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In vitro induction of neutrophil extracellular traps by SARS-CoV-2 is biased by extracellular mitochondria
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has a highly variable course that is dependent on the host immune system reaction. Lung tissue damage, endothelial dysfunction, and microthrombosis in severe COVID-19 is linked to neutrophilia and the production of neutrophil extracellular traps (NETs). Previous studies have shown that NETs are involved in the pathology of COVID-19 and that the virus itself induces NET formation, although the underlying mechanisms are not clear. In this study, we aimed to investigate the induction of NETs by SARS-CoV-2 in vitro. We have found that both, infectious and heat-inactivated virus induce NETs formation. Surprisingly, cell culture media derived from uninfected Vero cells exhibit similar potency. This suggests that NET inducers other than the virus might be involved. Mitochondria released from dying cells during SARS-CoV-2 infection acting as damage-associated molecular patterns (DAMPs) were identified as potential contributors to neutrophil activation and NET formation. Our findings point to an important source of bias when analyzing NETs induction by SARS-CoV-2 in vitro, but also the immune reaction to viruses in general. Further implications for the understanding of COVID-19 pathogenesis remain to be elucidated.
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INTRODUCTION
In the early stages of the COVID-19 pandemic, it was observed that severe SARS-CoV-2 infection results in the destruction of lung tissue and impaired oxygenation. Initial treatment approaches utilizing mechanical ventilation were, however, met with high mortality, highlighting the need for a better understanding of COVID-19 pathology (Auld et al., 2020). Subsequent studies associated thrombosis with disease severity and identified neutrophilia as a marker of poor outcome (Klok et al., 2020; Lagunas-Rangel, 2020). This led to the hypothesis that the neutrophil extracellular traps (NETs) cause thrombi formation, thereby reducing the efficiency of artificial ventilation. NETs are web-like structures composed of DNA and antimicrobial proteins, that are induced in response to both pathogenic (bacteria, fungi, and viruses) as well as sterile (crystals, immune complexes, mitochondria, and platelets) stimuli (Brinkmann et al., 2004; Papayannopoulos, 2018). While the primary function of NETs is host defense, their excessive production is implicated in disseminated intravascular coagulation during systemic inflammation. Multiple studies have also observed an association between increased NET production and the severity of COVID-19 (Zuo et al., 2020). In order to improve the treatment not just for COVID-19 patients, but also for other viral respiratory tract infections, a comprehensive understanding of the mechanisms underlying NET induction is crucial. Studies have already shown that both infectious and heat-inactivated SARS-CoV-2 induce the formation of NETs in isolated neutrophils; however, the in vitro conditions often do not reflect the complex situation that is present in vivo (Arcanjo et al., 2020; Veras et al., 2020). In this work, we analyze the potency of both infectious and heat-inactivated cell cultivation media containing SARS-CoV-2 to induce NET formation, with a focus on characterizing the surrounding milieu that modulates neutrophil response.
METHODS
Neutrophil isolation
Healthy adult donors volunteered and consented to blood collection under ethical approval given by the Ethics Committee of the University Hospital Bratislava (workplace Ruzinov under number EK 218/2020). Blood was collected by venous puncture into heparinized tubes and neutrophils were isolated using 1-Step Polymorphs (Accurate Chemical & Scientific Corp, United States) and resuspended in RPMI 1640 with 10% FBS (PAN-Biotech, Germany).
SARS-CoV-2 preparation
The SARS-CoV-2 cell culture isolate Slovakia/SK-BMC5/20201 was used in the experiments. The strain represents the virus that was circulating in Europe in spring 2020 and carries the Spike D614G mutation (lineage B.1). The virus was cultured on the Vero E6 cell line (ECACC Cat# 85020206, RRID:CVCL_0574) in complete DMEM medium with 5% FBS (Gibco, United Kingdom). The virus titer was determined to be 2 × 106 plaque forming units (PFU)/ml using a plaque assay described previously (Kovacech et al., 2022). The initial experiment, where the formation of NETs was analyzed by fluorescence microscopy (Figure 1A), was performed with media collected from uninfected and virus-infected Vero E6 cells under biosafety level 3 conditions. The following experiments, such as quantification of extracellular mitochondria or analysis of NET formation using live-cell microscopy (Figures 1B–E, 2, respectively), were performed with media collected from uninfected and virus-infected Vero cells that were heat-inactivated (60°C for 30 min). Heat inactivation was verified using a plaque formation assay and was found to be completely efficient.
