables [START_REF] Chang | Movement of a cytokinesis factor cdc12p to the site of cell division[END_REF][START_REF] Feierbach | Roles of the fission yeast formin for3p in cell polarity, actin cable formation and symmetric cell division[END_REF].

In mammalian cells, they are required for the assembly of filopodia [START_REF] Pellegrin | The Rho family GTPase Rif induces filopodia through mDia2[END_REF]Schirenbeck et al., 2005;[START_REF] Harris | Assembly of filopodia by the formin FRL2 (FMNL3)[END_REF] lamellipodia [START_REF] Yang | Novel roles of formin mDia2 in lamellipodia and filopodia formation in motile cells[END_REF][START_REF] Sarmiento | WASP family members and formin proteins coordinate regulation of cell protrusions in carcinoma cells[END_REF], stress fibres [START_REF] Ishizaki | Coordination of microtubules and the actin cytoskeleton by the Rho effector mDia1[END_REF][START_REF] Satoh | mDia-interacting Protein Acts Downstream of Rho-mDia and Modifies Src Activation and Stress Fiber Formation[END_REF], cytoplasmic actin networks used for long-range vesicle transport [START_REF] Leader | Formin-2, polyploidy, hypofertility and positioning of the meiotic spindle in mouse oocytes[END_REF][START_REF] Azoury | Spindle Positioning in Mouse Oocytes Relies on a Dynamic Meshwork of Actin Filaments[END_REF], cytokinetic actin rings [START_REF] Severson | A Formin Homology protein and a profilin are required for cytokinesis and Arp2/3-independent assembly of cortical microfilaments in C. elegans[END_REF][START_REF] Watanabe | mDia2 induces the actin scaffold for the contractile ring and stabilizes its position during cytokinesis in NIH 3T3 cells[END_REF], phagocytic cups [START_REF] Colucci-Guyon | A role for mammalian diaphanous-related formins in complement receptor (CR3)mediated phagocytosis in macrophages[END_REF]Brandt et al., 2007), polarized actin cables [START_REF] Hotulainen | Stress fibers are generated by two distinct actin assembly mechanisms in motile cells[END_REF]Courtemanche, 2018;), cell junctions [START_REF] Ryu | Regulation of Cell-Cell Adhesion by Abi/Diaphanous Complexes[END_REF]Courtemanche, 2018), local adhesion structure, nuclear positioning (Courtemanche, 2018) and depolymerization and microtubule binding (Courtemanche, 2018). Formins have also essential roles in physiological processes ranging from cell motility in the immune system [START_REF] Yayoshi-Yamamoto | FRL, a Novel Formin-Related Protein, Binds to Rac and Regulates Cell Motility and Survival of Macrophages[END_REF][START_REF] Eisenmann | T cell responses in mammalian diaphanousrelated formin mDia1 knock-out mice[END_REF], neural tube closure [START_REF] Habas | Wnt/Frizzled activation of Rho regulates vertebrate gastrulation and requires a novel formin homology protein Daam1[END_REF][START_REF] Satoh | mDia-interacting Protein Acts Downstream of Rho-mDia and Modifies Src Activation and Stress Fiber Formation[END_REF], heart morphogenesis [START_REF] Iskratsch | Formin follows function: A muscle-specific isoform of FHOD3 is regulated by CK2 phosphorylation and promotes myofibril maintenance[END_REF]. Although, many functions of formins have been shown, the deciphering of the mechanism of each of these biological events is still a challenge (Breitsprecher & Goode, 2013;Kühn & Geyer, 2014) (Figure 42) 3.6.6 The regulation of receptor diffusion and activation at PM by formins.

As described before (see section 2.4.4), the diffusion of membrane receptors at the PM can be constrained by the actin-based cytoskeleton meshwork by either direct or indirect binding to actin filaments [START_REF] Kusumi | Paradigm shift of the plasma membrane concept from the two-dimensional continuum fluid to the partitioned fluid: High-speed single-molecule tracking of membrane molecules[END_REF][START_REF] Mattila | Dynamics of the actin cytoskeleton mediates receptor cross talk: An emerging concept in tuning receptor signaling[END_REF][START_REF] Ostrowski | Diffusion Barriers, Mechanical Forces, and the Biophysics of Phagocytosis[END_REF] (Figure 43). It has been shown that RhoA-induced FHOD1 activation mediates the strong constraint of the diffusion of GPI-APs by cortical actin dynamics and successfully induces the formation of GPI-AP nanoclusters (Kalappurakkal et al., 2019) (Figure 43). FHOD1 also helps the creation of integrin clusters, which, in turn, can activate FHOD1 via

RhoA [START_REF] Iskratsch | FHOD1 is needed for directed forces and adhesion maturation during cell spreading and migration[END_REF]. Blocking actin elongation by formins using the Small Molecule Inhibitor of FH2 (SMIFH2) diminishes the nanoclustering of CD44, a transmembrane receptor (Freeman et al., 2018;Sil et al., 2020). Moreover, formin inhibition results in more dispersed T cell receptors [START_REF] Murugesan | Formin-generated actomyosin arcs propel t cell receptor microcluster movement at the immune synapse[END_REF], the decrease of B cell receptor mobility (Rey-Suarez et al., 2020) and abolishes TNF- receptor dependent adhesion of neutrophils [START_REF] Silveira | TNF induces neutrophil adhesion via formin-dependent cytoskeletal reorganization and activation of β-integrin function[END_REF]. Recently, it was described that Dia1, and Dia3-deficient naïve CD8 T cells lose the peripheral F-actin ring, which spatiotemporally dramatically decreases LAT phosphorylation by Zap70 at the immune synapse. Consistently Dia1 and Dia3 can generate a highly dynamic actin meshwork in Sertoli cells that regulate Smad2 phosphorylation of TGF- signaling [START_REF] Sakamoto | mDia1/3 generate cortical F-actin meshwork in Sertoli cells that is continuous with contractile F-actin bundles and indispensable for spermatogenesis and male fertility[END_REF]. Finally, recent structural and functional evidence implicate the direct interaction of the receptor for receptor for advanced glycation end products (RAGE) cytoplasmic domain with Dia1, which is critical for the ligand-mediated activation of cellular signaling [START_REF] Hudson | Interaction of the RAGE cytoplasmic domain with diaphanous-1 is required for ligand-stimulated cellular migration through activation of Rac1 and Cdc42[END_REF][START_REF] Maclean | The Receptor for Advanced Glycation End Products (RAGE) and DIAPH1: Implications for vascular and neuroinflammatory dysfunction in disorders of the central nervous system[END_REF].

3.6.7 The role of formins in tumorogenesis.

Cancer cell invasive phenotypes involve the formation of typical protrusive structures, such as PM blebs, invadopodia, or pseudopodia, which are dependent on the nucleation and assembly of actin filaments [START_REF] Nürnberg | Nucleating actin for invasion[END_REF]. According to the Human Protein Atlas, 

Regulation of typical Rho GTPases

The three main types of proteins that regulate the activity of typical Rho GTPases in cells, which are guanine nucleotide exchange factors (GEFs), GTPase-activating factors (GAPs) and Guanine nucleotide Dissociation Inhibitors (GDIs) (Tcherkezian & Lamarche-Vane, 2007; Garcia-Mata et al., 2011;[START_REF] Cook | Rho guanine nucleotide exchange factors: Regulators of Rho GTPase activity in development and disease[END_REF][START_REF] Gadea | Dock-family exchange factors in cell migration and disease[END_REF]. GEFs are proteins that accelerate the replacement of bound GDP with GTP and activate Rho GTPases. GAPs are proteins that inactivate Rho GTPases by promoting the hydrolysis of GTP, which provide an essential catalytic group for Rho GTPase. GAPs have a GAP domain of about 150 amino acids with a highly conserved arginine in a loop structure (arginine "finger"), which can bind to GTP-bound Rho proteins. The human genome encodes around 80 GAPs. However, more than half of them have not been studied so far. GDIs inhibit Rho GTPases by stabilizing the inactive form (GDP-bound) and extracting them to cytosol from the active site in membranes. In addition to cycling between GTP-and GDP-bound conformations, Rho

GTPases are regulated by post-translational modifications, including lipid modifications, phosphorylation, ubiquitination and SUMOylation, which alter their intracellular localization, their stability and/or their ability to signal to downstream effectors [START_REF] Haga | Rho GTPases: Regulation and roles in cancer cell biology[END_REF].

Moreover, the protein expression level of Rho GTPase is usually regulated at transcriptional 
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Changting LI 1-3 , Yannick HAMON 4 , David Mazaux 5-7 , Hai-tao HE 4 , Christophe LAMAZE *Correspondence to: CMB, cedric.blouin@curie.fr or to CL, christophe.lamaze@curie.fr

Introduction

The spatio-temporal distribution and dynamics of receptors and lipids along the plasma membrane (PM), and laterally segregated into functional domains, play a key role in receptor-mediated signaling of many cellular processes (Rao & Mayor, 2014;Sezgin et al., 2017), including T cell activation (Pathan-Chhatbar et al., 2021), B cell activation (Gold & Reth, 2019), and cell adhesion (Saha et al., 2016). Since the concept of lipid rafts was first proposed [START_REF] Simons | Functional rafts in cell membranes[END_REF], there has been controversy about the nature and function of the physical constraints that control the spatiotemporal diffusion and biological activity of PM molecules (Lingwood & Simons, 2010). Importantly, new technological developments, such as super-resolution microscopy and improved mass spectrometry, have led to a recent revision and enrichment of the original concept of lipid rafts, which are highly dynamic nanoscale lipid-protein assemblies enriched with cholesterol, sphingolipids and preferential binding of receptors that such as glycosylphosphatidylinositol-anchored proteins (GPI-APs) (Pike, 2006;Sezgin et al., 2017). Besides that, the cortical actin cytoskeleton are recently shown to influence membrane organization and determine molecular diffusion on PM (Köster et al., 2016;Fritzsche et al., 2017). Although the actindriven diffusion mechanism of membrane molecules provides a consistent explanation for the kinetic properties and non-equilibrium distribution of nanoclusters formed by multiple lipid or protein species, the current lipid raft paradigm leaves us with several processes that are poorly understood, such as drivers of interactions between membrane nanostructure domains: lipid-receptor-actin and even cellular matrix molecules, the role of these interactions in signal transduction, and their physiological functions.

At first, IFN- was thought to be a proponent of tumor elimination, but more and more recent studies have shown that IFN- has a promotional effect on tumor growth by controlling immune checkpoint genes, such as of indoleamine 2,3-dioxygenase (IDO) and programmed cell-death ligand 1(PD-L1) (Mojic et al., 2018;Lei et al., 2020). This implies the dual function of IFN- in tumorigenesis and elimination (Castro et al., 2018). Thus, it is critical to understand the precise molecular mechanisms controlling the IFN- signaling axis to treat diseases that are under its control. IFN-R is a heterotetramer, composed of two copies of IFN-R1 and two copies of IFN-R2 chain, and belongs to type II interferon receptors. The intracellular domains of IFN-R1 and IFN-R2 are constitutively associated with the JAK1 and JAK2 tyrosine kinases, respectively (Mendoza et al., 2019). Whereas JAKs elements to induce IFN-stimulated genes (ISGs) activation (Ivashkiv, 2018). IFN- is a pleiotropic cytokine that regulates many cellular functions and plays a key role in innate immunity for host against Mendelian Susceptibility to Mycobacterial Disease (MSMD) (Stark & Darnell, 2012).

In the past years, formins have been shown responsible for actin nucleation and elongation and that play a critical role in several cellular process, including filopodia (Schirenbeck, Bretschneider, et al., 2005), lamellipodia formation (Block et al., 2012), cytokinesis (Buracco et al., 2019), and phagocytic cups formation (Brandt et al., 2007). Formins contain 15 formin genes in placental mammals which can be categorized into seven subtypes (Courtemanche, 2018): Diaphanous (DIAPH/Dia), Dishevelled-Associated Activator of Morphogenesis (DAAM), Formin-Related gene in Leukocytes (FRL), Formin Homology Domain-containing Protein (FHOD), Inverted Formin (INF), Formin like (FMN) protein, and Delphilin (Kovar et al., 2005). Short dynamic actin filaments organized in "actin asters" with Myosin ll can regulate lipid nanodomain formation and receptor activation at the PM such as integrins adhesion (Kalappurakkal et al., 2019) and B cell activation (Wang et al., 2022). However, the role of the actin nucleation and elongation factor formins remains poorly explored. Recently, formins have been involved in the diffusion of GPI-APs and B cell receptor at the PM [START_REF] Saha | Diffusion of GPIanchored proteins is influenced by the activity of dynamic cortical actin[END_REF], Kalappurakkal et al., 2019, Rey-Suarez et al., 2020) and in CD44 nanocluster formation (Freeman et al., 2018;Sil et al., 2020),. In particular, the molecular mechanisms by which formins drive lipid nanodomain formation to control receptor signaling remain largely elusive. We recently demonstrated that IFN-R partitions into lipid nanodomains that are essential for IFN-R dynamics and JAK/STAT activation (Blouin et al., 2016). Meanwhile, Chol through direct binding to the IFN-R2 subunit regulates receptor partition/exclusion into lipid nanodomains and drastically affects IFN-R signaling (Morana et al., 2022). Here, we investigated the role of formins in IFN-R membrane partitioning and JAK/STAT signaling.

We 

Results

Formin inhibitor SMIFH2 impaired IFN-R-induced JAK/STAT signaling in human fibroblasts

To investigate the role of actin in IFN-R signaling function, we first treated human immortalized fibroblasts with several specific actin related drugs prior to IFN- stimulation.

