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The study of Legionella pneumophila interactions with host mitochondria during infection has been historically limited by the techniques available to analyze and quantify mitochondrial dynamics and activity in living cells. Recently, new, powerful techniques such as high-content microscopy or mitochondrial respiration assays (Seahorse) have been developed to quantitatively analyze mitochondrial parameters. Here we present state-of-the-art methods adapted to analyze mitochondrial dynamics and activity during Legionella infection of living human primary macrophages.

Introduction

Mitochondria are eukaryotic organelles in charge of cellular bioenergetics and other essential functions, such as programmed cell death or immune signaling [START_REF] West | Mitochondria in innate immune responses[END_REF]. Their cellular functions make these organelles attractive targets of bacterial pathogens that replicate intracellularly [2], as subversion of metabolism, cell death and immune signaling are instrumental for bacteria to successfully replicate within human cells [3][4][5]. Mitochondrial functions are strongly influenced by the highly dynamic performance of these organelles, which include dynamic features such as organelle localization, morphology, quantity and activity [6][7][8].

Mitochondria are highly dynamic organelles that move within eukaryotic cells and change their morphology in order to adapt to energetic requirements of cells, performing fusion events between single organelles to form highly energized elongated mitochondrial networks and fission events that fragment the networks into single organelles with a decreased activity (Fig. 1) [9]. To study mitochondrial dynamics and activity of human cells in health and disease, state-of-the-art techniques widely used in recent years are high-content fluorescent microscopy and mitochondrial respiration assays [3,[10][11][12][13]. These two approaches are carried out in living cells and quantitatively analyze mitochondrial morphology and respiration in 384 or 96 well microplates, respectively, which make the results very powerful in terms of conditions analyzed, replicates and statistics, and suitable to be used in high-throughput screening.

Although Legionella pneumophila interactions with host mitochondria was first described more than forty years ago [14], limitation of the techniques to study mitochondrial dynamics and activity have delayed the study of the dynamics of Legionella-mitochondria interaction until recently [3]. Here we present state-of-the-art methods to analyze mitochondrial dynamics and activity during Legionella infection of living human primary macrophages.

Materials

Growth of L. pneumophila strains

1. L. pneumophila strains constitutively expressing green fluorescent protein (GFP) (see

Note 1).

2. Kanamycin: resuspend 500 mg in 10 mL of MilliQ water. Make aliquots (50 mg/mL).

Store at -20°C. Add to medium at a final concentration of 12.5 µg/mL.

Sterile Petri-dishes.

4. N-(2-acetamido)-2-amino-ethanesulfonic acid (ACES)-buffered charcoal-yeast (BCYE) extract agar plate: weigh 37.5 g of N-(2-acetamido)-2-amino-ethanesulfonic acid (ACES)-buffered charcoal-yeast (BCYE) extract agar (pH 6.9, KOH) and transfer to a 1500 mL glass bottle. Add MilliQ sterile water to a volume of 1000 mL and autoclave for 25 min at 121 °C. Cool the agar medium to 55°C in a water bath and complete with 50 mg/mL kanamycin, or as required. Transfer 20 mL agar medium to a 100 mm sterile Petri dish under the conditions of biosafety cabinet. Leave plate at room temperature roughly 30 min to solidify. Store the agar plates in a plastic bag at 4°C until use. 5. 37°C incubator. 6. 10 µL disposable inoculation loops.

Isolation and culture of human monocyte-derived macrophages (hMDMs)

1. Fetal bovine serum (FBS): heat-inactivate at 56°C for 30 min. Store at -20°C in 50 mL aliquots. concentration of 100 µM; 2) FCCP: Add 720 µL of Assay Medium to the tube for a final stock concentration of 100 µM; and 3) Rotenone+AntimycinA: Add 540 µL of Assay Medium to the tube for a final stock concentration of 50 µM (see Note 2).

Gently pipette up and down (>10 times) to solubilize the compounds. 

