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Abstract

Signaling by the interleukin-2 receptor (IL-2R) is regulated by its clathrin-independent endocytosis (CIE) and subsequent degradation, while playing a critical role in immunity. Interestingly, CIE lacks a coat protein that drives pit formation, raising the question of how the CIE vesicle is initiated. Protein clustering generates forces that can induce membrane conformational changes. Notably, IL-2R has been shown to accumulate at the base of membrane protrusions, where receptors might cluster and thereby initiate the pit. To study the relevance of IL-2R clustering in its endocytosis, we generated a CRISPR-edited T cell line expressing GFP-IL-2Rγ and analyzed its stoichiometry at the plasma membrane, by TIRF microscopy coupled to a single-molecule endocytic tracking method. We identified distinct IL-2Rγ cluster populations. IL-2Rγ seems to reach the cell surface as a preassembled cluster to which further molecules are added, reaching an optimal cluster size that is key for its internalization. Binding of IL-2 promotes the formation of endocytic clusters and receptor uptake, highlighting the importance of clustering for CIE internalization.

Moreover, we found that cholesterol depletion increases the proportion of large, nonendocytic clusters as well as IL-2R signaling. Disruption of the actin meshwork also promotes the formation of large clusters, yet it decreases IL-2R signaling. Thus, both factors regulate IL-2R endocytosis and signaling in a distinct manner. Our results provide new insights into the mechanisms regulating receptor signaling and CIE. and are morphologically defined as large granular lymphocytes, lacking surface Ig and TCR. NK-T cells share features of both T cells and NK cells 7 .

During their migration through the thymus, effector T cells differentiate into functionally distinct subpopulations, the major subsets being defined by their surface expression of CD4 or CD8. This process occurs by positive selection of class I or class II major histocompatibility complex (MHC) molecules, displayed by APCs and allowing recognition of processed antigens by the TCR. Class I MHC molecules bind fragments of proteins produced within the cell, whereas class II MHC molecules bind external peptides that have been ingested and processed by the cell. T cells selected on class I MHC molecules become CD4 -CD8 + and mostly exhibit cytotoxic activity to kill infected and tumor cells. T cells selected on class II MHC molecules become CD4 + CD8 -, being designated T helper cells (Th) and regulating cellular and antibody-mediated immune responses (Fig. 1.1). Some circulating CD4 + T cells have a major function in controlling autoreactive T cells, thus modulating autoimmunity. These regulatory T cells (Treg) can develop in the thymus, being known as natural Treg cells, and express CD4 and CD25 antigens, as well as the transcription factor forkhead box P3 (FoxP3), which determines their identity. Additionally, conventional CD4 + T cells can differentiate into Treg cells, following stimulation by antigens in peripheral lymphoid organs, hence being termed induced Treg cells (iTreg) (Fig. 1.1). Both CD4 + and CD8 + T cells further differentiate into different subtypes upon exposure to antigen. Importantly, resting naïve CD4 + T cells (Th) release very low amounts of cytokines until they are stimulated by antigen and APC. Following stimulation, naïve CD4 + T cells start producing IL-2, being designated Th0, and as they continue responding to this activation signal they differentiate into distinct Th cell subtypes, depending on the cytokines locally present (Fig. 1.1). Cytokines act by binding to transmembrane surface receptors that activate intracellular signaling cascades, ultimately leading to gene transcription and new protein synthesis 7 . mice deficient in IL-2, IL-2Rα or IL-2Rβ that develop normally during their first four weeks after birth, but later acquire systemic autoimmunity 12,[START_REF] Gesbert | Clathrin-lndependent endocytosis and signalling of interleukin 2 receptors IL-2R endocytosis and signalling[END_REF] . This phenotype was then attributed to the loss of immunosuppressive CD4 + FoxP3 + regulatory T cells that restrain immune response to self and foreign antigens [START_REF] Basquin | Membrane protrusion powers clathrin-References 1[END_REF] . Although Treg cells express high levels of IL-2Rα (CD25) on their surface, they do not produce significant amounts of IL-2 and instead depend on its production by other activated T cells. Stimulation of naturally occurring Treg cells with IL-2 supports their generation, FoxP3 expression, maintenance and survival (Fig. 1.1 and 1.2) 9,[START_REF] Basquin | Membrane protrusion powers clathrin-References 1[END_REF]15 . IL-2 knockout mice have very low levels of Treg cells and are therefore unable to control autoimmunity 11,15 .

In addition to differentiation of Treg cells, IL-2 is also determinant for the fate of antigen receptor-activated CD4 + T cells by promoting the lineages Th1 (IFN-γ producing cells that activate the transcription factors Signal Transducer and Activator of Transcription (STAT)4

and T-bet), Th2 (IL-4, IL-5, and IL-13 producing cells that activate the transcription factors STAT6 and GATA3), and Th9 (IL-9 producing cells that activate the transcription factor STAT5) (Fig. 1.2). On the contrary, IL-2 suppresses the differentiation of Th17 cells (IL-17 producing cells that control neutrophil function and epithelial barrier integrity) and T follicular helper (Tfh) cells (specialized cells that assist antibody-producing B cells in antibody affinity maturation) (Fig. 1.2). IL-2 controls the fate of CD4 + T cells by regulating the expression of key cytokine receptors, transcription factors, effector cytokines and chromatin regulators required for the development and homeostasis of specific T cell subtypes (Fig. 1.1) 9,11,15 .

Another phenotype shown by IL-2 knockout mice is the reduced CD8 + T cell population following an acute viral infection, resulting in less-efficient viral clearance by cytotoxic T lympochytes 16 . In response to infection, naive antigen-specific CD8 + T cells proliferate and differentiate into effector cytotoxic T lymphocytes (CTLs), producing proinflammatory cytokines, like IFN-γ, and able to kill infected cells 11 . IL-2 regulates effector CD8 + T cell actions through expression of different cytokines, by promoting effective target cell killing, or by stimulating expression of cytolytic effector molecules. The majority of CTLs die after pathogen clearance, yet a small number switches off their effector functions and persist as long-lived memory T cells able to proliferate following a secondary antigen challenge. capacity to secrete IL-2 and drives them to a terminally differentiated state. These CD8 + T cells turn into apoptosis-prone short-lived effector cells, hindering memory T cell differentiation 9,11,15 . Overall, IL-2 has a pleiotropic role in the immune system, tightly controlling differentiation and homeostasis of different T cell subsets.

Implication of IL-2 and its receptor in pathology and therapy

In 1993, mutations in the gene encoding for the IL-2R common γ (γ c ) chain were shown to be responsible for X-linked severe combined immunodeficiency (XSCID, also known as SCID-X1) 18 . XSCID is an immunodeficiency characterized by non-functional B cells and reduced numbers of T and NK cells, which used to lead to the death of affected individuals during their first year of life due to severe infections. Nowadays, bone marrow transplantation allows the stabilization of immune function in these patients 19,20 . The involvement of the γ c chain implied that defects in cytokine signaling were the underlying cause of several severe combined immunodeficiencies (SCIDs), with XSCID being the most common 21 . Furthermore, polymorphisms in IL2 and IL2RA genes have been linked to inflammatory bowel disease (IBD) and other inflammatory diseases in patients with loss-of-function mutations 20,[START_REF] Jostins | Host-microbe interactions have shaped the genetic architecture of inflammatory bowel disease[END_REF] . Additionally, genome-wide association studies implicated IL2RA non-coding variants as risk factors for several autoimmune diseases, while loss-of-function mutations in this gene have been linked to autoimmunity [START_REF] Farh | Genetic and epigenetic fine mapping of causal autoimmune disease variants[END_REF] . Finally, IL2 polymorphisms are associated with type I diabetes, as a result of autoreactive T lymphocytes that selectively eliminate insulinsecreting cells, and with multiple sclerosis [START_REF] Maier | IL2RA Genetic Heterogeneity in Multiple Sclerosis and Type 1 Diabetes Susceptibility and Soluble Interleukin-2 Receptor Production[END_REF] .

The ability of IL-2 to activate both Treg and effector T cells (Fig. 1.2) offers a great therapeutic potential but also hinders its application. Due to its function as a potent T cell growth factor and the stimulation of cytotoxic T and NK cells, IL-2 has been extensively studied as a potential therapeutic agent to boost immunity of HIV patients. Further, IL-2 has been applied clinically for decades, in order to expand and activate antitumoral lymphocytes as cancer immunotherapy. However, IL-2's therapeutic applications are limited by its very short half-life (15-30 min), toxicity and preferential expansion of Treg cells 10,15,17,[START_REF] Abbas | Revisiting IL-2: Biology and therapeutic prospects[END_REF] . When administered in high doses, IL-2 causes vascular leak syndrome (VLS), leading to increased vascular permeability, pulmonary oedema, hypotension and renal failure. IL-2-induced VLS is caused by the direct binding of the cytokine to lung endothelial cells expressing IL-2Rα (CD25 + ) [START_REF] Krieg | Improved IL-2 immunotherapy by selective stimulation of IL-2 receptors on lymphocytes and endothelial cells[END_REF] .

Coupling IL-2 to different monoclonal antibodies (mAb) can be used clinically in order to extend the half-life of IL-2 in vivo and to selectively promote proliferation of either cytotoxic effector T cells or Treg cells 27 . The selective targeting of IL-2-monoclonal antibody complexes relies on the exact binding sites of the neutralizing antibody to the IL-2 molecule.

For instance, the mAb S4B6 associates with IL-2 through its IL-2Rα binding region, hence covering it and leading to proliferation of CD8 + T cells and NK cells (both having low expression of IL-2Rα, but expressing IL-2Rβ and IL-2Rγ), without stimulation of Treg cells (that highly express IL-2Rα). On the contrary, the mAb JES6-1 neutralizes the region of IL-2 contacting the β and γ subunits of the receptor, leading to primary expansion of IL-2Rα + Treg cells 27,28 .

Low doses of IL-2 selectively stimulate the expansion of Treg cells, given their high levels of IL-2Rα, which can then be used to treat inflammatory and autoimmune diseases.

Expansion of Treg cell populations has therapeutic advantage for transplant recipients, in order to induce immunosuppression and establish immune tolerance, as well as a in type 1 diabetes, graft-versus-host disease, amongst others 10,17 .

More recently, a de novo computational approach was used to design a molecule mimicking IL-2 and IL-15. Taking advantage of the knowledge on the structures of both cytokines, a synthetic molecule, named Neoleukin-2/15 (Neo-2/15), was developed to bind with high affinity and stability to the IL-2R β/γc heterodimer, but not to IL-2Rα and IL-15Rα. This new molecule showed better therapeutic activity in mouse models of melanoma and colon cancer, while being less toxic and with no measured immunogenicity 29 . IL-2-based treatments demonstrated that differential association of the cytokine with each of the receptor subunits can modulate its therapeutic effect in distinct T cell subtypes.

In conclusion, the study of IL-2 opened the doors to a new therapeutic view that stimulation of the immune system could be used to fight cancer and, although its clinical use has been limited, this is still an area with potential for further development.

Structure of the IL-2 receptor

The first chain of IL-2R, the α chain (IL-2Rα or CD25), was identified and cloned in 1984 4,30,31 . IL-2Rα is a 55-kDa protein, with a cytoplasmic domain of only 13 residues (Fig. 1.3), suggesting the absence of a signaling domain and the existence of other receptor subunits 4,30,31 . Additionally, IL-2Rα binds IL-2 with low affinity (K d ≈ 10 -8 M). Detection of both high-affinity (K d ≈ 10 -11 M) and low-affinity receptors on activated T cells and intermediate-affinity receptors (K d ≈ 10 -9 M) on NK cells and lymphosarcoma cells led to the discovery of the β chain (IL-2Rβ or CD122, 75 kDa) 5,[32][33][34][35] . Lastly, the fact that IL-2Rβ had an intermediate affinity for IL-2 and led to intracellular signal transduction when expressed on lymphoid cells, but not on fibroblasts, suggested that there were cell type-specific components associated with it that allowed IL-2 binding and signaling. This observation led to the identification of the γ chain (IL-2Rγ or CD132, 64 kDa) 6,36,37 . Therefore, IL-2R comprises three transmembrane receptor subunits, with IL-2Rα accounting for the lowaffinity receptor, the combination of IL-2Rβ and IL-2Rγ forming the intermediate-affinity receptor and the combination of all three chains forming high-affinity receptors (Fig. 1.4) 37 .

The α chain does not participate in signal propagation, while both the β and γ subunits contain two short domains, named Box1 and Box2, in their membrane proximal region that are involved in signal transduction (Fig. 1.3). The Janus kinases 1 (JAK1) and 3 (JAK3) constitutively bind to Box1 and Box2 of IL-2Rβ and IL-2Rγ, respectively (Fig. 1.3), and their activation induces an intracellular signaling cascade (further presented in section 1.1.5). IL-2Rα has a short cytoplasmic tail with only 13 residues, not participating in signal transduction. IL-2Rβ is a 585 residues-long type I transmembrane protein with a cytoplasmic tail containing 286 residues and divided into different domains. The membrane proximal region contains two short domains (Box1 and Box2) of 14 residues. Additionally, there is a serine-rich domain (from redidue 267 to residue 322) followed by an acidic domain (from residue 313 to residue 382) and a C-terminal proline-rich domain (with the last 147 residues). The cytoplasmic tail of IL-2Rβ contains six tyrosine residues (phosphorylation sites). IL-2Rγ is a 347 residues-long type I transmembrane protein with a cytoplasmic tail containing 86 residues, among which four tyrosine residues. Its membrane proximal domain also contains Box1 and Box2 motifs. IL-2Rβ and IL-2Rγ are the signaling components of IL-2R, with JAK1 and JAK3 constitutively bound to Box1 and Box2 of IL-2Rβ and IL-2Rγ respectively. proposed to act primarily as a ligand carrier. In this way, the enhanced expression of IL-2Rα, over IL-2Rβ or IL-2Rγ, on activated T cells facilitates capture and delivery of IL-2 to IL-2Rβ

or IL-2Rβ/γ complexes 44 . The association of the IL-2 receptor α/β/γ chains is far from being understood and may vary upon cell type and expression of other cytokine receptors (further discussed in section 1.1.6).

IL-2-induced signaling

IL-2 activates three main signaling pathways: the JAK-STAT pathway, the mitogenactivated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway, and the phosphoinositide 3-kinase (PI3K) pathway (Fig. 1.6). The discovery that IL-2R induces signal transduction via members of the JAK family leading to tyrosine phosphorylation and DNA binding of proteins of the STAT family paved the way to the understanding on this receptor function [50][51][52][53] . The JAK-STAT pathway is one of the key signaling cascades activated by cytokine receptors and it is rapidly induced after binding of IL-2 to intermediate-and highaffinity receptors. IL-2 primarily induces activation of the transcription factors STAT5A and STAT5B (collectively referred to as STAT5), as well as STAT1 and STAT3 10,54 .

As previously mentioned, IL-2Rβ and IL-2Rγ are the signaling components of IL-2R, with JAK1 constitutively binding IL-2Rβ and JAK3 constitutively binding IL-2Rγ 51,55 .

Following ligand binding, heterodimerization of IL-2Rβ and IL-2Rγ leads to the juxtaposition of JAK1 and JAK3 and their transphosphorylation and activation 56 . Activation of JAKs induces numerous tyrosine phosphorylations in the cytoplasmic tail of IL-2Rβ 54 and IL-2Rγ 57,58 , generating docking sites for several signaling molecules. Among the six tyrosine residues in IL-2Rβ that are phosphorylated upon IL-2 binding, Y392 and Y510 are key docking sites for the recruitment of STAT5A and STAT5B through their Src homology 2 (SH2) domains, followed by their tyrosine phosphorylation by JAK1 and JAK3 10,54 . STAT5

proteins then dissociate from IL-2Rβ and dimerize, which induces their activation and translocation to the nucleus resulting in the transcriptional activation of target genes involved in cell survival and cell cycle progression, including FoxP3, Tbx21, Maf and Gata3 11 (Fig.

1 .6). One of the main targets of STAT5 is the IL2RA gene, which increased expression induces an autocrine proliferative response in T cells by promoting the formation of highaffinity receptors and sustaining its own signaling 59,60 . Another critical role of IL-2-induced STAT5 activation is the development of Treg cells. STAT5A/B-deficient mice fail to generate Treg cells [START_REF] Snow | Loss of tolerance and autoimmunity affecting multiple organs in STAT5A/5B-deficient mice[END_REF] , whereas activation of STAT5 is sufficient to increase the numbers of Treg cells even in the absence of IL-2 production 62 or when IL-2 signaling is impaired [START_REF] Burchill | IL-2 Receptor β-Dependent STAT5 Activation Is Required for the Development of Foxp3 + Regulatory T Cells[END_REF] . Importantly, STAT5 activation also promotes the expression of suppressors of cytokine signaling (SOCS), participating in downregulation of IL-2 signals 11 .

IL-2 signaling mechanisms extend beyond STATs. Another central signaling pathway is mediated by phosphatidylinositol 3-kinase (PI3K), a class I kinase that phosphorylates phosphatidylinositol-4,5-bisphosphate [PI (4,5)P 2 ] into phosphatidylinositol-4,5-trisphosphate [PI (3,4,5)P 3 ] (Fig. 1.6). These molecules are key lipid messengers involved in multiple cellular processes and with diverse cellular distributions [START_REF] Paolo | Phosphoinositides in cell regulation and membrane dynamics[END_REF] . PI3K is composed of a regulatory subunit (p85) and a catalytic subunit (p110) and is recruited to the IL-2R upon ligand binding [START_REF] Remillard | Interleukin-2 receptor regulates activation of phosphatidylinositol 3-kinase[END_REF][START_REF] Basquin | The signalling factor PI3K is a specific regulator of the clathrin-independent dynamin-dependent endocytosis of IL-2 receptors[END_REF] . The p85 subunit contains an SH2 domain that can bind phosphorylated tyrosines, yet studies regarding the mechanism by which IL-2R recruits and activates PI3K are disparate. Some studies suggest p85 directly binds IL-2Rβ via Y392 [START_REF] Basquin | The signalling factor PI3K is a specific regulator of the clathrin-independent dynamin-dependent endocytosis of IL-2 receptors[END_REF][START_REF] Truitt | SH2-dependent association of phosphatidylinositol 3'-kinase 85-kDa regulatory subunit with the interleukin-2 receptor beta chain[END_REF] , while others indicate that p85 might be recruited to IL-2R by interactions not mediated by phosphotyrosines. In the latter case, p85 could be recruited to the receptor via an interaction with the tyrosinephosphorylated GRB2-associated-binding protein 2 (Gab2) that can associate to IL-2R through complexes of growth factor receptor-bound protein 2 (Grb2) and Shc adaptor binding Y338 in IL-2Rβ [START_REF] Gu | New Role for Shc in Activation of the Phosphatidylinositol 3-Kinase/Akt Pathway[END_REF][START_REF] Ravichandran | The adapter protein Shc interacts with the interleukin-2 (IL-2) receptor upon IL-2 stimulation[END_REF] . These complexes may then recruit the protein tyrosine phosphatase SHP-2 (PTPN11) and activate its phosphatase activity 11 . PI3K inhibitors, such as LY294002 and wortmannin, result in impaired IL-2-induced cell growth and cell cycle progression, thus supporting the role of PI3K signaling as part of the pathways induced by IL-2 11,[START_REF] Brennan | Phosphatidylinositol 3kinase couples the interleukin-2 receptor to the cell cycle regulator E2F[END_REF] . PI3K

signaling plays a role in proliferation and anti-apoptotic action through the activation of protein kinase B (Akt) that binds PIP messengers via its pleckstrin homology (PH) domain and promotes anti-apoptotic signaling by Bcl-2 expression 54 . Additionally, IL-2-induced PI3K activation regulates T cell proliferation by activating p70 S6 kinase, phosphorylating the 40S ribosomal subunit S6 involved in the translation of mRNAs that regulate cell division 54 .

Moreover, IL-2 drives the accumulation and activation of the Ras GTPase through the adaptor Shc [START_REF] Ravichandran | The adapter protein Shc interacts with the interleukin-2 (IL-2) receptor upon IL-2 stimulation[END_REF] . Phosphorylation of Shc, upon IL-2 stimulation, leads to the recruitment of Grb2, SHP-2 (above mentioned) and the nucleotide exchange factor son of sevenless (SOS) to the plasma membrane, engaging activation of Ras and, consequently, of the serine/threonine kinase MAPK via activation of Raf1 [START_REF] Gu | New Role for Shc in Activation of the Phosphatidylinositol 3-Kinase/Akt Pathway[END_REF][START_REF] Karnitz | Interleukin-2 triggers a novel phosphatidylinositol 3-kinase-dependent MEK activation pathway[END_REF] . Therefore, IL-2 engages the Ras-Raf-MEK-MAPK/ERK pathway and leads to the expression of various anti-apoptotic or mitotic-related genes, such as c-fos, c-jun, bcl2 and bcl-xL 54 (Fig. 1.6).

(perforin, granzymes, and IFN-γ), and reducing the expression of molecules that direct naive and memory T cells to secondary lymphoid organs, hence driving CTLs to peripheral tissues 11 . CD4 + and CD8 + effector T cells and Treg cells all activate STAT5 upon IL-2 and yet preserve some distinctive signal transduction pathways. For instance, IL-2-mediated activation of the PI3K/Akt and mTOR downstream target S6 kinase is much higher in CD8 + than in CD4 + cells, correlating with enhanced CD8 + T cell expansion, whereas Treg cells fail to activate the PI3K pathway 15 .

The IL-2R signaling pathways are not isolated and activation of individual pathways is usually neither sufficient nor necessary for IL-2-dependent T cell proliferation, as the outcome induced by these pathways are often redundant and may be modulated by other signals, like the IL-2-independent Lck/Fyn signaling 11 . Globally, IL-2 induces complex signaling cascades that are tightly regulated and largely depend on expression levels of kinases, phosphatases and adaptor molecules on the different T cell subsets.

Cytokine receptor family

At the time IL2RG was identified as the gene causing XSCID, it raised the puzzling question on how mice with deletions of IL2, IL2Ra or IL2Rb and humans with impaired production of IL-2 had normal T cell development. It was clear that disruption of IL-2 signaling could not explain the immunological symptoms observed in XSCID and hence it was proposed that IL-2Rγ was shared by other cytokine receptors 18 . Indeed, IL-2 belongs to the type I four α-helical bundle cytokines known as the common receptor γ chain (γ c ) family of cytokines that also includes IL-4, IL-7, IL-9, IL-15 and IL-21 (Fig. 1.7). This family of cytokines plays a vital role in both the innate and adaptive immune system and its name refers to the common usage of their shared receptor subunit, γ c 20,72 .

The γ c chain was first identified as a component of the IL-2 receptor 6,[START_REF] Takeshita | An associated molecule, p64, eith high-affinity interleukin 2 receptor[END_REF] , followed by the discovery of other cytokines exhibiting distinct and some overlapping functions that are here briefly mentioned: (i) IL-4 is produced by T cells, NK T cells, eosinophils and mast cells. It is critical for B cell differentiation, development of Th2 cells and differentiation of Th9, and has an important role in immunoglobulin class switching and allergy. Its receptor, IL-4R, is expressed by T cells, NK cells, B cells, mast cells and basophils 20,[START_REF] Rochman | New insights into the regulation of T cells by γc family cytokines[END_REF][START_REF] Howard | Identification of a T cell-derived B cell growth factor distinct from interleukin 2[END_REF] . (ii) IL-7 was identified as a stromal factor produced by stromal cells, epithelial cells, and fibroblasts [START_REF] Rochman | New insights into the regulation of T cells by γc family cytokines[END_REF] , being essential in the development of T cells in humans and mice [START_REF] Namen | Stimulation of B-cell progenitors by cloned murine interleukin-7[END_REF] . This cytokine has an important function in regulating the homeostasis of CD8 + memory T cells together with IL-15. It is absolutely required for the development of B cells in mice, but not in humans 19,20,[START_REF] Rochman | New insights into the regulation of T cells by γc family cytokines[END_REF] . The IL-7R is expressed by T cells, pre-B cells and DCs 72 . (iii) IL-9 was discovered as a late T cell growth factor, responsible for the activation of mast cells, epithelial cells, B cells and eosinophils [START_REF] Rochman | New insights into the regulation of T cells by γc family cytokines[END_REF] .

Additionally, it has been associated with anti-tumor activity, allergic reaction and mucous production by goblet cells 20 . IL-9 is produced by T cells and its receptor is expressed by T cells, mast cells, eosinophils and epithelial cells [START_REF] Rochman | New insights into the regulation of T cells by γc family cytokines[END_REF] . (iv) IL-15 is produced by monocytes, DCs and epithelial cells and is critical for NK cell development and homeostasis of CD8 + T memory cells. Thus, IL-15 has similar roles to IL-2, although the latter is considered the key cytokine for Treg development 20,[START_REF] Grabstein | Cloning of a T cell growth factor that interacts with the β chain of the interleukin-2 receptor[END_REF][START_REF] Lodolce | IL-15 receptor maintains lymphoid homeostasis by supporting lymphocyte homing and proliferation[END_REF] . The IL-15R also shares IL-2Rβ, the only distinction between the two cytokine receptors being their specific α chains [START_REF] Bamford | The interleukin (IL) 2 receptor β chain is shared by IL-2 and a cytokine, provisionally designated IL-T, that stimulates T-cell proliferation and the induction of lymphokine-activated killer cells[END_REF]79 . IL-15R is expressed by activated monocytes and DCs 83 . IL-15 is secreted along with IL-15Rα which has a highaffinity for its ligand (K d 10 -11 M), whereas IL-2 is secreted as a soluble molecule that binds its receptor at the surface of activated T cells 79,87 . Moreover, unlike most γ c family cytokines that typically signal in cis by binding and acting on a cell expressing the receptor, IL-15 primarily signals in trans by binding to IL-15Rα in one cell and then presenting it to IL-2/15Rβγ on another cell 20,87 . Although IL-2 can also signal in trans, it is mainly presented in cis 88 .

Structural studies on the IL-2R have shown that IL-2Rβ and IL-2Rγ form the largest surface interaction in the receptor complex, which coupled to the small buried surface area between IL-2 and IL-2Rγ might explain how the common γ chain is able to bind six distinct cytokines, with cytokine specificity arising from specific interactions with IL-2Rβ 43,44 .

Further crystal structure characterization of the γ c family of cytokine receptors, with their respective ligands, might provide new insights into the specific interactions of the receptor subunits and their cross-competition for γ c . Cytokines from the γ c family can have overlapping as well as unique roles in the immune system. How they achieve specificity despite their sharing of the γ chain remains unclear.

Trafficking of IL-2 receptor

IL-2 and IL-2R constituents, like most cytokines and their receptors, are translated as precursor proteins containing a signal peptide at the N-terminus that targets them to the Golgi-mediated secretory pathway (Fig. 1.8) [89][90][91] . During ER translocation, the signal peptide is removed and initial post-translation modifications (glycosylations) take place. Following transport to the Golgi apparatus, additional glycosylations occur and the receptor subunits are then transported in secretory vesicles to the plasma membrane.

For many years, internalization of surface receptors was merely considered as a means to attenuate signal transduction by downregulating their expression at the cell surface.

Nowadays, it is known that endocytosis and receptor signaling are intricately associated, since endocytosis can regulate the duration and specificity of signaling. Signaling can thus occur beyond the plasma membrane, in intracellular compartments. Early studies in the 1980's showed that IL-2R is constitutively internalized and degraded in the presence or absence of IL-2 (Fig. 1.8) 92,93 . Nonetheless, IL-2R decay is significantly faster in the presence of the ligand, with a half-life of approximately 25 min, as opposed to 65 min in its absence 94 . The cytoplasmic tail of IL-2Rγ bears essential sorting sequences for its internalization and that may account for differences in its constitutive versus induced uptake 93,95,[START_REF] Yu | Efficient Internalization of IL-2 Depends on the Distal Portion of the Cytoplasmic Tail of the IL-2R Common -Chain and a Lymphoid Cell Environment[END_REF] . Slow constitutive trafficking requires membrane-proximal residues, while rapid IL-2-induced internalization relies on residues distal to the transmembrane region [START_REF] Yu | Efficient Internalization of IL-2 Depends on the Distal Portion of the Cytoplasmic Tail of the IL-2R Common -Chain and a Lymphoid Cell Environment[END_REF] . In addition to IL-2Rγ, the β chain also contains weak internalization signals located in its cytosolic tail and transmembrane domain [START_REF] Subtil | Several weak signals in the cytosolic and transmembrane domains of the interleukin-2-receptor beta chain allow for its efficient endocytosis[END_REF] . These motifs might promote endocytosis of the receptor in an additive fashion instead of acting as endocytic 'switches', as proposed for classic clathrin-coated pit recruitment signals, such as tyrosine-or dileucine-based motifs, which neither IL-2Rγ nor IL-2Rβ contain 38,[START_REF] Subtil | Several weak signals in the cytosolic and transmembrane domains of the interleukin-2-receptor beta chain allow for its efficient endocytosis[END_REF] .

The rate of endocytosis of radiolabeled IL-2 or radiolabeled monoclonal mAbs directed to IL-2Rα or IL-2Rβ were shown to be slightly slower as compared to that of the bona fide clathrin-dependent cargo transferrin (Tf). In addition, uptake of IL-2 was only partly inhibited when the clathrin-dependent pathway was disrupted by potassium depletion, cytosol acidification, or chemical treatment leading to plasma membrane exclusion of AP-2, a key clathrin-coated pit component. All these treatments led to a marked reduction in Tf uptake and provided a first hint that IL-2R was internalized by a distinct endocytic mechanism [START_REF] Subtil | Rapid endocytosis of interleukin 2 receptors when clathrincoated pit endocytosis is inhibited[END_REF] .

With the increased knowledge on clathrin-mediated endocytosis, new molecular inhibitors, specific for the clathrin pathway, became available and permitted a better characterization of the clathrin-independent internalization routes. Uptake of IL-2Rβ was unaffected in cells transfected with dominant-negative mutants of Eps15, a protein involved in clathrin-mediated endocytosis by binding to AP-2. However, overexpression of dominantnegative mutants of the large GTPases dynamin-1 or -2, 'pinchases' associated with clathrincoated vesicle scission, inhibited IL-2R endocytosis [START_REF] Lamaze | Interleukin 2 Receptors and Detergent-Resistant Membrane Domains Define a Clathrin-Independent Endocytic Pathway[END_REF]100 . Biochemical and electron microscopy experiments showed that IL-2Rβ was not associated with clathrin-coated structures at the plasma membrane and was enriched in detergent-resistant membrane domains called lipid rafts [START_REF] Lamaze | Interleukin 2 Receptors and Detergent-Resistant Membrane Domains Define a Clathrin-Independent Endocytic Pathway[END_REF]101 . Thus, a new endocytic mechanism started to emerge, involving membrane microdomains and dynamin. IL-2R is among the first physiological cargoes that led to the definition of clathrin-independent endocytic pathways and its internalization mechanism is presented in more detail in the next chapter.

Following IL-2 binding and receptor internalization, the complex is found in intracellular endocytic compartments [102][103][104] . The fates of the three receptor chains are different (Fig. 1.8).

IL-2Rα is found in early and recycling compartments, together with Tf, while IL-2Rβ and IL-2Rγ are sorted to late endocytic compartments, colocalizing with the late endosomal marker Rab7 93,[START_REF] Yu | Efficient Internalization of IL-2 Depends on the Distal Portion of the Cytoplasmic Tail of the IL-2R Common -Chain and a Lymphoid Cell Environment[END_REF][START_REF] Subtil | Several weak signals in the cytosolic and transmembrane domains of the interleukin-2-receptor beta chain allow for its efficient endocytosis[END_REF]105 . These differences are consistent with the high stability of the α chain (t 1/2 ≈ 48h), as a result of its recycling to the cell surface, and with the short half-life (t 1/2 ≈ 1h) of the β and γ chains due to their degradation (Fig. 1.8) 105 . Internalization and lysosomal degradation of IL-2, IL-2Rβ and IL-2Rγ have also been linked to the ubiquitin/proteasome system. Cells treated with proteasome inhibitors showed an impaired uptake and/or degradation of IL-2Rβ or IL-2/IL-2R complex [106][107][108] , as well as a sustained tyrosine phosphorylation and DNA-binding of STAT5 106 . Moreover, IL-2Rβ was shown to be ubiquitinated 108,109 and to be incorrectly sorted and accumulate in early endosomes when lysine residues (usual ubiquitination targets) located in its degradation signal were mutated 108 .

