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SHORT ABSTRACT:
Escherichia coli is the leading cause of neonatal Gram-negative bacterial meningitis. During the bacterial infection, reactive oxygen species produced by neutrophils play a major bactericidal role. Here we introduce a method to detect the reactive oxygen species in neutrophils in response to meningitis E. coli.

LONG ABSTRACT:
Escherichia coli (E. coli) is the most common Gram-negative bacteria causing neonatal meningitis. The occurrence of bacteremia and bacterial penetration through the blood-brain barrier are indispensable steps for the development of E. coli meningitis. Reactive oxygen species (ROS) represent the major bactericidal mechanisms of neutrophils to destroy the invaded pathogens. In this protocol, the time-dependent intracellular ROS production in neutrophils infected with meningitic E. coli was quantified using fluorescent ROS probes detected by a real-time fluorescence microplate reader. This method may also be applied to the assessment of ROS production in mammalian cells during pathogen-host interactions.

INTRODUCTION:
Neonatal bacterial meningitis is a common pediatric infectious disease. Escherichia coli (E. coli) with a K1 capsule is the most common Gram-negative pathogen causing neonatal bacterial meningitis, accounting for about 80% of the total incidence1-3. Despite the advances in the antimicrobial chemotherapy and supportive care, bacterial meningitis is still one of the most devastating conditions with high morbidity and mortality4.

The occurrence of neonatal bacterial meningitis usually begins with bacteremia caused by the entry of pathogenic bacteria into the peripheral circulation from the local lesions of the newborns, followed by penetration through the blood-brain barrier (BBB) into the brain, resulting in the inflammation of the meninges4. The onset of bacteremia depends on the interaction between bacteria and host immune cells including neutrophils and macrophages, etc. Neutrophils, which account for ~50-70% of white blood cells, are the first line of defense against bacterial infections5,6. During the invasion of bacteria, the activated neutrophils are recruited to the infectious sites and release reactive oxygen species (ROS) including the superoxide anion, hydrogen peroxide, hydroxyl radicals, and singlet oxygen7. The ROS undergo redox reactions with the cell membrane, nucleic acid molecules and proteins of the bacteria, resulting in the injury and death of the invading bacteria8. The mitochondria is the main site of ROS production in eukaryotic cells, and various oxidases (e.g., nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex, lipoxygenase system, protein kinase C and cyclooxygenase system) mediate the production of ROS9,10. The real-time measurement of the production of ROS, representing the primary antimicrobial mechanism in neutrophils, is a useful method for studying host defense during the bacteria-host interaction.

In this protocol, the time-dependent ROS production in neutrophils infected with meningitis E. coli was quantified with a fluorescent ROS probe DHE, detected by a real-time fluorescence microplate reader. This method may also be applied to the assessment of ROS production in other mammalian cells during the pathogen-host interaction.

PROTOCOL:

Peripheral blood from volunteers applied in this research was approved by the Institutional Review Board of the first Hospital of China Medical University (#2020-2020-237-2).

1.	Preparation of reagents and culture medium

1.1.	Prepare the red blood cell lysis buffer by adding 8.29 g of NH4Cl, 1 g of KHCO3, 37.2 mg of Na2EDTA into 1 L of double distilled water and adjust the pH to 7.2-7.4. Remove the bacteria by filtration using 0.22 &#181;m filters.

1.2.	Prepare experimental culture medium for neutrophils by adding 5% fetal bovine serum to RPMI 1640 medium and store at 4 &#176;C. Equilibrate to room temperature before use.

NOTE: Use the RPMI 1640 medium without phenol red.

1.3.	Prepare phosphate buffer saline (PBS) by adding 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4·2H2O and 0.2 g of KH2PO4 into 1 L of double distilled water in a 1 L glass flask. Adjust the pH to 7.2-7.4. Autoclave it for 15 min at 121 &#176;C. 

1.4.	Prepare rifampicin solution by dissolving 0.5 g of rifampicin powder in 10 mL of dimethyl sulfoxide (DMSO) to yield a 50 mg/mL rifampicin solution. 

1.5.	Prepare LB agar solution by adding 10 g of NaCl, 10 g of tryptone, 5 g of yeast extract and 15 g of agar powder into 1 L of double distilled water and autoclave the mixture. Fill the Petri dishes to half of the volume by pouring warm LB agar solution containing 100 &#181;g/mL rifampicin. Store the cooled solid plate at 4 &#176;C.

1.6.	Prepare brain heart infusion (BHI) broth appropriate for bacterial strains by dissolving 37 g of BHI powder into 1 L of double distilled water. Adjust the pH to 7.2 and autoclave it.