[image: Figure 1]FIGURE 1 | NETs production in response to SARS-CoV-2–infected and uninfected Vero E6 cell media and analysis of media content. (A) Representative images of NETs formation in response to media collected from SARS-CoV-2–infected Vero E6 cells containing live virus (MOI 1), uninfected Vero E6 cells, and 100 nM PMA incubated with neutrophils for 3 h. A pure medium was used as a control. NETs are identified according to positive staining for citrullinated histone H3 (red) and DNA (green). (B) Calibration of flow cytometry for the detection of submicron particles with representative images of nucleic acid–associated particles detected by SYTOX Green and MitoTracker Green. (C,D) Quantity of nucleic acid–and mitochondria-associated particles in heat-inactivated SARS-CoV-2–infected and uninfected Vero E6 cell media, analyzed using flow cytometry. (E) Analysis of mtDNA quantity by qPCR, expressed as concentration of genomic equivalents/μL. All analyses were independently repeated three times. ** = p < 0.01. Two-tailed T-test.
[image: Figure 2]FIGURE 2 | Live-cell imaging of NET formation. (A) Representative image from live-cell imaging. NETs marked with white arrows are identified according to positivity for SYTOX Green and size >20 µm. (B) Relative NET formation in response to mitochondria (20 mitochondria particles/cell) and heat-inactivated media from SARS-CoV-2–infected (MOI 10) and uninfected Vero E6 cells. A pure cultivation medium was used as a control. n = 11, ** = p < 0.01, * = p < 0.05. One-way ANOVA followed by Dunnet’s multiple comparison test.
Mitochondria isolation and quantification
Placental tissue was homogenized in STE buffer (250 mM saccharose, 2 mM EGTA, 5 mM Tris-HCl, pH = 7.4) using a Dounce homogenizer, and mitochondria were isolated by performing a series of three differential centrifugations at 500 × g for 3 min at 4°C and 8,000 × g for 10 min at 4°C. The purity and quantity of mitochondria were assessed by qPCR using primers designed to amplify part of the D-loop hypervariable region of mtDNA (forward: 5′-CAT​AAA​AAC​CCA​ATC​CAC​ATC​A-3′, reverse: 5′-GAG​GGG​TGG​CTT​TGG​AGT-3′) and part of the human globin gene to quantify ncDNA (forward: 5′-GCT​TCT​GAC​ACA​ACT​GTG​TTC​ACT​AGC-3′, reverse: 5′-CAC​CAA​CTT​CAT​CCA​CGT​TCA​CC-3′) on a QTower3 (Analytik Jena GmbH, Germany) using the Advanced Universal SYBR Green Supermix (Bio-Rad, United States).
Detection of NETs with fluorescence microscopy
Neutrophils were seeded onto 0.01% poly-L-lysine coated coverslips and stimulated with DMEM medium collected from control or SARS-CoV-2 infected Vero cells (2 x 106 PFU/ml) and 100 nM phorbol 12-myristate 13-acetate (PMA) for 3 h at 37°C and 5% CO2. After stimulation, cells were fixed with 2% paraformaldehyde for 10 min and 0.05% Triton-X100 for 15 min followed by 1 h incubation in the blocking buffer consisting of 5% FBS in PBS. For citrullinated histone H3 staining, fixed neutrophils were incubated for 2 h with 0.5 µg/sample of primary anti-Histone H3 (citrulline R17) antibody (ab219407, Abcam, United Kingdom) followed by 1 h of a 0.5 µg/sample of secondary PE Donkey anti-rabbit IgG (minimal x-reactivity) Antibody (406421, Biolegend, United States). Coverslips were then washed with PBS and stained for DNA with 200 nM SYTOX™ Green Nucleic Acid Stain (Invitrogen, United States) for 15 min. Finally, coverslips were mounted with Fluorescent Mounting Medium (Trevigen, United States) and images were collected with an Axiolab 5 fluorescence microscope (Zeiss, Germany) using Filter Sets 43 and 44 (Zeiss, Germany).