Targeting of IL-2R to the proteasome may occur through its interaction with the valosincontaining protein (VCP), a chaperone targeting ubiquitin/proteasome substrates. Upon IL-2 stimulation, VCP is tyrosine phosphorylated and associates with the receptor complex 109 . IL-2Rγ is also ubiquitinated and the ubiquitin-ligase c-Cbl and the deubiquitinating enzyme DUB-2 can down-regulate and up-regulate IL-2Rγ expression levels, respectively. Expression of DUB-2 led to an increase in IL-2Rγ half-life, suggesting that the ubiquitin system tightly regulates expression of IL-2R at the cell surface 110 .

Over the years, studies on signaling by surface receptor and their internalization have been segregated, with a poor correlation on how receptor endocytosis impacts signal transduction. Most investigations in this sense focused on the epidermal growth factor receptor (EGFR) that undergoes clathrin-mediated endocytosis and cell surface recycling when cells are exposed to low doses of epidermal growth factor (EGF), while following a clathrin-independent route and subsequent degradation when exposed to high ligand concentrations 111 . Although internalization of IL-2R has been thoroughly investigated, it is still unclear whether it requires endocytosis for signaling 38,112 . Nevertheless, various clues point to the involvement of IL-2 signaling factors in its endocytosis. In particular, the tyrosine kinase inhibitor genistein only inhibited IL-2R endocytosis in lymphoid cells, implicating a role for signal transduction in IL-2R internalization [START_REF] Yu | Efficient Internalization of IL-2 Depends on the Distal Portion of the Cytoplasmic Tail of the IL-2R Common -Chain and a Lymphoid Cell Environment[END_REF] . Moreover, PI3K plays a central role in both IL-2R internalization and signal transduction, with PI3K inhibitors impacting both mechanisms [START_REF] Basquin | The signalling factor PI3K is a specific regulator of the clathrin-independent dynamin-dependent endocytosis of IL-2 receptors[END_REF][START_REF] Brennan | Phosphatidylinositol 3kinase couples the interleukin-2 receptor to the cell cycle regulator E2F[END_REF] . Finally, association of IL-2R with lipid rafts and the requirement of sphingolipids for its uptake 113 might also be correlated with an impaired IL-2-mediated signaling upon lipid microdomain disruption [114][115][116] . Lipid microdomains can act as signaling platforms, rendering the propagation of the signal cascade 117 . The ever-growing knowledge on the different internalization mechanisms and on the clear intricate link between endocytosis and signal transduction may improve our understanding of not only the IL-2

receptor, but also of other cytokine receptors. 

Large scale endocytosis

Large scale or macroscale endocytosis characterizes endocytic processes involving internalization of large particles or volume fractions of the extracellular milieu (Fig. 1.9).

Both mechanisms involve a considerable remodeling of the plasma membrane and the actin meshwork underneath it 121 .

Phagocytosis

In 1882, Ilya Metchnikoff observed motile cells in transparent starfish larva surrounding and engulfing small particles, thereby first describing phagocytosis (cell eating) 122 . In the immune system, myeloid professional phagocytes include macrophages, neutrophils and dendritic cells that can efficiently internalize non-self particles (bacteria, parasites), as well as self-entities (cellular and environmental debris, dead or dying cells). These cells are fundamental for innate and adaptive immune response 123 .

Phagocytosis is a receptor-mediated and actin-dependent mechanism that uptakes large particles (>0.5 µm diameter), resulting in the formation of vesicles named phagosomes 121,123 .

Initiation of phagocytosis has been most studied for the Fcγ receptors (FcγR) that recognize IgG. In this process, cell-surface recognition of the particle by specific receptors promotes clustering of receptors, leading to membrane reshaping into a cup that surrounds the particle, forming a phagosome (Fig. 1.9) 292 . This mechanism requires lateral diffusion of receptors, which is restricted by the actin meshwork beneath the plasma membrane and by immobile transmembrane proteins ('pickets') interacting with the actin cytoskeleton 265 (further discussed in section 1.2.4). Localized actin polymerization drives membrane extension, forming a protruding cup around the engulfed particle followed by actin depolymerization at the base of the phagocytic cup, while polymerization continues at the tips of the pseudopodia (Fig. 1.10).

Many receptors can participate in phagocytosis, such as scavenger receptors and some integrin receptors 123 . Phagosome formation arises from the regulated orchestration of small actin-remodelling GTPases and actin-regulatory proteins. For instance, Rac1, Cdc42 and the actin-related proteins 2/3 (Arp2/3) complex regulate FcγR-induced internalization 125 , whereas CR3-mediated uptake relies on RhoA and the actin-nucleator mDia1 126 . However, the precise role of Arp2/3 and formins in membrane reshaping during phagosome formation is still debated 292 . Additionally, particle internalization involves local addition of membrane where

Macropinocytosis

Macropinocytosis defines the internalization by cells of large volumes of extracellular fluid, sometimes along with particles, into vesicles of variable size (from 0.2-10 µm diameter) named macropinosomes 121,124 . It was first described by Warren H. Lewis in 1931, as he observed, by time-lapse video microscopy, large macrophage membrane ruffles uptaking the surrounding media 119,124 . Macropinosomes form spontaneously or in response to stimulation by growth factor receptors (GFR), phorbol esters, pathogens, or membrane-penetrating peptides and their size and morphology are typically independent of ligand 121,124 . Similarly to phagocytosis, macropinocytosis relies on the actin cytoskeleton machinery for membrane deformation (Fig. 1.9). As an example, EGFR-induced macropinocytosis leads to an increase in actin polymerization and in membrane ruffles, through activation of the serine/threonine p21-activated kinase 1 (Pak1), Rac1 and, consequently, the Arp2/3 complex 129 . Ruffles are sheet-like protrusions that extend from the dorsal surface of cells (also known as circular dorsal ruffles) and close at their distal ends, thus completely engulfing all the extracellular fluid in that region 121 . This mechanism may function to desensitize cells to large concentrations of growth factors. Other factors reported to regulate macropinocytosis are lipids, as PI (3,4,5)P 3 and cholesterol, and small GTPases, such as Cdc42, Ras, Rab34, Rab5, RhoG and ARF-6 118,121 .

Macropinocytosis occurs constitutively in some cells, as immature dendritic cells, suggesting a role in immune surveillance. Moreover, like for phagocytosis, bacterial pathogens can enter the cell by inducing ruffling and macropinocytosis 121,124 . Phagocytosis often resembles macropinocytosis (Fig. 1.10) and the two mechanisms share various molecular players involved in actin polymerization and membrane remodeling. The large size of their vesicles remains the hallmark of these endocytic processes.

Small scale endocytosis

Microscale endocysotis (at a scale smaller than 200 nm) accounts for numerous endocytic mechanisms that are often distinguished according to the specific molecular regulators or functional modules associated with them (Fig. modules, such as the actin cytoskeleton and the scission machinery, contribute to membrane bending. As a result of clathrin assembly into cage-like structures, it is proposed that clathrin polymerization imposes its shape onto the membrane, thus inducing membrane curvature by a scaffolding mechanism 133 . There are two hypotheses on how this scaffolding by clathrin occurs. The first one proposes that clathrin initially polymerizes as a flat lattice onto the plasma membrane, and then gradually reorganizes its lattice into a spherical coat, while maintaining its surface constant 146 . The second hypothesis postulates that clathrin directly polymerizes into a curved lattice, with a constant curvature, and that budding of the membrane occurs through a progressive increase in the area coated by clathrin, eventually producing a spherical bud 147 . The high energetic cost of a flat-to-spherical transition, represented by the first model, has favored the second mechanism. However, there is still debate on the two models with convincing results supporting both of them and that are not necessarily mutually exclusive 137 .

Actin transiently polymerizes at endocytic sites in later stages of endocytosis and also contributes to membrane bending (Fig. 1.12B). A key player regulating actin filaments assembly is the neural Wiskott-Aldrich syndrome protein (N-WASP) that recruits and activates the Arp2/3 complex, thereby promoting actin polymerization 148 . The polymerization of filaments, from the base of the membrane invagination towards the tip, is presumably the mechanism by which the actin cytoskeleton generates forces and links to the clathrin coat, contributing to membrane shaping. Other proteins linking actin filaments to clathrin, AP-2 or dynamin include such as the huntingtin-interacting protein 1 (Hip1) and Hip1-related protein (Hip1R), cortactin, the mammalian actin-binding protein 1 (mAbp1), sorting nexin 9 (SNX9), and syndapin 137 . Additionally, myosin motor proteins localize to endocytic sites and might facilitate actin-induced membrane curvature 149 .

The endocytic vesicle is severed from the plasma membrane via a scission step catalyzed by dynamin (Fig. 1.12B) 150 . This large GTPase assembles into a helical collar at the neck of the clathrin pit and, in a GTP hydrolysis-dependent reaction, highly constricts the neck of the nascent vesicle until it breaks it 151 . In vivo, dynamin interacts with several molecular partners of the Bin-1/Amphiphysin/Rvs (BAR) family of proteins through its proline-rich domain.

BAR domain proteins have been proposed to have three distinct roles in clathrin-mediated endocytosis: recruitment of fission proteins including dynamin, membrane fission, and actin recruitment to the pit 137 . Notably, the BAR domain itself is a dimeric module with a crescent shape that binds membranes with a matching curvature, therefore functioning as curvature Studies on clathrin-mediated endocytosis have, by far, dominated and defined the field of endocytosis with many of the molecular mechanisms involved in the process being thoroughly described. There are a large variety of cargoes, including TfR and EGFR, that are internalized by clathrin-mediated endocytosis and that participate in numerous physiological processes in eukaryotic cells. Despite that this internalization route accounts for a large proportion of endocytic events, many cargoes have been shown to be uptaken in a clathrinindependent manner.

B) Caveolin-dependent endocytosis

Caveolae define flask-shaped pits (60-80 nm diameter) at the plasma membrane that use the protein caveolin as a vesicle coat (Fig. 1.11C, D) 157 . These structures have been implicated in several cellular processes beyond endocytosis, such as signal transduction, lipid homeostasis and mechanosensing, and can be used by pathogens and virus to promote their entry into the cell. The key components required for caveolae assembly are caveolins, namely caveolin-1, and cavins, particularly cavin-1 (also known as polymerase I and transcript release factor (PTRF)) 158 . Caveolin has three homologues, caveolin-1 (Cav1), caveolin-2 (Cav2) and the muscle-specific caveolin-3 (Cav3) 157 . The cavin family includes cavin-1, cavin-2, cavin-3, and the muscle-specific cavin-4, and they seem to be fundamental for initiation of caveola invagination 159 .

Cav1 is synthesized in the endoplasmic reticulum (ER) and exported as detergentresistent oligomers to the Golgi complex and, subsequently, to the plasma membrane in a cholesterol-dependent manner 157 . At the cell surface, Cav1 binds cholesterol in a 1:1 stoichiometry and promotes clustering of specific lipids, thereby giving rise to particular lipid domains containing sphingolipids, like the ganglioside GM1, and phospholipids, as PI(4,5)P 2 and phosphatidylserine (PS) 159,160 . Cav1 embeds in the membrane as a hairpin structure (Fig. Caveolin was proposed to directly interact with signaling molecules via its caveolin caveolae can also disassemble in response to mechanical strains. When plasma membrane tension increases, for instance upon stretch, cavins and caveolins are dissociated and redistributed along with lipids, causing a flattening of caveolae 164,165 . This mechanism could buffer changes in membrane tension, assuring its integrity upon mechanical stress (Fig. 1.14).

Moreover, caveolin-induced changes in the lipid composition of the plasma membrane can lead to activation of downstream signaling pathways (Fig. 

C) Flotillin-assisted endocytosis

When the first studies reporting endocytic mechanisms independent of both clathrin and caveolin came into view, flotilin 1 and 2, two raft-associated proteins, were purified from endosomes and observed in endocytic intermediates together with the glycosylphosphatidylinositol (GPI)-anchored protein CD59 and CTxB. These intermediates appeared to bud into the cell in a clathrin-and caveolin-independent manner, and flotilin-1 knockdown inhibited their uptake 168 . However, budding of flotilin microdomains from the plasma membrane were rarely seen and knockdown of flotilin-1 and flotilin-2 had no impact in Shiga toxin (Stx) or ricin toxin uptake 169,170 .

Notably, flotilins present similarities with caveolins in that they oligomerize and form domains at the plasma membrane that are highly dynamic. In this regard, some studies suggest that flotilins might be involved in cargo clustering at the cell surface, preceding endocytosis. This was the case for the amyloid precursor protein (APP), the dopamine transporter (DAT) and EGFR, in which flotilins were required for the formation of preendocytic clusters and to decrease diffusion of the receptors at the plasma membrane, thus allowing their internalization by clathrin-mediated endocytosis 171 . Furthermore, several findings propose a role for flotilins in endosomal sorting events, from sorting of specific proteins within multivesicular bodies (MVBs) for exosome biogenesis 172 , to retrograde transport towards the ER and trans-Golgi network (TGN) 170 , and recycling to the plasma membrane 173 . Therefore, flotilins might take part in the regulation of cargo sorting at the level of the endosome.

Altogether, these studies undermine the role of flotilins as an essential component defining an endocytic pathway, but they point out its putative function as a microdomain scaffold through its oligomerization and association with cholesterol-enriched domains. This function of flotilins can explain both their involvement in cargo clustering at the plasma membrane, and in cargo sorting at the endosome. Cargoes that seem to depend on flotilins for their uptake might in fact rely on them for microdomain assembly required for efficient endocytosis. This scaffolding role of flotilins can be redundant with other auxiliary proteins, which might explain the partial or null impact in the uptake of some cargoes when flotilins are knockdown 171 . Thus, flotilin-assisted endocytosis, as proposed by Meister and colleagues 171 , can more accurately describe this mechanism.

Coat-independent mechanisms of endocytosis

Endocytosis in the absence of a coat protein has been debated for years, mostly due to the difficulty in their observation. The first evidences suggesting the existence of clathrinindependent internalization routes came from observations of cholera and tetanus toxins in non-coated membrane microinvaginations (caveolae) 174 , and from experiments using potassium depletion or low cytosolic pH, to inhibit clathrin-mediated endocytosis, revealing that the toxin ricin was still internalized 175,176 . However, the concern that inhibition of clathrin-dependent pathways might induce compensatory mechanisms that normally would not contribute to uptake always raised a large debate in the field. Later on, the first dynamin mutants (dominant-negative and temperature-sensitive) were published and proved an inhibition on the uptake of the clathrin-dependent cargoes TfR and EGFR, without blocking fluid-phase internalization, thus proposing the existence of alternative endocytic pathways 177,178 .

During the following years, development of other dominant-negative mutant proteins that specifically interfere with clathrin-dependent endocytosis, as the Eps15 and epsin mutant proteins, led to the discovery of receptors, as the IL-2R, plasma membrane sphingolipids and lipid raft markers, such as GPI-anchored proteins and the bacterial toxin CTxB, that were internalized in a clathrin-independent manner [START_REF] Lamaze | Interleukin 2 Receptors and Detergent-Resistant Membrane Domains Define a Clathrin-Independent Endocytic Pathway[END_REF]179,180 . Interestingly, many of these cargoes were partitioned into lipid microdomains and their uptake was seen in cells devoid of caveolae 181 . Moreover, studies reporting an inhibition of these pathways upon cholesterol perturbation, without significantly affecting clathrin-dependent uptake, suggested that some of the clathrin-independent mechanisms rely on specialized lipid domains named lipid rafts.

These rafts were believed to form platforms at the plasma membrane allowing sorting of proteins and regulation of signaling events 182 . Notably, studies using small interference RNAs (siRNAs) to deplete cells of proteins involved in clathrin-mediated endocytosis, such as the clathrin heavy chain (CHC) and AP-2, showed that classic clathrin-mediated cargoes, like the low density lipoprotein receptor (LDL-R) and EGFR, might use other internalization routes when clathrin uptake is inhibited 183 .

It is important to mention that there are several aspects that render difficult the discrimination and classification of clathrin-independent pathways, leading to some uncertainty regarding them. Some of these aspects are:

• The absence of an electron-dense coat, specific cytosolic markers and cargoes, compared with clathrin-dependent endocytosis;

• The wide variety of sizes and morphologies of clathrin-independent carriers;

• The involvement of the same cargo protein or adaptor in multiple endocytic pathways, as for example EGFR and endophilin A2;

• The cellular context, which has a critical role in quantitative aspects of endocytosis, as cell type, cell density, polarization, nutrient access, and oncogenic transformation;

• The experimental settings used to study clathrin-independent uptake, since overexpression of proteins or mutant proteins and inhibition of clathrin-mediated endocytosis can result in unexpected phenotypes that do not occur in unperturbed cells, like cellular mislocalization of proteins and rerouting to other pathways;

• The susceptibility to ligand-activation, temperature, membrane fluidity and tension, which can be determinant for many clathrin-independent mechanisms;

• The alternative functions associated to some pathways, like the caveolin-and flotilindependent mechanisms;

• The rather unclear nomenclature of endocytic pathways.

I will now briefly describe some of the identified clathrin-independent mechanisms.

Other additional pathways may exist, but their authenticity as endocytic mechanisms has not yet been proved, thus they will not be mentioned. This is the case of the ARF-6 pathway, which, although initially implicated in endocytosis, is now known to be mostly involved in recycling from endosomal compartments 184 .

GPI-APs are bound to the exoplasmic leaflet of the plasma membrane by a short lipid anchor and they do not have sorting motifs or cytoplasmic tails. Thus, sorting of cargoes to the CLIC/GEEC pathway might rely on plasma membrane lipid composition, since alterations in cholesterol and sphingolipids, or nanoclustering of GPI-APs impacts endocytosis via this route 189,190 . In this sense, CLIC/GEEC is the main endocytic mechanism that fits with the glycolipid and lectin (GL-Lect) hypothesis (Fig. 1.15). According to this model, extracellular clustering of glycosphingolipids, such as the ganglioside GM1 or the globoside Gb3, and/or glycosylated proteins into nanodomains can lead to membrane bending. Glycosphingolipids can cluster upon binding to secreted lectins, as galectin-3, or to pathogenic factors, such as SV40, cholera or Shiga toxins (Fig. 1.15A) 191 . It is still intriguing how clustering of GPI-APs induces their uptake, but this is likely mediated by lectins that could associate with their glycan core. or with glycosylations in the case of transmembrane proteins (Fig. 1.15B). In addition, GPI-APs have a large bulky extracellular domains that, when crosslinked by lectins, could impose a steric force on the membrane promoting its curvature 192 .

The CLIC/GEEC pathway is initiated by recruitment of Golgi Brefeldin A Resistant Guanine Nucleotide Exchange Factor 1 (GBF1), a guanine nucleotide exchange factors (GEF) that activates ADP-ribosylation factor 1 (ARF1) at the cell surface 194 . Activated ARF1 recruits the Rho GTPase-activating (GAP) protein 21 (ARHGAP10/21) and this complex maintains Cdc42 in its cycling state, thus allowing recruitment of the actin polymerization machinery, Arp2/3 and N-WASP 195,196 . The GTPase regulator associated with focal adhesion kinase 1 (GRAF1) associates with CLIC/GEEC carriers and with active Cdc42. This protein contains a BAR domain, which could promote membrane curvature, and a Rho GAP domain that reduces activity of Cdc42 197 . Interestingly, although CLIC/GEEC internalization is dynamin-independent (Fig. 1.9), dynamin localizes to GEECs following internalization and seems to be required for recycling of the uptaken membrane 185 

B) The FEME pathway

The role of the BAR domain protein endophilin has been thoroughly investigated in the context of endocytosis. Different functions have been assigned to endophilin, including recruitment of cargoes or dynamin via it SH3 domain 200,201 , membrane curvature via its BAR domain 202,203 , and membrane scission via insertion of its amphipathic helices and aided by dynamin (Fig. 1.16) 202,204,205 . Although initially involved in clathrin-mediated endocytosis 206 , endophilin-A2 has been recently proposed to be fundamental for clathrin-independent pathways, thus defining a new endocytic route named fast endophilin-mediated endocytosis (FEME). FEME is characterized by the rapid formation of tubulo-vesicular carriers at the cell surface, containing endophilin, and that are internalized following cargo receptor activation by their ligands (Fig. 1.16) 200 . Various FEME cargoes have been identified, including Gprotein coupled receptors (GPCRs), as the α2a-and β1-adrenergic receptors, dopaminergic D3 and D4 receptors and muscarinic acetylcholine receptor 4, receptor tyrosine kinases (RTKs), as EGFR, hepatocyte growth factor receptor (HGFR) and neurotrophic tropomyosin receptor kinase B (TrkB), the cytokine receptor for IL-2, and bacterial Shiga and cholera toxins 200,207 .

In this internalization mechanism, endophilin directly or indirectly, through interaction with cargoes, promotes endocytic carrier formation. Endophilin assembles in dimers that directly bind the membrane, via their BAR domains, and that bind cytosolic adaptors or cargoes, via their SH3 domain (Fig. 1.16). In addition, endophilin can form oligomers on the plasma membrane, supporting multiple interactions 207 . Studies have shown that endophilin is recruited to the plasma membrane by the protein lamellipodin, which binds PI(3,4)P 2 upon its production by SHIP phosphatases, thus creating pre-assembled sites to where activated receptors will be sorted (Fig. 1.16A) 208 . This initial enrichment in endophilin at the cell endophilin was also present in clathrin-coated pits, albeit not being required for dynamin recruitment in this case 201 . This implies that endophilin is not a specific clathrin-independent endocytic marker 201 .

As a whole, FEME seems to overlap with various other endocytic pathways, having several molecular players in common, though perhaps these preserve distinct regulation mechanisms according to the cargo and specific cell environment. Besides endophilin, FEME was shown to require several key factors involved in IL-2R endocytosis (see section 1.2.2.2.D). Therefore, this pathway could be more accurately defined as a ligand-induced mechanism dependent on endophilin.

C) The EGFR endocytosis

The EGF receptor is a growth factor receptor almost ubiquitously present in epithelial tissues, and having a variable expression according with cell type and growth conditions. This might explain why EGFR represents such an intriguing cargo that is undergoes endocytosis by multiple pathways 213 . Notably, at low doses of EGF (Fig. 1.17A) the receptor is predominantly internalized via clathrin-mediated endocytosis, while at high doses of EGF (Fig. 1.17B) it additionally undergoes a clathrin-independent lipid raft-dependent pathway 214 .

Upon higher concentrations of the ligand (Fig. 

D) The IL-2R endocytosis

As mentioned in the previous chapter, the IL-2 receptor defined a new endocytic mechanism independent of clathrin and caveolin, and of any known coat protein, and relying on membrane lipid microdomains and dynamin [START_REF] Lamaze | Interleukin 2 Receptors and Detergent-Resistant Membrane Domains Define a Clathrin-Independent Endocytic Pathway[END_REF] . The knowledge on IL-2R endocytosis has come a long way and, currently, several molecules involved in its internalization mechanism are known. I will here summarize the research done in the last years and describe the current model of IL-2R endocytosis. It should be noted that most of the studies uncovering the key molecular players involved in IL-2R internalization have been done in cells that do not endogenously express all the IL-2R chains, and thus assessed the constitutive endocytosis (without the ligand) of some of its subunits, exogenously expressed.

Investigation on the constitutive internalization of the β or γ chain of the receptor has shown that this is partially found into lipid rafts at the plasma membrane, and that its uptake is independent of clathrin and dynamin, as determined by CHC depletion using siRNA or using dominant-negative mutants of Eps15 and dynamin-2. Importantly, actin polymerization was necessary for IL-2Rγ endocytosis. Upon analysis of various proteins known to link dynamin to the actin cytoskeleton, and required for clathrin-dependent endocytosis, the Arp2/3 activator cortactin was found to be essential for IL-2Rγ internalization. Inhibition of receptor endocytosis relied on cortactin's binding site to Arp3. Thus, a first link between clathrin-independent endocytosis and actin polymerization was established 100 .

Numerous upstream regulators, including Rho GTPases, control actin dynamics.

Interestingly, earlier studies determined that RhoA is involved in IL-2Rβ uptake, having contrasting effects in clathrin-dependent and clathrin-independent pathways. Overexpression of an activated form of the small GTPase RhoA, which inhibits Tf uptake, did not prevent IL- PI3K is an additional major player in the regulation of actin dynamics and in the recruitment of several Rho GEFs. Besides being involved in the signaling cascades induced by IL-2, PI3K is also essential for IL-2R internalization. Chemical inhibition of PI3K and depletion of its regulatory subunit p85α strongly reduce IL-2Rβ endocytosis, without affecting clathrin-mediated uptake of transferrin. The regulatory subunit p85α of PI3K binds both the activated form of Rac1 (GTP-Rac1) and IL-2Rβ (Fig. 1.18B), an interaction that is enhanced in the presence of IL-2. One of the main roles of PI3K is the production of PI (3,4,5)P 3 that induces recruitment of Rho GEFs like the Vav2 protein, both being required for efficient IL-2Rβ uptake. Thus, a working model emerged (Fig. 1.18B) in which association of p85α with IL-2Rβ activates PI3K leading to the production of PI (3,4,5)P 3 and the recruitment of Vav2, which in its turn will activate Rac1. Activated Rac1 is then recruited to IL-2R endocytic sites, through interaction with PI3K p85α, and induce the Rac1-Pak1cortactin-N-WASP cascade, ultimately enhancing actin polymerization and receptor internalization [START_REF] Basquin | The signalling factor PI3K is a specific regulator of the clathrin-independent dynamin-dependent endocytosis of IL-2 receptors[END_REF] . These events likely occur during the last step of IL-2R endocytosis (Fig. Clathrin-independent endocytosis might be a single pathway, or a combination of several pathways and, despite our increasing knowledge in these pathways and their associated cargoes, the general picture regarding their mechanisms, molecular players and how they are coordinated within cells remains rather unclear. One interesting hypothesis is that the key molecular machineries mentioned here function like core modules (Fig. 1.19) that are recruited in a rather stochastic manner, according to the cellular context of endocytic carrier formation 207 .

Sequential steps for endocytosis: a common mechanistic view

In spite of the dissimilarities between coat-driven endocytic mechanisms and coatindependent ones, and even among the different coat-independent routes, there is a common feature to all processes: their sequential step-like process. The generic formation of an endocytic vesicle involves three main steps: 1) pit initiation, which defines the site where the endocytic vesicle will be assembled and where adaptor and coat proteins cluster and to where cargoes are recruited; 2) vesicle formation, which requires membrane shape changes, as membrane bending, to form an endocytic carrier that can have distinct morphologies; 3)

Pit initiation

Endocytic pit initiation remains somewhat mysterious for most internalization

mechanisms. There is great debate regarding which is the master initiator that starts the endocytic process. It is clear that adaptor proteins, such as AP-2 and FCHO1/2 in clathrinmediated endocytosis, are critical for the recruitment of coats and other endocytic components to the plasma membrane. Nevertheless, could it be that recruitment of adaptors is an induced/regulated process, perhaps controlled by clustering of cargo molecules or specific lipid membrane domains?

Some studies suggest a model in which endocytosis starts randomly by stochastic association of adaptor proteins that will then recruit cargoes 140 . For clathrin-mediated endocytosis, for instance, it has been shown that assembly of two AP-2 molecules coupled to a clathrin triskelion is sufficient to initiate an endocytic site 142 . However, most studies point to a nonrandom distribution of endocytic sites, which would initiate at 'hotspots' of the plasma membrane bearing properties that render them prone to endocytosis 139 . These hotspots could account for adaptor proteins that remain at the plasma membrane after vesicle budding, thus starting a new round of endocytic recruitment 227 . Alternatively, adaptor proteins can be recruited to plasma membrane sites with a specific lipid composition or cargo protein enrichment.

Many endocytic adaptors have domains that bind to PIPs, particularly PI(4,5)P 2 . PIPs seem to have a key role in regulating the sequence of events occurring during endocytosis.

Kinases and phosphatases that control the conversion of PIPs are found at precise steps of pit formation, thereby promoting a specific membrane lipid composition that allows recruitment of endocytic proteins containing interacting domains for those lipids. In clathrin-mediated endocytosis, the adaptors AP-2 and epsin have a PI(4,5)P 2 binding domain and are associated with initiation of the pit, while SNX9 and the auxilin-HSC70 complex are recruited at later stages, upon conversion of PI(4,5)P 2 to PI(3,4)P 2 137 . As for clathrin-independent mechanisms, the requirement for lipids, and particularly cholesterol, is one of their hallmarks. Removal of cholesterol with methyl β-cyclodextrin (MβCD), or addition of cholesterol-binding compounds, such as nystatin or filipin, impacts caveolin-dependent endocytosis, macropinocytosis, the CLIC/GEEC pathway, and likely IL-2R internalization [START_REF] Lamaze | Interleukin 2 Receptors and Detergent-Resistant Membrane Domains Define a Clathrin-Independent Endocytic Pathway[END_REF]135,190,228 .

Additionally, cholesterol has also been shown to play a role in clathrin-mediated endocytosis 229 .

Virus and bacterial toxin proteins are some of the clearest examples of cargoes that take use of receptor and lipid clustering for their internalization. Cholera and Shiga toxins bind to lipids at the cell surface, GM1 and Gb3 respectively, and promote their clustering in the outer leaflet of the plasma membrane. This mechanism can be used to induce assembly of the endocytic machinery, as well as to bend the membrane (Fig. In regard to membrane organization and regulation of protein clustering at the cell surface, lipid nanodomains are often linked to the cortical actin cytoskeleton (Fig. 1.21). The actin meshwork, present underneath the membrane, is known to control molecular diffusion dynamics of not only membrane-associated proteins containing a long cytosolic tail, but also of outer-leaflet lipid-anchored proteins. This was proposed for GPI-APs, which clustering results from actomyosin assemblies, named actin asters, that transiently bind to and immobilize the lipid phosphatidylserine in the inner leaflet of the plasma membrane. This lipid has long saturated acyl chains that associate with GPI-APs containing long acyl chains on the outer leafltet. This transbilayer interaction is mediated by cholesterol and promotes nanoclustering of lipid-anchored proteins, which drives initial CLIC formation 231 .

Overall, endocytic adaptors, membrane lipids and protein clustering all seem critical to trigger endocytosis, yet the question remains whether they are able to control its initiation. It is also possible that there is no single endocytic master initiator, but rather various proteins and/or specific membrane nanodomains (lipid, receptor clustering) that share that role, and different cargoes can rely on distinct initiation mechanisms that function independently.

Vesicle formation

Endocytic vesicle formation involves local mechanical deformation of the flat plasma membrane into a budded vesicle or tube. Different endocytic modules can provide the force required for membrane bending (Fig. 1.20) 232 . One of the most obvious ones is the coat scaffold (Fig. 1.20b). Coat proteins, as clathrin and caveolin, assemble into a rigid, curved structure that imposes their curvature onto the membrane, leading to spontaneous curvature. A similar scaffolding mechanism can occur by binding of proteins containing a BAR domain, such as endophilin, amphiphysin and SNX9, which have a crescent shape and can stabilize or induce membrane curvature that corresponds to the geometry of their membrane-binding surface (previously mentioned in section 2.1.2.1.A) 152,233,234 .

Membrane deformation can also result from asymmetrical binding of proteins onto the membrane (Fig. 1.20c-e), or asymmetrical composition of lipids (Fig. 1.20a). For instance, proteins bearing an epsin N-terminal homology (ENTH) domain, as epsin, have no inherent curvature but they can bind PI(4,5)P 2 and insert an amphipathic helix in its cytoplasmic leaflet (Fig. 1.20c). This is termed hydrophobic insertion and it increases the membrane outer leaflet area, causing it to curve 235 . In addition, protein-protein interactions can also drive membrane curvature, in the absence of insertion into the lipid bilayer. This mechanism accounts for a crowding effect of high local protein concentration (Fig. 1.20d, e). In this sense, it has been shown that the ANTH domain of the clathrin-mediated endocytic adaptor AP180, which resembles the ENTH domain but lacks the amphiphatic helix, is able to induce tubulation of a giant unilamellar vesicle (GUV) containing PI(4,5)P 2 when sufficiently covering the membrane, even though it is unable to drive hydrophobic insertion. Notably, even proteins that are not known to bind membranes and that have no membrane-bending function, such as green fluorescent protein (GFP), can induce bending if concentrated on the membrane. The authors determined that a protein coverage above 20% of the domain area is sufficient to bend membranes, and propose that lateral pressure, arising from collisions between diffusing membrane-bound proteins upon high membrane coverage, can be the driving force that overcomes the energetic cost required to bend the membrane 236 . Bending occurs to buffer the concentrated protein layer, and this mechanism depends on the local asymmetries of protein density on each side of the membrane 236 . This crowding effect is particularly enhanced with proteins containing intrinsically disordered domains that occupy a large portion on the membrane surface 237 . Such a mechanism could contribute for vesicle budding of GPI-APs extracellularly clustered by lectins, together with asymmetric stress induced by glycosphingolipid domains 193 .