Only the formin specific inhibitor, SMIFH2 decreased the phosphorylation of STAT1 (pSTAT1) upon IFN- stimulation (Fig. 1A and Fig. S1A). We did not observe any difference for pSTAT1 levels in cells treated with other actin related inhibitors, such as the actin monomer sequestering drug Latrunculin A (LatA), the actin polymerization inhibitor CytochalasinD (CytoD), Arp2/3 inhibitor CK666, and myosin-II inhibitor Blebbistatin (Fig 1A). Recently, SMIFH2 has been demonstrated to exhibit off-target inhibition of myosin superfamily that mediates retrograde flow of actin filaments (Nishimura et al., 2021). To discard any potential effect of SMIFH2 on myosins, we analyzed myosin-II activation by measuring myosin-II light chain phosphorylation levels (pMLC2) and did not reveal any difference for pMLC2 between normal and SMIFH2 treatment conditions (Fig. S1B). Meanwhile, we did not observe any difference for pSTAT1 in fibroblasts treated with inhibitors of actomyosin contractility such as blebbistatin (Fig. 1A) or Rho-associated protein kinases (ROCK) inhibitor Y27632 (Fig. S1C,D). Moreover, we recently showed that SMIFH2 and related derivative compounds can directly inhibit IFN- activity in the extracellular medium (Thoidingjam et al., 2022). We therefore performed an extracellular SMIFH2 washout with PBS (SMI-WASH) after SMIFH2 pre-incubation and prior to IFN- stimulation (Fig. 1B). We observed that SMI-WASH still significantly decreased STAT1 phosphorylation level (Fig. 1C) and its nuclear translocation (Fig. 1D) without disturbing IFN- cytokine binding and uptake (Fig. 1E).

Meanwhile, we confirmed that SMI-WASH condition still significantly reduces F-actin polymerization stained with phalloidin (Fig. S1E), consistent with its original inhibitory effect on actin elongation by formins (Rizvi et al., 2009). To further characterize the impact of formin inhibition on JAK/STAT activation, we monitored the activation of JAK1 and JAK2

kinases that are pre-associated with IFN-R1 and IFN-R2, respectively, and upstream of STAT1 phosphorylation. We found that SMI-WASH treatment decreased both JAK1 (Fig. 1G) and JAK2 (Fig. 1H) phosphorylation levels upon IFN- stimulation. All together, we concluded that formin inhibitor SMIFH2 specifically inhibits early stage IFN- mediated JAK/STAT signaling at the PM.

DIAPH3/Dia2 is critical for IFN--induced JAK/STAT signaling We next sought to identify which specific formin proteins could be involved in IFN--induced JAK/STAT signaling. Using siRNA-based screening, we have successfully depleted six individual formin members at a significantly low protein level: FMNL1, FMNL2, Dia1, Dia2 (DIAPH3), DAAM1 and FHOD1 (Fig. S2A) that all have been reported to be associated with actin cortex (Breitsprecher & Goode, 2013). Among those, only Dia2 depletion was able to inhibit STAT1 phosphorylation (Fig. 2A, S2B), and its nuclear translocation (Fig. 2B,S2C) whereas Dia1, a formin of the same Dia/DIAPH subfamily, had no effect. Similar to SMIFH2/SMI-WASH treatments, depletion of Dia2 decreased to the same extent both JAK1 (Fig. 2F) and JAK2 (Fig. 2G) phosphorylation levels upon IFN- stimulation and had no effect on pMLC2 level (Fig. S2D). Since the JAK/STAT signaling pathway can be triggered by other cytokines or factors, we tested whether Dia2 depletion would inhibit JAK/STAT activation in a global manner. Therefore, we compared pSTAT1 level in Dia2 depleted fibroblasts upon stimulation by IFN-, IFN-, and Epidermal Growth Factor (EGF). Interestingly, we only observed pSTAT1 decrease only in the case of IFN- stimulation, but not for IFN- cytokine, EGF ligand (Fig. 2E). Altogether, these results demonstrate that Dia2 regulates specifically IFN--induced JAK/STAT signaling.

Dia2 regulation of IFN-R-dependent JAK/STAT signaling requires RhoA

Rho-GTPases are seen as one of the prominent regulatory factors of cytoskeletal dynamics, cell cycle progression and cell transformation, which can be triggered by the binding of extracellular ligands such as chemokines to G-protein linked receptors (GPCR), cytokines, growth factors to their specific receptors, extracellular matrix (ECM) factors and intercellular adhesion molecules (ICAM) to integrins (Bros et al., 2019b). The ROCK and formin Dia/DIAPH subfamily (Dia1, Dia2 and Dia3) are the two biggest downstream effectors of RhoA/C ( (Kühn & Geyer, 2014;Lu et al., 2015). However, how active Rho-induced actin elongation is involved in the regulation of PM receptors is still poorly understood. To determine if Rho-GTPases could regulates IFN--induced JAK/STAT signaling through Dia2 activation, we first analyzed pSTAT1 status upon IFN- stimulation in Rhosin pre-incubated cells. The Rhosin compound, a RhoA/C inhibitor, was initially discovered as a new potential Rho related drug (Shang et al., 2012) with potent antitumor effects on several cancer cells (Shang et al., 2013, Kim et al., 2020). Similar to Dia2 depletion, Rhosin treatment strongly decreased pSTAT1 levels (Fig. 3A), inhibited pSTAT1 nuclear translocation (Fig. 3B) and significantly reduced pJAK1 (Fig. S3A) and pJAK2 levels (Fig. S3B). Next, we used RhoCN03, a RhoA/B/C activation compound (Freeman et al., 2018) that could successfully restore JAK/STAT activation by IFN- even under Rhosin inhibition (Fig. 3A,B) confirming the role of Rho GTPases in IFN-R function.

To further demonstrate that RhoA regulates JAK/STAT signaling upstream of Dia2, we analyzed STAT1 activation after Rhosin treatment in cells already lacking Dia1 or Dia2.

Rhosin treatment alone or combined with Dia1 or Dia2 depletion reduces pSTAT1 levels (Fig. 3C) and nuclear translocation (Fig. 3D) to the same extent with no additional inhibition.

Since RhoA has many different effectors, it could potentially regulate JAK/STAT signaling through other partners than Dia2. We therefore analyzed STAT1 activation level with RhoCN03 treatment in Dia2 depleted cells and found that in absence of Dia2, RhoCN03 can no longer restore pSTAT1 level (Fig. 3E) and nuclear translocation (Fig. 3F; Fig. 3A,B).

Altogether, our data demonstrate that RhoA is upstream of Dia2 and is necessary for the proper activation of JAK/STAT signaling by IFN-.

Dia2 controls the diffusion dynamics of IFN-R at the PM.

Assembly and membrane expression level of cytokine receptors on cell membrane is important for cytokine activation and signaling (Xu et al., 2018). Notably, abnormalities in IFN-R1 and IFN-R2 expression are closely associated with Mendelian susceptibility to mycobacterial disease (MSMD) (Sharma et al., 2015). Thus, we sought to compare the endogenous cell surface expression levels of IFN-R1 and IFN-R2 at steady state with or without Dia2 depletion in HeLaM expressing endogenous high levels of the IFN-R subunits [START_REF] Marchetti | Stat-mediated signaling induced by type I and type II interferons (IFNs) is differentially controlled through lipid microdomain association and clathrindependent endocytosis of IFN receptors[END_REF]. We observed that Dia2 depletion did not change the total cell protein expression of IFN-R1 (Fig. 4A). Meanwhile, cell surface expression levels of neither IFN-R1 nor IFN-R2 were modified by Dia2 silencing (Fig. 4B). These results rule out the possibility that Dia2 regulates JAK/STAT signaling of IFN-R by altering its cell surface expression.

To investigate the contribution of Dia2 in PM dynamics in IFN-R signaling, we monitored IFN-R membrane lateral diffusion in living cells using svFCS (Blouin et al., 2016). svFCS is a unique and powerful FCS-based methodology that enables to monitor protein and lipid lateral diffusion regimes at high resolution and with single molecule sensitivity in the PM of living cells (Lasserre et al., 2008). We carried out svFCS analysis in parallel in COS-7 cells stably expressing with IFN-R2-eGFP. At steady state, IFN-R2-eGFP shows a typical diffusion pattern of dynamic assignment to nanodomains/assemblies with relatively high effective diffusion (Deff) coefficients (Deff = 0.55 ± 0.08 µm 2 .s -1 ; t0 = 22.93 ± 4.45 ms) (Fig. 4C), as previously described (Blouin et al., 2016). Since the cortical actin cytoskeleton is an important contributor to PM nanoscale organization (Gowrishankar et al., 2012;Kusumi et al., 2012), we assayed the potential involvement of formins in the lateral diffusion of IFN-R2 by first treating cells with SMIFH2. SMIFH2 inhibition drastically switched IFN-R2 diffusion from nanodomains to a free-like diffusion behaviour with significatively lower effective diffusion coefficient (Deff = 0.28 ± 0.02 µm 2 .s -1 ; t0 = 10.0 ± 5.14 ms) (Fig. 4C). Similar to SMIFH2, Dia2 depletion effectively changed diffusion coefficients with a severe impact on the dynamic diffusion of IFN-R2 at the PM (Deff = 0.30 ± 0.02 µm 2 .s -1 ; t0 = 8.05 ± 4.18 ms) (Fig. 4C). Moreover, Dia1 depletion had only a modest effect on IFN-R2 lateral diffusion, as we observed a minor change of t0 and effective diffusion values (Fig. 4C). Interestingly, Dia2 depletion has almost the t0 value as for SMIFH2 treatment, confirming that Dia2 is the main formin candidate involved in IFN-R2 membrane partitioning and function.

Dia2 regulates sphingomyelin distribution and sphingomyelin/cholesterol nanodomain formation at the PM.

SM is one of the major sphingolipids in mammalian cells and is reported to form specific membrane lipid nanodomains together with Chol and glycosphingolipids (GSLs). A potent SM binding motif was found in the transmembrane domain of the IFN-R1 subunit (Contreras et al., 2012). More recently a new Chol binding motif was identified in IFN-R2 transmembrane domain and found to be mandatory for IFN-Rs activation and signaling transduction (Morana et al., 2022). Until now the relationship between formin proteins and SM-dependent lipid nanodomains has not been fully established, but short dynamic actin filament "actin aster" driven by acto-myosin contractility have been proposed to regulate lipid nanodomain formation and receptor activation at the PM for integrin adhesion (Kalappurakkal et al., 2019) and B cell activation (J. C. Wang et al., 2022). Therefore, we tested whether Dia2 could participate in the control of lipid nanodomains and proper IFN-R nano-partitioning. Using the SM probe Equinatoxin II (EqT), which preferentially binds dispersed SM (SM monomer) and SM co-clustered with GSL (Makino et al., 2015), we first investigated the role of Dia2 in the distribution of SM at the PM. We observed that Dia2 depletion significantly decreased EqT cell surface staining (Fig. 5A) without changing the total amount of EqT bound intracellularly after cell permeabilization (Fig 5A ), suggesting that Dia2 could play a role in the presence of SM at the PM. To further determine whether Dia2 can regulate the distribution of specific SM nanodomains, we purified and labelled a specific SM/Chol complex sensor (Fig. S4), OlyA (WT) which can only recognize the specific conformation of SM sequestered by Chol (SM/Chol), and OlyA (E69A) mutant form that can bind to SM/Chol and free SM (Endapally et al., 2019). The SM/Chol specific lipid probe OlyA (WT) showed a concentration-dependent binding on cells (Fig. S5A). Moreover, acid sphingomyelinase (SMase) treatment abolished both OlyA (WT) and OlyA (E69A) binding to the PM (Fig. S5B), confirming specific binding to SM in agreement with the literature (Endapally et al., 2019). Interestingly, Dia2 depletion significantly reduced OlyA (WT) binding at PM (-30% of control) and, to a lesser extent of OlyA (E69), (-15% of control) (Fig. 5B).

Altogether these data suggest that Dia2 is critical for SM distribution at the PM, and potentially its association with Chol.

Dia2 can be found under seven isoforms with different expression patterns in human cells, where isoform1, lacking both N-and C-terminal parts, is much less expressed as compared to full length isoform 3 and 7 (Stastna et al., 2012). The N-and C-terminal of Dia2 have been reported to be essential for its proper localization and activation at the PM (Gorelik et al., 2011;Rousso et al., 2013;Ramalingam et al., 2015;Bucki et al., 2019). When we overexpressed Dia2-isoform1-eGFP in HeLaM cells, surprisingly both OlyA (WT) and OlyA (E69A) SM surface stainings were decreased. Moreover, Dia2-isoform1-GFP overexpression inhibits pSTAT1 level and nuclear translocation upon IFN- stimulation (Fig. 5D,S5C). It suggests that Dia2 isoform1 could act as a dominant negative form towards endogenous membrane-associated Dia2 that cannot regulate anymore the SM distribution at the PM and ensure normal IFN--induced JAK/STAT signaling.

Single Molecule Localization Microscopy (SMLM) is one of the most powerful Super-Resolution Microscopes (SRM), enabling to obtain information beyond the diffraction limit by pinpointing the position of single fluorophores (Bachmann et al., 2016;Wegel et al., 2016;Vangindertael et al., 2018). In SMLM, the spectral demixing is a spectral separation algorithm proposed by the community for the simultaneous measurement of two spectrally close fluorophores such as the far-red dyes AlexaFluor TM 647 (AF647) and CF680, which are both highly performing in terms of brightness and duty-cycle in the same conventional blinking buffer. Therefore, SMLM and spectral demixing allowed us to study at the single molecular level the stimultaneous localization at the nanoscale of antibody-labeled IFN-R1

and Oly (WT) bound SM/Chol. For both IFN-R1 and OlyA (WT), we observed that Dia2 depleted cells present more dispersed staining at their surface (Fig. 5E, S5A), suggesting a decrease of the formation of nanodomains containing either IFN-R1 or SM/Chol complex.

