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Chapter 1 -Imaging polarized granule release at the cytotoxic T cell immunological synapse using TIRF microscopy: Control by polarity regulators

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Immunological synapse structure and function depends on a complex process of T cell polarization towards antigen presenting cells or target cells. Polarization is initiated by T cell receptor (TCR) engagement and occurs as the result of the reorganization of both the actin and microtubule cytoskeleton, resulting in the translocation of several organelles to the antigenpresenting cell contact site. These include the Golgi apparatus, and the endosomal and lysosomal compartments that reorient their intracellular vesicle traffic towards the immunological synapse. T cell polarization depends on TCR signal transduction and involves an array of signaling, cytoskeleton and vesicle traffic regulators [START_REF] Mastrogiovanni | Coordinating Cytoskeleton and Molecular Traffic in T Cell Migration, Activation, and Effector Functions[END_REF].

Cytotoxic T lymphocyte (CTL) effector function depends on the appropriate delivery of lytic granules to the plasma membrane and on their fusion at the zone of contact with target cells.

Lytic granules are part of the late endosomal/lysosomal compartment. Molecular motors and intracellular traffic regulators allow lytic granule transport, docking and fusion with the plasma membrane and the delivery of their components, such as perforin and granzymes, to target cells provoking their death (de Saint [START_REF] De Saint Basile | Molecular mechanisms of biogenesis and exocytosis of cytotoxic granules[END_REF]. Centrosome polarization and docking to the immunological synapse, and actin polymerization and clearance from the center of the contact site have been proposed to facilitate the formation of a secretory domain allowing optimal lytic granule delivery and fusion at the CTL-target cell contact [START_REF] Randzavola | Loss of ARPC1B impairs cytotoxic T lymphocyte maintenance and cytolytic activity[END_REF][START_REF] Ritter | Actin depletion initiates events leading to granule secretion at the immunological synapse[END_REF][START_REF] Stinchcombe | The immunological synapse of CTL contains a secretory domain and membrane bridges[END_REF][START_REF] Stinchcombe | Centrosome polarization delivers secretory granules to the immunological synapse[END_REF]). However, this seems not to be the sole mechanism [START_REF] Bertrand | An initial and rapid step of lytic granule secretion precedes microtubule organizing center polarization at the cytotoxic T lymphocyte/target cell synapse[END_REF][START_REF] Tamzalit | Centrioles control the capacity, but not the specificity, of cytotoxic T cell killing[END_REF]. Conversely, actin recovery at the center of the immunological synapse is associated with termination of lytic granule release [START_REF] Ritter | Cortical actin recovery at the immunological synapse leads to termination of lytic granule secretion in cytotoxic T lymphocytes[END_REF]. Defects in regulators of vesicle traffic or cytoskeleton dynamics are associated with defects in CTL function and immunodeficiency (de Saint Basile et al., 2010).

The role of cell polarity regulators in this process has been recently unveiled [START_REF] Juzans | Adenomatous Polyposis Coli Modulates Actin and Microtubule Cytoskeleton at the Immunological Synapse to Tune CTL Functions[END_REF]. Cell polarity regulators are scaffold proteins, endowed with a variety of protein-protein interaction motifs, whose effectors are involved in mechanisms controlling cytoskeleton organization, cell shape and symmetry. Several polarity regulators have been involved in T lymphocyte processes, including cell migration and immunological synapse formation [START_REF] Mastrogiovanni | Cell Polarity Regulators, Multifunctional Organizers of Lymphocyte Activation and Function[END_REF]. Among them, Discs large homolog 1 (Dlg1) and Adenomatous polyposis coli (Apc) play key roles in immunological synapse formation and function in CD4 and CD8 T cells, via their control of microtubule network organization at the synapse (Aguera-Gonzalez et al., 2017; [START_REF] Juzans | Adenomatous Polyposis Coli Modulates Actin and Microtubule Cytoskeleton at the Immunological Synapse to Tune CTL Functions[END_REF][START_REF] Lasserre | Ezrin tunes T-cell activation by controlling Dlg1 and microtubule positioning at the immunological synapse[END_REF]. The protocols we describe here were developed to investigate the involvement of the polarity regulator and tumor suppressor Apc in CTL polarized secretion of lytic granules. In order to have accurate imaging of granule dynamics and fusion, CTLs were induced to polarize on coverslips coated with anti-CD3 antibody. This is a previously described method that generates flat and spread two-dimensional pseudo-immunological synapses on which accurate microscopy imaging may be performed [START_REF] Bunnell | High-resolution multicolor imaging of dynamic signaling complexes in T cells stimulated by planar substrates[END_REF]. We have shown before that these synapse structures clearly display finely organized microtubule networks and centrosome polarization (Aguera-Gonzalez et al., 2017; Juzans et al., 2020). To further ensure accurate visualization of granule docking and fusing at the plasma membrane, we used total internal reflection fluorescence (TIRF) microscopy.