Detection of NETs using live-cell imaging
Isolated neutrophils were counted and 2 × 104 cells/well were seeded on a 96-well tissue culture flat-bottom plate in 100 µL of phenol-red free Gibco™ RPMI 1640 medium (Paisley, Scotland, United Kingdom) with 10% FBS (PAN-Biotech, Aidenbach, Germany), and were stained with 1.25 μg/mL Hoechst 33342 (Merck, United States) and 200 nM SYTOX™ Green Nucleic Acid Stain (Invitrogen, United States). Neutrophils were then treated with 100 µL of isolated mitochondria (to a final concentration of 20 mitochondria particles/cell) and heat-inactivated media collected from control or SARS-CoV-2–infected Vero E6 cells (to a final MOI of 1) and imaged for 3 h on a Cytation 7 Cell Imaging Multi-Mode Reader (BioTek, United States) using DAPI (excitation = 377, emission = 447) and GFP (excitation = 469, emission = 525) LED cubes. NETs were considered to be >20 µm SYTOX™ Green-positive objects and the relative NET formation was calculated from the area under the curve (AUC) of NETs formed over time normalized to the number of Hoechst-positive cells.
Flow cytometry of mitochondria and DNA-containing particles
The quantity and size of DNA-associated microparticles stained with 200 nM SYTOX™ Green Nucleic Acid Stain (Invitrogen, United States) and cell-free mitochondria stained with 100 nM Mitoview™ (Biotium, United States) were analyzed with a DxFlex flow cytometer (Beckman Coulter, United States) using a combination of V-SSC-A and FITC-A channels with a dynamic gain of 100 and a threshold for detection set to V-SSC-A (1,400) and FITC-A (700). The particle size was calculated using a Flow Cytometry Sub-Micron Particle Size Reference Kit (Invitrogen™, United States).
Statistical analysis
T-tests and ANOVA analyses were performed using GraphPad Prism v8.00 for Windows (GraphPad Software, La Jolla, CA, United States). Data are presented as the mean and standard deviation (SD). p values < 0.05 were considered statistically significant.
RESULTS
Infectious cell culture medium and uninfected cells–derived medium induce the formation of NETs
The induction of NETs by the medium containing the live SARS-CoV-2 virus was first analyzed with fluorescent microscopy. NETs were identified according to positive staining for histone H3 citrullination and a web-like morphology of the released DNA. Treatment with both an infectious medium containing SARS-CoV-2 (set to a MOI of 1) and an uninfected medium from Vero E6 cells induced the formation of NETs with comparable intensities, and promoted histone citrullination in the majority of the neutrophils. PMA, used as a positive control, induced substantial NETs formation while control, untreated neutrophils were negative for both histone H3 citrullination and NET release (Figure 1A).
Cell culture media derived from SARS-CoV-2–infected as well as uninfected cells contain extracellular mitochondria
The content of both the control and SARS-CoV-2–infected cell media was, after heat inactivation, analyzed using flow cytometry for the presence of damage-associated molecular patterns (DAMPs), represented by submicron particles associated with nucleic acids or mitochondrial components (Figure 1B). Heat inactivation of the media was performed in order to inactivate the SARS-CoV-2 virus. The concentration of nucleic acid–associated particles was ∼11 times higher in media collected from SARS-CoV-2–infected Vero E6 cells compared to the media from uninfected Vero E6 cells, with more than 90% of the particles forming a population with an estimated size of up to 150 nm (p < 0.01) (Figures 1B, C). When analyzed for the presence of mitochondrial components, both media from uninfected and SARS-CoV-2–infected Vero E6 cells contained a similar amount of particles sized between 120 and 500 nm (Figures 1B, D). The quantity of mtDNA was analyzed using qPCR, with no difference being observed in the mitochondrial DNA copy number between uninfected media from Vero E6 cells and media from Vero E6 cells infected with SARS-CoV-2 (Figure 1E).
Exogenous mitochondria induce NETs similarily to infectious and control media
Finally, NETs formation in response to exogenously administered mitochondria and heat-inactivated uninfected and SARS-CoV-2–infected Vero E6 cell media was analyzed using live-cell imaging (Figure 2A). Heat inactivation of the media was performed in order to inactivate the SARS-CoV-2 virus and to allow for the quantitative detection of NETs using live-cell microscopy. The concentration of extracellular mitochondria was set to 20 mitochondrial particles/cell, which is the average concentration of mitochondria found in both media collected from uninfected and SARS-CoV-2–infected Vero E6 cells. All of the samples induced NETs when compared to the control, and the intensity of the response did not differ between the treatments (p < 0.05) (Figure 2B).