Since we know that IFN-R1 partitions in SM and Chol-dependent nanodomains (Blouin et al., 2016), we further analyzed acquired SMLM coordinates to determine IFN-R1 and SM/Chol nanoclustering using Cluster Index method (Willems & MacGillavry, 2022). Local density maps revealed that Dia2 depletion reduces the number and size of the detected nanoclusters for both IFN-R1 and OlyA (WT) (Fig. 5F,G and S5B). More importantly, the individual nanoclusters of IFN-R1 and SM/Chol labeled with OlyA (WT) are less prone to colocalization in cells lacking Dia2 (Fig. 5H). These data demonstrate that Dia2 is important for the nanoscale organization of SM/Chol lipids at the PM and their association with IFN-R into lipid nanodomains and provide an explanation to the impact of Dia2 silencing on IFN-R function and JAK/STAT signaling.

Dia2 regulates basal and induced PD-L1 expression

We next investigated the functions of Dia2 downstream of the JAK/STAT pathway. Although extensive evidence shown that IFN- would be important for anti-tumor immunity since it can inhibit tumor growth (Bromberg et al., 1996;Chin et al., 1996), recent reports also suggest that IFN- is one of the strongest stimulators of reactive programmed cell-death ligand 1 (PD-L1) expression. PD-L1 induces PD-1-mediated T cell exhaustion, inhibiting the antitumor cytotoxic T cell response and leading to tumor survival and growth (Ribas and Wolchok, 2018). We monitored PD-L1 surface and total amount in HeLaM cells by immunofluorescence and western blotting, respectively. As expected, we observed that both PM levels and total expression of PD-L1 increased by IFN- stimulation for 24 h (Fig. 6A,C). Dia2 depletion significantly reduced the cellular increase of PD-L1 triggered by IFN- (Fig. 6A,C). This raised the question whether Dia2 only impairs PD-L1 expression through the JAK/STAT pathway, or by a more global effect linked to the PM lipid organization. To address this question, we monitored PD-L1 expression upon different cytokine stimulations such as EGF that induces PD-L1 expression via the PI3K/AKT pathway and TNF- through the MEK/ERK pathway (X. Jiang et al., 2019). Interestingly, Dia2 depletion decreases both PM and the total cell amount of PD-L1 induced by both EGF and TNF- (Fig. 6B,C). Furthermore, in the absence of any stimulation,the basal level of PD-L1 was also decreased in cells lacking Dia2 (Fig. 6A,C). Altogether, these results suggest that Dia2 regulates PD-L1 expression and more importantly its presence at the cell surface by controlling the proper nanoscale organization of lipids at the PM. It has been shown that lipid environments at PM is essential for PD-L1 degradation (Yang et al., 2019;Yao et al., 2019b;Wen et al., 2021). It is therefore likely that Dia2 could regulate PD-L1 degradation by grovelling SM distribution and lipid nanodomain formation at PM.

Discussion

We recently demonstrated the central role of lipid nanodomain in IFN-Rs partitioning and activation (Blouin et al., 2016). However, the molecular machinery driving or maintaining the assembly of lipid nanodomains around IFN-R are largely unknown. Moreover, the cortical actin cytoskeleton was recently shown to influence membrane organization and determine molecular diffusion at the PM (Köster et al., 2016;Fritzsche et al., 2017), such as play a role of GPI-AP nanoclustering (Kalappurakkal et al., 2019) and regulate picket barriers formation from CD44 (Freeman et al., 2019;Sil et al., 2020). How cortical actin controls the dynamics, and the interactions of transmembrane proteins remains poorly understood and, in most cases, the molecules that bridge the receptors to actin are unknown.

Although there is no direct evidence that formins are involved in maintaining or creating lipid nanodomains, so-called "actin asters" made of short dynamic actin filaments driven by myosin involved in this process has been revealed in the last decades (Kalappurakkal et al., 2020). More interestingly, the actin depolymerization drug LatA also disturbed IFN-R2 lateral diffusion, without altering JAK/STAT activation (Blouin et al., 2016) (Blouin et al., 2016). Of note, Dia2 depletion reduced OlyA (WT) and IFN-R1 co-localization, which suggested that Dia2 is important for IFN-R partitioning into lipid nanodomains of SM/Chol. Furthermore, a Chol binding motif (Sen et al., 2011) and a SM binding motif (Contreras et al., 2012) located at the transmembrane domain (TMD) of IFN-R1 subunit have been reported separately.

Moreover, the Contreras laboratory recently identified a new Chol-binding site within the IFN-R2 that is required for JAK/STAT signal transduction (Morana et al., 2022). It is likely that these potential interactions between receptor and lipids are critical for the conformational changes of IFN-R upon ligand binding (Blouin et al., 2016). Thus, Dia2 could also play a role in the direct interaction equilibrium between specific lipids and IFN-Rs, which is essential for IFN-R nanodomain formation and proper partitioning.

How the inner leaflet side protein, Dia2, regulate lipid nanodomain formation on the outer leaflet of PM? Recently, it has been reported that SM and Chol are enriched in the outer leaflet of PM, which is important for the localization of particular lipids such as phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) in the inner leaflet of the PM in a transbilayer coupled manner (Abe et al., 2012(Abe et al., , 2021)). This model could theoretically explain how Dia2 that is present at the side of the inner leaflet of PM could nevertheless generate or maintain specific lipid nanodomain across the PM, such as SM distribution patterns or SM/Chol complex formation. Furthermore, it was proposed that transmembrane proteins with actin-binding motifs could play a role in trans-bilayer coupling transition, in association with the dynamic acto-myosin machinery, and therefore do not require additional adapters for nanoclusters (Gowrishankar et al., 2012). Meanwhile, a new perspective was put forward where GPI-APs present at the outer leaflet interact with long acyl-chain and negatively charged lipid phosphatidyl serine PS, present at the inner leaflet, and additional membrane associated adapters that couple PS with the dynamic actin-myosin machinery are required for facilitating GPI-AP nanoclustering (Raghupathy et al., 2015). So, it is possible that Dia2 regulate lipid nanodomains formation through a trans-bilayer coupled manner.

Our data show that RhoA is a major upstream regulator for Dia2 that is important for JAK/STAT signaling induced by IFN-. The different spatial and temporal distribution and activation of Rho-GTPases at the PM plays a significant role in determining the specific recruitment and arrangement of actin assembly factors. Cells use these signaling cascades to generate specific actin networks that mediate important cellular functions. In migrating cells, the asymmetric distribution of PM phosphatidylinositol phosphates (PIP) supports the polarization of different actin networks: at the back, PI(4,5)P2 recruits ERM and cofilin to promote anchoring and stabilization of linear filaments. At the leading edge, PI [START_REF] Nieto-Garai | Shedding light on membrane rafts structure and dynamics in living cells[END_REF]4,5)P3 recruits guanine nucleotide exchange factor (GEF), which activates Rac and nucleates branching actin via Arp2/3 (Freeman et al., 2018). Our results demonstrated that the basal RhoA signaling, without stimulation, is essential for Dia2 mediated IFN--induced JAK/STAT signaling. How is RhoA involved in Dia2 activation at PM? Before Rho-GTPases binding, Formins are intrinsically autoinhibited and located in the cytoplasm (Pollard, 2016) but once bound, Rho-GTPases release this inhibition and promote formins recruitment at the PM (A. Chen et al., 2020). Meanwhile, this process is further enhanced by Rho-GTPase co-factors such as anillin and IQGAP (Chen et al., 2020;Kadzik et al., 2020). Upon activation, PMassociated Dia2 can initiate nucleation and elongation of actin filaments, which could, in turn, serve as a support point for strengthening Dia2 anchoring to the PM. Thus, Dia2 could regulate lipid nanodomain formation through actin elongation but also by itself since it can interact and stabilize PI(4,5)P2 domains via its N-terminal basic domains with the help of Chol (Bucki et al., 2019). Besides that, RhoA itself could also be involved in lipid nanodomain formation and assembly around of IFN-Rs by interacting with specific lipids and its effectors, as shown for the activated Rac1 partitioning into nanoclusters with PI(4,5)P2/PI(3,4,5)P3 (Remorino et al., 2017). Together, this local non-equilibrium distribution of RhoA and formins could enhance lipid nanodomain formation, which are responsible for IFN-Rs membrane partitioning and transmembrane signaling transduction.

Finally, our experiment demonstrated that Dia2, is critical for PD-L1 expression t the PM and it cellular abundance, which could serve as a potential therapeutic target for cancer, improving the current immune checkpoint blockade therapy. As already described in the tumor environment (Ribas & Wolchok, 2018), we observed that PD-L1 expression increased after IFN- stimulation but was reduced in Dia2 depleted cells. More surprisingly, the lack of Dia2 at steady state, but also when stimulated with EGF or TNF- independently from JAK/STAT pathway, leads to reduced PM expression of PD-L1. Until now, no link has been described so far between PD-L1 and Formins. Nevertheless, actin has been shown to play a key role in PM expression of PD-L1, as the actin polymerization inhibitor cytochalasin D, induces a significant reduction of PD-L1 protein levels (Miyazawa et al., 2018). Also, gene silencing of the scaffold proteins that crosslink actin filaments to PM: ezrin, radixin and moesin (ERM), reduces PD-L1 cell surface expression without affecting its mRNA level (Kobori et al., 2021;C. Tanaka et al., 2021). In this context, we assume that Dia2 does not affect the gene expression of PD-L1 in our study. It is more likely that Dia2 regulates PD-L1 protein stability directly. PD-L1 is a type I transmembrane protein (Zak et al., 2017) containing extracellular, transmembrane and cytoplasmic (CD) domains. The small CD of PD-L1, containing residues 260-290, is involved in PD-L1 protein stability and degradation, and deletion of the CD tail renders PD-L1 resistant to the ubiquitination-dependent proteasomemediated degradation (Zhang et al., 2018). Xu and Hung labs have separately demonstrated that palmitoylation of C 272 within CD regulates PD-L1 stability and trafficking (Yang et al., 2019;Yao et al., 2019a). Moreover, it was demonstrated recently that PD-L1 degradation is governs by its CD and membrane electrostatic association, disruption of which decreases the cellular abundance of PD-L1 (Wen et al., 2021). Obviously, the degradation pathway of PD-L1 mediated by PM environment could be a strong explanation that Dia2 depletion downregulated both cell surface and the cellular abundance of PD-L1. We demonstrate here that Dia2 is critical for lipid nanodomain formation and SM distribution, which results also could be important for PD-L1 protein stability and degradation.

Does RhoA signal could regulate PD-L1 PM expression and cellular abundance though Dia2 pathway? Recently, The Cancer Genome Atlas (TCGA) project evaluated gene and protein levels in 295 patients with primary gastric cancer and found that RhoA signaling was highly enriched in these tumors (Bass et al., 2014;Cancer Genome Atlas Research Network, 2014).

Meanwhile, these patients display recurrent PIK3CA mutations, extreme DNA hypermethylation, and amplification of JAK2, PD-L1 and PD-L2 tumours positive for Epstein-Barr virus group. Furthermore, Takeshita lab found there was the correlation between RhoA signal and PD-L1 cellular expression level, and the somatic active formation RhoA mutation, RhoA (G17V), increased PD-L1 expression (Mihashi et al., 2021). So, it will be interesting to investigate whether RhoA signal can regulate PD-L1 PM expression and cellular abundance.

Materials and Methods

Cell line, Cell culture SV40-transformed fibroblasts, HeLa M cells, COS-7 cells were grown at 37 °C under 5% of CO2 in DMEM Glutamax (Gibco) with 10% bovine fetal serum. Fibroblasts were supplemented with gentamicin and Amphotericin B.

IFN- stimulation and treatment

Cells were cultured in DMEM Glutamax (Gibco) with 10% bovine fetal serum, and then stimulated by switching the medium with DMEM, supplemented with 1000 UI.ml -1 of human recombinant IFN- (BioLegend), 20ng/ml of EGF (Sigma) or 20 UI.ml -1 of IFN- (gift from Biosidus) for 10 min at 37 °C. Prior to IFN- stimulation, Cells were treated with 25 µM SMIFH2 for 20min. For the Rhosin treatment, cells were cultured in DMEM Glutamax (Gibco) with 10% bovine fetal serum for 24 h, and then replaced the medium by 0.2% bovine fetal serum, supplemented with 30 µM of Rhosin (Sigma) for 24 h. For the RhoCN03 rescue experiment, Rhosin and RhoCN03 (0.25 µg/ml) (Cytoskeleton) were added on cells for 4 h at 37 °C prior to IFN- stimulation.

RNA interference-mediated silencing

All cells were transfected with small interfering RNAs (siRNAs) using Lipofectamine™

RNAiMAX Transfection Reagent (Invitrogen) according to the manufacturer's instructions cultured for a total of 3 days. Experiments were performed on the validation of silencing efficiency by immunoblot analysis using specific antibodies and normalizing to the total level of tubulin used as loading controls. 20 nM of a pool of four siRNA targeting Dia2 were used (J-018997-05, J-018997-06, J-018997-07, and J-018997-07, Dharmacon TM ), Control siRNA (D-001810-10-05, Dharmacon) and siRNA targeting other Formins (Dia1, J-010347-06 to -09; FMNL1, J-019176-05 to -08; FMNL2, J-031993-09 to -12; FHOD1, J-013709-09 to -12; DAAM, J-012925-05 to -08; Dharmacon) was used at the same concentration.