TIRF microscopy uses a specific mode of sample illumination to exclusively excite fluorophores near the adherent cell surface (within ~100 nm), corresponding in our case to the plasma membrane at the pseudo synapse. This illumination mode is based on an evanescent wave produced when light rays are totally internally reflected at the interface between the cover glass and the adhered cell plasma membrane [START_REF] Poulter | The physical basis of total internal reflection fluorescence (TIRF) microscopy and its cellular applications[END_REF]. Since this illumination wave does not propagate deeply into the cell, the region imaged corresponds to the CTL plasma membrane where lytic granules are expected to dock and fuse. It prevents the overlap of images corresponding to granules located deeper inside the cell that would be visualized with other microcopy approaches as scanning or spinning disk confocal microscopy. Therefore, TIRF microscopy allows to differentiate granule polarization defects and docking/fusing defects.

Materials

Equipment

1. Cell culture incubator allowing standard cell culture conditions in a humidified atmosphere (37°C, 5% CO 2 ).

Peripheral blood mononuclear cell (PBMC) isolation

Peripheral blood from healthy donors was obtained from the French National Blood Bank (Etablissement Français du Sang) using ethically approved procedures. PBMC were obtained by density gradient centrifugation using Lymphocyte Separating Medium Pancoll Human (see Note 4).

CD8 + T cell isolation by magnetic cell sorting

Isolate CD8 + T cells from PBMC by negative selection using magnetic cell sorting using a CD8 + T Cell Isolation Kit and LS columns, following manufacturer's instruction.

Culture purified cells in RPMI 1640 cell culture medium supplemented with 10% FBS, 1 mM sodium pyruvate, 1% (v/v) nonessential amino acids, 10 mM HEPES, 0.5% (v/v) penicillin-streptomycin.

CD8 + T cell activation and differentiation into CTLs

1. Coat 24-well plates with 400 µL human anti-CD3 (10 mg/mL) in PBS overnight at 4°C or 3 h at 37°C. 2. Wash plates 3 times with PBS, then incubate 1h at 37°C with 500 µL culture medium to prevent non-specific cell binding.

Resuspend freshly isolated CD8

+ T cells at 2.10 6 cell/mL in culture medium containing 7 mg/mL anti-CD28 (note that anti-CD28 is used soluble, whereas anti-CD3 is coated to the plate) and 100 U/mL recombinant human IL-2, remove medium from plates and distribute 500 µL of cell suspension in each well, incubate plates at 37°C with 5% CO2 for 2 days (infection) or 6 days (FACS analysis). For FACS analysis, the concentration is adjusted to 2.10 6 cell/mL in culture medium containing 100 U/mL recombinant human IL-2 at day 2 and 4.

Assess CTL differentiation by FACS analysis

1. Take 0.5x10 6 CD8 + T cells at day 0-2-4-6 and place them in a 96 well plate.

2. Wash cells twice with PBS, centrifuge plates for 6 min at 450 x g remove supernatant and add 100 µL of PBS 1X with Fixable Viability Stain 450 (250 ng/mL; BD) diluted 1/1000 (v/v), incubate 10 min at RT.

3. The night before use, wash cells to remove dead cells. Spin plates for 7 min at 450 x g, remove supernatant, add 1 mL of fresh culture medium with 100 U/mL IL-2 without puromycin.

Imaging granule secretion by TIRF microscopy

Coat glass-bottom dishes with anti-CD3 antibody

1. Wash glass-bottom dishes with HCl-EtOH 70% for 10 min, rinse twice with water and once with EtOH 70% before letting them dry.