1.7.	Dissolve the fluorescent probe dihydroethidium (DHE) in DMSO solvent to yield a 10 mM stock solution. Gently mix before use.

NOTE: Aliquot the stock solution immediately into light-proof vials. The shelf life of the stock solution is 6 months at -20 ℃.

2.	Preparation of E44 bacteria strain

NOTE: E44 is a mutant strain of meningitis E. coli with rifampicin resistance.

2.1.	Dip the cryopreserved E44 colony with a sterile pipette tip, inoculate the E44 strain on the LB agar plate containing 100 &#181;g/mL rifampicin by drawing lines. Put the plate upside down in the incubator at 37 ℃ overnight.

2.2.	One day before the experiment, pick one E44 colony from the plate with a sterile pipette tip and put it in 5 mL of BHI broth containing 100 &#181;g/mL rifampicin in a 50 mL flask. Incubate the bacterial culture at 37 &#176;C with 90 rpm for 17 h in an incubation shaker.

3.	Isolation of neutrophils from human peripheral blood

3.1.	Draw 5 mL of blood sample from volunteers intravenously to the vacuum blood collection tube containing EDTA for anticoagulation. 

3.2.	Centrifuge the peripheral blood samples at 2,000 x g for 5 min. After centrifugation, divide the blood samples into three layers, which from bottom to top are the red blood cell (RBC) layer, the white blood cell (WBC) layer and the plasma layer, sequentially.

3.3.	Aspirate the white blood cell layer with a pipet to a new tube with 3x RBC lysis buffer. Blend the mixture thoroughly and place at room temperature for 5 min.

3.4.	Centrifuge the tube at 500 x g for 5 min. Aspirate the supernatant completely and discard.

3.4.1.	Repeat the lysis procedure with RBC lysis buffer 1-2 times, until the precipitate turns white.

3.5.	Wash the cells by resuspending the precipitate with 2 mL of PBS. Then centrifuge at 300 x g for 5 min to let the cells settle down to the bottom of the tube. 

3.6.	Label the neutrophils with CD16 microbeads by resuspending the sediment with 50 &#181;L of precooled magnetic cell sorting buffer. Then mix with 50 &#181;L of human CD16 microbeads thoroughly. Incubate the mixture at 4 ℃ for 30 min. 

NOTE: Solutions should be pre-cooled to prevent capping of antibodies on the cell surface and non-specific labeling. Most adults have about 4,000 to 10,000 white blood cells per microliter of blood, among which, neutrophils account for approximately 50-70%. By estimate, the counts of total white blood cells in 5 mL of human peripheral blood are usually up to 2-5 x 107.

3.7.	Wash the cells by adding 2 mL of magnetic cell sorting buffer and centrifuge at 4 ℃, 300 x g for 10 min. Discard the supernatant completely and resuspend the precipitate with 500 &#181;L of sorting buffer. 

3.7.1.	Move the separator to the shelf with the magnetic column in the magnetic field and rinse the column with 3 mL of sorting buffer.

3.8.	Assemble the magnetic column and separating shelf. Move the separator to the shelf with the magnetic column and rinse the column with 3 mL of sorting buffer.

3.9.	Drop the cell suspension into the column to allow the neutrophils labeled by the magnetic beads to attach to the magnetic column. 

3.10.	Wash off the non-labeled cells by adding 3 mL of magnetic cell sorting buffer 3 times, making sure that the column reservoir is empty each time.

3.11.	Remove the column from the magnetic separator and put it on a 15 mL tube. Add 5 mL of magnetic cell sorting buffer to the column. Push out the magnetic labeled cells using a plunger. 

NOTE: To improve the purity of the neutrophils, the sorting steps may be repeated using a new column.

3.12.	Centrifuge the tube at 300 x g for 5 min, discard the supernatant completely and resuspend the precipitate with 1 mL of culture medium. Determine the cell number with a cell counter and prepare the cells for further experiments.

4.	Measurement of ROS

4.1.	Centrifuge the isolated neutrophils at 300 x g for 5 min, resuspend the precipitate, and adjust the cell concentration to 2 x 106/mL with culture medium containing 5 &#181;M DHE fluorescence probe. 

4.2.	Incubate the neutrophils at 37 ℃ for 30 min to load the DHE probe, and then allocate the cell suspension to a 96-well black polystyrene microplate with 200 &#181;L per well.

4.3.	Turn on the microplate reader and open the detection software. Choose opaque 96-wells plate format and determine the reading area. 

4.3.1.	Set the fluorescence (Ex/Em = 518/605 nm) in kinetic mode every 5 min for 60 min at 37 &#176;C. Make sure to shake the plate for 3 s before each reading. 