Methods

Isolation of Human Primary Cells.

1. Human blood is collected from healthy volunteers (see Note 3). Resuspend the pellet in 50 mL 1% FBS in PBS.

Add 15 mL of

19. Hydrate a Seahorse XFe96 Sensor Cartridge in Seahorse XF Calibrant at 37 °C in a non-CO 2 incubator overnight.

Mitochondrial dynamics: mitochondrial labeling of hMDMs prior to infection

1. Dilute MitoTracker Red FM to a concentration of 100 nM in pre-warmed complete RPMI assay medium.

2. Remove supernatant from plate.

3. Add 40 µL Mitotracker solution onto cells (Fig. 2a).

4. Incubate plate for 30 min at 37°C, 5% CO 2 .

5.

Completely remove Mitotracker solution from plate.

6. Carefully wash cells using 50 µL pre-warmed complete RPMI assay medium by upand-down pipet mixing in 3 times (see Note 6).

7. Incubate plate for 5 min at 37°C, 5% CO 2 .

8. Repeat 2 times for step 6 and 7. 9. Replace medium with 50 µL of FBS-free RPMI1640 medium, no phenol red.

L. pneumophila culture, preparation and infection of hMDMs

1. The day of the assay, harvest L. pneumophila constitutively expressing GFP (see Note1) grown for three days at 37 °C on BCYE agar plates supplemented with the corresponding antibiotics.

2. Collect bacteria using 10 µL disposable inoculation loops and dissolve in DPBS to be OD 600 of 2.5 (2.2 x 10 9 bacteria/mL).

3. Dilute bacteria to be 3.75 x 10 6 bacteria/mL (MOI=10, microscopy) or 6.25 x 10 6 bacteria/mL (MOI=10, Seahorse) in FBS-free RPMI1640 medium, no phenol red. 

Mitochondrial dynamics: nuclear staining of hMDMs

1. Dilute Hochest 33342 to a concentration of 300 ng/mL in pre-warmed complete RPMI assay medium.

2. Remove culture medium and add 50 µL Hochest 33342 solutions onto infected cells (Fig. 2a).

3. Incubate plate for 30 min at 37°C, 5% CO2.

Mitochondrial dynamics: Image acquisition using automatic confocal microscopy

Images are acquired on an automatic confocal microscopy (see Note 9) using 60X objective lens (Fig. 2a). Each condition should be tested in at least quadruplicate wells.

Acquire a minimum of 6 fields per well per time point (one to six hours post-infection, p.i.) in order to analyze a minimum of 100 cells per condition and time point.

1. Place the plate into the plate carrier.

2. Establish protocol settings: set up the layout of the plate and the location of the fields that will be acquired per well. Select the 60X objective. Set focus height 1 µm. Select the excitation laser (Ex) 405 nm and the emission filter (Em) 450 nm for nucleus detection, Ex 488 nm and Em 520 nm for Legionella-GFP detection and Ex 561 nm and Em 600 nm for mitochondrial detection. Set the laser power and exposure time to get the intensity around 2000 to 4000. Save the protocol.

3. Acquire images of the plate each hour from 1 to 6 h p.i.

Mitochondrial dynamics: high-content Image analysis

Scripts for High-content Image analysis can be developed using any object-oriented computer language (C++, Java, Python, etc). We recommend using dedicated software that can manage predefined detection algorithms, such as Columbus image analysis 1. Import data.

2. Segment nuclei and cytoplasm by Hoechst signals (Fig. 3b).

3. Segment intracellular GFP-expressing L. pneumophila by GFP signals (Fig. 3b).

4. Sub-populate infected and bystander non-infected cells.

5. Calculate texture properties by Mitotracker signals (Fig. 3b): The SER edge and ridge signal, normalized by intensity and with parameter set to 0.05 µm, was defined at the single cell level in order to apply for the criteria of sub-population of cells with elongated and fragmented mitochondria (Fig. 3c and3d).