2. Coat glass-bottom dishes with poly-L-lysine at 0.002% (w/v) in water for 30 min at room temperature, wash once with water, let them dry (see Note 7).

3. Coat poly-L-lysine-coated dishes with anti-CD3 antibody at 10 mg/mL in PBS 3 h at 37°C or overnight at 4°C, wash 3 times with PBS, incubate 1 h at 37°C with culture medium to prevent cell non-specific binding (see Note 7).

Microscopy

1. Turn on the TIRF microscope, set up chamber temperature at 37°C, 5% CO2 (see Note 8).

Let the chamber equilibrate for at least one hour.

2. Collect CTLs by pulling several wells of cells infected with control or silencing lentivirus, wash wells twice with PBS.

3. Wash cells twice with PBS to remove dead cells, spin 7 min at 450 x g, resuspend at 1.10 6 cells/mL in PBS with 1µM CFSE, incubate 5 min at room temperature protected from light.

4. Wash cells twice with PBS, resuspend at 2.10 6 cells/mL in culture medium with 0.1 mM LysoTracker Deep Red, incubate 1 h at 37°C. 5. Wash cells twice with warm RPMI 1640 without phenol red, resuspend at 1.5x10 6 cells/mL. 6. Equilibrate cells and glass-bottom dishes temperature in the microscope chamber for at least 15 min. 7. Remove medium from one dish, place it on the objective, add 100 µL of cell solution.

8. Follow CTL sedimentation using epifluorescence mode. Once cells reach the dish bottom, switch to TIRF mode to follow their spreading on anti-CD3 antibodies. 9. Start imaging when CTLs are spreading on the surface (pseudo-immunological synapse) (Figure 2 A, middle panel), acquire images in the TIRF plane every 150 ms for 5 min.

10. Repeat steps 7 to 9 for each image needed. Do not image twice the same dish to prevent acquiring CTLs that have already degranulated.

Quantitative image analysis

Granule total number and movement are quantified using the TrackMate plugin for ImageJ software [START_REF] Tinevez | TrackMate: An open and extensible platform for single-particle tracking[END_REF], as shown in figure 3 and in reference [START_REF] Juzans | Adenomatous Polyposis Coli Modulates Actin and Microtubule Cytoskeleton at the Immunological Synapse to Tune CTL Functions[END_REF]. This open-source plugin allows automated particle tracking. Granules are detected in individual cells based on their estimated diameter (0.5 µm approximately). Individual granule position is detected at each time point, allowing the automated linking between positions and missing detection filling. We recommend to set the maximum gap-closing frame on 1 to avoid linking detection between two different granules. Generated Excel files provide the number of granules present in the TIRF zone and their LysoTracker mean intensity at each time point. We recommend to consider only strongly fluorescent granules, more likely closer to the plasma membrane. To do so, a threshold of at least 2x the mean granule fluorescence intensity obtained for an experiment can be set. Granules that are never reaching this threshold are not included in the analysis. Files named Track Statistics also provide tracking duration for each granule, their mean speed during the tracking, and their displacement length (Figure 3 B-C-D). In addition, files named Spots in Track Statistics provides granule positions (x, y) at each time point allowing to study their directionality. Finally, fusion events are quantified by counting the fluorescence bursts for each cell (Figure 3 E-F).

Concluding remarks

The methodology described here allows to measure in a precise and quantitative manner the polarized secretion of granules in human ex vivo-differentiated CTLs. It has been applied to compare control and Apc-silenced cells, unveiling a regulatory control of the Apc polarity regulator and tumor suppressor in CTL effector function. It could be therefore applied to the investigation of other genes, or to the comparison of T cells from patients versus healthy subjects. Although very precise and quantitative, this methodology only allows the analysis of a restricted number of cells per experiment. This reduces the number of experimental conditions that can be investigated per experiment. Investigation of larger sample panels would need different microscopy set ups.