Immunoblotting

All cells were lysed in sample buffer (62.5 mM Tris/HCl, pH 6.0, 2% v/v SDS, 10% glycerol v/v, 40 mM dithiothreitol, and 0.03% w/v phenol red). Lysates were analysed by SDS-PAGE and Western blot analysis and immunoblotted with the indicated primary antibodies and horseradish peroxidase-conjugated secondary antibodies. Chemiluminescence signal was revealed using Pierce™ ECL Western Blotting Substrate, SuperSignal West Dura Extended Duration Substrate or SuperSignal West Femto Substrate (Thermo Scientific Life Technologies). Acquisition and quantification were performed with the ChemiDoc MP Imaging System (Bio-Rad).

STAT1 phosphorylation and its nucleus translocation

Cells were treated with or without IFN- (1000 UI.ml -1 ) of at 37°C for the indicated times. For biochemical analysis, cells were washed with ice cold PBS and lysed in SDS Sample Buffer 1X.

Total lysates were analyzed by SDS-PAGE and Western blot analysis. To detect STAT1 phosphorylation in Dia2 depletion cells, immunoblot signal was enhanced with longer exposure time. For the immunoblot signal analysis, pSTAT1 levels were quantified by calculating the ratio between pSTAT1 and STAT1. For immunofluorescent analysis, cells were grown on coverslips, treated as described above, and then fixed with cold methanol at -20°C for 10 min. After washing with cold PBS, cells were incubated with primary anti-pSTAT1 antibody for 1 h at room temperature and revealed by using a AlexaFluor488conjugated goat anti-mouse secondary antibody. pSTAT1 nucleus translocation was quantified with ImageJ software (NIH) by calculating the nucleo-cytosolic ratio of pSTAT1 signal (nuclei masks were realized with the DAPI staining).

Actin staining

Cells were grown on cover slips in DMEM Glutamax (Gibco) with 10% bovine fetal serum for 1 day, and then were starved 1day by switching the medium with DMEM with 0.2% bovine fetal serum at 37 °C before IFN- stimulation. Cells were stimulated by IFN- for the indicated time, and then the stimulation were stopped on ice, following with 4% PFA on ice for 5min and at room temperature for 20min. After washing with cold PBS, cells were permeabilized with 1xsaponin at room temperature for 10min, then were co-incubated with fluorophore-labeled phalloidin (Cytoskeleton) at room temperature for 45 min. F-actin was quantified with ImageJ software (NIH) by calculating the mean intensity of fluorophorelabeled phalloidin.

Cell surface staining of IFN-R Cells were grown on coverslips in DMEM Glutamax (Gibco) with 10% bovine fetal serum, and then washed with ice-cold PBS. For IFN- binding condition, cells were co-incubated with IFN- on ice for the indicated time, and then washed with cold PBS, following with primary anti-IFN-R1 (1:100) (BD Biosciences) and anti-IFN-R2 (1:50) (Proteintech) antibody on ice for 60 min. After primary antibody binding, cells were washed with cold PBS, then following with 4% PFA on ice for 5 min and at room temperature for 20 min. Cells then were wash with cold PBS again, following co-incubated with fluorophore-labeled secondary antibodies at room temperature for 45 min. The image was collected on spinning disk microscope, and F-actin was quantified with ImageJ software (NIH) by calculating the mean intensity of signal.

PD-L1 immunostaining

Cells were grown on coverslips in DMEM Glutamax (Gibco) with 10% bovine fetal serum, and then stimulated with IFN- (BioLegend, 1000 UI.ml -1 ), EGF (Sigma, 10 ng/ml) or TNF- (Protein recombinant platform of Institut Curie, 10 ng/ml) for 24 h at 37 °C. Cells were washed with ice-cold PBS, following with 4% PFA at room temperature for 20 min. For the cell surface staining, fixed cells were incubated with primary anti-PD-L1 (1:50) antibody (BioLegend) at room temperature for 60 min. After primary antibody binding, cells were washed with ice-cold PBS, following co-incubated with fluorophore-labeled secondary antibodies at room temperature for 45 min. For the total cell staining, cell was permeabilized with saponin 0,1% at room temperature for 10 min before primary antibody binding. The images were collected on Epifluorescence microscope, and the results was quantified with ImageJ software (NIH) by calculating the mean intensity of PD-L1 signal.

Sphingomyelin probes purification, labelling and staining

OlyA-His6-WT and OlyA-His6-E69A overexpression was induced with 1 mM IPTG at 18°C for 16 h, and the recombinant protein was purified by nickel chromatography followed by gel filtration (Plateform of protein production of Institut Curie) using the same procedures as described (Endapally et al., 2019). After purification, some aliquots of OlyA-His6 were labeled with Alexa Fluor 647 TM C2-maleimide dyes as described previously (Endapally et al., 2019). For the PM staining, cells were washed with warm PBS, following incubate with probe OlyA (WT) (3 µM) or OlyA (E69A) (0.3 µM) in 1% BSA-PBS at room temperature for 5 min, then fixed with 4% paraformaldehyde (PFA) for 20 min. For the Eqt staining, we operated PM staining at 4 °C for 15 min, then fixation. For the whole cell storage staining,

we fixed cell at first and then permeabilized with saponin 0,1% at room temperature for 10 min before lipid probe binding (supplemented with 0,1% saponin) for 15 min.The image were collected on spinning disk microscope and quantified with ImageJ software (NIH) by calculating the mean intensity of AF647 signal.

svFCS

The setup is built around an inverted Zeiss Axiovert 200M microscope, equipped with a C-Apochromat 40× 1.2 NA objective f. A 488 nm excitation laser wavelength illuminates the back aperture of the objective (≈ 2 µW). Once separated from excitation by a 488 nm dichroic mirror and out-of-focus rejection through confocal pinhole, the backward fluorescence is collected by an avalanche photodiode. The back aperture of the objective is under-filled by the laser beam in order to size the FCS volume of observation (10.1038/sj.emboj.7601214). The defined radius of the excitation beam (namely the waist size, w, ranging from 200-400 nm) is preliminary calibrated according to the Rhodamine 6G diffusion coefficient (280 µm²/s in aqueous solution at 37°C), the estimation of the measurement error being linear with the w² value without exceeding 0.5% even for the larger waist (Billaudeau et al., 2013). For the measurements on living cells, the laser beam focused by the objective is precisely placed at the PM following a z-scan procedure allowing locating the observation volume at the maximum of fluorescence intensity in the z-axis. The fluorescence signals emitted from the molecules inside the spot volume are then collected.

For each observation spot size, each series (between 10 to 15 series of 20 recordings of 5 second each) was performed on different low fluorescent cells (density~200 molecules/µm² as evaluated from the autocorrelation function (ACF)). For each series, the 20 recordings are selected on the basis of the fundamental FCS assumption in order to keep only the measurements that are in a stationary regime, meaning that the signal fluctuations show a time-invariant profile. Any "abnormal" recordings are discarded; they could be due to strong membrane or cellular movements, or vesicular trafficking. Indeed, the former generates a loose of the focalized spot of observation at the plasma membrane, the later, a collective contribution of individual fluorescently labeled molecules present within endocytic vesicles whose sizes are always smaller than the observation spot. The abrupt and strongly altered signal fluctuation is immediately identifiable on the auto-correlated function due to the invalidation of the time invariance requested for the analysis. The mean of the kept ACFs is fitted with a two component model. Equation 1where N is the number of molecules, A the ratio of slow diffusing molecules with a diffusion time d (the one used for the diffusion plots) compared to the fast-diffusing ones (presumably corresponding to eGFP proteins non-covalently bound to the receptor). For a given waist, the mean diffusion time calculated from 10 to 15 series is weighted in accordance with the number of kept ACF per series. The estimation of the d and w 2 values were determined using a maximum likelihood estimation considering a Gaussian kernel of the individual and independent recordings with their experimental standard deviations. The diffusion plots were obtained by drawing the average d (for each series at a defined waist)

and their associated errors (square root of the variance) as a function of w 2 . The values of t0 and Deff were estimated from the diffusion plots by computing the linear regression analysis simultaneously accounting for the estimation errors of d and w 2 . The estimation variances for t0 and Deff according to equation 2 were given by the Cramer-Rao bound. Equation 2where d is the diffusion time, w the spot radius, t0 the y-axis intercept of the diffusion plots, Deff the effective diffusion coefficient proportional to the inverse of the slope of the diffusion plots. The interpretation of the data is done based on the numerical simulations where the variation of t0 corresponds to different modes of membrane compartmentalization (Wawrezinieck et al., 2005;Lenne et al., 2006). In the case of free diffusion (under the Brownian diffusion constraint), the FCS diffusion law projection intercepts the time axis at the origin (t0 = 0); in negative axis (t0 < 0) when molecules are confined by meshwork barriers, or in positive axis (t0 > 0) when molecules dynamically associate with traps and domains (lipid nanodomains) (H. T. He & Marguet, 2011;Mailfert et al., 2020).

Sample preparation for SMLM

Precision Cover Glasses, #1.5H (170 µm) (THOR labs) were cleaned in solution A (125 ml MillQ H2O, 25 ml NH4OH and 25 ml H2O2) at 80°C for more than 2 h, then followed by MeOH at room temperature for 10 min. The HeLa M cells (with siRNA treatment) are seeded on cleaned coverslips and cultured for 24 h. The cells were washed with warm PBS, followed by an incubation with the probe AlexaFluor647-OlyA (10 µM) in 1% BSA-PBS at room temperature for 5 min, then washed by ice-cold PBS and fixed with 4% PFA on ice for 5 min, then at room temperature for 20 min. The cells were then quenched for auto-fluorescence from PFA in 50 mM NH4Cl at RT for 15 min. The cells were washed in PBS three times, followed by primary anti-IFN-R1 (1:50) (BD Biosciences) antibody incubation on ice for 90 min. After primary antibody binding, cells were washed with warm PBS and co-incubated with fluorophore CF680-labeled secondary antibody at room temperature for 60 min. After immunolabeling, a post-fixation step was performed using 4% PFA at room temperature for 15 min after PBS wash. The cells were then quenched for auto-fluorescence from PFA in 50 mM NH4Cl at room temperature for 15 min, and then following with PBS wash. The coverslips were put into wells with PBS before being imaged.

Single-molecule localization microscopy dSTORM

Coverslips are mounted on slides with cavity (Sigma) filled with Everspark buffer (protocol here: https://www.idylle-labs.com/everspark-by-eternity#protocol), and then sealed with twinsil (Picodent). Single molecule imaging was done using an Abbelight SAFe360 with the spectral demixing mode (dichroic mirror at 700nm, Chroma) with two sCMOS cameras (Hamamatsu Fusion BT) mounted on an inverted Nikon Ti2-E microscope with a 100X

1.49NA objective. The laser used is an Oxxius 640nm (500 mW, around 3,5kW/cm² at the sample under experimental condition) at the TIRF angle to specifically excite fluorophores at the plasma membrane near the coverslip (first few hundreds nm from coverslip). To summarize the spectral demixing mode, the partially overlapping emissions of the AF647 and CF680 are spectrally split with the 700nm dichroic beamsplitter before reaching two separated cameras. Then, the intensity ratios between both cameras for each localization are calculated to allocate each particle to the good wavelength [START_REF] Winterflood | Dual-Color 3D Superresolution Microscopy by Combined Spectral-Demixing and Biplane Imaging[END_REF].

Each acquisition was made with 20 ms exposure time and around 20,000 frames. The data were analyzed with NEO software from Abbelight TM for localization and filtering and Matlab TM for post-processing analysis.

Colocalization and distribution analysis for dSTORM

The colocalization algorithm used is based on the CI_Index calculation (Willems & MacGillavry, 2022). A home-made Matlab script integrates the CI_Index calculation, which includes the mean nearest neighbor distance, the local density based on a specific search radius (effective resolution in Willems et al., 2022) and the mean CI_Index for each channel.

In [START_REF] Guilluy | The Rho exchange factor Arhgef1 mediates the effects of angiotensin II on vascular tone and blood pressure[END_REF]. TNF- induces an increase of RhoB protein expression and activation [START_REF] Reinhard | Spatiotemporal analysis of RhoA/ B/C activation in primary human endothelial cells[END_REF]. GP130-IL6ST and the kinase JAK1 generates actomyosin contractility through Rho-kinase dependent signalling and tumor invasion [START_REF] Sanz-Moreno | ROCK and JAK1 Signaling Cooperate to Control Actomyosin Contractility in Tumor Cells and Stroma[END_REF]Campbell et al., 2018). Our lab has demonstrated that the RhoA-Dia2/DIAPH3 axis controls lipid nanodomain formation required for JAK/STAT signaling of IFN-R (See Results

-Part I). However, whether IFN-R activation can modulate RhoA activation has not yet been reported and would represent an interesting feedback loop in the nano-organization of the PM.

Results

IFN- induced JAK/STAT signaling triggers RhoA activation First, we analysed the level of RhoA in its GTP-bound form by Rhotekin-RBD pull-down assay in fibroblasts either stimulated for 2 and 10 min or not with IFN- (Fig. 47A). At steady state, in the absence of IFN- stimulation, a small fraction of RhoA-GTP signal was detected (Fig. 47A). These results suggest that there is a basal activation of RhoA pathway which is certainly important for cell cytoskeleton organization [START_REF] Zhu | Activation of RhoA in Podocytes Induces Focal Segmental Glomerulosclerosis[END_REF]. In contrast, we found a drastic increase of RhoA-GTP level at 2 min of IFN- stimulation (Fig. 47A) which is then strongly decreased after 10 min (Fig. 47A). Altogether, these data clearly proved that IFN- triggered a fast and transient RhoA activation that goes back to basal level. Thanks to the RhoA GTP-bound form specific antibody generated by the Antibody platform of Institut Curie [START_REF] Moutel | NaLi-H1: A universal synthetic library of humanized nanobodies providing highly functional antibodies and intrabodies[END_REF], we were able to directly image RhoA activation within cells.