Aside coat-dependent mechanisms, which exclusively take advantage of the scaffolding coat to bend the membrane, most endocytic routes use several of the molecular modules here mentioned with ability to promote membrane curvature (Fig. 1.20), and thus contribute to endocytic carrier formation. Altogether, we can build a general picture in which intracellular clustering, accounting for actin filaments, scaffolds (coats, or proteins able to sense and induce membrane curvature), and proteins that promote hydrophobic insertion, act in synergy with extracellular clustering, (lectins and cargoes) to shape endocytic carriers. It remains to be deciphered the exact spatiotemporal coordination of these modules, particularly for clathrinindependent endocytosis.

Vesicle scission

Separation of the nascent endocytic vesicle from the plasma membrane occurs through a scission mechanism that often involves the molecular machinery that induces membrane curvature. The most well known protein that promotes scission is the GTPase dynamin 150 .

Indeed, endocytic pathways can be classified according to their requirement for dynamin at the moment of vesicle scission. From the internalization pathways mentioned, the ones that use dynamin include clathrin-and caveolin-mediated endocytosis, the FEME pathway, endocytosis of EGFR and IL-2R. Dynamin assembles into tight oligomers forming helical polymers at the neck of budding vesicles, which allows initial constriction. Membrane fission occurs upon GTP hydrolysis, which is necessary to further constrict dynamin oligomers, promoting thermal fluctuations on the membrane that lead to spontaneous fission 151,241 .

Dynamin can also tubulate membrane bilayers, assembling into a coat structure around them 151 .

Additionally, dynamin interacts with several endocytic proteins that might contribute in the scission mechanism. The most relevant of these are BAR domain proteins, which recruit fission proteins, particularly dynamin 201,242 , and have been proposed to play a role in membrane constriction and scission 243 . The amphipathic helix of N-BAR proteins inserts into the outer leaflet of the plasma membrane, inducing membrane bending that can be sufficient to constrict and break its neck 205 . Other studies have shown that BAR domains form tubular polymers that coat the budding membrane, limiting the diffusion of lipids below this coat 203,244 . This mechanism generates a friction between the lipids and the BAR protein polymer, resulting in increased tension in the non-coated region of the membrane tubule.

Membrane fission would then occur under pulling forces by microtubules motors, as dynein, or by actin polymerization 202,212 . This model illustrates how BAR proteins can drive vesicle scission in internalization mechanisms that lack dynamin, as in CLIC/GEEC or clathrinmediated endocytosis in yeast. Moreover, BAR domain protein scaffolds also contain large intrinsically disordered regions, which can drive membrane fission by steric pressure that destabilizes membrane tubule lipids 245 . Similarly to the protein crowding effect leading to membrane curvature, random collisions among membrane-bound proteins can generate sufficient unbalanced pressure in the two leaflets of the membrane, intensely increasing membrane curvature and thus promoting membrane disruption and scission. Fission of the plasma membrane correlates with membrane protein coverage, regardless of hydrophobic insertion, suggesting that the role of amphipathic helices is to robustly anchor proteins to the membrane, hence increasing steric pressure 245,246 .

Likewise membrane bending, scission is also assisted by actin polymerization in both clathrin-dependent and clathrin-independent mechanisms. In clathrin-mediated endocytosis, it is known that dynamin recruitment and assembly is promoted by actin polymerization, which in turn enhances activity of the GTPase 247-249 . In addition, dynamin binding to cortactin is mediated by actin polymerization, and stimulates the GTPase activity of dynamin and its ability to remodel the actin cytoskeleton 250 . Perturbation of actin dynamics leads to a reduction in membrane scission, validating the role of actin polymerization in vesicle fission 251 . In endocytic mechanisms that lack dynamin, the actin cytoskeleton, associated with BAR domain-containing proteins, might function as the key scission machinery. This has been proposed for Shiga toxin uptake into CLICs, in which actin reorganization around the vesicle neck can trigger membrane domains in the tubule that stimulate a constriction force, known as line tension, arising from the energetic cost of the interface between one domain and the surrounding membrane. This is a similar process that occurs upon lipid segregation and consequent microdomain formation, and it might act in concert with dynamin and with protein clustering 252 . Actin polymerization has a final critical role in generating forces that pull the endocytic vesicle into the cytosol. Molecular motors, such as myosins, might contribute by anchoring actin filaments at the base of invaginations, as they have been localized to endocytic sites and seem to aid in the internalization process 149 .

As illustrated here, the core endocytic modules show some overlapping functions in different steps of the internalization mechanism. This might provide the cell with a dynamic cooperative system that operates to successfully accomplish endocytosis. Importantly, the lack of dynamic studies on the orchestration of these factors, in a physiological cellular context, may account for this complexity.

Receptor clustering regulation of endocytosis and signaling

Recent studies have been progressively changing the concept that cargoes are merely passive passengers in the endocytic process, while demonstrating their key role in both internalization and signal activation. It was already mentioned the putative function of protein crowding in initiation of the endocytic vesicle and in driving membrane curvature and scission 232 . Moreover, the importance of cargo loading had already been determined in some studies of clathrin-mediated endocytosis, in which a cargo checkpoint mechanism regulates the endocytic process. In this sense, endocytic sites could be aborted or have a delayed budding, if a minimum number of cargo molecules is not reached, thus assuring that budded vesicles are packed 140,253,254 . For instance, TfR local clustering promotes clathrin-coated pit initiation 145 , and seems to regulate vesicle scission through an SH3-containing protein, TTP, which interacts with TfR, clathrin and dynamin, and permits dynamin-mediated vesicle fission only when sufficient cargo is recruited to the pit 255 . In the case of signaling receptors, this cargo-clustering checkpoint could also allow for efficient signaling initiation. There are several examples on how receptor clustering can regulate endocytosis and signal transduction, with a few being here mentioned.

The need for receptor oligomerization, particularly dimerization, is clearly associated with receptor tyrosine kinases (RTKs), for which ligand-induced dimerization of the receptors acts to activate their kinase domains by trans-phosphorylation. The EGF receptor is one of the most extensively studied RTKs and, although it is accepted that ligand-induced EGFR dimerization is required for efficient signal transduction, EGFR also assembles into oligomers, which seem to be necessary for receptor trans-phosphorylation and PI3K

activation 256,257 . Additionally, phosphorylation of EGFR dimers might not be sufficient to fully activate downstream signaling molecules. In this sense, oligomerization could potentially promote conformational changes in the receptor, or membrane spatial distribution that allows signal transduction 258 . Clustering of EGFR is mediated by the interaction of the plasma membrane lipid PI(4,5)P 2 with the juxtamembrane region of the receptor, highlighting the key role of lipid domains in receptor clustering. Although EGFR clusters exist in both normal and cancer lung epithelial cells, their number and size is increased in cancer cells 259 .

Importantly, EGF-induced signaling seems to be linked to an increased recruitment of clathrin-mediated endocytic components, thus bridging receptor oligomerization, signal propagation and endocytosis 260 .

diffusion 263 , and their activation is linked with an aggregation of lipid raft domains containing the receptor 264 . This is coherent with a compartmentalization of signaling in membrane domains, which are regulated by lipid rafts and the actin cytoskeleton (Fig. 1.22), so that specific signaling molecules are segregated in order to control their interactions and thus their activity.

Another example on how the actin cytoskeleton controls receptor clustering and activation is the Fcγ phagocytic receptor that must diffuse at the cell surface to oligomerize and be activated. Lateral diffusion of Fcγ is limited by the transmembrane protein CD44 that associates with both actin filaments and hyaluronic acid, thus constituting transmembrane "pickets" restricting receptor mobility (Fig. 22), is intricately connected to its organization at the plasma membrane.

The connection between endocytosis and signaling has also been addressed for the cytokine receptor IL-4R. This receptor is part of the common γ chain family of receptors and is composed of the γ chain and a specific α chain (section 1.1.6). Fluorescence crosscorrelation spectroscopy and affinity analysis have shown that plasma membrane endogenous amounts of IL-4Rα and γ subunits are too low for efficient dimerization, implying that a concentration mechanism must exist to allow signal transduction. Additionally, authors found a subpopulation of early endosomes, beneath the cell surface, which they termed cortical endosomes and to where the ligand and IL-4R subunits traffic following internalization 267 .

Further studies proposed that these endocytic structures allow IL-4R concentration upon its uptake, hence promoting dimerization and initiation of the JAK3-mediated signaling cascade.

Alike IL-2R endocytosis, internalization of IL-4R is also mediated by actin polymerization via Rac1 and Paks and its perturbation inhibited IL-4R-induced JAK/STAT signaling 268 . In this case, endocytosis might play a pivotal role that allows receptor clustering in particular

Aim of the thesis

Protein clustering is a key cellular mechanism known to mediate forces that can induce membrane conformational changes and promote efficient signal propagation. Most of the receptors that require cell surface clustering to accomplish internalization or successful signal transduction function through ligand-induced activation, which either promotes subunit oligomerization, effective signaling output, or faster uptake kinetics. Our research group investigates the clathrin-independent endocytosis of the IL-2R and has earlier identified several molecular players involved in it and proposed a model for internalization of the receptor via its accumulation at the base of membrane protrusions. This mechanism might establish an initial niche where receptors cluster and thereby initiate the endocytic pit.

Notably, binding of the ligand, IL-2, which induces the JAK/STAT, PI3K, and MAPK signaling cascades, is also known to promote a faster rate of receptor uptake. Therefore, the focus of my PhD project was to determine the role of IL-2R clustering in its endocytosis and to explore a putative link with receptor signal transduction.

To achieve this in closely endogenous conditions and maintain receptor expression, I CHAPTER 2
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Manuscript I (in press)

Stoichiometry of receptors at the plasma membrane during their endocytosis using Total Internal Reflection Fluorescent (TIRF) microscopy live imaging and single molecule tracking

This manuscript is a book chapter that will be published in an "Exocytosis and

Endocytosis" edition of the protocol series "Methods in Molecular Biology" from Springer

Nature. The protocol describes in detail the method for automatic detection of endocytic tracks and single-molecule analysis of surface receptors. This method represents the main approach used in my PhD project, which results are described in Manuscript II.

The workflow presented here includes preparation of cells for live-imaging, TIRF microscopy setting and calibration with purified fluorophores for single-molecule detection.

Moreover, it includes a step-by-step protocol on data analysis using the open-source software Icy and calculation of the number of receptor molecules per endocytic track.

Stoichiometry of receptors at the plasma membrane during their endocytosis using Total Internal Reflection Fluorescent (TIRF) microscopy live imaging and single molecule tracking

Laura Salavessa [START_REF] Clayton | Ligand-induced dimer-tetramer transition during the activation of the cell surface epidermal growth factor receptor-A multidimensional microscopy analysis[END_REF]2,3 and Nathalie Sauvonnet 

Introduction

Many proteins are part of multimeric complexes, often containing different number and type of subunits, and oligomerize as part of their catalytic activity or function. Such proteins play a critical role in a wide variety of cellular events, which is particularly notable in membrane proteins that drive ion and protein transport and homeostasis, signal transduction, endocytosis and secretion. Therefore, studying their stoichiometry and dynamics, under native conditions in living cells, is key to better understand their function and the cellular mechanisms in which they participate.

In this introduction we will briefly present some examples reported in the literature, describing the link between protein stoichiometry and function.

One of the first well studied examples is the Epidermal Growth Factor Receptor (EGFR).

Although largely accepted that ligand-induced dimerization of EGFR is essential for signal transduction, some studies showed that EGFR activation is also associated with the formation of high-order oligomers that efficiently propagate the signal (1). Indeed, several studies analyzing EGFR stoichiometry using Förster Resonance Energy Transfer (FRET), Fluorophore Localization Imaging with Photobleaching (FLImP) or biochemical techniques like crosslinking experiments (4), revealed that formation of at least receptor tetramers was necessary for higher tyrosine kinase activity (1, 2). Moreover, mutations blocking EGFR multimerization have been shown to reduce its auto-phosphorylation and the activation of downstream signaling partners (2)(3). Altogether, these findings show that EGF signaling is regulated by receptor clustering, which is of particular interest since mutations in EGFR that lead to enhanced signaling are frequently associated with cancer.

Another example for which receptor stoichiometry has been linked to its function is CCchemokine receptor 5 (CCR5), a G Protein Coupled Receptor (GPCR) and the main coreceptor for human immunodeficiency virus type 1 (HIV-1). Different affinities of the virus for CCR5 have been proposed to regulate HIV virulence, resistance to inhibitors and cellular tropisms. In particular, using bimolecular fluorescence complementation (BiFC) and FRET assays, it was shown that various CCR5 populations are present at the cell surface and that these exist in a variety of conformations due to different dimerization interfaces. Furthermore, it was shown that HIV-1 preferentially recognizes CCR5 monomers as opposed to dimers (5, 6), in agreement with findings that anti-CCR5 monoclonal antibodies that induce receptor dimerization, prevent HIV-1 infection (7). Therefore, the oligomerization state of CCR5 seems to regulate HIV interaction, uptake and infection.

It should be noted that, for most of the stoichiometry analysis summarized above EGFR and CCR5 were ectopically expressed in cells, which might result in a biased analysis due to the non-physiological expression of the receptors.

Another mechanism for which protein stoichiometry has been shown to be determinant is endocytosis. The highly characterized clathrin-mediated uptake is a process involving many Altogether these studies demonstrate that understanding protein stoichiometry and assembly is necessary to provide new insights, not only in its physiological function, but also in its biogenesis, its targeting by pathogens and its deregulation in disease.

In this chapter, we will describe our method to infer in real-time the number of proteins at the plasma membrane, using an endogenously expressed gene-edited receptor coupled to a fluorescent tag and single-molecule analysis. To quantify the number of molecules at the plasma membrane, we take advantage of the high signal-to-noise ratio provided by TIRF microscopy. Our receptor model is the γ chain of the interleukin-2 receptor (IL-2Rγ), a critical signaling receptor for immune function and a fine example of a clathrin-and caveolinindependent endocytic cargo (12, 13). The receptor was found to accumulate at the base of membrane protrusions, suggesting this could constitute the initial step of endocytic pit formation ( 14). This endocytic process does not depend on any coat protein, thus raising the question as to whether local receptor clustering may initiate membrane bending. To test this hypothesis, we developed a workflow to analyze IL-2Rγ stoichiometry during endocytosis in living T lymphocytes.

Our protocol combines TIRF live-imaging of CRISPR-Cas9 edited cells that endogenously express the receptor of interest coupled to eGFP, with a calibration method for single-molecule analysis using purified eGFP to determine the unitary bleaching step of the fluorophore. The intensity of a single eGFP molecule corresponds to the loss of fluorescence signal observed in one photobleaching step. This intensity standard (unitary bleaching step) is then used to infer the number of receptor molecules, in live-cell TIRF images, that are tracked with a plugin implemented in the open-source software Icy (Fig. 1). Altogether, this method reports the number of receptor molecules at the plasma membrane during endocytosis, in real time. 

Materials

Methods

Coverslips and Cell Preparation

Glass coverslips should be washed prior to use. A washing step with ethanol and acetone, followed by an ultrasonic cleaning bath, enables removal of any oil/grease films from the surface of the glass and ensures optimal adherence of cells with minimal background.

Afterwards, coverslips are coated with poly-L-lysine when working with suspension cells like T cells (Fig. 1a). This poly-L-lysine step is unnecessary when using adherent cells.

1. Clean coverslips by immersing glass coverslips in 70% ethanol for 20 min, then rinse in ddH 2 O three times and sonicate in an ultrasonic cleaning bath for 5 min. After, the process is repeated by immersing coverslips in acetone instead of ethanol.

2. Coat washed coverslips by placing them in a 6-well plate with poly-L-lysine diluted in ddH 2 O in a ratio of 1:10 for 20 min. Coverslips are then washed twice with ddH 2 O, placed separately in a coverslip rack and allowed to dry completely. Coated coverslips can be kept at 4°C, in a sterile sealed container, for up to three months.

3. Wash Kit225 GFP-IL-2Rγ once with medium without serum, and then seed them in the same medium at approximately 1.5 million cells per coverslip, in a 6-well plate (see Note

3). The plate is centrifuged at 300g for 2 min to promote cell adherence. Cells can then be kept in regular RPMI medium, at 37°C with 5% CO 2 , until imaging.

TIRF Imaging

In order to calibrate the imaging system for the analysis of eGFP fluorescence at single molecule level, purified eGFP should be coated onto coverslips at low density (Fig. 2a) and imaged at high acquisition frequency (see Note 4). This calibration step is essential and needs to be performed for each experiment, using the same parameters (TIRF angle, laser power, exposure time and gain) as for the live cell imaging. Therefore, these parameters should be first set up on a live-cell sample, in order to obtain an evanescent wave and avoid, as much possible, photobleaching of the eGFP-tagged receptor (see Note 5). Importantly, acquisition of both purified eGFP and living cells should be done under a uniform field of illumination (Fig. 1b).

1. Preheat the microscope chamber and the coverslip holder at 37°C prior to imaging to avoid focus problems.

2. Prepare the purified eGFP by diluting it with PBS 1X to 1:40 000 in 1 ml (eGFP 25 ng/mL final concentration), and add it to a glass coverslip placed on a pre-warmed coverslip holder and incubate for 30 seconds at 37°C, in the microscope chamber. After, the eGFPcoated coverslip is washed thoroughly 5 times and imaged in PBS.

3. Set the TIRF acquisitions using the 100x/1.46 NA oil objective and ZEN software, with the 488 nm channel. The settings chosen, including exposure time, gain, laser power and TIRF angle must be identical to the ones used during cell imaging. As an example, the settings used were as follows: exposure time of 150 ms, gain of 300, laser power of 1%, and TIRF angle of 64.4°. The eGFP sample is imaged at high frequency of 20Hz ( 1frame/50 ms), and recorded for a total of 300 frames.

4. Live-image the surface receptors by placing a coverslip seeded with cells on a pre-warmed coverslip holder and 1 mL of imaging medium is carefully added to it.

5.

Image the cells at 37°C using the same settings as for purified eGFP imaging, with the exception of acquisition rate, which for this assay was set to 1Hz (1 frame/sec). Cells are imaged for a total of 150 frames and an average of 12 to 15 cells are imaged per condition, per experiment.

Calibration for eGFP single-molecule photobleaching detection

In order to calculate the number of receptor molecules present in an endocytic pit, the unitary bleaching step of the fluorophore, in this case eGFP, has to be determined using the fast acquisition movies of purified eGFP (Fig. 1c).

Icy software is used to obtain the fluorescence intensity along time of the imaged eGFP.

During this step, eGFP spots are automatically detected according to their approximate pixel size (scale) and brightness (sensitivity), using a wavelet-based algorithm implemented in the plugin Spot Detector (16). The ROIs of the detected spots are exported and their sizes are uniformized by converting the ROIs into circles with a fixed radius from their barycenter position. Later, the intensity of GFP-IL-2Rγ spots will be acquired using the same ROI size as for eGFP (see Note 6).

By plotting the fluorescence intensity of each eGFP spot along time it is possible to observe the bleaching step of one fluorophore and determine its intensity, when discrete bleaching steps are observed (see Note 7).

1. Load the purified eGFP movie into Icy, draw and crop a square ROI, with a homogeneous illumination and a low eGFP density. is ticked (Fig. 2b).

3. Select and convert the exported ROIs into circles with a fixed size from their barycenter position, in the section Conversion in the tab Region of Interest. A radius of 2 pixels was used for the conversion. All spots (ROIs) are then selected from the ROI panel and copied into the eGFP movie, making sure the copied ROIs are applied to all frames (T=ALL in the ROI panel). Spots that are placed on the borders of the image and overlapping spots are suppressed (Fig. 2c).

4. Plot the intensity of the eGFP spots over time using the ROI Intensity Evolution plugin.

The eGFP movie is selected as the sequence to analyze and all ROIs are selected. Once the intensity plots of the ROIs are displayed, the results can be saved as an XLS file (Fig. 2d).

5. Analyze eGFP intensities using Microsoft Excel (see Note 10). The exported data shows the mean intensity of eGFP per frame, with each column corresponding to one eGFP detected spot. Individual columns are selected and their intensity along time is plotted.

Spots that do not show clear bleaching steps are deleted (see Note 7 and Fig. 2e). Then, the mean fluorescence intensity before and after the bleaching step is calculated and their difference corresponds to the unitary bleaching step of one molecule of eGFP (Fig. 2e). 

Single-molecule analysis of surface receptors

When imaging receptors in living cells, the dynamics of the process has to be preserved, which prevents direct counting of molecules by photobleaching. In this case, the fluorescence intensity of the eGFP-tagged receptor can be used and divided by the unitary bleaching step of eGFP (previously determined) to infer the number of molecules in a complex.

The eTrack plugin implemented in Icy is used for detection of surface receptors on liveimaging movies (Fig. 1d). This plugin was developed for the detection of putative endocytic tracks (see Note 11) and uses Spot Detector to identify spots that are significantly brighter than the background, generating an elevation map of their fluorescence for the whole duration of the movie. In this elevation map, putative endocytic sites appear as high intensity Gaussian peaks due to the multiple spot detections that are summed along the frames. In addition, eTrack relies on the xy confinement of endocytic tracks over time to precisely determine the position of putative endocytic sites, and successfully reconstruct them even if some detections are missing. Not all parameters of the plugin will be mentioned here, yet the default values are usually a good starting point. The reader can refer to Bertot et al. for a description of eTrack and example movies (Movie S1 and S2) (17).

1. Load live-cell imaging movies into Icy, draw an ROI surrounding the cell (Fig. 3a) and use Spot Detector to determine the best parameters of scale and sensitivity of detection to be later introduced in the eTrack plugin (see Note 9). These parameters may vary slightly among experiments but should be kept the same within the same experiment.

2. Analyze live-cell imaging by launching the plugin eTrack, in the tab Detection &

Tracking. The live-cell imaging movie to be analyzed is selected as the input sequence and the parameters previously chosen for spot detection are inserted, ensuring the plugin is set to detect bright spots in dark background. In the advance parameters it is possible to specify a variety of settings such as the minimum duration of the tracks (in frames), and the maximum number of missed detections (in frames) between real detections within a track (maximum gap between detections). In the case of GFP-IL-2Rγ, a scale 2 and threshold of 50 is generally used for detection, and the maximum gap closing and minimum tube duration are set to 4 and 15 frames, respectively. The results are exported to Excel, by defining a file name and location, and the plugin is started (Fig. 3b).

3. Obtain the fluorescence intensity of these tracks using the Track Manager window (automatically opens), in which all detected tracks can be found. To obtain the fluorescence intensity of these tracks, first all tracks must be selected (Edit > Select all tracks) and then the Intensity Track Processor is added to Track Manager. This new processor will show as a drop-down box named Intensity profile with two parameters: the Time lag to extended tracks defines the number of frames, before and after each track, for which fluorescence intensity will be additionally recorded; the Averaging type defines the shape of the ROI, which is usually set to DISK, with a defined Diameter of the disk area in pixels. In our case, we do not extend the fluorescence recording of the tracks (Time lag to extended tracks = 0), and we detect the fluorescence intensity of the tracks in a disk ROI with 4 pixels of diameter, matching the purified eGFP ROIs previously obtained.

Next, the tracks are added to the processor by clicking in Put current selection in track set A, and results are exported to Excel (Fig. 3c). by simply diving it by the mean of the unitary bleaching steps of eGFP. This calculation can be described as:
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N molecules : number of receptor molecules in a track;

MAX I mean : maximum value of the mean intensity of the track;

MIN I min : minimum value of the minimum intensity of all the tracks, corresponding to the cell's fluorescence background and being a constant value used for all tracks within that cell;

MEAN U eGFP : mean of the unitary bleaching step values of purified eGFP (see step 6 of section 3.3).

An example of this calculation for two distinct tracks is given in Fig. 3d.

Notes

1. Single-molecule photobleaching experiments rely on bright and photostable fluorophores, with eGFP being the most commonly used. Expression of receptors fused to a fluorescent protein, protein tags as SNAP-or HALO-tags, or a fluorescent ligand or antibody can be used to visualize membrane located proteins, such as receptors. However, the presence of endogenous non-labelled receptor and the degree and stoichiometry of labeling has to be accounted for in these situations. Therefore, genome editing methods are ideal to generate cell lines in which the fluorescent tag is expressed coupled to the endogenous gene of the receptor in both alleles, thus overcoming these issues.

2. Alternatively, glass bottom MatTek plates can be used, although glass coverslips allow for a better cleaning procedure.

3. Cell density should be adjusted to at least 50% confluency, according to cell type. T cells are particularly small hence a higher cell density is required to cover the coverslip. It is crucial to wash the cells and seed them in medium without serum. The presence of serum prevents proper adhesion of cells to the coverslip, regardless of the poly-L-lysine coating. which usually results in a dim signal that is easily photobleached. Therefore, it is essential to choose a low laser power in order to reduce photobleaching of the tagged receptor in living cells. Additionally, low illumination intensity ensures a slow and observable stepwise photobleaching of the purified fluorophore. To increase the signal obtained, the exposure time and gain can be adjusted, taking into account that a higher exposure time will also lead to photobleaching, and a higher gain will increase background. A compromise between these parameters ensures the acquisition of suitable data for analysis. To achieve total internal reflection the incident light has to arise from the objective at a greater angle than the critical angle for the coverslip-medium interface.

In our experience, this corresponds to a TIRF angle between 62° and 65°. For a detailed description of TIRF imaging refer to Yildiz et al. (18).

6. The optimal radius for detection of spots should be determined, so that the eGFP spots and the receptor spots fit within it, yet avoiding overlapping with neighbouring spots. Manuscript II (to be submitted)

Cytokine receptor cluster size impacts its endocytosis and signaling

This manuscript comprises the major results obtained during my PhD.

Previous work from the lab has shown that IL-2R accumulates at the base of membrane protrusions, which might establish a niche where receptors cluster and thereby initiate the endocytic pit. To study the role of IL-2R clustering in its uptake, we generated a CRISPRedited T-cell line endogenously expressing GFP-IL-2Rγ and analyzed IL-2Rγ stoichiometry at the plasma membrane by TIRF microscopy, coupled to a single-molecule calibration and endocytic tracking method (described in Manuscript I).

We identified three cluster subpopulations of the receptor, displaying distinct cluster sizes that we correlated with their lifetimes at the plasma membrane. In addition, we determined the impact of membrane cholesterol and branched actin filaments in the regulation of IL-2R

clustering, endocytosis and IL-2 signaling.

Introduction

Many proteins are part of multimeric complexes and oligomerize to achieve their function.

Clustering of membrane proteins plays critical roles in a variety of cellular events, such as cell homeostasis, signal transduction, protein secretion or endocytosis. In the latter mechanism, it has been shown that local protein crowding could induce membrane conformational changes promoting its curvature and hence participating in the initiation of endocytic pits 1 . Several mechanisms of endocytosis exist, including clathrin-mediated endocytosis (CME) and others pathways that are clathrin-independent (CIE). In both, various studies have reported the role of the clathrin coat, endocytic adaptors, BAR domain proteins, lipids and actin on membrane curvature, thus promoting pit formation 2 . However, few works investigated the impact of cargo oligomerization on this initial step. It has been previously reported that local clustering of transferrin receptor promotes clathrin-coated pit initiation 3 and, more recently, in vitro studies further show that cargo crowding can induce membrane bending in CME [START_REF] Clayton | Ligand-induced dimer-tetramer transition during the activation of the cell surface epidermal growth factor receptor-A multidimensional microscopy analysis[END_REF]4,5 . In the absence of a coat protein, like in most CIE pathways, unraveling how pits are initiated has become a priority but is far from being understood. Interestingly, several CIE cargoes are clustered by extracellular glycolipids or lectin, thereby inducing their invagination and efficient uptake 6,7 . Signaling receptors constitute another family of cargoes for which oligomerization might play a role in their function and trafficking. Recently, a growing number of members of this family has been reported to use CIE pathways 8,9 . Cytokine receptors are such examples, being critical in both tolerance and immunity 10 .

The interleukin 2 receptor (IL-2R) comprises three chains, IL-2Rα, IL-2Rβ and IL-2Rγ, which in presence of the ligand, IL-2, hetero-oligomerize and transduce a signal cascade (JAK-STAT, MAPK, PI3K) leading to T cell proliferation 11 . IL-2Rβ and IL-2Rγ are internalized independently of clathrin, either constitutively or ligand-induced, and both chains are sorted towards the lysosome for degradation, thereby terminating the IL-2 signal transduction 12 . Our group has previously shown that the IL-2R receptor is associated with lipid microdomains rich in cholesterol, termed lipid rafts [START_REF] Gesbert | Clathrin-lndependent endocytosis and signalling of interleukin 2 receptors IL-2R endocytosis and signalling[END_REF][START_REF] Basquin | Membrane protrusion powers clathrin-References 1[END_REF] . This CIE mechanism strongly relies on actin, dynamin and their partners (endophilin, Rac1, Pak1/2, cortactin, N-WASP, WAVE) 8,[START_REF] Basquin | Membrane protrusion powers clathrin-References 1[END_REF][15][16][17][18] . Moreover, we have shown that IL-2R is mainly found at the base of membrane protrusions where the endocytic vesicle is initiated 19 . This led to our current hypothesis that clustering of IL-2R might induce/stabilize the pit that would then mature into a vesicle. In the present study we used gene-editing and live imaging of lymphocytes coupled to a singlemolecule analysis to determine the stoichiometry of IL-2R, in its native state, during its endocytosis. Further, we unraveled two key factors, F-actin and cholesterol, that regulate cytokine receptor clustering, endocytosis and IL-2-mediated signaling.

Results

Generation of genome-edited GFP-IL-2Rγ T cells

To gain a better insight into the stoichiometry of IL-2Rγ at the surface of T cells, we generated GFP-IL-2Rγ genome-edited cells. Briefly, we used CRISPR/Cas9 technology to edit the genome of Kit225 cells, a human T cell line naturally expressing the three chains of IL-2R. We inserted eGFP at the 5' end of IL2RG, after the signal peptide, thus obtaining a Nterminal fusion protein, GFP-IL-2Rγ (Fig. 1a). Genome-edited cells provide several advantages by preserving the endogenous expression, localization and thus stoichiometry of the protein of interest, which is critical for single-molecule analysis.

Edited single-cell-derived clones were acquired by cell sorting and the first exon of IL2RG, where eGFP was introduced, was analyzed by RT-PCR (Fig. 1b). Fully edited clones were subsequently analyzed by western blot (Fig. 1c) and finally sequenced. We selected a clone (clone 3) that was successfully edited at both genomic and protein levels to pursue our investigations. First, we verified that GFP-IL-2Rγ was expressed at the surface of edited cells by performing a surface biotinylation experiment (Fig. 1d). Then, by flow cytometry, we confirmed that edited cells showed similar expression levels (total and surface) of IL-2Rγ, as well as the two others IL-2R chains (β and α), as compared to non-edited Kit225 cells (Fig. 1e).

To ensure that addition of eGFP did not impact the interaction between IL-2R and its ligand, we first confirmed that incubating GFP-IL-2Rγ edited cells with IL-2 promoted the hetero-oligomerization of the γ and β chains, as seen by co-immunoprecipitation experiments (Fig. 1f) 20 . In addition, we confirmed that IL-2 induced a faster rate (1. 

GFP-IL-2Rγ is organized in distinct clusters at the cell surface

To determine the stoichiometry of GFP-IL-2Rγ molecules at endocytic sites in live cells, we used total internal reflection fluorescence (TIRF) microscopy, which allows observation of events occurring at the plasma membrane with improved spatial resolution (Fig. 2a-i). The dynamics of receptor endocytosis was studied using the tracking plugin eTrack 18 that relies on the high spatial confinement of putative endocytic sites to resolve their positions over time and obtain the duration and fluorescence intensity for each track with robustness (Fig. 2a-ii) (Salavessa et al.,in press). We first calibrate our imaging system for the fluorescence of single eGFP molecules, as previously described [START_REF] Jostins | Host-microbe interactions have shaped the genetic architecture of inflammatory bowel disease[END_REF]23 (Salavessa et al.,in press). Briefly, coverslips were coated with purified eGFP molecules at very low density and subsequently imaged at high frequency (20 Hz). Analysis of the intensity profiles of eGFP spots over time showed that the majority of these bleach in an irreversible single-step manner (Fig. 2a-iii), with the bleaching step corresponding to the intensity of a single eGFP molecule. We then imaged Kit225 GFP-IL-2Rγ cells, with or without IL-2, using the same settings, except for acquisition frequency that was set at 1 Hz, and calculated the number of GFP-IL-2Rγ molecules per track using the pre-established intensity standard of one molecule of eGFP (Salavessa et al., submitted).