6. Sub-populate cells with elongated and fragmented mitochondria.

7. Formulate the percentage of infected cells. 12. For the analysis of the results of the Seahorse XF Mito Stress Test, the OCR is automatically calculated and displayed in a kinetic graph showing the values after each injection (Fig. 4a). To interpret this kinetic graph, OCR values after each injection correspond to several different mitochondrial respiration parameters (Fig. 4b).

Moreover, a summary of mitochondrial respiration parameters during Legionella infection of hMDMs can be automatically obtained by exporting the assay results in an

Excel file and using it on the Seahorse XF Stress Test Report Generator (see Note 15).

Notes

1. L. pneumophila strains used to analyze mitochondrial dynamics should constitutively express GFP. This is normally done by transformation of L. pneumophila with a plasmid harboring GFP, such as pNT28 [15]. By comparing WT-GFP infection with isogenic mutants expressing GFP we can study in parallel the effect of different Legionella genes on the modulation of mitochondrial dynamics during infection. In addition, the use of other GFP-expressing Legionella species permits to measure the impact on mitochondrial dynamics of the infection by different Legionella species in human macrophages.

2. Use compounds the same day they are reconstituted and do not refreeze. (B) Seahorse, mitochondrial respiration.

6. Do not touch bottom of the well and do not make bubbles. To avoid cell detachment, we recommend leaving a residual volume of 10 µL during the washes.

7. The infection is synchronized by centrifugation followed by 5 min incubation in a 37°C water bath.

8. 5 min incubation in a 37°C water bath is critical for uniform bacterial infection of cells.

Plates float on the water without any supplementary device (leave and take them carefully). 10. By using a portable pH meter it is possible to measure and adjust the pH under the hood.

11. Each series of ports must contain the same volume (For example, all A ports must be filled with the same volume; all B ports must be filled with the same volume, etc). All wells, including Blank wells, need to have solution loaded in all the ports to ensure proper injection in all wells. If a port is not used, fill it with Assay Medium. The loading guides come with the Sensor Cartridge and help in the loading of the compounds into the ports by guiding the multichannel pipette to load the right ports.

12. The typical Mix-Wait-Measure times are 3 min -2 min -3 min. In general, 3 basal measurements are taken prior to the first injection, and then 3 measurements are taken after each injection.

13. Thus 1h post-infection is the earliest time point to measure mitochondrial respiration.

14. Important: remove the Cartridge lid and verify the correct plate orientation. Have in mind the calibration time (15-30 min) in order to adjust the first measurements to the desired time post-infection. 

13 .

 13 Prepare 3 mL of each compound in Assay Medium as follows: 1) Olygomycin: Add 150 µL of Olygomycin 100 µM to 2850 µL of Assay Medium for a 10X concentration of 5 µM (Final concentration in the well: 0.5 µM); 2) FCCP: Add 150 µL of FCCP 100 µM to 2850 µL of Assay Medium for a 10X concentration of 5 µM (Final concentration in the well: 0.5 µM); and 3) Rotenone+AntimycinA: Add 300 µL of Rotenone+AntimycinA 50 µM to 2700 µL of Assay Medium for a 10X concentration of 5 µM (Final concentration in the well: 0.5 µM).

  Ficoll-Paque solution to 50 mL falcon tubes.3. Dilute one volume of blood in one volume of 1% FBS in PBS.4. Add slowly 30 mL of diluted blood over the Ficoll-Paque solution, carefully for not mixing both phases.5. Centrifuge at 400 × g for 20 min. Set the braking speed of the centrifuge to its minimum value.6. Collect peripheral blood mononuclear cells (PBMCs), which are located in the white ring at the interface between the plasma (top) and the Ficoll-Paque (bottom). Collect the white layer carefully into new sterile tubes. 7. Wash PBMCs three times by centrifugation at 400 × g for 10 min at room temperature.