Therefore, we characterized whole cell RhoA activation state using immunofluorescent assay in HelaM cells stimulated for several time points (0, 2, 5 and 10 min) with IFN- cytokine (Fig. 47B). Similarly to the Rhotekin-RBD pull-down assay, we observed a basal level of RhoA-GTP signal without IFN- stimulation (Fig. 47B). Meanwhile, the RhoA-GTP signal shows a very strong increase after 2 min and the activation gradually decreased after 5 and 10 min (Fig. .47B). Again, these results strongly supported that IFN-R activation inducing RhoA production transiently within minutes and reduced to basal level after 10 min of stimulation by IFN-. We have demonstrated that Dia2 is critical for JAK/STAT signaling of IFN-R. Then, we examined whether Dia2, a known target of RhoA-GTP could conversely regulate RhoA activity throught its effect on IFN--induced JAK/STAT signaling? We monitored RhoA activitation HelaM cells depleted for Dia2. Of note, we observed that Dia2 depletion strongly reduce the RhoA-GTP signal under IFN- stimulation as compared to siRNA control condition (Fig. 47C). These observations confirm that Dia2 can in turn regulate RhoA activity through its role in the regulation of JAK/STAT pathway.

IFN-R triggered RhoA activation induces global F-actin polymerization

We next investigated the role of IFN--induced RhoA activation for F-actin polymerization.

Therefore, we measured the amount of F-actin in cells using staining with fluorescent phalloidin in fibroblasts stimulated or not with IFN-. IFN- stimulation resulted in an effective increase of F-actin, whose labelling fluorescent signal peaked at 10 min, which declined thereafter (Fig. 48A). This observation is consistent with the RhoA-GTP activation time scale that we observed previously (Fig. 48A). Furthermore, treatment Rhosin, the RhoA/B/C inhibitor, reduces F-actin polymerization caused by IFN-R activation, whose inhibition can in turn be rescued by RhoCN03, the RhoA/B/C activator (Fig. 48B)

demonstrating that IFN--induced F-actin polymerisation was solely due to Rho GTPase activation. Are the JAK kinases responsible for the increase of F-actin polymerization triggered by IFN- stimulation? To answer this question, we analysed the F-actin labelling intensity in fibroblasts treated or not with JAK1 and JAK2 kinase inhibitor, JAK inhibitor I. At steady state, in the absence of IFN- stimulation, there was no significant difference between the normal and JAK inhibitor I treatment groups, indicating that the basal level of F-actin was not affected by JAK1 and JAK2 inhibition (Fig. 48C). However, compared to normal, JAK inhibitor I treatment eliminated F-actin polymerization upon IFN- stimulation (Fig. 48Cc). Thus, these results suggested that IFN- stimulates F-actin polymerization via activated JAK kinases. The Rho-associated protein kinases (ROCK) and formins are the two downstream effectors of RhoA (Bros et al., 2019). We next investigated whether the IFN- induced actin polymerization is under the control of ROCK and Dia formin subfamily.

Therefore, we analysed F-actin cell amount in fibroblasts treated with the ROCK inhibitor, Furthermore, we observed that both Dia1 and Dia2 depletion can inhibit the actin polymerization that normally follows IFN- stimulation (Fig. 48F). In the additional of that, Dia1 depletion successfully inhibited actin polymerization caused by IFN- (Fig. 48F).

Altogether, our results demonstrate that IFN-R triggered RhoA activation is required for Factin polymerization that is both processed by ROCK and Dia1 and Dia2 (Figure 49).

Discussion

We found that IFN- stimulation rapidly and robustly activated RhoA via JAK kinases but what mechanism could trigger RhoA activation? The cycling of Rho-GTPases between active (GTP bound) and inactive (GDP bound) forms is tightly controlled by GTPaseactivating proteins (GAPs) and guanine nucleotide exchange factors (GEFs) [START_REF] Jaffe | Rho GTPases: Biochemistry and Biology[END_REF]. Guilluy and colleagues found that JAK2 could induce a GEF, ARHGEF1, that is responsible for angiotensin II induced RhoA signaling in arterial smooth muscle cells. Based on these findings, other Jak kinase family members (Jak1, Jak3, Tyk2) might play a similar role in RhoA activity through ARHGEF1 [START_REF] Guilluy | The Rho exchange factor Arhgef1 mediates the effects of angiotensin II on vascular tone and blood pressure[END_REF] or potentially via other GEFs.

CDC42 activation. So, we cannot rule out the possibility that IFN- regulates RhoA signaling through STAT1/STAT3 induced GEF and GAP. However, we observed that after 10 min of IFN- stimulation, the signal for activated RhoA was significantly reduced and rapidly returned to the basal level, suggesting the existence of a potential negative feedback network to turn off the RhoA signal. Recently, STAT3 has been shown to inhibit RhoA activation by activate Ezrin, a RhoA antagonist, in the process of astrogliosis of astrocytes (Renault-Mihara et al., 2017). Then, this would be one explanation for the negative feedback loop that we described for IFN--induced RhoA activation. Since high levels of actomyosin contractility and actin polymerization have been linked to a more aggressive phenotype in migrating cancer cells [START_REF] Orgaz | Diverse matrix metalloproteinase functions regulate cancer amoeboid migration[END_REF][START_REF] Mcgrail | Actomyosin tension as a determinant of metastatic cancer mechanical tropism[END_REF], the loss of these feedback process may promote tumor cell invasion as well as proliferation and survival, especially in the context of high cytokine secretion. 

equilibrium process of IFN-R by detergent free device, nitrogen cavitation

Introduction

In the framework of the classical model two copies of IFN-R1 and IFN-R2 together preassembled into heterotetrametric before IFN- stimulation (Blouin et al., 2016;Morana et al., 2022). Meanwhile, IFN- stimulation-induced conformational changes in IFN-Rs initiate and trigger their JAK/STAT signaling [START_REF] Lamaze | Receptor lipid nanodomain partitioning and signaling[END_REF]. Recently, Garcia and Jacob Piehler's lab together observed that IFN-R1 and IFN-R2 co-tracking only upon addition of IFN- by using a two-colour single-molecule co-tracking approach in live cells, suggesting that IFN-Rs belongs to a ligand-induced assembly model (Mendoza et al., 2019;[START_REF] Sotolongo Bellón | Four-color single-molecule imaging with engineered tags resolves the molecular architecture of signaling complexes in the plasma membrane[END_REF]. The disadvantage of this measurement is that it filters out many signals that the authors consider to be noisy, and this method cannot exclude enhancement effects triggered by oligomerization of multiple heterotetramers of IFN-R, which is different from intra effects within individual IFN-R heterotetrameric complex. So, it is important for us to investigate whether Dia2 is involved in the dimerization and oligomeric equilibrium process of IFN-R. However, the lipid environment around IFN-R is critical for its dimerization and oligomerization. Recently, a classic Chol binding site (CRAC) (Sen et al., 2011) transduction (Morana et al., 2022).

So, we planned to use co-immunoprecipitation (Co-IP) to study the dimerization and oligomeric equilibrium process of IFN-R. First, we purify the protein-lipid complex by surface immunoprecipitation with antibodies against IFN-R subunits in human fibroblasts.

Since we hypothesize that membrane lipids are very important for IFN-R activation, we suspect the detergents used traditionally for cell lysis step can break IFN-R assembly by perturbing its surrounding lipids, as we failed to Co-IP of IFN-R1 and IFN-R2 copies together (data do not show). Therefore, we develop a lysis method to break cells mechanically without any detergent, using nitrogen cavitation device, which has been used

for isolating TCR subunits [START_REF] Harder | Immunoisolation of TCR signaling complexes from Jurkat T leukemic cells[END_REF] and PM [START_REF] Lorizate | Comparative lipidomics analysis of HIV-1 particles and their producer cell membrane in different cell lines[END_REF][START_REF] Moonschi | Mammalian Cell-derived Vesicles for the Isolation of Organelle Specific Transmembrane Proteins to Conduct Single Molecule Studies[END_REF] properly.

Results

Specific co-immunoprecipitation of IFN-R1 and IFN-R2 using detergent-free lysis with nitrogen cavitation.

First, HelaM cells were incubated with IFN-R1 and IFN-R2 specific antibodies on ice to perform efficient surface binding. After removing unbound antibodies using PBS washes, cells where lysed by nitrogen cavitation device to mechanically lyse the cells without any detergent and minimal contamination of PM formed vesicles by other membrane cellular compartments. Cell lysates are then incubated with Protein G Sepharose Beads (Fig. 50A).

The aim was to decrease unspecific protein binding beads pre-loading with casein to reduce unspecific binding on sepharose, washing step with 0,01% NP-40 or high salt (300 mM NaCl).

Pull-down proteins were then revealed by western blotting. As expect, we observed accumulated signal from PM, such as IFN-R1, IFN-R2, IFN-R, JAK1, EGFR and much less Golgi (TGN 46) and nuclear marker proteins (Lamin A/C) (Fig. 50B). However, there were a lot of contamination on Protein G Sepharose Beads, as we observed same signal on Beads alone condition compared with Beads mixed with IFN-R1 antibody (Fig. 50B). Therefore, by using 0.01% NP40 to clarify our sample at end of wash step, we successfully removed the contamination caused by beads, as whole the non-specific bands disappeared such as IFN-R1 and IFN-R2 (Fig. 50C).

Co-immunoprecipitated both IFN-R1 and IFN-R2 together with nitrogen cavitation. for 10 min at 37°C, lysed by nitrogen cavitation.

Regulation of lipid nanodomain formation by Dia2

To address the potential role of Dia2 is the organization of lipid nanodomains at the PM, we need first to consider and compare the two main different current models for actin mediated membrane organization. The current models are the following: the anchored picket-fence model (evolution from Brownian diffusion principle of actin-based membraneskeleton "fences"), and the active actin-membrane composite model.

Twenty years ago, the anchored picket-fence model was proposed by Kusumi and a number of membrane biophysicists to explain the nonequilibrium dynamics of membrane components and molecules which were observed with the primary version of high-speed single particle tracking (SPT) and fluorescence redistribution after photobleaching (FRAP) (T. [START_REF] Fujiwara | Phospholipids undergo hop diffusion in compartmentalized cell membrane[END_REF][START_REF] Kusumi | Paradigm shift of the plasma membrane concept from the two-dimensional continuum fluid to the partitioned fluid: High-speed single-molecule tracking of membrane molecules[END_REF]. In this model, underlying cortical actin filaments anchor transmembrane actin-binding proteins, which were well exemplified by CD44, a transmembrane adhesion molecule involved in binding and metabolism of hyaluronan [START_REF] Vachon | CD44 is a phagocytic receptor[END_REF]. Then, the CD44 receptors as pickets are stably attach to a rigid cortical actin, generating rather permanent partitions (corrals), resulting in that the diffusible molecules, such as Fc- receptors, had to escape (or "hop") this barrier and then transition to neighboring compartments by long distance molecular tracking (Freeman et al., 2018) (Fig. 52).

Figure 52. The "anchored picket-fence" model. "picket" molecules (shown in magenta). Molecules not coupled to the cytoskeleton (shown in gray). From (Sil et al., 2020) Although the anchored picket-fence model has already successfully explained the nonequilibrium of chemical and thermal dynamics of a range of membrane components and molecules, there is a growing class of phenomena that appears inconsistent with this model observed with super resolution microscopy, advanced single particle tracking algorithm and numerous membrane lipid probes, especially svFCS and fluorescence emission anisotropybased microscopy. About 10 years ago, Rao and Mayor together proposed an active actinmembrane composite model to explain the organization of GPI-anchored proteins on PM outer leaflet [START_REF] Garcia-Parajo | Nanoclustering as a dominant feature of plasma membrane organization[END_REF] and inner leaflet Ras isoforms [START_REF] Plowman | H-ras, K-ras, and inner plasma membrane raft proteins operate in nanoclusters with differential dependence on the actin cytoskleton[END_REF] at a more local scale (Fig. 53). In the active actin-membrane composite model, the nanocluster size of membrane components are regulated by cortical actin, especially myosin driven short dynamic actin filaments, whose nanoclusters' spatial distribution are nonequilibrium, with heterogeneity that presents "hotpots" of extremely high enrichment, and do not exhibit concentration-independent clustering behaviour [START_REF] Goswami | Nanoclusters of GPI-Anchored Proteins Are Formed by Cortical Actin-Driven Activity[END_REF][START_REF] Van Zanten | Hotspots of GPI-anchored proteins and integrin nanoclusters function as nucleation sites for cell adhesion[END_REF]. Meanwhile, in this model, the small and highly dynamic actin filament are different from the elongated bundled actin filaments that mediate the stable meshwork observed by electron microscope in anchored picket-fence model [START_REF] Morone | Three-dimensional reconstruction of the membrane skeleton at the plasma membrane interface by electron tomography[END_REF]. Combining in vitro reconstitution (D. V. Köster et al., 2016) and live cell observation (Gowrishankar et al., 2012) experiments, they demonstrated that this short dynamic actin meshwork can successfully do treadmilling (of polar actin filaments), myosin dependent contractility and alignment, resulting into spontaneous patterns such as inward pointing called "actin asters". It then offered a new paradigm for us to reconsider the role of actin dynamic in membrane organization.