4.4.	Take out the microplate from the incubator, add the cultured E44 (MOI=100) and phorbol 12-myristate 13-acetate (PMA) (100 ng/mL) to each well containing preloaded neutrophils with 3 replicates. Use PMA as a positive control.

4.5.	Place the plate in the microplate reader and start the assay immediately.

REPRESENTATIVE RESULTS:
Using the protocol outlined in this article, the neutrophils were isolated from human peripheral blood and loaded with fluorescence probe DHE to detect the changes of ROS levels in response to E44 infection. Here, we provide representative data demonstrating the ROS production evoked by E44 strain determined by a microplate reader in real-time. By adding E44 strains at a MOI of 100, the ROS levels increased immediately and showed a continuous upward trend with a time-dependent manner (Figure 1). By adding PMA, a well-known ROS inducer of intracellular ROS in neutrophils, we observed an S-shaped curve that presents a flat curve at the initial stage followed by a significant increase from 20 min to 40 min and finally peaking at 60 min (Figure 1).  

Figure 1. Time-dependent ROS production in neutrophils infected with meningitic E. coli. Neutrophils isolated from human peripheral blood were loaded with DHE dye, an E44 strain (MOI=100) was added, and the mean fluorescence intensity (MFI) was determined immediately with a microplate reader. Neutrophils treated with PMA (100 ng/mL) were used as a positive control. All the data were normalized to the initial value to obtain the relative DHE intensity and presented as mean &plusmn; SEM (n = 3).

DISCUSSION:
Neutrophils act as the most abundant component of white blood cells in human blood circulation. They are important effector cells in the innate human immune system, which builds the first line of defense against the invasion of pathogens11. The generation of ROS represents one of the major bactericidal mechanisms of neutrophils following phagocytosis11. Recent studies have shown that a net-like structure released by a neutrophil called neutrophil extracellular trap (NET) is also involved in the bacteria killing process6,11,12. 

It has been reported that ROS produced by neutrophils induced by the stimulation of pathogenic microorganisms are mainly caused by the activation of NADPH oxidase, which is composed of two membrane binding subunits (gp91phox and p22phox) and three cytosolic subunits (p47phox, p67phox, and p40phox)5. The engulfed bacteria activate a series of kinases inside the neutrophils, such as protein kinase C (PKC), protein kinase A (PKA), and mitogen-activated protein kinase (MAPK), that phosphorylate the cytosolic subunits p47phox of NADPH oxidase. Then a cytosolic trimer composed of p47phox, p67phox, and p40phox translocates to the membrane to combine with the membrane binding subunit gp91phox and p22phox, forming the full NADPH oxidase complex. The assembled NADPH oxidase complex transfers NADPH-derived electrons to molecular O2, generating superoxide anions and activating the bactericidal functions13-15. It is also reported that ROS produced by neutrophils may be also associated with the NET formation of neutrophils16,17. Therefore, the detection of ROS production would contribute to the further study of the bactericidal mechanism of neutrophils. 

In this protocol, the neutrophils isolated from peripheral blood are preloaded with fluorescence probe DHE and allocated to a 96-well black polystyrene microplate. The ROS intensity is detected by a microplate reader in real-time after meningitis Escherichia coli is added.

The collected blood is anti-coagulated using EDTA or citrate to avoid activation of neutrophils by complement18. As neutrophils are terminally differentiated and have a short life span (about 4-8 hours) in the circulating blood, the isolation steps should be done as soon as possible after blood collection19. Many isolating reagents, such as Ficoll-Hypaque and Percoll, have been used to isolate neutrophils from peripheral blood11,19,20. In this protocol, neutrophils are isolated by CD16 microbead selection after erythrocyte lysis from the peripheral blood. It offers significant improvements in speed, simplicity, and purity. To obtain purer neutrophils, a density gradient centrifugation could be applied before the isolation with CD16 magnetic beads.

A number of recognized fluorescent probes, such as dihydroethidium (DHE), 2', 7'-dichlorodihydrofluorescein diacetate (H2DCF-DA) and dihydrorhodamine 123 (DHR) that pass through the cell membrane freely, can be used for the determination of intracellular ROS by flow cytometry, confocal microscopy or microplate reader21-24. In addition to the detection of DHE fluorescence probe with microplate reader, flow cytometry and confocal microscopy could also be used to detect the alterations of fluorescence intensity of DHE at the indicated time points to measure the ROS production in neutrophils. 

This protocol provides an easier way for the detection of ROS production in a real-time manner and can be used in a variety of scenarios to detect the ROS generation in host mammalian cells infected with pathogenic microorganisms.
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