First, we investigated the number of receptor molecules at steady state by analyzing GFP-IL-2Rγ spots present in the first frame of live-imaging movies. Strikingly, we never observed IL-2Rγ as a monomer, but rather in oligomers containing 2 to 11 molecules (Fig. 2b). The majority of the receptors formed clusters of 3 to 5 molecules in the absence of IL-2, yet stimulation with IL-2 shifts the distribution of GFP-IL-2Rγ towards larger clusters with 4 to 6 molecules (mean of 4 molecules -IL-2 and 5 molecules +IL-2, Fig. 2b). These results indicate that IL-2R is organized in different cluster populations and suggests that the ligand has an impact on GFP-IL-2Rγ stoichiometry at the plasma membrane, perhaps by increasing the proportion of IL-2R ready to be internalized.

At steady state, the total number of cell surface IL-2Rγ results from the balance between receptor biosynthesis (newly secreted population) and endocytosis. To gain a better insight on the endocytic population, we used Brefeldin A (BFA) to inhibit Golgi-mediated protein secretion [START_REF] Maier | IL2RA Genetic Heterogeneity in Multiple Sclerosis and Type 1 Diabetes Susceptibility and Soluble Interleukin-2 Receptor Production[END_REF] and thus exclude GFP-IL-2Rγ being secreted to the plasma membrane. Incubation with BFA for 30 min, both in the absence or presence of IL-2, revealed GFP-IL-2Rγ tracks with a higher number of molecules (Fig. 2b), without significantly altering IL-2R internalization (Supplementary Fig. 1b). Importantly, BFA treatment led to a strong reduction (2-to 5-fold) of the population of tracks with 2 to 3 GFP-IL-2Rγ molecules, as compared to non-treated cells (Fig. 2b). This result indicates that the newly secreted subpopulation of receptors contains up to 3 molecules and that the endocytic population of GFP-IL-2Rγ corresponds to larger clusters than the secreted ones. This analysis at steady state reveal that IL-2Rγ exists in oligomers at the plasma membrane and might already be assembled in small clusters during its secretion.

Dynamic of GFP-IL-2Rγ clusters at the plasma membrane

In order to investigate a correlation between the oligomerization state of GFP-IL-2Rγ and its endocytosis, we used eTrack to determine the stoichiometry of receptor (Supplementary Fig. 1a) according to its lifetime at the plasma membrane (Supplementary Fig. 1c). We further classified the different subpopulations by fitting the distribution of GFP-IL-2Rγ tracks lifetimes with a mixture model defined by the sum of an exponential distribution and 3

Gaussians (G1, G2 and G3), as previously described 18 . The exponential distribution (Exp)

represents short-lived tracks (up to 25 sec) and accounts for approximately 50% of all tracks.

These short-lived tracks might represent aberrant detections or newly secreted GFP-IL-2Rγ, rapidly diffusing at the plasma membrane and thus representing non-productive endocytic tracks 18,[START_REF] Abbas | Revisiting IL-2: Biology and therapeutic prospects[END_REF] . As previously described 18 , the Gaussian distributions most likely represent endocytic subpopulations with different internalization rates, G1 with 29.1 s ± 4.8 s and G2

with 43.9 s ± 9.8 s, while G3, lasting the entire length of the movie (149.6 s ± 0.6 s), would represent non-terminal static events (Supplementary Fig. 1c).

To demonstrate that short-lived tracks represent the newly secreted population of receptor, we treated cells with BFA and performed a FRAP experiment by photobleaching the surface receptors and imaging the newly reappearing tracks after 2 min recovery (Supplementary Fig. 1d). The majority of new GFP-IL-2Rγ tracks arriving at the cell surface had lifetimes up to 25 sec (56% of tracks). In contrast, these short-lived tracks were nearly abrogated in BFA-treated cells (Supplementary Fig. 1d), suggesting that the short-lived tracks (0-25 seconds) account for the newly secreted population of GFP-IL-2Rγ arriving at the plasma membrane. To better define the putative endocytic subpopulation, we analyzed GFP-IL-2Rγ tracks colocalizing with the β chain of the receptor prelabeled with an antibody recognizing the extracellular part of IL-2Rβ. These co-localized tracks should be enriched in active endocytic receptor, since IL-2 induces the hetero-oligomerization of the two chains, as well as a more efficient receptor uptake 11 . By overlaying the lifetime distributions of GFP-IL-2Rγ tracks colocalized or not with IL-2Rβ, we observed multiple distribution peaks between 35 and 80 seconds, mostly present in colocalized tracks (Supplementary Fig. 1e). Therefore, we conclude that these longer-lived tracks (30-80 seconds) should represent the endocytic active GFP-IL-2Rγ population. Altogether, these results allowed us to identify three subpopulations of GFP-IL-2Rγ: a short-lived population, with durations of 0-25 seconds, corresponding to receptor that is newly secreted and/or diffusing at the cell surface; a longlived population, with durations of 30-80 seconds, corresponding to the endocytic competent receptor; and finally a static population, with durations of 140-150 seconds, corresponding to non-productive endocytic events.

Next, we examined the cluster size of GFP-IL-2Rγ tracks with respect to their duration:

short-lived, long-lived and static. We observed that the number of molecules per cluster increased with GFP-IL-2Rγ track's lifetimes: a mean of 3 molecules per cluster for short-lived tracks, 4 molecules for long-lived tracks, and for static tracks we observed a spread distribution with a greater number of molecules (from 4 up to 11 molecules) (Supplementary Fig. 1f). In agreement with this distribution, fitting the number of GFP-IL-2Rγ molecules per cluster with a mixture model, as previously used for the tracks' lifetimes, resulted in three Gaussians: G1 with 2.6 ± 0.6 molecules, G2 with 3.9 ± 0.8 molecules, and G3 with 5.5 ± 1.5 molecules (Supplementary Fig. 1g). Therefore, we further classified GFP-IL-2Rγ tracks in three main cluster distributions: small clusters comprising 3 or less molecules, medium size clusters of 4 to 6 molecules and large clusters above 6 molecules (Supplementary Fig. 1f).

In the absence of IL-2, the majority of receptors form small clusters (73.7% of the tracks), a lower proportion (25.2%) corresponds to medium size clusters, and only 1.1%

represents large clusters (Fig. 2c). In the presence of the ligand, we observed a 1.5-fold increase in the percentage of GFP-IL-2Rγ tracks forming clusters of 4 to 6 molecules (37.6% of tracks, Fig. 2c). Since IL-2 acts on the efficiency of IL-2R uptake (1.3-fold increase in receptor endocytosis upon IL-2, Fig. 1g), the increase in this cluster subpopulation suggests that the medium size clusters are optimal for endocytosis. Coherently, cells treated with BFA, thus inhibiting the secretion of receptor to the plasma membrane and enriching the endocytic population, showed a striking increase in the medium size clusters (44.9% -IL-2 and 61.6% +IL-2, Fig. 2c) in detriment of small clusters (Fig. 2c). In addition, while small clusters have a mean duration of 30 sec, independently of IL-2, medium size clusters have a shorter mean duration upon IL-2 incubation (from 44 sec -IL-2 to 35 sec +IL-2, Fig. 2d). This is in agreement with a faster rate of receptor uptake upon ligand binding (Fig. 1g) and confirms that this cluster subpopulation represents the active endocytic one. Large clusters, with more than 6 molecules, exhibit long durations (mean of 69 sec -IL-2 and 58 sec +IL-2, Fig. 2d), suggesting a delayed or stalled internalization. Treatment of cells with BFA led to a decrease in the duration of medium size and large clusters, similarly to IL-2 treatment, which can be explained by the exclusion of newly secreted GFP-IL-2Rγ and, consequently, an enrichment in the endocytic population (Fig. 2d).

Quantitative analysis of cluster population dynamics

Despite the robustness and accuracy of eTrack for tracking endocytic spots, it cannot determine whether the end of a track corresponds to the effective entry of the molecule cluster into the cell or to the departure of the highly motile cluster from its abortive endocytic site.

This limitation of single-particle tracking is particularly problematic for medium clusters (3 to ~6 molecules) that are potentially more mobile than larger clusters (more static). To analyze the effective disappearance rate of clusters from the cell membrane, we moved from single particle tracking to population dynamics and analyzed the global decay of cluster populations at the cell membrane (Fig. 3). We measured the total number of clusters per frame with respect to time in groups of cells (3 cells typically per experiment) and fitted the disappearance rate of each cluster population with a mono-exponential function. Fit was performed for each cluster size over 50 frames from the peak number of clusters, in the absence (Fig. 3a, n=6 experiments) or in the presence of IL-2 (Fig. 3b, n=5 experiments). We observed that the disappearance rate significantly decreases with cluster size, from 0.011±0.001 s -1 (standard error) for small clusters with 3 molecules (with or without IL-2) to 0.043±0.012 s -1 (without IL-2) and 0.058±0.012 s -1 (with IL-2) for larger clusters with 6 molecules. While cluster disappearance appeared slightly faster with IL-2, the difference between rates in the different conditions was not significant.

To rule out that cluster disappearance was not due to GFP photobleaching, we collected the intensity trace of n=25 clusters over the 40 sec preceding their disappearance (Supp. Fig. 2). In the case of photobleaching, we would have observed an exponential decay of fluorescence intensity. Instead, we observed a plateau, followed by a rapid decay of intensity.

Thus, this intensity dynamics indicates that spots' disappearance is not due to photobleaching.

We then compared the computed disappearance rates with the previously measured track durations (Fig. 2d). The termination of a single track can either indicate that the cluster was endocytosed or that it moved away by diffusion from the tracking site. We observed that the duration of medium cluster tracks (with 4-6 molecules) was similar to the inverse of the disappearance rate. Indeed, track durations were comprised between ~30 and 40 sec while the inverse of disappearance rates were comprised between ~20 sec (6 molecules) and ~40 sec (4 molecules). We therefore conclude that the ending of single tracks, for medium clusters, should correspond to the effective endocytosis of the cluster. On the other hand, for smaller clusters (3 molecules), the inverse of the disappearance rate (~100 sec) was much larger than the measured track duration (~30 sec) indicating that most track terminations should be due to cluster mobility at the cell membrane rather than effective entry into the cell.

Finally, we measured the proportion of cluster size with or without IL-2 and found, similarly to the previous analysis of tracks (Fig. 2b), that medium size clusters were significantly enriched in the presence of IL-2 (Fig. 3d,e). By combining the measured rate of cluster disappearance with their relative proportion in the absence or presence of IL-2, we computed the disappearance rate of IL-2Rγ molecules as the weighted sum of cluster disappearance rates pondered with their relative proportion with or without IL-2 (Fig. 3f). We found that the significant enrichment of medium clusters with IL-2, together with the increased rate of disappearance for these clusters, led to a significantly higher disappearance rate of IL-2Rγ molecules in presence of the ligand (median=0.126 s -1 vs. 0.08 s -1 without IL-2, p-value=0.017). This faster uptake of IL-2Rγ molecules is in line with the observed 30% increase of IL-2R uptake with IL-2 (Fig. 1g).

Altogether, our results point to the existence of different clusters of GFP-IL-2Rγ at the surface of lymphocytes. While the majority of the receptor is present in small clusters, of up to 3 molecules, likely corresponding to secreted and/or diffusive receptor, clusters with 4 to 6 molecules are actively internalized and IL-2 favors their formation. Clusters with more than 6 molecules show a delayed internalization, perhaps forming large platforms at the plasma membrane that are not efficiently uptake.

Cholesterol and the actin cytoskeleton regulate clustering of GFP-IL-2Rγ

The plasma membrane is partitioned in functional domains with distinct composition, for which membrane cholesterol and the actin cytoskeleton greatly contribute [START_REF] Krieg | Improved IL-2 immunotherapy by selective stimulation of IL-2 receptors on lymphocytes and endothelial cells[END_REF]27 . These domains function as barriers to the free diffusion of proteins and lipids, possibly regulating the interactions between membrane-associated components and hence clustering. In this sense, we decided to study the role of membrane cholesterol and branched actin filaments in GFP-IL-2Rγ clustering.

We used methyl-β-cyclodextrin (MβCD) to selectively extract cholesterol from the plasma membrane 28 and disrupt lipid rafts, where IL-2Rα, β and γ chains are commonly found [START_REF] Gesbert | Clathrin-lndependent endocytosis and signalling of interleukin 2 receptors IL-2R endocytosis and signalling[END_REF][START_REF] Basquin | Membrane protrusion powers clathrin-References 1[END_REF]29 . Cells treated with 2 mM of MβCD showed an increased number of GFP-IL-2Rγ molecules per cluster compared to non-treated cells (Fig. 4a). This is not due to an increased expression of GFP-IL-2Rγ at the cell surface upon MβCD treatment, as assessed by flow cytometry analysis (Supplementary Fig. 3b). Strikingly, in the absence of IL-2, cholesterol depletion leads to a 12-fold increase in the proportion of clusters with 7 or more molecules (8.5% in MβCD-treated cells compared to 0.7% in the control), as well as an increase (1.3-fold) in the proportion of medium size clusters (Fig. 4b). Treatment with IL-2 and MβCD also leads to a higher number of molecules per cluster, although to a lesser extent than in the absence of IL-2, particularly for large clusters (2.3-fold increase with IL-2, Fig. 4b). These data indicate that the plasma membrane cholesterol regulates oligomerization of GFP-IL-2Rγ.

Analysis of the duration of GFP-IL-2Rγ tracks revealed that cholesterol depletion leads to a decrease in the lifetime of tracks within all cluster groups (Fig. 4c). However, this is not explained by a faster rate of endocytosis, since cells treated with MβCD show an impaired internalization of the receptor (Supplementary Fig. 3a), as previously suggested [START_REF] Gesbert | Clathrin-lndependent endocytosis and signalling of interleukin 2 receptors IL-2R endocytosis and signalling[END_REF][START_REF] Basquin | Membrane protrusion powers clathrin-References 1[END_REF] . We then investigated if the short duration of GFP-IL-2Rγ tracks observed upon cholesterol depletion could result from a faster diffusion of the receptor at the plasma membrane, which our eTrack method would be unable to follow. Examination of GFP-IL-2Rγ lateral displacement, by high frequency live acquisitions (33 Hz), shows a significant increase in the total displacement of the receptor (1.2-fold increase), as well as in the search radius of that displacement (1.3-fold increase), in cells treated with MβCD compared to non-treated cells (Fig. 4d). This result explains the reduced lifetime observed for all receptor tracks. Therefore, depletion of cholesterol leads to an increased lateral diffusion of GFP-IL-2R, which might promote the formation of large clusters.

In order to study the role of the actin cytoskeleton, we used the Arp2/3 inhibitor CK-666 30 , shown previously to inhibit constitutive IL-2R endocytosis 19 . Similarly, to cholesterol depletion, we observed an increase in the number of GFP-IL-2Rγ molecules per cluster in cells treated with 100 µM of CK-666 (Fig. 4e). Inhibiting Arp2/3 mediated actin polymerization leads to larger GFP-IL-2Rγ clusters (Fig. 4e), without affecting the surface expression of the receptor (Supplementary Fig. 3f). Likewise, MβCD, CK-666 treatment mostly induces a higher proportion of clusters having 7 or more molecules (9.8-fold increase -IL-2 and 1.6-fold increase +IL-2, Fig. 4f) and to a lesser extent medium size clusters (1.4-fold increase -IL-2 and 1.3-fold increase +IL-2, Fig. 4f). IL-2 partly attenuates the effect of CK-666 in the formation of larger clusters (Fig. 4e,f). These results indicate that Arp2/3 mediated actin polymerization regulates the cluster size of GFP-IL-2Rγ. Treatment with CK-666 resulted in a decrease in GFP-IL-2Rγ lifetimes within all cluster groups (Fig. 4g), despite the inhibition in receptor endocytosis (Supplementary Fig. 3c). Again, this can be explained by an enhanced lateral diffusion of the receptor at the cell surface, as confirmed by the increase in total displacement and search radius of GFP-IL-2Rγ in cells treated with CK-666 (Fig. 4h).

The cholesterol content of the plasma membrane and the actin meshwork underneath it play an important role in the biophysical properties of the lipid bilayer and their perturbation has been shown to prevent clathrin-coated pit invaginations 31,32 . To determine if cholesterol depletion or the branched actin cytoskeleton have an impact on the formation of IL-2Rcontaining pits, we performed a surface immunogold labeling of IL-2Rβ in GFP-IL-2Rγ cells, treated or not with MβCD or CK-666 and incubated with or without IL-2 at 37°C for 3 min to slightly allow initiation of endocytic pits 19 . Cells were fixed and ultrathin sections (70 nm) were observed by transmission electron microscopy (TEM). We quantified the proportion of IL-2Rβ-labeling beads present in pits or in flat membrane (Fig. 5, Supplementary Fig. 4). In control conditions, without IL-2, 74% of beads are in flat membrane regions and only 26% present into pits. In contrast, IL-2 leads to a 1.4-fold increase in the percentage of IL-2Rβ associated to pits (36% in pits, Fig. 5a,b), in agreement with the IL-2-mediated increase on the rate of receptor endocytosis (Fig. 1g, 2d) 12 . Cholesterol depletion induces a striking decrease in the percentage of IL-2Rβ present in pits, with 91% of beads associated to flat membrane (Fig. 5a,b). In addition, MβCD induces an overall flattening of the plasma membrane, with cells displaying less evident invaginations, confirming the role of cholesterol on endocytic vesicle formation (Supplementary Figure 4a). Nonetheless, incubation with IL-2, after MβCD treatment, led to the partial recovery of IL-2Rβ in endocytic pits (33%, Fig. 5b). The impact of cholesterol on plasma membrane invaginations and on IL-2R-containing pits is consistent with our previous results showing an inhibitory effect of MβCD on IL-2R uptake (Supplementary Fig. 3a) and the formation of large GFP-IL-2Rγ clusters, partly counteracted by IL-2 (Fig. 4a,b). Inhibition of the Arp2/3 complex with CK-666 led to similar results, with 96% of IL-2Rβ found in flat membrane regions and 4% found in endocytic pits, in the absence of IL-2. Incubation with the ligand slightly increased the percentage of beads found in endocytic pits of CK-666-treated cells to 10%, although in sharp contrast to 32% in the control (Fig. 5c,d).

Altogether, these results demonstrate that membrane cholesterol and actin filaments are key regulators of IL-2Rγ clustering and endocytosis. Both cholesterol and branched F-actin control receptor diffusion at the plasma membrane, preventing the stochastic assembly of larger IL-2Rγ clusters that are inefficiently endocytosed.

Cholesterol and F-actin differently control IL-2R signaling

Since cholesterol depletion and F-actin disruption lead to the formation of very large GFP-IL-2Rγ clusters (above 7 molecules), we then tested if these "platforms" could have an impact on receptor signaling. In presence of the ligand, the β and γ chains of IL-2R oligomerize, leading to the activation of Jak1 and Jak3 and the phosphorylation of the receptor chains on several tyrosine residues, followed by initiation of the STAT5, PI3K and MAPK signaling cascades 11 .

We investigated the interaction of IL-2Rβ with GFP-IL-2Rγ and consequent tyrosine phosphorylation by co-immunoprecipitation of IL-2Rβ followed by western blot experiments, in cells untreated or treated with either MβCD or CK-666. Cholesterol extraction with MβCD led to an increase in GFP-IL-2Rγ co-immunoprecipitated with IL-2Rβ and to a higher phospho-tyrosine signal (Fig. 6a,c). In addition, the corresponding lysates showed an increase in phospho-ERK1/2 and phospho-STAT5, in MβCD-treated cells compared with the control (Fig. 6a,c). Strikingly, the opposite effect was seen in cells treated with CK-666 (Fig. 6b,c). We observed a marked decrease in the interaction of GFP-IL-2Rγ and IL-2Rβ and, consequently, a reduction in tyrosine phosphorylation. In agreement, the corresponding lysates showed a decrease in STAT5A and ERK1/2 phosphorylation (Fig. 6b,c). Moreover, when performing an IL-2-mediated signaling kinetics, we observed a sustained activation of ERK, with a noticeable phospho-ERK1/2 signal still present at 30 min, in cells treated with MβCD (Fig. 6d). Contrarily, cells treated with CK-666 show an inhibition of signaling, with decreased levels of phospho-STAT5A and phospho-ERK1/2 induced by IL-2 at all timepoints (Fig. 6e), similarly to our immunoprecipitation results (Fig. 6b) and to previous published data 33 . These results allowed us to conclude that, although extraction of membrane cholesterol and disruption of F-actin lead to seemingly similar IL-2Rγ clustering phenotypes and endocytic default, these two factors distinctively impact IL-2-mediated signaling.

Cholesterol depletion promotes an association of the β and γ chains, consequently leading to a higher tyrosine phosphorylation and a sustained STAT5 and ERK signaling. Contrarily, Factin disruption prevents the IL-2-dependent interaction of β and γ chains, thus hindering activation of the signaling cascade. Therefore, whereas depletion of cholesterol likely enhances the formation of large complexes triggering a robust signaling downstream of IL-2Rγ/IL-2Rβ, disruption of the actin cytoskeleton causes an increase in large clusters that are inefficient for IL-2-induced signal transduction.

Discussion

The results here presented reveal the importance of cytokine receptor clustering for CIE and signal transduction, and provide further insight into the factors regulating clustering at the plasma membrane. The comprehensive study of IL-2Rγ lifetimes, through automatic detection of putative endocytic sites and single-molecule analysis, allowed us to identify three subpopulations of IL-2Rγ at the plasma membrane, each with distinctive cluster sizes. Golgimediated secretion drives IL-2Rγ to the cell surface, conceivably as pre-assembled clusters 34 , and this newly-secreted population is represented by small clusters of up to 3 molecules, likely diffusing at the membrane. In agreement with this, a previous study on the quaternary structure of IL-2R showed that γ c exists as a stable homotrimer 35 and that this homotypic complex can be seen both at the endoplasmic reticulum and in the Golgi Importantly, the former study analyzed the β chain of the receptor by overexpressing it on epithelial cells, whereas we report the lifetimes of IL-2Rγ in T cells endogenously expressing the receptor. The physiological context might be critical for an efficient endocytosis and thus explain the faster receptor uptake in lymphocytes. The lifetimes of medium size clusters are partly similar to those of clathrin-coated pit formation (28-32 sec), with longer-lived clathrin clusters corresponding to larger coated vesicles [START_REF] Maier | IL2RA Genetic Heterogeneity in Multiple Sclerosis and Type 1 Diabetes Susceptibility and Soluble Interleukin-2 Receptor Production[END_REF] . Nevertheless, a single endocytic pathway can show variable durations of internalization according to the cargo being uptake. A third subpopulation, characterized by large clusters with more than 6 molecules, represents stalled receptor complexes inefficiently endocytosed. In agreement with this, cholesterol or F-actin disruption, two key factors for IL-2R endocytosis, led to a higher proportion of this subpopulation of clusters.

Altogether our work indicates that IL-2R cluster size is determinant for its endocytosis, suggesting that clustering might function as a check-point mechanism regulating pit invagination, as proposed for CME or for CIE of CLIC-GEEC 3,6 . Regarding IL-2R, we can conceive that both γ and β chains have a well-folded extracellular domain and an unstructured intracellular domain. Intrinsically disordered domains have been reported in the cytoplasmic tails of other cytokine receptors and seem to be relevant for intracellular signaling 36,37 . The cytoplasmic tails of β and γ are strongly associated with Jak1 or Jak3 and, upon IL-2, to other associated signaling molecules, increasing the size of these membrane nanodomains and the steric pressure between molecules. The asymmetrical organization of the receptors chains might induce a curvature in the lipid bilayer that would be enhanced upon protein crowding, as shown in vitro 1 , thus promoting membrane curvature towards the cytoplasm to increase membrane surface and reduce steric repulsion Recently, cholera toxin subunit B (CTxB) has been shown to induce a negative membrane curvature only when bound to three or more of its glycosphingolipid receptor GM1 38 . Larger clusters (>6 molecules) would less efficiently bend the membrane, due to the increased energy cost and steric repulsion restricting interaction with endocytic adaptors. Similar results have been seen for CME, proposing that increased cargo size can slow internalization rate and drive the formation of large clathrin-coated pits with low curvature, or flat clathrin lattices that are endocytically inactive [START_REF] Abbas | Revisiting IL-2: Biology and therapeutic prospects[END_REF][START_REF] Depper | Interleukin 2 (IL-2) augments transcription of the IL-2 receptor gene[END_REF] . Another hypothesis is that an endocytic factor, such as dynamin or endophilin, may regulate a cargo loading checkpoint in this CIE pathway, as proposed for transferrin receptor [START_REF] Nakarai | Interleukin 2 receptor γ chain expression on resting and activated lymphoid cells[END_REF] . Such a mechanism could selectively promote the efficient internalization of clusters comprising 4 to 6 cargo molecules, while leading to the disassemble and/or diffusion of clusters that do not reach the productive size, as proposed for CME [START_REF] Abbas | Revisiting IL-2: Biology and therapeutic prospects[END_REF] .

We identified membrane cholesterol and the branched actin cytoskeleton as key regulators interaction in unstimulated conditions. Following IL-2 binding, interaction with the actin meshwork could increase the confinement of these raft domains and promote their coalescence, leading to interaction of the β and γ chains and their associated JAKs and inducing the signal cascade. This is in line with works reporting Golgi-derived homoclusters of GPI-anchored proteins and the regulation of these nanoclusters by the cortical actin cytoskeleton [START_REF] Sakaguchi | Immunologic self-tolerance maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25). Breakdown of a single mechanism of self-tolerance causes various autoimmune diseases[END_REF]42 . The fact that homodimers/oligomers of IL-2Rγ have been observed in the Golgi network 34 

Materials and Methods

Cell culture and reagents

The human T cell line Kit225 was maintained in RPMI (Invitrogen) supplemented with 10% FCS (Eurobio) and 1nM IL-2 (a gift from A. Minty, Sanofi-Synthélabo, Labege, France).

Brefeldin A (BFA) (Sigma-Aldrich) was used at 0.5 mg/mL and incubated with IL-2-starved cells in RPMI, the cholesterol-depleting reagent, methyl-β-cyclodextrin (MβCD) (Sigma-Aldrich), was used at 2 mM and incubated with IL-2-starved cells in RPMI, for 30 min at 

Generation of gene-edited cell lines

Single guide RNAs (sgRNA), designed to target ± 50 bp of the start codon of human IL2RG locus (interleukin 2 receptor subunit gamma, Gene ID 3561) were selected and analyzed using the online software CRISPR Guide RNA Design tool (benchling.com/crispr). Oligos of the selected guide (ACACAGACAGACTACACCCA) were inserted using Bbs1 cloning sites into pSpCas9(BB)2A-Puro plasmid which contains SpCas9 and sgRNA scaffold (px459, Addgene). The template for homologous recombination (donor plasmid) was designed to carry about 1.5 kb of genomic DNA surrounding human IL2RG start codon. Sequence encoding eGFP and GTSGGS linker were directly fused to the N terminus of IL2RG, after its signaling peptide. Construction was cloned into pUC19 using Sac1/Sar1 restriction sites and performed using Gibson assembly.

Plasmid was verified by Sanger sequencing. sgRNA-Cas9 and donor plasmids were transfected using Neon electroporation transfection system (Thermofisher) as per manufacturer's protocol. Briefly, 5 × 10 6 Kit225 cells were resuspended in 100µl of buffer R and transfected using an electroporation protocol with 1 pulse of 1400 V and 20 ms width.

After transfection, cells were transferred to 37°C, 5% CO 2 incubator. Recovered cells were 

Surface biotinylation, immunoprecipitation and western blotting

Kit225 or Kit225 GFP-IL-2Rγ cells (5 × 10 6 cells) were incubated on ice with 0.5 mg/ml EZ-Link Sulfo-NHS-SS-Biotin (Thermo Scientific) for 30 min. Cells were rinsed and lysates were prepared. Biotinylated proteins were immunoprecipitated with streptavidin-sepharose beads (GE Healthcare) and, after washing, separated by SDS-PAGE gel. Quantitative immunoblotting was performed using anti-IL-2Rγ (AF284) and anti-GAPDH antibodies, in biotinylated proteins (pull-down) and total proteins (input). Healthcare). For all western blots, input represents 2.5% of total lysate loaded on the gel. For western blot quantification, the total intensity of each band was quantified using ImageJ and background was subtracted. Quantifications (Fig. 5c) represent relative amount of phosphotyrosine and IL-2Rγ co-immunoprecipitated with IL-2Rβ, compared to control cells and normalized using the level of IL-2Rβ immunoprecipitated.

For whole cell lysates, Kit225 or Kit225 GFP-IL-2Rγ cells (0.25 × 10 6 cells per point), drug pre-treated or not, and treated or not with 1 nM IL-2 for different timepoints, were incubated in Laemmli buffer, boiled for 5 min at 100°C, loaded on SDS-PAGE gel and transferred to a nitrocellulose membrane for western blotting. Analysis was done as previously described.

Receptor surface expression levels and endocytic kinetics by flow cytometry

To estimate the surface levels of IL-2Rγ, IL-2Rβ and IL-2Rα, Kit225 or Kit225 GFP-IL-2Rγ cells (0.5 × 10 6 cells), drug pre-treated or not (MβCD or CK-666), were incubated with anti-IL-2Rγ (Tugh4), anti-IL-2Rβ (561) or CD25-FITC for 1 hour at 4°C. Cells were then washed and incubated with anti-rat coupled to AlexaFluor647 or anti-mouse coupled to Cy5, for IL-2Rγ and IL-2Rβ respectively, for 1 hour at 4°C. In parallel, to estimate the total levels of the different receptor chains, cells were fixed with 4% paraformaldehyde for 30 min, washed, and labeled with the same antibodies diluted in a permeabilizing solution of PBS with 0.01% saponin, at room temperature. All cells were analyzed with Attune NxT flow cytometer (Thermo Fisher). At least 5,000 cells were analyzed per experiment. Total and surface expression levels were normalized to the levels in Kit225 non-edited cells (Fig. 1e) or in control non-treated cells (Supplementary Fig. 3b,d).

For endocytic kinetics by FACS, Kit225 or Kit225 GFP-IL-2Rγ cells (0.5 × 10 6 cells per timepoint) were IL-2 starved, pretreated or not with drugs, and incubated for 20 min at 16°C

with either anti-IL-2Rβ (561) or anti-IL-2Rγ (Tugh4), to allow antibody binding to the receptor while preventing its internalization. Cells were then incubated at 37°C for the endocytosis kinetics. If indicated, 1 nM of IL-2 was added. At different time points, samples were transferred to 4°C and incubated with an anti-mouse or anti-rat antibody coupled to Cy5 or AlexaFluor647, respectively, for 40 min at 4°C. Cells were analyzed with Attune NxT flow cytometer (Thermo Fisher). At least 5,000 cells were analyzed per experiment, using FlowJo™. Background was subtracted using the fluorescence intensity of samples incubated with secondary antibodies, in absence of primary antibody. The fluorescence intensity measured corresponds to the receptor present at the cell surface at different timepoints. The percentage of receptor internalized was extrapolated from the remaining surface receptor at each timepoint, compared to the initial labeled surface receptor.

Live cell TIRF imaging

Live imaging of GFP-IL-2Rγ endocytic tracks was performed as described in Salavessa et al. For the modified FRAP analysis, GFP-IL-2Rγ cells, pre-treated or not with BFA for 30 min at 37°C, were first excited with 100% laser power for 30 sec to photobleach surface receptors. Following 2 min recovery, cells were imaged as regularly for detection of reappearing GFP-IL-2Rγ. BFA was maintained in the imaging medium throughout acquisition.