DISCUSSION
Since their discovery, the formation of NETs was found to be induced by a plethora of different stimuli, including viruses (Saitoh et al., 2012; Raftery et al., 2014; Funchal et al., 2015). At the beginning of the COVID-19 pandemic, several studies have shown that SARS-CoV-2 infection results in an aberrant neutrophil activation, with a subsequent release of NETs (Zuo et al., 2020; Guéant et al., 2021; Thierry, 2021). Herein, we have tested the capacity of both infectious and heat-inactivated media containing the SARS-CoV-2 virus and collected from Vero cells to induce NETs formation. We found that both media induce the formation of NETs and extracellular mitochondria that are released from damaged cells during virus cultivation largely mediate their induction.
Back in 2020, two research teams were fast to report that infectious and heat-inactivated SARS-CoV-2 can induce the formation of NETs, but that formaldehyde fixation inhibits their capacity to do so (Arcanjo et al., 2020; Veras et al., 2020). Veras and others have even proposed a mechanism where the virus stimulates NET release upon binding to neutrophil angiotensin converting enzyme (ACE2) (Veras et al., 2020). In both studies, SARS-CoV-2 induced the formation of NETs, even at very low concentrations, starting from an MOI of 0.5–1. This dose was found to be surprisingly lower than what is typically required for other pathogenic stimuli such as bacteria or fungi (Hoppenbrouwers et al., 2017).
Similar to these studies, we have also cultivated SARS-CoV-2 on an immortalized Vero E6 cell line that is standardly used as a substrate for virus isolation. Interestingly, we have observed that both media derived from SARS-CoV-2–infected Vero E6 cells and uninfected cells exhibited equal potency in inducing the formation of NETs. This suggests that other components of the media than just the virus itself contribute to neutrophil activation. The successful spread of a virus requires lysis of the infected cell, which, in the case of coronaviruses, results in significant destruction of pneumocytes (Darden et al., 2020). We have therefore hypothesized that mitochondria released from dead cells accumulated in cultivation media and were acting as DAMPs. On the other hand, cell lysis appears to be not primarily driven by SARS-CoV-2, as both infected and uninfected media contained a similar concentration of mitochondria. It may be possible that cytopathy was not as pronounced during media collection, and this can be considered a limitation of this study. Nevertheless, the titer of the collected virus and the multiplicity of infection used to induce NETs were similar to those in the studies by Arcanjo et al. (2020) and Veras et al. (2020); therefore, these studies and our work can be considered comparable.
Due to their evolutionary origin, mitochondria share several bacterial features, such as formylated peptides and unmethylated DNA, that have been described as potent NET inducers (Zhang et al., 2010; Itagaki et al., 2015). This would be in line with previous observations, where NETs were not found to be present during mild influenza virus infection, but have been shown to exacerbate the pathology of severe influenza pneumonitis characterized by lung damage (Narasaraju et al., 2011; Ellis et al., 2015; Pillai et al., 2016). It must be noted that during cell lysis, other intracellular components such as peroxisomes, ribosomes or fragments of nuclei might be released into the medium and can also act as DAMPs, although it was not yet verified whether they actually induce NETs as well. On the contrary, hantaviruses were reported to strongly stimulate NET release in infected patients, even without causing any cytopathic effect on endothelial or epithelial cells (Raftery et al., 2014). Induction of NETs by viruses may therefore be more complex; however, cell damage may at least augment this phenomenon. Indeed, our flow cytometry analysis revealed that media derived from both SARS-CoV-2–infected and uninfected Vero E6 cells contained a lot of mitochondria, which was also confirmed by qPCR. We have therefore stimulated neutrophils with isolated mitochondria set to an average dose found in the Vero E6 cell media and we observed a similar rate of NET induction. Nevertheless, while it appears that the actual virus contributes very little to NETs formation, it would be interesting to investigate its potency in inducing NETs when purified. This evaluation could determine whether the virus either contributes to or interferes with NETs formation induced by mitochondria. We propose that mitochondria released from dying cells during SARS-CoV-2 infection contribute to the aberrant activation of neutrophils, resulting in the formation of NETs. While this phenomenon warrants more extensive verification, we want to highlight the importance of the surrounding milieu when analyzing NET induction by viruses in vitro. In vivo, a virus is inevitably linked with its host cell, and this should be taken into account during experiment design. Understanding the mechanisms involved in NET induction during SARS-CoV-2 infection is thus vital not just for COVID-19 pathology, but for other viral infections as well.
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