Combining theoretical (Gowrishankar et al., 2012) and experimental (Köster et al., 2016) results, Rao and Mayor proposed that "actin asters" are the active molecules that create transient nanoclusters of GPI-APs (called inert and passive membrane components). In this model, they emphasized the importance of a group of transmembrane proteins which either contain an Ezrin-Radixin-Moesin (ERM) actin-bind domain of proteins or recruit cytoskeletal adaptors such as vinculin (Kalappurakkal et al., 2019). These later accessory proteins could then connect cortical actin to membrane receptors via regulatory protein-protein interaction motifs such as PDZ, Src-homology domain 3 (SH3), or proline-rich domain (PRD) and offer further interaction possibilities (Gowrishankar et al., 2012),. To prove their hypothesis, they proposed a "actin asters" model for simulation and observed similar diffusion coefficient properties of GPI-APs in live cell, when they were modified by the fusion with an intracellular F-actin binding domain (Gowrishankar et al., 2012). Furthermore, they also noticed that the "actin asters" induce phase-segregation of lipid bilayer in their reconstitution system in vitro (Köster et al., 2016). Therefore, their observations have been used as a first proxy to explain a general mechanism of creating small and dynamic lipid nanodomains at PM in conjunction with the local short dynamic actin architecture.

Figure 53. "active actin-membrane composite" model: actin asters. From (Gowrishankar et al., 2012) Although the model was originally proposed after the observation of GPI-APs nanodomain formation process [START_REF] Goswami | Nanoclusters of GPI-Anchored Proteins Are Formed by Cortical Actin-Driven Activity[END_REF], no direct evidence was provided at that time to explain how GPI-APs were coupled to cortical actin filaments. GPI-APs are a class of membrane proteins in which a soluble protein is attached by a conserved glycolipid anchor to the outer leaflet of PM. Therefore, they do not have intracellular domain, meaning they cannot directly recruit actin filaments on the inner leaflet. In 2015, Rao and Mayor further revised and enriched their theory of "active actin-membrane composite model" and proposed that trans-bilayer lipid coupling interactions could mediate the nanoclustering of lipid-anchored proteins (Raghupathy et al., 2015). In the new framework of their model, inner leaflet PS are coupled to the lipids of the outer leaflet with their long-saturated acyl chains within Chol-rich regions, and are required for GPI-APs nanoclustering. In this process, the cortical actin associates with and immobilizes PS, that mediates the trans-bilayer coupling between GPI-APs and cortical actin. Recently, they further refined this mechanism by showing that the talin-mediated activation of the mechano-transducer vinculin is required for the coupling of the acto-myosin machinery to inner-leaflet PS, thereby generating GPI-APs nanoclusters. Therefore, vinculin would promote cell spreading and migration through its potential functional link between PS and cortical actin filaments (Kalappurakkal et al., 2019). et al., 2015) Since the first observation that membrane diffusion of GPI-APs was affected only by treatment with the formin inhibitor SMIFH2, and not by the Arp2/3 inhibitor CK666 [START_REF] Saha | Diffusion of GPIanchored proteins is influenced by the activity of dynamic cortical actin[END_REF], several papers have described the possible involvement of formins in the formation of molecular nanoclusters at the PM (Kalappurakkal et al., 2019). These indicated that the formin actin nucleators could have the ability to regulate membrane molecular diffusion. However, the precise molecular mechanisms that drive and control the formation of receptor and lipid nanoclusters implying formins, and their potential signaling outcomes remain largely unknown. While disrupting actin filaments via SMIFH2 disorganized integrin [START_REF] Saha | Diffusion of GPIanchored proteins is influenced by the activity of dynamic cortical actin[END_REF] and CD44 (Freeman et al., 2018;Sil et al., 2020) nanoclusters, it also results in less centralized TCR [START_REF] Murugesan | Formin-generated actomyosin arcs propel t cell receptor microcluster movement at the immune synapse[END_REF] and modification of B cell receptor mobility (Rey-Suarez et al., 2020). Nevertheless, the off-target effects of SMIFH2 on myosins reported from Sellers's group recently (Nishimura et al., 2021) bring additional uncertainty to the field regarding the true involvement of formins in the regulation of PM nanopartitioning. Therefore, it is very important and necessary to identify the specific formin candidates whose are really involved in this process.

Generally, formins can not only initiate and accelerate the de novo nucleation of "F-actin seed" (starting from G-actin monomer) as an actin nucleator, but also can processivity elongate F-actin by continuously recruit G-actin to its barbed end [START_REF] Chesarone | Actin nucleation and elongation factors: mechanisms and interplay[END_REF]Paul & Pollard, 2009b) (Fig. 55A). However, the rate of actin polymerization (actin nucleation and elongation rates) depends on the G-actin concentration [START_REF] Pollard | Rate constants for the reactions of ATP-and ADP-actin with the ends of actin filaments[END_REF].

Since actin nucleation and elongation utilize a common pool of G-actin monomers in cell, regulating the balance between the two processes could change the number of actin nucleation events as well as the final length of elongated F-actin. Therefore, formins by mediating both actin nucleation and elongation, which are interdependent mechanisms, may allow the assembly of the F-actin network with specific physical properties, different from the ones created by the other actin related proteins [START_REF] Zweifel | Nucleation limits the lengths of actin filaments assembled by formin[END_REF]. In contrast to the branched actin network mediated by Arp2/3 complex, formins only can mediate actin filament elongation in two opposite direction along established F-actin. In 2006, Higgs's lab the first time observed that the FH2 domain alone of both Dia2 and FMNL1 could induce mixtures of parallel and anti-parallel bundled actin in vitro by electron microscopy [START_REF] Harris | Mechanistic differences in actin bundling activity of two mammalian formins, FRL1 and mDia2[END_REF][START_REF] Machaidze | Actin Filament Bundling and Different Nucleating Effects of Mouse Diaphanous-Related Formin FH2 Domains on Actin/ADF and Actin/Cofilin Complexes[END_REF], which suggests no discriminatory bundling direction for formins during actin elongation. Meanwhile, this bundled structure could be produced via binding sites on the exterior surfaces of their FH2 domains or by encircling the filaments with their FH2 domains (Courtemanche, 2018) (Fig. 55B). Thus, the biochemical properties of formins allow single actin filament together to generate advanced actin bundling network with both uniform polarity (same direction) and mixed polarity (opposite or multidirectional direction) [START_REF] Skau | Specification of Architecture and Function of Actin Structures by Actin Nucleation Factors[END_REF] (Fig. 55C). Bundled actin with uniform polarity could form long and stable filament network, which are well exemplified in filopodia (Schirenbeck, Arasada, et al., 2005) and dorsal stress fibers [START_REF] Valencia | Force-dependent activation of actin elongation factor mDia1 protects the cytoskeleton from mechanical damage and promotes stress fiber repair[END_REF]. Recently, Eggeling's lab observed actin structure, "actin stars", which consist more of multiple bundled F-actin, rather than relatively individual actin filaments seen in "actin asters", in both live and fixed cells (Fritzsche et al., 2017). Moreover, there are pattern transitions between more advanced patterns: actin vortices, stars and asters generated by actin filaments (Fritzsche et al., 2017). Of note, Sciortino and Bausch were recently able to construct multiple polarity structures with different patterns with increasing actin density on lipid supported bilayer in vitro system [START_REF] Sciortino | Pattern formation and polarity sorting of driven actin filaments on lipid membranes[END_REF]. So, formins could potentially play a key role not only in the single dominant "actin asters" but also in more advanced actin bundle structures. Considering the specific role of Dia2 in membrane partitioning for the induction of JAK/STAT signaling by IFN-R, we can formulate several hypotheses to explain this mechanism. One possibility is that the Dia2 by itself could be is essential for lipid nanodomain formation at the PM (Fig. 55B). Dia2 is composed a poly-basic residues region (BRD) in the N-terminal (the sequence from first residues of N-terminal to GBD) (Brandt et al., 2007;Gorelik et al., 2011;Rousso et al., 2013) and represent potential lipidation sequence: C-terminal CAAX (C: cysteine, A: an aliphatic amino acid, X: any amino acid) [START_REF] Jiang | Protein Lipidation: Occurrence, Mechanisms, Biological Functions, and Enabling Technologies[END_REF]. Meanwhile, the Isoelectric point (pI value) values for both N-and C-terminal of Dia2 are above 9 (pI > 9) [START_REF] Ramalingam | Phospholipids regulate localization and activity of mDia1 formin[END_REF]. These particular sequence features provide an effective structure scaffold for PM binding. It has been well described for the electrostatic interactions between Dia2 and membrane PI(4,5)P2 headgroups by molecular dynamic simulations (Bucki et al., 2019). Besides that, the positively charged surface patch resulting of its domain orientation toward PM could also interact with negatively charged phospholipids such as PS. [START_REF] Dames | Structure, dynamics, lipid binding, and physiological relevance of the putative GTPase-binding domain of Dictyostelium formin C[END_REF][START_REF] Zeth | Molecular basis of actin nucleation factor cooperativity: Crystal structure of the Spir-1 kinase noncatalytic C-lobe domain (KIND)•formin-2 formin Spir interaction motif (FSI) complex[END_REF][START_REF] Moriya | Protein N-myristoylation is required for cellular morphological changes induced by two formin family proteins, FMNL2 and FMNL3[END_REF]. Furthermore, Rho GTPase usually associate with the PM by C-terminal lipidation [START_REF] Kühn | The structure of FMNL2-Cdc42 yields insights into the mechanism of lamellipodia and filopodia formation[END_REF][START_REF] Daimon | Macrothrombocytopenia of Takenouchi-Kosaki syndrome is ameliorated by CDC42 specific-and lipidation inhibitors in MEG-01 cells[END_REF][START_REF] Malhi | Statin-mediated disruption of Rho GTPase prenylation and activity inhibits respiratory syncytial virus infection[END_REF][START_REF] Mima | Self-assemblies of Rab-and Arf-family small GTPases on lipid bilayers in membrane tethering[END_REF], which contributes to a third potent mean of membrane targeting for formins (Fig. 56A). In this case, RhoA can act as a membrane anchor, which is essential for Dia2 membrane localization. Finally, it is possible that the already existing cortical actin lipids at the PM, it is likely that its actin nucleation and elongation functions play a key role in the formation of lipid nanodomains. Dia2 could create and maintain lipid nanodomains by promoting different kind of actin structures, such as "actin aster", "star " or advanced bundled actin networks that still need to be further observed and characterized. In these contexts, we hypothesize that both its lipid binding characteristics and its actin-related functions are important for the membrane dynamic partitioning of molecules at the PM (Fig. 56B).
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  include chemokines, interferons, interleukins, lymphokines and tumour necrosis factors, but generally not hormones or growth factors. Their clear distinction from hormones is still the subject of research. For simplicity, the multitude of different cytokines has been divided into six groups: (A) Tumor Necrosis Factor alpha (TNF-), (B) Interleukin-1 (IL-1) family, (C) Transforming Growth Factor beta (TGF-) family, (D) Factors that signal via receptor tyrosine kinases, such as Macrophage Colony-Stimulating Factor (M-CSF), (E) Chemokines, and (F) Cytokines that signal via the Janus kinases(JAKs)/Signal Transducers and Activators of Transcription (STAT) pathway (Morris et al., 2018) (Figure 1).
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 1 Figure 1. Cytokine family classification based on its structures. From[START_REF] Morris | The molecular details of cytokine signaling via the JAK/STAT pathway[END_REF] 
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 2 Figure 2. Cytokine receptor classification. (A) The CHR from a Class I receptor (Growth Hormone Receptor) is shown with the two FnIII domains, disulfide bonds and WSXWS motif highlighted. (B) Structures and models of a diverse range of cytokine receptor complexes. From[START_REF] Morris | The molecular details of cytokine signaling via the JAK/STAT pathway[END_REF] 

  downstream signaling outcome. Type II interferon receptors have only IFN- Receptor (IFN-R), which does not contain any shared receptor chains and only interacts with a single ligand, IFN-. Similarly, IFN- does not bind to any other receptor. Type III interferon receptors contain multiple IFN- receptors, such as the IFN-1 (IL-29) receptor, -2 (IL-28A)

Figure 3 .

 3 Figure 3.Class II cytokine receptors and their associated kinases and effectors. From[START_REF] Morris | The molecular details of cytokine signaling via the JAK/STAT pathway[END_REF] 

  complex IFN-R on macrophages and dendritic cells, leading to the transcription of cytokines such as IL-12 (consisting of IL-12p40 and IL-12p35) and various molecules involved in the microbicidal machinery. In the late stages of infection, IFN- is produced primarily by TH1 cells in response to IL-12 and IL-18 released by APCs. It is worth noting that, defects in any of the essential molecules in this pathway lead to susceptibility to Mycobacterium infection (Bustamante et al., 2014; U. I. Wu & Holland, 2015; van de Vosse & van Dissel, 2017). In contrast, sustained high levels of IFN- production by CTLs or TH1 cells usually require T cell receptor (TCR)-mediated recognition of microbial peptides associated with MHC class I (MHC-I) or MHC class II (MHC-II) molecules, respectively. Upon binding to its receptor, IFN- induce rapid transient JAK/STAT signaling and interferon-stimulated gene (ISG) induction.
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 5 Figure 5. IFN- stimulation and cellular signaling. From(Ivashkiv, 2018) 

3 .