For IL-2Rβ/GFP-IL-2Rγ simultaneous two-color live-imaging, IL-2Rβ was observed by incubating cells with an anti-IL-2Rβ antibody coupled to Cy3 (561-Cy3) for 2 min at 37°C, in phenol red-free RPMI with 5% FBS. Cells were then carefully washed with the same medium, immediately prior to imaging. Acquisition was done using a 488 nm and a 561 nm laser (both 100 mW) and a dichroic filter LBF 488/561, and the parameters of acquisition were as before.

For displacement analysis, GFP-IL-2Rγ cells, pre-treated or not with MβCD or CK-666

for 30 min at 37°C, were imaged using the same TIRF setup as for GFP-IL-2Rγ endocytic track detection, except for acquisition rate that was set to 1 frame/30 ms, for a total of 3 sec, to allow xy tracking.

Approximately 8-12 cells were acquired per condition, per experiment. All live-imaging movies were analyzed using the open-source software Icy (Institut Pasteur).

Automatic detection of GFP-IL-2Rγ endocytic tracks, GFP-IL-2Rγ/IL-2Rβ colocalized tracks and laterally diffusive GFP-IL-2Rγ tracks

To automatically detect GFP-IL-2Rγ tracks at the plasma membrane upon time, we used the software Icy (http://icy.bioimageanalysis.org) 47 and the plugin eTrack, which reports their lifetimes and intensities, as previously described in Bertot et al. 18 . This algorithm detects endocytic spots by exploiting the confinement of internalized molecules at the plasma membrane, thus molecules that diffuse freely will appear as short-lived tracks. eTrack was set to detect spots with approximately 3 pixels, and a threshold between 50 and 65 was routinely used. The maximum gap closing and the minimum tube duration were set to 4 and 15 frames, respectively. All other parameters were as default. Tracks were analyzed with the Track Manager plugin, using the Intensity Track Processor, with the time lag set to 0 and the averaging type set to a disk ROI with 4 pixels diameter. All data was exported to Excel for further analysis. We eliminated all tracks with length smaller than 140 seconds and either starting at 1 second or ending at 150 seconds, as it is not possible to determine their actual duration.

For colocalization experiments (Supplementary Fig. 1e), we detected IL-2Rβ and GFP-IL-2Rγ using eTrack and identified colocalized tracks using the Track Colocalizer Processor, with a fixed search radius of 5 pixels. Data is exported to Excel and short interacting tracks (< 4 seconds) were excluded.

For determination of GFP-IL-2Rγ displacement and search radius (Fig. 4d,h For single-molecule counting, the background fluorescence of the cell is subtracted from the maximum value of mean fluorescence intensity of each GFP-IL-2Rγ track. The resulting value is then divided by the unitary bleaching step of eGFP, thus obtaining the number of molecules in a given GFP-IL-2Rγ track. This calculation is described by the following equation: 
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Statistical analysis

The duration of GFP-IL-2Rγ tracks among the different cluster groups (Fig. 2d,4c Cluster disappearance rate (s -1

)
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) of the intensity of disappearing clusters (n=25, mean ± standard error) is plotted over the 40 sec preceding cluster disappearance from the field of view (z-score=0).

Lag time before cluster disappearance (s) In the absence of IL-2, the majority of IL-2Rγ is found at the plasma membrane in small clusters (up to 3 molecules), which might be secreted from the Golgi network as pre-assembled units. Addition of receptor molecules promotes the formation of medium size clusters (4-6 molecules) that are efficiently endocytosed through a clathrin-independent mechanism, mediated by the cortical actin cytoskeleton, actin-related proteins, lipid rafts, and dynamin. Large clusters (>6 molecules) represent a minority of the IL-2Rγ populations and are inefficiently internalized, possibly due to impaired membrane curvature as a result of disproportionate protein interaction and steric repulsion. The diffusion and, consequently, interaction between receptor molecules are limited by membrane domains that originate from the concert action of lipid rafts and the actin meshwork. b Upon stimulation with IL-2, the proportion of medium clusters increases, promoting endocytosis of the receptor. Oligomerization of the three receptor chains leads to activation of the IL-2-induced signaling cascade. Large clusters, although not being efficiently internalized, might promote signaling from the cell surface. For clarity of representation and since the stoichiometry of IL-2Rβ and IL-2Rα in the clusters is not known, only one molecule of each is represented per cluster. Membrane protrusions are not represented but might be present. There are numerous aspects regarding this project that could be debated. Taking into consideration our putative model, I will first discuss the concept of IL-2R clustering as a cargo checkpoint mechanism and the role of cholesterol-and actin-dependent domains in mediating the crosstalk between receptor clustering and signaling. Finally, I will generally consider cluster biogenesis and the importance of receptor clustering for efficient signal transduction as an interesting topic for future investigations.

Clustering of IL-2R as a cargo checkpoint mechanism regulating clathrinindependent endocytosis

Cargo proteins are not passive passengers in the endocytic journey and although their role has been rather disregarded in most studies, they represent major constituents of endocytic vesicles, having direct physical impact on pit progression 145,236,237,246,270 . In view of our model, we hypothesize that steric pressure between clustered IL-2R subunits could support initial membrane curvature, even in the absence of the ligand. In the crowded environment of the plasma membrane, collisions between protein molecules lead to an increase in steric repulsion that is particularly enhanced by asymmetrical proteins and proteins bearing large intrinsically disordered domains (i.e. lacking a fixed three-dimensional structure) 236,237 . IL-2R subunits are asymmetrical across the lipid bilayer (Fig. 1.3) and IL-2Rβ and IL-2Rγ, in particular, might contain intrinsically disordered domains in their cytoplasmic tails. These domains have been reported for other cytokine receptors 271,272 and seem to be relevant for intracellular signaling, possibly due to their structural flexibility permitting interaction between receptor chains and with their associated signaling molecules 273 . Additionally, the IL-2R chains undergo significant rearrangements upon IL-2 binding 44,274 , supporting the presence of disordered domains. Steric pressure between the intracellular domains of IL-2R subunits would promote membrane curvature towards the cytoplasm to increase surface area and reduce steric repulsion 232 (Fig. 1.20). The cluster size seems to be determinant for IL-2R internalization, as clusters containing 4 to 6 receptor molecules are characterized as the endocytic competent complexes. One possibility is that this cluster size induces sufficient steric pressure to bend the membrane. Moreover, clustered receptors are likely less diffusive 145 . Thus, medium size clusters might be more prone to interact with the IL-2Rassociated endocytic machinery, such as the WAVE complex, N-WASP, cortactin, and endophilin 100,201,222 . In particular, clustering of receptors could facilitate recruitment and oligomerization of the WAVE complex and N-WASP required for efficient activation of Arp2/3 226 . This would allow effective actin polymerization and sustained force required to shape the endocytic pit. Recruited endocytic adaptors will add to the increased intracellular steric pressure, further inducing membrane invagination and receptor internalization 232,236 .

This mechanism might explain constitutive endocytosis of IL-2Rβ and IL-2Rγ.

While we observed an optimal IL-2R cluster size for endocytosis, large clusters containing more than 6 molecules appear to be inefficiently internalized. In control conditions, large IL-2Rγ clusters show an increased mean lifetime compared with the other cluster subpopulations, suggesting they are less diffusive and some of them even static. This can be expected due to the higher energy cost required to bend the surface of the membrane occupied by these large complexes. In addition, large clusters may hinder accessibility of endocytic adaptors to the receptors' intracellular domains, and the increased steric pressure may compete with the affinity for adaptors 237 . The overall disproportionate balance of protein-protein interactions and of lumenal vs. cytoplasmic steric forces induced by large IL-2Rγ clusters can also account for their inefficient internalization, perhaps due to restricted membrane bending.

Dynamin is and essential element for IL-2R endocytosis, promoting vesicle scission and perhaps functioning as a checkpoint for endocytic vesicle maturation 275 . This 'pinchase' is known to be recruited at narrow vesicle necks (<20 nm) 241 . In this sense, dynamin might be only recruited when the endocytic pit has a required curvature. One can expect that in the absence of dynamin, receptor clustering could increase due to the stalled state of the pit 275 .

We performed some preliminary experiments by depleting dynamin-2, yet no clear impact of IL-2R clustering seems to take place. For clathrin-mediated endocytosis, it has been previously proposed that increased cargo size can slow internalization rate 140 and drive the formation of large clathrin-coated pits with low curvature, or flat clathrin lattices that are endocytically inactive (non-terminal events) 254 . In agreement with this, Stachowiak et al. have reported that clathrin-coated pits more frequently incorporate a small number of cargo proteins than a large number of them 237 .

In presence of the ligand, the optimal cluster subpopulation (4-6 molecules) is favored, likely supporting the faster rate of endocytosis. IL-2 might promote clustering of the receptor by stabilizing clusters at the plasma membrane, reducing their diffusion and thus allowing addition of further receptor molecules. In addition, this cluster stabilization might arise from a decreased dissociation of single receptor subunits from hetero-oligomeric complexes (IL-2Rγ/IL-2Rβ) compared to homo-oligomeric ones. Additionally, IL-2-mediated activation of the signaling cascade leads to recruitment of numerous signaling molecules, such as PI3K, STATs, Rac/PAK, and Grb2-Shc complexes 11,[221][222][223] , which might affect the clustering process. Large IL-2Rγ clusters were rarely observed in IL-2 starved conditions, but their proportion increased upon IL-2 stimulation, probably as a result of ligand-induced clustering.

Indeed, upon ligand binding, the IL-2R clustering model is surely more complex due to oligomerization of the different receptor chains and activation of the signaling cascade. From our results it is difficult to conclude on the stoichiometry of each IL-2R chain within IL-2induced clusters.

Taken together, our results suggest that a cargo checkpoint mechanism, determined by cluster size, regulates IL-2R clathrin-independent endocytosis. Previous studies proposed the existence of a cargo-loading checkpoint during clathrin-mediated endocytosis, in which a threshold of cargo must be recruited for efficient endocytic budding 145,275 . In our cell model, small IL-2Rγ clusters present short lifetimes, perhaps due to their diffusive nature, rendering them inefficient for internalization. Short-lived endocytic pits, corresponding to abortive events, have been previously reported for clathrin-mediated endocytosis of transferrin receptor and are presumed to result from inefficient cargo recruitment for pit maturation and budding. Interestingly, these short-lived subpopulations of clathrin-coated pits (CCPs) had lifetimes similar to our short-lived IL-2R tracks 140,275 . Increasing the expression of transferrin receptor partly abrogates the short-lived abortive events, enhances cargo concentration, and promotes initiation and maturation of productive CCPs 145,275 . If the productive cluster size is not reached, the receptor might continue diffusing at the membrane, hampering efficient recruitment of the endocytic machinery, or the latter might be disassembled as proposed for the clathrin coat 140 . As mentioned above, larger cargoes are also not efficiently internalized, further validating that cargo loading into pits is a tightly regulated mechanism that controls receptor-mediated endocytosis.

The role of cholesterol and the actin meshwork in mediating the crosstalk between IL-2R clustering and signaling

The plasma membrane displays a remarkable level of plasticity in cell signaling, partly as a result of the dynamic assembly and heterogeneity of membrane domains. Lipid phases and cortical actin-mediated domains can limit protein lateral diffusion and promote segregation and clustering of receptors, hence impacting cell signaling by hindering or facilitating proteinprotein interactions 117,276 . The lipid raft hypothesis proposes the existence of fluctuating nanoscale compartments at the plasma membrane, enriched in cholesterol, sphingolipids and proteins that can cluster to form platforms 182,277 . These domains are considered to be rather small, with reported sizes from 10 to 200 nm depending on the cell membrane environment 278 . The major obstacles in characterizing lipid rafts are the limited spatial resolution of microscopic techniques, the transient nature of these domains, and the difficulty in distinguishing them from the surrounding membrane 117 . The IL-2R chains are commonly found associated with lipid rafts 49,[START_REF] Lamaze | Interleukin 2 Receptors and Detergent-Resistant Membrane Domains Define a Clathrin-Independent Endocytic Pathway[END_REF][100][101] . In line with this, we observed a higher displacement and clustering of IL-2Rγ when membrane cholesterol was depleted with MβCD, suggesting that disruption of these domains could release the receptor, promoting its diffusion and stochastic encounter with other receptor molecules. The enhanced association of receptor subunits favors large clusters at the plasma membrane and leads to sustained IL-2-dependent signal, confirming the role of cholesterol in segregating receptor molecules to control unspecific signal activation. In agreement with this, it has been previously shown that depletion of plasma membrane cholesterol causes increased dimerization and autophosphorylation of EGFR, while decreasing its endocytosis 279,280 . This was suggested to result from suppressed EGFR kinase activity when the receptor is bound to lipid rafts, thus regulating its downstream signaling 280 .

Another critical factor governing plasma membrane compartmentalization is the meshwork of actin filaments described by Kusumi et al. and termed the membrane cytoskeleton "fence" 262 (Fig. 1.22). In this model, the plasma membrane contains arrays of transmembrane proteins, named "pickets", that are anchored to the underlying membrane-associated cytoskeleton, creating structured compartments at the cell surface. These cytoskeleton compartments, of 30 to 250 nm length, depending on cell type, restrict long-range protein diffusion, while maintaining rapid short-range diffusion within each compartment 262 . IL-2Rγ, IL-2Rβ and IL-2Rγ/IL-2Rβ complexes display restricted diffusion in areas fenced by the actin meshwork 49 . In agreement with this, we determined that Arp2/3 inhibition leads to an increase in IL-2Rγ displacement and clustering. A similar stochastic association of receptor molecules, as the one occurring in cholesterol-depleted cells, can explain the enhanced IL-2R clustering as a result of increased receptor diffusion upon disruption of branched actin filaments.

Contrarily to cholesterol depletion, Arp2/3 inhibition abrogates IL-2-induced signaling. A decrease in IL-2-induced STAT5 phosphorylation had already been shown in cells treated with the actin depolymerizing drug cytochalasin D 49 . One hypothesis is that IL-2Rγ and IL-2Rβ are initially segregated into distinct lipid rafts, which prevents their interaction and transphosphorylation of associated JAKs in unstimulated conditions. Following IL-2 binding, interaction with the actin meshwork could increase the confinement of these raft domains and promote their coalescence, leading to interaction of the γ and β chains of the receptor, activation of JAKs and induction of the signal cascade. This hypothesis is supported by works reporting Golgi-derived homoclusters of GPI-anchored proteins and the regulation of these nanoclusters by the cortical actin cytoskeleton 281,282 . The fact that homodimers/oligomers of IL-2Rγ have been observed in the Golgi network 48 reinforces the assumption of a distinct microdomain partition of IL-2Rγ and IL-2Rβ .

Another possibility is that IL-2Rγ and IL-2Rβ are, at least in part, already associated at the plasma membrane yet their cytoplasmic domains are flexible and kept apart to prevent signal activation, as previously suggested 49 . Binding of IL-2 could lead to a conformational change in the pre-assembled complex, pulling the cytoplasmic tails of IL-2Rγ and IL-2Rβ closer together through local actin polymerization 49 , hence leading to activation of the signaling cascade. Ligand binding reduces IL-2R diffusion and increases its confinement time, suggesting its interaction with the actin meshwork 49 . Additionally, endocytosis of the receptor is known to be highly dependent on the actin cytoskeleton 100,222,223 . Interestingly, a similar actin-mediated anchorage mechanism has been proposed for the IL-7R. In this case, membrane domains regulate the flexibility of IL-7Rα and the γ c cytoplasmic domains and anchorage of the receptors to F-actin allows tethering of the cytoplasmic tails, placing JAKs in close contact and leading to signal transduction 283 .

Although our results highlight that membrane cholesterol and actin-dependent domains regulate IL-2R clustering, we cannot determine whether these factors directly drive IL-2Rγ clustering. Alternatively, cholesterol and branched F-actin seem to primarily function to segregate IL-2Rγ molecules, avoiding unwanted receptor interactions and stochastic clustering that could lead to unrestrained signal activation. In our model, concluding on the crosstalk between clustering and signaling is intricate since we observe two different signaling outcomes paired with increased clustering. This differential impact on signal activation is likely associated with the approach used, as perturbation of the actin cytoskeleton is expected to play other roles in receptor-mediated signaling that are not directly related with its receptor clustering effect. A way to bypass this would be to modulate clustering of IL-2R, without majorly affecting the actin meshwork and the lipid domains, and determine how different clustering phenotypes would affect signal transduction. For instance, extracellular crosslinkers or specific clustering agents could be used to address this question. 

General considerations on cluster biogenesis

Clustering is a common mechanism used by many transmembrane proteins as part of their cellular function and it might be conditioned by different regulatory mechanisms depending on the specific protein involved. Membrane receptors can assemble into various oligomeric forms to perform their function and the composition and arrangement (single monomers, homo-or hetero-dimers/oligomers) of these complexes is often difficult to know. One of the key aspects of interest is whether a given receptor nanocluster arrives at the plasma membrane as a fully assembled and functional unit. For instance, from our live-imaging track analysis, we observed that IL-2Rγ is mostly found in small clusters of up to 3 molecules, particularly in the absence of the ligand. A study on the crystal structure of the high-affinity receptor has reported that the γ subunit of the receptor existed as a stable homotrimer throughout purification. Incubation at 37°C with the α and β chains and with IL-2 led to dissociation of the IL-2Rγ trimer and assembly of the heterotrimeric complex 44 . Recently, researchers have determined that a fraction of IL-2Rγ exists in the ER and Golgi as dimers or oligomers that slowly diffuse in the cytoplasm, suggesting the receptor pre-assembles intracellularly and is secreted to the plasma membrane as a small cluster 48 . Thus, clusters might arrive at the cell surface as a pre-assembled entity, as it has been suggested for the TCR adaptor protein Lat 284 and for GPI-anchored proteins 281 , yet these clusters might not be functional and require further arrangement and possible interaction with other clustered proteins at the plasma membrane.

Clustering of membrane receptors can occur and be limited by several factors, such as molecular interactions between receptor subunits and ligands, diffusion barriers like lipid phases and actin "pickets", and physical aspects as steric pressure, energy costs and kinetics of nanoclustering. We can conceive that clusters might coalesce, alter composition, disassemble or even dissolve and that a dynamic equilibrium between clustered and nonclustered receptors may exist. Results on simulated data will allow us to better characterize IL-2R cluster dynamics and equilibrium. In particular, branched actin dynamics can act as a switch that promotes the formation and stabilization of lipid domains, or leads to their segregation 285 . Receptor clustering and microdomains can also be induced by ligands 256,286 .

Regarding IL-2R, it is conceivable that binding of the ligand is likely the driving force leading to the observed enhanced receptor clustering. Additionally, the IL-2R chains present several N-glycosylations 44,91 that could promote oligomerization of the receptor induced by extracellular galectins 230 . This clustering mechanism, described as the glycolipid-lectin hypothesis (Fig. 1.15), leads to the uptake of cargoes, like CD44, via the CLIC/GEEC pathway 230 , and control receptor diffusion and signaling 287 .

As mentioned before, determination of the exact receptor cluster composition and its spatial arrangement upon IL-2 is challenging, with homodimers of IL-2Rβ 47 , IL-2Rα 288 and IL-2Rγ 48 , as well as varied heterodimers 48,49,289 previously reported. Notably, in vitro studies on the crystal structure of the ligand-bound receptor describe a contact of considerable size and specificity between IL-2Rγ and a symmetry-related IL-2Rα molecule in a neighboring unit cell, suggesting the putative assembly of high-order signaling receptor lattices on the cell surface 44 . The clustering of IL-2R is likely a complex mechanism that might involve the three receptor chains and largely vary with their expression levels in different T cell subsets.

Future development and availability of super-resolution imaging techniques coupled to single-particle tracking in live cells can improve our knowledge in membrane receptor cluster biogenesis and their composition.

What is the relevance of receptor clustering for signaling?

The fact that numerous signaling receptors assemble into clusters at the cell surface Intracellular trafficking pathways in eukaryotic cells are essential to maintain organelle identity and structure, and to regulate cell communication with its environment. Shigella flexneri invades and subverts the human colonic epithelium by the injection of virulence factors through a type 3 secretion system (T3SS). In this work, we report the multiple effects of two S. flexneri effectors, IpaJ and VirA, which target small GTPases of the Arf and Rab families, consequently inhibiting several intracellular trafficking pathways. IpaJ and VirA induce large-scale impairment of host protein secretion and block the recycling of surface receptors. Moreover, these two effectors decrease clathrin-dependent and -independent endocytosis. Therefore, S. flexneri infection induces a global blockage of host cell intracellular transport, affecting the exchange between cells and their external environment. The combined action of these effectors disorganizes the epithelial cell polarity, disturbs epithelial barrier integrity, promotes multiple invasion events, and enhances the pathogen capacity to penetrate into the colonic tissue in vivo.

bacteria | pathogen | secretion | endocytosis | polarity E ukaryotic cells contain a complex array of intracellular membrane-bound compartments, which mediate cell communication with their environment by the bidirectional transport of proteins and lipids between the intracellular and extracellular spaces. This occurs via two main mechanisms: the secretory and the endocytic trafficking pathways. The efficient intracellular transport of molecules is regulated by GTPases of the Arf, Rab, Rho, and dynamin families and is critical to maintain organelle identity and structure. Additionally, the coordination of intracellular trafficking with other pathways regulates vital processes including cell polarity, immunity, signaling, and development, as well as tissue and organ functions (1-3).

Shigella spp. are Gram-negative intracellular bacteria causing bacillary dysentery or shigellosis (4). Shigella invades the colonic epithelium by using a type 3 secretion system that enables the injection of more than 20 virulence factors, the so-called effectors, into the cell (5, 6). These effectors then target multiple cellular functions to promote nonphagocytic uptake, followed by intracellular bacterial replication, cell-to-cell spreading, and subsequently leading to destruction of the colonic epithelium (7, 8). While the enzymatic functions for most effectors have been described and analyzed in cell culture, the mechanisms by which they cooperate with one another to promote infection remains largely unknown. Shigella flexneri induces Golgi apparatus fragmentation and reorganization of the endocytic compartment, leading to a block in secretion and receptor recycling (9). Among the arsenal of injected effectors, two have been specifically implicated in targeting host cell small GTPases essential for Golgi-mediated secretory transport, namely, IpaJ and VirA. IpaJ is a cysteine protease catalyzing the cleavage of myristoylated glycine residues primarily from ADP ribosylation factor (Arf) and Arf-like (Arl) proteins (10, 11). As a consequence, it was shown that IpaJ inhibits STING-mediated activation of the IFN pathway by blocking STING translocation from the endoplasmic reticulum (ER) to ER-Golgi intermediate compartment (ERGIC) (12). Conversely, VirA was reported to impair host cell secretory transport, in addition to inhibiting autophagy (13, 14), by acting as a Rab-GTP activating protein (GAP) with preferential targeting of Rab1, as shown in vitro (13). Although the catalytic activities of these two effectors have been well described, it remains to be elucidated if both act in synergy or independently, and which changes they induce in the intestinal tissue during S. flexneri infection.

Significance

Shigella flexneri is an enteroinvasive prokaryote that induces human bacillary dysentery. The delivery of around 30 bacterial effectors inside colonic epithelial cells allows the pathogen to invade, replicate, and move into adjacent cells, hence subverting cellular and immune functions of its host. Intracellular trafficking pathways in eukaryotic cells are essential to regulate cell communication with their environment. Our work shows that two effectors of Shigella flexneri block three main trafficking pathways of its host cell: secretion, recycling, and endocytosis, thereby freezing the exchange through the plasma membrane. As a consequence, Shigella flexneri disorganizes the epithelial cell polarity, disturbs epithelial barrier integrity, and enhances the pathogen capacity to penetrate into the colonic tissue in vivo.

In eukaryotes, Arf and Rab protein families work together to regulate intracellular trafficking pathways. However, the exact mechanisms of coordination of action are not yet fully understood. Given that these small GTPases are targeted by both IpaJ and VirA, it raises the question whether these effectors further affect other trafficking pathways in addition to the known secretory transport.

Here, we demonstrate that these two effectors independently block global host cell secretion and concurrently operate to impair receptor recycling. Moreover, we report that IpaJ and VirA decrease receptor-mediated endocytosis. Our results illustrate how S. flexneri "freezes" the invaded host cell by globally interfering on multiple intracellular transport systems, thereby affecting the exchange of molecules between cells and their environment and consequently cell and tissue functions.

Results

S. flexneri Effectors IpaJ and VirA Globally Impair Conventional

Secretion. Both IpaJ and VirA S. flexneri effectors have been shown to affect Golgi-mediated transport in host cells (10, 13), raising the question as to whether these effectors operate in synergy or independently. To address this, we first quantified the secretion level of the cytokine TNFα upon infection with wild-type (WT) S. flexneri, or the mutant strains ipaJ, virA, or virAipaJ. We used the retention using selective hooks (RUSH) system (15) to follow the synchronized trafficking of the reporter TNFα-SBP-GFP from the ER to the plasma membrane of epithelial cells (Fig. 1A). Infection with WT S. flexneri blocked 75% of the anterograde trafficking of TNFα-SBP-GFP compared with uninfected cells (UI), in line with previous reports on other cargoes (9, 13). Similar results were obtained when cells were infected with either ipaJ or virA S. flexneri single mutants. However, in cells infected by the virAipaJ double mutant, TNFα-SBP-GFP transport levels were similar to the uninfected condition (Fig. 1A). This differential effect of trafficking during infection by WT, ipaJ, virA, and virAipaJ was not due to impairment in bacterial invasion by the mutant strains (SI Appendix, Fig. S1A). Complementation of the double mutant with either pVirA-myc or pIpaJ-myc was sufficient to restore, at least partially, the secretion inhibitory phenotype obtained with WT bacteria. As expected, complementation with the mutated versions of these effectors in their catalytic sites, pVirA-R188K/Q280A-myc or pIpaJ-C64A-myc (10, 13), did not affect the normal trafficking of TNFα-SBP-GFP (Fig. 1A). Altogether, these results show that each effector, IpaJ and VirA, is sufficient to block anterograde transport of the cargo via their catalytic activities and hence acts largely independently.

To determine in which subcellular compartment TNFα-SBP-GFP was retained upon S. flexneri infection, we utilized immunostaining of various subcellular compartments after 1 h of synchronized trafficking and quantified the percentage of colocalization using a statistical object-based method (Fig. 1B). In uninfected and virAipaJ-infected cells, TNFα-SBP-GFP was mostly at plasma membrane (Fig. 1A), but the minor intracellular pool was mostly colocalized with trans-Golgi network (TGN) labeled with TGN46 (28-21%, respectively) and with cis-Golgi remnants (GM130-positive compartment, 14-20%) (Fig. 1B). By contrast, in WT-infected cells TNFα-SBP-GFP was mostly intracellular (Fig. 1A) and colocalized with GM130 (54%), Sec24B (29%), a marker of ER exit sites (ERES), and with TGN46 (24%). This reveals that S. flexneri WT infection blocked the Golgi-mediated transport at different stages, mainly at ERES and at cis-Golgi. Interestingly, infection with virA or ipaJ mutants resulted in a phenotype similar to the WT strain except that, in absence of IpaJ, TNFα-SBP-GFP was strongly colocalized with Sec24 (60%, Fig. 1B). These data suggest that the retention in the Sec24B-positive compartment was due to the action of IpaJ. We could not observe colocalization of TNFα-SBP-GFP with ERGIC53, a marker of the ERGIC, in any of the conditions tested (Fig. 1B). Taken together, our data show that IpaJ and VirA block the anterograde trafficking at multiple stages, confirming their independent action in blocking host cell secretion.

To investigate the global effects of S. flexneri infection on the secretory transport in a polarized cell system, we used the stable isotope labeling with amino acids in cell culture (SILAC) technology coupled to liquid chromatography-tandem mass spectrometry (LC-MS/MS) ( 16). Polarized Caco-2/TC7 cells labeled with "medium" amino acids were uninfected, and cells labeled with "heavy" amino acids were infected with either WT S. flexneri or the mutant virAipaJ. After 5 h of infection, the SILAC-labeled secretome-containing supernatants from the apical and basal side were collected and treated for mass spectrometry analysis to determine the relative abundance of peptides between infected and uninfected samples (SI Appendix, Fig. S1B). Fold change-based gene ontology (GO) enrichment analysis showed that apical and basal secretome proteins were more than four-times enriched in extracellular proteins in comparison with the human theoretical proteome, hence revealing the good quality of our analysis. We quantified 148 proteins in the apical and 136 in the basal supernatants that were differentially secreted in WT S. flexneri-infected cells compared with UI cells, from which 125 (84%) and 79 (58%) proteins, respectively, were less secreted (Fig. 1C and SI Appendix, Table S1). This secretion impairment was independent of global changes in the proteome of infected cells (SI Appendix, Fig. S1C). In addition, tight junctions and cell viability were not affected during the secretome collection (SI Appendix, Fig. S1 D-F). Among the differentially secreted proteins, 116 (92.8%) of the apical and 64 (81%) of the basal proteins contained predicted cleavable signal peptides indicating targets of the conventional secretory pathway (Fig. 1D). In contrast, analysis of the same proteins from the virAipaJ-infected samples revealed only a marginal impairment on the secretion of signal-peptide-containing proteins; indeed, the mean fold change was less striking than for the WT-infected secretomes (Fig. 1D and SI Appendix, Table S1). Taken together, these results indicate that S. flexneri infection affects the conventional secretory pathway in a global manner, and that this is mediated by the action of both IpaJ and VirA effectors.

Among the proteins less secreted by WT-infected cells, the most represented class were hydrolytic enzymes, like proteases (cathepsin D, carboxypeptidase M) and enzyme regulators. However, we also found cell receptors (LDLR, HGFR), lipid transporters (apolipoproteins), proteins related to cell adhesion and extracellular matrix (ECM) (laminins), and immunomodulators (IL6ST) (SI Appendix, Table S1). The secretion inhibition of this wide array of proteins may have severe consequences on cell polarity and intestinal tissue organization and functions.

S. flexneri Effectors IpaJ and VirA both Block the Host Cell Recycling Pathway. As IpaJ and VirA effectors are targeting small GTPases from the Arf and Rab families, which are important for normal endosomal functioning (1, 3), we further investigated whether they were also implicated in the previously described reorganization of the endosomal compartment and impairment of transferrin (Tf) receptor (TfR) recycling (9). We loaded Hep2 cells with fluorescent Tf coupled to Alexa Fluor 647 (Tf-AF647), before infection with WT, virA, ipaJ, or virAipaJ strains (Fig. 2A). In line with what was previously reported ( 9), after 1 h of infection with WT S. flexneri, we observed an extensive formation of membrane tubules labeled with Tf-AF647, which resembled the phenotype induced by the drug brefeldin A (BFA) (SI Appendix, Fig. S2A) (17). A comparable, tubular phenotype was observed when cells were infected with the virA mutant strain. In contrast, in cells infected with either the ipaJ or virAipaJ mutant, Tf-AF647 was located in punctate vesicles throughout the cytoplasm, resembling the uninfected control (Fig. 2A). These findings demonstrate that IpaJ is involved in endosomal compartment tubulation. As shown in the case of BFA-treated cells (17, 18) (SI Appendix, Fig. S2B), the formation of endosomal tubules is not necessarily linked to as t r i k i n gr e c y c l i n gi m p a i r m e n t .W et h e r e f o r ea s s e s s e dT f R recycling kinetics by pulse-chase experiments. Here, cells were loaded with Tf-AF647, uninfected or infected for 1 h with the GFP-expressing WT or mutant S. flexneri strains, and then chased with the unlabeled holo-Tf for different time points before analysis by flow cytometry (FC) (Fig. 2B and SI Appendix, Fig. S2D). We observed a notable reduction of Tf-AF647 recycling in WT-infected cells, whereby 50% of the internalized Tf-AF647 recycled back to the plasma membrane in 17 min, compared with only 9 min for uninfected cells. In addition to the observed time delay induced by the WT strain, Tf recycling was also blocked, as indicated by 29% retention of Tf-AF647 at the 60-min kinetic end-point. When cells were infected with the ipaJ or virA mutant, an intermediate phenotype was observed while the virAipaJ double mutant had normal levels of Tf recycling similarly touninfectedconditions(Fig. 2B and SI Appendix,Fig. S2D). These results demonstrate that a combined action of these two effectors is required to efficiently block receptor recycling in the host cell. Furthermore, we confirmed that the inhibitory effect of IpaJ and VirA on receptor recycling is due to their catalytic activities. While their ectopic expression in Hep2 cells dramatically decreased the Tf recycling rate (Fig. 2C and SI Appendix,Fig. S2E), control levels of Tf recycling were obtained when the VirA-R188K/Q280A or IpaJ-C64A mutated versions were expressed (Fig. 2C and SI Appendix,F i g .S 2 E). To gain further insights into the mechanisms at play, we overexpressed one of the targets of IpaJ, the small GTPase Arf1 fused to GFP, before infection with dsRed-expressing bacterial strains (Fig. 2D and SI Appendix,F i g .S 2 F). In uninfected cells, the Tf recycling rate remained unchanged despite overexpression of either Arf1-GFP or GFP-VSVG, which served as a transfection control (Fig. 2D and SI Appendix,F i g .S 2C-F). Interestingly, the rate of Tf recycling was faster in cells infected by the IpaJ-expressing strains, WT and virA, and overexpressing Arf1-GFP (Fig. 2D and SI Appendix,Fig. S2F).