It is worth noting that we used LysoTracker to monitor lytic granule dynamics. This is a marker of late endosomal and lysosomal compartment, which includes lytic granules, but it is not fully specific for them. Alternative strategies have included the use of fluorescent protein-tagged granzyme B or perforin, both components of lytic granules, see for instance [START_REF] Pattu | In the crosshairs: investigating lytic granules by high-resolution microscopy and electrophysiology[END_REF][START_REF] Qu | Docking of lytic granules at the immunological synapse in human CTL requires Vti1b-dependent pairing with CD3 endosomes[END_REF]. However, this requires cell infection with lentiviral vectors expressing one of these proteins and would result in their overexpression. Furthermore, full activity or specific localization of these exogenous proteins will not be fully guaranteed.

Notes

1. Manipulate glass bottom dishes carefully and avoid putting them directly on the bench.

Place them on Kimwipes (Kimtech Science) to avoid scratches on the coverslip.

2.

Lentiviruses are produced by transiently transfecting HEK293T cells with the calcium phosphate DNA precipitation technique, as described elsewhere [START_REF] Kwon | DNA transfection: calcium phosphate method[END_REF]. The procedure is based on slow mixing HEPES-buffered saline containing sodium phosphate with a CaCl2 solution containing the DNA. A DNA-calcium phosphate coprecipitate forms, which adheres to the cell surface and is taken up by the cell, presumably by endocytosis. Cells are transfected with pCMV-deltaR8-2, pCMV-env-VSV, and a pLKO.1-puro-CMV-tGFP lentiviral vector expressing or not (as negative control) a shRNA-targeting Apc (5'-GACTGTCCTTTCACCATATTT-3') (Sigma-Aldrich). After 48 h, supernatants are recovered, filtered, and concentrated 40x by ultracentrifugation (26,000 rpm or 11,3000 x g, 1.5 h, 4°C). Lentivirus stocks are then stored at -80°C.

3. This reagent is used to visualize cells under the microscope when lentiviral vectors do not contain a fluorescent tag (e.g. GFP). We strongly recommend the use of a fluorescent tag as it allows to identified transduced cells and analyze those with similar fluorescent intensity, reflecting similar lentiviral load.

4.

Bring tubes containing the Human Lymphocyte Separating Medium Pancoll to room temperature. Pour carefully 30 mL of blood into each tube. Centrifuge at 800 x g for 30 min in a centrifuge with a swing-out rotor and brake switched off. Harvest the PBMC fraction between the plasma and the Pancoll with a pipette as depicted in the manufacturer's instructions. The membrane present in the tubes prevents contamination with granulocytes and erythrocytes. Wash twice the lymphocytes/PBMCs with DPBS, spin 10 min at 450 x g.

5.

The use of human serum instead of fetal calf serum strongly increases cell transduction efficiency and cell viability of infected T cells.

6.

It is very important not to change plates or even take the cells out during incubation time needed for lentiviral infection, as it will drastically reduce cell transduction efficiency and cell viability. Please note that the biosafety laboratory rules may change with the type of lentivirus used.

7.

Glass-bottom dishes can be washed and coated with poly-L-lysine up to a week in advance.

However, it is better to coat them with anti-CD3 antibody the day of the experiment.

8.

If the microscope is not equipped with a CO2 chamber, CO2 independent Leibovitz's L-15 medium, without phenol red (Gibco, ThermoFisher Scientific, No 21083027) supplemented with 2 mg/mL D-glucose may be used. 
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 1 Figure 1. Graphic summary of the methodology described. Work flow describing the different experimental steps involved in the procedures described in this chapter. Created with BioRender.com
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 23 Figure 2. Expression of T cell molecules characteristic of human CTL differentiation. Expression of CD45RA, CCR7 and granzyme B was analyzed by FACS in CD3 + CD8 + T cells stimulated ex vivo with CD3+CD28 antibodies for the depicted number of days. At each time point, cells were stained with anti-CD3-PE-Cy5, anti-CD8-APC-Cy7, anti-CD45RA-APC, anti-CCR7-PE and anti-Granzyme-B-PE fluorescent antibodies. (A): FACS gating strategy to measure single, live, CD3+CD8+ T cells. (B): Histogram plots showing fluorescence intensity of CD45RA, CCR7 and granzyme B CTL differentiation markers in CD8+ T cells after 2 days of stimulation. (C): Time course of differentiation marker expression upon CD3+CD28 stimulation. Mean florescence intensity versus time (Mean ± SEM, n= 8 healthy donors).
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