 3 25 Å by Mendoza and colleagues from the Garcia laboratory. They reveal completely new interaction interfaces, in which there are interactions between IFN- and IFN-R2 via clusters of aromatic residues, as well as close contact of residues between IFN-R1 and IFN-R2. Meanwhile, the structure reveals a total of six interaction sites: a site 1(a/b) interface shared between IFN- and IFN-R1, a site 2 (a/b) interface shared between IFN- and IFN-R2, and a site 3 (a/b) interface shared between IFN-R1 and IFN-R2. Notably, IFN-R2 binds to a composite interface formed by the high-affinity IFN- and IFN-R1 interaction, which allows IFN-R2 to contact the open face of IFN- at site 2 and make extensive contact with IFN-R1 at site 3. Unlike the site 1 interface, where two IFN- chains form the IFN-R1 binding interface, only one IFN- chain is required to form each IFN-R2 binding site at the site 2 interface (Mendoza et al., 2019) (Figure 6).
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 6 Figure6. Structure of the extracellular part of IFN- receptor complex. From(Mendoza et al., 2019) 
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 7 Figure 7. Membrane expression level of IFN-R in different cell lines. From(Bernabei et al., 2001) 
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 8 Figure 8. Regulation of signaling by endocytosis for type I and II IFN receptor. From(Blouin & Lamaze, 2013) 

  1.8.1 Dual face of IFN- in tumor immunityOriginally, IFN- was thought to be an agent of tumor elimination by its direct effects on tumor cells or by promoting immune response but more and more recent studies have demonstrated that IFN- has also a favoring effect on tumor growth (Figure9).
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 9 Figure 9. Dual face of IFN- in tumor immunity. From[START_REF] Du | IFNγ signaling integrity in colorectal cancer immunity and immunotherapy[END_REF] 
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 10 Figure10. Mechanism of action of PD-1/PD-L1-blockade therapy. From(Ribas & Wolchok, 2018) 
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 11 Figure 11. JAKs inhibitors for the treatment of Covid-19 patients. From[START_REF] Luo | Targeting JAK-STAT Signaling to Control Cytokine Release Syndrome in COVID-19[END_REF] 
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 13 Figure 13. SM biosynthesis and transportation. (A) Biosynthesis of SM and ceramide. (B) In vitro SMS and GCS activity in SMS-deficient WR19L cells. (C) To investigate the cellular localization of SMS1 and SMS2, SMS1 or SMS2 tagged with FLAG at N-terminal are transiently transfected in mouse embryonic fibroblasts established from SMS double knockout mice (DKO). C16-CoA, palmitoyl-CoA; CDase, ceramidase; CPE, ceramidephosphoethanolamine.From[START_REF] Taniguchi | Role of ceramide/sphingomyelin (SM) balance regulated through "SM cycle" in cancer[END_REF] 

Figure 14 .

 14 Figure 14. Evolution of the raft concept for sub-compartmentalization in cell membranes. A bold H indicates hydrogen bonding. VSV, vesicular stomatitis virus; DRMs, detergent-resistant membranes; GUV, giant unilamellar vesicle; m/z, mass/charge ratio; SPT, single-particle tracking; FCS, fluorescence correlation spectroscopy; FRET, fluorescence resonance energy transfer; STED, stimulated emission depletion; FPALM, fluorescence photoactivation localization microscopy. From(Lingwood & Simons, 2010) 
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 15 Figure15. Multiple regulation mechanisms of lipid rafts. From(Sezgin et al., 2017) 

  and predicted a potential CRAC motif [(L/V)-X1-5-Y-X1-5-(R/K)] within the TMD of the IFN-R1 subunit. In this study, IFN- failed to induce IFN-R localization into the lipid rafts of the macrophages from Kala-azar patients infected by Leishmania donovani, and thus the parasite persisted in macrophages due to the lack of IFN--induced JAK/STAT signaling. Moreover, a new SM binding motif was identified in the TMD of the IFN-R1 subunits by Contreras' lab that mediates the direct and specific interaction with SM 18 only after IFN- binding (N)XX(V/I/T/L)(V/I/T/L)XX(G/A)XXX(V/I/T/L)] (Figure 16A, B) was found by the Contreras's group in the TMD of the IFN-R2 subunits (Figure 16C), which is different from the CRAC motif with a linear signature [(L/V)-X1-5-Y-X1-5-(R/K)]. Through direct binding, Chol drives the partition of IFN-R2 subunit into lipid nanodomains, orchestrating IFN-R oligomerization and transmembrane signaling. This new relaxed motif corresponds to 256 different possible motifs (2 × 4 × 4 × 2 × 4) imply that there are a vast number of candidate proteins could bind to Chol in mammalian cells(Morana et al., 2022).
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 16 Figure 16. A new conserved Chol binding domain within the TMD of IFN-R2. (A) 3D minimal energy structure by molecular docking. TMD + 3 N-terminal juxtamembrane residues of IFN-R2 (Dark Green). (B) Chol spacefilling occupancy within the binding domain of (A). (C) Conservation analysis of theChol-binding domain in different species. From(Morana et al., 2022) 
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 17 Figure17. Cortical actin cytoskeleton organization. From(Sezgin et al., 2017) 
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 18 Figure18. Multiple functions of lipid rafts. From(Sezgin et al., 2017) 
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 19 Figure 19. Glycosylation-Dependent IFN-R Partitioning in Lipid and Actin Nanodomains Is Critical for JAKActivation. From(Blouin et al., 2016) 

  Photoactivatable localization microscopy (PALM), even the recently established technology, the MINImal emission FLUXes (MINFLUX)[START_REF] Nieto-Garai | Shedding light on membrane rafts structure and dynamics in living cells[END_REF]. Because of the highly dynamic nature of lipid rafts, the use of other methods with better temporal resolution would be beneficial. Therefore, FCS, Raster Image Correlation Spectroscopy (RICS), Single-Particle Tracking (SPT) and the tracking mode of MINFLUX are now becoming the most interesting candidates to study partitioning of molecules in lipid nanodomains. As an alternative or a complementary solution, imaging mass spectrometry has successfully analysed lipid composition map at a nanoscale variant version, NanoSIMS[START_REF] He | High-resolution imaging and quantification of plasma membrane cholesterol by NanoSIMS[END_REF] (Figure20).
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 20 Figure 20. Schematic representation of Different approaches for lipid raft research in living cells.From(Garai et al., 2022) 

Figure 21 .

 21 Figure 21. Two conformations of SM at the PM recognised by OlyA probes. From(Endapally et al., 2019) 
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 22 Figure22. SM forms lipid clusters with Chol and GSLs with different stoichiometries. From[START_REF] Kobayashi | Impact of Intrinsic and Extrinsic Factors on Cellular Sphingomyelin Imaging with Specific Reporter Proteins[END_REF] 
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 23 Figure 23. Schematic overview of Chol binding properties ofCDCs and Filipin. From (Merino et al., 2020) 
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 24 Figure 24. Schematic representation of FCS. (A) FCS measurements within a living cell. (B) Typical FCS setup, recording of fluorescence intensity fluctuations, and calculation of the G(τ) autocorrelation of the signal. APD, avalanche photodiode. (C) Schematic representation of FCS-based alternative approaches probing lateral diffusion within membranes. From (He & Marguet, 2011)
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 25 Figure 25. Schematic representation of membrane organization. Free diffusion (left panel), meshwork barriers (middle panel), and trap/domain confinements (right panel)-with the trajectory drawn for a single molecule (red). Blue circles denote the intersection of the membrane and laser beam of waist ω. D is the lateral diffusioncoefficient for Brownian motion; Deff, the effective diffusion coefficient; Dmicro, the microscopic diffusion coefficient inside the meshwork traps; Din, the diffusion coefficient inside domains; Dout, the diffusion coefficient outside domains; L, the size of the side of a square domain; and rD, the radius of a circular domain. From(He & Marguet, 2011) 
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 28 Figure28. Overview of components and the mechanics of actin cortex. From[START_REF] Kelkar | Mechanics of the cellular actin cortex: From signalling to shape change[END_REF] 
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 29 Figure29. Three main cell protrusion types driving cell motility. From[START_REF] Alexandrova | Actin cytoskeleton in mesenchymal-to-amoeboid transition of cancer cells[END_REF].

Figure 30 .

 30 Figure 30. Contractile structures in non-muscle cells. (A) A stress fiber fragment in a rat fibroblast. yellow, actin filaments; red, microtubules; cyan, intermediate filaments. (B) Immunogold labeling for non-muscle myosin II on a stress fiber. Distribution of colloidal gold particles shows semi-periodic arrangement of myosin II along the actin filament bundle. Yellow, gold particles; red, microtubules; cyan, intermediate filaments. Scale bars, 500 nm.From[START_REF] Svitkina | The actin cytoskeleton and actin-based motility[END_REF] 

Figure 31 .

 31 Figure 31. Single time point from a movie of the actin filaments in actin cortex in a COS-7 cell transfected withSkylan-NS-Lifeact. From[START_REF] Li | Extended-resolution structured illumination imaging of endocytic and cytoskeletal dynamics[END_REF] 
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 32 Figure 32. Ribbon representation of the structure of G-actin in the ADP state. From[START_REF] Otterbein | The crystal structure of uncomplexed actin in the ADR state[END_REF] 

CleftFigure 33 .

 33 Figure33. Spatio-temporal orchestration of F-actin network. From(Pollard, 2016) 

  been discovered: class (1) the Arp2/3 complex, which functions with nucleation promoting factors (NPFs) like N-WASP; class (2) the formins, stabilize the spontaneously actin dimers or trimers; class (3) the tandem-monomer-binding nucleators, with several WH2 domains, including Spire, Cobl and Lmod (Figure34A)[START_REF] Siton-Mendelson | Functional Actin Networks under Construction: The Cooperative Action of Actin Nucleation and Elongation Factors[END_REF]. Once nucleated, the filaments could elongate at a high speed at the barbed ends.

Figure 34 .

 34 Figure 34. Proposed mechanisms of actin nucleation and elongation factors. From[START_REF] Chesarone | Actin nucleation and elongation factors: mechanisms and interplay[END_REF] 

Figure 35 .

 35 Figure35. Different kind of actin-detecting probes and binding to G-actin and F-actin. From[START_REF] Melak | Actin visualization at a glance[END_REF].

Figure 36 .

 36 Figure36. The study of actin dynamics in vitro by TIRF microscopy. From[START_REF] Wioland | Celebrating 20 years of live singleactin-filament studies with five golden rules[END_REF] 

Figure 37 .

 37 Figure37. Key pathways controlled by actin assembly. From(Buracco et al., 2019) 

  , which are Diaphanous (Dia) Related Formins (DRFs), Dishevelled-Associated Activator of Morphogenesis (DAAM), Formin-Related Gene in Leukocytes (FRL), FH1/FH2 Domain-containing protein (FHOD), INF inverted Formin (INF), Formin (FMN), and delphilin (Kovar et al., 2005) (Table

Figure 38 .

 38 Figure38. The global prototype structure of Formins. From[START_REF] Chesarone | Unleashing formins to remodel the actin and microtubule cytoskeletons[END_REF] 

Figure 39 .

 39 Figure39. Formins activation model. From(Kühn & Geyer, 2014) 

  interacts with switch I region of RhoC-GTP exclusively, whereas the GBD and FH3 both contacts with switch II region(Kühn & Geyer, 2014) (Figure. 40).

Figure 40 .

 40 Figure 40. Dia1-RhoC activating complex. From(Kühn & Geyer, 2014) 

Figure 41 .

 41 Figure 41. Phospholipids regulate the localization and activity of mDia1 at the PM. From (Ramalingam et al., 2010) 3.6.5 Cellular functions of formins 3.6.5.1 The key cellular functions regulated by formins

Figure 42 .

 42 Figure 42. Examples of the cellular functions of Formins. From[START_REF] Chesarone | Unleashing formins to remodel the actin and microtubule cytoskeletons[END_REF] 

Figure 43 .

 43 Figure 43. One of the models showing that receptor diffusions are constrained at the PM by the cortical actin.From[START_REF] Garcia-Parajo | Nanoclustering as a dominant feature of plasma membrane organization[END_REF] 

  the mRNA levels of the different formins are generally of low specificity regarding the type of cancer. However, Dia1, Dia2, FMNL2, FHOD1, and INF2 transcripts and protein expression are frequently upregulated in cancer (Labat-de-hoz & Alonso, 2021). Meanwhile, formins have been associated with cancer by inducing EMT, migration, and invasion by their role in the actin and microtubule cytoskeletons, such as Dia2 in hepatocellular carcinoma[START_REF] Dong | DIAPH3 promoted the growth, migration and metastasis of hepatocellular carcinoma cells by activating betacatenin/TCF signaling[END_REF], FHOD1 in lung carcinoma[START_REF] Hałas ; Wiśniewska | Downregulation of fhod1 inhibits metastatic potential in a549 cells[END_REF], and FMNL1 in nonsmall cell lung cancer(Yang et al., 2019). Furthermore, formins have been shown to promote tumor development by modifying tumor environmental networks, such as degradation of Dia2 in Cancer-Associated Fibroblasts (CAFs)[START_REF] Dvorak | Carcinoma associated fibroblasts (CAFs) promote breast cancer motility by suppressing mammalian Diaphanous-related formin-2 (mDia2)[END_REF], suppression of p53 expression, a tumor suppressor gene, in CAFs[START_REF] Dvorak | Carcinoma associated fibroblasts (CAFs) promote breast cancer motility by suppressing mammalian Diaphanous-related formin-2 (mDia2)[END_REF], suppression of p53 expression in tumor cells[START_REF] Cangkrama | A paracrine activin A-mDia2 axis promotes squamous carcinogenesis via fibroblast reprogramming[END_REF] (Figure44).

Figure 44 .