In contrast, in ipaJ-infected cells, the recycling kinetics remained unchanged by Arf1 overexpression. These results strongly suggest that IpaJ slows down Tf recycling byt a r g e t i n gA r f 1 .O v e r a l l ,w e demonstrate that the two S. flexneri effectors, IpaJ and VirA, present catalytic activities that together strongly inhibit two major trafficking pathways, secretion and recycling, that are implicated in the delivery of molecules to the cellular surface.

S. flexneri Infection Affects Different Host Endocytic Pathways. Next, we investigated whether S. flexneri directly blocked the endocytic pathways. In the first instance, we aimed to test S. flexneri infection on clathrin-dependent endocytosis (CDE). To do this, we performed Tf uptake experiments using Tf, a bona fide cargo of CDE (19). Hep2 cells were either left uninfected or were infected for 90 min with GFP-WT S. flexneri,b e f o r ei n c u b a t i o nw i t hT f -AF647 at 37 °C for different time points, and followed by FC analysis. In WT-infected cells, we observed a 54% reduction in the endocytosis rate, as well as a significant inhibition of the total Tf uptake at the 30 min end-point (Fig. 3 A and B), which was independent of the surface expression of TfR (SI Appendix,F i g . S3A). This defect on Tf uptake was also observed in WTinfected polarized Caco-2/TC7c e l l s ,a f t e rb a s o l a t e r a li ncubation with fluorescent Tf (SI Appendix,Fig. S3C andD). To test whether other endocytic pathways were affected by S. flexneri infection, we assayed for IL-2 receptor (IL-2R) uptake, a well-described marker of a clathrin-independent endocytosis (CIE) pathway (20). Hep2β cells, stably expressing the IL-2Rβ chain, were left uninfected or infected with WT S. flexneri strain for 90 min and then incubated with an anti-IL-2Rβ chain antibody coupled to Cy3 for 15 min, fixed, and analyzed by fluorescent microscopy (21) (Fig. 3C). We observed a dramatic reduction in IL-2Rβ uptake in WT-infected cells after 15 min of endocytosis compared with uninfected cells (Fig. 3D). These results indicate that WT S. flexneri reduces both clathrin-dependent and -independent endocytosis pathways.

As IpaJ and VirA effectors target key players in regulating intracellular transport, we asked whether they had an impact on this inhibition of endocytosis. Thus, we infected cells with S. flexneri WT, virA, ipaJ, and virAipaJ strains and performed Tf-AF647 uptake kinetics. We observed a partial recovery of Tf uptake when infecting cells with the three mutant strains (Fig. 3B), indicating that both IpaJ and VirA decrease endocytosis. This IpaJ/VirA-dependent Tf endocytosis inhibition is stronger than BFA, which does not induce significant changes in contrast to uninfected conditions (Fig. 3B), as previously reported (17, 22). In addition, we confirmed that the inhibitory effect of IpaJ and VirA on endocytosis was due to their catalytic activities, as their ectopic expression in Hep2 cells considerably decreased Tf uptake but not when their catalytic-inactive forms were expressed (Fig. 3E). To determine whether other effectors were involved in the Tf uptake impairment, we next tested a panel of S. flexneri mutants lacking effectors with different cellular targets (Fig. 3B and SI Appendix, Fig. S3B). Interestingly, we also found a partial recovery of Tf uptake in cells infected with the ipaA mutant, which lacks the vinculin-binding protein IpaA (Fig. 3B) (23). Again, the differences in Tf uptake rate between mutant strains and WT could not be explained by differences of TfR surface expression (SI Appendix, Fig. S3A). Overall, these results demonstrate that three S. flexneri effectors, IpaJ, VirA, and IpaA, inhibit endocytosis in the host cell.

To gain more insight into the mechanisms by which S. flexneri affects CDE and CIE, we looked at dynamin 2 (Dnm2), an en-zyme implicated in both pathways and involved in the pinching off of vesicles from the plasma membrane (24). To this end, we left uninfected or infected Hep2β Dnm2-GFP genome-edited cells (25) with WT S. flexneri and analyzed the Dnm2-GFP distribution at plasma membrane by total internal reflection fluorescence (TIRF) microscopy (Fig. 3 F and G). Upon WT infection, we observed a 27% reduction of Dnm2-GFP at the plasma membrane (Fig. 3F), which was quantified by image analysis (Fig. 3G). This reduction was not due to a decrease of total Dnm2-GFP levels (SI Appendix, Fig. S3E), but likely linked to a reduced recruitment of Dnm2-GFP to the plasma membrane and hence to endocytic sites. Similar results were obtained when we analyzed the clathrin light chain A (CLC) behavior in Hep2β CLC-GFP genome-edited cells (25) (SI Appendix, Fig. S3 F and G). Interestingly, this phenotype was correlated with IpaJ and VirA expression since cells infected with either the single or the double virAipaJ mutants recovered the normal Dnm2-GFP and CLC-GFP recruitment at the plasma membrane (Fig. 3G and SI Appendix, Fig. S3G). In addition, BFAtreated cells also showed a reduction in Dnm2-GFP at the plasma membrane, although smaller than upon infection with WT bacteria (Fig. 3G). In contrast, IpaA led to a marginal effect on Dnm2-GFP distribution (Fig. 3G). These results indicate that Dnm2, a key host factor involved in both CDE and CIE, is affected by S. flexneri, explaining the observed reduction in the uptake of both Tf and IL-2R upon infection. Altogether, our results show how IpaJ and VirA effectors induce multifactorial defects on the general intracellular trafficking of host cells.

IpaJ and VirA Disorganize Cell Polarity and Colonic Tissue Structure.

According to our results, IpaJ and VirA are responsible for blocking three intracellular trafficking pathways: secretion, recycling, and endocytosis. We therefore asked whether this vesicular trafficking blockage affected the maintenance of cell polarity. Therefore, we infected polarized Caco-2/TC7 cells and stained the surface TfR, which is usually expressed in the basolateral domain of polarized cells. We observed a pool of the TfR localizing at the apical cell domain upon WT S. flexneri infection, similarly to what has been previously reported in BFA-treated cells (26) (Fig. 4A). On the contrary, the TfR did not localize at the apical domain of uninfected or virAipaJ-infected cells (Fig. 4A). These results indicate that IpaJ and VirA lead to a loss in the polarized transport of TfR, hence highlighting the S. flexnerimediated disorganization of epithelial polarity.

We next asked whether these two effectors, by disrupting cell polarity, promoted new invasion events in a second round of bacterial infection (Fig. 4B and SI Appendix,F i g .S 4 A). For that, we first infected cells with either GFP-expressing WT or virAipaJ strains, and then with the same strains but expressing dsRed. We then quantified the percentage of cells coinfected by the GFP and dsRed strains (Fig. 4B and SI Appendix,F i g .S 4 A). We observed that cells primo-infected with the WT strain were more prone to be reinfected with either the WT or the virAipaJ strain when comparing with virAipaJ primo-infected cells, which were poorly reinfected (Fig. 4B). This result indicates that IpaJ and VirA favor multiple invasion events, thereby enhancing the efficiency of infection.

Next, we used an in vivo model of infection to analyze whether the trafficking impairment caused by IpaJ and VirA induced changes in the colonic epithelial structure and function. We infected guinea pigs intrarectally (27, 28) analyzed the relative depth penetration of WT and virAipaJ strains from the epithelial surface within the colonic tissue (Fig. 4 C and D and SI Appendix, Fig. S4B). We observed and quantified a 40% decrease in the penetration depth of the virAipaJ mutant in contrast to the WT strain. This difference cannot be explained by a spreading defect in the virAipaJ mutant, as the plaques formed on a cell monolayer by the virAipaJ mutant after 48 h of infection are only 3% smaller than the ones formed by the WT strain (SI Appendix, Fig. S4C). Overall, these results indicate that IpaJ and VirA, by the induction of a general trafficking impairment, are critical for intestinal epithelial invasion in vivo.

Discussion

In this study, we showed how two S. flexneri effectors, IpaJ and VirA, are necessary and sufficient to block several key intracellular trafficking pathways in invaded cells, inducing a "frozen" state in which cells are no longer able to exchange molecules with their environment. These results were observed in vitro both in nonpolarized and polarized cells. Moreover, we were able to show in vivo the impact of some of the functions of these effectors on the efficient intestinal invasion by the bacteria.

Our work confirmed, in the context of cellular S. flexneri infection, the secretion blockage described when overexpressing either of the effectors, IpaJ or VirA (10, 13). This is not trivial as EspG, for instance, the enterohemorrhagic and enteropathogenic Escherichia coli (EHEC/EPEC) homolog of Shigella VirA, does not affect the secretory transport during EHEC infection ( 29), but only during ectopic overexpression. This suggests that Rab1 is not targeted in vivo by EHEC EspG and illustrates how the overexpression of certain virulence factors might induce phenotypes that are not observed during natural infection. However, the fact that VirA blocks the secretory transport in S. flexneri-infected cells strongly suggests that Rab1 is a VirA substrate but does not exclude the possibility that other Rabs might be targeted by this effector. In line with this, we demonstrated that VirA, in combination with IpaJ, impairs the normal recycling of cell receptors. VirA, in contrast to EPEC/EHEC EspG, was shown in vitro to have a broader range of specificity toward Rab GTPases (13). This strongly suggests that endosomal Rabs, such as Rab11, Rab35, or Rab22 (30), are targeted and inactivated by VirA, explaining part of the recycling impairment. Interestingly, it was reported that EspG reduces surface receptor levels and receptor recycling in EHEC-infected cells (29), and this is due to the modulation of an Arf6:Rab35 signaling axis (31). Moreover, EspG was shown to interact with Arf GTPases and PAK (13, 32). However, unlike in EHEC infection, a scaffolding role of VirA modulating Rab-Arf signaling has not been described so far for S. flexneri. On the other hand, our results show that IpaJ and VirA work in concert to induce an additive defect in receptor recycling. Although IpaJ activity slows down Tf recycling by targeting Arf1, this might also happen via the inactivation of other Arf family members (11, 33). Altogether, our work reveals that, in the case of S. flexneri infection, both IpaJ and VirA are necessary to induce strong recycling inhibition by acting on Arf GTPases and possibly on Rab GTPases.

The targeting of the endosomal compartments by these two effectors has consequences not only restricted to the surface receptor recycling, but also to an endocytosis blockage. How IpaJ and VirA reduce Tf uptake, as well as dynamin 2 and clathrin recruitment to endocytic sites at the plasma membrane, remains a key question. One hypothesis is that the concerted action of these two effectors on the secretory and recycling pathways will induce downstream alterations on the endocytic route, as the intracellular trafficking routes are intimately interlinked. Indeed, these two S. flexneri effectors target two families of proteins that are key regulators of many intracellular trafficking events, possibly explaining the endocytosis impairment as an indirect consequence of their activities on small GTPases. One possibility suggested by our results is that impairment of exocytosis pathways by IpaJ and VirA blocks the recruitment of dynamin 2 to the plasma membrane. Interestingly, this inhibition is also observed upon BFA treatment, which targets only Arf proteins. However, the effect of BFA being less strong than Shigella infection might explain why this drug does not significantly decrease Tf endocytosis and further suggests that the combined action of IpaJ and VirA on Arf and Rab proteins is needed to strongly affect endocytosis. Moreover, it was also reported that dynamin 2 is recruited to the budding sites of recycling endosomes, as well as to the TGN (34, 35), possibly explaining the decreased dynamin 2 recruitment upon S. flexneri infection. The bacterium might also affect endocytosis by targeting actin, an important factor for dynamin 2 recruitment (36, 37), since it possesses several effectors modulatinga c t i np o l y m e r i z a t i o n ,s u c ha s IpaC, IcsA, and IpaA (38). In agreement with this, our results demonstrated that IpaA, a vinculin-binding protein involved in actin reorganization, partially inhibits endocytosis. Moreover, the plasma membrane tension, which is regulated by actin polymerization, was shown to affect endocytosis dynamics in polarized cells (39). Thus, by targeting actin dynamic regulators, S. flexneri might modulate the plasma membrane tension, thereby inhibiting the endocytosis rate of the host cell.

Finally, the global secretion inhibition determined by our proteomic approach revealed a list of less secreted proteins that participate in cell polarity establishment and differentiation (40), and their modulation by S. flexneri might perturb the integrity of the intestinal barrier. Candidates among such proteins are those regulating cell adhesion, ECM composition, and lipid transport. In addition, the impairment in the secretion of immunomodulators might affect the host immune response. Moreover, our in vitro data show that IpaJ and VirA subvert the epithelial polarity and promote multiple invasion events, and we have preliminary data suggesting that they might regulate intercellular junctions' stability. These results are in total agreement with our in vivo data showing that IpaJ and VirA induce a deeper S. flexneri penetration into the colonic tissue.

Overall, our work shows how S. flexneri IpaJ and VirA effectors coordinate and modulate the host cell intracellular trafficking, leading to the subversion of the infected cells and tissue that will result in more efficient bacterial invasion.

Materials and Methods

Bacterial Strains. Shigella flexneri 5a strain M90T, harboring a streptomycin resistance mutation (41), was used as the WT strain. All of the mutants from this study were generated from the WT strain. All of the mutant strains used in this study were part of a S. flexneri mutant collection (42), except the following: ipgD (43), virAipaJ, ospE1E2,a n dospC1C2C3. Tetracycline resistance cassette was removed from virA strain to avoid reduction in IcsA protein levels by FLP-FRT recombination using the pCP20 plasmid. Frozen bacterial stocks were streaked onto trypticase soy agar (TSA) plates containing 0.1% (wt/vol) Congo red (CR) and grown at 37 °C overnight. Plates were kept at 4 °C for up to 2 wk.

Cell Lines. Hep2 cells (HeLa derivative) and its derivatives expressing the β-chain of IL-2R, Hep2β, were grown in DMEM (1 g/L) (Gibco) supplemented with 10% heat-inactivated FCS (HI-FCS) (Eurobio) at 5% CO 2 at 37 °C (44), in the presence of 1 mg/mL G418 (Sigma) for Hep2β cells. CRISPR-Cas9 genome edited Hep2β Dnm2-GFP and Hep2β CLC-GFP cells (25), and the RUSH stable HeLa cell line expressing the ER molecular hook streptavidin-KDEL and the cargo SBP-EGFP-TNFα (45) were described previously. Hep2 and HeLa cells are nonpolarized cells and were always cultured to 70% confluence before infection experiments. Caco-2/TC7 cells (a clone of Caco-2 cells, human colorectal adenocarcinoma origin) were grown in DMEM (1 g/L) supplemented with 20% HI-FCS, GlutaMAX, and nonessential amino acids (Gibco). For complete polarization and differentiation of Caco-2/TC7 cells, 2 × 10 5 cells/cm 2 cells were seeded into 12-well or 6-well Transwell inserts (pore size, 0.4 μm; Corning) and cultured for 18-21 d at 10% CO 2 at 37 °C; fresh media was added triweekly, except for plaque assay experiments, where cells were cultured on plastic six-well plates. Transepithelial electrical resistance was measured using a Millicell-ERS voltohm meter (Millipore). Dextran permeability was assessed by adding 70-kDa FITC-dextran (200 μg/mL) (Sigma) in Ringer's buffer to the apical compartment of Transwell inserts (uninfected or infected in Ringer's solution: 155 mM NaCl, 3 mM KCl, 3 mM NaH 2 PO4, 5 mM Hepes 10 mM glucose, pH 7.0, with 2 mM CaCl 2 ,1m MM g C l 2 ) after a 15-min preincubation in Ringer's buffer or in calcium-free Ringer's (containing 10 mM glucose). Fluorescence pass-through to the basal compartment medium was measured with an Infinite M200 Pro Bacterial Infections of Cultured Cells. Hep2 and Hep2β cells were plated the day before the experiment onto 12-mm coverslips at a density of 0.4 × 10 5 cells/cm 2 for immunofluorescence, or on glass-bottom dishes (MatTek) for TIRF microscopy experiments, and at a density of 0.4 × 10 5 cells/cm 2 on six-well plates for FC or Western blot experiments. Bacterial cultures were prepared by picking a single colony from each strain from TSA-CR plates and grown in 8 mL trypticase soy broth (TSB) supplemented with the appropriate antibiotics (ampicillin, 100 μg/mL; chloramphenicol, 10 μg/mL) in a shaking incubator overnight at 30 °C. Bacteria were subcultured in fresh 8 mL of TSB at 37 °C until OD 600 0.8-1.0, pelleted, washed in PBS, and coated with poly-L-lysine (molecular weight, 70,000-100,000; Sigma) 10 μg/mL in PBS for 10 min, washed twice with PBS, and resuspended in the infection medium (DMEM supplemented with 20 mM Hepes) to the adequate multiplicity of infection (MOI). Coated bacteria were added to the cells and allowed to adhere for 15 min at room temperature (RT), and then incubated at 37 °C in a CO 2 incubator or in a water bath when short time of infection or short kinetics was performed. For infections of Caco-2/ TC7 cells grown in Transwell filters, AfaE-expressing strains were cultured as described, pelleted, washed with PBS, and resuspended in infection medium to the adequate MOI. Apical and basal chambers were washed twice with warm DMEM-Hepes, and bacteria were added to the apical chamber at a MOI of 75, incubated for 15 min at RT, and switched to a 37 °C CO 2 incubator. After 30 min, the medium was aspirated and replaced for fresh DMEM-Hepes supplemented with gentamicin at 50 μg/mL and incubated for the indicated additional time.

For plaque assays, Caco-2/TC7 cell monolayers were cultured on plastic six-well plates for 3 wk, infected at a MOI of 5 for 2 h, and washed, followed by the addition of a 0.5% agarose overlay containing 50 μg/mL gentamicin in culture medium. Forty-eight hours later, cells were fixed with ethanol and stained with Giemsa R solution. Plaque sizes were quantified using Fiji (ImageJ) software.

RUSH Assay to Assess Anterograde Trafficking. RUSH stable HeLa cell line expressing the ER molecular hook streptavidin-KDEL and the cargo SBP-EGFP-TNFα (45) were uninfected or infected with the indicated S. flexneri strain expressing mCherry fluorescent protein. After 15 min at RT and 45 min at 37 °C, the medium was replaced by medium containing 40 μM biotin (Sigma) to initiate the cargo transport from the ER and incubated at 37 °C for an additional 60 min. Cells were washed with ice-cold PBS, fixed in PFA (4%)-PBS for 20 min on ice, and stained for 1 h at RT with an anti-GFP DyLight 680 antibody (Rockland) to detect the surface-arrived SBP-EGFP-TNFα. After harvesting, surface anti-GFP DyLight 680 fluorescence was measured by FC (MoFlo Astrios EQ, Beckman) in the infected population of cells (mCherry positive). Results are the mean expressed as the percentage of total (uninfected or infected) cells expressing the RUSH cargo at their surface. Alternatively, cells grown on coverslips were infected as before, and subsequent immunofluorescences were performed as indicated in the figures. SILAC Labeling, Infections, Sample Collection, and Preparation. Human Caco-2/ TC7 cells were cultured for six passages in SILAC DMEM flex media deficient for L-arginine and L-lysine (Gibco) with 20% heat inactivated dialyzed FBS (dFBS) (Thermo Fisher), 1 g/L glucose (Sigma), GlutaMAX 1×,n o n e s s e n t i a l amino acids, 10 U/mL penicillin/streptomycin (all from Gibco) supplemented with either 13 C 6 , 15 N 4 L-arginine-HCl and 13 C 6 , 15 N 2 L-lysine-2HCl (Heavy media) or with [START_REF] Gesbert | Clathrin-lndependent endocytosis and signalling of interleukin 2 receptors IL-2R endocytosis and signalling[END_REF] C 6 L-arginine-HCl and 4,4,5,5-D4 L-lysine-2HCl (Medium media) (arginine at 84 mg/mL and lysine at 146 mg/mL; Thermo Fisher Scientific). The stable isotope labeling was confirmed by LC-MS/MS after protein in-gel separation and digestion of blue bands. Labeled cells were seeded on sixwell Transwell inserts and cultured for 21 d in Heavy or Medium SILAC medium changing the medium three times per week.

For secretome collection, 24 h before infections, cells were washed with DMEM for SILAC with 20 mM Hepes, and medium was replaced with either Medium or Heavy SILAC media but containing 2% dFBS. Cells were uninfected or infected with AfaE-expressing WT or virAipaJ strains. To that end, apical and basal chambers of Transwell inserts were washed three times with DMEM for SILAC/Hepes, Medium SILAC medium was added to uninfected cells, and bacteria were added in the apical chamber at an MOI of 75 in Heavy SILAC medium without FBS or antibiotics. After 15 min at RT and 30 min at 37 °C, cells were washed three times with DMEM for SILAC/Hepes, 1.5 mL of FBS-free Medium or Heavy SILAC media with 50 μg/mL gentamicin were added at either apical or basal Transwell chambers, and cells were further incubated at 37 °C for 4.5 h. Apical and basal secretomes were collected (total volume: 3.6 mL/condition), UI and infected samples mixed in a 1:1 ratio, centrifuged (200 × g, 5 min), filtered with 0.22-μm syringe filters (Minisart; Sartorius Stedim Biotech S.A.), and snap-frozen in liquid N 2 .F o r proteome analysis, cells were lysed in RIPA buffer containing protease inhibition mixture, and samples were mixed at a protein stoichiometry ratio of UI:infected 1:1. Samples were kept at -80 °C until use. Before trypsin digestion, uninfected and infected secretomes mixing at a 1:1 ratio was done according to cell number in Transwells from which the secretome was prepared (total volume, 3.6 mL), and then concentrated to 500 μLo nA m i c o n Ultra-15, 10,000 molecular weight cutoff centrifugation filter units (Millipore). For the filter-aided sample preparation protocol, a total of 60 mg of urea and 16 μLo fMD T Tw e r ea d d e dt o5 0 0μL of concentrated secretome; the solution was mixed on a Nanosep (10 KDa, Pall) device and was incubated at 57 °C for 15 min. The mixture was spun down and was washed two times with 500 μL of 2 M urea in 0.1 Tris/HCl, pH 8.5. A total of 100 μLof 0.05 M iodoacetamide was added and was incubated for 30 min at RT in the dark. Two washes with 25 mM ammonium bicarbonate were performed, and the secretome was digested with 5 μg of trypsin/LysC (Promega) for 4 h at 37 °C. The digested peptides were collected by centrifugation, and the filtrate was dried in a vacuum concentrator at room temperature and was redissolved in solvent A (2% acetonitrile, 0.1% formic acid). Peptides were then subjected to LC/MS analysis. For proteome analysis, mixed proteins lysates were separated on 10% SDS/PAGE (Thermo Fisher Scientific) and were digested in-gel with trypsin/LysC (Promega) as described in standard protocols. Extracted peptides were dried in a vacuum concentrator at RT and were redissolved in solvent A (2% MeCN, 0.1% HCO 2 H) before LC/MS analysis.

LC-MS/MS Analysis. For the analysis of cell lysates, peptides were separated by reverse-phase chromatography by using an UltiMate 3000 RSLCnano system coupled to an Orbitrap Fusion mass spectrometer (Q-OT-qIT; Thermo Fisher Scientific). Samples were loaded on a nanoViper C18 μ-precolumn (75 μm × 2c m ; Acclaim PepMap; Thermo Scientific) at 5 μL/min of solvent A. After a desalting of 8min,theprecolumnwasswitchedontheC18column(75μm × 50 cm; 3 μm, 100 Å; Acclaim PepMap; Thermo Scientific) equilibrated in solvent A. Bound peptides were eluted using a 168-min four-step linear gradient [from 5 to 6% (vol/vol) in 1min,6to9%in18min,9to30%in132min,and30to40%in9min]ofsolvent B( 1 0 0 %M e C N ,0 . 0 8 5 %H C O 2 H) at 60 °C and a 300 nL/min flow rate.

For the analysis of secretome samples, peptides were loaded on a C18 μ-precolumn (Thermo Scientific) at 20 μL/min in solvent A. After a desalting step for 3 min, the precolumn was switched on the C18 column (Thermo Scientific) equilibrated in solvent A, and peptides were eluted with a 215min two-step linear gradient of solvent B [from 5 to 20% (vol/vol) in 147 min and 20 to 40% in 65 min]. We acquired Survey MS scans at a resolution set to a value of 120,000, with a mass range of m/z 400-1,500 and a 4 × 10 5 ion count target. Tandem MS was performed by isolation at 1.6 Th with the quadrupole, HCD fragmentation with normalized collision energy of 28, and rapid-scan MS analysis in the ion trap. The MS 2 ion count target was set to 1 × 10 4 , and only those precursors with charge state from two to seven were sampled for MS 2 acquisition. The instrument was run in top speed mode with 3-s cycles.

LC-MS/MS Data Processing and Protein Identification. Data were acquired using the Xcalibur software (version 3.0), and the resulting spectra were interrogated by Sequest HT through Thermo Scientific Proteome Discoverer (version 2.1) with the SwissProt human database (012016). The mass tolerances in MS and MS/MS were set to 10 ppm and 0.6 Da, respectively. We set carbamidomethyl cysteine, oxidation of methionine, N-terminal acetylation, heavy 13 C 6 15 N 2 -lysine (Lys8) and [START_REF] Gesbert | Clathrin-lndependent endocytosis and signalling of interleukin 2 receptors IL-2R endocytosis and signalling[END_REF] C 6 15 N 4 -arginine (Arg10), medium 2 H 4 -lysine (Lys4) and 13 C 6 -arginine (Arg6) as variable modifications. We set specificity of trypsin digestion and allowed two missed cleavage sites.

The resulting files were further processed by using myProMS (version 3.5) (50). The Sequest HT target and decoy search result were validated at 1% falsediscovery rate with Percolator. For SILAC-based protein quantification, peptides extracted ion chromatograms (XICs) were retrieved from Thermo Scientific Proteome Discoverer or computed with MassChroQ, version 1.2.1 (51). Global MAD normalization or not was applied on the total signal to correct the XICs for each biological replicate. Protein ratios were computed as the geometrical mean of related peptides. To estimate ratio significance, a t test was performed with the R package limma (52) and the false-discovery rate has been controlled thanks to the Benjamini-Hochberg procedure (53) with a threshold set to 0.05.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (54) partner repository with the dataset identifier PXD012291.

Bioinformatics Analysis. myProMS (version 3.5) (50) was used to analyze SILAC results. Proteins from infected secretomes were considered as differentially secreted from uninfected secretomes when showing a fold change above or less than 2, P < 0.05 and at least three detected peptides. Fold change-based GO enrichment analysis was performed as in ref. 55. SignalP 4.0 (56) was used to determine which proteins contained a signal peptide (predicted or confirmed). SecretomeP 2.0 (57) was used to detect nonconventional secretion; proteins above a cutoff of 0.5 were considered as secreted proteins. GO terms (58) were extracted from PANTHER (59) and UniprotKB.

Tf Recycling and Endocytosis. For Tf recycling experiments, Hep2 cells cultured in six-well plates were incubated at RT with DMEM-Hepes (UI) or the indicated bacterial strains expressing GFP or dsRed proteins at an MOI of 100. After 15 min of infection, human Tf coupled to Alexa Fluor 647 (Tf-AF647) (Invitrogen) was added at 0.5 μg/mL in DMEM-Hepes-0.1% BSA at 37 °C. After 30 min of incubation to allow Tf-AF647 endocytosis, surface Tf-AF647 was removed by treating cells with ice-cold sodium acetate (20 mM pH 3.0) for 3 min at 4 °C before neutralization with DMEM-Hepes (pH 10). Cells were incubated back at 37 °C in DMEM-Hepes-0.1% BSA supplemented with 50 μg/mL human nonfluorescent holo-transferrin to perform a time course. Cells were scraped gently and transferred into ice-cold PBS for FC analysis.

For Tf endocytosis, Hep2 cells were uninfected or infected with GFPexpressing relevant strains as previously described. After 60 min of infection at an MOI of 10, cells were washed twice with warm DMEM-Hepes and incubated for an additional 30 min in the same medium containing 0.1% BSA and gentamicin (50 μg/mL) to kill extracellular bacteria. Tf uptake time course was performed by incubating cells in a water bath at 37 °C with DMEM-Hepes-0.1% BSA in the presence of 0.5 μg/mL Tf-AF647 for different time points, followed by an acid stripping of remaining membraneassociated Tf-AF647.

To measure surface TfR levels, UI or infected cells were incubated at 4 °C in the presence of Tf-AF647 for 30 min. Cells were acid washed or untreated, and the total surface Tf-AF647 fluorescence was quantified by FC.

Where indicated, cells were transfected with the relevant plasmids the day before the Tf recycling or endocytosis experiments by electroporation (10 μgof DNA/4.5 × 10 6 cells) or using Lipofectamine 3000 (Thermo Fisher Scientific).

The geometrical mean fluorescence of intracellular Tf-AF647 was measured in gated living cells (using DAPI or Live/Dead Fixable Violet Cell Stain Kit; L34955; Molecular Probes) by FC in a BD FACSCanto II Flow Cytometer (BD Biosciences) or an Attune NxT Flow Cytometer (Thermo Fisher Scientific). Tf recycling results were expressed as the percentage of the remaining intracellular Tf-AF647 at each time point with respect to time 0 of recycling. Tf recycling rate was determined from the slope of ln2 data during the first 30 min of kinetics. Tf endocytosis results were expressed as Tf endocytosis rate, calculated as the internal Tf-AF647 fluorescence over time, during the first 10 min of kinetics. Animals, Infections, and Sample Preparation. Guinea pigs were infected according to previously described protocols (27, 28). Female specific-pathogenfree Hartley guinea pigs (120-250 g) were purchased from Charles River Laboratories, maintained in animal care facilities of Institut Pasteur, and provided with food and water ad libitum. Animal experiments were carried out under approval by the "Use Committee of Institut Pasteur and by the French Ministry of Agriculture no. 2013-0113." Briefly, animals were anesthetized intraperitoneally using a mixture of ketamine (100 mg/kg; Merial) and xylazine hydrochloride (10 mg/kg; Bayer) before intrarectal inoculation of S. flexneri strains at 5 × 10 10 cfu per 200 μL. Animals were killed at 4 and 8 h postchallenge. The distal 10 cm of colon was harvested and fixed overnight in 4% (vol/vol) PFA in PBS, and incubated in PBS-glycine (100 mM) for 30 min to quench the PFA. Tissues were then immersed successively in 15% and 30% (wt/vol) sucrose at 4 °C overnight. Tissues were cut and embedded in Tissue-Tek OCT compound (Sakura) using a flash-freeze protocol and frozen at -80 °C.

Immunofluorescence. Hep2 and Hep2β cells were fixed in PFA (4%) sucrose (4%) in PBS for 20 min and quenched with NH 4 Cl (50 mM) for 10 min. Permeabilization, blocking, incubations, and washes were done with PBS BSA (0.1%) saponin (0.05%). Polarized Caco-2/TC7 cells were washed, fixed, and quenched preparing solutions in PBS with Ca 2+ and Mg 2+ (Gibco). Permeabilization was done in PBS Ca 2+ Mg 2+ gelatin (0.2%), saponin (0.075%) for 1 h at RT, primary antibodies incubated for 90 min at RT or overnight at 4 °C, secondary antibodies for 1 h at RT, together with DAPI (1 μg/mL) and phalloidin coupled to Alexa Fluor (Molecular Probes) if indicated.

For tissue sections, immunofluorescence samples were prepared as follows: 10-μm-thick transversal colon sections were permeabilized in PBS 0.5% Triton X-100 for 30 min, blocked in PBS 1% BSA for 30 min at RT, and incubated overnight at 4 °C with the indicated primary antibodies, together with phalloidin Alexa Fluor 647 (1:100) diluted in PBS, 0.1% Triton X-100, and 1% BSA. Sections were then washed with PBS and stained for 1-2 h at RT with Alexa Fluor 568 goat anti-mouse or anti-rabbit (A11031 and A11036; Molecular Probes), followed by incubation with DAPI (1 μg/mL) for 10 min at RT. Samples were washed with PBS before mounting.