4 .

 4 Remove 40 µL of culture medium and add 40 µL of bacterial solution to Mitotrackerstained cells (microscopy, Fig. 2a), or remove 80 µL of culture medium and add 80 µL of bacterial solution to cells (Seahorse, Fig. 2b) 5. Centrifuge plate at 200 × g for 5 min (see Note 7). 6. Incubate plate at 37°C for 5 min in a water bath (see Note 8) followed by incubation of the plate for 25 min at 37°C, 5% CO 2 . 7. Remove extracellular bacteria by pipetting thereby mixing 3 times (see Note 6). 8. Repeat step 5 two times. 9. (A) Microscopy (mitochondrial dynamics): go to 3.5 10. (B) Seahorse (mitochondrial activity): go to 3.8

  software (PerkinElmer) or IN Cell Investigator (GE Healthcare). Alternatively, open-//www.imageJ.net), ICY (http://www.icy.bioimageanalysis.org/) or Cell Profiler (http://www.cellprofiler.org) can also be used for image analysis. Herein we describe the script used in the Columbus image analysis software to perform the High-content Image analysis of mitochondrial morphology.

3 . 4 . 5 .

 345 Human blood was collected by the French National Blood Service (EFS) from healthy volunteers after obtaining their informed consent and under the ethical rules established by the Ethics and Professional Conduct Committee of the EFS, which imply anonymity about the volunteers' gender, sex or age. UpCell plates have a temperature-responsive surface that support non-enzymatic harvesting of adherent cells for preservation of cell viability and surface proteins. As the hydrophicility of the UpCell surface changes with the external temperature, cells detach with no need for dissociation enzymes nor physical scraping, resulting in high hMDM viability. Best results in hMDM detachment are obtained with 15 min incubation in a 20°C incubator, however longer times at room temperature (>20min) also work well. To avoid unintentional cell detachment, it is very important to prewarm M-CSF-containing medium added to 37°C . Most of the methods and steps are shared for the mitochondrial dynamics and the mitochondrial activity assay, however when different volumes or approaches are used, A and B letters will be used as follows: (A) Microscopy, mitochondrial dynamics; and

9 .

 9 Automated confocal microscopy: IN Cell Analyzer 6000/200 (GE Healthcare), Opera/Operetta (Perkin Elmer), BD Pathway 855/435 (BD Biosciences), ImageXpress Ultra/Micro (Molecular Devices), CellomicsArrayScan (Thermo Scientific), ScanR (Olympus), Yokogawa CV7000/8000 (Wako Automation).

Figure 1 .

 1 Figure 1. Mitochondrial dynamics and bioenergetics. Respiratory capacity and

Figure 2 .

 2 Figure 2. Work-flow of cell-based assays. Work-flow of the measurement of mitochondrial

Figure 3 .

 3 Figure 3. Mitochondrial texture properties and image analysis. (a) Typical confocal

Figure 4 .

 4 Figure 4. Mitochondrial respiration assay (Seahorse) of hMDMs during Legionella

  8. Remove Seahorse XF Cell Culture microplate with infected hMDMs (from 3.4.10) from the 37°C-5%CO 2 incubator and change the cell culture medium in the Cell Culture microplate to 180 µL of warmed Assay Medium (37°C) using a multichannel pipette, and place the Cell Culture microplate into a 37°C non-CO 2 incubator for 45 minutes prior to the assay (see Note 13).

	9. Run the assay by opening the assay file and clicking "Run".
	10. Place the calibration plate with the loaded Sensor Cartridge (Fig. 2b) on the instrument
	tray, and click "Continue". Calibration takes approximately 15-30 minutes (see Note
	14).

11. When prompted, replace the calibration plate with the Cell Culture microplate (from 3.8.11) and then click "Start".
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https://www.agilent.com/en-us/products/cell-analysis-(seahorse)/xf-cell-mito-stress-testreport-generator.