 44 Figure44. Typical protrusive structures dependent of formin in invasive cancer. From[START_REF] Nürnberg | Nucleating actin for invasion[END_REF] 

Figure 45 .

 45 Figure 45. The human Rho GTPase family. From[START_REF] Haga | Rho GTPases: Regulation and roles in cancer cell biology[END_REF] 

  and post-transcriptional by miRNA. For example, it has been shown that RhoA is target of miRNA-155[START_REF] Kong | MicroRNA-155 Is Regulated by the Transforming Growth Factor β/Smad Pathway and Contributes to Epithelial Cell Plasticity by Targeting RhoA[END_REF][START_REF] Bijkerk | MicroRNA-155 Functions as a Negative Regulator of RhoA Signaling in TGF-β-induced Endothelial to Mesenchymal Transition[END_REF], RhoB is a target of miRNA-21(Liu et al., 2011) and Cdc42 is a target of miRNA-29[START_REF] Haga | Rho GTPases: Regulation and roles in cancer cell biology[END_REF]) (Figure46).

Figure 46 .

 46 Figure46. Regulation of typical Rho GTPases. From[START_REF] Haga | Rho GTPases: Regulation and roles in cancer cell biology[END_REF] 

  are constitutively inactive, binding of IFN- to IFN-R triggers their self-activation by transphosphorylation. Once activated, JAKs phosphorylate the intracellular tails of IFN-R on specific tyrosine residues that in turn act as docking sites for members of the Signal Transducers and Activators of Transcription (STAT) family of transcription factors. Upon receptor docking STATs are phosphorylated by JAKs, dissociate from the receptor and rapidly translocate to the nucleus as transcription factors that bind IFN--activated site (GAS)

  identified DIAPH3/Dia2, a member of the formin family, as a specific inhibitor of IFN- stimulated JAK/STAT pathway. Spot-variation fluorescence correlation spectroscopy (svFCS) revealed a drastic change of IFN-R2 diffusion behaviour upon Dia2 inhibition. Spinning-disk and single molecule localization microscopy respectively showed that Dia2 depletion decreased the amount of cholesterol-associated sphingomyelin (SM/Chol) at the PM and its nanoclustering. Furthermore, we identified RhoA as a major upstream regulator of Dia2, controlling IFN-R function. Finally, we demonstrated that Dia2 was important for both of cellular abundance and PM expression of PD-L1. Altogether, our data implicate for the first time the RhoA-Dia2 axis as a major regulator of IFN- induced JAK/STAT signaling. Dia2 governs the formation of SM/Chol nanodomains that are required for proper IFN-R nanopartitioning and function at the plasma membrane.

Figure 1 .

 1 Figure 1. Inhibition of IFN--induced JAK/STAT signaling in fibroblasts by formin inhibitor SMIFH2.

Figure 2 .

 2 Figure 2. DIAPH3/Dia2 is critical for IFN- induced JAK/STAT signaling

Figure 3 .

 3 Figure 3. RhoA is necessary for JAK/STAT signaling of IFN-γR through regulation of Dia2 activation

Figure 4 .

 4 Figure 4. Dia2 activation by RhoA is necessary for IFN-Rs PM partitioning

  Figure 5. Dia2 regulates formation of sphingomyelin and sphingomyelin/cholesterol nanodomain at the PM.

Figure 6 .

 6 Figure 6. Dia2 is essential for basal and induced expressions of PD-L1.

Figure 7 .

 7 Figure 7. Model for regulation of JAK/STAT signaling by RhoA -Dia2.

(

  25 μM), which is remove from cell media by PBS wash and then stimulated by IFN- stimulation for 10 min, reported from duplicate gels (n = 3 independent experiments). (C) Immunoblots for tyrosine phosphorylation status of STAT1 (pSTAT1) of fibroblasts in presence of Y27632 (2 µM) for 3h, at 0.25% FBS medium prior to IFN- stimulation for 10 min (n = 3 independent experiments). Statistical significances were determined with a paired t-test (ns, not significant). (D) Status of STAT1 (pSTAT1) reported from immunofluorescence images of fibroblasts in presence of Y27632 (2 µM) for 3 h, at 0.25% FBS medium (n = 3 independent experiments). Statistical significances were determined with a unpaired t-test (ns, not significant). (E) Global actin polymerization status reported from phalloidin staining of Fibroblasts with or without SMIFH2 (25μM) or SMI-WASH (25 μM) condition without IFN- stimulation. The total intensity for F-actin is quantified from the fluorescence imaging (n = 3 independent experiments). White dashed lines outline cell boundaries. (A,B,E) Statistical significances were determined with a one-way ANOVA test (( * p < 0.05; * * p < 0.01; * * * * p < 0.0001; ns, not significant). Scale bar = 100 µm. independent experiments. (B) Immunoblots for tyrosine phosphorylation status of STAT1 (pSTAT1) of fibroblasts transfected with siScr or individual formin protein-targeting siRNA upon IFN- stimulation for 10min reported from duplicate gels (n = 4 independent experiments). Statistical significances were determined with a one-way ANOVA test ( * p < 0.05; ns, not significant). (C) Nuclear translocation of STAT1 (pSTAT1) reported from immunofluorescence images of Fibroblasts transfected with non-targeting siRNA (siRNA), FMNL1-targeting siRNA (siFNML1), Dia2-targeting siRNA (siDia2), FHOD1-targeting siRNA (siFHOD1) or Dia2 plus FHOD1 targeting siRNA (siDia2 + siFHOD1) together upon IFN- stimulation for 10min. White and yellow dashed lines outline cell and nucleus boundaries respectively. The nucleus/cytosol fluorescence ratio for pSTAT1 is quantified from the fluorescence imaging (n = 2 independent experiments). (B,C) Statistical significances were determined with a one-way ANOVA test (( * p < 0.05; * * * * p < 0.0001; ns, not significant). Scale bar = 100 µm. (D) Immunoblots for tyrosine phosphorylation status of Myosin2 light chain (pMLC2) in fibroblasts transfected with siScr or siDia2 upon IFN- stimulation for 10 min reported from duplicate gels (n = 3 independent experiments). expressed in E.Coli BL21 (DE3). The target protein bands were indicated with names. (B,E) Gel filtration chromatogram of OlyA (WT)-His purification (B) and OlyA (E69A)-His (E). The bands for target proteins are indicated by their name and used for labelling at the next step. (C,F) Fluorescent labelling of OlyA proteins. Purified OlyA (WT)-His and OlyA (E69A)-His labelled with Alexa Fluor TM 647 C2 Maleimide. Sample aliquots were collected before and after the labelling reaction, subjected to 15% SDS-PAGE, and proteins were visualized with free staining (left panel), by fluorescence scanning (647 nm channel) (middle panel) and merged picture (right panel).

  Y27632, or the formin inhibitor, SMIFH2 (SMI-WASH condition, see Results -part I) prior to IFN- stimulation. Without IFN- stimulation, either Y27632 or SMI-WASH treatment reduced F-actin in cells (Fig.48D,E), indicating ROCK and formins are both important for basal global actin polymerization. Moreover, Y27632 and SMIFH2 inhibited F-actin increase induced by IFN-, suggesting ROCK was required for IFN- induced actin polymerization.

Figure 47 .

 47 Figure 47. IFN- induced JAK/STAT signaling triggers RhoA activation .

Figure 48 .

 48 Figure 48. IFN-R triggered RhoA activation induces global F-actin polymerization.

Figure 49 .

 49 Figure 49. The model of IFN-R induced RhoA activation essential for F-actin polymerization.

  and a SM binding motif found binding(Contreras et al., 2012) (Morana et al., 2022) separately in TMD of the IFN-R1 subunit. More importantly, a new conserved Chol binding motif [(Q/N)XX(V/I/T/L)(V/I/T/L)XX(G/A)XXX(V/I/T/L)] found in the TMD of the IFN-R2 subunits from the Contreras's lab, which is important for IFN-Rs activation and signaling

Figure 50 .

 50 Figure 50. IFN-Rs co-immunoprecipitation based on nitrogen cavitation lysis method.

Figure 51 .

 51 Figure 51. Assay for specificity of IFN-R1 and IFN-R2 co-immunoprecipitation using nitrogen cavitation lysis method.

Figure 54 .

 54 Figure54. "Active actin-membrane composite" model: trans-bilayer lipid interactions. From(Raghupathy et al., 2015) 

Figure 55 .

 55 Figure 55. Multiple actin network generated by formins.

  Figure 56. Lipid nanodomains formation mediated by Dia2.
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 2 Summary

of the 15 formin proteins identified in mammals. From

[START_REF] Schönichen | Fifteen formins for an actin filament: A molecular view on the regulation of human formins[END_REF] 

polymerization through RhoA activation

  Wang et al., 2022). Growth factor and cytokine receptors are potential regulators for Rho GTPase activation(Bros et al., 2019), For example, angiotensin II, acting through GPCR, triggers JAK2 activation that phosphorylates ARHGEF1, converting RhoA to the GTP-bound state. This leads to the activation of ROCK and consequent phosphorylation of MLC2

	Introduction
	Rho-GTPases support a wide variety of cellular activities, such as actin cytoskeleton
	modelling, cell motility, migration, mitosis and tumor progression (Seetharaman & Etienne-
	Manneville, 2020; M.

, Christophe Lamaze. I am very grateful to him for accepting me as his PhD candidate and for supporting and guiding me through this interesting and important research project. I was deeply impressed by his optimistic attitude towards life and his unremitting pursuit of science. I am very grateful to Cedric Blouin for serving as my co-supervisor. -R à la membrane plasmique.

We also showed that Dia2 depletion downregulates the amount of cholesterol-associated sphingomyelin (SM/Chol) at the plasma membrane and its nanoclustering using spinning-disk and single molecule localization microscopy, respectively. Furthermore, we identified RhoA as a major upstream regulator of Dia2, controlling IFN-R function. Finally, we demonstrated that Dia2 is necessary for programmed death-ligand 1 (PD-L1) cell expression and localization at the plasma membrane. We next observed that IFN- stimulation can also induce a solid activation of RhoA, followed by F-actin polymerization and formation of an actin meshwork that requires Dia2 and Myosin ll. This mechanism downstream of IFN-R activation by IFN- could potentially act as a positive feedback loop for JAK/STAT signaling. Altogether, our data implicate for the first time the RhoA-Dia2 axis as a major regulator of IFN- induced JAK/STAT signaling. Dia2 can probably govern the formation of SM/Chol nanodomains that are required for proper IFN-R nanopartitioning and function at the plasma membrane.

MOTS CLÉS

IFN-, JAK/STAT, Récepteur transmembranaire, Nano-partitionnement de la membrane plasmique, DIAPH3/Dia2, RhoA RÉSUMÉ Notre laboratoire a montré que le récepteur de l'interféron gamma (IFN-R) s'associe à des nanodomaines lipidiques spécifiques et essentiels à l'activation de la voie de signalisation JAK/STAT. Il a été proposé que des filaments courts et dynamiques d'actine, appelés " asters d'actine ", associés à la Myosine II, régulent la formation des nanodomaines lipidiques et l'activation des récepteurs de la membrane plasmique, tels que les intégrines et le récepteur des lymphocytes B. Cependant, le rôle des différents nucléateurs d'actine et de ces facteurs d'élongation dans ce processus n'est toujours pas compris. Nous avons étudié ici le rôle de la dynamique de l'actine dans le partitionnement membranaire et la fonction de l'IFN-R dans les fibroblastes humains. Parmi plusieurs inhibiteurs liés à l'actine, seul le prétraitement avec SMIFH2, un inhibiteur spécifique des formines, a inhibé l'activation de la voie de signalisation JAK/STAT. Grâce à un criblage ARNi, nous avons identifié DIAPH3/Dia2, un membre de la famille des formines, comme un régulateur spécifique de la signalisation JAK/STAT stimulée par l'IFN-. Pour caractériser davantage le rôle de Dia2 dans l'activation de JAK/STAT, nous avons suivi le comportement de diffusion de la sous-unité IFN-R2 à la membrane plasmique par spectroscopie de corrélation de fluorescence par variation du volume d'observation (svFCS). Lors du traitement par SMIFH2 ou de la déplétion de Dia2, nous avons observé un changement drastique de la diffusion de l'IFN-R2, suggérant un rôle de Dia2 dans la nano-partition de l'IFN-R à la membrane plasmique. Nous avons également montré que la déplétion de Dia2 diminue la quantité de sphingomyéline associée au cholestérol (SM/Chol) au niveau de la membrane plasmique et son nanoclustering en utilisant respectivement la microscopie à spinning disk et la microscopie de localisation de molécule unique. De plus, nous avons identifié RhoA comme un régulateur majeur en amont de Dia2, contrôlant la fonction d'IFN-Rs. Enfin, nous avons démontré que Dia2 est nécessaire à l'expression et à la localisation des cellules de programmed deathligand 1 (PD-L1) à la membrane plasmique. Nous ensuite observé que la stimulation de l'IFN- peut également induire une activation rapide de RhoA, suivie d'une polymérisation d' actine et de la formation d'un maillage d'actine qui nécessite Dia2 et la Myosine ll. Ce mécanisme en aval de l'activation de l'IFN-R par l'IFN- pourrait potentiellement agir comme une boucle de rétroaction positive pour la signalisation JAK/STAT. Dans l'ensemble, nos données impliquent pour la première fois l'axe RhoA-Dia2 comme un régulateur majeur de la signalisation JAK/STAT induite par l'IFN-. Dia2 peut probablement gouverner la formation des nanodomaines SM/Chol qui sont nécessaires au bon nano-partitionnement et à la fonction de l'IFN-R à la membrane plasmique.