ProLong Gold Antifade (Molecular Probes) was used as mounting medium.

Image Acquisition. The following equipment was used for image acquisition: a LSM700 inverted laser-scanning confocal microscope (Zeiss), with a 40×/1.4 oil immersion or a 63×/1.4 oil immersion objective (Zeiss); an Axio Observer.Z1 microscope (Zeiss) equipped with a swept field confocal Opterra system (Bruker) and an Evolve 512 Delta EMCCD camera (Photometrics), using a 63× PlanAPO-CHROMAT oil immersion/1.4 N.A. objective (Zeiss); a slide scanner Axio Scan.Z1 (Zeiss), using a 40× dry objective; and an inverted confocal microscope LSM 780 Elyra PS.1 (Zeiss), using an alpha Plan Apo 100×/1.46 N.A. oil objective (Zeiss) (TIRF imaging).

Image Analysis and Quantification. Microscopy images were processed and quantified with Fiji (ImageJ) (60), ICY software (61) (http://icy.bioimageanalysis. org), or Zen (Zeiss). Colocalization quantification was performed on confocal images using the Statistical Object Distance Analysis (SODA) plugin in ICY software described in ref. 62. IL-2Rβ endocytosis was quantified with ICY software using "HK-Means" and "Active Contours" plugins to automatically detect cell boundaries and "Spot Detector" plugin to measure the number of the IL-2Rβ spots within the detected cells. The total intensity of IL-2Rβ spots was normalized to the mean value of the uninfected conditions. Quantification of Dnm2 or CLC density at plasma membrane from TIRF images was performed using ICY Spot Detector plugin to quantify the number of spots per cell area. Quantification of Tf-A647 uptake by Caco-2/TC7 cells was performed with Fiji, by quantifying the total fluorescence per cell from 10 slices of 0.8 μm from a z-stack. Tissue images were acquired with 40× objectives, and subsequent stitching was performed using Zen software to build the mosaic images. Quantification of bacteria depth penetration into the intestinal mucosa was done from images illustrated in SI Appendix,F i g . S4C with Fiji, by measuring the maximum bacterial distance of penetration from the epithelium surface, with respect to the total mucosal thickness.

Data Presentation and Statistical Analysis. 
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 13 Figure 1.3 Schematic representation of the cytoplasmic domains of IL-2Rβ and IL-2Rγ involved in signaling.IL-2Rα has a short cytoplasmic tail with only 13 residues, not participating in signal transduction. IL-2Rβ is a 585 residues-long type I transmembrane protein with a cytoplasmic tail containing 286 residues and divided into different domains. The membrane proximal region contains two short domains (Box1 and Box2) of 14 residues. Additionally, there is a serine-rich domain (from redidue 267 to residue 322) followed by an acidic domain (from residue 313 to residue 382) and a C-terminal proline-rich domain (with the last 147 residues). The cytoplasmic tail of IL-2Rβ contains six tyrosine residues (phosphorylation sites). IL-2Rγ is a 347 residues-long type I transmembrane protein with a cytoplasmic tail containing 86 residues, among which four tyrosine residues. Its membrane proximal domain also contains Box1 and Box2 motifs. IL-2Rβ and IL-2Rγ are the signaling components of IL-2R, with JAK1 and JAK3 constitutively bound to Box1 and Box2 of IL-2Rβ and IL-2Rγ respectively. Figure based on Gesbert et al.38 
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  and NK cells 72 . (v) IL-21 was identified as the ligand for an unknown type 1 cytokine receptor most similar to IL-2Rβ 80 . This cytokine is produced by CD4 + T cells and NK T cells and has numerous broad functions, including the promotion of CD8 + T cell expansion, together with IL-7 and IL-15, and the development of CD8 + T memory cells. IL-21 promotes differentiation of Tfh and Th17 cells, inhibits differentiation of Treg and Th9 cells, and mediates the production of IgG1 while repressing IgE. Additionally, IL-21 is important for the terminal differentiation of B cells to plasma cells and supports apoptosis of incompletely activated B cells, hence an important player in autoimmune diseases 20,72 (Fig. 1.7).In XSCID, all six cytokine signaling cascades are disrupted. IL-7 and IL-15 contribute to the majority of defects observed in patients, due to their critical role in T cell and NK cell development while impaired signaling by IL-21 and IL-4 contribute to the presence of nonfunctional B cells20,[START_REF] Rochman | New insights into the regulation of T cells by γc family cytokines[END_REF] . Given that JAK3 is associated with γ c , mutations in JAK3 cause an autosomal-recessive disorder that phenocopies XSCID 81 . Cytokines from the γ c family activate both JAK1 and JAK3, with JAK1 interacting with IL-2/15Rβ and with the specific α subunits of the receptors for IL-4, IL-7, IL-9 and IL-21. Despite activation of the same JAK proteins, the signaling pathways induced by these cytokines are distinct. IL-2, IL-7, IL-9 and IL-15 mainly activate STAT5A and STAT5B, while IL-4 activates STAT6 and IL-21 mainly activates STAT320,[START_REF] Rochman | New insights into the regulation of T cells by γc family cytokines[END_REF] . This differential activation of STAT proteins can partially explain the different effects of these cytokines. Additionally, their specificity relies on exact temporal and spatial patterns of cytokine production, as well as the available target cells expressing the corresponding receptor and its affinity, which can lead to potential competition among the various γ c cytokines 82 .

Figure 1 . 8

 18 Figure 1.8 Constitutive and IL-2-induced internalization of the IL-2R and its intracellular trafficking.The three chains of the IL-2R follow the Golgi-mediated secretory pathway and are commonly found in lipid rafts at the plasma membrane. IL-2Rβ and IL-2Rγ can be constitutively internalized, i.e. in the absence of the ligand, via a clathrin-independent pathway. IL-2 leads to oligomerization of the three chains, assembling the high-affinity receptor that induces signaling pathways promoting T cell proliferation and an immune response. Ligandinduced endocytosis of the trimeric receptor is faster than constitutive uptake. Following internalization into early endosomes, IL-2Rα is recycled to the cell surface and IL-2, IL-2Rβ and IL-2Rγ are sorted for degradation in the lysosome, terminating the signal transduction.

  1.9). The continuous development of our knowledge on endocytic processes combined with the enormous variety and complexity of the molecular machineries and cargos involved in these mechanisms renders difficult their clear classification. Below are presented different endocytic routes classified on their general use or not of a coat protein.

  sensors152 . F-BAR domain-containing proteins, like FCHO1/2, contain a shallow curvature and are recruited earlier in the endocytic process. N-BAR domain-containing proteins, such as endophilin and amphiphysin, have a very high curvature and are recruited during the final steps of endocytosis. BAR domain-containing proteins with intermediate curvature, like SNX9, are recruited in between137,153 . Besides membrane curvature, the precise species of phosphoinositides (PIPs) that are sequentially produced might also regulate the recruitment of BAR proteins 137 .The clathrin-mediated endocytic journey ends with disassembly of the protein machinery, which can then be reused in a new round of endocytosis, and release of the vesicle that fuses with intracellular compartments (Fig.1.12B). Disassembly of the clathrin coat involves dephosphorylation of PI(4,5)P 2 and rupture of the interactions between clathrin molecules.Conversion of PI(4,5)P 2 to PI4P depends on the phosphatase synaptojanin, recruited at later stages along with dynamin by the BAR protein endophilin154,155 . Moreover, PI(4,5)P 2 dephosphorylation by synaptojanin also seems to promote dynamin-induced membrane scission and vesicle uncoating. The chaperone heat shock cognate 71-kDa protein (HSC70), recruited to the clathrin-coated vesicles by the protein auxilin following scission, is responsible for clathrin disassembly. Auxilin is recruited to clathrin-coated pits when sufficient levels of PI(3)P and PIP(3,4)P 2 are available. These two lipids result from the synaptojanin-mediated dephosphorylation of PI(4,5)P 2 137 . A second phosphatase, inositol polyphosphate 5-phosphatase (OCRL1), has been implicated in dephosphorylation of PI(4,5)P 2 and seems to be fundamental in the acquisition of an endosomal identity by the newly formed vesicle137,156 .

  2Rβ internalization. Contrarily, overexpressing the inactive form of RhoA inhibited IL-2Rβ but not Tf endocytosis[START_REF] Lamaze | Interleukin 2 Receptors and Detergent-Resistant Membrane Domains Define a Clathrin-Independent Endocytic Pathway[END_REF] . In addition to RhoA, Rac1 is another Rho GTPase later discovered to participate in IL-2Rβ internalization 221 . Rac1 controls actin polymerization by activating the downstream targets, Pak1 and Pak2, which are required for IL-2Rβ endocytosis as they phosphorylate cortactin, on serine residues 405 and 418, promoting its activity by increasing the interaction with the Arp2/3 nucleator N-WASP (Fig.1.18B)221,222 . Cortactin phosphorylation by Pak1 might either induce conformational changes that allow access to the N-WASP interacting domain, or lead to recruitment of adaptor proteins that promote the interaction of cortactin with N-WASP 222 . Therefore, Rac1 and Pak1 regulate the establishment of a core complex, composed of cortactin, N-WASP and Arp2/3, that stimulates actin polymerization during IL2Rβ endocytosis.

1 .

 1 18), with dynamin controlling the recruitment of cortactin to the pit. Electron microscopy and tomography studies provided new clues into the mechanism of IL-2R pit initiation. In both epithelial and human T cell lines, IL-2Rβ was mainly found in endocytic pits at the base of membrane protrusions (Fig. 1.18A). This association of the receptor with protrusions requires the WAVE complex, a nucleation-promoting factor that activates Arp2/3. WAVE interacts with IL-2Rβ through a WAVE-interacting receptor sequence (WIRS) in the cytoplasmic tail of the β subunit. Observation of the dynamic recruitment of WAVE, N-WASP and Arp2/3, using total internal reflection fluorescence (TIRF) microscopy, suggested a model in which IL-2R pit initiation, in the vicinity of membrane protrusions, results from the sequential action of two bursts of actin polymerization (Fig. 1.18A, steps 2, 3). The first one occurs before IL-2R clustering, directed outwards and promoted by the WAVE complex, and the second one takes place just before vesicle scission, directed inwards and induced by N-WASP. Additionally, dynamin-2 seems to play a dual role in IL-2Rβ uptake (Fig. 1.18A, step 3). It functions as a transient controller for the recruitment of WAVE and N-WASP and it induces vesicle scission 223 .Recently, IL-2Rβ was identified among the cargoes internalized by the FEME pathway.Likewise IL-2R uptake, FEME takes place at sites of cell protrusion, in this case the leading edge. Several molecular players are shared between the IL-2R internalization mechanism and FEME, including dynamin, Rac1, PI3K, Pak1, Pak2 and N-WASP. Notably, endophilin-A2 is necessary for dynamin-2 recruitment in the last steps of IL-2Rβ endocytosis (Fig.1.18A, step 3) 201 . Despite the similarities, it has been suggested that the mechanism involved in IL-2R cargo sorting is different from that of FEME, which relies on recognition of surface receptors by cytosolic adaptors. In the case of IL-2R, endocytic pit formation might result from clustering of the receptor at the cell surface and consequent local recruitment and concentration of the WAVE complex, followed by increased dimerization and activity of WASP proteins224 . This cooperative association of multiple WAVE or WASP complexes is linked to a greater Arp2/3-dependent actin polymerization225,226 , which could result in enhanced actin protrusions near IL-2R-containing pits 207 . A remaining question is how signaling by IL-2R correlates with its partition at the plasma membrane and with its endocytosis. Recently, the protein Alix was shown to be key for IL-2Rβ uptake and STAT5 phosphorylation, thus linking clathrin-independent endocytosis with signal transduction 211 .

  1.20) and drive internalization of the pathogenic toxins. A similar mechanism takes place with physiological cargo such as CD44 and β1 integrin, which associate with secreted galectin-3, through their glycosylated extracellular domains, hence inducing their dimerization and internalization (GL-Lect hypothesis, Fig.1.15)230 . Recruitment of adaptors to the membrane might also increase upon high concentration of cargo receptors. A study controlling local multimerization of biotinylated transferrin receptors, using streptavidin, has shown that clustering of the receptor led to increased clathrin-coated pit initiation, and that clusters assembled prior to clathrin arrival 145 .

  1.22B). Actin remodeling, through filament branching and severing, would disengage transmembrane pickets, resulting in higher receptor diffusion and clustering and priming cells for phagocytosis262,265 . Diffusion of another clustering-prone receptor, CD36, involved in the uptake of oxidized LDL by macrophages, has been found to rely on the cortical actin cytoskeleton. Clustering of CD36 at the plasma membrane occurs upon ligand engagement and triggers receptor internalization and signal transduction. The spatial distribution of this receptor at the surface is structured by cortical actin limiting membrane regions. Confinement of a subpopulation of receptors within these regions promotes collisions among molecules and, consequently, their clustering. Inhibition of receptor diffusion through actin perturbation reduces CD36 clustering, internalization and signaling upon ligand binding 266 . Therefore, receptor diffusion, controlled by actin-induced domains (Fig.1.

  generated a CRISPR-edited T-cell line expressing the common γ chain of IL-2R coupled to a fluorescence probe (GFP). Taking advantage of TIRF live imaging microscopy, singlemolecule calibration and endocytic tracking methods previously developed in my host lab, I investigated IL-2R clustering in view of the following main aims:1. To investigate the stoichiometry of IL-2Rγ at endocytic sites, correlating receptor clustering with its uptake; 2. To unravel some of the putative factors that might impact IL-2Rγ clustering, with a particular focus in membrane cholesterol and the actin cytoskeleton, due to their known function in regulating plasma membrane domains; 3. To understand how IL-2Rγ clustering, as well as its perturbation, translated into IL-2mediated signaling efficiency.

factors ( 8 )

 8 , although the orchestration of these factors and their organization is not fully understood. Recent advances in gene-editing tools and single-molecule fluorescence imaging techniques enabled the characterization of protein oligomerization and complex assembly at the plasma membrane in living cells. For instance, in clathrin-mediated endocytosis, pits initiate by coordinated arrival of one clathrin triskelion and two membrane-bound AP2 proteins that stabilize the complex, increasing its residence time at the membrane and allowing further addition of more clathrin molecules (9). In mammals, the last step of vesicle fission requires the action of the large GTPase dynamin. Recently, several groups showed that approximately 26 molecules of dynamin are recruited to the neck of the clathrin vesicle(10, 11), which is sufficient to form a short helix that encircles the neck of the vesicle once and bridges two dynamin molecules together, thus activating the GTPase and driving scission (10).

2 .

 2 Detect eGFP spots by extracting the first frame of the movie and use it as the input sequence for detection of spots with Spot Detector, within the tab Detection & Tracking (see Note 8). The plugin is set to detect bright spots over dark background, in its Detector tab, and the scale and sensitivity of detection are chosen according to the spot size and brightness (see Note 9). In our case, a scale of 2 (objects of approximately 3-6 pixels size) and sensitivity of 70 are regularly used. In the Output tab of the plugin, the Export to ROI

6 .

 6 Calculate the unitary bleaching steps for approximately 100 spots. If plotted, the bleaching step intensity of these spots should follow a Gaussian frequency distribution (Fig. 2f). If otherwise, it might indicate an excessive density and aggregation of eGFP. The mean of the unitary bleaching steps (U eGFP ) corresponds to the intensity value of one molecule of eGFP and is later used to infer the number of GFP-IL-2Rγ molecules.

4 .

 4 Obtain the number of molecules per track by performing a post analysis of the track fluorescent intensity with the two Excel files newly created. The first one contains information on the receptor tracks (from eTrack, step 2), such as xy position, duration of the track, initial and final frame, number of spots (real detections), mean spot size and others. The second file contains data on the mean, maximum and minimum fluorescence intensity of each track (from Track Manager, step 3). Importantly, the track numbers between the two files are corresponding, therefore the fluorescence intensity of a track can be related with its duration, for example. Using the latter file, the background fluorescence of the cell is obtained by retrieving the minimum value of intensity (Excel function MIN) among all frames and tracks, in the Excel worksheet Channel 0 -Min intensity (seeNote 12). Then, in the worksheet Channel 0 -Mean intensity, the maximum value of intensity (Excel function MAX), for each track, is retrieved and the background value of intensity, previously obtained, is subtracted from it. This is the fluorescence intensity value used to calculate the number of molecules in a receptor track,

4 .

 4 Coating of eGFP at low density (lower than 1-2 spots per µm 2 ) is extremely important, since single-molecule photobleaching counting is conditioned by the diffraction limit of light. At high densities of eGFP, single molecule fluorescent spots will overlap or form aggregates, limiting the observation of single photobleaching steps. A dilution between 1:10 000 and 1:100 000 should be used for eGFP coating. The final density also varies greatly with the eGFP incubation time at 37°C and the number of washes. Additional washes can be done if, when starting acquisition, a slight excessive density of eGFP is seen at the microscope. Otherwise, if clustering of eGFP is noticeable, the best is to restart the preparation with an increased dilution. The reader can refer to Fig.2afor an example of a correct and incorrect density of fluorophore coating. 5. Edited cells express endogenous amounts of the receptor coupled to one fluorophore,

7 .

 7 photobleaching in protein complexes with many subunits: best practices and application to the cellulose synthesis complex. Mol Biol Cell 25:3630-42 20. Tsekouras K, Custer TC, Jashnsaz H, et al (2016) A novel method to accurately locate and count large numbers of steps by photobleaching. Mol BiolCell 27:3601-3615 

  3-fold) of IL-2Rβ and IL-2Rγ endocytosis in both Kit225 non-edited and edited cells, by performing internalization kinetics experiments measured by flow cytometry (Fig.1g)21 . Finally, we verified by western blot that IL-2 induced the phosphorylation of tyrosine residues in both non-edited and edited cells, indicating an efficient initiation of the signaling cascade (Fig.1h)11 . Altogether, these results confirm that gene-edition of IL-2Rγ did not impair the native function of the receptor, and validate the Kit225 GFP-IL-2Rγ cell line as a suitable model to analyze the dynamics and stoichiometry of IL-2Rγ.

  34 . Once at the plasma membrane, addition of IL-2Rγ molecules to pre-assembled clusters leads to the formation of medium size clusters, with 4 to 6 molecules that are endocytic competent. IL-2 promotes the formation of medium clusters that are more rapidly internalized, as shown by both our endocytic tracking analysis and by the fitting of cluster's disappearance rate and their proportions. Clustering might arise from the 'bridging' of multiple clusters through IL-2 interaction with the different IL-2R chains or, alternatively, via a reduced diffusion and stabilization of clusters, in presence of the ligand, allowing addition of further receptor molecules. The IL-2-induced reorganization of IL-2Rγ clusters corroborates the more efficient endocytosis of the receptor upon the ligand. The lifetimes of the endocytic IL-2Rγ subpopulation (30-80 sec) are shorter than previously determined for IL-2Rβ (50-120 sec) 17 .

  of IL-2Rγ clustering and IL-2-induced signaling. These factors are fundamental in the dynamic maintenance of plasma membrane domains, limiting protein diffusion and controlling their partition and function at the cell surface. Large clusters, promoted by cholesterol depletion and Arp2/3 inhibition, likely result from the stochastic interaction of IL-2Rγ molecules due to their enhanced lateral diffusion at the membrane. These large clusters and the increased receptor diffusion might account for the resulting defect in IL-2R endocytosis upon cholesterol or F-actin perturbation. Membrane cholesterol and F-actin seem to primarily function to segregate IL-2Rγ molecules, avoiding unwanted receptor interactions and stochastic clustering that could lead to unrestrained signal activation. In our model, concluding on the crosstalk between clustering and signaling is intricate since we observe two different signaling outcomes paired with increased IL-2Rγ clustering. The enhanced association of receptor subunits upon cholesterol depletion favors large clusters leading to a sustained IL-2-dependent signal. In contrast, Arp2/3 inhibition abrogates IL-2-induced signaling. A decrease in IL-2-induced STAT5 phosphorylation had already been shown in cells treated with the actin depolymerizing drug cytochalasin D 33 . One hypothesis is that IL-2Rγ and IL2Rβ are initially segregated into distinct lipid rafts, which prevents their

  reinforces the assumption of a distinct microdomain partition of IL-2Rγ and IL-2Rβ. Another possibility is that IL-2Rγ and IL-2Rβ are, at least in part, already associated at the plasma membrane yet their cytoplasmic domains are flexible and kept apart to prevent signal activation, as previously suggested33 . Binding of IL-2 could lead to a conformational change in the pre-assembled complex, pulling the cytoplasmic tails of IL-2Rγ and IL-2Rβ closer together through local actin polymerization (49), hence activating the signaling cascade. Interestingly, a similar actin-mediated anchorage mechanism has been proposed for the IL-7R 43 . More broadly, understanding the impact of receptor clustering in signal activation is fundamental as altered expression or assembly of surface receptors can lead to abnormal signal transduction, being linked with several human diseases, such as cancer or immunodeficiences44,45 . Overall, there has been a considerable effort in understanding the role of receptor clustering in cellular trafficking and signaling, underlining the function of organized domains in governing the biophysical and biochemical properties of the plasma membrane. Particularly, our work provided new insights into the regulation of clathrinindependent endocytosis and cytokine-induced signaling by surface receptor clustering, paving the way for compelling future research.

37°C.

  The Arp2/3 inhibitor, CK-666 (Merck Chemicals), was used at 100 µM and incubated with IL-2-starved cells in RPMI, for 30 min at 37°C. The primary antibodies used are the following: for IL-2Rγ, C-20 (1/500, Santa Cruz) and AF284 (1/250 R&D Systems) for western blots, and Tugh4 (1/50, BD Biosciences Pharmigen) for FACS; for IL-2Rβ, C-20 (1/1000 Santa Cruz) for western blots and homemade monoclonal antibody 561 purified 46 and 561-Cy3 19 for FACS and imaging; for IL-2Rα CD25-PE (1/50, Immunotech); GAPDH (1/10 000, Sigma-Aldrich); phospho-STAT5A (1/500, Sigma-Aldrich); phospho-ERK1/2 (1/1000, Cell Signaling); STAT5A (1/2000, Upstate), ERK2 (1/1000, Cell Signaling); phospho-tyrosine 4G10 (1/1000, Millipore); GFP (1/1000, Santa Cruz). Secondary antibodies used were anti-Mouse-HRP, -Rabbit-HRP or -Goat-HRP (Cell Signaling) for western blots, and anti-Mouse-Cy5 (Amersham) and anti-Rat AlexaFluor647 (Invitrogen) for FACS.

  selected 96 hours later for GFP-positive signal using MoFlo Astrios cell sorter (Beckman Coulter) and directly sorted as single cell into 96-well plates. After clonal expansion, out-out PCR was used to screen Kit225 that were GFP positive by performing a Cas9 insertion. Resulting amplicons were analyzed on 2% agarose gel and visualized with ethidium bromide. Identified positive clones were verified at the genomic and protein levels by Sanger sequencing and western blot respectively. The new cell line was named Kit225 GFP-IL-2Rγ.

  For immunoprecipitation (IP) experiments, Kit225 or Kit225 GFP-IL-2Rγ cells (2 × 10 6 cells), drug pre-treated or not (MβCD or CK-666), and incubated or not with 1nM of IL-2 for 30 min, were lysed on ice-cold buffer (50 mM Tris pH 7.4, 50 mM NaCl, 2 mM EDTA and 1% NP-40) and centrifuged for 20 min at 15,000 g at 4°C to obtain lysates. IP lysates were incubated with anti-IL-2Rβ (C-20) antibody for 2 hours at 4°C, washed and protein A-Sepharose (GE Healthcare) was added to them for 1 hour at 4°C. Bound proteins were eluted by boiling in Laemmli buffer for 5 min, loaded on SDS-PAGE gel and analyzed by western blot with anti-IL-2Rγ (AF284), anti-phospho-tyrosine (4G10), anti-GFP and anti-IL-2Rβ (C-20). Lysates were immunoblotted with anti-phospho-STAT5A, anti-phospho-ERK1/2 and anti-GAPDH. Secondary antibodies used were anti-mouse, -rabbit or -goat conjugated to horseradish peroxidase (HRP) and visualized by ECL with Amersham Imager 680 (GE

(

  submitted). Briefly, round 25 mm No. 01 glass coverslips (Fisher Scientific) were precleaned with 70% ethanol followed by acetone, with three consecutive washes in ddH 2 O and 5 min sonication in an ultrasonic cleaning bath after each cleaning step. Coverslips were then coated with Poly-L-lysine (Sigma-Aldrich) to promote cell adherence. Kit225 GFP-IL-2Rγ cells were IL-2-starved 24 hours before imaging and, the day of imaging, 1.5 × 10 6 cells were plated onto pre-cleaned pre-coated coverslips. In experiments with drug treatment, cells were incubated with or without the drug for 30 min at 37°C and treatment was maintained throughout image acquisition. Otherwise, in experiments with no drug treatment, cells were immediately imaged in phenol red-free RPMI supplemented with 5% FBS. Movies were acquired with an LSM 780 Elyra PS.1 TIRF microscope (Zeiss) equipped with an EMCCD Andor Ixon 887 1K camera, and using an alpha Pin Apo 100x/1.46 oil objective, a 488 nm (100 mW) HR solid laser line, and a BP 495-575 + LP 750 filter to detect GFP-IL-2Rγ. Image acquisition was done at 1 frame/sec during 150 sec, with 1% laser power and 150 ms exposure time.

  ), we first detected GFP-IL-2Rγ using the Spot Detector plugin on Icy and then used the Spot Tracking plugin to track their xy displacement. Parameters were automatically estimated with default assumptions for target motion. Tracks were further analyzed with the Motion Profiler Processor plugin.Microscope calibration and single-molecule countingMicroscope calibration and single-molecule analysis of surface receptors was performed as described inSalavessa et al. (submitted). Briefly, purified eGFP molecules (Kerafast) were diluted in sterile PBS and directly added to an imaging chamber holding a pre-cleaned precoated glass coverslip, at a final concentration of 25 ng/ml. Purified eGFP was imaged using LSM 780 Elyra PS.1 TIRF microscope (Zeiss) with the exact same settings as the ones used for live-cell imaging, with the exception of acquisition frequency, which was set to 20Hz (1 frame/50 ms) for a total of 15 sec. Icy software was used to determine the intensity distribution of purified eGFP. Spots were first detected using the Spot detector wavelet-based algorithm, and then converted to ROIs with 2 pixels radius. The intensities of eGFP spots along time were obtained using the ROI Intensity Evolution plugin, and data was exported to Excel. Approximately 70 to 100 individual eGFP bleaching steps were calculated, by determining the difference between their mean fluorescence intensities before and after bleaching. The mean of these values corresponds to the unitary bleaching step of eGFP (U eGFP ).

N

  molecules : number of receptor molecules in a track; MAX I mean : maximum value of the mean intensity of the track; MIN I min : minimum value of the minimum intensity of all tracks, corresponding to the cell's fluorescence background and being a constant value used for all tracks within that cell;MEAN U eGFP : mean of the unitary bleaching step values of purified eGFPTransmission electron microscopy (TEM)Kit225 GFP-IL-2Rγ cells (2 × 10 6 cells per condition) were treated or not with MβCD (2mM) or CK-666 (100 µM), for 30 min at 37°C in RPMI containing 10% delipidated FBS (Dominique Dutscher) and 0.2% fatty acid free BSA (Sigma-Aldrich). Cells were incubated for 20 min on ice with anti-IL-2Rβ antibody (561), washed, and then incubated with protein A coupled to 10 nm gold beads for 15 min at 4°C (1/25 dilution, Aurion). After washing, cells were further incubated for 3 min at 37°C to allow pit initiation. When mentioned, they were treated with 1nM IL-2 during incubation time. Afterwards, cells were fixed in 2% glutaraldehyde (Agar Scientific) diluted in 0.1 M sodium cacodylate buffer at pH 7.4 (EMS), washed with the same buffer, incubated on ice for 1 hour in 1% osmium tetroxide (EMS) reduced with 1.5% potassium ferrocyanide and diluted in 0.1 M sodium cacodylate, and washed with ultrapure water. Following concentration by pre-embedding cells in 4% low melting-point agarose (Promega) and cutting into small pieces of approximately 1 mm 3 on ice, they were dehydrated with 10 min baths on ice through graded concentrations of ethanol (50-70-95-2x100%) then acetone (2x100%), infiltrated in epoxy resin (Agar 100 resin kit, Agar Scientific) at room temperature according to the manufacturer's instructions (3:1, 1:1, 1:3 acetone / resin mixes for 1 day, then 3 x pure resin baths in vacuum for 1 day), and finally infiltrated with resin supplemented with accelerator and polymerized in flat molds for 72 hours at 60°C. Ultrathin sections (70 nm) were cut with an ultramicrotome (Ultracut UCT, Leica Microsystems) and collected on 200 Mesh copper grids (Agar Scientific). Sections were then stained for 20 min with 5% aqueous uranyl acetate (Prolabo) and washed with ultrapure water, before observation with a LaB 6 JEM 2100 HC transmission electron microscope (Jeol), at 80 kV and with an objective aperture adjusted for each sample and used magnifications (x60k and x150k for each imaged bead). Acquisitions were made with a side mounted Veleta CCD camera (Olympus) driven by iTEM software version 5.2 (Olympus). Images were recorded with a 2k x 2k pixels definition (binning 1x1) and a 750 ms exposure time.Approximatelly 45 cells were counted per condition, to determine the proportion of beads in pit or flat membranes.

Fig. 3

 3 Fig. 3 Analysis of GFP-IL-2Rγ cluster population dynamics. a Dynamics of the number of GFP-IL-2Rγ clusters detected at the cell surface in the absence of IL-2 (example, n=5 experiments). The decay from the maximum number of detected clusters, corresponding to the disappearance of cluster spots from the TIRF field-of-view, is fitted with a monoexponential function (highlighted with solid line). b Dynamics of the number of GFP-IL-2Rγ clusters detected at the cell surface in the presence of IL-2 (example, n=6 experiments). c Disappearance rate of clusters in the absence (dark blue line) or presence (light blue line) of IL-2. d Proportion of disappearing clusters with respect to their size without IL-2 and e with IL-2. f Disappearance rate of GFP-IL-2Rγ, resulting from the weighted sum of cluster disappearance rates with respect to their respective proportions in the absence (dark blue) or presence (light blue) of IL-2. Individual experiments are represented with dots and medians are shown.

Fig. 4

 4 Fig. 4 Membrane cholesterol and the actin cytoskeleton regulate GFP-IL-2Rγ clustering. a Distribution of the number of GFP-IL-2Rγ molecules per track in control and MβCDtreated cells, IL-2 starved (-IL-2) or IL-2 stimulated (+ IL-2). Histograms are represented as relative frequency of tracks, and dashed lines connecting the bars show the overall distribution of GFP-IL-2Rγ molecules per track in each condition. b Proportion of GFP-IL-2Rγ tracks with cluster sizes of 3 or less molecules, 4 to 6 molecules, or more than 6 molecules, represented as a percentage of total GFP-IL-2Rγ tracks (mean ± SEM). Data in a and b obtained from 3 independent experiments (-IL-2, n = 7035 tracks, + IL-2, n = 6892 tracks, MβCD -IL-2, n = 3162 tracks, MβCD + IL-2, n = 2741 tracks). c Duration of GFP-IL-

  each cluster group, per condition (mean ± SEM in seconds. -IL-2, ≤ 3 molecules n = 1416 tracks, 4-6 molecules n = 564 tracks, >6 molecules n = 12 tracks. + IL-2, ≤ 3 molecules n = 1489 tracks, 4-6 molecules n = 858 tracks, >6 molecules n = 100 tracks. MβCD -IL-2, ≤ 3 molecules n = 1305 tracks, 4-6 molecules n = 1490 tracks, >6 molecules n = 367 tracks. MβCD + IL-2, ≤ 3 molecules n = 1319 tracks, 4-6 molecules n = 1277 tracks, >6 molecules n = 145 tracks, data from 4 independent experiments). d Total displacement of GFP-IL-2Rγ tracks (left) and search radius of that displacement (right), in control and MβCDtreated cells. Each dot represents one cell and means (± SEM) are shown in µm. Control, n = 31 cells. MβCD, n = 34 cells. Data obtained from 3 independent experiments. e Distribution of the number of GFP-IL-2Rγ molecules per track in control and CK-666-treated cells, IL-2 starved (-IL-2) or IL-2 stimulated (+ IL-2). f Proportion of GFP-IL-2Rγ tracks with cluster sizes ≤ 3, 4-6 or >6 molecules, represented as a percentage of total GFP-IL-2Rγ tracks (mean ± SEM). Data in e and f obtained from 7 independent experiments for control and from 3 independent experiments for CK-666 (-IL-2, n = 4969 tracks, + IL-2, n = 4089 tracks, CK-666 -IL-2, n = 4126 tracks, CK-666 + IL-2, n = 3392 tracks). g Duration of GFP-IL-2Rγ tracks from each cluster group, per condition (mean ± SEM in seconds, -IL-2, ≤ 3 molecules n = 3986 tracks, 4-6 molecules n = 1864 tracks, >6 molecules n = 53 tracks. + IL-2, ≤ 3 molecules n = 2644 tracks, 4-6 molecules n = 2181 tracks, >6 molecules n = 274 tracks. CK-666 -IL-2, ≤ 3 molecules n = 1337 tracks, 4-6 molecules n = 1778 tracks, >6 molecules n = 342 tracks. CK-666 + IL-2, ≤ 3 molecules n = 1245 tracks, 4-6 molecules n = 1503 tracks, >6 molecules n = 155 tracks, data from 3 and 7 independent experiments for Control and CK-666 respectively). h Total displacement of GFP-IL-2Rγ tracks (left) and search radius of that displacement (right), in control and CK-666-treated cells. Each dot represents one cell and means (± SEM) are shown in µm. Control, n = 32 cells. CK-666, n = 34 cells. Data obtained from 3 independent experiments. Statistics in c and g were performed by ANOVA (Krustal-Wallis) with Dunn's multiple comparisons within each cluster group, and in d and h by a twotailed unpaired t-test. ns: non-significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Supp. Fig. 1 Characterization of GFP-IL-2Rγ subpopulations. a Violin plots (left) and histograms (right) of the round number of GFP-IL-2Rγ molecules per track obtained by eTrack analysis, in control and BFA-treated cells, IL-2 starved (-IL-2) or IL-2 stimulated (+ IL-2) (mean ±SD, -IL-2, n = 3774 tracks, + IL-2, n = 2716 tracks, BFA -IL-2, n = 2689 tracks, BFA + IL-2, n = 4242 tracks, data obtained from 4 independent experiments). b Endocytosis kinetics of IL-2Rβ in control and BFA-treated Kit225 GFP-IL-2Rγ cells, in the absence (full line) or presence (dashed line) of IL-2, determined by flow cytometry analysis (mean ± SEM n = 3). c Distribution of GFP-IL-2Rγ track's lifetimes, fitted with a mixture model comprising one exponential distribution (Exp, red line) and 3 Gaussians with the following means (± SD): G1 (blue line) 29.1 ± 4.8 sec, G2 (green line) 43.9 ± 9.8 sec, G3 (pink line) 149.6 ± 0.6 sec. d Representative images of modified FRAP experiment (top) and histogram of the duration of GFP-IL-2Rγ tracks reappearing at the surface of control or BFAtreated cells after photobleaching (bottom). Cells were imaged by TIRF microscopy and photobleached with 100% laser power during 30 sec. Following 2 min recovery, live-imaging movies were acquired as normally (1% laser power, 1 frame/sec). Data from 2 independent experiments, with a total of 535 tracks in control cells and 120 tracks in cells treated withBFA. e Distribution of the duration of GFP-IL-2Rγ tracks (non-colocalizing) and GFP-IL-2Rγ/IL-2Rβ colocalizing tracks, represented as a relative frequency of total GFP-IL-2Rγ tracks (mean ± SD, GFP-IL-2Rγ, n = 629 tracks, GFP-IL-2Rγ + IL-2Rβ, n = 229 tracks; data from 2 independent experiments). f Violin plot representing the number of GFP-IL-2Rγ per track, according to their lifetimes. Short-lived tracks have durations of 1 to 25 sec (n = 2419 tracks), long-lived tracks have durations of 30 to 80 sec (n = 1695 tracks) and static tracks have durations of 140 to 150 sec (n = 40 tracks). g Distribution of GFP-IL-2Rγ number of molecules per cluster, fitted with 3 Gaussians with the following means (± SD): G1 (red line) 2.6 ± 0.6 molecules, G2 (blue line) 3.9 ± 0.8 molecules, G3 (yellow line) 5.5 ± 1.6 molecules.

  in this work underline the importance of cytokine receptor clustering for clathrin-independent endocytosis and signal transduction. Further, this works provides new insights into the factors regulating receptor clustering at the plasma membrane.With the aim of deciphering the role of IL-2R clustering in its endocytosis, I have determined the stoichiometry of the γ chain of the receptor at the surface of genome-edited T cells. First, I developed a cellular model that endogenously expresses IL-2Rγ tagged with eGFP while maintaining its native function, thus being ideal for the study of receptor stoichiometry and dynamics in live lymphocytes. The comprehensive analysis of IL-2Rγ lifetimes, by automatic detection of putative endocytic sites and single-molecule counting, led to the identification of three subpopulations of IL-2Rγ at the plasma membrane, each with distinctive cluster sizes.The results presented allow us to draw the following model for IL-2Rγ clustering: Golgimediated secretion drives IL-2Rγ to the cell surface, presumably as pre-assembled clusters 48 of up to 3 molecules that are likely diffusing at the membrane. Further addition of receptor molecules can lead to the formation of medium size clusters, with 4 to 6 molecules, defined as endocytic competent IL-2Rγ clusters that will be internalized. A third subpopulation is observed, characterized as large clusters with more than 6 molecules, likely representing stalled receptor complexes that are not efficiently endocytosed (Fig. 3.1). Importantly, IL-2 induces a faster rate of receptor uptake and promotes clustering of IL-2Rγ, leading to an increase in the proportion of medium size clusters and stressing the relevance of clustering for receptor endocytosis. Membrane cholesterol and the branched actin cytoskeleton were identified as key regulators of IL-2Rγ clustering and IL-2-induced signaling. Cholesterol and the cortical actin meshwork are fundamental in the dynamic maintenance of plasma membrane domains, establishing physical barriers that limit protein diffusion and control their partition and function at the cell surface. Both cholesterol depletion and Arp2/3 inhibition promote the formation of large IL-2Rγ clusters, likely arising from the stochastic interaction of receptor molecules due to their enhanced lateral diffusion at the membrane. These large clusters and the increased receptor diffusion might account for the resulting defect in IL-2R endocytosis upon cholesterol or actin perturbation. In addition, depletion of cholesterol abrogates membrane invagination, causing the receptor to remain associated with flat membrane regions. IL-2Rγ clusters induced by cholesterol depletion show enhanced IL-2-mediated signal activation, resulting from the increased interaction of IL-2Rγ with IL-2Rβ. Contrarily, inhibition of branched actin polymerization hampers IL-2-induced signaling by preventing the interaction of the γ and β chains of IL-2R. Therefore, we conclude that specific membrane domains, emerging from the concerted action of cholesterol and the actin meshwork at the cell surface, are critical to regulate IL-2R clustering and compartmentalization, preventing unwanted receptor interactions. Considering our model (Fig. 3.1), IL-2-induced receptor clustering could lead to recruitment of actin-associated proteins, reducing receptor diffusion and allowing trans-activation of JAK1/3 proteins associated with IL-2Rβ and IL-2Rγ, hence leading to recruitment of signaling molecules and endocytic adaptors required for IL-2dependent signal transduction and receptor internalization.

Figure 3 . 1

 31 Figure 3.1 IL-2Rγ cluster populations at the cell surface in the absence or presence of the ligand. aIn the absence of IL-2, the majority of IL-2Rγ is found at the plasma membrane in small clusters (up to 3 molecules), which might be secreted from the Golgi network as pre-assembled units. Addition of receptor molecules promotes the formation of medium size clusters (4-6 molecules) that are efficiently endocytosed through a clathrin-independent mechanism, mediated by the cortical actin cytoskeleton, actin-related proteins, lipid rafts, and dynamin. Large clusters (>6 molecules) represent a minority of the IL-2Rγ populations and are inefficiently internalized, possibly due to impaired membrane curvature as a result of disproportionate protein interaction and steric repulsion. The diffusion and, consequently, interaction between receptor molecules are limited by membrane domains that originate from the concert action of lipid rafts and the actin meshwork. b Upon stimulation with IL-2, the proportion of medium clusters increases, promoting endocytosis of the receptor. Oligomerization of the three receptor chains leads to activation of the IL-2-induced signaling cascade. Large clusters, although not being efficiently internalized, might promote signaling from the cell surface. For clarity of representation and since the stoichiometry of IL-2Rβ and IL-2Rα in the clusters is not known, only one molecule of each is represented per cluster. Membrane protrusions are not represented but might be present.

Figure 3 . 2

 32 Figure 3.2 Membrane cholesterol and the branched actin cytoskeleton regulate IL-2Rγ clustering and IL-2-induced signaling. a Depletion of membrane cholesterol disrupts the membrane lipid raft domains, promoting diffusion of IL-2Rγ and the stochastic encounter with other receptor chains. This leads to the assembly of large IL-2Rγ clusters (>6 molecules) at the cell surface and to the increased interaction with IL-2Rβ, enhancing signal transduction upon trans-activation of JAK proteins associated with the cytoplasmic tails of IL-2Rβ and IL-2Rγ.b Inhibition of the cortical actin cytoskeleton abrogates the domains formed by the membrane skeleton meshwork that confine the receptor and limit its diffusion. Receptor diffusion is thus enhanced and, consequently, its interaction with other receptor molecules, promoting the formation of large IL-2Rγ clusters. In the absence of local branched actin polymerization, IL-2-induced signaling is inhibited either due to impaired actin-mediated coalescence of distinct lipid rafts containing IL-2Rβ and IL-2Rγ (Hypothesis 1), or as a result of impaired tethering of the flexible cytoplasmic tails of IL-2Rβ and IL-2Rγ (Hypothesis 2). In both cases, F-actin inhibition would hamper the close proximity of the two receptor chains, thus preventing JAKs activation and initiation of the signaling cascades.

  prompts the question of what is the functional advantage of this feature for cells.Compartmentalization of the plasma membrane into domains can facilitate the orchestration of events in space and promote a faster response to ligands and an increased efficiency of regulation. Signaling induced by single receptors might be too transient and of insufficient amplitude for signal propagation, whereas clusters spatially concentrate receptors and usually have restricted diffusion, thereby allowing receptor activation upon ligand binding 290 . Nonetheless, a functional threshold associated with cluster size might exist, below which receptors are not able to stably bind to their ligands or binding to small receptor clusters might not be sufficient to promote downstream signaling. Single, non-clustered receptors normally exhibit a faster unconstrained diffusion, hence they might modulate signaling by integrating a pre-assembled receptor cluster and providing the required stoichiometry threshold for its function 290 .Receptor clustering can be critical to assure a proper enrichment of downstream signaling molecules. For instance, EGFR dimerization upon ligand binding is key for signal transduction, yet studies report that phosphorylated EGFR dimers are not sufficient to active Ras, Erk and Akt and that high-order oligomers are necessary for efficient tyrosine kinase activity and recruitment of signaling molecules256,258 . Membrane intracellular Ras nanoclusters allow effective local concentrations of MEK and ERK through recruitment of signaling proteins to a small reaction surface. This mechanism is dependent on the target area of the plasma membrane that is occupied with Ras clusters, suggesting that discrete protein cluster platforms can represent a functional component for efficient signal transduction286 . As a final example, internalization of IL-4R is required for signal propagation, since concentration of the receptor in cortical endosomes must occur for efficient dimerization and activation of the signal cascade 268 . Besides enrichment of signaling molecules, receptor clustering could putatively increase ligand binding activity and ligand engagement time as rebinding might occur 290 . Clustering of receptors could function in a switch-like manner, converting ligand inputs into a downstream signaling event that could be sensitive even to small amounts of available ligand. With regard to cytokine receptors, the IL-2Rγ chain is shared by several other receptors of the same family 20 , including IL-15R that also uses the β chain. Although IL-2R and IL-15R elicit similar intracellular signals, they show functional differences in adaptive immune responses, promoting differentiation of distinct lymphocyte lineages 86 . An interesting hypothesis is that differential clustering of IL-2R and IL-15R complexes at the plasma membrane could modulate signaling specificity and/or amplitude, thus accounting for the distinct cellular outcomes upon IL-2 vs. IL-15 stimulation. Analysis of IL-2Rγ stoichiometry upon each cytokine might clarify the dichotomy between IL-2 and IL-15. More broadly, understanding the impact of receptor clustering in signal activation is fundamental as altered expression or assembly of surface receptors can lead to abnormal signal transduction, being linked with several human diseases, such as cancer or immunodeficiences 19,291 . Overall, there has been a considerable effort in understanding the role of receptor clustering in cellular trafficking and signaling, underlining the function of organized domains in governing the biophysical and biochemical properties of the plasma membrane. Particularly, this project provided new insights into the regulation of clathrin-independent endocytosis and cytokineinduced signaling by surface receptor clustering, paving the way for compelling future research.Shigella promotes major alteration of gut epithelial physiology and tissue invasion by shutting off host intracellular transport Mariana L. Ferrari a,b , Valérie Malardé a,b , Alexandre Grassart a,b , Laura Salavessa a,b,c , Giulia Nigro a,b , Stéphane Descorps-Declere d , John R. Rohde e , Pamela Schnupf f , Vanessa Masson g , Guillaume Arras g , Damarys Loew g , Philippe J. Sansonetti a,b,h,1 , and Nathalie Sauvonnet a,b,1

Fig. 1 .

 1 Fig.1. S. flexneri effectors IpaJ and VirA have a global effect on conventional secretion. (A) IpaJ and VirA effectors block the anterograde transport of the cytokine TNFα. HeLa cells stably expressing the RUSH cargo TNFα-SBP-GFP and the molecular hook streptavidin-KDEL were uninfected (UI) or infected for 1 h with WT-dsRed or the dsRed-expressing mutants ipaJ, virA, virAipaJ, or with virAipaJ complemented with pIpaJ-myc, pIpaJ-C64-myc, pVirA-myc, or pVirA-R188K/Q280A-myc. Cells were then incubated with biotin for 1 h, fixed, and surface-stained for TNFα-SBP-GFP with anti-GFP DyLight 680-conjugated antibody. The arrival of TNFα-SBP-GFP to the plasma membrane (PM) was monitored by FC. Mean ± SD. n = 3. ****P < 0.0001; ns, nonsignificant (one-way ANOVA, Dunnett'sposthoctest,comparedwithUI).(B) TNFα-SBP-GFP is retained in different subcellular compartments upon S. flexneri infection. HeLa cells stably expressing the RUSH cargo TNFα-SBP-GFP and the molecular hook streptavidin-KDEL were uninfected (UI) or infected for 1 h and incubated with biotin for 1 additional hour. Cells were fixed, permeabilized, and stained with various subcellular markers: anti-GM130 (cis-Golgi), anti-ERGIC53 (ERGIC), anti-Sec24B (ERES), and anti-TGN46 (trans-Golgi network). (Scale bar: 5 μm.) Levels of colocalization between TNFα-SBP-GFP and the different subcellular markers were quantified by SODA plugin in ICY software. Mean ± SD. 5 < n < 12 cells. *P < 0.05; ***P < 0.001 (one-way ANOVA, Dunnett'sp o s th o ct e s t ) .( C and D) S. flexneri blocks globally the host conventional secretion. Caco-2/TC7 cells were labeled with SILAC amino acids, grown in Transwell filters, and infected with WT S. flexneri or the mutant virAipaJ. After 4.5 h, the apical and basal media were collected and analyzed by mass spectrometry to determine the relative abundance of secreted proteins in the infected, in comparison with UI, samples. (C) Volcano plots displaying log 2 fold changes of secreted proteins from WT or virAipaJ-infected cells in comparison with UI conditions in apical and basal media. (D) Dot plots represent log 2 of infected/UI ratio for proteins with (red) and without (green) signal peptide (SP). Mean ± SD. 217 > n > 394 proteins for apical secretome; 194 > n > 281 proteins for basal secretome. *P < 0.05, ****P < 0.0001 [one-way ANOVA, Dunnett's post hoc test, each condition compared with apical or basal secreted proteins containing signal peptide (+SP)].

Fig. 2 .

 2 Fig. 2. Both S. flexneri IpaJ and VirA affect TfR recycling. (A) IpaJ induces endosomal tubulation. Hep2 cells loaded with Tf-AF647 were uninfected (UI) or infected for 1 h with WT, virA, ipaJ,o rvirAipaJ strains, fixed, and stained with DAPI (nuclei and bacteria). (Scale bar: 10 μm.) (B-D) Tf recycling kinetics monitored by FC. Hep2 cells nontransfected or transfected with the indicated plasmids were loaded with Tf-AF647 and were left UI or infected for 1 h with the indicated S. flexneri strains. Cells were then chased with unlabeled holo-Tf, and the loss of intracellular Tf-AF647 fluorescence was monitored over time. (B) IpaJ and VirA block Tf recycling. Cells were UI or infected with WT, virA, ipaJ,orvirAipaJ strains followed by Tf recycling kinetic. (C) Tf recycling is inhibited by IpaJ and VirA catalytic activities. Cells were transfected with GFP-VSVG (control), GFP-VirA, GFP-IpaJ, or their mutated versions GFP-VirA-R188K/Q280A and GFP-IpaJ-C64A. Tf recycling kinetic was performed 24 h posttransfection. (D) Arf1-GFP overexpression partially recovers Tf recycling. Cells were transfected either with GFP-VSVG (control) or Arf1-GFP, loaded with Tf-AF647, UI or infected with WT, virA or ipaJ strains followed by Tf recycling. Means ± SD from at least three independent experiments are shown (statistical tests in SI Appendix, Fig. S2 D-F).

Fig. 3 .

 3 Fig. 3. S. flexneri affects clathrin-dependent and -independent endocytosis. (A) Tf uptake is decreased upon WT infection. Hep2 cells were left uninfected (UI) or infected with the WT strain for 30 min, and then incubated for different time points with Tf-AF647 at 37 °C. After an acidic wash, the total internal Tf-AF647 fluorescence was quantified by FC. Mean ± SD. n = 4. *P < 0.05 (unpaired two-tailed Welch's t test performed on area under the curve). (B)DifferentS. flexneri effectors decrease the Tf endocytosis rate. Hep2 cells were left UI or infected with GFP-expressing WT or mutant strains for 90 min, before monitoring by FC the Tf-AF647 uptake over time. Mean ± SD. n ≥ 3. (C and D)IL-2RendocytosisisdecreaseduponWTS. flexneri infection. (C)UIorWT-infectedHep2β cells were incubated with an anti-IL-2Rβ-Cy3 antibody for 15 min at 37 °C, fixed, and subjected to fluorescent microscopy. (Scale bar: 10 μm.) (D) Quantification of IL-2R endocytosis. Cells either UI or infected by WT, ipaJ, virA, and virAipaJ S. flexneri strains for 90 min were incubated with an anti-IL-2Rβ-Cy3 antibody for 30 min at 37 °C, fixed, subjected to confocal fluorescence microscopy, and analyzed by quantifying the fluorescence intensity of IL-2R-positive vesicles per cell. Mean ± SD. 35 < n < 48 cells. (E )TfendocytosisisinhibitedbyIpaJandVirAcatalyticactivities. Cells were transfected with GFP-VSVG (control), GFP-VirA, GFP-IpaJ, or their mutated versions GFP-VirA-R188K/Q280A and GFP-IpaJ-C64A. Tf endocytosis kinetic was performed 24 h posttransfection. Mean ± SD. n = 3. (F and G) S. flexneri decreases Dnm2-GFP density at plasma membrane. Hep2β Dnm2-GFP cells were UI, treated with BFA for 30 min, or infected with WT or mutant strains for 90 min. Cells were fixed and labeled with rabbit anti-LPS followed by anti-rabbit-A405 and phalloidin-A647 before confocal (F ) or TIRF (G)i m a g i n g .( S c a l eb a r :1 0μm.) (G)Q u a n t i f i c a t i o no fD n m 2 -G F Pd e n s i t y( n u m b e ro fD n m 2-GFP spots/area) at plasma membrane from TIRF microscopy images. Mean ± SD. 27 < n < 45 cells pooled from two independent experiments. (B, D, E,andG)ns,nonsignificant;*P < 0.05; **P < 0.01; ****P < 0.0001 (one-way ANOVA, Dunnett'sp o s th o ct e s t ) .

Fig. 4 .

 4 Fig. 4. S. flexneri invasion disrupts cell polarity and colonic epithelium. (A) S. flexneri delocalizes the TfR to the apical domain of polarized Caco-2/TC7 cells. Cells were left uninfected (UI), infected with the WT or virAipaJ strains for 5 h, or treated with BFA for 30 min, before fixation without permeabilization and subsequent apical surface staining with an anti-TfR (OKT9) recognizing the extracellular domain of the receptor. (Scale bars: 10 μm.) (B) IpaJ and VirA enhance reinfection of polarized cells. Caco-2/TC7 cells were primo-infected with GFP-expressing WT or virAipaJ strains (green) for 4 h, and then reinfected with the same strains expressing dsRed for 2 more hours (red). The percentage of coinfection was quantified by determining the percentage of primo-infected cells (GFP positive) that were reinfected with dsRed-expressing bacteria. Mean ± SD. n = 4. ns, nonsignificant; *P < 0.05 (Kruskal-Wallis test followed by Dunn's post hoc test). (C and D) S. flexneri WT has a deeper penetration than virAipaJ mutant into the guinea pig colonic tissue. (C) Colonic tissue from animals infected with GFP-expressing WT or virAipaJ mutant, 8 h postinfection, were stained with phalloidin-A647 (actin) and DAPI (nuclei). (D)T h er e l a t i v ed e p t h penetration of both strains into the colonic tissue was measured by their penetration from the epithelial surface compared with the total epithelial mucosa thickness at 4 h postinfection. Mean ± SD. 28 < n < 48 focus of infection pooled from two biological replicates. ***P < 0.001 (Mann-Whitney test).

  13588 | www.pnas.org/cgi/doi/10.1073/pnas.1902922116 Ferrari et al. multimode plate reader (TECAN). Lactate dehydrogenase (LDH) was quantified with the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega). Plasmids. Bacteria transformed with plasmids coding for the Escherichia coli AfaE adhesin (46), or GFP (pFPV 25.1) (47), dsRed (48), or mCherry fluorescent proteins, were used as indicated. pTRIO-mCherry plasmid was generated by inserting mCherry CDS in XmaI-NheI sites of pTRIO plasmid, which is the basic backbone of the pTSAR plasmids series (49). The CDS of ipaJ was cloned through EcoRI-BamHI into pSU2.1tt plasmid (49), giving the pSU2.1tt-IpaJ-Myc plasmid. The catalytic site variant was generated by PCR-based mutagenesis introducing the C64A mutation into ipaJ (plasmid pSU2.1tt-IpaJ-C64A-Myc). ipaJ and virAipaJ mutant strains were complemented with pSU2.1tt-IpaJ-Myc or pSU2.1tt-IpaJ-C64A-Myc plasmids. pSU2.1tt-VirA-Myc or pSU2.1tt-VirA-RQ-Myc plasmids (14) were used to complement virAipaJ or virA strains. For the ectopic expression of GFP-VirA, GFP-IpaJ and their mutated variants in mammalian cells, the CDS of ipaJ and virA were cloned through HindIII-KpnI into pEGFP-C1 plasmid. Antibodies and Reagents. The following primary antibodies were used: rabbit anti-S. flexneri 5a M90T LPS (1:300), mouse anti-GM130 (1:200) (BD; 610823), rabbit anti-GM130 (1:100) (Abcam; ab52649), mouse anti-GFP DyLight 680 (1:1,000) (Rockland; 600-144-215), mouse anti-ERGIC53 (1:100) (Sigma; SAB4200585), rabbit anti-Sec24b (1:100) (D7D6S) (Cell Signaling Technology; 12042), sheep anti-TGN46 (1:100) (Bio-Rad; AHP500GT), purified mouse mAb OKT9 (anti-TfR) (1:100), goat anti-dynamin-2 (1:500) (Santa Cruz; sc-6400), rabbit anti-clathrin LCA (H-55) (1:500) (Santa Cruz; sc-28276), rabbit anti-GFP (1:1,000) (Rockland; 600-401-215), rabbit anti-actin (1:5,000) (Sigma; A2066), and chicken anti-GFP (1:1,000) (Abcam; ab13970). All of the secondary antibodies were from Molecular Probes and used at 1:500 dilution; FITCdextran 70 (Sigma; 46945); DAPI (1 μg/mL) (Sigma); Phalloidin-AF647 (1:100) (A22287; Molecular Probes); BFA (Sigma; B7651) was used at 1 μg/mL.

  IL-2Rβ Endocytosis. Hep2β cells seeded on 12-mm coverslips were uninfected or infected with GFP-expressing bacteria. After 90 min of infection, a time course of IL-2Rβ endocytosis was performed by incubating cells with an anti-IL-2Rβ antibody (mouse Ab 561) conjugated to Cy3 (1:1,000) (44) at 37 °C for different time points. Cells were fixed, permeabilized, and stained with HCS CellMask Blue Stain (Molecular Probes) and phalloidin-AF647 or Tf-AF647. Imaging was performed by TIRF microscopy. IL-2Rβ endocytosis was quantified with ICY software as described in ref. 21.

  Prism 6.0 (GraphPad Software) was used to perform statistical analysis. Results are represented as mean ± SD, except as otherwise indicated. The following statistical tests were used: Welch's t test performed as unpaired two-tailed analysis; one-way ANOVA followed by Dunnett'sorTukey's post hoc multiple-comparison tests; Mann-Whitney; l'interaction des deux chaînes et l'activation de la cascade de signalisation. Une autre hypothèse serait que la perturbation du réseau d'actine empêcherait le rapprochement des parties cytoplasmiques d'IL-2Rγ avec l'IL-2Rβ, empêchant la transactivation de Jak1/Jak3 et entraverait l'initiation du signal. Dans l'ensemble, nos résultats montrent que bien que l'extraction du cholestérol membranaire et la perturbation de la F-actine conduisent à la formation de grands clusters d'IL-2Rγ et à un défaut d'endocytose, ces deux facteurs ont un impact différent sur la signalisation médiée par l'IL-2. L'épuisement du cholestérol et l'inhibition d'Arp2/3 favorisant la diffusion latérale des récepteurs seraient responsables de l'interaction stochastique des molécules générant de gros clusters. Ces grands clusters et la diffusion accrue des récepteurs expliqueraient le défaut d'endocytose IL-2R observé lors de la perturbation du cholestérol ou de l'actine. Nous concluons que des domaines membranaires spécifiques, émergeant de l'action concertée du cholestérol et du réseau de l'actine à la surface de la cellule, sont essentiels pour réguler le regroupement et la compartimentation de l'IL-2R, en empêchant les interactions indésirables entre les récepteurs. Les résultats présentés dans ce travail soulignent l'importance du regroupement des récepteurs de cytokines pour l'endocytose indépendante de la clathrine et la transduction des signaux. En outre, mes travaux apportent de nouvelles connaissances sur les facteurs qui régulent le regroupement des récepteurs au niveau de la membrane plasmique.

  

  Live-image acquisition is performed with an inverted confocal microscope, LSM 780 Elyra PS.1 equipped with an EMCCD camera. The setup used includes the following components: 6. LSM 780 Elyra PS.1 inverted microscope, equipped with a motorized XY stage, an environmental chamber with temperature control and a focus control by definite focus.

	7. A 488 nm (100 mW) HR -Solid laser line for eGFP excitation.
	8. A filter cube set with a band-pass (BP) 495-575 + low-pass (LP) 750 filter for eGFP
	detection.
	9. An alpha Pin Apo 100x/1.46 numerical aperture (NA) oil objective.
	10. An EMCCD 887 1K camera.
	11. ZEN software.
	4. Ethanol 70%.
	5. Acetone.
	6. Ultrasonic cleaning bath (220V, 50/60Hz).
	7. 6-well plate.
	8. ddH 2 O.
	9. Poly-L-lysine 0.1% (w/v).
	2.2 TIRF Imaging
	1. O-ring Attofluor cell chamber (coverslip holder).
	2. Purified GFP (1mg/mL).
	3. PBS 1X.
	4. Cell imaging medium consisting of RPMI 1640 medium without phenol red,
	supplemented with 5% fetal bovine (heat inactivated).

2.1 Coverslips and Cell Preparation

1. CRISPR-Cas9 edited cell line, stably expressing the receptor of interest with a fluorophore like eGFP, under its own promoter (see Note 1). In our particular example, we use a T cell line (Kit225 cells (15)) expressing the γ chain of the IL-2R tagged with eGFP (GFP-IL-2Rγ).

2. Roswell Park Memorial Institute (RPMI) 1640 medium containing L-glutamine and phenol red, and supplemented with 10% fetal bovine serum (heat inactivated) and 1nM IL-2, for cell culture at 37°C.

3. Round 25 mm diameter glass coverslips No. 01 (0.13-0.17 mm thickness) (see Note 2).

5. Immersion oil with a refractive index of 1.518, suited for 37°C imaging.

2.3 Image analysis

Detection and tracking of purified eGFP and of membrane receptor are performed with Icy software (www.icy.bioimageanalysis.org) (16), and then further analyzed using Microsoft Excel.

1. Icy software version 2.0.2.0, containing the plugins: Spot Detector, ROI Intensity Evolution, eTrack and Intensity Track Processor.

2. Microsoft Excel

  Unité de Pathogénie Microbienne Moléculaire, Institut Pasteur, 75015 Paris, France; b INSERM U1202, 75015 Paris, France; c Université Paris Sud, Paris-Saclay University, 91400 Orsay, France; d Institut Pasteur-Hub Bioinformatique et Biostatistique-Centre de Bioinformatique, Biostatistique et Biologie Intégrative, Unité de Services et de Recherche 3756 IP CNRS, 75015 Paris, France; e Department of Microbiology and Immunology, Dalhousie University, Halifax, NS, B3H 4R2, Canada; f Institut Necker Enfants Malades, INSERM-CNRS, Laboratory of Host-Microbiota Interaction, 75015 Paris, France; g Institut Curie, PSL Research University, Centre de Recherche, Laboratoire de Spectrométrie de Masse Protéomique, 75248 Paris Cedex 05, France; and h Chaire de Microbiologie et Maladies Infectieuses, Collège de France, 75005 Paris, France Contributed by Philippe J. Sansonetti, May 16, 2019 (sent for review February 19, 2019; reviewed by James E. Casanova, Sergio Grinstein, and Hubert Hilbi)

a

Downloaded at Institut Pasteur -CeRIS onFebruary 5, 2020 

| www.pnas.org/cgi/doi/10.1073/pnas.1902922116 Ferrari et al. Downloaded at Institut Pasteur -CeRIS on February 5, 2020

| www.pnas.org/cgi/doi/10.1073/pnas.1902922116 Ferrari et al. Downloaded at Institut Pasteur -CeRIS on February 5, 2020

Acknowledgements

Acknowledgments

We gratefully acknowledge the kind financial support of the Institut Pasteur (Paris), the France-BioImaging infrastructure network supported by the French National Research Agency (ANR-10-INSB-04, Investments for the future), and the Région Ile-de-France

Abstract

Interleukin-2 (IL-2) receptor (IL-2R) is a cytokine receptor essential for immunity that transduce proliferative signal regulated by its uptake and degradation. IL-2R is a well-known marker of clathrin-independent endocytosis (CIE), a process devoid of any coat protein, raising the question on how the CIE vesicle is generated. Here we investigated the impact of IL-2Rγ clustering in the initiation of endocytosis. Combining TIRF live-imaging of a CRISPR-edited T-cell line, endogenously expressing GFP-IL-2Rγ, with single-molecule tracking and quantitative analysis, we were able to decipher IL-2Rγ stoichiometry at the plasma membrane in real-time. We identified three distinct IL-2Rγ cluster populations. IL-2Rγ is secreted to the cell surface as a preassembled small cluster of 3 molecules maximum, fastly diffusing at the plasma membrane. A medium size cluster composed of 4 to 6 molecules is key for IL-2R internalization and is promoted by IL-2 binding, while larger clusters (above 6 molecules) are static and inefficiently internalized. Moreover, we identified